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Abstract	

Emerging	 infectious	 diseases	 (EIDs)	 have	 been	 identified	 as	 a	 key	 factor	 in	

significant	amphibian	mortalities	and	global	declines.	Disease	has	been	 largely	

attributed	 to	 just	 two	pathogens,	Batrachochytrium	dendrobatidis	(Chytrid)	and	

Ranavirus,	 however,	 an	 increasing	 number	 of	 amphibian	 disease	 cases	 across	

Europe	are	being	attributed	to	a	group	of	unusual	fungal-like	pathogens	of	the	

order	 Dermocystida.	Despite	 representing	 an	 old	 lineage	 of	 amphibian	

pathogens	 first	 described	 in	 1903,	 very	 little	 is	 known	 about	 amphibian-

Dermocystids.	 In	 2006,	 diseased	 palmate	 newts	 on	 the	 Isle	 of	 Rum,	 Scotland	

were	 reported.	 Clinical	 signs	 appeared	 consistent	 with	 heavy	 infestations	 of	

Dermocystid	 disease,	 however	 oedematous	 pathologies	 not	 previously	

described	 in	 the	 literature	 were	 also	 observed,	 suggesting	 a	 severe	 case	 of	

disease.	This	thesis	develops	the	first	comprehensive	pathogen	profile	of	a	novel	

amphibian-infecting	 Dermocystid	 causing	 severe	 disease	 in	 an	 isolated	

population	 of	 palmate	 newts	 (Lissotriton	 helveticus)	 on	 the	 Isle	 of	 Rum,	

Scotland. 

Molecular	 phylogenetics	 and	 histopathology	 techniques	 were	 used	 to	

characterise	 the	 pathogen,	 confirming	 its	 affiliation	 to	 the	 Dermocystids	 and	

identifying	 it	 as	 the	 second	 formally	 described	 species	 in	 the	

genus	Amphibiothecum	 (meredithae).	 By	 incorporating	 histopathology,	 field	

observations	and	study	trials	a	broader	understanding	of	disease	dynamics	was	

achieved.	 Pathogen	 cyst	 developmental	 stages	were	 assigned	 to	 distinct	 gross	

pathologies,	 determining	 a	 putative	 disease	 cycle.	 In	 addition,	 a	 large	

disparity	in	 disease	 outcome	 was	 evident,	 with	 cases	 suggesting	 involvement	

of	 innate	 immune	 systems	 with	 apparent	 host	 recovery,	 alongside	 cases	

with	 severe	morbidity	and	mortality.	

Following	the	development	of	a	pathogen	profile,	the	spatio-temporal	dynamics	

of	 disease	were	 explored	 across	 three	 consecutive	 years,	 from	 2014	 to	 2016.	

The	 temporal	 patterns	 observed	 within	 a	 single	 season	 were	 first	 examined	
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across	 a	 small	 sub-set	 of	 sites,	 highlighting	 a	 degree	 of	 stability	 in	 disease	

prevalence	 and	 environmental	 variables.	 This	 within-season	 survey	 also	

provided	 a	 temporal	 dataset	 of	 disease	 presentation,	 allowing	 for	 disease	

progression	 to	be	assessed	at	 the	population	 level,	 investigating	 the	 impact	of	

time	 on	 disease	 presentation	 and	 morbidity.	 For	 example,	 an	 overall	 linear	

trend	in	disease	progression	was	observed	where	the	burden	of	discrete	cysts,	

thought	to	represent	an	initial	stage	of	infection	was	highest	at	the	beginning	of	

the	season,	appearing	to	be	‘replaced’	by	larger	lesions	representing	later	stage	

pathologies.	 Finally,	 ulcerations	 that	 facilitate	 the	 release	 of	mature	 pathogen	

spores	(or	sporangia)	occurred	in	the	highest	abundance	towards	the	end	of	the	

season.	However	the	prevalence	of	the	most	severe	oedematous	stages	did	not	

always	 fit	with	 this	 linear	 progression	of	 disease	 and	may	be	driven	by	 other	

factors.	Understanding	the	within-season	dynamics,	and	confirming	a	temporal	

stability	 in	 disease	 prevalence,	 allowed	 for	 broader	 spatial	 analysis	 to	 be	

performed	without	the	need	to	account	for	samples	taken	at	different	points	in	

time.	

	Data	collected	from	a	broad	spatial	survey	conducted	in	2014	was	explored	to	

determine	 the	 spatial	 distribution	 of	 infection	 on	 Rum,	 and	 to	 investigate	 the	

relationships	 between	 the	 incidence,	 prevalence	 and	 severity	 of	 disease	 to	

environmental	 conditions	 and	 host	 population	 structure	 (e.g.	 sex	 ratios).	

Disease	was	widespread	but	heterogeneously	distributed	across	Rum,	with	site-

to-site	 variation	 in	 the	 incidence	 and	 prevalence	 linked	 to	 water	 pH	 where	

low	 pH	 environments	 were	 associated	 with	 low	 disease	 prevalence.	 An	

apparent	 sex-linked	 bias	 in	 disease	 was	 determined	where	males	 were	more	

susceptible,	 but	 this	 does	 not	 appear	 to	 impact	 the	 host	 population	

structure	 of	 infected	 sites.	 The	 observed	 relationships	 between	

disease	 prevalence	 and	environmental	 conditions	 were	 further	 utilised	

to	 test	 the	 use	 of	 disease	prediction	maps	 as	 a	means	 to	 estimate	 disease	

across	unsampled	locations	on	the	Island.		

Spatial	 surveys	 were	 subsequently	 conducted	 in	 2015	 and	 2016,	 providing	

annual	data	on	the	distribution	and	prevalence	of	disease.	Interannual	variation	
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at	 the	 site	 level	 was	 used	 to	 explore	 key	 factors	 influencing	 the	 stability	 of	

disease,	 identifying	 an	 association	 between	 changes	 in	 host	 population	

structure	 and	 increasing	 disease	 levels.	 Spatio-temporal	 fluctuations	 at	 the	

island	level	alluded	to	the	overall	state	of	disease	on	the	island	and	changes	to	

disease	 risk	 overtime.	 Whilst	 spatial	 clusters	 of	 changing	 disease	 prevalence	

were	 identified,	 which	 could	 indicate	 unusual	 patterns	 of	 epidemic	 spread,	

these	 conclusions	 would	 be	 speculative	 and	 as	 no	 consistent,	 significant	

increase	 in	 disease	 was	 determined	 or	 expansion	 in	 range,	 disease	 likely	

represents	an	endemic	infection	dictated	heavily	by	etiological	factors. 

In	 order	 to	 facilitate	 future	 studies	 and	 nation-wide	 surveys	 such	 as	 those	

conducted	 for	 Chytridiomycosis	 and	 Ranavirosis,	 this	 thesis	 concludes	 by	

trialling	 non-invasive	 diagnostic	 techniques.	 Environmental	 DNA	 and	 dermal	

swabbing	 provides	 the	 basis	 for	 the	 development	 of	 alternative	 sampling	

protocols	 to	 improve	 large-scale	 survey	 potential,	 and	 lead	 to	 a	 deeper	

understanding	of	these	pathogens. 

This	study	represents	the	first	formally	described	case	of	Dermocystid	in	the	UK	

as	well	 as	providing	 the	 first	detailed	 spatio-temporal	 study	of	 an	 amphibian-

Dermocystid.	 Identifying	 significant	 predictors	 of	 disease	 alongside	 disease	

prediction	maps	and	potential	methods	for	quick	disease	diagnosis,	provides	the	

tools	 for	 future,	 large-scale	 analyses	 to	understand	 the	distribution	of	 disease	

across	mainland	UK,	host	range	and	the	risk	to	native	amphibian	species.	
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Lay	summary	

Amphibians,	 which	 include	 frogs,	 toads	 and	 newts,	 have	 been	 declining	 in	

numbers	 across	 the	 world.	 This	 is	 partly	 due	 the	 appearance	 of	 new	 and	

harmful	infectious	diseases.	During	the	past	few	years,	a	number	of	new	disease	

cases	in	amphibians	have	been	reportedly	caused	by	group	of	unusual	parasites	

called	 Dermocystids.	 These	 parasites	 cause	 skin	 disease	 in	 animals,	 however	

they	are	not	well	studied	and	very	little	is	known	about	infection	in	amphibians.	

In	2006,	rangers	reported	the	discovery	of	diseased	palmate	newts	on	a	small	

island	off	 the	west	coast	of	Scotland,	 the	 Isle	of	Rum,	 thought	 to	be	caused	by	

dermocystid	 infection.	 This	 thesis	 investigates	 this	 disease	 on	 the	 island,	

describing	 the	 parasite	 and	 it’s	 possible	 impact	 on	 the	 newts	 of	 Rum.	 In	

addition,	 it	 provides	 the	 first	 detailed	 and	 long-term	 study	 of	 an	 amphibian-

infecting	dermocystid.	

Using	 DNA	 analysis	 the	 parasite	 was	 confirmed	 to	 be	 the	 same,	 previously	

unnamed,	 Dermocystid	 parasite	 described	 in	 France	 in	 2010,	 which	 has	 now	

been	as	Amphibiothecum	meredithae.	The	parasite	itself	was	described	in	more	

detail	 from	images	of	diseased	tissue.	This	was	combined	with	observations	of	

diseased	animals	 to	explore	the	effects	of	disease	on	newts	and	provide	 initial	

ideas	 regarding	 the	 parasite	 life	 cycle	 and	 how	 infection	 develops.	 It	 was	

determined	 that	 some	 newts	will	 develop	 severe	 and	 possible	 fatal	 infections	

whilst	 some	 can	 recover	 but	 it	 is	 still	 unclear	 why	 these	 differences	 occur.	

Following	 these	 initial	 descriptions,	 sampling	 across	 the	 Isle	 of	 Rum	 was	

performed	over	three	years	(2014	to	2016)	to	examine	if	disease	was	changing	

on	 the	 Island	 and	 better	 understand	 how	 the	 newt	 population	 was	 being	

affected.	 Disease	 was	 found	 to	 be	 widespread	 across	 the	 island,	 but	 infected	

newts	 were	 not	 described	 in	 all	 sites.	 The	 presence	 of	 disease	 appears	 to	 be	

dictated	by	 the	water	 pH	where	disease	was	 absent	 in	 very	 acidic	 conditions.	

The	 number	 of	 disease	 cases	 across	 the	 whole	 island	 did	 not	 change	

significantly	 across	 years,	 however	 the	 levels	 of	 disease	 at	 certain	 sites	

decreased	 or	 increased	 considerably.	 These	 annual	 changes	 were	 linked	 to	
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changes	 in	 the	 proportion	 of	 males	 and	 females	 indicating	 host	 population	

structure	impacts	disease.	The	number	of	disease	cases,	the	severity	of	disease	

and	number	of	mortalities	were	consistently	linked	to	environmental	conditions	

highlighting	 the	variability	of	disease	across	a	small	but	varied	 landscape,	and	

the	complex	nature	of	Dermocystid	disease. 

	

	

	

	

	

	

	

	

	

	

	

	



10	

TABLE	OF	CONTENTS	

CHAPTER	1:	INTRODUCTION	..................................................................................................	31	
1.1.	AMPHIBIANS	..........................................................................................................................................	31	
1.2.	NEWTS	....................................................................................................................................................	33	
1.2.1.	Newts	and	Salamanders	...........................................................................................................	33	
1.2.2.	Palmate	newts	...............................................................................................................................	33	

1.3.	AMPHIBIAN	DECLINES	..........................................................................................................................	35	
1.4.	AMPHIBIAN	INFECTIOUS	DISEASES	....................................................................................................	36	
1.5.	MESOMYCETOZOEAN	PATHOGENS	....................................................................................................	37	
1.6.	AMPHIBIAN-INFECTING	DERMOCYSTIDS	..........................................................................................	39	
1.6.1.	Disease	presentation	and	pathogen	morphology	..........................................................	39	
1.6.2.	Pathogenicity	and	disease	risk	...............................................................................................	40	
1.6.3.	Pathogen	life	stages	and	infection	cycle	............................................................................	41	
1.6.4.	Disease	risk	.....................................................................................................................................	43	

1.7.	THE	ISLE	OF	RUM	..................................................................................................................................	44	
1.8.	SUSPECTED	DERMOCYSTID	DISEASE	ON	RUM	..................................................................................	46	
1.8.1.	Initial	reports	of	amphibian	disease	....................................................................................	46	
1.8.2.	Disease	risk	on	the	Isle	of	Rum	...............................................................................................	47	

1.9.	INFECTIOUS	DISEASE	EPIDEMIOLOGY	...............................................................................................	51	
1.9.1.	Epidemiology	.................................................................................................................................	51	
1.9.2.	Environmental	determinants	of	disease	............................................................................	52	
1.9.3.	Spatial	epidemiology	of	amphibian-infecting	dermocystids	....................................	54	

1.10.	EXPLORING	TEMPORAL	TRENDS	IN	DISEASE	.................................................................................	56	
1.10.1.	Temporal	aspects	of	disease	outbreaks	...........................................................................	56	
1.10.2.	Determining	disease	state	based	on	temporal	observations	.................................	57	

1.11.	BROAD	SPATIAL	SURVEYING	AND	NON-INVASIVE	DIAGNOSIS	....................................................	59	
1.12.	DEVELOPING	A	PATHOGEN	PROFILE	...............................................................................................	61	
1.12.1.	Gross	and	histopathology	......................................................................................................	61	
1.12.2.	Phylogenetics	..............................................................................................................................	65	

1.13.	INVESTIGATING	DISEASE	ON	RUM	...................................................................................................	68	
1.14.	STUDY	AIMS	.........................................................................................................................................	69	

CHAPTER	2:	SAMPLING	PROTOCOLS	AND	METHODOLOGIES	.................................	71	
2.1.	SITE	SELECTION	.....................................................................................................................................	71	



	

	

	 11	

2.2.	ANNUAL	SAMPLING	...............................................................................................................................	73	
2.2.1.	Data	collection	in	2014	..............................................................................................................	73	
2.2.2.	Data	collection	during	2015	and	2016	...............................................................................	74	

2.3.	SAMPLING	PROTOCOLS	.........................................................................................................................	75	
2.3.1.	Newt	surveying	..............................................................................................................................	75	
2.3.2.	Environmental	sampling	...........................................................................................................	80	
2.3.3.	Biosecurity	protocols	..................................................................................................................	80	

2.4.	STATISTICAL	ANALYSIS	........................................................................................................................	80	
2.4.1.	Generalised	linear	models	.........................................................................................................	81	
2.4.2.	Post-hoc	multiple	comparisons	..............................................................................................	85	
2.4.3.	Model	testing	..................................................................................................................................	87	
2.4.4.	Summary	statistics	.......................................................................................................................	88	
2.4.5.	Spatial	analysis	..............................................................................................................................	89	
2.4.6.	Creating	variables	to	investigate	morbidity	.....................................................................	89	
2.4.7.	Disease	prediction	maps	............................................................................................................	93	

CHAPTER	3:	PHYLOGENETIC	CHARACTERISATION	OF	AN	AMPHIBIAN-INFECTING	

DERMOCYSTID	PATHOGEN	ON	THE	ISLE	OF	RUM,	SSCOTLAND	..................................	95	
3.1.	INTRODUCTION	......................................................................................................................................	95	
3.1.1.	Suspected	Dermocystida	infection	on	the	Isle	of	Rum	..................................................	96	
3.1.2.	Amphibian-infecting	dermocystids	.......................................................................................	96	
3.1.3.	Current	taxonomic	knowledge	of	the	Rum	pathogen	...................................................	97	
3.1.4.	Current	taxonomic	relationships	of	amphibian-infecting	dermocystids	.............	98	
3.1.5.	Molecular	phylogenetics	............................................................................................................	99	
3.1.6.	Study	aims	....................................................................................................................................	100	

3.2.	METHODOLOGY	..................................................................................................................................	101	
3.2.1.	Data	collection	............................................................................................................................	101	
3.2.2.	DNA	extraction	...........................................................................................................................	103	
3.2.3.	Phylogenetic	reconstruction	.................................................................................................	105	

3.3.	RESULTS	...............................................................................................................................................	109	
3.3.1.	DNA	amplification	.....................................................................................................................	109	
3.3.2.	Model	selection	...........................................................................................................................	110	
3.3.3.	Taxonomic	affiliation	of	the	Rum	dermocystid	............................................................	110	
3.3.4.	Phylogenetic	relationships	determined	by	ML	and	Bayesian	models	.................	110	
3.3.5.	Comparison	of	ML	and	Bayesian	topologies	..................................................................	114	



	

	

	 12	

3.4.	DISCUSSION	.........................................................................................................................................	114	
3.4.1.	Sequence	data	from	distinct	pathologies	........................................................................	114	
3.4.2.	Phylogenetic	relationships	of	the	Dermocystids	..........................................................	115	
3.4.3.	Identification	of	a	novel	amphibian-infecting	dermocystid	species	....................	116	
3.4.4.	Developing	dermocystid	phylogeny	...................................................................................	117	
3.4.5.	Conclusion	.....................................................................................................................................	118	

CHAPTER	4:	BUILDING	A	PATHOGEN	PROFILE	USING	HISTOLOGICAL	

EXAMINATION	AND	FIELD	OBSERVATIONS	TO	INFER	DISEASE	PROCESSES	........	119	
4.1.	INTRODUCTION	...................................................................................................................................	119	
4.1.1.	Morbidity	and	mortality	of	amphibian-infecting	dermocystid	infections	........	120	
4.1.2.	Histopathology	to	infer	host-pathogen	dynamics	.......................................................	121	
4.1.3.	Amphibian	immune	systems	and	parasite	avoidance	................................................	121	
4.1.4.	Investigating	pathogen	life	cycle	and	disease	risk	......................................................	122	
4.1.5.	Study	aims	.....................................................................................................................................	123	

4.2.	METHODOLOGY	..................................................................................................................................	124	
4.2.1.	Sample	collection	and	field	observations	........................................................................	124	
4.2.2.	Post	mortem,	gross	and	histological	examination	......................................................	126	
4.2.3.	Small	scale	experimental	trials	............................................................................................	132	
4.2.4.	Severe	pathologies,	co-infections	and	mortality	..........................................................	138	

4.3.	RESULTS	..............................................................................................................................................	139	
4.3.1.	Gross	examination	and	post	mortem	................................................................................	139	
4.3.2.	4.3.1.2	Post	mortem	examination	.......................................................................................	140	
4.3.3.	Histological	examination	.......................................................................................................	140	
4.3.4.	Morphological	variation	in	granular	glands	.................................................................	145	
4.3.5.	Small	scale	experimental	trials	............................................................................................	148	
4.3.6.	Observations	from	annual	field	surveys	...........................................................................	153	

4.4.	DISCUSSION	.........................................................................................................................................	156	
4.4.1.	Gross	pathologies	and	pathogen	development	.............................................................	156	
4.4.2.	Histological	peculiarities	of	dermocystid	disease	on	Rum	......................................	157	
4.4.3.	Disease	severity	and	morbidity	............................................................................................	158	
4.4.4.	Mortality	risk	...............................................................................................................................	160	
4.4.5.	Evidence	of	recovery	from	A.	meredithae	infection	....................................................	160	
4.4.6.	Innate	immunity	.........................................................................................................................	161	
4.4.7.	Variation	in	disease	outcome	on	the	Isle	of	Rum	.........................................................	163	



	

	

	 13	

4.4.8.	Transmission	mechanisms	of	A.	meredithae	.................................................................	164	
4.4.9.	Dermocsytid	co-infection	.......................................................................................................	164	
4.4.10.	Disease	progression	...............................................................................................................	165	
4.4.11.	Conclusion	..................................................................................................................................	166	

CHAPTER	5:	WITHIN-SEASON	VARIATION	IN	THE	HOST-PATHOGEN	DYNAMICS	OF	

AMPHIBIOTHECUM	MEREDITHAE	INFECTION	IN	PALMATE	NEWTS	ON	RUM	......	169	
5.1.	INTRODUCTION	...................................................................................................................................	169	
5.1.1.	Temporal	aspects	of	disease	.................................................................................................	170	
5.1.2.	Within-season	fluctuations	in	disease	dynamics	.........................................................	170	
5.1.3.	Disease	variation	within	amphibian	breeding-seasons	............................................	171	
5.1.4.	Study	objectives	..........................................................................................................................	172	

5.2.	METHODOLOGY	...................................................................................................................................	173	
5.2.1.	Data	collection	............................................................................................................................	173	
5.2.2.	Statistical	analysis	....................................................................................................................	175	

5.3.	RESULTS	...............................................................................................................................................	177	
5.3.1.	Environmental	variables	........................................................................................................	177	
5.3.2.	Host	population	dynamics	.....................................................................................................	179	
5.3.3.	Total	catch	....................................................................................................................................	181	
5.3.4.	Disease	prevalence	....................................................................................................................	182	

5.4.	DISCUSSION	.........................................................................................................................................	187	
5.4.1.	Environmental	parameters	...................................................................................................	187	
5.4.2.	Host	population	structure	.....................................................................................................	187	
5.4.3.	Disease	prevalence	....................................................................................................................	188	
5.4.4.	Disease	prevalence	and	host	dynamics	............................................................................	189	
5.4.5.	Conclusion	.....................................................................................................................................	190	

CHAPTER	6:	INVESTIGATING	WITHIN-SEASON	VARIATION	IN		DISEASE	

PRESENTATION	OF	AMPHIBIOTHECUM	MEREDITHAE	INFECTION	..........................	193	
6.1.	INTRODUCTION	...................................................................................................................................	193	
6.1.1.	Disease	progression	and	disease	presentation	.............................................................	194	
6.1.2.	Dermocystid	disease	morphology	......................................................................................	195	
6.1.3.	Study	objectives	..........................................................................................................................	196	

6.2.	METHODOLOGY	..................................................................................................................................	197	
6.2.1.	Site	selection	................................................................................................................................	197	
6.2.2.	Statistical	analysis	....................................................................................................................	197	



	

	

	 14	

6.3.	RESULTS	..............................................................................................................................................	201	
6.3.1.	Disease	morphology	..................................................................................................................	201	
6.3.2.	Prevalence	of	disease	pathologies	......................................................................................	202	
6.3.3.	Morbidity	and	disease	burden	..............................................................................................	205	
6.3.4.	Variation	in	disease	burden	with	prevalence	................................................................	206	
6.3.5.	Morbidity	and	body	cover	......................................................................................................	210	
6.3.6.	Host	dynamics	and	disease	pathologies	...........................................................................	219	

6.4.	DISCUSSION	.........................................................................................................................................	221	
6.4.1.	Common	disease	pathologies	................................................................................................	221	
6.4.2.	Temporal	variation	in	variables	.........................................................................................	224	
6.4.3.	Distribution	of	morbidity	across	the	sampled	population	.......................................	227	
6.4.4.	Host	dynamics	.............................................................................................................................	229	
6.4.5.	Conclusion	.....................................................................................................................................	230	

CHAPTER	7:	AN	INVESTIGATION	INTO	THE	SPATIAL	DISTRIBUTION	AND	

ENVIRONMENTAL	DETERMINANTS	OF	AMPHIBIOTHECUM	MEREDITHAE	

INFECTION	ON	THE	ISLE	OF	RUM	IN	A	SINGLE	BREEDING	SEASON	.........................	233	
7.1.	INTRODUCTION	...................................................................................................................................	233	
7.1.1.	Spatial	epidemiology	................................................................................................................	234	
7.1.2.	Patterns	of	disease	distribution	...........................................................................................	234	
7.1.3.	Spatial	clusters	of	disease	......................................................................................................	235	
7.1.4.	Epidemiology	of	amphibian-infecting	dermocystids	..................................................	236	
7.1.5.	Spatial	distribution	and	determinants	of	disease	on	Rum	.......................................	236	
7.1.6.	Study	objectives	..........................................................................................................................	237	

7.2.	METHODOLOGY	..................................................................................................................................	238	
7.2.1.	Sample	collection	.......................................................................................................................	238	
7.2.2.	Statistical	Analysis	....................................................................................................................	239	
7.2.3.	Risk	mapping	...............................................................................................................................	242	

7.3.	RESULTS	..............................................................................................................................................	244	
7.3.1.	Spatial	.............................................................................................................................................	244	
7.3.2.	Environmental	Variables	........................................................................................................	246	
7.3.3.	Presence	and	absence	of	disease	linked	to	environmental	variables	..................	250	
7.3.4.	Disease	Prevalence	....................................................................................................................	250	
7.3.5.	Host	population	dynamics	and	disease	............................................................................	251	
7.3.6.	Prevalence	of	disease	morphologies	and	morbidity	...................................................	253	



	

	

	 15	

7.3.7.	Mortalities	....................................................................................................................................	261	
7.3.8.	Disease	prediction	maps	.........................................................................................................	262	

7.4.	DISCUSSION	.........................................................................................................................................	268	
7.4.1.	Disease	prevalence	....................................................................................................................	268	
7.4.2.	Spatial	clusters	of	disease	risk	.............................................................................................	269	
7.4.3.	Environmental	determinants	of	disease	..........................................................................	270	
7.4.4.	Host	characteristics	and	population	structure	............................................................	271	
7.4.5.	Disease	morphologies	..............................................................................................................	272	
7.4.6.	Presenting	pathologies	and	morphology	........................................................................	273	
7.4.7.	Mortalities	....................................................................................................................................	275	
7.4.8.	Disease	prediction	maps	.........................................................................................................	276	
7.4.9.	Conclusions	...................................................................................................................................	276	

CHAPTER	8:	TEMPORAL	TRENDS	IN	THE	SPATIAL	DISTRIBUTION	AND	

PREVALENCE	OF	DISEASE	ASSOCIATED	WITH	AMPHIBIOTHECUM	MEREDITHAE	

ON	THE	ISLE	OF	RUM	..............................................................................................................	279	
8.1	INTRODUCTION	....................................................................................................................................	279	
8.1.1.	Inter-annual	disease	dynamics	............................................................................................	280	
8.1.2.	Inter-annual	dynamics	in	amphibian	populations	.....................................................	280	
8.1.3.	Temporal	disease	patterns	in	mesomycetozoeans	.....................................................	281	
8.1.4.	Disease	state	on	the	Isle	of	Rum	..........................................................................................	281	
8.1.5.	Study	objectives	..........................................................................................................................	282	

8.2	METHODOLOGIES	.................................................................................................................................	284	
8.2.1.	Data	collection	............................................................................................................................	284	
8.2.2.	Statistical	analysis	....................................................................................................................	285	

8.3	RESULTS	................................................................................................................................................	290	
8.3.1.	Field	season	2015	......................................................................................................................	290	
8.3.2.	Field	season	2016	......................................................................................................................	295	
8.3.3.	Yearly	comparisons	of	disease	dynamics	(2014	to	2016)	........................................	301	
8.3.4.	Incorporating	preliminary	data	and	long	term	projections	..................................	312	

8.4	.	DISCUSSION	........................................................................................................................................	315	
8.4.1.	Inter-annual	trends	in	island	level	disease	prevalence	.............................................	315	
8.4.2.	Annual	variation	in	the	presence	of	infection	...............................................................	315	
8.4.3.	Environmental	determinants	...............................................................................................	317	
8.4.4.	Host	population	structure	and	disease	............................................................................	318	



	

	

	 16	

8.4.5.	Site	specific	prevalence	changes	.........................................................................................	319	
8.4.6.	Spatio-temporal	clusters	........................................................................................................	320	
8.4.7.	Exploring	past	and	future	trends	........................................................................................	321	
8.4.8.	Disease	prediction	maps	.........................................................................................................	322	
8.4.9.	Mortalities	.....................................................................................................................................	323	
8.4.10.	Conclusion	..................................................................................................................................	324	

CHAPTER	9:	TESTING	NON-INVASIVE	METHODS	TO	DETECT	AMPHIBIOTHECUM	

MEREDITHAE	..............................................................................................................................	327	
9.1.	INTRODUCTION	...................................................................................................................................	327	
9.1.1.	Amphibian-infecting	dermocystids	in	the	UK	................................................................	328	
9.1.2.	Dermal	swabbing	for	disease	confirmation	...................................................................	329	
9.1.3.	Environmental	DNA	for	confirmation	of	disease	at	the	population	level	.........	329	
9.1.4.	Study	objectives	..........................................................................................................................	331	

9.2.	METHODOLOGY	...................................................................................................................................	332	
9.2.1.	Sample	Collection	......................................................................................................................	332	
9.2.2.	DNA	extraction	............................................................................................................................	335	
9.2.3.	DNA	amplification	and	sequencing	....................................................................................	335	
9.2.4.	Gel	electrophoresis,	product	cleaning	and	sequencing	.............................................	337	

9.3.	RESULTS	..............................................................................................................................................	338	
9.3.1.	Environmental	DNA	..................................................................................................................	338	
9.3.2.	Environmental	DNA	trials	from	2016	...............................................................................	340	
9.3.3.	Dermal	swabbing	.......................................................................................................................	342	

9.4.	DISCUSSION	.........................................................................................................................................	344	
9.4.1.	Environmental	DNA	..................................................................................................................	344	
9.4.2.	Low	DNA	concentration	..........................................................................................................	345	
9.4.3.	Inhibition	.......................................................................................................................................	346	
9.4.4.	Incubating	individual	animals	.............................................................................................	346	
9.4.5.	Dermal	swabbing	for	pathogen	detection	......................................................................	347	
9.4.6.	Conclusion	.....................................................................................................................................	348	

CHAPTER	10:	DISCUSSION	.....................................................................................................	351	
10.1	 THESIS	OVERVIEW	.......................................................................................................................	351	
10.2	 SPATIO-TEMPORAL	DISEASE	DYNCAMICS	................................................................................	355	
10.2.1	 Spatial	distribution	of	A.	meredithae	on	Rum	.........................................................	355	
10.2.2	 Heterogeneity	and	water	pH	..........................................................................................	356	



	

	

	 17	

10.3	 INTER-ANNUAL	DISEASE	VARIATION	........................................................................................	357	
10.4	 DISEASE	PRESENTATION	AND	PROGRESSION	..........................................................................	358	
10.4.1	 Body	distribution	.................................................................................................................	358	
10.4.2	 Disease	progression	............................................................................................................	359	

10.5	 EXPLORING	VARIATION	IN	MORBIDITY	AND	SEVERITY	.........................................................	360	
10.5.1	 Variation	within	Rum	........................................................................................................	361	
10.5.2	 Variation	in	a	geographically	isolated	population	...............................................	362	
10.5.3	 Mortality	..................................................................................................................................	363	

10.6	 NEWTS	AVOID	WATER	TO	CLEAR	INFECTION	..........................................................................	365	
10.7	 ANNUAL	PERSISTENCE	OF	INFECTION	ON	RUM	......................................................................	365	
10.8	 TRANSMISSION	.............................................................................................................................	367	
10.9	 PHYLOGENETIC	RANGE	OF	DERMOCYSTID	PATHOGENS	.......................................................	368	
10.10	 FUTURE	DIRECTIONS	................................................................................................................	370	
10.10.1	 Exploring	parasite	diversity	and	geographic	range	..........................................	370	
10.10.2	 Broader	surveying	to	estimate	range	of	dermocystids	....................................	370	
10.10.3	 Experimental	trials	to	further	develop	hypotheses	............................................	371	

10.11	 SUMMARY	....................................................................................................................................	373	
REFERENCES	...........................................................................................................................................	375	
APPENDIX		2	FOR	CHAPTER	2	..........................................................................................................	405	
APPENDIX	3	FOR	CHAPTER	3	...........................................................................................................	411	
APPENDIX	4	FOR	CHAPTER	4	...........................................................................................................	417	
APPENDIX	6	FOR	CHAPTER	6	...........................................................................................................	427	
APPENDIX	7	FOR	CHAPTER	7	...........................................................................................................	441	
APPENDIX	8	FOR	CHAPTER	8	...........................................................................................................	453	
APPENDIX	9	FOR	CHAPTER	9	...........................................................................................................	463	
APPENDIX		A	............................................................................................................................................	469	

	

	

	

	



18	

LIST	OF	FIGURES	

FIGURE	1.1	THE	LOCATION	OF	THE	SMALL	ISLES	OFF	THE	WEST	COAST	OF	SCOTLAND.	............................................	45	
FIGURE	1.2:	SITES	SAMPLED	DURING	2011	AND	2012	(2012	CONFINED	TO	BLACK	SQUARES).	SHAPE

CORRESPONDS	TO	YEAR;	2011	(CIRCLE);	2012	(STAR);	BOTH	(TRIANGLE).	.....................................................	48	
FIGURE	1.3:	PREVALENCE’S	RECORDED	ACROSS	6	SITES	SAMPLED	CONSISTENTLY	IN	2011	AND	2012.	DATA	TAKEN	

FROM	PRELIMINARY	STUDIES	(ANDERSON,	2011;	MCMURDO-HAMILTON,	2012).	.........................................	50	
FIGURE	2.1:	ORDNANCE	SURVEY	MAP	(1:50	000	SCALE)	OF	THE	ISLE	OF	RUM	SHOWING	THE	LOCATION	OF	ALL

SITES	SAMPLED	BETWEEN	2014	AND	2016.	SITES	IN	RED	INDICATE	LOCATIONS	ALSO	VISITED	IN	

PREVIOUS	STUDIES	DURING	2011	OR	2012,	AND	SITES	IN	BLUE	REPRESENT	NEWLY	IDENTIFIED	

LOCATIONS	FOR	BROADER	SAMPLED	ACROSS	2014	AND	2016.	RED	CIRCLE	SHOWS	THE	LOCATION	OF	

SITES	USED	FOR	INTENSIVE	SAMPLING.	SQUARED	AREAS	HIGHLIGHT	LOCATIONS	RESTRICTED	DUE	TO	

NESTING	RARE	BIRDS	AND	CALVING	DEER.	.............................................................................................................	72	
FIGURE	2.2:	OS	MAP	OF	THE	ISLE	OF	RUM	WITH	THE	LOCATIONS	OF	SITES	VISITED	DURING	MARCH	2015.	...........	74	
FIGURE	2.3:	IMAGES	OF	DIFFERENT	SAMPLE	SITES	INCLUDING;	A)	A	SMALL,	SHALLOW	POND	OF	~3M	IN

DIAMETER	AND	30	TO	100CM	IN	DEPTH;	AND	B)	AN	AREA	IN	THE	CENTER	OF	THE	ISLAND	WHERE	BLACK	

ARROWS	INDICATE	SMALL	LOCHANS	(H2	AND	H3;	FIGURE	2.1).	......................................................................	76	
FIGURE	2.4:	SAMPLERS	DIP-NETTING	THE	PERIMETER	OF	SITES	AND	PLACING	NEWTS	INTO	TUBS	ON	THE	BANK	

OF	PONDS	.....................................................................................................................................................................	76	
FIGURE	2.5:	A	TUB	USED	TO	HOLD	NEWTS	AT	THE	SIDE	OF	PONDS	DURING	SAMPLING,	SHOWING	AN	INSTANCE

WHERE	CONDITIONS	BECAME	OVERCROWDED	AND	SAMPLING	WAS	POSTPONED	TO	PREVENT	HARM	TO	

CAPTURED	ANIMALS.	.................................................................................................................................................	77	
FIGURE	2.6:	EXAMPLE	IMAGES	OF	FEMALE	(A)	AND	MALE	(B)	PALMATE	NEWTS,	HIGHLIGHTING	SOME	KEY	

OBSERVABLE	FEATURES	DEVELOPED	BY	MALES	DURING	BREEDING	SEASON,	USED	FOR	SEXING	NEWTS,	

INCLUDING	LARGER	WEBBED	HIND-FEET	(BLACK	ARROW)	AND	TAIL	FILAMENT	(RED	ARROW).	WHITE	

ARROWS	(B)	SHOW	WHERE	SNOUT	TO	VENT	LENGTH	(SVL)	MEASUREMENTS	WERE	TAKEN.	.....................	78	
FIGURE	2.7:	IMAGES	OF	NEWT	CARCASSES	RECOVERED	AT	THE	SIDE	OF	PONDS	DURING	SAMPLING,	SHOWING

NEWTS	WITH	CLEAR	SIGNS	OF	PREDATION	(A),	AND	NEWTS	WITH	SINGS	OF	DERMOCYSTID	INFECTION	(B).

	......................................................................................................................................................................................	79	
FIGURE	2.8:	EXAMPLE	PLOT	SHOWING	THE	RELATIONSHIP	BETWEEN	POND	PH	AGAINST	ALTITUDE,	WITH

DIFFERENT	MODELS	FITTED.	PINK	=	LOESS;	BLACK	=	LINEAR	REGRESSION;	RED	=	QUADRATIC;	BLUE	=	

CUBIC;	GREEN	=	GAM.	..............................................................................................................................................	87	
FIGURE	2.9:	LOCATIONS	OF	SEVEN	PREDETERMINED	AXIAL	SECTIONS	FOLLOWED	DURING	HISTOLOGICAL

PROCESSING	AND	USED	HERE	TO	DIVISION	NEWTS	WHEN	RECORDING	PATHOLOGIES.	...................................	90	
FIGURE	3.1:	IMAGES	OF	DISTINCT	GROSS	PATHOLOGIES	OBSERVED	ON	DISEASED	NEWTS	ON	RUM:	A)	DISCRETE

DERMAL	CYSTS	(WHITE	ARROWS);	B)	LIVER	CYSTS	(BLACK	ARROWS);	C)	SEVERE	AND	DIFFUSE	

SUBCUTANEOUS	OEDEMA	...........................................................................................................................................	97	



	

	

	 19	

FIGURE	3.2: ORDNANCE SURVEY MAP OF THE ISLE OF RUM SHOWING THE TWO SAMPLE LOCATIONS WHERE 

INFECTED NEWTS WERE CAPTURED FOR MOLECULAR ANALYSIS A2 AND R4 (�), AND THE FIELD 

STATION (★)	...........................................................................................................................................................	101	
FIGURE	3.3:	GEL	ELECTROPHORESIS	IMAGE	OF	1.5	µL	OF	PCR	PRODUCT	AMPLIFIED	FROM	DNA	EXTRACTIONS	OF	

ALL	8	SAMPLES	LOADED	IN	ORDER	RUN	NEXT	TO	A	DNA	HYPERLADDER	OF	1KB.	SAMPLES	LABELED	

INCLUDING	A	NEGATIVE	CONTROL.	.........................................................................................................................	109	
FIGURE	3.4:	CONSENSUS	TREE	CREATED	USED	MAXIMUM	LIKELIHOOD	ANALSYSIS	IMPLEMENTING	HKY+G+I,	

PRESENTING	THE	PHYLOGENETIC	RELATIONSHIPS	OF	DERMOCYSTIDA	BASED	ON	18SRRNA	SEQUENCES.	

MAXIMUM	LIKELIHOOD	ANALYSIS	IMPLEMENTING	HKY+G+	WITH	NODE	SUPPORT	DISPLAYED	AS	BOOTSTRAP	

SUPPORT.	AMPHIBIOCYSTIDIUM	SPECIES	ARE	INDICATED	IN	RED	AND	AMPHIBIOTHECUM	SPECIES	INDICATED	

IN	BLUE.		SEQUENCES	ISOLATED	HERE	FROM	DIFFERENT	PATHOLOGIES	PRESENTING	ON	INFECTED	NEWTS	ON	

RUM	ARE	INDICATED	AS;	*	=	OEDEMA;	**	=	DERMAL	CYSTS;	***	=	LIVER	CYSTS	..............................................	111	
FIGURE	3.5:	CONSENSUS	TREE	CREATED	USED	MAXIMUM	LIKELIHOOD	ANALYSIS	IMPLEMENTING	TRN+I+G,	

PRESENTING	THE	PHYLOGENETIC	RELATIONSHIPS	OF	DERMOCYSTIDA	BASED	ON	18SRRNA	SEQUENCES.	

MAXIMUM	LIKELIHOOD	ANALYSIS	IMPLEMENTING	HKY+G+	WITH	NODE	SUPPORT	DISPLAYED	AS	BOOTSTRAP	

SUPPORT.	AMPHIBIOCYSTIDIUM	SPECIES	ARE	INDICATED	IN	RED	AND	AMPHIBIOTHECUM	SPECIES	INDICATED	

IN	BLUE.		SEQUENCES	ISOLATED	HERE	FROM	DIFFERENT	PATHOLOGIES	PRESENTING	ON	INFECTED	NEWTS	ON	

RUM	ARE	INDICATED	AS;	*	=	OEDEMA;	**	=	DERMAL	CYSTS;	***	=	LIVER	CYSTS	..............................................	112	
FIGURE	3.6:	CONSENSUS	TREE	CREATED	BAYESIAN	INFERENCE	RUN	USING	REVERSIBLE-JUMP	MCMC	TO	AVERAGE	

OVER	THE	GTR	MODELS,	WITH	NODE	SUPPORT	DISPLAYED	AS	POSTERIOR	PROBABILITIES;	

AMPHIBIOCYSTIDIUM	SPECIES	ARE	INDICATED	IN	RED	AND	AMPHIBIOTHECUM	SPECIES	INDICATED	IN	BLUE.	

SEQUENCES	ISOLATED	HERE	FROM	DIFFERENT	PATHOLOGIES	PRESENTING	ON	INFECTED	NEWTS	ON	RUM	ARE	

INDICATED	AS;	*	=	OEDEMA;	**	=	DERMAL	CYSTS;	***	=	LIVER	CYSTS	..............................................................	113	

FIGURE	4.1:	ORDNANCE	SURVEY	MAP	OF	THE	ISLE	OF	RUM,	SHOWING	THE	MAIN	FIELD	STATION	(FIG.	B:	•)	AND	

LOCATIONS	OF	DATA	COLLECTION	OR	FIELD	STUDIES.	SITES	COLOURED	BASED	ON	THEIR	PREVALENCE:	

BLUE	=	UNINFECTED	CONTROL	SITE	(0%);	YELLOW	=	LOW	PREVALENCE	(<	50%);	RED	=	HIGH	

PREVALENCE	SITE	(>50%).	1)	THIRTY	SITES	USED	FOR	FIELD	SURVEYS	WHERE	OBSERVATIONS	WERE	

MADE	(FIG.	A:	•).	2)	THREE	LOCATIONS	WHERE	NEWTS	WERE	COLLECTED	FOR	POST	MORTEM	AND	

HISTOPATHOLOGY	EXAMINATION	(FIG.	B:	•).	3)	IN	SITU	STUDY	TRIALS:	I)	FOUR	SITES	SELECTED	FOR	

SUBMERGED	ENCLOSURES	(FIG.	B:★)	AND	II)	TWO	SITES	SELECTED	FOR	POND-SIDE	TUBS	(FIG.	B:	Δ).	4)	

LOCATIONS	WHERE	NEWTS	WERE	COLLECTED	FOR	IN	VITRO	TRIALS	(FIG.	B:	∗).	.......................................	125	

FIGURE	4.2:	LOCATION	OF	INCISIONS	INDICATING	THE	6	BODY	SECTIONS	PROCESSED	FOR	HISTOLOGICAL	

EXAMINATION.	.........................................................................................................................................................	129	
FIGURE	4.3:	EXAMPLE	SLIDE	(A1013)	OF	AN	UNINFECTED	MALE,	USED	TO	IDENTIFY	KEY	ANATOMICAL	

STRUCTURES	FOR	ORIENTATION	AND	COMPARISONS	TO	HEALTHY	ANIMALS.	KEY	ANATOMICAL	



	

	

	 20	

STRUCTURES:	NOSTRILS	(BLACK	ARROW);	ORAL	CAVITY	(*);	EYES	(RED	ARROW	INDICATES	BLACK	

OUTLINE	OF	RETINA)	..............................................................................................................................................	130	
FIGURE	4.4:	IMAGE	TAKEN	OF	DERMAL	GLANDS	IN	THE	DORSO-TAIL	SECTIONS.	BLACK	ARROWS	INDICATE	TWO	

OF	THE	GRANULAR	GLANDS	PRESENT	AND	THE	BRIGHT,	EOSINOPHILIC	GRANULAR	MATERIAL	WITHIN	(*).	

SMALLER	MUCUS	GLANDS	INDICATED	WITH	RED	ARROWS.	EXAMPLE	LINES	DRAWN,	REPRESENTING	THE	

MAXIMAL	DIAMETER	AND	THE	CORRESPONDING	MEASUREMENTS.	BAR	=	200µM	.....................................	131	
FIGURE	4.5:	MESH	ENCLOSURES	CREATED	(A)	AND	AN	EXAMPLE	OF	HOW	ENCLOSURES	WOULD	BE	DEPLOYED	AT	

THE	SITE	(B).	...........................................................................................................................................................	136	
FIGURE	4.6:	EXAMPLE	IMAGES	OF	TYPICAL	MORTALITIES;	A)	HEALTHY	NEWTS	WITH	SIGNS	OF	BIRD	PREDATION,	

AND	B)	GROSS	PATHOLOGIES	AND	AN	EMACIATED	APPEARANCE	CONSISTENT	WITH	SEVERE	

AMPHIBIOTHECUM	SP.	INFECTION.	......................................................................................................................	138	
FIGURE	4.7:	EXAMPLE	IMAGES	OF	PATHOLOGIES	CLASSIFIED	AS	CYSTS	(A:	WHITE	ARROWS),	LESIONS	(A	AND	C:	

BLACK	ARROWS),	OEDEMA	(B:	WHITE	CIRCLE)	AND	ULCERATIONS	(C	AND	D:	BLACK	CIRCLE)	................	139	
FIGURE	4.8:	LIVER	OF	AN	INFECTED	ANIMAL	DURING	POST	MORTEM,	SHOWING	TWO,	PALE	MACROSCOPIC	CYSTS	

(ARROWS).	...............................................................................................................................................................	140	
FIGURE	4.9:	LOCATIONS	OF	PARASITE	CYSTS	IDENTIFIED	DURING	HISTOLOGICAL	EXAMINATION	OF	TISSUE	

SEGMENTS:	A)	PARASITE	CYST	WITHIN	SKELETAL	MUSCULAR	FIBRES	(ARROW);	B)	PARASITE	CYSTS	OF	

THE	ORAL	MUCOSA.	A	SINGLE	CYST	IN	THE	LUMEN	(ARROW)	AND	SEVERAL	DEGENERATING	OR	

DEGENERATED	CYSTS	(ARROWHEADS);	C)	PARASITE	CYST	WITHIN	THE	GASTROINTESTINAL	LUMEN;	AND	

D)	PARASITIC	CYST	WITHIN	THE	STROMA	OF	A	MALE	CLOACA	(ARROW).	SCALE	BAR	A,D=1000	ΜM;	

B=500	ΜM	;C=200	ΜM	........................................................................................................................................	141	
FIGURE	4.10:	TISSUE	STRUCTURE	AND	INFLAMMATORY	CELL	INFILTRATE	OBSERVED	IN	ANIMALS	WITH	NO	SIGNS	

OF	DISEASE,	INTACT	CYSTS	AND	RUPTURED	CYSTS:	A)	COMPACT	DERMAL	AND	MUSCLE	TISSUE	IN	A	

HEALTHY	NEWT	WITH	NO	GROSS	OR	HISTOLOGICAL	SIGN	OF	DISEASE;	B)	TWO	INTACT	CYSTS	(ARROW)	

WITH	NO	SIGNIFICANT	INFLAMMATORY	RESPONSE	OR	FLUID	BUILD	UP,	AND	ANY	DISRUPTION	TO	TISSUE	

STRUCTURE	CONFINED	TO	THE	IMMEDIATE	PERIPHERY	OF	PARASITE	CYSTS;	C)	A	MASS	OF	RUPTURED	

CYSTS,	BEGINNING	IN	THE	EPIDERMIS	AND	MOVING	INTO	MUSCLE	TISSUE.	CYST	WALLS	ARE	IRREGULAR	IN	

STRUCTURE	AND	BROKEN,	YET	RETAIN	A	GENERAL	SPHERICAL	SHAPE	(ARROWS).	FREE	FLOATING	SPORES	

VISIBLE	IN	SURROUNDING	OEDEMA	(*).	..............................................................................................................	142	
FIGURE	4.11:	DEGENERATING	AND	DEGENERATED	CYSTS;	A)	A	SINGLE	DEGENERATING	CYST	(ARROW),	

SURROUNDED	BY	OEDEMA	(*)	WITH	FOCAL	CHRONIC	INFLAMMATION.	B)	A	DEGENERATED	CYST	(ARROW)	

NEAR	TO	A	CLUSTER	OF	INTACT	AND	BURST	CYSTS,	WITH	FOCAL	OEDEMA;	C)	TWO	DEGENERATED	CYSTS	IN	

THE	DORSAL	TAIL	(*),	WHERE	SURROUNDING	TISSUE	HAS	RETURNED	TO	A	NORMAL	AND	UNIFORM	

STRUCTURE;	C1)	DEGENERATED	CYST,	AT	20X	MAGNIFICATION,	COMPLETELY	COLLAPSED	AND	

COMPRESSED	WITH	FOCAL	GRANULOMA.	MULTI-NUCLEATED	GIANT	CELL	(ARROW).	................................	144	
FIGURE	4.12:	TAIL	SECTIONS	SHOWING	GRANULAR	GLANDS	IN	UNINFECTED	(A)	AND	INFECTED	(B)	ANIMALS	

WITH	EXAMPLES	OF	ALVEOLAR	FULL	OF	GRANULAR	EOSINOPHILIC	MATERIAL	(F)	AND	EMPTY	(E).	ARROWS	

POINT	TO	MUCUS	GLANDS	PRESENT	AMONGST	GRANULAR	GLANDS.		B:	A	DEGENERATED	AND	COLLAPSED	



	

	

	 21	

CYST	(*)	VISIBLE	IN	THE	MUSCLE	TISSUE	OF	AN	INFECTED	INDIVIDUAL,	IN	THE	PRESENCE	OF	GRANULAR	

GLANDS	CONTAINING	LITTLE	OR	NO	GRANULAR	MATERIAL.	.............................................................................	145	
FIGURE	4.13:	BOXPLOT	DIAGRAMS	TO	SHOW	THE	PROPORTION	OF	FULL	AND	EMPTY	GLANDS	GROUPED	BY	SEX,	

WITH	BOXPLOTS	SHOW	THE	DISTRIBUTION	OF	DATA	USING	SUMMARY	STATISTICS.	THE	CENTRAL	

RECTANGLE	REPRESENTS	THE	INTER	QUARTILE	RANGE	(IQR)	WHERE	50%	OF	THE	DATA	LIES,	

SURROUNDING	THE	MEDIAN	LINE.	BARS	INDICATE	THE	SPREAD	OF	DATA	ACROSS	THE	OUTER	50%	TO	THE	

MAXIMUM	AND	MINIMUM	VALUES.	POINTS	SHOW	OUTLIERS	AT	EITHER	3X	GREATER	OR	LESS	THAN	THE	

INTER	QUARTILE	RANGE	IQR.	MEAN	(𝑥)	TOTAL	COUNTS	AND	THE	RATIO	OF	EMPTY	TO	FULL	GLANDS.	..	146	
FIGURE	4.14:	POST-HOC	MULTIPLE	COMPARISON	TEST	USING	TUKEY’S	HSD	TO	COMPARE	THE	RATIO	OF	FULL	TO	

EMPTY	GLANDS	ACROSS	SITES.	..............................................................................................................................	147	
FIGURE	4.15:		BOXPLOTS	EXPLORING	THE	VARIATION	IN	THE	PROPORTION	OF	FULL	AND	EMPTY	GLANDS	AT	

EACH	SITE.	MEAN	COUNTS	AND	MEAN	RATIO	OF	EMPTY	AND	FULL	GLANDS	PRESENTED	FOR	EACH	SITE.	147	
FIGURE	4.16:	BOXPLOTS	SHOWING	THE	AVERAGE	GLAND	DIAMETERS	(µM)	RECORDED	IN	EACH	INDIVIDUAL	AND	

GROUPED	BY	SITE.	...................................................................................................................................................	148	
FIGURE	4.17:	COMPARISON	OF	HEALTHY	UNINFECTED	MALE	(A)	AND	UNDER	WEIGHT,	INFECTED	MALE	(B)	149	
FIGURE	4.18:	INCUBATED	CYSTS	AS	VIEWED	BY	LIGHT	MICROSCOPY:	A)	INTACT	PATHOGEN	CYST	AFTER	6	

WEEKS	OF	INCUBATION;	AND	B)	PATHOGEN	CYST	WITH	DEGRADED	CELL	WALL	AFTER	6	WEEKS	OF	

INCUBATION.	............................................................................................................................................................	150	
FIGURE	4.19:	IMAGES	OF	MORIBUND	ANIMALS	CAPTURED	DURING	SAMPLING.	A)	AN	INFECTED	ANIMAL	WITH	

SEVERE	AND	GENERALISED	SUBCUTANEOUS	OEDEMA,	UNCONSCIOUS	UPON	CAPTURE;	B)	INFECTED	ANIMAL	

WITH	LARGE	NUMBER	OF	CYSTS	PRESENT	IN	THE	MOUTH	AND	THROAT,	FORCING	THE	MOUTH	OPEN.	.....	153	
FIGURE	4.20:	EXAMPLES	OF	FUNGAL	GROWTHS	DESCRIBED	IN	ASSOCIATION	WITH	DISEASE	CAUSED	BY	

AMPHIBIOTHECUM	SP.	............................................................................................................................................	154	
FIGURE	5.1:	ORDNANCE	SURVEY	MAP	OF	THE	ISLE	OF	RUM,	SHOWING	TWO	LOCATIONS	(R	AND	H)	CONSIDERED	

FOR	TEMPORAL	SAMPLING,	AND	THE	FINAL	SITES	(R10,	R3,	R4,	R5	AND	R7)	CHOSEN	INCLUDING	A	SITE	

NOT	USED	FOR	FURTHER	SURVEYS	(R26	★).	....................................................................................................	173	
FIGURE	5.2:	MEASUREMENTS	OF	PH	ACROSS	THE	SEASON,	A)	BOXPLOT	OF	PH	MEASUREMENTS	SHOWING	

VARIATION	WITHIN	AND	BETWEEN	SITES;	B)	TEMPORAL	VARIATION	IN	PH	AT	EACH	SITE	WITH	LINEAR	

REGRESSION	MODEL	(RED	LINE)	WITH	95%CI	(GREY	SHADING).	..................................................................	177	
FIGURE	5.3:	RELATIONSHIP	BETWEEN	AIR	AND	WATER	TEMPERATURE	WITH	LINEAR	REGRESSION	LINE	AND	

95%CI	(RED	LINE	AND	GREY	SHADING)	.............................................................................................................	178	
FIGURE	5.4:	TEMPORAL	VARIATION	IN	POND	(A)	AND	AIR	(B)	TEMPERATURE	ACROSS	VISITS	WITH	A	LINEAR	

MODEL	FITTED	AND	95%CI	SHOWN	AS	BLACK	FITTED	LINE	WITH	GREY	POLYGON.	....................................	178	
FIGURE	5.5:	BOXPLOTS	SHOWING	THE	WITHIN-SEASON	VARIATION	IN	A)	WATER	TEMPERATURE	AND	B)	AIR	

TEMPERATURE	ACROSS	SITES.	...............................................................................................................................	179	
FIGURE	5.6:	BODY	SIZE	OF	NEWTS	SHOWN	AS	SVL	(CM)	PLOTTED	AGAINST	VISIT,	COLOURED	BY	SITE	AND	

GROUPED	BASED	ON	SEX,	WITH	LINEAR	MODELS	FITTED	(RED)	AND	95%	CI	(GREY	POLYGON).	.............	179	



	

	

	 22	

FIGURE	5.7:	SEX	RATIOS	OBSERVED	BY	SITE	AND	VISIT	WITH	HORIZONTAL	DASHED	LINES	INDICATING	AN	EQUAL	

MALE	TO	FEMALE	RATIO;	A)	TEMPORAL	FLUCTUATIONS	IN	SEX	RATIO	ACROSS	VISITS	WITH	AN	OVERALL	

REGRESSION	MODEL	FITTED	(RED	LINE)	WITH	95%	CI	(GREY	POLYGON),	AND	B)	BOXPLOTS	OF	SEX	RATIOS	

SHOWING	VARIATION	WITHIN	AND	BETWEEN	SITES.	........................................................................................	180	
FIGURE	5.8:	TEMPORAL	VARIATION	IN	TOTAL	CATCH	SIZE	AT	EACH	SITE	WITH	BEST-FIT	LINEAR	OR	POLYNOMIAL	

MODELS	(RED	LINE)	WITH	95%	CI	REPRESENTED	AS	GREY	POLYGONS.	OVERALL	TRENDS	ACROSS	ALL	

SITES	(A)	AND	TRENDS	WITHIN	EACH	SITE	(B	–	F)	PRESENTED.	.....................................................................	181	
FIGURE	5.9:	RELATIONSHIP	BETWEEN	WATER	TEMPERATURE	AND	TOTAL	CATCH;	A)	TOTAL	CATCH	AGAINST	

VISIT	AND	B)	WATER	TEMPERATURE	AGAINST	VISIT,	AND	C)	WATER	TEMPERATURE	AGAINST	TOTAL	CATCH	

WITH	LINEAR	MODEL	FITTED	INCLUDING	95%CI	(RED	LINE	WITH	GREY	POLYGON).	................................	182	
FIGURE	5.10:	TEMPORAL	VARIATION	IN	DISEASE	PREVALENCE	RECORDED	AT	ALL	SITES	(A)	WITH	LOGISTIC	

REGRESSION	MODEL	FITTED	TO	SHOW	OVERALL	TREND	LINE	(RED	LINE)	WITH	95%CI	(GREY	POLYGON)	

AND	PATTERNS	OBSERVED	AT	EACH	SITE	(B	–	F)	...............................................................................................	183	
FIGURE	5.11:	SITE-TO-SITE	DIFFERENCES	IN	DISEASE	PREVALENCE	BASED	ON	AD-HOC	PAIRWISE	COMPARISONS,	

WHERE	95%	CI’S	CROSSING	ZERO	REPRESENT	NON-SIGNIFICANT	DIFFERENCES.	.......................................	183	
FIGURE	5.12:	DISEASE	PREVALENCE	AGAINST	WATER	AND	AIR	TEMPERATURE	WITH	LOGISTIC	REGRESSION	

MODEL	FITTED	AND	95%	CI	.................................................................................................................................	184	
FIGURE	5.13:	DISEASE	PREVALENCE	AGAINST	PH	WITH	LOGISTIC	REGRESSION	MODEL	FITTED	AND	95%CI	

(DARK	RED	LINE	WITH	GREY	POLYGON)	..............................................................................................................	184	
FIGURE	5.14:	COMPARISON	OF	BODY	SIZE	BETWEEN	INFECTED	AND	UNINFECTED	NEWTS	.................................	185	
FIGURE	5.15:	SEX	RATIOS	AGAINST	DISEASE	PREVALENCE,	WITH	REGRESSION	MODEL	FITTED	(RED	LINE)	AND	

95%	CI	(GREY	SHADING).	DOTTED	HORIZONTAL	LINE	INDICATES	AN	EQUAL	MALE	TO	FEMALE	RATIO.	.	186	
FIGURE	6.1:	EXAMPLE	IMAGES	OF	PATHOLOGIES;	CYSTS	(A:	WHITE	ARROWS),	LESIONS	(A,	B	AND	C:	BLACK	

ARROWS),	OEDEMA	(B:	WHITE	CIRCLE)	AND	ULCERATIONS	(C	AND	D:	BLACK	CIRCLE).	............................	194	
FIGURE	6.2:	EXAMPLE	PLOT	OF	CYST	COUNT	DATA	AT	VISIT	1,	SHOWING	A	NEGATIVE	BINOMIAL	DISTRIBUTION.

	...................................................................................................................................................................................	198	
FIGURE	6.3:	VENN	DIAGRAM	DISPLAYING	THE	MOST	COMMON	PATHOLOGIES	AND	COMBINATIONS	PRESENTED	BY	

INFECTED	ANIMALS	.................................................................................................................................................	201	
FIGURE	6.4:	DENDROGRAM	DETERMINED	BY	HIERARCHICAL	CLUSTERING	ANALYSIS	GROUPING	INDIVIDUALS	

BASED	ON	THE	PRESENCE	OF,	AND	COMBINATIONS	OF,	PATHOLOGIES.	FIRST	CLUSTER	SEPARATES	ALL	

UNINFECTED	NEWTS	([1]	DASHED:	F:0000);	CLUSTER	A	GROUPS	INDIVIDUALS	CHARACTERISED	BY	THE	

PRESENCE	OF	LESIONS	AND	OEDEMA	([2]	RED;	F:	*LE*),	AND	THE	ABSENCE	OF	OEDEMA	([3]	YELLOW:	F:	

**0*);	CLUSTER	B	CHARACTERISED	BY	THE	ABSENCE	OF	LESIONS	INCLUDED	INDIVIDUALS	WITH	CYSTS	

ONLY	([4]	CORAL:	F:	C000),	THE	PRESENCE	OF	CYSTS	AND	ULCERATIONS	([5]	LIGHT	BLUE:	F:	C0*U),	

AND	THE	PRESENCE	OF	OEDEMA	([6]	NAVY:	F:	*0E*).	....................................................................................	202	
FIGURE	6.5:	TEMPORAL	VARIATION	IN	THE	PREVALENCE	OF	INFECTED	NEWTS	PRESENTING	WITH	EACH	

PATHOLOGY,	CYSTS	(A),	LESIONS	(B),	OEDEMA	(C)	AND	ULCERATIONS	(D).		POINTS	REPRESENT	MEAN	



	

	

	 23	

PREVALENCE’S	WITH	ERROR	BARS	(95%	CI)	AND	LOGISTIC	REGRESSION	MODELS	FITTED	(RED	LINE)	WITH	

95%	CI	(GREY	SHADING).	.....................................................................................................................................	203	
FIGURE	6.6:	RELATIONSHIP	BETWEEN	OVERALL	DISEASE	PREVALENCE	AND	THE	PREVALENCE	OF	INFECTED	

NEWTS	PRESENTING	WITH;	A)	CYSTS,	B)	LESIONS,	C)	OEDEMA,	AND	D)	ULCERATIONS.		POINTS	REPRESENT	

MEAN	PREVALENCE’S	WITH	ERROR	BARS	(95%	CI)	AND	OVERALL	LOGISTIC	REGRESSION	MODELS	FITTED	

(BLACK	LINE)	WITH	95%	CI	(GREY	SHADING)	..................................................................................................	204	
FIGURE	6.7:	EXAMPLE	OF	DISTRIBUTION	PLOTS	FROM	COUNT	DATA	REPRESENTING	TOTAL	CYSTS	COLOURED	BY	

VISIT	(SEE	APPENDIX	6.1	FOR	ALL	PLOTS)	.........................................................................................................	205	
FIGURE	6.8:	TEMPORAL	PLOTS	EXAMINING	THE	BURDEN	OF	CYSTS	(A),	LESIONS	(B)	AND	ULCERATIONS	(C)	

AGAINST	VISIT.	POINTS	REPRESENT	MEAN	COUNTS	AT	EACH	SITE,	AT	TIME	POINT,	WITH	95%	CI	ERROR	

BARS,	AND	MODELS	FITTED	TO	OVERALL	DATA.	REGRESSION	MODELS	FITTED	(RED	LINE)	WITH	GREY	

SHADING	REPRESENTING	95%CIS.	......................................................................................................................	206	
FIGURE	6.9:	TEMPORAL	PLOTS	EXAMINING	THE	TOTAL	BURDEN	OF	CYSTS	(A),	LESIONS	(B)	AND	ULCERATIONS	

(C)	AGAINST	PREVALENCE.	POINTS	REPRESENT	MEAN	COUNTS	AT	EACH	SITE.	REGRESSION	MODELS	FITTED	

(BLACK	LINE)	WITH	95%	CONFIDENCE	INTERVALS	(GREY	SHADING)	...........................................................	207	
FIGURE	6.10:	NEGATIVE	BINOMIAL	PARAMETER	ESTIMATE	(K)	FOR	THE	DISPERSION	OF	CYST	BURDEN	PLOTTED	

AGAINST	VISIT	AND	COLOURED	BY	SITE.	DASHED	LINE	AT	20	INDICATES	THE	THRESHOLD	WHERE	

ESTIMATES	>20	SHOW	A	HOMOGENEOUS	DISTRIBUTION.	REGRESSION	MODEL	FITTED	TO	SHOW	TEMPORAL	

VARIATION	(RED	LINE)	WITH	95%	CI	(GREY	SHADING).	TEXT	INDICATES	THE	OVERALL	K	VALUE	FOR	CYST	

BURDEN.	....................................................................................................................................................................	208	
FIGURE	6.11:	AS	FOR	FIGURE	6.11	BUT	VARIABLES	ASSOCIATED	WITH	LESIONS	..................................................	209	
FIGURE	6.12:	AS	FOR	FIGURE	6.11	BUT	VARIABLES	ASSOCIATED	WITH	ULCERATIONS	........................................	209	
FIGURE	6.13:	PLOTS	OF	DISEASE	MORPHOLOGY	FINGERPRINTS	AGAINST	VISIT	WITH	LINEAR	MODELS	FITTED	

(RED	LINE)	AND	95%CI	(GREY	POLYGON).	A)	CYSTS	ONLY	(F:C000);	B)	CYSTS	AND	ULCERATIONS	

(F:C0*U);	C)	CYSTS	AND	OEDEMA/OR	LESIONS	(F:C**0).	R2	AND	P-VALUES	SHOWN.	.............................	210	
FIGURE	6.14:	NUMBER	OF	INDIVIDUALS	WITH	PATHOLOGIES	ACROSS	17	BODY	SEGMENTS,	COLOURED	BY	AREA	

TO	REPRESENT	KEY	ANATOMICAL	LOCALITIES	ON	THE	BODY.	..........................................................................	211	
FIGURE	6.15:	DENDROGRAM	TREE	DETERMINED	BY	HIERARCHICAL	CLUSTERING	ANALYSIS	GROUPING	

INDIVIDUALS	BASED	ON	THE	BODY	DISTRIBUTION	OF	COMBINED	PATHOLOGIES.	CLUSTER	A	GROUPS	

INDIVIDUALS	BASED	ON	THE	ABSENCE	OF	DORSAL	PATHOLOGIES	F:	*0***,	INCLUDING	UNINFECTED	([1]	F:	

00000)	AND	INFECTED	NEWTS	WITHOUT	DORSAL	PATHOLOGIES	([2]	F:	*	0***).	CLUSTER	B	CLUSTER	A	

CONTAINS	NEWTS	CHARACTERISED	BY	THE	ABSENCE	OF	VENTRAL	PATHOLOGIES	WHICH	INCLUDED	THE	

FINGERPRINTS	F:	0D000	[4],	F:	**0T0	[5],	AND	F:	**0**[6]	.....................................................................	212	
FIGURE	6.16:	FIVE	WAY	VENN	DIAGRAM	DISPLAYING	THE	BODY	DISTRIBUTION	OF	CYSTS	ON	A)	INDIVIDUALS	

WITH	ALL	PATHOLOGIES	AND	B)	INDIVIDUALS	WITH	CYSTS	ONLY	..................................................................	213	
FIGURE	6.17:	TEMPORAL	PLOTS	SHOWING	THE	TOTAL	BODY	PARTS	PRESENTING	WITH	A)	CYSTS,	B)	LESIONS,	C)	

OEDEMA	AND	D)	ULCERATIONS	AGAINST	VISIT.	POINTS	REPRESENT	MEAN	COUNTS	AT	EACH	SITE	WITH	



	

	

	 24	

95%	CI	ERROR	BARS.	REGRESSION	MODELS	FITTED	(RED	LINE)	WITH	GREY	SHADING	REPRESENTING	THE	

95%	CI.	...................................................................................................................................................................	214	
FIGURE	6.18:	HEATMAP	EXAMINING	THE	BODY	DISTRIBUTION	OF	ALL	PATHOLOGIES	ACROSS	VISITS,	WITH	

LABELS	COLOURED	BY	PATHOLOGY	TYPE:	CYSTS	=	DARK	BLUE;	OEDEMA	=	DARK	RED;	LESIONS	=	GREEN;	

AND	ULCERATIONS	=	ORANGE.	..............................................................................................................................	216	
FIGURE	6.19:	NEGATIVE	BINOMIAL	PARAMETER	ESTIMATE	(K)	FOR	DISPERSION	OF	CYST	BODY	COVER	PLOTTED	

AGAINST	VISIT	AND	COLOURED	BY	SITE.	DASHED	LINE	AT	20	INDICATES	THE	THRESHOLD	WHERE	

ESTIMATES	>20	SHOW	A	HOMOGENEOUS	DISTRIBUTION.	REGRESSION	MODEL	FITTED	TO	SHOW	TEMPORAL	

VARIATION	(RED	LINE)	WITH	95%	CI	(GREY	SHADING).	TEXT	INDICATES	THE	OVERALL	K	VALUE	FOR	CYST	

BURDEN.	...................................................................................................................................................................	217	
FIGURE	6.20:AS	FOR	FIGURE	6.19	BUT	VARIABLES	ASSOCIATED	WITH	LESIONS	...................................................	218	
FIGURE	6.21:	AS	FOR	FIGURE	6.19	BUT	VARIABLES	ASSOCIATED	WITH	OEDEMA	.................................................	218	
FIGURE	6.22:	PLOTS	AS	WITH	FIGURE	6.19	BUT	VARIABLES	ASSOCIATED	WITH	ULCERATIONS	.........................	219	
FIGURE	6.23:	DIFFERENCE	IN	CYST	BURDEN	BETWEEN	MALES	AND	FEMALES,	SHOWING	ONLY	NEWTS	WITH	

CYSTS	.........................................................................................................................................................................	219	
FIGURE	7.1:	ORDNANCE	SURVEY	MAP	(1:50	000	SCALE)	OF	THE	ISLE	OF	RUM	SHOWING	ALL	THIRTY-THREE	

PONDS	SAMPLED	DURING	2014.	SITES	EXCLUDED	FROM	FURTHER	ANALYSIS	DUE	TO	LOW	CATCH	

NUMBERS,	OR	THE	ABSENCE	OF	NEWTS,	ARE	INDICATED	IN	RED.	....................................................................	238	
FIGURE	7.2:	ORDNANCE	SURVEY	MAP	OF	THE	ISLE	OF	RUM.	A)	SPATIAL	DISTRIBUTION	OF	DISEASE	PRESENCE	

AND	PREVALENCE	WHERE	DIAGRAMS	SHOW	THE	PROPORTION	OF	INFECTED	(DARK	BLUE)	AND	

UNINFECTED	(LIGHT	BLUE)	ANIMALS,	WITH	SIZE	SCALED	BY	TOTAL	CATCH;	B)	PREVALENCE	CLUSTERS,	AS	

DETERMINED	BY	SATSCAN,	ARE	MARKED	WITH	COLOURED	CIRCLES;	CLUSTERS	1	AND	3	(PINK)	

REPRESENT	AREAS	WITH	A	HIGHER	THAN	EXPECTED	PREVALENCE;	CLUSTER	2	(GREEN)	MARKS	AN	AREA	

WITH	PREVALENCE’S	LOWER	THAN	EXPECTED.	SITES	M1	AND	M2	REPRESENTING	AREAS	OF	HIGH	AND	

LOW	PREVALENCE	IN	CLOSE	PROXIMITY	ARE	HIGHLIGHTED.	...........................................................................	245	
FIGURE	7.3:	PAIR-WISE	ANALYSIS	OF	ENVIRONMENTAL	VARIABLES	SHOWING	PEARSONS	MOMENT	CORRELATION	

COEFFICIENT	(R2)	AND	P-VALUES.	LINEAR	REGRESSION	(RED	LINE)	AND	95%	CI	(GREY	SHADING)	AND	

LOESS	LINE	(BLACK	LINE),	AND	FOR	ALTITUDE	(B)	GAM	FITTED	AS	BLUE	LINE.	.........................................	247	
FIGURE	7.4:	ENVIRONMENTAL	VARIABLES	GROUPED	BY	SPATIAL	CLUSTERS	AS	DETERMINED	BY	SATSCAN	

ANALYSIS.	.................................................................................................................................................................	248	
FIGURE	7.5:	VARIATION	IN	SEX	RATIOS	WITH	CHANGING	WATER	TEMPERATURE.	LINEAR	MODEL	FITTED	(RED-

LINE)	WITH	95%CI	(GREY	SHADING).	BLUE	DASHED	LINE	INDICATES	AN	EQUAL	MALE	TO	FEMALE	SEX	

RATIO	........................................................................................................................................................................	249	
FIGURE	7.6:	COMPARISON	OF	ENVIRONMENTAL	VARIABLES	RECORDED	AT	INFECTED	AND	UNINFECTED	SITES

	...................................................................................................................................................................................	250	
FIGURE	7.7:	SCATTER	PLOTS	OF	DISEASE	PREVALENCE	AGAINST	ENVIRONMENTAL	VARIABLES	WITH	LINEAR	

REGRESSION	(RED	LINE)	AND	95%	CI	(GREY	SHADING)	AND	A	GAM	FITTED	FOR	ALTITUDE	(B:	BLUE	

LINE).	........................................................................................................................................................................	251	



	

	

	 25	

FIGURE	7.8:	BOXPLOTS	SHOWING	THE	SNOUT	TO	VENT	LENGTH	MEASUREMENT	OF	NEWTS	THAT	WERE	

UNINFECTED	(VISIBLY	DISEASE	FREE)	AND	INFECTED	NEWTS	WITH	GROSS	PATHOLOGIES,	GROUPED	BY	SEX.

	...................................................................................................................................................................................	252	
FIGURE	7.9:	SEX	RATIOS	RECORDED	IN	A)	UNINFECTED	AND	INFECTED	SITES	AND	B)	MODELED	AGAINST	DISEASE	

PREVALENCE	WITH	GLM	MODEL	FITTED	(RED	LINE)	AND	95%CI.	BLUE	DASHED	LINE	INDICATES	AN	EQUAL	

PROPORTION	OF	MALES	AND	FEMALES.	...............................................................................................................	253	
FIGURE	7.10:	VENNDIAGRAM	SHOWING	THE	COMBINATIONS	OF	PATHOLOGIES	PRESENTING	ACROSS	INFECTED	

NEWTS	SAMPLED	IN	2014	.....................................................................................................................................	254	
FIGURE	7.11:	THE	PREVALENCE	OF	LESIONS	AGAINST;	A)	AIR	TEMPERATURE	AND	B)	WATER	TEMPERATURE	

WITH	REGRESSION	MODELS	FITTED	(RED	LINE)	AND	95%	CI	(GREY	SHADING).	.........................................	255	
FIGURE	7.12:	PREVALENCE	OF	OEDEMA	AGAINST	A)	PH	AND	B)	AIR	TEMPERATURE	WITH	REGRESSION	MODELS	

FITTED	(RED	LINE)	AND	95%CI	(GREY	SHADING).	...........................................................................................	255	
FIGURE	7.13:	PREVALENCE	OF	ULCERATIONS	AGAINST	A)	PH,	B)	AIR	TEMPERATURE	AND	C)	WATER	

TEMPERATURE	WITH	REGRESSION	MODELS	FITTED	(RED	LINE)	AND	95%CI	(GREY	SHADING).	..............	256	
FIGURE	7.14:	HISTOGRAM	PLOT	OF	CYST	COUNTS	SHOWING	THE	DISTRIBUTION	OF	CYST	BURDEN	AMONGST	

INFECTED	NEWTS	....................................................................................................................................................	257	
FIGURE	7.15:	RELATIONSHIP	BETWEEN	CYST	BURDEN	AND	PH	...............................................................................	257	
FIGURE	7.16:	RELATIONSHIP	BETWEEN	LESION	BURDEN	AND	A)	PH;	B)	ALTITUDE	AND	C)	WATER	

TEMPERATURE	.........................................................................................................................................................	258	
FIGURE	7.17:	RELATIONSHIP	BETWEEN	ULCERATION	BURDEN	AND	PH	.................................................................	258	
FIGURE	7.18:	POND	LEVEL	DISEASE	PREVALENCE	AGAINST	THE	PREVALENCE	OF	INFECTED	ANIMALS	DESCRIBED	

WITH;	A)	CYSTS	AND	B)	LESIONS.	LINEAR	REGRESSION	MODELS	FITTED	WITH	95%	CI	(RED	LINE	WITH	

GREY	SHADING).	......................................................................................................................................................	259	
FIGURE	7.19:	POND	LEVEL	DISEASE	PREVALENCE	AGAINST	THE	PREVALENCE	OF	INFECTED	ANIMALS	DESCRIBED	

WITH;	A)	OEDEMA	AND	B)	ULCERATIONS.	LINEAR	REGRESSION	MODELS	FITTED	WITH	95%	CI	(RED	LINE	

WITH	GREY	SHADING).	............................................................................................................................................	259	
FIGURE	7.20:	RELATIONSHIPS	BETWEEN	MEAN	PATHOLOGY	BURDENS	AND	OVERALL	DISEASE	PREVALENCE,	

WITH	BEST	FIT	LINEAR	OR	POLYNOMIAL	MODELS	FITTED	(BLACK	LINE)	WITH	95%CI	(GREY	POLYGON).

	...................................................................................................................................................................................	260	
FIGURE	7.21:	PREVALENCE	OF	MORTALITIES	AND	MODELED	VARIABLES.	LOGISTIC	REGRESSION	MODEL	FITTED	

SHOWING	POSITIVE	LINEAR	(RED),	NEGATIVE	LINEAR	(BLUE)	AND	NON-SIGNIFICANT	RELATIONSHIPS	

(BLACK)	WITH	95%CI’S	(GREY	SHADING)	.........................................................................................................	262	
FIGURE	7.22:	MAPS	OF	ALTITUDINAL	DATA	(A)	AND	ESTIMATED	SOIL	PH	(B)	FOR	THE	ISLE	OF	RUM	..............	263	
FIGURE	7.23:	DISEASE	PREDICTION	MAP	OF	THE	ISLE	OF	RUM	USING	DISEASE	PREVALENCE	MODELS	BASED	ON	

2014	DATA,	KNOWN	ELEVATION	AND	SOIL	PH.	.................................................................................................	264	
FIGURE	7.24:	RECORDED	ENVIRONMENTAL	PARAMETERS	PLOTTED	AGAINST;	A)	RECORDED	PH	MEASUREMENTS	

AGAINST	SOIL	PH	ESTIMATES;	B)	RECORDED	ALTITUDE	AGAINST	OS	MAP	ELEVATION.	A	45	DEGREE	



	

	

	 26	

REFERENCE	LINE	ADDED	TO	SHOW	WHERE	POINTS	SHOULD	LIE	IF	OBSERVED	AND	OBTAINED	VALUES	ARE	

EQUAL	.......................................................................................................................................................................	265	
FIGURE	7.25:	OBSERVED	DISEASE	PREVALENCE	PLOTTED	AGAINST	PREDICTED	PREVALENCE	USED	FOR	DISEASE	

PREDICTION	MAPPING,	WITH	45	DEGREE	REFERENCE	LINE	.............................................................................	266	
FIGURE	7.26:	MODEL	RESIDUALS	AT	SAMPLED	SITES	SHOWING	WHERE	THE	MODEL	OVER	PREDICTS	(RED)	AND	

UNDER	PREDICTS	(BLUE),	HIGHLIGHTING	A	CLUSTER	OF	SITES	WHERE	OBSERVED	PREVALENCE	WAS	

HIGHER	THAN	THE	MODEL	PREDICTED	(DASHED	CIRCLE)	AND	LOCATIONS	OF	SITES	UNDER	PREDICTED	BY	

THE	MODEL	IN	CLOSE	PROXIMITY	TO	SITES	OVER	PREDICTED	(BLACK	ARROWS).	........................................	267	
FIGURE	8.1:	ANNUAL	DISEASE	PREVALENCE	AT	SIX	SITES	SAMPLED	IN	2011	AND	2012	...................................	282	
FIGURE	8.2:	OS	MAP	OF	THE	ISLE	OF	RUM.	RED	POINTS	INDICATE	SITES	SAMPLED	IN	BOTH	2015	AND	2016	

WHILST	BLUE	POINTS	INDICATE	SITES	SAMPLED	ONLY	IN	2016.	....................................................................	284	
.FIGURE	8.3:	ORDNANCE	SURVEY	(OS)	MAP	OF	THE	ISLE	OF	RUM.	A)	SPATIAL	DISTRIBUTION	OF	INCIDENCE	AND	

PREVALENCE	WHERE	DIAGRAMS	SHOW	THE	PROPORTION	OF	INFECTED	(DARK	TEAL)	AND	UNINFECTED	

(LIGHT	TEAL)	ANIMALS	SAMPLED	FROM	EACH	SITE	DURING	2015,	WITH	SIZE	OF	THE	PIE	DIAGRAM	SCALED	

BY	TOTAL	CATCH,	AND	B)	DISEASE	CLUSTERS,	AS	DETERMINED	BY	SATSCAN,	MARKED	WITH	COLOURED	

CIRCLES;	CLUSTER	1	(GREEN)	REPRESENTS	AN	AREA	WITH	LOWER	THAN	EXPECTED	PREVALENCE;	

CLUSTER	2	(PINK)	MARKS	AN	AREA	WHERE	PREVALENCE	WAS	GREATER	THAN	EXPECTED.	.....................	291	
FIGURE	8.4	BOXPLOT	SHOWING	THE	VARIATION	IN	PH	RECORDED	AT	INFECTED	AND	UNINFECTED	SITES	DURING	

2015.	.......................................................................................................................................................................	292	
FIGURE	8.5:	LOGISTIC	REGRESSION	PLOTS	MODELING	THE	RELATIONSHIP	BETWEEN	DISEASE	PREVALENCE	AND	

ENVIRONMENTAL	VARIABLES	PH	(A)	AND	ALTITUDE	(B),	WITH	BEST-FIT	LINEAR	MODELS	(RED	LINE)	AND	

GAM	LINE	(BLUE)	INCLUDING	95%	CI’S.	............................................................................................................	292	
FIGURE	8.6:	ANALYSIS	OF	SEX	RATIOS	AND	DISEASE	VARIABLES.	DOTTED	LINE	REPRESENTS	EQUAL	PROPORTION	

OF	MALES	AND	FEMALES.	A)	COMPARISON	OF	SEX	RATIOS	AT	UNINFECTED	AND	INFECTED	SITES;	B)	SEX	

RATIOS	MODELED	AGAINST	THE	DISEASE	PREVALENCE	AT	EACH	SITE	WITH	BEST	FIT	MODEL	PLOTTED	

(BLACK	LINE)	WITH	95%	CIS	..............................................................................................................................	293	
FIGURE	8.7:	DISEASE	PREDICTION	MAP	OF	THE	ISLE	OF	RUM	BASED	ON	2015	DATA	HIGHLIGHTING	AREAS	OF	

HIGH	AND	LOW	RISK	BASED	ON	ELEVATION	DATA	AND	SOIL	PH.	.....................................................................	295	
FIGURE	8.8: A) SPATIAL DISTRIBUTION OF THE PRESENCE AND PREVALENCE OF DISEASE WHERE 

DIAGRAMS SHOW THE PROPORTION OF INFECTED (DARK BLUE) AND UNINFECTED (LIGHT BLUE) 

ANIMALS SAMPLED FROM EACH SITE DURING 2016, WITH SIZE SCALED BY TOTAL CATCH; A) 

PREVALENCE CLUSTERS, AS DETERMINED BY SATSCAN, ARE MARKED WITH COLOURED CIRCLES; 

CLUSTERS 1 AND 3(GREEN) REPRESENT AREAS WITH A LOWER THAN EXPECTED PREVALENCE; 

CLUSTERS 2, 4 AND 5 (PINK) AREAS WITH PREVALENCE’S HIGHER THAN EXPECTED.	....................	297	
FIGURE	8.9:	PLOTS	EXPLORE	THE	RELATIONSHIP	BETWEEN	DISEASE	AND	PH	IN	2016.	A)	BOXPLOT	SHOWING	

THE	DIFFERENCES	IN	PH	BETWEEN	INFECTED	AND	UNINFECTED	SITES;	AND	B)	PLOTS	OF	DISEASE	

PREVALENCE	AGAINST	PH	WITH	LOGISTIC	REGRESSION	LINE	WITH	95%	CI	(RED	AND	GREY	SHADING).	298	



	

	

	 27	

FIGURE	8.10:	PLOTS	EXPLORE	THE	RELATIONSHIP	BETWEEN	DISEASE	AND	ALTITUDE	IN	2016.	A)	BOXPLOT	

SHOWING	THE	DIFFERENCES	IN	PH	BETWEEN	INFECTED	AND	UNINFECTED	SITES;	AND	B)	PLOTS	OF	

DISEASE	PREVALENCE	AGAINST	ALTITUDE	WITH	LOGISTIC	REGRESSION	LINE	WITH	95%	CI	(RED	AND	GREY	

SHADING)	AND	GAM	(BLUE	LINE)	.......................................................................................................................	299	
FIGURE	8.11:	ANALYSIS	OF	SEX	RATIOS	AGAINST	DISEASE	VARIABLES.	A)	BOXPLOT	SHOWING	SEX	RATIOS	AT	

UNINFECTED	AND	INFECTED	SITES;	B)	SEX	RATIOS	MODELED	AGAINST	DISEASE	PREVALENCE	WITH	LINEAR	

REGRESSION	LINE	(RED	LINE)	WITH	95%CI	(GREY	SHADING).	BLUE	DOTTED	LINE	REPRESENTS	AN	EQUAL	

MALE:FEMALE	RATIO.	.............................................................................................................................................	300	
FIGURE	8.12:	DISEASE	PREDICTION	MAP	OF	THE	ISLE	OF	RUM	BASED	ON	2016	DATA	HIGHLIGHTING	AREAS	OF	

HIGH	AND	LOW	RISK	BASED	ON	ELEVATION	DATA	AND	SOIL	PH.	.....................................................................	301	
FIGURE	8.13:	ANNUAL	SPATIAL	TRENDS	IN	DISEASE	PREVALENCE,	WHERE	SITE	COLOUR	INDICATES	PREVAILING	

ANNUAL	DIRECTION	OF	CHANGE	(SEE	SECTION	8.3.3.3;	RED	=	STABLE;	YELLOW	=	INCREASING;	BLUE	=	

DECREASING):	A)	OVERLAID	PREVALENCE	CLUSTERS	AS	DETERMINED	BY	SPATIAL	ANALYSIS	FOR	EACH	

YEAR	USING	ONLY	SITES	SAMPLED	ALL	THREE	YEARS;	CLUSTERS	WHERE	INFECTION	RATE	WAS	LOWER	

THAN	EXPECTED	(GREEN);	CLUSTER	1:	A	CONSISTENT	SPATIAL	CLUSTER	WHERE	INFECTION	LEVELS	WERE	

LOWER	THAN	EXPECTED	ACROSS	ALL	THREE	YEARS;	CLUSTERS	2	AND	3	IDENTIFIED	ONLY	IN	2014.	

CLUSTERS	WHERE	INFECTION	RATE	WAS	HIGHER	THAN	EXPECTED	(PINK):	CLUSTER	4	&	5	(2014),	6	

(2015)	AND	7	(2016).	B)	EXPLICIT	SPATIO-TEMPORAL	ANALYSIS	WHERE	AREAS	OF	TEMPORAL	

INCREASING	(PINK;	A)	OR	DECREASING	(GREEN;	B	AND	C)	DISEASE	PREVALENCE	ARE	HIGHLIGHTED.	

TEMPORAL	INCREASE	(+)	OR	DECREASE	(-)	IN	PREVALENCE,	FOR	EACH	CLUSTER,	SHOWN.	......................	303	
FIGURE	8.14:	ALTITUDE	OF	SITES	CLUSTERED	BASED	ON	ANNUAL	INCREASING	OR	DECREASING	DISEASE	

PREVALENCE	AS	DETERMINED	BY	SPATIO-TEMPORAL	ANALYSIS	.....................................................................	304	
FIGURE	8.15:	DISEASE	PREVALENCE	DATA	COMBINED	OVER	THREE	YEARS	MODELED	AGAINST	A)	PH	AND	B)	

ALTITUDE.	REGRESSION	MODELS	FITTED	(RED	LINE)	WITH	95%	CI	(GREY	POLYGON)	.............................	305	
FIGURE	8.16:	PLOTS	SHOWING	TRENDS	IN	ANNUAL	DISEASE	PREVALENCE	BETWEEN	2014	AND	2016,	FITTED	

MODELS	DEPICTED	BY	BLACK	TREND	LINES	WITH	SHADING	REPRESENTING	THE	95%	CONFIDENT	

INTERVALS.	SITES	COLOURED	BY	DIRECTION	OF	CHANGE	(AS	DETERMINED	BY	REGRESSION	ANALYSIS)	

WHERE	RED	=	STABLE;	BLUE	=	DECREASE;	YELLOW	=	INCREASE.	A)	ANNUAL	DISEASE	PREVALENCE	

RECORDED	AT	EACH	SITE,	INCLUDING	ERROR	BARS	BASED	ON	TOTAL	CATCH	AND	MODELS	SHOWING	WITHIN	

SITE	TRENDS;	B)	LINES	SHOWING	TEMPORAL	VARIATIONS	IN	PREVALENCE’S	RECORDED	AT	EACH	SITE	AND	

C)	SHOWING	PREVALENCE’S	AT	EACH	YEAR	WITH	ERROR	BARS,	AND	OVERALL	FITTED	MODEL	FITTED	TO	

BOTH.	........................................................................................................................................................................	306	
FIGURE	8.17: TOTAL	CATCH	PLOTTED	AGAINST	DISEASE	PREVALENCE	GROUPED	BY	SITE	WITH	LINEAR	

REGRESSION	LINES	(BLACK	LINE)	ADDED.	...........................................................................................................	307	
FIGURE	8.18: TOTAL	CATCH	BY	DISEASE	PREVALENCE	FOR	EACH	SITE,	WITH	OVERALL	LINEAR	REGRESSION	

MODEL	FITTED	(RED	LINE)	AND	95%CI	(GREY	SHADING).	DATA	POINTS	COLOURED	BY	DIRECTION	OF	

SIGNIFICANT	PREVALENCE	CHANGES	....................................................................................................................	308	



28	

FIGURE	8.19:	QUANTITATIVE	ANNUAL	CHANGES	IN	DISEASE	PREVALENCE	BETWEEN	A)	2014	AND	2016;	AND	

B) 2015	AND	2016,	AGAINST	THE	CORRESPONDING	CHANGE	IN	THE	MALE	TO	FEMALE	RATIO.	LINEAR

REGRESSION	MODELS	FITTED	(RED	LINE)	WITH	95%	CI	(GREY	POLYGON).	................................................	310	
FIGURE	8.20:DISEASE	PREDICTION	MAPS	CREATED	USING	COEFFICIENTS	FROM	MODELS	BASED	ON	DATA	

COLLECTED	DURING	2014	(A),	2015	(B)	AND	2016	(C).	..............................................................................	311	
FIGURE	8.21:	BOXPLOTS	OF	ANNUAL	PREVALENCE	DATA	BETWEEN	2014	AND	2016	WITH	2011	AND	2012

PREVALENCE	DATA	ADDED	AS	POINTS	(RED)	.....................................................................................................	313	
FIGURE	8.22:	DISEASE	PREVALENCE	DATA	PLOTTED	AGAINST	PH	FOR	YEARS	2014	TO	2016	WITH	REGRESSION

MODEL	FITTED	(BLACK	LINE	FITTED	WITH	95%	CIS).	OVERLAPPING	SITES	SAMPLED	IN	2011	AND	2012	

ARE	PLOTTED	WITH	ERROR	BARS	BASED	ON	95%	CIS	(RED).	........................................................................	313	
FIGURE	8.23:	PREVALENCE	DATA	FROM	SITES	SAMPLED	ACROSS	2014,	2015	AND	2016	(N	=	23;	�)	AND	

OVERLAPPING	PONDS	SAMPLED	IN	2011	AND/OR	2012	(N	=	6;	�),	WHICH	INCLUDE	95%	CI	ERROR	BARS.	

MODELS	FITTED	TO	ANNUAL	PREVALENCE	BASED	ON	DATA	FROM	2014	TO	2016	(			)	EXTENDED	TO	

PREDICT	PAST	AND	FUTURE	DISEASE	PATTERNS	(--).	.......................................................................................	314	
FIGURE	9.1:	ORDNANCE	SURVEY	(OS)	MAP	INDICATING	SITES	USED	TO	COLLECT	ENVIRONMENTAL	DNA	AND

DERMAL	SWABS,	INCLUDING:	SITES	SAMPLED	FOR	EDNA	ONLY	DURING	2015	(�);	SITES	SAMPLED	FOR	EDNA	

DURING	2015	AND	2016	(�);	AND	SITES	WHERE	EDNA	(2015	AND	2016)	AND	DERMAL	SWABS	WERE	

COLLECTED	(★)	......................................................................................................................................................	333	
FIGURE	9.2:	GEL	ELECTROPHORESIS	IMAGE	OF	POSITIVE	CONTROLS	SHOWING	PCR	PRODUCT	OF	ANALYSIS	WITH

GENERAL	PRIMERS	AND	FURTHER	NESTED	WITH	ALL	THEE	SETS	OF	SPECIFIC	PRIMERS	SHOWING	RESULTS	

FROM	CONDITIONS	GIVING	THE	BEST	RESULTS	AND	THE	WORST.	.......................................................................	339	
FIGURE	9.3:	EXAMPLE	GEL	ELECTROPHORESIS	IMAGE	OF	1ST	ROUND	OF	NESTED	PCRS	PERFORMED	WITH	GENERAL

PRIMERS	ON	EDNA	SAMPLES	COLLECTED	DURING	2016.	POST-PCR	PRODUCT	FROM	SAMPLES	RUN	AT	30	

CYCLES	ACROSS	A	TEMPERATURE	GRADIENT	OF	50°C	TO	55°C	ARE	SHOWN.	THE	CONDITIONS	DETERMINED	

TO	BE	OPTIMAL,	HIGHLIGHTED	BY	A	WHITE	SQUARE,	GAVE	THE	HIGHEST	NUMBER	AND	THE	CLEANEST	BANDS	

OF	CORRECT	SIZE	WITH	LIMITED	SMEARING.	MOLECULAR	WEIGHTS	INDICATED	ON	THE	FIRST	LADDER.	.....	340	
FIGURE	9.4:	GEL	ELECTROPHORESIS	IMAGE	OF	2ND	ROUND	OF	NESTED	PCR	RUN	WITH	THE	SECOND	SET	OF	PRIMERS	

(APPENDIX	9.1)	.......................................................................................................................................................	341	
FIGURE	9.5:	PROPORTION	OF	INFECTED	AND	UNINFECTED	NEWTS	AS	DETERMINED	BY	VISUAL	EXAMINATION	AND	

PCR	AMPLIFICATION	OF	TARGET	DNA	.................................................................................................................	343	



29	

LIST	OF	TABLES	

TABLE	2.1:	PRIMARY	DATA	SETS	COLLECTED	DURING	2014	AND	USED	FOR	ANALYSIS	IN	SPECIFIED	CHAPTERS	.....	73	
TABLE	2.2:	PRIMARY	DATA	SETS	COLLECTED	DURING	2015	AND	2016,	AND	USED	FOR	ANALYSIS	IN	SPECIFIED

CHAPTERS	.....................................................................................................................................................................	75	
TABLE	2.3:	KEY	VARIABLES	EXPLORED	IN	EACH	CHAPTER	AND	ASSOCIATED	MODELS	USED	TO	ANALYSE

RELATIONSHIPS	INCLUDING	CHAPTER	AND	OBJECTIVES.	SUBSCRIPT	NOTATIONS	FOR	MODELS	REFER	TO	MODEL	

DISTRIBUTIONS,	WHERE	P	=	POISSON,	B	=	BINOMIAL	AND	NB	=	NEGATIVE	BINOMIAL.	.......................................	82	
TABLE	2.4:	KEY	VARIABLES	EXPLORED	IN	EACH	CHAPTER	AND	ASSOCIATED	MIXED	EFFECTS	MODELS	USED	TO

ANALYSE	RELATIONSHIPS	WHERE	SITE	WAS	ADDED	AS	A	RANDOM	EFFECT.	SUBSCRIPT	NOTATIONS	FOR	

MODELS	REFER	TO	MODEL	DISTRIBUTIONS,	WHERE	P	=	POISSON,	B	=	BINOMIAL,	NB	=	NEGATIVE	BINOMIAL	

AND	ZINB	=	ZERO	INFLATED	NEGATIVE	BINOMIAL.	.................................................................................................	86	
TABLE	2.5:	EXAMPLE	OUTPUT	OF	MODEL	COMPARISON	USING	ANOVA	TO	SEQUENTIALLY	ASSESS	THE	FIT	OF	MORE

COMPLEX	MODELS	.......................................................................................................................................................	88	
TABLE	2.6:	DIVISION	OF	NEWT	BODY	INTO	5	MAIN	AREAS	(BOLD	HEADINGS)	AND	FURTHER	DELIMITATION	OF

AREAS	INTO	17	SEGMENTS	.......................................................................................................................................	90	
TABLE	3.1:	NEWTS	SAMPLED	FOR	MOLECULAR	DIAGNOSIS	INCLUDING	GROSS	PATHOLOGIES	AND	TISSUE	SAMPLES	

TAKEN	FOR	PCR	AND	SEQUENCING.	.......................................................................................................................	102	
TABLE	3.2:	REAGENTS	USED	FOR	PCR,	VOLUMES	REQUIRED	FOR	A	FINAL	REAGENT	VOLUME	OF	25µL	AND	FINAL	

CONCENTRATIONS.	...................................................................................................................................................	104	
TABLE	4.1:	ANIMALS	CAPTURED	FOR	POST	MORTEM	AND	HISTOLOGICAL	ANALYSIS.	SNOUT-VENT	LENGTH	(SVL)

GIVES	A	MEASURE	OF	BODY	SIZE.	...........................................................................................................................	127	
TABLE	4.2:	CHANGES	TO	PATHOLOGIES	AFTER	1	WEEK	OF	16	ANIMALS	FROM	SITE	WITH	HIGH	PREVALENCE	

(R4)	AND	LOW	PREVALENCE	(RNEW)	................................................................................................................	152	
TABLE	4.3:	INFECTED	ANIMALS	OBSERVED	WITH	FUNGAL	GROWTHS	......................................................................	155	
TABLE	6.1:	DISTRIBUTION	PARAMETERS	CALCULATED	FOR	MIXED	EFFECTS	MODELS	..........................................	205	
TABLE	7.1:	STATISTICALLY	SIGNIFICANT	CLUSTERS	OF	DISEASE	AS	DETERMINED	BY	SATSCAN,	SHOWING	THE

NUMBER	OF	OBSERVED	AND	EXPECTED	CASES,	THE	RELATIVE	RISK	AND	95%CI	........................................	244	
TABLE	7.2:	COEFFICIENTS	AND	STANDARD	ERROR	FROM	LOGISTIC	REGRESSION	MODEL	USED	TO	PREDICT

DISEASE	PREVALENCE’S	BASED	ON	PH	AND	ALTITUDE	VARIABLES	.................................................................	264	
TABLE	8.1:	STATISTICALLY	SIGNIFICANT	SPATIAL	CLUSTERS	OF	DISEASE	PREVALENCE,	AS	DETERMINED	BY	

SATSCAN.	HIGHLIGHTED	CLUSTERS	INDICATE	THOSE	WITH	GREATER	THAN	EXPECTED	DISEASE	RISK	....	290	
TABLE	8.2:	STATISTICALLY	SIGNIFICANT	SPATIAL	CLUSTERS	OF	DISEASE	PREVALENCE,	AS	DETERMINED	BY	

SATSCAN.	HIGHLIGHTED	CLUSTERS	INDICATE	THOSE	WITH	HIGHER	THAN	EXPECTED	DISEASE	RISK.	......	296	
TABLE	9.1:	SENSITIVITY	V.	SPECIFICITY	OF	DISEASE	CONFIRMED	BY	VISUAL	INSPECTION	(THE	TRUTH)	AND	PCR

AMPLIFICATION	(THE	TEST)	...................................................................................................................................	343	



30	



31	

CHAPTER	1 

INTRODUCTION

1.1.	AMPHIBIANS	

Amphibians	are	ectothermic	vertebrates	of	the	class	Amphibia.	There	are	three	

main	orders	of	extant	amphibians	each	possessing	a	distinct	body	type;	Anura	

(frogs	and	toads);	Urodela	(newts	and	salamanders;	Larson	and	Dimmick,	1993;	

Zhang	 et	 al.	 2008);	 and	 Apoda	 (limbless	 caecillians).	 Their	 general	 life	 cycle	

involves	 both	 an	 aquatic	 and	 a	 terrestrial	 phase.	 The	majority	 of	 amphibians	

produce	 aquatic	 larvae	 that	 undergo	 metamorphosis.	 As	 ectotherms	 (cold-

blooded)	 they	 rely	 on	 environment	 and	 behaviour	 to	 regulate	 their	 body	

temperature	 (Hutchison	 and	 Dupre,	 1992).	 With	 the	 exception	 of	 Antarctica,	

amphibian	 species	 can	 be	 found	 on	 all	 continents,	 with	 a	 broad	 global	

distribution	that	includes	a	wide	rage	of	ecological	niches	(Pyron,	2014).	From	

an	 ecological	 perspective,	 amphibians	 play	 a	 vital	 role	 in	 many	 ecosystems	

(reviewed	 in:	 Hocking	 and	 Babbitt,	 2014).	 They	 are	 an	 important	 part	 of	 the	
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food	 web,	 providing	 food	 for	 predators	 and	 controlling	 invertebrate	

populations.	

Amphibians	are	characterised	by	 their	permeable	skin,	allowing	 for	cutaneous	

gas	 exchange	 (respiration)	 and	 osmoregulation	 (exchange	 of	 ions	 and	water),	

which	 facilitate	 their	 bi-phasic	 life	 cycle.	 However,	 this	 permeability	 makes	

them	susceptible	to	environmental	contaminants	(Rowe	et	al.	2003;	Boone	and	

Bridges,	 2003;	 Quaranta	 et	 al.	 2009).	 In	 addition,	 many	 amphibians	 require	

specific	environmental	conditions	making	them	extremely	vulnerable	to	habitat	

change.	 Therefore,	 amphibians	 represent	 important	 bio-indicators	 often	

reflecting	environmental	health	where	the	disappearance	of	amphibian	species	

in	 certain	 regions	 can	 be	 an	 important	 warning	 sign	 that	 the	 environment	 is	

under	stress.	

Cutaneous	glands,	primarily	mucus	and	granular	glands,	present	 in	amphibian	

skin	 have	 many	 functions	 and	 play	 a	 vital	 role	 as	 a	 first	 defence	 against	

predators	or	pathogenic	agents	by	producing	and	secreting	mucus	and	bioactive	

compounds	(Zug,	1993;	Pough	et	al.	1989;	Toledo	and	Jared,	1995).	Amphibian	

glands	 produce	 a	 variety	 of	 bioactive	 compounds	 (e.g.	 amines,	 alkaloids	 and	

polypeptides),	 which	 have	 been	 found	 to	 possess	 important	 biological	

properties	including	anti-microbial,	anti-viral	and	analgesic	functions	(Gomes	et	

al.	 2007;	 Govender	 et	 al.	 2012),	 consequently	 becoming	 a	 focus	 in	

pharmacology.	 For	 example,	 bio-medical	 research	 is	 exploring	 the	 therapeutic	

potential	of	these	compounds	for	use	as	powerful	analgesics,	anti-depressants,	

and	 anti-inflammatories.	 They	 have	 even	 shown	 potential	 in	 combating	

devastating,	and	currently	incurable,	diseases	such	as	human	immunodeficiency	

virus	(HIV;	Bradbury,	2005;	Zhao	et	al.	2005)	and	neurodegenerative	diseases	

including	 Parkinson’s	 and	 Alzheimer’s	 (Gomes	 et	 al.	 2007;	 Calabrese	 et	 al.	

2016).	
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1.2.	NEWTS	

1.2.1.	Newts	and	Salamanders	

The	 order	 Urodela	 consist	 of	 all	 present-day	 salamanders,	 made	 up	 of	

approximately	500	species	(Zardoya	and	Meyer,	2001).	They	have	long	slender	

bodies,	 unlike	 frogs	 and	 toads,	 and	 a	 distinct	 tail,	which	 gives	 them	 a	 “lizard-

like”	appearance	(Wells,	2010).	The	term	‘newt’	generally	refers	to	salamanders	

within	the	subfamily	Pleurodelinae.	They	share	many	characteristics	with	other	

Salamanders,	 but	 are	 generally	 distinguished	 by	 their	 semi-aquatic,	 or	

occasionally	 fully	 aquatic,	 life	 cycle	 and	 rough	 keratinised	 skin	 during	 their	

terrestrial	phase	(Vitt	and	Caldwell,	2014).	They	breed	in	water,	with	eggs	laid	

singularly,	distinct	 from	the	 ‘clutches’	 laid	by	 frogs	and	toads.	Their	 larvae	are	

aquatic,	 metamorphosing	 in	 water	 and	 becoming	 terrestrial	 as	 juveniles	 and	

adults.	 Newts	 have	 a	 broad	 and	 dynamic	 habitat	 range,	 adapting	 to	 many	

different	 environments	 and	 sometimes,	 extreme	 conditions	 (Yalden,	 1986;	

Denton,	1991;Griffiths,	1996;	Amat	et	al.	2010).	

1.2.2.	Palmate	newts	

1.2.2.1.	Distribution	and	habitat	

The	palmate	newt	(Lissotriton	helveticus)	is	one	of	three	native	newt	species	in	

the	 UK,	 which	 also	 includes	 the	 smooth	 newt	 (L.	 vulgaris)	 and	 great	 crested	

newt	(Triturus	cristatus)	(Cooke	and	Frazer,	1976).	Palmate	newts	and	smooth	

newts	occupy	a	similar	habitat	niche	so	their	range	will	often	overlap,	however	

water	quality	and	underlying	geology	appear	 to	be	key	 factors	 in	determining	

the	distribution	of	these	species	across	Europe	where	palmate	newts	dominate	

more	 acidic,	 soft-water	 ponds	 (Cooke	 and	 Frazer,	 1976;	 Leuven	 et	 al.	 1986;	

Yalden,	1986;	Böhmer	and	Rahmann,	1990;	Denton,	1991).	They	are	generally	

more	tolerant	of	acidic	water,	and	adults	have	even	been	found	inhabiting	water	

bodies	 with	 acidity	 levels	 that	 would	 kill	 larval	 or	 pre-metamorphic	 stages	

(Pierce,	 1985;	 Böhmer	 and	 Rahmann,	 1990).	 Palmate	 newts	 are	 widely	

distributed	across	mainland	Scotland	and	 several	 islands,	 including	 the	 Isle	of	
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Rum	and	nearby	Skye,	Mull	and	Eigg	(O’Brien,	2016).	However,	it	is	unclear	how	

palmate	newts	came	to	inhabit	many	of	the	small	isles,	including	Rum.	They	may	

have	 been	 intentionally	 introduced,	 or	 incidentally	 with	 shipments	 of	 soil,	

vegetation	or	fish	stocks.	

1.2.2.2.	Breeding	and	annual	cycle	

As	 with	most	 newt	 species,	 palmate	 newts	 have	 a	 bi-phasic	 life	 style.	 Across	

most	of	Europe	they	become	aquatic	only	during	spring	where	they	enter	water	

bodies	 for	 courtship	 and	 breeding	 (Griffiths,	 1996).	 A	 detailed	 study	 of	

hibernation	 and	 emergence	 patterns	 of	 a	 population	 in	 Southern	 UK	 showed	

that	 palmate	 newts	 emerge	 from	 hibernation	 between	 February	 and	 April	

(Harrison	 et	 al.	 1983).	 The	 movement	 of	 males	 into	 water	 often	 precedes	

females,	whilst	 females	 reside	 in	water	 long	 after	males	 leave	 (Harrison	et	al.	

1983).	 However,	 as	 an	 adaptation	 to	 colder	 ground	 temperatures	 in	 the	

Netherlands,	newts	have	been	known	to	hibernate	in	the	ponds	they	will	breed	

in	 (Van	Gelder,	1973).	Given	 the	colder	 temperatures	 in	Scotland,	 it	 cannot	be	

presumed	 that	 newts	 on	 Rum	 will	 hibernate	 terrestrially	 however	 there	

hibernation	patterns	are	currently	not	known.	

As	with	other	similar	species,	(Malmgren	and	Thollesson,	1999)	palmate	newts	

are	sexually	dimorphic.	For	example,	males	are	generally	smaller	than	females	

(Amat	 et	 al.	 2010),	 but	 it	 is	 during	 breeding	 season	 that	 morphological	

differences	 are	 most	 pronounced,	 when	 males	 develop	 secondary	 sexual	

characteristic	 (Griffiths,	 1997).	 Breeding	 males	 will	 develop	 darker	 webbing	

between	 the	 toes	 of	 their	 hind	 feet	 and	 their	 cloacae	 will	 become	 enlarged	

(Griffiths	and	Mylotte,	1988).	In	addition,	a	narrow	crest	forms	along	the	dorsal-

abdominal	ridge	extending	and	widening	down	the	tail,	and	a	tail	filament	up	to	

1cm	 in	 length	develops.	These	 facilitate	 courtship	 rituals,	 such	 as	 tail	 fanning,	

thought	 to	 entice	 females	 by	 dissipating	 pheromones	 through	 the	 water	

(Halliday,	1990).	Males	deposit	a	spermatophore	during	the	‘transfer	phase’	and	

carefully	manipulate	the	female	to	ensure	sperm	is	taken	up	by	her	cloaca.	The	

females	lay	fertilised	eggs	on	aquatic	vegetation,	supporting	them	within	oxygen	
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rich	 surface	 waters	 and	 have	 been	 observed	 using	 timely	 and	 complex	

manoeuvres	 to	 individually	wrap	eggs	within	 leaves,	 to	protect	 their	offspring	

and	 reduce	mortality	 caused	by	exposure	 to	UV	 radiation	 (Marco	et	al.	 2000).	

The	 development	 of	 sexual	 characteristics	 and	 complex	 displays	 can	 be	

energetically	costly	 for	males	 (Griffiths	and	Mylotte,	1988).	That	said,	 the	cost	

associated	with	 the	 production	 and	deposition	 of	 eggs	may	be	 greater,	where	

the	 weight	 loss	 observed	 in	 females	 is	 only	 partly	 accounted	 for	 by	 egg	

deposition	and	a	 reduction	 in	 the	number	of	 females	 emerging	 from	breeding	

ponds	thought	to	be	the	result	of	increased	mortality	in	females	(Harrison	et	al.	

1983).		

1.3.	AMPHIBIAN	DECLINES	

Due	 to	 their	 ecological	 and	 biomedical	 significance,	 the	 global	 declines	 in	

amphibians,	 reported	 since	 the	 late	 20th	 century	 (Blaustein	 and	Wake,	 1990;	

Wake,	1991;	Stuart	et	al.	2004),	have	become	a	major	conservation	concern.	One	

report	estimated	 that	extinction	rates	are	200	times	 that	of	background	 levels	

(Roelants	 et	 al.	 2007),	 with	 others	 labelling	 this	 trend	 the	 Earth’s	 sixth	mass	

extinction	 (Wake	 and	 Vredenberg,	 2008).	 The	 IUCN	 amphibian	 assessment	

(Temple	 and	 Cox,	 2009)	 determined	 that	 more	 than	 half	 of	 European	

amphibians	are	in	decline,	putting	them	more	at	risk	than	mammals	and	birds.	

The	 increasing	 rates	 of	 decline	 have	 been	 attributed	 to	 many	 natural	 and	

anthropogenic	 factors,	 which	 include	 habitat	 loss/degradation	 (Becker	 et	 al.	

2007),	climate	change	(Laurance	et	al.	1996)	and	emerging	 infectious	diseases	

(Skerratt	 et	 al.	 2007).	 It	 is	 most	 likely	 the	 result	 of	 a	 complex	 interaction	 of	

causal	 factors	 (Davidson	 et	 al.	 2001;	 Collins	 and	 Storfer,	 2004;	 Becker	 et	 al.	

2007),	 which	 has	 presented	 challenges	 in	 the	 development	 of	 targeted	

management	 strategies	 (Alford	and	Richards,	1999).	However,	 several	disease	

epidemics	 associated	 with	 pathogens	 including	

Batrachochytrium	dendrobatidis	 and	 Ranaviruses	 have	 been	 implicated	 as	

the	 cause	 of	 mass	mortality	 events	 and	 species	 declines	 (Daszak	 et	al.	 1999;	

Pounds	et	al.	 2006;	
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Kik	 et	 al.	 2011),	 leading	 to	 an	 increase	 in	 research	 targeted	 at	

amphibian	diseases	(see	section	1.3	below).	

1.4.	AMPHIBIAN	INFECTIOUS	DISEASES	

There	are	many	diseases	and	disorders	of	amphibians,	including	both	infectious	

and	 non-infectious	 diseases	 that	 have	 varying	 impacts	 on	 host	

populations	 (Wright,	 2001;	 Densmore	 and	 Green,	 2007).	 Whilst	 the	

majority	 are	 nonpathogenic	 or	 have	 little	 impact	 on	 their	 hosts,	 some	

infectious	 diseases	 can	 cause	 significant	 mortalities,	 having	 dramatic	

effects	 on	 populations.	 The	emergence	 of	 infectious	 diseases	 in	 amphibian	

populations	 is	 now	 one	 of	 the	most	well	 recognized	causes	of	mass	mortality	

and	 global	 declines	 (Skerratt	 et	 al.	 2007).	 Whilst	 the	 casual	 factors	 of	

disease emergence of	 this	 scale	 is	 not	 fully	 understood,	 and	 is	 likely	 the	

result	 of	 a	 combination	 of new	 pathogen	lineages (Laurance et	 al.	 1996;	

Lips,	 1999),	 increased	 pathogenicity	 of	 pre-existing pathogens and	

expanding	 geographic	 range,	 the	 threats	 these	 pose	 to	populations	 in	 terms	

of	 local	 extirpations	 and	 global	 extinctions,	 is	 well	recognised	 (de	 Castro	

and Bolker,	 2005;	 Scott	 1988).	 	 For	 example,	 a	 high	 proportion	 of	

mortalities	 in	 captive	 and	 free-living	 toads	 in	 Wyoming	 were	attributed	 to	

mycotic	 disease	 (Basidiobolus	 ranarum)	 sometimes	 with	 secondary	

bacterial	 septicaemia	 (Taylor	 et	 al.	 1999).	 Red	 leg	 disease,	 often	associated	

with	 bacterial	 septicaemia	 (Densmore	 and	 Green,	 2007),	 has	 been	implicated	

in	 several	 epidemics	 and	 whilst	 mortalities	 are	 most	 commonly	described	

in	 captive	 populations	 (Somsiri	 et	 al.	 1997),	 disease	 has	 also	 been	

associated	with	significant	mortality	events	in	free-living	populations	(Bradford,	

1991;	Carey,	1993).	However,	the	majority	of	disease	driven	population	declines	

have	 been	 attributed	 to	 just	 two	 pathogens,	 Batrachochytrium	 dendrobatidis	

(also	known	as	Bd	or	Chytrid	fungus;	Berger	et	al.	1998;	Daszak	et	al.	1999)	and	

Ranavirus	 (Granoff,	 1989),	 both	 now	 synonymous	with	 amphibian	 population	

declines	 (Daszak	 et	 al.	 1999).	 They	 represent	 evolutionarily	 and/or	

geographically	 novel	 pathogens	 whose	 spatial	 distributions	 and	

disease	 dynamics	 are	 indicative	 of	 recent	 introduction	 or	 rapid	 spread	

(Walker	 et	 al.	2010;	Teacher	et	al.	2010;	Farrer	et	al.	2011).		
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The	 fungal	 pathogen	 Bd,	 causing	 Chytridiomycosis,	 has	 been	 implicated	 in	

severe	 declines	 across	 the	 globe	 (e.g.	 Berger	 et	 al.	 1998;	 Bosch	 et	 al.	 2001;	

Young	 et	al.	 2001;	 Fisher	 et	al.	 2009).	 The	 presence	 of	 Bd	 in	 dead	 and	 dying	

frogs	 has	 given	 strong	 evidence	 of	 its	 ability	 to	 cause	mortality,	 however	 the	

impacts	 of	 Bd	 vary	 significantly	 between	 populations	 (Kilpatrick	 et	 al.	 2010)	

based	on	environmental	conditions	(Berger	et	al.	2004;	Schmeller	et	al.	2014),	

host	 susceptibility	 (Woodhams	 et	 al.	 2007;	 Bielby	 et	 al.	 2008)	 and	

pathogenesis/virulence	of	Bd	strains	(Berger	et	al.	2005;	Farrer	et	al.	2011).	The	

term	Ranavirus	refers	to	several	strains	of	double-stranded	DNA	viruses	within	

the	 Iridoviridae	 family	 (Essbauer	 and	 Ahne,	 2001)	 causing	 disease	 in	 a	 broad	

range	of	amphibian	species.	Whilst	high	mortality	rates	and	die-offs	have	been	

associated	with	Ranavirus	(Cunningham	et	al.	1996;	Jancovich	et	al.	1997;	Green	

et	 al.	 2002;	 Daszak	 et	 al.	 2003),	 the	 link	 between	 amphibian	 declines	 and	

Ranavirus	 infections	 is	 less	 clear	 than	 that	 of	 Chytridiomycosis	 (Daszak	 et	al.	

2003).		

An	increasing	number	of	cases	of	dermal	disease	in	amphibian	populations	are	

being	attributed	to	a	poorly	studied	group	of	fungus-like	organisms	belonging	to	

the	order	Dermocystida	(Class	Mesomycetozoea:	Pascolini	et	al.	2003;	Raffel	et	

al.	2008;	González-Hernández	et	al.	2010;	Rowley	et	al.	2013).	With	at	least	four	

new	independent	outbreaks	reported	across	Europe	since	early	2000,	 it	 is	still	

unclear	whether	 these	parasites	 represent	 a	 new	disease	 threat	 to	 amphibian	

populations	(Pascolini	et	al.	2003;	Pereira	et	al.	2005;	González-Hernández	et	al.	

2010;	Courtois	et	al.	2013).	

1.5.	MESOMYCETOZOEAN	PATHOGENS	

The	Mesomycetozoeans	(formally	known	as	the	DRIP	clade;	Ragan	et	al.	1998),	

are	 a	 distinct	monophyletic	 group	 of	 pathogenic	 and	 saprophytic	microbes	 at	

the	 animal-fungal	 divergence,	 representing	 a	 key	 point	 in	 the	 evolutionary	

history	of	metazoans	(Wainwright	et	al.	1993).	 It	contains	two	distinct	orders;	

Dermocystida	 and	 Ichthyophonida	 (Ragan	 et	 al.	 1996;	 Mendoza	 et	 al.	 2002).		

The	 Dermocystid	 order	 consists	 of	 five	 recognised	 genera;	 Rhinosporidium,	
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pathogens	 of	 mammals	 and	 birds,	 Amphibiocystidium	 and	 Amphibiothecum,	

known	 to	 infect	 amphibians,	 and	 Dermocystidium	 and	 Sphaerothecum	 (also	

known	 as	 the	 “rosette	 agent”),	 exclusively	 pathogens	 of	 fish	 (Mendoza	 et	 al.	

2001;	2002).	Rhinosporidium	seeberi	is	the	oldest	formally	described	member	of	

the	Dermocystida.	First	identified	in	1892	(Seeber,	1900)	Rhinosporidium	has	a	

broad	 global	 distribution	 with	 a	 wide	 host	 range	 that	 includes	 birds	 and	

mammals	 (Hoff	 and	 Hall,	 1986;	 Kennedy	 et	 al.	 1995;	 Morelli	 et	 al.	 2006;	

Leeming	et	al.	2007).	The	genus	Dermocystidium	was	described	in	1907	(Perez,	

1907),	now	consisting	of	18	species	of	aquatic	parasites,	all	of	which	infect	fish	

(e.g.	Olson	and	Holt,	1995;	Lotman	et	al.	2000;	Feist	et	al.	2004;	Pekkarinen	and	

Lotman,	2003).	The	amphibian-infecting	Dermocystids,	consisting	of	 just	 three	

formally	 described	 species,	 were	 previously	 considered	 members	 of	 the	

Dermocystidium	 genus.	 Due	 to	 advancements	 in	 DNA	 isolation	 and	

phylogenetics	 these	 parasites	 are	 now	 recognised	 to	 belong	 to	 two	 distinct	

genera,	 Amphibiocystidium	 and	 Amphibiothecum.	 Dermocystids	 are	

characterised	by	the	development	of	cysts	or	sporangia	within	the	host’s	dermis	

containing	 numerous	 spores,	 which	 grossly	 appear	 as	 dermal	 lesions	

(dermocystidiosis).	 They	 are	 considered	 distinct	 from	 the	 second	

Mesomycetozoean	 order,	 Ichthyophonida,	 as	 they	 develop	motile	 uniflagellate	

zoospores	 (Olson	 et	al.	 1991).	However	 the	 production	 of	 zoospores	 has	 only	

been	described	in	Dermocystidium	spp.	and	Sphaerothecum	destruens	(Mendoza	

et	al.	2000)	

The	 second	 order,	 Ichthyophonida	 appears	 to	 represent	 a	 much	 greater	

radiation,	 consisting	 of	 approximately	 25	 accepted	 genera	 (Glockling	 et	 al.	

2013),	 described	 from	 host	 species	 including	 fish,	 arthropods,	 bivalves	 and	

crustaceans	 (Kim	 and	 Alder,	 2005;	 Glockling	 et	 al.	 2013).	 They	 differ	 from	

Dermocystids	in	their	phylogenetic	placement	and	the	development	of	amoeba-

like	 cells	 distinct	 from	 zoospores	 more	 characteristic	 of	 the	 Dermocystids.	

Whilst	many	of	the	Dermocystidium	sp.,	Rhinosporidium	sp.,	Amphibiothecum	sp.	

and	 Amphibiocystidium	 sp.	 appear	 to	 be	 highly	 host	 specific,	 members	 of	 the	

Ichthyophonida	 and	 S.	 destruens	 have	 low	 host	 specificity	 (Jones	 and	 Dawe,	
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2002;	Mendoza	et	al.	2002;	Andreou	et	al.	2012;	Al-Shorbaji	et	al.	2015),	giving	

way	 to	 highly	 variable	 virulence	 (Woolhouse	 et	 al.	 2001)	 with	 the	 reported	

effects	of	infection	varying	from	low	levels	of	infection	(Glocking	et	al.	2013)	to	

high	prevalence	and	mortality	(Dykstra	et	al.	2013;	Al-Shorbaji	et	al.	2015).	

1.6.	AMPHIBIAN-INFECTING	DERMOCYSTIDS	

Since	 the	 early	 1900s	 (Perez,	 1907)	 Dermocystid-like	 infections	 have	 been	

described	 in	 several	 populations	 of	 anuran	 and	 caudate	 amphibians	 across	

Europe	 and	 Northern	 America	 (Jay	 and	 Pohley,	 1981).	 In	 the	 absence	 of	

advanced	 imaging	 for	 the	 examination	 of	 pathogen	 ultrastructure	 and	 DNA	

sequencing	for	phylogenetics,	the	classification	of	amphibian	Dermocystids	was	

historically	based	on	a	few	poorly	defined	characteristics	(Perez,	1907;	Granata,	

1919;	 Poisson,	 1937;	 Jay	 and	 Pohley,	 1981,	 Pascolini	 et	 al.	 2003).	 These	

organisms	have	an	unusual	 fungal-like	morphology	 including	 cystic	 structures	

more	indicative	of	protists	and	a	life	history	(e.g.	zoospore	production)	similar	

to	 fungi.	 This	 has	 led	 to	 differences	 in	 the	 terminology	 used	 in	 earlier	

descriptions,	and	therefore	uncertainty	surrounding	their	taxonomic	placement.	

For	 example,	 pathogens	 now	 considered	 to	 be	 from	 the	 same	 genus,	

Amphibiocystidium,	 have	 previously	 been	 classified	 as	 both	 protozoans	

(Dermosporidium	 spp.)	 and	 fungi	 (Dermocycoides	 spp.)	 (Perez,	 1907;	 Granata,	

1919;	Poisson,	1937;	 Jay	and	Pohley,	1981).	 It	was	not	until	 the	refinement	of	

these	techniques	at	the	beginning	of	the	21st	century	(Mendoza	et	al.	2002)	that	

a	 new	 genus,	 Amphibiocystidium,	 was	 established	 reclassifying	 all	 previously	

described	 amphibian	 specific	 Dermocystids	 to	 a	 single	 genus	 (Pascolini	 et	 al.	

2003).	

1.6.1.	Disease	presentation	and	pathogen	morphology	

Dermocystid	 infection	 causes	 characteristic	 pale,	 subcutaneous	 cysts	 or	

swellings	 that	can	vary	 in	shape	and	size	(Mendoza,	2002;	Pereira	et	al.	2005;	

Densmore	and	Green,	2007;	Raffel	et	al.	2008).	 Infection	 is	primarily	confined	

within	 the	 stratum	 spongiosum	of	 the	 host’s	 dermis	 (Broz	 and	Privora,	 1952;	
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González-Hernández	 et	 al.	 2010;	 Jay	 and	 Pohley,	 1981).	 However,	 on	 rare	

occasions,	cysts	have	been	described	on	the	liver	of	infected	hosts	(Raffel	et	al.	

2008).	 Histologically,	 dermocystid	 pathogens	 form	 characteristic	 spherical	

cysts,	or	sporangia,	delimited	into	chambers	that	contain	hundreds	of	basophilic	

spores	often	described	to	cluster	based	on	their	developmental	stage	(Broz	and	

Privora,	 1952;	 Jay	 and	 Pohley,	 1981;	Whitaker	 and	Wright,	 2001;	Raffel	 et	al.	

2008;	 Mendoz	 et	 al.	 2002).	 Despite	 being	 associated	 with	 some	 of	 the	 first	

diseases	 described	 in	 amphibians	 (Pérez,	 1913),	 the	 inability	 to	 culture	 these	

organisms	 and	 the	 presumption	 that	 these	 parasites	 were	 largely	 non-

hazardous,	 has	 led	 to	 amphibian-infecting	 Dermocystids	 being	 poorly	

understood.	The	pathogen	life	cycle	and	transmission	mechanisms	are	virtually	

unknown,	 and	 information	 is	 often	 extrapolated	 from	 taxonomically	 similar	

pathogens	 (Dermocystidium;	 Whitaker	 and	Wright,	 2001	 and	 Rhinosporidium;	

e.g.	 Ashworth,	 1923;	 Teh	 and	 Kannan-Kutty	 1974).	 	 For	 example,	 amphibian-

infecting	 dermocystid	 pathogens	 are	 presumed	 to	 be	 waterborne,	 and	 whilst	

some	 suggest	 they	 have	 a	 zoosporadic	 stage	 as	 described	 in	 many	

Dermocystidium	spp.	(Mendoza	et	al.	2002),	this	has	never	been	described	in	any	

amphibian-infecting	pathogens.		

1.6.2.	Pathogenicity	and	disease	risk	

Whilst	there	is	 little	data	on	the	pathogenicity	of	amphibian	Dermocystids	it	 is	

largely	accepted	that	Dermocystids	are	not	hazardous	to	their	amphibian	hosts,	

with	studies	generally	reporting	low	parasite	burden,	no	associated	mortalities	

and	the	ability	to	resolve	infection	within	one	to	two	months	(Perez,	1907;	Broz	

and	Privora,	1951;	Densmore	and	Green,	2007;	González-Hernández	et	al.	2010;	

Cortouis	et	al.	2013).		However,	more	recent	reports	suggest	that	Dermocystids	

may	 have	 the	 ability	 to	 cause	 mortality	 in	 some	 amphibian	 populations.	 For	

example,	 declines	 of	 up	 to	 50%	 were	 reported	 in	 populations	 of	 Pelophylax	

lessonae,	the	European	pool	frog,	in	areas	where	Amphibiocystidium	disease	was	

prevalent	 (Pascolini	 et	 al.	 2003).	 Raffel	 et	 al.	 (2008)	 reported	 high	 mortality	

rates	in	captive	red-spotted	newts	infected	with	Amphybiocystidium	viridescens,	

whilst	several	spontaneous	mortality	events	in	Ranid	larvae	were	attributed	to	
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Dermocystidium-like	fungus	between	1999	and	2000	(Green	et	al.	2002).	There	

is	 also	evidence	 that	different	host	 species	will	 respond	differently	 to	disease.	

For	 example,	 a	 study	 of	 Amphibiocystidium	 in	 Central	 Italy	 observed	 a	 much	

higher	 incidence	 of	 disease	 in	P.	 lessonae	 (45.5%	 to	 52.4%)	 compared	 to	 the	

sympatric	hybrid-species	Pelophylax	esculenta	(14.3%	to	17.2%;	Pascolini	et	al.	

2003).		

In	 addition	 to	 direct	mortality,	 disease	may	have	 other	 adverse	 effects	 on	 the	

host	population	resulting	in	indirect	mortality	events	or	population	declines.	It	

has	been	speculated	that	heavy	infestations	can	be	debilitating,	with	the	location	

or	 sheer	 abundance	 of	 cysts	 across	 the	 animals	 body	 hindering	 respiration,	

movement	and	feeding	ability	(Whitaker	and	Wright,	2001).	Raffel	et	al.	(2008)	

supported	this	speculation	when	reporting	less	food	in	the	stomachs	of	infected	

newts.	 Dermal	 ulcerations	 associated	with	 dermocystid	 disease	may	 also	 give	

rise	 to	 secondary	 infections	 (Herman,	 1984;	 Raffel	 et	 al.	 2008),	 where	 co-

infections	 may	 have	 more	 exaggerated	 impacts	 on	 their	 hosts	 (Di	 Rosa	 et	 al.	

2007).	 	 Infection	 may	 increase	 predation	 risk	 (Rowley	 et	 al.	 2013)	 either	 by	

increasing	 visibility	 to	 predators	 if	 large	 clusters	 of	 cysts	 are	 present,	 or	

preventing	 hosts	 from	 escaping	 predation	 (Raffel	 et	 al.	 2008).	 Perhaps	 more	

detrimental,	high	parasite	burden	and	the	location	of	pathologies	could	impact	

mate	selection	and	reproduction	(Griffiths	and	Mylotte,	1988;	Halliday,	1990).	

1.6.3.	Pathogen	life	stages	and	infection	cycle	

Due	to	the	ability	 to	culture	Dermocystidium	sp.	and	S.	destruens	much	more	 is	

understood	 regarding	 the	 life	 cycle	 and	 infection	 mechanisms	 of	 these	

organisms	 compared	 to	 other	 Dermocystida.	 Based	 on	 in	 vitro	 studies	 of	

Dermocystidium	salmonis	 	 (Olson	et	al.	1991)	a	putative	 lifecycle	was	compiled	

by	Mendoza	et	al.	(2002)	as	follows;	Infective	spores	embed	into	the	host	tissue	

and	encyst,	developing	 into	 larger	 spherical	 cells,	 or	 sporangia.	The	 sporangia	

cytoplasm	cleaves	into	spores,	which	proliferate	and	mature.	In	Dermocystidium	

sp.	 and	 S.	 destruens	 these	mature	 spores	 give	 rise	 to	 uniflagellated	 zoospores	

upon	 release	 (Olson	 et	 al.	 1991;	 Arkush	 et	 al.	 2003;	 Paley	 et	 al.	 2012).	 It	 is	
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thought	 that	 the	 progressive	 weakening	 of	 skin	 and	 observed	 dermal	

ulcerations	 in	 amphibian-infecting	 dermocystids	 allows	 for	 the	 release	 of	 the	

infective	agent	into	the	environment	(Perez,	1913;	Pascolini	et	al.	2003;	Raffel	et	

al.	 2008).	 However,	 observations	 from	 Rhinosporidium	 seeberi	 (Chuan	 and	

Kannan-Kutty,	1975)	and	D.	salmonis	also	show	that	the	release	of	endospores	

within	 the	 host’s	 infected	 tissue	 leads	 to	 reinfection	 and	 the	 further	

proliferation	of	sporangia	(Mendoza	et	al.	2002).		

The	precise	life	cycle	of	amphibian	specific	Dermocystids	has	not	been	formally	

observed	 as	 with	Dermocystidium	 sp.	 (Olson	 et	 al.	 1991)	 and	 Rhinosporidium	

(Kannan-Kutty	 and	 Teh,	 1974)	 however,	 histopathological	 examination	 has	

generally	confirmed	life	cycles	and	cyst	developmental	stages	similar	to	those	of	

D. salmonis	(Pascolini	et	al.	2003;	Pereira	et	al.	2005;	Raffel	et	al.	2008).	Motile

zoospores	 are	 the	 infective,	 waterborne	 stage	 of	 Dermocystidium	 sp.	 and	 S.

destruens	(Olson	et	al.	1991;	Mendoza	et	al.	2002;	Arkush	et	al.	2003),	however

as	 flagella	 have	 not	 yet	 been	 observed	 in	 amphibian-infecting	 dermocystids

(Pascolini	et	al.	2003)	it	has	been	hypothesised	that	these	organisms	have	lost

the	 ability	 to	 produce	 flagella	 and	 have	 developed	 alternative	 modes	 of

transmission	(Mendoza	et	al.	2002).

Particularly	 as	 motile	 zoospores	 appear	 to	 be	 absent,	 the	 exact	 transmission	

mechanisms	 of	 Amphibiocystidium	 and	 Amphibiothecum	 pathogens	 are	

unknown.	 In	addition	to	transmission	via	contact	with	spores/cysts	present	 in	

the	 environment,	 direct	 transmission	 is	 thought	 to	 be	 a	 key	mechanism	 for	S.	

destruens	 (Al-Shorbaji	 et	 al.	 2015)	 and	 likely	 facilitates	 transmission	 in	

amphibian	 dermocystids	 (Raffel	 et	 al.	 2008).	 Due	 to	 the	 presence	 of	 cysts	 on	

internal	organs,	Raffel	et	al.	(2008)	speculated	that	ingestion	of	spores	could	be	

a	 route	 of	 transmission	 for	Amphibiocystidium.	Leech-borne	 transmission	 has	

also	 been	 described	 in	 amphibians	 infected	 with	 Ichthyophonus	 sp.,	 so	 the	

possibility	of	an	intermediate	host	and/or	vector	borne	transmission	could	also	

be	considered	(Raffel	et	al.	2007).			
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As	well	as	transmission	mechanisms	remaining	largely	unknown	for	amphibian-

infecting	 dermocystids,	 it	 is	 not	 known	how	 infection	 persists	 across	 years	 in	

semi-aquatic	amphibian	hosts	that	spend	just	a	small	proportion	of	the	year	in	

water,	 hibernating	 terrestrially	 (Griffiths,	 1996).	 Several	 scenarios	 may	

explain	this,	i)	hosts	hibernate	with	infection,	probably	at	a	sub-clinical	level;	ii)	

there	 is	 an	 alternative	 host;	 or	 iii)	 spores	 or	 cysts/sporangia	 are	 able	 to	

persist	 in	 the	environment	 for	 long	 periods	 of	 time.	 Whilst	 the	 ability	 to	

persist	 in	 the	environment	has	not	been	confirmed	 in	many	Dermocystids,	S.	

destruens	 spores	 can	 survive	outside	 the	host	 for	 several	days	 (Andreou	et	al.	

2009).			

1.6.4.	Disease	risk	

Reports	 of	 amphibian-infecting	 Dermocystids	 date	 back	 to	 the	 early	 1900’s	

(Perez,	1907),	where	pathogens	appear	to	be	highly	host	specific	with	a	broad	

geographic	 range.	 However,	 while	 these	 pathogens	 have	 been	 described	

across	 continental	 Europe	 and	 Northern	 America	 (Mendoza	 et	 al.	 2002)	

incidence	 and	severity	 appears	 to	 vary	 significantly	 in	 space	 (Courtois	 et	

al.	 2013),	 time	 (Pascolini	 et	 al.	 2003)	 and	 between	 host	 populations	

(Pascolini	 et	 al.	 2003;	Pereira	 et	 al.	 2005).	 This	may	 reflect	 the	 observations	

of	 amphibian-infecting	dermocystids,	where	limited	data	suggests	that	this	is	a	

long-standing	 infection	where	 the	 prevalence	 and	 outcome	 of	 disease	 varies	

between	 populations	 but	 has	 little	 overall	 impact	 on	 amphibian	

populations	 (Densmore	 and	 Green,	 2007).	 However,	 reports	 of	 amphibian	

dermocystid	 infections	 have	 increased	 two	 fold	 in	 just	 over	 a	 decade	

(González-Hernández	 et	 al.	 2010),	 and	 those	studies	 that	 report	 mortalities	

and	 declines	 appear	 exclusively	 after	 2000	(Pascolini	et	al.	2003;	Green	et	al.	

2002;	 Raffel	 et	 al.	 2008).	 If	Dermocystidium	 sp.	 are	 increasing	 in	 range,	 host	

species	 or	 causing	 more	 severe	 outbreaks	 these	 characteristics	 would	 be	

indicative	 of	 an	 emerging	 infectious	 disease	 (Glockling	 et	 al.	 2013),	 as	

highlighted	 by	 Fisher	 et	 al.	 (2012).	 It	 is	 unclear	 whether	 the	 increase	 in	

reported	 cases	 is	 indicative	 of	 an	 emerging	 infectious	 disease,	 or	merely	 the	

result	 of	 a	 growing	 focus	 in	 amphibian	 disease	 research.	 If	 these	pathogens	

do	 have	 the	 ability	 to	 cause	 mortality	 and	 host	 declines,	 and	 the	
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increase	 in	 reports	 is	 a	 true	 reflection	 of	 increasing	 cases	 it	 may	 in	 fact	 be	

indicative	of	an	emerging	infectious	disease.	Given	the	innocuous	beginnings	of	

Bd	and	 the	 impact	both	Chytridiomycosis	 and	Ranavirosis	have	had	on	global	

amphibian	 populations,	 it	 may	 be	 important	 that	 attention	 is	 given	 to	 these	

pathogens	now.	In	Europe	alone	new	dermocystid-like	infections	in	amphibian	

populations	 have	 been	 reported	 in	 Italy	 (Pascolini	 et	 al.	 2003),	 France	

(González-Hernández	 et	 al.	 2010;	 Courtois	 et	 al.	 2013),	 the	 Netherlands	 (T.	

Stark,	pers.	comms.).	More	recently,	pale	subcutaneous	 lesions,	 consistent	with	

those	 described	 in	 other	 amphibian-infecting	 dermocystid	 cases	 (González-

Hernández	 et	 al.	 2010)	 have	 been	 observed	 afflicting	 the	 palmate	 newt	

(Lissotriton	helveticus)	population	on	the	 Isle	of	Rum	in	Scotland,	representing	

the	 first	 official	 case	 of	 suspected	 amphibian-infecting	 dermocystid	 in	 the	 UK	

(Gray,	2008).		

1.7.	THE	ISLE	OF	RUM	

The	Isle	of	Rum	is	the	largest	of	a	cluster	of	islands	in	the	Inner	Hebrides	known	

as	 the	 ’Small	 Isles’,	which	 also	 includes	 Canna,	 Eigg	 and	Muck,	 lying	 22	miles	

West	of	Mallaig	off	mainland	Scotland	(Hirons	and	Edwards,	1990;	Figure	1.1).		

Rum’s	landscape	consists	of	many	sharp	peaks	and	u-shaped	valleys,	shaped	by	

the	 formation	 of	 a	 volcano	 around	 60	 million	 years	 ago,	 and	 the	 action	 of	

glaciers,	with	the	highest	peak,	Askival,	reaching	812m’s	(McMillan,	1977).	Soils	

on	Rum	are	generally	acidic	and	waterlogged,	comprised	largely	of	peats,	peaty	

podzols	 (Hudson	 and	 Henderson,	 1983;	 Lowe,	 1998),	 however	 due	 to	 the	

weathering	of	underlying	ultrabasic	rocks	some	areas	of	more	alkaline	gibbsitic	

soils	are	present	(Wilson,	1969;	Ballantyne,	1994).	In	addition,	the	presence	of	

some	isolated	areas	of	humus-iron	podzols,	alpine	or	forest	soils	which	support	

some	scattered	areas	of	woodland	(Hudson	and	Henderson,	1983;	Lowe,	1998)	

although	 generally	 on	 Rum	 vegetation	 cover	 is	 poor	 or	 dominated	 by	 heath,	

grassland	and	blanket	bog	(Ferreira	and	Wormell,	1971;	Ball,	1983;	Hudson	and	

Henderson,	1983).		
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Figure	1.1	The	location	of	the	Small	Isles	off	the	West	coast	of	Scotland.	
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Temporary	ponds	are	most	vulnerable	to	acidification	due	to	low	alkalinity,	the	

exaggerated	effects	acid	influx	from	rainstorms	or	spring	thaws	and	acidic	soils	

(Pough,	1976;	Cook,	1983;	Freda,	1986;	Freda	and	Dunson,	1986;	Böhmer	and	

Rahmann,	 1990).	 Descriptions	 of	 freshwater	 habitats	 since	 the	 1970’s	 have	

confirmed	 this,	 recording	 pH	 values	 as	 low	 as	 4.38	 across	 numerous	 acidic	

water-bodies	on	the	Island	(Fryer	and	Forshaw,	1979;	Fryer,	1993).		

Due	to	its	exposed	location	it	is	susceptible	to	strong	winds	and	experiences	the	

highest	 annual	 rainfall	 of	 all	 the	 small	 isles.	 However,	 recently	 the	 effects	 of	

climate	 change	 have	 been	 reported	 on	 Rum	 with	 research	 indicating	

that	 increased	 temperatures	 are	 impacting	 islands	 vegetation	 cover	

and	 consequently	 the	 timing	 of	 events	 in	 the	 deer	 population	 (Bento,	

2012).	 Spanning	200km2,	 Rum	 is	 one	of	 the	 largest	protected	 areas	of	 the	UK	

currently	managed	by	Scottish	National	Heritage	(SNH,	2016).	

The	unique	underlying	geology	and	rich	wildlife	have	made	this	island	the	focus	

of	scientific	research	since	the	1950’s	and	is	famous	for	its	long-standing	study	

of	 red-deer	 (e.g.	 Cutton-Brock	 and	 Guiness,	 1987;	 Cutton-Brock	 et	 al.	 2002;	

Stopher	 et	 al.	 2012).	 However,	 despite	 the	 rich	 flora	 and	 fauna,	 only	 a	 single	

amphibian	 species	 is	 known	 on	 the	 Island,	 the	 palmate	 newt,	 Lissotriton	

helveticus	 (Cutton-Brock	 and	 Guiness,	 1987;	 Gordon	 et	 al.	 1987;	 Wormell,	

1987).			

1.8.	SUSPECTED	DERMOCYSTID	DISEASE	ON	RUM	

1.8.1.	Initial	reports	of	amphibian	disease	

In	 2006,	 Scottish	 Natural	 Heritage	 (SNH)	 rangers	 reported	 a	 number	 of	

potentially	diseased	palmate	newts	within	an	isolated	population	on	the	Isle	of	

Rum	presenting	with	a	 ‘bloated’	or	 lumpy	appearance.	An	 initial	 investigatory	

visit	 from	 a	 leading	 veterinarian,	 specialising	 in	 exotic	 and	wildlife	medicine,	

determined	 that	 this	 bloated	 appearance	 was	 likely	 a	 manifestation	 of	 heavy	

infestation	 by	 an	 unusual	 dermal	 parasite	 (A.	 meredith,	 pers.	 comm.).	

Subsequently,	 three	 preliminary	 surveys	 were	 performed	 on	 Rum	 between	
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2008	 and	 2012	 (Gray,	 2008;	 Anderson,	 2011;	 McMurdo-Hamilton,	 2012)	 to	

build	an	initial	profile	on	the	cause	of	disease	and	the	distribution	across	Rum.	

In	 addition,	 following	 these	 initial	 reports	 on	 Rum	 a	 similar	 case	 of	 dermal	

infection	was	reported	in	L.	helveticus	in	Southern	France	(González-Hernández	

et	al.	2010).	

Gross	examination	of	diseased	newts	on	Rum	reported	the	common	occurrence	

of	dermal	 lesions	ranging	 from	small,	pale	cysts	 to	 larger	multi-focal	swellings	

associated	 histologically	 with	 a	 circular	 pathogen	 cyst	 (Gray,	 2008).	 These	

observations	 were	 consistent	 with	 descriptions	 of	 amphibian-infecting	

Dermocystids	 and	 some	 Rhinosporidium	 infections	 (Broz	 and	 Privora,	 1952;	

Mendoza	2002;	Pascolini	et	al.	2003;	Pereira,	2005;	Raffel	et	al.	2008;	González-

Hernández	 et	 al.	 2010).	 Gray	 (2008)	 also	 began	 development	 of	 protocols	 to	

isolate	DNA	 from	 excised	 dermal	 cysts,	 generating	 the	 first	 sequence	 data	 for	

the	 Rum	 pathogen.	 Brief	 phylogenetic	 analysis	 was	 subsequently	 performed	

using	 simple	 methods	 to	 generate	 initial	 phylogenies	 that	 suggested	 the	

causative	agent	was	a	member	of	the	Dermocystids	(Gray,	2008).	However	the	

exact	placement	and	inter-order	relationship	were	still	unclear.	

1.8.2.	Disease	risk	on	the	Isle	of	Rum	

1.8.2.1.	Spatial	observations	

Brief	spatial	surveying	was	also	performed	during	2011	and	2012	across	Rum,	

in	order	 to	estimate	 the	distribution	of	disease	and	 identify	possible	variables	

that	may	dictate	the	presence	of	disease	(Anderson,	2011;	McMurdo-Hamilton,	

2012).	In	2011,	a	total	of	23	sites	were	surveyed	across	Rum	(Anderson,	2011),	

whilst	 in	2012	the	20	surveyed	sites	were	clustered	 in	 just	 two	discrete	areas	

(McMurdo-Hamilton,	2012).		

Whilst	 infection	 was	 found	 to	 have	 a	 broad	 distribution	 on	 Rum,	 disease	

appeared	 to	 cluster	 in	 two	 areas	 (Figure	 1.2;	 A	 and	 B)	 subject	 to	 more	

comprehensive	 surveying	 in	 2012.	 In	 addition,	 environmental	 factors,	

specifically	pH	and	altitude,	were	identified	as	potential	predictors	of	disease.	A	

strong	interaction	between	pH	and	prevalence was	identified	from	both	studies,	
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where	disease	prevalence	was	highest	 in	 sites	approaching	circumneutral	 (pH	

between	 6.5	 and	 7.5).	 In	 addition,	 disease	 prevalence	 had	 a	 weak,	 positive	

correlation	to	altitude	with	 lower	disease	 incidence	recorded	at	 lower	altitude	

sites.		

Figure	 1.2:	 Sites	 sampled	 during	 2011	 and	 2012	 (2012	 confined	 to	 black	
squares).	Shape	corresponds	to	year;	2011	(circle);	2012	(star);	both	(triangle).	

However,	there	were	still	 large	areas	of	the	island	that	had	not	been	surveyed,	

with	 the	 majority	 of	 sites	 located	 around	 the	 main	 footpaths	 (Figure	 1.2).	

Surveying	 performed	 in	 2011	 represented	 a	 broader	 spatial	 range	 than	

subsequent	 years,	 however,	 catch	 was	 extremely	 low	 and	 on	 occasion,	

prevalence	 estimates	were	 based	 on	 just	 one	 or	 two	 captured	newts	 (𝑥	=	 7.2,	

Anderson,	 2011).	 	 Whilst	 recorded	 catch	 was	 marginally	 higher	 in	 2012,	

surveying	 was	 confined	 to	 just	 two	 areas	 where	 disease	 cases	 had	 been	
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previously	recorded,	with	a	consequent	reduction	 in	 the	power	 to	 identify	 the	

factors	 that	 determine	 the	presence	or	 absence	 of	 disease	 (𝑥	=	 9.8,	McMurdo-

Hamilton,	2012).	The	reliability	of	current	prevalence	estimates	is	unknown,	as	

low	catch	sizes	are	more	likely	to	give	inaccurate	prevalence	estimates.	In	turn,	

this	 may	 lead	 to	 erroneous	 and	 misleading	 relationships	 to	 be	 determined	

between	prevalence	and	environmental	variables.	Even	if	catch	size	is	found	to	

have	 little	 effect	 on	 estimated	 prevalence’s,	 the	 altitudinal	 range	 covered	 by	

each	year	was	relatively	small	 (2011	=	38m	to	273m;	2012	=	109m	to	307m)	

and	 a	 larger	 altitudinal	 range	 should	be	 sampled	 to	determine	 the	 stability	 of	

this	relationship.		

1.8.2.2.	Temporal	observations	

In	 addition	 to	 investigating	 spatial	 patterns,	 observing	 temporal	 trends	 in	

disease	 is	 an	 important	aspect	of	 epidemiology	and	 the	assessment	of	disease	

risk.	 For	 example,	 infection	 that	 is	 increasing	 in	 prevalence	 or	 expanding	 in	

spatial	 range	 could	 indicate	 an	 emerging	 infectious	 disease	 (EID:	 Morse	 and	

Hughes,	1996;	Engering et	al.	2013),	whilst	a	more	stable	infection	should	show	

little	 annual	 variation	 in	 both	 the	 geographic	 spread	 and	 overall	 prevalence.	

Only	six	ponds	were	consistently	sampled	across	2011	and	2012	that	could	be	

used	 for	 annual-temporal	 comparisons.	 The	 prevalence’s	 recorded	 at	 each	 of	

these	6	sites	were	consistently	higher	in	2012	compared	to	2011,	which	would	

initially	suggest	that	disease	incidence	is	increasing	on	Rum	(Figure	1.3).		If	the	

observations	 made	 between	 2011	 and	 2012	 (Anderson,	 2011;	 McMurdo-

Hamilton,	 2012)	 truly	 reflect	 increasing	 incidence	 and	 prevalence,	 it	 may	

indicate	an	EID	(Stephen	Morse,	1996;	Engering et	al.	2013),	which	could	have	

significant	 impacts	on	the	host	population	(Jones	et	al.	2008).	However	due	to	

differences	 in	 sampling	 protocols,	 the	 small	 number	 of	 sites	 compared	 and,	

again,	 low	average	catch	per	site	(𝑥	=	11),	no	robust	conclusions	can	be	made.	

Instead	disease	may	 represent	a	much	more	stable	endemic	 infection.	A	more	

comprehensive,	 spatially	 broad	 and	 long-term	 study	 is	 imperative	 to	 assess	

temporal	trends	in	disease	incidence	on	Rum,	and	determine	disease	risk.	
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Figure	1.3:	Prevalence’s	recorded	across	6	sites	sampled	consistently	in	2011	and	
2012.	Data	taken	from	preliminary	studies	(Anderson,	2011;	McMurdo-Hamilton,	
2012).	

1.8.2.3.	Morbidity	and	mortality	

During	 these	 surveys	 high	 parasite	 burden	was	 reported,	with	maximum	 cyst	

counts	 reaching	 138.	 Whilst	 characteristic	 Dermocystid-like	 lesions	 were	 the	

most	common	pathology,	oedematous	epidermal	swellings	were	also	observed	

giving	 the	 “bloated”	 appearance	 first	 reported.	 This	 seemingly	 extreme	

pathology	 has	 not	 appeared	 in	 descriptions	 of	 any	 amphibian-infecting	

dermocystid	(Densmore	and	Green,	2007),	and	it	is	unclear	if	this	represents	a	

novel	 or	 severe	 stage	 of	 dermocystid	 disease	 unique	 to	 Rum,	 co-infection,	 or	

oedema-causing	disorders	resulting	from	environmental	conditions	or	nutrition	

(Densmore	 and	 Green,	 2007;	 Duffus	 and	 Cunningham,	 2010).	 In	 addition,	 a	

number	of	mortalities	were	recorded	apparently	associated	with	 the	presence	

of	 disease.	 Previous	 reports	 have	 generally	 concluded	 that	 dermocystids	 are	

non-hazardous	 to	 amphibians	 (Densmore	 and	 Green,	 2007).	 However	

mortalities	have	been	reported	in	captive	amphibian	populations	infected	with	

dermocystid	 (Raffel	 et	 al.	 2008)	 and	 a	 recent	 study	 also	 reported	 significant	

declines	 in	 amphibian	 populations	 infected	 with	 Amphibiocystidium	 spp.	

(Pascolini	 et	 al.	 2003).	 That	 said,	 cause	 and	 effect	 has	 not	 been	 established	
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between	 observed	 declines	 and	 the	 presence	 of	 dermocystid	 disease,	 and	 no	

mortalities	or	significant	morbidity	suggestive	of	lethal	infections	were	reported	

(Pascolini	et	al.	2003)	The	Isle	of	Rum	might	therefore	represent	the	first	case	of	

mortality	 explicitly	 observed	 in	 free-living	 amphibians	 associated	 with	

dermocystid	disease.	

1.9.	INFECTIOUS	DISEASE	EPIDEMIOLOGY	

1.9.1.	Epidemiology	

Epidemiology	 is	 concerned	with	 the	 distribution	 and	determinants	 of	 disease,	

specifically	 in	 populations	 or	 groups	 of	 populations	 (Kramer	 et	 al.	 2010).	 It	

involves	 the	 assessment	 of	 disease	 distribution,	 including	 morbidity	 and	

mortality	 events,	 both	 spatially	 and	 temporally	 (Morner	 et	 al.	 2002;	

Penczykowski	et	al.	2016).	Monitoring	the	spatial	distribution	of	disease	in	free-

living	 populations	 is	 important	 for	 understanding	 disease	 risk,	 identifying	

conditions	 that	 appear	 important	 for	 the	 acquisition	 and	 development	 of	

disease,	 and	 forming	 hypotheses	 that	 can	 be	 tested	 for	 biological	 significance	

(Rothman	and	Green,	2008;	Lantos	et	al.	2015).	Importantly,	data	can	be	used	to	

predict	disease	trends	and	future	outbreaks,	as	well	as	developing	management	

strategies	where	possible	(Pascual	et	al.	2008;	Elith	and	Leathwick,	2009).	

The	 distribution	 of	 disease	 across	 a	 landscape	 may	 show	 distinct	 spatial	

patterns,	 which	 can	 be	 grouped	 into	 three	 very	 basic	 categories:	 uniform,	

random	and	non-random.	Uniformity	in	disease	cases	is	rare	–	this	pattern	may	

arise	 due	 to	 the	 uniformity	 of	 host	 distribution,	 particular	 if	 susceptibility	 is	

uniform.	 Disease	 that	 is	 randomly	 distributed	 may	 display	 underlying	

homogeneous	or	heterogeneous	patterns,	where	disease	cases	occur	randomly	

in	 space	 due	 to	 chance	 alone	 (Olekno,	 2008).	 For	 example,	 the	 chance	

occurrence	 of	 disease	 has	 been	 established	 in	 studies	 of	 childhood	 leukemia	

(Petridou	et	 al.	1996;	McNally	et	 al.	2002;	Bellec	et	 al.	2006;	Amin	et	 al.	2010)	

where	no	common	risk	 factor	could	be	 identified.	However,	some	suggest	 that	
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seemingly	 random	 disease	 distribution	 is	 simply	 the	 result	 of	 unexplained	

variability.	

Particularly	 for	 infectious	 diseases,	 incidence	 and	 prevalence	 are	 generally	

driven	 by	 the	 distribution	 of	 the	 host,	 pathogen	 or	 optimal	 habitats,	 making	

heterogeneous	 and	 non-random	 distributions	 more	 likely.	 A	 point	 source	 of	

pathogen	 exposure,	 such	 as	 a	 contaminated	water	 source	 (Andersson	 and	 de	

Jong	 1989;	 Thulin,	 1991;	 Ljungstrom	 and	 Castor	 1992),	 may	 show	 a	 single,	

distinct	non-random	outbreak	often	presenting	as	an	abrupt	epidemic	(Aylin	et	

al.	 1999).	 For	 example,	 an	 iconic	 case	 of	 a	 cholera	 epidemic	 in	 London	 used	

spatial	 mapping	 to	 identify	 the	 source	 as	 a	 centralized	 cluster	 of	 high	 case	

intensity	around	a	contaminated	water	pump	(Snow,	1855;	Smith	et	al.	2015).	

Similar	 patterns	 may	 be	 observed	 for	 recently	 introduced	 pathogens	 or	

emerging	 infectious	 diseases	 (EIDs),	 presenting	 as	 wave-like	 patterns	 of	 high	

prevalence	 or	 disease	 “hot	 spots”	 which	 dissipate	 out	 spatially.	 Recent	

introduction	events	or	geographic	spread	can	be	further	confirmed	using	spatio-

temporal	analysis	(Sugumaran	et	al.	2009).	For	example,	annual	monitoring	of	

the	spatial	distribution	of	Lyme	disease	and	the	appearance	of	disease	clusters		

	Longer-term	 disease	 dynamics	 where	 the	 pathogen	 is	 well	 established	 will	

likely	 display	 different	 spatial	 patterns.	 The	 heterogeneous	 distribution	 of	

disease	 is	 most	 likely	 where	 clusters	 may	 arise	 due	 to	 host	 or	 pathogen	

distribution,	modes	of	transmission	or	underlying	risk	factors.		

1.9.2.	Environmental	determinants	of	disease	

The	 spatial	 distribution	 of	 parasites	 is,	 in	 part,	 dictated	 by	 the	 presence	 of	

environmental	 conditions	 that	are	 suitable	 for	 the	pathogen,	 the	host	and	any	

potential	vectors.		Environmental	factors,	defined	here	as	external	chemical	and	

physical	 conditions,	 can	have	a	 significant	 impact	on	host-pathogen	dynamics.	

For	 example,	 local	 climate,	which	 covers	 a	number	of	 extrinsic	 environmental	

aspects	 such	 as	 temperature,	 precipitation,	 wind	 and	 humidity,	 can	 have	 a	

strong	 determinist	 influence	 on	 disease.	 At	 a	 basic	 level,	 climatic	 factors	 can	

affect	the	ability	of	the	host,	pathogen	or	any	necessary	vectors	to	survive	in	a	
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particular	 region	 (Rosenthal,	 2009).	 Factors	 such	 as	 precipitation	 can	 also	

impact	disease	outbreaks,	particularly	for	waterborne	pathogens	such	as	Vibrio	

cholera	(Pascual	et	al.	2008)	again	where	changes	in	seasonality	and	rainfall	can	

impact	 disease	 occurrence	 (Koelle	 et	 al.	2005;	 Altizer	 et	 al.	 2006).	 Climatic	

conditions	can	also	exert	“stress”	on	the	host,	reducing	immune	function	and	the	

ability	to	resist	infection	and/or	disease	(Padgett	and	Glasser,	2003;	Hawley	and	

Altizer,	 2011).	 Understanding	 climate-driven	 distribution	 is	 an	 important	

consideration	 for	 the	 development	 of	management	 or	 eradication	 procedures	

and	 identifying	 potential	 outbreaks	 particularly	 in	 light	 of	 climate	 change	

driving	 variation	 in	 the	 spatio-temporal	 dynamics	 of	 diseases	 (Lafferty,	 2009;	

Rose	and	Wall,	2011;	Wall	and	Ellse,	2011).			

Amphibians	are	particularly	sensitive	to	their	environment,	so	extrinsic	factors	

have	been	a	particular	 focus	of	amphibian	disease	epidemiology	(Daszak	et	al.	

2001;	 Rowe	 et	 al.	 2003).	 For	 example,	 regional	 differences	 in	 host-parasite	

dynamics	of	Chytridiomycosis	are	often	attributed	to	climatic	factors	and	there	

have	 been	 some	measurable	 associations	 between	 changing	 climate	 and	 both	

the	 pathogen	 (increased	 pathogenicity)	 and	 the	 host	 (decreased	

survival/fitness)	 (Reading,	 2007;	 Pounds	 et	 al.	 2006,	 Bosch	 et	 al.	 2007).	The	

outcome	of	disease,	 and	 chytridiomycosis	die-offs	have	been	 linked	 to	 several	

environmental	 determinants	 including	 latitude,	 elevation	 and	 temperature,	

even	causing	variation	in	neighbouring	populations	(Carey	et	al.	2006;	Lips	et	al.	

2006;	Kriger	et	al.	2007;	Garner	et	al.	2011;	Rohr	et	al.	2008;	2011;	Olson	et	al.	

2013).	 The	 relationship	 to	 temperature	 has	 been	 attributed	 to	 immune	

suppression	 (Rohr	 and	 Raffel,	 2010)	 and	 the	 host’s	 inability	 to	 overcome	

infection.	

However,	 as	 an	 aquatic	 organism	 able	 to	 persist	 outside	 the	 host,	 Bd	 is	 also	

sensitive	 to	 environmental	 conditions.	 The	 effects	 of	 temperature	 and	

precipitation	 on	 the	 growth	 or	 persistence	 of	 Bd	 have	 been	 shown	 in	 several	

laboratory	 and	 field	 studies	 (Garner	 et	 al.	 2006;	 Lips	 et	 al.	 2006;	 Rohr	 et	 al.	

2008),	 for	example	whilst	Bd	has	a	narrow	growth	range	(17–25°C)	 it	has	 the	
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ability	 to	 tolerate	 temperature	 between	 4	 and	 28°C	 	 (Piotrowski	 et	al.	 2004).	

Whilst	 this	 likely	 influences	 the	 distribution	 and	 severity	 of	 disease	 in	

populations,	 field	 observations	 have	 shown	 conflicting	 and	 complex	 patterns	

regarding	 disease	 dynamics	 and	 climatic	 conditions	 (Lips	 1998;	 Knapp	 et	 al.	

2011;	 Rowley	 and	 Alford	 2013;	 James	 et	 al.	 2015).	 In	 culture,	 Bd	 growth	 is	

mediated	by	pH	with	maximum	growth	occurring	at	a	pH	of	6-7	and	low	growth	

observed	when	pH	is	below	5	or	above	8	(Piotrowski	et	al.	2004).	

1.9.3.	Spatial	epidemiology	of	amphibian-infecting	dermocystids	

Very	 little	 is	 understood	 about	 the	 factors	 that	 may	 influence	 outbreaks,	

prevalence,	 or	 infection	 intensity	 of	 dermocystids.	 There	 are	 currently	 no	

studies	 reporting	 the	 environmental	 conditions	 necessary	 for	

Amphibiocystidium	 and	Amphibiothecum	spp.	pathogens	 to	proliferate	or	 cause	

disease.	 The	 only	 explicit	 spatial	 study	 concerning	 amphibian-infecting	

dermocystids	was	conducted	 in	2012,	examining	 the	distribution	of	disease	 in	

populations	 of	 L.	 helveticus	 in	 France	 (Courtois	 et	 al.	 2013).	 Infection	 was	

recorded	at	5	out	of	9	sampled	locations	where	prevalence’s	ranged	from	2.5%	

to	25%,	noting	the	close	proximity	of	sites	with	and	without	infection.	However,	

the	study	did	not	allude	to	the	conditions	that	may	have	dictated	the	presence,	

or	prevalence,	of	disease.		

Some	research	has	been	conducted	to	investigate	the	impacts	of	environmental	

conditions	on	the	life	cycle	of	phylogenetically	similar	fish-infecting	pathogens;	

Dermocystidium	spp.	 Both	 laboratory	 experiments	 and	 field	 observations	 have	

found	D.	 salmonis	 infections	 to	 be	moderated	 by	 temperature	 (Mendoza	 et	al.	

2002).	 Growth	 of	 D.	 salmonis	 occurs	 at	 4°C	 (Olson	 et	 al.	 1999)	 and	 severe	

outbreaks	 have	 been	 linked	 to	 low	 temperatures	 (Pauley,	 1967;	 Allen	 et	 al.	

1968),	however	one	study	reported	increased	mortalities	during	periods	of	high	

temperature	 and	 low	 precipitation	 (Olson	 and	 Holt,	 2011).	 	 Evidence	 from	

environmental	 analysis	 on	 Rum	 initially	 points	 to	 water	 pH	 and,	 to	 a	 lesser	

extent	 altitude,	 as	 possible	 factors	 determining	 disease	 distribution	 and	
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intensity	of	dermocystid	disease	in	palmate	newts	(Anderson,	2011;	McMurdo-

Hamilton,	2012).		

Preliminary	 studies	 on	 the	 Isle	 of	 Rum	 found	 a	 possible	 association	 between	

lower	 disease	 prevalence	 and	 lower	 water	 pH.	 Dermocystid	 pathogens	 are	

presumed	 to	 be	 waterborne	 based	 on	 the	 known	 infection	 cycles	 of	

Dermocystidium	and	Rhinosporidium	 (Mendoza,	et	al.	 2002).	 It	 is	 possible	 that	

the	pathogen	cannot	 tolerate	acidic	conditions	 in	 its	 free-living	 infective	stage,	

and	its	inability	to	persist	in	the	environment	means	there	is	little	to	no	disease	

risk	 in	 acidic	 ponds.	 However,	 environmental	 conditions	 can	 also	 impact	 the	

host	 and	 consequently	 disease	 distribution.	 For	 example,	 conditions	

unfavorable	 to	 the	 host	may	 suppress	 immune	 function	 and	 increase	 disease	

risk	(Padgett	and	Glasser,	2003;	Rollins-Smith	et	al.	2011;	Ceccato	et	al.	2016).	

Water	pH	may	impact	the	behaviour	or	biology	of	L.	helveticus	on	Rum,	leading	

to	 higher	 disease	 incidence	 in	 alkaline	 sites.	 A	 study	 into	 larval	 growth	 and	

feeding	 behaviour	 found	 L.	 helveticus	 under	 acidic	 conditions	 found	 feeding	

behaviour	is	suppressed	(Griffiths,	1993;	Griffiths	et	al.	1993)	which	could	cause	

low	disease	incidence	in	acidic	sites	if	ingestion	is	a	primary	route	of	infection.	

However,	 whilst	 one	 study	 has	 reported	 the	 presence	 of	 dermocystid	 in	

amphibian	larvae	(Green	et	al.	2002)	this	is	the	only	example.	Also,	it	is	unclear	

if	acidic	conditions	influence	the	feeding	ability	of	adults.	Another	factor	is	host	

availability.	 Despite	 a	 high	 tolerance	 for	 acidic	water,	 it	 is	 possible	 that	 these	

conditions	are	still	unfavourable	and	newts	will	favour	alkaline	sites	leading	to	

higher	host	densities	and	increased	disease	incidence.	

Alternatively,	more	alkaline	environments	may	be	disadvantageous	to	the	host,	

leading	to	an	increased	disease	risk	in	alkaline	site.	For	example,	there	is	some	

evidence	 to	 suggest	 that	 pH	 may	 impact	 amphibian	 immunity	 by	 altering	

microbial	communities	on	the	host	or	the	production	of	anti-microbial	peptides	

(AMPs).	However,	these	interactions	are	currently	poorly	understood	and	have	

only	been	explored	over	a	small	pH	range	in	limited	amphibian	species	(Krynak	

et	al.	2015).		
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In	 addition	 to	 pH,	 conditions	 at	 lower	 altitudes	 appear	 to	 facilitate	 increased	

incidence	 of	 disease	 on	 Rum	 (Anderson,	 2011).	 In	 amphibian	 populations,	

differences	 in	 elevation	 are	 known	 to	 cause	 variation	 in	 the	 prevalence	 and	

severity	 of	 disease,	 on	 occasion	 attributing	 these	 differences	 to	 variation	 in	

temperature	across	altitudinal	gradients	(Grundler	et	al.	2012).	 If	dermocystid	

disease	on	Rum	is	influenced	by	temperature	in	a	similar	way	to	D.	salmonis,	this	

may	explain	the	altitudinal	differences.	However,	the	altitudinal	range	on	Rum	is	

comparatively	small	(max.	812m),	so	whilst	elevation	and	exposure	may	lead	to	

local	differences	in	temperature	these	differences	may	not	be	very	pronounced.	

Drainage from	 high	 relief	 collecting	 in	 lower,	 flat	 areas resulting	 in	 increased	

parasite	abundance	and	higher	disease	incidence	could	also	cause	an altitudinal	

bias	in	distribution.		

1.10.	EXPLORING	TEMPORAL	TRENDS	IN	DISEASE		

1.10.1.	Temporal	aspects	of	disease	outbreaks	

As	well	as	variation	in	the	spatial	distribution	of	disease,	the	distribution,	

prevalence	and	risk	of	disease	may	fluctuate	temporally	(Sugumaran	et	al.	2009;	

Lannoo	et	al.	2011;	Li	et	al.	2017).	Periodic	or	seasonal	outbreaks	of	disease	are	

well	described	in	many	human	and	wildlife	populations,	where	complex	spatio-

temporal	patterns	influenced	by	climate,	host	susceptibility	or	exposure,	and	

pathogen	life	cycle	can	cause	temporally	aggregated	disease	outbreaks	

(Highfield	et	al.	2009).	In	human	populations,	the	recurrent	outbreaks	of	

common	childhood	disease	such	as	measles	and	chickenpox	are	often	described	

to	have	distinct	annual	or	biennial	peaks	(London	and	Yorke,	1978;	Grenfell	et	

al.	1998;	2001).		As	infection	can	lead	to	lifetime	immunity	these	infections	are	

generally	confined	to	childhood	(Woeld	et	al.	2001).	The	viral	infection	Measles	

is	a	well-studied	example	where	seasonal	outbreaks	have	complicated	

oscillations,	varying	over	time	(Lloyd	and	May,	1995;	Grenfell	et	al.	2011).	Many	

studies	have	described	epidemic	“waves”	appearing	as	two	peaks,	one	in	spring	

and	one	in	winter,	are	thought	to	be	linked	to	increased	host-to-host	contact	
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rate	during	school	term	times	and	the	periodic	influx	of	susceptible	children	

(Soper,	1929;	Fine	and	Clarkson,	1982;	Grenfell	et	al.	2001).		

	

Although	the	seasonality	of	Dermocystidium	sp.	is	not	well	investigated,	the	

potential	temperature	impact	on	D.	salmonis	can	present	as	seasonal	outbreaks	

in	disease	during	low	winter	temperatures	(Olson	et	al.	1991;	Pauley,	1967;	

Allen	et	al.	1968).	Temporal	sampling	of	three	endemic	fish	species	recently	

infected	with	S.	destruens	showed	no	distinct	seasonal	patterns,	but	instead	an	

exponential	increase	in	incidence	indicative	of	an	emerging	infectious	disease	

(Ercan	et	al.	2015).	

1.10.2.	Determining	disease	state	based	on	temporal	observations	

The	comparison	of	spatial	patterns	across	multiple	years	can	help	 identify	 the	

state	 of	 disease	 within	 a	 population	 (endemic	 or	 epidemic),	 and	 provide	

informative	patterns	about	 the	expansion	of	restriction	of	disease.	A	pathogen	

that	 is	 permanently	 established	 in	 a	 population	 can	 be	 described	 as	 endemic	

and	stable,	where	 the	 infected	sub-population	does	not	 increase	exponentially	

but	 the	pathogen	 is	able	 to	persist	 (Kramer	et	al.	2009).	This	endemic	state	 is	

characterised	by	a	consistent	spatial	range,	and	little	annual	variation	in	disease	

incidence.	 Pathogens	 that	 have	 reached	 this	 evolutionary	 stable	 state	 are	

generally	typified	by	high	incidence	of	infection	but	little	to	no	clinical	disease,	

where	 disease	 outbreaks	 only	 occur	 if	 the	 stable	 host-pathogen-environment	

relationship	 is	disrupted	(Mahoney	et	al.	1972;	Norval	et	al.	1992;	Deem	et	al.	

1996).	For	example,	populations	of	Taudactylus	eungellensis,	a	species	of	stream	

frog,	descried	with	 stable,	 endemic	 levels	of	Bd	 infection	were	described	with	

low	 average	 prevalence’s,	 generally	 mild	 infections	 and	 little	 internannual	

variation	in	disease	incidence	(Retallick	et	al.	2004).	

Conversely,	 a	 pathogen	 that	 is	 found	 to	 be	 extending	 in	 range,	 or	 rapidly	

increasing	 in	 incidence,	 can	 be	 indicative	 of	 an	 emerging	 infectious	 disease	

(Morse	 and	 Schluederberg,	 1990;	 Morse,	 1993).	 Whilst	 an	 emerging	 disease	
may	 arise	 from	 a	 newly	 evolved	 strain,	 this	 is	 rare,	 and	 more	 commonly	 an	
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epidemic	 will	 occur	 due	 to	 the	 evolution of	 novel	 traits,	 when	 a	 pathogen	 is	

introduced	to	a	previously	naïve	host	population	(geographic	expansion),	or	 if	

changing	 conditions	 alter	 the	 host-pathogen	 dynamics	 (Daszak	 et	 al.	 2000;	

Williams	et	al.	2002;	Engering et	al.	2013).	For	example	it	is	thought	that	either	

changes	 in	pathogenicity	or	 introduction	to	naïve	host	populations	has	 lead	to	

the	 once	 innocuous	 Bd	 having	 severe	 and	 devastating	 effects	 on	 amphibians.		

Changes	 to	 environmental	 conditions	 that	 facilitate	 disease	 can	 lead	 to	

increasing	prevalence	and	spatial	range,	such	as	those	seen	in	Chytridiomycosis	

where	 changing	 climate	 can	 increase	 disease	 range	 by	 shifting	 conditions	

towards	 those	 optimal	 for	 fungal	 growth	 (Pounds	 et	 al.	 2006),	 or	 those	 that	

inhibit	a	host	immune	response	(Rohr	et	al.	2008).		The	analysis	and	mapping	of	

disease	 incidence	 and	 prevalence	may	 alert	 to	 distinctive	 patterns	 of	 disease	

spread/emergence.	 Understanding	 past	 trends	 can	 also	 be	 key	 in	 predicting	

future	incidence	and	determine	risk	in	novel	host	populations.	

Conversely,	a	reduction	in	spatial	range,	or	decrease	in	incidence,	may	occur	if	

the	 susceptible	 host	 population	becomes	 restricted.	 For	 infections	dictated	by	

environmental	 variables,	 fluctuations	 providing	 conditions	 that	 are	 either	 a)	

advantageous	 to	 the	 host,	 b)	 or	 negatively	 impact	 the	 pathogen	 and	

transmission	mechanisms,	may	result	in	a	reduction	in	the	distribution	range	or	

the	 disappearance	 of	 disease	 at	 previously	 infected	 sites.	 In	 addition,	 if	 the	

number	of	infected	or	susceptible	hosts	drops	below	a	threshold,	disease	cannot	

be	sustained	in	the	population	(Earn	et	al.	2000).	For	example,	long-term	host-

parasite	 relationships	 can	 reach	 evolutionarily	 stable	 states,	 typified	 by	 high	

transmission	 rates	 (likely	 observed	 as	 high	 prevalence’s)	 and	weak	 virulence	

(May	 and	 Anderson,	 1983).	 If	 annual	 data	 indicates	 little	 or	 inconsistent	

patterns	 in	 the	 observed	 prevalence	 or	 spatial	 range,	 it	 may	 indicate	 that	 an	

evolutionary	stable	state	has	been	reached	suggestive	of	an	endemic	and	well-

established	host-pathogen	system.	

Little	 has	 been	 investigated	 regarding	 the	 annual	 trends	 in	 the	 incidence	 and	

prevalence	 of	 dermocystid	 disease	 in	 amphibian	 populations.	 Only	 one	 study	

has	provided	annual	estimates	of	disease	from	the	same	populations	across	two	
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consecutive	years,	reporting	an	increase	in	the	prevalence	of	Amphibiocystidium	

ranae	in	two	host	species;	45.5%	to	52.4%	in	R.	esculenta,	and	14.3%	to	17.3%	

in	R.	 lessonae	 (Pascolini	et	al.	 2003).	 This	 observation	was	 associated	with	 an	

overall	 decline	 in	 the	 host	 population	 although	 details	 of	 this	 decline	 are	 not	

given.	 In	 addition,	 no	 speculation	 as	 to	 the	 cause	 of	 this	 increase	 in	 disease	

prevalence	was	discussed.	

1.11.	BROAD	SPATIAL	SURVEYING	AND	NON-INVASIVE	DIAGNOSIS	

For	 intracellular	 microparasites,	 disease	 diagnosis	 and	 confirmation	 of	 the	

causative	agent	usually	 requires	 tissue	histopathology,	DNA	sequencing	of	 the	

parasite	 or	 the	 detection	 of	 antibodies	 specific	 to	 known	 infections	 using	

enzyme-linked	 immunosorbent	 assay	 (ELISA).	 These	 techniques	 generally	

require	obtaining	 infected	 tissue	or	blood	samples,	which	can	be	 invasive	and	

takes	skilled	professionals.	Non-invasive	diagnoses	are	methods	 that	allow	 for	

disease	 to	 be	 confirmed	 without	 the	 need	 to	 take	 tissue	 or	 blood	 samples.	

Swabbing	 of	 infected	 tissue	 with	 sterile	 cotton	 swabs	 is	 a	 popular	 technique	

across	human	and	veterinary	medicine	to	confirm	a	wide	range	of	diseases	(e.g.	

Sadler	et	al.	2001;	Lira	et	al.	2010).	

Oral,	 cloacal	 and	 dermal	 swabbing	 has	 proved	 effective	 at	 detecting	

Chytridiomycosis	 and	 Ranavirosis	 in	 individual	 hosts	 using	 quantitate	

polymerase	chain	reaction	(qPCR)	to	isolate	the	targeted	pathogen	DNA	(Boyle	

et	al.	2004;	Hyatt	et	al.	2007;	Gray	et	al.	2012;	Kolby	et	al.	2014).	 	Confirming	

infection	using	dermal	swabs	that	can	be	collected	by	researchers	or	volunteers	

with	minimal	training,	has	allowed	for	fast	diagnosis	without	the	use	of	invasive	

techniques	(Cunningham	and	Minting,	2008).		Particularly	for	Chytridiomycosis	

these	 methods	 have	 since	 facilitated	 numerous	 surveys	 across	 the	 world	

allowing	 for	 large	 data	 sets	 to	 be	 collected	 on	 the	 incidence,	 prevalence	 and	

infection	burden	of	disease	placing	these	disease	characteristics	 in	the	context	

of	space	and	time	(Lips	et	al.	2006;	Moreno	et	al.	2011;	Reeder	et	al.	2011).	For	

example,	two	national	surveys	across	the	UK	in	2008	and	2011	allowed	for	Bd	

host	 range,	 distribution	 and	 prevalence	 rise	 to	 be	 identified.	 These	 projects	



were	 successful	 in	 generating	 public	 interest	 and	 raising	 awareness	 of	 Bd	 in	

addition	to	generating	large	data	sets	(~6000	individuals	swabbed	in	2008)	that	

could	 be	 utilised	 for	 future	 analysis	 with	 potential	 for	 the	 development	 of	

management	strategies	(Cunningham	and	Minting,	2008;	Smith,	2011).	

Environmental	DNA	(eDNA)	has	become	a	popular	technique	to	address	many	

ecological	 and	 conservation	 objectives	 (Goldberg	 et	 al.	 2015;	 Thomsen	 and	

Willerslev,	 2015).		Sequence	 data	 is	 isolated	 from	 sediment	 or	water	 samples	

giving	 an	 indication	 to	 the	 presence	 of	 the	 organisms	 residing	 in	 the	 target	

habitat	 (Poinar	 et	 al.	 1998;	 Valiere	 and	 Taberlet,	 2000).	 Depending	 on	

environmental	conditions	such	as	pH,	UV	radiation	levels	and	temperature,	DNA	

can	 persist	 in	 the	 environment	 anywhere	 from	 a	 few	 days,	 to	 thousands	 of	

years,	making	eDNA	a	useful	 tool	 for	 identifying	past	and	present	biodiversity	

(Ravanat	 et	al.	 2001;	 Pederson	 et	al.	 2015).	More	 recently	 it	 is	 being	 used	 to	

explore	the	presence	of	pathogenic	agents	within	a	population	(Longshaw	et	al.	

2012;	Huver	et	al.	2015),	without	the	need	to	sample	the	organism	or	the	host	

itself.	 These	 techniques	 have	 a	 wide	 range	 of	 applications	 in	 parasitology	

(reviewed	 in:	 Bass	 et	 al.	 2016).	 For	 example,	 confirming	 the	 presence	 of	

infection	 in	a	population	 is	often	 labour	and	time	 intensive,	requiring	 invasive	

procedures	to	be	performed	by	trained	professionals,	however	the	use	of	eDNA	

has	the	potential	to	increase	the	ability	to	survey	parasites	in	new	locations	and	

even	 quantify	 pathogen	density	 (Li	et	al.	 2010;	Wakeman	 and	 Leander,	 2013;	

Huver	et	al.	2015).	

Whilst	 amphibian-infecting	 dermocystid	 infection	 presents	 with	 as	 grossly	

distinct	 pathologies,	 diagnosis	 currently	 requires	 skin	 samples	 for	

histopathology	 and	DNA	 sequencing	 to	 confirm	 the	 presence	 of	 the	 pathogen.	

This	 means	 that	 sampling	 potential	 is	 limited	 to	 obtaining	 localised	 tissue	

samples	 from	 live	 animals,	 such	 as	 toe	 clipping,	 or	 euthanasia	 of	 at	 least	 one	

infected	 individual	 in	 order	 to	 obtain	 larger	 samples	 of	 infected	 tissue.	 Both	

require	 trained	 researchers	 to	 perform	 procedures,	 and	 whilst	 toe	 clipping	

eliminates	 the	 need	 to	 euthanize	 animals	 it	 may	 miss	 localised	 infections	 or	

adversely	 impact	 the	 host	 (Davis	 and	 Ovaska,	 2001;	Wright,	 2001).	 However,	

60	



CHAPTER	1	

without	resources	or	trained	researchers	available	to	collect	live	specimens	and	

obtain	tissue	samples	for	PCR	or	histopathology,	these	cases	go	unconfirmed.	In	

addition,	 developing	 techniques	 such	 as	 swabbing	 or	 eDNA	 like	 those	used	 in	

Chytrid	and	Ranavirus	could	facilitate	larger	studies	generating	large	databases	

to	further	test	hypotheses	and	assess	disease	risk	in	the	UK.	

1.12.	DEVELOPING	A	PATHOGEN	PROFILE	

Compiling	 a	 more	 comprehensive	 pathogen	 profile	 is	 a	 vital	 next	 step,	 and	

accurate	 characterisation	 for	 essential	 diagnosis.	 Taxonomic	 classification	 is	

important	in	order	to	determine	the	causative	agent,	where	it	fits	taxonomically,	

and	 compare	 to	 phylogenetically	 similar	 organisms.	 There	 are	 several	 ways	

commonly	used,	 (often	 in	 conjunction)	 to	 characterise	 and	 classify	pathogens,	

including	 culturing,	 gross	 and	 histopathology	 descriptions	 and	 phylogenetic	

analysis	of	DNA	sequence	data	(e.g.	Borman	et	al.	2008;	Milanin	et	al.	2010;	Zhu	

and	Xiao,	2015).	Culturing	 can	be	a	useful	 first	 step	 in	broadly	 identifying	 the	

pathogenic	agent,	and	the	ability	to	isolate	and	propagate	a	pathogen	in	culture	

can	 facilitate	 invaluable	 infection	 experiments	 to	 investigate	 transmission	

(Nichols	 et	 al.	 2001),	 pathogen	 virulence	 (Berger	 et	 al.	 2005)	 and	 host	

susceptibility	 (Daszak	 et	 al.	 2004).	 However,	 attempts	 to	 culture	

Mesomycetoean	pathogens	have	had	mixed	success,	and	whilst	some	progress	

has	been	made	with	pathogens	such	as	R.	seeberi	(Krishnamoorthy	et	al.	1989)	

and	taxonomically	similar	 Ichthyophonus	spp.	 (Okamoto	et	al.	1985;	Spangaard	

et	al.	 1995;	 Franco-Sierra	 et	al.	 1999),	 and	 S.	destruens	 (Paley	 et	al.	 2012)	 no	

attempts	 to	 culture	 amphibian-infecting	 dermocystids	 have	 been	 successful	

(Pereira	et	al.	2005).	

1.12.1.	Gross	and	histopathology			

1.12.1.1.	Distinct	gross	pathologies	and	associated	pathogenic	agents	

Comprehensive	descriptions	of	gross	and	histological	pathologies	are	important	

for	accurately	diagnosing	amphibian	diseases.	This	includes	observations	of	the	

gross	clinical	signs,	pathogen	ultrastructure,	tissue	specificity	and	physiological	
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changes	 in	 the	 host.	 Describing	 the	 gross	 presentation	 of	 disease	 is	 often	 the	

first	 step	 in	 broadly	 classifying	 the	 causative	 agent	 (see	 chapter	4),	 and	 some	

common	 amphibian	 diseases	 will	 present	 with	 grossly	 significantly	 different	

pathologies	(Densmore	and	Green,	2007).	For	example,	superficial	reddening	of	

the	skin,	or	erythema,	is	characteristic	of	bacterial	infections	commonly	referred	

to	 as	 red-leg	 (Densmore	 and	 Green,	 2007),	 whilst	 amphibians	 infected	

with	 ranaviruses	 will	 often	 display	 behavioural	 or	 pathological	 changes	

such	 as	 lethargy,	 anorexia,	 abnormal	 swimming	 or	 generalised	

swelling	 or	haemorrhaging	 (Wolf	 et	 al.	 1969;	 Docherty	 et	 al.	2003;	 Johnson	

and	 Wellehan	 2005).	 Dermocystid	 disease	 consistently	 presents	 as	

characteristic	intra-dermal	lesions	 that	 can	 vary	 in	 shape	 and	 size	 depending	

on	 parasite	 burden	 and	 the	 infective	 agent.	 For	 example,	 the	 first	

observation	 of	 Amphibiothecum	 penneri	 (Dermosporidium	 penneri;	 Jay	 and	

Pohley,	 1981)	 described	 oval	 cysts	 with	distinct	 depressions	 in	 the	 centre,	

whilst	 studies	 of	 Amphibiocystidium	 ranae	 and	 A.	 viridescens	 observed	

pathologies	 that	 range	 from	 small	 and	 precise	 spherical	 cysts	 to	 larger	

distinct	 u-shaped	 swellings	 (Guyénot	 and	 Naville,	 1922;	 Broz	 and	 Privora,	

1952;	 Pascolini	 et	 al.	 2003;	 Raffel	 et	 al.	 2008;	 Whitaker	 and	Wright,	 2001),	

both	 of	 which	 are	 distinct	 from	 the	 larger,	 multi-focal	 nodules	 associated	

with	 dermocystid	 infection	 in	 France	 (González-Hernández	 et	 al.	 2010;	

Courtois	 et	 al.	 2013).	 Furthermore,	 cysts	 and	 lesions	 caused	 by	 A.	 ranae	and	

A.	 viridescens	 are	 consistently	 reported	 to	 cluster	 on	 the	 ventral	 abdomen	 of	

infected	host’s	(Broz	and	Privora,	1952;	Pascolini	et	al.	2003;	Raffel	et	al.	2008;	

Whitaker	 and	 Wright,	 2001),	 whilst	 dermocystid	 infection	 in	 France	

recorded	the	 highest	 abundance	 of	 pathologies	 across	 the	 dorsal	 surface	

and	 tail	(González-Hernández	et	al.	2010).	

1.12.1.2.	Histopathology	and	pathogen	identification	

Histological	 examination	 of	 infected	 host	 tissue	 allows	 for	 the	 pathogen	

morphology	 and	 ultrastructure	 to	 be	 explicitly	 described,	 and	 often	 further	

refines	 potential	 diagnosis.	 Dermocystid	 pathogens	 are	 characterised	 by	 the	

production	 of	 spherical	 cysts	 (sporangia),	 of	 approximately	 100	 –	 450µm,	



	

CHAPTER	1	

	 63	

containing	hundreds	of	endospores	 (Mendoza	et	al.	2002).	The	delimitation	of	

cysts	 into	 chambers	 by	 septa	 seems	 to	 be	 consistent	 for	 most	 amphibian-

infecting	dermocystids	(Broz	and	Privora,	1952;	Jay	and	Pohley,	1981;	Whitaker	

and	 Wright,	 2001;	 Mendoz	 et	 al.	 2002).	 However,	 unique	 patterns	 of	 cyst	

delimitation	 and	 spore	 formation	 can	 further	 distinguish	 these	 pathogens	

(Mendoza	et	al.	2002).	For	example,	the	absence	of	chambers	was	reported	for	

A.	viridescens	infecting	red-spotted	newts	(Raffel	et	al.	2008),	whilst	the	further	

segmentation	 of	 these	 chambers	 into	 2-4-subcompartments	 was	 described	 in	

dermocystid	 infection	 in	 France	 (González-Hernández	 et	al.	 2010).	 Further	 to	

these	uniform	chambers,	Jay	and	Pohley	(1981)	noted	distinct	patterns	of	spore	

formation	within	cysts,	where	 immature	spores	were	 located	at	 the	periphery	

and	mature,	or	“ripe”,	spores	at	the	centre.	Despite	no	observed	chambers	Raffel	

et	al.	(2008)	noted	similar	patterns	where	mature	spores	appeared	to	 line	 the	

periphery	 of	 cysts.	 In	 contrast,	 González-Hernández	 et	 al.	 (2010)	 described	

immature	spores	clustered	at	the	centre	of	each	cyst	and	mature	spores	in	the	

peripheral	compartments	with	chambers	appearing	to	disintegrate	towards	the	

external	edges,	speculating	that	this	facilitates	the	release	of	‘free	living’	mature	

spores.	As	well	as	helping	to	identify	the	taxonomic	affiliation	of	the	pathogen,	

the	clinical	presentation	of	disease	and	histological	observations	can	reflect	the	

host-pathogen	 interaction,	 and	 allude	 to	 important	 disease	 processes	 such	 as	

pathogen	virulence	and	host	susceptibility	(Washington,	1996).	

1.12.1.3.	Amphibian	immune	response	

The	 severity	 of	 disease	 outcome	 is	 in	 part	 mediated	 by	 host	 immunity,	 and	

histopathology	can	give	the	first	indication	that	an	immune	response	is	present	

and	 the	 host	 can	 fight	 infection.	 Amphibian	 skin	 is	 permeable,	 and	 whilst	 it	

facilitates	 their	 semi-aquatic	 lifestyles	 there	 is	an	 increased	risk	of	pathogenic	

agents	penetrating	the	epidermis	and	causing	infection.	There	is	some	evidence	

of	adaptive	immunity	in	amphibians	in	response	to	important	pathogenic	agents	

(Rollins-Smith	et	al.	1992;	Richmond	et	al.	2009),	however	this	often	evolves	too	

slowly	to	protect	species	from	new	or	emerging	pathogens	(Berger	et	al.	2998).	
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Anti-microbial	 communities	 present	 on	 amphibian	 skin	 and	 anti-microbial	

peptides	(AMPs)	produced	by	dermal	glands,	represent	two	major	aspects	of	the	

innate	immune	defence	in	amphibians	(Rollins-Smith	and	Conlon,	2005;	Harris	

et	al.	2006;	Rollins-Smith,	2009;	2011;	Ramsey	et	al.	2010).	Amphibian	skin	 is	

rich	in	mucus	and	granular	glands	(Noble	and	Noble,	1944;	Fox,	1994),	and	it	is	

these	 granular	 glands	 that	 produce	 and	 secrete	 AMPs	 (Rollins-Smith	 et	 al.	

2005).	 The	 centre	 of	 each	 granular	 gland	 is	 packed	 with	 active	 cationic	 and	

hydrophobic	 peptides	 that	 can	 reorganize	 into	 an	 amphipathic	 α-helix	 when	

bound	 to	 charged	 target	 cell	 membranes	 (Dockray	 and	 Hopkins,	 1975;	

Giovannini	et	al.	1987;	Yeaman	and	Yount,	2003).	Whilst	the	exact	mechanisms	

of	 AMP	 action	 are	 under	 debate,	 they	 are	 known	 to	 be	 active	 against	 many	

bacteria,	 fungi,	 protozoa	 and	 viruses	 (Simmaco	 et	 al.	 1998;	 Zaslof,	 2002;	

Rinalidi,	2002),	for	example,	inhibiting	the	in	vitro	growth	of	Bd	(Rollins-Smith,	

2009)	and	Basidiobolus	ranarum	(Rollins–Smith	et	al.	2002).	AMPs	are	released	

in	response	to	alarm	or	 injury	(Rollins-Smith	et	al.	2005;	Calhoun	et	al.	2016),	

following	which	the	gland	regenerates	and	peptide	content	is	restored	(Ramsey	

et	al.	2010).		

There	 is	 some	 evidence	 to	 suggest	 that	 certain	 environmental	 conditions	 can	

negatively	 impact	 the	 immune	 capability	 of	 amphibians	 (Rollins-Smith	 et	 al.	

2011).	 Low	 temperatures	 can	 significantly	 impact	 immune	 function	 (Lin	 and	

Rowlands	 1973;	Jozkowicz	 and	 Plytycz	 1998),	 and	 it	 is	 hypothesised	 that	

amphibian	die-offs	associated	with	Chytrid	in	populations	at	high	altitudes	and	

low	temperatures	are	partly	the	result	of	impaired	immune	function	(Bradley	et	

al.	2002;	Kriger	et	al.	2007;	Fisher	et	al.	2009).	Exposure	to	pesticides	(Rohr	et	

al.	 2009)	 and	 environmental	 chemicals	 (Rohr	 and	 McCoy,	 2010)	 can	 also	

suppress	 the	 immune	 system	 but	 these	 interactions	 are	 generally	 not	 well	

understood	(Rollins-Smith	et	al.	2011).		

More	recently,	water	pH	has	been	 identified	as	a	 factor	 leading	 to	variation	 in	

post-metamorphic	 AMP	 production,	 however	 the	 interactions	 between	 AMPs,	

microbial	communities	(another	 innate	 immune	defence	 found	 in	amphibians)	

and	 environmental	 conditions	 is	 complex	 and	 varies	 between	 populations	
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(Krynak	 et	 al.	 2015).	 In	 addition,	 elevated	 corticosteroid	 levels	 linked	 to	

increased	stress	associated	with	metamorphosis,	reproduction	and	food	scarcity	

can	 lead	 to	 immunosuppression	 (such	 as	 a	 reduced	 ability	 to	 regenerate	

peptides)	 and	 therefore	 higher	 disease	 susceptibility	 (Ramsey	 et	 al.	 2010;	

Rollins-Smith	et	al.	2011).	

1.12.2.	Phylogenetics	

Whilst	 gross	 and	 histopathological	 examination	 is	 vital	 for	 initial	 pathogen	

descriptions,	 broad	 classification	 and	 gaining	 insight	 into	 the	 processes	 of	

disease	within	the	host,	it	is	often	necessary	to	perform	phylogenetic	analysis	to	

confirm	taxonomic	affiliation	and	refine	the	intra-genus	relationships.	

1.12.2.1.	Traditional	phylogenetics	and	increasing	use	of	molecular	data	

Phylogenetic	 analysis	 is	 a	 vital	 part	 of	 classifying	 organisms	 taxonomically.	

Traditionally,	 a	 data	 matrix	 was	 produced	 using	 observed	 morphological	

characteristics	or	DNA	bases,	which	were	analysed	using	clustering	algorithms	-	

which	group	 individuals	by	similarities	or	differences	 -	 or	 parsimony	methods	 -	

which	presume	the	smallest	number	of	morphological	changes	or	gene	mutations	

is	 the	 most	 plausible	 topology	 -	 to	 determine	 the	 most	 likely	 phylogenetic	

relationships	(Zang,	1999;	Mount,	2004).	However	as	the	ability	to	obtain	DNA	

sequences	is	becoming	easier	and	cheaper,	leading	to	the	exponential	growth	of	

genetic	 databases,	 molecular	 phylogenetics	 have	 become	 more	 popular	 and	

have	 resulted	 in	 the	need	 for	more	advanced	modelling	 techniques	 (Swofford,	

2002).	 Whilst	 some	 complexity	 can	 be	 added	 to	 simple	 clustering	 and	

parsimony	methods,	 such	as	weighting	characters,	 this	 still	does	not	allow	 for	

the	complex	processes	of	gene	mutation	to	be	accounted	for,	which	can	lead	to	

poorly	 supported	or	 inaccurate	groupings	 (Schuh,	2000;	Goloboff	et	al.	 2008).	

Model	 based	 approaches,	 such	 as	 maximum	 likelihood	 (ML)	 and	 Bayesian	

analysis,	 allow	 information	 to	 be	 added	 that	 better	 reflects	 the	 evolutionary	

processes	acting	on	DNA	(Felsenstein	1981;	2001,	Yang	and	Rannala,	1997).	In	

addition,	models	can	be	altered	to	account	 for	 inherent	differences	within	and	
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between	 data	 types,	 for	 example,	 coding	 and	 non-coding	 gene	 regions	 will	

evolve	differently	so	models	can	be	altered	to	reflect	these	differences	(Yang	et	

al	 1994;	 Posada,	 2008).	 The	 exponential	 growth	 of	 genomic	 databases,	

advancement	 in	computer	power,	and	the	ability	to	quickly	run	even	the	most	

complex	 models,	 has	 resulted	 in	 a	 surge	 in	 molecular	 phylogenetics	 during	

recent	years.		

1.12.2.2.	Maximum	Likelihood	

Likelihood	 refers	 to	 “the	 probability	 of	 the	 data	 given	 the	model”	 (Zang	 et	al.	

1994).	 In	 phylogenetics	 the	 tree	 can	 be	 considered	 part	 of	 the	model,	 so	 the	

likelihood	 is	 the	 probability	 of	 the	 data	 given	 both	 the	 evolutionary	 model	

chosen	 and	 the	 tree	 (Felsenstein,	 1981).	 The	 ML	 tree	 is	 the	 topology	 which	

provides	the	highest	likelihood	values	under	the	given	model	conditions.	Within	

ML	 nucleotide	 substitution	 models	 are	 employed	 to	 simulate	 sequence	

evolution.	These	models	differ	in	their	free	parameters	(θ),	i.e.	the	aspects	of	the	

model	 that	 can	 vary.	 Models	 account	 for	 four	 main	 aspects	 of	 sequence	

evolution:	

i) The	proportion	of	base	frequencies;		
ii) The	tendency	of	one	base	to	change	to	another;		
iii) Site	 to	site	rate	variation	(variation	 in	mutation	rates	between	gene	

regions);	
iv) Invariable	sites	(back	mutations	which	are	not	observable)	

The	simplest	model,	with	no	free	parameters	is	the	Jukes	and	Cantor	(JC:	Jukes-

Cantor,	1969)	where	all	base	frequencies	and	all	substitutions	are	equal,	whilst	

the	most	parameter	rich	is	the	general	time	reversible	(GTR)	model	with	site	to	

site	 rate	 variation	 and	 invariable	 sites	 (GTR	 +	 G	 +	 I)	 which	 has	 10	 free	

parameters,	 assuming	 different	 frequencies	 for	 each	 base	 and	 assigns	 6	

different	 substitution	 types.	When	 analysis	 is	 run,	 possible	 trees	 are	 explored	

and	 scored	 to	 choose	 the	 topology	 that	 best	 fits	 the	 data,	 i.e.	 has	 the	 highest	

likelihood	 score.	 In	 exhaustive	 searching,	 every	 possible	 tree	 is	 found	 and	

scored,	 selecting	 the	 one	 with	 the	 highest	 likelihood	 score.	 However,	 as	 the	

number	of	taxa	increases	the	number	of	possible	trees	increases	exponentially	
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and	it	can	become	impossible	to	perform	an	exhaustive	search.	For	programmes	

such	as	PAUP*	exhaustive	searching	cannot	be	performed	if	the	number	of	taxa	

exceeds	12.	Branch	and	bound	is	an	algorithm-based	approach,	which	searches	

through	 trees	 and	 retains	 those	 that	 are	 optimal.	 Several	 heuristic	 searching	

methods	 have	 been	 developed	 to	 explore	 reasonable	 trees	more	 quickly,	 and	

find	an	optimal	tree.	These	include,	nearest	neighbour	 interchange	(NNI),	sub-

tree	pruning	(STP)	and	Tree-bisecting	and	reconnection	(TBR).		

1.12.2.3.	Bayesian	phylogenetics	

Whilst	ML	considers	the	data	uncertain	and	tries	to	quantify	the	likelihood	that	

the	topology	would	generate	the	data,	Bayesian	inference	uses	the	data	to	assess	

different	topologies	where	the	posterior	probability	gives	a	direct	indication	of	

how	many	 times	 these	 relationships	 are	 recovered	 (Huelsenbeck	 et	 al.	 2001;	

Brown,	 2003).	 Bayesian	 phylogenetics	 searches	 through	 trees	 to	 find	 a	 set	 of	

topologies	 with	 the	 probability	 of	 each	 branch	 displayed	 as	 the	 ‘posterior	

probability’,	 where	 possible	 trees	 are	 restricted	 by	 prior	 information	 and	 the	

data.	 Bayesian	 uses	 the	 data	 to	 arbitrate	 between	 different	 models	 (here	

topologies),	 with	 the	 topology	 and	 parameters	 treated	 as	 random	 variables	

(Huelsenbeck	et	al.	2002;	Douady	et	al.	2003).	After	analysis	is	run	and	optimal	

trees	have	been	 identified	a	 consensus	 tree	 is	 created	with	 support	 for	 clades	

(their	frequency	of	appearance)	displayed	as	the	posterior	probability.		

However,	the	development	of	reconstruction	methods	has	lead	to	more	choices	

to	be	made	when	selecting	a	method,	and	different	models,	where	the	methods	

and	 models	 chosen	 can	 lead	 to	 different	 conclusions	 regarding	 phylogenetic	

relationships	(Kelsey	et	al.	1999).	Several	studies	have	compared	the	efficiency	

and	 accuracy	 of	 Bayesian	 and	 Maximum	 Likelihood	 topologies	 (Beerli,	 2003;	

Douady	 et	 al.	 2003;	 Akani	 et	 al.	 2015),	 however	 both	 methods	 offer	 valid	

options	and	choice	between	Bayesian	and	ML	is	often	down	to	user	preference.	

In	addition,	different	substitution	models	can	be	implemented	within	ML	and	if	

an	unsuitable	model	 is	 implemented,	 incorrect	or	misleading	 conclusions	may	

be	drawn	(Yang	et	al.	1994).	Again,	advances	in	model	selection	methods	have	
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improved	 the	 ability	 to	 choose	 a	 sufficient	model,	 however	 differences	 in	 the	

selection	 methods	 used	 can	 conclude	 different	 ‘optimum’	 models	 (Posada,	

2008).		

1.12.2.4.	Molecular	phylogenetics	and	amphibian-infecting	dermocystids	

The	number	of	species	being	described	in	the	dermocystid	order	has	increased	

with	 the	 use	 of	 molecular	 sequencing	 (Gozlan	 et	 al.	 2014),	 and	 molecular	

phylogenetics	 has	 been	 particularly	 important	 for	 resolving	 the	 complex	 and	

unclear	 taxonomic	 relationships	 of	 the	 amphibian-infecting	 dermocystids	

(Feldman	et	al.	2005;	Pereira	et	al.	2005).	Pereira	et	al.	(2005)	first	used	these	

techniques	to	analyse	a	small	region	of	18SrRNA	from	infected	P.	esculenta	and	

P.	 lessonae,	 officially	 confirming	 the	 pathogen	 to	 be	 a	 member	 of	 the	

Dermocystids.	 Several	 papers	 have	 now	 made	 use	 of	 sequence	 data	 and	

phylogenetic	 analysis	 to	 confirm	 the	 affiliation	of	 amphibian	pathogens	 to	 the	

dermocystids	(Feldman	et	al.	2005;	Pereira	et	al.	2005;	González-Hernández	et	

al.	2010).	The	amphibian-infecting	pathogens	are	now	considered	to	span	two	

genera,	 Amphibiocystidium	 and	 Amphibiothecum,	 within	 the	 Dermocystida	

(Feldman	et	al.	2005).		

1.13.	INVESTIGATING	DISEASE	ON	RUM	

In	light	of	the	recent	declines	in	amphibian	species	linked	to	emerging	diseases	

(Skerratt	 et	 al.	 2007),	 the	 increase	 in	 reports	 of	 Amphibiocystidium	 and	

Amphibiothecum	pathogens	 (Densmore	 and	Green,	 2007),	 and	 the	 appearance	

of	 mortality	 events/host	 declines	 linked	 to	 dermocystids	 (Raffel	 et	 al.	 2008;	

Pascolini	et	al.	2008)	more	research	is	needed	to	understand	the	risk	they	pose	

to	 their	hosts	and	conditions	which	may	alter	 the	outcome	of	disease.	This,	 in	

turn,	 will	 help	 with	 disease	 management	 and	 identifying	 high-risk	 areas	 (i.e.	

populations	 where	 changing	 conditions	 could	 facilitate	 outbreaks,	 increased	

severity	or	mortality).		

Initial	 reports	 suggest	 that	disease	occurrence	and	outcome	can	vary	spatially	

(Anderson,	 2011;	 McMurdo-Hamilton,	 2012),	 which	 may	 allow	 for	 spatially	
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explicit	risk	factors	to	be	explored	building	on	knowledge	of	disease	dynamics.	

However,	the	degree	of	variation	and	distribution	across	the	island	is	not	known	

and	 needs	 further	 examined	 over	 a	 broader	 spatial	 range	with	 larger	 sample	

sizes	to	give	robust	estimates	of	disease	prevalence.	In	addition,	the	pathologies	

described	 suggest	 that	 severe	morbidity	 associated	with	 dermocystid	 disease	

can	develop	on	Rum	(Gray,	2008),	potentially	representing	a	unique	and	severe	

disease	 case	 than	 previously	 described	 (Densmore	 and	 Green,	 2007).	

Investigating	disease	on	the	Isle	of	Rum	could	help	identify	factors	contributing	

to	high	prevalence	or	severe	disease	outcome	that	will	provide	important	data	

on	the	dynamics	of	dermocystid	disease.	

1.14.	STUDY	AIMS	

This	 study	 aims	 to	 use	 a	 multi-disciplinary	 approach	 to	 explore	 dermocystid	

disease	 on	 the	 Isle	 of	 Rum.	 Initially,	 histopathology	 and	 phylogenetic	 analysis	

will	 be	 used	 to	 formally	 describe	 the	 parasite	 causing	 disease	 on	 Rum	 and	

identify	its	relationship	to	other	amphibian-infection	dermocystids.	Histological	

analysis	 will	 further	 be	 used	 to	 develop	 a	more	 detailed	 pathogen	 profile	 by	

incorporating	 observations	 during	 surveying	 and	 preliminary	 results	 of	

experimental	 study	 trials,	 in	 order	 to	 infer	 pathogen	 infection	 cycle/disease	

progression	and	explore	differences	in	disease	outcome	(morbidity,	mortality	or	

recovery).	

Following	characterisation	of	the	parasite	and	disease	presentation,	the	spatio-

temporal	 dynamics	 of	 disease	 on	 the	 island	 will	 be	 investigated.	 Initially	 a	

within-season	 assessment	 will	 be	 made	 in	 order	 to	 determine	 the	 degree	 of	

variation	 across	 a	 single	 breeding	 season.	 This	 will	 also	 determine	 whether	

variation	 is	 likely	 to	 impact	 longer-term	spatial	 and	 inter-annual	 comparisons	

when	 single	 samples	 are	 collected	 in	 a	 season	 at	 different	 points	 in	 time.	 As	

detailed	descriptions	of	disease	pathologies	will	also	be	recorded	during	within-

season	 surveying,	 analysis	 will	 be	 performed	 to	 explore	 changes	 in	 disease	

presentation	 during	 a	 season.	 Incorporating	 knowledge	 from	 histological	
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analysis	 this	 may	 give	 an	 indication	 to	 disease	 progression	 across	 the	

population.	

Broad	spatial	surveys	will	then	be	conducted	each	year	between	2014	and	2016.	

A	purely	spatial	analysis	will	first	be	performed	to	determine	the	distribution	of	

disease	and	identify	significant	spatial	clusters	of	high	or	low	disease	incidence.	

In	addition,	the	relationships	between	the	incidence,	prevalence	and	severity	of	

disease	 to	 environmental	 conditions	 and	 host	 population	 structure	 will	 be	

explored	 to	 determine	 key	 predictors	 of	 disease	 or	 outbreaks.	 Inter-annual	

comparisons	 can	 then	 be	 made	 to	 identify	 temporal	 changes	 in	 disease	

prevalence	 and	 confirm	 whether	 disease	 is	 increasing	 in	 spatial	 range	 or	

prevalence	on	Rum.	

Finally	 this	 thesis	 will	 look	 to	 develop	 the	 use	 of	 non-invasive	 diagnostic	

techniques	 in	 order	 to	 confirm	 the	 presence	 of	 infection	 in	 individuals	 and	

populations	 without	 the	 need	 to	 obtain	 skin	 samples	 or	 carcasses	 for	

histological	examination	or	PCR	to	isolate	parasite	DNA.	

The	main	objectives	include:	

1. To	 formally	 identify	 and	 describe	 the	 causative	 agent	 of	 palmate	 newt 

disease	on	the	Isle	of	Rum	(Chapter	3	and	4)

2. Investigate	the	parasites	pathogenicity	by	observing	morbidity,	mortality 

and	the	host’s	ability	to	recover	from	infection	(Chapter	4	and	6)

3. Identify	the	spatial	distribution	of	disease	risk	on	Rum	(Chapter	7)
4. Explore	 possible	 determinants	 of	 disease	 such	 as	 environmental 

conditions	and	host	population	structure	(Chapter	5,	6	and	7)

5. Assess	 the	 temporal	 aspects	 of	 disease	 to	 form	 hypotheses	 on 

emergence;	i.e.	emerging	epidemic	or	stable	endemic	infection	(Chapter 

8)

6. Begin	preliminary	trials	into	non-invasive	detection	methods	in	order	to 

facilitate	more	 extensive	 surveys	 of	 dermocystid	 disease	 in	 amphibian 

populations	(Chapter	9).	
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CHAPTER	2 

SAMPLING	PROTOCOLS	AND	METHODOLOGIES	

This	Chapter	details	 the	primary	datasets	 that	are	 the	 focus	of	 this	 thesis,	and	

describes	analysis	appearing	in	subsequent	Chapters.	

2.1.	SITE	SELECTION	

In	order	to	select	sites	for	spatio-temporal	surveying	a	preliminary	investigation	

of	potential	locations	and	access	routes	were	made.	First,	the	locations	of	water-

bodies	 visited	 during	 previous	 investigations	 (Anderson,	 2011;	 McMurdo-

Hamilton,	2012)	were	mapped	using	Google	Earth	software	(v.	7.1.2.2019).	The	

island	terrain	was	then	further	investigated	using	Google	satellite	imagery	and	

Ordnance	 Survey	 (OS)	maps	 to	 identify	 small	 lochans,	 or	 areas	 likely	 to	 have	

small	but	static	water	bodies.		

Access	to	certain	areas	on	Rum	is	restricted	in	spring	due	to	the	presence	of	rare	

breeding	birds.	 In	addition,	 consideration	had	 to	be	given	 to	calving	Red	Deer	

monitored	as	part	of	a	longstanding	project.	For	this	reason,	certain	areas	were	

eliminated	from	potential	sites	as	recommended	by	rangers	on	the	Isle	of	Rum	

(Figure	2.1).		
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Figure	2.1:	Ordnance	survey	map	(1:50	000	scale)	of	the	Isle	of	Rum	showing	
the	 location	of	all	 sites	 sampled	between	2014	and	2016.	Sites	 in	 red	 indicate	
locations	also	visited	in	previous	studies	during	2011	or	2012,	and	sites	in	blue	
represent	newly	identified	locations	for	broader	sampled	across	2014	and	2016.	
Red	circle	shows	the	location	of	sites	used	for	intensive	sampling.	Squared	areas	
highlight	locations	restricted	due	to	nesting	rare	birds	and	calving	deer.	

	

Sites	were	selected	that;	a)	had	the	broadest	geographic	spread,	b)	were	easily	

accessible,	 and	 c)	 represented	 a	 range	 of	 prevalence’s	 based	 on	 preliminary	

estimates	(Anderson,	2011;	McMurdo-Hamilton,	2012).		The	terrain	on	Rum	can	

be	 difficult	 to	 navigate	 with	 a	 single	 road,	 limited	 footpaths	 and	 some	

periodically	inaccessible	areas.	A	brief	exploratory	trip	was	made	to	the	Island	

in	March	2014	in	order	to	confirm	the	accessibility	of	potential	sample	sites	and	

map	the	most	efficient	access	routes.	A	 total	of	 thirty-three	sites	were	chosen,	

thirteen	that	had	been	previously	visited	(Anderson,	2011;	McMurdo-Hamilton,	



2012)	 and	 an	 additional	 twenty	 sites	 primarily	 from	 areas	 of	 the	 island	 that	

were	underrepresented	by	previous	sample	sites	(Figure	2.1).	However,	during	

2015	 and	 2016,	 no	 newts	 were	 captured	 at	 two	 sites	 in	 a	 single	 area,	 so	 an	

additional	 site	 was	 sampled	 to	 give	 a	 representative	 prevalence	 of	 the	 area,	

giving	a	total	of	thirty-four	sites	visited	across	the	three	years	(Figure	2.1).	

2.2.	ANNUAL	SAMPLING		

2.2.1.	Data	collection	in	2014	

During	May	 and	 June	 2014,	 thirty-three	 sites	 (Figure	 2.1;	 all	 labeled	 locations	

with	the	exception	of	F10)	were	visited,	and	samples	collected	across	a	six-week	

period.	 No	 newts	were	 captured	 at	 three	 locations	 (see	 section	 7.2.1)	 leaving	

thirty	 sites	 for	 subsequent	 analysis.	 Primary	 data	 collection	 during	 2014	

involved;	i)	a	single	visit	to	each	site	for	broad	spatial	analysis	and	ii)	intensively	

sampling	 a	 sub-set	 of	 five	 sites.	 This	 provided	 two	 primary	 data	 sets	 for	

subsequent	analysis	 (Table	2.1).	Additional	samples	were	collected	 in	order	 to	

perform	 DNA	 sequencing	 and	 molecular	 phylogenetic	 analysis	 (Chapter	 3),	

histopathology	examination	(Chapter	4)	and	capture	of	live	newts	to	be	housed	

in	dedicated	animal	facilities	at	the	Institute	of	Zoology	for	the	development	of	

husbandry	techniques	(Chapter	4).	

Table	 2.1:	 Primary	 data	 sets	 collected	 during	 2014	 and	 used	 for	 analysis	 in	
specified	chapters	

Analysis Sites Visits Total catch Chapter 

Phylogenetic analysis Two N/A 6 3 

Histological analysis Three N/A 36 4 

Temporal (Within-season) Six Six 1277 5 and 6 

Spatial (Annual) Thirty One 757 7 and 8 

Temporal	within-season	sampling	involved	multiple	visits	to	the	same	sites,	and	

therefore	 the	 samples	 collected	 from	 a	 single	 site	 were	 not	 truly	

independent.	 This	 problem	 is	 known	 as	 pseudo	 replication	 and,	 if	 not	

accounted	 for,	 can	 impact	 how	 data	 is	 analysed	 and	 interpreted	 (Hulbert,	
1984).	Whilst	 pseudo		
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replication	 was	 unavoidable	 it	 is	 necessary	 to	 be	 aware	 of	 the	 issue	 when	

handling	data	and	account	for	non-independence,	where	possible,	in	subsequent	

statistical	models	(see	section	2.1.4.6.	on	mixed-effects	models).	Whilst	mixed-

effects	models	will	account	for	the	non-independence	of	sites,	it	will	not	account	

for	the	possible	non-independence	of	individual	newts.	However	as	it	could	not	

be	 known	whether	 the	 same	 individual	was	 sampled	 across	multiple	 visits	 or	

not,	the	data	was	considered	independent	for	subsequent	analysis.	

2.2.2.	Data	collection	during	2015	and	2016	

2.2.2.1.	Pre-breeding	season	investigation		

In	order	to	gain	more	information	regarding	the	hibernation	habits	of	palmate	

newts	 on	Rum,	 and	 to	 ensure	 that	 the	 sampling	 season	 chosen	 (May	 to	 June)	

represented	 the	 height	 of	 breeding	 season,	 a	 brief	 sampling	 trip	 was	 made	

between	29th	March	and	2nd	April	2015.	Sampling	was	performed	at	seven	water	

bodies,	selecting	sites	based	on	accessibility	to	main	paths	due	to	unpredictable	

weather	causing	poor	visibility	(H1,	H2,	R7,	A2,	KG4,	R3	and	R4;	Figure	2.2).		

Figure	 2.2:	OS	map	of	 the	 Isle	 of	Rum	with	 the	 locations	of	 sites	 visited	
during	March	2015.	
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2.2.2.2.	Annual	surveys	

Broad	spatial	surveys	performed	in	2014	were	repeated	during	Spring	(May	to	

June)	of	2015	and	2016.	As	no	newts	were	captured	at	sites	F4	and	F6	(Figure	

2.1)	 an	 alternative	 site	 not	 sampled	 in	 2014	 (F10)	was	 visited.	 Excluding	 the	

three	sites	where	no	newts	were	captured	during	2014	(n	=	3)	thirty-one	of	the	

thirty-four	sites	 (Figure	2.1)	were	visited.	 In	addition,	on	occasion	sites	had	to	

be	 avoided	 or	 again,	 no	 newts	 were	 captured;	 this	 is	 further	 discussed	 in	

Chapter	 8.	 Annual	 sampling	 provided	 spatio-temporal	 data	 used	 to	 explore	

annual	 variation	 in	 disease	 dynamics	 (Table	 2.2).	 Additional	 data	 was	 also	

collected	 during	 field	 surveys	 between	 2014	 and	 2016.	 This	 included:	

preliminary	data	from	trials	of	experimental	studies	(Chapter	4);	swabbing	and	

eDNA	samples	(Chapter	9).	

Table	 2.2:	 Primary	 data	 sets	 collected	 during	 2015	 and	 2016,	 and	 used	 for	
analysis	in	specified	chapters	

Year Analysis Sites Total catch Chapter 

2015 Trial studies Six N/A 4 

2015 Spatio-temporal (Annual) Twenty-six 802 8 

2015 & 2016 Swabbing and eDNA Twenty-eight N/A 9 

2016 Spatio-temporal (Annual) Twenty-eight 934 8 

2.3.	SAMPLING	PROTOCOLS	

2.3.1.	Newt	surveying	

Spatio-temporal	 data	was	 collected	 between	 2014	 and	 2016,	 during	May	 and	

June	each	year.	Water	bodies,	or	sites,	ranged	from	shallow	ponds	(min.	~2m2;	

Figure	 2.3A)	 to	 small	 lochans	 (max.	 ~3,400m2;	 Figure	 2.3B).	 At	 each	 site,	

sampling	 was	 conducted	 in	 a	 standardized	 manner	 to	 sample	 the	 newt	

populations	 and	 collect	 environmental	 data.	 Newts	 were	 captured	 by	 dip	

netting	 the	 perimeter	 of	 the	 pond	 (Figure	 2.4A	 &	 B)	 and	 performing	 visual	

searches	though	submerged	reeds	and	vegetation.		
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Figure	2.3:	 Images	of	different	sample	sites	 including;	A)	a	
small,	shallow	pond	of	~3m	in	diameter	and	30	to	100cm	in	
depth;	and	B)	an	area	in	the	center	of	the	island	where	black	
arrows	indicate	small	lochans	(H2	and	H3;	Figure	2.1).	

Figure	2.4:	Samplers	dip-netting	the	perimeter	of	sites	and	
placing	newts	into	tubs	on	the	bank	of	ponds	

 B

 A

A

B
Shaw, D. 2015. Samplers on the Isle of Rum
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Each	 site	was	 sampled	 for	 a	maximum	of	 120	minutes,	 adjusting	 time	 for	 the	

number	of	samplers.	For	example	if	two	samplers	present;	120	minutes	/	2	=	60	

minutes	 maximum	 sampling	 time	 each.	 However,	 if	 total	 catch	 exceeded	 50	

animals,	 sampling	was	suspended	before	 the	elapsed	time.	This	was	 to	ensure	

that	 the	 containers	being	used	 to	 store	 animals	did	not	become	overcrowded,	

and	to	reduce	processing	time	so	as	not	to	compromise	the	welfare	of	animals.	

Captured	animals	were	placed	into	small	containers	filled	with	pond	water	and	

reeds,	and	held	until	the	sampling	time	was	complete	(Figure	2.5).		

Figure	 2.5:	 A	 tub	 used	 to	 hold	 newts	 at	 the	 side	 of	 ponds	 during	 sampling,	
showing	an	instance	where	conditions	became	overcrowded	and	sampling	was	
postponed	to	prevent	harm	to	captured	animals.	
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Each	newt	was	sexed	based	on	the	presence	of	secondary	sexual	characteristics	

developed	during	breeding	 season	only	by	males.	This	 includes	webbed	hind-

feet,	a	 tail	 filament	and	small	crest	extending	down	the	dorsal	surface	and	tail	

(Figure	2.6	A	and	B).	Newts	were	measured,	recording	the	distance	from	the	tip	

of	 the	 nose	 to	 the	 cloaca,	 commonly	 referred	 to	 as	 the	 snout-to-vent	 length	

(SVL)	and	used	in	amphibians	as	a	measure	of	body	size	(Figure	2.6B).		

Figure	 2.6:	 Example	 images	 of	 female	 (A)	 and	 male	 (B)	 palmate	 newts,	
highlighting	some	key	observable	features	developed	by	males	during	breeding	
season,	used	for	sexing	newts,	including	larger	webbed	hind-feet	(black	arrow)	
and	 tail	 filament	 (red	 arrow).	 White	 arrows	 (B)	 show	 where	 snout	 to	 vent	
length	(SVL)	measurements	were	taken.	

A	 detailed	 visual	 examination	 was	 performed	 in	 order	 to	 determine	 disease	

state,	 classifying	 newts	 as	 ‘visibly	 diseased’	 or	 ‘visibly	 disease-free’.	 Based	 on	

gross	 clinical	 signs	 associated	 with	 amphibian-infecting	 dermocystid	

disease	detailed	in	the	literature	(Raffel	et	al.	2008;	Pascolini	et	al.	2003;	Jay	and	

Pohley,	 1981;	 González-Hernández	 et	 al.	 2010),	 and	 those	 observed	 during	

preliminary	 research	 on	 the	 Isle	 of	 Rum	 (Gray,	 2008)	 a	 disease	 case	

definition	 was	developed	 and	 used	 to	 determine	whether	 an	 individual	 newt	

was	presenting	

A	 			B	
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with	 dermocystid	 disease.	 A	 positive	 disease	 case	 was	 determined	 if	 the	

following	 criteria	 was	 met:	 one	 or	 more	 macroscopic	 dermal	 swellings	 were	

present,	 ranging	 from	 small	 discrete	 1mm	 cystic	 lesions,	 to	 larger	 multi-focal	

lesions	or	fluid-filled	swellings;	and/or	full	body	oedema	was	present.		

In	 order	 to	 distinguish	 different	 types	 of	 cutaneous	 swellings	 observed	

on	palmate	 newts	 with	 dermocystid	 disease,	 the	 following	 terms	 will	 be	

used	throughout	this	thesis:		

• “cysts”	-	small	(~1mm),	discrete	lesions;

• “lesions”	–	larger	well-defined	nodular	lesions	(2	–	5mm);
• “oedema”	 -	 fluid	 filled	 swellings,	 localized	 (>5mm)	or	 generalized	 (full

body);

• “ulcerations”	-	breaks	in	the	skin	ranging	from	single,	circular	ulcers	to

large	irregular	and	multifocal	patches.

This	 is	 further	 addressed	 and	 clarified	 in	 Chapter	 4.	 If	 dermal	 lesions	 were	

observed	the	type,	size	and	morphology	of	each	lesion	was	recorded,	as	well	

as	noting	their	abundance	and	distribution	across	the	newt	body.		

Mortalities	 recovered	 from	 the	 water	 or	 discovered	 around	 the	 banks	 of	 the	

sites	were	 counted	 and	visually	 inspected	 for	 signs	 alluding	 to	 cause	of	 death	

(i.e.	predation;	Figure	2.7A)	or	signs	of	dermocystid	disease	(Figure	2.7B)	

Figure	 2.7:	 Images	 of	 newt	 carcasses	 recovered	 at	 the	 side	 of	 ponds	 during	
sampling,	showing	newts	with	clear	signs	of	predation	(A),	and	newts	with	sings	
of	dermocystid	infection	(B).	

A	 		B	
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2.3.2.	Environmental	sampling	

Following	sampling	and	processing	of	animals,	 the	air	and	water	 temperature,	

and	pH	readings	were	 collected.	Environmental	measurements	were	 recorded	

using	a	Hanna	Instruments	pHep®	waterproof	pH	and	temperature	meter.	Air	

temperature	was	 taken	out	of	direct	 sunlight	 and	 sheltered	 from	wind.	Water	

pH	and	 temperature	 readings	were	 taken	by	placing	 the	meter	 approximately	

half	a	meter	from	the	pond	bank,	5cm	deep	allowing	at	least	2	minutes	for	the	

meter	 to	 ‘settle’.	 The	 meter	 was	 calibrated	 every	 2	 weeks	 using	 a	 two-point	

calibration	to	known	buffer	solutions	(pH	=	7.01	and	10.01).	

2.3.3.	Biosecurity	protocols	

Strict	biosecurity	protocols	were	followed	during	surveying	in	order	to	prevent	

the	spread	of	 infection	between	sites.	Due	to	the	sensitivity	of	amphibian	skin,	

non-latex	 gloves	 were	 used	 to	 handle	 newts	 during	 processing,	 handling	 all	

visibly	 uninfected	 animals	 first,	 in	 order	 to	 limit	 the	 possible	 transfer	 of	

infection.	Following	sampling,	all	equipment	used	at	the	site,	such	as	nets,	tubs	

and	gloves,	were	cleaned,	removing	any	vegetation	and	disinfected	by	spraying	

with	a	1%	solution	of	Virkon®S	Disinfectant.	If	samplers	entered	shallow	water	

or	 boggy	 areas	 surrounding	 water	 bodies,	 foot	 wear	 was	 also	 sprayed	 with	

disinfectant	 solution	 before	 leaving	 the	 site.	 Gloves	 were	 stored	 for	 later	

disposal	and	all	equipment	was	thoroughly	rinsed	before	using	at	the	next	site.	

At	 the	 end	 of	 each	 day,	 all	 equipment	 was	 returned	 to	 the	 field	 station	 and	

submerged	in	a	bucket	of	Virkon®S	solution,	soaking	for	a	minimum	of	1	hour	

before	thoroughly	rinsing	and	drying.		

2.4.	STATISTICAL	ANALYSIS	

All	 statistical	 analysis	 was	 performed	 using	 R	 v3.3.1	 (R	 Development	 Core	

Team,	 2008)	 in	 RStudio	 v0.99.902	 (RStudio,	 2013)	 or	 SatScan™	 v.	 9.4.3	

(Kulldorf,	2015).	
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2.4.1.	Generalised	linear	models	

2.4.1.1.	Simple	linear	regression	

Regression	 analysis	 was	 used	 to	 assess	 statistical	 relationships	 between	

specified	 response	 variables	 and	 one	 or	 more	 possible	 predictor	 variables.	

Unless	 otherwise	 stated	 regression	 analysis	 was	 performed	 under	 the	 stats	

package	v.3.3.1	(R	Core	Team,	2016).	Models	were	altered	based	on	the	type	of	

dependent	variable	(Table	2.3)	and	the	distribution	of	data	as	explored	in	each	

section.	 Simple	 linear	 regression	 (lm)	 was	 used	 to	 explore	 the	 relationships	

between	continuous	variables,	such	as	temperature	(Table	2.3).		

2.4.1.2.	Logistic	regression	

Logistic	 regression	with	 binomial	 errors	 (glmb)	models	 relationships	 between	

variables,	 where	 the	 response	 variable	 is	 restricted	 to	 a	 series	 of	 one	 of	 two	

possible	 outcomes	 	 (i.e.	 “0”	 or	 “1”;	 McCullagh	 and	 Nelder,	 1989;	 Crawley,	

2013a).	 For	 example,	 for	 the	 presence	 or	 absence	 of	 disease,	 the	 presence	 of	

disease	would	give	an	outcome	of	1	whilst	the	absence	of	disease	would	give	an	

outcome	 of	 0.	 When	 running	 models,	 the	 dependent	 variable	 was	 created	

combining	data	rows	containing	the	proportion	of	both	outcomes	for	example:	

glm(cbind(Number	of	infected,	Number	of	uninfected)	~	pH,	data	=	Data,	family	=	

“binomial” 
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Table	 2.3:	 Key	 variables	 explored	 in	 each	 chapter	 and	 associated	models	 used	 to	 analyse	 relationships	 including	 chapter	
and	objectives.	Subscript	notations	for	models	refer	to	model	distributions,	where	p	=	poisson,	b	=	binomial	and	nb	=	negative	binomial.	

Dependent	variable	 Data	type	 Model	 Chapter	 Objective	

Gland	counts	 Count	data	 glmp	 4	 Explore	the	influence	of	site,	sex	and	infection	on	gland	
counts	

Gland	condition	 Proportion	 glmb	 4	 As	above	with	gland	condition	

Gland	diameter	 Continuous	 lm	 4	 As	above	with	gland	size	

Environmental	or	host	
structure	variables*	 Continuous	 lm	 7	&	8	

Identify	pair-wise	associations	between	environmental	
parameters,	and	subsequently	to	variables	representing	

host	structure	of	the	sampled	population	

Site-level	disease	prevalence	
and	mortality	rate	

Presence/	
Absence	 glmb	 7	&	8	 Explore	the	effect	of	environment	and	host	related	

variables	on	disease	prevalence	or	the	mortality	rate	

Prevalence	of	pathologies**	
across	infected	newts	

Presence/	
Absence	 glmb		 7	 Assess	the	relationships	between	prevalence	of	

pathologies	to	environmental	and	host	related	variables	

*Variables	=	pH;	Air	temperature;	Water	temperature;	Altitude;	Male	to	female	ratio
**Pathologies	for	prevalence	and	body	cover	=	Cysts;	Lesions;	Ulcerations	and	Oedema
***	Pathologies	for	count	data	=	Cysts;	Lesions	and	Ulcerations
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The	 residual	 deviance	 and	 residual	 degrees	 of	 freedom	 were	 examined	 to	

determine	 if	 the	 model	 was	 a	 good	 fit,	 or	 if	 the	 data	 was	 over-	 or	 under-

dispersed.	 If	 the	 residual	 deviance	 was	 greater	 than	 the	 residual	 degrees	 of	

freedom	the	data	was	considered	over	dispersed	(Crawley,	2013a).	In	order	to	

account	 for	 this	 a	 quasi-binomial	 distribution,	 instead	 of	 binomial,	 was	 used.	

This	adds	an	extra,	unknown	scale	parameter	to	the	model,	to	estimate	the	extra	

variance	in	the	data	(Demétrio	et	al.	2014)	

2.4.1.3.	Poisson	regression	

For	 count	 data,	 where	 the	 response	 variable	was	 a	 count,	 relationships	were	

modeled	using	glm	with	Poisson	distribution	(glmp;	Crawley,	2013b).	However,	

across	biological	and	ecological	fields,	count	data	often	exhibits	over	dispersion,	

where	the	response	variable	is	greater	than	the	mean	(Hilbe,	2011;	Lindén	and	

Mäntyniemi,	 2011).	 Frequency	 plots	 of	 count	 data	 were	 created	 to	 visually	

inspect	 aggregation	 and	 determine	 the	 distribution	 of	 data.	 	 To	 test	 for	 over	

dispersion,	 a	 distribution	 parameter	 (φ)	 was	 calculated	 using	 parametric	

bootstrapping	of	each	model;	e.g.	total	cyst	counts	against	visit	adding	site	as	a	

fixed	 effect	 (see	 Harrison,	 2014	 and	 Bolker	 et	 al.	 2009).	 In	 summary	 the	

distribution	 parameter	 was	 calculated	 as	 the	 ratio	 of	 the	 residual	 sum	 of	

squares	 (SS)	 from	 the	 original	 model	 to	 the	 mean	 parametric	 bootstrapped	

residual	 SS,	with	 95%	 confidence	 intervals,	where	 a	 value	 >	 1	 indicated	 over	

dispersion.		

2.4.1.4.	General	additive	models	

General	additive	models	(GAMs)	are	semi-parametric	extensions	of	GLMs,	using	

both	 a	 link	 function	 to	 determine	 a	 relationship	 between	 response	 and	

explanatory	 variables	 (as	 with	 GLMs)	 and	 a	 smooth	 function	 (Hastie	 and	

Tibshirani,	 1986).	 GAMs	 were	 performed	 in	 package	 mgcv	 v.1.8-15	 (Wood,	

2006).	 A	 method	 called	 generalized	 cross-validation	 (GCV)	 was	 used	 to	

automatically	choose	a	value	of	k	for	GAM,	that	selects	the	best	fit	by	weighing	

complexity	against	explanatory	power	(Wood,	2004,	see	section	2.4.3).	
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2.4.1.5.	Negative	binomial	regression	with	zero-inflation	

Negative	 binomial	 regression	 (glmnb),	 a	 modification	 of	 the	 Poisson	 model,	

accounts	 for	 over	 dispersion	 by	 adding	 an	 error	 term	 and	 relaxing	 the	

equidispersion	restriction	(variance	does	not	have	to	equal	mean).	The	negative	

binomial	 distribution	 has	 two	 parameters,	 the	 mean	 μ	 and	 a	 dispersion	

parameter,	 k,	 representing	 an	 inverse	 measure	 of	 aggregation	 (Shaw	 et	 al.	

1998).	As	k	increases	the	model	converges	to	a	Poisson	distribution.		

For	count	data	that	was	based	on	visual	observations	of	pathologies	(see	section	

2.4.2),	 the	possibility	of	 false	negatives	occurring	as	 false	or	excess	zeros	(zero	

inflation),	which	can	occur	due	to	observer	error,	must	be	accounted	for	in	the	

model	 (Ridout	 et	 al.	 1998).	 A	 glmnb	 model,	 accounting	 for	 zero	 inflation	

(glmzinb),	was	 performed	 using	 the	 pscl	 package	 v.	 1.4.9	 (Zeileis	 et	 al.	 2008;	

Jackman,	2015)	in	R.	When	counts	were	low	the	dispersion	parameter	was	high,	

and	the	model	could	not	conclude	with	certainty	that	the	distribution	of	the	data	

was	not	Poisson.		

Glmzinb	were	performed	on	pathology	count	data,	split	by	visit	and	site,	in	order	

to	calculate	a	dispersion	parameter,	k,	 to	explore	the	distribution	of	morbidity	

across	 infected	newts.	Null	models	of	each	count	 factor,	 ‘total	count’	and	 ‘body	

cover’	were	run.	Example	model:	

zeroinfl(Total.Cysts	~	1,	dist	=	"negbin",	link	=	"logit",	data	=	R4Visit1)	

2.4.1.6.	Mixed-effects	regression	

Mixed	 effects	 models	 were	 used	 in	 both	 linear	 (lmer)	 and	 logistic	 regression	

(glmer)	to	give	structure	to	the	error	term	and	account	for	non-independence	in	

groups	 within	 the	 data	 (Crawley,	 2013c).	 For	 example,	 when	 analyzing	 the	

temporal	 trends	 using	 within-season	 temporal	 surveys	 (Chapter	 5)	 data	

included	multiple	visits	 to	 the	same	site,	which	were	not	 independent.	Adding	

site	as	a	random	effect	accounted	for	underlying	differences	between	sites.	For	

lmer	 and	 binomial	 (glmerb),	 quassibinomial	 (glmerb)	 or	 poisson	 distribution	

(glmerp),	 mixed	 effects	 models	 were	 performed	 under	 the	 lme4	 package.	
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However,	 mixed	 effects	 regression	 using	 glmzinb	was	 performed	 under	 the	

glmmADMB	package	(v0.8.3.3;	Skaug	et	al.	2014;	Fournier	et	al.	2012).		

2.4.2.	Post-hoc	multiple	comparisons	

To	identify	differences	between	sampled	sites,	ad-hoc	tests	were	performed	to	

make	multiple	pairwise	comparisons	of	disease	prevalence	across	all	sites	using	

Tukey’s	Honest	Significant	difference	(HSD;	Tukey,	1949;	Kim,	2015).	The	95%	

confidence	intervals	for	all	group	comparisons	were	plotted,	with	any	intervals	

not	crossing	zero	representing	groups	with	a	significant	difference	in	recorded	

prevalence’s.	 These	 were	 performed	 under	 the	 package	 multcomp	 v.	 1.4-6	

(Hothorn	et	al.	2008).	

CHAPTER	2	
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Table	2.4:	Key	variables	explored	in	each	chapter	and	associated	mixed	effects	models	used	to	analyse	relationships	where	site	was	
added	as	a	random	effect.	Subscript	notations	for	models	refer	to	model	distributions,	where	p	=	poisson,	b	=	binomial,	nb	=	negative	
binomial	and	zinb	=	zero	inflated	negative	binomial.	

Dependent	variable	 Data	type	 Model	 Chapter	 Objective	

Environmental	variables	or	
host	characteristics*	 Continuous	 lmer	 5	

Identify	pair-wise	associations	between	environmental	
parameters;	explore	relationships	between	

environmental	variables	and	host	dynamics	of	
population	structure	

Sex	ratios	 Proportion	 glmerb	 5	 Identify	relationship	between	host	population	structure	
and	visit	

Site-level	disease	prevalence	
and	mortality	rate	

Presence/	
Absence	 glmerb	 5,	6	 Explore	the	effect	of	environment	and	host	related	

variables	on	disease	prevalence	or	the	mortality	rate	

Prevalence	of	pathologies**	
across	infected	newts	

Presence/	
Absence	 glmerb		 6	&	7	 Assess	the	relationships	between	environment	and	host	

related	variables	on	the	prevalence	of	pathologies	

Total	pathology	counts***	
across	infected	animals	 Count	data	 glmerzinb	 6	&	7	 Explore	the	temporal	variation	and	environmental	

determinants	of	disease	pathologies	

Total	body	cover	of	
pathologies**	 Count	data	 glmerzinb	 6	 Explore	temporal	variation	and	environmental	

determinants	of	pathology	body	cover	
Distribution	parameters	 Continuous	 lmer	 6	

Environmental	variables	 Continuous	 lmer	 7	 Explore	temporal	variation	in	environmental	
parameters	

*Variables	=	pH;	Air	temperature;	Water	temperature;	Altitude;	Male	to	female	ratio 
**Pathologies	for	prevalence	and	body	cover	=	Cysts;	Lesions;	Ulcerations	and	Oedema 
***	Pathologies	for	count	data	=	Cysts;	Lesions	and	Ulcerations
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2.4.3.	Model	testing	

For	all	regression	analysis	performed,	the	fit	of	different	models	were	tested	as	

follows.	Data	was	plotted,	fitting	several	models	under	the	stats	package	V.3.3.1	

(R	Core	Team,	2016)	to	visually	compare	their	fit	to	the	data;	i)	a	local	weighted	

regression	(LOESS)	to	fit	a	smooth	polynomial	surface	(Cleveland	et	al.	1992),	ii)	

a	linear	regression,	iii)	a	quadratic	function,	which	squares	X	to	produce	a	curve,	

and	iv)	a	cubic	 function	which	adds	a	third	term	to	produce	 	(Figure	2.8).	 	For	

data	that	was	clearly	non-linear	and	showed	a	more	complex	pattern,	a	general	

additive	model	(GAM)	was	explored.		

Figure	 2.8:	 Example	 plot	 showing	 the	 relationship	 between	 pond	 pH	 against	
altitude,	with	different	models	fitted.	Pink	=	LOESS;	Black	=	linear	regression;	Red	
=	Quadratic;	Blue	=	Cubic;	Green	=	GAM.	

Models	were	compared	using	an	ANOVA	chi-square	test	to	sequentially	compare	

more	complex	models	and	look	for	significant	changes	in	the	residual	deviances.	

The	 significance	 level	 was	 placed	 at	 0.05.	 If	 the	 residual	 deviances	 were	

significantly	 improved,	 then	 the	 second	 model	 was	 accepted	 as	 a	 better	 fit.	
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Subsequent	models	were	then	compared	to	the	new	model.	An	example	output	

is	shown	below	(Table	2.5).	

Table	 2.5:	 Example	 output	 of	 model	 comparison	 using	 ANOVA	 to	 sequentially	
assess	the	fit	of	more	complex	models	

Models RSS Df Pr(>F) Accept new model 

Linear v. Quadratic 
Linear 29.014 

1 0.195 No 
Quadratic 27.296 

Linear v. Cubic 
Linear 29.014 

2 0.388 No 
Cubic 27.048 

In	 this	example	a	quadratic	or	 cubic	 term	did	not	 significantly	 improve	 the	 fit	

compared	 to	 linear	 regression	 (Table	 2.5),	 however	 due	 to	 the	 non-linear	

pattern	highlighted	by	a	LOESS	and	clear	peak	in	pH	around	an	altitude	of	200m,	

a	GAM	was	performed	to	explore	more	complex	trends.	For	each	analysis,	only	

the	final	model	chosen	is	shown	in	results.	

2.4.4.	Summary	statistics	

Under	the	package	sjPlot	v.	2.1.0	(Lüdecke,	2016)	summary	statistics	from	fitted	

regression	models	were	extracted	using	the	functions	sjt.lm	(for	lm),	sjt.glm	(for	

glmb)	or	sjt.lmer/sjt.glmer	(for	mixed-effects	models).	For	linear	regression,	the	

coefficients	 (β)	were	 reported	with	95%	confidence	 intervals	 as	 a	measure	of	

the	effect	size.	For	logistic	regression	the	exponent	of	coefficients	were	taken	to	

obtain	odds	 ratios	and	 interpreted	as	 the	effect	 size	of	one	unit	 change	 in	 the	

predictor	variable	on	the	dependent	variable.	The	r-squared	value	was	used	to	

assess	 how	 well	 the	 model	 fitted	 the	 data	 and	 the	 intraclass	 correlation	

coefficient	 (ICC)	 was	 used	 as	 a	 measure	 of	 variation	 accounted	 for	 by	 the	

random	effects	(McGraw	and	Wong,	1996).	In	order	to	report	the	significance	of	

linear-mixed	 effects	 models	 p-values	 were	 computed	 using	 Kenward-Roger	

approximation	(Luke,	2016).		
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2.4.5.	Spatial	analysis	

A	 purely	 spatial	 analysis	 of	 prevalence	 across	 the	 island	 was	 performed	 in	

SatScan™	v.	9.4.3	(Kulldorff,	2015).	Areas	with	high	and	low	prevalence’s	were	

investigated,	 implementing	 analysis	 under	 the	 Bernoulli	 probability	 model	

(Kulldorff	 and	 Nagarwalla,	 1995).	 The	 software	 considers	 all	 positive	

and	negative	disease	cases	to	calculate	the	expected	disease	prevalence	at	each	

site	 assuming	 equal	 spatial	 distribution	 of	 disease.	Multiple	 circles	 are	 placed	

across	 the	 landscape,	 and	 a	 likelihood	 ratio	 test	 used	 to	 compare	 the	

prevalence	 of	infection	inside	and	outside	the	circle	to	identify	sites,	or	clusters	

of	 sites,	where	prevalence	 is	 higher	 or	 lower	 than	 expected.	 The	 case	 file		

(the	 number	 of	 visibly	 diseased	 animals)	 and	 control	 file	 (number	 of	

visibly	 disease-free	 animals)	 were	 entered	 and	 analysis	 run	 to	 scan	 for	

areas	 with	 high	 and	 low	 prevalence’s.	 The	 statistical	 significance	 of	

recovered	 clusters	 was	 explored	 using	 Monte	 Carlo	 hypothesis	 testing,	

running	 999	 replications,	 to	 obtain	 associated	 p-values	 for	 each	 cluster.	

Statistically	 significant	 (p	 <	 0.05)	 clusters	 were	 then	 recovered	 in	 SatScan™	

(Kulldorff,	2015).	

Secondly,	temporal	trends	were	explicitly	investigated	under	‘Spatial	Patterns	in	

Temporal	Trends’	analysis	in	SatScan,	setting	time	precision	to	years	spanning	

2014	–	2016.	Areas	with	high	and	low	prevalence’s	were	investigated	

implementing	analysis	under	the	Poisson	probability	model,	where	the	number	

of	infected	animals	were	inputted	as	the	case	file,	and	the	total	catch	as	the	

population.	The	statistical	significance	of	recovered	clusters	was	explored	using	

Monte	Carlo	hypothesis	testing,	running	999	replications,	to	obtain	associated	

p-values	for	each	cluster.

2.4.6.	Creating	variables	to	investigate	morbidity	

Based	on	the	segmentation	procedure	used	for	histology	processing	(see	section	

4.2.2;	Figure	2.9),	newts	were	visually	divided	into	17	segments,	which	included	

dorsal,	 lateral	 and	 ventral	 localities	 (Table	 2.5).	 Each	 segment	 was	 inspected	

recording	 the	 presence	 of	 each	 pathology:	 cysts,	 lesions,	 oedema	 and	
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ulcerations.	 In	 addition,	 discrete	 pathologies	 (cysts,	 lesions	 and	 ulcerations)	

were	 counted,	 recording	 their	 total	 abundance	 within	 each	 segment.	 These	

segments	 further	 corresponded	 to	 5	 key	 anatomical	 locations	 (Table	 2.5)	

comparable	 to	 more	 general	 descriptions	 used	 to	 assess	 the	 body	 cover	 of	

pathologies	 across	 the	 literature	 (Pascolini	 et	 al.	 2003;	 Raffel	 et	 al.	 2008;	

Gonzalez-Hernandez	et	al.	2010)	

Table	2.6:	Division	of	newt	body	into	5	main	areas	(bold	headings)	and	further	
delimitation	of	areas	into	17	segments	

Head	 Dorso-Lateral	
Abdomen	

Ventral	
Abdomen	

Tail	 Legs	

Head	 Neck/Shoulders	 Chest	 Tail	Base	 Right-fore	Leg	

Throat	 Abdomen	 Stomach	 Mid-Tail	 Left-fore	Leg	

Head	Lateral	 Hips	 Cloaca	 Tail	Tip	 Right-hind	Leg	

	 Lateral	Abdomen	 	 	 Left-hind	Leg	

Figure	 2.9:	 Locations	 of	 seven	 predetermined	 axial	 sections	 followed	 during	
histological	 processing	 and	 used	 here	 to	 division	 newts	 when	 recording	
pathologies.  
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Based	 on	 recorded	 pathologies,	 variables	 were	 produced	 to	 represent	 the	

abundance,	 body	 distribution	 and	 prevalence	 of	 observed	 pathologies	 (cysts,	

lesions,	ulcerations	and	oedema):	

• Prevalence:	 A	 data	 set	 was	 created	 to	 indicate	 the	 frequency	 of	

pathologies	 amongst	 the	 infected	 sample	 population.	 Pathologies	 were	

coded	 as	 present/absent	 on	 each	 individual	 creating	 a	 binary	 data	 set	

indicating	 the	 number	 of	 infected	 animals	 presenting	 with	 each	

pathology	type.	Relationships	were	analysed	in	the	same	way	as	overall	

disease	prevalence	using	glmb.	

Two	sets	of	count	data	were	then	created:		

• Total	Counts:	The	number	of	each	discrete	pathology	observed	across	an	

individual,	was	summed	to	give	a	factor	‘total	counts’	and	used	as	a	proxy	

for	burden.	Due	to	the	nature	of	oedema	and	the	method	used	to	record	

such	observations,	this	pathology	was	not	considered	discrete	and	could	

not	be	counted	in	the	same	way	as	cysts,	lesions	and	ulcerations,	so	was	

excluded	from	this	data	set.		

• Body	cover:	As	a	measurement	of	focality,	the	number	of	body	parts	(see	

section	 2.1)	 presenting	 with	 each	 type	 of	 dermal	 pathologies	 were	

counted	to	create	the	factor	‘body	cover’.	

2.4.6.1.	Fingerprint	analysis	

In	 order	 to	 investigate	 possible	 patterns	 in	 observed	 pathologies	 and	

morphologically	 relevant	 groups,	 hierarchical	 clustering	 analysis	 was	

performed	 in	 R	 implementing	 a	 Euclidean	 distance	 measure	 on	 positive	

negative	 disease	 data	 and	 Ward’s	 linkage	 (Murtagh	 and	 Legendre,	 2014)	 to	

produce	 a	 set	 of	 nested	 clusters	 for	 each	 data	 set	 that	 can	 be	 visualized	 as	 a	

Dendogram.		

To	 first	 examine	 common	 combinations	 of	 pathologies	 exhibited	 by	 infected	

newts,	a	simple	four	level	(cysts,	lesions,	oedema,	ulcerations)	data	set	was	used	
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to	create	the	factor	‘disease	morphology’.	The	four	pathology	states	were	coded	

as	present	(1)/	absent	(0),	giving	a	binary	code	for	each	newt	representing	their	

disease	morphology.			

A	 second	 factor	 was	 created,	 	 ‘disease	 distribution’	 collapsing	 the	 16	 body	

segments	into	5	main	areas	(see	Headings	in	Table	1).	The	presence	of	each	type	

of	pathology	was	coded	as	present	 (0)	/	absent	 (1)	across	each	body	segment	

indicating	the	distribution	of	pathologies	across	the	body.	This	was	done	for	all	

pathologies	 combined,	 before	 segregating	 the	 data	 set	 into	 cysts,	 lesions,	

oedema	and	ulcerations.	

Dendograms	 were	 created	 for	 both	 data	 sets,	 producing	 a	 fingerprint	 or	

observed	disease	morphology	and	body	distribution	for	each	split.	For	example,	

cysts,	 lesions,	 oedema	 and	 ulcerations,	 were	 coded	 as	 ‘C’,	 ‘L’,	 ‘E’	 and	 ‘U’	

respectively,	where	a	 ‘0’	 indicated	 that	a	group	did	not	have	 that	pathology.	 If	

the	 fingerprint	 ‘C0E0’	 characterized	 a	 group,	 all	 newts	 within	 that	 group	

presented	 with	 cysts	 and	 oedema	 but	 did	 not	 have	 lesions	 or	 ulcerations.	

However,	 if	a	*	 is	present	 in	the	position	of	ulcerations	(i.e.	 ‘C0E*’),	 then	some	

animals	 within	 the	 group	 will	 have	 ulcerations	 and	 some	 will	 not.	 This	 was	

termed	 an	 ambiguity.	 The	 fingerprints	 that	 characterized	 each	 ‘branch’	 of	 the	

tree	 were	 examined,	 to	 look	 for	 groups	 that	 may	 be	 biologically	 significant.		

Each	 grouping	 was	 investigated	 through	 splits	 on	 the	 dendograms	 until	 the	

fingerprints	recovered	had	no	ambiguities.		

2.4.6.2.	Visualising	fingerprints	

Under	 the	 gplots	 package	 v.	 0.0.1	 in	 R	 (Warnes	 et	 al.	 2016)	 heatmaps	 were	

created	to	visually	display	clusters	in	the	data	based	on	pathologies,	presented	

against	 visit	 to	 identify	 temporal	patterns.	Venn	Diagrams	were	 created	using	

the	VennDiagram	1.6.0	(Chen	and	Boutros,	2011;	Chen,	2016)	package	for	both	

total	counts,	to	show	the	combinations	of	pathologies	that	individuals	presented	

with,	and	body	cover	to	assess	the	common	localities	of	pathologies	and	focality.	

Using	four-set	(draw.quad.venn)	or	five-set	(draw.quintuple.venn)	diagrams,	the	

proportion	of	newts	presenting	with	each	combination	were	presented.	
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2.4.7.	Disease	prediction	maps	

Disease	prediction	maps	were	produced	in	order	to	understand	the	distribution	

of	disease	and	identify	potential	hot	spots	in	areas	that	have	not	been	sampled.	

Water	 pH	 data	 for	 Rum	 is	 currently	 unavailable,	 however,	 water	 bodies	 are	

likely	 to	be	 influenced	by	 the	surrounding	geology	and	soil	 (Ward	et	al.	1991;	

Markwitz	 et	al.	 2001),	 so	 soil	 pH	may	 represent	 an	 acceptable	 alternative	 for	

predicting	water	pH.	 Soil	 data	was	derived	 from	 the	1:250	000	 scale	National	

Soil	 Map	 of	 Scotland	 obtained	 from	 the	 James	 Hutton	 Institute	

(http://www.hutton.ac.uk).	The	distribution	of	different	 soil	 types	 is	based	on	

data	 collected	 between	 1947	 and	 1981,	 classified	 according	 to	 the	 World	

Reference	Base	(WRB)	for	soil.	Soil	cover	for	Rum	is	largely	predicted	based	on	

underlying	geology	and	extrapolated	data	from	more	extensive	samples	across	

Scotland.	In	QGIS	(Quantum	GIS	Development	Team,	2009)	soil	cover	data	was	

combined	 with	 spreadsheet	 data	 from	 the	 Scottish	 Soil	 Knowledge	 and	

Information	 Base	 (SSKIB),	 which	 contains	 statistical	 summary	 data	 of	 soil	

analysis,	 including	 pH.	 The	 pH	of	 each	 soil	 type	was	 attached	 to	 Eastings	 and	

Northings	 giving	 the	 estimated	pH	 for	 each	point.	This	dataset	was	 clipped	 to	

the	Isle	of	Rum	and	loaded	into	R	Studio.	 	Ordnance	survey	terrain	maps	(ASC	

geospatial	 data),	 at	 a	 scale	 of	 1:50	 000,	 were	 downloaded	 from	 Digimap	

(Ordnance	survey	(GB),	2016).	Elevation	was	combined	with	soil	pH	to	create	a	

dataset	assigning	the	elevation	and	soil	pH	to	points	every	5	meters	on	Rum.	

A	 glmb	 was	 performed,	 using	 observed/collected	 data	 to	 model	 disease	

prevalence	 against	 key	 environmental	 predictors	 of	 disease,	 water	 pH	 and	

altitude.	The	coefficients	were	extracted	giving	a	model	equation	where	pH	and	

altitude	measurements	 could	 be	 substituted	 in	 to	 give	 predicted	 prevalence’s.	

Using	soil	pH	and	elevation	data	the	equation	was	used	to	give	predicted	values	

for	y	(dependent	variable)	at	each	5m	point	across	Rum.	This	value	was	used	to	

calculate	a	disease	prevalence	using	the	formula:	1/(1	+	(1/exp(y)))	*100).	The	

predicted	 prevalence’s	 for	 each	 point	 were	 subsequently	 mapped,	 using	 the	
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‘plot’	 function	 as	 described	 above,	 providing	 a	 disease	 prediction	map	 for	 the	

island.		

The	longitude	and	latitude	of	sampled	locations	were	converted	to	Easting’s	and	

Northings	and	paired	with	the	closest	point	(nearest	5m)	where	estimated	soil	

pH	 and	 elevation	 data	 was	 available.	 A	 dataset	 was	 produced,	 compiling	 the	

observed	 and	 predicted	 pH,	 elevation	 and	 disease	 prevalence’s,	 which	 were	

plotted	 and	 explored.	 Finally,	 the	 regression	 model	 residuals	 were	 extracted	

and	mapped,	showing	locations	where	prevalence	was	higher	(>0)	or	lower	(<0)	

than	expected	and	therefore	not	explained	fully	by	the	model.	

This	 thesis	 looks	 to	 use	 the	 data	 and	 analysis	 detailed	 in	 this	 Chapter	 to	

investigate	 suspected	 dermocystid	 disease	 on	 Rum,	 developing	 a	 pathogen	

profile	 and	explore	 the	 spaio-temporal	 dynamics.	To	begin,	 Chapter	3	 aims	 to	

determine	the	causative	agent	using	molecular	phylogenetic	analysis	to	classify	

the	 parasite	 to	 species	 level	 and	 determine	 its	 relationship	 to	 other	

dermocystids.	
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CHAPTER	3 	

	

PHYLOGENETIC	CHARACTERIZATION	OF	AN	

AMPHIBIAN-INFECTING	DERMOCYSTID	PATHOGEN	ON	

THE	ISLE	OF	RUM,	SCOTLAND1	

	

3.1.	INTRODUCTION	

In	 order	 to	 begin	 investigating	 the	 disease	 dynamics	 of	 infection	 in	 palmate	

newts	on	the	Isle	of	Rum,	it	is	important	to	properly	identify	the	causative	agent	

and	 characterize	 the	 pathogen.	 Pathogen	 identification	 typically	 requires	 a	

combination	 of	 gross	 and	 histopathology	 examination,	 to	 characterize	 the	
																																																								

1	Aspects	of	this	chapter	have	been	published	in:	Fiegna,	C*.,	Clarke,	C.*,	Shaw,	D.	
J.,	Bailey,	J.,	Clare,	F.,	Gray,	A.,	Garner,	T.,	and	Meredith,	A.	L.	(2016)	Pathological	
and	 Phylogenetic	 Characterisation	 of	 Amphibiothecum	 sp.	 infection	 in	 an	
isolated	 amphibian	 (Lissotriton	 helveticus)	 population	 on	 the	 Island	 of	 Rum	
(Scotland).	Parasitology,	144(4),	484-496	

*Joint	first	author	
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organism’s	morphology,	and	supporting	molecular	phylogenetics	to	confirm	the	

organism’s	 taxonomic	 affiliation	 as	 suggested	 by	 histological	 similarities	

(Alleman,	 1996;	 Relman,	 1999).	 Defining	 evolutionary	 relationships	 through	

phylogenetics	 will	 determine	 whether	 the	 organism	 is	 an	 already	 described	

species	or	a	novel	parasite,	and	highlight	taxonomically	similar	organisms	which	

may	 be	 important	 for	 inferring	 disease	 processes	 and	 characteristics.	 This	

chapter	 will	 focus	 on	 the	 phylogenetic	 characterization	 of	 the	 Isle	 of	 Rum	

palmate	 newt	 pathogen	 and	 further	 build	 on	 our	 overall	 knowledge	 of	 the	

taxonomic	relationships	of	the	dermocystids.	Chapter	4	will	examine	the	gross	

and	 histopathology	 of	 disease	 to	 support	 relationships	 proposed	 here,	 and	

further	explore	disease	processes	(Woods	and	Walker,	1996).	

3.1.1.	Suspected	Dermocystida	infection	on	the	Isle	of	Rum	

An	 initial	 investigation	was	 performed	 in	 2008	 (Gray,	 2008)	 into	 the	 disease	

afflicting	palmate	newts	(Lissotriton	helveticus)	on	the	Isle	of	Rum.	Preliminary	

polymerase	 chain	 reaction	 (PCR)	 analysis	 and	 sequencing	 of	 discrete	 dermal	

lesions	was	 performed,	 to	 isolate	 a	 region	 of	 18SrRNA.	The	 1400bp	 sequence	

retrieved	 was	 compared	 to	 a	 publicly	 available	 database	 of	 DNA	 sequences	

called	GenBank	(Benson	et	al.	2004),	determining	that	it	was	most	similar,	with	

90%	to	99%	sequence	 identity,	 to	18SrRNA	sequences	 from	the	Dermocystida.	

However,	whilst	 this	 identified	an	affiliation	of	the	Rum	pathogen	to	the	order	

Dermocystida,	 it	 was	 unclear	 where	 the	 pathogen	 fitted	 in	 relation	 to	 the	

amphibian-infecting	species	and	other	dermocystid	parasites.	

3.1.2.	Amphibian-infecting	dermocystids	

Across	the	literature	dermocystid	infection	in	amphibians	has	been	confined	to	

the	host’s	dermis	and,	on	rare	occasions,	the	liver	(Raffel	et	al.	2008;	González-

Hernández	 et	 al.	 2010).	 During	 initial	 investigations	 (Gray,	 2008),	 both	

characteristic	 dermal	 (example	 images	 of	 pathologies	 shown	 in	 Figure	 3.1;	

Figure	3.1A),	and	liver	cysts	(Figure	3.1B)	were	observed	in	addition	to	severe	

oedematous	 swellings	 (Figure	 3.1C)	 potentially	 representing	 a	 new	 distinct	

pathology	not	previously	described	in	the	literature.		
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Figure	 3.1:	 Images	of	 distinct	 gross	pathologies	 observed	on	diseased	newts	 on	
Rum:	A)	Discrete	 dermal	 cysts	 (white	 arrows);	 B)	 Liver	 cysts	 (black	 arrows);	 C)	
Severe	and	diffuse	subcutaneous	oedema	

In	order	to	fully	understand	the	host-pathogen	system	on	Rum,	and	risks	to	the	

population,	 it	 is	 important	 to	 determine	 if	 these	 distinct	 pathologies	 are	

associated	with	infection	by	the	same	pathogen,	or	possible	co-infections	which	

are	 common	 in	 amphibian	 populations	 (Whitfield	 et	 al.	 2013;	 Warne	 et	 al.	

2016).	This	requires	the	use	of	histopathology	examination	and	the	isolation	of	

the	same	pathogen	DNA	from	all	pathology	types.	

3.1.3.	Current	taxonomic	knowledge	of	the	Rum	pathogen	

The	 Dermocystida	 is	 one	 of	 two	 orders	 within	 the	 mesomycteozoeans	

containing	five	genera	of	pathogenic	and	saprophytic	microbes;	Rhinosporidium,	
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pathogens	 of	 mammals	 and	 birds,	 Amphibiocystidium	 and	 Amphibiothecum,	

known	 to	 infect	 amphibians,	 and	 Dermocystidium	 and	 Sphaerothecum	 (also	

known	 as	 the	 “rosette	 agent”),	 both	 pathogens	 of	 fish	 (Mendoza	 et	 al.	2001;	

2002).	 There	 are	 two	 described	 Amphibiocystidium	 sp.	 in	 Europe;	 A.	 ranae	

known	 to	 infect	 pool	 frogs	 (Pelophylax	 lessonae	 and	 P.	 esculenta)	 and	 a	

dermocystid-like	 pathogen	 described	 in	 species	 of	 L.	 helveticus	 in	 France	

(González-Hernández	 et	 al.	 2010),	 which	 currently	 remains	 unnamed	 and	

unclassified	within	the	amphibian-infecting	species.		

3.1.4.	Current	taxonomic	relationships	of	amphibian-infecting	dermocystids	

The	 classification	 of	 amphibian-infecting	 dermocystids	 has	 historically	 been	

based	on	pathogen	morphology	(Perez,	1907;	Granata,	1919;	Poisson,	1937;	Jay	

and	 Pohley,	 1981;	 Pascolini	 et	 al.	2003),	 with	 much	 uncertainty	 surrounding	

their	taxonomic	placement.	DNA	sequencing	and	molecular	phylogenetics	have	

been	 important	 in	 resolving	 the	 taxonomic	 relationships	 of	 these	

morphologically	 similar,	 dermocystid-like	 pathogens	 (Pereira	 et	 al.	 2005;	

Feldman	et	al.	 2005).	 These	were	 first	 used	over	 a	 decade	 ago	 to	 confirm	 the	

affiliation	 of	 a	 parasite	 causing	 disease	 in	 European	 pool	 frogs	 to	 the	

dermocystids	 (Pereira	 et	 al.	 2005).	 Based	 on	 recovered	 topologies,	 host	

specificity	 and	 morphological	 consistencies,	 a	 new	 genus,	 Amphibiocystidium	

(Pascolini	et	al.	2003),	was	created	 to	 incorporate	several	amphibian-infecting	

pathogens	 previously	 classified	 as	 Dermocystidium,	 Dermocoides	 and	

Dermosporidium	(Pereira	et	al.	2005).		

Feldman	 et	 al.	 (2005)	 later	 reclassified	 this	 group	 into	 2	 genera,	

Amphibiothecum	 and	Amphibiocystidium,	 based	on	 the	placement	of	A.	penneri	

as	 a	 member	 of	 the	 Mesomycetozoeans	 but	 distinct	 from	 other	

Amphibiocystidium	spp.	There	have	been	several	species	of	amphibian-infecting	

dermocystids	 described	 since	 1907	 (Gleason	 et	 al.	 2014),	 however	 there	 are	

only	three	formerly	described	species	for	which	sequence	data	is	available	and	

their	 affiliation	 to	 Dermocystids	 has	 been	 confirmed:	 Amphibiocystidium	

viridescens	 known	 to	 infect	 red	 spotted	 newts	 (Raffel	 et	 al.	 2008);	
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Amphibiocystidium	 ranae	 described	 in	 water	 frogs	 (P.	 esculenta),	 a	 hybrid	

species	 (P.	 lessonae),	 the	 common	 widwife	 toad	 (Alytes	 obstetricans)	 and	 the	

common	frog	(Rana	temporia)	across	Europe	(Broz	and	Privora,	1952;	Pascolini	

et	al.	2003;	Pereira	et	al.	2005);	and	Amphibiothecum	penneri	known	only	from	

the	 American	 toad,	 Bufo	 Americanus	 (Jay	 and	 Pohley,	 1981;	 Feldman	 et	 al.	

2005).	

3.1.5.	Molecular	phylogenetics	

There	are	two	primary	methods	of	phylogenetic	reconstruction	used	to	estimate	

the	taxonomic	relationships	of	organisms	based	on	DNA	sequences	(see	section	

1.12);	Maximum	likelihood	(ML)	and	Bayesian	however	there	is	little	consensus	

over	which	is	the	best	method.	In	addition,	as	discussed	in	more	detail	in	section	

1.1.2.2,	within	ML	different	 substitution	models	can	be	 implemented	 to	model	

the	 evolutionary	 processes	 of	 DNA	mutation,	which	 differ	 in	 their	 complexity	

(Yang	 et	 al.	 1994).	 The	 method	 (i.e.	Bayesian	 or	 ML)	 and	 models	 chosen	 for	

phylogenetic	 reconstruction	 can	 significantly	 influence	phylogenetic	 inference,	

which	 includes	 the	 relationships	 recovered,	 support	 values	 (i.e.	 bootstrap	

values)	 and	 branch	 lengths	 (Sullivan	 and	 Swofford,	 1997;	 Kelsey	 et	 al.	 1999;	

Zhang,	1999).		

Whilst	model	selection	techniques	have	greatly	improved	researchers	ability	to	

determine	 the	 most	 appropriate	 model	 (Posada	 and	 Crandall,	 2001;	 Sullivan	

and	 Joyce,	 2005;	 Posada,	 2008),	 different	 techniques	 will	 often	 differ	 in	 the	

criterion	used	 to	 select	models	 (e.g.	 Likelihood	Ratio	Tests	 (LRT),	Felsenstein,	

1981;	Goldman,	1993;	or	Akaike	Information	Criterion	(AIC),	Akaike,	1974)	and	

different	 results	 can	 arise	 depending	 on	 the	 criterion	 used	 (Posada	 and	

Crandall,	 2001;	 Posada,	 2001).	 It	 can	 therefore	 be	 more	 reliable	 to	 perform	

multiple	 analyses	 and	 compare	 recovered	 phylogenies,	 giving	 support	 to	

commonalities	amongst	results.	
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3.1.6.	Study	aims	

This	chapter	looks	to	begin	the	development	of	a	more	detailed	pathogen	profile	

by	addressing	three	main	aims:		

1. Investigate	 the	 presence	 of	 pathogen	 DNA	 in	 each	 discrete	 disease	

pathology	(Figure	3.1)	to	confirm	their	associated	with	the	same	disease;		

2. Perform	 phylogenetic	 analysis	 using	 gene	 sequences	 isolated	 from	

diseased	newts	in	order	to	classify	the	pathogen	on	Rum	and	determine	

the	organism’s	relationship	to	other	dermocystids;		

3. Build	 on	 current	 knowledge	 of	 amphibian-infecting	 dermocystids	 with	

the	addition	of	Rum	sequence	data.	
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3.2.	METHODOLOGY	

3.2.1.	Data	collection	

During	May	2014	three	sites,	A2,	R4	(Figure	3.2)	and	DP	(not	shown	below,	see	

Chapter	 4)	 were	 visited	 alongside	 yearly	 surveying	 to	 collect	 samples	 for	

histopathology	 (Fiegna,	 Clarke	 et	 al.	 2016)	 and	 molecular	 diagnosis.	 Six	

individuals	with	suspected	dermocystid	disease	ranging	from	discrete	lesions	to	

severe	generalized	oedema	(Figure	3.1C)	were	captured	from	two	locations	(A2	

and	R4)	and	transported	to	a	field	station	(Figure	3.2).		

Figure	 3.2: Ordnance Survey Map of the Isle of Rum showing the two sample 
locations where infected newts were captured for molecular analysis A2 and R4 (�), 
and the field station (★) 

All	animals	were	euthanized	by	fully	immersing	them	in	an	aqueous	solution	of	

tricaine	methane	 sulphonate	 (MS-222,	 solution	 of	 0·2%	buffered	with	 sodium	

bicarbonate)	 in	 accordance	 with	 the	 schedule	 1	 method	 under	 the	 Animals	

(Scientific	 Procedures)	 Act	 1986	 and	 the	 American	 Veterinary	 Medical	

Association	 guidelines	 and	 recommendations	 for	 ethical	 euthanasia	 of	

amphibians	(AVMA,	2007).		Animals	were	sexed	and	snout	to	vent	length	(SVL)	

measured,	before	recording	all	macroscopic	dermal	pathologies	(Table	3.1).		
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Table	3.1:	Newts	sampled	for	molecular	diagnosis	including	gross	pathologies	and	tissue	samples	taken	for	PCR	and	sequencing.	

Site	 Sex	 SVL	(cm)	 Gross	Pathology	 Sample	 Sample	Details	 PCR	positive	 Sequenced	

R4	 M	 3.4	
Whole	body	oedema,	some	cysts	
visible	within	fluid.	Hemorrhage	in	

tail.	

1	 3mm2	skin	section	of	tail	oedema	 Yes	 Yes	

2	 Dermal	cysts	from	mouth	cavity	 Yes	 No	

A2	 M	 3.5	 100	x	<1mm	covering	entire	body,	
no	normal	skin	visible.	 3	 5mm2	skin	section	from	dorsal	

surface	including	6	discrete	cysts	 Yes	 Yes	

R4	 M	 3.4	

3mm	swelling	on	left	side	of	head,	
large	ulceration	on	right	side	of	
head/joint	of	right	foreleg.	20	
discrete	pale	cysts	along	dorsal	

abdomen.	10	x	1mm	cysts	on	ventral	
surface	and	20	cysts	on	tail	with	3	

large	swellings	of	3mm	

4	 Ulcerated	patch	from	joint	of	
right	foreleg	 Yes	 No	

5	 3mm	multi-focal	swelling	from	
left	side	of	head	 Yes	 No	

A2	 M	 3.6	

Body	oedema	with	30-40	<1mm	
cysts	along	dorsal	surface	and	legs.	
Hemorrhage	on	ventral	throat	and	
abdomen.	Tail	oedematous	with	20	
1mm	pale	cysts	and	hemorrhage.	

6	
Skin	section	of	oedematous	tail	
including	10	discrete	<1mm	pale	

cysts	
Yes	 No	

R4	 F	 4.2	 Whole	body	oedema.	

7	 Liver	cyst	 Yes	 Yes	

8	 10mm2	skin	section	from	ventral	
throat	oedema	 Yes	 No	
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A	partial	necropsy	was	performed	to	inspect	internal	organs	for	the	presence	of	

liver	cysts.	As	described	in	Fiegna,	Clarke	et	al.	(2016)	a	ventral	midline	incision	

was	made	to	expose	the	liver	and	visually	inspect.	Newts	were	then	immediately	

stored	in	100%	ethanol	for	molecular	analysis.		

3.2.2.	DNA	extraction	

A	sample	of	oedematous	 tissue	(1	mm2),	a	single	dermal	cyst	or	a	single	 liver 
cyst	 was	 excised	 from	 each	 of	 the	 six	 ethanol-preserved	 newts,	 respectively	

(Table	3.1).	Excised	tissue	and	cysts	were	washed	in	deionized	water	and	dried.	

DNA	was	 extracted	 using	DNeasy®	Blood	&	 Tissue	Kit	 (Qiagen,	 Crawley,	 UK) 
according	to	the	manufacturer’s	instructions.		

3.2.2.1.	PCR	and	sequencing	

The	 small	 subunit	 (SSU)	 18S	 rRNA	gene	 is	 one	 of	 the	most	 frequently	 used	 in	

eukaryote	 phylogenetics.	 It	 contains	 eight	 highly	 variable	 regions,	 which	

provide	 information	 for	 taxonomic	 resolution	 when	 determining	 phylogenetic	

relationships	 (Hadziavdic	 et	 al.	 2014().	 	 It	 is	 currently	 the	 only	 sequence	

consistently	 available	 for	 the	 mesomycetozoeans	 (deposited	 in	 GenBank;	

Benson	 et	 al.	 2004).	 Primers	 specific	 to	 the	 mesomycetozoean	 clade	 were	

designed	by	Gray	(2008)	to	perform	initial	PCR	analysis.		The	primers	targeted	a	

1400bp	 region	 of	 18srRNA,	 based	 on	 an	 alignment	 of	 five	 mesomycetozoean	

species	 present	 of	 Genbank.	 Typically	 the	 18S	 rRNA	 gene	 region	 ranges	 from	

1800-1900	nucleotides	 in	 length,	and	PCR	of	A.	ranae	 this	gene	using	universal	

primers	 yielded	 approximately	 1770	 bp	 amplicon	 (Pereira	 et	 al.	 2005).		 The	

1400	 bp	 sequence	 targeted	 likely	 represents	 a	 significant	 portion	 of	 the	 gene	

and	 should	 provide	 enough	 sequence	 data	 and	 variability	 to	 determine	

phylogenetic	relationships.		

Oligonucleotide	 (primer)	 properties	 were	 checked	 using	 OligoCalc	 to	 ensure	

aspects	 such	 as	 self-compatibility	was	 low	or	 non-existent	 (Kibbe,	 2007).	 The	

PCR	conditions	detailed	in	the	protocol	(Gray,	2008)	were	tested,	however	the	
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intensity	 of	 the	 DNA	 bands	 was	 weak	 and	 smeared.	 Due	 to	 the	 low	 melting	

temperatures	 of	 the	 forward	 and	 reverse	 primers	 (46.8°C	 and	 44.6°C	

respectively)	 the	 annealing	 temperature	was	 initially	 set	 to	 50°C,	 however,	 in	

order	to	increase	yield	and	specificity	the	annealing	temperature	was	increased	

to	55°C.	In	addition,	the	volume	of	MgCl2	was	increased,	adding	an	additional	1µl	

to	each	PCR	tube,	reducing	the	amount	of	water	accordingly.	All	PCR	reagents,	

volumes	required	and	final	concentrations	are	detailed	in	Table	3.2.	

Table	3.2:	Reagents	used	for	PCR,	volumes	required	for	a	final	reagent	volume	
of	25µl	and	final	concentrations.	

PCR	reagents	 Volume	in	25µ l	final	volume	 Final	concentration	

Hot	start	Taq	2x	
Master	Mix	 12.5µl	 1x	

Nuclease-free	water	 8µl	 -	

MgCl2 	 1µl	 1mM	

10µM	Reverse	
Primer	 0.75µl	 0.3µM	

10µM	Forward	
Primer	 0.75µl	 0.3µM	

Template	DNA	 2µl	 variable	

Two	µL	of	each	PCR	product	were	electrophoresed	on	0.6%	agarose	gel,	stained	

with	 GelRed	 Nucleic	 Acid	 Gel	 Stain	 (Biotium)	 alongside	 2.5	 µL	 of	 1kb	 DNA	

Hypperladder	 (BioLine)	 to	assess	amplicon	size.	Amplification	products	of	 the	

correct	size	were	obtained	for	all	eight	samples.	The	post-PCR	product	of	three	

samples	 representing	 dermal	 cysts,	 liver	 cysts	 and	 oedematous	 tissue,	 were	

cleaned	using	polyethylene	glycol	precipitation	and	commercially	sequenced	by	

GATC	 Biotech.	 Sequences	 were	 manually	 edited	 in	 BioEdit	 (Hall,	 1999)	 by	

trimming	the	outermost	5’	and	3′	ends	removing	approximately	230	bp	near	the	

sequencing	primer	site,	where	read	quality	was	poor	or	ambiguous.		
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3.2.3.	Phylogenetic	reconstruction	

3.2.3.1.	Alignment	

Edited	 sequences	 (~1,160bp)	 were	 aligned	 with	 all	 twenty	 six	 18S	 rRNA	

mesomycetozoean	 sequences	 from	 GenBank,	 chosen	 for	 their	 high	 sequence	

similarity	to	the	Rum	isolate	(>94%)	(Appendix	3.I).	Non-mesomycetozoean	out-

group	sequences	of	closely	related	sister	taxa	were	chosen	based	on	high	query	

cover	 (98%	 ident.)	 but	 lower	 sequence	 identity	 to	 the	 Rum	 isolate	 than	 the	

mesomycetozoean	 sequences	 being	 analysed	 (<93%);	 Uncultured	 eukaryote,	

AB275066.1;	Lagenoeca	antarctica,	DQ9958071.1;	Uncultured	choanoflagellate,	

KC488361.1.	Due	 to	 the	nature	 of	 the	18s	 gene	 there	may	be	 gaps	within	 the	

aligned	sequences	where	mutations	have	resulted	in	the	addition	or	deletion	of	

base	 pairs.	 Edited	 sequences	 were	 aligned	 with	 all	 27	 18S	 rRNA	

mesomycetozoean	 sequences	 submitted	 in	 GenBank,	 using	multiple	 sequence	

alignment	 in	 ClustalX2.1	 (Thompson,	 1997)	 with	 gap	 penalties	 left	 at	 default	

(gap	open	=	15;	gap	extension	=	6.66).			

3.2.3.2.	Model	selection	

In	 molecular	 phylogenetics	 maximum	 likelihood	 and	 Bayesian	 methods	

of	 phylogenetic	 reconstruction	 have	 become	 more	 popular	 than	

traditional	maximum	 parsimony	 (MP)	 methods.	 Whilst	 MP	 methods	 are	 still	

favoured	 by	 some,	 they	 have	 been	 criticised	 as	 being	 statistically	

inconsistent	 and	 do	 not	 allow	 for	 the	 reconstruction	 of	 evolutionary	

processes	 like	 model-based	 approaches	 (Foster,	 2009;	 Yang	 and	 Rannala,	

2012).	 However,	 the	 two	 model-based	 approaches,	 Maximum	 Likeihood	

(ML)	 and	 Bayesian	 analysis,	 have	 different	 strengths	 and	 may	 return	

different	topologies	due	to	random	errors	in	tree	reconstruction	(Svennbland	et	

al.	 2006;	 Yang	 and	 Rannala,	 2012).	 For	 that	 reason,	 phylogenetic	

relationships	 here	 were	 generated	 using	 both	 ML	 and	Bayesian	methods,	in	

order	 to	 compare	 the	 recovered	 topologies	 and	 offer	 more	 support	 for	 the	

relationships	and	clades	appearing	in	both	analyses.	
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Within	 each	 of	 these	 reconstruction	methods,	 different	models	 are	 chosen	 to	

best	 reconstruct	 the	 true	 evolutionary	 processes	 acting	 on	 the	DNA,	 however	

the	outcome	of	phylogenetic	analysis	may	change	depending	on	the	model	used	

to	estimate	 the	phylogeny	 (e.g.	Buckley	2002;	Buckley	and	Cunningham	2002;	

Lemmon	 and	 Moriarty	 2004).	 	 Models	 will	 differ	 in	 their	 free	 parameters	

accounting	 for	 different	 aspects	 of	 sequence	 evolution	 (section	 1.12.2.2),	 and	

these	processes	are	broadly	split	into	four	categories:	i)	base	frequencies,	ii)	the	

tendency	of	one	base	to	change	to	another,	iii)	site	to	site	rate	variation	and	iv)	

invariable	 sites.	 Based	 on	 these	 processes	 a	 set	 of	 common	 candidate	models	

exists	which	differ	 in	their	complexity	(Appendix	3.II).	Generally,	 the	more	free	

parameters,	 the	 closer	 to	 true	 evolutionary	 processes,	 however	 for	 modeling	

purposes	 this	 can	 cause	 over-fitting	 and	 miss	 important	 trends	 (Posada	 and	

Crandall,	2001).	

For	 maximum	 likelihood	 analysis	 it	 is	 necessary	 to	 specify	 the	 model,	 or	

parameters,	when	 running	 analysis	 so	 a	model	must	be	 selected	 that	 best	 fits	

the	data.	A	number	of	programmes	now	exist	which	allow	for	a	large	number	of	

candidate	models	to	be	tested	and	compared	simultaneously,	and	offers	a	much	

faster	 alternative	 to	 traditional	 manual	 methods	 of	 testing.	 	 One	 such	

programme	 is	 MrModelTest	 (Posada	 and	 Crandall,	 1998)	 which	 can	 be	

implemented	in	PAUP*	4·0	(Swofford,	2002)	to	test	56	different	models	of	DNA	

evolution	against	a	starting	neighbour-joining	(NJ)	tree.		

However,	it	is	important	to	understand	the	underlying	calculations	and	criteria	

used	by	model	selection	tools	to	choose	a	best-fit	model.	Using	a	similar	method	

to	automatic	programmes,	candidate	models	can	be	tested	manually	by	creating	

a	starting	tree	and	running	analysis	using	each	model,	calculating	a	test	statistic	

test	 such	 as	 the	 Bayesian	 Information	 Criterion	 (BIC;	 Schwarz,	 1978),	 Akaike	

Information	Criterion	(AIC;	Akaike,	1974)	and	the	corrected	AIC	(AICc;	Hurvich	

and	Tsai	1989,	Sugiura	1978)	to	select	the	most	appropriate	model.	The	second	

order	AIC,	or	AICc,	corrects	for	small	data	sets	by	increasing	the	penalty	for	free	

parameters	when	sample	size	 is	small	 (Hurvich	and	Tsai	1989,	Sugiura	1978),	

and	is	generally	favoured	over	traditional	AIC.		
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The	AICc	is	calculated	as;	

AICc	=	-2	(ln	(likelihood))	+	2K*(n/n	–	K	–	1))		

Where	n	is	the	sample	size,	which	for	molecular	data	tends	to	be	the	number	of	

base	pairs	 in	a	sequence,	the likelihood	is	the	probability	of	the	data	given	the		

model	 and	 K	 is	 the	 number	 of	 free	 parameters.	 It	 deals	 with	 the	 trade	 off	

between	 the	 fit	 of	 the	 model	 and	 the	 overall	 complexity	 by	 calculating	 the	

likelihood	of	each	model	and	penalizing	by	the	number	of	free	parameters.	The	

‘best’	model	 is	chosen	as	the	one	that	minimizes	the	 ‘Kulback-Leibler’	distance	

between	the	candidate	and	true	model.	

The	BIC	is	calculated	as:	

	 	 	 	BIC	=	ln(n)K	–	2ln	L	

Where	L	is	the	model	likelihood,	K	is	the	number	of	free	parameters	and	n	is	the	

sample	size,	presuming	equal	priors	for	each	considered	model.	The	model	with	

the	 smallest	 BIC	 corresponds	 to	 the	 model	 with	 the	 maximum	 posterior	

probability.	 Model	 selection	 works	 by	 calculating	 a	 score	 for	 each	 candidate	

model	using	a	specified	criterion	such	as	the	AICc	or	BIC	and	selecting	the	model	

with	the	lowest	score	as	best.	Following	sequence	alignment,	data	was	uploaded	

into	PAUP*	4·0	(Swofford,	2002)	in	Nexus	format.	A	neighbour	joining	(NJ)	tree	

was	 created	 and	 model	 selection	 analysis	 run	 across	 24	 named	 candidate	

models	and	calculating	the	AICc	and	BIC	to	determine	the	best	model	based	on	

these	criteria.	As	an	example,	the	AICc	were	calculated	manually,	using	formulas	

detailed	 above	 for	 a	 subset	 of	 candidate	models	 (Appendix	 3.III).	 ML	 analysis	

was	performed	implementing	the	optimum	models	as	selected	by	BIC	and	AICc	

criteria	and	comparing	recovered	topologies.		

In	Bayesian	analysis,	model	choice	is	guided	by	the	Bayes	factor	rather	than	AIC	

or	BIC	as	with	ML	(Kass	and	Raftery,	1996;	Raftery,	1996)	but	limited	work	has	

been	 done	 on	 explicit	 model	 selection	 (Suchard	 et	 al.	 2001).	 Instead,	 model	

averaging	 (Hoeting	 et	 al.	 1999;	 Madigan	 and	 Raftery,	 1994;	 Raftery,	 1996;	

Wasserman,	 2000)	 performed	 using	 the	 reversible	 jump	Markov	 chain	Monte	
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Carlo	 (rjMCMC)	 algorithm	 offers	 a	 possibly	 more	 robust	 alternative	

(Huelsenbeck	et	al.	2004).	Here,	reconstruction	is	not	confined	to	pre-specified	

models	 and	 can	move	 across	 different	 schemes,	 accounting	 for	 uncertainty	 in	

DNA	 substitution.	 Model	 averaging	 over	 the	 GTR	 family	 offer	 the	 most	 free	

parameters,	samples	among	possible	conditions	without	being	constrained.	

3.2.3.3.	Selected	methods	

ML	 analysis	 was	 performed	 in	 Paup*4·0	 (Swofford,	 2002)	 setting	 parameter	

values	 to	 those	 determined	 by	 model	 selection	 and	 specifying	 the	 outgroup	

sequences.	Analysis	was	run	with	1000	bootstrap	iterations	of	a	heuristic	search	

and	tree-bisection–reconnection	branch	swapping	(Posada	and	Crandall,	1998).	

So	as	not	to	restrict	model	selection	to	named	(i.e.	Jukes	and	Cantor;	Jukes	and	

Cantor,	1969)	or	pre-	specified	models,	model	averaging	was	 implemented	for	

Bayesian	 analysis,	 sampling	 among	 the	 203	 general	 time	 reversible	 (GTR)	

models	(Huelsenbeck	et	al.	2004).	This	was	achieved	by	running	analysis	using	

the	 reversible-jump	 Markov	 chain	 Monte	 Carlo	 (rj-MCMC)	 in	 MrBayes	 3·1·2	

(Ronquist	and	Huelsenbeck,	2003),	specifying	gamma	distributed	rate	variation,	

running	 two	 independent	 metropolis-coupled	 MCMC	 with	 four	 chains	 each,	

terminating	after	10	000	replications	when	the	standard	deviation	between	the	

split	 frequencies	 reached	<0·01	 (indicating	 that	 the	 trees	 being	 sampled	have	

converged),	 sampling	every	100.	Final	 consensus	 trees	were	edited	 in	FigTree	

v1.4.2	 (Rambaut,	 2014)	 adding	 bootstrap	 values	 (BS)	 or	 bipartition	 posterior	

probabilities	(PP).	
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3.3.	RESULTS	

3.3.1.	DNA	amplification	

Successful	amplification	of	a	1400	bp	DNA	fragment	was	achieved	from	all	DNA	

extractions	 (Figure	 3.3).	 The	 retrieved	 sequences	 from	 samples	 representing	

liver	 and	 dermal	 cysts	 and	 subcutaneous	 oedema	 were	 identical	 (100%	

identity),	 confirming	 that	 each	 of	 these	distinct	 pathologies	 is	 associated	with	

the	 presence	 of	 the	 same	 pathogen	 in	 at	 least	 three	 newts.	 A	 consensus	

sequence	can	be	found	in	Appendix	3.V.	

Figure	3.3:	Gel	electrophoresis	image	of	1.5	µl	of	PCR	product	amplified	from	DNA	
extractions	of	all	8	samples	loaded	in	order	run	next	to	a	DNA	hyperladder	of	1kb.	
Samples	labeled	including	a	negative	control.	

These	 sequences	 shared	 high	 nucleotide	 similarity	 (>94%	 similarity,	 >81%	

query	 cover)	 to	members	 of	 the	Mesomycteozoeans.	 Upon	 alignment	with	 all	
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Mesomycetozoean	 18srRNA	 sequences	 archived	 in	 GenBank,	 complete	

consensus	 was	 identified	 between	 the	 Rum	 sequence	 and	 two	 dermocystid	

sequences	 isolated	 from	 infected	 L.	 helveticus	 in	 France	 (dermocystid-Larzac;	

accession	numbers	GU232542·1	and	GU232543·1).		

3.3.2.	Model	selection	

The	best	model	as	determined	by	AICc	was	TrN	+		G	+	I	(Tamura-Nei,	1993;	AICc	

=	4617.06,	AICc	weight	=	0.84)	which	allows	for	variable	base	frequencies	and	

equal	 transition-transversion	 rates	 (Φ),	 giving	 5	 free	 parameters.	 When	

calculations	were	performed	manually	the	same	model	was	selected	(Appendix	

3.III).	However	the	best	model	as	determined	by	BIC	(Schwarz,	1978;	Ripplinger	

and	Sullivan,	2010;	BIC	=	4746.8,	BIC	weight	=	0.63)	was	the	more	complex	HKY	

+	G	+	 I	 (Hasegawa	et	al.	1985)	which	allows	 for	variable	base	 frequencies	and	

two	different	rates	for	Φ,	distinguishing	transitions	and	transversions,	giving	6	

free	parameters	(see	Appendix	3.IV	for	parameter	details.).	

3.3.3.	Taxonomic	affiliation	of	the	Rum	dermocystid	

Bayesian	 and	ML	analysis	 confirmed	 the	Rum	parasite	 to	be	 a	member	of	 the	

dermocystids,	 forming	a	well-supported	clade	with	sequences	 from	 infected	L.	

helveticus	 sampled	 in	 Larzac	 (Figure	 3.4:	 Bootstrap	 support,	 tree	 A	 [BSA]	 =	

99·4%;	 BSB	 =	 97.6%;	Posterior	probability	 [PP]	 =	 0·7.)	 Under	 both	 analyses	 a	

clade	was	recovered	suggesting	a	sister	relationship	between	Amphibiothecum	

penneri	 and	 sequences	 from	 Rum	 and	 Larzac.	 Despite	 relatively	 weak	

confidence	within	the	clade	(PP	=	0·7;	BSA	=	58·2%;	BSB	=	50.2%),	support	for	a	

split	 between	 the	 clade	 itself	 and	 the	 rest	 of	 the	 dermocystids	was	 extremely	

high	for	Bayesian	and	ML	HKY+I+G	(BSA=	100%;	PP	=	1·0.).			

3.3.4.	Phylogenetic	relationships	determined	by	ML	and	Bayesian	models	

The	 topolgy	 recovered	 using	ML	 under	 the	 HKY+G+I	model	 recovered	 a	 split	

between	a	clade	containing	Amphibiothecum	penneri	and	isolates	from	Rum	and	

Larzac	(Figure	3.4A),	from	the	rest	of	the	dermocystids	with	high	support	(BSA	=	

100).	 The	Dermocystidium	 and	 Amphibiocystidium	 were	 polyphyletic	 showing	
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no	 discernible	 grouping	 of	 amphibian-infecting	 and	 fish-infecting	 pathogens.	

However,	a	monophyletic	clade	with	high	support	(BSA	=	87.8%)	distinguished	

the	Rhinosporidium	sp.	 for	 other	 dermocystids,	 forming	 a	 sister	 group	with	A.	

viridescens,	 both	 representing	 a	 more	 recently	 emerging	 lineage.	 In	 addition,	

isolates	 from	A.	ranae	 and	A.	viridescens	were	 found	 to	be	distinct,	 confirming	

their	consideration	as	separate	species.		

Figure	 3.4:	 Consensus	 tree	 created	 used	 Maximum	 likelihood	 analsysis	
implementing	 HKY+G+I,	 presenting	 the	 phylogenetic	 relationships	 of	
Dermocystida	 based	 on	 18srRNA	 sequences.	 Maximum	 likelihood	 analysis	
implementing	 HKY+G+	 with	 node	 support	 displayed	 as	 bootstrap	 support.	
Amphibiocystidium	 species	 are	 indicated	 in	 red	 and	 Amphibiothecum	 species	
indicated	 in	blue.	 	 Sequences	 isolated	here	 from	different	pathologies	presenting	
on	 infected	newts	on	Rum	are	 indicated	as;	 *	=	oedema;	**	=	dermal	cysts;	 ***	=	
liver	cysts	
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Under	 the	 TrN+I+G	model	 (Figure	3.4B),	 again	A.	penneri	 and	 isolates	 of	 Rum	

and	Larzac	were	distinguished	from	the	other	dermocystids	as	a	basal	split	from	

the	 main	 clade,	 but	 with	 relatively	 weak	 support	 (BSB	 =	 59.2%).	 Very	 little	

resolution	 was	 recovered	 within	 the	 main	 dermocystid	 clade,	 showing	

Amphibiocystidium	 sp.	 and	Dermocystidium	 sp.	 to	 be	 paraphyletic.	 However,	 a	

well	supported	(BSB	=	73.8%)	monophyletic	clade	determined	members	of	the	

Rhinosporidium	sp	to	be	a	more	recently	emerged	lineage.	Again,	A.	ranae	and	

A. viridescens	were	confirmed	to	be	separate	lineages	within	the	dermocsytids.

Figure	 3.5:	 Consensus	 tree	 created	 used	 Maximum	 likelihood	 analysis	
implementing	TrN+I+G,	presenting	the	phylogenetic	relationships	of	Dermocystida	
based	on	18srRNA	sequences.	Maximum	likelihood	analysis	implementing	HKY+G+	
with	node	support	displayed	as	bootstrap	support.	Amphibiocystidium	species	are	
indicated	 in	 red	 and	 Amphibiothecum	 species	 indicated	 in	 blue.	 	 Sequences	
isolated	here	from	different	pathologies	presenting	on	infected	newts	on	Rum	are	
indicated	as;	*	=	oedema;	**	=	dermal	cysts;	***	=	liver	cysts	

B	
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The	phylogenetic	relationships	recovered	using	Bayesian	analysis	(Figure	3.4C)	

further	confirmed	the	split	of	Amphibiotehcum	sp.	from	other	Amphibiocystidum	

sp.,	Rhinosporidium	sp.	 and	Dermocystidium	sp.	with	very	strong	support	 (PP	=	

1.0).	 Sequences	 from	A.	 ranae	 clustered	within	 isolates	 of	Dermocystidium	 sp.	

whilst	 A.	 viridescens	 formed	 a	 well-supported	 sister	 relationship	 with	

Rhinosporidium	sp.	(PP	=	0.7).	All	species	of	Rhinosporidium	clustered	with	high	

support	 (PP	 =	 0.98)	 and	 short	 branch	 lengths	 suggesting	 a	 more	 recent	

divergence	within	this	lineage.	

Figure	3.6:	Consensus	tree	created	Bayesian	inference	run	using	reversible-jump	
MCMC	to	average	over	the	GTR	models,	with	node	support	displayed	as	posterior	
probabilities;	 Amphibiocystidium	 species	 are	 indicated	 in	 red	 and	
Amphibiothecum	species	indicated	in	blue.	Sequences	isolated	here	from	different	
pathologies	presenting	on	infected	newts	on	Rum	are	indicated	as;	*	=	oedema;	**	
=	dermal	cysts;	***	=	liver	cysts	
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3.3.5.	Comparison	of	ML	and	Bayesian	topologies	

Across	 all	 topologies,	 isolates	 from	 diseased	 newts	 on	 Rum,	 Larzac	 and	 A.	

penneri	formed	a	well-supported	group,	presenting	as	a	basal	clade	to	the	main	

Dermcoystids.	Although	some	differences	in	the	internal	relationships	between	

Dermocystidium	sp.	and	Amphibiocystidium	sp.	were	recovered,	in	general	these	

pathogens	were	 found	 to	be	paraphyletic	and	confirmed	at	 least	 two	separate	

species	 of	 Amphibiocystidium.	 A	 distinct	 monophyletic	 clade	 containing	 all	

Rhinosporidium	sp.	was	recovered	across	all	models.	In	addition,	trees	obtained	

using	Bayesian	 and	ML	 implementing	 TrN	 +	 I	 +	 G,	 (Figure	3.4	and	Figure	3.6)	

found	 the	 Rhinosporidium	 sp.	 to	 be	 a	 sister	 clade	 to	 sequences	 of	

Amphibiocystidium	viridescens.		

3.4.	DISCUSSION	

This	 chapter	 presents	 comprehensive	 phylogenetic	 analyses,	 to	 formally	

identify	 and	 classify	 the	 Rum	 pathogen,	 in	 addition	 to	 building	 on	 current	

knowledge	 of	 dermocystid	 phylogeny.	 All	 observed	 pathologies,	 dermal	 cysts,	

liver	 cysts	 and	 oedematous	 tissue,	 were	 found	 to	 be	 associated	 with	 the	

presence	of	the	same	DNA	isolate.	Analysis	determined	the	Rum	pathogen	to	be	

synonymous	to	infection	in	L.	helveticus	in	France,	identifying	it	as	a	new	species	

within	the	Amphibiothecum.	

3.4.1.		Sequence	data	from	distinct	pathologies		

The	 DNA	 sequences	 isolated	 from	 all	 distinct	 pathologies,	 dermal	 cysts,	 liver	

cysts	 and	 subcutaneous	 oedema,	 were	 identical.	 Whilst	 this	 does	 not	 itself	

confirm	that	each	pathology	is	caused	directly	by	the	pathogen,	the	presence	of	

pathogen	cysts	and	spores	within	each	pathology	(Fiegna,	Clarke	et	al.	2016)	in	

the	absence	of	any	other	abnormalities	in	the	host	tissue,	gives	strong	evidence	

to	suggest	these	pathologies	are	all	a	response	to	the	same	infection.	However,	

some	 studies	 have	 suggested	 the	 existence	 of	 potential	 dermocystid	 co-

infections,	 for	 example	a	population	of	 frogs	 in	Uruguay	 infected	with	Chytrid	

were	also	described	with	characteristic	Amphibiocystidium	sp.	lesions	(Borteiro	

et	al.	2014).	In	addition,	two	separate	studies	of	amphibian	populations	infected	
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with	 B.	 dendrobatidis,	 Anaxyrus	 canorus	 (Yosemite	 toad)	 and	 Notophthalmus	

viridescens	 (red	 spotted	 newt)	 were	 also	 associated	 with	 the	 presence	 of	 A.	

viridescens	 (Groner	 and	 Relyea,	 2010)	 and	 A.	 penneri		(Green	 and	 Sherman,	

2001)	respectively,	although	co-infection	was	not	strictly	identified.		

More	complex	 techniques	would	be	required	 in	order	 to	ensure	unequivocally	

that	the	sequences	obtained	from	tissue	samples	belong	to	the	parasite	causing	

the	clinical	sings	observed.	For	example,	fluorescent	in	situ	hybridisation	(FISH)	

techniques	 use	 fluorescent	 probes	 to	 bind	 to	 targeted	 DNA	 sequences.	 The	

expression	of	the	gene	can	then	be	visualized	within	the	host’s	tissue,	allowing	

for	rapid	and	specific	detection	of	pathogens	within	clinical	samples	(DeLong	et	

al.	1989;	Amann	et	al.	1990;	Moter	and	Göbel,	2000).	

3.4.2.		Phylogenetic	relationships	of	the	Dermocystids	

In	agreement	with	Feldman	et	al.	(2005)	our	analyses	distinguished	A.	penneri	

from	other	Dermocystids	with	high	confidence,	supporting	its	consideration	as	a	

distinct	 genus	 from	 other	 Amphibiocystidium	 spp.	 This	 genus	 appears	 to	

represent	not	only	a	sister	 lineage	to	other	Dermocystids	but	a	potential	basal	

genus	 in	 the	 family	 as	 a	 whole.	 Whilst	 the	 internal	 relationships	 between	

Amphibiocystidium	and	Dermocystidium	 species	were	not	consistent	across	ML	

and	Bayesian	 analyses,	 all	 topologies	 determined	 that	 the	 amphibian	 and	 fish	

infecting	 pathogens	 are	 not	 monophyletic,	 supporting	 previous	 studies	

(Feldman	et	al.	2005).	In	addition	A.	ranae	and	A.	viridescens	were	confirmed	to	

be	 two	 species,	 and	 regardless	 of	 the	 positioning	 within	 the	 Dermocystids,	

sequences	 of	 Rhinosporidium	 formed	 a	 discrete	 clade	 supporting	 its	

consideration	as	a	single	genus.	Phylogenies	recovered	using	ML	implementing	

HKY+G+I	 (Figure	 3.4A)	 and	 Bayesian	 (Figure	 3.4C)	 showed	 the	 more	 recent	

emergence	 of	 these	 lineages	 from	 other	 fish	 and	 amphibian	 infecting	

dermocystids	 potentially	 suggesting	 a	 single	 evolutionary	 host-shift	 from	 the	

lower	 invertebrates	to	mammalian	and	avian	hosts.	Amphibiocystidium	species	

likely	 represents	 at	 least	 two	 evolutionarily	 distinct	 lineages	 (A.	 ranae	 and	A.	

viridescens),	 particularly	 supported	 by	 Bayesian	 topologies	 and	 ML	
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implementing	HKY+G+I.	 However,	 the	 nested	 arrangement	 of	Dermocystidium	

sp.	and	Amphibiocystidium	spp.	is	unclear	and	appears	to	suggest	multiple	host-

shift	 events	between	 fish	and	amphibian	hosts.	Host	 shift	 events	between	 fish	

and	 amphibian	 hosts	 are	 not	 uncommon	 amongst	 pathogens	 of	 the	 lower	

invertebrates	 (Densmore	and	Green,	2007;	Bandín	and	Dopazo,	2011,	Price	et	

al.	 2014).	 For	 example,	 analysis	 of	 genomic	 data	 from	 numerous	 isolates	 of	

Ranavirus	 indicated	 that	 these	 were	 traditionally	 pathogens	 of	 fish,	 with	

multiple,	evolutionarily	recent,	host-jumps	from	fish	to	amphibians	leading	to	a	

broad	 host	 range	 (Jancovich	 et	 al.	 2010).	 The	 Bayesian	 tree	 gives	 the	 most	

resolution	 of	 internal	 relationship,	 suggesting	 that	 the	 Dermocystids	 were	

typically	fish	pathogens	emerging	into	new	hosts	through	two	main	jumps;	i)	to	

A.	 ranae	 and	 ii)	 to	 a	 clade	 containing	 A.	 viridescens	 and	 Rhinosporidium	

representing	a	much	broader	host	range.	Whilst	 this	gives	some	evidence	 that	

the	fish-infecting	lineages	represent	ancestral	dermocystids,	with	more	recently	

evolving	 branches	 of	 amphibian	 specific	 lineages,	 similar	 to	 those	 of	

Rhinosporidium,	 this	 is	 not	 enough	 evidence	 to	 confirm	 the	 direction	 of	 host	

shifts.		

3.4.3.	Identification	of	a	novel	amphibian-infecting	dermocystid	species		

Complete	consensus	was	identified	between	pathogen	isolates	from	infected	L.	

helveticus	 on	 Rum	 and	 Larzac,	 France	 (González-Hernández	 et	 al.	 2010),	

indicating	 that	 these	 two	 cases	 represent	 infection	 by	 the	 same	 pathogen.	

Phylogenetic	analysis	not	only	emphasized	their	affiliation,	but	also	highlighted	

their	distinctiveness	from	other	species	of	dermocystid.	The	well-supported	and	

distinct	clade	containing	the	Rum	and	France	sequences,	and	the	short	branch	

lengths	recovered	under	Bayesian	analysis,	are	indicative	of	a	single	species.	In	

addition,	dermocystid	sequences	from	Rum	and	Larzac	formed	a	well-supported	

and	 consistent	 clade	with	A.	penneri,	giving	 strong	 support	 that	 the	 pathogen	

causing	 disease	 in	 L.	 helveticus	 in	 Europe	 is	 not	 a	 member	 of	 the	

Amphibiocystidium	 but	 instead	 should	 be	 consider	 a	 novel	 species	 within	 the	

genus	Amphibiothecum.	Whilst	the	pathogen	causing	disease	in	France	has	been	

described,	 it	 remains	unnamed,	 referred	 to	only	as	a	dermocystid-like	parasite	
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(González-Hernández	 et	 al.	 2010).	 This	 study	 identifies	 a	 new	 species	 of	

dermocystid	 and	 the	 first	 Amphibiothecum	 sp.	 known	 to	 Europe,	 formally	

naming	the	species	Amphibiothecum	meredithae.		

3.4.4.	Developing	dermocystid	phylogeny	

The	use	of	different	models	and	parameter	settings	allowed	for	greater	support	

to	 be	 given	 to	 the	 well-supported	 groupings	 consistent	 across	 all	 recovered	

topologies.	For	example,	 the	distinction	of	Amphibiothecum	as	a	sister	clade	to	

the	dermocystids	containing	A.	penneri	and	A.	meredithae	was	consistent	across	

all	 trees	and	 further	 corroborated	 recent	analysis	published	by	Feldman	et	 al.	

(2005).	 The	 genus	Amphibiothecum	 is	 therefore	 represented	by	 two	pathogen	

species,	infecting	hosts	belonging	to	different	amphibian	orders	in	two	separate	

continents.	The	relatively	long	branch	lengths	in	Bayesian	analysis	and	weaker	

support	 for	 the	 sister	 relationship	between	A.	meredithae	 and	A.	penneri	 in	all	

analyses	(BSA	=	58.2%;	BSB	=	50.2%;	PP	=	0.7%)	suggests	that	this	genus	may	

represent	a	much	greater	radiation	of	pathogens.	In	addition,	the	relationships	

between	 Dermocystidium	 sp.	 and	 Amphibiocystidium	 sp.	 were	 largely	 unclear,	

with	inconsistencies	across	all	models.	Sequence	data	is	currently	only	available	

for	a	proportion	of	 suspected	dermocystid	 species.	The	consideration	of	 some	

amphibian-infecting	 pathogens	 as	 Amphibiocystidium	 sp.	 is	 based	 on	

morphological	descriptions	from	reports	in	the	1900’s,	where	no	sequence	data	

is	available.	In	addition,	only	a	single	segment	of	the	18s	rRNA	gene,	with	just	a	

small	 number	 of	 concurrent	 bases	 across	 the	 taxa	 is	 available	 for	 the	

dermocystids.	 Feldman	 et	 al.	 (2005)	 emphasized	 the	 limitations	 of	 analysis	

based	on	this	small	gene	region	and	the	small	number	of	known	and	sequenced	

Mesomycetozoeans.	 In	 order	 to	 continue	 to	 refine	 the	 relationships	 and	

determine	the	extent	of	 the	dermocystid	radiation,	particularly	 for	amphibian-

specific	parasites,	more	extensive	sequence	data	should	be	obtained	from	more	

suspected	cases.	
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3.4.5.	Conclusion	

Disease	 caused	 by	 A.	 meredithae	 on	 the	 Isle	 of	 Rum	 and	 Southern	 France	

represent	two	geographically	isolated	cases	of	disease	in	the	same	host	species,	

suggesting	 that	 this	pathogen	 is	highly	host-specific.	The	 current	 range	across	

Europe	 is	unknown,	however	more	work	should	be	done	 to	screen	amphibian	

populations	 across	 Europe	 for	 the	 presence	 of	 A.	 meredithae	 and	 better	

understand	 it’s	 true	 geographic	 range.	 This	 will	 not	 only	 identify	 possible	

alternative	 hosts	 but	 also	 give	 an	 indication	 of	 the	 geographic	 range	 of	 the	

pathogen.	 However,	 this	 will	 require	 methods	 to	 more	 easily	 facilitate	

confirmation	 of	 disease	 without	 the	 need	 for	 costly	 and	 invasive	 diagnostic	

tests.	This	will	be	further	addressed	in	chapter	9.	

Phylogenetic	analysis	of	DNA	isolates	have	allowed	for	the	taxonomy	of	the	Rum	

pathogen	to	be	determined.	However,	descriptions	of	gross	and	histopathology	

are	necessary	to	confirm	the	pathogens	affiliation	and	identify	commonalities	in	

pathogen	 ultrastructure	 across	 phylogenetically	 similar	 organisms.	 A	 detailed	

and	 comparative	 pathological	 description	 is	 presented	 in	 Fiegna,	 Clarke	 et	al.	

(2016),	 however	 histopathology	 examination	 can	 also	 provide	 important	

information	on	infection	cycle,	and	identify	significant	physiological	changes	to	

the	 host	 or	 the	 presence	 of	 an	 immune	 response	 that	 indicates	 the	 potential	

severity	of	disease.	In	Chapter	4,	key	findings	from	histopathology	examination	

are	 combined	 with	 observations	 from	 broad	 surveys	 and	 results	 from	 initial	

study	trials	to	produce	a	pathogen	profile	and	develop	a	broader	understanding	

of	disease	on	the	Isle	of	Rum.		
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CHAPTER	4 

BUILDING	A	PATHOGEN	PROFILE	USING

HISTOLOGICAL	EXAMINATION	AND	FIELD	

OBSERVATIONS	TO	INFER	DISEASE	PROCESSES.2	

4.1.	INTRODUCTION	

In	 Chapter	 3,	 DNA	 sequencing	 and	 molecular	 phylogenetics	 were	 used	 to	

characterise	the	pathogenic	agent	causing	disease	in	palmate	newts	on	the	Isle	

of	Rum.	The	pathogen	was	confirmed	to	be	a	member	of	the	order	Dermocystida	

belonging	 to	 the	 genus	 Amphibiothecum	 (Feldman	 et	 al.	 2005),	 and	 is	

synonymous	 to	 a	 previously	 unnamed	 species	 of	 pathogen	 described	 in	

Southern	 France	 (González-Hernández	 et	 al.	 2010).	 Subsequent	 pathological	

2	Aspects	of	this	chapter	are	published	in:	Fiegna,	C.*,	Clarke,	 C.*,	 Shaw,	D.	 J.,	Bailey,	 J.,	
Clare,	F.,	Gray,	A.,	Garner,	T.,	and	Meredith,	A.	L.	(2016)	Pathological	and	Phylogenetic	
Characterisation	of	Amphibiothecum	sp.	 infection	 in	an	 isolated	amphibian	(Lissotriton	
helveticus)	population	on	the	Island	of	Rum	(Scotland).	Parasitology,	144(4),	484-496	
*Joint	first	author
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examination,	 described	 in	 full	 in	 Fiegna,	 Clarke	 et	 al.	 (2016),	 revealed	 a	 cyst	

morphology	and	ultrastructure	characteristic	of	dermocystids,	 and	similarities	

that	further	confirmed	it	to	be	identical	to	a	dermocystid	infecting	in	European	

palmate	 newts	 (González-Hernández	 et	 al.	 2010),	 formally	 naming	 this	 novel	

pathogen	Amphibiothecum	meredithae	 (Fiegna,	Clarke	et	al.	 2016).	Here,	 gross	

pathology	 and	 histopathology	 are	 examined	 further	 in	 the	 context	 of	 cyst	

development,	 infection	 burden	 and	 host	 immune	 response.	 These	 disease	

processes	are	also	explored	at	the	host	level,	using	preliminary	study	trials	and	

observations	of	morbidity	and	mortality	made	during	annual	sampling	between	

2014	and	2016.	

4.1.1.	Morbidity	and	mortality	of	amphibian-infecting	dermocystid	infections	

Amphibiocystidium	and	Amphibiothecum	spp.,	of	 the	order	Dermocystida,	cause	

dermal	 infections	 in	their	amphibian	hosts,	where	gross	pathologies	can	range	

from	 discrete	 small	 cystic	 lesions	 (<1mm	 to	 2mm),	 to	 larger	 multi-focal	

swellings	 (Pascolini	 et	 al.	 2003;	 Raffel	 et	 al.	 2008;	 González-Hernández	 et	 al.	

2010).	 Histologically,	 parasite	 cysts	 are	 confined	 to	 the	 host’s	 dermis,	 and	

commonly	 described	 in	 the	 stratum	 spongiosum	 (Pascolini	 et	 al.	 2003;	

González-Hernández	 et	 al.	 2010),	 although	 one	 case	 has	 also	 reported	 the	

presence	 of	 internal	 cysts	 on	 the	 liver	 of	 newts	 with	 no	 gross	 dermal	

pathologies	(Raffel	et	al.	2008).	Most	reports	suggest	that	dermocystid	infection	

is	unlikely	to	cause	lasting	or	significant	harm	to	amphibian	hosts	(Perez,	1913;	

González-Hernández	 et	 al.	 2010),	 with	 animals	 able	 to	 resolve	 infection	 and	

recover	 from	 disease	 (Densmore	 and	 Green,	 2007;	 Raffel,	 et	 al.	 2008).	 In	

contrast,	 the	 presence	 of	Amphibiocystidium	sp.	 has	 been	 linked	 to	 population	

declines	 (Pascolini	 et	al.	 2003)	 and	mortalities	 in	 captive	 newts	 (Raffel,	 et	al.	

2008).	 However,	 whilst	 high	 parasite	 burden	 can	 be	 debilitating,	 potentially	

hindering	 respiration,	 movement	 and	 feeding	 ability	 (Whitaker	 and	 Wright	

2001),	mortalities	in	wild	populations	have	not	been	explicitly	described.	On	the	

Isle	of	Rum,	anecdotal	reports	and	preliminary	studies	suggest	that	high	levels	

of	 morbidity	 are	 associated	 with	A.	meredithae	 infection	 and	may	 cause	 host	

mortality	(Anderson,	2011;	McMurdo-Hamilton,	2012).	
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4.1.2.	Histopathology	to	infer	host-pathogen	dynamics	

In	addition	to	describing	the	pathogen	for	the	purposes	of	characterisation	and	

diagnosis,	 histological	 examination	 can	 be	 used	 to	 investigate	 aspects	 of	 the	

disease	 process	 (Berger	 et	 al.	 2005;	 Greenspan	 et	 al.	 2012).	 For	 example,	

observing	 the	 pathogen	 at	 different	 stages	 of	 development,	 particularly	 in	

association	with	 particular	 pathological	 changes	 in	 the	 host	 can	 allude	 to	 the	

pathogen	life	cycle	and	even	the	infection	cycle	(Gupta	et	al.	2009).	Differences	

in	parasite	burden	and	associated	pathological	changes	corresponding	to	gross	

presentation	 can	 identify	 stages	 of	 disease	 and	 the	 impact	 on	 the	 host.	 These	

observations	 can	 help	 form	 hypotheses	 of	 disease	 progression	 and	 the	

processes	 that	may	 lead	 to	different	disease	outcomes,	 notably	morbidity	 and	

mortality	or	host	recovery.	

4.1.3.	Amphibian	immune	systems	and	parasite	avoidance	

If	 amphibians	 can	 recover	 from	 dermocystid	 infection,	 this	 may	 suggest	

involvement	of	an	immune	response.	Amphibian	skin	is	highly	water-permeable	

making	amphibian’s	more	sensitive	to	environmental	threats	such	as	toxins	and	

pathogenic	 agents	 (Rowe,	 et	 al.	 2003;	 Quaranta	 et	 al.	 2009).	 However,	 the	

acquired	 immune	 response	 in	 amphibians	 often	 evolves	 too	 slowly	 to	 protect	

species	from	new	or	emerging	pathogens	(Robert	and	Ohta,	2009).	The	granular	

glands	 present	 in	 amphibian	 skin	 are	 a	 major	 part	 of	 the	 amphibian	 innate	

immune	 defence	 (Rollins-Smith	 and	 Conlon,	 2005;	 Rollins-Smith	 et	 al.	 2009;	

Ramsey	 et	 al.	2010).	 The	 centre	 of	 each	 granular	 gland	 contains	 active	 anti-

microbial	peptides	(AMPs;	Dockray	and	Hopkins,	1975;	Giovannini	et	al.	1987;	

Simmaco	 et	 al.	 1998;	 Zaslof,	 2002;	 Rinalidi,	 2002),	 which	 are	 released	 in	

response	 to	 alarm,	 injury	 and	 exposure	 to	 pathogens.	 After	 release,	 the	 gland	

regenerates	and	peptide	content	is	restored	(Toledo	and	Jared	1995;	Ramsey	et	

al.	 2010).	 However,	 the	 degree	 of	 peptide	 discharge	 and	 the	 amount	 of	 time	

needed	 for	 regeneration	 can	 be	 altered	 by	 the	 degree	 of	 stress	 or	 alarm.	 It	 is	

possible	 that	 gland	 morphology/condition	 may	 reflect	 differences	 in	 gland	

function	 between	 uninfected	 and	 infected	 animals,	 or	 allude	 to	 differences	 in	
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host	 physiology	 or	 innate	 immune	 response	 potential,	 which	 dictates	 the	

incidence	and	severity	of	disease.		

Studies	of	Dermocystidium	sp.	suggests	that	fish	can	develop	acquired	immunity	

to	these	pathogens	with	age,	for	example	perch	(Perca	fluviatilis)	exposed	to	D.	

percae	 can	 develop	 immunity	 after	 3	 years	 of	 age	 so	 disease	 incidence	 is	

confined	 to	 younger	 perch	 (Pekkarinan	 and	 Lotman,	 2003;	 Glockling	 et	 al.	

2013).	More	detail	is	known	regarding	the	immune	response	to	Rhinosporidium	

sp.	 in	humans,	where	a	humoral	and	cell-mediated	immune	response	has	been	

described	 (Arseculeratne	 2002;	 2005).	 An	 initial	 immune	 reaction	 has	 been	

described	in	amphibian	hosts	infected	with	dermocystids;	an	immune	response,	

localised	 around	 embedded	 pathogen	 cysts	 in	 the	 form	 of	 inflammatory	 cell	

infiltrate,	neutrophils,	eosinophils,	lymphocytes	and	macrophages	(Pereira	et	al.	

2005;	 Raffel	 et	 al.	 2008;	 González-Hernández	 et	 al.	 2010).	 Whilst	 an	

inflammatory	 response	 involving	 immune	 cells,	 such	 as	 macrophages	 and	

neutrophils,	is	often	an	innate	first	defence	against	infection	or	injury	(Alberts	et	

al.	 2002),	 it	 cannot	 be	 ruled	 out	 that	 the	 response	 described	 above,	 in	

association	with	dermocystid	cysts,	is	acquired.	In	addition,	the	involvement	of	

other	 innate	 immune	 functions	 such	 as	 granular	 glands	 has	 not	 been	

investigated.	

Alternatively,	 amphibians	 may	 alter	 behaviour	 or	 produce	 a	 physiological	

response	to	actively	avoid	or	clear	infection	(Van	Rooij	et	al.	2015).	In	addition,	

amphibians	 exposed	 to	 aquatic	 parasites	 have	 shown	 avoidance	 behaviour,	

where	 by	 escaping	water	 and	 therefore	 the	 parasite,	 the	 host	may	 be	 able	 to	

resolve	infection	(Alford	et	al.	2010).	

4.1.4.		Investigating	pathogen	life	cycle	and	disease	risk	

In	 amphibian	 diseases,	 hypotheses	 of	 disease	 processes	 are	 often	 explored	 or	

tested	using	controlled	experimental	trials	and	comparative	field	observations.	

For	example,	 in	order	 to	explore	differences	 in	disease	outcome	and	mortality	

risk,	experimental	or	comparative	studies	have	shown	that	infection	caused	by	

different	 strains	 of	Batrachochytrium	dendrobatidis	 (Bd)	 can	 lead	 to	 different	
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clinical	outcomes	and	differing	mortality	risks	(Berger	et	al	2005;	Daszak	et	al.	

2004;	 Fisher	 et	 al.	 2009),	 whilst	 host	 factors	 such	 as	 behaviour	 (Rowley	 and	

Alford,	2007),	resistance	(Johnson	et	al.	2011)	and	age	(Lamirande	and	Nichols,	

2002)	can	also	impact	disease	outcome.		

Studies	 have	 described	 the	 pathogen	 life-cycle,	 transmission	mechanisms	 and	

tentative	disease	progression	of	fish-infecting	Dermocysitidum	spp.	(Olson	et	al.	

1991:	 	Mendoza	et	al.	2002),	but	very	 few	studies	have	explored	the	pathogen	

life	 or	 infective	 cycle	 of	 amphibian-infecting	 dermocystids.	 For	 example,	 the	

development	 of	 flagellate	 zoospores	 within	 sporangia	 has	 been	 described	 in	

Dermocystidium	sp.,	where	in	vivo	laboratory	studies	were	able	to	stimulate	the	

release	of	motile	zoospores	by	incubating	cysts	in	water	held	at	4°C	(Olson	et	al.	

1991).	 However,	 despite	 extensive	 histopathological	 examination	 and	 some	

attempts	 to	 stimulate	 zoospore	 release,	 zoospores	 have	 not	 been	 observed	 in	

any	Amphibiocystidium	or	Amphibiothecum	sp.	 (Pascolini	et	al.	2003;	Pereira	et	

al.	2005),	so	transmission	mechanisms	and	infective	cycle	remain	unclear.	

4.1.5.	Study	aims	

Amphibian-infecting	dermocystid	pathogens	are	poorly	understood,	and	little	is	

known	 about	 the	 parasites	 life	 cycle,	 infection	 cycle	 of	 disease	 progression	

(Whitaker	 &	 Wright,	 2001).	 This	 chapter	 aims	 to	 develop	 a	 deeper	

understanding	of	disease	processes	not	only	for	A.	mereidthae	on	the	Isle	of	Rum	

but	also	 for	amphibian	associated	dermocystids	more	generally.	By	combining	

histopathology	 examination,	 study	 trials	 and	 observations	 from	 annual	

sampling	 (see	 chapters	 5	 to	 8),	 this	 chapter	 attempts	 to	 develop	 a	 detailed	

pathogen	profile	investigating:	

• Parasite	development	 and	associated	 gross	pathologies	 to	 infer	disease
progression

• Pathogen	life	cycle	and	transmission	mechanisms
• Differences	in	disease	outcome
• Trial	the	use	of	in	situ	and	in	vivo	studies	to	observe	disease	progression

and	either	recovery	or	morbidity/mortality
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4.2.	METHODOLOGY	

4.2.1.	Sample	collection	and	field	observations	

In	 this	 chapter	 four	 different	 data	 sets	 are	 brought	 together	 to	 draw	 general	

conclusions	on	infection	dynamics	such	as	 infection	progression,	 transmission,	

and	 disease	 severity	 (ability	 of	 the	 host	 to	 recover	 or	 succumb	 to	 infection).	

This	includes:	

1) Observations	 of	 morbidity,	 mortality	 and	 co-infections	 collated	 from 

three	year	field	surveys	between	2014	and	2016	across	thirty	one	sites 

(Figure	4.1A	[•])

2) Samples	 collected,	 from	 three	 locations,	 for	 post	 mortem	 and 

histopathological	 examination,	 as	 described	 by	 Fiegna,	 Clarke	 et	 al.

(2016),	 and	 further	 investigated	here	 to	build	on	knowledge	of	disease 

processes;	Figure	4.1B	[•]:	section	4.2.1.1).

3) Trial	in	situ	studies	conducted	in	2015	to	investigate	how	gross 

pathologies	were	associated	with	disease	progression:	i)	four	sites 

selected	for	submerged	enclosures	(section	4.2.3.2;	Figure	4.1B	[★])	and

ii) two	sites	selected	for	pond-side	tubs	(section	4.2.3.4;	Figure	4.1B	[Δ]).
4) In	vivo	observations	performed	at	designated	animal	facilities	and 

laboratories	at	the	Institute	of	Zoology,	London,	aiming	to	i)	advance 

animals	husbandry	protocols	and	observe	disease	presentation	in captive	

animals	and	ii)	attempt	to	isolate	zoospores	(section	4.2.3.2; locations	of	

animal	collection	Figure	4.1B	[∗].	
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Figure	4.1:	Ordnance	survey	map	of	the	Isle	of	Rum,	showing	the	main	field	station	(Fig.	B:	•)	and	locations	of	data	collection	or	
field	studies.	Sites	coloured	based	on	their	prevalence:	blue	=	uninfected	control	site	(0%);	yellow	=	low	prevalence	(<	50%);	red	
=	 high	 prevalence	 site	 (>50%).	 1)	 Thirty	 sites	 used	 for	 field	 surveys	 where	 observations	 were	 made	 (Fig.	 A:	 •).	 2)	 Three	

locations	where	newts	were	collected	for	post	mortem	and	histopathology	examination	(Fig.	B:	•).	3)	In	situ	study	trials:	i)	four	
sites	selected	for	submerged	enclosures	(Fig.	B:★)	and	ii)	two	sites	selected	for	pond-side	tubs	(Fig.	B:	Δ).	4)	Locations	where	
newts	were	collected	for	in	vitro	trials	(Fig.	B:	∗).	
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4.2.2.	Post	mortem,	gross	and	histological	examination	

4.2.2.1.	Sample	processing	

During	2014,	 three	 sites	were	 selected	based	on	previous	preliminary	 studies	

performed	 in	2011	and	2012	 (Anderson	et	al.	 2011;	McMurdo-Hamilton	et	al.	

2012),	including	one	with	high	levels	of	infection	(Figure	4.1:	Site	R4;	mean	(𝑥)	=	

65%),	 one	with	 lower	 levels	 of	 infection	 (Site	A2;	𝑥	=	 35%),	 and	 one	 site	 free	

from	infection	acting	as	a	control	site	(DP).	

Thirty-six	 newts	 (12	 from	 each	 infected	 pond,	 R4	 and	 A2,	 and	 12	 from	the	

control	site,	DP)	were	collected	and	transported	live	to	the	field	station	where	

they	were	euthanized	by	immersion	in	an	aqueous	solution	of	tricaine	methane	

sulphonate	 (MS-222,	 solution	 of	 0.2%	 buffered	 with	 sodium	 bicarbonate).	

Animals	were	weighed	(g),	measured	(snout-to-vent	 length;	mm)	and	all	gross	

dermal	lesions	were	described	in	detail,	noting	the	type	of	lesion,	size,	number	

and	 location	 on	 the	 body.	 In	 order	 to	 examine	 animals	 for	 internal	 cysts,	 a	

partial	 necropsy	 examination	 was	 performed	 via	 a	 ventral	 midline	 incision	

down	 the	 ventral	 abdomen,	 being	 careful	 to	 retain	 the	 anatomical	 location	 of	

visceral	organs	for	later	histological	analysis	(Pessier	and	Pinkerton,	2003).	The	

liver	was	fully	exposed	and,	if	present,	cystic	lesions	were	recorded.	Newts	were	

then	individually	fixed	in	neutral	buffered	10%	formalin.	

A	 subset	 of	 30	 formalin-fixed	 newts,	 were	 processed	 for	 histological	

examination	 (Table	 4.1):	 10	 visibly	 disease	 animals	 from	 site	 R4,	 10	 animals	

from	site	A2	including	8	with	lesions	and	2	without,	and	10	from	the	control	site	

DP.		
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Table	4.1:	Animals	captured	for	post	mortem	and	histological	analysis.	Snout-vent	length	(SVL)	gives	a	measure	of	body	size.	

Site Sex SVL Weight Pathologies Post mortem observations 
DP F 42 2.47 Uninfected 
DP F 40 2.13 Uninfected 
DP F 40 2.36 Uninfected 
DP F 39 2.58 Uninfected 
DP F 41 2.15 Uninfected 
DP F 41 2.09 Uninfected 
DP M 33 1.55 Uninfected 
DP M 40 1.69 Uninfected 
DP M 36 1.99 Uninfected 
DP M 35 1.65 Uninfected 
DP M 35 1.58 Uninfected 
DP M 35 1.50 Uninfected 
A2 M 35 2.33 Uninfected 
A2 M 34 1.86 Uninfected 
A2 F 39 2.59 3mm cyst in base of left tail. 

A2 F 4.0 2.55 5mm swelling on right side of head and 5mm swelling on dorsal surface 
towards hind leg. Swelling under throat. 

A2 F 36 2.25 Large 6mm swelling on base of tail. 
A2 M 34 1.5 Swollen cloaca with cysts visible. 

A2 F 41 3.2 4 x swellings of 2mm on dorsal surface and small 1mm swelling on left side 
of throat. Struggling to walk. 

A2 F 40 3.05 
2mm cyst on mid back, 1mm cyst right side of base of tail, swelling on right 
trunk. Underside of back right leg swollen again with cysts visible within. 

Rig front leg, multiple ulcerated cysts and a cluster of cysts on ventral surface 

A2 F 42 3.35 10mm swelling across shoulder blades with lots of tiny white cysts within. 
3mm swelling right dorsal surface (cysts visible within) 

A2 F 42 2.54 Uninfected 
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Site Sex SVL Weight Pathologies Post mortem observations 
A2 M 32 1.9 1.5mm ulceration on left front foot, 2mm lesion on left side of throat.   

R4 F 41 4.85 Full body and tail oedema. Slight ulceration on left tail end and <1mm white 
cysts visible within entire body. Liver cyst 

R4 M 35 3.1 Severe oedema around neck and head. Oedema down body but not tail. 
Numerous 1mm cysts down body tail and hind legs. 

Cysts visible in liver and 
necrotic. 

R4 M 30 1.3 8mm swelling on right flank near front leg. 30 1mm cysts down dorsal body 
and tail with clusters of ~5 cysts on hind legs and 5 cysts on ventral surface 

At least one cyst seen in liver. 
Liver yellowish and friable. 

R4 F 40 3.8 Severe body oedema with pale <1mm cysts visible within. No tail oedema 
but 1mm cysts down tail. Numerous <1mm cysts on hind legs 

Multiple cysts on liver, 
enlarged and friable. Possible 

cyst on intestine 

R4 M 36 2.2 Covered in 1-2mm pale cysts mainly on dorsal surface, only 5 on ventral 
surface. Some ulceration. 3 x 2mm cysts on tail Liver very yellowed 

R4 M 31 1.47 ~20 1-2mm cysts down dorsal surface and base of tail. Full throat swelling. 
Clusters of 1mm cysts down back legs and few on front.   

R4 F 35 2.8 Head and neck oedema with visible pale 1mm cysts inside. Numerous 1mm 
cysts on dorsal surface and tail. Ulcer visible on left side of neck ~1mm 1 cyst in liver 

R4 M 35 1.24 1mm cysts covering entire dorsal body. 6mm fluid filled lump mid tail. 
Haemorrhage on ventral tail and 8 cysts on ventral surface 1 cyst visible in liver. 

R4 F 39 2.95 
Whole body oedema. Oedema on front right leg and 5 x 1-2mm swellings on 
tail. Oedema on throat. Swollen cloaca and swelling on back left leg with 2 

3mm swellings on right flank. 
 

R4 F 36 1.92 2 x 1.5mm lesions on left dorsal surface. 5 x 1mm cysts on left tail. 1mm cyst 
on back left foot.  

R4 M 36 2.3 2 x 2mm cysts on shoulder and 6 x 1mm cysts down dorsal surface + tail  

R4 M 34 1.7 Numerous <1mm cysts along dorsal surface, tail and head. 22 x 1mm lesions 
on tail. 

Liver yellowed with possible 
cyst 
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The	 first	 specimen	 was	 processed	 by	 myself,	 and	 a	 trained	 veterinary	

pathologist,	to	choose	incision	locations	and	develop	a	gross	dissection	protocol.	

Six	axial	sections	of	the	body	were	taken,	slicing	behind	the	eyes,	at	the	base	of	

the	skull,	the	pectoral	girdles,	mid	abdomen,	pelvic	girdles	(Figure	4.2).	An	axial	

section	of	 the	 tail	base	 including	 the	cloaca,	and	all	 fore	and	hind-	 limbs	were	

taken.	 Additional	 animals	were	 processed	 by	 a	 trained	 veterinary	 pathologist	

and	 laboratory	 technician	 at	 the	 Royal	 (Dick)	 School	 of	 Veterinary	 Studies,	

University	 of	 Edinburgh	 taking	 tissue	 segments,	 5	 μm	 thick	 and	 stained	with	

hematoxylin	 and	 eosin	 (H&E).	 As	 detailed	 in	 Fiegna,	 Clarke	 et	 al.	 (2016)	

histology	 tissue	 slides	 were	 examined	 by	 a	 light	 microscope	 for	 detailed	

comparative	 descriptions	 of	 cyst	 and	 the	 findings	 are	 further	 built	 on	 here	 to	

investigate	cyst	progression,	 changes	 to	host	physiology	and	signs	of	 recovery	

or	severity	of	infection.	

Figure	 4.2:	 Location	of	 incisions	 indicating	 the	6	body	 sections	processed	 for	
histological	examination.	

(Figure	taken	from	section	24.6.	but	repeated	for	clarity)	

Key	 organs	 and	 skeletal	 structures	 were	 used	 for	 orientation	 (Figure	 4.3),	

recording	 the	 location	 of	 cysts	 within	 the	 body	 and	 tissue	 section,	 their	

morphology	 and	 any	 associated	 physiological	 changes	 within	 the	 host.	

Uninfected	 animals	were	 examined	 in	 detail,	 often	being	used	 for	 comparison	

with	 slides	 from	 the	 same	 section	 in	 infected	 animas	 in	 order	 to	 confirm	
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changes	that	were	associated	with	the	presence	of	pathogen	cysts.	Photographs	

were	taken	with	a	digital	camera	(Olympus	DP72)	at	4x	magnification.		

Figure	4.3:	Example	slide	(A1013)	of	an	uninfected	male,	used	to	 identify	key	
anatomical	structures	for	orientation	and	comparisons	to	healthy	animals.	Key	
anatomical	structures:	Nostrils	(black	arrow);	Oral	Cavity	(*);	Eyes	(red	arrow	
indicates	black	outline	of	retina)	

4.2.2.2.	Granular	Glands:	Identification	and	Measurement	

Cutaneous	granular	glands	are	associated	with	the	production	of	antimicrobial	

peptides,	 an	 integral	 part	 of	 the	 amphibian	 immune	 system	 (Zaslof,	 2002;	

Rollins-Smith	 et	 al.	 2002;	 Rollins-Smith	 et	 al.	 2009;	 Woodhams	 et	 al.	 2005;	

2007a;	2007b).	The	relationship	between	granular	glands	and	 the	presence	of	

Amphibiothecum	 meredithae	 disease	 was	 investigated	 by	 comparing	 the	

amount,	 condition	 (i.e.	 full	 or	 empty)	 and	 size	 of	 granular	 glands	 across	 an	

equivalent	section	within	the	dorsal	tail	of	animals	with	and	without	disease.	A	

standardised	 sampling	method	was	 followed	 in	 each	 individual	 to	 ensure	 the	

same	 region	 was	 sampled	 to	 enable	 direct	 comparison	 of	 measurements	

between	individuals.	Using	a	light	microscope,	the	tail	section	(G)	was	examined	

at	4x	magnification,	locating	the	cloaca	and	placing	it	at	the	centre	of	the	image.	

The	 view	 was	 shifted	 approximately	 1mm	 caudal	 to	 the	 cloaca,	 and	 moved	

directly	up	to	locate	the	dorsal	epidermis.	26	animals	were	selected,	that	had	an	

intact	 and	 well-preserved	 segment	 of	 dermal	 tissue.	 This	 included	 8	 animals	

from	 each	 infected	 pond	 (n	=	 16)	 and	 8	 animals	 from	 the	 control	 site.	 These	

*
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histological	sections	were	photographed	with	a	digital	camera	(Olympus	DP72)	

at	4	 x	magnification,	 giving	 an	 approximately	2	mm	 long	 segment.	Amphibian	

skin	 is	 highly	 glandular,	 containing	 different	 types	 of	 glands	 that	 perform	

different	 functions.	 Granular	 glands	 were	 identified	 and	 distinguished	 from	

other	glands,	such	as	mucus	or	mixed	glands,	based	on	descriptions	across	the	

literature	(Toledo	and	Jared,	1995;	Brizzi	et	al.	2001;	Heiss	et	al.	2009),	which	

included	 their	 larger	 size,	 and	 regular	 ovoid	 shape.	 Granular	 glands	 were	

counted,	described,	and	a	measurement	of	the	maximal	diameter	taken	for	each	

gland	using	Cell^D	software	(Olympus	Soft	Imaging	Solutions)	(Figure	4.4).		

Figure	 4.4:	 Image	 taken	 of	 dermal	 glands	 in	 the	 dorso-tail	 sections.	 Black	
arrows	indicate	two	of	the	granular	glands	present	and	the	bright,	eosinophilic	
granular	material	within	 (*).	Smaller	mucus	glands	 indicated	with	red	arrows.	
Example	 lines	 drawn,	 representing	 the	 maximal	 diameter	 and	 the	
corresponding	measurements.	Bar	=	200µm	

Granular	 glands	 consist	 of	 an	 alveolus,	 or	 secretory	 layer,	 filled	with	 brightly	

staining,	 eosinophilic	 and	 granular	 material	 (Figure	 4.4),	 which	 will	 appear	

“empty”	upon	secretion	of	the	granular	material.	Here,	glands	were	considered	

‘full’	 if	 they	were	more	 than	2/3	 filled	with	granular	material,	or	empty	 if	 less	

than	 that.	Whilst	 granular	 glands	 completely	 lacking	 brightly	 stained	material	

were	rare,	they	could	be	distinguished	from	other	glands,	such	as	mucus	glands,	

based	 on	 their	 larger	 size	 (Figure	 4.4).	 To	 be	 consistent,	 and	 for	 statistical	

*
*	
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analysis,	 objective	 measurements	 of	 granular	 glands	 were	 taken	 from	 each	

animal	using	the	standardised	procedure	detailed	above.	

4.2.2.3.	Granular	gland:	Statistical	analysis	

Using	methodologies	and	packages	detailed	in	section	2.4.1	regression	analysis	

was	 performed	 to	 compare	 the	 number,	 size	 and	 condition	 of	 glands	 across	

infected	 and	 uninfected	 newts	 from	 the	 three	 locations.	 Predictor	 variables	

included	site	and	the	host	 level	 factors	sex,	snout	 to	vent	 length	(SVL),	weight	

and	visible	infection	status.	Poisson	regression	(glmp)	was	performed	to	model	

total	 gland	 counts	 against	 all	 predictor	 variables	 of	 each	 individual.	 To	

investigate	 gland	 condition,	 the	 proportion	 of	 full	 and	 empty	 glands	 was	

modelled	against	the	same	predictor	variables	under	a	logistic	regression	with	

binomial	 errors	 (glmb).	 Site	 to	 site	 differences	 were	 further	 investigated	

performing	a	post-hoc	 pairwise	 comparisons	using	Tukey	HSD	as	described	 in	

section	2.4.2.	Linear	regression	(lm)	was	performed	to	model	gland	size,	using	

the	mean	maximal	diameter	of	glands	per	newt,	against	all	variables.	

4.2.3.	Small	scale	experimental	trials	

Several	 small-scale	 experimental	 trials	 were	 designed	 and	 tested	 in	 order	 to	

investigate	disease	dynamics	and	address	the	following	aims:		

• Develop	 husbandry	 protocols	 and	 techniques,	 observing	 normal	

behaviour	in	uninfected	control	animals,	for	use	in	controlled	laboratory	

experiments	(section	4.2.3.1)	

• Attempt	 to	 observe	 the	 production	 of	 Amphibiothecum	 sp.	 zoospores	

(section	4.2.3.2)	

• Test	 in	 situ	 enclosures	 for	 the	 purposes	 of	 observational	 studies	 in	 a	

natural	setting	(section	4.2.3.3	and	4.2.3.4)	

• Identify	whether	disease	progression	is	a	linear	process	(beginning	with	

individual	 cysts	 and	 leading	 to	 generalised	 infection)	 (sections	 4.2.3.1,	

4.2.3.3	and	4.2.3.4)	
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• Observe	 what	 proportion	 of	 animals	 exhibit	 signs	 of	 recovery,

progression	to	morbid	levels	of	infection,	or	mortality,	in	different	hosts

(males	and	females),	in	ponds	with	different	prevalence	(sections	4.2.3.3

and	4.2.3.4).

4.2.3.1.	In-vivo	trials:	Development	of	husbandry	techniques	

In	2014	twenty	live	animals,	ten	visibly	uninfected	collected	from	a	control	site	

(DP;	 Figure	 4.1)	 and	 ten	 visibly	 infected	 animals	 collected	 from	 a	 heavily	

infected	site	(R4:	prevalence	=	57%;	Figure	4.1)	were	captured	and	transported	

back	to	animal	facilities	at	the	Institute	of	Zoology.	Ten	uninfected	animals	were	

placed	 into	 one	 enclosure	 whilst	 the	 ten	 infected	 animals	 were	 placed	 into	

another	 enclosure.	 Biosecurity	 protocols	 were	 put	 in	 place	 in	 line	 with					

recommendations	 from	 a	 licenced	 veterinarian.	 Facilities	 were	 secured	 with	

locked	door	and	a	10inch	guard	placed	at	the	base	of	the	door	as	a	measure	to	

prevent	 animal	 escapes.	 Disinfectant	 foot	 dips	were	 placed	 at	 the	 entrance	 of	

the	 room	 containing	 a	 1%	 solution	 of	 Virkon™S	 Disinfectant,	 with	 assigned	

personal	 protective	 equipment	 (PPE)	 used	 exclusively	 in	 this	 room	 including	

foot-ware,	lab	coats	and	gloves.		

A	record	of	daily	checks	was	kept,	including	room	temperature,	feeding	records	

and	 cleaning	 schedules.	 Virkon™S	 tablets	 were	 added	 to	 wastewater	 before	

disposal,	 and	 all	 solid	 waste	 disposed	 of	 in	 contaminated	 waste	 bags	 for	

incineration.	 Semi-aquatic	 enclosures	were	 created	using	 sterilized	gravel	 and	

natural	 terrarium	moss	 as	 substrate	 and	 tap	water	 that	 had	 been	 stored	 and	

allowed	to	‘age’	for	a	minimum	of	24	hours.	Animals	were	checked	daily,	and	fed	

on	 frozen	 bloodworms,	 live	 worms	 and	 crickets.	 Infected	 animals	 were	

monitored	 to	 observe	 disease	 progression,	with	 uninfected	 animals	 used	 as	 a	

control	 to	 compare	 and	 report	 anecdotal	 differences	 in	 behaviour,	 body	

condition	and	feeding	habits.		

At	 the	 start	of	October,	 the	 temperature	of	 the	animal	 facility	was	 reduced	by	

2°C	each	week	in	order	to	simulate	natural	seasonal	changes	in	the	field	and	to	

CHAPTER	4	



134	

prepare	for	hibernation,	 in	 line	with	UK	Codes	of	Practice	 for	the	Housing	and	

Care	 of	 Animals	 Bred,	 Supplied	 or	 Used	 for	 Scientific	 Purposes	 (Home	 Office,	

2014).	During	mid-November	(4	months	after	collection)	animals	were	placed	

into	hibernation.	Six	small,	terrestrial	enclosures	were	created,	lined	with	gravel	

and	 damp	 moss.	 Two	 to	 three	 animals	 were	 housed	 in	 each	 enclosure,	

separating	infected	and	uninfected	control	animals.	Enclosures	were	placed	into	

an	 incubator,	 reducing	 light	 availability	 and	 setting	 the	 temperature	 to	 6°C.	

Temperature	checks	were	performed	daily,	removing	animals	from	hibernation	

and	 returning	 to	 original	 semi-aquatic	 enclosures	 at	 the	 end	 of	 February.	 In	

accordance	with	Home	Office	recommendation,	animals	were	euthanized	after	9	

months	in	March	2015.	

4.2.3.2.	In	vivo	trials:	Cyst	incubation	

Experiments	 conducted	 by	 Olson	 et	 al.	 (1999),	 showed	 that	 Dermocystidium	

cysts	 held	 in	 freshwater	 at	 4°C	 may	 release	 zoospores	 after	 2-3	 weeks	 of	

incubation.	In	order	to	replicate	this	study	and	attempt	to	view	zoospores	that	

have	 not	 yet	 been	 associated	 with	 amphibian	 dermocystids,	 5	 live	 visibly	

infected	 specimens	 were	 captured	 from	 an	 infected	 site	 (A2;	 Figure	 4.1)	 and	

transported	back	to	animal	care	facilities	at	the	Institute	of	Zoology	in	London.	

Animals	 were	 humanely	 euthanized	 using	 MS-222,	 confirming	 death	 by	

severing	 the	 brain	 stem/spinal	 cord,	 before	 washing	 briefly	 in	 ethanol.	 Cysts	

were	carefully	excised,	being	careful	to	ensure	cysts	did	not	touch	the	outside	of	

the	 animal.	 A	 total	 of	 20	 cysts	 were	 recovered	 from	 infected	 animals.	 Nine	

culture	 flasks	 were	 filled	 with	 either	 reverse	 osmotic	 water	 (n	 =	 3),	 sterile	

physiological	saline	(n	=	3)	and	culture	medium	typically	used	for	culturing	Bd	

spores	 (Web,	2010;	n	=	3).	Between	2	and	3	 individual	 cysts	were	placed	 into	

each	culture	flask,	and	flasks	incubated	at	4°C.	Cysts	were	checked	everyday	for	

4	 weeks	 under	 a	 light	 microscope	 to	 observe	 any	 changes	 in	 cyst	 structure,	

growth	 or	 the	 development	 and	 release	 of	 zoospores	 as	 seen	 with	

Dermocystidium	(Olson	et	al.	1991)	and	Bd	(Piotrowski	et	al.	2004)
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Following	 this	 initial	 incubation	 period,	 no	 changes	 were	 observed	 so	 flasks	

were	left	for	an	additional	6	months,	checking	under	a	microscope	once	every	3-

4	 weeks.	 As	 the	 breeding	 season	 on	 Rum	 progresses,	 water	 temperature	

increases,	 and	 during	 2014	 the	maximum	water	 temperature	 recorded	 in	 the	

field	reached	22°C.	 In	order	to	mimic	natural	 increases	 in	 temperature,	and	to	

encourage	 the	production	of	 zoospores,	 flasks	were	moved	 to	 incubators	with	

temperatures	mirroring	those	recorded	in	July	2014.	After	6	months,	one	flask	

from	each	medium	group	was	placed	into	an	incubator	at	18°C	(n	=	3)	and	one	

of	each	placed	into	an	incubator	set	to	23°C	(n	=	3),	discarding	after	1	year.	The	

other	3	were	discarded	immediately.		

4.2.3.3.	In	Situ	trials:	Submerged	enclosures	

In	order	to	gain	data	on	disease	progression	in	a	natural	setting,	in	situ	studies	

were	designed	and	 trialled.	 Small	 cages,	30cm	x	15cm	x	15cm,	were	designed	

based	on	a	plastic	fry	hatchery	structure,	with	an	acetate	base	and	sides	made	of	

polyester	 fishing	 net.	 To	 test	 that	 animals	 could	 not	 escape	 and	were	 able	 to	

display	 typical	 courtship	 and	 feeding	behaviour,	 2	prototype	 cages	with	mesh	

sizes	of	5mm	and	7mm,	were	constructed	and	placed	into	large	tubs	of	water.	5	

animals	were	 placed	 into	 each	 cage,	 and	monitored	 for	 2	weeks,	 adding	 food	

(live	 daphnia	 and	 defrosted	 blood	 worms)	 into	 the	 surrounding	 tub	 during	

feeding	 to	 ensure	 invertebrates	 could	 pass	 through	 the	 mesh.	 Animals	 were	

observed	to	move	freely	within	enclosures	and	feed	as	normal.	However,	whilst	

food	was	able	to	pass	more	easily	through	a	mesh	size	of	7mm,	evident	by	less	

food	remaining	in	the	surrounding	tank,	one	animal	was	able	to	escape.	A	mesh	

size	 of	 5mm	was	 chosen	 to	 ensure	 animals	 could	 not	 escape	 or	 enter,	 and	 to	

compensate	for	a	possible	reduction	in	food	passing	into	the	enclosures,	only	4	

animals	were	placed	into	each	cage	and	animals	were	supplementary	fed	during	

checks	(Figure	4.5A).	

Four	 ponds	 were	 chosen	 based	 on	 prevalence	 data	 collected	 during	 2014;	 2	

with	 mean	 prevalence	 greater	 than	 40%	 (H2	 and	 R4)	 and	 2	 with	 low	 mean	

prevalence	 less	 than	40%	(RNew	and	H14).	 In	addition,	one	control	pond	was	
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chosen	where	disease	was	never	recorded	(site	DP;	Figure	4.1)	 to	monitor	 the	

general	health	of	animals	in	enclosures	as	a	control.	

Figure	 4.5:	Mesh	 enclosures	 created	 (A)	 and	 an	 example	 of	 how	 enclosures	
would	be	deployed	at	the	site	(B).		

On	the	 first	visit	 to	each	pond	a	 full	hour	of	dip-net	sample	was	completed,	as	

part	of	 yearly	prevalence	estimates	 (further	 examined	 in	Chapters	5	 to	8).	All	

animals	were	measured	and	gross	pathologies	were	described	before	retaining	

16	 animals	 to	 be	housed	 in	 cages.	 Four	 cages	were	 then	placed	 in	 each	pond,	

spaced	around	the	pond	at	the	periphery,	and	anchored	to	ensure	that	animals	

have	access	to	the	pond	surface	for	air	(Figure	4.5B).	Vegetation	taken	from	the	

ponds,	 such	 as	 moss	 and	 reeds,	 were	 added	 to	 the	 base	 of	 the	 enclosure	 to	

provide	shelter	and	warmth.	Four	animals,	2	females	and	2	males,	were	placed	

into	each	cage.	At	infected	sites,	where	possible,	2	animals	with	mild	infection	(1	

male	 and	 1	 female),	 and	 2	 animals	with	more	 severe	 infection	 (1	male	 and	 1	

female)	 were	 chosen	 in	 order	 to	 compare	 progression	 between	 animals	 with	

different	parasite	burdens.	Mild	infection	was	defined	as	less	than	10	cysts	of	1-

2mm	or	 less	 than	2	swellings	of	5mm	or	 less.	Severe	 infection	was	defined	as	

more	 than	 20	 1-2mm	 cysts,	 and/or	 2	 or	 more	 swellings	 greater	 than	 5mm,	

and/or	discrete	areas	of	oedema.	Animals	were	placed	 into	cages	and	visually	

assessed	every	2	days.		

A.	

B.
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4.2.3.4.	In	Situ	trials:	Pond	side	enclosures	

Two	 sites,	 RNew	 and	 R4	 (Figure	 4.1),	 were	 chosen	 based	 on	 their	 close	

proximity	 to	 each	 other	 necessary	 for	 regular	 checks,	 and	 their	 previously	

recorded	prevalence’s	of	27%	and	58%	respectively.	A	plastic	45L	 tub	(R.U.B)	

was	placed	at	each	site.	Each	tub	was	partially	submerged	in	water,	in	the	reed	

beds	at	 the	edges	of	each	pond,	 to	help	maintain	a	 similar	 temperature	 to	 the	

surrounding	 pond	 water.	 Within	 each	 tub	 a	 replica	 habitat	 was	 created	 to	

mirror	 that	 of	 the	 specific	 pond,	 including	 rocks,	 reeds	 and	moss,	 to	 provide	

shelter,	warmth	and	to	limit	stress.	A	lid	was	placed	on	at	an	angle	and	weighted	

down	using	rocks	to	allow	airflow	through	the	tub	but	provide	protection	from	

predators.	Reeds	were	used	to	cover	the	lid	providing	shelter	from	sun.		

At	site	R4	thirty	infected	newts	were	selected;	15	with	weak	infection	(>10	cysts	

of	1-2mm	or	<2	swellings	of	5mm	or	less)	and	15	with	high	infection	(>10	cysts	

of	1-2mm	and/or	>2	 swellings	greater	 than	5mm).	Possibly	as	 the	prevalence	

was	 lower	 at	 site	RNew,	 only	 24	 infected	 animals	were	 captured,	 and	 4	were	

determined	 to	 be	 so	 severely	 infected	 that	 they	 were	 euthanized	 on	 site.	 10	

newts	with	 high	 levels	 of	 infection	 and	 10	 newts	with	 low	 levels	 of	 infection	

were	chosen	for	the	study.	No	animals	with	severe	infection	were	placed	in	the	

tubs,	where	severe	infection	was	classified	as	whole	body	oedema	or	cysts	and	

lesions	that	covered	more	than	50%	of	the	host’s	body.	Animals	were	sexed	and	

measured,	 noting	 any	 identifying	 features,	 before	 describing	 all	 gross	

pathologies	and	placing	into	the	tubs.		

Tubs	 were	 checked	 every	 2	 days	 and	 supplemented	 with	 live	 food	 captured	

from	the	pond	via	dip-netting.	At	the	start	of	each	check	the	temperature	and	pH	

of	each	tub	was	compared	to	the	pond	in	order	to	ensure	that	the	set	ups	did	not	

deviate	 from	 the	 main	 pond,	 for	 the	 comfort	 of	 housed	 animals	 and	 in	 case	

major	 changes	 to	 conditions	 influenced	 disease	 progression	 (Appendix	 4.I).	 A	

partial	 water	 change	 was	 performed	 to	 help	 regulate	 oxygen	 levels,	 pH	 and	

temperature,	removing	no	more	than	half	of	the	water	at	any	one	time.	Every	7	

days	 animals	 were	 removed,	 measured	 and	 visually	 checked	 against	 initial	
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descriptions	to	identify	each	individual.	The	experiment	was	ended	after	1	week	

due	to	heavy	rain	and	storms	flooding	the	cages	allowing	animals	to	escape	or	

enter	and	therefore	compromising	the	experiment.		

4.2.4.	Severe	pathologies,	co-infections	and	mortality	

During	annual	surveys	conducted	between	2014	and	2016,	a	total	of	thirty-one	

sites	 were	 visited	 to	 collect	 data	 on	 disease	 prevalence,	 environmental	

conditions	 and	host	 dynamics	 (further	 examined	 in	 Chapters	 5,	 7	 and	8),	 and	

take	detailed	descriptions	of	signs	of	disease	and	morbidity	(further	examined	

in	 Chapters	 6	 and	 7).	 Animals	 were	 considered	 to	 be	 moribund	 if	 parasite	

burden	 exceeded	 50%	 of	 the	 animal’s	 body,	 if	 feeding	 or	 breathing	 was	

obstructed	by	 the	presence	of	parasite	cysts	 filling	 the	mouth	and	throat,	or	 if	

animals	 were	 unconscious	 or	 unresponsive	 upon	 capture.	 In	 addition,	 during	

each	 sampling	 visit,	 mortalities	 discovered	 in	 the	 water,	 on	 the	 banks	 or	

immediate	periphery	of	the	pond,	were	collected	and	counted.	Mortalities	were	

examined	for	a	cause	of	death,	such	as	predation,	and/or	signs	of	disease	caused	

by	Amphibiothecum	sp.	infection	(Figure	4.6).	

Figure	4.6:	Example	images	of	typical	mortalities;	a)	healthy	newts	with	signs	
of	 bird	 predation,	 and	 b)	 gross	 pathologies	 and	 an	 emaciated	 appearance	
consistent	with	severe	Amphibiothecum	sp.	infection.  

A    B
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4.3.	RESULTS	

4.3.1.	Gross	examination	and	post	mortem	

4.3.1.1.	Gross	pathologies	

Of	the	thirty-six	newts	collected	for	gross	and	histological	examination	(Figure	

4.1A:	 section	 4.2.2)	 twenty-one	 animals	 were	 observed	 with	 signs	 of	 disease	

consistent	with	 dermocystid	 infection.	 	 Three,	 non-mutually	 exclusive	 dermal	

pathologies	were	observed.	This	included,	small	(>1.5mm)	discrete,	pale	lesions	

(Figure	4.7A);	larger	multi-focal	nodular	lesions	(2	–	5mm)	(Figure	4.7A,B	&	C);	

and	oedematous	swellings,	which	could	be	discrete	(Figure	4.7B)	or	generalised.	

Deficits	in	the	skin	were	also	observed	in	association	with	disease	pathologies,	

ranging	 from	 single,	 circular	 ulcerations	 to	 large	 irregular	 and	 multifocal	

patches	(Figure	4.7C	&	D).			

Figure	4.7:	Example	images	of	pathologies	classified	as	cysts	(A:	white	arrows),	
lesions	(A	and	C:	black	arrows),	oedema	(B:	white	circle)	and	ulcerations	(C	and	
D:	black	circle)		
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4.3.2.	Post	mortem	examination	

No	 gross	 dermal	 or	 internal	 pathologies	were	 observed	 on	 the	 12	 uninfected	

newts	 collected	 from	 the	 control	 site	 during	 gross	 and	 post	 mortem	

examination.	At	site	A2,	9	out	of	12	animals	retained	 for	processing	had	gross	

visible	lesions	consistent	with	disease	caused	by	Amphibiothecum.	Macroscopic	

cysts	 were	 also	 described	 on	 the	 livers	 of	 2	 infected	 animals	 during	 post	

mortem	examination	(Figure	4.8).	All	animals	captured	from	site	R4	(n=12)	had	

gross	 lesions	 suggestive	 of	 disease,	 and	 upon	 dissection,	 50%	 of	 these	

had	visible	cysts	on	the	liver.	When	hepatic	cysts	were	present,	changes	to	the	

liver	 were	 observed,	 including	 enlargement,	 discolouration	 (from	

red	 to	grey/brown)	and	a	loss	of	structure.	

Figure	4.8:	Liver	of	an	infected	animal	during	post	mortem,	showing	two,	pale	
macroscopic	cysts	(arrows).	

4.3.3.	Histological	examination	

4.3.3.1.	Pathogen	cyst	development	

Pathogen	 cysts	 were	 detected	 in	 the	 dermal	 tissue	 (strata	 spongiosum	 and	

compactum	 layers)	 of	 20	 out	 of	 30	 newts	 processed	 for	 histological	

examination,	 including	 2	 individuals	 from	 site	 A2	 that	 had	 no	 gross	 dermal	

lesions	during	initial	inspection	and	post-mortem.	In	some	individuals	(n	=	10)	

cysts	had	also	expanded	into	the	subajacent	skeletal	muscle	layers	(Figure	4.9).	
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The	presence	of	liver	cysts	was	confirmed	histologically	in	7	newts,	all	of	which	

had	advanced	levels	of	 infection	including	gross	 lesions	across	the	entire	body	

(n	=	4)	or	generalised	subcutaneous	oedema	(n	=	3).	In	addition,	pathogen	cysts	

were	described	in	the	oral	mucosa	(n	=	5),	the	stroma	of	the	cloaca	(n	=	1)	and	

stomach	lumen	(n	=	1).	

Figure	 4.9:	 Locations	 of	 parasite	 cysts	 identified	 during	 histological	
examination	of	tissue	segments:	A)	Parasite	cyst	within	skeletal	muscular	fibres	
(arrow);	B)	Parasite	cysts	of	the	oral	mucosa.	A	single	cyst	in	the	lumen	(arrow)	
and	 several	 degenerating	 or	 degenerated	 cysts	 (arrowheads);	 C)	 Parasite	 cyst	
within	the	gastrointestinal	 lumen;	and	D)	Parasitic	cyst	within	the	stroma	of	a	
male	cloaca	(arrow).	Scale	bar	a,d=1000	μm;	b=500	μm	;c=200	μm		

Figure	taken	from	(Fiegna	and	Clarke,	et	al.	2016)	

B	A

	C	 D	
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As	 described	 in	 Fiegna,	 Clarke	 et	al.	(2016),	 based	 on	 cyst	morphology,	 spore	

formation	 and	 host	 immune	 response,	 cysts	 were	 classified	 as	

developing/immature	(intact),	mature	(intact	or	ruptured),	and	degenerated	or	

degenerating	(ruptured)	(Figure	4.10).	

Figure	 4.10:	 Tissue	 structure	 and	 inflammatory	 cell	 infiltrate	 observed	 in	
animals	with	 no	 signs	 of	 disease,	 intact	 cysts	 and	 ruptured	 cysts:	 A)	 Compact	
dermal	and	muscle	tissue	in	a	healthy	newt	with	no	gross	or	histological	sign	of	
disease;	B)	Two	intact	cysts	(arrow)	with	no	significant	inflammatory	response	
or	 fluid	 build	 up,	 and	 any	 disruption	 to	 tissue	 structure	 confined	 to	 the	
immediate	periphery	of	parasite	cysts;	C)	A	mass	of	ruptured	cysts,	beginning	in	
the	 epidermis	 and	 moving	 into	 muscle	 tissue.	 Cyst	 walls	 are	 irregular	 in	
structure	 and	 broken,	 yet	 retain	 a	 general	 spherical	 shape	 (arrows).	 Free	
floating	spores	visible	in	surrounding	oedema	(*).	

B	

ß 	
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Developing	 and	 mature	 cysts	 were	 also	 characterised	 primarily	 by	 the	

developmental	 stage	 of	 the	 enclosed	 spores,	 where	 immature	 spores	

were	smaller	 in	 size	 and	 immature	 cysts	 often	 lacked	well-defined	 chambers.	

Intact,	 developing	 and	 mature,	 cysts	 were	 commonly	 detected	 in	 the	 strata	

compactum	 and	 spongiosum	 layers.	 This	 stage	 was	 never	 associated	

with	 a	 host	 inflammatory	 response	 or	 oedema.	 Minimal	 disruption	 was	

seen	 around	 the	 immediate	 periphery	 of	 immature	 cysts,	 and	 the	

surrounding	 host	 tissue	 remained	 uniform	 and	 similar	 in	 structure	 to	

uninfected	 animals	 (Figure	 4.10A,B).	 Upon	 rupturing,	 the	 cell	 wall	 of	

mature	 cysts	 appeared	 broken	 or	 irregular,	 yet	 retained	 their	 general	

spherical	 shape.	 Mature	 granular	 spores	 present	 within	 mature	 cysts	 were	

observed	 infiltrating	 surrounding	 host	 tissue	 or	 focal	 oedema	 either	 free-

floating	 or	 associated	 with	 macrophages.	 A	 mild	inflammatory	 cell	 infiltrate	

surrounded	 the	 parasite	 cyst	 and	 released	 spores	(Figure	4.10B).	

Cysts	 described	 as	 degenerating	 had	 a	 distorted	 cell	 wall,	 detached	 from	 the	

host	tissue	by	the	presence	of	oedema.	Cysts	were	surrounded	by	a	focal	chronic	

to	 granulomatous	 inflammatory	 response,	 which	 was	 composed	 of	

macrophages,	 lymphocytes,	 fibroblasts,	 and,	 on	 occasion,	multinucleated	 giant	

cells	 (Figure	 4.11C1).	 As	 degeneration	 progressed,	 the	 cyst	 wall	 became	

corrugated	or	folded	over,	and	the	cyst’s	lumen	contained	amphophilic	to	bright	

eosinophilic	 granular	 material,	 with	 no	 visible	 spores	 or	 chambers	 (Figure	

4.11B).	Fully	degenerated	parasite	cysts	were	associated	with	granuloma,	which	

formed	 around	 collapsed,	 ellipse-shaped	 cysts.	 In	 one	 infected	 individual	 two	

fully	degenerated	cysts	were	observed	deep	in	the	muscle	tissue	of	the	tail	base,	

an	 area	 where	 no	 gross	 pathologies	 were	 recorded	 during	 initial	 inspection	

(Figure	 4.11).	 Cysts	 had	 become	 severely	 compressed,	 with	 reduced	

inflammation	 and	 restoration	 of	 the	 surrounding	 tissue.	 Severe	 focal	 oedema	

was	observed,	particularly	 in	cases	where	multiple	ruptured	and	degenerating	

cysts	were	present,	thinning	the	epidermis.	
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Figure	4.11:	Degenerating	and	degenerated	cysts;	A)	A	single	degenerating	cyst	
(arrow),	 surrounded	 by	 oedema	 (*)	 with	 focal	 chronic	 inflammation.	 B)	 A	
degenerated	cyst	(arrow)	near	to	a	cluster	of	 intact	and	burst	cysts,	with	focal	
oedema;	 C)	 Two	 degenerated	 cysts	 in	 the	 dorsal	 tail	 (*),	 where	 surrounding	
tissue	has	returned	to	a	normal	and	uniform	structure;	C1)	Degenerated	cyst,	at	
20x	magnification,	completely	collapsed	and	compressed	with	focal	granuloma.	
Multi-nucleated	giant	cell	(arrow).	

Different	 gross	 manifestations	 were	 characterized	 by	 distinct	 histological	

findings,	 associated	 with	 the	 developmental	 stage	 of	 parasite	 cysts	 and	

inflammatory	 response.	 Gross	 cysts	 were	 generally	 characterized	 by	 the	

presence	 of	 developing	 or	 mature,	 intact,	 pathogen	 cysts	 with	 no	 observable	

host	immune	response.	Larger	lesions	were	associated	with	one	or	more	mature	

or	 degenerating	 cysts,	 often	 ruptured,	 with	 a	 mild	 cell	 infiltrate.	 In	 cases	 of	

severe	 subcutaneous	 swelling,	 numerous	 (max.	 55)	 ruptured	 parasite	 cysts	

were	 observed	 histologically,	 with	 an	 extensive	 inflammatory	 response	 and	

tissue	 oedema	 causing	 thinning	 of	 the	 epidermis	 and	 severe	 disruption	 of	

surrounding	tissue.	The	identification	of	different	parasite	developmental	stages	
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and	 pathological	 changes	 in	 the	 host,	 gives	 some	 indication	 of	 disease	

progression;	 from	 initial	 embedding	 of	 an	 intact	 developing	 cyst	 grossly	

presenting	 as	 a	 small	 and	 discrete	 cysts,	 to	 numerous	 ruptured	 and	

degenerating	 cysts	 with	 severe	 inflammatory	 cell	 infiltrate	 and	 focal	 oedema	

associated	 with	 generalised	 subcutaneous	 oedema.	 However,	 each	 cyst	 type	

could	be	observed	 infecting	 the	 same	 individual,	 and	 in	 some	cases	masses	of	

cysts	ranged	from	developing	to	degenerated	cysts	(Figure	4.11).		

4.3.4.	Morphological	variation	in	granular	glands	

During	 inspection	 of	 histological	 slides,	 alveoli	 that	 were	 round	 to	 elliptic	 in	

shape,	 large	 and	 filled	 with	 bright	 eosinophilic	 granular	 material,	 were	

identified,	consistent	with	descriptions	of	granular	glands	across	the	literature	

(Toledo	and	Jared,	1995;	Brizzi	et	al.	2001)	(Figure	4.12A).	These	glands	ranged	

from	 28.2µm	 to	 489.8µm	 (𝑥 =	 154.7µm)	 in	 diameter	with	 varying	 degrees	 of	

granular	material	contained	within	the	gland	wall	(Figure	4.12).	Amphibian	skin	

contains	several	types	of	glands,	which	vary	across	anuran	and	urodele	species,	

each	 performing	 different	 functions.	 These	 include	 granular	 glands,	 mucous	

glands,	mixed	glands	and	lipid	glands	(Heiss	et	al.	2009).	

Figure	 4.12:	 Tail	 sections	 showing	 granular	 glands	 in	 uninfected	 (A)	 and	
infected	 (B)	 animals	 with	 examples	 of	 alveolar	 full	 of	 granular	 eosinophilic	
material	 (f)	 and	 empty	 (e).	 Arrows	 point	 to	 mucus	 glands	 present	 amongst	
granular	glands.	 	B:	A	degenerated	and	collapsed	cyst	(*)	visible	 in	the	muscle	
tissue	 of	 an	 infected	 individual,	 in	 the	 presence	 of	 granular	 glands	 containing	
little	or	no	granular	material.	
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In	addition	to	granular	glands,	comparatively	smaller	(~90µm	in	diameter)	pale	
glands	with	basophilic	stippling	(Figure	4.12B)	were	also	observed	adjacent	 to	

the	 epidermis,	 consistent	 with	 descriptions	 of	 mucus	 glands	 in	 the	 literature	

(Brizzi	et	al.	2001;	Toledo	and	Jared,	1995).		

Multi-variable	 regression	models	were	 used	 to	 investigate	 individual	 and	 site	

level	differences	in	the	number,	size	and	condition	of	glands.	Total	gland	counts,	

and	the	proportion	of	 full	and	empty	glands,	were	not	significantly	affected	by	

SVL	(body	size),	infection	status	or	weight	(p	>	0.062).	Whilst	total	counts	were	
not	significantly	different	between	males	and	females	(p	=	0.66),	gland	condition	

varied	 significantly,	 where	 males	 had	 a	 larger	 proportion	 of	 full	 glands	

compared	to	females	(ORMales	=	0.32	[0.13,	0.77]);	p	=	0.01;	Figure	4.13).	

Figure	4.13:	Boxplot	diagrams	to	show	the	proportion	of	full	and	empty	glands	
grouped	by	sex,	with	Boxplots	show	the	distribution	of	data	using	summary	
statistics.	The	central	rectangle	represents	the	inter	quartile	range	(IQR)	where	
50%	of	the	data	lies,	surrounding	the	median	line.	Bars	indicate	the	spread	of	
data	across	the	outer	50%	to	the	maximum	and	minimum	values.	Points	show	
outliers	at	either	3x	greater	or	less	than	the	inter	quartile	range	IQR.	Mean	(𝑥)	
total	counts	and	the	ratio	of	empty	to	full	glands.	

A	post	hoc	test	determined	that	newts	from	the	high	prevalence	site	(R4:	Figure	

4.14A;	OR	=	16.5	 [7.5,	38.8];	p	<	0.001)	and	control	 site	 (DP:	Figure	4.2A;	OR	=	
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17.0	[3.1,	318.6];	p	=	0.008)	had	a	higher	proportion	of	full	glands	in	contrast	to	

the	low	prevalence	site	(A2:	Figure	4.14).		

Figure	4.14:	Post-hoc	multiple	comparison	 test	using	Tukey’s	HSD	 to	compare	
the	ratio	of	full	to	empty	glands	across	sites.	

In	 addition,	 those	 from	 the	 control	 site	had	a	 roughly	 equal	proportion	of	 full	

and	empty	glands	(ratio	=	1.15;	Figure	4.15).	

Figure	 4.15:	 	 Boxplots	 exploring	 the	 variation	 in	 the	 proportion	 of	 full	 and	
empty	glands	at	each	site.	Mean	counts	and	mean	ratio	of	empty	and	full	glands	
presented	for	each	site.	
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With	the	exception	of	site	(Figure	4.16)	mean	gland	size	did	not	vary	with	any	

predictor	 variables	 (p	 >	 0.118).	 The	 diameters	 recorded	 in	 newts	 from	 the	

control	site	(DP)	and	high	prevalence	site	(R4)	were	on	average	smaller	than	the	

low	prevalence	site	(β:	R4	=	-68.2	[-88.60 – -47.87];	p<0.01;	DP	=	36.62	[14.78,	
58.45];	p	=	0.001).  

Figure	 4.16:	Boxplots	showing	 the	average	gland	diameters	(µm)	recorded	 in	
each	individual	and	grouped	by	site.	

	

4.3.5.	Small	scale	experimental	trials	

4.3.5.1.	In	vivo	trials:	Development	of	husbandry	protocols	

After	 two	 weeks,	 infected	 animals	 were	 exhibiting	 different	 behaviour	 to	

uninfected	 control	 animals.	Whilst	 uninfected	 newts	 were	 observed	 to	 spend	

time	both	in	the	water	and	on	dry	substrate,	during	daily	checks	infected	newts	

were	more	frequently	observed	on	dry	substrate,	even	on	occasion	appearing	to	

‘pile	on	top	of	each	other’	to	escape	the	water.	In	addition,	all	visible	lesions	on	

infected	newts	had	reduced	in	size,	or	were	no	longer	visible	with	one	infected	

newt	showing	no	signs	of	gross	lesions	after	2	weeks.	It	was	speculated	that	by	

escaping	water	newts	were	able	 to	 clear	 infection.	As	 the	primary	aim	was	 to	

monitor	disease	progression,	the	enclosure	was	altered	to	an	aquatic	only	tank	
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with	no	dry	substrate	available,	forcing	newts	to	remain	in	the	water	in	the	hope	

that	cysts	would	persist	for	longer.		

Almost	immediately,	two	newts	began	to	escape	the	water	once	again,	sitting	on	

ridges	 under	 the	 tank	 lids	 where	 possible.	 Despite	 the	 presence	 of	 objects	

within	the	set	up	to	allow	newts	to	briefly	escape	water	and	‘rest’,	during	checks	

made	 over	 the	 following	 four	 days,	 more	 animals	 were	 seen	 to	 completely	

escape	water	by	climbing	 the	 tanks	and	sheltering	on	small	 ridges.	During	 the	

following	week,	the	cysts	and	lesions	on	infected	animals	continued	to	decrease	

in	 size,	 and	 any	 associated	 swelling	 had	 disappeared.	 In	 contrast	 to	 this,	

uninfected	control	animals	appeared	 to	spend	more	 time	 in	 the	water.	After	4	

weeks,	all	visibly	infected	animals	lacked	visible	dermal	cysts.	However,	2	newts	

were	notably	thinner	and	small	 than	the	others	and	particularly	 in	contrast	 to	

uninfected	control	animals	(Figure	4.17).		

Figure	 4.17:	 Comparison	 of	 healthy	 uninfected	 male	 (A)	 and	 under	 weight,	
infected	male	(B)	

	

In	 order	 to	 prepare	 for	 hibernation,	 feeding	was	 increased	 during	 the	month	

prior,	 hand	 feeding	 those	 animals	 that	 were	 underweight.	 All	 animals	 were	

deemed	healthy	enough	to	be	overwintered,	and	were	placed	 into	hibernation	

during	 November.	 No	 additional	 lesions	 or	 swellings	 developed	 during	

hibernation.	 After	 returning	 to	 semi-aquatic	 enclosures	 post-hibernation,	 all	

newts	began	feeding	normally	and	returned	to	normal	active	behaviour	within	1	

week.	During	the	following	month,	no	signs	of	lesions	or	other	gross	pathologies	

were	observed,	and	all	animals	appeared	healthy.	After	9	months	in	captivity,	all	

A	 B	
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animals	were	humanely	euthanized.	Close	visual	inspection	of	dermal	tissue	and	

post	mortems	showed	no	sign	of	cysts	present.	

4.3.5.2.	In	vivo	trials:	Cyst	incubation	

After	 4	 weeks	 of	 daily	 observations	 there	 were	 no	morphological	 changes	 to	

cysts	incubated	in	any	of	the	three	different	media.	Cysts	remained	intact	with	

no	sign	of	zoospore	production	(either	development	or	release).	After	6	weeks	

cysts	 incubated	 in	 physiological	 saline	 and	 RO	water	were	 still	 intact	 (Figure	

4.18A),	with	the	exception	of	two	cysts	in	RO	water	where	the	cell	wall	appeared	

to	 have	 broken	 away	 (Figure	 4.18B).	 In	 one	 flask,	 cysts	 incubated	 in	 culture	

medium	had	begun	 to	 break	 down,	 appearing	 to	 ‘dissolve’	 in	 the	 solution.	No	

zoospores	were	observed.	After	6	months	of	 incubation	all	 cysts	had	begun	to	

degrade	in	the	same	manner,	with	cyst	walls	appearing	to	detach	(Figure	4.18B)	

however	 no	 further	 degradation	 was	 observed,	 or	 morphological	 differences	

between	 flasks.	 In	 addition,	 no	 motile	 spores	 could	 be	 identified,	 even	 after	

increasing	the	temperature	in	line	with	natural	temperature	fluctuations.	

Figure	4.18:	Incubated	cysts	as	viewed	by	light	microscopy:	A)	Intact	pathogen	
cyst	after	6	weeks	of	 incubation;	and	B)	Pathogen	cyst	with	degraded	cell	wall	
after	6	weeks	of	incubation.	

A	 B	



151	

4.3.5.3.	In	situ	trials:	submerged	cages	

Cages	 were	 initially	 set	 up	 at	 the	 control	 site	 successfully.	 However,	 upon	

deploying	 cages	 at	 the	 first	 preliminary	 study	 site,	 two	 newts	were	 observed	

attempting	to	escape	through	the	mesh.	After	an	hour	of	observing	animals,	one	

individual	had	become	tangled	and	stuck	underneath	the	water.	It	was	deemed	

unsafe	for	the	animals	to	be	left	in	cages,	and	they	were	released.	

4.3.5.4.	In	situ	trials:	pond	enclosures	

Following	the	removal	of	cages	from	all	sites,	tubs	were	set	up	in	order	to	test	

alternative	 field	 enclosures.	On	 the	7th	day	after	 set	up,	 following	a	prolonged	

rainstorm,	tubs	had	overflowed	and	many	animals	had	escaped;	8	remained	at	

site	 RNew	 and	 9	 remained	 at	 site	 R4,	 which	 included	 1	 mortality.	 The	

pathologies	were	compared	to	 initial	descriptions	noting	any	changes	(For	full	

descriptions	see	Appendix	4.II;	Pathology	changes	detailed	 in	Table	4.2).	At	 the	

low	 prevalence	 site,	 RNew,	 the	 pathologies	 described	 on	 1	 individual	 had	

remained	the	same	(RN:39),	whilst	notable	changes	were	observed	on	7	newts.	

In	6	newts,	 lesions	or	swellings	had	become	larger	in	size	or	more	protruding,	

(RN:41,	 RN:46,	 RN:47,	 RN:51,	 RN:55)	 and	 in	 one	 individual	 full	 oedema	 had	

developed	under	the	throat	with	visible	haemorrhaging	below	the	skin	(RN:45).	

New	 cysts	 were	 described	 on	 two	 individuals,	 one	 with	 a	 single	 type	 I	 cyst	

developing	on	the	tail	(RN:46)	and	another	with	21	new	discrete,	type	I	lesions,	

described	 on	 the	 ventral	 abdomen	 (RN:44).	 Ulcerations	 had	 developed	 on	 3	

animals,	 sometimes	 in	 association	 with	 a	 decrease	 in	 the	 original	 lesion	 or	

swelling	(RN:46,	RN:44).	

At	the	high	prevalence	site,	R4,	1	newt	had	no	visible	changes	in	gross	pathology	

(R4:27).	 The	 lesions	 and	 swellings	 initially	 described	 for	 3	 individuals	 had	

increased	in	size,	and	on	one	occasion	spread	to	form	a	more	generalised	area	of	

oedema	 (R4:21,	 R4:36,	 R4:28).	 Ulcerations	 had	 developed	 on	 lesions	 of	 3	

individuals	(R4:21,	R4:36),	one	of	which	was	associated	with	a	flattening	of	the	

lesion	 (R4:23).	 New	 cysts	 were	 described	 on	 four	 individuals	 ranging	 from	 a	

single	cysts	up	to	22	developing	across	the	body	(R4:30,	R4:28,	R4:36,	R4:24).		
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Table	4.2:	Changes	to	pathologies	after	1	week	of	16	animals	from	site	with	high	prevalence	(R4)	and	low	prevalence	(RNew)	

Site	 Code	 Sex	 SVL	 Category	 Changes	

R4	 R4:21	 M	 38	 Low	 Swelling	larger	and	extending	down	leg.	Ulceration	was	larger	forming	a	2mm	‘patch’.	
R4	 R4:23	 M	 32	 Low	 Cyst	on	left	side	of	tail	flattened	and	ulcerated.	

R4	 R4:24	 F	 40	 Low	 1	more	<1mm	cyst	on	head.	~20	new	<1mm	cysts	down	dorsal	(~10)	and	ventral	
abdomen	(~5)	and	tail	(~5).	1mm	cyst	on	right	side	of	neck.	

R4	 R4:25	 M	 39	 Low	 Swelling	smaller,	less	raised	and	returning	to	normal	colour.	
R4	 R4:27	 M	 35	 Low	 Same	

R4	 R4:28	 F	 38	 Low	 All	cysts	on	hip	larger	(~1mm).	1x	<1mm	cyst	on	left	base	of	tail,	1	on	left	tail	tip,	1	behind	
right	front	leg	and	1mm	cyst	on	left	side	of	face.	

R4	 R4:30	 M	 33	 Low	 <1mm	cyst	developed	on	right	base	of	tail	

R4	 R4:36	 F	 38	 High	
Oedematous	lumps	on	tail	have	grown	larger,	spread	and	joined.	2	ulcerations	and	3	x	

1mm	cysts	on	top.	<1mm	cysts	on	dorsal	surface	increased	to	~	35.	Swelling	under	throat	
increased.	~9	cysts	on	left	front	leg.	

R4	 R4:42	 M	 33	 High	 Mortality	
Rnew	 RN:39	 M	 38	 High	 Same	
Rnew	 RN:41	 M	 35	 Low	 Swelling	on	neck	larger	(~3.5mm)	
Rnew	 RN:44	 M	 34	 High	 Cyst	on	left	throat	now	flattened	but	ulcerated.	21	new	cysts	on	ventral	surface	
Rnew	 RN:45	 F	 3.8	 High	 Swelling	now	severe	oedema	and	haemorrhaging.	

Rnew	 RN:46	 F	 38	 Low	
Swelling	on	side	of	head	5mm.	Swelling	in	1.5mm	lump	on	trunk	decreased	but	ulcerated.	
Swelling	in	front	of	left	back	leg	now	larger	and	more	generalised.	Swelling	on	right	back	

leg	larger	and	extending	down	leg	dorsally.	1	new	pale	cyst	on	left	tail	base.	
Rnew	 RN:47	 M	 30	 Low	 1mm	cyst	on	left	neck	now	larger	(1.5mm)	and	protruding	
Rnew	 RN:51	 F	 38	 High	 Pale	swelling	on	head	larger	(3mm)	with	a	single	ulceration.	
Rnew	 RN:55	 F	 35	 Low	 Lesion	more	protruding	and	swollen	
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One	individual	(R4:25),	which	began	with	a	single	large	(5mm)	swelling	on	the	

dorsal	surface,	showed	signs	of	resolving	infection,	with	swellings	decreasing	in	

size	and	lessening	in	redness.	

A	 single	male	 (R4:42),	 categorised	 as	 having	 high	 infection	 at	 the	 start	 of	 the	

trial,	was	discovered	dead	after	1	week.	The	individual	had	33	discrete	lesions,	

and	more	that	5	ulcerations.	These	pathologies	had	not	changed.		

4.3.6.	Observations	from	annual	field	surveys	

4.3.6.1.	Mortalities	

A	total	of	269	mortalities	were	recorded	at	18	of	the	30	sites	sampled	across	the	

three-year	sample	period.	All	mortalities,	including	those	where	predation	was	

determined	 to	 be	 the	 cause	 of	 death,	 were	 recorded	 at	 infected	 sites.	

Examination	to	determine	the	presence	of	pathogen	cysts,	or	alternative	cause	

of	death,	was	not	always	possible	due	to	excessive	fungal	growth	and	advanced	

decomposition	(Figure	4.19).	 	However,	62%	of	mortalities	were	found	to	have	

gross	pathologies	consistent	with	disease	caused	by	Amphibiothecum	sp.		

Figure	 4.19:	 Images	 of	 moribund	 animals	 captured	 during	 sampling.	 A)	 An	
infected	animal	with	severe	and	generalised	subcutaneous	oedema,	unconscious	
upon	 capture;	 B)	 Infected	 animal	 with	 large	 number	 of	 cysts	 present	 in	 the	
mouth	and	throat,	forcing	the	mouth	open.	

 A  B
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4.3.6.2.	Morbidity	

A	 total	 of	 65	 animals	 were	 found	 to	 be	 severely	 moribund	 with	 severe	

pathologies	 that	 significantly	 hindered	 locomotion,	 breathing	 or	 feeding,	 or	

appeared	 unconscious	 upon	 capture.	 Severe	 infection	 included;	 10	 animals	

described	with	more	than	50	individual	lesions	covering	the	head,	body,	tail	and	

limbs,	 including	 cysts	 in	 the	mouth	 and	 throat	 (see	Figure	4.19B),	 21	 animals	

with	pathologies	that	included	discrete	but	large	areas	of	subcutaneous	oedema	

concentrated	around	the	head	and	throat,	on	occasion	with	severe	open	wounds	

(n	=	2),	and	34	animals	with	subcutaneous	oedema	that	had	spread	across	the	

entire	 body	 giving	 a	 ‘bloated’	 appearance	 (Figure	 4.19).	 Two	 severely	

oedematous	animals	with	large	swellings	on	the	head	were	also	seen	to	display	

unusual	 behaviour	 that	 included	 circling	 and	 loss	 of	 balance.	 Five	 of	 these	

animals,	 all	 of	 which	 appeared	 unconscious	 or	 found	 to	 be	 ‘floating’	 on	 the	

surface	of	the	water,	died	immediately	after	capture,	and	the	remaining	60	were	

humanely	euthanized	due	to	the	severity	of	their	pathologies.	

4.3.6.3.	Co-	infections	

Eight	infected	newts	were	observed	with	additional	fungal	growths	(Table	4.3),	

described	as	hyphae	protruding	from	ulcerations	or	deficits	in	the	skin	(Figure	

4.20).	 Fungal	 growths	 were	 never	 associated	 with	 uninfected	 animals,	 even	

when	dermal	cuts	or	abrasions	were	present.	These	growths	were	observed	in	

at	least	two	animals	per	year,	across	6	ponds.		

Figure	4.20:	Examples	of	fungal	growths	described	in	association	with	disease	
caused	by	Amphibiothecum	sp.		
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Table	4.3:	Infected	animals	observed	with	fungal	growths	

Site Sex SVL Location of fungal growth pH Prevalence 

RNew M 34 
Severe fungal growth on tail and 
left shoulder blade, protruding at 

least 1 cm from skin (Figure 4.14a) 
5.58 26.7% 

R7 F 36 

Large oedematous swelling on left 
lateral abdomen, severally ulcerated 
with a large fungal growth at centre 

(Figure 4.14b) 

5.38 43.3% 

R3 M 33 
4mm ulcerated swelling across hips 

with a large protruding fungal 
growth. 

5.45 52.6% 

R4 F 42 Fungal growth visible between 
shoulder blades  6.17 65.6% 

C2 F 38 
Numerous cysts down tail with 

fungal growth from half way down 
tail to tip 

7.21 26.7% 

R4 F 38 
Missing end of tail where large 
fungal growth now covers the 

wound. 
6.43 40.4% 

M2 M 30 Cloaca oedematous with fungal 
hyphae present  7.27 48% 

C2 F 41 Severe fungal infection on end of 
tail  6.83 73% 
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4.4.	DISCUSSION	

Following	taxonomic	identification	of	the	pathogen,	this	chapter	aimed	to	build	

on	 the	 characterisation	 of	 A.	 meredithae,	 and	 better	 understand	 the	 host-

pathogen	 dynamics.	 Histological	 examination,	 preliminary	 study	 trials	 and	

observations	 from	 spatio-temporal	 surveys	 (2014	 to	 2016,	 Chapters	 7	 and	 8)	

were	 used	 to	 investigate	 cyst	 development,	 disease	 progression	 and	 the	

occurrence	of	different	disease	outcomes	including	recovery	and	mortality.	

4.4.1.		Gross	pathologies	and	pathogen	development	

Infection	caused	by	Amphibiothecum	meredithae	in	palmate	newts	can	manifest	

as	three	non-mutually	exclusive	dermal	pathologies	that	broadly	correspond	to	

the	developmental	stages	of	the	pathogen	cysts	(Fiegna,	Clarke	et	al.	2016).	For	

ease	of	reference	 throughout	 this	 thesis,	 the	 three	distinct	 lesion	types	will	be	

referenced	as	follows;		

• Cysts	 will	 describe	 small	 (~1mm),	 discrete	 lesions	 (Figure	 4.7a)

associated	histologically	with	a	single	immature	to	mature	cyst	generally

in	the	absence	of	a	host	inflammatory	response;

• Larger	well-defined	nodular	 lesions	 (2	–	5mm)	containing	one	or	more

developing	 or	mature	 cysts,	 often	 associated	with	 a	mild	 cell	 infiltrate,

will	be	referred	to	as	lesions	(Figure	4.7a,b	&	c);

• Fluid	filled	swellings,	localized	(>5mm)	or	generalized	(full	body),	will	be

referred	to	as	oedema	(Figure	4.7b	&	c),	where	numerous	mature	cysts,

occasionally	burst,	were	present	with	an	inflammatory	cell	infiltrate	and

focal	oedema.

• Breaks	 in	 the	 skin	 were	 also	 described	 in	 association	 with	 disease

pathologies,	 ranging	 from	single,	 circular	ulcerations	 to	 large	 irregular

and	multifocal	patches	(Figure	4.7c	&	d).

From	the	limited	sample	examined	here,	the	presence	of	cysts,	lesions,	oedema	

and	 ulcerations	 could	 be	 observed	 on	 the	 same	 individual.	 This	 suggests	

multiple	infection	sites	at	different	stages	of	pathogen	life	and	infection	cycle	in	
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one	 individual.	 The	 combinations	 of	 pathologies	 observed	 across	 individuals	

were	further	investigated	in	Chapter	6.	

4.4.2. Histological	peculiarities	of	dermocystid	disease	on	Rum 

The	presence	of	pathogen	cysts	and	spores	 infiltrating	 the	deeper	dermal	and	

muscle	 tissues	as	described	here,	has	not	been	described	before	 in	amphibian	

associated	dermocystids	(Mendoza	et	al.	2002;	Pascolini	et	al.	2003;	González-

Hernández	 et	 al.	 2010).	 Histological	 descriptions	 of	 Amphibiocystidium	 and	

Amphibiothecum	sp.	generally	report	cysts	confined	to	the	hosts	dermis,	stratum	

compactum	and	spongiosum,	(Pascolini	et	al.	2003;	Periera	et	al.	2005;	Raffel	et	

al.	2008;	González-Hernández	et	al.	2010),	with	inflammatory	cells	occasionally	

described	 infiltrating	 the	 deeper	 subcutaneous	 layers	 (Periera	 et	 al.	 2005;	

González-Hernández	et	al.	2010).	 In	 addition,	 the	presence	of	 internal	 cysts	 is	

extremely	 rare	 described	 only	 by	Raffel	 et	al.	 (2008)	who	 observed	 pathogen	

cysts	 on	 the	 livers	 of	 red-spotted	 newt.	 The	 observation	 of	 cysts	 in	 the	 oral	

mucosa,	 stomach	 lumen	and	cloaca	 is,	 again,	unique	 to	 infection	on	 the	 Isle	of	

Rum	(Fiegna,	Clarke	et	al.	2016).		

Infection	 caused	 by	 amphibian-infections	 dermocystids	 is	 almost	

exclusively	confined	to	the	host’s	dermis	(Mendoza	et	al.	2002).	 It	 is	 therefore	

likely	that	the	primary	 route	 of	 infection	 is	 through	 the	 epidermis,	 perhaps	

the	 result	 of	cutaneous	 trauma	 (Raffel	 et	 al.	 2008).	 However,	 the	 presence	

of	 cysts	 in	 the	stomach	lumen	could	indicate	an	alternative	route	of	infection,	

with	 cysts	 being	 ingested	 by	 the	 host	 and	 migrating	 to	 the	 liver.	 This	 is	 in	

agreement	with	Raffel	et	al.	 (2008)	 who	 speculated	 that	 ingestion	 of	 parasite	

cysts	could	offer	a	route	for	cysts	 to	 reach	 the	 liver	via	 the	bile	duct.	 In	newts	

the	 liver	 is	 large	 and	 lies	 across	 the	 front	 of	 the	 coelomic	 cavity,	 with	 no	

diaphragm	 present	 (Girling,	 2008).	 The	 fluid	 accumulation	 and	 tissue	

disruption	 associated	 with	 subcutaneous	 oedema,	 was	 observed	 to	

facilitate	 the	 dispersal	 of	 cysts	 into	deeper	muscle	 tissue.	 This	 may	 provide	

an	opportunity	 for	 spores	 to	migrate	
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from	 cysts	 present	 in	 the	 dermis	 of	 the	 ventral	 abdomen	 through	 disrupted	

tissue,	to	the	liver. 

Alternatively,	 the	 presence	 of	 liver	 cysts,	 in	 addition	 to	 cysts	 present	 in	 the	

stomach	 lumen,	 cloaca	 and	 oral	 mucosa,	 could	 be	 suggestive	 of	 a	

disseminated/systemic	 form	of	 infection.	Cases	of	 systemic	 infection	 involving	

multiple	 internal	 organs	 have	 been	 described	 in	 phylogenetically	 similar	

Dermocystidium	and	Rhinosporidium	infection,	where	cysts	have	been	described	

on	 the	 spleen,	 kidney	 and	 liver	 (Rajam	 and	 Viswanathan,	 1955;	 McVicar	 and	

Wooten,	1980;	Moer	et	al.	 1986;	Nash	et	al.	 1989).	Further	work	 is	needed	 to	

investigate	whether	infection	is	systemic.	One	method	that	has	been	effective	at	

detecting	Ranavirus	(Frog	Virus	3)	in	early	systemic	infections	is	PCR	analysis	of	

blood	 samples	 (Gantress	 et	 al.	2003).	 This	 technique	was	 attempted	 in	 2014,	

where	 blood	 spot	 samples	 were	 collected	 during	 the	 post	 mortem	 of	

animals	 used	 for	 histopathological	 examination.	 However,	 as	 animals	 were	

processed	 at	 a	 field	 site	 where	 sterile	 conditions	 could	 not	 always	 be	

maintained,	 and	 due	 to	 the	 difficulty	 extracting	 blood	 samples	 following	

euthanasia,	 it	 could	 not	 be	 ruled	 out	 that	 samples	 had	 become	

contaminated	 by	 pathogen	 DNA	 residing	 elsewhere	 on	 the	 animal	 or	

externally.	 If	 used	 in	 the	 future,	 blood	 samples	 should	 be	 taken	with	 care	

under	sterile	laboratory	conditions.	

4.4.3.	Disease	severity	and	morbidity	

Whilst	 high	 parasite	 burden	 has	 been	 described	 in	 some	 cases	 of	 amphibian-

infecting	 dermocystid	 infection	 (Raffel	 et	 al.	 2008;	 González-Hernández	 et	 al.	

2010),	 this	 is	generally	 confined	 to	one	or	 two	 individuals	whilst	 the	majority	

have	mild	 levels	 of	 infection.	 The	morbidity	 described	 on	 Rum	 appears	 to	 be	

unique	 to	 the	 islands	 population.	 For	 example,	 generalised	 subcutaneous	

oedema,	 on	 occasion	 afflicting	 the	 entire	 body,	 represents	 a	 severe	

manifestation	of	disease	not	previously	described	in	the	literature.	This	suggests	

that	 either	 pathogen	 virulence,	 host	 immune	 suppression	 or	 environmental	

determinants	 are	 facilitating	 a	 more	 severe	 disease	 outcome	 than	 previously	

recorded,	 including	disease	 caused	by	 the	 same	pathogen	 species	 in	 the	 same	
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host	species	in	France	(González-Hernández	et	al.	2010).	The	variables	affecting	

disease	presentation	 and	 variation	 in	 disease	 outcome	on	 the	 Isle	 of	Rum	are	

further	investigated	in	Chapters	6	and	7. 

Of	 the	 65	 severely	 infected	 and	 moribund	 individuals	 with	 high	 pathology	

burden	and/or	generalised	oedema,	several	were	also	found	to	be	unconscious,	

unable	 to	 feed,	 severely	 emaciated	 or	 ‘gulping’	 for	 air.	 Five	 individuals	 died	

immediately	after	capture.	 In	addition,	 the	presence	of	cysts	 in	the	oral	cavity,	

not	 previously	 described	 in	 amphibian	 dermocystids,	 appeared	 to	 present	 a	

blockage	that	may	obstruct	 the	host’s	ability	 to	breathe	or	 feed	(Figure	4.19b).	

Whilst	 mortalities	 were	 exclusively	 associated	 with	 infected	 sites	 and	 many	

were	 observed	 with	 signs	 of	 disease,	 further	 work	 is	 needed	 to	 conclusively	

identify	cause	and	effect	between	Amphibiothecum	infection	and	mortality.		

Even	if	disease	does	not	directly	cause	mortality,	the	impact	of	severe	infection	

could	 indirectly	 impact	 the	 host	 by	 compromising	 newt	 fitness	 (e.g.	 reducing	

foraging	 and	 motility	 capabilities),	 impacting	 food	 intake,	 or	 by	 rendering	

diseased	 newts	 more	 vulnerable	 to	 predation	 by	 compromising	 locomotion	

(Lindstrom	 et	 al.	 2003),	 increased	mortality	may	 occur	 indirectly.	 Population	

level	declines	can	also	arise	from	interferences	to	courtship	and	reproduction	as	

a	 result	 of	 infection	 (Muths	 et	 al.	 2011;	 Tompkins	 et	 al.	 2011).	 Courtship	 in	

palmate	newts	relies	on	visual	and	olfactory	senses,	so	the	presence	of	 lesions	

and	swelling	across	the	body	may	also	influences	breeding	success	if,	by	altering	

appearance	or	hindering	the	physical	processes	of	courtship,	they	impact	mate	

selection	(Halliday,	1983;	1990;	Griffiths,	1996).	 In	particular,	male	newts	rely	

on	tail	fanning	to	entice	females	and	lead	them	over	deposited	spermatophors,	

behaviours	that	may	be	hindered	considerably	by	the	presence	of	tail	oedema	or	

significant	 lesion	cover.	The	body	cover	of	pathologies	 is	examined	in	detail	 in	

chapter	6.		In	order	to	better	investigate	the	association	between	environmental	

variables	and	disease	intensity	to	the	presence	and	prevalence	of	mortalities	are	

further	investigated	in	Chapter	7	and	8.	
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4.4.4.	Mortality	risk	

The	majority	 of	 studies	 suggest	 that	 amphibian-infecting	 Dermocystids	 rarely	

cause	harm	 to	 their	 host,	 recording	mild	 levels	 of	 infection	 and	no	 associated	

mortality	 events	 (Perez,	 1913;	 Broz	 and	 Privora,	 1951;	 Densmore	 and	 Green,	

2007;	González-Hernández	et	al.	2010;	Courtois	et	al.	2013).	Only	two	cases	of	

have	reported	host	declines	or	mortalities	linked	to	the	presence	of	dermocystid	

parasites.	Declines	of	up	to	50%	were	reported	in	populations	of	P.	lessonae	in	

areas	 where	 Amphibiocystidium	 infection	 was	 later	 found	 to	 be	 prevalent,	

however,	no	mortalities	were	observed	during	field-surveys,	nor	signs	of	severe	

morbidity	 (Pascolini	 et	 al.	2003).	Whilst	 Raffel	 et	 al.	 (2008)	 noted	 significant	

mortalities	 (92%)	 in	 captive	 red-spotted	 newts	 infected	with	A.	 viridescens,	 it	

was	noted	that	captive	animals	had	a	reduced	appetite	and	it	is	unclear	from	the	

report	 whether	 any	 mortalities	 were	 recorded	 in	 uninfected	 control	 animals.	

Again,	 no	 mortalities	 were	 observed	 during	 field	 surveys	 of	 sites	 where	 A.	

viridescens	 infection	was	recorded	(Raffel	et	al.	2008).	This	study	is	the	first	to	

explicitly	observe	mortalities	 in	wild	amphibians	associated	with	the	presence	

of	dermocystid	 infection.	Whilst	cause	and	effect	cannot	be	determined	at	 this	

stage,	 the	 presence	 of	 mortalities	 exclusively	 at	 infected	 sites	 suggests	 that	

either	 directly,	 or	 indirectly,	 the	 presence	 of	 disease	 increases	 the	 risk	 of	

mortalities.	The	possible	disease	and	environmental	determinants	of	mortalities	

are	further	investigated	during	spatio-temporal	studies	in	chapters	7	and	8.	

4.4.5.	Evidence	of	recovery	from	A.	meredithae	infection	

During	 histological	 examination,	 the	 presence	 of	 collapsed	 and	 degenerated	

cysts	 surrounded	 by	 a	 focal	 host	 inflammatory	 response	 (inflammatory	 cell	

infiltrate)	was	 observed.	 This	was	 in	 the	 absence	 of	 gross	 visible	 pathologies,	

indicating	 that	 the	 host	 may	 be	 able	 to	 resolve	 infection.	 This	 was	 further	

supported	 during	 trial	 studies.	 When	 animals	 were	 housed	 in	 pond	 side	

enclosures,	 after	 just	 one	 week	 three	 out	 of	 sixteen	 animals	 had	 apparently	

begun	 to	 resolve	 gross	 pathologies,	 where	 cysts	 and	 lesions	 had	 reduced	 in	

number	 or	 size.	 In	 addition,	 after	 just	 4	weeks,	 all	 infected	 newts	 in	 captivity	

appeared	 to	 clear	 infection.	 These	 findings	 are	 in	 agreement	 with	 previous	



CHAPTER	4	

161	

studies	(Raffel	et	al.	2008)	that	showed	newts	captured	with	disease	caused	by	

Amphibiocystidium	sp.	 lost	 their	 cysts	within	 25	 days	 of	 being	 in	 captivity.	 As	

animals	 were	 not	 experimentally	 infected,	 it	 is	 unclear	 how	 long	 the	 total	

infection	period	lasts.	However,	during	observations,	infected	animals	appeared	

to	actively	‘avoid’	water	compared	to	uninfected	control	animals	that	exhibited	

no	preference	to	either	water	or	dry	substrate.	These	observations	were	purely	

anecdotal,	 so	 whilst	 they	 cannot	 conclusively	 suggest	 newts	 escape	 water	 to	

resolve	infection,	it	may	indicate	an	important	behavioural	adaptation	(further	

discussed	 in	Chapter	10)	and	can	 form	the	basis	 for	more	 focused	studies	and	

observations	in	the	future.		

4.4.6.	Innate	immunity	

In	addition	to	environmental	components,	host	susceptibility	can	be	a	key	factor	

in	disease	outcome. Innate	immune	defences	such	as	granular	glands	present	in	

amphibian	 skin	 are	 important	 mechanisms	 for	 protecting	 amphibians	 from	

pathogens	(Rollins-Smith	et	al.	2002;	Rooji	et	al.	2015).	Apparently	functioning	

(filled	 with	 dense	 granular	 material)	 granular	 glands	 associated	 with	 AMP	

production	were	identified	in	animals	with	and	without	 infection,	at	sites	with	

and	without	 disease.	 This	 observation	was	 supported	 by	Berger	 et	al.	 (2001),	

where	 Australian	 green	 frogs	 infected	 with	 Bd	 appeared	 to	 have	 functioning	

granular	glands.	They	suggested	that	either	not	enough	peptides	are	produced	

to	 be	 effective,	 or	 that	 environmental	 factors	 cause	 exaggerated	 stress	 and	

inhibit	peptide	production	or	release	(Rollins-Smith	et	al.	2002).	

Mean	maximal	 diameters	 of	 glands	were	 higher	 at	 infected	 sites	 compared	 to	

the	uninfected	site,	suggesting	larger	glands	in	newts	exposed	to	A.	meredithae.	

This	may	be	an	adaptation	to	disease,	where	larger	glands	allow	for	higher	AMP	

production	to.	However,	there	are	currently	no	studies	exploring	gland	size	and	

production	potential	so	this	is	speculative.	Males	had	a	higher	proportion	of	full	

glands	 compared	 to	 females.	 Chemical	 signalling	 is	 one	 function	 of	 granular	

gland	 secretions	 (Toledo and Jared 1995; Woodley, 2014),	 and	 in	 salamanders	

granular	glands	may	be	involved	in	courtship	(Pool	and	Dent,	1997)	and	scent	
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marking	 (Hecker	 et	 al.	 2003).	 Species	 of	 plethodontid	 salamanders	 that	mate	

terrestrially	 have	 prominent	 glands	 on	 the	 dorsal	 tail,	 the	 location	 examined	

here,	which	have	derived	from	granular	glands	and	transmit	chemical	signals	to	

females	(Sever	1976;	Sever	and	Staub	2010).	However	the	presence	of	these	in	

aquatic	 Pleurodelinae	 (which	 includes	 the	 palmate	 newt)	 are	 unknown.	

However,	 sex-linked	 differences	 in	 disease	 susceptibility	may	 also	 impact	 the	

for	 example,	 if	 females	 are	 under	more	 stress	 and	 cannot	 replenish	 glandular	

material	 they	may	be	more	susceptible	 to	disease,	alternatively	 if	males	are	at	

higher	 risk	 they	 may	 produce	 more	 peptides	 to	 fight	 infections.	 Sex-linked	

disease	 bias	 will	 be	 further	 investigated	 during	 spatio-temporal	 analysis	

(Chapter	5,	7	and	8).		

Upon	exposure	to	various	stressors,	including	environmental	toxicity,	predation	

or	pathogenic	microbes,	gland	content	 is	 released	(Benson	and	Hadley,	1969).	

At	 uninfected	 sites,	 the	 proportion	 of	 full	 and	 empty	 glands	 recorded	 across	

newts	was	roughly	equal.	The	release	of	peptides	at	uninfected	sites	may	be	in	

response	 to	 environmental	 conditions	 or	 predation,	 representing	 background	

levels	of	gland	condition	in	response	to	natural	stressors	where	A.	meredithae	is	

absent.	However,	it	cannot	be	presumed	that	the	pathogen	is	truly	absent	from	

these	 sites	 and	 differences	 between	 the	 ecology	 of	 sites	 may	 represent	

differences	 in	 stressors.	 The	 high	 prevalence	 site	 had	 significantly	 more	 full	

glands	in	contrast	to	low	prevalence	sites	that	had	a	higher	proportion	of	empty	

glands.	 Following	 initial	 release	 of	 AMPs,	 continued	 exposure	 to	 stressors,	

particularly	 microorganisms	 has	 been	 linked	 to	 quicker	 regeneration	 of	

peptides	(Simmaco	et	al.	1998;	Mangoni	et	al.	2001).		

It	would	therefore	be	expected	that	newts	at	infected	sites	would	have	a	higher	

proportion	 of	 full	 glands	 due	 to	 the	 presence	 of	A.	meredithae	 causing	 faster	

regeneration.	 This	 was	 observed	 at	 site	 A2	 where	 newts	 had	 a	 higher	

proportion	of	full	glands	compared	to	those	at	site	DP.	However,	at	the	highest	

prevalence	 site	 (R4),	 infected	animals	had	a	 significantly	higher	proportion	of	

empty	glands	 compared	 to	 both	 sites.	 Some	 studies	 suggest	 that	 induction	 of	

gland	release	using	higher	levels	of	norepinephrine	(a	hormone	linked	to	stress)	
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results	 in	 slower	 recovery	 of	 granular	material.	 In	 addition,	 the	production	 of	

peptides	 can	 be	 inhibited	 by	 extreme	 stress,	 evidenced	 by	 a	 decrease	 in	 the	

production	 of	 AMPs	 in	 the	 presence	 of	 elevated	 corticosteroid	 levels,	 making	

stressed	animals	more	prone	to	infection	(Simmaco	et	al.	1998;	Rollins-Smith	et	

al.	2009).	 It	 is	 possible	 that	 newts	 at	 site	 R4	 are	 exposed	 to	 greater	 levels	 of	

stress,	 either	 by	 higher	 parasite	 burden,	 increased	 parasite	 virulence	 or	 less	

favourable	 environmental	 factors,	 leading	 to	 slower	 regeneration	 of	 material	

and	 therefore	 the	 appearance	 of	 more	 empty	 glands.	 The	 inability	 to	 quickly	

restore	peptides	may	 in	 fact	explain	the	higher	prevalence	recorded	at	site	R4	

compared	 to	 A2.	 Alternatively,	 gland	 secretions	 may	 not	 be	 affective	 on	

dermocystid	pathogens,	or	may	not	function	in	low	pH	environments.		

4.4.7.	Variation	in	disease	outcome	on	the	Isle	of	Rum	

Histological	 examination	 revealed	 that	 the	 subcutaneous	 oedema	 was	

associated	 with	 the	 presence	 of	 numerous,	 occasionally	 burst	 cysts,	 an	

inflammatory	cell	 infiltrate	and	focal	oedema.	However,	 the	presence	of	a	host	

immune	response	in	reaction	to	parasite	cysts	and	spores	may	not	be	sufficient	

to	explain	 the	severe	subcutaneous	oedema	observed	 in	some	animals	 (Figure	

4.17).	The	presence	of	oedema	may	therefore	be	a	secondary	process	influenced	

by	 peculiarities	 in	 disease	 within	 particular	 hosts,	 or	 a	 response	 to	

environmental	 conditions.	 For	 example,	 many	 renal	 and	 hepatic	 diseases	 in	

amphibians	 can	 cause	 hydrocoleom	 and	 generalised	 oedema	 (Crawshaw	 and	

Weinkle,	 2000;	 Wright,	 2001)	 either	 directly	 due	 to	 hepatocyte	 necrosis	 or	

a	 secondary	 process	 to	 reduce	 plasma	 protein	 levels.	 When	 liver	 cysts	

were	 present	 changes	 to	 the	 liver	 were	 also	 observed	 including	

enlargement,	discolouration	 and	 a	 loss	 of	 structure	 suggestive	 of	 hepatic	

necrosis.	 It	 is	 possible	 that	 he	 presence	 of	 liver	 cysts,	 and	 possible	 liver	

failure,	explains	 the	presence	of	severe	generalised	oedema.		

The	presence	of	degenerate	cysts	associated	with	no	visible	gross	pathologies	or	

tissue	disruption	suggests	that	animals	can	resolve	 infection	and	recover	 from	

disease.	At	the	same	time	severe	morbidity	and	mortality	were	described.	It	 is	
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unclear	 what	 factors	 lead	 to	 these	 very	 different	 disease	 outcomes,	 however	

variation	in	the	impact	of	pathogens	to	different	populations	is	not	uncommon	

amongst	 amphibians.	 For	 example,	 Bd	 infects	 more	 than	 500	 species	 but	

populations	are	not	equally	susceptible	and	impact	will	range	from	resistance	to	

mass	mortality	(Woodhams	and	Alford	2005;	Lips	et	al.	2006;	Kriger	et	al.	2007;	

Kilpatrick	et	al.	2010;	Ohmer	et	al.	2013).	Variation	in	Bd	virulence	and	disease	

outcome	 has	 been	 attributed	 to	 differences	 in	 host	 susceptibility	 (Carey	 et	al.	

1999;	 Harris	 et	 al.	 2006),	 variation	 in	 pathogen	 strains	 (Berger	 et	 al.	 2005;	

Piovia-Scott	 et	 al.	 2015)	 or	 environmental	 factors	 (Berger	 et	 al.	 2004;	

Woodhams	et	al.	2008).			

4.4.8.	Transmission	mechanisms	of	A.	meredithae	

Following	protocols	of	cyst	incubation	described	by	Pascolini	et	al.	(2003),	this	

study	 was	 unable	 to	 observe	 the	 release	 of	 zoospores	 from	 incubated	

Amphibiothecum	cysts.	In	addition,	during	histological	examination	of	cysts	and	

spores	 no	 evidence	 of	 zoosporulation	 was	 observed	 even	 in	 when	 cysts	

ruptured	 and	 released	 mature	 spores.	 It	 has	 been	 suggested	 that	 some	

dermocystid	organisms	have	lost	the	ability	to	produce	flagellated	cells	(Pereira	

et	al.	2005),	and	instead	transmission	occurs	through	chance	contact	with	free-

floating	 spores	 or	 cysts,	 or	 direct	 host-host	 contact.	 However,	 the	 spores,	 or	

endospores,	 of	 S. destruens only	 produce	 flagellae	 upon	 contact	 with	 water	

(Arkush	 et	 al.	 2003).	 Here,	 the	 behaviour	 of	 individual	 spores	 was	 not	

investigated	and	further	work	should	look	to	confirm	whether	the	life	cycle	of	A.	

meredithae	has	similarities	to	S.	destruens.	

4.4.9.	Dermocsytid	co-infection	

Fungal	 co-infections	 have	 been	 previously	 described	 in	 amphibians	 with	

potential	dermocsytid	infection	(Groner	and	Relyea,	2010;	Borteiro	et	al.	2014).	

Hyphal	growths	described	on	several	infected	newts	on	Rum	may	be	caused	by	

mycotic	disease	(Densmore	and	Green,	2007).	Fungi	and	oomycetes	ubiquitous	

to	pondwater	 and	moist	 environments,	 including	both	pathogenic	 and	usually	

“environmental”	 organisms,	 can	 invade	 the	 epidermis	 of	 amphibians	
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particularly	if	breaks	in	the	skin	are	present	or	the	immune	system	is	weakened	

by	 the	 presence	 of	 infection	 (Taylor	 et	 al.	 1999;	 Densmore	 and	 Green,	 2007;	

Garcia-Solache	and	Casadevall,	2010).	For	example,	some	species	of	amphibians,	

the	 spade	 foot	 toad	 and	 back-horned	 frog	 have	 been	 found	 to	 be	 more	

susceptible	to	fungal	infections	when	stressed	or	debilitated	(Miller	et	al.	1992;	

Juopperi	 et	 al.	 2002).	 As	 gross	 Amphibiothecum	 lesions	 ulcerate,	 it	 exposes	

infected	newts	to	opportunistic	 infections	and	may	results	 in	secondary	fungal	

infections	and	the	observed	hyphal	formations.			

However,	 hyphal	 forms,	 or	 hyphal-like	 stages,	 have	 been	 described	 in	 fish	

infected	 with	 phylogenetically	 similar	 pathogen	 species:	 Dermocystidium	

(Dykova	and	Lom,	1992;	Feist	et	al.	2004;	Molnar	et	al.	2008;	Hassan	et	al.	2014)	

and	 Icthyophonida	 (Sindermann	 and	 Scattergood,	 1954;	 Rand,	 1994;	

Spanggaard,	et	al.	1995;	Gozlan	et	al	2014).	It	can	therefore	not	be	ruled	out	that	

the	 fungal	 hyphae	 observed	 represent	 a	 new	 gross	 manifestation	 of	 disease	

caused	by	Amphibiothecum	sp.	The	development	of	hyphae	in	fungal	and	fungal-

like	infections	have	also	been	linked	to	pH,	with	lower	pH	environments	during	

in	vivo	growth	associated	with	the	development	of	hyphal	 forms	(Spanggaard,	

et	al.	1995;	Okamoto,	et	al.	1985;	Mendoza	et	al.	2002).		

Further	work	is	required	in	order	to	determine	the	causative	agent	of	the	fungal	

hyphae	 observed,	 distinguishing	 between	 a	 novel	 manifestation	 of	

Amphibiothecum	infection	or	co-infection.	If	secondary	infection	is	determined,	

diagnosis	of	the	causative	agent	may	therefore	require	the	use	of	more	than	one	

technique,	 such	 as	microscopic	 examination	 of	 cytology	 slides,	 often	with	 the	

use	 of	 special	 fungal	 stains	 (i.e.	 PAS),	 cultures	 or	 molecular	 identification	

(Densmore	and	Green,	2007).		

4.4.10.	Disease	progression	

Whilst	 cage	 trials	were	 terminated	 almost	 immediately	 following	deployment,	

some	initial	data	was	collected	from	larger	tub	enclosures.	The	development	of	

new	cysts	over	 time	 shows	a	pattern	of	 increasing	parasite	burden	over	 time,	

however	it	is	still	unclear	whether	new	discrete	lesions	develop	due	to	infection	
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by	new	spores	from	the	environment,	or	the	dissemination	of	spores	within	the	

host.	 The	 increase	 in	 size	 of	 some	 large	 lesions	 and	 swellings	 fits	 with	

histological	 evidence	 that,	 as	 cysts	 develop	 and	 release	 spores,	 inflammatory	

cell	 response	 and	 associated	 oedema	 increases	 around	 the	 parasite	 cysts.	 In	

addition,	 the	 development	 of	 ulcerations	 in	 several	 animals	 (n	 =	 3)	 supports	

hypotheses	 that,	 upon	maturation,	 lesions	ulcerate	 in	 order	 to	 release	mature	

cysts	 or	 spores.	 On	 one	 occasion,	 swellings	 and	 lesions	 were	 observed	 to	

decrease	in	size	upon	ulceration.	However,	in	two	cases,	a	reduction	in	size,	or	

the	disappearance,	of	lesions	was	observed	without	obvious	dermal	ulceration.	

This	 is	 suggestive	 of	 recovery,	 as	 seen	 in	 histological	 examination	 where	

degenerated	 parasite	 cysts	 were	 observed,	 enveloped	 by	 inflammatory	 cell	

infiltrate,	 and	 eventually	 reduce	 tissue	 oedema.	Here,	 only	 a	 small	 number	 of	

animals	 were	 observed	 over	 just	 one	 week	 across	 two	 sites.	 More	 work	 is	

needed,	with	a	larger	sample	size	across	multiple	sites,	 in	order	to	identify	the	

factors	 that	 lead	 to	 the	 development	 of	 severe	 pathologies	 or	 recovery.	 It	 is	

likely	that	investigation	into	host	immunity,	both	innate	and	acquired,	is	needed	

to	identify	factors,	which	may	predispose	newts	to	different	disease	outcomes.	

Whilst	 both	 field	 trials	 showed	 weaknesses	 in	 design,	 which	 need	 to	 be	

addressed,	 they	provide	 a	 basis	 to	develop	more	 robust	 observational	 studies	

that	will	allow	for	more	thorough	investigation	into	disease	progression.	

4.4.11.	Conclusion	

Whilst	 extreme	 disease	 pathologies	 and	 the	 high	 number	 of	 mortalities	

recorded	on	Rum	suggests	that	Amphibiothecum	infection	on	Rum	can	be	lethal	

to	its	host,	histological	examination	showed	signs	of	subclinical	infection,	a	host	

immune	 response,	 and	 fully	 degenerate	 cysts	 concurrent	 with	 recovery.	 In	

addition,	animals	retained	in	captivity	appeared	to	recover	from	disease	in	just	

2	weeks.	It	is	unclear	what	causes	these	two	different	outcomes.	Preliminary	in	

situ	 studies	 on	 Rum	 investigated	 how	 disease	 progressed	 in	 animals	 with	

different	 pathologies,	 across	 ponds	 with	 different	 prevalence.	 These	

investigations	 were	 unsuccessful	 due	 to	 logistical	 difficulties,	 however	 they	

provide	a	basis	to	develop	further	studies	or	experiments	in	order	to	investigate	
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what	 factors,	 be	 it	 differences	 in	 individual	 hosts,	 pathogen	 or	 environmental	

conditions,	which	lead	to	recovery	or	mortality.	Variation	in	the	prevalence	and	

outcome	 of	 disease	 across	 the	 Isle	 of	 Rum	 will	 be	 further	 investigated	 in	

Chapters	5	to	8,	examining	different	aspects	of	the	spatio-temporal	dynamics	of	

disease.	In	order	to	first	explore	the	degree	of	variation	expected	within	a	single	

season	 and	 how	 the	manifestations	 of	 disease	 vary,	 Chapter	 5	 and	 6	 explore	

within	 season	 dynamics	 using	 temporal	 data	 collected	 from	 intensively	

sampling	a	sub-set	of	sites.		
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CHAPTER	5 

WITHIN-SEASON	 VARIATION	 IN	 THE	 HOST-

PATHOGEN	 DYNAMICS	 OF	 AMPHIBIOTHECUM

MEREDITHAE	 INFECTION	 IN	 PALMATE	 NEWTS	 ON	

RUM	

5.1.	INTRODUCTION	

The	 pathogen	 causing	 disease	 on	 Rum	 represents	 a	 new	 species	 of	

Dermocystida	 within	 the	 Amphibiothecum	 genus,	 A.	 meredithae	 (Chapter	 3).	

Histopathology	 examination,	 field	 observations	 and	 preliminary	 study	 trials	

(Chapter	 4)	 have	 provided	 the	 basis	 for	 an	 initial	 pathogen	 profile	 to	 be	

developed,	however	in	order	to	better	understand	disease	the	spatio-temporal	

dynamics	 across	 the	 island	 must	 be	 explored.	 Disease	 on	 Rum	 appears	 to	

represent	a	severe	case	of	amphibian-infecting	dermocystid	disease,	and	whilst	

some	newts	 can	 resolve	mild	 cases	of	 infection	others	will	 succumb	 to	 severe	
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infections,	indicated	by	moribund	animals	and	numerous	mortalities	seemingly	

associated	with	infection.	However,	it	is	unclear	what	leads	to	different	disease	

outcomes	on	Rum,	or	how	disease	is	temporally	and	spatially	distributed.	This	

chapter	looks	to	explicitly	investigate	the	within-season,	temporal	dynamics	of	

disease	 prevalence,	 environmental	 factors	 and	 host	 population	 traits.	 In	

addition	to	building	on	our	knowledge	of	disease	dynamics,	it	will	form	the	basis	

of	 subsequent	 analysis;	 i)	 to	 investigate	 within-season	 variation	 in	 disease	

presentation	 corresponding	 to	 pathogen	 life	 stage	 and	 therefore	 disease	

progression	 (Chapter	 6),	 and	 ii)	 to	 assess	 the	 degree	 of	 variation	 expected	 in	

disease,	environmental	and	host	dynamics	within	a	season	to	influence	broader	

spatial	(Chapter	7)	and	temporal	(Chapter	8)	studies.	

5.1.1.	Temporal	aspects	of	disease	

Seasonal	changes	in	the	incidence,	and	prevalence,	of	disease	are	a	common	and	

well-studied	phenomenon	(Ransome,	1880;	Dowell,	2001;	Pascual	and	Dobson,	

2005;	 Grassly	 and	 Fraser,	 2006),	 and	 many	 aspects	 of	 the	 host-pathogen	

interaction	 can	 influence	 these	 dynamics.	 Seasonality	 has	 been	 observed	 in	

infections	 caused	 by	Dermocystidium	 spp.,	 where	 outbreaks	 were	 reported	 in	

European	 eels	 during	 winter	 (Wootten	 and	 McVicar,	 1982)	 and	 increased	

infections	in	stickleback	populations	was	reported	to	follow	cold	periods,	dying	

off	in	warmer	months	(Elkan,	1962).	Whilst	there	have	been	no	studies	into	the	

seasonality	 of	 amphibian-infecting	 Dermcosytids,	 such	 patterns	 have	 been	

observed	 in	 other	 amphibian	 infections.	 A	 strong	 seasonal	 aspect	 in	 the	

prevalence	 and	 severity	 of	 Chytrid	 disease	 has	 been	 reported	 in	 several	

populations	 (Kriger	 and	Hero,	 2006;	Ruggeri	et	al.	 2015),	 likely	 influenced	by	

host	behaviour	(Ruggeri	et	al.	2015),	and	the	thermal	requirements	of	both	Bd	

(Piotrowski	et	al.	2004)	and	host	immunity	(Raffel	et	al.	2009a).		

5.1.2.	Within-season	fluctuations	in	disease	dynamics	

It	is	presumed,	based	on	taxonomically	similar	pathogens	that	A.	meredithae	is	a	

water	 borne	 infection	 (Olson	 et	 al.	 1991:	 Mendoza	 et	 al.	 2000).	 As	 palmate	

newts	 have	 a	 bi-phasic	 lifecycle,	 only	 entering	 water	 bodies	 to	 breed	 during	
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spring	(Harrison	et	al.	1983),	it	is	likely	that	exposure	to	A.	meredithae	occurs	at	

the	 start	of	breeding	 season,	with	 this	phase	 representing	an	annual	 infection	

period.	 Variation	 in	 host	 behaviour,	 the	 pathogen	 infective	 cycle	 or	

environmental	 conditions	 during	 the	 newt-breeding	 season	will	 likely	 impact	

disease	dynamics	on	Rum,	giving	way	to	short-term	patterns	of	variation	similar	

to	 those	 observed	 seasonally.	 For	 example	 periodic	 ‘waves’	 of	 infection	 are	

commonly	observed	across	wildlife	and	human	populations	(Fine	and	Clarkson,	

1989;	Cook	et	al.	1990;	London	and	Yorke,	1973;	Earn	et	al.	2000;	Pascual	et	al.	

2002)	 populations	 during	 outbreaks	 of	 disease	 generally	 driven	 by	 seasonal	

variation	 in	 climate,	 social	 structure	 or	 potential	 vectors	 (Grassly	 and	 Fraser,	

2006).	These	waves	are	characterised	by	an	increase	in	prevalence	as	infection	

takes	 hold	 of	 the	 population	 before	 decreasing	 again	 as	 the	 host	 population	

succumbs	to	disease	or	recovers	(Altizer	et	al.	2006).		

Alternatively,	 peaks	 at	 different	 time	 points	 may	 be	 observed	 if	 infection	 is	

dictated	 by	 extrinsic	 factors	 such	 as	 environmental	 conditions	 or	 host	

population	 structure.	 For	 example,	 it	 has	 been	 observed	 in	 populations	 of	

palmate	 newts	 that	 males	 will	 enter	 ponds	 before	 females	 (Harrison	 et	 al.	

1983).	 In	 addition,	 disease	 theory	 suggests	 that	 males	 are	 often	 more	

susceptible	 to	 infection	 than	 females	 (Zuk,	 1990;	 Zuk and	 McKean,	 1996;	

Washburn	et	al.	1965),	due	to	intrinsic	differences	in	immunity	(Zuk	and	Stoehr,	

2002;	Schmid-Hempel,	2003)	and/or	energetically	costly	reproduction	(Zuk	and	

Stoehr,	 2002)	 such	 as	 the	 development	 of	 secondary	 sexual	 characteristics	 in	

palmate	newts	(Griffiths,	1997).	If	host	populations	on	Rum	have	a	male	bias	at	

the	 start	 of	 the	 season	 and	 males	 have	 a	 greater	 risk	 of	 infection,	 a	 peak	 in	

disease	prevalence	may	be	observed	early	in	the	season.	

5.1.3.	Disease	variation	within	amphibian	breeding-seasons	

There	are	currently	no	studies	that	 look	to	assess	the	within-season,	 temporal	

dynamics	of	disease	caused	by	amphibian-infecting	dermocystids.	The	majority	

of	studies	focus	on	diagnosis	or	pathogen	descriptions	and	those	that	do	report	

prevalence	often	report	single	point	estimates	only	(Raffel	et	al.	2008;	Gonzalez-
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Hernandez	 et	 al.	 2010;	 Courtois	 et	 al.	 2013),	 giving	 little	 indication	 of	 how	

dynamics	change	within	a	breeding	season.	In	the	context	of	amphibian	disease,	

fluctuations	in	dynamics	across	a	single	breeding	season	have	been	investigated.	

For	 example,	 an	 intensive	 10-week	 study	 conducted	within	 a	 single	 breeding	

season	 of	 alpine	 tree	 frogs,	 showed	 that	 prevalence	 and	 intensity	 of	 (Bd)	

infection	increased	within	a	breeding	season	(Brannelly	et	al.	2015)	and	whilst	

it	is	unclear	what	factors	influenced	this	increase,	it	is	an	important	observation	

for	understanding	disease	risk.		

5.1.4.	Study	objectives	

Understanding	 this	within-season	variation	 is	not	 only	of	 importance	 in	 itself,	

but	 is	 integral	 for	 reliable	 spatio-temporal	 studies.	 Broader	 epidemiological	

analysis	across	 the	 Isle	of	Rum	will	 involve	 sampling	multiple	 sites	across	 the	

breeding	 season,	 so	 samples	 representing	 different	 sites	 may	 also	 represent	

different	 time	 points.	 In	 order	 to	 determine	 if	 disease	 dynamics	 can	 be	

compared	 across	 sites,	 and	 across	 years	 for	 long-term	 temporal	 studies,	 it	 is	

important	 to	 know	 the	 degree	 of	 fluctuation	 expected	 within	 a	 season,	 to	

determine	 if	 spatial/site	 related	 differences	 are	 real	 or	 the	 result	 of	 inherent	

temporal	fluctuations.	

Through	intensive	sampling	of	a	sub-set	of	sites,	temporal	data	collected	during	

a	single	breeding	season	will	be	assessed	to	address	three	key	aims:		

• provide	the	first	within-season	study	to	investigate	temporal	variation	in

the	host-parasite	dynamics	of	disease	caused	by	a	dermocystid	pathogen;

• provide	 the	 basis	 for	 further	 investigation	 into	 changes	 in	 disease

presentation	across	a	single	breeding	season	(Chapter	6);

• assess	 the	 degree	 of	 variation	 expected	 in	 disease,	 environmental	 and

host	 dynamics	 within	 a	 season,	 which	 will	 influence	 broader	 spatial

(Chapter	7)	and	temporal	(Chapter	8)	studies.
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5.2.	METHODOLOGY	

5.2.1.	Data	collection	

To	gain	data	on	the	within-season	variation	in	disease	dynamics,	and	for	further	

analysis	of	disease	presentation	in	Chapter	6,	intensive	sampling	was	performed	

in	2014	across	a	sub-set	of	sites	over	a	6-week	period	(section	2.2.1;	Figure	5.1).		

Figure	5.1:	Ordnance	Survey	Map	of	the	Isle	of	Rum,	showing	two	locations	(R	
and	H)	 considered	 for	 temporal	 sampling,	 and	 the	 final	 sites	 (R10,	R3,	R4,	R5	
and	R7)	chosen	including	a	site	not	used	for	further	surveys	(R26	★).

R	

H	

R3	

R26 

★	
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Sites	were	selected	based	on	two	main	criteria:	

I. Sites	 must	 be	 located	 close	 together	 and	 easily	 accessible	 from	 main

footpaths.	 This	 would	 allow	 all	 sites	 to	 be	 visited	 within	 one	 day	 and

helped	control	for	environmental	differences	such	as	altitude,	exposure,

surrounding	vegetation	and	soil	type;

II. Sites	 with	 different	 disease	 prevalence	 were	 selected	 to	 briefly	 assess

how	 different	 disease	 dynamics	 varied	 within	 a	 season.	 Disease

prevalence	estimates	were	based	on	preliminary	data	gathered	 in	2011

(Anderson,	2011)	and	2012	(McMurdo-Hamilton,	2012).

Two	areas,	one	in	the	centre	of	the	island	(H)	and	one	towards	the	North	West	

(R;	 Figure	 5.1),	 were	 selected	 based	 on	 the	 presence	 of	 several	 closely	 lying	

ponds	 (5+)	 with	 a	 large	 range	 of	 prevalence	 (0	 to	 100%;	 Anderson,	 2011;	

McMurdo-Hamilton,	2012).	

Six	 sites	 were	 visited	 at	 location	 H,	 where	 a	 brief	 10	 minute	 search	 was	

performed	 to	 confirm	 the	 presence	 of	 newts	 and	 suspected	 A.	 meredithae	

infection.	However,	a	rare	breed	of	bird	was	reported	to	be	nesting	in	the	area	

so	 it	 was	 deemed	 irresponsible	 to	 sample	 intensively	 which	 might	 disturb	

nesting	 birds.	 At	 location	 ‘R’,	 a	 brief	 10-minutes	 search	was	 performed	 at	 six	

ponds,	 in	order	to	assess	the	presence	of	newts	and	disease.	A	high	number	of	

mortalities,	 (n	 =	 26),	 later	 concluded	 to	 be	 a	 result	 of	 bird	 predation,	 was	

observed	around	 the	perimeter	of	pond	R26	 (Figure	5.1,	★),	 and	only	one	 live	
newt	 was	 captured.	 This	 site	 was	 excluded	 from	 subsequent	 sampling.	 The	

remaining	five	sites	were	selected;	R10,	R3,	R4,	R7	and	R5.	

Across	May	and	June	in	2014,	all	five	sites	at	location	R	were	visited	once	a	week	

for	 a	 six-week	 period.	 On	 occasion,	 a	 single	 visit	 to	 the	 area	 extended	 over	 2	

days,	 often	 due	 to	 adverse	 weather	 conditions.	 In	 these	 circumstances,	 data	

from	the	two	days	was	compiled	and	considered	as	from	a	single	visit.	At	each	

site,	 the	standardised	sample	protocol	set	out	 in	section	2.3.1	was	followed,	 in	

order	 to	 collect	 data	 across	multiple	 visits	 recording	 environmental	 variables,	
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host	dynamics,	 disease	prevalence	 and	presenting	pathologies	 across	multiple	

visits	(further	investigated	in	Chapter	6).		

5.2.2.	Statistical	analysis	

All	 statistical	 analysis	 was	 performed	 using	 R	 v3.3.1	 (R	 Development	 Core	

Team,	2008)	in	RStudio	v0.99.902	(RStudio,	2013).	

5.2.2.1.	Temporal	variation	in	environmental	variables	

To	 assess	 temporal	 variation	 in	 environmental	 variables,	 linear	mixed	 effects	

models	 (lmer)	 were	 performed	 as	 described	 in	 section	 2..,	 with	 pH,	 air	

temperature	 and	 water	 temperature	 and	 visit	 as	 fixed	 effects,	 and	 site	 as	 a	

random	effect	to	account	for	multiple	visits	to	the	same	site.	

The	 coefficient	 of	 variation	 (CV)	 is	 a	 standardised	measure	 of	 the	 ‘spread’	 or	

variance	within	a	group,	relative	to	the	mean.	In	order	to	compare	the	variation	

of	 specified	variables	 recorded	within	each	group	 (i.e	 site),	 an	asymptotic	 test	

(Feltz	 and	 Miller,	 1996)	 was	 performed	 in	 the	 package	 cvequality	 v.0.1.1	

(Marwick	 and	 Krishnamoorthy,	 2016)	 to	 test	 the	 equality	 of	 coefficients	 of	

variation	from	multiple	samples,	to	determine	significant	(p	<	0.05)	differences	

across	groups.	

5.2.2.2.	Host	characteristics	and	population	structure	

	The	 relationships	 between	 infection	 status	 and	 host	 characteristic	 were	

modelled	using	lmer,	adding	body	size	(SVL)	and	sex	as	fixed	effects	and	site	as	a	

random	effect.	Due	to	the	correlation	between	body	size	and	sex,	an	F-test	was	

used	to	compare	possible	models	exploring	the	relationship	between	 infection	

status,	 sex	and	body	size:	 i)	only	SVL;	 ii)	 SVL	and	Sex;	 iii)	 an	 interaction	 term	

between	SVL	and	sex.	

To	explore	differences	in	the	odds	of	infection	between	males	and	females,	odds	

ratios	 and	 95%	 confidence	 intervals	 were	 calculated	 under	 the	 epiDisplay	

package	 v.3.2.2.0	 (Chongsuvivatwong,	 2015)	 using	 the	 proportion	 of	 infected	
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males	and	females	to	report	the	differences	in	infection	risk	between	the	sexes.	

Odds	ratios	were	calculated	as:	

(Infected	males	*	Uninfected	females)		/	(Infected	females	*	Uninfected	males)	

Sex	ratios	were	manually	calculated	as:	

𝑀𝐹𝑅𝑎𝑡𝑖𝑜 =  
𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑙𝑒𝑠

 𝑇𝑜𝑡𝑎𝑙 𝑓𝑒𝑚𝑎𝑙𝑒𝑠

where	MFRatio	=	1	when	the	number	of	males	and	females	is	equal,	MFRatio	>	1	

when	a	male	bias	was	observed,	and	MFRatio	<	1	if	the	sample	population	had	a	

female	bias.	

Total	 catch,	SVL	odds	 ratios	were	modelled	against	visit	using	 lmer	whilst	 sex	

ratios	were	modelled	using	logistic	regression	(glmerb),	adding	site	as	a	random	

effect,	 exploring	 the	 amount	 of	 variation	 accounted	 for	 by	 site-specific	

differences	by	examining	the	ICC.	

5.2.2.3.	Temporal	variation	in	disease	prevalence	

To	 assess	 the	 temporal	 patterns	 of	 overall	 disease	 prevalence	 a	 glmerb	 was	

performed,	where	tthe	response	variable	‘prevalence’	was	created	by	combining	

the	 columns	 that	 contained	 the	 frequency	 of	 positives	 (diseased	 [1])	 and	

negatives	 (visibly	 disease	 free	 [0]),	 adding	 visit	 as	 the	 predictor	 variable	 and	

site	as	a	random	effect.	Example	model:		

glmer(cbind(Number	of	Infected,	Number	of	Uninfected)	~	Visit	+	(1|Site),	family	=	

“binomial”)	

Linear,	 quadratic	 and	 cubic	 models	 were	 compared	 using	 a	 chi-squared	 test,	

choosing	the	model	that	reduced	the	sum	of	residual	squares	significantly	(p	<	

0.05)	(see	section	2.4.3).	The	same	models	were	used	to	assess	relationships	to	

environmental	variables	and	host	dynamics.		

As	 described	 in	 section	 2.4.1,	 ad-hoc	 tests	 were	 performed	 to	make	 pairwise	

comparisons	 of	 disease	 prevalence	 across	 all	 sites	 using	 Tukey’s	 Honest	

Significant	 difference	 (HSD;	 Tukey,	 1949;	 Kim,	 2015)	 plotting	 the	 95%	

confidence	intervals.	
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5.3.	RESULTS	

5.3.1.		Environmental	variables	

Across	 the	 5	 sites	 selected	 for	 intensive	 sampling,	 pH	 measurements	 ranged	

from	4.83	to	6.48	showing	a	large	amount	of	variation	across	either	a	spatial	or	

temporal	aspect.	

Figure	 5.2:	 Measurements	 of	 pH	 across	 the	 season,	 a)	 boxplot	 of	 pH	
measurements	 showing	 variation	 within	 and	 between	 sites;	 b)	 temporal	
variation	in	pH	at	each	site	with	linear	regression	model	(red	line)	with	95%CI	
(grey	shading).	

Overall,	no	relationship	was	identified	between	visit	and	pH	measurements	(β	=	

0.04	 [-0.02,	 0.1];	 p	 =	 0.25)	 however,	 site	 alone	 accounted	 for	 78%	 of	 the	

variation	suggesting	that	pH	has	a	strong	site-specific	or	spatial	aspect	(Figure	

5.2b).	In	addition	to	site	related	differences	in	pH,	the	degree	of	variation	within	

each	site	varied	significantly	 (D’	AD	=	30.5;	p	<	0.001;	Figure	5.2a).	A	positive	

statistically	 significant	 relationship	 was	 determined	 between	 pond	 and	 air	

temperature	(p	<	0.001),	with	 the	overall	model	accounting	 for	nearly	66%	of	

the	variation,	of	which	7.5%	was	associated	with	site	(Figure	5.3).		
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Figure	 5.3:	 Relationship	 between	 air	 and	 water	 temperature	 with	 linear	
regression	line	and	95%CI	(red	line	and	grey	shading)  

Air	and	water	temperature	increased	significantly	with	each	visit	(p	<0.007;	r2	>	

0.23;	 Figure	 5.4),	 consistent	 with	 the	 warming	 expected	 as	 the	 season	

progressed.	 Both	 pond	 and	 air	 temperature	 clearly	 show	 an	 irregular,	 non-

linear	trend	with	visit	(Figure	5.4).	A	GAM	model	with	a	smooth	term	for	visit	

was	fitted	where	the	smooth	term	was	significant	for	both	(p	<	0.001).	The	ICC	

for	site	was	zero	in	both	models,	indicating	that	observations	within	sites	are	no	

more	similar	than	those	across	sites.	

Figure	5.4:	Temporal	variation	in	pond	(a)	and	air	(b)	temperature	across	visits	
with	 a	 linear	 model	 fitted	 and	 95%CI	 shown	 as	 black	 fitted	 line	 with	 grey	
polygon.	
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There	was	also	no	significant	difference	in	the	variation	in	air	(D’AD	=	3.43;	p	=	

0.49)	 or	 water	 (D’AD	 =	 0.49;	 p	 =	 0.97)	 temperature	 recorded	 between	 sites	

(Figure	5.5).	

Figure	 5.5:	 Boxplots	 showing	 the	 within-season	 variation	 in	 a)	 water	
temperature	and	b)	air	temperature	across	sites.	

5.3.2.	Host	population	dynamics	

SVL	 had	 a	 small	 but	 significant	 relationship	 to	 visit	 (Figure	 5.6),	 where	 size	

increased	by	0.01cm	with	each	visit	(p	=	0.02),	with	site	accounting	for	just	3.8%	

of	 the	 variation.	Whilst	 this	was	 statistically	 significant	 a	 change	 in	 0.01cm	 is	

unlikely	 to	 be	 biologically	 significantly,	 particularly	 as	 measurements	 were	

taken	to	the	nearest	0.05cm.	

Figure	5.6:	Body	size	of	newts	shown	as	SVL	(cm)	plotted	against	visit,	coloured	
by	 site	and	grouped	based	on	sex,	with	 linear	models	 fitted	 (red)	and	95%	CI	
(grey	polygon).		
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A	statistically	significant	(p	<	0.001)	difference	in	SVL	between	males	and	female	

was	also	confirmed	(Figure	5.6).	The	inherent	sex-linked	differences	in	SVL	(e.g.	

Amat	 et	 al.	 2010),	 may	 account	 for	 observed	 fluctuations	 in	 SVL	 if	 the	

proportion	of	males	and	females	varies	across	the	season.	

Across	all	sites	and	visits	a	total	of	521	males	and	697	females	were	captured,	

giving	a	 sex	 ratio	of	0.75,	 indicating	a	 female	bias	 in	 the	overall	population.	A	

temporal	aspect	was	identified	where	the	observed	sex	ratios	decreased	by	0.08	

[0.02,	0.2]	with	each	visit	(p	=	0.03;	R2	=	47.3)	showing	a	shift	from	a	male	biased	

population	 to	 a	 female	 bias	 population	 during	 the	 season	 (Figure	 5.7a).	 Site	

accounted	for	34%	of	the	variation,	suggesting	site-related	factors	may	have	an	

impact	 on	 the	 male:female	 ratio.	 Boxplots	 (Figure	 5.7b)	 showed	 a	 qualitative	

difference	 in	 the	 degree	 of	 variation	 between	 sites,	 however	 no	 statistically	

significant	 difference	 in	 observed	 variance	 was	 found	 between	 sites	 (D’AD	 =	

4.32;	p	=	0.36).	

Figure	 5.7:	 Sex	 ratios	observed	by	 site	 and	visit	with	horizontal	 dashed	 lines	
indicating	 an	 equal	male	 to	 female	 ratio;	 a)	 temporal	 fluctuations	 in	 sex	 ratio	
across	visits	with	an	overall	regression	model	fitted	(red	line)	with	95%	CI	(grey	
polygon),	 and	b)	boxplots	of	 sex	 ratios	 showing	variation	within	and	between	
sites.	
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5.3.3.	Total	catch	

Overall	a	statistically	significant	positive	(p	<	0.001)	linear	relationship	between	

total	catch	and	visit	was	identified	(Figure	5.8a),	suggesting	that	the	number	of	

newts	captured	during	each	visit	increased	as	the	season	progressed	(OR	=	1.07	

[1.03,	1.10]).		

Figure	5.8:	Temporal	variation	in	total	catch	size	at	each	site	with	best-fit	linear	
or	 polynomial	 models	 (red	 line)	 with	 95%	 CI	 represented	 as	 grey	 polygons.	
Overall	trends	across	all	sites	(a)	and	trends	within	each	site	(b	–	f)	presented.	

The	patterns	of	variation	appeared	to	be	random	and	site	specific	(Figure	5.8b	–	

f),	 however	 site	 alone	only	 explained	a	 small	 amount	of	 observed	variation	 in	

total	 catch	 (ICCsite	 	 =	 0.035).	 The	 fluctuations	 appeared	 similar	 to	 that	 of	

temperature	 (section..).	 A	 multi-variable	 linear	 model	 showed	 a	 significant	

relationship	 between	 water	 temperature	 (p	 =	 0.016;	 Figure	 5.9),	 but	 not	 air	

temperature	(p	=	0.73).		
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Figure	 5.9:	 Relationship	 between	water	 temperature	 and	 total	 catch;	 a)	 total	
catch	 against	 visit	 and	 b)	 water	 temperature	 against	 visit,	 and	 c)	 water	
temperature	against	 total	 catch	with	 linear	model	 fitted	 including	95%CI	 (red	
line	with	grey	polygon).	

5.3.4.	Disease	prevalence	

5.3.4.1.	Temporal	variation	in	observed	disease	prevalence	

When	 data	 across	 all	 sites	 and	 visits	 was	 combined,	 the	 observed	 disease	

prevalence	 ranged	 from	 0%	 to	 77%.	 Overall,	 no	 statistically	 significant	

relationship	 was	 identified	 between	 disease	 prevalence	 and	 visit	 (OR	 =	

1.00[0.93,	1.08],	p	=	0.93;	Figure	5.10a)	indicating	that	time	is	not	a	contributing	

factor	to	the	considerable	variation	in	disease	prevalence	recorded.	Site-specific	

temporal	trends	were	also	investigated	to	confirm	that	individual	sites	were	not	

subject	 to	 significant	 temporal	 trends	 (Figure	 5.10b-f).	 Again	 no	 statistically	

significant	relationships	were	determined	between	visit	and	disease	prevalence	

(p	>	0.31)	further	suggesting	that	the	time	a	sample	is	collected	within	a	season	

is	 not	 consideration	 for	 collecting	 representative	 and	 comparable	 disease	

prevalence	estimates.	



183	

Figure	5.10:	Temporal	variation	in	disease	prevalence	recorded	at	all	sites	(a)	
with	 logistic	regression	model	 fitted	 to	show	overall	 trend	 line	(red	 line)	with	
95%CI	(grey	polygon)	and	patterns	observed	at	each	site	(b	–	f)	

However,	 the	 ICC	 indicated	 that	 site	 related	 factors	 accounted	 for	 27%	of	 the	

observed	 variation	 and	 a	 post-hoc	 test	 (Figure	5.11)	 confirmed	 that,	 with	 the	

exception	of	3	pairwise	comparisons	(R7-R3;	RNew-R3;	RNew-R7),	there	was	a	

significant	difference	between	the	disease	prevalence	recorded	across	sites.		

Figure	 5.11:	 Site-to-site	 differences	 in	 disease	 prevalence	 based	 on	 ad-hoc	
pairwise	comparisons,	where	95%	CI’s	crossing	zero	represent	non-significant	
differences.	
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5.3.4.2.	Disease	and	environmental	predictors	

Environmental	 variables	 were	 explored	 to	 determine	 potential	 predictors	 of	

disease	 prevalence.	 Models	 of	 air	 and	 water	 temperature	 against	 disease	

prevalence	 confirmed	 there	 was	 no	 statistically	 significant	 relationship	 (p	 >	

0.37)	between	disease	and	temperature	(Figure	5.12a	&	b).		

Figure	5.12:	Disease	prevalence	against	water	and	air	temperature	with	logistic	
regression	model	fitted	and	95%	CI	

	

Despite	 a	 strong	 qualitative	 relationship	 between	 pH	 and	 prevalence	 (Figure	

5.12a)	 this	 was	 not	 statistically	 significant	 when	 site	 was	 added	 as	 random	

effect	(OR	=	1.18	[0.71,	1.97];	p	=	0.52;	ICCsite	=	0.26).		

Figure	5.13:	Disease	prevalence	against	pH	with	logistic	regression	model	fitted	
and	95%CI	(dark	red	line	with	grey	polygon) 

	

However,	water	pH	and	site	are	strongly	correlated	(R2	=	0.769).	The	residuals	

from	 a	 model	 of	 pH	 against	 site	 were	 used	 to	 investigate	 the	 relationship	
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between	prevalence	and	pH	when	the	effect	of	site	was	removed.		The	residual	

effect	of	pH	did	not	explain	disease	prevalence	(p	=	0.98;	Figure	5.13b).	

5.3.4.3.	Host-disease	dynamics	

Across	all	samples,	a	significant	relationship	between	the	presence	or	absence	

of	 infection	 and	 SVL	 was	 recovered	 (OR	 =	 0.39[0.25,	 0.59];	 p	 <	 0.001),	 with	

infected	newts	on	average	smaller	(x	=	3.63	±	0.027)	than	uninfected	newts	(x	=	

3.68	±	0.023;	Figure	5.13).	The	ICC	associated	with	the	random	effects	showed	

that	site	accounted	for	30.8%	of	variation.		

Figure	5.14:	Comparison	of	body	size	between	infected	and	uninfected	newts	

Body	size	and	sex	are	highly	correlated	(section	5.3.2),	so	this	relationship	may	

be	a	reflection	of	a	sex-bias	in	disease	susceptibility.	An	F	test	determined	that	

adding	sex	as	a	fixed	affect	to	the	original	model	significantly	improved	the	fit	(p	

=	 0.025),	 but	 an	 interaction	 term	 did	 not	 (p	 =	 0.35).	 	 Infected	 newts	 were	

significantly	smaller	(p	<	0.001)	and	less	likely	to	be	male	(SexM	OR	=	0.67	[0.47,	

0.95];	p	=	0.026).	

However,	 when	 infected	 newts	 from	 all	 sites	 and	 all	 visits	 were	 considered,	

there	was	no	statistically	significant	difference	in	the	odds	of	infection	between	

males	and	females	(OR	=	0.98	[0.8,	1.2];	p	=	0.83).		When	explored	in	a	temporal	

context,	 the	 odds	 of	 infection	 in	 males	 and	 females	 were	 not	 significantly	
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different	 at	 any	 single	visit	 (p	>	0.09)	 suggesting	 that	 sex	does	not	predispose	

individuals	 to	 infection	 and	 that	 risk	 does	 not	 change	 across	 a	 season.	

Differences	in	sex	ratios	linked	to	disease	prevalence	may	indicate	a	sex-bias	in	

the	tendency	to	succumb	to	infection.	Despite	what	appeared	to	be	a	significant	

trend	(Figure	5.14)	there	was	no	statistically	significant	relationship	determined	

between	sex	ratio	and	disease	prevalence	(β	=	1.30	[0.78,	2.15];	p	=	0.32).		

Figure	5.15:	Sex	ratios	against	disease	prevalence,	with	regression	model	fitted	
(red	line)	and	95%	CI	(grey	shading).	Dotted	horizontal	line	indicates	an	equal	
male	to	female	ratio.	
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5.4.	DISCUSSION	

This	 chapter	 represents	 the	 first	 study	 into	 within-season	 host-pathogen	

dynamics	of	amphibian-infecting	dermocystids.	In	addition	to	identifying	short-

term	temporal	patterns,	this	data	provides	the	basis	for:		

(i) further	disease	progression	studies	(Chapter	6),	and

(ii) spatio-temporal	 analysis	 with	 confidence	 that	 dynamics	 within	 a

season	will	not	influence	spatial	conclusions	(Chapter	7	and	8).

5.4.1.	Environmental	parameters	

The	majority	 of	 variation	 in	 pond	 and	 air	 temperature	 was	 accounted	 for	 by	

visit,	 consistent	with	 expected	 seasonal	warming	 trends,	with	 site	 accounting	

for	just	11%	of	variation.	Due	to	the	close	proximity	of	these	sites,	only	a	small	

altitudinal	 and	 spatial	 range	was	 covered,	 so	 the	 effect	 of	 site	 characteristics,	

such	 as	 exposure,	 elevation	 and	 surrounding	 vegetation,	 were	 subtle	 with	

variation	 across	 the	 season	 having	 far	 more	 influence	 than	 site-specific	

variation.	It	was	necessary	for	sites	to	be	closely	located	in	order	to	sample	sites	

within	 a	 small	 time	 frame	 (1-2	 days)	 each	 week.	 Spatially	 explicit	 variation	

between	sites	will	be	further	investigated	over	a	much	greater	geographic	range	

in	Chapter	7.	In	contrast,	water	pH	showed	no	significant	trends	when	modelled	

against	visit.	Instead,	water	acidity	and	the	degree	of	fluctuation	within	a	season	

appears	to	be	highly	site	specific		

5.4.2.	Host	population	structure	

Whilst	 there	 are	 inherent	 problems	 with	 using	 point	 estimates	 of	 amphibian	

catch	size	to	estimate	population	size	(Griffiths	and	Rapper,	1994;	Arntez,	2002;	

Hill	et	al.	2005)	as	the	sampling	protocols	used	here	were	consistent	across	all	

visits,	catch	size	could	be	used	to	crudely	show	within-season	changes	in	newt	

abundance.	As	 the	season	progressed	 from	early	May	 to	early	 June	 total	 catch	

increased,	which	may	indicate	an	increase	in	overall	population,	possibly	due	to	

continuing	migration.	If	this	is	the	case,	it	suggests	that	migration	occurs	much	

later	than	described	by	Harrison	et	al.	(1983),	where	studies	in	Wales	found	the	
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height	 of	 inward	migration	 to	 occur	 during	 early	 April.	 However	 this	 pattern	

was	 not	 consistent,	 and	whilst	migration	 patterns	may	 differ	 across	 sites,	 the	

close	proximity	off	 all	 sampled	 locations	and	a	 lack	of	 significant	 temperature	

differences	 between	 sites	 (section	 5.3.1)	 does	 not	 provide	 an	 explanation	 for	

any	difference.	Rather	than	a	shift	in	migration	time,	it	may	be	an	indication	that	

emergence	 time	 is	 much	 more	 extended	 than	 first	 assumed,	 and	 therefore	

exposure	to	infection,	occurs	within	a	 longer	time	frame	than	expected.	Whilst	

total	 catch	 can	 act	 as	 a	proxy	 for	population	 size,	 it	 can	 also	be	 influenced	by	

other	 factors	such	as	sampling	bias.	 	For	 instance,	adverse	weather	conditions	

such	 as	 poor	 visibility,	 cold	 temperatures	 and	 precipitation	 could	 impair	

sampling	 ability	 and	 lower	 catch	 size.	Whilst	 every	 effort	 was	made	 to	 avoid	

sampling	 in	very	poor	weather	and	keep	sampling	consistent,	on	occasion	this	

was	not	possible	and	may	cause	erroneous	fluctuations	in	catch	size.	

The	 sampled	 population	 showed	 a	 female	 bias	 (M:F	 Ratio	 =	 0.75),	 which	 fits	

with	previous	studies	of	palmate	newts	in	other	areas	of	the	UK,	(Harrison	et	al.	

1983;	 Verrell	 and	 Halliday,	 1985).	 	 The	 possibility	 of	 a	 sex	 bias	 in	 the	 newt	

population	 on	 Rum	 will	 be	 further	 explored	 using	 samples	 collected	 over	 a	

broader	spatial	scale	in	Chapters	7	and	8.	Harrison	et	al.	(1983)	also	showed	the	

movement	of	males	into	water	often	precedes	females,	whilst	females	reside	in	

water	 long	after	males	 leave.	Overall	 there	was	a	shift	 from	a	generally	female	

bias	 to	 male	 bias	 in	 samples	 from	 the	 start	 to	 the	 end	 of	 the	 season,	 where	

overall	sex	ratios	decreased	with	visit	from	a	mean	of	1.19	(male	bias)	at	visit	1	

to	 a	 mean	 of	 0.77	 (female	 bias)	 at	 visit	 6.	 However	 the	 observed	 sex	 ratios	

fluctuated	inconsistently	during	the	season.			

5.4.3.	Disease	prevalence	

Whilst	small	fluctuations	in	disease	prevalence	were	observed	during	sampling,	

wo	within-season	 temporal	 patterns	 in	disease	prevalence	were	 identified.	As	

with	 other	 seasonal	 epidemics	 (London	 and	 Yorke,	 1973;	 Grassly	 and	 Fraser,	

2006;	 Fisman,	 2012)	 it	 was	 hypothesised	 that	 disease	 prevalence	 would	

increase	 as	 more	 newts	 entered	 water	 bodies	 and	 were	 exposed	 to	 the	
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pathogen.	 It	 is	 possible	 that	 the	 start	 of	 the	 season	was	missed	 and	 therefore	

any	trend	in	increasing	prevalence	was	not	captured	here,	instead	capturing	the	

peak	of	disease	 incidence.	This	 finding	 is	 important	not	only	 in	 the	 context	of	

understanding	 the	 disease	 dynamics	 of	 amphibian	 Demrocystids,	 but	 for	

subsequent	 spatio-temporal	 sampling	 (Chapters	 7	 and	 8).	 Whilst	 the	 time	

period	 falling	 from	 the	 beginning	 of	 May	 to	 mid-June	 may	 not	 capture	 the	

initially	seasonal	emergence	(increasing	wave)	of	 infection,	this	represents	the	

optimal	 time	 frame	 to	 perform	 spatial	 and	 annual	 surveys,	 as	 reliable	

comparisons,	 spatially	 and	 temporally	 can	 be	 made	 with	 confidence	 that	

differences	in	disease	prevalence	identified	between	sites	and	across	year,	when	

sites	are	sampled	at	different	times	within	a	single	season,	is	a	reflection	of	site-

related	differences	and	not	an	artefact	of	time.	

Instead,	 the	 significant	 variation	 in	 prevalence	 was	 found	 to	 be	 highly	 site-

specific.	As	a	strong	relationship	was	determined	between	pH	and	site,	and	site	

and	 prevalence,	 it	 was	 expected	 that,	 as	 determined	 by	 preliminary	 studies	

(Anderson,	 2011;	McMurdo-Hamilton,	 2012),	water	 pH	would	be	 a	 significant	

predictor	 of	 disease	 prevalence.	 Whilst	 qualitatively	 water	 pH	 appeared	 to	

influence	 disease	 prevalence,	 no	 statistically	 significant	 relationship	 was	

determined.	 The	 residuals	 from	 a	 model	 of	 site	 against	 pH	 were	 modelled	

against	prevalence	to	explore	the	relationship	between	pH	and	prevalence	with	

the	effect	of	 site	 removed.	The	 residuals	were	not	a	good	predictor	of	disease	

prevalence	suggesting	 that	site-specific	 factors	are	dictating	disease.	However,	

this	represents	a	small	sub-set	of	sites	over	a	small	spatial	area.			

5.4.4.	Disease	prevalence	and	host	dynamics	

The	relationship	between	 infection	and	SVL	showed	 that	 infected	newts	were,	

on	average,	smaller	in	size,	however,	the	cause	and	effect	of	this	relationship	is	

unclear.	 It	 is	 possible	 that	 smaller	 newts	 are	 more	 susceptible	 to	 disease.	

Studies	 of	 parasite	 intensity	 in	 amphibians	 have	 used	 SVL	 as	 a	 proxy	 for	 age	

(Raffel	et	al.	2009),	determining	a	 relationship	between	age-parasite	 intensity.	

They	concluded	that	larger,	older	newts	had	less	severe	infections	having	been	
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previously	exposed	and	developed	immunity.	Whilst	an	innate	immune	reaction	

has	been	identified	in	addition	to	the	presence	of	newts	with	degenerated	cysts,	

and	 those	 that	 appeared	 to	 clear	 infected	 (Chapter	 4),	 the	 ability	 of	 palmate	

newts	to	develop	adaptive	immunity	following	exposure	to	A.	meredithae	is	not	

known.	In	addition,	studies	of	palmate	newts	 in	the	Pyrenees	have	refuted	the	

association	between	age	and	SVL	(Amat	et	al.	2010).		

The	significant	cost	pathogens	exert	on	their	hosts	is	well	established,	and	this	

cost	of	infection	may	impact	body	size	(Sheldon	and	Verhulst,	1996;	Lochmiller	

and	 Deerenberg,	 2000).	 For	 example,	 if	 energetically	 costly	 immune	 defences	

redirect	resources	away	from	body	condition	(Bonneaud	et	al.	2003;	2012)	this	

may	 stunt	 growth.	 This	 has	 been	 suggested	 in	 several	 studies	 examining	 the	

effects	of	stress	on	body	condition	(Cheatsazan	et	al.	2013;	Iglesias-Carrasco	et	

al.	2016).		

Differences	in	the	host	population	structure	at	ponds	with	varying	disease	levels	

were	 explored.	 Observed	 sex	 ratios	 did	 not	 vary	 significantly	 with	 recorded	

disease	prevalence,	suggesting	that	differences	in	host	population	structure	do	

not	impact	disease	levels,	nor	does	disease	negatively	impact	one	sex	more	than	

the	 other,	 i.e.	 mortality	 risk	 is	 not	 higher	 in	 males	 or	 females.	 The	 possible	

relationship	between	sex	ratios	and	mortality,	and	therefore	differences	 in	the	

risk	 of	 developing	 fatal	 infection	 dependant	 on	 host	 population	 structure,	 are	

explored	further	in	Chapter	7	and	8.		

5.4.5.	Conclusion	

Here	 multiple	 visits	 were	 used	 to	 assess	 within-season	 variation	 in	

environmental	 variables,	 showing	 that	 host	 population	 structure	 and	 disease	

prevalence	do	not	vary	within	season	and	have	a	degree	of	stability,	which	not	

only	 builds	 on	 our	 knowledge	 of	 host-pathogen	 infection	 dynamics	 but	 gives	

confidence	to	point	estimates	taken	across	subsequent	years.	Disease	can	now	

be	 explored	 over	 a	 greater	 spatial	 range	 with	 confidence	 that	 disease	

prevalence,	 and	 interacting	 variables	 such	 as	 pH,	 are	 not	 influenced	 by	 time	

(Chapter	 7).	 In	 addition,	 observations	 collected	 from	 intensive	 multi-visit	
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sampling	across	a	subset	of	sites	provided	a	large	temporal	database	of	disease	

presentation.	 In	 Chapter	 4	 descriptions	 of	 gross	 disease	 presentation	 were	

combined	 with	 histological	 analysis,	 associating	 different	 stages	 of	 pathogen	

sporangia	 development	with	 distinct	 gross	 pathologies.	 Using	 this	 knowledge,	

the	temporal	variation	in	population	level	disease	presentation	was	investigated	

to	 potentially	 identify	 population-level	 disease	 progression.	 In	 addition,	 the	

burden	 and	 the	 body	 distribution	 of	 different	 pathologies	 were	 explored	 to	

identify	 commonalities	 in	 disease	 presentation	 and	 infer	 disease	 processes.

CHAPTER	5	



	

	

	 192	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



193	

CHAPTER	6 

INVESTIGATING	 WITHIN-SEASON	 VARIATION	 IN

DISEASE	 PRESENTATION	 OF	 AMPHIBIOTHECUM	

MEREDITHAE	INFECTION.

6.1.	INTRODUCTION	

In	 Chapter	 5,	 temporal	 data	 collected	 from	 intensive	 sampling	 of	 a	 sub-set	 of	

sites	 was	 analysed	 in	 order	 to	 investigate	 within-season	 variation	 in	 host-

disease	dynamics.	No	significant	 temporal	variation	 in	disease	prevalence	was	

observed	 across	 the	 season.	 However,	 disease	 prevalence	 was	 found	 to	 be	

highly	 variable,	 identifying	 a	 strong	 association	 between	 disease	 and	 site-

specific	factors.	Whilst	the	overall	prevalence	of	disease	remained	stable	across	

the	season,	changes	in	disease	presentation	and	morbidity	may	arise	as	disease	

develops	within	 the	 host	 population.	 In	 Chapter	 4,	 some	 initial	 hypotheses	 of	

disease	 progression	 were	 formed	 based	 on	 observed	 changes	 in	 presenting	

gross	pathologies	which	correspond	to	distinct	stages	of	pathogen	development	

and	 physiological	 changes	 in	 the	 host	 during	 infection.	 During	 intensive	
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sampling	 of	 the	 small	 sub-set	 of	 sites	 presented	 in	 Chapter	 5,	 detailed	

descriptions	were	also	made	of	 the	disease	pathologies	presenting	on	 infected	

newts.	 This	 Chapter	 aims	 to	 further	 develop	 within-season	 analysis	 by	

investigating	 temporal	 variation	 in	 disease	 presentation	 and	morbidity,	 using	

the	observations	made	in	Chapter	4,	in	order	to	infer	disease	progression	at	the	

population	level.			

6.1.1.	Disease	progression	and	disease	presentation	

Hypotheses	of	disease	progression	constructed	in	Chapter	4,	were	inferred	from	

observations	 of	 pathogen	 cyst	 development	 that	 broadly	 corresponded	 to	

distinct	 gross	 morphologies,	 in	 addition	 to	 observed	 changes	 in	 disease	

presentation.	 Immature	 pathogen	 cysts	 appeared	 grossly	 as	 discrete,	 small	

(>1.5mm)	cysts	with	no	observable	changes	to	host’s	tissue/physiology	(Figure	

6.1a).		

Figure	6.1:	Example	images	of	pathologies;	Cysts	(A:	white	arrows),	lesions	(A,	
B	and	C:	black	arrows),	oedema	(B:	white	circle)	and	ulcerations	(C	and	D:	black	
circle).	
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Larger	 nodular	 lesions	 (Figure	 6.1a-c)	 generally	 contained	 one	 or	 more	

pathogen	 cysts,	 which	 were	 often	 mature	 and	 present	 with	 a	 mild	 immune	

reaction.	It	appears	that,	as	pathogen	spores	mature	and	begin	to	burst,	a	mild	

host	 immune	 response	 is	 stimulated.	 Oedematous	 swellings	 (>5mm;	 Figure	

6.1b)	 were	 associated	 with	 a	 high	 parasite	 burden.	 Several	 mature	 cysts	

(although	 on	 occasion	 immature	 cysts	 were	 also	 present),	 often	 burst	 and	

releasing	 spores	 into	 the	 surrounding	 host	 tissue	 appear	 to	 trigger	 a	 more	

severe	immune	reaction	with	intradermal	fluid	accumulation.		

Preliminary	 experimental	 trials	 performed	 in	Chapter	4	 also	 allowed	 for	 brief	

observations	of	infected	newts	over	time,	suggesting	that	disease	progression	is	

broadly	 a	 linear	 process,	 beginning	 with	 individual	 discrete	 <1mm	 cysts,	

developing	 into	 larger,	 irregular	 lesions	 (approx.	 2mm	 to	 5mm)	 and	 finally	

oedematous	 swellings	 that	 could	 engulf	 the	 whole	 body.	 An	 increase	 in	 the	

presentation	 of	 ulcerations,	 presumed	 to	 facilitate	 the	 release	 of	 pathogen	

sporangia	or	spores	(Raffel	et	al.	2008;	González-Hernández	et	al.	2010;	Fiegna,	

Clarke	et	al.	2016),	were	also	seen.	However,	these	were	based	on	small	sample	

sizes	 and	 observations	 made	 over	 a	 single	 week.	 Data	 from	 within-season	

analysis	 provides	 a	much	 larger	 data	 set	 to	 explore	 commonalities	 in	 disease	

presentation	and	a	longer,	6-week	study	period	to	explore	temporal	variations.	

6.1.2.	Dermocystid	disease	morphology	

Disease	progression	 in	 amphibians	 infected	with	dermocystid,	have	only	been	

briefly	 explored	 based	 on	 histological	 examination	 alone	 (Broz	 and	 Privora,	

1952)	 or	 observation	 of	 small	 number	 of	 individuals	 (Raffel	 et	 al.	 2008).	 For	

example,	 Raffel	 et	 al.	 (2008)	 described	 a	 steady	 increase	 in	 the	 size	 of	 gross	

cysts	from	1	mm	to	2	mm,	becoming	more	‘U’	bent	in	shape.	Temporal	variation	

in	 the	overriding	disease	pathologies	presenting	across	 a	 sampled	population,	

may	 allude	 to	 disease	 progression	 at	 the	 individual	 level,	 and	 the	 patterns	 of	

infection	 amongst	 the	 population.	 For	 example,	 gross	 cysts	 associated	 with	

immature	 pathogen	 sporangia	 likely	 represent	 an	 initial	 stage	 of	 infection,	

changes	in	the	number	of	newts	presenting	with	cysts	may	indicate	variation	in	
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new	 infection	events.	 In	addition,	a	general	 increase	 in	pathology	burden	may	

be	expected	with	increased	reinfection,	and	the	dissemination	of	parasite	spores	

through	the	host	as	observed	in	other	mesomycetozoean	infections	(Olson	et	al.	

1991;	Spangaard	et	al.	1995;	Okamoto	et	al.	1985).	

6.1.3.	Study	objectives	

Exploring	a	larger	data	set	than	that	examined	in	Chapter	4,	this	Chapter	aims	to	

explore	 common	 pathologies	 and	 the	 location	 of	 these	 pathologies,	 to	 better	

understand	 disease	 presentation	 and	 morbidity	 on	 Rum.	 A	 set	 of	 disease	

variables	will	 be	 created	 to	 represent	 different	 aspects	 of	morbidity	 (burden,	

prevalence	 and	body	 cover)	 to	 explore	 temporal	 variation	 in	 disease	within	 a	

season.	 By	 placing	 temporal	 variation	 in	 gross	 observations	 in	 the	 context	 of	

cyst	 developmental	 (Chapter	 4),	 disease	 progression	 will	 be	 inferred	 to	

determine	 the	 overriding	 development	 of	 disease	 across	 a	 single	 breeding	

season.		

This	chapter	aims	to:	

• Investigate	 common	 manifestations	 of	 disease	 and	 combinations	 of	

pathologies	 (cysts,	 lesions,	 oedema	 and	 ulcerations)	 across	 a	 larger	

sample	of	newts	(n	=	460)	

• Perform	 analysis	 on	 within-season	 disease	 manifestation	 to	 identify	

over-riding	 temporal	 variation	 in	 disease	 presentation	 and	 pathology	

burden.	
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6.2.	METHODOLOGY	

6.2.1.	Site	selection	

As	described	in	section	5.2.1,	intensive	sampling	of	a	sub-set	of	five	sites	on	the	

Isle	 of	 Rum	was	 performed	 across	 a	 six-week	 period	 in	 2014.	 In	 addition	 to	

recording	general	disease	and	environmental	variables,	detailed	descriptions	of	

disease	pathologies	presenting	on	infected	newts	were	made,	described	in	more	

detail	below	(section	2.3.1).	 

6.2.2.	Statistical	analysis	

6.2.2.1.	Variables	representing	disease	morbidity	

Based	on	recorded	pathologies,	variables	were	produced	to	represent	different	

aspects	 of	 disease	 morphology	 and	 morbidity,	 as	 detailed	 in	 section	 2.5.6.1.		

Briefly	 these	 included	 one	 variable	 to	 represent	 the	 prevalence	 of	 each	

pathology	amongst	the	population:	

i) Presence/absence:	 the	 number	 of	 animals	 with	 (1)	 or	 without	 (0)

each	pathology	used	to	calculate	the	prevalence	of	each	pathology;

and	two	variables	to	represent	disease	morbidity:	

ii) Pathology	 burden:	 total	 counts	 of	 each	 discrete	 pathology	 (cysts,

lesions	and	ulcerations)	across	an	individual;

iii) Body	cover:	the	number	of	segments	(Table	2.6)	where	cysts,	lesions,

ulcerations	or	oedema	were	observed.

Presence/absence	 data,	 or	 ‘pathology	 prevalence’,	 represented	 proportional	

data	and	was	treated	in	the	same	way	as	overall	disease	prevalence.	However,	

the	variables	‘total	counts’	and	‘body	cover’	represented	count	data.	

In	order	to	explore	the	distribution	of	count	data,	frequency	plots	were	created	

for	 pathology	 burden	 and	 body	 cover,	 splitting	 by	 site,	 to	 visually	 inspect	

aggregation	 (example	 plot	 of	 cyst	 count	 data	 for	 visit	 1:	 Figure	 6.2).	 	 The	

distribution	 parameters	 were	 also	 calculated	 using	 glmbzinb	 as	 detailed	 in	
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section	2.4.1.5.	to	explore	the	dispersion	of	count	data	

Figure	 6.2:	 Example	 plot	 of	 cyst	 count	 data	 at	 visit	 1,	 showing	 a	 negative	
binomial	distribution.	

6.2.2.2.	Generalised	linear	models	

The	relationship	between	the	prevalence	of	each	pathology	type	(cysts,	lesions,	

oedema	and	ulcerations)	and	visit,	were	modelled	using	glmerb	(section	2.4.12)	

adding	visit	as	a	fixed	effect	and	site	as	a	random	effect.	In	a	similar	way,	glmerb	

was	used	to	model	pathology	prevalence	and	overall	site	level	prevalence.		

Count	 data	 (pathology	 burden	 and	 body	 cover;	 section	 2.4.1.5)	was	modelled	

using	 glmerzinb	 to	 explore	 the	 relationship	 to	 prevalence	 and	 visit,	 each	 time	

adding	site	as	a	random	effect.	In	addition	a	glmerzinb	was	performed	to	explore	

relationships	 between	 pathology	 burden	 and	 sex,	 again	 including	 site	 as	 a	

random	effect.	

For	 each	 count	 factor	 ‘total	 counts’	 and	 ‘body	 cover’	 (e.g.	 total	 cyst	 burden)	 a	

glmerzinb	was	performed,	adding	site	as	a	random	effect,	to	extract	a	dispersion	

parameter	 (k)	 indicating	 the	 distribution	 of	 data	 amongst	 the	 sampled	

population	 (e.g.	 how	 evenly	 distributed	 cyst	 burden	 is	 amongst	 sampled	

infected	newts).	A	null	model	was	created	using	glmerzinb	for	each	count	factor	

(total	 counts	 and	 body	 cover)	 to	 calculate	 a	 dispersion	 parameter,	k,	 (section	

2.4.1.5)	 at	 each	 site	 during	 each	 visit.	 When	 plotting	 k	 values,	 due	 to	 the	
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presence	 of	 very	 small	 (k	 <	 1.2)	 and	 large	 (k	 >	 1173)	 values,	 data	 was	 log	

transformed.	The	distribution	parameter,	k,	indicated	the	amount	of	dispersion	

present	in	each	data	set.		A	low	k	value	(<	20;	Fisher,	1941)	would	indicate	that	

data	is	not	randomly	distributed	and	therefore	highly	dispersed.	To	investigate	

the	temporal	variation	in	the	distribution	parameters	for	each	visit	to	each	site,	

k	was	modelled	against	visit	using	lmer.	For	example:		

• A	 temporal	 increase	 in	 k	calculated	 for	 total	 cyst	 counts,	would	 indicate

that	the	number	of	cysts	presenting	on	each	individual	is	becoming	more

evenly	distributed,	i.e.	all	newts	presenting	with	similar	burden	

• A	temporal	increase	in	k	calculated	for	body	cover	of	cysts	would	indicate

that	the	body	cover	of	cysts	is	become	more	even	across	the	population,

i.e.	 the	 level	 of	 diffusion	or	 spread	across	 the	body	 is	 similar	 across	 all

newts.

As	oedema	was	not	discrete	and	therefore	could	not	be	counted	in	the	same	

way	as	other	discrete	pathologies,	oedema	is	excluded	from	disease	burden	

analysis.	

6.2.2.3.	Hierarchical	clustering	

As	 described	 in	 section	 2.4.6.1.	 using	 fingerprint	 data	 of	 morphologies,	

dendograms	were	 created	 to	 explore	 commonalities	 in	 disease	manifestation.	

The	fingerprints	that	characterized	each	‘branch’	of	the	tree	were	examined,	to	

look	 for	 groups	 that	 may	 be	 biologically	 significant.	 	 Each	 grouping	 was	

investigated	through	splits	on	the	dendograms	until	the	fingerprints	recovered	

had	no	ambiguities.		

A	 subset	 of	 fingerprints	 was	 further	 examined	 to	 explore	 the	 relationship	

between	visit	and	the	number	of	individuals	presenting	with	those	pathologies	

using	glmerp.	
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6.2.2.4.	Data	visualisations	

Techniques	 used	 to	 visual	 fingerprints	 are	 described	 in	 section	 2.4.6.2.	

Heatmaps	where	used	to	explore	dendograms	and	the	clustering	of	fingerprints	

across	visit.	To	more	simply	visualise	common	combinations	of	pathologies,	or	

locations	on	the	body,	Venn	diagrams	were	created.	
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6.3.	RESULTS	

6.3.1.	Disease	morphology		

6.3.1.1.	Common	disease	presentation	

Overall,	37.8%	(n	=	460)	of	 the	newts	captured	from	6	samples	taken	across	5	

sites	(n	=	1218),	were	found	to	have	visible	disease	pathologies	consistent	with	

A. meredithae	infection.	Cysts	were	the	most	common	pathology	(n	=	329),	with

34%	of	all	infected	newts	presenting	with	only	cysts	(n	=	157;	Figure	6.3),

Figure	 6.3:	 Venn	 diagram	 displaying	 the	 most	 common	 pathologies	 and	
combinations	presented	by	infected	animals	

Of	 those	with	cysts,	30%	also	had	 lesions	and/or	oedema,	 representing	newts	

with	cysts	at	different	developmental	stages.	Ulcerations	rarely	occurred	alone,	

and	were	described	most	commonly	(59%)	on	newts	with	2	or	more	different	

pathologies	 (i.e.	 cysts	 and/or	 lesions	 and/or	 oedema).	 Whilst	 177	 (38.5%)	

presented	with	oedema	and	129	presented	with	lesions	(28%),	just	41	(8%)	had	

both	lesions	and	oedema.		

Presence/absence	 data	 was	 further	 investigated	 using	 hierarchical	 clustering	

analysis	to	identify	common	fingerprints	based	on	combinations	of	all	possible	

pathologies.	The	 first	 two	 clusters	were	 separated	by	 the	 absence	 (uninfected	

newts;	n	=	757)	 and	presence	of	pathologies	 (infected	newts;	n	=	460)	 (Figure	
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6.4).	Within	 the	 infected	 individuals,	 72%	 (n	 =	 328)	 were	 clustered	 by	 the	

absence	 of	 lesions	 (Figure	 6.4:	 cluster	 b)	 and	 nearly	 half	 of	 these	 (34%	 of	 all	

infected	individuals)	had	cysts	only	(F:	C0000;	Figure	6.4:	group	4).		

Figure	 6.4:	 Dendrogram	 determined	 by	 hierarchical	 clustering	 analysis	
grouping	 individuals	 based	 on	 the	 presence	 of,	 and	 combinations	 of,	
pathologies.	 First	 cluster	 separates	 all	 uninfected	 newts	 ([1]	 dashed:	 F:0000);	
Cluster	 A	 groups	 individuals	 characterised	 by	 the	 presence	 of	 lesions	 and	
oedema	 ([2]	 red;	 F:	 *LE*),	 and	 the	 absence	 of	 oedema	 ([3]	 yellow:	 F:	 **0*);	
Cluster	B	characterised	by	the	absence	of	lesions	included	individuals	with	cysts	
only	([4]	coral:	F:	C000),	the	presence	of	cysts	and	ulcerations	([5]	light	blue:	F:	
C0*U),	and	the	presence	of	oedema	([6]	navy:	F:	*0E*).		

Other	common	pathologies	within	this	cluster	included	the	presence	of	oedema	

(F:	*0E*;	n	=	102),	and	cysts	with	ulcerations	(F:	C0*U;	n	=	70).	Amongst	cluster	

A,	90	individuals	were	characterised	by	the	absence	of	oedema	(F:	***0*;	Figure	

6.4:	group	3).		

6.3.2.	Prevalence	of	disease	pathologies	

The	 proportion	 of	 infected	 newts	 presenting	 with	 each	 of	 the	 four	 described	

pathologies	 was	 investigated	 to	 give	 an	 indication	 of	 how	 the	 prevalence	 of	

B	

A	
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pathologies,	and	therefore	the	prevalence	of	each	cyst	developmental/infective	

stage,	varied	throughout	the	season.	

6.3.2.1.	Temporal	variation	in	the	prevalence	disease	pathologies	

A	decline	 in	 the	prevalence	of	cysts	was	observed	 in	 the	middle	of	 the	sample	

season,	 increasing	 again	 during	 visits	 5	 and	 6	 (p	 <	 0.001;	 Figure	 6.5a).	 	 The	

opposite	pattern	was	observed	when	the	prevalence	of	 lesions	and	ulcerations	

were	 explored,	 where	 a	 peak	 in	 lesions	 at	 visit	 3	 (Figure	 6.5b;	 p<	 0.001)	 and	

peak	in	ulcer	at	visit	4	were	occurred	(Figure	6.5d;	p	<	0.001).	The	prevalence	in	

newts	presenting	with	oedema	across	 the	season	decreased	 linearly	 (p	=	0.01;	

Figure	6.5c).

Figure	6.5:	Temporal	variation	in	the	prevalence	of	 infected	newts	presenting	
with	 each	 pathology,	 cysts	 (a),	 lesions	 (b),	 oedema	 (c)	 and	 ulcerations	 (d).	
Points	 represent	 mean	 prevalence’s	 with	 error	 bars	 (95%	 CI)	 and	 logistic	
regression	models	fitted	(red	line)	with	95%	CI	(grey	shading).		
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6.3.2.2.	Prevalence	of	disease	pathologies	and	overall	disease	levels	

The	prevalence	of	infected	newts	presenting	with	cysts	increased	linearly	with	

increasing	disease	prevalence	(OR	=	1.02	 [1.001,	1.03],	p	=	0.009;	Figure	6.6a).	

No	 other	 statistically	 significant	 relationships	 between	 the	 prevalence	 of	

pathologies	and	overall	disease	prevalence	were	identified	(Figure	6.6b,	c	&	d;	p	

> 0.5).

Figure	6.6:	Relationship	between	overall	disease	prevalence	and	the	prevalence	
of	 infected	 newts	 presenting	 with;	 a)	 cysts,	 b)	 lesions,	 c)	 oedema,	 and	 d)	
ulcerations.	 	Points	represent	mean	prevalence’s	with	error	bars	(95%	CI)	and	
overall	logistic	regression	models	fitted	(black	line)	with	95%	CI	(grey	shading)	
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6.3.3.	Morbidity	and	disease	burden	

6.3.3.1.	Distribution	of	disease	burden	data	and	model	selection	

Histograms	of	 total	pathology	 counts	 (burden)	were	produced	 to	examine	 the	

underlying	 distribution	 of	 data	 and	 select	 the	 most	 appropriate	 models	 for	

subsequent	analysis.	Distribution	parameters	(φ)	calculated	(Table	6.2)	ranged	

from	1.2	to	23.3,	all	above	1	and	therefore	confirming	that	data	was	heavily	over	

dispersed,	 and	 therefore	 pathology	 burden	 is	 not	 evenly	 distributed	 amongst	

the	population.		

Table	6.1:	Distribution	parameters	calculated	for	mixed	effects	models	

Distribution	Parameter	(φ)	and	95%	CI	

Total	cyst	counts	 23.3	(20.8,	25.6)	

Total	lesions	counts	 1.6	(1.8,	2.3)	

Total	ulceration	counts	 3.6	(3.3,	4.4)	

Frequency	distribution	plots	showed	that	count	data	was	heavily	skewed	across	

all	visits	(example	plot	of	total	cysts	counts	shown	in	Figure	6.7;	Appendix	6.I.)		

Figure	 6.7:	 Example	 of	 distribution	 plots	 from	 count	 data	 representing	 total	
cysts	coloured	by	visit	(see	Appendix	6.1	for	all	plots)	
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6.3.3.2.	Temporal	variation	in	disease	burden	

Total	cyst	burden	was	found	to	decrease	significantly	with	each	visit	(OR	=	0.8	

[0.72,	0.89],	p	<	0.001;	Figure	6.8a)	 from	a	mean	of	5.14	at	visit	one	 to	1.58	at	

visit	 6.	 A	 peak	 in	 lesion	 burden	was	 observed	 at	 visit	 4	 (𝑥	=	 2.63;	 p	=	 0.014;	

Figure	 6.8b),	 perhaps	 replacing	 cysts.	 Ulceration	 burden	 had	 a	 significant	

positive	linear	trend	(p	<	0.001;	Figure	6.8c)	with	ulcerations	increasing	by	1.25	

[1.1,	1.4]	with	each	visit.	The	ICCsite	calculated	for	each	pathology	type	ranged	

from	54%	to	73%	indicating	a	strong	influence	of	site.	

Figure	 6.8:	Temporal	plots	examining	 the	burden	of	cysts	 (a),	 lesions	 (b)	and	
ulcerations	(c)	against	visit.	Points	represent	mean	counts	at	each	site,	at	time	
point,	 with	 95%	 CI	 error	 bars,	 and	 models	 fitted	 to	 overall	 data.	 Regression	
models	fitted	(red	line)	with	grey	shading	representing	95%CIs.	

6.3.4.	Variation	in	disease	burden	with	prevalence	

The	ICC	values	calculated	above	(section	6.3.2)	suggest	a	strong	influence	of	site	

on	 burden	 and	 as	 prevalence	 was	 linked	 significantly	 to	 site	 (Chapter	 5)	 the	

association	 between	 disease	 prevalence	 and	 disease	 burden	was	 investigated.	



207	

Overall	 the	 burden	 of	 all	 pathology	 types	 was	 significantly	 associated	 with	

increasing	disease	prevalence	(Figure	6.9).	As	disease	prevalence	increased,	the	

burden	of	cysts	(OR	=	0.22	[0.07,	0.36];	p	=	0.03;	Figure	6.9a),	 lesions	(OR	=	0.02	

[0.01,	 0.04];	 p	 =	 0.03;	 Figure	 6.9b)	 and	 ulcerations	 (OR	=	 0.06	 [0.02,	 0.09];	 p	 =	

0.03;	 Figure	 6.9c)	 were	 also	 seen	 to	 increase,	 suggesting	 that	 high	 disease	

occurrence	also	indicated	high	pathology	burdens.	

Figure	6.9:	Temporal	plots	examining	the	total	burden	of	cysts	(a),	 lesions	(b)	
and	 ulcerations	 (c)	 against	 prevalence.	 Points	 represent	mean	 counts	 at	 each	
site.	Regression	models	fitted	(black	line)	with	95%	confidence	intervals	(grey	
shading)	

6.3.4.1.	Temporal	variation	in	the	heterogeneity	of	disease	burden	

To	 assess	 the	 distribution	 of	 disease	 burden	 across	 infected	 animals,	 and	

evaluate	 how	 this	 varies	 across	 a	 season,	 the	 dispersion	 parameter	 (k)	 was	

investigated,	where	 a	 low	dispersion	 parameter	 (k<	20)	 indicates	 that	 data	 is	

highly	over	dispersed	 (Fisher,	 1941)	 and	 therefore	pathology	burden	was	not	

evenly	distributed	amongst	the	infected	population.		
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For	 total	 cysts,	where	data	 from	all	 visit	 and	sites	were	combined,	k	was	1.91	

indicating	that	cyst	burden	is	highly	aggregated	across	the	sampled	population,	

with	 some	 individuals	 presenting	with	 high	 burden	 and	 some	with	 just	 a	 few	

cysts.	 	The	lowest	prevalence	site,	R10,	had	the	highest	dispersion	parameters,	

almost	 consistently	 greater	 the	 20	 indicating	 high	 homogeneity	 in	 the	

distribution	of	burden	amongst	the	population	(Figure	6.10).	With	the	exception	

of	two	data	points	at	site	R3,	where	low	mean	counts	(𝑥	<	0.7)	likely	influenced	

k	values,	 k	did	 not	 exceed	 0.8	 (Figure	6.10).	 No	 statistically	 significant	 change	

was	observed	in	the	distribution	of	burden	with	visit	(p	=	0.8).	

Figure	 6.10:	 Negative	 binomial	 parameter	 estimate	 (k)	 for	 the	 dispersion	 of	
cyst	 burden	 plotted	 against	 visit	 and	 coloured	 by	 site.	 Dashed	 line	 at	 20	
indicates	the	threshold	where	estimates	>20	show	a	homogeneous	distribution.	
Regression	model	fitted	to	show	temporal	variation	(red	line)	with	95%	CI	(grey	
shading).	Text	indicates	the	overall	k	value	for	cyst	burden. 

Lesions	were	only	described	at	site	R10	during	one	visit,	represented	by	a	single	

k	value	greater	than	20	(Figure	6.11).	The	higher	k	values	observed	overall	 for	

models	of	 lesion	counts	show	these	pathologies	 to	be	more	evenly	distributed	

amongst	infected	hosts	compared	with	cysts.	During	visit	6,	k	was	less	than	20	

for	 all	 sites	 (with	 the	 exception	 of	 R10),	 indicating	 that	 the	 distribution	 of	

lesions	 became	 more	 aggregated	 at	 the	 end	 of	 the	 season,	 however,	 no	

statistically	 significant	 linear	 relationship	 between	dispersion	parameters	 and	

visit	was	determined	(Figure	6.11;	p	=	0.11).	
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Figure	6.11:	As	for	figure	6.11	but	variables	associated	with	lesions

As	with	lesions,	ulcerations	were	only	observed	at	one	visit	to	site	R10	(Figure	

6.12).	The	patterns	of	ulceration	dispersion	were	similar	for	sites	R4	and	RNew,	

and	R3	and	R7,	 respectively.	At	 sites	R4	and	RNew	the	dispersion	parameters	

were	 consistently	 low	 (k	 <	 20)	 suggesting	 a	 heterogeneous	 distribution	 of	

ulcerations	 across	 the	 population,	 whilst	 sites	 R3	 and	 R7	 were	 more	 evenly	

distributed.	 No	 statistically	 significant	 linear	 relationship	 was	 identified	

between	k	and	visit	(Figure	6.12;	p		=	0.42).	

Figure	6.12:	As	for	figure	6.11	but	variables	associated	with	ulcerations

6.3.4.2.	Temporal	variation	in	disease	morphology	(count	data)	

The	 number	 of	 animals	 with	 only	 cysts	 increased	 linearly	 across	 the	 season,	

from	23	to	36	(FP	=	C0000;	p	=	0.024;	6.13a),	however	visually	there	was	only	a	

slight	 temporal	pattern	and	a	 large	amount	of	variation	 (76%)	was	accounted	

for	 by	 site.	 The	 number	 of	 cysts	 with	 ulcerations	 also	 increased	 across	 the	

season	(p	=	0.001;	6.13b).	No	relationship	was	determined	between	visit	and	the	
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number	 of	 animals	 presenting	 with	 pathologies	 at	 different	 developmental	

stages	 (cysts	and	 lesions	and/or	oedema;	p	=	0.36;	Figure	6.13c),	however	site	

explained	78%.	

Figure	6.13:	Plots	of	disease	morphology	fingerprints	against	visit	with	 linear	
models	 fitted	 (red	 line)	 and	95%CI	 (grey	polygon).	 a)	 Cysts	 only	 (F:C000);	 b)	
Cysts	and	ulcerations	(F:C0*U);	c)	Cysts	and	oedema/or	lesions	(F:C**0).	R2	and	
p-values	shown.

6.3.5.	Morbidity	and	body	cover		

6.3.5.1.	Body	distribution	of	disease	pathologies	

The	body	distribution	of	disease	was	examined	to	identify	locations	more	prone	

to	infection	(Figure	6.14).	Analysis	was	initially	run	based	body	segments	at	the	

smallest	 delimitation	 (n	 =	 17),	 however	 no	 additional	 information	 about	

distribution	was	observed	when	compared	to	grouped	body	parts	(n	=	5).	Of	40	

individuals	described	with	cloacal	pathologies,	the	majority	were	male	(n	=	35).	

Pathologies	were	most	common	on	the	dorsal	abdomen	(n	=	319),	described	on	

69%	 of	 infected	 animals,	 whilst	 the	 legs	 (n	=	101)	 and	 ventral	 abdomen	 (n	=	
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124) had	the	fewest	pathologies	overall.	When	pathologies	were	present	on	the

legs,	 it	was	often	 (94%)	 in	conjunction	with	pathologies	on	other	areas	of	 the

body	(23%	had	pathologies	on	ALL	body	parts).

Figure	6.14:	Number	of	individuals	with	pathologies	across	17	body	segments,	
coloured	by	area	to	represent	key	anatomical	localities	on	the	body.		

Cluster	analysis	allowed	the	identification	of	common	fingerprints,	based	on	the	

body	 distribution	 of	 pathologies.	 The	 first	 cluster	 (Figure	 6.15a)	 did	 not	

distinguish	uninfected	newts,	but	 instead	recovered	a	cluster	characterised	by	

the	 absence	 of	 dorsal	 pathologies	 that	 included	 uninfected	 (n	 =	 758)	 and	

infected	 (n	 =	 84)	 newts.	 Of	 the	 infected	 newts,	 60%	 were	 grouped	 by	 the	

absence	of	ventral	pathologies	(F:	**0**;	Figure	6.15c)	and	21%	by	the	presence	

of	 dorsal	 and	 ventral	 pathologies	 (F:	 *DV**;	 Figure	 6.15b).	 Within	 cluster	 A,	

newts	 were	 further	 characterised	 by	 the	 presence	 of	 only	 dorsal	 pathologies	

(F:0D00;	Figure	6.15:	group	4)	and	the	presence	of	tail	pathologies	yet	absence	

of	leg	pathologies	(F:	**010;	Figure	6.15:	group	5).	
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Figure	 6.15:	 Dendrogram	 tree	 determined	 by	 hierarchical	 clustering	 analysis	
grouping	 individuals	 based	 on	 the	 body	distribution	 of	 combined	pathologies.	
Cluster	A	groups	individuals	based	on	the	absence	of	dorsal	pathologies	F:	*0***,	
including	 uninfected	 ([1]	 F:	 00000)	 and	 infected	 newts	 without	 dorsal	
pathologies	([2]	F:	*	0***).	Cluster	B	Cluster	A	contains	newts	characterised	by	
the	absence	of	ventral	pathologies	which	included	the	fingerprints	F:	0D000	[4],	
F:	**0T0	[5],	and	F:	**0**[6]		

  

6.3.5.2.		Body	distribution	of	individual	pathologies	

In	dermal	infections,	pathologies	will	generally	present	first	at	the	site	of	entry	

(Dhaar	and	Robbani,	2008;	Schmidt	and	Roberts,	2009).	As	cysts	represent	an	

initial	 stage	of	 infection	 the	body	distribution	of	 cysts,	 particularly	 those	with	

cysts	only,	 could	suggest	 the	site	of	entry	 for	 the	pathogen.	In	 total,	71%	of	all	

infected	newts	presented	with	dermal	 cysts.	 Cysts	were	most	 common	on	 the	

dorsal	abdomen	(65%)	and	tail	(66.5%,	Figure	6.16).	Nearly	half	of	animals	with	

cysts	(46.3%)	had	cysts	on	just	one	location	on	the	body,	with	the	dorsal	surface	

again	 the	 most	 common	 location.	 Only	 12	 individuals	 had	 cysts	 across	 their	

entire	 body	 (Figure	 6.16a).	When	 the	 body	 distribution	 of	 pathologies	 across	

individuals	with	only	 cysts	was	 investigated	 (Figure	6.16b),	 again	 the	majority	

A	

	1	

	2	

	6	

	3	

	5	
	4	

B	
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(61%)	had	cysts	on	the	dorsal	abdomen.	The	majority	of	newts	(55%)	had	cysts	

on	multiple	 locations	 across	 the	 body,	 compared	 to	 45%	 that	 had	 cysts	 on	 a	

single	location.		

Figure	 6.16:	Five	way	Venn	diagram	displaying	 the	body	distribution	of	cysts	
on	a)	Individuals	with	all	pathologies	and	b)	Individuals	with	cysts	only	

a)           b) 

The	body	distribution	of	lesions,	ulcerations	and	oedema	were	briefly	examined	

(Appendix	 6.II)	 but	 no	 notable	 patterns	 regarding	 body	 distribution,	 differing	

from	 commonalities	 observed	 when	 pathologies	 were	 combined,	 were	

identified.	

6.3.5.3.	Distribution	of	body	cover	data	

To	 investigate	 temporal	 patterns	more	 broadly,	 data	 representing	 body	 cover	

was	modelled	against	visit.	Here	the	term	body	cover	refers	to	the	distribution,	

or	 the	 dissemination,	 of	 gross	 pathologies	 across	 the	 body	 of	 infected	 newts	

referring	individually	to	each	individual	pathology	type.		As	with	section	6.3.3.1	

the	 distribution	 and	 characteristics	 of	 count	 data	 were	 investigated	 to	

determine	the	most	appropriate	model	(Appendix	6.III	and	6.IV).	

6.3.5.4.	Temporal	variation	in	body	cover	

The	 temporal	 fluctuation	of	 total	 body	 cover	was	 explored	 to	 identify	 general	

trends	in	the	dispersal	(or	withdrawal)	of	disease	pathologies	during	the	season	

(Figure	6.17).		
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Figure	 6.17:	 Temporal	 plots	 showing	 the	 total	 body	parts	 presenting	with	 a)	
cysts,	 b)	 lesions,	 c)	 oedema	 and	 d)	 ulcerations	 against	 visit.	 Points	 represent	
mean	counts	at	each	site	with	95%	CI	error	bars.	Regression	models	fitted	(red	
line)	with	grey	shading	representing	the	95%	CI.	

No	 statistically	 significant	 relationship	 was	 observed	 between	 visit	 and	 the	

number	of	body	parts	presenting	with	cysts	(p	=	0.29;	Figure	6.17a),	indicating	

that	the	relative	spread	of	cysts	across	the	body	of	infected	newts	does	not	vary	

with	 visit.	 Lesion	 cover	 had	 a	 significant	 polynomial	 trend	 (p=	 0.002;	 Figure	

6.17b)	where	the	total	number	of	parts	covered	by	lesions	peaked	at	visit	4	(𝑥	=	

2.4).	 Body	 cover	 of	 oedema	 had	 a	weakly	 significant	 (p	=	0.043;	Figure	6.17c)	

cubic	 relationship,	 however	 this	 did	 not	 appear	 to	 indicate	 any	 distinct	

qualitative	 temporal	pattern.	A	 significant	peak	 in	 in	ulcerations	 (𝑥	=	2.4)	was	

observed	at	visit	5	(p	=	0.007;	Figure	6.17d)	showing	a	similar	temporal	pattern	

in	body	dispersion	as	lesion.	
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6.3.5.5.	Full	body	oedema	

On	 occasion,	 full	 body	 oedema	 was	 observed	 engulfing	 the	 entire	 body	 and	

head,	 although	 rarely	 the	 extremities	 and	 tail.	 Qualitatively,	 the	 number	 of	

individuals	 with	 whole	 body	 oedema	 was	 explored	 across	 sites	 and	 visits.	 A	

total	of	23	newts	were	described	with	full	body	oedema,	with	the	majority	(n	=	

18) at	 site	 R4	 and	 just	 one	 or	 two	 captured	 across	 all	 other	 sites	 with	 no

consistency	in	visit.

6.3.5.6.	Temporal	variation	in	body	parts	presenting	with	pathologies	

Temporal	changes	in	the	body	distribution	of	all	pathologies	were	investigated	

further	by	explicitly	examining	the	body	parts	afflicted	with	each	pathology	type	

by	visit	(Figure	6.18).	Recovered	clusters	did	not	show	a	distinct	temporal	trend,	

which	 would	 be	 evident	 if	 pathologies	 were	 ordered	 by	 visit	 (1-6),	 however,	

some	temporal	clustering	was	evident	by	the	grouping	of	visits	4,	5,	6	and	visits	

1	and	3,	perhaps	suggesting	a	greater	difference	between	pathologies	at	the	end	

of	the	season	(4,	5	and	6)	to	all	others.	The	presence	of	a	distinct	pathology	or	

body	 location	 appears	 to	 distinguish	 there	 groups,	 however	 some	 small	

differences,	 such	 as	 a	 higher	 proportion	 of	 dorsal	 oedema	 at	 latter	 visits,	 are	

apparent.	

Temporal	variation	in	the	distribution	of	cysts,	lesions,	oedema	and	ulcerations	

were	 investigated	 independently	 (Appendix	 6.IV)	 however	 no	 qualitative	

differences	 in	 the	 in	 the	 location	 of	 these	 pathologies,	when	 compared	 to	 the	

distribution	of	pathologies	combined,	were	identified.	
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Figure 6.18: Heatmap examining the body distribution of all pathologies across visits, with labels coloured by pathology type: cysts 
= dark blue; oedema = dark red; lesions = green; and ulcerations = orange. 
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6.3.5.7.	Dispersion	of	pathologies	across	the	body	of	infected	newts	

As	with	total	counts	(section	6.3.3.1)	the	dispersion	parameter	k	was	calculated	

and	 plotted	 against	 visit	 to	 explore	 the	 distribution	 of	 body	 cover	 across	 the	

sampled	population.		

For	cyst	body	cover,	k	=	0.318	indicating	that	the	body	cover	of	cysts	was	highly	

aggregated	 across	 the	 sampled	 population.	 For	 cysts,	 the	 k	 values	 calculated	

varied	 significantly	 across	 visits	 and	 between	 sites	 (Figure	 6.19),	 with	 the	

exception	 of	 sites	 RNew	 and	 R4	 that	 had	 consistently	 low	 k	values	 and	 little	

temporal	variation.	This	suggests	that	at	sites	with	higher	prevalence	(𝑥prev	R4	=	

64.6%	 and	 RNew	 42.4%)	 body	 dispersion	 is	 more	 unevenly	 distributed	 and	

remains	so	across	the	season	i.e.	some	individuals	have	cysts	spread	across	the	

entire	body	whilst	some	have	very	localized	distribution	of	cysts.	Overall,	there	

was	no	 statistically	 significant	 linear	 trend	 between	k	and	 visit	 (p	=	0.56)	 and	

site	did	not	account	for	the	observed	variation	(0.7%).		

Figure	 6.19:	 Negative	 binomial	 parameter	 estimate	 (k)	 for	 dispersion	 of	 cyst	
body	cover	plotted	against	visit	and	coloured	by	site.	Dashed	line	at	20	indicates	
the	 threshold	 where	 estimates	 >20	 show	 a	 homogeneous	 distribution.	
Regression	model	fitted	to	show	temporal	variation	(red	line)	with	95%	CI	(grey	
shading).	Text	indicates	the	overall	k	value	for	cyst	burden.	

The	dispersion	parameters	calculated	for	cysts	were	generally	below	5	(Figure	

6.19),	whilst	 lesions	were	generally	above	20	(Figure	6.20)	suggesting	 that	 the	

body	dispersion	of	lesions	was	much	less	variable	amongst	the	population	than	
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cysts.	 Whilst	 qualitatively	 it	 appeared	 k	 decreased	 linearly	 with	 visit	 this	

relationship	was	not	statistically	significant	(p	=	0.1).		

Figure	6.20:As	for	figure	6.19	but	variables	associated	with	lesions	

At	 two	 sites	 with	 the	 highest	 mean	 prevalence’s	 (R4	 =	 64.6%	 and	 RNew	 =	

42.2%),	 k	 values	 were	 consistently	 below	 5	 and	 mean	 body	 cover	 was	

consistently	 high,	 indicating	 that	 when	 infection	 levels	 were	 highest	 the	

distribution	 of	 oedema	 across	 infected	 animals	 varied;	 some	 animals	 had	

oedema	 spread	 across	 the	 entire	 body	 (full	 body	 oedema)	whilst	 others	 have	

localised,	clustered	oedema	(Figure	6.21).		

Figure	6.21:	As	for	figure	6.19	but	variables	associated	with	oedema

Whilst	no	temporal	relationship	was	determined	(p	=	0.5),	site	explained	22%	of	

the	 variation	 in	k,	with	 an	 ICC	 for	 site	 higher	 than	 that	 for	 cysts	 (0.72%)	 and	

lesions	 (0.6%).	 Differences	 between	 sites,	 perhaps	 linked	 to	 prevalence,	 may	

best	predict	how	diffuse	oedema	is	across	the	body.	
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At	the	start	of	the	season,	the	dispersion	parameter	for	ulcerations	was	high	(k>	

20) across	 all	 sites	 indicating	 little	 variability	 in	 how	 ulcerations	 were

distributed	 across	 infected	 newts.	 Whilst	 k	 values	 appeared	 to	 fluctuate

considerably,	k	did	not	vary	linearly	with	visit	(p	=	0.58;	Figure	6.22)	and	nor	did

site	explain	the	observed	variation	(0%).

Figure	6.22:	Plots	as	with	figure	6.19	but	variables	associated	with	ulcerations

6.3.6.	Host	dynamics	and	disease	pathologies	

The	disease	pathologies	presenting	in	males	and	females	were	briefly	examined	

to	 identify	 sex-linked	 differences	 in	 morbidity,	 or	 the	 types	 of	 pathologies	

observed.	 There	was	 a	 significant	 relationship	 between	 total	 cyst	 burden	 and	

sex	(OR	=	0.52[0.35,	0.79];	p	=	0.002;	Figure	6.23).	

Figure	 6.23:	 Difference	 in	 cyst	 burden	 between	males	 and	 females,	 showing	
only	newts	with	cysts	
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Males	 on	 average	 had	 a	 lower	 cyst	 burden	 (𝑥	=	 2.44	 ±	 0.79)	 compared	 to	

females	 (𝑥	=	4.07	±	0.94),	where	 the	highest	burden	was	examined	 in	 females	

(burden	 =	 84).	 There	 was	 no	 significant	 difference	 in	 lesion	 (p	 =	 0.06)	 or	

ulceration	 (p	 =	 0.06)	 counts	 between	 males	 and	 females.	 In	 addition,	 no	

statistically	 significant	 difference	 in	 the	 body	 cover	 of	 any	 of	 the	 four	

pathologies	was	observed	between	males	and	 females	 (p	>	0.18).	When	whole	

body	 oedema	 was	 examined,	 more	 females	 (n	 =	 17)	 presented	 with	 diffuse	

oedema	compared	 to	 just	6	males,	however	 the	difference	 in	proportions	was	

not	statistically	significant	(X2	=	0.95;	p	=	0.33)	
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6.4.	DISCUSSION	

During	2014	a	subset	of	sites	were	 intensively	sampled	across	a	single	season	

providing	 data	 to	 explore	 temporal	 fluctuations	 in	 overall	 disease	 levels	 and	

host	population	structure	(Chapter	5),	and	the	variation	in	observed	pathologies	

and	 morbidity	 explored	 here.	 Using	 the	 same	 data	 set,	 combined	 with	

knowledge	 of	 parasite	 sporangia	 development	 associated	 with	 gross	

pathologies	(Chapter	4)	this	Chapter	aimed	to	investigate	disease	progression	at	

the	population.	Changes	in	the	prevalence,	burden	and	body	distribution	of	four	

distinct	 pathology	 types	 were	 explored	 to	 show	 changes	 in	 disease	

manifestation	 across	 the	 season.	 	 In	 addition,	 this	 study	 represented	 a	 larger	

data	 set	 than	 that	 initially	 examined	 in	 Chapter	 3,	 in	 order	 to	 investigate	

commonalities	 in	 disease	 presentation,	 the	 body	 distribution/dispersal	 of	 the	

parasite	and	how	this	varies	temporally.	

6.4.1.	Common	disease	pathologies	

Cysts	were	found	to	be	the	most	common	pathology,	occurring	most	frequently	

alone,	 in	 the	 absence	 of	 other	 pathologies.	 As	 cysts	 are	 characterised	 by	 the	

presence	 of	 immature	 and	 developing	 pathogen	 sporangia	with	 little	 immune	

response	 (Chapter	 4)	 gross	 cysts	 likely	 represent	 the	 first	 stages	 of	 infection.	

Therefore	a	significant	increase	in	the	number	of	newts	with	cysts	only,	suggests	

that	the	number	of	newly	infected	individuals,	or	incidence	rate,	increased	over	

the	 season.	When	we	 consider	 that	 overall	 disease	prevalence	did	 not	 change	

significantly	 with	 visit	 (Chapter	 5),	 it	 can	 be	 assumed	 that	 recovery	 and/or	

mortality	rates	keep	prevalence	stable	(Hennekens	et	al.	1987).			

Across	 all	 samples,	 52%	 of	 newts	were	 described	 presenting	with	more	 than	

one	 type	 of	 pathology	 at	 any	 one	 time,	 where	 30%	 (n	 =	 137)	 had	 cysts	 in	

addition	to	either	lesions	and/or	oedema.	The	presence	of	cysts	along	with	later	

stage	pathologies	-	 lesions	and	oedema	 -	suggests	that	re-infection	is	occurring,	

either	through	contact	with	an	external	infective	agent	(i.e.	spores	or	cysts	in	the	

water),	or	through	the	migration	of	pathogen	spores	within	the	host.	The	ability	

of	 the	 pathogen	 to	 disseminate	 within	 the	 host	 has	 been	 described	 in	
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Dermocystidium	 and	 Rhinosporidium	 (Ashworth,	 1923;	 Olson	 et	 al.	 1991;	

Arseculerane	 et	 al.	 2002).	 In	 Rhinosporidium	 infection	 the	 process	 of	 disease	

diffusion	 within	 a	 host	 is	 unknown	 however	 haematogenous	 and	 lymphatic	

dissemination	have	been	suggested	(Ashworth,	1923;	Rajam	and	Viswanathan,	

1955;	Arseculerane	et	al.	2002).	However	in	cases	of	D.	salmonis	spores	released	

within	the	host	have	been	described	to	migrate	directly	through	tissue	allowing	

for	spores	to	propagate	in	new	areas	of	the	host’s	dermis	(Olson	et	al.	1991).		

Histological	 examination	 of	 newts	 infected	 with	 A.	 meredithae	 suggested	 a	

similar	 process	 as	 that	 seen	 in	 D.	 salmonis	 (Chapter	 4;	 Fiegna,	 Clarke	 et	 al.	

2016),	 where	 high	 parasite	 burden	 and	 the	 accumulation	 of	 fluid	 seen	 in	

animals	 with	 larger	 swellings	 and	 oedema	 disrupted	 surrounding	 tissue	

appearing	 to	 facilitate	 the	 dissemination	 of	 released	 spores	 within	 the	 host.	

Regardless	of	the	process	leading	to	reinfection,	it	was	expected	that	instances	

of	multiple	 infections	would	 increase	 throughout	 the	 season,	 but	 no	 temporal	

variation	in	the	number	of	newts	presenting	with	multiple	pathology	types	was	

determined,	 instead	 suggesting	 re-infection	 can	 occur	 early	 in	 the	 season.	

Currently,	the	speed	at	which	pathogen	cysts	develop	and	disease	progresses	is	

unknown,	 but	 this	 would	 suggest	 that,	 if	 infection	 occurs	 when	 newts	 enter	

water	 bodies	 around	 April	 that	 re-infection	 can	 occur	 quickly.	 However,	 it	

cannot	 be	 presumed	 that	 sporangia	 will	 develop	 at	 the	 same	 speed,	 and	 if	

development	 is	 slowed,	 or	 increased,	 in	 different	 locations	 the	 appearance	 of	

sporangia	 and	 therefore	 corresponding	 gross	 pathologies	 at	 different	

developmental	stages	could	also	occur.	

6.4.1.1.	Body	distribution	

Identifying	areas	most	commonly	infected	or	with	the	highest	parasite	burden,	

may	 allude	 to	 important	 disease	 mechanisms,	 i.e.	 portals	 of	 entry	 or	

transmission	routes.	Even	within	the	skin,	certain	 localities	on	the	host’s	body	

may	 be	 predisposed	 to	 infection	 by	 certain	 pathogens	 due	 to	 transmission	

mechanisms	 or	 the	 pathogens	 ecological	 needs.	 For	 example,	 Bd	 infects	

keratinised	tissue	(Altig	et	al.	2007;	Voyles	et	al.	2011)	however	in	tadpoles	only	
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the	 mouthparts	 are	 keratinised	 and	 therefore	 chytird	 infection	 in	 pre-

metamorphosed	frogs	and	toads	occurs	exclusively	in	the	mouthparts	(Fellers	et	

al.	2001).	Studies	of	A.	ranae	and	A.	viridescens	showed	that	parasite	lesions	are	

most	 commonly	 observed,	 and	 at	 the	 highest	 abundance,	 on	 the	 ventral	

abdomen	 of	 infected	 Ranae	 esculenta	 and	 Notophthalmus	 viridescens	

respectively	 (Pascolini	 et	 al.	 2003;	 Raffel	 et	 al.	 2008).	 Raffel	 et	 al.	 (2008)	

speculated	that	the	life	cycle	of	A.	viridescens,	i.e.	zoospores	being	released	from	

spores	 resting	 on	 the	 benthos,	would	 facilitate	 transmission	 from	underneath	

the	host,	explaining	the	high	numbers	of	 lesions	seen	on	the	ventral	surface	of	

infected	animals	(Raffel	et	al.	2008).			

In	contrast,	here,	the	majority	of	pathologies	were	found	to	cluster	on	the	dorsal	

surface,	followed	by	the	head	and	tail,	where	the	ventral	surface	was	less	likely	

to	be	and	often	had	lower	numbers	of	pathologies.	This	was	also	true	for	cysts	

only,	which	should	represent	new	infection	events,	alluding	to	a	possible	route	

of	entry.	A	similar	body	distribution	was	recorded	in	France	where	dermosytid	

lesions	in	palmate	newts	were	found	to	be	most	prevalent	dorso-laterally	and	at	

the	 junctions	 of	 extremities	 (González-Hernández	 et	 al.	 2010).	 However,	 it	 is	

unclear	what	mechanisms	 are	 causing	 a	 higher	 amount	 of	 pathologies	 on	 the	

dorsal	 surface,	 particularly	 as	 the	 dorsal	 epidermis	 of	 palmate	 newts	 is	

generally	 thicker	 than	 the	 ventral	 surface	 making	 abrasions	 less	 likely,	 and	

darker	 in	 colour	 preventing	 the	 risk	 of	 over	 estimating	 due	 to	 increased	

visibility	 of	 cysts	 through	 the	 skin.	 In	 other	 reports	 of	 amphibian	 diseases,	

infection	 is	 rarely	observed	on	 the	dorsal	 surface	 (Pessier,	 2002;	Berger	et	al.	

1998).		

In	 addition,	 a	higher	proportion	of	 cloacal	 cysts	were	 identified	during	 the	1st	

visit,	again	possibly	representing	a	route	of	 infection.	 It	was	hypothesised	that	

cloacal	 pathologies	would	be	most	 common	 in	 females	 as	 they	display	 cloacal	

“gapping”	in	order	to	uptake	spermatophores	which	may	lead	to	the	inadvertent	

uptake	 of	 parasite	 spores/sporangia	 (Janssenswillen	 and	 Bossuyt,	 2016).	

However,	 the	 presence	 of	 disease	 pathologies	 on	 the	 cloaca	 were	 more	

commonly	 associated	 with	 males.	 It	 is	 possible	 that	 physiological	 processes	
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causing	 changes	 in	 the	 male	 cloaca	 during	 breeding	 season	 (Griffiths	 &	

Mylotte,	1988),	 or	 alternatively	 the	 deposition	 of	 spermatophores	 by	 male	

newts	 could	 lead	 and	 increase	 in	 cloacal	 infections.	 If	 entry	 via	 the	 cloacal	

represents	a	significant	route	of	infection	this	may	have	a	further	impact	on	the	

overall	risk	of	infection	between	males	and	females.		

6.4.2.	Temporal	variation	in	variables	

6.4.2.1.	Prevalence	of	pathologies	

The	 prevalence	 of	 infected	 newts	 presenting	 with	 cysts	 had	 a	 quadratic	

relationship	 with	 visit,	 indicating	 a	 ‘dip’	 in	 the	 number	 of	 animals	 with	

immature	pathogen	cysts	in	the	middle	of	the	sample	season.	This	pattern	may	

be	explained	by	two,	perhaps	not	mutually	excusive,	processes:	

i) cysts	decrease	as	they	develop	into	lesions	and	oedema,	with	a	latter

increase	 as	 the	 lesions	 and	 oedema	 allow	 the	 dissemination	 of

pathogen	spores	(as	suggested	in	Chapter	4)	within	the	hosts	which

subsequently	embed	and	develop	into	cysts

ii) cysts	ulcerate	and	burst	making	them	visibly	appear	cyst-free	before

a	second	‘wave’	of	cysts	occurs	either	due	to	re-infection	of	recovered

newts	or	infection	in	naïve	hosts.

The	former	process	is	supported	by	a	peak	in	lesion	prevalence	around	visit	4,	

which	would	support	the	hypothesis	that	cysts	develop	into	larger	lesions	over	

time.	The	decrease	in	lesions	after	visit	4	was	thought	to	follow	a	similar	pattern	

and	suggest	the	replacement	of	lesions	with	later	stages	of	infection	(oedema).	

The	 peak	 in	 lesion	 prevalence	 also	 corresponded	 to	 a	 peak	 in	 ulceration	

prevalence.	 Based	 on	 histological	 examination	 of	 tissue	 infected	 with	

Amphibiocystidium	 ranae,	 it	 was	 speculated	 that	 the	 upward	 force	 of	 cysts,	

particularly	in	the	presence	of	localised	swelling,	would	facilitate	the	ulceration	

of	 the	host’s	 epidermis	and	 the	 release	of	 spores	emerging	 from	mature	 cysts	

(Broz	 and	 Privora,	 1952).	 As	 77%	 of	 individuals	 with	 ulcerations	 also	 had	
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lesions	 and/or	 oedema,	 this	 likely	 explains	 the	 similar	 temporal	 pattern	 in	

ulcerations	and	lesions.	

	However	the	linear	decrease	in	oedema	did	not	fit	with	this	theory.	As	oedema	

represents	 a	 severe,	 possible	 end	 stage	 of	 disease,	 it	 is	 possible	 that	 the	

decrease	 reflects	 increasing	mortality	 as	 animals	 succumb	 to	 severe	 infection.	

Alternatively,	 oedema	 may	 not	 reflect	 a	 linear	 process	 of	 increasing	 disease	

burden,	 instead	 triggered	 near	 the	 start	 of	 infection	 due	 to	 differences	 in	 the	

disease	process,	host	physiology	or	environmental	influences	(further	discussed	

in	 Chapter	 10;	 Howe	 et	 al.	 1998;	 Rosenshield	 et	 al.	 1999;	 Taylor	 et	 al.	 2001;	

Densmore	and	Green,	2007;	Calfee	et	al.	2006;	Pessier,	2009)	

6.4.2.2.	Disease	burden	

Average	cyst	burden	decreased	significantly	with	visit.	As	discussed	above,	this	

decrease	 may	 be	 indicative	 of	 the	 replacement	 of	 cysts	 with	 later	 stages	 of	

infection,	or,	alternatively,	recovery	supported	by	histological	examination	and	

in	vivo	observations	 (Chapter	4)	 that	observed	degenerated	sporangia	and	 the	

resolution	of	gross	cysts	over	time	when	newts	were	in	captivity.	As	discussed	

above,	 the	 peak	 in	 lesion	 burden	 mid	 way	 through	 the	 season	 supports	 the	

theory	 that	 cysts	 will	 develop	 into	 larger	 lesions	 replacing	 cysts	 causing	 a	

decrease	 in	 cyst	 counts	 and	 prevalence.	 These	 patterns	 are	 consistent	with	 a	

general	 ‘wave’	 of	 disease	 moving	 through	 the	 population.	 Ulceration	 burden	

increased	 linearly	with	 visit,	 fitting	with	 the	 presumption	 that	 the	 number	 of	

ulcerations	 increases	 as	 cysts	 mature	 and	 localised	 swelling	 increases	

potentially	 facilitating	 the	 release	 of	 spores	 (e.g.	 Broz	 and	 Privora,	 1952).	

However,	it	was	expected	that	the	number	of	ulcerations	would	peak	earlier	in	

the	season	 following	a	similar	 trend	seen	 in	ulceration	prevalence,	 in	order	 to	

facilitate	the	release	of	the	infective	agent	and	therefore	maximise	transmission	

earlier	in	the	season.		
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6.4.2.3.	Body	cover	

For	 each	 discrete	 pathology	 (cysts,	 lesion	 and	 ulcerations),	 the	 temporal	

patterns	 of	 body	 cover	mirrored	 the	 temporal	 patterns	 in	 burden,	 suggesting	

that	the	dispersion	of	pathologies	across	the	body	is	linked	closely	to	the	degree	

or	parasite	load.	It	was	expected	that	body	cover	would	increase	linearly	across	

all	pathologies,	as	spores	disseminated	within	the	host	or	new	infection	events	

occurred,	however	this	was	not	the	case.	Perhaps	the	pattern	of	dissemination	is	

much	less	diffuse	than	presumed,	with	a	‘satellite’	pattern	more	likely	where	the	

spread	 is	 slow	and	 localised	 (Kondo	et	 al.	 2005)	as	described	previously	with	

Rhinosporidium	(Karunaratne,	1964).	

On	occasion,	very	diffuse	and	severe	 full	body	oedema	was	observed	on	Rum.	

Histopathology	 slides	 of	 oedematous	 tissue	 showed	 that	 free-floating	 spores	

could	migrate	through	disrupted	tissue	due	to	the	fluid	accumulation,	and	it	was	

speculated	that	oedema	would	spread	across	the	body,	causing	chronic	infection	

and	a	severe	immune	response	associated	with	whole	body	oedema.	However,	

only	a	weak	cubic	relationship	between	oedema	cover	and	visit	was	recovered	

showing	no	clear	temporal	trend	in	the	spread	of	oedema	across	the	body.	The	

absence	of	this	pattern	may	be	because	dissemination	causes	other	pathologies	

to	 appear	 first	 i.e.	 cysts	 and	 lesions,	 before	 developing	 further	 into	 oedema,	

which	may	explain	the	two	weak	peaks	seen	at	visits	2	and	4.	However	it	might	

indicate	that	some	other	process	leads	to	the	development	of	full	body	oedema,	

rather	than	the	pure	dispersal	of	the	pathogen	throughout	the	body	over	time.		

Nearly	80%	of	newts	with	diffuse	and	generalised	oedema	were	discovered	at	

R4,	 the	 highest	 prevalence	 site,	 also	 associated	 with	 a	 neutral	 and	 stable	 pH	

environment	 (𝑥	=	 6.21;	 section	 5.3.1).	 The	 possible	 processes	 causing	 diffuse	

oedema	are	further	discussed	in	Chapter	10,	however	briefly	this	may	be	linked	

to	 the	 presence	 of	 cysts	 on	 internal	 organs	 (Chapter	 4;	Wright	 and	Whitaker,	

2001)	 disruption	 in	 osmoregulation	 (Campbell	 et	 al.	 2012)	 or	 the	 impacts	 of	

water	chemistry	(Pramuk	and	Gagliardo,	2012).	
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6.4.2.4.	Overall	disease	prevalence	and	pathologies	

When	 the	 prevalence	 of	 pathologies	 was	 examined	 against	 overall	 disease	

levels,	only	cysts	had	a	significant	relationship.	As	disease	prevalence	increased	

at	 a	 site,	 a	 corresponding	 increase	 in	 the	 number	 of	 animals	 with	 cysts	 was	

observed,	 suggesting	 that	 more	 animals	 will	 present	 with	 initial	 stages	 of	

infection	when	disease	levels	were	highest.	This	may	indicate	that	prevalence	is	

driven	 by	 the	 infectivity	 of	 the	 pathogen,	 where	 A.	 meredithae	 in	 high	

prevalence	sites	is	highly	infective	leading	to	high	levels	of	new	infection	cases	

(Nelson,	2014).		

The	 highest	 prevalence	 sites	 also	 appear	 to	 support	 higher	 infection	 burdens	

evident	 from	 a	 significant	 relationship	 between	 increasing	 average	 pathology	

counts	and	overall	disease	levels.	A	number	of	differences	in	both	the	host	and	

the	pathogen	may	facilitate	disparity	in	the	prevalence	and	intensity	of	infection	

between	 sites.	 For	 example	 if	 conditions	 facilitate	 the	 proliferation	 of	 the	

parasite,	this	may	be	purely	a	function	of	higher	parasite	abundance	causing	an	

increased	 risk	 of	 contact	 with	 the	 infective	 agent	 (either	 sporangia	 or	 spore)	

and	consequently.	However	due	to	the	presence	of	intense	infections	and	severe	

pathologies,	 it	 is	possible	 that	pathogen	virulence	or	pathogenicity	also	differs	

between	 sites	 causing	not	only	a	higher	prevalence	of	 infection	but	also	more	

intense	infections.	However,	this	relationship	could	also	indicate	differences	in	

the	host	likely	linked	to	immune	capability	where	conditions	in	particular	sites	

impair	 immune	 function	 making	 individuals	 more	 susceptible	 to	 severe	

infections.	

6.4.3.	Distribution	of	morbidity	across	the	sampled	population	

Dispersion	parameters	were	used	to	 investigate	the	homogeneity	of	pathology	

counts	 and	 body	 cover	 amongst	 the	 sampled	 population	 as	 a	measure	 of	 the	

disparity	 in	morbidity	between	 individuals.	When	 cysts	were	examined,	mean	

cyst	 burden	 reached	 a	maximum	of	 16.01	with	 an	 average	 body	 cover	 of	 3.9.	

With	the	exception	of	the	lowest	prevalence	site	R10,	where	low	average	burden	

and	cover	likely	influenced	high	k	values,	the	k	values	calculated	for	burden	and	
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body	 cover	 were	 generally	 below	 20	 indicating	 heterogeneously	 distributed	

data.	 Therefore,	 the	 burden	 and	 spread	 of	 cysts	 across	 the	 newts	 is	 highly	

aggregated,	with	some	individuals	having	very	high	burden	with	cysts	dispersed	

across	 the	 body	 and	 others	 having	 very	 low	 burden	with	 cysts	 clustered	 in	 a	

single	location.	This	suggests	variation	in	the	susceptibility	of	hosts	developing	

high	burden	and	diffuse	 infections.	 	This	 is	consistent	with	Raffel	et	al.	 (2008)	

where	 the	 majority	 of	 individuals	 had	 low	 burden	 with	 just	 one	 or	 two	

individuals	presenting	with	high	cyst	counts	and	diffuse	infection.	

In	contrast	to	cysts,	lesion	burden	was	low	with	mean	lesion	counts	at	any	site	

never	 exceeding	 0.79,	 generally	 clustered	 across	 a	 small	 region	 of	 the	 body	

indicated	 by	 low	 average	 body	 cover	 (<	 0.44).	 Compared	 to	 cysts,	 a	 higher	

proportion	of	k	values	calculated	for	burden	and	body	cover	were	greater	than	

20,	 overall	 indicating	 that	 a	 few	 individuals	will	 present	with	 low	numbers	of	

lesions	generally	localised	across	the	body.	Body	cover	of	oedema	was	generally	

low	across	the	majority	of	sites	with	a	mean	cover	<	1.08,	with	the	exception	of	

site	R4,	the	highest	prevalence	site,	where	mean	body	cover	only	once	fell	below	

1. Examination	 of	 k	values	 showed	 a	 large	 amount	 of	 variation,	 however	 the

highest	 prevalence	 sites,	 including	 R4	 and	 RNew	 had	 a	 much	 greater

heterogeneity.	 As	 with	 cysts	 this	 indicates	 a	 greater	 disparity	 in	 how	 diffuse

oedema	 is	 when	 prevalence	 is	 higher	 suggesting	 that	 factors	 associated	 with

these	 sites	 likely	 facilitate	diffuse	oedema	 (as	discussed	above	when	 full	body

oedema	was	examined)	and	disparity	in	the	susceptibility	of	some	individuals	to

develop	severe	and	diffuse	pathologies.

Despite	 some	 significant	 variation	 in	 prevalence,	 burden	 and	 body	 cover	 of	

pathologies	across	the	season,	no	consistent	statistically	significant	trends	in	the	

dispersion	 parameters	 calculated	were	 determined.	 Particularly	 for	 burden	 it	

was	 expected	 that	 the	 distribution	 of	 pathologies	would	 become	more	 evenly	

distributed	amongst	infected	individuals	as	more	individuals	were	exposed	and	

developed	 infection,	 however	 the	 results	 suggest	 this	 is	 not	 the	 case.	 Perhaps	

not	all	newts	are	equally	susceptible	
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6.4.4.	Host	dynamics	

On	 average	 female	 newts	 had	 a	 significantly	 higher	 cyst	 burden	 compared	 to	

males,	and	when	qualitatively	explored	were	females	presented	with	 full	body	

oedema.	In	Chapter	5	no	sex-linked	bias	in	disease	risk	was	identified,	however	

this	represented	just	a	small	sample	across	a	subset	of	sites,	and	whilst	the	odds	

of	 infection	may	not	be	different	 in	males	and	 females,	morbidity	and	severity	

may	differ.	 It	 is	possible	 that	 females	are	more	susceptible	 to	 infection,	or	 the	

development	of	more	severe	levels	of	disease.	There	are	many	examples	of	male	

bias	in	infection	and	parasite	burden	across	wildlife	and	human	hosts	(Zuk	and	

McKean,	 1996;	 Schalk	 and	 Forbes	 1997,	 McCurdy	 et	 al.	 1998;	 Klein,	 2004),	

however	a	female	bias	in	infection	intensity	is	not	as	common.	One	example	of	

higher	 parasite	 burden	 in	 females	 compared	 to	males	 despite	males	 having	 a	

high	risk	of	 infection	was	reported	in	Marsh	frogs	infected	with	the	trematode	

Haplometra	cylindracea	(Saeed	et	al.	2007).

Very	 high	 infection	 burden,	 presenting	 as	 high	 cyst	 counts	 and	 generalised	

oedema,	can	be	extremely	costly	for	hosts	(Bonneaud	et	al.	2003;	2012).	During	

the	breeding	period,	males	will	develop	secondary	sexual	characteristics	again	

exerting	 high	 energetic	 costs,	 which	 can	 reduce	 other	 fitness	 components	

(Kotiaho,	2001).	 It	 is	possible	 that	severe	 infections	cause	a	 trade-off	between	

sexual	 traits	 and	 immunity	 preventing	 the	 development	 of	 secondary	 sexual	

characteristics	 in	 males	 if	 energy	 is	 redirected	 to	 fighting	 severe	 infections.	

Condition-dependant	 sexual	 characteristics	 have	 been	 previously	 identified,	

where	 the	 presence	 of	 disease	 may	 suppress	 the	 development	 of	 traits	 as	

resources	 are	 allocated	 to	 immune	 function	 has	 been	 previously	 shown	

(Cheatsazan	et	al.	2013).	Alternatively,	a	recent	study	found	evidence	that	male	

sexual	 traits	 in	 L.	 helveticus	 were	 a	 reflection	 of	 body	 condition	 and	 immune	

function	(Iglesias-Carrasco	et	al.	2016)	so	a	 lack	of	 traits	 in	addition	 to	severe	

infections	may	reflect	insufficient	immune	capability.	Further	work	should	look	

to	 explore	 the	 effects	 of	 disease	 on	 the	 development	 of	 sexual	 characteristics,	

and	address	what	impact	this	could	have	on	the	host	population.	
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6.4.5.	Conclusion	

Observing	 the	 overall	 patterns	 in	 pathologies	 has	 helped	 build	 on	 our	

knowledge	of	disease	presentation	and	refine	hypotheses	of	disease	progression	

at	the	population	level.		A	high	proportion	of	newts	with	high	cyst	burden	were	

recorded	 at	 the	 start	 of	 the	 season.	 As	 the	 season	 progressed,	 cysts	 were	

replaced	by	larger	lesions,	which	peaked	in	burden,	body	cover	and	prevalence	

mid-way	 through	 the	 sample	 season.	 The	 prevalence	 and	 body	 cover	 of	

ulcerations	 peaked	 mid-way	 through	 the	 season,	 mirroring	 the	 pattern	

observed	 with	 lesions,	 whist	 burden	 increased	 linearly,	 suggesting	 that	

ulcerations	 occur	 more	 frequently	 as	 pathogen	 sporangia	 develop	 and	 that	

swelling	 associated	 with	 lesions	 may	 help	 facilitate	 the	 ulceration	 of	 dermal	

tissue.		

These	patterns	are	consistent	with	a	general	 ‘wave’	of	disease	moving	through	

the	population.	In	addition,	a	peak	in	the	prevalence	of	cysts	and	the	number	of	

animals	 with	 cysts	 only	 without	 a	 corresponding	 increase	 in	 burden	 may	 be	

suggestive	 of	 a	 second	 ‘wave’	 of	 infection	 later	 in	 the	 season.	 However,	 this	

could	also	be	explained	by	recover	where	larger	lesions	and	swellings	reduce	in	

size	appearing	as	cysts	and	therefore	giving	the	illusion	of	a	second	increase	in	

cyst	 prevalence.	 Oedema	 did	 not	 appear	 to	 follow	 this	 linear	 processes	 of	

disease	progression,	and	with	the	high	proportion	of	full	body	oedema	observed	

at	a	single	high	prevalence	site	(R4)	and	the	heterogeneity	in	body	cover	at	high	

prevalence	sites,	suggests	a	complex	 interaction	between	site	and	host	related	

factors	causing	the	appearance	of	diffuse	oedema.				

In	 addition	 to	 Chapters	 3	 and	 4,	 this	 Chapter	 has	 helped	 develop	 a	 pathogen	

profile	that	has	addressed	some	key	aims,	for	example:	

1. Classifying	the	pathogen	taxonomically

2. Explored	the	gross	and	histological	characterization	of	disease

3. Infer	disease	progression

4. Explore	the	variation	between	disease	outcome
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This	 has	 provided	 the	 largest	 investigation	 into	 disease	 manifestation	 in	

amphibian-infecting	 dermocystids,	 and	 the	 first	 dermocystid	 study	 to	 explore	

the	population	 level	 variation	 in	disease	presentation	within	a	 season	 to	 infer	

disease	 progression.	 In	 addition	 it	 also	 identified	 differences	 in	 disease	

morbidity	 or	 manifestation	 at	 the	 site	 level.	 This	 will	 be	 further	 explored	 by	

investigating	 disease	 morbidity	 across	 a	 larger	 spatial	 range	 to	 assess	 the	

influence	 of	 site	 and	 environmental	 parameters	 on	 disease	 presentation	 and	

outcome.	 Investigating	 the	 temporal	dynamics	of	disease	across	new	breeding	

season	 (see	 also	 Chapter	 5)	 has	 provided	 an	 important	 overview	 of	 within-

season	variation	 to	set	up	broader	spatio-temporal	 investigations	 (Chapter	7).
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CHAPTER	7 

AN	INVESTIGATION	INTO	THE	SPATIAL	DISTRIBUTION

AND	ENVIRONMENTAL	DETERMINANTS	OF	

AMPHIBIOTHECUM	MEREDITHAE	INFECTION	ON	THE

ISLE	OF	RUM	IN	A	SINGLE	FIELD	SEASON	

7.1.	INTRODUCTION	

In	Chapters	5	and	6,	intensive	sampling	was	performed	across	a	small	subset	of	

sites	(n	=	5)	in	order	to	investigate	the	degree	of	within-season	variation	in	host	

population	structure,	disease	dynamics	and	environmental	variables.	Whilst	the	

prevalence	ranged	from	0	to	77%,	no	temporal	aspect	in	disease	was	identified,	

with	prevalence	seemingly	stable	across	the	sample	season.	This	confirmed	that	

large-scale	spatial	sampling	could	be	performed	without	the	need	to	account	for	

time.	 In	addition,	Chapters	5	and	6	highlighted	 significant	variation	 in	disease	

prevalence	 and	 the	 intensity	 of	 disease	 (morbidity	 and	 mortality)	 seemingly	

mediated	 by	 site,	 suggesting	 spatial	 heterogeneity	 in	 disease	 distribution.	 No	

measured	 parameters	 were	 identified	 as	 predictors	 of	 disease	 prevalence	
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(Chapter	 5),	 and	 whilst	 spatial	 heterogeneity	 can	 occur	 due	 to	 stochastic	

variability,	the	lack	of	association	between	disease	prevalence	and	any	physical,	

environmental	or	biological	processes	seen	in	Chapter	5	may	be	due	to	the	small	

number	and	spatial	restriction	of	the	sampled	sites.	

7.1.1.		Spatial	epidemiology	

Many	 factors	 can	 influence	 the	 spatial	 patterns	 observed	 in	 an	 infected	

population,	 and	 can	 reflect	 characteristics	 of	 the	 host,	 disease	 vectors,	 the	

pathogenic	 agent,	 their	 environment	 (Rogers	 and	 Randolph,	 1991;	 Estrada-

Pena,	2002;	Allan	et	al.	2003;	Ryder	et	al.	2003;	Messina	et	al.	2010;	Golding	et	

al.	 2015;	 Wilschut	 et	 al.	 2015)	 or	 complex	 interactions.	 Common	 techniques	

used	in	epidemiology	to	assess	these	spatial	patterns	include	disease	mapping,	

which	 assesses	 the	 explicit	 distribution	 of	 disease	 across	 space;	 statistical	

analysis	 to	 identify	 relationships	 between	 conditions	 and	 the	 presence	 of	

disease;	and	the	 identification	of	disease	clusters	or	outbreaks	over	both	large	

(i.e.	global)	and	small	(i.e.	regional)	spatial	scales	(Warternberg,	2001).	Mapping	

the	distribution	of	disease	incidence	and	prevalence	can	be	a	useful	first	step	in	

identifying	 spatial	patterns	 such	as	 the	uniformity	of	disease	distribution,	 and	

generating	 hypotheses	 of	 disease	 dynamics.	 Developments	 in	 mapping	 and	

modeling	 tools	 and	 widely	 available	 software	 such	 as	 QGIS	 (Quantum	 GIS	

Development	Team,	2009)	have	made	it	easier	and	faster	to	map	and	visualize	

both	host	and	disease	distribution	(Ruankaew,	2005;	Rezaeian	et	al.	2007).		

7.1.2.	Patterns	of	disease	distribution	

As	 discussed	 in	 section	 1.9,	 the	 distribution	 of	 disease	 may	 show	 distinct	

patterns	 in	 space.	 Geographic	 variation	 in	 disease	 prevalence	 is	 a	 common	

observation	 across	 many	 human	 and	 wildlife	 systems	 (Hosseini	 et	 al.	 2004;	

Pascual	 and	 Dobson,	 2005),	 and	 is	 dependent	 on	 many	 biotic	 and	 abiotic	

features	 corresponding	 to	 various	 underlying	 mechanisms	 such	 as	 host	

distribution	 or	 environmental	 conditions	 (Blønstad	 et	 al.	 1999).	 Whilst	

stochastic	processes	can	result	in	a	heterogeneous	distribution	in	the	presence	

and	prevalence	 of	 disease,	 these	patterns	 can	 also	 be	 indicative	 of	 underlying	
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conditions	determining	the	occurrence	of	disease.	Simple	regression	models	for	

ecological	 analysis	 can	 help	 identify	 deterministic	 relationships	 between	

disease	 presence	 or	 prevalence,	 and	potential	 risk	 factors	 associated	with	 the	

spatial	 locations	 (Pfeiffer	 et	 al.	 2008;	MacNab,	 2012).	 For	 example,	 using	 GIS	

mapping	and	regression,	Glass	et	al.	(1997)	identified	key	variables	dictating	the	

spatial	distribution	of	Lyme	disease	outbreaks.	

7.1.3.	Spatial	clusters	of	disease	

Identifying	 areas	 of	 increased	 disease	 risk,	 or	 disease	 clusters,	 can	 help	

determine	 key	 variables	 or	 conditions	 causing	 observed	 outbreaks.	 A	 ‘disease	

cluster’	 refers	 to	 the	 unusually	 high	 or	 low	 incidence	 of	 disease	 in	 a	 spatially	

restricted	 area,	 at	 a	 given	 point	 in	 time	 (Aldrich	 et	 al.	 1991).	 The	 analysis	 of	

disease	clusters	is	often	used	to	identify	outbreaks	(Smith	et	al.	2015)	or	public	

health	hazards	(Kulldorff	and	Nagarwalla,	1995).	The	chance	occurrence	of	local	

disease	clusters	can	occur,	seemingly	without	an	underlying	reason	(Wakeford	

et	al.	1989;	Petridou	et	al.	1996;	McNally	et	al.	2002).	However	 this	 is	 rare	and	

generally	 the	 identification	of	 clusters	can	help	refine	directions	of	analysis	 to	

identify	 underlying	 risk	 factors	 (Mathews,	 1988;	 Stone,	 1988;	Marshall,	 1991;	

Aamodt	et	al.	2006).	

	For	 example,	 a	 point	 source	 of	 pathogen	 exposure,	 such	 as	 a	 contaminated	

water	source	(Andersson and de Jong 1989; Thulin, 1991; Ljungstrom and Castor 

1992),	may	show	a	single,	distinct	non-random	outbreak	often	presenting	as	an	

abrupt	 epidemic	 (Aylin	 et	 al.	 1999;	 Smith	 et	 al.	 2015).	 	 The	 identification	 of	

multiple	 clusters	 is	 more	 characteristic	 of	 long-term	 infections	 where	 the	

distribution	 of	 local	 ‘outbreaks’	 is	 governed	 by	 determinants	 such	 as	 host	

distribution,	 modes	 of	 transmission	 or	 underlying	 risk	 factors.	 The	

identification	 of	 commonalties	 between	 clusters	 can	 further	 advance	

understanding	of	 the	spatial	distribution	and	deterministic	 factors,	 in	addition	

to	identifying	high	risk	areas	which	can	be	important	for	refining	management	

and	conservation	efforts.	
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7.1.4.	Epidemiology	of	amphibian-infecting	dermocystids	

Amphibian-infecting	 dermcoystids	 have	 been	 reported	 in	 various	 landscapes	

across	Europe	and	America	(Pascolini	et	al.	2003;	Feldman	et	al.	2005;	Pereira	

et	 al.	 2005;	 Raffel	 et	 al.	 2008;	 Courtois	 et	 al.	 2013),	 however	 the	 spatial	

distribution	 of	 disease	 within	 regions	 or	 populations	 has	 not	 been	 widely	

explored.	Only	one	explicit	spatial	study	in	Southern	France	has	been	conducted	

assessing	 the	 spatial	 distribution	 and	 prevalence	 of	 disease	 caused	 by	 a	

dermocystid	 parasite,	 possibly	 representing	 infection	 caused	 by	 the	 same	

species	causing	disease	on	Rum,	A.	meredithae	(Gonzalez-Hernandez	et	al.	2010;	

Courtois	et	al.	2013).	Infected	individuals	were	recorded	at	5	out	of	9	sampled	

locations,	with	 prevalence’s	 ranging	 from	 2.5%	 to	 25%.	No	 differences	 in	 the	

population	structure	(proportion	of	males	and	females)	were	observed	and	no	

speculation	was	made	as	to	factors	determining	disease	distribution.		

7.1.5.	Spatial	distribution	and	determinants	of	disease	on	Rum	

Preliminary	 studies	 have	 highlighted	 possible	 interactions	 between	 disease	

incidence	 and	 water	 pH,	 and	 to	 a	 lesser	 extent,	 altitude	 (Anderson,	 2011;	

McMurdo-Hamilton,	2012).	However,	analysis	of	data	collected	in	2014	across	a	

sub-set	of	sites	in	a	spatially	restricted	area,	found	disease	prevalence	was	not	

mediated	 by	 any	 environmental	 parameters	 explored,	 instead	 strongly	

associated	 with	 site	 (Chapter	 5).	 The	 effects	 of	 environmental	 pH	 on	 the	

pathogen	 life	 cycle,	 infection	 dynamics	 or	 disease	 outcome	 have	 not	 been	

explored	 in	 amphibian-infecting	 dermocytids,	 but	 some	 information	 is	 known	

for	 phylogenetically	 similar	 pathogens.	 The	 life	 cycle	 of	 Ichthyophonus,	 a	

member	 of	 the	 mesomcyetozoeans,	 is	 thought	 to	 vary	 with	 pH	 where	 an	

amoeboid	 stage	 is	 released	 under	 specific	 alkaline	 conditions	 in	 culture	

(Okamoto	 et	 al.	 1985;	 Spanggaard	 et	 al.	 1995).	 However	 it	 is	 unclear	 what	

impact	this	has	on	the	infection	and	disease	processes.		

In	regards	to	the	possible	relationship	to	altitude,	Rum	is	a	small	island	with	a	

relatively	 small	 altitudinal	 range	 (0	m	 to	812	m)	however	 the	 terrain	 is	 steep	

and	 localized	 weather	 or	 site	 exposure	 may	 give	 way	 to	 differences	 in	
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temperature	and	precipitation	across	a	small	spatial	scale.	Whilst	the	altitudinal	

distribution	 of	 populations	 infected	 with	 Amphibiocystidium	 and	

Amphibiothecum	 are	 generally	 not	 reported	 (Raffel	 et	 al.	 2008;	 Gonzalez-

Hernandez	et	al.	2010),	one	study	reported	disease	in	populations	ranging	from	

400m	 to	 as	 high	 as	 1700m	 (Courtois	 et	 al.	 2013).	 However	 differences	 in	

dermocysitd	 disease	 across	 localized	 altitudinal	 gradients	 have	 not	 been	

explored.	

7.1.6.	Study	objectives	

Large	areas	of	Rum	are	yet	to	be	investigated	for	the	presence	of	newt	disease,	

with	 sites	 visited	 during	 2011	 and	 2012	 clustered	 around	 the	 center	 of	 the	

island	 and	main	 paths.	 In	 addition,	 the	 low	 catch	 sizes	 recorded	 during	 these	

years	could	potentially	return	unreliable	prevalence	estimates.	There	currently	

exists	very	little	data	on	the	spatial	distribution	and	determinants	of	amphibian-

infecting	dermocystid	disease.	Broad	spatial	surveying	was	performed	in	order	

to	 investigate	 the	uniformity	 in	 the	 spatial	 distribution	of	 disease	 and	disease	

outcome,	 to	 identify	 overriding	 homogenous	 or	 heterogeneous	 patterns.	

Various	environmental	parameters	were	also	sampled	and	analysed	to	identify	

covariates	that	may	dictate	the	spatial	distribution	of	disease.		

The	primary	aims	of	this	Chapter	are:	

• Perform	 a	 broad	 spatial	 survey	 to	 determine	 the	 distribution	 of

disease	across	the	Isle	of	Rum

• Explore	 possible	 determinants	 of	 disease	 and	 how	 the	 presence	 of

these	conditions	in	space	dictates	the	observed	spatial	patterns.

• Develop	preliminary	models	for	disease	prediction	and	mapping
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7.2.	METHODOLOGY	

7.2.1.	Sample	collection	

A	 total	 of	 thirty-three	ponds	were	 visited	during	 a	 six-week	 sample	 period	 in	

May	and	June	overlapping	with	the	height	of	breeding	season	(Harrison,	1983;	

Figure	 7.1).	 Ponds	 were	 sampled	 using	 standardized	 methods	 as	 detailed	 in	

section	2.2.	No	newts	were	captured	from	three	locations	SE3,	B2	or	C1	(Figure	

7.1;	red	points)	and	are	therefore	excluded	from	analysis.		

Figure	7.1:	Ordnance	Survey	Map	(1:50	000	scale)	of	the	Isle	of	Rum	showing	
all	thirty-three	ponds	sampled	during	2014.	Sites	excluded	from	further	analysis	
due	to	low	catch	numbers,	or	the	absence	of	newts,	are	indicated	in	red.	
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7.2.2.	Statistical	Analysis	

All	statistical	analysis	was	performed	using	either	SatScan™	v.	9.4.3	(Kulldorff,	

2015),	 or	 R	 v3.3.1	 (R	 Development	 Core	 Team,	 2008)	 in	 RStudio	 v0.99.902	

(RStudio,	2013).	

7.2.2.1.	Spatial	Clustering	

A	 purely	 spatial	 analysis	 of	 prevalence	 across	 the	 island	 was	 performed	 in	

SatScan™	 v.	 9.4.3	 (Kulldorff,	 2015)	 and	 displayed	 on	 ordnance	 survey	 maps	

within	 QGIS	 v.2.12.1	 (Quantum	 GIS	 Development	 Team,	 2009)	 as	 detailed	 in	

section	2.3.		

7.2.2.2.	Model	Testing	

As	 described	 in	 more	 detailed	 in	 section	 2.4 the fit of linear and polynomial 

generalized linear models were tested for all statistical relationships explored in this 

chapter. The fit of linear, quadratic and cubic regression models were compared 

using a chi-squared test, selecting the model that reduced the sum of residual squares 

significantly (p < 0.05). Due to the distribution of altitudinal data, a general additive 

model (GAM) was also further explored here. 

7.2.2.3.	Environmental	variables	

Prior	 to	 investigating	 the	 relationships	 between	 disease	 variables	 and	

environmental	 conditions	 (pH,	 water	 temperature,	 air	 temperature	 and	

altitude),	 the	 pair-wise	 interactions	 between	 measured	 variables	 were	

investigated.	 Locally	weighted	 smoothing	 (LOESS;	 Cleveland,	 1998),	 a	 form	of	

non-parametric	regression,	was	performed	to	explore	the	relationships	between	

variables	before	testing	linear	and	polynomial	regression	models.	

In	order	to	explore	differences	associated	with	high	and	low	prevalence	clusters	

as	determined	by	SatScan	analysis,	sites	were	grouped	into	three	factors:	

i) sites	contained	in	high	prevalence	clusters

ii) Sites	contained	in	low	prevalence	clusters

iii) Site	not	in	spatial	clusters
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Differences	in	environmental	parameters	between	these	factors	were	examined	

using	lm.		

To	build	on	analysis	of	within-season	dynamics	(Chapter	5)	the	temporal	trends	

in	environmental	variables	were	then	explored	with	lmer	adding	day	as	a	fixed	

effect	and	site	as	a	random	effect.		

The	 possible	 environmental	 conditions	 dictating	 the	 presence	 or	 absence	 of	

disease	 were	 investigated	 by	 comparing	 the	 means	 of	 the	 variables	 (pH,	

altitude,	 pond	 temperature	 and	 air	 temperature)	 recorded	 at	 infected	 and	

uninfected	 sites.	 For	 each	variable,	 the	homogeneity	of	 the	variances	between	

infected	and	uninfected	sites	were	tested	using	an	unpooled	F	test.	If	there	was	

no	significant	difference	between	the	variances	of	the	two	groups	(p	>	0.05)	a	t-

test	 was	 performed	 with	 the	 assumption	 of	 equal	 variances.	 However,	 for	

samples	 with	 unequal	 variances,	 a	 Wilcoxon	 rank	 test	 was	 performed	

accounting	for	unequal	variances.	

7.2.2.4.	Host	dynamics	and	population	structure	

Host	 dynamics	 were	 explored	 using	 body	 size	 (SVL),	 sex	 and	 sex	 ratios	

(discussed	 in	 more	 detail	 below).	 Initially,	 the	 relationships	 between	

environmental	variables	and	host	dynamics	were	explored	using	lm	(sex	ratios)	

and	lmer	(SVL	and	Sex)	adding	site	as	a	random	effect.	

The	 influence	 of	 body	 size	 (SVL)	 and	 sex	 on	 individual	 infection	 status	 was	

investigated	using	glmb	where	 infection	was	again	coded	as	a	binary	response	

variable	(infected	=	1;	uninfected	=	0).	Due	to	the	correlation	between	sex	and	

body	 size	 in	 palmate	 newts,	 models	 containing	 SVL	 and	 sex	 as	 fixed	 effects	

including	an	interaction	term	were	explored.		

Odds	ratios	and	95%	confidence	intervals	were	calculated	under	the	epiDisplay	

package	 v.	 3.2.2.0	 (Chongsuvivatwong,	 2015)	 using	 the	 proportion	 of	 infected	

males	and	females	to	report	the	differences	in	infection	risk	between	the	sexes.	

Odds	ratios	were	calculated	as:	
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(Infected	males	*	Uninfected	females)		/	(Infected	females	*	Uninfected	males)	

Sex	ratios	were	manually	calculated	as:	

𝑀𝐹𝑅𝑎𝑡𝑖𝑜 =  
𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑙𝑒𝑠

 𝑇𝑜𝑡𝑎𝑙 𝑓𝑒𝑚𝑎𝑙𝑒𝑠

where	MFRatio	=	1	when	the	number	of	males	and	females	is	equal,	MFRatio	>	1	

when	a	male	bias	was	observed,	and	MFRatio	<	1	if	the	sample	population	had	a	

female	bias.	Regression	analysis	was	used	to	investigate	whether	the	sex	ratios	

observed	 for	 each	 population	 (within	 each	 site)	 was	 related	 to	 the	

presence/absence	of	disease	(lm),	or	the	prevalence	(glmb).		

7.2.2.5.	Mortalities	

Mortalities	 were	 not	 explicitly	 searched	 for	 during	 sampling,	 however,	 when	

mortalities	 were	 discovered	 they	 were	 counted	 and	 inspected	 for	 signs	 of	

infection	(section	2.3.5).	The	mortality	rate	was	calculated	as	the	proportion	of	

mortalities	in	relation	to	the	total	captured	population	(total	mortalities	/	(total	

mortalities	+	number	of	 live	captured	newts).	 	Stepwise	regression	was	run	 in	

both	 directions	 using	 glmb	 to	 select	 predictive	 variables	 based	 on	 the	

combination	that	improved	the	Akaike	Information	Criteria	(AIC;	Akaike,	1974).	

A	 null	 model	 was	 created	 (i)	 and	 a	 multi-variable	 model	 with	 all	 recorded	

explanatory	variables	(ii)	which	include:	

i) Environmental	variables;

ii) Site	level	disease	prevalence;

iii) The	prevalence	of	each	disease	pathology;

iv) Total	pathology	counts

(i) nullMort	<-	glm(cbind(Mortlities,	TotCat)	~	1,	family	=	"binomial",	data	=
Yr1M)	

(ii) fullMort	<-	glm(cbind(Mortlities,	TotCat)	~	pH	+	Prev	+	Pond.Temp	+
Air.Temp	+	MFRat	+	Altitude	+	Mean.Cysts	+	Mean.Ulcers	+	Mean.Lesions	+	

PreInfCysts	+	PreInfLesions	+	PrevInfOed	+	PreInfUlc,	family	=	"binomial",	data	
=	Yr1M)	
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A	glmb	model	was	performed	including	those	variables	determined	by	stepwise	

regression	 as	 fixed	 effects,	 exploring	 the	 statistically	 significant	 liner	

relationships.	

7.2.2.6.	Investigating	patterns	in	the	prevalence	of	pathologies	and	morbidity	

To	 build	 on	 temporal	 investigations	 in	 Chapter	 6,	 the	 relationships	 between	

pathology	 prevalence	 and	 burden	 were	 modeled	 against	 environmental	

variables	and	overall	disease	prevalence.	The	prevalence	of	each	pathology-type	

was	modeled	against	possible	explanatory	variables	as	detailed	 in	 section	2.3.	

using	glmb.	Here,	total	pathology	counts	(i.e.	the	total	number	of	cysts	counted	

on	 a	 single	 individual)	 were	 used	 as	 a	 proxy	 for	 infection	 burden.	 The	

distribution	of	count	data	was	examined,	calculating	a	dispersion	parameter	as	

described	in	section	2.4.1.5,	in	order	to	select	the	most	appropriate	model.	Total	

counts	were	then	modeled	against	environmental	variables,	using	a	glmerzinb	

Mean	counts	were	then	calculated	at	each	site,	in	order	to	account	for	the	affect	

of	 overall	 prevalence,	 and	 modeled	 against	 overall	 disease	 prevalence	 using	

linear	regression	(lm).	To	explore	the	association	between	the	prevalence	of	all	

four	 pathology	 types	 (cysts,	 lesions,	 ulcerations	 and	 oedema)	 and	

environmental	 variables	 and	 overall	 disease	 prevalence	 using	 glm,	 coding	

prevalence	as	the	proportion	of	infected	newts	with	cysts	and	without;	

glm(cbind(Infected	with	cysts,	Infected	without	cysts)	~	water	pH,	data	=	Data)	

7.2.3.	Risk	mapping		

As	detailed	 in	section	2.4.7.	a	data	set	was	created	using	soil	pH	and	elevation	

data	 for	 the	 isle	 of	 Rum,	 attaching	 these	 variables	 to	 points	 every	 5m	 across	

Rum.	Maps	displaying	the	spatial	cover	of	soil	pH	and	elevation	data	across	Rum	

were	 created	 using	 the	 ”plot.xy”	 command	 under	 package	 Graphics	 v.3.3.1	 (R	

Core	Team,	2016).		

A	glm	 was	 used	 to	model	 observed	 disease	 prevalence	 across	 the	 thirty	 sites	

sampled	 in	 2014	 against	 key	 environmental	 predictors	 of	 disease,	 pH	 and	
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altitude.	 The	 model	 coefficients	 were	 extracted	 and	 predicted	 disease	

prevalence’s	 for	 Rum	 calculated	 using	 soil	 pH	 and	 elevation	 dataset.	 These	

values	were	mapped	providing	a	disease	prediction	map	for	the	island	based	on	

data	collected	in	2014.		

The	 longitude	 and	 latitude	 of	 all	 thirty	 locations	 sampled	 during	 surveying	

(section	7.2.1)	were	converted	 to	Easting’s	and	Northings	and	paired	with	 the	

closest	 point	 (nearest	 5m)	 where	 estimated	 soil	 pH	 and	 elevation	 data	 was	

available.	 A	 dataset	was	 produced,	 compiling	 the	 observed	 and	 predicted	 pH,	

elevation	and	disease	prevalence’s,	which	were	plotted	and	explored.	

Finally,	 the	 regression	model	 residuals	 were	 extracted	 and	mapped,	 showing	

locations	where	 prevalence	was	 higher	 (>0)	 or	 lower	 (<0)	 than	 expected	 and	

therefore	not	explained	fully	by	the	model.	
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7.3.	RESULTS	

7.3.1.	Spatial	

A	total	of	742	newts	were	captured	(361	male;	381	female).	A	total	of	222	newts	

were	described	exhibiting	gross	pathologies	consistent	with	disease	caused	by	

Amphibiothecum	 meredithae,	 giving	 an	 overall	 disease	 prevalence	 of	 29.8%	

(95%	confidence	intervals	(CI)	[20.2,	39.4]).	Disease	was	widespread	across	the	

island,	 with	 infected	 animals	 captured	 at	 twenty-three	 of	 the	 thirty	 sampled	

sites		(76.7%	[59.1,	88.2];	Figure	7.2a).	Prevalence	varied	considerably	between	

sites,	ranging	from	0%	to	100%,	across	a	small	spatial	scale	For	example	sites	

M1	and	M2,	located	250m	apart	and	connected	via	a	stream,	had	prevalence’s	of	

0%	and	86%	respectively.	

Spatial	disease	clusters	were	determined	by	SatScan	analysis,	 identifying	areas	

(sites	or	 clusters	of	 sites)	where	observed	prevalence	was	significantly	higher	

or	lower	than	expected,	if	an	even	distribution	of	disease	was	presumed.	Spatial	

analysis	of	disease	prevalence	identified	three	primary	statistically	significant	(p	

<	 0.001)	 spatial	 clusters	 containing	 more	 than	 one	 site	 (Table	 7.1;	 Figure	

7.2).	Nine	spatial	clusters	containing	a	single	site	are	not	displayed.			

Table	7.1:	Statistically	significant	clusters	of	disease	as	determined	by	SatScan,	
showing	 the	 number	 of	 observed	 and	 expected	 cases,	 the	 relative	 risk	 and	
95%CI	

Cluster	 #	of	

ponds	
Popn	

Observed	

cases	

Expected	

cases	

Obs./

Exp.	

Relative	

Risk	(RR)	
95%	CI	

1	 10	 216	 118	 64.04	 1.84	 2.82	 2.28,	3.48	

2	 6	 116	 1	 34.39	 0.003	 0.025	 0.004,	
0.17	

3	 4	 95	 60	 28.17	 2.13	 2.55	 2.08,	3.13	
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Figure	7.2:	Ordnance	survey	map	of	the	Isle	of	Rum.	A)	Spatial	distribution	of	disease	presence	and	prevalence	where	diagrams	
show	the	proportion	of	infected	(dark	blue)	and	uninfected	(light	blue)	animals,	with	size	scaled	by	total	catch;	B)	prevalence	
clusters,	as	determined	by	SatScan,	are	marked	with	coloured	circles;	Clusters	1	and	3	(pink)	represent	areas	with	a	higher	than	
expected	prevalence;	 Cluster	2	 (green)	marks	 an	 area	with	prevalence’s	 lower	 than	 expected.	 Sites	M1	and	M2	 representing	
areas	of	high	and	low	prevalence	in	close	proximity	are	highlighted.	
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Cluster	 1	was	 the	 largest	 cluster	 recovered.	 Located	 in	 the	 South	West	 of	 the	

island,	 the	 number	 of	 observed	 cases	 was	 1.84x	 higher	 (nearly	 double)	 than	

expected,	 giving	 a	 high	 relative	 risk	 of	 disease	 in	 this	 area	 (RR	 =	 2.82	 [2.28,	

3.48]).	Cluster	2	centered	in	the	East	of	the	island	near	the	main	village,	where	

the	 relative	 risk	of	disease	was	significantly	 lower	 (RR	=	0.0025	 [0.004,	0.17])	

than	expected.	This	cluster	contained	6	sites	but	 just	a	single	 infected	newt.	A	

third	 cluster	 in	 the	 center	 of	 the	 island,	 falling	 within	 cluster	 1,	 again	 had	

significantly	more	cases	of	disease	than	expected	(2.13x	higher;	RR	=	2.55	[2.08,	

3.13]).	To	further	explore	the	biological	or	physical	processes	that	could	lead	to	

these	 patterns	 of	 disease	 environmental	 variables	 and	 within	 site	 dynamics	

were	further	explored	in	the	context	of	spatial	clusters.		

7.3.2.	Environmental	Variables	

7.3.2.1.	Pair-wise	comparisons	of	environmental	variables	

A	large	range	in	water	pH	was	recorded	across	sampled	sites,	from	4.68	(acidic)	

to	8.08	(alkaline),	and	the	sampled	sites	represented	an	altitudinal	range	of	25m	

to	 473m,	 with	 the	 maximum	 altitude	 on	 Rum	 reaching	 812m.	 In	 order	 to	

determine	 how	 variables	 interact	 before	 investigating	 their	 relationships	 to	

disease	 occurrence,	 the	 pair-wise	 relationships	 between	 environmental	

variables	 were	 tested.	 A	 significant	 positive	 relationship	 between	 air	

temperature	and	pond	temperature	was	recovered	(p	=	0.001;	Figure	7.4c).	No	

other	 significant	 relationships	were	 recovered	 (p	>	0.25)	 that	would	 confound	

analysis	when	environmental	variables	are	modeled	against	disease.	
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Figure	7.3:	Pair-wise	analysis	of	environmental	variables	showing	pearsons	moment	correlation	coefficient	(R2)	and	p-values.	
Linear	regression	(red	line)	and	95%	CI	(grey	shading)	and	loess	line	(black	line),	and	for	altitude	(b)	GAM	fitted	as	blue	line.	
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7.3.2.2.	Temporal	variation	

In	 Chapter	 5,	multiple	 visits	made	 to	 the	 same	 sites	were	 used	 to	 investigate	

temporal	variation	 in	environmental	variables	within	a	single	season.	 In	order	

to	 further	 confirm	 this,	 and	 investigate	 any	 temporal	 trends	 across	 a	 broader	

spatial	 scale,	 variables	 were	 modeled	 against	 the	 day	 of	 sample	 collection	

(Appendix	7.I).	Linear	regression	confirmed	water	temperature	increased	across	

the	 season	 (p	 <	 0.001).	 Water	 pH	 and	 air	 temperature	 had	 no	 statistically	

significant	relationship	to	day	(p	>	0.19).	

7.3.2.3.	Variation	in	environmental	variables	between	spatial	clusters	

To	 inspect	 the	 relationships	 between	 variables	 and	 spatial	 clusters	 (section	

7.3.2),	 those	clusters	representing	areas	of	higher	than	expected	prevalence	(1	

and	3;	Figure	7.2)	were	 combined	 into	 cluster	 1.	 The	 environmental	 variables	

recorded	at	sites	falling	within	clusters	(Table	7.4)	and	outside,	were	compared	

in	order	to	identify	variables	associated	with	spatial	clusters	(Figure	7.4).		

Figure	7.4:	Environmental	variables	grouped	by	spatial	clusters	as	determined	
by	SatScan	analysis.	
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No	 statistically	 significant	 difference	 in	 variables	 was	 found	 between	 sites	 in	

clusters	 1,	 2	 or	 sites	 outside	 clusters	 (Figure	 7.4;	 p	 >	 0.5).	 However,	 the	

qualitative	difference	 in	pH	between	clusters	of	high	and	 low	prevalence	sites	

(Figure	7.4a)	was	further	explored	by	removing	sites	falling	outside	of	clusters	

from	analysis,	finding	sites	in	cluster	1	had	a	significantly	higher	pH	(𝑥	=	6.84)	

than	sites	in	cluster	2	(𝑥	=	5.16;	p	=	0.002).	

7.3.2.4.	Relationship	between	environmental	variables	and	host	characteristics	

Variables	 representing	 host	 characteristics	 or	 population	 structure,	 including	

SVL	 and	 sex	 ratios	 were	modeled	 against	 environmental	 parameters.	 Neither	

the	male	 to	 female	 ratio,	 SVL	or	 total	 catch	were	 influenced	by	any	measured	

variable	(p	>	0.13),	with	the	exception	of	sex	ratios	and	water	temperature.	As	

water	 temperature	 increased,	 the	male	 to	 female	 ratio	 increased	 indicating	 a	

shift	 to	 male	 bias	 in	 the	 sampled	 population	 (coefficient	 (β)	 =	 -0.09	 [-0.16,	 -

0.02];	p	=	0.019;	Figure	7.5).	

Figure	 7.5:	 Variation	 in	 sex	 ratios	 with	 changing	 water	 temperature.	 Linear	
model	fitted	(red-line)	with	95%CI	(grey	shading).	Blue	dashed	line	indicates	an	
equal	male	to	female	sex	ratio	
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7.3.3.	Presence	and	absence	of	disease	linked	to	environmental	variables	

A	 statistically	 significant	 relationship	 between	 pH	 and	 disease	 presence	 (p	 =	

0.02;	Figure	7.6a),	indicated	an	increase	in	the	odds	of	infection	by	1.8x	(95%CI	

[0.77,	 2.38])	 for	 every	 unit	 increase	 in	 pH.	 No	 other	 statistically	 significant	

differences	in	altitude	(p	=	0.2),	water	temperature	(p	=	0.57)	or	air	temperature	

(p	=	0.88)	were	determined	between	infected	and	uninfected	sites	(Figure	7.6b,	

c	&	d).		

Figure	 7.6:	 Comparison	 of	 environmental	 variables	 recorded	 at	 infected	 and	
uninfected	sites	

7.3.4.	Disease	Prevalence	

For	every	unit	increase	in	pH	the	odds	of	being	infected	increased	by	3.91	[2.55,	

6.35],	 where,	 as	 with	 presence,	 the	 most	 alkaline	 conditions	 were	 associated	

with	 higher	 prevalence	 (p	 <	 0.001;	 Figure	 7.7a).	 In	 addition,	 no	 sites	 located	

within	 the	 low	 prevalence	 spatial	 cluster	 has	 a	 pH	 greater	 than	 5.77	 (Figure	

7.7a).	 Due	 to	 the	 shape	 of	 altitudinal	 data	 (Figure	 7.7b)	 a	 GAM	 was	 run	 in	

addition	 to	 comparing	 the	 fit	 of	 linear	 and	 polynomial	 models,	 but	 no	

statistically	 significant	 relationship	 was	 determined	 (p	 >	 0.14).	 No	 other	
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statistically	 significant	 relationships	 were	 determined	 between	 water	

temperature	(p	=	0.66;	Figure	7.7c)	or	air	temperature	(p	=	0.61;	Figure	7.7d).		

Figure	7.7:	Scatter	plots	of	disease	prevalence	against	environmental	variables	
with	linear	regression	(red	line)	and	95%	CI	(grey	shading)	and	a	GAM	fitted	for	
altitude	(b:	blue	line).	

7.3.5.	Host	population	dynamics	and	disease	

7.3.5.1.	Disease	and	body	size	

Snout	 to	 vent	 length,	 (SVL),	measurements	were	 taken	 as	 a	measure	 of	 body	

size.	 SVL	 ranged	 from	 2.8cm	 to	 4.5cm	 (𝑥 =	 3.67cm),	 with	 diseased	 newts	

significantly	 smaller	 in	 size	 (3.57cm	±0.02),	 than	 those	without	 gross	 signs	 of	

infection	(3.71cm	±0.01;	p	<	0.001;	Figure	7.8).	However,	body	size	is	also	highly	

correlated	with	 sex,	where	males	 are	 significantly	 smaller	 than	 females	 (β	=	 -

0.47	[0.002,	-27.54],	p	<	0.001;	Figure	7.8).		
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Figure	 7.8:	Boxplots	showing	 the	snout	 to	vent	 length	measurement	of	newts	
that	 were	 uninfected	 (visibly	 disease	 free)	 and	 infected	 newts	 with	 gross	
pathologies,	grouped	by	sex.	

7.3.5.2.	Sex-linked	infection	risk	

A	total	of	361	males	and	381	females	were	captured	during	sampling,	indicating	

a	slight	female	bias	in	the	overall	population.	A	higher	proportion	of	males	were	

described	 with	 infection	 (33.7%	 	 [29.4,	 39.1])	 compared	 to	 females	 (24.4%	

[21.1,	 29.8]),	 and	 sex	was	 determined	 to	 be	 a	 significant	 predictor	 of	 disease,	

where	males	were	1.51	times	more	likely	to	be	diseased	than	females	(p	=	0.01).	

However,	 when	 both	 SVL	 and	 sex	were	 added	 to	 the	model,	 SVL	 remained	 a	

statistically	significant	predictor	of	infection	(p	=	0.03),	whilst	sex	was	no	longer	

an	important	factor	for	disease.		

If	 males	 are	 more	 susceptible	 to	 disease,	 this	 may	 impact	 sex	 ratios	 at	 a	

population	level,	particularly	in	higher	prevalence	sites.	However,	when	the	sex	

ratios	were	 explored,	 there	was	 no	 significant	 difference	 in	 the	 proportion	 of	

males	to	females	at	sites	with	infection	(OR	=	0.69	[0.42,	1.12],	p	=	0.14)	(Figure	

7.9),	nor	 were	 sex	 ratios	 influenced	 by	 disease	 prevalence	 (OR	 =	 0.99	 [0.99,	

1.01],	 p	 =	 0.76).	 	 However,	 sites	 falling	 within	 the	 low	 prevalence	 cluster,	 on	

average	had	a	male:female	ratio	closer	to	1	(clustering	around	the	dashed	line;	

Figure	7.9)	indicating	an	equal	proportion	of	males	to	females.	
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Figure	 7.9:	 Sex	 ratios	 recorded	 in	 a)	 uninfected	 and	 infected	 sites	 and	 b)	
modeled	against	disease	prevalence	with	glm	model	fitted	(red	line)	and	95%CI.	
Blue	dashed	line	indicates	an	equal	proportion	of	males	and	females.	

7.3.6.	Prevalence	of	disease	morphologies	and	morbidity	

Across	infected	newts,	cysts	were	the	most	common	pathology,	described	across	

64.7%	 of	 infected	 newts.	 Oedema	 was	 the	 second	 most	 common,	 with	 47%	

presenting	with	discrete	or	generalized	oedema.	Lesions	and	ulcerations	were	

the	 least	 common,	 represents	 28.9%	 and	 19%	 of	 infected	 newts	 respectively.	

Total	 cyst	 burden	 ranged	 from	 1	 to	 95	 with	 a	 mean	 of	 15.03	 (Figure	 7.10).		

Lesion	burden	and	ulceration	burden	where	much	lower,	ranging	from	1	to	13	

(x =	1.9)	and	1	to	12	(x	=	2.7),	respectively.		
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Figure	7.10:	VennDiagram	showing	the	combinations	of	pathologies	presenting	
across	infected	newts	sampled	in	2014	

7.3.6.1.	Prevalence	of	disease	morphologies	and	environmental	variables	

The	 relationships	 between	 the	 prevalence	 of	 individual	 pathologies	 (cysts,	

lesions,	 oedema	 and	 ulcerations)	 and	 environmental	 variables	 were	

investigated	 (Appendix	7.II),	 where	 statistically	 significant	 linear,	 quadratic	 or	

cubic	relationships	are	discussed	below.		

No	statistically	significant	relationships	were	identified	between	the	prevalence	

of	cysts	and	any	measured	environmental	variables	(p	>	0.09).	 	The	prevalence	

of	lesions	showed	an	overall	decreasing	trend	as	temperature	increased,	with	a	

negative	linear	relationship	to	air	temperature	(OR	=	0.88	[0.81,	0.95];	p	=	0.001;	

Figure	7.11a),	 and	 a	 polynomial	 relationship	 to	water	 temperature	 showing	 a	

peak	 at	 14°C	 before	 declining	 as	water	warmed	 (p	=	0.007;	 Figure	7.11b).	 No	

statistically	 significant	 relationships	 were	 determined	 between	 lesion	

prevalence	and	pH	(p	=	0.63)	or	altitude	(p	=	0.08).	
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Figure	7.11:	The	prevalence	of	lesions	against;	a)	air	temperature	and	b)	water	
temperature	with	regression	models	fitted	(red	line)	and	95%	CI	(grey	shading). 

The	 prevalence	 of	 oedema	 amongst	 infected	 newts	 was	 lowest	 as	 pH	

approached	neutral,	 increasing	 in	 the	most	 acidic	 and	most	 alkaline	 sites	 (p	=	

0.04;	 Figure	 7.12a).	 In	 addition,	 the	 highest	 prevalence	 of	 oedema	 were	

recorded	when	the	air	temperature	was	higher	(OR	=	1.08	[1.01,	1.15];	p	=	0.03;	

Figure	7.12b).	No	statistically	significant	relationship	was	determined	between	

the	prevalence	of	odema	and	altitude	(p	=	0.1)	or	water	temperature	(p	=	0.97).	

Figure	7.12:	Prevalence	of	oedema	against	a)	pH	and	b)	air	temperature	with	
regression	models	fitted	(red	line)	and	95%CI	(grey	shading).	

Similar	 to	 oedema,	 ulceration	 prevalence	 was	 highest	 at	 the	 most	 acidic	 and	

alkaline	sites	(p	=	0001;	Figure	7.13a),	and	when	air	temperature	was	high	(OR	=	

1.12	 [1.03,	 1.23];	 p	 =	 0.01;	 Figure	 7.13b).	 Here,	 higher	 water	 temperature	was	

also	associated	with	high	ulceration	prevalence	(OR	=	1.27	[1.12,	1.46];	p	<	0.001;	

Figure	7.13c).	Altitude	was	not	found	to	be	a	predictor	of	ulceration	prevalence	

(p	=	0.8).	
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Figure	7.13:	Prevalence	of	ulcerations	against	a)	pH,	b)	air	temperature	and	c)	
water	 temperature	 with	 regression	models	 fitted	 (red	 line)	 and	 95%CI	 (grey	
shading).	

	

	

7.3.6.2.	Pathology	burden	and	environmental	variables	

Prior	 to	 modeling	 pathology	 burden	 against	 possible	 predictor	 variables,	 the	

underlying	distribution	of	count	data	was	examined,	where	histograms	(Figure	

7.14)	 and	 dispersion	 parameters	 (k	<	 0.103	where	 <	 1	 indicates	 data	 is	 over	

dispersed)	indicated	that	data	was	over	dispersed	(Appendix	7.III).		
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Figure	 7.14:	 Histogram	 plot	 of	 cyst	 counts	 showing	 the	 distribution	 of	 cyst	
burden	amongst	infected	newts	

The	 relationships	 explored	 between	 pathology	 burden	 and	 environmental	

variables	 are	 presented	 in	 Appendix	 7.IV,	 presenting	 here	 only	 those	 with	

statistically	significant	linear,	quadratic	or	cubic	relationships.		

A	 glmerzinb	 determined	 a	 statistically	 significant	 relationship	 between	 pH	 and	

cyst	 burden	 (p	<	0.001;	Figure	7.15),	 however	 this	 represented	 an	 increase	 in	

cyst	 burden	 of	 just	 1.97	 with	 each	 unit	 increase	 in	 pH.	No	 other	 statistically	

significant	relationships	were	recovered	(p	>	0.45).	

Figure	7.15:	Relationship	between	cyst	burden	and	pH	

Lesion	counts	had	a	linear	relationship	to	pH,	with	burden	increasing	as	water	

approached	circumneutral	 (Figure	7.16a).	 In	addition,	 a	quadratic	 relationship	

to	 altitude	 (p	=	0.018;	 Figure	7.16b)	 and	 pond	 temperature	 (p	=	0.018;	 Figure	
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7.16c)	were	 determined,	 however	 qualitatively	 these	 relationships	 showed	no	

biologically	significant	patter.	

Figure	7.16:	Relationship	between	lesion	burden	and	a)	pH;	b)	altitude	and	c)	
water	temperature	

Similar	to	cyst	burden,	ulceration	burden	had	a	positive	linear	relationship	with	

pH	 (p	=	0.001),	 however	 this	 represented	 an	 increase	 of	 just	 4.5	 [1.87,	 11.66]	

ulcerations	with	 each	 until	 increase	 in	 pH	 (Figure	7.17).	 No	 other	 statistically	

significant	relationships	were	recovered	(p	>0.09).	

Figure	7.17:	Relationship	between	ulceration	burden	and	pH	

7.3.6.3.	Disease	prevalence	and	the	prevalence	of	disease	morphologies	

No	statistically	significant	relationship	was	observed	between	the	prevalence	of	

animals	with	cysts	and	overall	disease	prevalence	(p	=	0.097;	Figure	7.18a).	The	
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prevalence	of	animals	with	lesions	decreased	as	the	overall	disease	prevalence	

increased	(OR	=	0.99	[0.97,	0.99];	p	=	0.03;	Figure	7.18b).	

Figure	 7.18:	 Pond	 level	disease	prevalence	against	 the	prevalence	of	 infected	
animals	described	with;	a)	cysts	and	b)	lesions.	Linear	regression	models	fitted	
with	95%	CI	(red	line	with	grey	shading).	

The	 prevalence	 of	 oedema	 was	 highest	 when	 overall	 prevalence	 was	 high	

although	 a	 significant	 quadratic	 relationship	was	 identified	 indicating	 a	 slight	

peak	 at	 low	 prevalence	 (p	 =	 0.003;	 Figure	 7.19a).	 Despite	 little	 qualitative	

pattern	in	the	prevalence	of	ulcerations	and	overall	disease	prevalence	(Figure	

7.18d)	 a	 significant	 positive	 relationship	 was	 recovered,	 suggesting	 that	 the	

proportion	 of	 newts	 with	 ulcerations	 increased	 with	 increasing	 disease	

prevalence	(OR	=	1.018	[1.002,	1.03];	p	=	0.022).	

Figure	 7.19:	 Pond	 level	disease	prevalence	against	 the	prevalence	of	 infected	
animals	described	with;	a)	oedema	and	b)	ulcerations.	Linear	regression	models	
fitted	with	95%	CI	(red	line	with	grey	shading).	
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7.3.6.4.	Disease	prevalence	and	pathology	burden	

The	 relationship	 between	 overall	 disease	 prevalence	 and	 morbidity	 was	

investigated	 using	 the	mean	 burden	 of	 each	 discrete	 pathology	 (cysts,	 lesions	

and	 ulcerations).	 Cyst	 and	 lesion	 burden	 had	 similar	 relationships	 to	 overall	

disease	 prevalence.	 The	 average	 burden	 of	 both	 pathologies	 peaked	 when	

disease	prevalence	was	around	50%	(Cysts,	p	=	0.004;	Lesions,	p	=	0.027;	Figure	

7.19a,b).	 Mean	 ulceration	 counts	 increased	 linearly	 with	 increasing	 disease	

prevalence,	 occurring	 at	 the	 highest	 abundance	 in	 sites	 with	 highest	 disease	

levels	(OR	=	0.03[0.01,	0.04];	p	=	0.001;	Figure	7.19c).	

Figure	 7.20:	 Relationships	 between	 mean	 pathology	 burdens	 and	 overall	
disease	prevalence,	with	best	fit	linear	or	polynomial	models	fitted	(black	line)	
with	95%CI	(grey	polygon).	
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7.3.7.	Mortalities	

A	 total	 of	 74	 dead	 bodies	 were	 discovered	 during	 routine	 sampling,	

representing	9%	of	the	total	population	(mortalities	+	total	live	catch),	all	from	

disease	positive	ponds	(n	=	11).	The	highest	number	recovered	at	a	single	site	

was	 19.	 Many	 of	 the	 dead	 newts	 discovered	 were	 too	 decomposed,	 or	 had	

significant	 fungal	 growth,	 that	 prevented	 the	 identification	 of	 pathologies	

consistent	with	disease	 caused	by	A.	meredithae.	However	 all	 those	 that	were	

sufficiently	preserved	 (n	=	42)	had	 signs	of	disease,	 from	discrete	 cysts	 to	 full	

body	 oedema.	 Stepwise	 regression	 determined	 eight	 of	 thirteen	 candidate	

predictor	variables,	 representing	pathology	prevalence	and	burden,	 sex	ratios,	

and	environmental	variables,	improved	the	AIC	(AICnull	=	215.14,	AICbest	=	61.34;	

Appendix	7.V).	 All	 variables	 included	 in	 the	 final	model,	with	 the	 exception	 of	

water	 temperature	 (p	 =	 0.21;	 Figure	 7.21a),	 had	 a	 statistically	 significant	

relationship	to	mortality	rates	(p	<	0.03;	Figure	7.21b-h;	Appendix	7.VI)	
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Figure	 7.21:	 Prevalence	 of	 mortalities	 and	 modeled	 variables.	 Logistic	
regression	model	fitted	showing	positive	linear	(red),	negative	linear	(blue)	and	
non-significant	relationships	(black)	with	95%CI’s	(grey	shading)	

7.3.8.	Disease	prediction	maps	

Elevation	(Figure	7.21a)	and	soil	pH	maps	(Figure	7.21b)	were	created	based	on	

OS	data	(Ordnance	Survey	(GB),	2016)	and	topsoil	pH	(Morton	et	al.	2011).	
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Figure	7.22:	Maps	of	altitudinal	data	(a)	and	estimated	soil	pH	(b)	for	the	Isle	of	Rum	

SSKIB derived pH for "semi-natural" soils for upper horizon 
 for dominant soil © The James Hutton Institute 2010. 
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Model	 coefficients	extracted	 from	a	disease	prediction	model	 (Table	7.3)	were	

used	to	predict	disease	prevalence	across	the	Isle	of	Rum.	

Table	7.2:	Coefficients	and	standard	error	from	logistic	regression	model	used	
to	predict	disease	prevalence’s	based	on	pH	and	altitude	variables	

Variable	 Coefficients	 Std.	Error	

(Intercept)	 -9.2567 0.78	
pH	 1.3849 0.12	

Altitude	 -0.00127 0.001	

Calculated	 prevalence	 values	 (Appendix	 7.VII)	 were	 mapped	 to	 give	 disease	

prediction	 maps	 across	 the	 Isle	 of	 Rum	 (Figure	 7.22).	 Predicted	 disease	

prevalence	 ranged	 from	 1.6%	 to	 48.8%.	 With	 the	 exception	 of	 two	 discrete	

areas	of	high	disease	prevalence	on	the	south	west	coast	of	the	island,	predicted	

prevalence	was	low	across	the	island	(𝑥		=	10.9	[10.79,	10.9];	Figure	7.22).	

Figure	7.23:	Disease	prediction	map	of	the	Isle	of	Rum	using	disease	prevalence	
models	based	on	2014	data,	known	elevation	and	soil	pH.	

Sampled	 sites	 were	 paired	 to	 locations	 used	 for	 disease	 prediction	 maps,	

matching	Easting’s	and	Northings	to	the	nearest	25m.	Observed	water	pH	had	a	
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much	greater	range	than	soil	pH	estimates	(Observed	=	4.68	to	8.08;	Soil	=	3.9	to	

6.79;	 Figure	 7.23a)	 and	 was	 not	 as	 acidic	 (𝑥 	observed	 =	 6.31;	𝑥	soil	 =	 5.2).	

Recorded	 altitude	 generally	 matched	 those	 extracted	 from	 OS	 maps	 (Figure	

7.23b),	 however	 there	 were	 some	 inconsistences.	 This	 is	 likely	 due	 to	 some	

discrepancy	when	matching	 sampled	 sites	 to	 data	 from	OS	maps,	which	were	

rounded	to	the	nearest	25m.	The	anomalous	values,	particularly	for	altitude	and	

pH	data	were	explored,	however	there	was	no	overlap	between	anomalous	data	

points	in	plots	of	pH,	altitude	or	prevalence.	

Figure	7.24:	Recorded	environmental	parameters	plotted	against;	a)	recorded	
pH	 measurements	 against	 soil	 pH	 estimates;	 b)	 recorded	 altitude	 against	 OS	
map	elevation.	A	45	degree	reference	 line	added	to	show	where	points	should	
lie	if	observed	and	obtained	values	are	equal	

Predicted	 disease	 prevalence	 had	 a	much	 smaller	 range	 (1.4%	 to	 32.1%)	 and	

was	consistently	low	(𝑥	=	10.99),	despite	observed	prevalence’s	ranging	from	0	
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to	100%	with	a	mean	of	29.8%	(Figure	7.25).	This	is	likely	due	to	the	estimated	

soil	 pH	 being	 consistently	 low	 (𝑥 	=	 5.2)	 compared	 to	 observed	 water	 pH	

reaching	8.08	 (𝑥	=	6.31)	and	high	prevalence	 sites	more	common	when	water	

alkalinity	was	high	(Figure	7.23a;	section	7.3.4).		

Figure	7.25:	Observed	disease	prevalence	plotted	against	predicted	prevalence	
used	for	disease	prediction	mapping,	with	45	degree	reference	line	

The	 model	 residuals	 were	 mapped	 onto	 sampled	 locations,	 showing	 areas	

where	 the	 regression	 model	 over	 and	 under	 predicted	 observed	 disease	

prevalence	 (Figure	 7.25).	 There	 was	 no	 overall	 spatial	 clustering	 of	 residuals	

evident,	indicating	that	no	strong	environmental	or	geographic	component	was	

missing	 from	the	model.	For	example,	 sites	where	 the	model	heavily	under	or	

over	 predicted	 could	 be	 closely	 located	 (Figure	 7.25;	 black	arrows).	 However,	

one	 cluster	 of	 sites	 was	 identified	 (Figure	 7.25;	 dashed	 circle)	 where	 disease	

prevalence	was	higher	than	the	model	predicted,	suggesting	that	conditions	 in	

this	area	may	facilitate	the	proliferation	of	disease.		
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Figure	 7.26:	Model	 residuals	at	 sampled	sites	showing	where	 the	model	over	
predicts	 (red)	 and	 under	 predicts	 (blue),	 highlighting	 a	 cluster	 of	 sites	where	
observed	prevalence	was	higher	 than	 the	model	predicted	(dashed	circle)	and	
locations	of	sites	under	predicted	by	the	model	in	close	proximity	to	sites	over	
predicted	(black	arrows). 
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7.4.	DISCUSSION	

This	Chapter	aimed	to	explore	disease	etiology	on	the	Isle	of	Rum	to	determine	

the	 spatial	 structure	 of	 infection	 and	 identify	 clusters	 of	 disease,	 as	 well	 as	

revealing	the	potential	environmental	determinants	dictating	these	patterns.	In	

Chapter	5	and	6,	significant	variability	in	disease	prevalence	and	morbidity	was	

observed	over	just	a	small	subset	of	sites	in	a	spatially	restricted	area.	Potential	

determinants	of	disease	were	explored	in	this	Chapter,	based	on	data	collected	

from	sites	covering	a	broad	spatial	scale	on	Rum.	This	provided	a	more	detailed	

picture	of	disease	at	the	population	level,	identifying	factors	that	may	facilitate	

increased	incidence,	morbidity	or	mortality,	and	allowed	the	production	of	the	

first	disease	risk	maps	for	the	island.	It	also	represents	the	first	comprehensive,	

broad	 spatial	 study	 of	 amphibian-infecting	 dermocystids,	 exploring	 the	

distribution	and	outcome	of	disease	within	a	heterogeneous	landscape.	

7.4.1.	Disease	prevalence	

Overall,	29.7%	(n	=	742)	of	animals	captured	across	the	island	had	visible	signs	

of	 disease,	 with	 prevalence	 varying	 significantly	 between	 sites	 from	 0%	 to	

100%.	 	 Very	 few	 studies	 of	 amphibian-infecting	 dermocystids	 have	 looked	 to	

estimate	the	prevalence	of	infection	across	more	than	one	location,	with	a	single	

study	 explicitly	 examining	 the	 spatial	 distribution	 of	 disease	 caused	 by	 a	

dermocystid	 pathogen,	 potentially	 the	 same	 species	 as	 that	 on	 Rum,	 A.	

meredithae	 (Courtois	 et	 al.	 2013).	 The	 study	 recorded	 prevalence’s	 of	 0%	 to	

25%	at	9	sampled	locations,	reporting	an	average	prevalence	of	6.7%	(±	9.3%)	

across	all	sites.	In	comparison,	the	prevalence	of	disease	on	Rum	appears	to	be	

much	higher,	with	a	mean	of	29.8%	(±19.2),	and	prevalence’s	reaching	100%	at	

a	 single	 location.	 Across	 other	 amphibian-infecting	 dermocystids	 prevalence’s	

have	never	exceeded	60%	in	any	single	population	(Raffel	et	al.	2008;	Pascolini	

et	al.	2003;	 Jay	and	Pohley,	1981;	Feldman	et	al.	2005;	González-Hernández	et	

al.	2010),	and	these	estimates	tend	to	be	based	on	small	numbers	of	individuals	

and/or	 single	 locations,	 often	 targeted	 due	 to	 the	 presence	 of	 disease,	 likely	

leading	 to	 estimates	 that	 are	 higher	 than	 baseline	 prevalence.	 Prevalence	 at	
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individual	 sites	 were	 as	 high	 as	 100%.	 Although	 this	 represents	 just	 a	 single	

sample	 from	a	 single	 location,	prevalence	greater	 than	50%	(55.26%	 -	100%)	

was	common	 in	Rum	newt	populations,	 recorded	at	8	out	of	30	sites	(26.7%),	

suggesting	the	presence	of	conditions	on	Rum	that	can	facilitate	extremely	high	

levels	of	disease.	

7.4.2.	Spatial	clusters	of	disease	risk	

The	 presence	 and	 prevalence	 of	 infection	 was	 not	 homogeneous	 across	 the	

island,	 ranging	 from	 0	 to	 100%.	 In	 addition,	 spatial	 analysis	 recovered	 some	

significant	 clusters	 of	 disease,	 identifying	 two	 areas	 where	 prevalence	 was	

significantly	higher	(Figure	7.2;	cluster	1)	and	lower	(Figure	7.2;	cluster	2)	than	

expected.	 High	 prevalence	 clusters	 were	 characterised	 by	 significantly	 higher	

water	 pH	 compared	 to	 those	 sites	 in	 low	 prevalence	 clusters,	 suggesting	 that	

water	pH	is	 in	some	way	regulating	 infection	and	disease	dynamics	across	the	

island.	

In	 addition	 to	 the	 recovery	 of	 some	 distinct	 spatial	 clusters,	 sites	with	 vastly	

different	 prevalence’s	 in	 close	 proximity	 and/or	 connected	 by	 streams	 or	

periodic	bog	were	also	observed.	This	observation	was	consistent	with	studies	

in	 south	 France,	 where	 uninfected	 sites	 were	 found	 to	 be	 closely	 located	 to	

higher	prevalence	sites	(Courtois	et	al.	2013)	rather	than	clustering	of	infected	

sites.	 Overall	 this	 suggests	 that	whilst	 some	 larger	 spatial	 areas	may	 differ	 in	

risk,	 the	determinants	of	disease,	such	as	pH,	can	exist	at	a	small	spatial	scale.	

Alternatively,	this	may	be	explained	by	a	“seed	effect”.	The	migration	of	a	single,	

or	small	number	of,	infected	newts	to	an	otherwise	uninfected	site	may	lead	to	

the	observation	of	low	prevalence	at	certain	times.	Infection	may	even	spread	to	

a	small	number	of	individuals	but	if	conditions	are	not	suitable	for	infection	to	

proliferate,	 i.e.	 optimum	 environmental	 conditions	 or	 host	 density,	 infection	

prevalence	will	not	increase.		
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7.4.3.	Environmental	determinants	of	disease	

Whilst	preliminary	data	 found	a	 relationship	between	altitude	and	prevalence	

on	 Rum	 (Anderson,	 2011;	 McMurdo-Hamilton,	 2012),	 when	 sampling	 was	

performed	over	a	greater	 spatial	 and	altitudinal	 range	–	an	elevation	 range	of	

453	m	 compared	 to	 235	m	 and	 198	m	 in	 2011	 and	 2012	 respectively	 -	 this	

relationship	was	not	apparent.	Water	pH	was	 the	only	environmental	variable	

found	to	be	a	significant	predictor	of	disease,	where	prevalence	increased	with	

increasing	pH	and	the	pH	of	uninfected	sites	never	exceeding	5.8.	This	supports	

the	 relationships	 observed	 during	 previous	 surveys	 (Anderson,	 2011;	

McMurdo-Hamilton,	 2012),	 suggesting	 a	 strong	 relationship	 with	 pH	 (or	 pH	

related	 factors)	 seemingly	 unaffected	 by	 small	 sample	 sizes.	 However,	 the	

mechanisms	leading	to	the	absence	of	disease	or	low	prevalence	in	acidic	sites	is	

unclear	and	may	be	the	result	of	environmental	variables	impacting	the	host	or	

the	pathogen.	

The	 effects	 of	 pH	 on	 amphibian-infecting	 dermocystid	 species	 has	 not	 been	

investigated	 outside	 of	 the	 Isle	 of	 Rum	 and	 the	 pathogens	 ability	 to	 tolerate	

acidic	 conditions	 in	 other	 systems	 is	 not	 known.	 However,	 lower	 infection	

prevalence	 of	 D.	 percae	 has	 been	 reported	 in	 perch	 inhabiting	 acidic	

environments	 (Halmetoja	 et	 al.	 2000).	 This	 gives	 further	 support	 to	 the	

hypothesis	 that	 the	 pathogens	 physiology	 is	 affected	 by	 water	 pH,	 perhaps	

representing	a	trait	of	the	Dermocystida	order.	However,	not	only	was	infection	

lower	 in	 acidic	 conditions,	 prevalence	 appeared	 to	 increase	 with	 increasing	

alkalinity,	suggesting	not	only	a	threshold	for	pathogen	survival	but	that	some	

other	factor	may	be	influencing	disease.		

Whilst	 the	 influence	 of	 environmental	 conditions	 on	 the	 prevalence	 and	

outcome	of	disease	in	amphibian	populations	is	well	studied	(Kriger	et	al.	2007;	

Fisher	 et	 al.	 2009;	 Rollins-Smith	 et	 al.	 2011),	 only	 a	 small	 number	 of	 studies	

have	 investigated	 the	 impact	of	water	pH	on	amphibian	 innate	 immunity.	The	

majority	 of	 evidence	 largely	 suggests	 low	 pH	 environments	 are	 the	 most	

harmful,	giving	evidence	for	the	potential	disruption	of	 immune	capability	due	
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to	acidic	exposure	(Brodkin	et	al.	2003).	Other	studies	into	the	effects	of	pH	on	

newt	physiology	further	suggest	that	very	low	pH	(<5)	environments	are	most	

hazardous,	 causing	 delayed	 development	 or	 even	 mortality	 (Freda,	 1991;	

Krynak	 et	 al.	 2015)	 and	 suppressed	 or	 impaired	 feeding	 in	 adult	 newts	

(Griffiths,	1993).	Whilst	the	latter	studies	do	not	explicitly	show	the	impacts	of	

acidity	on	immune	function,	they	highlight	how	costly	acidic	environments	can	

be,	 and	 it	 would	 therefore	 be	 expected	 that	 low	 pH	 environments	 would	

facilitate	 high	 disease	 incidence	 and	 prevalence.	 However,	 this	 would	 predict	

high	prevalence	in	low	pH	environments,	the	opposite	interaction	observed	on	

Rum.	

Palmate	newts	are	known	to	be	more	tolerant	of	acidic	environments,	but	they	

may	 be	 equally	 sensitive	 to	 high	 pH,	 and	 in	 fact	 the	 adaptations	 to	 acidic	

environments	 may	 make	 them	 more	 sensitive	 to	 alkaline	 environments.	 In	

addition	to	highly	acidic	site	on	Isle	of	Rum	a	number	of	highly	basic	(>	7.5)	sites	

were	recorded.	Only	one	study	has	investigated	the	impact	of	alkalinity	in	newt	

larvae,	 finding	a	similar	effect	to	acidic	environments	where	an	 increase	of	pH	

away	 from	 circumneutral	 (increasing	 from	6.5	 to	 7)	 slowed	development	 and	

even	resulted	in	mortality	when	pH	>9	(Fominykh,	2008).	The	high	prevalence’s	

at	alkaline	 sites	may	be	a	 combination	of	pathogens	 inability	 to	 survive	acidic	

environments	 and	 the	 hosts	 impaired	 immune	 function	 in	 high	 pH	

environments.		

7.4.4.	Host	characteristics	and	population	structure	

Analysis	 showed	 males	 were	 1.5x	 more	 likely	 to	 be	 infected	 than	 females,	

however	 palmate	 newts	 are	 sexually	 dimorphic	 and	 data	 here	 confirmed	 that	

males	are	significantly	smaller	than	females.	Body	size	(SVL)	was	found	to	have	

a	stronger	effect	on	the	presence	of	infection	suggesting	smaller	newts	are	more	

likely	 to	 be	 infected,	 as	 observed	 in	 Chapter	 5.	 The	 association	between	body	

size	and	infection	was	discussed	in	section	5.4.4.	

The	 overall,	 island	 level,	 population	 had	 a	 slight	 female	 bias,	 an	 observation	

previously	reported	in	L.	helveticus	populations	in	the	UK	(Harrison	et	al.	1982).	
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In	addition,	age-specific	mortality	bias	has	been	reported	in	Lissotriton	vulgaris,	

causing	a	female	bias	in	breeding	populations	(Bell,	1977).	However,	a	male	bias	

in	disease	risk	was	also	found	on	Rum,	and	if	disease	negatively	impacts	males	

disproportionately	to	females,	a	decrease	in	males	may	lead	to	a	female	bias	in	

the	population.	Whilst	a	sex-link	bias	in	infection	risk	has	not	been	reported	in	

other	amphibian	populations	afflicted	with	Dermocystid	disease	(e.g.	Courtois	et	

al.	 2013),	 a	 male-bias	 in	 infection	 risk	 is	 not	 uncommon	 (Zuk and	 McKean,	

1996)	 due	 to	 intrinsic	 differences	 in	 susceptibility	 (Schmid-Hempel,	 2003; 	

Zuk and Stoehr,	 2002)	 or	 trade	 offs	 between	 immune	 response	 and	

reproductive	 success	 (Zuk and Stoehr,	 2002).	 In	Chapter	6	 a	 number	 of	 newts	

were	described	with	pathologies	on	the	cloaca,	where	the	majority	were	male	(n	

=	35),	compared	to	just	5	females.	Whilst	the	processes	causing	this	pathology	to	

present	only	in	males	can	only	be	speculated	(Chapter	6),	the	cloaca	may	offer	

an	additional	point	of	entry	for	the	parasite	in	males.	This	may,	in	part,	account	

for	the	male	bias	in	infection	observed.		

If	disease	has	the	ability	to	cause	direct,	or	indirect,	mortality	then	a	sex-linked	

infection	 bias	 may	 negatively	 impact	 one	 sex	 more	 than	 the	 other.	 Whilst,	 a	

slight	female	bias	in	the	population	was	identified	this	is	consistent	with	other	

newt	populations	 (Harrison	et	al.	1983;	Verrell	 and	Halliday,	 1985;	Orriols,	et	

al.,	 2010),	 and	 the	 male:female	 ratio	 was	 not	 significantly	 different	 between	

infected	 and	 uninfected	 ponds,	 indicating	 that	 despite	 identifying	 a	 slight	

female-bias,	it	is	unlikely	that	the	male	population	is	being	adversely	impacted	

by	an	increased	risk	of	disease.		

7.4.5.	Disease	morphologies	

In	Chapter	6	disease	morphologies	and	morbidity	were	explored	in	a	temporal	

context,	 across	 a	 small	 subset	 of	 sites.	 Here,	 the	 prevalence	 of	 presenting	

pathologies,	 and	 pathology	 burden,	 were	 further	 investigated	 across	 a	 broad	

spatial	scale	to	identify	predictors	of	burden	and	disease	severity.		

Overall,	 the	proportions	of	newts	presenting	with	each	pathology	were	similar	

to	that	described	in	Chapter	6,	where	cysts	were	the	most	common	pathology,	
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presenting	on	64.7%	of	infected	newts.	In	order	to	briefly	look	at	overall	disease	

burden	 in	 order	 to	 compare	 reports	 across	 the	 literature,	 cysts	 and	 lesion	

counts	were	combined.	Ulceration	counts	were	omitted	as	ulcerations	represent	

breaks	associated	with	pathogen	cysts,	rather	than	reflecting	the	presence	of	the	

parasite,	 and	 oedema	 was	 not	 counted	 as	 a	 discrete	 pathology.	 In	 2014	 a	

maximum	pathology	burden	of	95	was	recorded	across	3	individuals,	with	one	

also	presenting	with	a	large	oedematous	swelling	of	approx.	5mm	in	size.	Whilst	

again,	 few	 studies	 of	 amphibian-infecting	 dermocystid	 disease	 have	 reported	

cyst/lesion	 counts,	 high	 pathology	 burden	 has	 been	 described	 in	 some	 cases,	

and	even	in	those	populations	with	low	prevalence	(Raffel	et	al.	2008;	González-

Hernández	 et	 al.	 2010).	 For	 example,	 newts	 infected	 with	A.	 viridescens	 have	

been	described	with	up	to	163	individual	cysts	(Raffel	et	al.	2008).	However,	the	

second	highest	count	recorded	by	Raffel	et	al.	(2008)	was	just	20,	whilst	19%	of	

newts	with	cysts	or	lesions	examined	in	2014	on	Rum	had	a	burden	higher	than	

20	 (n	 =	 34).	 This	 suggests	 that	 parasite	 burden	 is	 not	 evenly	 distributed	

amongst	the	infected	population.	The	distribution	of	pathology	burden	and	body	

dispersal	amongst	 infected	newts	explored	 in	Chapter	6	 identified	a	degree	of	

heterogeneity.	The	dispersion	parameters	calculated	here	for	pathology	counts	

(k	<	1)	 showed	a	 similar	uneven	distribution	of	 pathology	burden,	 suggesting	

that	some	individuals	will	have	low	infection	levels	whilst	others	develop	heavy	

infestations.	 Overall	 this	 seems	 to	 indicate	 that	 at	 least	 across	 those	 cases	 of	

dermocystid	 disease	 in	 amphibians,	 parasite	 burden	 varies	 amongst	 the	

population	 with	 the	 majority	 showing	 low	 levels	 of	 infection	 and	 a	 small	

proportion	presenting	with	much	higher	infestations.	Further	work	is	needed	to	

investigate	the	mechanisms	leading	to	this	disparity	in	disease	outcome.	

7.4.6.	Presenting	pathologies	and	morphology	

Both	 cysts	 and	 lesions	 peaked	 when	 overall	 disease	 prevalence	 was	

approximately	 50%,	 in	 contrast	 to	 patterns	 observed	 in	 Chapter	 6	where,	 for	

example,	 cysts	 increased	 linearly	 with	 increasing	 prevalence.	 It	 was	

hypothesized	 that	 this	 was	 due	 to	 the	 replacement	 of	 these	 pathologies	 with	

more	 severe	disease	manifestation	when	prevalence	was	high.	Whilst	 oedema	

CHAPTER	7	



274	

was	not	counted	as	a	discrete	pathology	and	therefore	oedema	burden	was	not	

modeled,	the	proportion	of	newts	with	oedema	increased	linearly	with	disease	

prevalence	 supporting	 the	 theory	 that	 after	 a	 certain	 threshold	 of	 prevalence	

cysts	and	lesions	are	replaced	by	more	severe	oedematous	swellings.		

As	temperature	had	a	strong	relationship	to	visit,	reflecting	warming	across	the	

season,	 the	 temperature-pathology	 relationships	 likely	 reflect	 temporal	

variation.	 The	 prevalence	 of	 oedema	 was	 also	 found	 to	 increase	 with	

temperature,	 contradicting	 findings	 in	 Chapter	 6	 where	 the	 prevalence	 of	

oedema	 decreased	 as	 the	 season	 progressed.	 It	 was	 speculated	 that	 this	

decrease	either	represented	the	recovery	of	newts	or	the	mortality	of	those	with	

severe	 infections.	 But	 the	 increase	 observed	 here	 suggests	 that	 more	 newts	

develop	 some	 form	 of	 oedema	 across	 the	 season.	 It	 is	 not	 clear	 why	 these	

different	outcomes	were	observed	in	different	data	sets,	however	this	may	be	a	

byproduct	 of	 the	 sample	 sites	 contained	 in	 each	 analysis.	 For	 example,	 the	

subset	of	sites	examined	in	within-season	analysis	were	all	infected	with	a	mean	

prevalence	 of	 36.5%	 (Chapter	 6)	 compared	 to	 a	 mean	 prevalence	 of	 30.1%	

observed	 during	 broader	 2014	 sampling.	 Whilst	 this	 represents	 a	 small	

difference,	 disease	 may	 be	 more	 severe	 in	 the	 subset	 of	 sites	 with	 higher	

prevalence	 leading	 to	 higher	 mortality,	 or	 the	 faster	 development	 (and	 then	

recovery	or	mortality)	of	oedema.	

The	 prevalence	 of	 oedema	 peaked	 in	 the	most	 acidic	 and	 most	 alkaline	 sites,	

suggesting	 a	 more	 complex	 relationship	 between	 disease	 outcome	 and	 pH,	

compared	 to	 prevalence.	 As	 briefly	 discussed	 above,	 the	 interaction	 between	

disease	and	water	pH	is	most	likely	dictated	by	the	pathogen	and	its	inability	to	

survive	 in	 acidic	 conditions.	 However,	 this	 would	 not	 explain	 the	 polynomial	

relationship	observed	between	oedema	and	pH.	Whilst	extreme	pH	conditions	

may	 also	 impact	 the	 host’s	 immune	 capability	 making	 them	 more	 likely	 to	

succumb	 to	 severe	 infections	 in	 both	 very	 high	 and	 very	 low	 pH	 conditions	

(Rollins-Smith	 and	Woodhams,	 2011;	Krynak	et	al.	 2015;	 2016),	 it	 is	 possible	

that	other	physiological	processes	give	way	to	oedema.	It	is	possible	that	these	

represent	 two	 distinct	 processes,	 perhaps	 oedema	 occurs	 in	 high	 pH	
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environments	 due	 to	 high	 infection	 prevalence	whilst	 oedema	 in	 low	 pH	 is	 a	

function	 of	 unfavourable	 water	 conditions	 which	 impact	 osmoregulation	

potential.		

7.4.7.	Mortalities	

Briefly,	 factors	 associated	with	mortalities	were	 investigated,	 where	 stepwise	

regression	 identified	 several	 factors	 that	 are	 seemingly	 associated	 with	

increased	mortality.	Primarily	this	included	disease	prevalence	and	burden,	and	

environmental	 conditions.	 For	 example,	 a	 high	 mortality	 rate	 was	 associated	

with	high	disease	prevalence	and	high	cyst	burden	suggesting	that	the	severity	

of	disease	 is	associated	with	 increased	mortality	giving	support	 for	 the	 theory	

that	infection	caused	by	A.	meredithae,	and	particularly	severe	cases	of	disease,	

causes	indirect	or	direct	mortality.	Water	pH	has	consistently	found	to	be	to	be	a	

predictor	 of	 prevalence,	 so	 it	 was	 unsurprising	 that	 pH	 as	 well	 as	 disease	

prevalence,	 influenced	 mortality.	 The	 increase	 in	 mortality	 events	 with	 air	

temperature,	given	 that	 temperature	was	 found	 to	 increase	across	 the	season,	

was	 again	 expected.	Whilst	 this	may	 not	 indicate	 that	mortalities	 occur	more	

frequently	over	time,	as	shown	in	Chapter	5,	it	is	likely	that	carcasses	have	built	

up	 at	 sites	 visited	 latter	 in	 the	 season.	 This	 is	 supported	 by	 temporal	 data	

examined	in	Chapter	5,	where	mortalities	were	consistently	found	during	each	

visit	to	site	R4	but	were	at	the	highest	abundance	during	the	first	visit.		

Higher	altitudes	were	also	associated	with	 increased	mortality.	The	altitudinal	

effects	 on	 amphibian	 disease	 prevalence	 are	 well	 documented,	 and	 several	

studies	 have	 found	 an	 association	 between	 severe	 disease	 outcome	 and	

increased	 mortality	 risk	 to	 higher	 elevation	 sites	 (Bradford,	 1991;	 McDonald	

and	Alford,	 1999;	 Young	 et	 al.	 2001).	 Studies	 have	 speculated	 that	 this	 is	 the	

result	of	higher	pathogen	reservoirs,	 identifying	a	 “trickle	down”	effect,	or	 the	

impact	 of	 cooler	 temperatures	 and	 exposed	 conditions	 (Berger	 et	 al.	 2004;	

Sapsford	et	al.	2013).	Whilst	this	study	sampled	across	a	larger	altitudinal	range	

then	 explored	 in	 both	 preliminary	 studies	 (Anderson,	 2011;	 McMurdo-

Hamilton,	2012)	it	still	represents	a	small	range	(25m	to	473m).	That	said,	sites	
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at	high	altitudes	are	still	 likely	to	be	more	exposed	and	may	experience	colder	

temperatures	 or	 harsher	 conditions,	 factors	 known	 to	 influence	 disease	

outcome	and	mortality	in	other	amphibian	populations	(Woodhams	et	al.	2008;	

Ruggeri	et	al.	2015).		

7.4.8.	Disease	prediction	maps	

Predicted	disease	prevalence	was	consistently	low	across	the	island,	indicating	

just	two	hot	spots	of	disease	on	the	South	West	coast.	These	hot	spots	coincided	

with	the	location	of	a	high	prevalence	cluster	identified	by	cluster	analysis.	The	

predicted	 soil	 pH	 values	were	 consistently	 lower,	 with	 a	much	 smaller	 range	

(3.9	to	6.7)	compared	to	measured	water	pH	(4.68	to	8.08).	This	would	explain	

the	much	lower	predicted	prevalence’s	and	smaller	variation	when	compared	to	

observed	prevalence’s.	The	soil	pH	data	obtained	for	Rum	represented	the	best	

estimation	 of	 water	 pH	 obtainable	 for	 the	 island.	 However,	 soil	 type	 was	

predicted	based	on	underlying	geology	extrapolated	from	survey	data	collected	

across	 Scotland,	 which	 identified	 the	 average	 soil	 type	 associated	 with	 each	

geology	 type.	 Even	 if	 this	 does	 represent	 true	 soil	 types,	 the	 soil	 surrounding	

water	 bodies	 will	 only	 give	 a	 rough	 estimate	 of	 water	 pH	 (Ward	 et	 al.	 1991;	

Markwitz	 et	al.	 2001).	 Therefore,	whilst	 the	 estimates	 of	 disease	where	 poor,	

consistently	 underestimating	 disease,	 it	 is	 likely	 due	 to	 discrepancy	 between	

actual	pH	and	the	predicted	values	used.	The	close	relationship	between	pH	and	

disease	means	this	method	could	still	be	an	effective	tool	at	predicting	disease	in	

new	areas	 if	more	accurate	pH	measurements	can	be	obtained.	Examining	 the	

spatial	distribution	of	model	residuals	can	indicate	whether	key	environmental	

predictors	 (Leathwick	&	Whitehead,	2001)	or	geographic	 factors	 (Dormann	et	

al.	 2007)	were	missing	 from	 current	models	 (Elith	 and	 Leathwick,	 2009).	 No	

overall	 spatial	 clustering	was	 identified,	with	 several	 instances	where	 sites	 in	

close	proximity	were	over	and	under	predicted	by	the	model.		

7.4.9.	Conclusions		

Spatial	 analysis	 has	 allowed	 for	 hot	 spots	 of	 disease	 to	 be	 identified	 and	

environmental	 correlates	 to	 be	 explored.	 Disease	 on	 Rum	 is	widespread	with	
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highly	 variable	 prevalence’s	 seemingly	 dictated	 by	 environmental	

heterogeneity.	As	initially	identified	in	preliminary	research,	water	pH	appears	

to	 dictate	 a	 number	 of	 disease	 variables	 across	 the	 Isle	 of	 Rum,	 including	 the	

presence	of	high	risk	clusters,	disease	prevalence,	severity	of	disease	outcome	

and	mortality	events.	The	explanation	 for	 the	 relationship	between	 increasing	

disease	 and	 increasing	 pH	may	 be	 complex,	 particularly	 as	 the	 prevalence	 of	

oedema	 was	 found	 to	 peak	 in	 both	 extremely	 alkaline	 and	 acidic	 water	

suggesting	 a	 relationship	 perhaps	 influenced	 by	 the	 pathogens	 biophysical	

requirements	 and	 the	 impact	 of	 environmental	 conditions	 on	 host	 immune	

function.	However,	it	is	still	unclear	whether	A.	meredithae	disease	is	increasing	

in	 prevalence	 as	 determined	 by	 preliminary	 data	 (section	 1.8.1;	 Anderson,	

2011;	McMurdo-Hamiltion,	2012).	 In	order	to	determine	patterns	of	spread	or	

increasing	incidence	Chapter	8	explores	the	inter-annual	dynamics	to	determine	

the	 state	 of	 disease	 on	 Rum,	 the	 stability	 of	 environmental	 interactions	 and	

further	quantifies	disease	risk	across	the	population.		

CHAPTER	7	
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CHAPTER	8 

TEMPORAL	 TRENDS	 IN	 THE	 SPATIAL	 DISTRIBUTION

AND	 PREVALENCE	 OF	 DISEASE	 ASSOCIATED	 WITH	

AMPHIBIOTHECUM	MEREDITHAE	ON	THE	ISLE	OF	RUM	

8.1	INTRODUCTION	

In	 Chapter	 7	 the	 spatial	 and	 environmental	 components	 of	 disease,	 observed	

within	 a	 single	 year	 (2014),	were	 investigated	 to	 identify	 the	 spatial	 range	 of	

disease	on	Rum	and	highlight	key	predictors	of	disease	incidence	and	morbidity.	

Prevalence	 varied	 significantly	 between	 sites,	 with	 geographic	 distribution	

seemingly	dictated	by	environmental	variables,	giving	way	 to	some	significant	

spatial	 clusters	 in	 disease	 prevalence.	 A	 key	 environmental	 determinant	 of	

disease	was	water	pH,	where	more	sites	 that	approached	neutral	 supported	a	

higher	prevalence,	morbidity	and	mortality	risk.	However,	the	stability	of	these	

environmental	 interactions	 and	 identified	 spatial	 clusters	 is	 still	 unknown.	

Identifying	 variation	 in	 island	 level	 disease	 prevalence,	 or	 changes	 in	 the	
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location,	 number	 and	 spatial	 range	 of	 disease	 clusters	 is	 important	 to	

understand	disease	risk	and	predict	future	outbreaks.	This	requires	longer-term	

monitoring	 and	 annual	 comparisons	 of	 disease	 prevalence	 and	 geographic	

spread.		

8.1.1.	Inter-annual	disease	dynamics	

The	identification	of	disease	outbreaks	and	associated	variables	is	important	for	

understanding	 spatially-explicit	 disease	distribution	and	 risk	 factors	 (Smith	et	

al.	 2017),	 however	 exploring	 these	 patterns	 over	 time	 can	 determine	 the	

stability	of	outbreaks	and	associated	risk	factors	(Sugumaran	et	al.	2009;	Liu	et	

al.	 2016;	 Tang	 et	 al.	 2017).	 Inter-annual	 disease	 dynamics	 can	 highlight	

important	 patterns	 such	 as	 long-term	 stability,	 seasonality	 or	 inter-annual	

variability	 (Fleming	 et	 al.	 1991;	 Jahangir	 et	 al.	 2009;	 Nagel	 et	 al.	 2009).	 For	

example,	 annual	 patterns	 can	 show	 recurrent	 or	 cyclical	 outbreaks	 due	 to	

predictable	 changes	 to	 host	 behaviour,	 pathogen	 life	 cycle	 and	 environmental	

perturbations	 (Pascual	 and	 Dobson,	 2005;	 Lofgren	 et	 al.	 2007;	 Cheng	 et	 al.	

2009).	 Alternatively,	 annual	 surveillance	 of	 disease	 clusters	 can	 identify	

emerging	 infections	 and	 the	 associated	 factors	 causing	 temporal	 increasing	 in	

incidence	or	spatial	range	(Li	et	al.	2017;	Lantos	et	al.	2015).		

8.1.2.	Inter-annual	dynamics	in	amphibian	populations	

In	amphibian	diseases,	such	as	chytridiomycosis,	the	analysis	of	spatio-temporal	

data	has	been	important	for	addressing	two	key	factors;		

i. the	seasonality	of	disease,	identifying	factors	leading	to	outbreaks

or	mortality	events	(Kinney	et	al.	2001;	Berger	et	al.	2004);	and

ii. the	 prevailing	 direction	 (i.e.	 increasing	 or	 decreasing	 trends)	 of

disease	 to	 discern	 its	 endemic	 or	 epidemic	 state	 within	 a

population	 (Cheng	et	al.	 2011;	 Lannoo	et	al.	 2011;	Murray	 et	 al.

2013).
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For	 example,	 an	 observed	 stability	 in	 annual	 prevalence	 data	 and	 limited	

mortality	 has	 been	 observed	 in	 populations	 with	 suspected	 endemic	 chytrid	

infection	(Ouellet	et	al.	2005),	later	supported	by	broad	spatio-temporal	studies	

across	 North	 America	 showing	 widespread	 distribution	 and	 relatively	 low	

prevalence’s	 indicating	 that	 the	 once	 epidemic	 chytrid	 is	 now	 endemic	

(Lanndoo	et	al.	 2011).	 Conversely,	 a	 case	 of	 epidemic	 ranavirus	 infection	was	

charcaterised	 by	 an	 expanding	 spatio-temporal	 cluster	 was	 identified	 during	

annual	disease	 surveys,	where	mortalities	 first	 clustered	around	an	 index	 site	

before	expanding	in	geographic	range	(Rijks	et	al.	2016).		

8.1.3.	Temporal	disease	patterns	in	mesomycetozoeans	

Across	 the	 mesomycetozoean	 pathogens,	 there	 are	 few	 studies	 that	 explore	

inter-annual	temporal	data	in	disease	incidence	and	prevalence.	One	of	these,	a	

long-term	 temporal	 study	 of	 Icthyophonus	 hoferi	 found	 complex	 inter-annual	

oscillations	 of	 disease	 with	 seasonal	 outbreaks	 (Kramer-Schadt	 et	 al.	 2010).	

Even	 less	 has	 been	 published	 on	 the	 annual	 trends	 in	 the	 incidence	 and	

prevalence	of	dermocystid	diseases	 in	 amphibian	populations.	Only	one	 study	

has	provided	annual	estimates	of	disease	from	the	same	populations	across	two	

consecutive	years,	reporting	an	increase	in	the	prevalence	of	Amphibiocystidium	

ranae	 in	 two	 host	 species,	 Ranae	 esculenta,	 and	 R.	 lessonae	 (Pascolini	 et	 al.	

2003).	 This	 observation	 was	 associated	 with	 an	 overall	 decline	 in	 the	 host	

population	although	details	of	this	decline	are	not	given.	In	addition,	the	cause	

of	this	increase	was	not	determined.		

8.1.4.	Disease	state	on	the	Isle	of	Rum	

Dermocystid	 disease	 was	 first	 reported	 on	 the	 Isle	 of	 Rum	 in	 2006	 (section	

1.8.1),	 however	 it’s	 presence	 on	 the	 island	 before	 this	 point	 is	 not	 known.	 In	

addition,	preliminary	surveys	conducted	in	2011	and	2012	revealed	a	potential	

increase	 in	 disease	 prevalence	 across	 six	 sites	 sampled	 over	 two	 consecutive	

years	(Figure	8.1;	Anderson,	2011;	McMurdo-Hamilton,	2012).		
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Figure	8.1:	Annual	disease	prevalence	at	six	sites	sampled	in	2011	and	2012	

(Figure	presented	in	section	1.8.1	repeated	here	for	clarity)	

Surveys	 collected	 on	 the	 Isle	 of	 Rum	 during	 2014	 showed	 disease	 was	

widespread	 with	 an	 overall	 low	 prevalence	 however,	 disease	 varied	

significantly	 in	 space,	 and	 analysis	 recovered	 some	 distinct	 disease	 clusters,	

including	 a	 cluster	 of	 low	 prevalence	 near	 the	 main	 village	 and	 port	 (East)	

containing	several	disease	free	sites,	and	a	cluster	of	high	prevalence	sites	in	the	

middle	of	the	Island.	These	appear	to	be,	in	part,	dictated	by	water	pH	and	it	was	

speculated	that	underlying	geology	or	vegetation	impacting	water	chemistry	is	

the	cause	of	 these	spatial	 clusters.	 If	 so,	 the	recovery	of	 these	clusters	may	be	

consistent	 when	 inter-annual	 comparisons	 are	 made.	 However,	 it	 is	 possible	

that	these	clusters	show	areas	of	localized	outbreaks	or	epidemics.		

8.1.5.	Study	objectives	

Disease	on	Rum	may	represent	a	long-standing	disease,	endemic	to	the	islands	

palmate	 newt	 population,	 or	 an	 epidemic	 outbreak	 driven	 by	 recent	

introduction	or	changing	conditions.	Analysis	of	long-term,	annual	data,	allows	

for	the	underlying	trends	in	disease	to	be	identified.	Understanding	these	trends	

in	the	context	of	space,	time	and	environmental	or	biological	influences,	is	key	in	

understanding	 the	 state	 of	 disease	 on	 Rum	 and	 for	 predicting	 future	 disease	

risk.		
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This	chapter	aims	to:	

• Investigate	annual	variation	in	the	spatial	distribution	and	prevalence	of

disease	caused	by	A.	meredithae	on	the	Isle	of	Rum.	Do	cases	of	disease

vary	in	space	and	time;

• Determine	 which	 variables	 are	 associated	 with	 observed	 temporal

changes;

• Provide	 the	 first	 study	 of	 annual	 variation	 in	 disease	 caused	 by	 an

amphibian-infecting	mesomycetozoean	pathogen.
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8.2	METHODOLOGIES	

8.2.1.	Data	collection	

8.2.1.1.	Survey	data	from	2015	and	2016	

During	May	and	June	of	2015	and	2016,	sites	across	Rum	were	visited	collecting	

samples	from	twenty-six	and	twenty-eight	sites	respectively	(Figure	8.2;	section	

2.2.2),	following	the	same	protocol	as	detailed	in	section	2.3		

Figure	8.2:	OS	map	of	the	Isle	of	Rum.	Red	points	indicate	sites	sampled	in	both	
2015	and	2016	whilst	blue	points	indicate	sites	sampled	only	in	2016.	

Whilst	every	effort	was	made	to	collect	samples	from	the	same	ponds	each	year	

this	 was	 not	 possible.	 Due	 to	 the	 location	 of	 sites	 B3	 and	 A3	 on	 deep	 boggy	

ground,	heavy	rainfall	during	2015	prevented	access	 to	 these	 locations.	Again,	

thought	 to	 be	 a	 result	 of	 continued	 bad	weather	 in	 2015,	 only	 2	 newts	were	

captured	 at	 site	 F6	 and	 no	 animals	were	 observed	 at	 site	 F4,	 despite	 visiting	
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these	sites	three	times	in	an	attempt	to	capture	an	adequate	sample.	Finally,	at	

site	E1	rare	diver	birds,	sensitive	to	disruption,	were	found	to	be	active	on	the	

site	following	2014	so	samples	could	not	be	collected	during	subsequent	years.	

A	total	of	23	sites	were	sampled	each	year.	

8.2.1.2.	Preliminary	data	from	2011	and	2012	

Preliminary	 spatial	 data	 collected	 during	 2011	 and	 2012	 was	 obtained	 from	

previous	 researchers	 (Anderson,	 2011;	 McMurdo-Hamilton,	 2012).	 Sites	

surveyed	 during	 2011	 and	 2012,	 that	 were	 also	 sampled	 between	 2014	 and	

2016	(section	2.1;	Figure	2.1)	were	used	to	explore	longer-term	trends.	

8.2.2.	Statistical	analysis	

Initially,	 the	 within	 year	 dynamics	 of	 2015	 and	 2016	 were	 investigated	

independently,	presenting	a	brief	summary	of	 findings	 for	each	of	 these	years.	

Annual	comparisons	were	 then	performed	to	observe	 temporal	 fluctuations	 in	

disease	prevalence,	 in	addition	to	changes	in	the	spatial	distribution	of	risk,	to	

refine	hypotheses	of	disease	expansion	or	restriction	spatially	and	in	incidence.	

Finally,	 results	 from	 preliminary	 data	 (Anderson,	 2011;	 McMurdo-Hamilton,	

2012)	were	compared	to	prevalence	data	collected	between	2014	to	2016.	All	

statistical	 analysis	 was	 performed	 using	 either	 SatScan™	 v.	 9.4.3	 (Kulldorff,	

2015),	 or	 R	 v3.3.1	 (R	 Development	 Core	 Team,	 2008)	 in	 RStudio	 v0.99.902	

(RStudio,	2013).	

8.2.2.1.	Spatial	Analysis	

Spatio-temporal	trends	were	analysed	using	two	approaches	(see	section	2.4.5)	

performed	 in	 SatScan™	 v.	 9.4.3	 (Kulldorff,	 2015).	 Firstly,	 a	 purely	 spatial	

analysis	of	prevalence	across	the	island	was	performed	for	each	year	based	only	

on	the	twenty-three	sites	samples	across	all	year.	Clusters	were	overlaid	in	QGIS	

v.2.12.1	 (Quantum	 GIS	 Development	 Team,	 2009)	 to	 explore	 inter-annual

changes	 in	 the	spatial	 clusters.	 Secondly	 temporal	 trends	were	 investigated	 to

identify	spatial	clusters	of	changing	disease.
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8.2.2.2.	Environmental	variables	

Differences	 in	 environmental	 variables	 between	 infected	 and	 uninfected	 sites	

were	explored	using	a	 t-test	or	Wilcoxon	rank	test,	depending	on	the	variance	

between	 groups	 as	 discussed	 in	 section	 7.2.2.3.	 The	 relationships	 between	

measured	environmental	variables	and	disease	prevalence	were	modeled	using	

lm.	

8.2.2.3.	Host	Characteristics	

For	each	year	the	relationships	between	body	size	(SVL)	and	infection,	and	sex	

and	infection	were	investigated	using	glmb	where	infection	was	again	coded	as	a	

binary	response	variable	(infected	=	1;	uninfected	=	0).		

The	odds	of	infection	in	males	and	females	were	calculated,	in	addition	to	95%	

confidence	 intervals,	 under	 the	 epiDisplay	 package	 v.	 3.2.2.0	

(Chongsuvivatwong,	2015).		

Sex	ratios	were	manually	calculated	as:	

𝑀𝐹𝑅𝑎𝑡𝑖𝑜 =  
𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑙𝑒𝑠

 𝑇𝑜𝑡𝑎𝑙 𝑓𝑒𝑚𝑎𝑙𝑒𝑠

where	MFRatio	=	1	when	the	number	of	males	and	females	is	equal,	MFRatio	>	1	

when	a	male	bias	was	observed,	and	MFRatio	<	1	if	the	sample	population	had	a	

female	bias.	Regression	analysis	was	used	to	investigate	whether	the	sex	ratios	

observed	 for	 each	 population	 (within	 each	 site)	 was	 related	 to	 the	

presence/absence	of	disease	(lm),	or	the	prevalence	(glmb).		

8.2.2.4.	Mortalities	

The	prevalence	of	mortality	at	each	site	was	calculated	as	

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑖𝑒𝑠
𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑡𝑐ℎ (𝐴𝑙𝑖𝑣𝑒 +𝑀𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑖𝑒𝑠) ∗ 100	
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A	 multi-variable	 glmb	was	 performed	 for	 each	 year	 to	 briefly	 explore	 the	

relationships	between	mortality	rate	and	variables	(environmental	parameters	

and	host	dynamics.	

8.2.2.5.	Disease	prediction	maps	

Statistical	models	were	 created	 for	 each	 year	 adding	 in	 the	 observed	 pH	 and	

altitude	 at	 the	 sites	 as	 predictors	 of	 disease.	 Linear,	 quadratic	 or	 cubic	 effect	

parameters	 were	 added	 as	 determined	 by	 individual	 regression	 analysis	 for	

each	year	(see	section	8.2.3.1).	Soil	 information	maps	in	conjunction	with	mean	

pH	data	for	all	soil	types	(Morton	et	al.	2011),	and	topographic	data	(Ordnance	

Survey	 (GB),	 2016)	 were	 obtained	 for	 the	 Isle	 of	 Rum	 giving	 widespread	

altitude	and	soil	pH	values	for	the	 island.	As	described	in	section	2.4.7	disease	

prediction	 models	 were	 created	 for	 each	 year.	 Using	 coefficients	 from	 these	

models,	 sourced	 soil	 pH	 and	 altitude	 values	 were	 inputted	 to	 the	 model	

equation	 in	order	 to	give	predicted	values	of	disease	prevalence	 for	 the	entire	

island.	Predicted	values	were	subsequently	mapped	across	Rum	to	show	areas	

of	high	and	low	risk,	based	on	sample	data	from	each	year	2015	and	2016.		

8.2.2.6.		Yearly	comparisons	of	disease	data	(2014	to	2016)

8.2.2.7.	Temporal	trends	in	spatial	patterns	

Pairwise	comparisons	of	annual,	island-level	disease	prevalence	were	made	

using	Chi-Squared	(X2)	which	explores	sample	variance	to	determine	if	the	

distributions	within	groups	differ	significantly	(Agresti,	2007).	Temporal	

variation	in	spatial	clusters	were	analysed	using	two	approaches.	Firstly,	a	

purely	spatial	analysis	was	performed	using	the	same	procedure	detailed	in	

section	2.4.5	The	statistically	significant	spatial	clusters	determined	for	each	

year	were	overlaid	to	visualize	annual	variation	in	the	areas	of	high	or	low	

disease	prevalence.	Secondly,	temporal	trends	were	explicitly	investigated	as	

detailed	in	section	presenting	areas	of	increasing	or	decreasing	prevalence.	
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8.2.2.8.	Annual	variation	in	disease	prevalence	and	predictor	variables	

Inter-annual	trends	in	disease	prevalence	were	investigated	using	glmer	where	

year	 was	 entered	 as	 a	 co-variate.	 Prevalence	 was	 modeled	 as	 the	 combined	

number	 of	 negative	 (0)	 and	 positive	 (1)	 cases	 against	 year,	 adding	 site	 as	 a	

random	effect.		

To	assess	the	relationship	between	annual	variation	in	disease	prevalence	and	

measured	variables,	analysis	was	run	using	2	different	dependent	variables;		

i. Direction	of	change:	The	prevailing	direction	of	annual	prevalence

change	 at	 each	 site	 for	 statistically	 significant	 (p	 <	 0.05)

fluctuations	as	determined	by	regression	models.

ii. Quantitative	 differences:	 The	 pairwise	 differences	 in	 prevalence

(i.e.	 prevalence	 recorded	 in	 2015	minus	 prevalence	 recorded	 in

2014)	–	permits	fluctuations	across	years.

8.2.2.9.	Direction	of	change	

Site-specific	temporal	trends	were	investigated	performing	regression	analysis	

(glm)	 to	 model	 prevalence	 against	 year	 for	 each	 site.	 Statistically	 significant	

relationships	were	identified	(p	<	0.05)	and	the	direction	of	change,	as	indicated	

by	 odds	 ratios	 and	 95%	 confidence	 intervals	 (CI),	 used	 to	 categorize	 sites	 as	

increasing	(OR	>	1	and	p	<	0.05),	decreasing	(OR	<	1	and	p	<	0.05)	or	stable	(p	>	

0.05).	 The	 same	 process	 was	 followed	 to	 identify	 significant	 changes	 in	 the	

predictor	 variables	 pH,	 air	 temperature,	 water	 temperature,	 and	 the	

male:female	ratio.		

8.2.2.10.	Quantitative	differences	

In	order	to	identify	annual	fluctuations,	which	may	be	missed	by	the	prevailing	

direction	 of	 change,	 the	 pairwise	 numerical	 differences	 in	 disease	 prevalence	

were	 calculated	 i.e.	 the	 difference	 in	 prevalence	 between	 2014	 and	 2015	 =	

prev2015	–	prev2014.	The	difference	in	prevalence	was	then	modeled	against	the	
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corresponding	pair-wise	differences	of	measured	variables	i.e.	difference	in	pH	

between	2014	and	2015	=	pH2015	–	pH	2014.	

A	 null	 model	 was	 created	 (i)	 in	 addition	 to	 a	 ‘full’	 model	 (ii)	 containing	 all	

possible	predictor	variables:	

i) Null	<-	lm(Difference	in	prevalence	(2015-2014)	~	1,	data	=	Data)

ii) Full	<-	lm(Difference	in	prevalence	(2015-2014)	~	difference	in	pH(2015-2014)	+
difference	in	air.temp(2015-2014)	+	difference	in	pond.temp(2015-2014)	+	difference	in	

m:f	ratio(2015-2014),	data	=	Data	

Stepwise	 regression,	 run	 in	 both	 directions,	 was	 used	 to	 select	 the	 variables,	

where	 the	 best	 model	 was	 chosen	 as	 that	 which	 minimized	 the	 Akaike	

Information	Criterion	(AIC)	of	all	tested	models.	

8.2.2.11.	Adding	in	preliminary	data	from	2011	and	2012	

During	May	and	June	of	2011	(Anderson,	2011),	and	2012	(McMurdo-Hamilton,	

2012),	 preliminary	 data	 investigating	 the	 distribution	 and	 prevalence	 of	 A.	

meredithae,	was	collected	from	small	areas	of	the	island	(see	section	1.8.2).	

Regression	models	of	disease	prevalence	against	year	were	extended	to	crudely	

predict	future,	and	explore	past,	disease	levels.	Preliminary	data	from	2011	and	

2012	were	added	to	plots	in	order	to	assess	how	these	estimates	fit	with	overall	

annual	trends.	
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8.3	RESULTS	

8.3.1.	Field	season	2015	

8.3.1.1.	Spatial	components	of	disease	prevalence	

In	2015	a	 total	 of	780	newts	were	 captured	across	 twenty-four,	289	of	which	

had	 signs	 of	 disease	 distributed	 across	 20	 sites	 (Figure	8.3a).	 Prevalence	was	

36.8%	(26.9,	46.7),	compared	to	29.7%	[26.6,	33.2]	in	2014	(X2	=	1.08;	p	=	0.29).	

Spatial	 analysis	 identified	 thirteen	 statistically	 significant	 clusters	 of	 disease,	

however	only	 two	are	presented	below	 (Table	8.1),	where	 eleven	 clusters	not	

shown	 contained	 just	 a	 single	 pond,	 identifying	 sites	 that	 were	 over	 infected	

rather	than	a	spatial	cluster	of	infection.		

Table	 8.1:	 Statistically	 significant	 spatial	 clusters	 of	 disease	 prevalence,	 as	
determined	 by	 SatScan.	 Highlighted	 clusters	 indicate	 those	 with	 greater	 than	
expected	disease	risk	

Cluster	 #	of	
ponds	 Popn	 Observed

cases	
Expected	
cases	

Obs./
Exp.	

Relative	
Risk	(RR)	 95%	CI	

1	 4	 106	 4	 39.3	 0.1	 0.9	 0.03,	0.23	

2	 11	 268	 140	 99.3	 1.4	 1.8	 1.50,	2.14	

Two	distinct,	statistically	significant,	spatial	clusters	were	recovered;	one	where	

disease	 prevalence	 was	 less	 than	 expected	 (Figure	 8.3b;	 cluster	 1)	 and	 one	

where	 disease	 was	 greater	 than	 expected	 (Figure	 8.3b;	 cluster	 2).	 Cluster	 1	

located	in	the	East	contained	3	of	the	5	uninfected	ponds	sampled	in	2015,	and	

represented	an	area	where	relative	risk	was	0.9.	Cluster	3	covered	much	greater	

extent,	 where	 disease	was	 significantly	 greater	 than	 expected	 and	 the	 risk	 of	

infection	was	1.8x	higher	than	expected	for	animals	sampled	in	this	area.	
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.Figure	8.3:	Ordnance	survey	(OS)	map	of	the	Isle	of	Rum.	A)	Spatial	distribution	of	incidence	and	prevalence	where	diagrams	
show	the	proportion	of	infected	(dark	teal)	and	uninfected	(light	teal)	animals	sampled	from	each	site	during	2015,	with	size	of	
the	pie	diagram	scaled	by	total	catch,	and	B)	disease	clusters,	as	determined	by	SatScan,	marked	with	coloured	circles;	Cluster	1	
(Green)	represents	an	area	with	lower	than	expected	prevalence;	Cluster	2	(Pink)	marks	an	area	where	prevalence	was	greater	
than	expected.		
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8.3.1.2.	Environmental	Variables	and	Disease	

A	 statistically	 significant	 difference	 in	 pH	 was	 observed	 between	 ponds	 with	

and	without	disease	(Figure	8.4;	t	=	-5.3;	p	<	0.001),	where	a	mean	of	6.81	±	0.4,	

was	recorded	at	infected	sites	compared	to	4.84	±	0.25,	at	uninfected	sites.		

Figure	 8.4	 Boxplot	 showing	 the	 variation	 in	 pH	 recorded	 at	 infected	 and	
uninfected	sites	during	2015.	

The	 relationship	 between	 pH	 and	 prevalence	 was	 also	 significant,	 showing	 a	

polynomial	trend	and	a	peak	in	disease	prevalence	when	pH	slightly	exceeded	7	

(close	to	physiological	pH)	(Figure	8.5a;	p	=	0.04).	These	results	were	consistent	

with	those	identified	during	analysis	of	2014	data	(Chapter	7).	

Figure	8.5:	Logistic	regression	plots	modeling	the	relationship	between	disease	
prevalence	 and	 environmental	 variables	 pH	 (a)	 and	 altitude	 (b),	 with	 best-fit	
linear	models	(red	line)	and	gam	line	(blue)	including	95%	CI’s.		
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As	with	2014	data	(section	7.3.4.),	altitude	was	not	a	significant	predictor	of	the	

presence	of	 infection	(t	=	-1.18;	p	=	0.26)	or	prevalence	(Figure	8.5b;	 liner,	p	=	

0.57)	 of	 infection.	 Due	 to	 the	 observed	 distribution	 (Figure	 8.5b)	 a	 cubic	

polynomial	regression	model	and	GAM	(section	2.4.1.4)	were	fitted	but	neither	

were	 statistically	 significant	 (Cubic,	 p	 =	 0.09;	 GAM,	 p	 =	 0.48).	 Neither	 air	

temperature	 or	 pond	 temperature	 were	 predictors	 of	 disease	 presence	 (tair	=	

0.56,	pair	=	0.56;	twater	=	0.9;	pwater	=	0.38)	or	prevalence	(pair	=	0.26;	pwater	=	0.16).	

8.3.1.3.	Host	Characteristics	and	Infection	

Whilst	uninfected	animals	were	on	average	larger	(𝑥 = 3.63cm	[3.6,	3.67])	than	

infected	 ( 𝑥 = 3.6cm	 [3.57,	 3.63])	 there	 difference	 was	 not	 statistically	

significant	(p	=	0.12)	unlike	findings	from	2014.	In	addition,	whilst	more	males	

were	 infected	(nmales	=	147;	nfemales	=	140)	 the	odds	of	being	 infected	were	not	

significantly	 greater	 for	 males	 (OR	 =	 1.24	 [0.92,	 1.68];	 p	 =	 0.15),	 again	

contradicting	data	from	2014	where	infected	animals	were	significantly	smaller	

and	males	were	more	likely	to	be	infected.	The	sex	ratios	recorded	at	uninfected	

and	 infected	 sites	were	 significantly	 different	 (t	=	2.5;	p	=	0.02)	where	 a	male	

bias	was	observed	in	uninfected	ponds	(Figure	8.6a).		

Figure	8.6:	Analysis	of	sex	ratios	and	disease	variables.	Dotted	line	represents	
equal	 proportion	 of	 males	 and	 females.	 a)	 Comparison	 of	 sex	 ratios	 at	
uninfected	 and	 infected	 sites;	 b)	 Sex	 ratios	 modeled	 against	 the	 disease	
prevalence	at	each	site	with	best	fit	model	plotted	(black	line)	with	95%	CIs	
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When	 sex	 ratios	 were	 modeled	 against	 disease	 prevalence	 (Figure	 8.6b),	 a	

statistically	 significant	 polynomial	 relationship	 was	 identified	 (OR	 =	 0.96,	 P	 <	

0.001)	between	the	sex	ratio	and	the	prevalence	recorded	at	a	site.	Ponds	where	

disease	prevalence	was	at	the	smallest	and	greatest	levels	had	a	significant	male	

bias,	whilst	 the	host	population	 in	ponds	where	prevalence	was	between	24%	

and	70%	had	a	female	bias.	This	relationship	was	not	observed	in	2014,	where	

sex	ratios	were	not	influenced	by	prevalence. 

8.3.1.4.	Mortalities	

A	 total	 of	 96	 dead	 bodies	 were	 recorded	 across	 16	 sites	 during	 2015.	 The	

majority	of	dead	newts	were	recorded	at	infected	sites	(n	=	93)	however	3	were	

discovered	at	an	uninfected	site,	R10.	Whilst	no	live	newts	with	signs	of	disease	

were	captured	at	site	R10	during	2015,	all	 three	carcasses	had	visible	signs	of	

infection	 and	 live	 diseased	 animals	 were	 previously	 recorded	 during	 2014.	

Briefly	 the	 relationships	 between	mortalities	 and	 possible	 predictor	 variables	

were	 investigated	 (plots	 presented	 in	Appendix	 8.I).	 Multi-variable	 regression	

found	 a	 statistically	 significant	 relationship	 between	 the	 prevalence	 of	

mortalities	 and	 three	 predictor	 variables:	 a	 positive	 relationship	 with	 air	

temperature	(OR	=	0.18	[0.03,	0.33];	p	=	0.02)	where	mortalities	 increased	with	

increasing	 temperature;	 a	 negative	 linear	 relationship	 with	 the	 male;female	

ratio	 (OR	=	 -0.71	 [-1.4,	 -0.1];	 p	 =	 0.028)	 suggesting	 the	 highest	mortality	 rates	

occur	 at	 sites	with	a	 female	bias;	 and	a	quadratic	 relationship	 to	 altitude	 (p	=	

0.01)	where		mortality	rate	was	lowest	at	the	highest	and	lowest	altitudes.		

8.3.1.5.	Mapping	disease	prediction	

As	with	disease	the	prediction	model	created	for	2014	data	(see	section	7.3.7)	a	

multi-variable	regression	model,	based	on	measured	pH	and	altitude,	was	used	

to	obtain	coefficients	for	predicting	disease	prevalence	(Appendix	8.II).	
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These	 coefficients	 were	 used	 to	 calculate	 disease	 prevalence	 at	 un-sampled	

locations	based	on	 soil	 pH	data	 (Morton	et	al.	2011)	 and	 elevation	 (Ordnance	

Survey	 (GB),	 2016).	 Predicted	 prevalence	 values	 were	 plotted	 to	 create	 a	

disease	prediction	map	of	the	Isle	of	Rum	(Figure	8.7).	

Figure	 8.7:	 Disease	 prediction	 map	 of	 the	 Isle	 of	 Rum	 based	 on	 2015	 data	
highlighting	areas	of	high	and	low	risk	based	on	elevation	data	and	soil	pH.	

Similarly	 to	disease	prediction	maps	created	 for	2014	data	(section	7.3.7)	 two	

distinct	areas	of	higher	prevalence	were	recovered,	 located	 in	 the	West/South	

West	areas	of	the	island.	However,	disease	prevalence	overall	was	higher	based	

on	 2015	 data	 (𝑥 	2014	 =	 10.9%;	𝑥 	2015	 =	 15.7%)	 particularly	 across	 the	

Northern	coast	(Figure	8.7).	Predicted	disease	prevalence	at	sampled	 locations	

ranged	 from	 0.4%	 to	 30%,	 much	 smaller	 and	 lower	 than	 the	 observed	

prevalence	range	of	0	to	86.7%.		

8.3.2.	Field	season	2016	

8.3.2.1.	Summary	of	disease	distribution	

Of	 twenty-seven	 ponds	 sampled,	 twenty-two	 were	 infected.	 A	 total	 of	 915	

animals	captured,	describing	337	with	gross	lesions	consistent	with	disease	and	

a	mean	prevalence	of	36.8%	[27.8,	45.9].	This	was	significantly	higher	than	the	
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prevalence	based	on	2014	data	(X2	=	8.8;	p	=	0.003),	but	was	consistent	with	the	

overall	prevalence	recorded	in	2015	(36.8%	[26.9,	46.7];	X2	=	0.2;	0.66).	Spatial	

analysis	recovered	seven	statistically	significant	clusters	(Table	8.2).		

Table	 8.2:	 Statistically	 significant	 spatial	 clusters	 of	 disease	 prevalence,	 as	
determined	 by	 SatScan.	 Highlighted	 clusters	 indicate	 those	 with	 higher	 than	
expected	disease	risk.	

Cluster	
#	of	

ponds	
Popn	

Observed	

cases	

Expected	

cases	

Obs./

Exp.	

Relative	

Risk	(RR)	
95%	CI	

1	 5	 145	 3	 54.2	 0.055	 0.047	 0.018,	0.17	

2	 13	 436	 210	 162.9	 1.29	 1.77	 1.48,	2.11	

3	 2	 42	 0	 15.7	 0	 0	 0.002,	0.47	

4	 3	 99	 63	 37	 1.7	 1.86	 1.56,	2.23	

5	 4	 163	 85	 60.9	 1.4	 1.5	 1.28,	1.827	

Just	 two	 areas	 of	 low	 risk	were	 identified	 (Figure	8.10;	 Cluster	 1	 and	 3).	 The	

three	 additional	 spatial	 clusters	 represent	 areas	 where	 risk	 of	 infection	 was	

significantly	higher	than	expected,	again	with	one	cluster	containing	just	on	site	

(Figure	8.10;	Clusters	2,	4	and	5).	Overall	there	appears	to	be	a	split	across	the	

island.	 Low	 levels	 of	 infection	 were	 observed	 at	 the	 Northern	 and	 Eastern	

locations,	 while	 clusters	 were	 disease	 levels	 were	 greater	 than	 expected	

grouped	at	the	Southern	and	Western	locations.		
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Figure	 8.8: A) Spatial distribution of the presence and prevalence of disease where diagrams show the proportion of infected (dark 
blue) and uninfected (light blue) animals sampled from each site during 2016, with size scaled by total catch; A) Prevalence clusters, as 
determined by SatScan, are marked with coloured circles; Clusters 1 and 3(green) represent areas with a lower than expected 
prevalence; Clusters 2, 4 and 5 (pink) areas with prevalence’s higher than expected. 
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8.3.2.2.	Environmental	variables	and	the	presence	of	infection	

As	 with	 data	 from	 previous	 years,	 water	 pH	 was	 a	 strong	 predictor	 of	 the	

presence	and	prevalence	of	infection.	The	pH	measurements	were	significantly	

higher	(more	alkaline)	at	infected	sites	(w	=	0;	p	<	0.001),	and	in	addition,	of	the	

five	ponds	without	infection,	there	was	very	little	variation	in	pH	(Figure	8.11a;	

SE	 =0.264).	 	 A	 significant	 polynomial	 relationship	 (Figure	 8.11b;	 p	 =	 0.001)	

between	 pH	 and	 disease	 prevalence	 showed	 an	 overall	 trend	 of	 increasing	

disease	prevalence	as	ponds	became	more	alkaline,	observing	a	 slight	peak	 in	

prevalence	when	pH	reached	5.7.		

Figure	8.9:	Plots	explore	the	relationship	between	disease	and	pH	in	2016.	a)	
Boxplot	 showing	 the	 differences	 in	 pH	between	 infected	 and	 uninfected	 sites;	
and	b)	plots	of	disease	prevalence	against	pH	with	logistic	regression	line	with	
95%	CI	(red	and	grey	shading).	

	

Whilst	altitude	was	not	a	predictor	of	disease	presence	in	2014	and	2015,	here	

uninfected	sites	were	more	common	at	lower	altitudes	(Figure	8.12a;	t	=	-2.7;	p	=	

0.01)	 compared	 to	 infected	 sites.	 However,	 similarly	 to	 data	 during	 2014	 and	

2015,	no	relationship	was	found	between	altitude	and	prevalence	(Figure	8.12b;	

linear,	p	=	0.72),	nor	was	a	quadratic	of	gam	fit	(p	>	0.09).	As	with	2015,	air	and	

pond	temperature	were	not	predictors	of	disease	presence	(tair	=	-1.9,	pair	=	0.1;	

twater	=	-1.8;	pwater	=	0.1)	or	prevalence	(pair	=	0.32;	pwater	=	0.54).	
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Figure	 8.10:	 Plots	 explore	 the	 relationship	 between	 disease	 and	 altitude	 in	
2016.	a)	boxplot	showing	the	differences	in	pH	between	infected	and	uninfected	
sites;	and	b)	plots	of	disease	prevalence	against	altitude	with	logistic	regression	
line	with	95%	CI	(red	and	grey	shading)	and	GAM	(blue	line)	

8.3.2.3.	Host	characteristics	and	infection	

There	 was	 no	 statistically	 significant	 difference	 in	 the	 body	 size	 (SVL)	 of	

infected	and	uninfected	newts	(p	=	0.05;	Figure	8.13a).	However,	the	difference	

in	 infection	prevalence	between	males	and	females	was	significant	(p	<	0.001),	

with	 the	 odds	 of	 infection	 1.74x	 [1.29,	 2.42]	 higher	 in	 males	 than	 females.	

Neither	disease	presence	of	prevalence	appeared	to	influence	sex	ratios	in	2016.	

There	 was	 no	 significant	 difference	 in	 the	 male:female	 ratios	 observed	 at	

infected	and	uninfected	sites	(t	=;	p	=	0.57).	Even	when	an	anomalous	result	was	

removed	 (Hb2;	 an	 infected	 site	where	only	4	 females	were	 captured)	 this	did	

not	 increase	 the	 significance	 of	 any	 variation	 between	 sex	 ratios	 (p	 =	 0.07).	

There	 was	 no	 relationship	 determined	 between	 sex	 ratios	 and	 disease	

prevalence	(Figure	8.13b;	p	=	0.8).	
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Figure	8.11:	Analysis	of	sex	ratios	against	disease	variables.	a)	Boxplot	showing	
sex	ratios	at	uninfected	and	infected	sites;	b)	Sex	ratios	modeled	against	disease	
prevalence	 with	 linear	 regression	 line	 (red	 line)	 with	 95%CI	 (grey	 shading).	
Blue	dotted	line	represents	an	equal	male:female	ratio.	

8.3.2.4.	Mortalities	

During	 2016,	 twenty-nine	 dead	 bodies	 were	 recorded	 across	 six	 sites,	 where	

infection	was	 also	 recorded	 in	 live	 animals	 captured	 from	 those	 six	 sites.	 The	

highest	number	of	mortalities	counted	at	any	one	site	was	9,	much	lower	than	

2014	and	2015.	When	mortality	prevalence	was	modeled	against	variables	two	

statistically	 significant	 relationships	 were	 determined	 (plots	 presented	 in	

Appendix	 8.III);	 mortality	 rate	 had	 a	 polynomial	 relationship	 to	 altitude	 (p	 =	

0.003)	 similar	 to	 that	 observed	 from	 2015	 data,	 and	 a	 positive	 linear	

relationship	 to	 pH,	 where	 more	 alkaline	 sites	 had	 a	 greater	 proportion	 of	

mortalities	(OR	=	2.86	[1.78,	4.4];	p	<	0.001)	

8.3.2.5.	Disease	prediction	maps	

As	 with	 2014	 and	 2015	 data,	 a	 disease	 progression	 map	 was	 created	 using	

coefficients	as	determined	by	a	regression	model	of	disease	prevalence	against	

pH	and	altitude	for	2016	data	only	(Appendix	8.IV).		
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In	addition	to	the	higher	prevalence	areas	to	the	West/South	West	(Figure	8.14)	

also	recovered	in	2014	and	2015	(section	7.3.7;	section	8.3.1.3),	two	additional	

higher	 prevalence	 sites	 were	 identified	 to	 the	 West	 of	 the	 island.	 Overall	

predicted	disease	prevalence	was	higher	again	in	comparison	to	2014	and	2015	

estimates	(𝑥	2014	=	10.9%;	𝑥	2015	=	15.7%;	𝑥	2016	=	21.5%).		

Figure	 8.12:	 Disease	 prediction	map	 of	 the	 Isle	 of	 Rum	 based	 on	 2016	 data	
highlighting	areas	of	high	and	low	risk	based	on	elevation	data	and	soil	pH.	

8.3.3.	Yearly	comparisons	of	disease	dynamics	(2014	to	2016)	

8.3.3.1.	Spatial-temporal	components	of	disease	

A	total	of	 twenty-three	ponds	were	consistently	sampled	each	year	 from	2014	

to	2016.	Spatial	cluster	analysis	was	performed	and	displayed	 in	 two	ways,	 to	

highlight	key	aspects	of	temporal	disease	variation;			

I. Spatial	 analysis	was	performed	 for	 each	 year,	 using	 only	 sites	 sampled

across	all	years	(n	=	23),	overlaying	clusters	to	show	temporal	stability,

or	variation,	in	areas	of	high	or	low	incidence	(Figure	8.13a);

II. Explicit	 spatio-temporal	 analysis	 to	 highlight	 areas	 where	 disease

increased	or	decreased	annually	(Figure	8.13b).	Only	clusters	containing

more	than	one	site	are	shown.
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Of	 the	 five	 sites	 found	 to	 be	 uninfected	 in	 2014,	 three	were	 consistently	 free	

from	infection	across	subsequent	years	(DP,	KG4	and	M1).	This	was	highlighted	

by	the	recovery	of	a	low	prevalence	spatial	cluster	consistently	across	all	three	

years,	where	disease	 incidence	was	lower	than	expected	(Figure	8.13a:	Cluster	

1).	 In	 2014,	 sites	 C3	 and	 CD1	were	 recorded	 as	 uninfected	 however	 diseased	

animals	were	later	described;	just	a	single	infected	newt	was	captured	in	2016	

at	site	CD1,	whilst	at	site	C3	prevalence	increased	significantly	from	0	to	30.6%	

and	25.8%	in	2015	and	2016	respectively.		

This	 likely	 explains	 the	 presence	 of	 a	 low	 prevalence	 cluster,	 containing	 both	

sites	CD1	and	C3,	 in	2014	 (Figure	8.13a;	Cluster	2)	but	not	2015	and	2016.	 In	

contrast,	 following	 a	 prevalence	 of	 10.5%	 recorded	 at	 site	 R10	 in	 2014,	 live	

diseased	 newts	 were	 not	 observed	 here	 again.	 Spatio-temporal	 analysis	

highlighted	 this	 site	 (Figure	 8.13b:	 Cluster	 C).	 Another	 low	 prevalence	 cluster	

was	 recovered	 in	 2014,	 which	 did	 not	 appear	 during	 analysis	 of	 subsequent	

years	 (Figure	 8.13a:	 Cluster	 3)	 suggesting	 that	 the	 prevalence	 of	 this	 area	

increased.	 Spatio-temporal	 analysis	 confirmed	 this	 observation,	 where	 an	

overlapping	 cluster	 determined	 this	 location	 to	 be	 increasing	 in	 disease	

incidence	annually	by	62.7%		(Figure	8.13b:	Cluster	A).	
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Figure	 8.13:	 Annual	 spatial	 trends	 in	disease	prevalence,	where	 site	 colour	 indicates	prevailing	 annual	 direction	of	 change	 (see	 section	
8.3.3.3;	red	=	stable;	yellow	=	increasing;	blue	=	decreasing):	a)	Overlaid	prevalence	clusters	as	determined	by	spatial	analysis	for	each	year	
using	 only	 sites	 sampled	 all	 three	 years;	 Clusters	where	 infection	 rate	was	 lower	 than	 expected	 (green);	 Cluster	 1:	 a	 consistent	 spatial	
cluster	where	 infection	 levels	were	 lower	 than	 expected	 across	 all	 three	 years;	 Clusters	2	 and	3	 identified	only	 in	2014.	 Clusters	where	
infection	 rate	was	higher	 than	expected	 (pink):	Cluster	4	&	5	 (2014),	6	 (2015)	and	7	 (2016).	b)	Explicit	 spatio-temporal	analysis	where	
areas	of	temporal	increasing	(pink;	A)	or	decreasing	(green;	B	and	C)	disease	prevalence	are	highlighted.	Temporal	increase	(+)	or	decrease	
(-)	in	prevalence,	for	each	cluster,	shown.		
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The	 purely	 spatial	 clusters	 representing	 sites	 with	 high	 levels	 of	 infection	

differed	across	all	three	years.	A	large	spatial	cluster	determined	by	2015	data	

(Figure	8.13a;	Cluster	6)	overlapped	with	 clusters	 from	2014	and	2016,	whilst	

clusters	from	these	years	only	marginally	intersected	(Figure	8.13a;	Clusters	4,	5	

and	cluster	7).		This	is	consistent	with	spatio-temporal	analysis	where	a	cluster,	

roughly	 mirroring	 that	 of	 the	 high	 prevalence	 cluster	 found	 in	 2014	 but	 not	

2015	 and	 2016	 (Figure	 8.13a;	 Clusters	 4,	 5)	 was	 recovered.	 This	 cluster	

highlights	seven	sites	where	average	disease	prevalence	decreased	by	10.26%	

over	time	(Figure	8.13b;	Cluster	B).		

8.3.3.2.	Spatio-temporal	clusters	and	environmental	determinants	

The	 environmental	 variables	 recorded	 at	 sites	 falling	 within	 spatio-temporal	

clusters	(Figure	8.13)	and	outside,	were	compared	in	order	to	identify	variables	

associated	 with	 clusters	 of	 increasing	 or	 decreasing	 disease.	 Water	 pH	 (p	 =	

0.85),	 the	 male-female	 ratio	 (p	 =	 0.79),	 air	 temperature	 (p	 =	 0.6)	 or	 water	

temperature	 (p	 =	 0.73)	 were	 not	 significantly	 related	 to	 temporal	 clusters.	

However,	the	altitude	of	sites	differed	significantly	between	temporal	clusters	(p	

=	0.006;	Figure	8.14).	Sites	found	to	be	increasing	in	prevalence	were	at	a	higher	

altitude	 (𝑥 	=	 325m),	 whilst	 those	 decreasing	 were	 lower	 (𝑥 		 =	 199.4m).	

However,	both	sites	contained	within	clusters	were	 located	at	higher	altitudes	

than	sites	not	found	within	temporal	clusters	(𝑥		=	154.5m).	

Figure	 8.14:	 Altitude	 of	 sites	 clustered	 based	 on	 annual	 increasing	 or	
decreasing	disease	prevalence	as	determined	by	spatio-temporal	analysis	
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8.3.3.3.	Combined	annual	data	and	environmental	determinants	

The	relationship	between	pH	and	disease	prevalence	was	consistent	when	data	

from	 all	 years	 was	 combined	 (OR	 =	 1.65	 [1.29,	 2.1],	 p	 <	 0.001;	 Figure	 8.15a).	

When	 models	 fitted	 to	 each	 years	 data	 were	 overlaid	 some	 variation	 was	

observed,	however	 the	general	 trend	of	 increasing	disease	with	 increasing	pH	

was	consistent	(Figure	8.15a).	In	addition,	a	significant	polynomial	relationship	

was	recovered	between	prevalence	and	altitude	(Figure	8.15b)	not	apparent	for	

any	individual	year.	

Figure	 8.15:	 Disease	 prevalence	 data	 combined	 over	 three	 years	 modeled	
against	a)	pH	and	b)	altitude.	Regression	models	 fitted	(red	 line)	with	95%	CI	
(grey	polygon)		

8.3.3.4.	Annual	variation	in	disease	prevalence:	Island	level	

At	 an	 island	 level,	 prevalence	 showed	 a	 qualitative	 but	 not	 statistically	

significant	 annual	 increase	 from	 34.7%	 [23.7,	 45.6]	 in	 2014	 to	 37.6%	 [27.7,	

47.6]	 in	2015	and	40.3%	 [30.5,	50.1]	 in	2016	 (Figure	8.16a;	OR	=	1.05	 [0.98 –

1.12];	p	=	0.18).	In	addition	to	prevalence	being	site	specific	(ICCsite	=	0.514)	the	

prevailing	 direction	 of	 change	 appeared	 to	 differ	 between	 sites	 (Figure	8.16b;	

see	section	8.3.3.5).			

CHAPTER	8	



306	

Figure	8.16:	Plots	showing	trends	in	annual	disease	prevalence	between	2014	and	2016,	fitted	models	depicted	by	black	trend	
lines	with	shading	representing	the	95%	confident	intervals.	Sites	coloured	by	direction	of	change	(as	determined	by	regression	
analysis)	where	red	=	stable;	blue	=	decrease;	yellow	=	increase.	a)	Annual	disease	prevalence	recorded	at	each	site,	including	
error	bars	based	on	 total	catch	and	models	showing	within	site	 trends;	b)	Lines	showing	 temporal	variations	 in	prevalence’s	
recorded	at	each	site	and	c)	showing	prevalence’s	at	each	year	with	error	bars,	and	overall	fitted	model	fitted	to	both.		
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One	of	the	most	significant	fluctuations	in	prevalence	occurred	at	site	S1,	where	

disease	prevalence	almost	halved	from	100%	in	2014	to	59.1%	in	2016	(Figure	

8.16c).	As	prevalence	decreased,	 total	 catch	 increased	 from	10	 to	22,	meaning	

that	estimated	prevalence	was	based	on	a	large	sample	size	each	year.	Again,	a	

significant	decrease	in	prevalence	was	observed	at	site	H2	from	77.7%	to	39.8%	

(p	=	 0.02;	Figure	8.16c)	where	 the	 highest	 prevalence	 of	 77.7%	was	 recorded	

when	 catch	 was	 lowest	 at	 this	 site	 (n	 =	 18).	 One	 explanation	 for	 prevalence	

fluctuations	 may	 be	 variation	 in	 total	 catch.	 No	 statistically	 significant	

relationship	between	total	catch	and	year	were	determined	at	any	site	(p	>	0.07;	

Figure	8.17).		

Figure	 8.17: Total	 catch	 plotted	 against	 disease	 prevalence	 grouped	 by	 site	
with	linear	regression	lines	(black	line)	added.	

In	 addition,	 no	 consistent	pattern	between	 the	number	of	 animals	 caught	 and	

the	disease	prevalence	recorded	was	found	(Figure	8.18;	OR	=	1.00	[0.09,	1.01];	

p	=	0.57),	and	qualitatively	no	 temporal	 trend	 in	 total	catch	matched	temporal	

trend	in	disease	prevalence	(Figure	8.18).		
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Figure	8.18: Total	catch	by	disease	prevalence	for	each	site,	with	overall	linear	
regression	 model	 fitted	 (red	 line)	 and	 95%CI	 (grey	 shading).	 Data	 points	
coloured	by	direction	of	significant	prevalence	changes	

8.3.3.5.	Annual	trends	in	disease	prevalence:	Site	specific	

Regression	analysis	was	performed	on	data	from	each	individual	site,	assessing	

disease	prevalence	against	year,	to	determine	any	statistically	significant	annual	

changes	and	the	direction	of	that	change	(Appendix	8.IV).	Disease	was	found	to	

be	 stable	 across	 the	 majority	 of	 ponds,	 with	 just	 7	 showing	 a	 statistically	

significant	 increase	 or	 decrease	 in	 prevalence	 (Figure	 8.13c).	 Consistent	 with	

spatio-temporal	 clusters	 (Figure	8.11b)	 sites	 C2	 and	 C3	 showed	 a	 statistically	

significant	 increase	 in	 disease	 prevalence	 whilst	 the	 cluster	 of	 decreasing	

prevalence	encompassed	H2,	M2	and	S1	(Figure	8.13c).	

Fluctuations	in	disease	prevalence	at	the	site	level	may	be	explained	by	changes	

in	possible	predictor	variables.	Annual	change	in	prevalence	and	corresponding	

variables	 were	 investigated	 using	 two	 measures:	 a)	 the	 direction	 of	 change	

(based	on	regression	section	8.3.3.4.);	and	b)	the	quantitative	degree	of	change	

(pairwise	annual	differences	in	prevalence	and	measured	variables).		
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8.3.3.6.	Annual	directional	changes	in	predictor	variables	

As	with	disease	prevalence,	significant	fluctuations	in	measured	variables	were	

investigated	 across	 years,	 recording	 significant	 increases	 or	 decreases	 at	 each	

site.	No	statistically	 significant	annual	 fluctuations	 in	pH	or	pond	 temperature	

were	 identified.	 At	 site	 H5	 a	 significant	 decrease	 in	 the	male	 to	 female	 ratio,	

indicating	an	increase	in	the	number	of	females	between	2014	and	2016	(OR	=	-

0.5[-0.95,	-0.05],	p	=	0.045),	was	identified.	Despite	a	decrease	in	prevalence	at	

site	 H5	 from	 56.5%	 to	 42.4%	 to	 37.5%,	 no	 statistically	 significant	 change	 in	

prevalence	was	identified	(p	=	0.15:	Figure	8.13c).	A	significant	change	was	also	

identified	for	air	temperature	at	A2,	which	decreased	significantly	(OR	=	-1.95[-

2.3,	-1.6],	p	=	0.009)	despite	no	significant	change	in	disease	prevalence	(Figure	

8.13c).		

To	 identify	 inconsistent	 fluctuations,	 where	 no	 prevailing	 directional	 change	

was	observed	but	prevalence	and	variables	fluctuated	between	pairwise	years,	

the	quantitative	annual	differences	were	investigated.	

8.3.3.7.	Quantitative	annual	differences	in	disease	and	associated	variables	

Pairwise	 differences	 in	 prevalence	 were	 modeled	 against	 the	 corresponding	

annual	differences	in	measured	variables	as	determined	by	stepwise	regression	

(Appendix	8.IV).	The	only	statistically	significant	relationships	were	determined	

between	the	change	in	prevalence	and	the	corresponding	change	in	male:female	

ratio,	between	years	2015	and	2016	(Figure	8.19a),	and	2014	and	2016	(Figure	

8.19b).			
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Figure	 8.19:	 Quantitative	 annual	 changes	 in	 disease	 prevalence	 between	 a)	
2014	and	2016;	and	b)	2015	and	2016,	against	the	corresponding	change	in	the	
male	 to	 female	 ratio.	 Linear	 regression	 models	 fitted	 (red	 line)	 with	 95%	 CI	
(grey	polygon).		

As	the	difference	in	prevalence	increased,	the	difference	in	the	male:female	ratio	

also	increased	(2014	to	2016	OR	=	11.08	[2.27,	19.9],	p	=	0.016;	2015	to	2016	

OR	=	12.6	[5.6,	19.6],	p	=	0.001).	This	indicates	that	an	increase	in	the	proportion	

of	 males	 at	 a	 site	 is	 associated	 with	 a	 corresponding	 increase	 in	 disease	

prevalence.	
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Two	 areas	 to	 the	 West	 were	 found	 to	 have	 consistently	 higher	 prevalence’s	

where	 soil	 pH	 estimates	 were	 the	 highest	 (6.79).	 Disease	 prediction	 maps	

appear	 to	 show	 an	 annual	 increase	 in	 disease	 prevalence	 across	 the	 island	

(Figure	8.20),	with	 the	maximum	predicted	prevalence	 increasing	 from	48.8%	

(𝑥	=	10.99)	 to	62.48%	(𝑥		=	21.82).	The	soil	pH	data	used	 for	prediction	maps	

was	much	more	acidic	(lower)	 than	observed	pH,	so	 the	 increase	may	suggest	

that	higher	disease	prevalence’s	were	observed	at	lower	pH’s	during	2015	and	

2016.	

Figure	 8.20:Disease	 prediction	 maps	 created	 using	 coefficients	 from	 models	
based	on	data	collected	during	2014	(a),	2015	(b)	and	2016	(c).	
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8.3.4.		Incorporating	preliminary	data	and	long	term	projections	

In	 2011	 and	 2012	 initial	 site	 visits	 and	 prevalence	 data	was	 collected	 from	 a	

selection	of	sites	for	independent	master’s	projects	(Anderson,	2011;	McMurdo-

Hamilton,	2012).	Of	all	sites	sampled	consistently	across	2014	to	2016	(n	=	23),	

ten	 overlapped	 with	 those	 visited	 during	 2011	 and/or	 2012,	 where	 animals	

were	captured	(n	≥1)	(Appendix	8.V).	Infected	newts	were	captured	at	eight	sites	

during	 2011	 and	 2012.	 These	 locations	 were	 consistently	 infected	 (i.e.	 live	

newts	were	captured	with	signs	of	disease)	between	2014	and	2016.	Site	KG4	

was	consistently	free	from	infection	from	2011	through	to	2016,	however	whilst	

disease	was	not	detected	at	site	R10	during	2011,	2012,	2015	or	2016,	in	2014	

three	infected	newts	were	captured	(prevalence	=10.3%).	

The	catch	size	at	sites	sampled	in	2011	and	2012	were,	on	average,	much	lower	

than	 the	 catches	 recorded	 from	 2014	 to	 2016	 (2011 𝑎𝑛𝑑 2012 𝑥	=	 10.1[5.3,	

14.8];	2014 to 2016 𝑥	=	33.7[28.4,	38.9]).	It	is	unlikely	that	very	low	catch	sizes	

will	 give	 accurate	 prevalence	 estimates,	 so	 in	 order	 to	 compare	 prevalence’s	

across	years	2011	to	2016,	only	sites	with	a	catch	greater	than	8,	representing	

the	 lowest	 catch	 size	 recorded	 during	 2014	 and	 2016,	were	 used	 to	 compare	

data	(n	=	6).	 	In	addition,	as	the	sampling	protocols	followed	in	2011	and	2012	

were	 not	 consistent	 with	 those	 used	 during	 this	 study,	 it	 was	 deemed	

inappropriate	 to	 include	 this	 data	 in	 regression	 models.	 Instead	 data	 was	

plotted	against	models	fitted	to	data	collected	between	2014	and	2016	in	order	

to	qualitatively	compare	trends.	

With	the	exception	of	the	uninfected	site	(R10),	when	annual	prevalence’s	were	

plotted,	estimates	obtained	during	2011	and	2012	did	not	 fit	within	estimates	

recorded	 between	 2014	 and	 2016	 (Figure	 8.21).	 On	 occasion	 prevalence’s	

recorded	 during	 preliminary	 survey’s	 were	 considerably	 higher	 (e.g.	 R4)	 or	

lower	 (e.g.	 R3)	 despite	 a	 relatively	 small	 qualitative	 range	 in	 prevalence’s	

between	2014	and	2016	data.	
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Figure	8.21:	Boxplots	of	annual	prevalence	data	between	2014	and	2016	with	
2011	and	2012	prevalence	data	added	as	points	(red)	

Across	years	2014	to	2016	a	consistent	and	strong	relationship	was	 identified	

between	 pH	 and	 disease	 prevalence.	When	 prevalence’s	 from	 2011	 and	 2012	

were	plotted	against	 this	data,	a	similar	 trend	was	observed,	 fitting	within	the	

model	of	disease	prevalence	against	pH	(Figure	8.22).		

Figure	8.22:	Disease	prevalence	data	plotted	against	pH	for	years	2014	to	2016	
with	regression	model	fitted	(black	line	fitted	with	95%	CIs).	Overlapping	sites	
sampled	in	2011	and	2012	are	plotted	with	error	bars	based	on	95%	CIs	(red).	
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Models	 fitted	 to	disease	prevalence	 across	 years	2014	and	2016	were	plotted	

(Figure	8.23),	extending	back	to	2011	and	projected	forward	to	2018.	Data	from	

2011	and	2012	were	plotted	against	this	extended	model.	The	extended	model	

shows	 a	 slight	 trend	 of	 increasing	 disease	 prevalence	 from	 2011	 to	 2018,	

however	this	trend	is	slight	

Figure	8.23:	Prevalence	data	 from	sites	sampled	across	2014,	2015	and	2016	
(n	 =	 23;	 �)	 and	 overlapping	 ponds	 sampled	 in	 2011	 and/or	 2012	 (n	 =	 6;	 �),	
which	 include	95%	CI	error	bars.	Models	 fitted	to	annual	prevalence	based	on	
data	 from	 2014	 to	 2016	 (	 	 	 )	 extended	 to	 predict	 past	 and	 future	 disease	
patterns	(--).			
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8.4.	DISCUSSION	

In	 chapter	 7,	 the	 spatial	 patterns	 and	 environmental	 determinants	 of	 disease,	

observed	within	a	 single	year	 (2014),	were	 investigated.	Disease	on	Rum	was	

found	to	be	prevalent	and	widespread,	and	whilst	overall	disease	incidence	was	

low	 (29.7%),	 prevalence	 at	 individual	 sites	 could	 reach	 100%.	Water	 pH	was	

found	 to	 be	 a	 consistent	 predictor	 of	 disease	 where	 higher	 prevalence	 and	

disease	burden	was	described	at	the	most	alkaline	sites,	and	pH	measurements	

at	 uninfected	 sites	 never	 exceeded	 5.8.	 This	 Chapter	 looked	 to	 build	 on	 these	

findings	by	assessing	spatio-temporal	patterns	using	data	collected	across	three	

consecutive	years.	Spatial	clustering	and	regression	analysis	were	the	primary	

methods	used	to	 investigate	both	 island	level	and	site	 level	changes	 in	disease	

incidence	and	prevalence.	In	addition,	changing	spatial	patterns	were	explored	

to	develop	hypotheses	of	disease	state	on	Rum	and	explore	evidence	suggestive	

of	emerging	disease,	recent	introduction	points	or	endemic	stability.		

8.4.1.	Inter-annual	trends	in	island	level	disease	prevalence	

Based	 on	 the	 twenty-three	 sites	 sampled	 annually,	 island	 level	 disease	

prevalence	showed	no	statistically	significant	annual	change,	contradicting	the	

increasing	 state	 suggested	 by	 preliminary	 data	 (Anderson,	 2011;	 McMurdo-

Hamilton,	2012;	section	1.8.2.).	 Inter-annual	variation	 in	disease	varied	across	

different	spatial	scales.	Whilst,	 little	 inter-annual	variation	was	detected	at	the	

island-level,	this	indicates	stability	in	island-level	annual	disease	occurrence.	It	

is	 possible	 that	 the	 trend	 observed	 in	 previous	 surveys	was	 a	 spurious	 result	

due	to	low	catch	and	inconsistent	sampling	methodologies,	however	it	may	have	

highlighted	 instability	 in	 disease	 at	 the	 site	 level,	 further	 explored	 below	

(section	8.4.5).	

8.4.2.	Annual	variation	in	the	presence	of	infection	

The	presence	or	absence	of	infected	newts	was	consistent	across	80%	of	sites	(n	

=	 20);	 visibly	 disease	 newts	 were	 recorded	 each	 year	 at	 17	 sites,	 while	 no	

diseased	newts	were	sampled	at	3	sites	across	the	3	years.	It	is	possible	that	the	
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pathogen	has	simply	not	been	introduced	to	those	three	sites	where	disease	was	

not	 detected	 during	 inter-annual	 surveys.	 However,	 disease	 is	 widespread	

across	the	island	with	uninfected	and	infected	often	sites	closely	located,	and	as	

environmental	variables	(water	pH)	were	linked	to	disease,	it	is	more	likely	that	

environmental	conditions	have	a	strong	deterministic	factor	on	the	presence	of	

infection.		

At	sites	R10	and	CD1	a	small	number	(n	<	3)	of	infected	newts	were	recovered	

during	 2014	 and	 2016	 respectively,	 but	 were	 uninfected	 during	 the	 other	

sampled	years.	In	addition,	whilst	site	C3	was	uninfected	in	2014,	prevalence’s	

reached	 28.6%	 during	 2015	 and	 2016.	 The	 presence	 of	 one	 or	 two	 infected	

animals	at	otherwise	uninfected	sites	 (R10	and	CD1)	may	be	explained	by	 the	

“seed	 effect”	 proposed	 in	 chapter	 7	 to	 explain	 the	 observation	 of	 very	 low	

prevalence	sites,	particularly	where	high	prevalence	sites	are	in	close	proximity.	

However,	theory	suggests	that	disease	can	take	hold	of	an	uninfected	population	

following	the	introduction	of	just	a	single	infected	individual,	assuming	infection	

will	 be	 transmitted	 to	 at	 least	 one	 other	 individual	 (Lafferty	 and	 Holt,	 2003)	

given	a	threshold	density	of	susceptible	hosts	(Anderson	and	May,	1986).	Both	

sites	R10	and	CD1	had	high	catch	sizes	(17	to	68)	so	if	disease	is	failing	to	take	

hold	of	these	populations	it	is	probable	that	conditions	are	not	suitable	for	the	

pathogen	to	proliferate.		

This	 may	 explain	 the	 higher	 prevalence	 recorded	 at	 site	 C3,	 if	 conditions	

allowed	for	infection	to	take	hold	of	this	population	post	2014	representing	the	

pathogen’s	 recent	 introduction.	 For	 example,	 whilst	 no	 consistent	 statistical	

changes	in	variables	were	found	to	predict	changes	in	prevalence,	the	pH	at	C3	

increased	 from	5.13	 in	2014	 to	6.26	 in	2015.	However,	 it	 cannot	be	 ruled	out	

that	migration	of	infected	newts	is	more	common	than	expected,	particularly	at	

sites	clustered	close	together	and	boggy	areas.	For	example,	the	large	amount	of	

rainfall	 experienced	 in	 2015	 and	 2016	may	 have	 caused	 localized	 flooding	 of	

sites	 and	 facilitated	 the	 movement	 of	 newts	 between	 sites	 causing	 higher	

migration	 of	 infected	 newts	 to	 sites	 where	 diseased	 newts	 were	 not	 usually	

observed.	
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8.4.3.	Environmental	determinants	

Across	each	individual	year,	and	when	annual	data	was	combined,	water	pH	was	

a	consistent	predictor	of	the	presence	and	prevalence	of	disease,	where	possible	

causes	 of	 this	 interaction	 are	 discussed	 in	 chapter	 7.	 In	 addition	 a	 significant	

relationship	was	recovered	between	altitude	and	disease	when	annual	data	was	

combined,	 a	 relationship	 that	was	 not	 significant	 for	 any	 individual	 year	 (see	

also	chapter	7).	 It	 showed	a	distinct	peak	 in	disease	prevalence	when	altitude	

reached	 200m,	 with	 sites	 located	 at	 the	 highest	 and	 lowest	 altitudes	 having	

significantly	lower	prevalence’s.	This	may	be	an	artifact	of	the	Rum	geology	and	

sampling	 bias	 as	 the	 majority	 of	 sampled	 sites	 were	 located	 at	 mid-range	

altitude	 (75%	 of	 sites	 fell	 between	 127m	 and	 228m)	 where	 sites	 were	 most	

accessible.		

However,	altitudinal	differences	 in	disease	prevalence	and	outcome	have	been	

identified	 in	many	host-pathogen	systems	(McDonald	and	Alford,	1999;	Young	

et	al.	 2001;	 Gilbert,	 2010;	 Rooyen	 et	al.	 2010).	 The	 impacts	 of	 altitude	 on	 Bd	

infection	were	briefly	discussed	in	Chapter	7	(section	7.4.5.),	where	the	effects	

of	 low	 temperatures	 associated	with	 higher	 altitude	 (Walker	 et	 al.	 2010),	 UV	

exposure	 (Johnson	 et	 al.	 2003;	 Ortiz-Santaliestra	 et	 al.	 2011)	 and	 a	 potential	

direct	effect	on	the	pathogen	or	host	have	been	suggested.	For	example,	results	

from	chytrid	 studies	 suggest	 that	drainage	 from	high	altitude	 sites	distributes	

parasite-infected	water	through	lower	altitude	sites,	diluting	infection	down	an	

altitudinal	 gradient	 (Sapsford	 et	 al.	 2013).	 However,	 a	 different	 pattern	 was	

observed	 on	Rum	where	 high	 prevalence	 clustered	 around	 the	mean	 altitude.	

Similar	patterns	have	been	seen	in	other	systems,	for	example	the	prevalence	of	

waterborne	 Cryptosporidium	 oocysts	 showed	 a	 similar	 binomial	 relationship	

with	 elevation,	 peaking	 at	 a	mean	 altitude,	 thought	 to	 be	 a	 result	 of	 optimum	

temperature	and	UV	exposure	providing	optimum	conditions	(Olson	et	al.	1991;	

Nasser	 et	 al.	 2007;	 King	 et	 al.	 2008;	 2010;	 Montecino-Latorre	 et	 al.	 2015).	

Despite	a	small	altitudinal	range	on	Rum	the	dramatic	landscape	(Lowe,	1998)	

means	that	even	small	altitudinal	differences	may	experience	striking	variation	

in	temperature	and	UV	radiation	due	to	exposure.		
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8.4.4.		Host	population	structure	and	disease	

In	 2015	 and	 2016,	 no	 association	 between	 infection	 and	 body	 size	 (SVL)	was	

observed,	contradicting	evidence	from	2014	where	infected	newts	were	smaller	

in	 size.	 In	 addition,	 the	 male	 bias	 in	 infection	 determined	 in	 2014	 was	 not	

observed	in	2015.	It	was	initially	speculated	that	the	disappearance	of	the	SVL-

infection	relationship	was	due	to	the	associated	disappearance	of	a	male	bias	in	

infection.	 However,	 in	 2016	 the	 odds	 of	 infection	were	 again	 higher	 in	males	

despite	 SVL	 no	 longer	 being	 a	 significant	 predictor	 of	 infection.	 The	

disappearance	 of	 an	 association	 between	 SVL	 and	 infection,	 in	 the	 presence	

(2016)	and	absence	(2014)	of	male	biased	disease	risk,	suggests	 that	 the	SVL-

infection	relationship	determined	 in	2014	was	purely	an	artifact	of	 the	higher	

proportion	of	infected,	smaller,	males.	

In	2015,	sex	ratios	differed	significantly	based	on	the	presence	and	prevalence	

of	disease,	where	uninfected	sites	had	a	male	biased	population,	a	relationship	

that	 was	 not	 apparent	 in	 2014.	 If	 males	 are	 adversely	 affected	 by	 infection,	

supported	by	the	male	infection	bias	found	in	2014,	this	may	explain	a	decrease	

in	males	 at	 infected	 sites.	 However,	 the	 relationship	 to	 prevalence	 was	more	

complex,	indicating	a	male	bias	at	sites	with	the	highest	and	lowest	prevalence.	

The	male	bias	observed	at	uninfected	sites	may	represent	the	natural	sex	ratio	

in	the	absence	of	parasitism,	contradicting	the	overall	female	bias	in	L.	helveticus	

populations	 described	 by	 Harrison	 et	 al.	 (1983).	 The	 initial	 shift	 seen	 at	 low	

prevalence	sites	 from	a	high	sex	ratio	 (male	bias)	 to	a	 lower	sex	ratio	 (female	

bias)	was	unsurprising	due	to	the	male	bias	in	infection	risk,	particularly	if	this	

higher	 infection	 risk	 resulted	 in	 increased	 male	 mortality.	 However,	 this	

contradicts	 the	 high	 sex	 ratio	 observed	 at	 high	 prevalence	 sites.	 It	 is	 possible	

that	after	a	certain	threshold	of	prevalence,	the	pathogenicity	or	virulence	of	the	

pathogen	 increases	 giving	 way	 to	 higher	 infection	 intensity	 as	 observed	 in	

chapter	6.	As	higher	parasite	burden	and	severe	pathologies	(full	body	oedema)	

appear	 more	 prevalent	 in	 females	 (Chapter	 6)	 the	 impact	 of	 disease	 may	 be	

exaggerated	in	females	at	high	prevalence	sites	causing	a	bias	in	mortality	and	

therefore	 a	 male	 biased	 sex	 ratio.	 Alternatively,	 rather	 than	 the	 population	
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structure	being	impacted	by	disease,	a	natural	male-bias	in	the	population	may	

subsequently	be	the	cause	of	higher	prevalence.		

8.4.5.	Site	specific	prevalence	changes	

At	 the	 site	 level,	 seven	 locations	 were	 found	 to	 have	 statistically	 significant	

increasing	 or	 decreasing	 trends.	 There	 were	 no	 consistent,	 corresponding	

directional	 changes	 in	 any	 measured	 variable	 found	 to	 be	 associated	 with	 a	

prevailing	 increase	 or	 decrease	 in	 prevalence.	 However,	 as	 each	 site	 was	

investigated	 individually,	 analysis	 was	 performed	 on	 just	 3	 data	 points	

(corresponding	 to	 3	 years),	 meaning	 any	 change	 would	 need	 to	 be	 very	

pronounced	 for	 regression	 analysis	 to	 identify	 a	 statistically	 significant	

relationship.	For	this	reason,	and	to	identify	inconsistent	fluctuations	where	no	

prevailing	directional	change	was	observed	the	quantitative	annual	differences	

were	investigated.		

This	analysis	determined	that	the	observed	variation	in	disease	levels	between	

years	2014	to	2015,	and	2014	to	2016,	were	linked	to	corresponding	variation	

in	 the	 male	 to	 female	 ratio.	 In	 sites	 where	 the	 population	 structure	 changed	

across	 years	 towards	 a	 male	 biased	 sex	 ratio,	 a	 corresponding	 increase	 in	

disease	 prevalence	 occurred.	 Cause	 and	 effect	 of	 this	 association	 cannot	 be	

determined	 from	 this	 data,	 leaving	 two	 likely	 explanations.	 It	 is	 possible	 that	

changes	 in	 the	 host-population	 structure	 towards	 a	 male-bias	 sex	 ratio	

influenced	 disease	 levels,	 as	 a	 male-bias	 in	 infection	 risk	 was	 determined	 in	

2014	 and	 2016.	 However,	 the	 reason	 for	 an	 increase	 in	males	 is	 unclear	 and	

may	the	result	of	natural	fluctuations	or	more	complex	interactions	between	sex	

determination	and	extrinsic	factors	(Wischi,	1929;	Dournon	et	al.	1984;	Eggert,	

2004;	 Cruz-Ruiz	 et	 al.	 2015).	 Alternatively,	 increasing	 prevalence	may	 in	 fact	

influence	 the	 host	 population	 structure.	 Analysis	 of	 disease	 presentation	 in	

chapter	 6	 found	 females	 had	 higher	 cyst	 burden	 and	 were	 more	 likely	 to	

develop	 full	 body	 oedema.	 If	 higher-parasitism	 in	 female’s	 leads	 to	 increased	

mortality	 this	 may	 be	 observed	 as	 a	 male-bias	 in	 the	 population.	 Higher	
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parasitism	of	females	and	the	development	of	severe	pathologies	may	lead	to	a	

bias	in	mortality	causing	instability	in	the	host	population	structure.		

8.4.6.	Spatio-temporal	clusters	

Analysis	 of	 spatio-temporal	 clusters	 revealed	widespread	 spatially	 dependent	

variation	 in	 disease,	 where	 no	 prominent	 island	 level	 trends	 in	 increasing	 or	

decreasing	 prevalence	 were	 apparent.	 The	 consistent	 recovery	 of	 a	 low	

prevalence	cluster	each	year	(Figure	8.14a1)	highlighted	an	area	to	the	East	of	

the	Island	where	disease	is	spatially	and	temporally	restricted.	This	stability	in	a	

spatially	restricted	area	of	low	prevalence/disease	absence	may	be	dictated	by	

corresponding	abiotic	or	biotic	factors	that	present	with	a	similar	spatial	range,	

such	 as	 underlying	 geology	 or	 vegetation	 or	 the	 isolation	 of	 the	 hosts	 from	

potential	 infected	 sources.	 For	 example,	 if	 local	 geography	 isolates	 these	 sites	

from	other	populations,	 this	 area	may	act	 as	a	 refuge	or	an	 isolated	pocket	of	

disease	absence.	These	patterns	can	also	arise	 from	 local	areas	of	unfavorable	

conditions,	 which	 prevent	 disease	 from	 proliferating	 within	 a	 localized	

population.	 However	 this	 cluster	 contained	 just	 3	 sites,	 and	 more	 samples	

should	 be	 taken	 from	 this	 area	 to	 confirm	 the	 absence,	 or	 low	 prevalence,	 of	

infection.	Two	other	areas	of	 low	prevalence	were	also	recovered	in	2014	that	

were	not	recovered	during	subsequent	years.	This	would	suggest	an	increase	in	

prevalence,	 or	 perhaps	 the	 spatial	 range	 of	 disease,	 supported	 by	 a	 spatio-

temporal	 cluster	 of	 increasing	 prevalence	 that	 mapped	 explicitly	 over	 a	 low	

prevalence	cluster	only	apparent	in	2014.		

The	temporal	trends	indicated	by	the	recovery	of	high	prevalence	clusters	were	

less	 clear.	 The	 larger	 high	 prevalence	 cluster	 recovered	 in	 2015,	 overlapping	

with	those	recovered	in	2014,	are	indicative	of	a	localized	outbreak	expanding	

in	spatial	range.	However,	the	high	prevalence	cluster	recovered	in	2016,	whilst	

it	 fell	within	 the	 2015	 cluster	 only	marginally	 overlapped	with	 2014	 clusters.	

This	 could	 indicate	 a	 pattern	 of	 ‘relocation’	 dispersion	 where	 disease	 is	

spreading	 south,	 causing	 high	 prevalence	 outbreaks	 in	 the	 recently	 invaded	

populations.	 This	 is	 somewhat	 supported	 by	 spatio-temporal	 analysis	 which	



321	

identified	a	 cluster	of	 sites	decreasing	 in	prevalence	 that	 closely	mirrored	 the	

high	prevalence	clusters	in	2014.	

Of	the	measured	variables,	altitude	was	the	only	significant	predictor	of	a	sites	

presence	in	spatio-temporal	clusters.	Sites	where	disease	prevalence	increased	

annually	were	at	the	highest	altitudes.	This	may	be	a	response	to	more	exposed	

environments	 giving	 rise	 to	 colder	 temperatures,	 UV	 exposure	 and	 more	

unstable	 conditions,	 leading	 to	 increased	 physical	 stress	 on	 the	 host	 and	

therefore	lower	immune	capability	(Rohr	et	al.	2008;	Rollins-Smith	et	al.	2011).	

In	 addition,	 a	 spatio-temporal	 cluster	 of	 decreasing	 prevalence	 had	 a	 lower	

altitude	than	those	increasing	in	prevalence	but	a	higher	altitude	than	sites	that	

did	not	 cluster.	This	may	 represent	a	more	 sheltered	and	 stable	environment,	

particularly	 as	 the	 cluster	 overlapped	 with	 a	 main	 valley.	 However,	 high	

prevalence	 clusters	 overlapping	 this	 area	were	obtained	during	purely	 spatial	

analysis	 performed	 for	 each	 year	 (see	 section	7.3.1;	8.3.1.1	and	8.3.2.1),	where	

disease	 levels	 in	 this	valley	were	significantly	higher	compared	to	background	

levels	across	the	island.	The	identification	of	an	apparent	‘outbreak’	or	‘hotspot’	

of	 disease	 showing	 an	 annual	 decreasing	 trend	 may	 reflect	 the	 end	 of	 an	

epidemic	peak	where	high	disease	levels	are	beginning	to	decline	following	the	

emergence	 of	 disease	 in	 this	 area.	 If	 this	 is	 the	 case,	 the	 appearance	 of	 an	

overlapping	cluster	of	 increasing	disease	 incidence	may	represent	a	continued	

“wave”	of	disease	moving	across	the	islands	population.	

Overall	 patterns	 from	 spatial	 and	 spatio-temporal	 analysis	 suggest	 that	 the	

absence	of	disease	in	some	areas	is	temporally	consistent	whilst	the	increase	or	

decrease	in	prevalence	varies	spatially	perhaps	dictated	by	natural	fluctuations	

in	environmental	conditions	or	waves	of	disease	dissipating	across	the	island.	

8.4.7.	Exploring	past	and	future	trends	

Ten	sites	sampled	in	2011	and/or	2012	overlapped	with	sites	sampled	between	

2014	and	2016.	The	presence	or	absence	of	infection	was	consistent	across	the	

ten	overlapping	sites,	however	prevalence’s	recorded	during	these	preliminary	
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surveys	did	not	fit	with	those	observed	in	later	years.	As	discussed,	this	is	likely	

due	 to	 inconsistent	 sampling	and	 low	catch	 size	but	may	 further	highlight	 the	

degree	 of	 fluctuation	 that	 can	 be	 observed	 annually	 within	 a	 single	 site.	 In	

addition,	 these	 data	 points	 fit	 within	 the	 pH	 and	 prevalence	 model	 further	

confirming	 the	pH	disease	 interaction	and	suggesting	 it	has	a	 long	established	

relationship.	

The	overall	relationship	between	disease	prevalence	and	year,	based	on	2014	to	

2016	 data,	 showed	 that	 prevalence	 was	 not	 significantly	 increasing	 or	

decreasing	annually	at	the	island	level.	When	the	model	was	extended	to	2011	

and	 2018,	 a	 slight	 qualitative	 increasing	 trend	 in	 disease	 prevalence	 was	

observed.	However,	this	is	only	based	on	three	data	points	and	annual	surveying	

will	need	to	be	performed	over	a	much	longer	time	period	in	order	to	confirm	

any	trends.	

8.4.8.	Disease	prediction	maps	

As	 discussed	 in	 Chapter	 7,	 disease	 prediction	 maps	 were	 based	 on	 the	 only	

available	 pH	 data	 for	 the	 Island	 -	 soil	 pH-	 and	 whilst	 the	 underlying	 soil	

composition	 likely	 influences	water	 chemistry,	 on	Rum	soil	pH	measurements	

were	 consistently	 lower	 than	 measurements	 taken	 from	 water.	 That	 said,	

disease	prediction	maps	created	from	model	coefficients	for	each	year	showed	

an	overall	increase	in	predicted	disease	prevalence.	Whilst	these	maps	may	not	

be	an	accurate	reflection	of	prevalence	due	to	discrepancies	between	obtained	

input	data	(pH	and	altitude)	and	observed	variables,	the	increase	may	indicate	a	

change	 in	 the	 interaction	 between	 disease	 and	 pH.	 As	 models	 based	 on	 data	

from	2015	and	2016	gave	higher	predicted	prevalence	despite	 the	same	 input	

data	(pH	and	altitude),	 it	may	indicate	that	 low	pH	environments	were	able	to	

support	higher	average	prevalence	in	later	years.	The	may	be	many	reasons	for	

this	 interaction,	 for	example	 it	may	be	an	early	 indication	that	the	pathogen	is	

adapting	 to	 acidic	 water.	 This	 could	 lead	 to	 an	 increase	 in	 overall	 disease	

prevalence	or	localized	outbreaks.		
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8.4.9.	Mortalities	

Mortality	 levels	 were	 highest	 during	 2015	 where	 96	 dead	 bodies	 were	

recovered	 compared	 to	 74	 in	 2014	 and	 29	 in	 2016.	 This	 does	 not	 appear	 to	

correspond	to	any	peak	in	overall	disease	levels,	however	this	may	correspond	

to	 the	 significant	 decrease	 in	 temperature	 observed	 during	 the	 same	 year	

(Appendix	 8.VI).	 This	 is	 consistent	 with	 field	 observations	 and	 experimental	

evidence	 which	 has	 identified	 an	 association	 between	 low	 temperatures	 and	

increased	 amphibian	 mortality,	 particularly	 in	 the	 presence	 of	 disease,	 often	

linked	 to	 immunosuppression	 (Lin	 and	 Rowlands	 1973;	Maniero	 and	 Carey,	

1997;	 Laurance	 et	al.	 1996;	 Jozkowicz	 and	 Plytycz	 1998;	 Bradley	 et	al.	 2004;	

Raffel	et	al.	2006a).	

In	2014,	a	number	of	measured	variables	were	associated	with	mortality	rates,	

discussed	 in	 detail	 in	 chapter	 7.	 Across	 2015	 and	 2016,	 several	 statistically	

significant	 relationships	 were	 determined,	 all	 consistent	 with	 those	 found	 in	

2014.	For	example,	in	2015	mortalities	increased	with	increasing	temperature,	

suggesting	perhaps	an	increase	in	mortality	as	the	season	progressed.	However,	

upon	plotting	 this	 relationship	 any	pattern	was	weak.	 Similarly,	 a	 decrease	 in	

sex	ratio	was	associated	with	an	increase	in	mortality	rate	across	both	2014	and	

2015.	Whilst	two	theories	of	cause	and	effect	were	proposed	in	chapter	7,	due	to	

the	persistence	of	 a	male	bias	 in	 infection	 risk	 it	 is	most	 likely	 that	males	 are	

more	likely	to	become	infected	and	therefore	succumb	to	infection	giving	rise	to	

a	female	bias	due	to	a	disproportionate	amount	of	male	deaths.	Mortalities	were	

lowest	 in	male	 biased	 sites.	During	 both	 2015	 and	2016	 a	 similar	 polynomial	

relationship	 showing	 lowest	 mortality	 rates	 and	 the	 highest	 and	 lowest	

altitudes.	 This	 relationship	was	 similar	 to	 the	prevalence-altitude	 relationship	

found	 when	 data	 was	 combined	 (section	 8.3.3.3)	 and	 may	 reflect	 a	 mid-

elevation	cluster	of	high	prevalence	and	therefore	higher	mortality	rate,	despite	

finding	 no	 relationship	 between	 prevalence	 and	 mortality.	 In	 a	 similar	 way,	

analysis	of	2016	data	suggested	that	the	risk	of	mortality	was	highest	in	alkaline	

sites	 reflecting	 the	 relationship	 of	 pH	 and	 prevalence	 and	 supporting	 an	

identical	relationship	seen	from	2014	data.	
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8.4.10.	Conclusion	

Chapters	 7	 and	 8	 have	 looked	 to	 assess	 the	 spatial	 and	 environmental	

determinants	of	disease.	Disease	appears	to	be	heavily	dictated	by	environment,	

where	water	pH	was	a	predictor	of	several	disease	factors	including	incidence,	

prevalence	and	severity.	This	was	consistent	across	all	years,	further	identified	

in	preliminary	studies	(Anderson,	2011;	McMurdo-Hamilton,	2012)	and	small-

scale	surveys	(Chapters	5	and	6),	suggesting	a	well-established	and	stable	host-

parasite-environment	 relationship.	 Whilst	 no	 island-level	 trend	 in	 increasing	

disease	 prevalence	 could	 be	 concluded	 here,	 suggesting	 an	 overall	 stability	 in	

disease	at	 the	 island	 level,	 the	 fluctuations	 in	disease	at	 the	site	 level	could	be	

significant.	Annual	 site	 level	 increases	 in	disease	appear	 to	be	associated	with	

an	increase	in	the	proportion	of	males.	A	male	bias	in	disease	risk	was	observed	

from	2014	data,	which	would	support	the	observation	of	increasing	prevalence	

with	increasing,	more	susceptible,	males.		

In	Chapter	3,	evidence	was	given	for	the	consideration	of	the	Rum	pathogen	as	

the	 same	 species	 of	 dermocystid	 previously	 identified	 in	 Southern	 France	

(Gonzalez-Hernandez	et	al.	2010;	Courtois	et	al.	2013).	Due	 to	 the	widespread	

nature	of	disease	on	Rum	and	the	dispersion	of	the	host	across	the	UK	it	is	likely	

that	 disease	 exists	 across	 mainland	 UK	 connecting	 the	 French	 and	 Rum	

populations.	 Anecdotal	 reports	 and	 personal	 correspondence	 received	 during	

2014	 and	 2015,	 suggests	 that	 disease	 is	 present	 across	mainland	UK.	 Further	

work	 should	 look	 to	 investigate	 the	 presence	 of	 A.	 meredithae	 in	 amphibian	

populations	 across	 mainland	 UK,	 identifying	 disease	 risk	 and	 the	 levels	 of	

morbidity	and	mortality.	However,	in	order	to	do	this,	particularly	over	a	broad	

scale	 in	 the	 UK,	 fast,	 cheap	 and	 easy	 diagnosis	 is	 necessary.	Whilst	 the	 gross	

presentation	 of	 Dermocystid	 infection	 is	 conspicuous,	 DNA	 sequencing	 or	

histopathology	examination	is	still	required	to	confirm	the	presence	of	infection	

in	 a	 new	 population	 (Fiegna,	 Clarke	 et	 al.	 2016).	 Widespread	 Chytrid	 and	

Ranavirus	surveys	have	been	successful	due	to	 the	availability	of	non-invasive	

swabbing	 and	 eDNA	 techniques	 to	 confirm	 the	 presence	 of	 infection	 in	

populations	 and	 individuals	 (Cunningham	 and	 Minting,	 2008;	 Smith,	 2011).	
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Chapter	 9	 looks	 to	 develop	 the	 preliminary	 basis	 for	 eDNA	 and	 swabbing	

methodologies	to	confirm	the	presence	of	Dermocystid	infection	at	the	site	and	

individual	 level,	 as	 an	 approach	 to	 facilitate	 the	 launch	 of	 broad	 UK	 wide	

surveillance.
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CHAPTER	9 

TESTING	NON-INVASIVE	METHODS	TO	DETECT

AMPHIBIOTHECUM	MEREDITHAE 	

9.1.	INTRODUCTION	

In	Chapters	3	and	4	DNA	sequencing	and	histopathology	examination	of	infected	

tissue,	were	used	to	identify	the	causative	agent	of	disease	in	palmate	newts	on	

the	 Isle	 of	 Rum.	 Disease	manifests	 as	 gross,	 visible	 dermal	 lesions,	which	 are	

easily	 identified	on	 infected	hosts.	However,	without	experience	 in	 identifying	

these	 pathologies,	 and	 particularly	when	 new	 locations	 are	 visited	where	 the	

presence	of	a	dermocystid	pathogen	in	the	population	has	not	been	confirmed	

via	 molecular	 or	 histopathology,	 clinical	 signs	 could	 be	 confused	 with	 other	

amphibian	 pathogens	 that	 present	 as	 gross	 dermal	 swellings.	 Therefore,	

identification	of	disease	 in	new	populations	based	on	gross	examination	alone	

may	lead	to	misidentification.		
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Disease	 caused	 by	 A.	 meredithae	 on	 the	 Isle	 of	 Rum	 and	 Southern	 France	

represent	two	geographically	isolated	cases	of	disease	in	the	same	host	species,	

suggesting	that	this	pathogen	is	highly	host-specific.	However,	the	current	range	

across	Europe	is	unknown	and	more	work	such	as	broad	surveillance	is	needed	

to	 explore	 the	 presence	 of	 disease	 in	 populations	 across	 Europe	 and	 better	

understand	 it’s	 true	 geographic	 range.	 This	 will	 not	 only	 identify	 possible	

alternative	 hosts	 but	 also	 give	 an	 indication	 of	 the	 geographic	 range	 of	 the	

pathogen.	 However,	 this	 will	 require	 methods	 to	 more	 easily	 facilitate	

confirmation	 of	 disease	 without	 the	 need	 for	 costly	 and	 invasive	 diagnostic	

tests.	 If	 large-scale	monitoring	 is	 to	be	performed	at	 the	same	 level	as	chytrid	

and	Ranavirus	(Lips	et	al.	2006;	Cunningham	and	Minting,	2008;	Moreno	et	al.	

2011;	 Reeder	 et	 al.	 2011;	 Smith,	 2011)	 it	 is	 not	 always	 possible	 to	 perform	

molecular	 analysis	 and	 histopathology	 examination	 of	 skin	 tissue.	 Here,	 non-

invasive	 diagnostic	 techniques	 were	 trialled	 to	 test	 the	 effectiveness	 of	

techniques	 now	 commonly	 used	 for	 pathogen	 detecting	 in	 amphibian	

populations,	for	amphibian-infecting	Dermocystids.		

9.1.1.	Amphibian-infecting	dermocystids	in	the	UK	

There	have	been	several	anecdotal	reports	of	amphibian-infecting	dermocystid	

disease	across	 the	UK.	 In	addition,	 the	pathologies	reported	range	 from	newts	

that	appear	to	have	mild	infection	with	one	or	two	discrete	cysts,	to	more	severe	

oedematous	 infection,	 currently	 only	 described	 on	 Rum	 (Chapter	 4).	

Investigating	the	presence	of	amphibian	infecting	dermocystids	in	the	UK	is	not	

only	important	for	improving	our	knowledge	on	the	geographic	distribution	and	

endemism	of	amphibian	infecting	dermocystids	but	could	be	vital	for	amphibian	

conservation	 if	 severe	disease	 outcomes	 and	mortalities,	 as	 observed	on	Rum	

(Chapters	4,	5,	6	and	7),	are	identified	across	mainland	UK.	The	identification	of	

populations	with	differing	degrees	of	disease	severity,	and	the	conditions	which	

dictate	these	different	clinical	outcomes,	will	help	refine	hypotheses	developed	

in	 this	 study	 and	 predict	 disease	 risk	 across	 the	 UK.	 For	 example,	 previous	

Chapters	 	 (6	and	7)	have	 identified	water	pH	as	a	possible	condition	dictating	

the	 prevalence	 and	 severity	 of	 disease	 outcome.	 	 Currently,	 confirmation	 of	



329	

disease	caused	by	Amphibiocystidium	and	Amphibiothecum	sp.	 is	performed	by	

histological	examination	and	DNA	sequencing	 (Feldman	et	al.	2005;	Pereira	et	

al.	2005;	Fiegna,	Clarke	et	al.	2016)	however	both	are	costly	and	time	intensive	

techniques,	which	cannot	easily	be	performed	without	prior	training.	

9.1.2.	Dermal	swabbing	for	disease	confirmation	

The	detection	of	pathogen	genomic	DNA	from	skin,	oral	or	cloacal	swabs	offers	

an	 alternative	 detection	method	 extensively	 employed	 for	 the	 surveillance	 of	

two	important	amphibian	diseases,	chytridiomycosis	and	ranaviriosis	(Annis	et	

al.	 2004;	 Hyatt	 et	 al.	 2007;	 Skerratt	 et	 al.	 2007;	 Goodman	 et	 al.	 2013). The	
pathogens	causing	these	diseases	are	largely	confined	to	the	host’s	skin	(Daszak	

et	al.	1999),	so	the	slothing	of	skin	cells	containing	pathogen	DNA	or	the	release	

of	pathogen	zoospores	allows	 for	 the	detection	of	pathogen	DNA	 from	dermal	

swabs.	Dermocystid	pathogens	Amphibiothecum	(Feldman	et	al.	2005;	González-

Hernández	et	al.	2010;	Chapter	4)	and	Amphibiocystidium	(Raffel	et	al.	2008)	are	

known	 to	 infect	 the	 epidermis	 of	 amphibian	 hosts,	 so	 it	 is	 likely	 that	 dermal	

swabs	will	offer	a	similar	and	successful	alternative	to	detecting	the	presence	of	

these	 pathogens	 in	 possible	 host	 populations.	 However,	 whilst	 swabbing	

provides	 a	 useful	 way	 to	 confirm	 infection	 with	 Amphibiothecum,	 and	

potentially	 all	 other	 amphibian	 infection	 Dermocystids,	 it	 still	 requires	 the	

successful	capture	of	animals.		

9.1.3.	Environmental	DNA	for	confirmation	of	disease	at	the	population	level	

Environmental	DNA	(eDNA)	techniques	involve	the	isolation	of	target	DNA	from	

environmental	 samples	 such	 as	 soil	 and	 water	 (Goldberg	 et	 al.	 2016).	 This	

allows	 for	 the	 presence	 of	 organisms	 to	 be	 confirmed	 based	 on	 the	 ability	 to	

detect	its	DNA	directly	from	their	environment	(Harvey	et	al.	2009;	Darling	and	

Mahon,	2011).	 It	has	become	an	 important	 tool	 in	 conservation	by	permitting	

fast	habitat	assessments,	the	detection	of	otherwise	elusive	species	(Darling	and	

Mahon,	 2011;	 Ficetola	 et	 al.	 2008)	 and	 are	 more	 frequently	 being	 used	 for	

pathogen	 detection	 in	 public	 health	 (Stinear	 et	 al.	 2004),	 aquaculture	 (Hiney	

CHAPTER	9	



330	

and	Smith,	1998)	and	wildlife	epidemiology	(Linder	et	al.	2011;	Longshaw	et	al.	

2012;	Hartikenian	et	al.	 2014).	Rather	 than	detecting	pathogen	DNA	 from	 the	

host,	 for	example	 through	 the	PCR	of	blood	or	 tissue	samples,	DNA	 is	 isolated	

from	the	host’s	 immediate	environment	 (Ogram	et	al.	1987).	The	use	of	eDNA	

has	many	 applications	 in	 parasitology	 (as	 reviewed	 in	Bass	 et	al.	 2016),	 from	

assessing	 the	diversity	of	pathogens	 to	explore	 the	spatial	 range	of	a	parasite.	

There	 are	 several	methodologies	 available	 to	 sample	 and	 store	 eDNA,	 such	as	

sediment	 collection,	 water	 precipitation	 (Ficetola	et	al.	2008)	 and	 water	

filtration	 (Goldberg	et	al.	2011;	 Jerde	et	al.	2011)	 however,	 filtration	 offers	

perhaps	the	best	method	for	processing	 large	volumes	of	water	 for	 immediate	

preservation	 and	 can	 be	 particularly	 useful	 when	 sampling	 remote	 locations	

(Deiner	et	al.	2015;	Goldberg	et	al.	2016).	This	involves	filtering	water	through	a	

membrane,	which	is	subsequently	preserved	either	in	solution,	such	as	ethanol,	

dried	or	frozen	(Goldberg	et	al.	2011;	Jerde	et	al.	2011;	Renshaw	et	al.	2015)		

Over	the	past	few	years	eDNA	techniques	have	been	trialled	for	the	detection	of	

important	 amphibian	 diseases,	 Chytridiomycosis	 and	 Ranavirosis,	 from	

environmental	 samples	 alone.	 Attempts	 have	 so	 far	 been	 successful	 when	

infected	animals	have	been	placed	in	small	volumes	of	water	(Mao	et	al.	1997),	

created	 from	 laboratory	 (Shin	 et	al.	 2014)	 or	 captive	 enclosures	 (Kolby	 et	al.	

2015),	where	pathogen	DNA	is	 likely	to	be	at	a	higher	concentration	than	that	

found	in	nature	setting.	However,	sediment	and	water	samples	taken	from	wild	

natural	populations	have	had	mixed	success	(Kirshtein	et	al.	2007;	Kolby	et	al.	

2015)	with	only	 some	successfully	 amplifying	DNA	 from	water	 samples	 taken	

from	wild	 populations	 infected	with	 Chytrid	 (Shin	 et	al.	 2014)	 and	 Ranavirus	

(Hall	 et	 al.	 2016).	 Based	 on	 similar	 pathogens	 within	 the	 same	 order,	 it	 is	

presumed	 that	 A.	 meredithae	 is	 a	 waterborne	 pathogen	 (Olson	 et	 al.	 1991;	

Mendoza	 et	 al.	 2002).	 It	 is	 therefore	 likely	 that	 parasite	 DNA,	 in	 the	 form	 of	

pathogen	 cysts	 or	 spores,	 are	 present	 in	 the	water	 near	 active,	 infected,	 host	

populations.	Screening	water	samples	using	polymerase	chain	reaction	(PCR)	to	

amplify	target	DNA	regions,	could	offer	a	means	to	quickly	identity	the	presence	
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of	 disease	 without	 the	 need	 for	 time-consuming	 sampling	 or	 invasive	 skin	

samples.	

9.1.4.	Study	objectives	

This	study	looks	to	trial	initial	non-invasive	diagnostic	techniques	as	methods	to	

detect	pathogen	DNA	at	the	population	and	individual	 level,	 in	order	to	offer	a	

fast	and	cheap	alternative	to	confirming	the	presence	of	dermocystid	 infection	

without	the	need	for	histopathology	and	PCR.	

This	chapter	aims	to:	

• Trial	 methods	 to	 collect	 and	 preserve	 environmental	 DNA	 in	 order	 to

isolate	A.	meredithae	from	pond	water;

• Test	the	ability	to	 isolate	pathogen	DNA	from	dermal	swabs	in	order	to

diagnose	the	presence	of	infection.
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9.2.	METHODOLOGY	

9.2.1.	Sample	Collection	

9.2.1.1.	Environmental	DNA	

During	2014,	eDNA	samples	were	collected	from	twenty-three	of	the	thirty	sites	

visited	for	spatial	surveys	(Figure	9.1;	Appendix	9.II).	At	each	pond,	1L	of	water	

was	 collected	 from	 three	 locations	 around	 the	 perimeter	 of	 the	 pond	 (total	

volume	=	3	L),	 focusing	on	the	main	areas	where	newts	were	captured	during	

sampling.	Water	was	collected	using	a	sterile	plastic	container,	using	single	use	

gloves.	Filters	can	become	clogged	by	organic	matter	and	suspended	sediment,	

particularly	for	small	pore	sizes	 	(Tsai	and	Olson,	1992;	Turner	et	al.	2014)	so	

for	this	reason	water	was	passed	through	a	2mm	mesh	sieve	prior	to	filtering,	in	

order	to	remove	organic	matter	such	as	vegetation.	A	size	of	2mm	was	selected	

in	 order	 to	 prevent	 the	 possible	 removal	 of	 A.	 meredithae	 sporangia,	 which	

range	 from	 250µm	 to	 1.7mm	 (Fiegna,	 Clarke	 et	 al.	 2016).	 Any	 material	 was	

collected	from	the	mesh	and	stored	in	an	additional	collection	tube.		Water	was	

then	 filtered	 using	 a	 50ml	 syringe	 through	 a	 polycarbonate	 Whatman	

membrane	 held	 in	 a	 25mm	 polycarbonate	 syringe	 filter.	 A	 small	 pore	 size	 of	

0.22µm	was	chosen	for	the	membrane.	Whilst	a	small	pore	size	can	increase	the	

risk	 of	 contamination	 (Turner	et	al.	2014),	 it	 is	 currently	 unclear	 whether	 A.	

meredithae	 sporangia	 or	 individual	 spores	 are	 released	 into	 the	 water,	 and	

therefore	the	amount	of	target	material	was	not	known.	A	small	pore	size	was	

chosen	 to	 increase	 the	 risk	 of	 capturing	 pathogen	 genetic	material.	 	 At	 some	

sites,	 the	 filter	became	clogged	quickly	so	 two	 filters	were	used,	and	stored	 in	

the	same	collection	tube	for	processing.	After	3L	had	been	passed	through	the	

filter,	 the	membrane	was	 carefully	 removed	using	 sterile	 tweezers	 to	 prevent	

contamination,	 and	 stored	 in	 Eppendorf®	 tubes	 filled	 with	 3ml	 of	 RNAlater.	

Samples	were	maintained	at	room	temperature	for	up	to	4	weeks	before	storing	

at	-20°C.		
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Figure	 9.1:	 Ordnance	 Survey	 (OS)	 Map	 indicating	 sites	 used	 to	 collect	
environmental	 DNA	 and	 dermal	 swabs,	 including:	 Sites	 sampled	 for	 eDNA	 only	
during	 2015	 (�);	 Sites	 sampled	 for	 eDNA	 during	 2015	 and	 2016	 (�);	 and	 sites	
where	eDNA	(2015	and	2016)	and	dermal	swabs	were	collected	(★)	

In	 addition,	 as	 previous	 chytrid	 and	 ranavirus	 studies	 have	 had	 success	 in	

isolating	 eDNA	when	 infected	 animals	 are	 held	 in	 small	 volumes	 of	 water	 or	

captive	 enclosures	 (Shin	 et	 al.	 2014),	 a	 single	 infected	 newt	 from	 a	 high	

prevalence	site	(R4)	and	a	single	uninfected	newt	from	an	uninfected	pond	(DP)	

acting	as	a	control,	were	held	in	1L	of	 ‘aged’	tap	water.	The	water	was	filtered	

before	newts	were	added	to	confirm	that	 the	pathogen	was	not	present	 in	 the	

tap	water.	 Newts	were	 then	 held	 in	water	 separately	 for	 12	 hours,	 filtering	 a	

100ml	 aliquot	 of	 water	 after	 6	 and	 12	 hours.	 These	 filters	 were	 stored	 in	

RNAlater	and	processed	with	samples	above.	
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The	 eDNA	 sampling	 protocol	 was	 repeated	 in	 2016	 across	 12	 sites	 (6	

corresponding	 to	 the	 sites	 where	 swabs	 were	 taken	 and	 6	 additional	 sites;	

Figure	 9.1;	 Appendix	 9.III),	 however,	 two	 modifications	 were	 made.	 The	 total	

filtered	 volume	was	 increased	 to	 5L,	 and	no	preserving	 solution	 (RNAlater	 or	

ethanol)	was	added,	instead	tubes	were	frozen	within	3	hours	upon	arrival	back	

at	 the	 field	 station.	 Samples	 were	 transported	 back	 to	 laboratories	 at	 the	

Institute	of	Zoology	in	a	small	cooler	bag	tightly	packed	with	ThermaFreeze	ice	

packs,	 This	 was	 to	 maximize	 DNA	 concentration	 and	 reduce	 the	 risk	 of	 DNA	

being	discarded	when	samples	were	spun	down	 to	 remove	RNALater	solution	

before	extraction.	RNAlater	is	also	expensive,	may	not	be	cost	effective	for	large	

scale	monitoring.	

9.2.1.2.	Dermal	swabs	

During	routine	sampling	in	2016	(section	2.2.2.2)	dermal	swabs	were	collected	

in	a	standardised	manner	to	compare	the	sensitivity	and	specificity	of	swabs	as	

a	method	for	pathogen	detection.	Six	sites	were	visited	to	collect	dermal	swabs,	

including	 5	 where	 disease	 had	 previously	 been	 detected	 and	 a	 control	 site	

where	 diseased	 animals	 had	 never	 been	 observed	 (Figure	9.1;	Appendix	9.III).		

To	 obtain	 a	 representative	 sample,	 thirty	 swabs	 were	 collected	 at	 each	 site.	

Thirty	swabs	from	uninfected	animals	were	taken	at	the	control	site.	At	infected	

sites,	all	infected	newts	were	swabbed,	taking	a	maximum	of	20	swabs,	and	10	

from	 uninfected	 newts,	 in	 order	 to	 test	 to	 sensitivity/specificity	 of	 swabbing.	

However,	at	R10	no	infected	newts	were	captured	so	20	swabs	were	taken	from	

uninfected	newts.	A	total	of	76	newts	with	visible	signs	of	disease	and	90	newts	

with	no	pathologies	associated	with	Amphibiothecum	sp.	disease	were	collected	

from	a	 total	of	 six	ponds	 (Appendix	9.I).	 Swabs	were	 labelled	with	a	 randomly	

generated	 number	 so	 that	 further	 processing	 (DNA	 extraction	 and	 PCR)	 was	

performed	 blind.	 Upon	 returning	 from	 field	 sites	 swabs	 were	 frozen	 at	

‘basecamp’.	Samples	were	later	transported	from	the	field	site	to	laboratories	at	

the	Institute	of	Zoology	in	London	(using	cool	boxes	packed	with	ice	packs),	and	

immediately	placed	into	-20°C	freezer.	
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9.2.2.	DNA	extraction	

9.2.2.1.	Environmental	DNA	filter	papers	

Filter	papers	stored	in	ethanol	were	centrifuged	for	1	minute	at	10,	000	x	g.	All	

liquid	was	pipetted	 from	 the	 tube,	 leaving	only	 the	 filter	paper	and	any	pellet	

that	 had	 formed.	 Following	 this	 step	 filters	 stored	 in	 ethanol	 or	 frozen	 were	

processed	 in	 the	 same	 way.	 DNA	 extraction	 was	 performed	 using	 MO	 BIO	

PowerSoil	 kit,	 following	 the	 ‘alternative	 protocol’	 for	 maximum	 yield.	 Filters	

were	 cut	 into	 <1mm	 pieces,	 adding	 bead	 solution	 into	 the	 original	 collection	

tube	 to	 ensure	 no	 liquid	 residue	 or	 pellet	 was	 left	 behind.	 At	 the	 final	 stage	

extracted	DNA	was	eluted	into	100	µl	of	buffer	solution.	

9.2.2.2.	Dermal	swabs	

DNA	 extraction	 was	 performed	 using	 DNeasy®	 Blood	 &	 Tissue	 Kit	 (Qiagen,

Crawley,	UK)	according	to	the	manufacturer’s	standard	protocol,	modifying	the	

digesting	step	by	digesting	swabs	 in	a	heated	 incubator	overnight	(~14hrs)	at	

56°C	

9.2.3.	DNA	amplification	and	sequencing	

For	all	PCRs	performed,	DNA	extracted	from	a	dermal	cyst	where	pathogen	DNA	

was	 successfully	 sequenced	 (section	 3.2.1;	 sample	 3),	 was	 used	 as	 a	 positive	

control.	 DNA-free	 PCR	 grade	 water	 was	 added	 in	 place	 of	 DNA	 for	 negative	

controls.	

9.2.3.1.	Environmental	DNA	samples	

For	 all	 48	 eDNA	 extractions	 from	 2014	 (Appendix	 9.II)	 polymerase	 chain	

reactions	 (PCR)	were	performed	 following	protocols	as	detailed	 in	 section	3.1	

for	the	amplification	of	DNA	from	skin	samples.	

Due	 to	 the	 low	 number	 of	 bands	 recovered	 and	 the	 poor	 sequence	 quality	

achieved	 in	 2014,	 different	 conditions	were	 tested	 in	 order	 to	 increase	 aDNA	

amplification	 and	 DNA	 concentration.	 Identical	 PCRs	 were	 performed	 on	 all	
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twelve	samples	across	a	temperature	gradient	from	50°C	to	55°C,	increasing	in	

1°C	increments	repeating	across	25,	30	and	35	cycles.		

9.2.3.2.	Optimisation	of	nested	PCR	conditions	for	environmental	DNA	

Particularly	for	eDNA,	where	DNA	concentration	is	often	low	and	contaminants	

high,	a	nested	PCR	can	help	refine	target	DNA	and	increase	yield	(Reveiller	et	al.	

2002).	 Primers	 were	 created	 from	 alignments	 of	 mesomycetzoean	 18srRNA	

sequences	 (see	section	3.2.2.1)	 that	 targeted	smaller	 regions	within	 the	 larger	

1400bp	18srDNA	sequence	of	A.	meredithae	used	for	phylogenetics	(Chapter	3;	

Fiegna	 and	 Clarke	 et	 al.	 2016).	 Three	 primers	 were	 created	 for	 nested	 PCRs,	

ranging	 in	 size	 from	 74	 to	 119	 bps,	 checking	 oligonucleotide	 properties	 and	

primer	 suitability	 in	OligoCalc	 (Kibbe,	2007;	primers	detailed	 in	Appendix	9.I).	

Nested	protocols	were	 initially	 trailed	using	3	DNA	extractions	 from	pathogen	

cysts	 that	retrieved	positive	sequences	 for	A.	meredithae	(Chapter	3).	The	 first	

round	was	run	with	general	primers	using	protocol	detailed	 in	section	3.2.2.1.	

The	 second	 round	 of	 PCRs,	 using	 specific	 primers,	 was	 performed	 in	 a	 25µl	

volume	with	of	hot	 start	Taq	master	mix,	 containing	1µl	 of	 post-PCR	product,	

0.75µl	of	each	forward	and	reverse	primer.	To	determine	optimum	conditions,	

identical	 PCRs	 were	 performed	 across	 a	 temperature	 gradient	 from	 50°C	 to	

54°C,	 increasing	 in	 2°C	 increments,	 based	 on	 optimum	 primer	 annealing	

temperatures	as	determined	by	OligoCalc	(Kibbe,	2007)	repeating	across	20,	25,	

30	and	35	cycles	(n	=	12).	All	three	primer	sets	were	tested	at	these	conditions	

(n	=	36).		

9.2.3.3.	Nested	PCR	for	environmental	DNA	

Nested	 PCR	was	 performed	 using	 all	 eDNA	 samples	 that	 produced	 a	 positive	

band.	1µl	 of	post-PCR	product	 from	eDNA	samples	 that	 successfully	 amplified	

using	 general	 primers,	 were	 added	 to	 master	 mix	 with	 specific	 primers	 and	

PCRs	run	using	Primer	set	1	(Appendix	9.III)	were	used	applying	the	conditions	

determined	 by	 optimisation	 tests,	 setting	 the	 annealing	 temperature	 to	 52°C	

repeating	across	25	cycles.			
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9.2.3.4.	Dermal	Swabs	

The	PCR	protocol	used	to	amplify	DNA	directly	from	host	skin	samples	(section	

3.2.3)	 was	 followed.	 2µl	 of	 PCR	 product	 was	 run	 using	 gel	 electrophoresis	

against	a	DNA	hypperladder.	A	subset	of	positive	samples	(n	=	4)	were	selected	

for	DNA	sequencing	to	confirm	the	presence	of	target	pathogen	DNA,	including	

two	samples	taken	from	visibly	infected	newts	and	two	from	visibly	disease	free	

newts.		

9.2.4.	Gel	electrophoresis,	product	cleaning	and	sequencing	

Two	μL	of	each	PCR	product	were	electrophoresed	on	0·6%	agarose	gel,	stained	

with	GelRedTM	Nucleic	Acid	Gel	Stain	(Biotium)	alongside	2·5	μL	of	a	1	kb	DNA	

HyperladderTM	(BioLine)	to	assess	the	quality	of	bands	to	determine	optimum	

conditions.	 	 Amplification	 products	 of	 the	 correct	 size	 were	 cleaned	 using	

polyethylene	 glycol	 precipitation,	 and	 commercially	 sequenced	 by	 GATC	

Biotech.	 Sequences	were	manually	 edited	 in	BioEdit	 (Hall,	 1999)	by	 trimming	

the	 outermost	 5’	 and	 3′	 ends	 near	 the	 sequencing	 primer	 site,	 where	 read	

quality	was	poor	or	ambiguous.	
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9.3.	RESULTS	

9.3.1.	Environmental	DNA	

9.3.1.1.	Environmental	DNA	trials	performed	in	2014	

DNA	 of	 the	 correct	 band	 length	was	 successfully	 amplified	 from	15	 out	 of	 48	

samples	 (Appendix	 9.II;	 Appendix	 9.V).	 This	 included	 sediment	 material	 from	

infected	 sites	 (n	=	5),	water	 filters	 from	 infected	 sites	 (n	=	8)	 and	 filters	 from	

incubated	animals	(n	=	2).		

However,	when	 PCR	 product	was	 sequenced	 from	 positive	 bands,	 sequencing	

failed	for	12	out	of	15,	samples.	For	8	samples	sequencing	failed	to	return	any	

sequence	 data	 (0	 bp),	 however	 for	 4	 samples	 small	 sequence	 lengths	 were	

returned	(<	370	bps)	and	3	achieved	longer	reads	of	1076,	1208,	and	1301	bps.	

The	trace	chromatographs	were	inspected	to	assess	the	quality	of	these	regions	

and	to	determine	if	small	areas	of	the	target	gene	region	in	small	reads	had	been	

sequenced.	However,	 for	 the	 isolates	with	 small	 read	 length	 (<	370	bps)	 read	

quality	was	poor	with	 large	 amounts	 of	 noise	 and	 few	discernable	 bases.	 The	

sequences	retrieved	for	3	samples	where	lengths	>1076	had	cleaner	reads	with	

strong	peaks	and	low	noise.	Two	of	these	samples	were	obtained	from	infected	

sites	(B3	and	R4;	Appendix	9.II)	however	when	compared	to	GenBank	database,	

sequences	 matched	 those	 of	 Cryptomonas	 pyrerioidifera	 a	 planktonic	 algae	

known	 to	 inhabit	 freshwater	 (Gury,	 2015).	 Only	 one	 sample	 returned	 a	

sequence	 matching	 that	 of	 A.	meredithae	 (Chapter	 3)	 representing	 a	 positive	

control	where	a	single	infected	newt	was	held	in	1L	of	water	and	filtered	after	

12	hours	(Appendix	9.II).

The	three	sets	of	primers	 targeting	a	small	region	(74bp	to	119bp)	within	 the	

larger	 1400bp	 region	 of	 18srDNA	 used	 for	 phylogenetics	 (Chapter	 3;	 Fiegna,	

Clarke	 et	 al.	 2016)	were	 tested.	 Initially	 nested	 protocols	 were	 tested	with	 3	

positive	 controls	 from	 sequenced	 skin	 samples	 (Chapter	 3).	 The	 conditions	

found	 to	 give	 the	 cleanest	 bands	were	 run	 at	 a	 temperature	 of	 56°C	with	 25	

cycles,	 with	 the	 poorest	 bands	 at	 50°C	with	 40	 cycles	 showing	 smearing	 and	
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non-specific	binding.	An	example	image	of	gel	electrophoresis	results	are	shown	

in	Figure	9.3,	 presenting	 the	best	and	worst	 results	of	nested	PCRs	performed	

under	different	conditions.	

Figure	9.2:	Gel	electrophoresis	image	of	positive	controls	showing	PCR	product	of	
analysis	 with	 general	 primers	 and	 further	 nested	 with	 all	 thee	 sets	 of	 specific	
primers	showing	results	from	conditions	giving	the	best	results	and	the	worst.	

The	15	eDNA	samples	that	produced	positive	bands	when	PCR	was	performed	

using	 general	 primers	were	 run	with	 all	 three	 sets	 of	 nested	 primers,	 setting	

conditions	 to	 those	 that	 were	 optimal	 during	 tests	 (56°C	 with	 25	 cycles).	 All	

primer	 sets	 retrieved	 bands	 for	 the	 same	 samples	 (n	 =	 4),	 with	 the	 cleanest	

bands	 achieved	 with	 primer	 set	 2.	 However,	 when	 these	 four	 samples	 were	

sequenced,	 only	 small	 sections	 of	 sequence	 data	 were	 returned	 (<	 20	 bp)	 of	

poor	read	quality.		
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9.3.2.	Environmental	DNA	trials	from	2016	

PCR	 was	 performed	 on	 all	 twelve	 samples	 collected	 during	 2016	 (Appendix	

9.III),	testing	5	different	conditions	in	order	to	increase	the	specificity	of	binding

and	 amplification.	 The	highest	 number,	 and	 the	 cleanest	 bands,	 of	 the	 correct

size	 were	 obtained	 when	 annealing	 temperature	 was	 54°C	 run	 at	 30	 cycles

(Figure	9.5).

Figure	 9.3:	 Example	 gel	 electrophoresis	 image	 of	 1st	 round	 of	 nested	 PCRs	
performed	with	general	primers	on	eDNA	samples	collected	during	2016.	Post-PCR	
product	 from	samples	run	at	30	cycles	across	a	temperature	gradient	of	50°C	to	
55°C	 are	 shown.	 The	 conditions	 determined	 to	 be	 optimal,	 highlighted	 by	 a	
white	 square,	 gave	 the	 highest	 number	 and	 the	 cleanest	 bands	 of	 correct	
size	 with	limited	smearing.	Molecular	weights	indicated	on	the	first	ladder.	

For	this	run,	positive	bands	were	obtained	for	nine	samples,	representing	eDNA	

samples	 obtained	 from	 sampled	 infected	 sites.	 Amplification	 product	was	 not	

obtained	 (i.e.	 no	 visible	 band	was	 achieved)	 for	 eDNA	 samples	 obtained	 from	

			R4		R10		R3	R7	DP	KG4	RNew	H6	H14	H3	H2	A2		

R4		R10		R3	R7	DP	KG4	RNew	H6	H14	H3	H2	A2		 			R4		R10		R3	R7	DP	KG4	RNew	H6	H14	H3	H2	A2		

			R4		R10		R3	R7	DP	KG4	RNew	H6	H14	H3	H2	A2		
			R4		R10		R3	R7	DP	KG4	RNew	H6	H14	H3	H2	A2		
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the	uninfected	sites	 including	 the	control	 site	 (DP)	and	sites	KG4	and	R10.	All	

nine	isolates	were	sent	for	sequencing.	DNA	sequencing	failed	for	four	products	

(R3,	 R7,	 A2	 and	 H3),	 where	 returned	 sequence	 length	 was	 zero.	 Returned	

sequence	data	for	three	products	from	sites	R4,	H2	and	H6,	retrieved	sequences	

between	20	and	56bp	in	length.	However,	quality	was	poor	and	when	the	trace	

chromatographs	 were	 examined	 messy	 peaks,	 or	 noise,	 were	 observed.	 One	

sample	from	site	RNew	returned	a	sequence	of	length	803	bp.	When	compared	

to	GenBank	the	sequence	had	again	99%	identity	to	Cryptomonas	pyrerioidifera.	

When	 the	 second	 round	 of	 nested	 PCR	was	 performed,	 no	 clear	 bands	 of	 the	

correct	 size,	 when	 compared	 to	 the	 positive	 control,	 were	 achieved	 for	 all	

samples,	 regardless	 of	 the	 conditions	 used.	 For	 this	 reason	 all	 samples	 were	

considered	to	have	failed	to	isolate	the	target	DNA	region	and	no	samples	were	

sent	for	sequencing	(Figure	9.6).		

Figure	 9.4:	 Gel	 electrophoresis	 image	 of	 2nd	 round	 of	 nested	 PCR	 run	with	 the	
second	set	of	primers	(Appendix	9.1)	

Ladder	

Ladder	

Ladder	

Ladder	
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9.3.3.	Dermal	swabbing	

A	 total	 of	 166	 newts	 were	 swabbed,	 with	 46%	 (n	 =	 76)	 determined	 to	 be	

diseased	based	on	 the	presence	of	visible	gross	pathologies	 consistent	with	A.	

meredithae	 infection	 (Chapter	 4).	 Gel	 electrophoresis	 of	 post-PCR	 product	

confirmed	 that	DNA	of	 the	 correct	band	 size	was	amplified	 from	122	 samples	

(Appendix	9.VI).	All	dermal	swabs	taken	from	visibly	uninfected	newts	captured	

at	 the	 uninfected	 control	 site	 (n	=	30;	Figure	9.1	 [DP])	were	 PCR	 negative	 for	

target	DNA.	Across	the	other	five	sites	(Figure	9.1),	DNA	of	the	correct	band	size	

was	successfully	amplified	from	all	dermal	swabs	taken	from	animals	that	were	

visibly	diseased	(n	=76).	However,	of	those	newts	determined	to	be	uninfected	

based	on	visual	examination	(n	=	60),	DNA	was	amplified	from	83%	(n	=	50).		

Four	 samples	 were	 selected	 from	 all	 those	 that	 produced	 a	 positive	 band	 of	

correct	 length	 to	 be	 sent	 for	 sequencing.	 This	 including	 2	 positive	 PCRs	 from	

animals	with	visible	gross	pathologies,	and	2	positive	PCR	samples	from	animals	

with	 no	 gross	 pathologies.	 All	 four	 products	 sent	 for	 sequencing	 returned	

strong,	clear	sequences	identical	to	those	obtained	directly	from	pathogen	cysts	

(Chapter	3).		

9.3.3.1.	Sensitivity	and	specificity	

The	prevalence	of	disease	based	on	visual	examination	only	 (see	 section	2.3.1	

for	 case	 definition)	 was	 46%	 [95%	 confidence	 intervals	 (CI)	 0.38,	

0.54],	however	 prevalence	 based	 on	 PCR	 amplification	 of	 dermal	 swabs	 was	

much	higher	 at	 76%	 [0.69,	 0.82].	 Sensitivity	 was	 extremely	 high	 (1.00	 [0.93,	

1.00]),	 consistently	 identifying	 the	 presence	 of	 A.	 meredithae	 DNA	 if	 visual	

pathologies	 were	 present.	 However,	 specificity	 was	 low	 due	 to	 the	 high	

number	 of	 ‘false’	 positives	 (n	 =	 50)	 obtained	 when	 no	 gross	 pathologies	

were	 observed.	 The	positive	predictive	value	was	0.60	 [0.51,	0.69],	 indicating	

that	 4/10	 individuals	with	 no	 visible	 gross	 pathologies	will	 return	 a	 positive	

dermal	swab.	
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Figure	9.5:	Proportion	of	infected	and	uninfected	newts	as	determined	by	visual	examination	and	PCR	amplification	of	target	DNA	

Table	9.1:	Sensitivity	v.	specificity	of	disease	confirmed	by	visual	inspection	(the	truth)	and	PCR	amplification	(the	test)	

Visual	examination	

PC
R	
te
st
	 Positive	 Negative	 Total	

Positive	 76	 50	 126	
Negative	 0	 40	 40	
Total	 76	 90	 166	

Point estimates and 95 % CIs: 

Apparent prevalence 0.76 (0.69, 0.82) 
True prevalence 0.46 (0.38, 0.54) 
Sensitivity 1.00 (0.93, 1.00) 
Specificity 0.44 (0.34, 0.55) 
Positive predictive value 0.60 (0.51, 0.69) 
Negative predictive value 1.00 (0.87, 1.00) 
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9.4.	DISCUSSION	

This	 chapter	 looked	 to	 begin	 the	 development	 of	 alternative	 diagnostic	

techniques	 in	 order	 to	 confirm	 the	 presence	 of	 A.	 meredithae	 at	 both	 the	

population	 and	 individual	 level,	 without	 the	 need	 for	 invasive	 diagnostic	

procedures	 currently	 required.	 These	 techniques	 have	 a	 diverse	 range	 of	

applications	 in	 parasitology,	 and	 in	 the	 context	 of	 amphibian-infecting	

dermocsytids	 could	 aid	 large-scale	 surveying	 by	 providing	 a	 cost	 and	 time-

effective	method	for	disease	confirmation.		

9.4.1.	Environmental	DNA	

Attempts	 to	 isolate	 environmental	 DNA	 from	 pond	 water	 were	 unsuccessful.	

Despite	the	recovery	of	a	larger	number	of	DNA	bands,	sequencing	consistently	

failed	 to	 return	 clean	 reads,	 with	 poor	 quality	 that	 did	 not	 match	 that	 of	 A.	

meredithae.	 On	 three	 occasions,	 the	 sequence	 data	 returned	 matched	 that	 of	

algae,	Cryptomonas	pyrenoidifera.	There	are	many	reasons	why	DNA	sequencing	

failure	occurs	when	a	band	is	achieved.	This	can	include:		

• A	low	concentration	of	DNA	in	template

• The	presence	of	contaminants/organic	inhibiting	DNA	amplification

• Inefficient	primer	annealing

• The	loss	of	product	post-PCR	during	clean	up

Particularly	for	environmental	samples,	DNA	is	often	in	low	concentrations,	and	

the	presence	of	organic	matter	can	inhibit	PCRs,	causing	miss-amplification	and	

non-specific	binding	(Thomsen	and	Willerslev,	2015).	It	 is	possible	sequencing	

failed	for	eDNA	samples	where	a	band	was	achieved	due	to	product	being	lost	

during	clean	up,	however	 the	same	methodologies	were	 followed	as	with	skin	

samples	(Chapter	3)	and	dermal	swabs	where	clean	sequences	were	achieved.	It	

is	more	 likely	 that	 the	 absence	 of	 parasite	DNA	 in	 the	 sample,	 inefficient	 PCR	

conditions	or	inhibition	due	to	the	presence	of	organic	matter	(Matheson	et	al.	

2010;	McKee	et	al.	2015).	
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9.4.2.	Low	DNA	concentration	

9.4.2.1.		Low	concentration	of	parasite	DNA	in	the	water	column	

It	 cannot	be	determined	whether	 failure	 to	detect	 pathogen	DNA	 indicates	 its	

general	 absence,	 or	 low	 concentration,	 in	 the	 environment	 or	 problems	 with	

sampling	 and	 processing	 methodologies	 which	 can	 impact	 eDNA	 detection	

(Goldberg	 et	 al.	 2015;	 Thomsen	 and	 Willerslev,	 2015).	 The	 transmission	

mechanisms	 of	 the	 parasite	may	 impact	 the	 ability	 to	 detect	 its	DNA	 from	water	

samples.	 	 Based	 on	 the	 observed	 transmission	 and	 life	 cycle	 of	 other	

Dermocystida	 parasites	 (Olson	 et	 al.	 1991),	 it	 is	 currently	 presumed	 that	

amphibian-infecting	dermocystids	are	waterborne,	where	parasite	sporangia	or	

spores	 are	 released	 into	 the	 environment	 (Mendoza	et	al.	 2002).	However,	 as	

this	has	not	been	confirmed	in	amphibian-infecting	dermocystids	 it	 is	possible	

that	 transmission	 is	 driven	 by	 host-to-host	 contact	 and	 not	 waterborne	 as	

presumed,	 which	 may	 also	 explain	 the	 apparent	 loss	 of	 flagella	 in	 these	

parasites	(Raffel	et	al.	2008).	If	this	is	the	case	and	sporangia	or	spores	are	not	

actively	 released	 into	 the	 environment,	 parasite	 DNA	 may	 exist	 in	

concentrations	too	low	for	detection	in	the	environment.		

9.4.2.2.	Insufficient	sampling	

As	 the	 transmission	 mechanisms	 are	 unknown	 for	 amphibian-infecting	

dermocystids	 (Mendoza	 et	 al.	 2002),	 it	 is	 possible	 that	 they	 do	 not	 release	

spores/sporangia	 into	 the	 environment,	 instead	 using	 host-to-host	 contact	 or	

vector	 born	 transmission.	 The	 concentration	 of	 parasite	 DNA	 would	

consequently	be	low	and	hard	to	detect	from	the	environment,	where	parasite	

genetic	material	is	present	only	due	to	shedding	of	infected	skin	cells	by	the	host	

(Longshaw	et	al.	2012;	Pilloid	et	al.	2014).	Other	non-motile	parasite	cysts,	such	

as	 Gyrodactylus	 salaris,	are	 thought	 to	 settle	 on	 the	 pond	 floor	 and	 attach	 to	

benthos	 (Longshaw	 et	 al.	 2012),	 remaining	 in	 low	 concentrations	 across	 the	

water	 column.	 If	 this	 is	 the	 case	 for	A.	meredithae,	 water	 sampling	may	 have	

missed	parasite	cysts	that	collect	in	in	the	sediment	at	the	pond	floor.		
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9.4.3.	Inhibition	

Enzymes	 using	 in	 PCR,	 such	 as	Taq,	 are	 strongly	 inhibited	 by	 the	 presence	 of	

humic	substances	in	soils	and	environmental	samples	(Thomsen	and	Willerslev,	

2015),	which	 can	be	particularly	detrimental	when	water	 samples	are	heavily	

contaminated	by	sediment	(McKee	et	al.	2015).	DNA	extraction	using	the	MoBio	

PowerSoil	 extraction	 Kit	 has	 been	 recommended	 for	 use	 in	 eDNA	 due	 to	 its	

targeted	ability	to	remove	PCR	inhibitors	such	as	humic	acids	(Eichmiller	et	al.	

2016).	However,	this	may	not	have	been	sufficient	to	removal	all	inhibitors	and	

excessive	organic	matter.	

The	 presence	 of	 large	 amounts	 of	 non-target	 genetic	 material,	 particularly	 if	

large	 particles	 of	 organic	 matter	 are	 present,	 could	 increase	 the	 chance	 of	

primers	annealing	to	non-target	DNA	and	cause	the	amplification	of	non-target	

sequences.	 Whilst	 larger	 mater	 was	 removed	 by	 pre-sieving	 water	 prior	 to	

filtering,	the	pore	size	chosen	was	small	(0.2µm)	which	could	have	caused	large	

particles	 to	 bind	 to	 the	 membrane	 inhibiting	 PCR	 and	 preventing	 the	 target	

sequence	from	being	successfully	detected.	However,	even	with	the	application	

of	 a	 two-stage	 nested	PCR,	methodologies	 that	 have	 frequently	 been	 found	 to	

improve	 the	 success	 of	 eDNA	 (Reveiller	 et	 al.	 2002;	 Hartikainen	 et	 al.	 2014),	

target	sequences	were	not	recovered.	Future	work	should	look	to	test	different	

pore	sizes	in	order	to	reduce	organic	matter	without	loosing	parasite	spores.	

9.4.4.	Incubating	individual	animals	

One	 sequence	matching	A.	meredithae	was	 successfully	 obtained	 from	 a	 small	

volume	of	water,	where	a	single	infected	newt	had	been	held	for	12	hours.	This	

suggests	that	pathogen	DNA	can	be	detected	from	the	host’s	direct	environment,	

however,	it	does	not	confirm	the	active	release	of	parasite	spores/sporangia	for	

transmission,	 and	 may	 reflect	 natural	 sloughing	 of	 host	 skin	 and	 cells	 (Beja-

Pereira	 et	 al.	 2009;	 Pegard	 et	 al.	 2009)	 containing	 genetic	 material	 from	 the	

pathogen	 (Longshaw	et	al.	 2012).	 	 This	may	 represent	 an	 alternative	 detection	

method	 for	 confirming	 the	 presence	 of	 disease	 in	 an	 individual.	 Shin	 et	 al.	

(2014)	were	able	 to	confirm	Chytridiomycosis	 infection	by	 incubating	 frogs	 in	
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150mL	of	water	 for	12	to	24h	before	filtering	water	and	extracting	DNA	using	

PCR.	This	method	was	found	to	be	more	accurate	than	swabbing	at	confirming	

the	presence	of	Bd	(Shin	et	al.	2014).	

9.4.5.	Dermal	swabbing	for	pathogen	detection	

Whilst	sensitivity	of	dermal	swabs	was	extremely	high,	detecting	A.	meredithae	

DNA	 in	 100%	 of	 newts	 with	 gross	 visible	 pathologies,	 swabbing	 had	 low	

specificity.	Pathogen	DNA	was	isolated	from	60%	of	newts	that	did	not	present	

with	 gross	 visible	 pathologies.	 The	 amplification	 of	 target	 DNA	 from	 dermal	

swabs	 taken	 from	 visibly	 uninfected	 newts	may	 be	 detecting	 the	 presence	 of	

pathogens	genetic	material	 in	 the	water	 residing	externally	on	 the	host’s	 skin,	

rather	than	indicating	the	presence	of	infection.	The	use	of	dermal	swabs	alone	

to	 confirm	 A.	 meredithae	 could	 lead	 to	 a	 false	 overestimation	 of	 disease	

prevalence.		

However,	whilst	 examining	 sensitivity	 and	 specificity	 allows	 for	 the	 results	 of	

dermal	swabs	 to	be	compared	 to	visual	examination,	 these	results	may	 in	 fact	

highlight	 that	 dermal	 swabs	 represent	 a	 more	 accurate	 and	 sensitive	 way	 of	

detecting	 infection	 compared	 to	 visual	 examination	 alone.	 Histopathology	

results	(Chapter	4;	Fiegna,	Clarke	et	al.	2016)	suggest	that	subclinical	 infection	

can	occur,	without	the	presentation	of	visible	gross	pathologies.	Dermal	swabs	

may	 be	 detecting	 the	 presence	 of	 infection	 when	 visual	 examination	 fails	 to	

observe	 pathologies.	 This	 is	would	 be	 in	 contrast	 to	 recent	 reports	 of	 chytrid	

sampling,	 which	 suggests	 dermal	 swabs	 may	 fail	 to	 detect	 infection	 and	

therefore	 underestimate	 true	 prevalence	 (Shin	 et	al.	 2014).	 If	 this	 is	 the	 case,	

visual	observation	alone	may	be	an	inaccurate	method	for	determining	the	true	

presence	and	prevalence	of	disease,	and	dermocystid	prevalence	on	Rum	may	

be	much	higher	than	suggested	based	on	visual	estimation	alone.		

All	 dermal	 swabs	 collected	 from	 the	uninfected	 control	 site	were	negative	 for	

the	presence	of	target	DNA.	Whilst	no	visual	cases	of	disease	were	recorded	at	

site	R10	during	2016,	a	large	proportion	of	dermal	swabs	(65%)	were	positive	

for	 the	 presence	 of	 A.	 meredithae	 DNA.	 This	 may	 suggest	 contamination	 of	
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dermal	swabs	either	during	collection	or	processing,	or	the	amplification	of	non-

target	 DNA	 of	 the	 same	 band	 size,	 however	 if	 this	were	 the	 case	 it	would	 be	

expected	that	false	positives	would	also	occur	in	the	negative	control	site	but	all	

samples	 obtained	 here	 were	 negative.	 In	 addition,	 whilst	 no	 visibly	 diseased	

newts	were	recorded	at	site	R10	during	2015	and	2016,	visibly	disease	newts	

were	 captured	 in	 2014	 giving	 a	 low	 prevalence	 of	 10.34%.	 It	 is	 therefore	

possible	 that	 the	 pathogen	 is	 present	 in	 these	 sites.	 The	 amplification	 of	

pathogen	DNA	from	visibly	uninfected	newts	at	these	sites	may	again	reflect	the	

presence	of	parasite	genetic	material	on	 the	skin	surface	of	newts	rather	 than	

the	 presence	 of	 infection.	 Alternatively	 this	 may	 indicate	 that	 infection	 is	

present	at	these	sites	but	rarely	develops	into	gross	manifestations.	

Despite	 low	 specificity	 at	 the	 individual	 level,	 at	 the	 population	 level	 dermal	

swabs	 appear	 to	 offer	 a	 non-invasive	 diagnostic	 method	 for	 detection	 of	 site	

level	presence	or	absence	of	disease.	This	still	represents	an	invaluable	method	

for	 the	 confirmation	 of	 new	 disease	 cases	 outside	 of	 Rum	 particularly	 where	

histopathology	or	obtained	skin	sample	for	PCR	is	not	possible.		

9.4.6.	Conclusion	

This	 chapter	 provides	 the	 basis	 for	 the	 development	 and	 implementation	 of	

non-invasive	 diagnostic	 techniques.	 Attempts	 to	 isolate	 pathogen	 DNA	 from	

pond	water	were	not	successful,	however	further	work	to	refine	protocols	may	

resolve	 issues	 related	 to	 sampling	 and	DNA	 amplification.	However,	 detecting	

the	 presence	 of	A.	meredithae	 DNA	 from	 dermal	 swabs	was	 successful.	While	

this	 technique	 may	 be	 highly	 sensitive,	 either	 able	 to	 detect	 sub-clinical	

infection	or	external	parasite	DNA	perhaps	 in	 the	environment,	 it	 still	offers	a	

useful	 technique	 to	 confirm	 the	 presence	 of	 the	 pathogen	 in	 the	 population.	

Most	 importantly	 it	 provides	 a	 method	 for	 confirming	 the	 presence	 of	 A.	

meredithae,	 and	 perhaps	 other	 dermocystids,	 in	 a	 new	 population	 presenting	

with	suspected	dermocystid	disease	without	the	need	for	invasive	skin	samples	

or	histology.		
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Whilst	more	work	is	necessary	to	develop	the	use	of	dermal	swabs	and	eDNA,	

for	use	in	diagnosis	particularly	at	the	individual	level,	this	study	suggests	that	

at	 least	 one	 method	 provides	 a	 technique	 for	 confirming	 the	 presence	 of	 A.	

meredithae	 in	 a	 population.	 This	may	 be	 sufficient	 for	 large	 scale	monitoring	

which	require	a	non-invasive	method	to	confirm	that	 the	gross	dermal	 lesions	

observed	 in	 a	 population	 are	 associated	 with	 the	 presence	 of	 A.	 meredithae.	

This	 could	 help	 focus	 broader	 research.	 For	 example,	 in	 order	 to	 test	 further	

hypotheses	regarding	the	relationship	between	disease	prevalence	and	severity	

to	water	pH	

The	 use	 of	 oral,	 cloacal	 and	 dermal	 swabs	 to	 confirm	 the	 presence	 of	

chytridiomycosis	 and	 ranavirosis	 infections,	 have	 facilitated	 large-scale	

amphibian	 disease	 surveys	 across	 the	 UK	 (Cunningham	 and	 Minting,	 2008;	

Smith,	 2011).	 The	 ability	 to	 detect	A.	meredithae	 in	 a	 population	 from	dermal	

swabs	 could	 facilitate	 similar	widespread	 studies	 to	 assess	 the	 distribution	 of	

the	pathogen	across	mainland	UK.	In	addition,	by	providing	a	technique	already	

used	for	confirmation	of	other	amphibian	diseases	limits	the	need	for	multiple	

projects,	but	rather	samples	could	be	screened	for	multiple	pathogenic	agents,	

offering	a	cost	and	time	effective	method.		
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CHAPTER	10 

DISCUSSION	

10.1 THESIS	OVERVIEW	

This	thesis	aimed	to	perform	a	broad,	multi-disciplinary	study	to	investigate	the	

host-pathogen	 dynamics	 of	 suspected	 dermocystid	 disease	 in	 palmate	 newts	

(Lissotriton	 helveticus)	 on	 the	 Isle	 of	 Rum.	 Whilst	 amphibian-infecting	

dermocystid	were	first	described	over	a	century	ago	(Perez,	1907),	prior	to	this	

study	very	 little	was	understood	about	 these	parasites,	 including	 transmission	

mechanisms,	spatial	determinants	of	disease,	temporal	(intra	and	inter-annual)	

variation	 and	 disease	 risk.	 By	 incorporating	 a	 range	 of	 techniques	 including	

histopathology,	 phylogenetics	 and	 spatial	 epidemiology,	 a	 detailed	 pathogen	

profile	of	Amphibiothecum	disease	on	Rum	was	developed,	representing	the	first	

in	 depth	 study	 of	 an	 amphibian-infecting	 dermocystid.	 The	 many	 objectives	

were:	

• Determine	 the	 causative	 agent	 of	 disease	 on	 Rum	 by	 classifying	 the

parasite	using	molecular	phylogenetic	analysis	and	histopathology.
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• Develop	 a	 more	 detailed	 pathogen	 profile	 by	 combining	 pathological

characterization,	 survey	 data	 and	 observational	 studies	 to	 explore

disease	outcome	and	progression.

• Explore	 the	 spatio-temporal	 dynamics	 of	 disease	 including	 spatial

distribution,	disease	clustering	and	inter-annual	dynamics.

• Further	 investigate	 the	 environmental	 parameters	 and	 host	 dynamics

causing	heterogeneous	spatial	distribution	of	disease	risk	and	outcome.

Prior	to	this	study,	the	pathogenic	agent	causing	disease	on	in	L.	helveticus	Rum	

had	only	tentatively	been	classified	to	family	level,	identifying	it	as	a	member	of	

the	dermocystids.	 In	Chapter	3	the	parasite	was	classified	taxonomically	using	

molecular	phylogenetics,	determining	it	to	be	the	same	parasite	causing	disease	

in	 palmate	 newts	 in	 France	 (González-Hernández	 et	 al.	 2010).	 However,	 in	

González-Hernández	et	al.	(2010)	only	brief	consideration	had	been	given	to	the	

pathogen’s	 taxonomy	 and	 it	 remained	 unnamed,	 referred	 to	 only	 as	 a	

dermocystid-like	 parasite.	 This	 study	 was	 able	 to	 refine	 the	 taxonomic	

relationships,	identifying	the	parasite	to	species	level.	The	dermocystid	causing	

disease	in	European	L.	helveticus	was	determined	to	be	a	member	of	the	genus	

Amphibiothecum,	 only	 the	 second	 species	 in	 this	 genus	 to	 be	 described	

(Feldman	 et	 al.	 2005),	 and	 has	 been	 named	 Amphibiothecum	 meredithae.	

(Fiegna,	Clarke	et	al.	2016).		

In	 Chapter	 4,	 results	 from	 histological	 examination,	 in	 situ	 and	 in	 vitro	 study	

trails	 and	 observations	 from	 broad	 surveys	were	 brought	 together	 to	 build	 a	

pathogen	profile	exploring	key	characteristics	of	disease	presentation,	and	the	

presence	of	stark	differences	in	disease	outcome	(recovery	and	morbidity).	For	

example,	the	presence	of	degenerated	cysts,	not	described	previously	in	cases	of	

amphibian-infecting	 dermocystids,	 in	 addition	 to	 captive	 animals	 clearing	

visibly	 signs	 of	 infection,	 gives	 evidence	 that	 newts	 can	 resolve	 infection.	

However,	the	presence	of	severe	oedematous	pathologies	unique	to	Rum	and	a	

high	mortality	 rates	 exclusively	 at	 sites	where	 infection	was	detected	 indicate	

that	some	individuals	develop	severe	and	lethal	cases	of	infection.	
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Prior	 to	 this	 study,	 only	 limited	 data	 existed	 regarding	 the	 spatio-temporal	

dynamics	 of	 amphibian-infecting	 dermocystids.	 Only	 a	 single	 study	 explored	

inter-annual	variation	in	disease	prevalence	across	a	two-year	period	(Pascolini	

et	al.	2003),	whilst	another	investigated	the	spatial	distribution	of	dermocsytid	

across	 a	 region	 in	 France	 (Courtois	 et	 al.	 2013).	 However,	 inter-annual	

comparisons	 were	 made	 using	 small	 sample	 sizes,	 and	 neither	 incorporated	

possible	 predictor	 variables	 to	 explain	 reported	 patterns.	 To	 begin	 more	

comprehensive	 spatio-temporal	 analysis	 of	 disease	 incidence	 on	 Rum,	 the	

within-season	 dynamics	 of	 disease	 were	 examined	 to	 understand	 short-term	

fluctuations	 in	disease	occurrence	 (Chapter	5)	and	give	 confidence	 to	broader	

spatial	 analysis	 (Chapters	 7	 and	8).	 Little	 variation	 in	 disease	 prevalence	was	

identified	 showing	 no	 statistically	 significant	 trends	 that	 could	 impact	

comparisons	of	point	samples	taken	during	annual	surveys.		

Chapter	 6	 analysis	 also	 provided	 a	 large	 data	 set	 on	 disease	 presentation	 to	

further	explore	commonalities	in	disease	manifestation	(briefly	explored	using	a	

small	sample	size	in	Chapter	4).	Exploring	burden,	body	cover	and	prevalence	of	

different	 pathology	 types,	 and	 by	 incorporating	 knowledge	 of	 associated	

parasite	 development	 (Chapter	 4)	 population-level	 trends	 in	 disease	

development	within	 a	 season	were	 explored.	 It	 determined	 that	 oedema	may	

not	 follow	 a	 linear	 progression	 in	 line	 with	 increasing	 burden,	 and	 that	

morbidity	is	heterogeneously	distributed	amongst	the	population.		

Previous	 studies	 on	 Rum	 had	 generally	 focused	 sampling	 efforts	 in	 a	 small	

region	of	the	island,	with	prevalence	estimates	often	based	on	low	catch	sites	(𝑥		

=	 7.2,	 Anderson,	 2011;	𝑥	=	 9.8,	 McMurdo-Hamilton,	 2012).	 Here,	 a	 broader	

spatial	 survey	was	performed	where	catch	effort	was	 increased	 to	give	higher	

sample	 sizes	 (𝑥		 =	 31.07)	 and	 more	 robust	 prevalence	 estimates.	 Disease	 on	

Rum	was	widespread	and	heterogeneously	distributed	across	the	Island.	This	is	

in	 keeping	 with	 observations	 in	 France	 (Courtois	 et	 al.	 2013),	 however	 here	

environmental	 parameters	 and	 host	 population	 structure	 were	 explored	 to	

provide	 possible	 explanations	 for	 the	 recovered	 spatial	 patterns.	 The	

occurrence	of	disease	 and	 significant	 spatial	 clusters	 appear	 to	be	dictated	by	
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water	pH,	or	related	factors,	where	disease	was	absent	in	very	acidic	conditions.	

This	may	 indicate	 an	 important	 host-parasite-environment	 interaction,	 which	

facilitates	 not	 only	 variation	 in	 disease	 across	 Rum	 but	 may	 account	 for	 the	

higher	levels	of	disease	compared	to	reports	in	the	literature.	This	is	discussed	

further	below.	

Spatial	 analysis	 was	 repeated	 over	 three	 years	 to	 determine	 temporal	

fluctuations	in	disease	and	environmental	parameters,	Analysis	of	inter-annual	

disease	data	no	prevailing	increase	or	decrease	in	prevalence	at	the	island	level.	

However,	temporal	fluctuations	varied	between	sites	with	some	showing	some	

significant	trends.		Water	pH	was	consistently	found	to	be	a	predictor	of	disease	

suggesting	 stability	 in	 the	 host-parasite-environment	 relationship,	 however	

variation	 in	 pH	did	not	 appear	 to	 account	 for	 variation	 in	 disease	prevalence.	

Instead	 the	 sampled	 sex	 ratio	 appears	 to	 dictate	 inter-annual	 site	 variability	

where	 an	 increase	 in	 the	 proportion	 of	males	within	 the	 sampled	 population	

caused	 an	 increase	 in	 disease	 prevalence.	 Whilst	 sample	 sex	 ratios	 may	 not	

always	 represent	 the	population	 sex	 ratio	 it	 offers	 an	 interesting	 relationship,	

where	host	structure	may	be	impacting	variation	in	disease	risk	that	should	be	

further	explored.	

Finally,	 some	 initial	 preliminary	 work	 was	 to	 test	 the	 use	 of	 non-invasive	

diagnostics	 in	 order	 to	 confirm	 the	 presence	 of	 dermocystid	 at	 the	 individual	

and	 site	 level.	 Whilst	 environmental	 DNA	 was	 not	 successful	 at	 detecting	 A.	

meredithae	 DNA	 in	 water	 samples,	 dermal	 swabs	 may	 offer	 a	 method	 for	

confirming	cases	of	suspected	dermocystid	disease	in	new	populations	without	

the	need	for	costly	and	time	consuming	invasive	techniques.	Furthermore,	these	

methods	 may	 facilitate	 broader	 surveillance	 and	 therefore	 build	 on	 our	

knowledge	of	the	spatial	range	and	distribution	of	dermocsytids.		

This	Chapter	builds	on	 some	of	 the	key	 findings	 from	 this	 study	and	explores	

future	 directions,	 which	 should	 be	 pursued	 in	 order	 to	 improve	 our	

understanding	 of	 A.	 meredithae	 and	 amphibian-infecting	 dermocystids	 in	

general.	
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10.2 SPATIO-TEMPORAL	DISEASE	DYNCAMICS	

10.2.1 Spatial	distribution	of	A.	meredithae	on	Rum	

During	 spatio-temporal	 analysis,	disease	on	Rum	was	 found	 to	be	widespread	

and	prevalent,	with	diseased	newts	captured	at	87%	of	sites,	during	at	least	one	

visit.	Whilst	 island	 level	 prevalence	was	 relatively	 low	 (35.7%	 [23.7,	 45.6]	 to	

40.3%	 [30.5,	 50.1]	 annually),	 among	 site	 variation	 in	 disease	 prevalence	was	

high	with	prevalence	ranging	from	0%,	to	a	peak	prevalence	of	100%.	In	similar	

systems	showing	strong	spatial	structure	and	high	among	site	variation	(Duffy	

et	al.	2010;	Hall	et	al.	2011),	variation	has	been	attributed	to	ecological	drivers	

or	 small-scale	 genetic	 structure	 if	 host	 and/or	 parasite	 dispersal	 is	 absent	

(Laine,	2006;	Penczykowski et al. 2014; Tack	et	al.	2014).	On	Rum,	it	is	presumed	

that	some	host	migration	occurs	between	sites	and	closely	located	sites	showed	

highly	varied	prevalence.	For	this	reason,	it	is	unlikely	that	genetic	variation	in	

the	 parasite	 or	 host	 is	 driving	 site-to-site	 variation	 in	 disease	 prevalence.	

However,	 a	 strong	 interaction	 between	 water	 pH	 and	 disease	 presence	 and	

prevalence	was	determined,	indicating	that	disease	is	likely	driven	by	ecological	

factors	discussed	in	more	detail	below.

In	 addition,	 some	 distinct	 spatial	 clusters	 were	 recovered	 each	 year,	 further	

suggesting	 that	 disease	 risk	 is	 not	 homogeneous	 across	 the	 island.	 In	 general,	

these	clusters	indicated	high	incidence	towards	the	West	of	the	island	and	lower	

incidence	towards	to	East.	Water	pH	was	consistently	found	to	be	a	predictor	of	

the	presence	and	prevalence	of	diseased	newts,	with	spatial	clusters	of	high	and	

low	prevalence	also	associated	with	the	water	pH.	It	is	possible	that	underlying	

geology	or	vegetation	type,	influencing	water	pH,	causes	the	spatial	clustering	of	

cases	 observed	 on	 Rum.	 However,	 further	 work	 is	 needed	 to	 explore	 the	

interactions	 between	 spatially	 clustered	 variables	 not	 yet	 explored	 (i.e.	

geology).	
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10.2.2 Heterogeneity	and	water	pH	

The	heterogeneous	distribution	of	dermocystid	disease	across	Rum	was	largely	

dictated	 by	 water	 pH.	 Infection	 was	 rarely	 observed,	 or	 at	 the	 lowest	

prevalence,	 in	 acidic	 water,	 and	 occurred	 at	 the	 highest	 prevalence	 in	 water	

approaching	 neutral	 pH.	 For	 example,	 diseased	 newts	 were	 never	 observed	

in	acidic	water	below	a	pH	of	5.77.	The	consistency	of	this	interaction	spatially	

and	temporally,	even	being	identified	during	2011	and	2012	with	small	sample	

sizes	in	 spatially	 restricted	 areas,	 shows	 the	 strong	deterministic	 effect	 of	 pH,	

or	pH	related	factors,	on	disease.		

However,	 it	 is	 still	 unclear	 what	 mechanisms	 are	 driving	 this	 pH-infection	

relationship.	 It	 can	 be	 assumed	 that	 the	 most	 inhospitable	 environments	 are	

most	costly	for	a	host,	however	a	pH	between	6	and	7.5	is	generally	considered	

to	 be	 circumneutral	 and	 presents	 little	 or	 no	 harm	 to	 aquatic	 organisms	

(Sparling,	 2010).	 Despite	 the	 high	 tolerance	 of	 palmate	 newts	 to	 acidic	

environments	 (Cooke	 and	 Frazer,	 1976),	 there	 still	may	 be	 a	 ‘cost’	 associated	

with	 these	 environments	 which	 may	 impact	 immune	 potential	 making	 them	

more	susceptible	to	infection.	For	example	lowered	food	consumption	has	been	

observed	 in	 palmate	 newts	 under	 very	 acidic	 conditions	 (Griffith	 et	al.	 1993)	

and	acid	exposure	has	been	linked	to	reduced	immune	function	in	amphibians	

(Brodkin	 et	 al.	 2003).	 It	 would	 therefore	 be	 expected	 that	 acidic	 conditions	

would	 be	 most	 costly	 to	 palmate	 newts	 and	 therefore	 facilitate	 higher	

prevalence	and	morbidity,	however	 this	 is	generally	 in	contrast	 to	 the	disease	

dynamics	seen	on	Rum.	

Therefore,	 it	 is	 more	 likely	 that	 water	 pH,	 or	 associated	 water	 chemistry,	

impacts	the	parasite,	regulating	the	presence	of	disease	across	Rum.	Very	little	

data	 exists	 on	 the	 impact	 of	 environmental	 variables	 on	 mesomycetozoean	

parasites	(Mendoza	et	al.	2002;	Gozlan	et	al.	2014),	with	the	majority	of	studies	

focusing	on	temperature	variation	in	disease	outcome	(Pauley,	1967;	Allen	et	al.	

1968;	Olson	et	al.	1999;	Olson	and	Holt,	2011).	However,	experimental	data	on	

Ichthyophonus	hoferi found	that	 life	cycle	varies	depending	on	pH	(Okamoto	et	
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al.	1985;	Spanggaard	et	al.	1995;	Franco-Sierra and Alvarez-Pellitero, 1999)	where	

environments	above	pH	7	facilitate	the	development	of	amoeboid-like	stages.	In	

addition,	 under	 highly	 acidic	 conditions	 (pH	 ~	 3.5)	 hyphal	 growth	 was	

observed,	an	interesting	finding	given	the	fungal-like	hyphae	observed	in	some	

infected	individuals	on	Rum	(Chapter	4).		

It	 is	 not	 uncommon	 for	 aquatic	 parasites	 to	 be	 mediated	 by	 water	 pH.	 For	

example,	 in	 culture,	 Bd	 growth	 is	 mediated	 by	 pH	 with	 maximum	 growth	

occurring	at	a	pH	of	6-7	and	low	growth	observed	when	pH	is	below	5	or	above	

8	 (Piotrowski	 et	 al.	 2004).	 However,	 it	 is	 also	 possible	 that	 the	 pH-disease	

interaction	is	a	spurious	relationship	where	a	confounding	factor	has	yet	to	be	

identified.	For	example,	low	pH	can	cause	metal	solubility	to	increase,	so	acidic	

waters	 are	often	 associated	with	metal	 toxicity	 and	 this	high	 concentration	of	

dissolved	 metals	 could	 facilitate	 increased	 prevalence,	 not	 the	 acidity	 itself	

(Campbell	and	Stokes,	1985).	

10.3 INTER-ANNUAL	DISEASE	VARIATION	

The	 inter-annual	 variation	 in	disease	varied	depending	on	 the	 spatial	 scale	or	

location	explored.	At	the	island	level,	disease	prevalence	showed	no	statistically	

significant	 variation,	 disproving	 initial	 hypotheses	 based	 on	 limited	 annual	

preliminary	data	that	indicated	a	potentially	increasing	state	of	disease	on	Rum	

(section	1.8.2.2.),	whilst	 inter-annual	disease	 levels	could	be	highly	variable	at	

the	 site	 level.	However,	 variation	between	sites	was	 inconsistent;	whilst	 some	

showed	 no	 statistical	 change	 in	 prevalence,	 indicating	 relatively	 consistent	

annual	 occurrence	 (or	 absence),	 some	 sites	 had	 significant	 increasing	 or	

decreasing	trends.		

Three	sites	were	identified	to	be	consistently	disease	free	across	the	three-year	

sample	 period.	 Areas	 where	 disease	 is	 consistently	 absent	 in	 an	 otherwise	

infected	region	can	arise	due	to	physical	or	environmental	barriers	(Bourhy	et	

al.	1999;	Riel	and	Biek,	2007;	Puschendorf	et	al.	2011)	causing	localised	refuges,	

host	 or	 pathogen	 genetic	 factors	 perhaps	 causing	 variation	 in	 pathogen	
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virulence,	 or	 host	 susceptibility	 (Aalen	 et	 al.	 2015;	 Savage	 et	 al.	 2015),	 the	

absence	 of	 vectors	 (Jules	 et	 al.	 2002).	 In	 addition	 to	 disease	 absence	 at	

individual	sites,	a	significant	low	prevalence	spatial	cluster	was	recovered	in	the	

same	 location	 during	 each	 year	 (Chapters	 7	 and	 8),	 however	 some	 diseased	

newts	were	occasionally	sampled	at	sites	within	this	cluster	and	some	disease-

free	sites	(M1)	did	not	fall	within	this	cluster	but	rather	grouped	closely	to	other	

high	 prevalence	 sites.	 Rather	 than	 suggesting	 the	 absence	 of	 disease	 due	 to	

physical	 barriers	 it	 suggests	 highly	 localised	 (site	 level)	 factors	 driving	

variation.	 This	 is	 perhaps	 supported	 by	 the	 very	 low	 prevalence	 occasionally	

recorded	at	sites	that	were	otherwise	disease	free	(R10	and	CD1),	suspected	to	

be	a	result	of	migration	of	newts	been	diseased	and	disease-free	sites.		

10.4 DISEASE	PRESENTATION	AND	PROGRESSION	

10.4.1 Body	distribution	

In	 Chapter	 6	 analysis	 of	 disease	 presentation	 showed	 that	 the	 dorsal	 surface	

was	most	commonly	 infected,	consistent	with	 findings	by	González-Hernández	

et	 al.	 (2010)	 but	 contradictory	 to	 previous	 reports	 of	 Amphibiocystidium	

infection	 where	 the	 ventral	 surface	 was	 more	 prone	 to	 infection	 (Broz	 and	

Privora,	1952;	Pascolini	et	al.	2003;	Raffel	et	al.	2008).	It	was	hypothesised	that	

pathogen	 sporangia	 settle	 on	 the	 pond	 floor	 after	 release	 from	 the	 host,	 and	

either	the	movement	of	amphibians	across	sediment	or	the	release	of	zoospores	

from	 sporangia	 outside	 the	 host	 caused	 a	 ventral	 bias	 in	 disease	 distribution	

(Raffel	et	al.	2008).	However,	it	is	unclear	here	what	mechanisms	would	lead	to	

a	greater	proportion	of	pathologies	on	the	dorsal	surface	and	head.	Differences	

in	microbiome	between	skin	regions	may	predispose	certain	areas	to	infection,	

as	has	been	shown	 for	 chytrid	 (Bataille	et	al.	 2016).	Alternatively,	pathologies	

on	the	head	may	be	due	to	infection	entering	through	the	oral	cavity,	supported	

by	observations	of	cysts	in	the	mouth	and	throat	(discussed	in	Chapter	4).		

Alternatively,	 infection	 may	 occur	 pre-metamorphosis.	 In	Dermocystidium	 sp.,	

infection	 occurs	most	 frequently	 in	 the	 gills	 of	 fish	 (Davis,	 1947;	Wooten	 and	

McVicar,	1982)	so	 it	 is	possible	 that	 in	amphibians,	dermocystid	 infection	also	
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begins	in	the	gills	of	larval	newts.	In	larval	newts,	gills	are	located	on	the	head,	

dorso-laterally	 (Wells,	 2010),	 which	 could	 lead	 to	 an	 increased	 likelihood	 of	

disease	 dispersing	 first	 across	 the	 head	 and	 dorsal	 surface	 during/following	

metamorphosis.	 A	 similar	 process	 is	 seen	 in	 chytrid	 where	 the	 keratinised	

mouthparts	of	tadpoles	become	infected,	where	the	pathogen	can	subsequently	

spread	to	other	body	parts	during	metamorphosis	(Blaustien	et	al.	2005).	Whilst	

the	 spread	 of	 infection	 does	 not	 necessarily	 show	 the	 clustering	 around	 the	

infection	 point	 as	 suggested	 for	 A.	 meredithae	 infection,	 this	 is	 due	 to	 the	

appearance	of	 (and	dispersal	between)	keratinised	 tissue	during	development	

(McMahon	 and	 Rohr,	 2015).	 Here,	 larval	 newts	 were	 not	 tested	 however	 the	

presence	of	dermocystid	 in	 larval	amphibians	has	once	been	suggested	(Green	

et	 al.	 2002).	 Further	 work	 could	 look	 to	 test	 larval	 stages	 of	 newts,	 perhaps	

using	PCR,	to	determine	the	presence	of	infection	at	pre-metamorphic	stages.	

10.4.2 Disease	progression	

Histological	 examination	 of	 infected	 tissue	 identified	 an	 association	 between	

pathogen	 sporangia	 development,	 host	 immune	 inflammatory	 response	 and	

distinct	 gross	 visible	 pathologies	 (Chapter	 4;	 Fiegna,	 Clarke	 et	 al.	 2016).	 This	

gave	way	to	some	initial	hypotheses	of	disease	progression:		

I. Gross	 visible	 cysts,	 characterised	 by	 intact	 and	 immature	 sporangia

represent	initial	stages	of	infection;

II. Larger	 lesions	 associated	 with	 one	 or	 more	 maturing	 (often	 larger)

sporangia	 with	 an	 inflammatory	 host	 response	 appear	 as	 infection

develops;

III. Larger	 swellings	 and	 oedema	 are	 associated	 with	 multiple	 sporangia

often	at	different	developmental	stages	(intact	and	immature	to	mature

and	burst),	where	some	sporangia	will	burst	 releasing	spores	 into	host

tissue	and	with	a	more	severe	inflammatory	cell	infiltrate.

However	 the	 diffuse	 and	 severe	 oedema	 observed	 may	 not	 be	 accounted	 for	

purely	by	a	linear	progression	of	disease	burden.		
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In	 order	 to	 build	 on	 these	 hypotheses,	 during	 2015	 both	 in	 situ	 and	 in	 vitro	

observational	 studies	 were	 trialled	 to	 observe	 the	 temporal	 changes	 in	 gross	

disease	 presentation	 to	 infer	 the	 process	 of	 disease	 progression	 (Chapter	 4).	

Whilst	more	work	is	needed	to	refine	experimental	design,	some	initial	data	was	

collected.	 It	 was	 evident	 that	 there	 were	 differences	 in	 the	 progression	 of	

disease.	 Some	 individuals	 (n	 =	 3)	 showed	 a	 reduction	 in	 the	 size	 of	 cysts	 or	

lesions,	often	associated	with	the	presence	of	ulcerations,	whilst	others	showed	

an	 increase	 in	the	burden	of	 infection	(n	=	11).	For	those	that	showed	signs	of	

disease	 progression,	 cysts	 and	 lesions	 became	 larger	 in	 size	 and	more	 diffuse	

across	the	body.		

Analysis	of	disease	presentation	data	collected	across	a	sample	season	(Chapter	

6) largely	supported	these	theories	where	cysts	occurred	more	frequently	at	the

start	 of	 the	 season,	 followed	 by	 a	 peak	 in	 lesions	 and	 ulcerations.	 However,

oedema	 did	 not	 appear	 to	 follow	 this	 linear	 trend.	 For	 example,	 rather	 than

showing	an	increase	in	prevalence	and	body	cover	in	line	with	the	progression

of	 infection	 from	cysts	 to	oedema,	 the	prevalence	of	oedema	decreased	across

the	 season.	 This	 highlighted	 two	 important	 things.	 Firstly,	 oedema	 may	 be

triggered	 in	 some	 individuals	 due	 to	 a	 physiological	 response	 to	 a	 yet

undetected	 factor	 (Crawshaw	and	Weinkle,	2000;	Densmore	and	Green,	2007;

Ferrie	 et	 al.	 2014).	 Secondly,	 this	 would	 suggest	 that	 oedema	 can	 develop

relatively	 early	 in	 the	 season,	 further	 suggesting	 some	 other	 factor	 triggering

oedema	in	some	individuals.	The	alternative	explanations	for	the	development

of	diffuse	oedema	are	discussed	below	(section	10.5).

10.5 EXPLORING	VARIATION	IN	MORBIDITY	AND	SEVERITY	

The	outcome	of	disease	caused	by	A.	meredithae	appears	 to	vary	considerably	

between	 individuals.	 Based	 on	 observations	 of	 newts	 held	 in	 captivity,	

histological	evidence	of	cyst	degeneration	and	brief	observations	of	newts	over	

a	single	week	placed	in	in	situ	enclosures	(Chapter	4),	it	is	presumed	that	some	

individuals	can	resolve	infection.	However,	during	 in	situ	observations,	whist	a	

small	 number	 showed	 signs	 of	 resolving	 infection,	 others	 developed	 more	
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severe	 infections	 with	 lesions	 or	 swellings	 increasing	 in	 size,	 or	 new	 cysts	

appearing	across	the	body.	In	addition,	analysis	of	pathology	burden	and	body	

cover	indicated	a	general	heterogeneity	in	the	distribution	of	morbidity	across	

the	 population,	 particularly	 at	 high	 prevalence	 sites	 (Chapter	 6)	 where	 some	

individuals	will	present	with	high	burden	and	diffuse	pathologies	whilst	others	

have	 mild	 and	 localised	 infection.	 The	 burden	 of	 disease	 generally	 mirrored	

overall	 prevalence	with	 high	 prevalence	 sites	 supporting	 severe	 infections.	 In	

addition,	 cyst	 burden	 was	 significantly	 higher	 in	 females	 compared	 to	males.	

Although	only	5%	(n	=	23)	of	 infected	 individuals	 analysed	 in	Chapter	6	were	

observed	 to	 have	 diffuse	 full	 body	 oedema	 during	within-season	 surveys,	 the	

majority	were	females	(74%)	from	the	highest	prevalence	site	(R4;	𝑥	=	64.6%),	

with	a	pH	approaching	circumneautral	(𝑥	=	6.21).	This	suggests	that	some	key	

factors	may	be	dictating	the	appearance	of	high	burden	and	diffuse	oedema.	

	The	severe	morbidity	observed	on	Rum	in	the	form	of	full	body	oedema	has	not	

been	described	 in	publications	of	amphibian-infecting	dermocystids	 (Mendoza	

et	al.	2000),	even	in	cases	of	disease	caused	by	the	same	pathogen	in	the	same	

host	species	(González-Hernández	et	al.	2010).	It	appears	that	disease	outcome	

differs	not	only	between	broad	geographic	regions	(between	Rum	and	France)	

but	also	within	a	small	spatial	range	(within	Rum).	Different	disease	outcomes	

in	 different	 populations	 or	 individuals	 can	 arise	 for	 several	 reasons	 including	

genetic	 variation	 in	 the	 pathogen	 (evolution	 of	 highly	 pathogenic	 strains),	 in	

response	to	environmental	variables	or	differences	in	disease	processes.	

10.5.1 Variation	within	Rum	

The	development	of	hydrocoelom	and	oedema	in	frogs	has	been	associated	with	

renal	(kidney)	or	hepatic	(liver)	failure	(Crawshaw	and	Weinkle,	2000;	Pessier,	

2009).	Of	 thirty-six	newts	where	post-mortems	were	performed,	7	had	visible	

liver	cysts,	where	four	of	these	had	oedema	and	three	had	diffuse	pathologies.	It	

is	possible	that	hepatic	cysts,	causing	necrosis	and	possible	hepatic	failure,	lead	

to	the	development	of	oedema	as	a	secondary	process/symptom	of	infection.	In	

addition,	 the	 diffuse	 nature	 of	 disease	 in	 individuals	 with	 liver	 cysts	 may	
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indicate	 a	 systemic	 infection,	 as	 seen	 in	 cases	 on	 rhinosporidosis	 where	

hematogenous	or	 lymphatic	spread	has	been	 tentatively	suggested	(Ashworth,	

1923;	Rajam	and	Viswanathan,	1955;	Nayak	et	al.	2007).		

On	 Rum,	 differences	 in	 environmental	 conditions	 were	 a	 strong	 dictator	 of	

disease,	 however	 environmental	 conditions	 may	 also	 impact	 the	 host	

physiology.	 Particularly	 for	 diffuse	 oedema,	 the	 interaction	 between	

unfavourable	 water	 conditions	 and	 the	 presence	 of	 dermal	 infection	 could	

disrupt	osmoregulation	(Whitaker	and	Wright,	2001).	

10.5.2 Variation	in	a	geographically	isolated	population	

10.5.2.1 Evolution	of	virulence	and	pathogenicity	

Genetic	differences	 leading	 to	 increased	prevalence	and/or	severity	 in	disease	

outcome	 are	 not	 unusual	 (Frank,	 1996;	 Little	 et	 al.	 2007),	 particularly	 when	

genetic	 drift	 occurs	 in	 isolated	 populations.	 This	 evolution	 of	 more	 virulent	

strains	 has	 been	 identified	 in	 Bd	 and	 ranavirus	 infections	 particularly	 in	

geographically	separate	populations	(Berger	et	al.	2005;	Farrer	et	al.	2011;	Price	

et	 al.	 2014),	 leading	 to	 more	 severe	 outbreaks	 in	 these	 discrete	 populations.	

Currently,	 only	 a	 small	 gene	 region	 of	 Amphibiothecum	meredithae	 has	 been	

sequenced,	and	whilst	this	has	allowed	for	phylogenetic	placement	of	the	Rum	

pathogen,	and	subsequently	the	 identification	of	Amphibiothecum	sp.	 (Feldman	

et	 al.	 2005;	 González-Hernández	 et	 al.	 2010;	 Chapter	 3),	 more	 extensive	

molecular	 sequencing	 is	 required	 in	 order	 to	 identify	 genetic	 differences	

between	geographically	isolated	outbreaks.	It	is	possible	that	the	isolation	of	the	

pathogen	 on	 Rum	 has	 lead	 to	 the	 evolution	 of	 more	 virulent	 or	 pathogenic	

strains	 of	 Amphibiothecum	 sp.	 explaining	 the	 more	 severe	 pathologies	 and	

mortalities	 described	 here	 that	 were	 not	 observed	 in	 France	 (González-

Hernández	et	al.	2010;	Courtois	et	al.	2013).		

10.5.2.2 Pathogen	‘bet	hedging’	behaviour	

The	 level	 of	morbidity	 and	mortality	 observed	on	Rum	appears	unique	 to	 the	

Island	 in	 comparison	 to	 other	 amphibian-infecting	 dermocystid	 infections	
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(Raffel	et	al	2008;	Densmore	and	Green,	2007;	González-Hernández	et	al.	2010),	

and	prevalence	and	morbidity	within	Rum	appears	dictated	by	water	pH.	The	

acidity	of	 freshwater	habitats	on	Rum	varied	significantly,	with	measurements	

taken	 during	 annual	 surveys	 ranging	 from	 4.52	 to	 8.16.	 However,	 a	 large	

proportion	of	sites,	 ten	out	of	 thirty-five	(28.6%)	were	highly	acidic,	having	at	

least	 one	pH	measurement	during	 the	 three	 years	 below	5.	 It	 is	 hypothesised	

that	 the	 waterborne	 pathogen	 A.	 meredithae	 either	 in	 cystic	 or	 spore	 form,	

cannot	tolerate	extremely	acidic	conditions	leading	to	an	absence	in	disease,	or	

very	low	prevalence,	in	acidic	sites.	The	presence	of	inhospitable	environments,	

in	the	form	of	acidic	water	bodies,	reduces	the	parasites	chances	of	reaching	an	

optimum	 neutral	 pH	 environment.	 To	 compensate	 for	 this,	 organisms	 may	

develop	an	adaptive	 ‘bet-hedging’	strategy,	which	allows	 them	to	capitalise	on	

the	few	encounters	with	hospitable	habitats	by	increasing	virulence	(Boots	et	al.	

2004).		

“Bet-hedging”	 is	 a	 term	 used	 to	 describe	 several	 types	 of	 risk-spreading	

strategies	 used	 by	 organisms	 (Serger	 and	 Brockmann,	 1987)	 with	 examples	

present	 across	many	 systems	 (Yasui,	 2001;	Kussell	et	al.	 2005;	Olofsson	et	al.	

2009;	 Radzikowski,	 2013;	 Garcia-Gonzalez	 et.	 al.	 2015).	More	 specifically,	 the	

term	 “adaptive	 bet-hedging”	 has	 been	 proposed	 to	 describe	 instances	 where	

survival	 heterogeneity	 occurs,	where	 organisms	will	 alter	 strategies	 based	 on	

environmental	 conditions	 (Clauss	and	Venable,	2000;	Donaldson-Matasci	et	al.	

2008;	 Olofsson	 et	 al.	 2009;	 Levy	 et	 al.	 2012).	 In	 parasites,	 conditions	 that	

restrict	 the	 pathogen	 or	 infection	 potential	 (such	 as	 spatial	 heterogeneity	 or	

host	population	structure)	can	lead	to	the	evolution	of	high	virulence	(Boots	et	

al.	2004).	

10.5.3 Mortality	

The	 presence	 of	 mortality	 explicitly	 at	 sites	 where	 disease	 was	 recorded	

suggests	that	mortality	can	be	caused	by	A.	meredithae	on	Rum.	This	represents	

the	 first	 study	 to	 report	 mortalities	 associated	 with	 amphibian-infecting	

dermocystid	disease	in	free-living	adult	amphibians	(Green	et	al.	2002;	Pascolini	
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et	al.	2003;	Densmore	and	Green,	2007;	Raffel	et	al.	2008)	with	no	indication	of	

mortality	or	host	declines	observed	in	populations	 infected	with	A.	meredithae	

in	France	(González-Hernández	et	al.,	2010).	Severe	infections	can	be	extremely	

costly	to	hosts	(Bonneaud	et	al.	2003;	2012)	and	could	compromise	newt	fitness	

leading	 to	 mortality.	 The	 presence	 of	 clear	 visible	 signs	 of	 infection	 on	

mortalities	 that	were	 not	 decomposed	 (n	=	167)	 and	 the	 association	 between	

high	 prevalence	 and	 burden	 to	 mortality	 rate	 (Chapter	 7)	 indicates	 that	 the	

intensity	 of	 infection	 may	 be	 significant	 in	 determining	 the	 risk	 of	 mortality	

however	 it	 remains	 unclear	 whether	 infection	 directly	 or	 indirectly	 causes	

mortality.	

In	 Chapter	 7	 mortality	 rate	 was	 also	 found	 to	 be	 associated	 with	 several	

environmental	parameters,	 including	water	pH,	 altitude	and	 temperature.	The	

association	 between	 environmental	 conditions	 and	 increased	 mortality	 in	

populations	infected	with	Bd,	when	conditions	are	advantageous	to	the	parasite	

or	negatively	 impact	 the	host,	are	well	documented	(Lipps,	1999;	Berger	et	al.	

2004;	Woodhams	et	al.	2008;	Ruggeri	et	al.	2015).		

Alternatively,	 mortality	 caused	 by	 the	 chance	 occurrence	 of	 pathologies	 on	

particularly	body	parts	may	occur.	For	example,	 the	presence	of	 lesions	 in	 the	

oral	 cavity,	 in	 some	 cases	 completely	 obstructing	 the	mouth	 and	 throat	 could	

impact	 food	 intake,	 may	 impact	 feeding	 and	 respiration.	 In	 addition,	 if	

pathologies	 cluster	 on	 the	 tail	 or	 limbs,	 compromising	 locomotion,	 this	 could	

render	 diseased	 newts	more	 vulnerable	 to	 predation	 (Lindström	 et	al.	 2003).	

Whilst	mortalities	as	 the	result	of	obvious	predation	events	were	observed	on	

Rum,	 they	 were	 generally	 rare	 and	 often	 when	mortalities	 were	 observed	 at	

infected	 sites	 no	 signs	 of	 predation	 could	 be	 seen.	 Similarly	 breeding	 success	

may	be	reduced	if	pathologies,	specifically	on	the	tail	or	cloaca,	impact	courtship	

and	reproduction	by	impairing	‘tail-wiping’	behaviour	(Halliday,	1990;	Griffiths,	

1996),	or	the	deposition/uptake	of	spermatophors	(Janssenswillen	and	Bossuyt,	

2016),	respectively.	Whilst	this	will	not	result	in	direct	mortality	events	it	could	

impact	reproduction	and	therefore	host	population	size.	
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10.6 NEWTS	AVOID	WATER	TO	CLEAR	INFECTION	

In	 order	 to	 develop	husbandry	 techniques,	with	 the	 view	 to	 observe	diseased	

animals	 in	 captivity,	 10	 infected	 newts	 were	 held	 in	 animal	 facilities	 at	 the	

Institute	of	Zoology	in	London	for	observation	(Chapter	4).	However,	within	two	

weeks	 all	 animals	 had	 cleared	 visible	 signs	 of	 disease,	 and	 anecdotally,	water	

avoidance	behaviour	was	observed	only	in	infected	newts.		

Animals	 with	 biphasic	 lifestyles,	 such	 as	 semi-aquatic	 amphibians,	 have	 been	

useful	 study	 systems	 to	understand	 trade	offs	between	hostile	 and	 favourable	

habitats.	 For	 example,	 studies	 have	 shown	 strong	 avoidance	behaviour	where	

newts	 actively	 avoided	 water	 with	 alien	 fish	 species	 present	 (Winandy	 et	 al.	

2015),	whilst	frogs	can	remain	in	water	longer	when	ground	temperatures	are	

low	(Piliod	et	al.	2002).		The	observation	that	infected	palmate	newts	appeared	

to	escape	water	whilst	 in	 captivity,	 and	 subsequently	 resolved	visibly	 signs	of	

infection,	may	be	indicative	of	parasite	avoidance	or	suggest	that	escaping	water	

allows	 individuals	 to	 clear	 infection.	 Preliminary	 laboratory	 studies	 have	

reported	 similar	 observations	 where	 species	 of	 tree	 frog	 (L.	 caerulea	 and	 L.	

genimaculata)	avoided	water	contaminated	with	Bd	zoospores,	thought	to	be	an	

attempt	to	avoid	infection	(Alford	et	al.	2004).			

However,	 it	 is	 possible	 that	water,	 particularly	 if	 conditions	 in	 captivity	were	

different	to	their	natural	habitat,	causes	irritation	in	infected	newts.	This	could	

lead	 to	 similar	 observations,	 which	 are	 independent	 of	 their	 ability	 to	 clear	

infection.	Further	work	is	needed	to	quantitatively	observe	this	behaviour	and	

distinguish	 between	 infected	 individuals	 avoiding	 water,	 and	 newts	 avoiding	

water	specifically	due	to	the	presence	of	infection.	

10.7 ANNUAL	PERSISTENCE	OF	INFECTION	ON	RUM	

It	 is	 presumed	 that	 A.	 meredithae	 disease	 on	 Rum	 represents	 a	 seasonal	

epidemic,	occurring	during	spring	each	year	when	newts	enter	water	to	breed.	

The	ability	of	the	parasite	to	persist	between	seasonal	outbreaks	is	therefore	of	

interest,	 and	 may	 allude	 to	 important	 mechanisms	 of	 disease	 (Grassly	 and	
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Fraser,	 2006).	 It	 is	 possible	 that	 animals	 hibernate	 with	 disease,	 however,	

studies	 have	 found	 that	 immune	 capabilities	 are	 greatly	 reduced	 during	

hibernation	 due	 to	 trade	 offs	 between	 immune	 function	 and	 body	 condition	

(Cooper	 et	 al.	 1992;	 Mattute	 et	 al.	2000)	 which	 would	 surviving	 hibernation	

with	disease	unlikely.	Phylogenetically	similar	Dermocystidium	spp.	are	believed	

to	 persist	 in	 its	 host	 sub-clinically	 during	 colder	months	 and	 re-infect	 during	

spring/summer	 when	 temperatures	 rise	 above	 25°C	 (Mackin,	 1961;	 Andrew,	

1965).			

If	 not,	 the	 pathogen	 must	 be	 able	 to	 persist	 in	 the	 environment,	 or	 have	 an	

alternative	host	when	newts	exit	ponds	 to	hibernate.	This	 is	 supported	by	 the	

observations	that	animals	clear	gross	signs	of	infection	when	taken	to	captivity	

and	pathogen	cysts	remain	visibly	intact	when	held	in	water	for	long	periods	of	

time	(Chapter	4).	Further	experiments	should	look	to	test	the	viability	of	these	

cysts	after	increasing	periods	of	time	to	test	persistence	ability	outside	the	host.	

However,	whilst	it	is	unlikely,	it	cannot	be	ruled	out	that	animals	overwintered	

in	 the	water	 in	response	 to	cold	ground	 temperatures	 (Van	Gelder,	1973)	and	

low	 catch	 numbers	 were	 due	 to	 newts	 hibernating	 in	 deep	 vegetation	 or	

sediment	that	could	not	be	reached	and	were	therefore	missed	during	sampling.	

The	 presence	 of	 an	 intermediate	 or	 alternative	 host	 can	 also	 facilitate	 the	

persistence	of	disease.	Vector-borne	 transmission	has	been	proposed	 for	non-

zoospore	 forming	 Icthyophonus	 sp.	 (Raffel	 et	 al.	 2006),	 where	 leeches	 are	

thought	 to	 facilitate	 transmission	 between	 red-spotted	 newts.	 	 If	 a	 vector	

facilitates	 transmission	 in	 amphibian-infecting	 dermocystids	 this	 may	 also	

explain	why	motile	 zoospores	 have	 not	 been	 observed	 during	 descriptions	 of	

Amphibiocystidium	and	Amphibiothecum	(Pascolini	et	al.	2003;	Raffel	et	al.	2008;	

González-Hernández	et	al.	2010;	Fiegna,	Clarke	et	al.	2016).	

Alternatively,	 cysts	 or	 spores	 may	 have	 the	 ability	 to	 overwinter	 outside	 the	

host.	Many	pathogens	with	free-living	infectious	stages	are	known	to	survive	for	

long	periods	outside	their	host,	facilitating	long-term	disease	spread	and	contact	

with	 a	 greater	 number	 of	 potential	 hosts	 (Gandon,	 1998;	Mitchell	 et	al.	2008;	
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Andreou	 et	 al.	 2009;	 Al-Shorbaji	 et	 al.	 2015).	 (Marshall	 et	 al.	 1997;	 National	

Research	 Council,	 2004).	 This	 has	 been	 shown	with	 Bd,	where	 zoospores	 can	

persist	 in	 moist	 environments	 outside	 a	 host	 for	 several	 months	 aiding	 the	

persistence	 of	 Chytrid	 infections	 during	 seasonal	 fluctuations	 (Johnson	 and	

Speare,	2003).		

Studying	 the	 persistence	 of	 waterborne	 mesomycetozoean	 pathogens	 in	 the	

environment	 has	 been	 difficult	 (Gozlan,	 2012),	 in	 part	 due	 to	 the	 inability	 to	

culture	 these	 pathogens	 (Al-Shorbaji	 et	 al.	 2015).	 One	 exception	 is	 the	 fish-

infecting	pathogen	Sphaeothecum	destruens,	where	zoospores	have	been	shown	

to	persist	 for	several	days	outside	the	host,	remaining	 infective	(Al-Shorbaji	et	

al.	 2015).	 	 However,	 Amphibiothecum	 spp.	 have	 not	 been	 shown	 to	 produce	

zoospores,	and	even	if	the	survival	of	spores	is	similar	to	S.	destruens,	the	length	

of	 time	 would	 not	 be	 sufficient	 to	 persist	 over	 winter	 months.	 When	

Amphibiothecum	 cysts	 were	 incubated	 for	 several	 months	 under	 laboratory	

conditions,	those	in	RO	water	and	physiological	saline	retained	their	structural	

integrity	for	a	minimum	of	4	weeks,	with	only	some	cysts	(n	=	2)	showing	signs	

of	wall	 degeneration	whilst	 the	 rest	 remained	 intact	 for	 up	 to	 9	months.	 Cyst	

forming,	potozoan	parasites	have	been	shown	to	persist	 for	several	months	 in	

the	environment	due	to	their	resistant	cell	wall	(Marshal	et	al.	1997).	However,	

whilst	 they	appeared	 ‘intact’	 for	 several	months	 this	does	not	mean	 that	cysts	

are	 still	 viable	or	 able	 to	 cause	 infection.	Viability	 can	be	 tested	using	various	

stains	 and	 dyes,	 for	 example	 Giardiasis	 validity	 has	 been	 determined	

experimentally	 by	 observing	 the	 exclusion	 of	 flurogenic	 dyes	 (Schupp	 and	

Erlandsen,	1988;	Smith	and	Smith,	1989).	Future	studies	should	look	to	test	the	

viability	 of	 cysts	 following	 incubation	 to	 investigate	 the	 longevity	 of	 survival	

outside	the	host.		

10.8 TRANSMISSION	

During	gross	examinations	of	infected	animals	on	Rum	(Chapter	4),	intact	cysts	

were	 occasionally	 observed	 emerging	 from	 ulcerated	 lesions,	 an	 event	 also	

documented	 in	 A.	 meredithae	 infection	 in	 France	 (González-Hernández	 et	 al.	
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2010).	 However,	 when	 viewed	 histologically,	 mature	 and	 degenerating	 cysts	

where	 also	 seen	 to	 rupture	 and	 release	 mature	 spores	 into	 the	 host’s	 tissue	

(Chapter	4;	Figure	4.10),	in	agreement	with	observations	of	Dermocystidium	sp.	

(Mendoza	et	al.	2002).	It	is	possible	that	spores	act	as	the	infective	agent,	being	

released	from	mature	cysts	where	they	either:	

i. exit	the	host	through	ulcerations	infecting	a	new	host,	or		

ii. disseminate	 within	 the	 host	 and	 embedding	 into	 new	 tissue	 causing	

reinfection	within	the	same	host.	In	this	case,	intact	cysts	seen	to	emerge	

from	 ulcerations	 may	 be	 purely	 a	 result	 of	 premature	 ulceration	 or	

disruption.		

Alternatively,	these	observations	may	represent	two	different	processes.	Intact	

cysts	may	be	released	from	their	host	as	the	infective	agent,	potentially	allowing	

them	 to	 persist	 in	 the	 environment	 for	 longer	 and	 transmit	 disease	 to	 a	 new	

host	 through	 opportunistic	 contact.	 In	 addition,	 as	 well	 as	 facilitating	 the	

dissemination	of	disease	within	the	infected	host,	the	release	of	mature	spores	

may	also	 act	 as	 an	 ‘irritant’	 to	 facilitate	ulcerations.	The	presence	of	 ruptured	

cysts	and	free-floating	spores	was	associated	with	severe	subcutaneous	oedema	

that	 disrupted	 tissue	 structure	 causing	 a	 thinning	 of	 the	 epidermis.	 Therefore	

spores	may	be	 released	within	 the	host	 to	 trigger	 a	 severe	 immune	 response,	

weakening	 dermal	 tissue	 and	 assisting	 the	 production	 of	 ulcerations	 for	 the	

release	of	mature	cysts.	The	 reason	 for	 these	 two	different	processes,	 and	 the	

biological	mechanisms	triggering	them	are	unclear.		

10.9 PHYLOGENETIC	RANGE	OF	DERMOCYSTID	PATHOGENS	

Due	 to	 the	 unusual	 fungal-like	 nature	 of	 mesomycetozoeans,	 they	 have	

morphological	 characteristics	 that	 could	 be	 identified	 as	 protozoa	 or	 fungi	

(Mendoza	 et	 al.	 2000).	 For	 this	 reason,	 the	 epithets	 used	 to	 describe	 these	

parasites	 have	 varied	 throughout	 the	 literature	 including	 protozoan	 forms	

(cysts,	amoeba	and	zoospores;	Okamoto	et	al.	1985;	Broz	and	Privora,	1951;	de	

la	 Herran	 et	 al.	 2000)	 to	 mycotic	 forms	 (spores,	 sporangia,	 hyphae;	 Herman,	
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1984;	 Arseculeratne	 and	 Ajello,	 1998)	 leading	 to	 the	 classification	 of	

phylogenetically	 similar	 parasites	 as	 members	 of	 different	 Kingdoms.	 It	 has	

been	 suggested	 that	 this	 misclassification	 means	 that	 the	 true	 radiation	 of	

Mesomycetozoeans	is	vastly	underestimates	(Mendoza	et	al.	2000).	

For	example,	species	now	considered	to	be	members	of	Amphibiocystidium	have	

previously	 been	 classified	 as	 Dermomycoides	 sp.	 (Granata,	 1919),	

Dermosporidium	 sp.	 (Broz	 and	 Privora,	 1951;	 Jay	 and	 Pohley,	 1981)	 and	

Dermocystidium	sp.	(Perez,	1907),	particularly	prior	to	molecular	phylogenetics.	

Even	 with	 more	 intensively	 studied	 fish-infecting	 dermocystids,	 it	 has	 been	

speculated	 that	 the	 true	 number	 of	Dermocystidium	spp.	may	 be	 considerably	

higher	than	currently	recorded.		

Comparisons	 to	older	 literature	 sources	 are	useful	 to	 identify	possibly	 similar	

pathogens,	 particularly	 within	 the	 same	 host	 species,	 which	 will	 be	 useful	 in	

dating	 the	 emergence	 of	 disease	 and	 geographic	 spread.	 For	 example,	 cystic	

lesions	 similar	 to	Amphibiothecum	 and	Amphibiocystidium	spp.	were	described	

in	 L.	 helveticus	 in	 Europe	 around	 1930	 (Poisson,	 1937).	 Poisson’s	 (1937)	

descriptions	 of	 pathogen	 cysts	 and	 spore	 arrangements	were	 similar	 to	 those	

described	in	other	dermocystid	infections,	and	due	to	the	suspected	high	host-

specificity	 of	 A.	 meredithae	 in	 Europe	 (Chapter	 3;	 González-Hernández	 et	 al.	

2010;	 Fiegna,	 Clarke	 et	 al.	 2016)	 it	 was	 first	 hypothesised	 that	 this	 may	

represent	a	historic	record	of	A.	meredithae	infection.	However,	the	presence	of	

flagella	described	during	observations	of	spore	developments	and	observations	

of	 zoospores	 in	 a	 ‘pus-like’	 substance	 emerging	 from	 ulcerations	 (Poisson,	

1937)	 has	 not	 been	 described	 in	 amphibian-infecting	 dermocystids.	 Whilst	

Dermocystidium	sp.	(Olson	et	al.	1991)	and	S.	destruens	(Andreou	et	al.	2009)	are	

known	 to	 produce	 zoospores,	 attempts	 to	 observe	 flagellate	 zoospores	 or	

induce	 zoosporulation	 in	 Amphibiothecum	 and	 Amphibiocystidium	 parasites	

have	 been	 unsuccessful	 and	 it	 has	 since	 been	 suggested	 that	 amphibian-

infecting	 dermocystids	 have	 lost	 the	 ability	 to	 produce	 motile	 zoospores	

(Mendoza	 et	 al.	 2000).	 It	 was	 determined	 that	 the	 presence	 of	 zoospores	 by	

Poisson	 (1937)	 supports	 its	 consideration	 as	 a	 fungus	 (Dermocycoides),	
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however	 if	 future	 studies	 of	 Amphibiothecum	 identify	 the	 development	 of	

flagella,	the	possibility	of	reclassification	should	be	further	considered.	

10.10 FUTURE	DIRECTIONS	

10.10.1 Exploring	parasite	diversity	and	geographic	range	

The	known	range	of	amphibian-infecting	dermocystids	is	currently	confined	to	

Europe	and	Northern	America	(Green	et	al.	2002;	Pascolini	et	al.	2003;	Feldman	

et	al.	 2005;	 Raffel	 et	al.	 2008;	 González-Hernández	 et	al.	 2010;	 Courtois	 et	al.	

2013).	 However	 it	 is	 suspected	 that	 dermocystid	 species	 are	 underestimated	

(Mendoza	 et	 al.	 2002)	 and	 this	 may	 also	 have	 lead	 to	 an	 underestimation	 of	

geographic	range.	Particularly	for	Amphibiothecum,	only	two	species	have	been	

officially	 described	 in	 this	 genus	 (Feldman	 et	 al.	 2005;	 Fiegna,	 Clarke	 et	 al.	

2016),	with	hosts	spanning	two	orders,	Anuran	(Bufo	americanus)	and	Caudata	

(L.	helveticus)	 across	North	 America	 (Feldman	 et	al.	 2005),	 France	 (González-

Hernández	et	al.	2010)	and	now	in	an	 isolated	population	 in	Scotland	(Fiegna,	

Clarke	et	al.	2016).	 In	addition,	whilst	phylogenetic	analysis	(Chapter	3)	 found	

strong	 support	 consistently	 across	 recovered	 topologies	 for	 the	 distinction	 of	

Amphibiothecum	 from	 other	 dermocystids,	 the	 relationship	 between	 A.	

meredithae	 and	 A.	 penneri	 were	 weaker.	 This	 can	 be	 indicative	 of	 a	 broader	

radiation	of	organisms	where	many	species	are	yet	to	be	discovered.	

10.10.2 Broader	surveying	to	estimate	range	of	dermocystids	

In	Chapter	9	preliminary	swabbing	and	eDNA	protocols	were	trialled	to	explore	

the	 use	 of	 non-invasive	 diagnosis	 techniques	 to	 facilitate	 future	 studies	 and	

nation-wide	 surveys	 such	 as	 those	 conducted	 for	 chytridiomycosis	 and	

ranavirosis	 (Cunningham	 and	Minting,	 2008;	 Smith,	 2011).	 Anecdotal	 reports	

during	 the	 last	 few	 years	 suggest	 that	 the	 amphibian-infecting	 dermocystid	

disease	 occurs	 in	 the	 UK.	 However,	 without	 the	 necessary	 resources	 and	

manpower	these	cases	have	gone	unconfirmed.	Further	development	and	use	of	

these	 alternative	 detection	 methods	 offers	 a	 fast	 and	 easy	 technique	 for	

confirmation	 of	 disease	 in	 new	 populations	 presenting	 with	 possible	
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dermocystid	disease.	The	use	of	 techniques	such	as	dermal	swabbing	can	help	

confirm	new	cases	of	disease	without	 the	need	 for	 invasive	procedures,	which	

often	require	the	collector	to	have	sufficient	training	or	permits.	These	methods	

may	 help	 facilitate	 broader	 surveys	 to	 assess	 the	 special	 range	 of	 amphibian-

infecting	dermocystids	not	only	across	the	UK	but	globally.	

Further	surveying	in	locations	outside	of	Rum	will	also	help	test	the	pH-disease	

interaction.	If	similar	associations	between	acidity	and	disease	are	determined	

this	 will	 provide	 important	 information	 about	 the	 host-pathogen	 interaction.	

Furthermore,	exploration	of	sites	with	conditions	that	appear	to	facilitate	more	

severe	disease	or	higher	mortality	on	Rum	(i.e.	water	approaching	physiological	

pH)	will	 again	 determine	 how	 common	 this	 interaction	 is	 to	 dermocystids	 or	

whether	the	severe	and	lethal	infection	on	Rum	is	unique	to	the	island.	

Disease	prediction	maps	were	 created	based	on	models	 of	 disease	prevalence	

and	the	key	predictor	variables	pH	and	altitude	(Chapter	7	and	8).	Soil	pH	was	

not	 a	 good	 predictor	 of	 water	 pH	 leading	 to	 significant	 underestimation	 of	

disease	prevalence.	However,	 if	 the	pH-disease	relationship	water	pH	data	can	

be	obtained	this	will	not	only	help	refine	hypotheses	regarding	the	interaction	

between	disease	and	pH,	determining	whether	this	interaction	is	common	in	A.	

meredithae	or	unique	to	Rum,	but	could	also	facilitate	the	identification	of	high	

risk	areas.		

10.10.3 Experimental	trials	to	further	develop	hypotheses	

This	 thesis	 has	 provided	 the	 basis	 to	 develop	 hypotheses	 regarding	 disease	

progression,	 transmission	and	 the	development	of	different	disease	outcomes.	

Experiments	offer	 a	 controlled	approach	 to	assessing	many	aspects	of	disease	

and	test	theories.	For	example,	laboratory	based	experiments	have	played	a	key	

role	in	developing	our	understanding	of	chytridiomycosis	infection	(Rooji	et	al.	

2015).	However,	the	ability	to	culture	Bd	zoospores	(Web,	2010),	and	therefore	

experimentally	 infect/expose	 host	 species,	 has	 been	 integral	 for	 performing	

controlled	studies,	often	involving	different	pathogen	strains	(Carey	et	al.	2006;	

Gervasi	 et	 al.	 2013),	 host	 species	 (Woodhams	 et	 al.	 2007)	 or	 environmental	
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conditions	 (Berger,	 2001;	 Berger	 et	 al.	 2004)	 allowing	 for	 detailed	

investigations	 into	 pathogen	 life	 cycle,	 transmission	 and	 disease	 progression	

(Piotrowski	et	al.	2004;	Berger	et	al.	2005).		

Currently,	there	have	been	no	successful	attempts	to	culture	Amphibiocystidium	

or	 Amphibiothecum	 spp.,	 however	 Sphaerothecum	 destruens	 a	 member	 of	 the	

mesomycetozoeans,	 has	 been	 cultured	 using	 various	 cell	 lines	 (Arkush	 et	 al.	

1998;	Mendonca	and	Arkush,	2004;	Paley	et	al.	2012)	and	subsequently	used	for	

experimental	 challenges.	 During	 2015	 some	 initial	 attempts	 were	 made	 to	

culture	 A.	 meredithae	 using	 red	 spotted	 newt	 (N.	 viridescens)	 cell	 lines,	 the	

closest	available	cell	lines	in	culture	to	L.	helveticus.	Following	the	initial	passage	

of	 cell	 lines,	 flasks	 were	 inoculated	 with	 pathogen	 sporangia	 extracted	 from	

ulcerations	on	infected	newts.	However,	after	4	weeks	there	were	no	signs	that	

the	parasite	had	become	established	in	the	cell	lines,	and	growth	of	amphibian	

cell	 lines	had	stopped.	It	 is	probable	that	culturing	failed	due	to	cultures	being	

held	in	 insufficient	conditions,	specifically	a	 lack	of	available	CO2	incubators	in	

the	 facility,	which	are	recommended	 for	 the	culture	of	N.	viridescens	 cell	 lines.	

However	 much	 more	 work	 is	 required	 in	 order	 to	 explore	 the	 potential	 of	

culturing	A.	meredithae.		

Without	the	means	to	experimentally	infect	newts,	and	with	the	host’s	apparent	

ability	 to	 recover	 rapidly	 from	 infection	 when	 removed	 from	 their	 natural	

environment	 (Chapter	 4),	 field	 experiments	 and	 observational	 studies	 may	

present	the	best	short-term	opportunity	to	study	dermocystic	disease	on	Rum.	

In	 Chapter	 4	 some	 initial	 methods	 of	 performing	 observational	 studies	 were	

trialed	 identifying	 some	key	design	 flaws,	which	need	 to	 be	 addressed	during	

further	work.	

Currently	 the	 transmission	mechanisms	of	A.	meredithae	are	unknown.	During	

histological	examination	the	development	of	flagella	on	developing	spores	was	

never	 observed	 (Chapter	 4;	 Fiegna,	 Clarke	 et	 al.	 2016).	 In	 addition,	 cyst	

incubation	 methods	 shown	 to	 induce	 the	 release	 of	 zoospores	 in	

Dermocystidium	 sp.	 (Olson	 et	 al.	 1991)	 were	 tested	 using	 A.	 meredithae	
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sporangia		(Chapter	4)	but	the	release	of	zoospores	was	not	observed.	Different	

hypotheses	have	been	developed	to	explain	the	transmission	of	these	organisms	

that	have	seemingly	 lost	 the	ability	to	produce	motile	spores	 inside	their	host.	

These	 include	host-to-host	contact	 (Raffel	et	al.	2008),	parasite	vectors	 (Raffel	

et	 al.	 2006)	 or	 even	 the	 release	 of	 zoospores	 from	 sporangia	 that	 have	 been	

released	from	the	host	(Raffel	et	al.	2008).	Experimental	trials	can	be	useful	to	

test	 theories	 of	 disease	 transmission.	 Whilst	 there	 are	 currently	 no	 available	

methods	 to	 culture	 A.	 meredithae,	 simple	 set	 ups	 can	 be	 used	 to	 compare	

infection	 rate	 under	 different	 conditions.	 For	 example,	 comparing	 the	

occurrence	 and	 rate	 of	 infection	 in	 uninfected	 newts	 housed	 with	 infected	

individuals	where	the	set	ups	either	allow	for	i)	host	to	host	contact	or	ii)	only	

permit	the	transfer	of	water	between	the	two	newts,	may	help	determine	how	

important	host	to	host	contact	is	for	transmission.		

10.11 SUMMARY	

This	 study	 represents	 the	 first	 formally	 described	 case	 of	 dermocystid-

associated	disease	in	the	UK.	It	identifies	a	novel	case	of	high	disease	prevalence	

and	morbidity	 unique	 amongst	 amphibian-infecting	 dermocystid	 reports.	 The	

development	 of	 a	 pathogen	 profile	 highlighted	 a	 number	 of	 interesting	

peculiarities	 in	 disease	 presentation	 and	 pathological	 changes,	 which	 offer	

a	strong	 basis	 for	 more	 focused	 research.	 For	 example	 the	 discovery	 of	

a	relationship	 between	 gland	 size	 and	 condition	 to	 site	 prevalence	 should	

be	further	 investigated	 to	 explore	 the	 role	 that	 glands	 play	 in	 the	 process	

of	 infection.	 In	 addition,	 by	 providing	 the	 first	 detailed	 spatio-temporal	

analysis	 it	has	 confirmed	 a	 strong	 pH-parasite-environment	 interaction	 that	

can	 now	 be	used	 to	 further	 investigate	 the	 specific	 effects	 of	 environmental	

conditions	on	the	host,	the	pathogen	and	the	appearance	of	disease.	

Finally,	it	has	provided	the	basis	for	techniques	such	as	detection	through	non-

invasive	 dermal	 swabs	 and	 the	 use	 of	 disease	 prediction	 maps	 to	 facilitate	

future,	 large-scale	 surveys	 to	 understand	 the	 distribution	 of	 disease	 across	

mainland	UK	and	the	risk	to	native	amphibian	species.	

CHAPTER	10	
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Appendix	 2.I:	 Summary	 of	 spatio-temporal	 data	 collected	 from	 sites	 surveyed	 across	 2014	 and	 2016	 including	 environmental	
parameters	and	prevalence	estimates	

Year Date Site Latitude Longitude Visit Pond 
Temp. °C 

Air 
Temp. °C 

Altitude 
(m) pH Infected Total 

Catch Prevalence 

2014 10/05 A2 N57°00'30.6" W006°20'57.1" 1 14.2 12.8 179 6.82 1 51 47.06 
2014 26/05 A2 N57°00'30.6" W006°20'57.1" 2 17.1 17.5 179 6.62 1 57 22.81 
2014 01/06 A3 N57°00'19.0" W006°21'07.4" 1 11.1 11.7 184 6.64 1 38 10.53 
2014 22/05 B3 N57°03'26.2" W006°19'56.9" 1 13.4 14.1 43 4.78 0 13 0.00 
2014 28/05 C2 N57°00'36.7" W006°24'53.2 1 18.4 23.4 274 6.6 1 21 42.86 
2014 04/06 C3 N57°00'47.1" W006°21'38.3" 1 19.5 15.3 228 5.13 0 49 0.00 
2014 04/06 C4 N57°00'39.4" W006°23'25.0" 1 16.3 13.8 473 5.18 1 15 13.33 
2014 06/06 CD1 N57°00'06.4" W006°18'42.2" 1 20.1 19.5 310 5.25 0 19 0.00 
2014 30/05 CG1 N56°58'50.5" W006°16'09.9" 1 13.8 15 345 6.48 0 5 0.00 
2014 30/05 CG2 N56°58'50.6" W006°16'11.9" 1 13.1 13.4 344 6.25 0 4 0.00 
2014 30/05 CG3 N56°58'50.7" W006°16'13.9" 1 14.3 13.4 344 6.63 1 6 16.67 
2014 30/05 CG4 N56°58'50.8" W006°16'15" 1 15.4 12.6 343 6.78 1 28 25.00 
2014 10/05 DP N57°00'46.1" W006°17'09.2" 1 13.1 12.5 25 5.77 0 12 0.00 
2014 19/05 E1 N57°00'08.2" W006°15'45.8" 1 11.6 16.4 164 4.89 1 22 0.00 
2014 06/06 F4 N57°00'31.5" W006°19'11.1" 1 13.6 16.4 270 4.75 0 14 0.00 
2014 06/06 F6 N57°00'34.8" W006°19'06.7" 1 16.5 20.5 273 4.68 1 17 5.88 
2014 08/06 H1 N57°00'04.1" W006°21'24.5" 1 19.6 16.8 251 5.54 1 17 23.53 
2014 08/05 H14 N57°00'04.1" W006°23'21.5" 1 14.3 16.1 251 6.13 1 24 25.00 
2014 08/06 H14 N57°00'04.3" W006°21'24.2" 2 17.1 21.7 252 5.97 1 35 22.86 
2014 08/05 H2 N56°59'52.3" W006°21'19.5" 1 14.2 11.2 226 7.32 1 18 77.78 
2014 08/05 H3 N56°59'47.2" W006°21'26.6" 1 12.3 16.4 223 6.73 1 38 55.26 
2014 08/05 H5 N56°59'47.9" W006°20'45.2" 1 13 12 170 6.93 1 23 56.52 
2014 29/05 H6 N56°59'25.8" W006°21'47.5" 1 15 12.9 192 7.13 1 16 75.00 
2014 08/06 HB1 N56°58'32.7" W006°23'20.2" 1 14.3 19.8 65 6.8 1 13 30.77 
2014 08/06 HB2 N56°58'34.2" W006°23'15.9" 1 22 20.4 61 6.02 1 26 23.08 
2014 05/05 KG4 N57°01'08.7" W006°19'24.04" 1 12.1 11 74 5.62 0 32 0.00 
2014 05/06 KG4 N57°01'08.7" W006°19'24.04" 2 16.4 16.7 74 4.75 0 34 0.00 
2014 13/05 M1 N56°59'05.0" W006°24'12" 1 14.7 23 152 4.78 0 23 0.00 
2014 13/05 M2 N56°59'05.5" W006°3'49.1" 1 14.7 20.1 161 7.32 1 29 86.21 
2014 06/05 R10 N57°01'43.0" W006°21'29.8" 1 13.6 19 189 4.88 1 29 10.34 
2014 12/05 R10 N57°01'43".0 W006°21'29.8" 2 16.4 19.1 189 4.91 1 47 4.26 
2014 17/05 R10 N57°01'43.0" W006°21'29.8" 3 9.9 10.4 189 4.98 0 34 0.00 
2014 23/05 R10 N57°01'43.0" W006°21'29.8" 4 9.7 6.7 189 4.83 1 39 5.13 
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Year Date Site Latitude Longitude Visit Pond 
Temp. °C 

Air 
Temp. °C Altitude (m) pH Infected Total 

Catch Prevalence 

2014 27/05 R10 N57°01'43.0" W006°21'29.8" 5 14.5 24.5 189 4.85 1 41 9.76 
2014 02/06 R10 N57°01'43.0" W006°21'29.8" 6 12 13.7 189 4.89 1 44 4.55 
2014 07/06 R10 N57°01'43.0" W006°21'29.8" 7 17.3 21.1 189 4.87 1 68 5.88 
2014 12/05 R3 N57°01'27.1" W006°21'49.3" 1 10.9 11.6 121 5.6 1 22 36.36 
2014 18/05 R3 N57°01'27.1" W006°21'49.3" 2 9.8 11 121 5.64 1 20 30.00 
2014 23/05 R3 N57°01'27.1" W006°21'49.3" 3 13.2 15.5 121 5.46 1 36 38.89 
2014 27/05 R3 N57°01'27.1" W006°21'49.3" 4 17.8 20.8 121 5.45 1 38 52.63 
2014 03/06 R3 N57°01'27.1" W006°21'49.3" 5 14.4 16.9 121 5.41 1 49 40.82 
2014 07/06 R3 N57°01'27.1" W006°21'49.3" 6 16.4 17.2 121 5.44 1 30 36.67 
2014 06/05 R4 N57°01'28.6" W006°21'48.2" 1 12.8 21 127 6.36 1 30 56.67 
2014 11/05 R4 N57°01'28.6" W006°21'48.2" 2 13 15.8 127 6.3 1 47 76.60 
2014 18/05 R4 N57°01'28.6" W006°21'48.2" 3 11.1 8.9 127 6.35 1 42 54.76 
2014 23/05 R4 N57°01'28.6" W006°21'48.2" 4 15.2 14.8 127 6.09 1 63 61.90 
2014 27/05 R4 N57°01'28.6" W006°21'48.2" 5 19.7 17.9 127 6.17 1 61 65.57 
2014 03/06 R4 N57°01'28.6" W006°21'48.2" 6 16.8 15.8 127 6.09 1 52 71.15 
2014 07/06 R4 N57°01'28.6" W006°21'48.2" 7 16.5 16.8 127 6.23 1 61 57.38 
2014 12/05 R7 N57°01'30.3" W006°21'19.2" 1 16.2 16.3 136 4.98 1 35 28.57 
2014 17/05 R7 N57°01'30.3" W006°21'19.2" 2 11.1 10.5 136 6.13 1 27 40.74 
2014 23/05 R7 N57°01'30.3" W006°21'19.2" 3 11.2 10.6 136 5.38 1 30 43.33 
2014 27/05 R7 N57°01'30.3" W006°21'19.2" 4 17.1 16.9 136 6.1 1 43 20.93 
2014 03/06 R7 N57°01'30.3" W006°21'19.2" 5 15 19.2 136 5.28 1 22 22.73 
2014 07/06 R7 N57°01'30.3" W006°21'19.2" 6 17.8 21.1 136 6.04 1 39 33.33 
2014 12/05 Rnew N57°01'29.9" W006°21'32.9" 1 16.3 14.4 120 5.58 1 30 26.67 
2014 18/05 Rnew N57°01'29.9" W006°21'32.9" 2 10.9 11.4 120 5.8 1 28 42.86 
2014 23/05 Rnew N57°01'29.9" W006°21'32.9" 3 13.5 20.7 120 6.05 1 44 52.27 
2014 27/05 Rnew N57°01'29.9" W006°21'32.9" 4 18 21 120 6.48 1 53 35.85 
2014 03/06 Rnew N57°01'29.9" W006°21'32.9" 5 14.1 15 120 6.32 1 28 53.57 
2014 07/06 Rnew N57°01'29.9" W006°21'32.9" 6 18 19.3 120 6.42 1 45 42.22 
2014 20/05 S1 N56°57'55.0" W006°21'30.9" 1 19 23.1 193 7.72 1 10 100.00 
2014 20/05 S2 N56°57'56.4" W006°21'36.6" 1 18.5 19.5 180 8.08 1 20 65.00 
2014 31/05 SE1 N56°56'17.8" W006°18'33.8" 1 21.1 23 135 5.54 0 8 0.00 
2015 12/05 A2 N57°00'30.6" W006°20'57.1" 1 13.5 10.9 179 7.09 1 49 57.14 
2015 27/05 A2 N57°00'30.6" W006°20'57.1" 2 8.6 6.4 179 7.41 1 48 33.33 
2015 27/05 C2 N57°00'36.7" W006°24'53.2 1 7.1 7.4 274 7.21 1 30 30.00 
2015 19/05 C3 N57°00'47.1" W006°21'38.3" 1 11.1 9.2 228 6.26 1 49 30.61 
2015 19/05 C4 N57°00'39.4" W006°23'25.0" 1 8.6 9 473 6.22 1 28 14.29 
2015 24/05 CD1 N57°00'06.4" W006°18'42.2" 1 9.1 9.5 310 5.15 0 29 0.00 
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Year Date Site Latitude Longitude Visit Pond 
Temp. °C 

Air 
Temp. °C 

Altitude 
(m) pH Infected Total 

Catch Prevalence 

2015 25/05 CG4 N56°58'50.8" W006°16'15" 1 9.7 11.2 343 6.8 1 31 41.94 
2015 11/05 DP N57°00'46.1” W006°17'09.2" 1 13.1 12.3 25 5.11 0 28 0.00 
2015 22/05 DP N57°00'46.1" W006°17'09.2" 2 16.1 13.9 25 5.11 0 20 0.00 
2015 24/05 F10 N57°00'32.2" W006°19'07.6" 1 9 8.6 272 4.72 1 28 14.29 
2015 24/05 F4 N57°00'31.5" W006°19'11.1" 1   270     
2015 24/05 F6 N57°00'34.8" W006°19'06.7" 1 8.7 8.9 273 4.86 0 2 0.00 
2015 13/05 H14 N57°00'04.1" W006°23'21.5" 1 10.6 13 251 6.05 1 21 47.62 
2015 13/05 H2 N56°59'52.3" W006°21'19.5" 1 11.8 11 226 6.96 1 44 40.91 
2015 18/05 H3 N56°59'47.2" W006°21'26.6" 1 11.7 14 223 7.79 1 38 63.16 
2015 18/05 H5 N56°59'47.9" W006°20'45.2" 1 11.1 11.8 170 8.19 1 33 42.42 
2015 18/05 H6 N56°59'25.8" W006°21'47.5" 1 12 14.9 192 8.23 1 10 80.00 
2015 23/05 HB2 N56°58'34.2" W006°23'15.9" 1 11.1 9.5 61 5.48 1 12 8.33 
2015 25/05 KG4 N57°01'08.7" W006°19'24.0" 1 12.5 10.7 74 4.75 0 21 0.00 
2015 23/05 M1 N56°59'05.0" W006°24'12" 1 10.6 10.5 152 4.52 0 8 0.00 
2015 23/05 M2 N56°59'05.5" W006°23'49.1" 1 10.9 11.3 161 6.88 1 26 65.38 
2015 14/05 R10 N57°01'43.0" W006°21'29.8" 1 14.4 17.7 189 4.69 0 54 0.00 
2015 28/05 R10 N57°01'43.0" W006°21'29.8" 2 11.1 11 189 4.82 1 37 5.41 
2015 17/05 R3 N57°01'27.1" W006°21'49.3" 1 10.2 10.5 121 6.5 1 56 42.86 
2015 28/05 R3 N57°01'27.1" W006°21'49.3" 2 7.7 8.6 121 7.7 1 34 50.00 
2015 14/05 R4 N57°01'28.6" W006°21'48.2" 1 16 18.4 127 6.26 1 67 71.64 
2015 29/05 R4 N57°01'28.6" W006°21'48.2" 2 10.6 17.8 127 6.43 1 52 40.38 
2015 17/05 R7 N57°01'30.3" W006°21'19.2" 1 8.7 11.4 136 6.64 1 31 25.81 
2015 28/05 R7 N57°01'30.3" W006°21'19.2" 2 8.8 7.2 136 5.14 1 32 28.13 
2015 15/05 Rnew N57°01'29.9" W006°21'32.9" 1 10.7 10.1 120 5.38 1 60 40.00 
2015 28/05 Rnew N57°01'29.9" W006°21'32.9" 2 9.7 8.9 120 5.09 1 38 52.63 
2015 26/05 S1 N56°57'55.0" W006°21'30.9" 1 13 11.1 193 7.22 1 15 86.67 
2015 26/05 S2 N56°57'56.4" W006°21'36.6" 1 10.8 10.2 180 7.33 1 12 58.33 
2016 03/05 A2 N57°00'30.6" W006°20'57.1" 1 9.9 8.9 179 6.96 1 41 41.50 
2016 03/05 A3 N57°00'19.0" W006°21'07.4" 1 7.1 9.3 184 6.32 1 34 47.10 
2016 04/05 B3 N57°03'26.2" W006°19'56.9" 1 14.06 13.8 43 4.94 0 23 0.00 
2016 09/05 C2 N57°00'36.7" W006°24'53.2 1 12.9 15.5 274 6.83 1 26 73.10 
2016 09/05 C3 N57°00'47.1" W006°21'38.3" 1 12.3 16.9 228 5.37 1 31 25.80 
2016 09/05 C4 N57°00'39.4" W006°23'25.0" 1 9.5 13.9 473 5.44 1 21 14.30 
2016 14/05 CD1 N57°00'06.4" W006°18'42.2" 1 26.1 22.7 310 5.34 1 17 5.90 
2016 13/05 CG4 N56°58'50.8" W006°16'15" 1 12.9 14.1 343 6.85 1 44 31.80 
2016 02/05 DP N57°00'46.1" W006°17'09.2" 1 17.1 17.5 25 4.64 0 32 0.00 
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Year Date Site Latitude Longitude Visit Pond 
Temp. °C 

Air 
Temp. °C 

Altitude 
(m) pH Infected Total 

Catch Prevalence 

2016 13/05 E1 N57°00'08.2" W006°15'45.8" 1 - - 164 - - 0 - 
2016 14/05 F10 N57°00'32.2" W006°19'07.6" 1 28.4 16.8 272 5.17 1 34 2.90 
2016 14/05 F4 N57°00'31.5" W006°19'11.1" 1 - - 270 - - 0 - 
2016 14/05 F6 N57°00'34.8" W006°19'06.7" 1 26.3 15.7 273 5.07 1 32 3.10 
2016 12/05 H14 N57°00'04.3" W006°21'24.2" 1 25.3 20.6 251 6.3 1 46 34.80 
2016 12/05 H2 N56°59'52.3" W006°21'19.5" 1 22.2 20.8 226 7.81 1 28 39.30 
2016 11/05 H3 N56°59'47.2" W006°21'26.6" 1 23.9 18 223 6.53 1 44 43.20 
2016 11/05 H5 N56°59'25.8" W006°21'47.5" 1 28.4 19.7 170 7.31 1 48 37.50 
2016 11/05 H6 N56°59'47.9" W006°20'45.2" 1 23.4 21.1 192 8.2 1 26 84.60 
2016 06/05 HB2 N56°58'34.2" W006°23'15.9" 1 15 13.2 61 5.69 1 21 61.90 
2016 05/05 KG4 N57°01'08.7" W006°19'24.0" 1 8.4 7.9 74 5.02 0 30 0.00 
2016 06/05 M1 N56°59'05" W006°24'12" 1 8.3 10.9 152 4.95 0 16 0.00 
2016 06/05 M2 N56°59'05.5" W006°23'49.1" 1 10.5 9.8 161 7.27 1 48 47.90 
2016 04/05 R10 N57°01'43" W006°21'29.8" 1 8.6 10.5 189 4.93 0 19 0.00 
2016 15/05 R10 N57°01'43.0" W006°21'29.8" 2 17.1 14.5 189 5.03 0 32 0.00 
2016 15/05 R3 N57°01'30.3” W006°21'19.2" 1 14.8 15.6 121 5.54 1 38 50.00 
2016 15/05 R4 N57°01'28.6" W006°21'48.2" 1 9.6 14.3 127 6.45 1 41 51.20 
2016 15/05 R7 N57°01'27.1" W006°21'49.3" 1 18.9 21.1 136 6.92 1 37 48.60 
2016 15/05 Rnew N57°01'29.9" W006°21'32.9" 1 15.9 19.5 120 6.91 1 47 57.40 
2016 07/05 S1 N56°57'55.0" W006°21'30.9" 1 15.2 14.3 193 7.43 1 22 59.10 
2016 07/05 S2 N56°57'56.4" W006°21'36.6" 1 15.5 19.1 180 7.54 1 56 66.10 
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Appendix	 3.I:	 Names	 and	 accession	 numbers	 of	 sequences	 retrieved	 from	

genbank	following	nucleotide	blast	search,	and	used	for	phylogenetic	analysis	

Dermocystida sp. Larzac/B-m, GU232542.1; Dermocystidia sp. Larzac/C-f, 

GU232543.1; Rhinosporidium sp. ex Canis familiaris, AY372365.1; Rhinosporidium 

seeberi, AF158369.1; Rhinosporidium cygnus, AF399715.2; Rhinosporidium 

seeberi, AF118851.2; Dermocystidium sp. U21336.1; Amphibiocystidium ranae 2-

04, AY692319.1; Amphibiocystidium ranae, AY550245.1; Amphibiocystidium sp. 

C107, EU650666.1; Dermocystidium sp. CM-2002, AF533950.1; Dermocystidium 

salmonis, U21337.1; Amphibiocystidium sp. viridescens LA1, EF493030.1; 

Amphibiocystidium sp. viridescens MA1, EF493028.1; Amphibiocystidium sp. 

viridescens MA3, EF493029.1; Amphibiocystidium penneri, AY772000.1;  

Amphibiocystidium penneri, AY772001.1;  Dermocystidium percae 35, AF533948.1; 

Dermocystidium percae 33, AF533946.1; Dermocystidium percae 6, AF533944.1; 

Dermocystidium percae 1, AF533941.1; Dermocystidium percae 5, AF533943.1; 

Dermocystidium percae 34, AF533947.1; Dermocystidium percae 9, AF533945.1; 

Dermocystidium percae 4, AF533942.1; Dermocystidium percae 52, AF533949.1; 

Uncultured eukaryote C705, AB275066.1.	
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Appendix 3.II: Six of the most common, named substitution models used for 

phylogenetic reconstruction and their respective parameters.  

Model Base Frequencies Substitution Rates Number of 

free 

parameters 

JC πA = πC= πG = πT 

Equal 

ΦA-C = Φ A-G = ΦA-T = ΦC-A = ΦC-T = ΦG-T.... 

All substitutions occur at equal rates 

0 

K8O πA = πC= πG = πT 

Equal 

ΦA-C = Φ A-T = ΦC-G = ΦG-T ≠ ΦA-G = ΦC-T.... 

Transition and Transversion rates differ 

1 

SYM πA = πC= πG = πT 

Equal 

ΦA-C ≠ Φ A-T ≠ ΦC-G ≠ ΦG-T ≠ ΦA-G ≠ ΦC-T.... 

All substitutions occur at different rates 

5 

F81 πA ≠ πC≠ πG ≠ πT 

Differ 

ΦA-C = Φ A-G = ΦA-T = ΦC-A = ΦC-T = ΦG-T.... 

All substitutions occur at equal rates 

3 

HKY πA ≠ πC≠ πG ≠ πT 

Differ 

ΦA-C = Φ A-T = ΦC-G = ΦG-T ≠ ΦA-G = ΦC-T.... 

Transition and Transversion rates differ 

4 

GTR πA ≠ πC≠ πG ≠ πT 

Differ 

ΦA-C ≠ Φ A-T ≠ ΦC-G ≠ ΦG-T ≠ ΦA-G ≠ ΦC-T.... 

All substitutions occur at different rates 

8 

 

+ Gamma distributed rate variation (G) 

+ Invariable sites (I) 
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Appendix	3.III:	Test	statistics	calculated	manually	and	using	MrModelTest	to	compare	a	set	of	named	candidate	models	

Models -lnL Total Free 
Parameters (K) 

Characters 
(n) 

AICc Manual Calculation 
        -2(lnL)        2*K(n/(n-K-1))     -2(lnL)+2K(n/(n-K-1) AICc ModelTest 

JC	 2237.5154	 64	 658	 4475.03	 142.03	 4617.06	 4617.06	
JC	+	G	 2156.7494	 65	 658	 4313.50	 144.49	 4457.99	 4457.99	
JC	+	I	 2177.0947	 65	 658	 4354.19	 144.49	 4498.68	 4498.68	

JC	+	I	+	G	 2152.7588	 66	 658	 4305.52	 146.96	 4452.48	 4452.48	
K80	 2219.2917	 65	 658	 4438.58	 144.49	 4583.08	 4583.08	

K80	+	G	 2131.7931	 66	 658	 4263.59	 146.96	 4410.55	 4410.55	
K80	+	I	 2134.1555	 66	 658	 4268.31	 146.96	 4415.28	 4415.28	

K80	+	I	+	G	 2126.6424	 67	 658	 4253.28	 149.44	 4402.73	 4402.73	
F81	 2226.8978	 67	 658	 4453.80	 149.44	 4603.24	 4603.24	

F81	+	G	 2142.8178	 68	 658	 4285.64	 151.93	 4437.57	 4437.57	
F81	+	I	 2165.5661	 68	 658	 4331.13	 151.93	 4483.06	 4483.06	

F81	+	I	+	G	 2140.9222	 69	 658	 4281.84	 154.43	 4436.27	 4436.27	
HKY	 2203.3284	 68	 658	 4406.66	 151.93	 4558.59	 4558.59	
HKY+G	 2117.8502	 69	 658	 4235.70	 154.43	 4390.13	 4390.13	
HKY+I	 2119.9481	 69	 658	 4239.90	 154.43	 4394.32	 4394.32	

HKY	+	I	+	G	 2113.4268	 70	 658	 4226.85	 156.93	 4383.79	 4383.79	
SYM	 2213.7866	 69	 658	 4427.57	 154.43	 4582.00	 4582.00	

SYM	+	G	 2127.0537	 70	 658	 4254.11	 156.93	 4411.04	 4411.04	
SYM	+	I	 2131.4907	 70	 658	 4262.98	 156.93	 4419.92	 4419.92	

SYM	+	I	+	G	 2122.8266	 71	 658	 4245.65	 159.45	 4405.10	 4405.10	
TrN	 2194.9724	 69	 658	 4389.94	 154.43	 4544.37	 4544.37	

TrN	+	G	 2114.9334	 70	 658	 4229.87	 156.93	 4386.80	 4386.80	
TrN	+	I	 2119.7684	 70	 658	 4239.54	 156.93	 4396.47	 4396.47	

TrN		+	I	+	G	 2109.772	 71	 658	 4219.55	 159.45	 4378.99	 4378.99	
GTR	 2194.7148	 72	 658	 4389.43	 161.97	 4551.40	 4551.40	

GTR	+	G	 2114.4556	 73	 658	 4228.91	 164.50	 4393.41	 4393.41	
GTR	+	I	 2118.8855	 73	 658	 4237.77	 164.50	 4402.27	 4402.27	

GTR	+	I	+	G	 2109.1986	 74	 658	 4218.40	 167.04	 4385.44	 4385.44	
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Appendix	 3.IV:	Command	 lines	 for	 setting	ML	models	 in	PAUP	with	 settings	as	

determined	by	JModelTest	(Posada,	2008).	

Model	 settings	 used	 for	 phylogenetic	 reconstruction	 as	 determined	 by	model	

selection	 where	 ‘rmatrix’	 specifies	 the	 cost	 of	 transitions	 and	 transversions;	

‘basefreq’	 indicates	 the	 proportion	 of	 each	 base;	 ‘rates	=	gamma’	 specifies	 the	

gamma	distributed	rate	variation;	and	 ‘pinv’	gives	 the	proportion	of	 invariable	

sites.	

Model name: HKY+I+G as chosen by BIC: 

LSet nst=2 tratio=1.36657 basefreq=(0.25691195 0.18128356 0.25342588) 

rates=gamma shape=0.5913459 pinv=0.52616397 

Allows for different base frequencies, different rates for transition and transversions, 

invariable rates and gamma distribution rate variation. 

Model name: TrN +I +G as chosen by AIC and AICc: 

LSet nst=6 rclass=(abaaca) rmatrix=(1 2.0248009 1 1 3.7226236) 

basefreq=(0.2652819 0.17284629 0.26200371) rates=gamma shape=0.58258249 

pinv=0.50997236 

Allows for different base frequencies, equal transition rates, variable transversion 

rates, invariable rates and gamma distribution rate variation. 

 

Bootstrap run with 1000 replications and stepwise addition 
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Appendix 3.V: Unaligned, edited sequence of Amphibiothecum meredithae isolated 

from disease palmate newts sampled from the Isle of Rum. 

TCTAGAGTTGTATTAATGAAAGATTGCTAGAATCTCACAACTATTTAGCAGGTTAA

GGTCTCGCTTCGTTAACGGAATTAACCAGACAAATCACTCCACCAActAAGAACGGCC

ATGCACCACCACCCATAGAATCAAGAAAGAGCTCTCAATCTGTCAATCCTTACTATG

TCTGGACCTGGTGAGTTTCCCCGTGtTGAGTCAAATTAAGCCGCAGGCTCCACTCCTG

GTGGTGCCCTTCCGTCAATTCCTTTAAGTTTCAGCCTTGCGACCATACTCCCCCCGGA

ACCCAAAGACTTTGATTTCTCATAAGGTGCTGATAGAGTCATAAAAATAACATCCAC

CAATCCCTAGTCGGCATAGTTTATGGTTAGGACTACGACGGTATCTGATCATCTTCG

ATCCCCTAACTTTCGTTCTTGATTAATGAAAACATCCTTGGCAAATGCTTTCGCAGA

AGTTAGTCTTTCATAAATCCAAGAATTTCACCTCTGACAATTAAATACTAATGCCCC

CAACTATCCCTATTAATCATTACTTTGGTCCTAGAAACCAACAAAATAGAACCAATG

TCCTATTCCATTATTCCATGCTGAAATATTCAAGCAAAACGCCTGCTTTGAACACTC

TAATTTTTTCACAGTAAAAGTCCCGAAATAAAAACGGACGCACGCAACAGTAAAGT

GCACACGCCGCTtTCGGGAAGCGAGAGGCCAGGTAGGGATTCGGTGCAACATCTTGC

GATGGACCAACCCTTCCGTGAAACCCAnAATCCAACTACGAGCTTTtTAACTGCAAC

AACTTTAATATACGCTATTGGAGCTGGAATTACCGCGGCTGCTGGCACCAGACTTGC

CCTCCAATGGTTCCTCGTTAAGGGGTTTAAATTGTACTCATTCCAATTACAAGACTT

TAAAAGCCCTGTATTGTTATTTTTTGTCACTACCTCCCTGTGTCAGGATTGGGTAAT

TTGCGCGCCTGCTGCCTTCCTTAGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGA

ATCGAACCCTAATTCTCCGTTAC	
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Appendix	4.I:	Measurements	of	pH	and	water	temperature	taken	from	the	pond	and	the	corresponding	tub.	(Tub	temperature	and	
pH	on	day	of	deployment	taken	1hour	after	set	up).	

  15.5.15 

Deployed 

17.5.15 

Check 1 

19.5.15 

Check 2 

22.5.15 

Check 3 

  pH Temp (°C) pH Temp (°C) pH Temp (°C) pH Temp (°C) 

R4 
Tub 6.3 16.2 6.89 13.5 7.51 14.4 7.52 13.9 

Pond 6.26 16.0 6.95 12.2 7.58 13.1 7.3 12.0 

RNew 
Tub 5.49 9.8 5.21 8.5 6.9 13.1 6.16 10.0 

Pond 5.38 10.7 5.42 7.8 6.3 11.1 6.95 10.9 
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Appendix	 4.II:	 	Descriptions	of	newts	captured	for	use	 in	trials	of	pond-side	enclosure	studies,	with	descriptions	of	gross	disease	
presentation	at	time	of	capture	and	gross	pathologies	when	the	trial	was	terminated.	*	indicates	that	these	individuals	remained	in	
the	enclosure	throughout	the	trial.	

Site	 Code	 Sex	 SVL	
(cm)	

Infection	
Category	 Description	 Changes	

R4	 R4:21*	 M	 3.8	 Low	 4mm	swelling	at	base	of	right	back	leg,	with	9	ulcerations	
primarily	on	dorsal	surface.	

Swelling	larger	and	extending	down	leg.	
Ulceration	has	increased	and	spread	into	

large	‘patch’.	
R4	 R4:22	 F	 4.1	 Low	 2mm	pale	swelling	on	dorsal	surface	between	hips	 	

R4	 R4:23*	 M	 3.2	 Low	
1mm	protruding	and	round	cyst	on	mid	dorsal	back	(right	of	
crest)	with	1mm	pale	protruding	cyst	on	left	side	of	tail,	1cm	
down	from	base.	1mm	cyst	on	left	side	of	mid	trunk	(ventrally)	

Cyst	on	left	side	of	tail	flattened	and	
ulcerated.	

R4	 R4:24*	 F	 4	 Low	
5	x	<1mm	cysts	on	top	of	head	between	eyes.	1mm	cyst	on	
dorsal	left	hip.	6	x	<1mm	cysts	down	dorsal	abdomen.	Small	

1mm	cyst	on	mid	ventral	throat.	

1	x	<1mm	cyst	on	head.	~20	<1mm	cysts	
down	dorsal	(~10)	&	ventral	abdomen	

(~5)	&	tail	(~5).	1mm	cyst	on	right	side	of	
neck.	

R4	 R4:25*	 M	 3.9	 Low	 5mm	swelling	on	right	upper	tail,	red	in	colour.		 Swelling	smaller,	less	raised	and	returning	
to	normal	colour.	

R4	 R4:26	 M	 3.6	 Low	 4mm	swelling	behind	head	(left	neck)	with	1	ulcer.	1	<1mm	cyst	
on	right	back	leg	near	base.	 	

R4	 R4:27*	 M	 3.5	 Low	 1.5mm	very	protruding	pale	cyst	on	mid	dorsal	back.	 No	change	

R4	 R4:28*	 F	 3.8	 Low	 3	x	<1mm	cysts	around	dorsal	hip	(2	central	and	one	to	the	
right)	

All	cysts	on	hip	larger	(~1mm).	1x	<1mm	
cyst	on	left	base	of	tail,	1	on	left	tail	tip,	1	
behind	right	front	leg	and	1mm	cyst	on	left	

side	of	face.	

R4	 R4:29	 M	 3.4	 Low	 Very	pale	6mm	swelling	on	right	side	of	trunk	(lateral)	in	front	
of	back	leg.	 	

R4	 R4:30*	 M	 3.3	 Low	 2mm	pale	swelling	on	right	side	of	dorsal	trunk	 <1mm	cyst	developed	on	right	base	of	tail	

R4	 R4:30*	 M	 3.3	 Low	 2mm	pale	swelling	on	right	side	of	dorsal	trunk	 <1mm	cyst	developed	on	right	base	of	tail	

R4	 R4:31	 M	 3.1	 Low	 1mm	cyst	on	left	dorsal	surface,	~1cm	in	front	of	back	leg.	 	
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Site	 Code	 Sex	 SVL	
(cm)	

Infection	
Category	 Description	 Changes	

R4	 R4:32	 F	 4.1	 Low	 2mm	lumpy	swelling	right	mid	trunk	dorsally.	1mm	pale	cyst	on	left	lateral	
abdomen	~1cm	behind	left	front	leg.	 	

R4	 R4:33	 F	 3.6	 Low	 2mm	lump	on	top	of	head	between	eyes	with	1	cyst	visible.	 	
R4	 R4:34	 M	 3.6	 Low	 1mm	pale	cyst	on	left	side	of	trunk	~1cm	in	front	of	back	leg	 	
R4	 R4:35	 M	 3.5	 Low	 3mm	swelling	on	left	side	of	head/neck	 	

R4	 R4:36
*	 F	 3.8	 High	

Oedematous	bumpy	tail	end	with	3	bumps;	8,	5	and	3mm	in	size.	25	x	
<1mm	cysts	down	dorsal	surface.	1	pale	1mm	cyst	on	tip	of	nose	and	slight	
swelling	under	throat.	Swollen	front	left	leg	with	5	cysts	and	2	cysts	on	

each	of	the	other	legs	

Oedematous	lumps	on	tail	have	
grown	larger,	spread	and	joined.	2	
ulcerations	and	3	x	1mm	cysts	on	
top.	<1mm	cyts	on	dorsal	surface	
increased	to	~	35.	Swelling	under	
throat	increased.	~9	cysts	on	left	

front	leg.	

R4	 R4:37	 M	 3.3	 High	 6mm	swelling	across	left	side	of	head/eye	with	one	pale	cyst	in	the	middle	 	

R4	 R4:38	 F	 3.7	 High	

8mm	protruding	swelling	on	left	side	of	trunk	extending	ventrally.	4	x	
<1mm	cysts	on	base	of	tail/upper	half	of	tail.	3	x	<1mm	cysts	on	dorsal	hip.	
4x	<1mm	cysts	on	left	shoulder	and	a	large	swelling	under	throat	with	

numerous	(~10)	cysts	visible	
	

R4	 R4:39	 M	 3.6	 High	

~4mm	swelling	on	each	side	of	head/neck,	with	5	ulcerations	on	left	hand	
side.	Swelling	extends	under	throat	with	2	pale	cysts	visible.	2	x	1mm	cysts	

on	left	front	leg,	3	x	2mm	pale	cysts	on	right	side	of	trunk,	3mm	pale	
swelling	on	top	of	base	of	tail	with	one	ulcer	on	top	and	1	mm	cyst	in	front	
of	right	back	leg	ventrally	(armpit).	1mm	pale	cysts	left	side	tip	of	tail	

	

R4	 R4:40	 F	 3.8	 High	

3	discrete	oedematous	swellings	on	upper	tail	near	base,	right	hand	side	is	
ulcerated.	6	tiny	cysts	all	down	tail.	6	x	1mm	cysts	on	left	back	leg,	right	

back	leg	swollen	with	3	cysts	on	knee.	2mm	pale	cyst	left	mid	back	-	dorsal	
surface	(lumpy)	with	a	swelling/lesion	below	on	side	of	trunk	-	1	

ulceration	in	front.	3mm	dark	swelling	on	right	lateral	abdomen,	with	
ulceration.	1mm	cyst	on	right	side	ventral	surface.	2	x	<1mm	cysts	on	right	
front	leg,	2	x	1mm	cysts	on	left	front	leg	and	2	on	front	foot.	4mm	swelling	

over	left	eye	with	ulceration	and	reddening.	
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Site	 Code	 Sex	 SVL	
(cm)	

Infection	
Category	 Description	 Changes	

R4	 R4:41	 M	 3.5	 High	 5mm	swelling	on	top	left	hand	head	above	eye.	2	x	2mm	pale	cysts	on	
either	side	of	hip	(hip	bump)	 	

R4	 R4:42*	 M	 3.3	 High	

1mm	pale	cysts	in	front	of	right	eye,	4	pale1mm	ulcers	on	dorsal	
neck/shoulder.	2	x	1mm	pale	cysts	on	either	side	of	mid	back.	~10	
<1mm	pale	cysts	on	dorsal	hip,	some	ulcerated.	13	x	1-3mm	cysts	
along	top	half	of	tail	with	haemorrhaging	visible.	4	x	1mm	cysts	next	
to	cloaca	(ventrally)	1	cyst	on	left	back	toe,	one	on	right	back	toe	and	

on	right	back	leg	

Mortality	

R4	 R4:43	 M	 3.3	 High	

2	x	very	pale	<1mm	swellings	on	right	side	of	head	with	ulcerations	
(4mm).	1	small	swelling	on	left	side	of	head	(3mm).	2mm	ulcerated	
lump	in	between	shoulders,	1.5mm	cyst	on	mid	dorsal	back,	1mm	

cyst	on	left	side	of	trunk.	1.5mm	pale	swelling	dorsally	between	hips,	
1mm	cyst	next	to	right	front	leg	(ventrally).	

	

R4	 R4:44	 M	 3.6	 High	

4	x	1mm	raised	lumps	down	dorsal	back.	1mm	cyst	on	left	side	by	
back	leg.	Very	swollen	left	back	armpit	with	several	cysts	visible	

within	(6mm).	1mm	cyst	on	left	base	of	tail,	2	x	<1mm	cysts	near	tip	
of	tail	

	

R4	 R4:45	 M	 3.2	 High	

4	x	1-2mm	ulcerated	pale	cysts	on	top	of	head,	<1.5mm	swelling	
under	right	eye	with	2	ulcerations.	1.5mm	pale	cysts	between	dorsal	
shoulders.	2	x	1mm	cysts	on	right	elbow,	leg	oedematous.	2	cysts	on	
left	front	foot	and	2	cysts	on	left	back	foot.	1	cyst	on	right	back	leg,	
<1mm	ulcerated	cyst	on	right	trunk	in	front	of	back	leg.	1.5mm	cyst	
below	throat	and	one	above	near	chin.	<1mm	cyst	by	right	armpit	
and	one	on	mid	ventral	surface.	~13	ulcerated	cysts	down	tail	

	

R4	 R4:46	 M	 3.5	 High	

6	<1mm	cysts	head	and	dorsal	shoulders/neck.	4	x	<1mm	cysts	all	
along	mid	dorsal	surface.	2	x	<1mm	cysts	on	either	side	of	upper	tail	
near	base.	Cluster	of	4	x	<1mm	cysts	on	right	side	of	tail	near	tip.	
Underside	of	tail	swollen	near	tip.	3	x	<1mm	cysts	along	mouth	and	

two	on	ventral	throat.	1mm	cyst	near	cloaca	
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Site	 Code	 Sex	 SVL	
(cm)	

Infection	
Category	 Description	 Changes	

R4	 R4:43	 M	 3.3	 High	

2	x	very	pale	<1mm	swellings	on	right	side	of	head	with	ulcerations	
(4mm).	1	small	swelling	on	left	side	of	head	(3mm).	2mm	ulcerated	
lump	in	between	shoulders,	1.5mm	cyst	on	mid	dorsal	back,	1mm	

cyst	on	left	side	of	trunk.	1.5mm	pale	swelling	dorsally	between	hips,	
1mm	cyst	next	to	right	front	leg	(ventrally).	

	

R4	 R4:44	 M	 3.6	 High	

4	x	1mm	raised	lumps	down	dorsal	back.	1mm	cyst	on	left	side	by	
back	leg.	Very	swollen	left	back	armpit	with	several	cysts	visible	

within	(6mm).	1mm	cyst	on	left	base	of	tail,	2	x	<1mm	cysts	near	tip	
of	tail	

	

R4	 R4:45	 M	 3.2	 High	

4	x	1-2mm	ulcerated	pale	cysts	on	top	of	head,	<1.5mm	swelling	
under	right	eye	with	2	ulcerations.	1.5mm	pale	cysts	between	dorsal	
shoulders.	2	x	1mm	cysts	on	right	elbow,	leg	oedematous.	2	cysts	on	
left	front	foot	and	2	cysts	on	left	back	foot.	1	cyst	on	right	back	leg,	
<1mm	ulcerated	cyst	on	right	trunk	in	front	of	back	leg.	1.5mm	cyst	
below	throat	and	one	above	near	chin.	<1mm	cyst	by	right	armpit	
and	one	on	mid	ventral	surface.	~13	ulcerated	cysts	down	tail	

	

R4	 R4:46	 M	 3.5	 High	

6	<1mm	cysts	head	and	dorsal	shoulders/neck.	4	x	<1mm	cysts	all	
along	mid	dorsal	surface.	2	x	<1mm	cysts	on	either	side	of	upper	tail	
near	base.	Cluster	of	4	x	<1mm	cysts	on	right	side	of	tail	near	tip.	
Underside	of	tail	swollen	near	tip.	3	x	<1mm	cysts	along	mouth	and	

two	on	ventral	throat.	1mm	cyst	near	cloaca	

	

R4	 R4:47	 F	 3.7	 High	
4mm	swellng	on	top	of	head.	12	x	1-1.5mm	cysts	down	mid	dorsal	
surface.	Top	1.5cm	of	tail	swollen	with	numerous	cysts	and	bumps	

(10).	3	x	1mm	cysts	near	tip	of	tail	
	

R4	 R4:48	 F	 3.6	 High	

Oedema	around	head	and	throat.	8mm	protruding	lump	on	right	side	
of	trunk	with	numerous	cysts	visible	within.	Cysts	visible	within	

throat	oedema.	~30	1mm	cysts	visible	down	head	and	dorsal	surface	
with	30	extending	down	tail.	7mm	swelling	on	left	lateral	trunk.	2	x	

1mm	cysts	on	ventral	surface	
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Site	 Code	 Sex	 SVL	
(cm)	

Infection	
Category	 Description	 Changes	

R4	 R4:49	 M	 3.4	 High	

3mm	swelling	on	either	side	of	neck.	<1mm	cysts	behind	left	front	
leg.	1mm	pale	cyst	on	mid	dorsal	back	~1cm	up	from	tail.	Very	small	
pale	cyst	on	tail	base	(top	ridge).	2	x	2mm	cysts	on	top	edge	of	mid	

tail.	3	x	2mm	cysts	along	bottom	edge	of	tail	
	

R4	 R4:50	 M	 3.5	 High	
2	x	1.5mm	protruding	swellings	on	right	of	trunk.	1mm	protruding	
cyst	on	left	hip.	3	Ulcerated	cysts	on	right	side	of	tail,	2mm	ulcerated	

cysts	on	left	side	of	tail	 	

Rnew	 RN:37	 M	 3.2	 High	 7mm	swelling	on	left	side	of	head	extending	above	shoulder	with	6	
ulcerations	visible	 	

Rnew	 RN:38	 F	 3.8	 Low	 3mm	swelling	in	front	of	right	front	leg	(neck)	
	

Rnew	 RN:39*	 M	 3.8	 High	
4mm	pale	swelling	on	left	dorsal	shoulder,	with	2	ulcerations.	3mm	

swelling	on	left	head	near	eye	with	one	ulceration.	3mm	pale	
swelling	on	right	tail	base	with	1	ulceration	

No	change	

Rnew	 RN:40	 M	 3.2	 High	

Slight	swelling	in	throat/neck	with	2x	1mm	cysts.	3mm	swelling	on	
each	side	of	face.	4	x	1mm	cysts	on	dorsal	rigeht	shoulder.	3	x	3-4mm	
pale	swellings	along	lower	half	of	back	(crest)	towards	base	of	tail.	
1mm	cyst	on	mid	right	trunk.	7	x	1-2m	cysts	down	tail	with	3	

ulcerations.	3	x	1mm	cysts	on	front	ventral	surface	

	

Rnew	 RN:41*	 M	 3.5	 Low	 Raised	2mm	lesion	on	left	neck.	Raised	1mm	cyst	1cm	down	from	
that	on	mid	dorsal	surface.	Swollen	cloaca	with	5	x	1mm	cysts	 Swelling	on	neck	larger	(~3.5mm)	

Rnew	 RN:42	 F	 3.5	 High	

Large	7mm	swelling	on	top	of	head	extending	down	left	neck	and	
under	throat.	1mm	cyst	dorsally	between	shoulders.	Protruding	
2mm	lesion	on	left	mid	trunk	(laterally)	5	x	1mm	pale	cysts	dorsal	
hip	and	3mm	pale	lesion	on	left	base	of	tail.	Cluster	of	3	x	1mm	cysts	
on	right	side	base	of	tail.	1mm	cyst	on	underside	of	mid	tail	and	

swollen	right	front	leg	

	

Rnew	 RN:43	 F	 3.6	 Low	 2.5mm	lesion	~1cm	down	tail	on	right	hand	side	with	1	ulceration	
visible	
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Site	 Code	 Sex	 SVL	
(cm)	

Infection	
Category	 Description	 Changes	

Rnew	 RN:43	 F	 3.6	 Low	 2.5mm	lesion	~1cm	down	tail	on	right	hand	side	with	1	ulceration	
visible	 	

Rnew	 RN:44*	 M	 3.4	 High	

Swelling	on	right	side	of	head	extending	under	throat.	Left	side	of	
head	slightly	swollen	with	very	protruding	1mm	cysts	(x3).	

Generalised	pale	lumps	down	dorsal	body	(swollen	and	bumpy	-	
oedema?)	and	extending	down	top	of	tail.	Cluster	of	1mm	cysts	on	
tail	extending	half	way	down	(~10).	2	x	<1mm	cysts	on	right	front	

toes	with	leg	slightly	swollen.	3	ulcers	on	right	back	leg	

Cyst	on	left	throat	now	flattened	but	
ulcerated.	21	new	cysts	on	ventral	

surface	and	notably	skinny.	

Rnew	 RN:45*	 F	 3.8	 High	

Slight	swelling	under	chin	with	1	cyst	visible	and	2	x	1mm	cysts	just	
below.	1mm	cyst	on	left	hip	bump	and	1mm	cyst	on	right	base	of	tail.	
1mm	cyst	on	left	mid	underside	of	tail.	1mm	cyst	on	top	ridge	half	
way	down	tail,	one	on	right	back	toe,	one	on	left	back	leg	on	upper	

arm	(back	thigh)	

Swelling	now	severe	oedema	and	
haemorrhaging.	

Rnew	 RN:46*	 F	 3.8	 Low	

3mm	pale	swelling	on	left	side	of	head.	1.5mm	protruding	lump	on	
right	side	of	trunk	1cm	from	head.	1.5mm	protruding	lump	in	front	
of	left	back	leg.	2mm	ulcer	on	right	base	of	tail	and	tiny	swelling	on	

right	back	leg	joint.	

Swelling	on	side	of	head	5mm.	Swelling	
in	1.5mm	lump	on	trunk	decreased	but	
ulcerated.	Swelling	in	front	of	left	back	
leg	now	larger	and	more	generalised.	
Swelling	on	right	back	leg	larger	and	

extending	down	leg	dorsally.	Very	palre	
cyst	on	left	base	of	tail	new.	

Rnew	 RN:47	 M	 3	 Low	
1mm	cyst	on	left	dorsal	neck.	2	x	1mm	cysts	on	ventral	surface.	

1.5mm	slight	swelling	above	left	eye.	1mm	cyst	on	left	front	toe	and	
1mm	cyst	behind	right	front	leg	

1mm	cyst	on	left	neck	now	larger	
(1.5mm)	and	protruding	

Rnew	 RN:48	 F	 3.8	 High	 Very	protruding	2.5mm	swelling	on	left	side	trunk	with	~10	small	
ulcerations.	 	

Rnew	 RN:49	 M	 3.1	 Low	 1mm	protruding	cyst	on	right	lateral	neck.	 	

Rnew	 RN:50	 M	 3.1	 High	

Pale	oedematous	swelling	on	either	side	of	lateral	head/throat,	both	
ulcerated.	From	head;	1,	2	(shoulders)	and	4mm	pale	ulcerated	

lumps	going	down	dorsal	surface.	Ulcerated	and	swollen	right	front	
leg.	4	and	3mm	large	lesions/swelling	on	base	of	tail	going	down	
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Site	 Code	 Sex	 SVL	
(cm)	

Infection	
Category	 Description	 Changes	

Rnew	 RN:51	 F	 3.8	 High	

2mm	pale	swelling	on	top	of	right	head.	2	x	3mm	swellings	around	
head/neck	on	both	sides:	right	side	bloody	and	ulcerated.	3	

protruding	cysts	around	right	hip	(<1mm,	1mm	and	2mm).	3mm	
lesion	on	right	base	of	tail	and	1mm	cysts	~1cm	up	from	tail	tip	on	

right.	

Pale	swelling	on	head	larger	(3mm)	
with	a	single	ulceration.	

Rnew	 RN:52	 F	 4	 Low	 1mm	cyst	below	right	eye	 	

Rnew	 RN:53	 F	 3.7	 Low	 <1mm	cyst	on	left	side	of	mid	trunk	 	

Rnew	 RN:54	 F	 4	 High	

2mm	pale	swelling	on	dorsal	base	of	tail.	4	x	1mm	cysts	through	mid	
tail	with	6	ulcerations	(clustered).	3	x	<1mm	ulcerated	cysts	on	right	
side	below	hip	bump.	Cluster	of	3	x	1mm	cysts	on	mid	dorsal	surface,	
1mm	cysts	on	side	in	front	of	back	leg	and	one	behind	front	leg.	
Cluster	of	4	pale	cysts	around	right	front	leg	-	appears	as	massive	
lump.	1mm	cyst	on	left	shoulder,	3mm	protruding	swelling	behind	
left	eye	and	swelling	on	right	side	head/neck	extending	under	throat	

with	2	cysts	visible	

	

Rnew	 RN:55*	 F	 3.5	 Low	 2mm	lesion	behind	right	eye	(on	neck)	 Lesion	more	protruding	and	swollen	

Rnew	 RN:56	 F	 4	 Low	 1mm	pale	cyst	below	shoulder	blade	 	
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APPENDIX	6	FOR	CHAPTER	6	
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Appendix	 6.I:	Distribution	plots	of	 total	count	data,	 including	total	cyst	counts,	

total	lesion	counts	and	total	ulceration	counts.	

a)	Cysts	
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b)	Lesions	
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c)	Ulcerations	
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Appendix	6.II:	Body	distribution	of	cysts,	lesions,	oedema	and	ulcerations	

	



	

	

	 432	
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Appendix	 III:	 Frequency	 distribution	 plots	 of	 body	 cover	 count	 data,	 showing	

total	 body	 cover	 of	 cysts	 (a),	 lesions	 (b),	 oedema	 (c)	 and	 ulcerations	 (d)	 across	

each	visit.	

a) Cysts	

	

	

b)	Lesion	
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b) Lesions	
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c)	Oedema	
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d)	Ulcerations	
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Appendix	 6.V:	 Distribution	 parameters	 calculated	 for	 mixed	 effects	 models,	

including	95%	CIs	where	values	above	1	indicate	data	is	over	disperse.	

 Distribution	Parameter	(φ)																								
and	95%	CI	

Body	cover	of	cysts	 3.35	(3.1,	3.7)	

Body	cover	of	lesions	 1.2	(1.1,	1.4)	

Body	cover	of	oedema	 6.3	(5.8,	6.7)	

Body	cover	of	ulcerations	 1.6	(1.4,	1.8)	
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Appendix	 6.IV:	 Heatmaps	 showing	 the	 fingerprints	 of	 pathology	 body	 cover	

against	visit,	for	a)	cysts;	b)	lesions,	c)	oedema	and	d)	ulcerations		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

a)	Cysts	

b)	Lesions	
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d)	Ulcerations	

c)	Oedema	
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Appendix	7.I:	Variation	in	environmental	variables	across	the	season.	
Statistically	significant	relationships	are	represented	with	red	trend	lines	and	non-
significant	relationships	shown	in	blue	with	95%	CI	(grey	polygon)	
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Appendix	 7.II:	The	relationships	between	 the	prevalence	of	disease	pathologies	

cysts	(1),	lesions	(2),	ulcerations	(3)	and	oedema	(4),	amongst	infected	newts	and	

measured	 environmental	 variables;	 (a)	 pH;	 (b)	 altitude;	 air	 temperature(c)	 and	

water	temperature	(d).	Regression	lines,	where	statically	significant	relationships	

are	in	red	and	non-significant	in	black,	fitted	with	95%	CIs	(grey	shading)		

1.	Cysts	

	

2.	Lesions	
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3.	Ulcerations	

	

4.	Oedema	

	

	

	

	

	



	

	

	 445	

Appendix	7.III:	The	underlying	distribution	of	pathology	count	data,	cysts,	lesions	

and	oedema,	with	dispersion	parameters	(k)		

Dispersion	parameter	(k)	=	0.103	

Dispersion	parameter	(k)	=	0.08	
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Dispersion	parameter	(k)	=	0.03	
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Appendix	7.IV:	The	relationships	between	mean	pathology	counts	across	infected	

newts	and	measured	environmental	variables.	

1.	Cysts	

	

	

2.	Lesions	
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3.	Ulcerations	
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Appendix	7.V:	Models	tested	to	explore	the	relationship	between	mortalities	and	

possible	predictor	variables	

Null	model	

NM	<-	glm(cbind(Mortlities,	TotCat)	~	1,	family	=	"binomial",	data	=	Yr1M)	

Full	model	with	seventeen	candidate	variables	(italiced)	and	those	selected	for	

the	final	model	(bold)		

FM	<-	glm(cbind(Mortlities,	TotCat)	~	Water	pH	+	Disease	prevalence	+	Water	

temperature	+	Air	temperature	+	Sex	ratio	+	Altitude	+	Mean	cyst	counts	+	

Mean	ulceration	counts	+	Mean	lesion	counts	+	Prevalence	of	infected	newts	with	

cysts	+	Prevalence	of	infected	newts	with	lesions	+	Prevalence	of	infected	newts	

with	oedema	+	Prevalence	of	infected	newts	with	ulcerations,	family	=	"binomial",	

data	=	Yr1M)	

stepAIC(nullMort,	 scope	 =	 (list(upper	 =	 fullMort,	 data	 =	 Yr1M,	 direction	 =	

"both")))	

• AIC	of	null	model	=	215.14	

• AIC	of	best	model	=	60.46	
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Appendix	7.VI:	Table	of	odds	ratios	and	p-values	for	multi-variable	regression	
models	 of	 mortality	 prevalence	 against	 variables,	 as	 chosen	 by	 stepwise	
regression.	

 Odds ratios 95% CI Pr (>|z|) 

Mean	cysts	 1.07	 1.04,	1.12	 <0.001	

Disease	prevalence	 1.04	 1.01,	1.07	 0.02	

Sex	ratio	 0.32	 0.08,	0.77	 0.03	

Mean	ulcerations	 0.34	 0.16,	0.55	 <0.001	

Air	temperature	 1.54	 1.32,	1.88	 <0.001	

Altitude	 1.02	 1.01,	1.04	 <0.001	

pH	 5.67	 1.83,	27.98	 0.007	

Water	temperature	 0.68	 0.41,	0.90	 0.033	
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Appendix	7.VII:	Recorded	and	obtained	pH	and	elevation	data	for	disease	prediction	models	including	the	observed	prevalence	and	
prevalence	calculated	form	the	model	

Site	 pH	 Soil	pH	 Map	elevation	 Altitude	 Total	Catch	 Observed	prevalence	 Predicted	prevalence	
A2	 6.82	 5.43	 178	 179	 51	 47.06	 12.32	
A3	 6.64	 5.43	 178	 184	 38	 10.53	 12.32	
B3	 4.78	 5.33	 29	 43	 13	 0	 12.88	
C2	 6.6	 5.48	 251	 274	 21	 42.86	 12.07	
C3	 5.13	 5.46	 227	 228	 49	 0	 12.1	
C4	 5.18	 5.46	 493	 473	 15	 13.33	 8.94	
CD1	 5.25	 5.16	 305	 310	 19	 0	 7.60	
CG4	 6.78	 5.47	 342	 343	 28	 25	 10.76	
DP	 5.77	 5.43	 24	 25	 12	 0	 14.59	
E1	 4.89	 5.43	 156	 164	 22	 0	 12.62	
F4	 4.75	 5.29	 269	 262	 14	 0	 9.35	
F6	 4.68	 5.29	 269	 273	 17	 5.88	 9.35	
H1	 5.54	 5.43	 247	 251	 17	 23.53	 11.40	
H14	 6.13	 5.43	 247	 252	 24	 25	 11.40	
H2	 7.32	 5.43	 226	 226	 18	 77.78	 11.67	
H3	 6.73	 5.43	 228	 223	 38	 55.26	 11.65	
H5	 6.93	 5.43	 168	 170	 23	 56.52	 12.46	
H6	 7.13	 5.43	 185	 192	 16	 75	 12.22	
HB1	 6.8	 5.43	 52	 65	 13	 30.77	 14.15	
HB2	 6.02	 5.43	 55	 61	 26	 23.08	 14.11	
KG4	 5.62	 5.43	 68	 74	 32	 0	 13.91	
M1	 4.78	 5.46	 495	 152	 23	 0	 8.92	
M2	 7.32	 5.46	 368	 161	 29	 86.21	 10.32	
R10	 4.88	 5.43	 244	 189	 29	 10.34	 11.44	
R3	 5.6	 3.9	 121	 121	 22	 36.36	 1.78	
R4	 6.36	 3.9	 123	 127	 30	 56.67	 1.78	
R7	 4.98	 3.9	 137	 136	 35	 28.57	 1.75	

Rnew	 5.58	 3.9	 140	 120	 30	 26.67	 1.74	
S1	 7.72	 5.43	 108	 193	 10	 100	 13.31	
S2	 8.08	 5.43	 111	 180	 20	 65	 13.27	
SE1	 5.54	 5.47	 668	 135	 8	 0	 7.38	
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Appendix	 8.I:	 Statistically	 significant	 relationships	 between	mortality	 rate	and	

key	variables	as	determined	by	multi-variable	logistic	regression	for	2015	
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Appendix	 8.II:	 Coefficients	 and	 standard	 error	 of	 disease	 prediction	 models	
based	on	2015	data.	

Explanatory	variables	 Coefficients	 Standard	Error	

(Intercept)	 -23.79	 7.99	

pH	 6.69	 2.47	
pH^2	 -0.45	 0.19	
Altitude	 -0.004	 0.002	
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Appendix	8.III:	Statistically	significant	relationships	between	mortality	rate	and	

key	variables	as	determined	by	multi-variable	logistic	regression	for	2016	
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Appendix	 8.IV:	Coefficients,	odds	ratios,	 standard	errors	and	z	 statistics	 from	
disease	prediction	model	based	on	2016	data.	

Explanatory	Variables	 Coefficients	 Standard	Error	
Intercept	 -264.0	 	

pH	 119.1	 	

pH^2	 -17.76	 	

pH^3	 0.8791	 	

Altitude	 -0.0037	 	
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Appendix	 8.IV:	 Differences	 in	 disease	 prevalence	 between	 years	 in	 pairwise	
comparisons,	 including	 the	 p-value	 as	 determined	 by	 logistic	 regression	 and	 the	
direction	of	change	for	statistically	significant	differences	(p	<	0.05).	

Site 2015	-	
2014	

2016-
2015	

2016-
2014	

Odds 
Ratios 95% CI’s Pr(>|z|) 

Direction 
of 

Change 

A2 10.08	 -15.7	 -5.6	 0.91 0.60, 1.38 0.66 Stable 

C2 -16.19	 46.41	 30.22	 1,99 1.1, 3.8 0.03 Increase 

C3 28.57	 -2.77	 25.81	 2.89 1.54, 5.80 0.002 Increase 

C4 0.952	 0	 0.95	 1.04 0.40, 2.78 0.94 Stable 

CD1 0	 5.88	 5.88	    Stable 

CG4 16.94	 -10.1	 6.82	 1.12 0.68, 1.87 0.66 Stable 

DP 0	 0	 0	    Stable 

H14 22.62	 -12.8	 9.78	 1.17 0.70, 1.99 0.56 Stable 

H2 -36.87	 -1.62	 -38.49	 0.49 0.25, 0.89 0.02 Decrease 

H3 7.87	 -19.9	 -12.08	 0.77 0.5, 1.2 0.25 Stable 

H5 -14.1	 -4.92	 -19.02	 0.69 0.42, 1.13 0.15 Stable 

H6 5	 4.62	 9.62	 1.35 0.62, 3.00 0.44 Stable 

HB2 -14.74	 53.6	 38.83	 2.41 1.27, 4.86 0.01 Increase 

KG4 0	 0	 0	    Stable 

M1 0	 0	 0	    Stable 

M2 -20.82	 -17.5	 -38.29	 0.40 0.22, 0.68 0.001 Decrease 

R10 -10.35	 0	 -10.35	    Stable 

R7 6.49	 7.14	 13.64	 1.58 10.97, 
2.64 0.07 Stable 

R4 14.98	 -20.4	 -5.45	 0.84 0.5, 1.4 0.48 Stable 

R3 -2.77	 22.84	 20.08	 1.32 0.79, 2.3 0.3 Stable 

RNew 13.33	 17.45	 30.78	 1.94 1.21, 3.21 0.007 Increase 

S1 -13.33	 -27.6	 -40.91	 0.17 0.03, 0.58 0.02 Decrease 

S2 -6.67	 7.74	 1.07	 1.05 0.61, 1.76 0.86 Stable 
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Appendix 8.V: Explanatory variables created representing the differences in measured variables between years tested using stepwise 
regression, and the variables chosen for final regression models to analyse relationships between the quantitative difference in 
prevalence and tested variables along with their odds ratios, 95% CIs and p-values. 
Annual	difference	in	prevalence	 Explanatory	variables	explored	 Included	in	final	model	 Odds	Ratios	(95%	CI)	 Pr(>|z|)	

Prev.2015	–	Prev.2014	

Diff.	in	M:F	ratio2015	-	2014	 No	 	 	
Diff.	in	pH2015	-	2014	 No	 	 	

Diff.	in	pond	temp.2015	-	2014	 No	 	 	
Diff.	in	air	temp.2015	-	2014	 Yes	 0.86	(-0.37,	2.09)	 0.16	

pH2014	 Yes	 -4.89	(-11.06,	1.27)	 0.11	
pH2015	 No	 	 	

Air	temp.2014	 No	 	 	
Air	temp.2015	 No	 	 	
Pond	temp.2014	 No	 	 	
Pond	temp.2015	 No	 	 	
M:F	ratio2014	 No	 	 	
M:F	ratio2015	 No	 	 	

	
	
	
	

Prev.2016	–	prev.2015	

Diff.	in	M:F	ratio2016	–	2015	 Yes	 12.29	(6.27,	18.31)	 <0.001	
Diff.	in	pH2016-2015	 No	 	 	

Diff.	in	pond	temp.	2016-2015	 No	 	 	
Diff.	in	air	temp.	2016-2015	 No	 	 	

pH2015	 Yes	 -4.17	(-9.02,	0.68)	 0.088	
pH2016	 No	 	 	

Air	temp.2015	 No	 	 	
Air	temp.2016	 No	 	 	

	 Pond	temp.2015	 Yes	 -2.79	(-5.66,	0.09)	 0.057	
Pond	temp.2016	 No	 	 	
M:F	ratio2015	 No	 	 	
M:F	ratio2016	 No	 	 	

Prev.2016	–	prev.2014	

Diff.	in	M:F	ratio2016	–	2014	 Yes	 12.65	(6.26,	19.04)	 <	0.001	
Diff.	in	pH2016-2014	 	 	 	

Diff.	in	pond	temp.	2016-2014	 No	 	 	
Diff.	in	air	temp.	2016-2014	 No	 	 	

pH2014	 Yes	 -9.93	(-15.8,	-4.12)	 0.002	
pH2015	 No	 	 	
pH2016	 No	 	 	

Air	temp.2014	 No	 	 	
Air	temp.2015	 No	 	 	
Air	temp.2016	 No	 	 	
Pond	temp.2014	 No	 	 	
Pond	temp.2015	 No	 	 	
Pond	temp.2016	 No	 	 	
M:F	ratio2014	 No	 	 	
M:F	ratio2015	 Yes	 -15.96	(-24.42,	-7.5)	 <0.001	
M:F	ratio2016	 No	 	 	
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Appendix 8.VI: Sites sampled between 2014 and 2016 that were also visited in 2011 

or 2012 

Site Year 
Total 

Catch 

Prevalence 

(%) 
Site Year 

Total 

Catch 

Prevalence 

(%) 

A2 

2012 2	 50	
H6	

2015 10	 80	

2014 51	 47.1	 2016 26	 84.6	

2015 49 57.1 

R10 

	

2012	 23	 0	

2016 41 41.5 2014	 29	 10.3	

F6 

2011 3 66.7 2015	 54	 0	

2014 17 5.8 2016	 19	 0	

2015 2	 0	

R3	

2011	 11	 27.3	

2016 32 3.125 2014	 22	 36.4	

H2 

2011 17	 35.3	 2015	 56	 42.9	

2014 18 77.8 2016	 38	 50	

2015 44 40.9 

R4	

2011	 1	 100	

2016 28 39.3 2012	 8	 87.5	

H3 

 

2011 16 37.5 2014	 30	 56.7	

2012 12 66.7 2015	 67	 71.6	

2014 38 55.3 2016	 41	 51.2	

2015 38 63.2 

KG4	

2011	 4	 0	

2016 44 43.2 2014	 32	 0	

H5 

 

2012 23 39.1 2015	 21	 0	

2014 23 56.5 2016	 30	 0	

2015 33 42.4 

R7*	

2012	 0	 -	

2016 48 37.5 2014	 35	 28.6	

H6 
2012 1 100 2015	 31	 25.8	

2014 16 75 2016	 37	 48.7	

 

*Catch < 1 in 2012 – not included in 5 year annual comparisons 
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Appendix	8.V:	Annual	variation	in	environmental	variables	
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Appendix	9.I:	Nested	primer	sets	

Primer	1	

Sequence	(5'->3')	 Length	 Start	 Stop	 Tm	 GC%	

Forward	 GCATTTGCCAAGGATGTTTT	 20	 177	 196	 59.94	 40.0	

Reverse	 ACATCCCCCAATCCCTAGTC	 20	 288	 307	 60.01	 55.0	

Position	within	sequenced	region	of	18S	rRNA	 403	to	516	

Product	size	 114	

Primer	2	

Sequence	(5'->3')	 Length	 Start	 Stop	 Tm	 GC%	

Forward	 ATTGGAGGGCAAGTCTGGTG	 20	 504	 523	 59.96	 55.0	

Reverse	 GGACCAACCCTTCCGTGAAA	 20	 622	 603	 60.18	 55.0	

Position	within	sequenced	region	of	18S	rRNA	 504	to	622	

Product	size	 119	

Primer	3	

Sequence	(5'->3')	 Length	 Start	 Stop	 Tm	 GC%	

Forward	 CTTTACTGTTGCGTGCGTCC	 20	 684	 703	 60.11	 55.0	

Reverse	 ACGCCTGCTTTGAACACTCT	 20	 757	 738	 60.18	 50.0	

Position	within	sequenced	region	of	18S	rRNA	 684	to	738	

Product	size	 74	

A	BLAST	search	was	performed	against	all	Lissotriton	sequences	in	Genbank	to	

ensure	 limited	 sequence	 identity	 (<	 50	 %)	 when	 query	 cover	 was	 100%,	

to	known	sequences	of	palmate	newt	(Lissotriton	helveticus).	
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Appendix	9.II:	Environmental	DNA	samples	collected	during	2015	

	 Site	 Sample	type	 Pond	Infected	 PCR	(round	1)	 Nested	PCR	
1	 F4	 Material	 	 	 	
2	 R10	 Material	 	 	 	
3	 S2	 Material	 	 ✓	 	
4	 S1	 Filter	 	 	 	
5	 CD1	 Filter	 	 	 	
6	 A2	 Material	 	 ✓	 	
7	 RNew	 Material	 	 	 	
8	 A3	 Material	 	 	 	
9	 C2	 Material	 	 	 	
10	 R3	 Material	 	 	 	
11	 R3	 Filter	 	 	 	
12	 C3	 Filter	 	 	 	
13	 B3	 Material	 	 	 	
14	 CG2	 Filter	 	 	 	
15	 C3	 Material	 	 	 	
16	 CD1	 Material	 	 	 	
17	 H6	 Material	 	 	 	
18	 H6	 Filter	 	 	 	
19	 C4	 Filter	 	 	 	
20	 F10	 Filter	 	 	 	
21	 A2	 Filter	 	 	 	
22	 R4	 Filter	 	 ✓	 	
23	 F10	 Filter	 	 ✓	 	
24	 F6	 Filter	 	 ✓	 	
25	 B3	 Filter	 	 	 	
26	 CG1	 Material	 	 	 	
27	 R4	 Material	 	 	 	
28	 F10	 Material	 	 ✓	 	
29	 F6	 Material	 	 ✓	 	
30	 C2	 Filter	 	 	 	
31	 C4	 Material	 	 	 	
32	 E1	 Filter	 	 	 	
33	 R7	 Filter	 	 	 	
34	 F4	 Filter	 	 ✓	 	
35	 C3	 Material	 	 ✓	 	
36	 H6	 Filter	 	 	 	
37	 A3	 Filter	 	 	 	
38	 E1	 Filter	 	 ✓	 	
39	 S2	 Filter	 	 	 	
40	 F10	 Filter	 	 	 	
41	 B3	 Material	 	 	 	
42	 S1	 Filter	 	 ✓	 ✓	
43	 R10	 Filter	 	 ✓	 	
44	 DP	 Before	 	 ✓	 	
45	 DP	 6	hours	 	 	 	
46	 DP	 12	hours	 	 	 	
47	 R4	 Before	 	 	 	
48	 R4	 6	hours	 	 ✓	 	
49	 R4	 12	hours	 	 ✓	 ✓	
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Appendix	9.III:	Environmental	DNA	samples	and	swabs	collected	during	2016	

Site	

eDNA	 	 Swabbing	 	

Sample	

type	

PCR	

(round	1)	

PCR	

(round	2)	

Total		

-ve	

Total	

+ve	

PCR	

+ve	

PCR	

-ve	

R4	 Filter	 ✓	 -	 10	 19	 29	 0	

R10	 Filter	 -	 -	 20	 0	 13	 7	

RNew	 Filter	 ✓	 -	 10	 19	 29	 1	

R7	 Filter	 ✓	 -	 10	 17	 25	 2	

DP	 Filter	 -	 -	 29	 0	 0	 29	

R3	 Filter	 ✓	 -	 10	 19	 29	 0	

H6	 Filter	 ✓	 -	 	 	 	 	

A2	 Filter	 ✓	 -	 	 	 	 	

H3	 Filter	 ✓	 -	 	 	 	 	

H14	 Filter	 ✓	 -	 	 	 	 	

KG4	 Filter	 -	 -	 	 	 	 	

H2	 Filter	 ✓	 -	 	 	 	 	
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Appendix	9.V:	Gel	electrophoresis	images	showing	the	48	eDNA	samples	run	with	

general	primers.	Numbers	correspond	to	samples	detailed	in	Appendix	9.II	
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Appendix	 9.VI:	Gel	 electrophoresis	 images	 of	 PCR’s	 run	 on	166	 swabs.	 Positive	

and	negative	controls	denoted	by	a	white	‘-‘	and	‘+’	respectively.		
	

	

	

	

	

	

	

	

	

	

	

	

	-	ve	+ve	

						-	ve	+ve		

			-	ve	+ve	(x2)	

							-	ve	+ve		
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Pathological and phylogenetic characterization of
Amphibiothecum sp. infection in an isolated amphibian
(Lissotriton helveticus) population on the island of Rum
(Scotland)
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SUMMARY

Outbreaks of cutaneous infectious disease in amphibians are increasingly being attributed to an overlooked group of
fungal-like pathogens, the Dermocystids. During the last 10 years on the Isle of Rum, Scotland, palmate newts
(Lissotriton helveticus) have been reportedly afflicted by unusual skin lesions. Here we present pathological and molecular
findings confirming that the pathogen associated with these lesions is a novel organism of the order Dermocystida, and
represents the first formally reported, and potentially lethal, case of amphibian Dermocystid infection in the UK.
Whilst the gross pathology and the parasite cyst morphology were synonymous to those described in a study from infected
L. helveticus in France, we observed a more extreme clinical outcome on Rum involving severe subcutaneous oedema.
Phylogenetic topologies supported synonymy between Dermocystid sequences from Rum and France and as well as
their distinction from Amphibiocystidium spp. Phylogenetic analysis also suggested that the amphibian-infecting
Dermocystids are not monophyletic. We conclude that the L. helveticus-infecting pathogen represents a single, novel
species; Amphibiothecum meredithae.

Key words: Amphibiocystidium, Dermocystidium, Amphibiothecum, palmate newts, infection, pathology, phylogenetics.

INTRODUCTION

Amphibian populations have seen a dramatic global
decline (Blaustein and Wake, 1990, 1995; Houlahan
et al. 2000; Roelants et al. 2007; Blaustein et al.
2012), and amphibian infectious diseases are key
factors implicated in amphibian population declines
(Berger et al. 1998, 1999, Lips, 1999; Daszak et al.
2000). Most studies of amphibian infections focus
on two pathogen groups – chytridiomycete fungi
(Lips et al. 2006; Densmore and Green, 2007;
Smith et al. 2009) and ranaviruses (Daszak et al.
2000; Duffus and Cunningham, 2010). However, a
rising number of reports of amphibian infectious
skin diseases have been attributed to a relatively
poorly studied group of organisms belonging to the
order Dermocystidia (Class Mesomycetozoea:
Pascolini, et al. 2003; Raffel et al. 2008; González-
Hernández et al. 2010; Rowley et al. 2013). The
order Dermocystidia consists of pathogens known
to infect mammals and birds (Rhinosporidum sp.)

(Herr et al. 1999; Vilela and Mendoza 2012), fish
(Dermocystidium spp. and Rosette agent) (Ragan
et al. 1996; Mendoza et al. 2002) and amphibians
(Amphibiocystidium and Amphibiothecum spp.)
(Pascolini et al. 2003; Feldman et al. 2005). Due to
their similar morphology and explicit affinity to
amphibian hosts, the amphibian-infecting
Dermocystids were considered a single genus
(Pascolini et al. 2003). However, the use of more
advanced molecular phylogenetics recently saw the
reclassification of these pathogens into two distinct
genera, Amphibiocystidium and Amphibiothecum
(Feldman et al. 2005), which include some of the
first pathogens described in amphibians (Perez,
1907, 1913), and are now known to be associated
with both caudate and anuran species (Pascolini
et al. 2003; Feldman et al. 2005; Densmore and
Green, 2007; Raffel et al. 2008).
In amphibians, Dermocystid infections manifest

as spore-filled cysts (Pascolini et al. 2003; Pereira
et al. 2005; Raffel et al. 2008; González-Hernández
et al. 2010) that macroscopically present as small dis-
crete cysts (∼1 mm) to larger multi-focal nodules.
The limited data available suggest that
Dermocystid infection rarely causes mortality in
amphibian hosts or population-level responses
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(Densmore and Green, 2007; González-Hernández
et al. 2010). However, an association between the
presence of Amphibiocystidium spp. and declines in
populations of Notophthalmus viridescens (Raffel
et al. 2008) and Pelophylax esculentus (Rana escu-
lenta; Pascolini et al. 2003) has been suggested.
In 2006, an unusual skin disease was reported in

an isolated population of palmate newts (Lissotriton
helveticus) on the Isle of Rum, Scotland (Gray
et al. 2008), although anecdotal reports precede
this (Isle of Rum Rangers, personal communication,
2006). There are two described Amphibiocystidium
sp. in Europe; A. ranae known to infect green
frogs (Pelophylax lessonae and P. esculentus) and a
Dermocystid infection affecting L. helveticus in
France (González-Hernández et al. 2010). Skin
lesions affecting newts on Rum bear strong resem-
blance to the latter. In both cases, newts of the
same species exhibited raised cystic to nodular cuta-
neous lesions. However, on Rum gross manifesta-
tions of disease can appear more severe than those
reported in France, and therefore, despite the simi-
larity, the pathogenesis and impact of this disease
on the palmate newt population of Rum remains
poorly understood. Anecdotal reports from Rum
suggest that, whilst some newts succumb to severe
infection, some populations are consistently free
from infection (Anderson 2010). Anti-microbial
peptides (AMPs) produced by granular glands
present in the skin of amphibians (Rollins-Smith
et al. 2002; Zasloff, 2002) – part of the innate
immune response – play an important role in the
first defence against microorganisms, and are
increasingly being linked to the resistance of some
species to skin infecting diseases, such as
Chytridiomycosis (Woodhams et al. 2007; Rollins-
Smith, 2009). It is conceivable that gland function
could extend to other fungal-like organisms and
gland structure should reflect any such interaction
(Zasloff, 2002).
The classification of amphibian Dermocystids has

largely been based on pathogen morphology (Perez,
1907; Granata, 1919; Poisson, 1937; Jay and Pohley,
1981, Pascolini et al. 2003). The unusual fungal-like
nature of these organisms, and differences in the ter-
minology used in earlier pathology descriptions, has
led to uncertainty in their taxonomic placement. For
example, pathogens now considered to be from the
same genus have previously been classified as both
protozoans (Dermosporidium spp.) and fungi
(Dermocycoides spp.) (Perez, 1907; Granata, 1919;
Poisson, 1937; Jay and Pohley, 1981). DNA sequen-
cing and molecular phylogenetics have been import-
ant in resolving the taxonomic relationships of these
similar, Dermocystid-like pathogens described from
amphibian hosts (Feldman et al. 2005; Pereira et al.
2005). Pereira et al. (2005) first used these techni-
ques to analyse a small region of 18SrRNA from
infected P. esculenta and P. lessonae. Recovered

topologies confirmed the pathogen to be a member
of the Mesomycetozoeans, and further supported
the creation of a single genus, Amphibiocystidium
(Pascolini et al. 2003), to incorporate amphibian-
infecting pathogens previously classified as
Dermocystidium, Dermocoides and Dermosporidium
(Pereira et al. 2005). Feldman et al. (2005) later
reclassified this group into two genera,
Amphibiothecum and Amphibiocystidium, based on
the placement of A. penneri as a member of the
Mesomycetozoeans but distinct from other
Amphibiocystidium spp. However, he emphasized
the limitations of the small gene region used for ana-
lysis and the small number of known and sequenced
Mesomycetozoeans, stating that increased sequence
data for the Dermocystids might improve the reso-
lution and low bootstrap support (Feldman et al.
2005).
Here the combined results of gross, histological

and molecular investigations are presented, charac-
terizing a novel dermocystid-like infection causing
cutaneous disease in palmate newts on the Isle of
Rum, and providing phylogenetic support for the
consideration of a new species within the genus
Amphibiothecum; Amphibiothecum meredithae. We
conclude that disease on Rum represents a severe
case of Dermocystid-infection, and we examine the
preliminary investigation into the presence or
absence of Amphibiothecum sp. and possible mor-
phological differences in granular glands (linked to
AMP production and host innate immunity) that
may play a role in the susceptibility of skin infection.

MATERIALS AND METHODS

This study was carried out in May and June 2014 on
the Isle of Rum (N57°00′55·1″, W006°16′53·3″)
Scotland, the largest of the Small Isles in the Inner
Hebrides. The island is of volcanic origin and con-
tains numerous natural, dystrophic lakes and ponds
that are the natural habitat of the palmate newt (L.
helveticus), the sole amphibian species present on
the island.
One hundred and sixteen live adult newts were dip

netted from three static water bodies. The selection
of sample sites was based on a previous study
(Anderson 2010) and included one pond (control
site) where infection had not previously been
recorded and no macroscopic cutaneous lesions
were observed during our sampling (n = 12 newts).
The remaining 104 newts were captured from the
other two water bodies (n = 51 and n = 53). In add-
ition, 23 dead newts were observed around the
banks of one infected site. Forty newts (28 from
infected ponds and 12 from a control site) were
retained and transported live to the field station
where they were euthanized. To do this, newts
were fully immersed in an aqueous solution of tri-
caine methane sulphonate (MS-222, solution of
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0·2% buffered with sodium bicarbonate) in accord-
ance with the schedule 1 method under the
Animals (Scientific Procedures) Act 1986 and the
American VeterinaryMedical Association guidelines
and recommendations for ethical euthanasia of
amphibians (AVMA, 2007). Dermocystid lesions
have previously been described on the skin of
amphibian hosts, and on rare occasions on the liver
(Pascolini et al. 2003; Feldman et al. 2005; Raffel
et al. 2008; González-Hernández et al. 2010). A
detailed external examination was performed where
macroscopic dermal lesions were recorded, detailing
the size, colour and texture (Table 1), as well as
noting their abundance and distribution across the
newt body. In order to retain the anatomical location
of visceral organs, a partial necropsy examination
was performed and the coelomic cavity was accessed
via a ventral midline incision. The liver was fully
exposed and, if present, cystic lesions were recorded.
Newts were then individually fixed by full body
immersion in neutral buffered 10% formalin. A
further six newts with suspected Dermocystid-like
lesions were humanely euthanized by anaesthetic
overdose as previously described and were immedi-
ately stored in 100% ethanol for molecular analysis.
A subsample of 30 formalin-fixed newts, were

processed for histological examination: 20 from
infected ponds (18 with lesions and two without)
and ten from the control site. Six axial sections of
the whole body were taken at predefined intervals;
carcasses were sliced across the head (rostral to the
eyes and at the base of the skull), and across the
trunk (at the level of the pectoral and pelvic girdles
and with two extra sections in between). The prox-
imal third section of the tail, including the cloaca,
and fore- and hind-limbs were longitudinally
oriented. Tissues were sectioned at 5 µm thick and
stained with haematoxylin and eosin (H&E) and
examined by a light microscope for the presence of
parasitic cysts.
For transmission electron microscopy (TEM)

analysis, one formalin-fixed skin tissue sample con-
taining multiple subcutaneous cystic lesions was
deparaffinized, post-fixed in 1% osmium tetroxide
and processed routinely by dehydration through
graded acetones prior to embedding in araldite
resin. Ultrathin sections (60 nm thick) were counter-
stained with uranyl acetate and lead citrate and
viewed with a Philips CM120 TEM. Images were
taken on a GatanOrius CCD camera.
To investigate the distribution and condition of

cutaneous granular glands, across diseased (n = 16)
and control newts (n = 8), a standardized position
was located in the tail dorsum (a segment just
caudal to the cloaca), that provided clear visibility
of epidermal and dermal tissue in all newts and
adequate coverage of granular glands. These histo-
logical sections were photographed with a digital
camera (Olympus DP72) at 4 ×magnification

(approximately 2 mm long segment). The number
and diameter of all cutaneous granular glands in
this section were assessed using Cell^D software
(Olympus Soft Imaging Solutions). Granular
glands were considered mature when more than ¾
of the gland alveolus was filled with bright eosino-
philic granular material.

Data analysis

A logistic regression analysis was performed in R
version 3.2.1 (R Core Team, 2015) to test the
hypothesis that cutaneous granular glands of the
dorsal tail were different in those animals with
disease. The analysis was based on the infection
status of the ponds (control, n= 8; infected, n = 16)
using a forward stepwise approach where the inde-
pendent variables were: the number of cutaneous
granular glands, their diameters and the relative per-
centages of full glands, were entered into the model
with P⩽ 0·1 and excluded with P⩾0·2 (Hosmer and
Lemeshow, 2000).

Molecular phylogenetics

A sample of oedematous tissue (1 mm2), a single
dermal cyst or a single liver cyst was excised from
each of the six ethanol-preserved newts, respect-
ively. Excised tissue and cysts were washed in deio-
nized water and dried. DNA was extracted using
DNeasy® Blood & Tissue Kit (Qiagen, Crawley,
UK) according to the manufacturer’s instructions.
Primers specific to the mesomycetozoean clade

were designed, targeting a 1400 bp region of 18s
rRNA, from an alignment of five Dermocystidia
and Ichthyophonida 18s rRNA sequences sourced
from GenBank (Dermocystidium sp. CM-2002,
AF533950; Rhinosporidium seeberi, AF118851;
Ichythophonus irregularis, AF232303; Ichthyophonus
hoferi, U25637, Pseudoperkinsus tapestis, AF192386).
Sequences were aligned using ClustalW (Larkin
et al. 2007). Conserved regions were identified across
the sequences to act as primers, ensuring enough vari-
ability in the target amplicon to provide phylogenetic
information. Both primers were compared with the
online Basic Local Alignment Search Tool
(BLAST) (NCBI, online), confirming 100% hom-
ology with the Mesomycetozoan species listed
above and weaker homology with L. helveticus
(84%, e-value 0·026). Polymerase chain reactions
(PCRs) were performed in 25 µL volume containing
1 µg DNA, 0·3 µM of each forward (5′-
GTAGTCATATGCTTGTCTC-3′) and reverse
(5′-TATTGCCTCAAACTTCCAT-3′) primer,
200 µM dNTPs (Bioline, London, UK), and 2·5
units of HotStarTaq Plus (Qiagen, Crawley, UK).
Two μL of each PCR product were electrophoresed
on 0·6% agarose gel, stained with GelRed™ Nucleic
Acid Gel Stain (Biotium) alongside 2·5 µL of a 1
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kb DNA Hyperladder™ (BioLine) to assess ampli-
con size. Amplification products of the correct size
were cleaned using polyethylene glycol precipita-
tion, and commercially sequenced by GATC
Biotech. Sequences were manually edited in
BioEdit (Hall, 1999) by trimming the outermost 5′
and 3′ ends near the sequencing primer site, where
read quality was poor or ambiguous.
Edited sequences were aligned with all 26 18S

rRNA mesomycetozoean sequences submitted in
GenBank. Non-Mesomycetozoean outgroup
sequences were chosen based on high query cover
(98% ident.) but weaker similarity to the Rum isolate
than the mesomycetozoan sequences (<93%);
JN054684·1, DQ9958071·1, KC488361·1. Sequences
were aligned using multiple sequence alignment in
ClustalX2·1 (Thompson, 1997).

Maximum-likelihood (ML) analysis and Bayesian
analysis have different strengths and may return
different topologies due to random errors in tree
reconstruction (Svennbland et al. 2006; Yang and
Rannala, 2012). For that reason, phylogenetic rela-
tionships were generated using both ML and
Bayesian analysis to compare the topologies recov-
ered and therefore offer more support to the relation-
ships and clades recovered by both analyses.
MrModelTest (Posada and Crandall, 1998) was per-
formed in PAUP* 4·0 (Swofford, 2002), testing 56
different models of DNA evolution against a starting
Neighbour-joining tree. The best-fit nucleotide
model as determined by the Bayesian information
criterion (Schwarz, 1978; Ripplinger and Sullivan,
2010) was Hasegawa–Kishino–Yano (Hasegawa
et al. 1985) with gamma distributed rate variation

Table 1. Description and gross lesions of Amphibiothecum sp. infection in L. helveticus on Rum.

Type of
lesions Lesions description Gross appearance

Type A Spherical, 1–3 mm diameter, firm and raised clear to pale grey cystic
lesions (arrows). Single or multiple, scattered or rarely clustered
together. Present subcutaneously (A) and in the liver (B)

Type B Subcutaneous, firm, well-defined nodular swelling (from 1 up to 4
mm in diameter) associated with clusters of variable size (approx.
<0·5 to 1 mm) white cysts (arrows).

Type C Subcutaneous irregular swelling up to 1 × 5 × 8 mm3, with thinning
of the skin and occasional cutaneous depigmentation, associated
with cluster of pint-point (<1 mm in diameter), slightly raised
white lesions. Generally clustering (arrows)

Type D Subcutaneous clear fluid-filled vesicle/bullae (arrows) (up to 4 × 5 ×
17 mm3) with occasional <1 mm diameter intralesional white cysts.
Single but generally multiloculated. Often associated with severe
widespread body oedema
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and invariable sites (HKY+G+ I). ML analysis
was performed in Paup*4·0 (Swofford, 2002)
setting parameter values as detailed above, and spe-
cifying the outgroup. Analysis was run with 1000
bootstrap iterations of a heuristic search and tree-
bisection–reconnection branch swapping (Posada
and Crandall, 1998). So as not to restrict model
selection to named (i.e. Jukes and Cantor) or pre-
specified models, model averaging was implemented
for Bayesian analysis, sampling among the 203
general time reversible (GTR) models
(Huelsenbeck et al. 2004). This was achieved by
running analysis using the reversible-jump Markov
chain Monte Carlo (rj-mcmc) in MrBayes 3·1·2
(Ronquist and Huelsenbeck, 2003), specifying
gamma distributed rate variation, running two inde-
pendent metropolis-coupled MCMC with four
chains each, terminating after 10 000 replications
when the standard deviation between the split fre-
quencies reached <0·01 (indicating that the trees
being sampled have converged), sampling every
100. Final consensus trees were edited in FigTree
v1.4.2 (Rambaut, 2014) adding bootstrap values or
bipartition posterior probabilities.

RESULTS

Gross pathology

A total of 66 newts with macroscopic cutaneous
lesions, suggestive of Dermocystid-like infection as
described by González-Hernández et al. (2010),
were recovered from two ponds; prevalence of 47%
[95%CI (34, 60)] and 76% [95%CI (64, 87)], respect-
ively. Of the 23 dead newts found, six were
sufficiently well preserved to see that they had exten-
sive dermal lesions, similar to those seen in live
newts described hereafter.
Ninety-three per cent (26/28) of newts (15 males

and 13 females) subject to detailed external examin-
ation had macroscopic lesions of all types (e.g. A, B,
C and D; Table 1). The shape of skin lesions varied
depending on the number and size of parasitic cysts
and the associated subcutaneous oedema, whereas
the shape of parasitic cysts was consistently spherical
and pale grey/white. Additionally, subcutaneous
haemorrhage and circular skin ulcers (up to 6 mm
in diameter) were observed affecting 14 (54%)
newts; these were clustered over the tail, limb inser-
tions and subgular regions. Parasite cysts and skin
lesions were most frequently observed on the
dorsal surface of the body (n = 23).More specifically,
cysts were located on the heads (n = 16), tails (n =
20), limbs (n = 20) and subgular regions (n = 18)
along with solitary or multiple type A lesions on
the liver (n = 11). Four newts (two females and two
males) (15%) had additional, severe and diffuse sub-
cutaneous oedema associated with cutaneous depig-
mentation and presence of numerous type D

lesions. These animals were moribund or showed
limited body movements prior to euthanasia.

Histology and TEM

Histopathological examination confirmed the pres-
ence of parasite cysts, or related pathological changes
in newts (n= 20) from infected ponds including the
two individuals that had no macroscopic skin lesions.
Single or multiple, intact or ruptured spheroid

parasite cysts were consistently present expanding
the strata spongiosum and compactum of the dermis
(Fig. 1). Cysts were also present in the subjacent
skeletal muscular layers (epi-and perimysium; n =
10 newts), oral mucosa (n = 5 newts), gastrointestinal
lumen (n= 1 newt), liver (n = 7 newts) and cloaca
stroma (n= 3 newts). See Supplementary Fig. 1A–D.
Based on cyst morphology and the associated

host’s inflammatory response (Fig. 2A–D), we
could identify three different developmental stages:
(1) developing (intact), (2) mature (intact and rup-
tured) and (3) degenerating and degenerated parasite
cysts. All stages were observed concurrently
affecting the same individual. Developing cysts
were associated with no, or a mild, host cellular
response (Fig. 2A), whereas ruptured and mature
cysts were associated with tissue oedema and moder-
ate to severe focal chronic-active inflammatory cell
infiltrate. In addition, multinucleated giant cells
(foreign body-type cells) and focal tissue necrosis
(Fig. 2B) were occasionally present. In cases of
severe subcutaneous swelling, numerous and gener-
ally ruptured parasitic cysts were present (up to 55),
surrounded by a moderate chronic-active inflamma-
tory cell infiltrate and tissue oedema. Degenerating
cysts (Fig. 2C) were comparatively smaller and
were characterized by a corrugated and convoluted
cyst wall, partially or fully detached from the host
connective tissue. A focal chronic-active inflamma-
tory host response surrounded degenerating cysts
and their lumen contained an amphophilic to
brightly eosinophilic granular matrix admixed with
irregular islands of pale basophilic material reminis-
cent of endospore formations. The advanced stage of
cyst degeneration (degenerated cyst) (Fig. 2D) was
characterized by a focal granulomatous lesion
formed by packed mononuclear cells admixed with
multinucleated giant cells, centred on a remnant of
collapsed cyst wall. The majority of the parasitic
cysts observed in the liver (84%) were either rup-
tured or degenerated, and were surrounded by a
dense chronic inflammatory cell infiltrate admixed
with several multinucleated giant cells (foreign
body-type cells) (Fig. 2E, F).
Intradermal developing cysts appeared as spher-

ical sporangia ranging in size from 250 µm to 1·7
mm in diameter separated from the host connective
tissue by 2–6 µm thick eosinophilic cyst walls
(Fig. 3A). These contained a myriad of basophilic
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developing immature endospores (IE). IE were pol-
ygonal to crescent shaped, measured approx. 6 µm in
diameter and had amphophilic to basophilic, occa-
sional vacuolated, protoplasm depending on the
stage of development. IE were packed within
round to oval and refractile (‘mucoid-like’) cham-
bers ranging in size from 10 to 40 µm in diameter
(average approx. 24 µm), formed by clusters of div-
iding and budding elements further separated by
internal faintly distinguishable septa (Fig. 3B).
Depending on the stage of cyst maturation, IE
were present along with a variable number of
mature endospores (ME); clusters of IE or ME
were observed either at the centre or at the inner per-
iphery of the cyst wall within the same cyst
(Fig. 3C). ME were located within less well-demar-
cated and comparatively smaller internal chambers,
were round to ovoid measuring on average approx.
15 µm in diameter and were stained deeply baso-
philic. In the later stage of cyst maturation, ME
(hereafter granular mature spore) were characterized
by eosinophilic protoplasm swamped by numerous
sub-spherical (approx. 1 µm in diameter) basophilic
granular bodies. Granular mature spores were
found within the lumen of mature cysts or were
noted as free forms or engulfed by macrophages in
the contiguous host tissues (Fig. 3C and D). When
observed at higher magnification, granular mature
spore resembled clusters of merozoite elements
budding from the surface of mature shizonts
(Fig. 3D). No flagellae or other motility organelles
were observed.
Ultrastructural (TEM) examination of an intra-

dermal cyst revealed endospores as an individual

unit enclosed in a thick electron dense fibrous and
granular matrix delimiting outer endospore capsule
(Fig. 4). The endospore protoplasm was further
enclosed by an additional, non-uniformly distribu-
ted granular coat formed by convoluted membranes.
The protoplasm of larger endospores was further
subdivided through a process of invagination of
these internal delimiting membranes, where the
outer matrix eventually enclosed them into distinct
subunits. Dividing endospores contained between
two to four daughter cells (Fig. 4A, insert).

Tail granular glands

The number of cutaneous granular glands of the
dorsal tail skin in the control group (n = 8) ranged
from 7 to 14 (mean 10·4 ± 2·5). On average, 79% of
tail glands were mature. Gland diameters ranged
from 53·3 to 401·0 µm (average 204 ± 80 µm). The
number of glands in infected newts (n= 16) ranged
from 8 to 28 (mean 13·4 ± 4·3) with their diameter
ranging from 27·1 to 489·8 µm (mean 147 ± 90).
On average 50% of glands in the tail skin of infected
animals were classified as mature. Stepwise regres-
sion analysis indicated that infected newts had mar-
ginally smaller glands than non-infected newts [(β=
−0·025, 95% CI (−0·047, −0·023), P< 0·031].

Molecular analysis

Successful amplification of a 1400 bp DNA frag-
ment was achieved from all DNA extractions.
Retrieved sequences from samples representative of
liver and dermal cysts and subcutaneous oedema
were identical, confirming that each of these distinct
pathologies is associated with the presence of the
same pathogen. These sequences shared high
nucleotide similarity (>94% similarity, >81% query
cover) to members of the Mesomycteozoeans.
Upon alignment with all Mesomycetozoean
18srRNA sequences archived in GenBank, nearly
complete consensus was observed (1 bp difference)
between Rum and two Dermocystid sequences iso-
lated from infected L. helveticus in France
(Dermocystid-Larzac; accession numbers
GU232542·1 and GU232543·1).
Overall the topologies obtained by Bayesian and

ML techniques were congruent, although some
differences in the internal relationships between
Dermocystidium sp. and Amphibiocystidium sp. were
recovered. Both Bayesian and ML analysis
confirmed the Rum parasite to be a member of the
Dermocystids, forming a well-supported clade
with sequences from infected L. helveticus sampled
in Larzac (Fig. 5: BS = 99·4%; PP = 0·7.) Whilst
the Rhinosporidium sp. formed a monophyletic
clade, the amphibian-infecting Mesomycetozoeans
were polyphyletic. Under both analyses a clade was
recovered suggesting a sister relationship between

Fig. 1. Intradermal Amphibiothecum sp. cysts in palmate
newt (L. helveticus). (A) Cross-section of the trunk.
Microscopic appearance of multiple spheroid cysts
expanding and distorting the strata spongiosum and
compactum of the dermis. Cysts are surrounded by diffuse
and moderate subcutaneous oedema (*) associated with
mild mixed inflammatory infiltrates. Scale bar = 500 µm.
Specific features: (C) cyst; (m) muscular fibres.

489Pathological and phylogenetic characterization of Amphibiothecum sp. infection in Lissotriton helveticus in Scotland

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0031182016001943
Downloaded from https://www.cambridge.org/core. University of Edinburgh, on 27 Oct 2017 at 05:31:26, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0031182016001943
https://www.cambridge.org/core


Fig. 2. (A) Longitudinal section of the tail. A large single developing Amphibiothecum sp. cyst expands the stratum
spongiosum of the dermis. The cyst lumen is filled with a myriad of basophilic IE. Note the absence of inflammatory cell
infiltrate. (B) Cross-section of the trunk. The dermis and axial musculature are markedly expanded by the presence of
multiple coalescing cysts. Focal necrosis and moderate chronic inflammatory cell infiltrate accumulates around (long
arrow) or within (short arrow) the cysts. There is focal epidermal hyperplasia (arrowhead). (C) Degenerating intradermal
cyst surrounded by chronic active inflammation (arrows). The cyst wall is distorted and partially detached from the host
tissue by the presence of a clear space. Within the cyst lumen, embedded in amorphous eosinophilic matrix, there are
isolated islands of polymorphic basophilic endospores and scattered endospores (arrowhead) which still retain the
morphological features observed in developing and mature cysts. Scale bar = 200 µm. (D) Advanced stage of an
intradermal degenerated cyst characterized by a granulomatous lesion. Multinucleated giant cells (arrow), plasma cells and
reactive fibroblasts surround a collapsed, empty ellipsoid cyst. (E) Liver. Large hepatic granuloma consisting of a central
empty cyst surrounded by concentric layers of proliferating fibroblasts forming a fibrous wall. Admixed there are
macrophages, scattered lymphocytes and occasional multinucleated giant cells. There are subjectively increased numbers
of melanomacrophages (arrows) within the surrounding hepatic parenchyma. (F) Liver. Hepatic granulomatous lesion.
The cyst lumen is partially replaced by moderate number of foamy macrophages along with numerous multinucleated
giant cells (arrows) and occasional granulocytes. Few granular mature spores are observed within the cyst lumen or within
local macrophages. Inflammatory mixed cell infiltrate expands the surrounding oedematous hepatic parenchyma. Specific
features: (C) Cyst; (ep) Epidermis; (g) Cutaneous granular gland; (ss) Stratum spongiosum of the dermis; (w) Cyst wall; (m)
Skeletal muscular fibres. Scale bar A, B, E = 500 µm; C, D, F = 200 µm.
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A. penneri and sequences from Rum and Larzac.
Despite relatively weak confidence in this relationship
(PP= 0·7; BS= 58·2%), support for a split between
this clade and the rest of the Mesomycetozoeans was
extremely high (BS= 100%; PP= 1·0.).

DISCUSSION

This study reports combined gross, histopatho-
logical, ultrastructural (TEM) and molecular
findings that characterize Amphibiothecum sp. infec-
tion in a geographically isolated population of
palmate newts on the Isle of Rum (Scotland).
Whilst we can say little about the prevalence of infec-
tion across the island from our sample of three water
bodies, 63·5% of sampled live newts from infected
ponds showed signs of disease, indicating that infec-
tion is likely to be common in palmate newts on the
island.
As observed microscopically and ultrastructurally,

intradermal parasitic cysts shared many common
features with other Dermocystic organisms (Broz

and Privora, 1952; Jay and Pohley, 1981;
González-Hernández et al. 2010), in particular
with that described in palmate newts in France
(Gonzalez-Hernández et al. 2010). Similar to their
observation, we also noted the presence of numerous
endospores organized in internal, septated chambers
enclosed by a cyst wall. Within the same cyst, clus-
ters of endospores were observed at different devel-
opmental stages where the smallest compartmented
chambers enclosed 2–4 single endospore elements.
However, the arrangement of IE within mature
cysts differed from that described by González-
Hernández et al. (2010) where the authors propose
a centrifugal fashion of endospores maturation.
Instead, in this study, IE were present in clusters
closer to the inner cyst wall of developed cysts and
not exclusively at the centre of the cyst (Fig. 2C).
This finding therefore suggests a different pattern
of endospore maturation and a potential mechanism
of endospores release. One possibility is that fully
matured endospores escape in a ‘programmed’
pattern as described for R. seeberi (Mendoza et al.

Fig. 3. (A) Cross-section of a developing intradermalAmphibiothecum sp. cyst containing myriad IE (IE). (B) High-power
magnification of the inner lumen of a mature cyst. IE contained in septate chambers (arrows) clustering at the inner
periphery of the cyst wall. (C) Cross-section of intradermalAmphibiothecum sp. cyst containing both IE andME. Clusters
of ME (long arrow) are opposite to IE (short arrow). Insert: ME and granular mature spores (circled). Note few
macrophages containing intracytoplasmic granular mature spores surrounding the outer cyst wall (arrow). (D)
Subcutaneous dilated lymphatic vessel adjacent to a ruptured cyst. Granular mature spores are free within the lumen
(short arrows) or within macrophages (long arrows). Specific features are indicated with lower case letters: (c) Cyst; (ep)
Epidermis; (g) Cutaneous granular gland; (ss) Stratum spongiosum of the dermis; (w) Cyst wall. Scale bar A, C = 200 µm;
B = 20 µm; D= 50 µm.
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1999), where endospores might develop toward the
cyst’s pore from where they are discharged.
However, we were unable to identify a cyst pore in
any of the histological sections.
In agreement with other amphibian-specific

Dermocystid infections (Pascolini et al. 2003;
Pereira et al. 2005; Raffel et al. 2008; González-
Hernández et al. 2010 and Courtois et al. 2013), dis-
eased newts on Rum had macroscopic distinctive,
raised, pale-white cystic skin lesions. In contrast to
what was observed from Dermocystidim spp. infec-
tion of Rana temporaria and P. esculenta (Guyénot
and Naville, 1922; Pascolini et al. 2003) and
Amphibiocystidium sp. infection in Eastern red-
spotted newt (Raffel et al. 2008), here no ‘U’ or
bent ‘C’ shaped cysts were seen. In addition, we fre-
quently observed unusually large subcutaneous fluid
filled vesicles/bulla (e.g. type D lesion) accompanied
with full body oedema as a result of Amphibiothecum
sp. infection.
Similarly toAmphybiocystidium sp. infected newts

in France (González-Hernández et al. 2010), we
observed skin lesions primarily distributed over the
newt dorsum, limbs and tail, and only occasionally
over the ventral trunk. This is in contrast to other
Amphibiocystidium spp. infections where cyst distri-
bution was often concentrated on the ventral surface
(Broz and Privora, 1952; Pascolini et al. 2003;
Pereira et al. 2005; Densmore and Green, 2007;
Raffel et al. 2008).
The presence of parasitic cysts at different devel-

opmental stages and the related pathological

changes (as observed grossly and histologically) are
together suggestive of infection progression. While
intact developing cysts were characterized by
absent or a mild host inflammatory response, fully
mature and ruptured cysts were always associated
with a discrete inflammatory response. In the latter
stages of cyst degeneration, granuloma formation
resulted in reduced tissue inflammation and the res-
toration of surrounding tissues. Similarly, following
the hepatic dissemination, granulomatous lesions
commonly occurred. Although not the primary
focus of this study, we suggest that the cyst wall
plays a crucial role in protecting the parasite from
the host immune system during its development.
In fact, the virtual absence of an inflammatory
response surrounding intact developing cysts is
noteworthy in comparison with the inflammation
surrounding ruptured and degenerating cysts.
Clinical manifestation ofAmphibiothecum spp. infec-
tion in palmate newts on Rum varied from subclin-
ical (e.g. apparently healthy individuals with only
few microscopic subcutaneous parasitic cysts), up
to severe generalized infection. While the processes
causing different clinical outcomes remain unclear,
these observations suggest that whilst some newts
may recover from Dermocystid infection (e.g. pres-
ence of microscopic dermal resolving lesions),
other individuals develop a generalized and poten-
tially fatal disease.
Here we described animals with microscopic para-

site cysts, without the presence of gross lesions.
González-Hernández et al. (2010) found no evidence
of asymptomatic or carrier-state individuals from
infected palmate newts in France; however, the pres-
ence ofA. viridescens cysts was observed on the livers
of apparently uninfected Eastern red-spotted newts
(Raffel et al. 2008). This suggests that subclinical
infection might be more common than expected
and the observation of macroscopic skin lesions
alone may not be a good proxy to determine infec-
tion prevalence. The detection of pathogen
genomic DNA from toe or tail clippings, and skin,
oral or cloacal swabs, offer alternative detection
methods extensively employed for Bd and
Ranavirus surveillance (Annis et al. 2004; Hyatt
et al. 2007; Skerratt et al. 2007; Goodman et al.
2013). However, the validity and accuracy of these
methods are being questioned. Whilst swabbing
techniques have been found to underestimate both
infection prevalence and parasite burden in
Chytridiomycosis (Shin et al. 2014; Clare et al.
2016), they often miss subclinical Ranvirus infec-
tions (Greer and Collins, 2007; Gray et al. 2012).
Detailed histopathological examination therefore
represents an important diagnostic tool, particularly
in cases of seemingly healthy individuals with only
subclinical disease.
Severe full body oedema was microscopically

associated with a high parasite burden along with a

Fig.4. Transmission electron microscope
microphotograph of Amphibiothecum sp. intradermal cyst
from an infected palmate newt. Multiple endospores
embedded in a thick electron dense fibrous and granular
matrix (endospore capsule) (M). Variable sized food
vesicles (long arrows) and multiple dense round coarsely
osmiophilic granular inclusion bodies (short arrows) are
occasionally present in cells protoplasm. Membranous
granular–fibrillar membranes (endospore membranes)
forming concentric rings around the protoplasm of each
individual endospore (m). The right lower insert shows
one endospore dividing into four ‘daughter’ cells.
Encircled one visible nucleus with prominent nucleolus.
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Fig. 5. Consensus trees representing phylogenetic relationships ofMesomycetozoeans based on 18srRNA sequences. (A)
Maximumlikelihoodanalysis implementingHKY+G+ Iwithnodesupportshownusingbootstrapsupportvalues;(B)Bayesian
inference run using reversible-jumpMCMC to average over the GTRmodels, with node support displayed as posterior
probabilities; Amphibian-infecting species are highlighted in red, whilst sequences fromRum and Larzac are coloured blue.
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generalized form of infection evidenced by concur-
rent presence of cysts in the liver. To the authors’
knowledge, this is the first published report of a gen-
eralized Dermocystid spp. infection, which results in
severe subcutaneous oedema as confirmed by both
histopathological and molecular analysis.
Subcutaneous oedema would likely result from
osmotic and electrolytic imbalances caused by exten-
sive breaches in skin integrity due to numerous pres-
ence of parasite cysts. Parasite cysts in the liver
might also result in hepatic insufficiency and sys-
temic disease.
In addition to skin (mainly present within the

dermis) and hepatic lesions, parasite cysts were also
found in previously unreported body sites such as
oral mucosa, intestinal lumen, cloaca and infiltrating
within the skeletal muscle bundles. Secondary skin
lesions were also occasionally observed from infected
newts and consisted of skin ulcers and haemorrhages
as previously reported (González-Hernández et al.
2010). We consider that secondary lesions resulted
from self-induced trauma, and from weakening or
breaches of the epidermis associated with parasite
cysts.
Altogether these findings suggest that the inten-

sity of infection may be critical in determining the
outcome of disease. Severe infection could increase
mortality either directly, or indirectly by comprom-
ising newt fitness (e.g. reducing foraging and motil-
ity capabilities) or by rendering diseased newts more
vulnerable to predation by compromising locomo-
tion (Lindstrüm et al. 2003). The presence of
lesions in the oral mucosa could impact food
intake, whereas cysts and oedema on the cloaca
could have an impact on breeding and courtship. If
cysts and oedema on the cloaca are a common
finding the ability of male to produce spermato-
phores may be compromised. Similarly breeding
success may also be reduced in other ways; male
newts rely on tail fanning to entice females and
lead them over deposited spermatophors (Halliday,
1990; Griffiths, 1996), behaviours that may be hin-
dered considerably by the presence of tail oedema
or significant lesions.
Since the majority of Amphibiothecum spp. cysts

were found within the dermis or adjacent tissues
(e.g. skeletal muscles bundles), parasite transmission
is likely to occur by direct skin exposure to contami-
nated sediment/water or infected newts. Infectious ele-
ments are likely to be released onto the skin surface
and/or surrounding environment after mature cysts
rupture as suggested by others (Perez, 1913; Broz
and Privora, 1952; Jay and Pohley, 1981). The trans-
mission mechanisms of Dermocystidium spp. between
their fish hosts are well documented, where all
species produce zoospores to facilitate waterborne
transmission (Perkins, 1976; Olson et al. 1991).
However, in this study, both histological and TEM
examinations consistently showed no sign of parasite

spores developing flagellae. In addition to direct skin
exposure, the possibility of oral transmission cannot
be ruled out due to the microscopic observation of
parasite cysts within the digestive system. This
might also explain the presence of liver cysts, which
could pass through the bile duct following ingestion
as hypothesized previously (Raffel et al. 2008).
However, due to the anatomical location of the liver,
it is possible that parasite spores migrate through the
sub-adjacent dermal-muscle layers and into the liver.
Further studies are necessary to confirm the mode

of parasite transmission and also to investigate
whether multiple infections, characterized by
different developmental cyst stages within the same
individual, resulted from intra-tissue spread of
mature infectious elements (i.e. merozoite-type ele-
ments released from mature cysts), or repeated exter-
nal exposure where each cyst represents a ‘discrete
infection event’ as proposed by Raffel et al. (2008).
To explore the variation in disease susceptibility

several studies have considered the role played by
the innate immunity provided by AMPs (Zasloff,
2002). Amphibian AMPs, released from granular
cutaneous glands are increasingly recognized as a
first-line of defence against pathogens that use the
skin as their route of infection (Rollins-Smith et al.
2002; Woodhams et al. 2006, 2007; Rollins-Smith,
2009). We speculate that the reduced diameter of
granular glands in infected newts, along with a
partial depletion of these glands, could have a nega-
tive impact on the production of AMPs, resulting in
a partially compromised innate immune response
and increased susceptibility/severity to infection.
Whilst we cannot allude to the mechanisms leading
to this difference, or the order of cause and effect,
it is an interesting observation that may deserve
more investigation.
Based on the high-sequence identity and pheno-

typic similarities, the pathogen observed here is the
same pathogen described from L. helveticus in
Southern France (González-Hernández et al.
2010). Phylogenetic analysis not only emphasizes
their affiliation, but also highlights their distinctive-
ness from other species of Dermocystid. The well-
supported and distinct clade containing the Rum
and France sequences, and the short branch
lengths recovered under Bayesian analysis, are indi-
cative of a single species. Whilst the internal rela-
tionships between Amphibiocystidium,
Dermocystidium and Rhinosporidium species were
not consistent across ML and Bayesian analysis,
the amphibian and fish infecting pathogens are not
monophyletic. Rhinosporidium sp. formed a discrete
clade suggesting one evolutionary host-shift to
mammalian hosts. However, the nested arrangement
of Dermocystidium sp. and Amphibiocystidium spp.
suggests that pathogens can undergo host-shifts,
resulting in several, independent amphibian-
specific lineages. Whilst host shifts between the
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lower invertebrates are not uncommon (Densmore
and Green, 2007; Bandín and Dopazo, 2011, Price
et al. 2014), the presence of multiple host-shifts
from fish to amphibians, but not the converse, is
atypical and appears to contradict previous theories
on host-shifts (Jancovich et al. 2010). In agreement
with Feldman et al. (2005) our analysis distin-
guished A. penneri from other Mesomycetozoeans
with high confidence, supporting its consideration
as a separate genus. Sequences from Rum and
Larzac were also distinct from Amphibiocystidium
sp., instead forming a clade withA. penneri, a patho-
gen of B. americanus in Northern America. The L.
helveticus infecting pathogens are therefore not
members of Amphibiocystidium, but instead should
be consider a novel species within the genus
Amphibiothecum; Amphibiothecum meredithae.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be
found at https://doi.org/10.1017/S0031182016001943
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Supplementary Table 1: Microbiological findings from 25 skin swabs obtained from control 
site (n=6) and from the infected sites (n=19). 
 
Type	 of	
culture	
	

Intensity	
of	
colonies	
growth	
	

Sample	
Pseudomonas	
fluorescens	 P.	luteola	

Pseudomonas	
sp.	

Burkholderia	
cepacia	

Acinetobacter	
sp.	

MIXED	

+	
CTR	
(n=5)	

1	(16.7%)	 -	 -	 4	(66.7%)	 -	
++	 4	(66.7%)	 -	 -	 -	 -	
+++	 -	 -	 -	 1	(16.7%)	 -	
+	

INF	
(n=13)	

-	 5	(26.3%)	 -	 1	(5.3%)	 1	(5.3%)	
++	 10	(52.6%)	 -	 1	(5.3%)	 5	(26.3%)	 -	
+++	 2	(10.5%)	 1	(5.3%)	 -	 1	(5.3%)	 -	

PURE	

+	
CTR	
(n=1)	

-	 -	 -	 -	 -	
++	 -	 -	 -	 -	 -	
+++	 -	 -	 -	 1(5.3%)	 -	
+	

INF	
(n=6)	

-	 -	 -	 -	 -	
++	 4	(21%)	 -	 -	 -	 -	
+++	 1	(5.3%)	 -	 -	 1	(5.3%)	 -	

CTR=control site group; INF=infected sites group.  
Observed intensity of colonies growth: +=few; ++=moderate; +++=heavy 
Results are reported as percentage of observed growth 
 
Skin swab samples from 6 newts in the control group and 19 from infected sites were used to 

inoculate Horse blood agar (Oxoid PB0122A) and MacConkey agar (Oxoid PO0148A) plates. 

Horse blood agar plates were incubated aerobically and anaerobically at 37 °C and Room 

temperature and MacConkey agar plates were incubated aerobically as the same temperatures as 

described above. 

After 24 hours plates were examined and, if any predominant organisms was observed, these were 

subbed onto fresh Horse Blood agar plates and incubated either at 37 °C or Room Temperature. The 

following day the pure colonies were stained by Gram Stain and all were Gram negative bacilli. 

These were subbed onto Nutrient agar plates for oxidase tests and used to inoculate API 20NE  

(Biomerieux 20050) for identification. 
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GenBank sequences used for sequence alignment and phylogenetic reconstruction 

Dermocystida sp. Larzac/B-m, GU232542.1; Dermocystidia sp. Larzac/C-f, GU232543.1; 

Rhinosporidium sp. ex Canis familiaris, AY372365.1; Rhinosporidium seeberi, AF158369.1; 

Rhinosporidium cygnus, AF399715.2; Rhinosporidium seeberi, AF118851.2; Dermocystidium sp., 

U21336.1; Amphibiocystidium ranae 2-04, AY692319.1; Amphibiocystidium ranae, AY550245.1; 

Amphibiocystidium sp. C107, EU650666.1; Dermocystidium sp. CM-2002, AF533950.1; 

Dermocystidium salmonis, U21337.1; Amphibiocystidium sp. viridescens LA1, EF493030.1; 

Amphibiocystidium sp. viridescens MA1, EF493028.1; Amphibiocystidium sp. viridescens MA3, 

EF493029.1; Amphibiocystidium penneri, AY772000.1;  Amphibiocystidium penneri, AY772001.1;  

Dermocystidium percae 35, AF533948.1; Dermocystidium percae 33, AF533946.1; 

Dermocystidium percae 6, AF533944.1; Dermocystidium percae 1, AF533941.1; Dermocystidium 

percae 5, AF533943.1; Dermocystidium percae 34, AF533947.1; Dermocystidium percae 9, 

AF533945.1; Dermocystidium percae 4, AF533942.1; Dermocystidium percae 52, AF533949.1; 

Uncultured eukaryote, AB275066.1.  
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