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Summary 

The Introduction contains a brief history of the art of 

systematics within the science of evolutionary biology. fro. m 

Plato to present day nultivariate morphometrics and most recent 

biochenical techniques. The problem of this thesis, an attenpt 

to demonstrate the degree of genetic divergence and hence 

speculate on the phylogeny of the British races of Clethrionomys 

g1nreolus, is presented. 

Chapter 11 introduces snall marmals in the British Isles and 

two theories of origin of island forms, (a) glacial relicts 

and (b) human introductions. Clethrionomys is discussed in 

greater detail and Section C dpscribes the islands and their voles. 

Chapter III contains methods of trapping, of animal husbandry 

3nd laboratory techniques and of recording and computing techniques. 

Technical details of electrophoretic nethods are described in 

Chapter IV and results of an electrophoretic investigation of 

Clethrionomys. Low levels of protein polymorphism posed the 

question: Is this tYpical of the Clethrionomy genome? 

Chapters V and VI investigate this. 

A study of metrical variation in skull characters comparing 

Clethrionomys with A-podemus and Ilicrotus showed Clethriononys 

to be less variable than either of the other species. 

Chapter VI analyses non-metrical skull characters in the three 

species and finds Clethrionomyn to be nore variable than 

Ar, o ie-, ius or Microtus. 



In ý; hapter VII Eahalonobis's Distances, Canonical Variate 

Analyses and another Distance measure are used to demonstrate 

deerees of relatedness between populations of Clethrionomys. 

Island races are as closely related to one another as mainlnnd 

populations within the britannicus, race. Grevtcst "divtnnoea" 

are between islands and inland mainland populations. It is 

su,,, 
--, 
-ested that island forms probably originated from Lplacial 

relict stock with subsequent migration to and fror. the mainland. 

A general discussion in Chapter VIII considers the aDparent 

paradox of amounts of variability in Clethrionomys at different 

levels of biologiýaj organisation and goes on to discuss 

evolution in Ceneral. 
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CHAPTER I INTRODUCTION 

The Bank Vole, Clethrionomys glareolus (ShreSer), exists in 

Britain as one mainla; id and four island sub-species or races. 

Tho foryna of thoue racou arc oa4ily recoanisable to anyono 

familiar with bank voles but the description of their differences 

is difficult and the theories of their origin confusing. 

"'his study is an attempt to describe the differences between 

the British forms of Clethrionomys rlareolus usinr modern 

taxonomic techniques'in order to gain a better understanding 

of the nature of the variation, and to speculate on the ori6in 

of their differences. 

It is not easy to describe in exact terms the difference 

between one organism and another so that the next man will 

be able to understand and recognise the differences you have 

observed. Perhaps the oldest and most universal means of 

classifying and describing the multiformity of Nature is by 

ineans of the human language. An early stage in classification 

is found in Genesis 2, vV 19-20 IISSo God formed out of the ground 

all the wild animals and all the birds of heaven. He brought 

them to the man to'see what he would call them, and whatever 

the man called each living creature, that was its name. 

Thus the ran gave names to all cattle, to the birds of heaven, 

and to every wild animal". (New English Bible) "A name or 

a word ... applies not to a single object but to an array of 

individually distinct entities" (Dobzhari-skyl 1970)- 
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Plato in 400 B. C. saw "the word" as the eidos or archetypal 

form of living things on earth and later the Pythagorean 

school taught that the essential quality of an animal or plant 

could be captured in a single drawing and its essence reduced 

to a numerical or geometrical description. This was, a, t that 

stage, of limited use in describing organisms and by the time 

of Aristotle, the scene was set for a new way of thinkinT... 

jllý. ristotle systematised and anplified the thoughts of Plato and 

Socrates believing that the essences of living thinp,, s were 

embodied and expressed in the things we see and the individuals 

we neet. He provided the intellectual framework of the Linnaean 

classification. Linnaeus, in the 18th Century, classified all 

living things into groups. He was an Aristotelian realidt 

and maintained that biological species are real entities whose 

essences were created by God. Darwin (1809-1882) believed 

thrýt these biological classifications "rellect objectively 

ascertainable slusters of organic forms" (Dobzha%isky, 1970). 

He was fascinated by the diversity of living organisms. 

his and Wallace's theories on the origin of the great diversity 

of life are the foundationstones of modern evolutionary bioloEy. 

Mlendel, working in the late 19th Century but not widely known 

until the early 20th Century, gave us an insight into the nature 

of the building blocks. 

In the 100 years since Darwin the focus of evolutionary studies 

has, moved from a philosophical and aesthetical aprreciation of 

life's variability to detailed studies of the genetic variability 

at the sub-cellular levels of organisms. But behind it all 

lies the great question concerning the nature of the evolutionary 

process. Simpson in 1949 saw only one really universal trend 
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in evolution - that of adaptive radiation; , ýý'ýZýendcnczy--. for 

life to expand, to fill all the available epaces in the liveable 

envi. ýronments, including those crc-; ated by the process of that 

expansion itself", The expansion is by "cladogenesis" (IRensch, 

194? ) Qr llsplittinE311 (Simpson, 1953) leading, to a diver r.; L ýico tion 

of phylogenetic lineages. Cladogenesis andIbnagenesid"(Rensch 

194? ) or "phyletic evolution" (6impson, 1949) Go together to 

make up the evolutionary process. Alongside the CrDnd and 

philosophical views of such as 'feillhard de Chardin (1959) 

who in organic 6volution saw "only one event, the grand 

ortiloGenesis of everything living toward a higher derrree of 

immanent spontaneity", and Berg (1969) "evolution is in a 

Sreat measure an unfolding of pre-exi5ting rudiments", 

geneticists and molecular biologists have progressively 

focus. -, ed on the minutae of differences between species, 

populations and individuals. Illany aspects of genetic expressioný 

have been studied from '; ize, eye colour and bristle numberEý to 

A immunoglobulins and DNA base sequencing until Z%yala (1976). 

can state with such conviction "The stupendous evolutionary 

changes occurring throughout the history of life, as well as 

the remarkable diversity of living organisms, are the result 

of accumulated genetic changes". 

It seems important that in the study of the fine detail of 

organisms, the overall picture of evolution should not be lost. 

The study of evolution ought to be a balance between an 

understanding of the essence or gestalt of organisnal for, -. I and 

an observational study of the nature and diversity displayed 

by or embodying that form. It is very easy to observe the 
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multiformity in nature but "to grasp the essence is a greater 

achievement than to behold its evanescent expression" 

(Dobzhan. sky, 1975). This hope forns the basis of a new 

taxonomy. 

1-'ýYstematics has evolved as "the study of the kinds and diversity 

or organisms and the relationships between them" (Selander, 1971a) 

its primary goal being the causal and historical analysis in 

terms of levels of integration designated as natural populations 

(Mayr, 1969). Systematists from primitive man through Linnaeus 

to l,. ayr and SL, pson have sought the same ends - to 
I 
describe 

and name the natural groups or clusters of forms into which 

all living ormanisns are divided. "The desire to abstract from 
ZJ 

the great variety of living oreanisns forns which ... are C> 

capable of abstraction as the archetypal form of some wider 

category of shap es and sizes, is very deep-seated in hunan 

nature" (Blacklith and Reyment, 1971). Taxonomy is concerned 

with the schemes of classification reflecting the diversity 

described by systenatists. The "new taxonomy" (Blacklith and 

Reyment, 1971) stems from Pythagorean ideas which by no means Cal 

died out. They were modified and continued by Persian and 

"Lrabic-speaking philosophers and then by mathematicians like 

Leonardo Fabonacci of Pisa (12th Century) and artists such 

as Albrecht Durer (1471-1518) and Leonardo da Vinci (1452 

1519). Theirpassionate concern for the harmony of form led 

them to make sketches which reflected Pythad6Man pre-occupations 

with form and yet. ant*icipated the ideas of.. d'Arcy Thompson-. 

Up to 1750 it had seemed proper to select characters for study 

on 11, ristotelian a Priori principles but in 1759 Adanson produced 
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a radically new departure allctting equal a priori weighting 

to all characters. Independently Scopoli (1777) published 

a sirailar view on equal weiShting. In Thompson's (1942) works 

on allometric growth,. and that o. f Huxley and Tessier (1936) it 

becama apparont thcat the Congrollcation of growth atudiew wfýs 

to mark a milestone in the history of the study of form. 

Tessier (1938) was one of the first to use multivariate methods 

on invertebrates and Cousin (1961) extended this to the use 

of factor analysis in studies of inheritance. These and 

Jolicoer (1963) then had placed multivariate generalisations 

on an acceptable nathenatical footing and thus g,; ve rise to the 

conception of a new taxonomy. 

"'he use of this new taxonomy is perhaps the only way we can 

cone to a real understanding of evolutionary processes in time. 

As evolution is a process in vast time only a palaeontologist 

can see accurately the changes in fossil form in tine, but his 

naterial is of a limited dimension and he can only speculate 

as to the nechanisns involved in producing the changes. 

R. ost evolutionary biologist s- must look at the spectrum of 

diversity in space now and try to understand how it comes to. be 

the way it is. We can only look, describe and speculate and 

I 

very rarely are we granted the privilege of secing an evolutionary 

chanSe in our time such as the spread of melanism in the Lepidoptera 

in Britain (Kettlewell, 1961) or the change in size an d shape 

of sparrows since they were introduced to the U. S. A. (Johnston 

and Selander, 1964). A taxonomy based on a detailed understanding 

of causes of the diversity of form must be a leading way into a 

true study of the evolutionary process. 
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Earlier studies of the diversity of forn or morphology within 

taxa were inevitably based on such obvious characters as 

differences of size or phase. The theoretical basis of 

quantitative genetics, the study of differences of degree 

rathar than of kind, is firmly btAQed on 1, ', endelian principles 

of inheritance as applied to populations, and was established 

around 1920 by the works of Fisher (1918), Haldane (1924-32) 

and Wright (1921). A discussion of the current theory can 

be found in : Falconer (1964). 

Also firmly based on a foundation of Mendelian principles was 

the development of qualitative genetics. The term "genetic 

polymorphism" was defined by Ford (1940) as "the occurrence 

together in the same habitat of two or more discontinuous forms 

of "phases" of a species in such proportions that the rarest 

of them cannot be maintained merely by recurrent mutation". 

The existence of polymorphisms in populations is a readily 

observable manifestation of the diversity within each genone 

and has been known to exist throughout evolutionary tirrej e. g. 

Cenaea banding polynorphism has existed since the Pliocene (Diver, 

1929),, Huxley (195.5) and Ford (1940,1965) review earlier 

work on polymorphisns. 

Both qualitative and quantitative genetics are much used and 

invaluable tools for the investigation of causes and mechanisms 

involved in phyletic evolution, and, when incorporated in 

taxonomic studies, provide us with the basis for phylogenetic 

or c ladogenetic speculation and the construction of evolutionary 

trees. Studies of both quantitative and qualitative genetics 

contribute to an understanding of the morphology of organisms- 

a. 
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"MOrphology is defined as, the study of the form and structure 
I 

of an organism or any of its parts ... Since protein molecules 

are the principle morpholo: ýical units of theaninal body at the 

molecular level of organisation, it follows that their form 

and structure are as ro. 'Lovant os aouroes of Conotic and phyloaanotio 

information as are the muscles, bones, orgqns, skin, hair, 

feathers and other structures which thenselv'e--,, are 'Composed 

largely or entirely of protein molecules. " (Ubley, 1962) 

That. genetic variation can be expressed through altered enzyme 

aclklivity has been appreciated since the days of Garrod (1923). 

Since multiple enzyme forms with similar functional properties 

were first described by Markert and Mýller (1954) such 

isoenzyme variants have been observed in a large variety of 

org-ani-sms fro: r, bacteria to man. (Reviews in the Syriposiul,, Of 

-iple ELOlecular forms of Enzyr, -, es (Ann. N. Y. Acad. Sci. 1061); !, ýult 3 

Shaw (196.5); Farris (1966). ) Lewontin and Hubby (1966) and 

Harris (1966) first introduced the use of these techniques to 

population biology and systematically attempted to neasure 

genetic variation in natural populations by screening them 

ele. ctrophoretically for alý-andomly selected sanple of proteins". 

The enormous quantity of similar work is widely reviewe4le. g. 

Lush (1970); Selander and Jolinson (1972); Levrontin (1974); 

Irarkert (1975); Nei (1975); Powell (1975). 

M'ore recently many improved biochemical techniques have led 

to the discovery of even greater amounts of genetic variation. ' 

Such techniques as tae determination of the amino-acid sequences 

of proteins having the same 'A. Ounctional activity in different 

organisms, various immunological techniques and the co. mpwi son 

I 
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of DINA base sequences by hybridisation studies have more than 

fulfilled Crick's prediction - "Biologists should realise 

that before lonrr we shall have a subject which nirht be called 

'protein taxonomy" CCrick, 1953). However, sophisticated as 

theoe techniques may be, thoy are still laborious and expensive 

and, so far, it is only electrophoresis which has been widely 

used in population studies of molecular diversity in or ganisms. 

Enzynes as studied by electrophoresis are not terribly useful 

phylogenetic tools because they are knoim to vary considerably 

across species in places other than at their active sites. 

Various heat-denaturation and p1l differentiation studies have 

revealed great diversity within enzynes of identical electro- 

phoretic mobility, e... Bernstein et al (1973); Singh et al 

(1974). But at present the electrophoretic techniques are as 

near as we can get to the genes in routine taxonomic studies, 

and the use of them as a measure of genetic diversity in 

organisms &t various levels of phylogenetic divergence is a 

valid taxonomic-tool. Ayala (1975) reviews several studies 

on "Genetic Differentiation during the Speciation Procýssll and 

various people have looked at groups of organisms at different 

estimated distaneds from their points of divergence, e. g. Richmond 

and Dobzhansky (1976). They say "Species in natu descendi 

are :: -elatively rare, perhaps because the critical stages of 

t The 3uper- the speciation process are passed rather rapidly. 

species of Drosophila paulistorum is an example of a form caught 

in these critical stages at our*time level. It is in the process 

of evolving into six semi-species or incipient species". 

Zouros (1973) studied genetic differentiation associated with 
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the early states of speciation in the mulleri group of Drosophila 

and analysed amounts of genetic changes involved in the steps 

from population to sub-race to race. Ayala (1976) reviews 

these and other similar studie, -. 

It does appear that the only organisns that are raDidly evolving 

at the noment are those small, brown, insignificant and non- 

specialised ones such as Drosorhila, sparrows, some moths, 

various small rodents and it is not by chance that most of the 

studies of evolution have been carried out on these. (Geneticists 

like variation! ) Peronyscus is an example of a rapidly evolving 

genus and has boen described as a "fascinating example of 

evolution in action" (Dro-; ý, n, 1957). Shaw (1964) says of Peronvsciir 

naniculatus; llvýe have almost come to the conclusion that there 

it not an enzyme anywhere in this delightful creature that 

does not vary". Also among the small, brown rodents, I'Voles 

are a rapidly evolving, geologically 'young' group of mamnals" 

(Kowalski, 1970). Kowalski, in a paper on variation and 

speciation in fossil voles, describes examples of unusually 

high variability in different stages of voles' geological 

history and discusses whether this unusual variability precedes, 

or is a result of, speciation. 

It seemed appropriate to use modern techniques of both 

electrophoresis and multivariate norphonetrics on some present- 

day British descendents of these "rapidly evolving" organisvis, 

the various races or sub-species offlethrionomys rlareolus, the 

bank vole. I hoped during this study to shed light on the degrees 

of genetic divergence and hence to speculate on the phylogeny and 

evolution of a group of aniruals of disputed taxononic rank. 
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CEAPTLh' II - Small mammals in the British Isles with special 

reference to the Bank Vole (Clethrionomys Flariolus 

(Shreber)) 

Section A- Small mammals in the British Isles 

Section B- T"ho : Uzni, Volo 

Section C- The Islands and their Bank Vole races 

Section A- Small Manpals in the British Isles 

The British Isles are inhabited by a unique-and highly' varied 

fauna. "Twenty-four species of wild land mammal are distributed 

unequally over hundreds of islands" in Scotland alone (IMurray, 1973). 

Table I demonstrates this variation giving details of the 

sinaller mammal distribution throughout the '4estern Scottish 

Islands. The situation is even more conplicated with the 

inclusion of the Welsh Islands. Buxton and Lockley (1960) write 

"It is remarkable that, of the three main islands (Skoner, 

Skokholm. and Ramsey) off this part of the Pembrokeshirle coast, 

Skomer alone has an enlarged bank vole, Skokholm has only the 

house mouse (introduced) among truly small mammals, while 

"Ramsey has shrews and what appear to be typical com., ron bank- 

voles". The overall distribution of small nammals over the 

British Isles looks like a widespread and random'scattering of 

animals across the Islands with the only co-Inoh, trend being 

a tendency for there to be larger numbers and a greater variety 

of species on the bigger inner islands such as Skye, Mull; 

the Isle of han. 

Ever since small mammals were observed on islands there has been 

much speculation and controversy as to how they got there, and 
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Table Distribution of small mam-mals in the Scottish 

Western Islands (from Murray (1973)) 

Conmon Shrew - Gighal Jura, Mull, Raasay, S. Rona (Sub-specioc 

on Islay). None on Outer Hebrides. 

Pigmy Shrew - on all main islands. 

Water Shrew - Mull, Skye, Raasay. 

Eodgehogs - only on some inner isles, notably Null. 

1""oles - none in Eebrides until 1800. Introduced to Eull 

by ship dumping earth ballast from MOrvern. Have since 

spread. 

Blue and brown hare - on both inner and outer isles. (Scottish 

and Irish sub-species on Islay, Jura and Mull. ) 

Rz. b,; its - introduced to all larger islands in nediaeval 

times; by 1549 were numerous.. 

Short-tailed vole - common vole of all islands except Lewis 

and Raasay. Is the Hebridean sub-species I'Microtus 

arrestis exsul. Further sub-species on Islay, GiSha, 

Bank vole absent from Hebrides except Raasay and Mull where 

it exists as separate sub-species. 

Field mouse - ADodemus sylvaticus sylvaticus on Skye but all 

other islands have A. s. hebridensis. Rum and St. Kilda 

have their own sub-species. 

Stoats and weasels - only on inner islands. Jura and Islay 

have stoat sub-species. There are stoats on most inner 

islands and weasels on fev;. 
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Table 1 contd. 

Pine-marten - on Raasay only (? ) 

Otters - all over. The only carnivore on the Outer 

Hebrides. 

Fox only on Skye. It was on Mull and probably 

other islands until 1800. 

P61e-cats - died out. Used to exist even in the Outer 

Bebrides. 
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why they are different from, or similar to, other groups on 

other islands or the mainland. The two main arguments used 

time and again on-a multitude of different species, sub-species 

and races are: - 

i The island formn are pre-r II -'. (I t, ",: 
L ra (AIrA1 

-4 F1 The Ice Sheet 

of the last Ice Age in the Pleistocene Period 600 thousand to 

10,300 years ago covered Britain as far south as the Wash but 

was not temporally or spatially continuous and there were many 

pockets where animals and plants could have survived (Beirne, 

1952; west, 1968; Darling, 1955) 

ii The island forms have been introduced by man. There is 

recent historic and anecdotal evidence for this. on many islands. 

For example; House mice were introduced to Skokholm in the mid- 

18oos (Berry, 1964). Yoles were introduced to Yull in 1800 

(1, =ray, 1973) and Rabbits to Skormer within historic times., 

crofter lady on Raasay told me a story of how a wood mouse 

jumped into her bag after some cheese while she was visiting 

her sister at Dunvegan on Skye, and jumped out when she 

arrived home to fkaasay! NFurray (1973) sugEests that "The whole 

pattern of ... mammals on the islands off the coast oi Britain 

suggest chance introduction as the main source of the differences. " 

Berry, working on island forms of Arodertius sylvaticus argues 

"with one conceivable exception (A. sylvaticus kildensis of 

St. Kilda)" the 15 races or sub-species in 'the 111, ebridean and 

Shetland groups of islands, "Could not be survivors 

man, It is much more probable that they were, 
'int`rý 

and the Vikings or their descendants seen the most likely 

agen ts" (Barry, 19696and 1975). 
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The British forms of Microtus (the short-tailed vole) are less 

numerous than those of ADodemus but the situation is equally 

complex. There are two species M. orcadensis which is 

spjit into five sub-species on the Orkney Islands and 

i,!. arýrestir. which ie diviaud into two cub-speciezq 14. n. norýlj)ctun 

in northern Britain and Yi. a. hirtus in the south. Harrison- 

1,4, atthews (1968) gives a detailed but speculative descripti. on of 

the origin of the,, ýe forms. Figs. 
-1 

&2 eive maps of Britain 

showing the distribution of the various races and sub-species 

of Anodemus sylvaticus and Licrotus alTrestis. 

The bank vole (Clethrionorys_frlareolus) presents a rather less 

complex situation (see Fis. 3, a map of the distribut; ion of 

its races). The main problem at the. outset of this study 

was to investigate the relationships between the island and 

mainland races of Clethrionor. qys in Britain and thus attempt to 

throw some light on their origin and subsequent evoltion. 

Section B- The Bank Vole (Clethrionomys glareolus (Shreber, 187M 

Red field vole (English); Hillmouse (Scottish); (No gaelic 

name); Llygoden guttair maes Cvv'elsh) or red-backed vole 

(American English). 

"The J'ank Mouse of Britain" was first described i. n 1832 by 

Yarrell who believed it to be new to science. It was soon 

compared with specimens fron other countries but was obviously 

a recognised sub-species. The species r, lareolus is usually 

found in wooded districts throughout boreal and temperate Europe. 

In 13ritain it tends to inhabit the scrub edGe between woodland 

and pasture or common with the result that, although abundant 

where it occurs, it has a Patchy and restricted distribution. 
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i3ritish forms of I'licrotus sp. 
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ý,; cottish valleys 
; nd lowlands, 

ý, nglond a'nd inles) 

sprn L us 
(Guernsey) 
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, ý'lctý-rion, omys )ýlareolus is c microtine rodent which "scerns to 

c. connectin- lir,.,. Letwoc-a voles and mice" as iL is lithe 

of all our voles both Jr, for, -,,, and F , eneral 

=afs, 1ý04-6, Vol. -o tY. e _; _ .0 11 -p. 237') It belongs -1. 

wilich : L,,; dýLvidod into; - 

(Voles 

I.: i1y U iliii 

iIyGLIiý 11) AE 

(Yrice and rats) 

(dormice) 

oseco,, - I. .. tain 13 -ritish species (includinff some recent 

J-- , troductions). 

1 s-pecies of bank vole, 1 species water vole, 

2 species short-tailed vole. 

2 species wood rnouse, 2 species house rýouse, 

h 1 species -arvest mouse, 2 species rat, 1 species musk rat. 

2 speciez dormice. C IT-arrison-ll, otthCw-, 1q68 

V,. ýr Fi,. Ce the 
_; enera of voles were described in the early 

1800-s t. 1--ere has been much confusion in classifyinZ the various 

forns. ý, jhen bank'voles were first described they were ca., -led 

(1811) then --i--y-oudaeus :; in 18'74, ýyo j, ", --- 
(1831 ) and Evotomy, 

ý3 &rret t- 'l-amil toll, 1910-21). T, d1ler (1Q, 12) assi. r-ns s-necific 

status to several of. the races and t1lis status was retained 

w1he. -. the name was chan-ed to Clethrionoriý,, rs in the early 1900a. 

. ost recent descritions Carrison 
. ca e '0 U -i,, atthews, 10,68) -11 th 

j sj.: ý. -jd forms sub-species or races althour7h Delany and Bishor (10,60) 

co-ý'clude t1-. e Lull for., -. -. does not even Y; ierit sub-s-necific rank. 

-. a,,, r ý19-63) defiiies s, -. ecies as ", Trou-, )s ()f actually or -potentially 

naLural Po]pulatiors, whic. 1 are re-oroductively 

4so-ated fron, other such Croui)sll. , hat. they are potentially 
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ca,,, a3l, a of in tcrbree dint,,, 1. us been denonstrat -ed by 'ýteve. -. (1ý; 03) 

and t'ýIdcr( 1973) in týie laboratorY and by Godfrey ( illers. Com- . 
') 

in a simulated wild situat-, ion. That the rpees -r)rej'er to 

rn, &'Le with their kind (Godf. -cy, jo,, -, Ilson ors. 

-L!,. o culb-31; eucific rý,.,. k 1,1all accor(ýQd. Tha currantly 

accepted numes for the -, ritish forms of Clýý --riononiys are: - 

L;. r--lareolus brittanicus (6hreber, 1878) (Evotomys 'hercYrIcl-s 

brittanicus, Aller, 1900) - ". ainland Lritain 

0. -lareolus -Istoni and iiinton, lc'lPý I' ý; ý) -, Uli 
-loreolus sj,: omerensis (Barrett-4 ilton, 1903) Ilam - Skonier 

-;, -lareolus caesarius (1,1 "iller, 1908) - Jersey 

Flareolus erica (Barre lton and h-inton, 1913) 

See man above Uig. 3) for their distribution. 

these races ca,,, -rives Considering how o to be, 3eirne (1952) 
_ 

an excellent description of the Ice Age Relict argument. (I 

have a-ered his specific to sub-specific status) "Certain ! ýritish 

sub-species of bank voles of the -enus Clethrionomys represent 

a %1,1eltic Land population". ("The (; elti CT and" was an ice- 

free rer-ion ýiest and South-west of the D"ritish Ice Sjheets. 

belt of land bordering the xýtlantic sea coast, broadened to 

the south to : ýnclude a large area of low-lyinjý. -ý land between 

the -present south coast of ireland and north coast of France. 

:,: ()z,: t of it is now covered by sea but it inc-11-uded sor,,,, e of the 

:: e'ýrides durin, ý, tae 71'hird Glacial Phase (Beirne, Ch. I'l). Cý 

states that the four 3ritish Island sub-species of 

L; 1etnriono,,,, ys ý71areolus are closely related to one anotlaer and 

to t. -, e borao-al-pine C., F-,. 
_na-eri not found in the --'-itish I-sles. 
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early history of tllese Su I 0-SPQC: LeS -probably wýs similar to 

1:, 1 t, -iey Fire of the irisn i1are (Le---.,. -, is e. 

deocendeilts of ý, -po, -)ula'kio., 
-. that was isolzýted on tl-. e loess 

sta-o-ý)cs of norta-centlr, ýý"L iiurope curir.,, a r-lacial nhase. On 
L) 

02 the ]Lce this poi, ulaLiun dividud ý! lrid the 

ponullations so droduced retreated northwards into the nountains. 

A suboequent clacial-advance drove the Al-, r-, ine ;: ýn(ý nortnern 

-:, uropean po1pulations onto 1. ', ae step-pe, and the po-,,, ulbtion 

in'labitin ti.,. Lt region developed into C. P,. nar(, ri. the 

tirie the population inliabiting the L; ritish Isles was drivel'. 

weotwards to survive the g-lacial phase on the Celtic -. ýin(!. 

La-. cr when the ice retreated, C. ýý-. na, -eri retreated north,,. -ard 

and iný. o t1ie Alpine r<; ion. Tlie simultaneous rise 

sea-level divided t.. e Celtic L-and po-oulation, which by tl-iý-t 

t )ulations, ýIinýe h3d develo-ped independently, into 'Lour smaller Do,, 

w1iich have since developed independently of each ot'llier into 

Skomer and Jersey voles respectively. I -ull, 

clato in the Icc k,, -e, -perha-ps at i. ', le tire the 

I)OpUlaI4 ýe Celtic !, and U. Lon was divided, the 3ritish bank vol 

C lareoll's m the Continent. " (britan-n4cus) invaded Britain fro, 

joined to u- ,. ý-tinr this ritain was ti, -ie L 
1; Lýrarice. 

is the discovery of fossil Cletnrionomys V. -esis L,., - have 

be en clai-ed to 'be of the nagperi form in nainland Britain 

r-ei--tocene doposits. C-r-britannicus does not occur 

]tF- ea Pleistocene in t,. e fossil de-DO ýts &t Hent, until ta 1 te 

it occurs aioný3side fossils of the older ra, 7-eri Crou7. 

flora on The abundance of rre-, -, lacial 

(ý)arlinZ, 1053) also slu-p-port, the rDlict hy-pot'nesis. ., a-asay s 
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2h- ot"'c-" theor, r aboUt the ori-in of different forms on 

-ýs -. -ýir raný-ori i. itroduction by ýIýz; n and subsequent indeý-)Cndcnt 

evilu-ýio. a. in -co'Lllzind there J-s no record of until -oost- 

,, -lý, cial ti, ý, ies around 6,4-00 and he w-is not in til-ýe lielorides 

, ý-I 3,800 13-C; - i,! ti; e nid-'tlantic period (. -., urroy, 

time there were forests of birch and hazel scrub 

-dub, 
bank-vole habitat. 

-choo. -etically voles could have been 

-; ntroduced to the z)c6ttish Islý-nds any tJ 3 me fro, -(, around /, 000 ! ý-C- 

(Until then the ýiuman-oonu]-ý; tjon was very low (-Ltl: inson, 1962). ) 

5,000 years or perhaps 10,000 -enerations is nrobably ample 

for thec. a to have evolved such differences as are manifest. 

4-j JIS 3erry (1969b)sugýjests the -Rhum population of -T)odenus s, ', 'lvZ---c- 

has only been there for 500 yeý,, rs and this race is the most 

, is--; -ct and di 'he others. 'L, from all -, 

"ll t'nese islands, iýaasay, -, ull, 6kor--cr and jersey are fertiýe 

and desirable places for jr, -n to live or at least to graze his 

'livestock so there could have been repeated introductions of 

voics onto the islands durj, -. _ýz, 
the history of their use or 

occupation by man. 

-ur. rent against the relict hypothesis is F: iven by 3rown (19557) 

in z- on Centril -L 
7ý 4 tes many cases, fuga" spec--jation. -rOWn C-A- 

includin., the Cletliriona22fs sik'uation, where aninals at the 

-p. ýiery ol Lý e: ý f tlieir range -end to be more extremely different. 

rejected by Cook '19611. jk Corbet (1961) suC: ests on his 

ev--, nce thý, L, 'icr, -)tus were relicts but not Clethrioror^-ý-- 
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The bzina vole situation is complex and unresolved. I had 

Loped at the onset of ---is study to investigate the three 

northern bank vole sub-species using one of the more modern 

bicche.,, iical techniques referred to in, the introduction, namely 

olectrophorosis. This attemptf as will be shown inGhapter IVv 

was unsuccessful. Differences between races and sub-species 

in the past have been described in terns of "na. sal longer U 

than or equal to diastem. a plus a skull or hind-foot length 

and a coat description Ovdller, 1912). Delany and Bishop (1960) 

measured various aspects of the coat, body size and skull. 

Corbet (1964) looking for other methods of measuring variation 

that mi,,,. -ht -help in the interpretation of Bank Vole history 

devised a table of seven characters which roughly diagnoses 

each form (see Table 2). Delany et al in later papers used 

a few skull measurements in multivariate analyses to investigate 

island forms of fi-, podemus sylvaticus (Delany, 1965; Delany and 

Healy, 1964 and 1967; Delany and Whittaker, 1969). IFesting 

(1973) used mandible neasurements to distinguish between inb red 

lines of mice and Berry in many papers has used a measure of 

distance based on scores of skull characters in Mus and 

Apodeinu (Berry 1968 for references; Berry 1969a, 1973 and 1975). 

intention was to measure the "distance" between the various 

island-sub-species and that of the mainland using several types 

of morphological measurements-and multivariate analyses. These 

will all be discussed in detail in the following chapters, 

I attempted to take samples of vo les from the two Scottish. and one 

Welsh islands$ from populations on the mainland coast as near as. 

possible to each island and from several random places inland. 
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Feature Mainland 
Britain 

Island of 
1-. 'ull 

Island 
, 
of 

Raasay 
Island of 

Skomer 

1. Colour of 
Lorsal Fur Dull Dull Dull 

2. %Iolour of 
Ventral Fur Buff Buff Buff Cream 

3. Size of 
"ind F H oot 17.8.. mm 17 8,. Irr 17.8rm. rr, 17. mn 

4. 1'. asals 
posterior halves Tapering Tapering Tapering Parallel 

sided 

LenStr. of skull 
of adults in 24.2nm 24.2nm 24.2mr, 24.2mm 
spring 

6.4. h inner ridge of 
!, 
ý 

(extent of its 
projection beyond 
the preceding 150 150 150 150 
groove 

6. -ý-,. 'elative width of 
anterior palatine Narrow Medium Narrow Narrow 
foramina 

from Corbet (1964) 
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The next section describes the islands and their bank voles 

in Sreater detail. 

Section C- The Islands and their Bank Voles 

The ioland Of RiLassy liom between the isle ot Sky* 

and mainland Britain in north-west Scotland. It is 14 miles 

ýon- and approximately two miles wide increasing to four miles 

at the foot. Because it lies in the lee of Skye its abundant 

veý, -etation is a demonstration of what can happen in the mild 

north-west climate when the force of the westerlies is' broken. 

Calcareous sedimentary rocks of the Jurassic and Triassic 

periods are of local ecological importance giving rise to 

oases of fertilelsoil and greenery. * Most of these support a 

combination of well-cultivated (or cultivable) arable land and 

pasture and give a-varied coastline with an abundance of 0 

deciduous woodland and rich flora. The im pression of life on 

-Raasay 
is one of rich diversity and abundance in a mild,, warm 

and sheltered climate. Perhaps the best description is from 

Darling and*Boyd (1964). 

"The island of Raasay between Skye and the mainland is 

ecologically diverse. The diversity arises from a complex 

and varied geology with Torridonian sandstones, Lewisian gneiss, 

r, "ertiary granites-Jurassic limestones and other sediments. 

This has a profound effect on the distribution of plants'and 

animals in aýll departments of the habitat. The island has 

been further diversified by the coniferous plantatior4sof the 

. Raasay Forest. 'There are patches of natural scrub woodland and 

and numerous lochans and streams on bedrocks of contrasting 

character. 'The community Of small birds is rich and the 

Rausay vole is distinct from that on the mainland. " 
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Therc are no short-tailed voles on Raas3y and the wood-mouse 

and Ra3say vole are tile only herbivourous competitors '-. this 

diverze and varied island. The Raasay vole C. p. erica was 

first described in 1913, Evotomys erica, by P. D. Montague 

(BiArret-libmilton and flinton, 1913). Type specimen No. 14.1o3o. 

5. of British ý., useura Colle ction. It was called "ericall 

because the three specimens trapped were in "big heather". 

"It resenibles E. alstoni in general appearance and colour but 

is slightly heavier, -has a more robust tail, and the ventral 

surface much more heavily washed with buff, in sharp contrast 

with the dark brown of the flanks and upper surface of the tail" 

3arret-Hamilton and Hinton (1910-20). 
Early descriptions made 

much of the larger size of the jaw of all the island S-oecies - 

thought to be an adaptation for eating coarser herbage! Steven 

in Harrison-I'Vatthews states "Tile size difference between the 

Raasay and mainland bank-voles amounts I to between 15 and 20 

per cent in length and about 100 per cent in weight". 

first encounter with the Raasay vole is quite a shock after 

handling the small and delicate creatures of the mainland. 

It is huge and grosst seeming much wilder with immense jaws, 

and in colour, size and general feel certainly rem1nded me- 

instantly of the. C. g. nageri specimens I had encountered in the 

Edinburgh vole -colony. 

The nearest place on the maihland to Raasay is Applecross which 

is almost an island in itself. Applecross is a luxuriant haven 

surrounded on three sides by high desolate moorland and on one 

side by the se . a. Until very recently the only way into 

Applecross was either, by sea or over the 2,500 ft Bealach na. Ba, 
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Like the pockets on Raasay the fertile soil of Ap-nlecross derives 

from calcareous sedimentary rocks and allows unexpected lushness 

ond fine Crowth of trees. I was told in Applecross of people 

who had rented grazing on Raasay and Rhona but visits to and 

fron ilpasay Qnd Applecross have prolýably always been lose 

frequent than between Raasay and Portree on Skye. lt is quite 

likely then that small mammals in ý'pplecross might well have 

bee.. almost as isolated as the island populations. 

Mull The island of 1,111ull was part of mainland Drorvern when 

the Loch Linnhe ice, forced north, cut the sound of Mull, 

now only two miles wide. The island is mountainous, rising 

on Ben I-lore to 3,170 ft to which the big hills are concentric. 

Mull's main mass is voicanic rock with Tertiary larvas piled 

on top of earlier Moine schist between which lies a thin 

spread of Cretaceous and other sediments. The friable rock 

has given Mull a well-Orained soil, much of it rankinq with 

the most fertile in the highland area (MIurray, 1973). The 

east coast, nearest Mlorvern, is of south Elighland character, 

well-eroded low down and giving way to grassy hill slopes above. 

The north end of 11, ull consists of green, even terraces with 

occasional gullies. "Trees of many kindal-grow'well in the 

sheltered parts of I-lull on this base-rich s the volcanic 

rock and reach extraordinary luxuriance anicý beauty at, Carsaicf-, 

Bay'on the south coast of the island" (Darling and Boyd, 1964). 

On I-lull the abundance and distribution of small mammals is 

similar to that on the mainland (Delany, 1961). There is much 

less of the feeling of being on an island on I-i'Ull than on the 

other islands, perhaps because the m ainland is so close to 

two of its three sides, and Perhaps because it is so large. 
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-2he Xull vole, C., ff. alstoni, was first described in 1913 from 

specimens taken in June 1912 by R. W. Sheppard (Barre t_TlaMil+ on 

M and ý.; inton, 1913a). lype specimen No. 14.1.30.4. of British 

i-luseur, a Collection. Alston's Bank k1ouse, Evotomyz alstoni, : -s 
dec; cribod by Barret-liamilton and Linton (1910-20) as "a qUite 

distinct form of comparatively larger size,. but with relcitively 

short ears and tail and peculiar skull. In general size it 

is ... larger than glareolus, but smaller than skomeronsli. s. 

The tail and ears are zýbout as in glareolus, the hind feet as 

in ... skonerensis. 'The colour is similar to that of adults 

of the deeply tinted forms of plareolus being deep "russet" above, 

the under-side richly washed with yellowish or buffy tints". ' 

First impressions on handling the Mull Vole-were that it was 

li]ke an overgrown mainland type and certainly didn't appear as 

different from the mainland voles as did those on Raasay and 

Skomer. Delany and Bishop (1960) suggest "the Irull and 

mainland vole are apparently of the same stock" and that 

11C. q, alstoni should not be ranked as a sub-species distinct 

from C. g. britannicus ". 

The nearest part of the mainland to Mull is ýTorvern - very 

similar geologically and ecologically to lijull. It also has 

pockets of Jurassic limestone among basalt deposits and 10oine 

schists and once supported a great oak forest. The oaks, which 

were stripped for the Lorne furnace, have been replaced by 

the fine coniferous stands of Fuinary and Ardtornish. 
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Sko-. ýer "Skomer lies at the --outhern horn of the beautiful 

St. 1ýride's Bay, Pembrokeshire, with no land to the south-west 

to protect the island from Atlantic 
gples and swells. The 

cli., ýiate is extremely. mild, the rainfall lower than in any other 

djutrict of West Wiplom and thO wanther chawroable, with frequent 

ge'es of short duration, brief rainstorms and hardly any frost. " 

Sko,,., --r Island guide published by *4. lWales Naturalist Trust. 

It is a tableland of principally grey igneous rocks, 200 ft 

above sea level - Dart of the sAmarine reef which run's west 

from Pembrokeshire mainland breaking the surface at Skomer, 

Grassholm and the Smalls. It 'is only 1ý x1 mile (722 acres) 

in size but has been Occupied by men certainly since ist certury 

B. C. and perhaps earlier, even since 8,000 B. C. (Grimes, 1"50). 

It is a bleak and wind-swept island with an abundant cover of 

bracken and wood sage and virtually no trees. Although the 

farm has been unused for many years rabbits have been "farmed" 

there since Norman times and are extremely numerous, there being 

no predatory mammals on Skomer. The impression is of a 

strange and unusually monotonous vegetation - very different 

from the diversity of the neighbouring mainland coast. 

The Skomer vole, C. g. skomerensis was first described bY 

Robert Drane (1898), a member of Cardiff Naturalists Society'. 

In an address entitled "A Pilgrinage to Golgotha" he said, 

"vie caught many voles, which, so far as I understand, do not 

agree with either of the two Possible ones found in this country. 

It is very like ... the bank vole (Microtus rlareolus) but is 

much larger and I cannot make its teeth agree with Lyddeker 
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In 1903 Barret-1,11amilton accorded it specific rank bosed on 

specimens caught by Dr. T.: 1. Eills of haverfordweSt. T, r -P e. 

specimen 110.3.7.4.3. of British Museum Collection. Ile, 

(ý3arret-Eanilton 1910-12) descri'-es Evotornys skomerensis as 

differing "from tLe comman Ban% Mouuq in its larger mizet in 

tho exceptionally light and bright colour of the upner side, 

which is in sharp contrast. to the buffy white under-side; in 

its large, massive skull, and in the complic3ted form of MI 
31j. 

In its behaviour the Skomer vole is very different from any 

of the other races and cives the appearance of extreineldocility 

and tameness. It is suggested (Alder, 19? 5) that a tendency 

to -pause or freeze under stress is an adaptation to solely 

avian predators on Skomer. 

.A nearest landing place on the mainland\ to Skoner is a bay 

called Lartin's Haven -a pebble beach inlet , `3_ý' the\, cliffs 

Although, geoloGically, the mainland coast liere Skomer are 

sinilar, the difference in vegetation is remarkable. Landing 

on the mainland after the nonotonous desolation of Skoiner is like 

noving into Alpine pastures from the edge of a glacier. 

To sum. -. qarise the situation. The p6lytypic European snecies, 

C. r-lareolus has been divided by harrison-Matthews (1968) and 

others into two groups. The Elareolus group which includes the 

, ritish mainland sub-species, C. g. britannicus, and the nor-eri 

group which includes the British Island sub-species C. g. erica, 

C. g. alstoni, C. g. skomerensis and s (JAlthough I 

obtained no wild-caught voles from Jersey I measured skulls of 

C. g. caesar: Lus in the British Museum along with some of the other 

3ritish sub-species and Of 
_C-g. nai: ýeri. ) The problem is . to 

consider if this division is justified, if the island forms are 

more closely related to one another and to C. r. nage than they 
are to the mainland form. 
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III lethods 

Section A- Trapping 

a) Description of traps 

b) Trappine technique 

c) Eandline trupped animals 

d) Measuring animals and recording data in the field 

e)1, ý I. arkine animals by toe-clipping 

f) Travelling 

; T) 6ummary of trapping 

Section B- Animal Husbandry and Laboratory Techni-ques 

a) Keeping and breeding 

b) Weaning 

c) Bleeding 

d) Killing, measuring and preparing tissues 

e) Preparing skulls 

f) Measuring skullsi(note only) 

g) Recording data 

Section C, - Recording an-d COmPuting Techniques 
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C1UTLR III 

'ectior. Tra 
Cl 

a) Description of traps 

"he most popular and widely used live trap inlýritain L 
-a 

the 

Lont.. 'Worth bmall mamitul tegp. Tho rriAoiproo ond construction 

of tl-. e traps were evolved at the Bureau of Animal Po-oulations, 

jxj'ord (Chitty and Kempson 1949) and they are now manufactured 

by Longworth Scientific Instrument Co., Radley Road, Abingdon, 

Berks. 

This aluminium. trap is made of two sections (see Fig. 4 

a tunnel and a nest box. The animal enters the tunnel, 

the entrance of which is 
. 
50 mm x 62 mm which effectively 

excludes rodents above 60 9 weight, and in passing into the 

neat box at the end has to step .:, n an adjustable treadle which 

closes and locks the door behind it. A ball of hay and some 

Crain placed in the nest box enables the trapped animal to keep 

warm, dry and fed until the trap is examined. These traps are 

IiGht (210 gms), efficient and relatively weatherproof, and can 

easily be carried in a light-weight aluminium. box that holds 32. 

Their main disadvantagee derive from the fact that they are' 

alunninium and, in extremes of temperature, conduct heat and cold 

very easily. The shiny metal. also makes them somewhat conspicuous. 

(This can be an advaAtage! ) 

b) Trapping Technique 

m Iraps were always set in a grid and usually 10 metres (paces) 

apart. 

I ihis distance was chosen because it has been estimated that bank 

vole.. home ranges are 1.5 - 25 m in diameter (Godfrey, 1954), 



Longworth live-trap - showing interior of nest box 
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and by setLing several within a home ran-F, *e and overlap-ning home 

ranL; es I hoped to catch as high a proportion of animals in an 

area as possible. Rightangular (5, xe s, %, of the grids were 

narked out with canes and the Points inside Yneasured by pacine. 

A Lr, ýq) was plaood within .5 MOtroa in any darrection of aach trap 

point and was moved every day (see Fig, 5 This meant I 

could move to put a trap in the most suitable place. Places 

considered suitable were runway intersections, at right angles 

to runways, hay pile sites, dropping sites, smooth potches round 

trees, holed undersides Of logs or elsewhere that'a. small 

ma=al might be likely to pass (see photo Fig. 6). They were always 

set at an angle so that rainwater and urine could run out of the 

tunnel entrance. 

Traps were usually set in the m orning-li left Por. 24 hours and then 

emptied and reset at another suitable point. withi4 the prescribed 

m circle. 

'A. 11 traps were cleaned regularly. In. the fiel , dýthe tunnel was 

wiped out every time in animal was caught in a trap and all 

the traps were rinsecl in the'laboratory, between field trips. 

Trapping periods varied, from place, to place but usually traps 

were in any one place for 2 -A nightse 

Within my grids I was always very carbful to walk in rny own 

tracks in order to #sturb the 'vegetation as little as possible, 

and I always set the traps as far as I could reach from where I 

had been walking. Inevitably any moving animal as large as 

" human being will produce a lot of damage in the environment of 

" small mammall 



(. L -- -- 

:: - ctci. 
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'Landlinr7 trapped animals 

If a trap door was found closed, the trap was gently lifted and 

held on end with the door uppermost. The tunnel was removed 

quickly after careful3, --yopening tl. e door to check no animal was 

in it. In the same movement a polythene-bag was put Qver. the 

, T, outh of the nest box., At this stage mice usually Jumped out 

into the bag but voles had to be shaken out with the nest rr. aterial. 

Once the animal was in'the bag it could be worked into the left 

hand quite easily by manipulating it gently. ý(By holding it 

flat against my knee I could'work the polythene us tilý'my right 

hand gripped the base df. the tail and 'the left hand could then 

work up to the animal's nape. ) Once a small mammal is held, 

upside down by the nape of the neck and the tail in the palm 

of a hand it remains Motionless (see photo Fig. 7), leav 
i 
ing the 

other hand free to record whatever details are required. 

Measuring animals and recording data 

Holding the animal as described 

foot was measured to the nearest 

calipers. This measurement was 

longest toe., excluding the nail. 

above the length of the hind 

0.5mm with a pair of vernier 

from the heýblk-to the 4p of the 

The length of the head and body together were measured by turning 

the animal upside down and laying it with the backbone against 

a ruler. If held gently by the cheeks'and the base of the tail 

animals did not strug, ý. le and could be stretched to their full 

length. By sliding them along the ruler the tail could also be 

measured. The tail measurement was from the tip to where the body 

hairs start on the tail and ýhe head and body measurement from 

this latter point to the tip Oý the nose. 
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2ininals were weighed by placing them nose downward in a small 

self-sealing- polythene jacket. Packet plus animal was weighed 

with a 0-30g or 0-100g Pesola spVing balance, (made by Oskar 

L Lýdt and Co., -1.4aagen, Basel and obtainable throlgh T. T. O., 

. Royal Terrace, F-dinburah) bnd the wsight of the packet zubs*qu*; %t1. v 

subtracted. 

All measurements were made by me and were recorded either by me 

or by various assistants in the field. Ruler, scissors and 

calipers were all carried attached to a board covered in polythene 

alonT with a pencil and field record sheets. Notes of any 

abnormalities were taken at this time, presence of external 

parasites (fleas, ticks or mites), the age, sex and breeding 

condition of the animal, its number (see below) and the trap 

number. Fig. 6 snows an exa,, -Iple of a Field i)ata Sheet. 

Ages of animals fell into three readily observable categories: - 

(i) Juvenile (J) - aniln8l still with grey juvenile pela,, e' 

Immature (I) - animal lost juvenile pelage but not yet 

capable of breeding 

Mature (M) - adult animals - may or may not be in 

breeding condition. 

Plature animals fell into several categories of breeding condition: - 
(i) Mlales - Testes were either undescended (TU) or scrotal (TS) 

Females - a) Vagina was perforate (Perf) or imperforate (Imp) 

b) Yammary glands could be oUvious (Mam) 

and could also be obviously lactating 

(Mam, Lact. ) 

C )/ 
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Example of Field Data Sheet 

Grid 'No .3 Location FOINI'VZ Da te 7A 

1-1 ON VE R N. 

Vi: o v. the r /4 OT, L) lqýy 

Ira-) 6pi5cies Age Sex Breeding 
C 

Weight Lengths Number tes Y, 0 
No ondition IIB Ft T 

Al TU IQ-zi 1-25 2-ý, J'I Ozilo 

A2 D 

cr, TS P)C)? )2)/f 
r 

Iq I+ S i) D 

32 J-AC-T-. Mac-%, 2)1-, 50 jo-I 6-ý 3J 

C mI (ý P--ezf,. moq M. . 3.0 ý) 1,0 C) 1.2c) 4.2 C, 1202 

d, TU IG'00 10-4 /. 25 4-1. C-12-05 

DZ 

TS t? -00 10-0 1-55 ? -4 

IEZ 
C TU 1ý> 1-20 ý33 C-t2_01f F4-, 5, q-5. 

T '32.. 5o 11 -. 5 1-30 -Z 
M04* I 

M C) - 03/-f I 

r-, IMP 16-00 9-1ý 1-15 32 C /205 - 

Traps sprung accidentally 
P2. 

SAO, 
I 

IDeAO sN -r(ZnP. 



39 

c) Animal could be pregnant (Preg). This was 0 

determined by palpatioii if I thought the 

animal looked fat or had mammary glands I- 

showing. Embryos could be felt after 

approximately one week's LrQstation. 

Every animal was also given a number as soon as it was caught. 

e) 1., arking animals by toe-clipping 

All volesand mice caught in the field were numbered by clipping 

the last jointof several toes (one only on each foot) with a 

very sharp pair of scissors. If this was done correctly the 

animals did not bleed and the wound healed within a day or so. 

9 shows how the numbering system worked. With this metho, d 

a 4-digit number was used and up to 400 animals could be marked. 

By using a symbolic prefix for each species the same number 

could be used several t1mes, e. g. C0350 for Clethrionomys and 

A03.50 for Apodemus. 

f) Travelling 

After all measurements had been made and rec634, ed and freshly- 

caught animals toe-clipped, they were put itto travelling boxes 

and were kept in these until I returned to Edinburgh. TITe 

boxes were made of ply-wood and had a wire-mesh. window in the 

side. Some were divided into three compartments so that 

animals of different ages and sexes could be kept se-parately. 

The boxes were filled with hay, and food was provided daily in 

the form of mixed grain and potatoes, carrots or apples. Animals 

could be kept in these boxes for up to a week or 10 days with 

no dif: iculty as long as the bedding was changed and the box 
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cleaned every two or three days and they were fed regularly 

-ables. witi, moist fresh veCe-11. 

--y of tra, )ping 

. ý. p-pendix A cives detailed descriptions of each trap site, together 

ivitý. trap records of how many and what species of animals were 

cht. 

Table 3 Cives a sumnary. of this information and olso shows 

how many aninals were eventually available for electroT),, -ýorcsas 

and for skeletal investigations. 11 C. ý Some died on the journey 

ho., --, some rascaped in the field, others in the lab. 

YiS. 10, shows the positions where all the _ýar2ples ceire fror. 

In some Of the data analyses all Edinburg-,., district samples 

were combined into one sample "Edinburgh", abbreviation E D. 

Also included in the Table and nap* is a sample from Hereford 

donated by Tony Dufour of Department of Zooloey, Edinburgh 

L; niversity. There are no trapping details for this sanple. 



U) 

C) 

-Q 

C) 

4) 

Id 
ý-. (0 
,M ri 

0 

C3 

a) 

ci 
10 C) 

kA 
- to 

. c3 10 

u) Q 

Ei 0 

4-1 4-) 
0Q 

4) 

0 

0 
4.1 

-ri A 
s4 cu 

> 

NN 

N 
E-4 

0 

> >j ýD CD cn 0 r4 

-- - 

u2 0 

1 

.1 
0 0 0 -d- 0 

4-1 U) 
0 

rz mi 
-00 ul r4, \ Lr\ K\ 00 0 

0 
$-, 2 cm 

Lýýý 1 1 1 1 1 ý 1 to 1 - -T . ri (0 ui r-i lLt >ý (Z 0 -1 ZI 9 1. 0 , U", ý, 0 N T- o (D (D c- N r- 1 
z3 CH cu 

. ri 
10 

9 

4-4 cu ri C- T- CU e- 
0H 4-) 

> N \O a\ CD m\ (\j (D re\ 0 
Z Co x N cu cm CM (M r- T- x- 

r19.1 (0 1 0 \ýO Cm 0 u'\ C) T- 

1 

cu 0 9) x- Ir- 

0 

cri -i PL <l N 0 cu 
10 0 

4-) 

cö (1) 01 N ýe cr% Co reN cm 
0> r-i cm cm CM CM CU r- v- r- i r- 

1 9 c%- 1 %10 CO m'\ 0 Z- Lr\ -2- cm Aj 

Co 4 <i 0 00 CM - te\ (D \, 0 Z- PC-, CU CM %, 0 r- M-ý 9 
tý v- c- v- v- CM cm e- 

4-1 ;j 
0 ce 

01 C% (A ON U'\ -e v- te\ 00 P4N \z .0 ý, D (D m, \ 

4-4 
p. 
cj 0 N CY% 

' 
0 (D rfý CD. 0 (D 0 M CD -t A4 

ý O\ UN 14 \ (D K\ 0 C\i ý, 0 C\J LC', %ýD CM ýý 1 

rz, \ 
c- 

Pr\ 
Lý- c"- c"- cý-, 

peý 
c, - 

teý K\ tfl% 
c- C- c- L- pr\ 

43 
to 43 4. ) 41 

tz pl 4. ) to p4 r-4 bo A i-f > >i 
(D 

Co 
p 
(D 

:J 
9 

0 

0 
:3 
"-D 

:J 

«c 
o 

In 1- '- 
2 e o z 

jý i Z ý4 1 
zý Z ;Z 

E-4 
>f oý > E-4 

>I 
ci: 

>i 
4 

< 
4 Co 

«: 4 b4 ý24 
E--1 
-4 

ý 
ýx4 

E-1 c-, 3 
H 

4 
u2 

4 
E-4 

f-, 
ý 

0 4 E-i E-4 u2 Co 0 

1 pl 
- 

1 1 1 
- 

Z- 9 pq 
- 
ýq 'i ri, zý Q N. = 

41 



42 

ý'i ý. 10 iNap showing sar. rýple sites 

I 
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Section 3- Animal husbancý, -y and labpratolry techniques 

a) Keeping and breeding 

43 

Ali. voles, whether wild-caught or bred in the laboratory were kept 

in standard stock cages on racks in a bmall fan-ventilated room 

at approximarely 19 0C 
with a 12-hour li-ht/dark cycle 

correspondinG roughly to natural day and night. 

Large stock cages were 28cm x4 cm x 15cm and made of 03 

II 1--jacralon, a transparent Polycarbonate, by Associated Crates 

Ltd., of Stockport, England, and had closely-fitting lids of 

-alvanised wire. Small breeding cages were 15cn x 33cm x 12cm 

of opaque white polypropylene made by North Kent Plastics, and 

had stainless steel-wire 
. 
lids. Both. had food'hoppers and. 

a space for a glass, 6fl oz, water bottle. 

All animals had a continuous supply of food and water both 

of which were checked every day. The food was Edinburgh 

University Special Rat Cake: - 

Ground wheat 20% 

Ground oats 

Maize meal 

Barley meal 8.? 5% 
Meat bone meal 8-7.5% 

Fish meal 5% 
Dried skimmed milk 7 . 5c". 1 

lelhey powder 6.25% 

Unextracted dried yeast 1.25% 
Molasses 2.5% 

Salt 3% 

Vitamins 0. '75% 
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All cages contained a layer of peat up to 111 deep and plenty 

of hay for nest material. The cages and bedding, were chane'ed 

every week and caCes were cleaned' in an automatic cage- 

washing machine. An-jmals were given a handful of mixed 

ý; rajn and $Wt* chopped vogetabloo otoo a wank whon the 00900 

were chcnged. 

Up to six of the smaller mainland voles were ke-pt in a large 

cage but only three of the larger ones, e. g. ! ýSl NG crosses, 

or four of SK or 14U.. Breeding pairs or individual voles 

were kept in the smaller cages. The female of each cross 

was checked weekly by weighing and palpating to see if she 

was pregnant. If pregnant she was removed fron the male 

and put, alone, in a large cage to give birth and rear her 

litter. Lactating females with litters were treated*ýin the 

same way aS. V010s in, the other ý; tock cages until weaning, 

approximately one month after birth of the young. Nests 

containing young were disturbed as little as possible and 

were transferred to new cages with the young still inside. 

Roughly every three weeks males were changed in the breeding 

pairs. Crosses were usually set up in batches of five or 10 

and were abandoned when all'females had been mated with all 

Males for at least three weeks. This routine was established 

as it was observed that most Pregnancies arose within the 

first week of male-fSmale contact, and if a female had not 

become pregnant by a Particular male within the first week 

or twot then she was unlikely to do so, 
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b) `, veaning 

Young voles were weaned approx., --ately one month after birth. 

"t weaning they were sexed, marA-ed by toe-clipping (see above 

in Ch. III, sectionA(-, ý)and their number and parental record 

entared in a book.. Vaually a small blood sample was taken 

(see below) and they were then kept in single-sex stock cages. 

c Bleeding 

(This operation was done under a Home Office Licence 

Blood was withdrawn from the retro-orbital sinus using a. 

50 ?l liaematocrit tube. To do this animals were held in one 

hand as described in C4. III sectionA(c), and by pulling 

slightly at the ear level the eye protruded to r,. eveal the 

sinus. A capillary tube just touching this was enough to 

burst the sinus and blood flowed quickly into the tube.. 

No more than two tubes of blood were extracted at any one time 

from adult animals and only one from young aninals. All 

anin, als were kept under strict supervision for several days 

after bleeding and in the few that were bled more than 

once an interval of at least two months separated the operations. 

Tubes were sealed with Cristaseal (from Gelman-Ilawkesley) and 

spun as soon as possible on a Fawkesley Haematocrit Centrifuge C. 1 

for five minutes. The tubes were labelled and stored in a 

deep freeze at -240C. Storing them this way meant a tube 

could be broken in half andthe red blood cells taken at one 

time, the serum at another. 

d) Killing, measuring and preparing tissues 

All animals were killed with ether in a polythene'ýox- Wild- 

caught Apodemus and Microtus were killed as sooýýossible 
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after arrival in the lab unless they were pree", ýit females in 

whicýi case they were killed, with their offtpring at a later 

date'. Clethrionomys were kept for varying periods of time 

before being killed depending on whether they were used in 

crosses or not& 

immiediately after being killed each animal was raasured and 

weighed. Lengths were measured as described in Section A and 

the weight was recorded by balance. Breeding condition was 

noted z; nd any peculiarities. The animal was then skinned 

down the ventral mid-line and the chest cavity quickly cut 

open. 

Blood was extracted by cutting the vena Cava and as the blood 

flowed into the chest CavitY it was pipetted with a heparinised 

microcapillary tube into a 4oo/ýl labelled polythene tube. 

Tulbes were stored on ice until centrifuged at r-, rlO, OOOG for 

five minutes on a Hawkesley haematocrit centrifuge (within- 

one - two hours). After centrifugation serum was pipetted - 

off into plain haematocrit tubes which were wealed with 

1ý 

.., ristaseal, labelled. and stored in the deep Ireeze. This 

method enabled as little as one or half a tube (0.01-0.02ml) 

to be taken for electrophoresis without thawing the rest of 

the serum. 

Tissues were cut out immediately after the blood was extracted 

and were placed in labelled foil packets on dry ice until they 

could be transferred to the deep freeze. The tissues extracted 

were kidneys, liver, spleen, heart and testes; but only the 

kidneys, liver and heart were eventually used. 
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frevaration of skulls 

(The method used was a modification of that described in 

Sezýrle, '1954. ) 

iýfter extraction of blood and tissues, the skin was cut 

awzýy from the head and the skull detached from the body by 

cutting just behind the head. Lkulls were put in a beaker 

of warm water, heated gently, and then boiled for five 

minutes. The skull plus some boiling water was added to 

a solution in a boiling tube of j teaspoon of salt and -, ý, 

teaspoon Of papain (BDH). They were then incubated at 37 0C 

for 24 hours. After this time the meat was completely 

dissolved off the bone but sutures were still intact and the 

teeth firm. Skulls were rinsed under a jet of water and, 

when dry, placed on cotton wool in laýelled pots. 

Measuring skulls 

This will be described in Ch. V- pnd Ch. VI. 

Z) Recording data 

Every animal whether caught in the field or born in the lab, 

was given a card. On the card was recorded all its personal 

details and everything that happened to it such as date 

weaned, parents, date crossed, mates, litters, date killed, 

for lab-bfed animals2 or date and Place caught for wild-caught 

animals. All the weights, measurements and breeding conditions 

were also recorded. . 
Fig. 11 shows examples of record cards. 

Animals were assigned to one Of three series according to 

whether they were wil4-caught, e'g. 0. BY, born in the lab of 
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Fir. Examples of Record Cards 

i. 'vjild-caught Clethrionoays 

C 10 51 e-ý7i Area MULL - CvtxCýv)Lve 

Cauglit Place Age Wt. Len, -, ths B. C. Notes 
HE HfT 

E'ý 473 F3 m 21, , Go 1;? ý I )-SO 3-6 TS 

7: 5ýý(cL) M ý24,. -46 j'2.2 14-S TS 
, co, ýe & 

To Coss 4S - 
ý20 Seft. 'WS (M N/MU) ýC lalO 6 MN) 

-to C. os5 4-4- (MN/MUý 17Nov. -4Z 
. 

T-Cll; ý. 2CMN) 

TO Cc" 4--4- (Mt4/mu) II To, vi '* 4- q Clk44 (MM) 

To Gass G4 (N61MU) 14 Kao"f4 Cý C2c). 2, S (N&) 

7o u) C, IS4'? g (SK /M pg 4 C'1301(SKý 
vvo'e& 

To Cvoss.,? l (SK IRU) IS Matý 74 ; G3(S ý<) ---;, LItg, (A) 44gn. S3 La- -f 

To 

T" C,,,,., 9 6 (RU/MU) I Olu" -: 74 C102! 9 

T" C.. 's. 100 (xu/mu) I ZYLLUýJ' 74 100 (11-iu) 

P. "e C,,.. Oj 

ii. Lab-bred cross - Clethrionomys 

c 
CROSS R5 /NG 

Born C)ec Date Wt. Lengths B. C. Notes 

? P. C! aO-32(N&) )53"040) . 2?.; Zs HB Hf T Peq, 
12,6 I'Sig 4-8 

Tp. c (a 10 RS) 

FATE Fel-, 'ý4- LAC, cý A- 

3'L""-k V-s-cc-'a C-ý-ect. 
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wild-caught pregnant females, e. g. BYF1, or bred in the lab 

in my cros-ing regime, e. g. RSSK. As each animal was 

nui-(, bered a record was kept sepa: ý--tely in a book-of where it 

had comu from, when born or caught, and which of the three 

, -:; arJ&. uG it balOnavd tO- 

., ventually all the data on the record cards was transcribed 

in a coded form onto computer discs for storaCe and analysis. 

(se,; next Section). 
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CIIAIPTER III 

Section C- 2ecording Dnd. Commuting, Techniques 

I vy project was des igned in such a way that the data collected 

could be sorted and stored directly onto computer cards or 

dirucs. In Section A above ja an axamp: Lg) of & field date 

sheet (2ig. 8 ), from which information was transcribed onto 

a card for each animal (Fig. 11 ). 0 Other cards contained 

information about lab-bred crosses. Once a series ýi7as 

complete, e-G. all. the anir; als from one sample site, all the 

standard information was coded and recorded directly onto 

discs in the 4-7.5 computer at the Regional Computing Centre, 

Ldinburgh. "Key-to-disc" is a facility provided by the 

and avoids the tedious task of card-punching. 

Table 4 gives a list of the information stored in this way. 

m lhe coded data were stored as files and Table 5 Lrives a list 

of the data files made. 

There was a file for every wild-caught sample, one for every 

F1 (animals bred in the wild but born and reared in the lab + 

animals bred in the lab from wild-caught parents) sample, 

one for each lab-bred pure lineq files for all the hybrid 

crosses made in the lab, and a set of files for all the 

animals measured in the British JIjUSeUM of ILI'T Tistory atural E 

in London. 

The coded data files were accessed from an EMAS (Edinburgh 

Lultiple Access System) terminal and coiild be read by means 

of an IMP program called MýE. D. This is an external routine 

which reads through the. data file and records in a Record, Format 
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nearly every item of coded information. It can be called 

fror. within other simpler IMP programs to access any element 

of infornation. A simple example would be a program that 

picks out all mature females of any species that were not 

7)rc,, 7, -nan-L When coulSht and govputoij th'Vir MOnn ttt 
,, 
h 

Th e ; ýD routine war, also useful for sortinc data for use 

in more complicated statistical Packatpes suc'h,,. qs MD progrbms 

w. aere, for example, any individual withoutall -the me3surements 

of a. -particular type must be discarded. 

2he coded data files could also be read without 1.; RE. 'ýD. This 

was done when it was not necessary to select particular elements 

or individuals. Eg. program,. MCOVSBY, is a very simple 

routine which finds the line code and reads several measure- 

ments and calculates coefficients of variation from ther. 

All programming was done in IMP (a local Edinburgh language). 

I went on a Beginners' Course in 1975 and was thereafter 

considerably helped and advised by Frank Stacey, Lecturer in 

Computer Science. 

All the programs used in the analysis of my data, a brief 

description of what each one does, details of the coding 

system and copies ofall the Coded data files will be stored 

in a folder in Edinburgh University Zoology Dept. Library and 

are available for inspection and use on request. 
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"'able 4 Information recorded and stored on data f4ý1-es 

for all animals: - 

Species, number, sex :, nd type of animal (wild-caught, 

lab-bred, type of cross etc. ) 

. Vor wild-caught animals: - 

Date and place caught (trap site). Nbether there are 

notes on oddities, presence of fleas, ticks or mites. 

iý'. ge, breeding condition, weight and external body-lengths 

at capture. 

'For animals bred in wild, born in lab: - 

Female parent, no. in litter, date born, no. weaned 

and date weaned. 

For lab-born and bred animals: - 

Cvoss number, female parent, male parent, date mated, 

litter number, number in litter, date born, number 

weaned and date weaned. 

For all animals: - 

Any live measurements taken other than at capture or 

weaning. Age, breeding condition, weight and external 

body lengths. Date taken. 

Fate, whether missing, rated in lab, killed or died. 

w4hether blood sapples taken, tissues taken for electro- 

phoresis, skull prepared. (Packed cell volume of blood 

sample and date. ) 

For ani=als killed in lab: - 

Measurements at death if killed in lab. Age, breeding 

conditions weight, external body lengths, date, whether 

any notes. 
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Table 4 contd. 

iPor females mated in lab: - 

of crosses involved, cross number, cross type, 

how many na"Ies, name of ecLch male and date mated, whether 

; Axýy litters borri to oroca ond dotails of litter (size, 

number and date born). 

For males mated in lab: - 

number of crosses involved, cross number for each, cross 

type, female name, date mated, details of any litters.. 

xor all 3nimals with prepared skulls: - 

13 horizontal and vertical mandible measurements 

11 skull measurements 

2.5 skull scores 
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!a5 Data Files stored on Disc 

-., il(i-caupj'lt files 

.. 'obroviation 

RAASAY - Isle of Paasay 

ib MULL - Isle of Mull 

61-L SKOkER - Island of Skomer 

AP APPCROSS - Mainland opposite Raasay, Applecross 

! ýLRVERN Mlainland opposite Mull, Plorvern 

1,,. TSF. VN ýýainland opposite Skomer, Martin's I, -aven 

3Y BýjLTY Yirkcubrightshire, Barwhillanty 

NU IqU T",, V I TH - Yorkshire, Nutwith Cote 

BUTTMAN - Butterdean Forest near EdinburGh 

Z'O zoo - Edinburgh Zoo 

05 CASTLE - Edinburgh Castle Rock 

R'r Ij R6NLEE - Rosslynlee, near Edinburgh 

H-' LEREFORD -A sample from somewhere in Hereford5hire 

Fi-files British Museum Files 

RSF1 RAASAYF1 RAASAYBIVIT 

NUF1 INIULLF1 MIULLBY, 

SKF1 SILONERF1 SKOMERBM 

I Ch. Isles 
ýýPF1 APPCRSF1 JERSEYBM Isle of Jersey, 

IV2ýpi ýXTSIIVNF1 
NAGERIBM Alpine C. g. na! 7eri 

BYF1 BWLTYF1 

jF1 NUTWF1 

Lab-! red files 

,. z,, xOXI; RLB ) 

NAGERILB 
both bred for many generations in the Edinburgh 
vole colony 
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fable 5 contd. 

Cros: -, es Files 

i. 11ýred in Edinburgh lab 

Pics ixýý: SK 

llýcslshRs 

'U 

-GRS . ýCSIS 

ii. British Museum 

'CS, N-jUSK BI, 4 

(I ýý-u B. I VýJSRSI 1. 

BE. CSRSSK 

parent 

Raasay x 
Skoner x 
Raasay x 
Skomer x 
Morvern x 
Skomer x 

'Martin's Haven x 
Raasay x 
Nageri x 

parent 

Slkoner 

Raasay 

Yull 

Mull 

! Irlull 

Martin's "javen 

Skomer 

Nageri 

Raasay 

Parent parent 
ýMll x Skomer 

Raasay x Mull 

Raasay x C. g. britannicus (? origin) 
mull x ti 
Skomer x Raasay 

Raasay x Skomer 

I 
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IV - Electrophoresis and Electrophoretic Variation 

A- Technical Details 

Ii. troduction to the method, electrophoresis. 

2. Starch gel electro. phoresis; reasons for using starch gels. 

3. Llectraphoretic apparatus and. techniques: 

i. Preparation of gels 

ii. Preparation of samples 

iii. Application of samples 

iv. -Runninc.; gels. 

v. Slicing, staining and fixing gels 

List of recipes used: 

i. Buffer solutions 

ii. Staining solutions 

Section B- Results 

1. List of proteins investigated. 

2. Description of variation found. 

3- Esterase polymorphism. 

4. Summary. 
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IV - ElectroT)horesis 

Section A- Technical Details 

1. Introduction to the method, -., -, 'lectro_n-. oresi-s 

'11he torm lliýlectrophorvsisll was first -used *oy lVichaelis in 

1909 to describe the movement of charged particles in solution 

under the influence of an electric field. In "zone electro- 

phoresis" the mixture of substances to be separated is placed 

as a narrow zone or band at a suitable distance fron each 

electrode such that, as migration occurs, L the dif'erent 

components moving at different rates, draw away from each other 

to produce a separation in the direction of migration. Electro- 

phoresis can be carried out in a system where the solution is 

supported in a stabilising medium such as paper, starch or agar. 

J. he separated particles can then be fixed permanently at the 

positions to which they have migrated, and c. azi be detected by 

conventional physical, chemical or biochemical--mt: ans. Where 

stai. ning is specific for a particular enzyme, the resultant 

pattern of separated zones or bands is called a "zymoerarn". 

2. Starch gel electro-phoresis 

(Smitaies 1955: Johnson & Denniston 1964: Smith 1968). 

Many supporting media are in current use in electrophoresis but 

starch gel was chosen for this study for several reasons. 

(i) Starch gels separate more COMPonents from any given mixture 

tLan other media. The pore structure of the gel seemis to . 
act 

as a molecular sieveý iso that proteins of the same charge to 

mass ratio separate if their molecular sizes are sufficiently 

different. 
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(iii) It is possible to slice starch gels into as many as five 

slices - other gels will slice into two at the most, and paper 

and acetate not at all - and thus greatly reduce the ar; -. ount of 

ti.,.,, e and work in preparation and application of samples. 

Starch gelshave beer, used previously by many authors 

wor:, zinký on electrophoretic variants of small mammals so a 

larý: e number of tried and proven receipes are available and 

there is a large body of work with which, j(> compare the results 

of tjj-js study without the reservations necessary when different 

methods are used. 

Uv). Starch gel electroPhoresis had been used previ. ously. by me 

in the same laboratory and all the equipment was already available 

for use. 

Electrophoretic apparatus 

btarcýi commonly available is too highly Polymerised to form gels 

and must be partly hydrolysed for gelation to occur. 11-ý 'o 
.. ydr - 

lysed starch" for gel electrophoresis is commercially available 

from Connaught Laboratories, British Drug Houses and Electrostarch 

Ltd. The latter was used in this study. 

Several different buffers were 'used and are described in the 

recipes below. All gels were prepared and run in the same way. 

i. Preparation of gels. 

All apparatus was scrupulously cleaned and rinsed in very hot and 

then distilled water before use. Glass plates and perspex gel 

formers were scrubbed with detergent (Pyroneg) to remove all' 

traces of Grease before thorough rinsing. . Glassware was all 

dried in an electricloven. 
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P'I io malkc tll,, e gel, a perspex surround (gel former) of internal 

dinensions 18.6 cms x 10.1 cms x 0.6 cns was placed on a clean 

plate an4 a second plate kept warm. (Clean hot plates 

produced less bubbles in the gel. ) The starch was placed in 

.a flzjsk und awirlod rapidly wl, th the buffQr nolution until 

honoL; eneous- ýhe flask was then clamped in a water bath while 

the starch suspension was stirred by a cen; lrifugal stirrer 

at-tacl-led to a variable speed electric motor. vdhen the wa. ter- 

0 bath reached a temperature of 95 C the flask was removed 

and attached to a water suction pump to extract air from the 

gel. The Gel was allowed to boil under reduced prerzsure for 

a few seconds bef Pore being poured carefully into the gel.. former. 

(250 ml of buffer made two gels. ) The top plate was then 

lowered onto the gel and, after 10 mins, a heavy weight applied 

to the top. Gels were left to stand for at least 24 hrs and 

were found to be easier to handle if left for 36 hrs or more. 

--aey could not be used after more than three days at room 

ten: perature as water formed under the plates. 

ii. Preparation of samples 

Preparation of samples was done on ice. Blood samples, serum, 

or RBCs (red blood cells), were removed from the deep freeze 

and placed on numbered 3-well glass slides in an ice box. 

. he serum, once t. hawed, was absorbed directly onto 0-5- m.,? ' square 

pieces of vihatmann 311', chromatography paper, known as "inserts". 

RBCs were lysed with a drop of distilled water, ground with a 

Z; lass rod and filtered through a square of Kleenex tissue Onto 

the insert. 
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Tis-sues were homoeenised in a Plass tube with distilled water by 

-oo_I,,, tI: ene homo-eniser attached to a rotor. The Imornogenate 

wý-, s centriful-ed in polythene tubes and the supernatant pipetted 

4 
. to haernatocrit tubes. One tpbe could be thawed at a time 

and absorbed directly onto the insert for electrophoresis. 

iii. Arplication of Samples 

Gels were refrigerated at 40C for at least -I- hr before use. 

jTlý, , 

. ne top plate was then carefully. removed and a polythene sheet 

placed on the gel to form a straight edge along which to a-, ipl y 

the samples. Each insert was touched dry on a tissue, then 

placed with forceps on a "Corrux" razer blade ground to a width 

of 0.5 mm and pushed down into a slit in the gel formed by the 

razor blade. Each insert was positioned so that it neither 

touched the bottom glass plate nor protruded from the surface of 

the gel in order to minimise diffusion on the gel surfaces. 

Twenty-five sanples could easily be applied to a gel in this way 

with a gap of a-pprbximately 2 mm between each. At both ends of 

the sample row an insert soaked in bromo-phen*ol blue was placed 

as a marker as BPB attached to albumen migrates more rapidly than 

any of the other proteins being investigated. 0 

Before running, the gel was loosened from the gel former to 

prevent tearing as the gel shrinks slightly during running. 

iv. Running the gel 

In electrophoresis, during the Passage of current, electrolysis 

occurs at the electrodes. In oraer to mininise the effects of 

this the electrodes must be in separate compartnents from 

those into which the wicks dip. Llectrical connection between 
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wick Lýx, '. electrode vessels was maintained by means of cotton 

wool plugs in holes in the compartment walls. The diagram 

12 shows the construction, usage and dimensions of 

the perspex buffer boxes that were used. (These were rade in 

tl; e laboratory wQrkahop. ) i; oth compartment* of each box were 

filled with buffer solution some hours before use so that it 

could become cool. (The whole process was carried out in a 

cold roorn at 40C with the power-packs outside. ) Wicks made of 

15 thicknesses of L%Ihatmann. 1MNi chromatography paper were -placed 

in the wick compartments -j'F hr before use so the buffer could 

rise evenly througgh them. The gel was placed between the 

boxes (see Fig. 12 and the wicks applied to the gel I cm. 

in fron each edge and parallel to the line of insprts. In 

all gels used the inserts were nearest the cathode and the 

majority of proteins miUrated from the cathode to the anode. 

Gel plus wicks were covered with a sheet of po yt. he'ne,,., a fan 

-played cool air over the apparatus and the'current was turned 

on. * The constant current used was the output from a "Vokam" 

shandon, SAE (2761) power pack and never allowed to exceed 60 MA. 

The voltage varied with the buffers used. 

, vhen the BPB marker had migrated to the an6dal wick, the current 

was tunned off and the gel removed for slicing and staining. 

v. Slicing, staining and fixing the gels 

Acks and inserts were removed. from the gal and the gel forner 

lifted off. All dried or hardened starch was taken off the 

plate. The top right hand corner was sliced off the gel for 

orientation and the strips Of gel at top and bottom that had been 
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Electrode*s 
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covered by the wicks were removed. A clean, cold, dry -;, lass 

pl,:; te was laid on top of the which was then sliced on a 

3liz-adon slicin,;. ', tray into 2,3,4 or 5 slices as required. 

Eac- slice was best manipulated with a. piece of polythere and 

placed, cut side uppermont, in a polythone Qt&-, -Lnjng diah. 

Gel slices were stained immediately with freshly made-up 

stainirig solutions (see recipes below) and were then incubated 

in -ý., oven at 37 0C 
until bands a-ppearea. The gels were then 

rinsed in water, inspected and scored before being fixed in 

methanol-acetic acid-water fixative. 

Gels were stored after fixing in labelled polythene ba-s 

sealed with a flame, and generally kept their aprearance for 

=Dany months. 

All the recipes used are listed below, 
cgel buffer recipes f first, 

fo-11c)wed by staining buffer recipes, then stains, together with 

the tissues they were used on and the buffers the gel was run 

with. References are given for the origin of each recipe. 
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"AlYY I-, ý stocil- solutions 

'.. Iris-citrate O. -Atinuous) pli 6.2 (Ref. Chapman (1971)) 

(0.2231-4) Tris (Sigma) 27 rsms 
(0.0861,; ) Citric Acid (BDII) 18.1 gms 

(, monohydrate) 
to 1 litre of waterl' 

pH adjusted to 6.2 with N. IITaOH 

Gel - 17-5 ml stock buffer/. 500 mls H20.101% starch 

Electrodes - S. tock buffer used undiluted 

2. Tris-EDTA-Borate p1l, 8.6' IR6f . 
dhapman (1 

109 
gms 

7.6 gms 

(0.. 5%) Boric Acid 30.9 gms 
to 1 litre of water 

Gel 25 mi stock buffer/500 ml H20.12.. 59ý1 starch 

!; Jectrodes - 115 dilution of stock buffer for cathode 
1/7 dilution of stock buffer for anode. 

(0.9,11") Tris 

(0.02V! )_ EDTA (BDII) 
(tetrasodium) 

Tris-maleate-EDTA PH 7.4 Ref. Selander (1971b) 

(o. 1m) Tkis 12.1-*g-s 

(o . 
. 1m) Yaleic Acid (BDII) 11.6 gms 

I 

(0.1y) EDTA 3.72 gms (disodium) 

(O. OJV, ) Magnesium chloride 2.03 gms 
(BDH) (hexahydrate) 

to 1 litre of water 

pH adjusted to 7.4 with 1.0 M NaO H 

Gel - 4.5 ml, stock buffer/500 v. 1 H20.12.5/c'. starch 

Llectrodes - stock buffer undiluted. 
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Lithium Borate/Tris Citrate pii 8.1/8.4 

ref. "elander (1971 b) 

(0-03.1-1) Lithium hydroxide (BDII) 1.2 gms 
(0.19y') (monohydrate) 

(0.191-1) 'Doric Acid (BDH) 11.89 rms 

3. (0.0,51-1) Tris 

(0.0081,. ) Citric Acid 
(monohydrate) 

to 1 litre of water p1l 8.1 

6.2 gms 

1.6 gms 

to I litre of water pil 

Gel - 1: 9 mixture of A: B stock solutions. 12.5'ýý starch 

Electrodes - Stock solution A. 

-: 1.1so used double concentrations + 14% starch 

jL. (0.0611,1) Lithium hydroxide 2.4 9', Irs 
(0.281-1) Boric Acid 23-? 8 ms 

to 1 litre of water pli 

3, (Q. 101,, 1) Tris 12.4 gms 
(0.16M) Citric Acid 3.2 gms 

to 1 litre of water pH 8.4 

Gel - soluzions A: B in 1: 9 mixture. 14% starch 

Electrodes - stock solution A. 

Starch used: - 

Electrostarch Lot 4J 371 

ordered in 10 Kilo drum from: Blectrostarch Co. 

P. O. Box 1294 
Madison 

Wisconsin 53701 
U. S. A. 
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STPINITIG BUzTERS 

0.0_5,,. Acetate, pH 5.0 Ref. Smith P. 334 

Na Acetate 0.3112 0 6. -8 g 
l -1, Il', Icl 14.8 Yni 
H20 to 19000 ml 

1-djust pH to 5.0 with 0.1N HCI 

2.0.061-i Borate, PH 9.7 Ref. Smith p. 334 

Boric Acid 3.? 4 g 
li., NaOH 50 ml 
H20 to 12000 ml 

iWjust PH to 9-7 with 0.061,11 Boric Acid or 0.0511,1 NaOH, 

3. O. lY K-phospate, ph 7.0 Ref. Selander p. 89 

1.0nobasic potassium phosphate 13.6 g (BDH) 

1. Oji! NaOH 
H20 to 1,000 ml 

4. Sodium, phosphate (0.21%,,, ) 

A. Monobasic sodium-phosphate 
NaH 

2 PO 4 

H20 to 

B. Dibasic sodium phosphate 
Na. 2 11PO 4 

H20 to 

Ref. Selander p. 88 

27.2 g 

1,000 ml 

28.4 g 

1 1000 ril 

5. Tris-HC1 (0.2110, - PpH 8. o 

Tris TRILMA, Sigma 7-9/sigr,, 24.2 g (Tris(hydrozymethyl) aminomethane) 
Cone HC1 9.0 Ml 
Y). 0 to 1,000 Ml 

Adjust pH with O. lF I-IC1. 
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0.511i Phosphate pli 7.0 

0.5111 K2 HPO 4 (anhyd) (87-10/1) - 500 ml 

0.5ill kH 2 PO 4 (anhyd) (68.0g/1) - 490 mi 

1.. " 20 to i, 000 ml 

PROT311'1' STAINS 

to7ether with buf., fers used and tissues investigated. 

L.., ROId-LSIýS AND LYASES 

The enzymes in this group are usually de, ýernine, d by couplinr, a 

reaction product directly with an organic Co, rr. pound to yield a 

coloured precipitate. 

Acid -phos-phatase (AcP) Tisz; ue ý- RBCs (T. C. ) ref. Smith p. 334 

0.051-1 'Acetate Stain buffer PH 5.0 50 ml 
Na- CK-naphthyl acid phosphate (si,, -'; 'ma)50 ms 
Past Garnet GBC Diazonium Salt (SiZ; ma)50 zrG (4-amino-3: 11-dimethyl azobenzene) 

Filter solution and incubate for I hr at room temperature 

Red-purple bands appear which diffuse on standing. I 

Alkaline phos-ohatase (Alk. P. ) tissue 
- Plasma 

Ref. Smith P- 334 

0.06E Borate stain buffe 

Ngso 4' 7H 20 
(BDIO 

Naýg -naphthyl Phosphate 
Fast Blue kI. R. (Sigma) 

Incubate at 37 0C for 1 hr or 

r pH q.? 50 ml 
67 mg 

(Sigma) 25 mg 
25 mg 

until blue/red bands appear. 
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Leucine aminopepti, 2ase (LAP) Tissue - Plasma (T. C. /U. B. ) 

6elander 171. 

0.1E X-phosphate stain buffer pli 7.0 50 ml 
1- 11 26 rrg 1,, gC1 2* 

64 
20 

(BDH) 

-leuorl- 
9 

-naphthy-1amide 
hydroclOoric acid (Sig 

, ma) 10 M. g 

Incubate gel siice for 30-60 inins at 37 0 C. 

Pour stain back into flask and add: - 
Past Black K (Koch-Light) 20 mg 

Reincubate at 37 0C for 30-60 mins until blue bands arnear. 

1'. ; ýsterases (ES) (i) Tissue - RBCs T. E. B. 

ref. Selander 1? 1. 

Sodium phosphate stain buffer 
(4: 1 mixture A: B) 30 ml 

+H20 20 ml 

W -naphthyl proprionate solution 
(Sigma) Ogm in 100ml ace-tone) 1 Ml 

Fast Garnet GBC 25 mg 

(ii) Tissue Plasma, liver, kidney (TC/LiB) 

ref. Selander 171. 

Sodium phosphate stain 
1 mixture 'A: B) 

+H20 

o<-naphthyl proprionat, 
or( (sigma) 

o(-naphthyl acetate or 

solution of Igm 

Fast Blue RR 

Incubate at 37 0 C'for 10-30 

buffer 
2 ml 

47 Ml 

(liver and kidney) 

bu. tyrate (plasma) 

in 100ml acetone 1ml 

25 mg 

Mins. 
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Carbonic anhydrase (CA) Tis--ue - I? BCs 

rcf- -s-ith P. 335 (modified) 

0.2l.; 11'ris HC1 Stain buffer pH 8,0 

+ 1-1 
20 

1ýo' O< -naphtbyl aoetate sojutj,, ý)n in acetone 

-naphtl,. yl acetate solution 
in acetone 

Fast Blue RR 

25 ml 
25 ml 

2 ml 

2 ml 
50 mg 

This Yrethod is based on the relatively weak esterase activity 

of carbonic anhydrase, demonstrable in some mamnalion erythrocytes., 

where the enzyme occurs in very high concentration, and on the 

relative preference of this enzyme for A 
-naphthyl acetate. 

Thus, when the gel is developed with a mixture of c<- and ýg- 

naphthyl acetates, carbonic anhydrase is stained red, Whereas 

non-specific esterases are stained blue-grey. 

Definative test for carbonic anhydraze; - 

kdd iM , 0-4 1 acetazolamide (Sigma) in 0. 
. 
11"I tris HC1 buffer 'plI 8.0 

20 mg acetazolamide-in 25 mi 0.2M Trus HCl + 25 ml E2 0 

Incubate gel to be tested in this solution; control in 

tris HU buffer for 30-4.5 mins at rooin temperature. 

Stain as above but add acetazolaimide to test gel in same 

concentration. 

OXIIDASES AND PEROXIDASES 

Indopheno oxidase (IPO) Tissue ; RBCs (T. E. B. ) 

0.2ý11 Tris HU stain buffer 50 ml 
NBT or XTT (Sigma) 

15 mg .' (Sigma) 10 Mg 
Incubate in light for 1-2 hrs or until pale bands appear in 

a dark blue background. 

N. B. N IPO usually appears on all gels stained for dehydrogenase 
activity Us best on Phosphate buffer and stain for GPI in RBCs). 
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i 

DET; ý. 'DROGENASES 

Dehydrogenase stains are based upon the 'transfe'r of electrons 

(and hydro-en) according to t he following series ofreactions: - 

Substrate 
(red) 

NLAD + 

enzyme (IIADP + FIMS 
(; ed) tetrazolium salt 

Substrate 
(0 

. 
X)) KIM PNS(ox)ýCtetrazolium salt 

(red) 

(NADPH) 

dark blue precipitate 

141ILD (1, ADI-) = nicotinamide adenine diphosphate (phosphate) 

Pms = Phenazine nethosulpha. te 

BT (nitroblue tetrazolium) and MITT (Thia2alyl blue) are two 

cori-mon-te'trazolium salts. These salts, upon reduction, form 

an insoluble blue compound at the site of enzyme action. 

Lactate dehydrogenase (LDII) Týssue - RBCs, liver, kidney 

ref. 

0.2k Tris-HC1 staining buffer 20 rrl 
+H20 30 ml 

Na-Lactic Acid syrup-DL (Sigma) 5 ml 

NAD (Boehringer) 25 irg 

NBT (Sigma) 15 mg 

Pl, is (6igma) 2 mg 

Incubate in dark at 37 0C for 30-60. mins. 

, 
Pialate debydrogenase (MD11-INAD) Tissue - RBCs, heart 

(NAD-linked) 

0.2k, Tris HC1 st4ning buffer 

+H20 

Na-L-V. Alate solution (see below) 
NAD 

NBT 

PXS 

Incubate at 37'C for 1-2 hrs. 

20 ml 

30 ral 

.5 ml 
25 mg 
1.5 mg 

2 mg 

( r. n 
.c. 

) 
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U 'ANa-L-mialate solution: - 

L-Yal ic 

IT 

Acid (Sigma) - 13.4. g to 1000 ml H20 
I'a 2 co 3' 120 (BDH) - 248 g 

40 ml of this solution to 1,000 nl with E20. 

'Malate dehydrogdnase (1-. 'DI"-LADP) Tissue - kidney, liver, heort(T. C. ) 

(: ýADP-linked) 

0.21,. Tris-HC1 stain buffer 20 ml 

li 20 30 ml 

11,1, Na-L-malate solution 5 nl 
NIADP 20 yrg 

,. BT 1.5 m 
PI-IS 2mg 

Incubate at 37 0C for 1-2 hrs. 

Alcohol Dehydrogenase (ADE) Tissue liver 

ref. mixture Smith P-347 

0.2k Tris-IlCl stain buffer pil, 8.0 50 ml 
I 951, 'J Bthanol (BDR) 5 mi, 

NAD 30 mg 
NBT 15 ms 
PYL 2 mg 

Incubate in dark 37 0C until blue bands appear ( 1- 1 hr). 

Glucose-6--phosphate dehydrogenase (G-6-PD) Tissue - RBC, kidney (T. E. B. ) 

ref. Selander 

0.2M Trix-HC1 stain buffer PH 8. o 50 ml 
Na 2 -Glucose-6-phosphate (SiSma) 20-50 mg 

NADP 1_5 mg 
NBT 10 mg 
PMS 2 mg 

Incubate in dark for 6-10 hours at 370C. 
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hexose-6. -phosph, ate dehydrogenase (HAPD) Tisoue - liver, kidney NEW 

ref. Selander 

0.21,, Tris-11CI buffer pli 8.0 
-50 ml 

N'a 'ualactose-6-phosphate (Sigma) 50 ngr 2 (: > 

N'A DP1.5 mg 
1ý"-T 10 mg- 
pilýs 2 mg 

Incubate in dark for 6-10 hrs at 37 0 C. 

6-Phos-ohogluconate dehydrogenase (6PGD) Tissue - RBCs 

ref. Selander (modified) 

0.21-*,, Tris-IiCl stain buffer pil 8.0 10 ml 
Magnesium chloride 15,0 mg 

+H20 20 ml 

or Barium-6-phaphogluoon: ic acid (BDI. 1) ",,, 3-. 0 me 
NADP 

10 ME 
Pill's 2 mg 

Incubate in dark at 37 0C for 1-2 hrs. 
I 

0< -C-7lycerophate 
dehydrogenase (0'- GPD-1-11) Tissue 

ref. Selander 

0.21.1 I Tris-17,01 pH 8.0 50 

Magnesium chloride 
-50 

Y. a2- D/C, -DL-glyceropho8phate (Sigma) 50 

NAD 20 

- -C NET 15 
PMS 2 

- liver, kidney (TC) 

ml 

mg 

mIg 

mg 

mg 

mg 

Incubate in dark at 37 0C for 1-2 hrs. 
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Glutanate dehydrogerase (GDH ) Tissue - kid-ney 

ref. Sviith P. 349 (modified) 

0.2ý. Tris-H IC1 pl-I 8.0 

iý, a Slutamate (BDH) 

"BT 

Dlv, 'S 

Incubate in dark at 37 0C for 1-2 hrs. 

.I Kan-thine dehydrogenase UDII) Tissue - liver 

ref. Selander 

0.21--i Tris-fIC1 Buffer pH 8.0 

Hypoxanthine (Sigma) 

NAD 

NB`T 

incubate in dark at 370C for 3 hrs. 

50 rnl 

2 gm 

50 mg 
20 mg 

2 ng 

( TO EB) 

(TEB) 

50 ml 
25 mg 
10 mg 
10 mg 

-5 mP 

Isocitrate dehydroFenase UDH) Tissue - lUdney 

ref. Selander and Smith 

0.2M Tris-I-ICI pH 8 50 Ml 
(0.25H 14nCl 2 

(4. gg/loomi) 0.2 ml) 

orl MnCl 21.00 ME 

0.1m Na 3 DL-isocetric acid. H 
203 ml 

(2.94g/looml) (sigma) 

NADP 10 Mg 
lVIT T 'Jr. ý 50 

PMS 
.5 M's 

Incubate in dark at 37 0C for 2 hrs. 
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ENZY1,1E REACTIONS 

(PGI'ý Tiszue - RBCs -,, -, o!,, Iu cormi ta se -. Ijo: 7 

ref. V. Chapman 

0.2ý! Tris-IHCI ph 8.0 15 ml 

+H20 35 ml 

Glucose-l-phosphate (Koch-light) 50-10C M3 
NADP 10 Mg 
1, rn. 2 10 

1 

G6PD (Sigma) 5X 

Incubate in dark at 37 0C for hr. 

Glucose phosnhate Isomerase (GPI) 

ref. Selander (modified) 

0.2.11, Tris-HC1 pyý 8.0 
+H20 

Tissue - RBCs, kidney (T. C. ) 

30 ml 
10 ml 

0.1 R. Y19cl 2 10 ml 

Na 2- 
D-fructose-6-phosphate (sigma) 20 mg 

G6PD 
.5 

X 

1. x; 4,1 DP 10 mg 

li. ý , 20 mg 
Pi/IS 10 mg 

0 
. Lncubat-v in dark at 37 C for 30-60 mins. 

Gluta. mate-oxal: oacetate transaminase (GOT) Tissue - liver, kidney (TA. C. 

ref. V. Chapman aad-Selander mixed 

H20 2_5 ml 

0.5M Phosphate buffer p, E 7.0 25 ml 

o<-a?. partic acid (Sigma. ) 200 mg 

oý-ketoglutaric acid (Sigma) 100 mg 
Fast Blue BB (Sigma) 100 mg 
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Tissue - IRBCs, liver, kidney (TI-11E Per-'4-lase (Pep) 

r-ýf. 3erry 

0.21,1 Phosphate-IlCl Buffer P111 7.5 25 ml 
0. I I-, %, x, C1 

2 . 
0.25 ml (or 50 ng) 

Crotalus adanmntus snake venQr,, i 10 mi-, 
(-ýýigm a) 

Peroxidase (Boehringer) 5 mg 
0-dianizidine di-hydrochloride 50 mg 

pept ide 
(leucyl-tyrosine(I-ep 1) or 
leucyl-glycyl-clycine (Pep2)) 2b n, S 

AGar (21,, 1 .ý solution) 25 ml 

0 
Heat agar to boiling and allow to cool to 

lkiix stain. Add agar. ýIix. Pour onto gel and allow to sOt- 

GerEýral Proteins (GP) Tissue Plasna (TC/LiB) 

5: 1: 5 Methanol: Acetic Acid: H 2 0.50 ml 

Coomassie'Blue (Sigma) 12-5 mg 

Dissolve thoroughly.. Stain overnight. 

Destain with solvent. 

All gels washed in water after staining and fixed in 

5-. 1-. 5 ; ýIethanol: kcetic Acid-Water. 
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Sec'Uion 13 - Results 

1. --roteinsinvestiý. ra ted 

U shows a liz3t of proteins which I have investigated 

electirophoretically i. n various tissues of Clethrionomyr, F-lare-olus. 

Thouc are all OnzYMOd and non-anzymutla protoina which have 

beer. nreviously used in studies on other mammals and most have 

been found to vary extensively uL; ing the same technique s as 

I used. They have also beer, described at vbrious times in 

tlie Literature as being a random sample of the genomne. 

2. Description of variation found 

. '-.; ýve examined between 100 and 200 animals (Clethriorom-, q) 

for every blood-protein and between 50 and 100 animals for 

every tissue protein, (see Table 7 ). I have found rampant 

raonomorphisn. The only loci that are certainly polyrornhic are 

three out of six serum esterases (see Table There are 

two types of haemoglobin (Eb) 
-a fast-migrating one- in SK and 

1,1i and a slow oneeverywhere else. In NU I found what-looked 

like a heterozygote. (Stephen Hall, working in Cambridge, has 

since confirmed one type of lib 
--'Ln England and another in Scotland. ) 

Perhaps the boundary is somewhere in the North of England and 

'hT 

., utwith is on the'edge of it. 

In one Soutuern Scottish sample I also found what looked like a 

heterozygote in a transferrin and another had a kidney LDH which 

was different from all the others. There were undulations in 

some peptidase and leucine aminopeptidase zymograms but, even 

after many changes of plis starch Concentration etc. I was unable 

to produce any definite banding patterns for the undulations. I 

understand that with both these st ains there is occasional ester8se 

activity so this may have been Complicating the picture* 
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"'able 6 Proteins investigated by horizontal starch gel 
electrophoresis in the Bank Vole, Clethrionomys giareolum 

No. of loci 
RBCs Red Blood Celle, X- Kidney, L- Liver, H Heart 

Hydrolases and Lyases 

Acid Phos. - RBCs (1) 
Alk Phois. - Serum (1) 
LAP - Serum (1? ) 
E14's - RBCs (5) Serum (6) 

Oxidases and Peroxidases 

IN RBCs (2) 

Dehydrogenases 

LDH 
MDII(NAD) 
kDR(liADP) 
ADH 
G6PD 
116PD 
6PGD 
Cý-GPDH 
GDH 
XDH 
IDH 

RBCS KL (2) 
RBCs H (2) 
L 
L 
RBCs K 
L (1) Y, (1) 
RBCs (1 ) 
K (1), L (2), H 
L (2)9 (3) 
L (17) 
K (2) 

Dehydrogenase-coupled enzymes 

PON - RBCs (2) 
GPI - RBCs Ms K (1) 
GOT -L (22), K (22) 
A-PEP - RBCs (I)s K (2) 
Tri-PEF RBCs Mj K (2) 

General Proteins 

RB RBCs (1) 
Tf serum (1) 
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, 
Table 7 Numbers of animals (Clethrionomys) investigated from 

each samplp for proteins in given tissues G totals) 

i; nzyme or 
Protein samples 

RS MU SK AP MN 
RBCs 

MH NU BY BU 

Totals 
(all samples) 

GPI 15 33 48 26 2ý 21 19 10 151 
MIDH 37 33 31 - 26 22 21 19 10 175 
Ac Phos - 33 48 -- 22 - - 10 106 
LDII 22 26 48 - 26 14 21 19 10 186 
G6PD 22 26 23 - 26 14 - 19 10 14o 
Es 22 26 48 - 26 22 21 19 10 194 
6PGD 22 26 48 - 2'6 22 21 19 10 194 
PGM 22 26 23 - 26 22 21 19 10 171 
. Ui-piýp 22 26 48 - 26 22 - 19 10 173 
Tri -pZp 22 26 48 - 26 22 - 19 10 173 

, hB 22 26 48 - 26 22 - 19 10 173 

Serum 
Ls 22 33 48 - 26 22 21 24 - 196 
Alk Phos 22 33 48 -- 22 25 24 26 200 
LAP - 33 48 -- 22 - - - 103 
Gen Prot 22 33 40 -- 23 25 24 26 192 

Kidney 
Es 24 24 24 
Di-PEP 12 24 24 3 12 20 
Tri-PEP 12 24 24 3 12 20 
GPI - 24 - - 20 
6 PGD -- 24 - - - 
LDII 12 24 24 3 12 20 
GDH 12 24 - 3 12 20 
G6PD - P-4 24 3 - 20 
ii6PD 12 - - - 12 - 
4x-GPDH 12 24 24 3 12 20 
XM 12 - 24 3 12 20 
XDHP 12 24 24 3 12 20 
UUT 12 - - 3 12 - 
heart 
XDH 12 24 24 3 12 20 
hDHP 12 24 3 12 20 
0(-GPDII 12 24 3 12 - 
GDII 12 

Liver 
MDHP 12 24 24 3 12 
GOT 12 - 24 3 12 
c<-(; PDH 12 24 24 3 12 
LDE 12- - 24 3 12 22 
A DF, 12 24- 24 3 12 22 
XDH 12 24 24 3 12 22 
GDP, 12 24 24 3 12 - 

72 
95 
95 
44 
24 
95 
71 
71 
24 
95 
71 
95 
28 

95 
71 

12 

75 
51 
75 
73 
9T 
97 
75 
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Table 8 Describing the Serum Eaterase polymorphism for each sample 

RS Pionomorphic for all three. 100% A +ve, B+ve, C+ve. 

MV Lacks B entirely 
Is 82% A+ve and 50% C+ve 

No mobility polymorphism, 

SK Lacks B entirely 
100% A+ve 

72% +ve for C 
No mobility polymorphism 

MN 100% +ve for A, B and 0 (except ? some absent Cs) 

No mobility polymorphism 

MH 90% +ve for A 

Almost 100% +ve for B 

100% +ve for C 

No mobility polymorphism 

NU A and C both 100% +ve and both show mobiZity polymorphism 
Lacks B entirely 

BY A and C both 100% +ve and both show mobility polymorphism 
B 17% +ve 

and Haemoglobin-polymorphism 

All samples except SK and MH (and possibly NU) are 100% 

monomorphic for the slow type., 

SK and M are 100% Monomorphic for the fast type. 

NU had one possible h*teroxygote but otherwise all were slow& 
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. All oti. er enzyr-nes and non-enzymatic pro, teins investigated 

were clezýrly monomorphic and were the same in each sample. 

3- Esterase polymorphism 

"'he esterase polynorp4ic loci were naned A, B and- C. jlj being 

X, furthest from theorigin. These are the only 3 out of 6 bands 

, ahich showed variation. B is polymorphic only for presence 

and absence. -C and A may be present or absent and, if present, 

-lay also be polymorphic for mobility. , 
Mable 2Z, describes the 

serun esterase Polymorphism in each sample,,,, 

4. Summary 

'To sýummarise the results then of my quite considerable 

electrophoretic survey of the bank vole, I feel bound to say 

L, hat these animals appear to be much less polymorphic for the 

enzymes and proteins investigated than most other animals 

which have been studied so far. If bands are equated with 

loci (a conventional but not reliable practice without 

breeding experiments) it is calcu. lated that aprroximately 7% 

of loci in these animals are-polymorphic. This is considerably 

lower than the quoted average (15-20%) for vertebrates. This 

finding will be discussed in Chapter VIII. 

At this stage it seems relevant to ask the question: 7- "Is the 

amount'. of variation. observed electrophoretically in Clethrionomys 

typical of its whole genome? " before going on to investiSate 

the original problem of genetic distances between populations 

and subspecies. Fortunately I still had many animals still 

alive when I began to suspect the lack of protein variation 

and was able to keep skulls from all samples except Butterdean (BU). 
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Using skull measurements, non-metrical skull scores and the 

m, orphological. measurements taker on whole anirraic it was now 

possible to investigate this question in d-iapters V, VI and VII. 



82 

. 
2HAPTER V- Metrical Variation 

It is bihlogically important to ask the question posed in 

Chapter IV "Is the amount of electrophoretic variation 

observed in Clethrionomys, typical of its genome as a whole? " 

I considered'the most obvious way to answer this would be to 
I 

measure variation at as many levels of organisation, or. 

aspects of the phenotype, as possible in the animal. Then 

to compare each type of variation with that found for the 

same characters in other species: The other species I had 

available were the Apodemus, and Microtus that I had caught 

in the same places as the Clathrionomys. 

In the field I measured the weight, length of head plus body, 

length of tail and length Of hind foot of every animal caught. 

(Figs. 13&14), o comparing wild-oaught samples with lab-born 

an .d reared samples from the same gone pool suGgest these 

measurements are*heritabl* despite the fact that, one might 

re safely assume, there are also A lot of environmental factor 

which &ffect gross morphology, The same measurements were 

again made at each &n: Lma: Lo death, All the &nimals except 

Applecross ?a became lighter in weight and slightly shorter 

in length once they had been' kept in the lab for a few weeks. 

Tabl* 9 cOmPar'08 2**n maagurOmOnts of adults when caught 

with means of the AWLMO MO&SUrements when the animals were 

killed* The loss of weight in -significant at the 5% level- 

This perhaps suggests that our laboratory conditions were not 

optimal 
. for the Small MammaLls We 

I housed! 
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Fifrc. 13 ClethrionomYs mean adult weightq`(U, grýms) + se's 
wild-caught and deiriv, "-+fj-) samples 

33- 

31 
RSFI 

29- 
SK 

27 -J SKFI 
mu 

5K 

25 
wts. 23. 
in mu 

SKFI AF APFI 

gors 21 wli f MM 
1. 

l? .& 9 MNIMN Nu Z 

mw 
17 AP 

APFI 

15 

13, 

Samples 
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Table 9 
twe 

d 

catch v kill c> k(+), c< k(-), c= k(O) 

weights Lengths head and bodX 
Cleths Apos Microts Cloths Apos Ylicrots 

,? T ir T- Cr T or T rT Cr T 
+ ++ RS ++ 

+ +++++ MU ++ 00 ++ 

+ +++ SK + +0 

+ + AP + ++ 

+ ++ MN +0 

NH + 

+ ++ NU ++ 

+ +++ BY + 0 

.. -11 + ool BU + --1 

0 0- Ca 

ed* 2/16 p=0.002 J'"C? 6/17 p 0.17 

5118 P- 0-05 9/17 p 0.68 

4 7/34 p< 0-007 77 15/34 p 0.19 

Abbreviations used in-Chap ter V and subseq uently 

C. . or Cloths Clethrionomy s 

A, or A-pon Aipodemus 

M. or YSicrots Microtus 

j Juvenile Wt. - weight 
Im Immature Male H&B - Head and Body, 
IF Immature Female 

I. 
HP Hind Foot 

MM Mtur M * mle T Tail 
MP Mature rimale 

RS - R*anay MU - mull SK . Skomer 
AP . Appl*crose ý414 - Morvern MH . Martin's Haven 
NU 
BU : Putwith 73Y - Butterde*n C6 Baxwhillanty Co Cr:! lockhart IL fy 

- CaLatl e Rock RS Ro nlee 
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A measurement which might be less influenced by the environment 

than is gross morphology is the size of the skull. Skull 

measurements have been used an traditional taxonomic tools in 

the classification of mammals and show considerable heritability. 

I compiled a series of 11 measurementag most of which have-boon 

used in various combinations or singly in previous taxonomic 

studies on mammalas and all of which were relatively easy to 

measure on my specimens. Table 10 shows a list of these 

measurements. Skulls were measured with a pair of vernier 

calipers to the nearest 0.05mm. 

A further 13 measurements were made on the right mandible of 

each animal. Footing (1973) states "the shape of the mandible 

is a highly beritable'traitio, 'and uses it to accurateli type 

members of inbred mouse strains, He describes a method of 

measurement (Footing, 1972) shoun in Fig. 15 Ordinary 

1mm graph paper was Photographically reduced to a quarter 

size. 'Two double-thickness glass microscope a-lides Weis 
I 

glued to the print at right a#glea to one anoth, or.., The 

right mandible could then be Placed on the pý&'pk.! Aýshown in 

Fig, 15 Just touching the slides, and the heights and lengths 

indi6tod could be road off to the nearest 0.125mm under aý 

xio monocular microscop** 

To summarise; I now had three grOuPs of measurements for every 

animal in three different sPecies: - 

One weight and three lengthg (taken on capture and 

again at death) 

2) 11 skull measurments 
3) 13 mandible measurementli 

llý 
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Table 10 Skull Measurements 
I 

1, Greatest length of skull from anterior Inargin of nasal bons 

to hindermost part of supraoccipital in the midlineo 

2. Condylo-basal length - condules to the foremost points 

of the maxillae, between the incisors. 

3- Length of nasals. 

4. Length of right maxillary tooth row. 

50 Length of right diastema, 

6. Length of right palatine foramen. 

7. Zygomatio. width - greatest width across zygomatic arches. 

8. Inter-orbital width - least width o-f the interorbital 

constriction as seen in the dorsal view, 

9. Condyle width - between the external syrfaces of the 

occipital condyles, 

10. Cranial width -. immediately-posterior to the origin 

of the zygomae 

11, Cranial depth from ventral surface of basioocipital to 

dorsal surface of cranium, 
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Fix. 15 Measurements taken on right mandible (after Feating, 1972) 

Qucirter m m. graph pciW 

10 9 

Glass 
slides 

N1 
l- 

12 
I 

Fig. 16 Clethriohomys mean adult length (head + body) at 
at capture (in ems) + eels 

in 
MS. 

141 

13- , mu 
SK 

RS SK 

40 
It 

A? Ap MN 12, 
i. q mm NU NU By y 

mli 9- au su 
10. 

Samples 
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Enzyme variation is very slight both between and within 

populations of Clethrionomys. Graph (Fig. 16)shows that there 

imi obviously considerable variation in aize between, popula- 

tions of Clethrionomys. Thia*iscomparable with Apodemus 

and Microtus, (Graph& in, Figs, 17 & t8), Is the underlying 

variation within populations of the same order in all three 

species? 

The orthodox method of measuring and comparing variation 

between species in the use of the coefficient of variation. 

I have calculated the coefficients of variation for each 

measurement of every animal and divided them into groups 

according to species, population, sex and age classes (age 

classes are described in Chapter III). This was done using 

the Program MINARRAY for the morphological measurements of 

the whole animal and MCOVSETC for the other measuremenis. 

I then compared coefficients Of variation for every age and 

sex class containing three or more individuals in each 

species with the same ago and sex class in the other two 

species taken from the same place. Only the sign of any 

difference was not ad* E-g- Clethrionomyg v Apodemus - 

G>A (49 C<A (-)v GmA (0). 

The test of significance used on these data was the Sign Test, 

(Siegel, 1956, p. 68-75). The Sign teat was employed as 

a) it does not depend. on knowing 'the distribution of the 

coefficient of variation and (b) Comparisons were between 

speci&s. jt is 
'a 

one-tailed test where the prediction that On* 

species (Clethrionomys) is less vari&ble than another (Apodemus 
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Fig. 17 Apodemus mean adult lengths (head + body) at capture 
(in cms) + se's 

14' 

13' 
LengthS 

12 SK 
in MU AP 

T 
MH 

NU HU BY C& T 
C Ms. RS 

its 
BY d7l 11N MN 

CO. 
10 

9 

Samples 

mean adult lengths (head + body). at capture Microtus 
(in cms) se's 

14- mu 
AP 

13- mu- MN 
Ap 6m 

Lengths -12 MN M 
q CF NU jr 9 

in 

CMS. ED 10 

Scl mp les 
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or Microtus), i. e. - xx 'ý' XAorN) P( C'Iýý AorM)'ý P(XC ' 

For Apodemus compared with Microtus, the P values are doubled and 

the test is 2-tailed as the prediction is that there is no 

difference between them, i. e. P(X A>xM). P(X A<xM). 
4. 

Table 11a gives the results of this analysis of the external ýody 

measurements, and shown that, using measurements taken on capture 

of the animals* Clethrionomys, is significantly less variable 

than Apodemus at the 10% but not at the 
. 
5% level (P 0.059) 

and is less variable than Microtus but not significantly so. 

Apodemus, and Microtus are not significantly didferent trom one 

another. If measurements taken at the animal's death are 

used the same trend appears but noneare significant at the 5% 

level (Table 11b 

For the skull and nandiblo measurements have ubed only animals 

that were mature at the time of death to avold as f&, r as -Oossible 

any problems associated with &llometric 9roWih., -----"f-`have divided 

th*m. into sex classes and compared cOefficiette of variation, an 

abovee 

Table 12 shows the results of this analysis for the mandible 

messurementso Among males Clethrionomyg tends to be less variable 

than Apod*mus but not significantly so (P a M72), but 

Clethrionom. ye are significantly (P 0.0003)lesr. variable 

than Apodemus Combinin, ", e 
and data, Clethrionomys 

is significantly less variable than Apodemus (P . 0.004). 

The same tr 
. 
end is see&'if C ethrionoWs in compared with Mier 

that in - 
el 

show no significant dif f erence but 

and 
? data combined show Clothrionomyg to be significantly 1088 

variable than Microtus (P a 0-003). 
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Table 11 Coefficients of Variation comparedfor 
Four External Body Measurements 

a) Catching Data 

Axe and sex clarmses 

CvAi Im IF mm MF 

Sample 
Sites Wt RB EF T Wt HB EF 11 Wt HB HF T Wt HB HF T Wt RB HF T 

RS + ++ 

Nu 

SK + 
AP + 

NN + 
NU 

crAi+m) 6/20 (I+M) 9/17 o'.? + 99 (j+I+m) 15/41 

p o. o58 p-o. 685 pm0,059. 

Cvi IN . IF mm Er 

NU ++ 

AP - - M, 

. 
NU 

(i+m) 6/12 5/1,5 9-? (. T+I+N) 11/27 V' 

pm0.613 P 0-151 pa0.125. 

AvMi im 

mu 

kp, 

NU 

IIF mm MF 

+ 

ejj*(I+M) 2/8 IT (I+M) 4/9 

.pa0.290 p ;ý0.9 
eoO+ qT (j+i+m) 6/17 

0.332 

b) Icilung Datal 
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Table 11 contd. 

b) Killing Data 

vA m14 

mu 

SK 

IC 

vM 

mu + 0 

A vM 

mu 

AP 

. MF 

2/8 p. 0.145 
VZ 4/8 p. o. 637 

--++ 
Af+ ýq 6/16 pm0.227 

eoP 2/3 2/7 

o/4 p 0.227 

cf, ý, 1/4 . 
re+ IT 2/8 

IT 1/4 p=o. 240 
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Table 1P Coefficients of Variation compared for 
Xhirteen Mandible Measurements 

CVA (/) 
mu +0+------ 

14/38 p a-0.072 ............. 
MH ------------- 

CvA 

SK ------- -- ----- 

M'N +++ 
7/26 p 0.0003 

CvA+ 21/64 pwo. oo4 

v (xx) 
mu + + -++-+ m+0+-- 7/12 p, o. 8o6 

cvm ('T- T) 

mu - - ----- - 2/13 p 0-011 

c vm (A? + p 0.003 

AvM 

mu + + +++ 
0.655 

AP 0 

AVm 

AP + + ++ + 3/13 Pu 0-090 

A vM "15138 p= 0.127 
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A-podemus-and Microtus do not differ significantly. 

For skull measurements the some trend is observed (Table 13 

but cfoZorq I alone are not always sianificantly different. 

Combining oCand 
T data, both Alpodemus and 

_Microtus 
are 

significantly more variable than Clethrionomys (P < 0-05)- 

Apodemus and Microtus show no significant difference between 

them when compared in the same way. 

If all the skull and mandible coefficients are combined the 

differences between'C111hrionomyo and the other two species 

become even more significant. CVAP< 010001 

CvMpU0.018 AvMP=0.097 (see Table 14 

similarly if external body measurements are added in the differences 

are even greater, CvAP<0.0001, CvHP=0.0129 

(Table 15 ). 

To summarise - There in an obvious and statistically significant 

trend for coefficients of variation to be lower in Clethrionomys 

than in Apodemus and Microtus regardless of which class of 

metrical measurements are considered. 

Thus, at thelevels of organisation of external morphology and 

skeletal size &A well as at the OnzYme level, Clethrionomys 

shows a lower level ýf-variability 
then either Microtus or 

Apodemuse 

Another level of organination, that of "threshold" skull characters 

will be explored in the next chapter. The data used in both of 

thee* investigations is available for an attempt to answer the 

x*cond question posed at the end o; Chapter IV, namely the measure 

of overall diverge*ce or "dilst&nce" between the popUlatiOrLB- This 

will be discussed in Chapter vlj-*, 
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Table 13 Coefficients of Variation compared for 
tiev#n a-kull measurements 

CvA 

mu 

mv 

---------- 

MM - es- 
Z' 

b f. - 

vM (q T) 

bt/20 

7/21 

0.003 

0,026 

pm0 095 

5/10 p=0.623 

mu Tp0,011 

GvM(,?, r+ VT 6 /211, P0 058 

AvMW 

mu +++++-+++0.226 p 

v M. (IT ) 

AP ....... 0-i. 'ý 4A 9p. 0.654 

A IF M 9/2 
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Table 14 Coefficients of Variation compared - 
-Skull and Mandible Measurements 

C v-A 3, VlQ-V P<0.0001 

CvMpa0.018 

AvM 24/59 pa0.294 

( z$Oýarand Il combined) 

i 

Table 15- CoeffIcionts of Variation c 

CvA 48/151 p<0.0001 

CvM 26/72 p=0.012 

AvM 30/76 P=0.384 

( drer and IT ý combined) 
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, 
CIIAPTER VI Non-metrical Variation 

The non-metrical variation under consideration here is that 

of threshold characters . "characters of biological interest 

or import whose inheritance is multifactorial but whose 

distribution is discontinuous's (Falconer, 1960). Examples of 

this type of variationare litter size, disease resistance# 

presence or absence of vertebrae or teeth, an additional bone 

in a suture, an accessory foramen adjacent to a recognised one* 

The manifestation Of variants of this type can be scored as 

absent, present or present to a defined degree. As they are 

under the influence of many genes but are discontinuous in their 

manifestation they have been described by GrUneberg (1952) as 

"quasi-COntinuous variations". Berry and Searle (1963) have 

also described this type of variation as Ilepigenetic polymorphism". 

This type of variation has an underlying continuity of causal 

factors, which in both-genetic and environmental in origin, with 

a "threshold" (containing both genetic and environmental elements) 

which imposes a discontinuity on the expression of the character, 

Lpigenotic polymorphisms have been extensively studied in primates 

and-rodents. Berry (1968) reviews a variety of studies on 

non-metrical skeletal variant 
I 
g. * GrUneberg and his colleagu. es 

have made a long study 
I 
of various aspects of this type of 

variation. (GrUnebergj 1 952). Green (1941) and Searle (1954) have 

shown that the presence or absence of a particular variant in 

an, individual depends partly on the genetic makeup and partly' 

on a number of non-genetic causes. Truelove (1961) has shown 

that tho, incidencos, of almost all such variants studied in-, the 

Mouse I &re uncorrel&ted. 
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Most studios of this type of variation have been done on 

laboratory strains of mice (Truelove, 1952; Deol and Truelove, 

1957; Deal$ 1955; Deal et all 1960; Searle 1954 Grewal, 

1962). The techniques have also be*n usefully incorporated 

in studies on wild populations of Apodemus by Hedges (1969) 

and Berry et al (1967), Of Mus musculus by Berry (1963'and 1970) 

and of grey scalo'by Berry (1969aL Berry and Searle (1963) 

examined epigenetic polymorphisms in a wide variety of wild 

rodent speciOSo 

Using the characters described in the papers above a's a basis 

I made a preliminary survey of Cleth_rionomys, Apodemus and 

Nicrotus skulls and drew up a list of 25 characters most of 

which could be scored easily in all three species. I included 

the simple/complex tooth character described by Corbet. (196-3 and 

1964) to be scored only in Clethrionomys 
0 

Table 16 gives a list and descriptions of all the, characters 

scored,, some of them illustrated. 

skulls were prepared as described in Chapter III, Section B, and 

were observed and scored for presence or absence of variants 

under 6 binocular microscope (XlO'magnification). At least 20 

of the 2.5 characters were, scored for any one species*' 

occasionally some had to be Missed if the skulls were not 

clean enough or were damaged. 

In order to compare amounts of variation between Species using 

these data ,a method had to be found to keasure variation 

within each &P*Cies- This was not caasy ae'\the data was in 

symbolic foraq in many Cases there were up 
ýýa-fes 

and o 
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Table 16 
Non-metrical variants list of variants (and codes used) 

1. Complex or simplex tooth (Corbet, 1964) - Bank voles only 

The fourth lingual ridge of M3 is either present or absent, 

termed compl*x or Simplex; or in present to a lesser degree., 

termed intermediate. 

ý(; q S9 1) (Fig. 19) 

2o Preorbital foramen double (Berry, 1963) 

Anterior to the canalis infraorbitalis is a foramen on the 

lateral side of the skull, most frequently on the suture 

between maxilla and premaxilla. This has been named the 

preorbital foramen and is occasionally double, rarely absent.. 

(DjSjA) (Fig. 21) 

3. Frontals Parted (Truelove, 1952) 

This usuallY mahifeete as'bL spindle-shaped widening of the suture 

between the frontale b shind the transverse sinus". 

(P 1 0) 

Frontalefugel (Dool and Trualove, 1957) 

This dorsal fusion is easily recognised and may be partial 

or complete- 

(F, 0) 

5.3: nterfrontal -present (Truelove, 1952) 

"Thi interfrontal bone occupies a Position in the suture - 

between the frontals anterior to the traneverse sinus. it 

differs from ordinary suture or Wormi&n bones by the regularity 

of its outline-and position, and by*the fact that the sutures 

surrounding it are invariably smooth. to 

(Ps A) 
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Fig. 19 Clethrionomys - variation on the third molar 
from Corbet (1964) 

11 

22 
33 

4 

A-simple B-Intermedlate C_ýq x. nvIe 

Fig. 20 Clethrionomys, mandible from either aide 

24 

25 
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6. Pledian frontal foramen 

This foramen is occasionally present just posterior to the 

frontal, nasal suture and generally in the midline. 

(P, A) (Fig. 21) 

7. Frontal foramon'l (Berry and Searle,. 1963) 

The frontal foramen on the lateral surface of the frontal bone 

near the dorsal edge of. the orbit may be represented by one, two 

or rarely more separate foramina. It is classified as double 

if more than one foramen in present on the side concerned. 

(DI S, A) (Fig. 21) 

8. Frontal foramen II 

This lies ventrally to frontal foramen I in the centre of the 

orbit and may be double or single. 

(DI S) (Fig. 21) 

9ý Frontal foramen III 

This foramen was mentioned by Berry and Searle (1963) and lies 

anteriorly. to f rontal foramen -I on the lateral surface of the 

frontal bon* near the dorsal edge of the orbit. It is often absent. 

(Dq S, A) (Fig. 21) 

10. Plaxillary foramen I (Berry, 1963) 

A foramen on the ventral surface of the M&Xill& close to the 

in. teralveolar. margin amd anterior to the tooth row. It is 

variable in position in"d, ifferent animals. There is usually 

only on* formen in this position but there may be one or more, 

accessory foramina in the vicinity, or it may be absent altogether. 

(Dq S9 A) (Fig@ 21) 



21 Dorso-lýitcral view of Clet, irjono-,, ý r, 11,1111 

1U5 

z 

22 Ventral vi---j oi ý, 'luLhrionomyr-, skidl 
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19 

2 
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11. Vaxillary foramen II (Berry, 1963) 

Also on the ventral surface of the maxilla, this foramen is 

more variable in position than F. f. l. and is situated laterally 

on the sygometic arch* It may be present or absentg or 

rarely double. 

(D, S, A) (Fig. 22) 

12. haxillary foramen III - Bank voles only 

This foramen is on the ventro-lateral surface of the maxills 

close to the origin of the zYgomatic arch. It may be double, 

single or absent. 

(D, 69 A) (Fig- 22) 

13. Foramen palatinungiejus, (Berry and Searle, 1963) 

This may be divided in two by a bony spur from one margin of 

the foramen, uGu&IIY somewhat Posterior to the miý'ýdle of the 

foramen. It is Classified as double or single. 

(Dj S) (Fig. 22) 

14. Foramen 281ttinum-anteriuls (Berry, 1963) 

15. Foramen R&I'llnum minus-posterius 

The two pairs Of minor palatine foramina have been called 

anteriour and posterior and may be double, single or absent. 

(D, S, A) (Fig. 22) 

16. Foramen BPhenoida AIG medium (Deol, 1955) 

This foramenj when present, is sitUated on the ventral side of 

the basisphanoid, near its Centre. It does not usually pierce 

the bonel 
I 
but communicates with Central cavity, It may. vary 

considerably in site but is clawsified as present even if very small* 

(Ps A) (Figo 22) 
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17- Foramen aphenoidale laterale ventrale (Berry-, 1963) 
%. I 

On the lateral sides ofýthe sphenoid bone there are occasionally 

large foramin&q usually anterior to tte foramen sphenoidale 

medium. These have been olassifiod an present if visible from 

the ventral surface of the skull. 

(P, A) (Fig. 22) 

18. Foramen ovale double (Deol, 1955) 

"If any part of the foramen ovale or the canalis alaris has 

a septum dividing it, then the foramen ovale is classifieý Be 

double; the absence of a septum makes it single. " The position 

and shape of the foramen ovale is very variable in rodents 

but it in always readily classifiable. 

(D, S) (Fig. 22) 

19. Foramen ovale open (Deol, 1955) 

"The foramen ovale is normally surrounded by bone. However, 

occasionally its post. erior margin may be incomplete, leaving 

it open in that direction. " 

(01 C) 

20. Foramen pterygoideum (Berry, 1963) 

This foramen lies on the ventral surface of the skull just 

lateral to the pterygoid processes, medial to the foramen 

ovale and running into the sphenoid. It may be double, single 

or occasionally absent. 

U, 39 A) (Fig. 22) 

21, Forameri infra-ovale (Berry, 1963) 

This foramen lies inside and in some animals . (Volesl posterior 

to the petrosal process, Like the foramen pterygo ideum it runs 

into the sphenoid. It may be double. 'single orabsente 

(Dq 5, A) (Fig. 22) 
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22. Processus pterygoideus (Deol, 1955) 

"The processus pterygoideus of the sphenoid bone varies in 

size from absence through a small prominence of bone to alarge, 

wedge-shapod process which extends backwards farther than the 

ala tomporalis. "' (It was not classified in voles but scored 

as . completely present or absent in mice. ) 

(P, A) 

23. Foramen hypoglosai U6ol, 1955) 

The foramen hypoglossi of the occipital bone may be'double or 

single. There may also be additional adjacent foramina* 

It was classified as double if there were mo re than one foramen 

in this position* 

(D, S) (Fig. 22) 

24. Accessory mental foramen (Deol, 1955) 

"The ment&l foramen in the mandible is'generally a single 

aperture, but in some skulls an accessory foramen may be 

present by its side. " When an extra small foramen occurred 

within the main one, it was not classified as accessory (Berry 

and Searlet 1963). 

(Pq A) (Fig. 20) 

. 25. NpUbular foramen (Berry, 1963) 

This is occasionally double and wag classified as such if two 

or more foramina were present on the inner, upper surface of 

the mandibl*e. 

(Dq S) (Fig. 20) 
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not a simple presence/absence situations In addition half 

of the characters were scored on both sides of the skull and 

half on the-contra* Falconer (1960) devised a Method for 

measuring variation in threshold chareaters I *Itok th'sre are more 

than two states. . This in a comprphonsive4nethod and has been 

used-on rodent skull scores by Berry (1968) but Could not. be 

used satisfactorily to analyse my data for the following 

reasons: - 

i Very few characters overlap in expression between species 

within a samplej e*g. Clethrionomys may have AA AS SS and 

Apodemus SS SD DD, for a bigymmetrical character, 

ii Not enough of the ones which do overlap have two thresholds 

in common or even. two thresholds at *11, 

iii An assumption firmly stated prior to the use of this model 

is that the underlying continuous variation in the samples 

to be compared is the same. It does not seem biologiOD11Y 

logical to assume this for different species, 

GrUn*b*rg (1952) in discussing the various criteria for 

recognising 11 quasi-cont inuou all, characters states: "For genetically 

heterogeneous populations one of the most impo' rtant (criteria) 

is the occurrence Of, &BYmmetric*l expression in lateral variants". 

It seemed to me that if there were no evidence of correlation 

between sides for these characters, a not unusual phenomenon 

known as fluctuating &sYmmetry (Van Valen, 1962; Soule, '1967), 

then sidedn*ss could 14gitimately be ignored. Table 17 shown 

chi. squared tests of observed and expected numbers of character 

typ**. for six bilaterAl ChOrecters in six populationso 
Results 
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Table 17 Showin g test for correlation between sides of bilateral 
non-metrical characters* 

(a) Microtus - six characters in three populations 

Character MN - AP 
No. Type 0 E 0B 0 E 

2 AS 2 1.5 00 2 2.4 
Ss 5 5.6 4 4.1 9 9.6 
SD 3 2.2 2 1.7 4 3-1 

P>0.7 n 2 

7 AA 3 2.5 2 1.4 7 4.2 
AS 4 5.0 1 3.4 2 6.5 
55 3 2.5 2 2.5 5 2.7 
SD 0 0 1 0.5 1 0.9 
DD 0 0 00 0 0 

0.10 >-p 7 O. o5 n_= 3 

ss 9 9.0 
SD 1 0.9 
DD 0 0.1 

13 11-3 
1 4-3 
2 o. 4 

0.30 n1 

13 SS 0 03 -1.5 1 0.1 
SD 2 1.8 0 3.0 3 4.3 
DD 8 8.1 3 1.5 12 11.3 

p> 0-05 n w2 

lo SS 9 9.0 -- 13 11.3 
SD 1 0.9 -- 1 3.2 
DD 01- 0 0*2 

0.05 >70.02 a 

23 6 4.9 2 1.1 6 4.5 
SD 2 492 1 2.9 5 8.0 
DD 2 0-9 3 2.0 5 3.5 

>P '> 09 02 n -M 
2 

fo iB lýI 2 

3.9 0 . 002 
18 19.3 0.08 
9 7.0 0.57 

, eA, 2.0.65 

12 8.1 1.88 
7 14.9 4-. 19 

10 7.7 0.69 
2 1.4 0.26 

2 7.02 

22 20-3 o. 14 
2 5.2) 0.51 
2 0.3) 

, 412 0.92 

4 1.6' 3.60, 
5 9.1 1.85 

23 2009 0021 

,4 5.66 

22 2003 0.14 
2 
1, 

4.1) 
0.2) 

0.39 

.ý 
-t? . 9,. ýj 

14 10.5 1.12 
8 15.1 

10 6.4 2.02 

6.48 
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of these show the sides are not significently correlated, As 

a result of this test I felt that the most obvious way to 

describe variation of thiStype would be to treat each score as 

a separate entity (i,. *, ignore sidedness), to assume randomness 

in the populations and to monitor change in type as passing 

through the Population* (. Like taking a tranoect across a 

field and scoring colours of flowers passed. ) To do this I 

used a program (MSAI-ISKV) which counts the incidence of change 

type as it passes through the population for each skull 

character. The number of changes are iummed at the end and 

can be divided by the number of animals in the population to give 

an index which may be compared between species. The higher 

this indexi the more variable that character in the population. 
It. 

Table 1ý8 shows the results of this anajV, 8jS for males, Table 18b 

for females and Table 18c for combined male and female data. 

For every population7 using this method of analysis on the quasi- 

continuous tyPO Ot V": LOktiOn, Clethri6nomys seems to be more 

variable than either Apodemus or Microtus, 

An this is a rather ad hoc Method of analysis it seemed 

&Ppropriate to ana*lyae the data by more orthodox methods 

especially as these results revealed trends in the OPPOsits 

direction to those shown by the results of the - enzyme and the 

continuous variation studies. 

The nearer the mean of the Proportions of a character approximate 

to 0.5 for double characters or to 0.33 for treble onesq the 

more variable that character within the population (Hillo 1976). 

Comparing the d*viation of proportiong from 0.. 5 - or, -0-33 - within 



114 

Table 18 Showing incidence of change in skull character 
type divided by total in sample 

A). C7 0 Clethrionogge Agogemus Microtus 

RS 128/15 = 8.5 22/5 a 4.4 - 

MU ioVii = 9.4 60/8 = 7.5 34/6 - 5.7 

SK 231/27 - 8-5 30/5 - 6.0 - 

AP - 44/6 a 7-3 5919 a 6.6 

MN 135/16 - 8.4 118/14 8.4 17/3 = 5-7 

MH 146/16 - 911 28/3 9-3 

INU 99/12 = 8.2 (5/2 a 2-5) 

BY 91/13 7.0 (8/2 4. o) 

Mean 8.4 6.1 6.0 

b) 

RS 117/14 - 8.3 (10/2 = 5) 

MU 113/13 - (11/2 = 5-5) 25/4 6.2. 

SK 163/21 = 7.8 23/4 - 5.7 - 

AP (14/2 a 7-0) 31/6 - 5.2 26/6 . 4-3 

74/7 = 10.0 40/6 6-7 18/3 a 6.0 

MH 79/7 z 11.3 (11/2 5.5) 

NU 3515 W 7-01 - - 
BY 46/7 

mean 8.4 5.6 5.5 
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Tablp-18 Showýng results of'incidence scores of skull characters 

c 1/1+ 7ý Clethrionomys Apodemus Microtus 

IRS 248/29 a 8.5 38/7 m 5.4 

mu 2io/24 - 8.7 76/10 - 7.6 6o/lo 6. o 

SK 406/48 = 8.4 60/9 - 6-7 

AP 142/2o . 7.1 18/3 - 6.0 - 

MN 212/23 - 9.2 170/20 - 8.5 39/6 6.5 

MH 228/23 = 9.9 48/5 - 9.6 (12/2 6) 

NU 136/17 - 8.0 - 10/3 - 3-3 (11/2 -c 5.5) 

BY 14o/2o 7-0 

Means 8-3 6.7 6.2 

ED 64/8 8.0 97/16 6.1 17/4 4.2 

means 6.6 ý. 6 

(ED is Edinburgh $ a'combination o f 'all the Edinb urgh area 

samples$ C09 RLI GS and 7,0), * 
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different species for the same character wi; ý'W,, veln estimate 

of whether one species is more variable thao another. 

Program MSKULI25 generates proportions of each type of the 25 

skull characters& Program MSKULWF(Wtitten with the aid of 

14. Dow) uses the proportion*, takes the mod of each scoreq 

subtracts 0.33 for 3-type and 0.5 for 2-type cases, and compares 

the final totals between species. 

Table 19 gives the results of this analysis for males, females 

and for combined male and f6iale data. 

The trend in the same as that found using the first method of 

analysis. ClOthriOnOMYS has consistently-higher scores and is 

thus more variabl* by these criteria than either Apodemus or 

Hicrotus in both males and females, 

To provide further confirmation of this phenomenon I analysed 

the data in yet another manner sug, ýested by Mike Prentice of 

Edinburgh University Statistics Department. This entailed 

calculating the chi-squared statistic for each score within 

each character and c9mparing the size of the summed statistic 

for one species with that of another species for the some 

character* 

An examination of several Populations analysing sexes both 

separately and combined revealed that Clethrionomys had more 

chi-squareds which were gretter than those for Apode or 

Flicrotus than ones which wore smaller, These are significant 

at 10% level Using * Sign test. Apodemus, comparod with Microt 

shows no trend in either direction. An these results coincided 

with and confirmed those of the previous two analyses they have 

not been expounded in detail. 
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Table 19 Showing compar ison of deviationscfproportions (from 0.5 
for two state charact ers and from 0-33 for three state 
characters) of skull scores between pairs of species 

CvA + 

RS 13: 10 10: 8 11: 7 

MU 9: 8 11: 6 9: 10 

SK 13: 9 12: 7 13: 8 

MN lo: 8 12: 6 

9: 7 10: 9 

NU 12: 3 

-v 

mu 

HAN 

KH 

NU 

A 

Nu 

mii 

NU 

10: 7 10: 8 9: 9 

11: 6 11: 6 

12: 5 

11: 5 

10: 8 9: 6 

10: 5 7: 6 

10: 7 

6: 9 

2: 6 
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To summarise so fak6: - 

I have investigated and measured amounts of variation at several 

levela of organisation of three species of small mammal: 

At the level of gross morphology be it weight or various 

lengths Clethrionomys is less variable than either Apodemus 

or Microtus. 

2) At the level of skeletal morphology measuring continuous 

variation Clethrionomys, in less variable than either Apodemus 

or Microtus. 

At the level qf skeletal morphology measuring threshold 

or semi . -discrete variation Clethrionomys is more variable 

than either Apodgmus qlý. Microtus, 

At the level Of enzyme or protein "morphology" measuring 

discrete variation, Clethrionomys'is less variable than either 

Apodemus o_r Microtus 

This presents an apparent paradox which will be discussed in 

Chaptor VIII* 
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CHAPTER VII Multiveriate Morphometrics and Measures of Distance 

multiv&riete horphometrice 

2. multivariate distance measures using metrical characters 

(a) 'Hahalonobials Distances 

(b) Canonical Variate Analysis 

(0) Conclusions 

Multivariste distance. measures using non-metridal characters 

summary- 
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CHAPTE'R VII 14ultivariate_morphometries and measures of distan6e 

Section 
A% 1ýu-. Lltivajriste morp ometrics 

A history of the philosophy behind multivariate morphometrics 

is given-in Chapter 1. The earliest attempts at a quantitative 

assessment of shapes were almost all conducted with the aid Of 

ratios of characters. The use of these has many disadvantages, 

not least among them the fact that only two variables can 

be dealt with at Onceo Discriminant functions can use a 

large number of variables to describe relationships between 

different populations of organisms, There is a difficult 

conceptual Jump between ration, and discriminant functions 

which is discuss*d, in Chapter 4'of Blacklith and Reyment (1975). 

OThe statistical-idea underlying the method of discriminant 

functions may best b* dtacussed in terms of two universes* 

in the case of two universes, U, and U2 treasonably well-known 

from samples drawn from them, a linear discriminant function in. 

constru6 tod the basis of k variables and two sample's of 

size NI and K2 On the grounds of measurements of the same 

k variables on a newly found individual, the researcher wishes 

to &*sign this individual to One*of the universes with the 

least chanco of making & mistake The individual may be 

from. either univors* or be morphometrically close to either of 

them. " 

"The *pPli**ti-*lk, *: týdi&crjmjjjant functions offers a usefult 

albeit approximate, procedure, for a graphical disPlOY of ' 

populations with respect to the degree of morphometric likeness 

beýween "spies" (Blacklith and Royment, dr*wn fr 

. 
om 
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0 

various geographical locations. It is relatively easy to 

judge with the human Sense* whether a certain animal is from 

this or that place once the human observer in familiar with 

the total range of animals but this was a very difficult thing 

to measure or to be exact about until the advent of multivariste 

morphometrics on. a sound mathemati cal basis. 

A, 

A measure of "distance" or degree of relatedness between two 

populations or universeii which stems from the same intellectual 

approach as the dincriminant function and which is readily 

calcu Uble from it is tho Generalised Distance of Mahalonobis (1936). 

Be 

hahalonobials Matmees 

The Generalised Distance ot*Mahalonobis is found by "multiplying 

the vector of Oiffer*n. ces between the means for the two groups* 

Because it is bas*d. on the discriminant function, the generalised 

distance allows-each character to carry only its proper amount 

of information. about the separation of the groups, and eliminates 

the offsets 09 correlation between the characters" (Blacklith 

and ROYMOUts 1975)- There are many methods of measuring d. istances 

or similarity coefficients using metrical charactersq e9ge Nei 

0972); Rogers (1972)t but all tend to give similar results 

although differing in detaill Friedlander (1974); Crow and 

Dennistou (1974)1 Kolit** (1975). 
. 

The Mahalonobis D2 is perhaps 

the most widely used and there are various statistical computer 

paekoges ro&dily wailable, for its calculation. 
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I sorted all th, e metrical data using an IMP program, MSORTOUT, 
i 

into two groups of mandible and upper skull measurements for 

each species. This information for all populations of any one 

species was fed into a Genstat package (GETISTAT V MARK 3,08) 

which generated D2s between all pairs of populations* 

,j Table 20a shows a matrix of Mahelonobis Is distances between all 

samples of wild caught Clethrionomys for both mandible and 

skull measurements. It can be seen at a glance that the 

Raasay population is furthest froo all the others. Distances 

from the islands to the mainland populations are larger then 

those between mainland samples. This is as expected and is 

accordance with the island voles' aub-specific status. 

t4hat might be less OXPOcted are the relatively small distances 

between the islands themselves. The mean island to island 

distance for Clethrio 
. 
nom-yo is 3.68 + 0.86 for skull measurements 

and 3.43 + 0.61 for mandible measurements, There are no 

significant differences between means of these inter-island 

distances and the means for inter-mainland population * 

distances; skull measurements 3.56 + 0.26 and mandible 

Mea I surements 3.41 + o. 19. The means of distances from island 

to nearest maikland populations are largerl but not significantly 

so, than the mean inter-island or inter-mainland distance* (see 

table 20b )o And the mean distances from islands to all the 

mainland samples are considerably larger than any of the other 

mean distances: 5-34 1 0-33 for skull measurements and 5.67 1 0.4Z 

for mandible measurements. Fig-23 shows these distýnced; in 

diagrammatiC form* 
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Fig. 2_3 Mean distances of island and mainland populations from 
one another (wild-caught populations) 
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That these distances are genetic and not totally of environmental 

causation is shown in the consistency of the relationships 

between populations whether animals are wild-caught or reared 

in the labors. tory. Table 21 is a matrix of Vishalonobis 

distances for lab-reared samples and Figs. 24 & 25 show these 

distances plotted against distances between wild-caught samples. 

it is notable that although there is a consistency in the 

direction of these distances there is a difference in dimension 

of lab-reared and wild-caught inter-sample distances* The 

greater distances between lab-reared samples than between wild- 

caught samples suggests a similarity of environmental stresses 

in the wild modifying considerably genetic differences between 

samples which are re*ealed in lab-reared voles. 

The underlying assumption in the use of VaLhalonobis"s distances 

is that the variance in the same in all samples included in the 

comparison but that they MOLY differ in their means. The 

validity of this assumption for my data was tested by splitting 

the samples into two- groups (1) Island populations and 

(2) hainland populations. Distances were measured within the 

groups and compared with the original distances digcovired using 

all samples together. There are no significant differences 

between mean inter-island and inter-mainland distances for 

either skull or mandible measurements when separate groups a. re 

compared with the, situation when all samples are included in 

the analysis (see Table 22). 

Turning aside from Clethrionomys to consider Apodemui we find a 

very different situation. Table 23 shown a matrix of mah&1onobis 

Distances for ADodemus samples and it can be seen that there 

is very little diff*rance between any of theme 
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Table 24 shown & similar matrix for Mickotue, 

The distances between Apodemus samples do not fit in with the 

Hebridean sub-species hypoth*sis, Distances from islands to 

the mainland are no greater than inter-mainland sampl* distances'. 

Inter-island and inter-mainland distances are remarkably simil&ro 

lviicrotus from southern Britain are assigned to a sub-specific 

class and yet the Martin's Haven (mainland Wales) sample' does 

not appear to be particularly distant from any of the others* 

zatimates of degrees of relatedness might be shown better in 

pictorial form. This can be done by means of Canonical 

Variate Plots. 

(b) Canonical Variate Analysis 

An well as using skull and mandible measurements to calculate 

measures of distance, it is also possible to use them to 

calculate the underlYing dimensions of tI he variation and to use 

these as axes., or canonical variates-of a chart on which'the 

diiferent Populations may be Plotted* The arrangement of 

groups in the space described by the c4nonical veriates is 

known as discriminat6ry topology. It is a reduction to two 

dimensions of an n-dimensional generalised distance chart* 

"Although the method of canonical variates is not usually 

thought of as 4 clustering methods because it operates on 

measurements made On grOuPS of organisms (groups which are known 

prior to the-analysis) it does afford an effective method of 

clustering these grOuPs into biologically meaningful entities 

The exteAt to which c 
. 
0nonical variate analysis con be used 
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to give information about infra-specific and geographical 

relationships is shown by Delany and Whittaker (1969) who 

studied variations of field-mice with the aid of nine skull 

- characters" (Blacklith and Reymentj 1975)- Campbell and 

Mahon (1974) used this method to, 'study variation in two speýcies 

of a Rock Crab. 

I used a Biomedical Computer Package to produce Canonical 

Variate Plots using the same data. as I had put into the 

Fianalonobia's Distance Programs. 

Figs* 25-30 show these Plots for wild-caught samples of 

Clethrionomys, Apodemus and Microtus. I have connected the 

outlying individuals to give a rough picture of the extent 

of variation within the samples. The means are accentuated 

and labelled with the sample name. 

Figs 31&32 &replotoof lab-reared Clethrionomys samplOse 

These plots contain 80-90% of the availibie inýtorm&tion, ie, 

the first two canonical VariatOs Contain 80"ý 1 I'll of"\, the 

available variation. These two variates Sýe 0&; rýýs 

measurements, which m6ans that shape and size are both being 

comls red. 

c) Conclusions 

These data support the taxonomic status of racial distinctiveness 

of the island populations of Polethrionomys glare They 

also reveal that the island races are in some ways an C108*1Y 

related to one another as art the mainland populations within 

the britannicus race. The distances between igland and 
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mainland races are greater than either the between-island or 

between-mainland distances* All this-would tend to support 

the relict hypothesis of the origin of the island races 

which was outlined in Chapter II. 

The highly distinct external morphologies of the island 

forms might be attributable to evolution from a common relict 

stock within small populations in very distinctive island 

environments. Further evidence supporting the hypothesis 

that the island forms are relicts of an earlier nageri-like 

occupant of the British Isles comes from some of my laboratory 

breeding experiments. I found that a laboratory stock of 

Clethrionomys glareolus nageri from the Alps bred much more 

readily with C. g. eri6a, from Raasay than with any of the other 

voles. It also bred readily with C. g. okomerensis. (I had 

difficulty in breeding any of the Mull voles at all. ) 

C. g. nageri and C. g. erica. are very alike in form and temperament. 

The Mahalonobis distances between C. g. nageri and British 

Island racial forms of Clethrionomys (this time using British 

museum samples) show very little difference among themselves* 

The mean inter-island distance is less than the mean island/ 

nageri distance but not considerably so (See Table 25 and 

Canonical Variate Plote Figs. 33 & 34). 

The mean distances between island and nearest mainland samples 

are less than those between islands and all the mainland samples# 

This might suggest thatq although the island races were 

originally of relict stock, there may have been migration in 

I 

4. 

either or both directions to and from the islands and their 
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nearest mainland sites. Raasay is more geographically 

isolated than Mull or Skomer from its nearest mainland site* 

Raosay voles are more genetically distinct than the other 

ialand forms and are, more like the naxeri v6les than the others. 

Section 
Q, Distance measures using non-metrical skull characters 

Berry (1968) reviews the history of the use of threshold 

skeletal characters to characterise populations and the more 

recent attempts to make such comparisons quantitative, e-go 

'Laughlin (1963)- Berry (1963) states "In a population with 

a fairly fixed gene-pool, the probability of finding offspring 

with below and above threabold-determining gene 88sociations 

will be fixed within limits, and hence the Opopulation incidence' 

of a variant will be a real property of that population* 

Differences in the incidences of variants can be taken to 

represent quantitative genetical differences between the 

populations or strains under consideration". It is possible 

to calculate a multivariate distance statistic based on all 

the variants classified which gives a quantitative measure 

of genetical separation (Grewal, 1962,; Howe and Parsonsg 

1967). Berryq ifi all his papers on threshold characters uses 

a method devised by C. S. B. Smith (Grewal, 1962) because "the 

computation is easyl and only one statistic emerges from each 

pair of comparisons" (Berry, 1968). The calculation is 

relatively simple: - 

Mean measure of divergence between 2 populations A and B in 

ý (0 
A-0 B) 

2 

+ where o is the 
N 

(n 

AnB 
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angular transformation measured in radians of the percentage 

incidence of each variant (such that the angular value 

corresponding to the percentage incidence p is defined 

as 0= sin- 
1 (1-2p) N is'the number of variants classified 

and n is the number of individuals in each population. 

Using this method I calculated the distance between all pairs 

of populations. Table 26 shows a matrix of these distances 

and the means of distances between island and mainland 

populations. (Fig. 35 shows this diagramatically. ) As 

with the metrical distance measure, it can be seen at a 

glance that Raasayj and Skomer, are very distant from all 

mainland populations. (Although Skomer and Martin's Haven 

seem to be closer than other iBland/mainland distances. ) 

There is considerbble variation in the pattern of these 

distances compared with the other method of measuring 

distance* Pobsible reasons for this will be discussed below. 

however, the mean distances Island v Island, Island v Mainland 

and Mainland v Mainland show the same trend as that revealed 

by the other distance measures, That is, the islands are 

virtually as close to one another as the mainland , populations 

are to each other and the biggest mean distance is the Island 

v Total Mainland one. This, then, supports the relict 

hypothesis of island vole origin as discussed in section 2 (c). aboyee 

Tables 27 & 28 show similar matrices for Apodemus and Microtus o 

Berry (1968) has stated "Metrical observations tend to be 

correlated to a much greater extent than are non-Metrical ones 

(Berry and Smithq 1967; Berry and Berry, 1967)9 and allow&ncO 
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Table 26 Matrix of distances between wild-caught populations of 
Clethrionomys (calculated using multivariate distance 
statistic based on proportions of 24 skull 
variants -. 

Sample 
RS mu SK AP m MH BY NU HE ED Size 

RS - 0.15 0.17 0.21 0.16 0.36 0.17 0.22 0.26 0.24 29 

mu 0.15 - 0.21 0*08 -Osol 0.27 0.22 o. 16 0.13 0.01 24 

SK 0.17 0.21 - 0,28 0.17 0.01 0.38 0.24 0.17 0.41 48 

AP 0.21 o. o8 0,28 - -1,22 0.18 0.10 0.07 0.03 -0-05 3 

MN 0.16 -0.01 0.17 -1.22 - 0.15 0.12 0.03 0.13 0.01 23 

M, 0.36 0.27 0.01 0.18 0-15 - 0.39 0.13 0.09 0.28 23 

BY 0.17 0.22 0-38 0-10 0*12 0-39 - 0.32 0.? 8 0.10 20 

NU 0.22 o. 16 0.24 0-07 0-03 0-13 0.32 - 0.09 o. o4 17 

H F, 0.26 0.13 0.17 0-03 OA3 0.09 0.28 O. -Og - o. 16 10 

ED 0.2.4 0.01 0., Ll -0.05 C). C)I' OJ48 0.10 0.01, 0.16 

k, eans of distances between wild-caught populations of , 
Clethrionomys 

(with standard errors) 
Island Island Island Mainland 

vvvv 
Island Nearest Total Mainland 

Mainland Mainland 

Flean sea 
0.18 + 0.02 (0-11 + 0.10 0.21 + 0.02 0.15. i 0.03 

R'S an a SK 
only) 

Mean distance of island v BM Nageri Clethrionomys = 0.18 + 0.05 
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Fig. 3,5 Mean distances Of island and mainland populations 
from-one another (wild-caught populations). 
(Distances calculated using non-metrical characters x 100 

Islands Nearest Mainland Mainlind 

00 

0 

0 0 <- (11) V0 

000 
0 

18 15 

<- 21 > 
All islands All mainland populations 

\ 

ov 



150 

. 
Table 27 Matrix of distances between wild-caught populations of 

Apodemus (calculated using multýivar te distance statistic 
based on proportions of 22 skull vatlatesJK100) 

RS Ylu SK AP MN MH BY NU ED 

RS ' 0.00 0.36 0.38 0-13 0.76 0.66 1,22 0.30 0.65' 

MU 0.36 0.00 0.20 0.01 0.04 0.48 -0.26 0.64 0.48 

SK 0.38 0.20 0000 - 0*28 0928 0.1s 0.80 0.06 

AP 0.13 0-01 - 0.00 0.09 0.48 -0-17 - o. 4o 

MN 0.76 o. 04 0,28 0.09 0-00 0.18 0.32 0.73 0.02 

mH 0.66 o. 48 0*28 0.48 0.18 0.00 - 1.21 -0-07 

BY 1.22 -0.16 0.28 6-0-17 0.32 - 0.00 0.13 0.25 

NU 0.30 0.64 o. 8o 0.73 1.21 0.13 0.00 0.93 

ED o. 65 o. 48 O. o6 0.40 0.02 -0-07 0.25 0-93 0-00 

Mean distances between wild-caught populations of Apodemus 

(with standard errors) 
Island Island v Island v Mainland 

v Nearest Total v 
Island Mainland Mainland Mainland 

Ne an(' si a) 0.31 + 0.06 0-15 + 0.07 0-39 t 0.07 0.43 + 0-11 

Table 28 Matrix of distances between wild-caught Populations of 
Microtus 

, 
(calculated using multivariate distance statistic 

based on proportions of 20 skull variants) 

MU AP MN MH NU ED 

hju 0.00 0.12 0,07 -0.08 - o. o4 

AP 0012 0000 -0-05 0.18 - 0-03 

MN 0.07 -0-05 0.00 0.28 -0-15 -0.16 

MH -0008 0618 0028 0-00 (-0-56) 
- 

6 
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has to be made for any such correlations; and though the 

genetics of skeletal growth and allometry are complexq they 

are intrinsically simplified by the developmental threshold 

that intervenes to turn a continuous variable into a dis- 

continuous onee -The rate of change of the measure of 

divergence has been calculated in the laboratory (Grewal, ' 1962') 

and consequently it is much easier to understand a measure of 

divergence in genetical terms than it is (say) a coefficient 

of racial likeness"s Brothwell (1958) and Laughlin and 

Jargesson (1956) used both metrical and non-metrical data to 

estimate "genetical distances" between populations. There 

appear to be no significant correlations between the two 

methods in either case. Berry and Smith (1967) tried the 

same thing, found no correlation. I have found a measure 

of similarity but no significant correlations between measures 

of distance using metrical and non-metrical characters. I 

would like to @eke the following reservations about the use of 

non-metrical characters: - 

i)istances measured between samples using a measure based on 

6kull variant scores are only reliable if the samples being 

compared have been treated in the same way. For example it 

is only valid to compare wild-caught animals with one another 

or one lab-bred race with another lab-bred racee Because 

these variants are threshold characters and the threshold 

is partly environmentally determined, differences in the 

environment of developing voles seem to have a considerable 

effect on the penetrance Of various characterse If ., for examPlej 

A. 
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wild-caughtq lab-bred and British Museum samples of the same 

race are compared the distances between them are as great 

in some cases as those distances between some populations (See 

Table 29). 

Comparing frequencies of some of the characters it is observed 

that the two lab-bred samples I looked at both have a very 

high frequency of foramen pterygoideum single and processus 

pterygoideus present compared with all wild-caught populations@ 

The lab-bred Skomer sample has a high frequency of foramen 

infra-ovale double buL this is very low in the wild-caught 

and absent in the British Museum SK sample, 

Some variants are very different across wild-caught samples 
i 

and very similar across the F181 e. g. Nos, 9,16 and 21. 

Perhaps these have thresholds strongly influenced by the 

environment. Very fews e. g. No. 23, remain the some in 

wild-caughtt F, and British Museum samples* 

All this indicates that there are difference? in the degree 

of genetic and environmental determination fo I 
""'ýý-ferent 

r 

variants, and suggests that the genetic components influencing 

the rýanifestation of some of these characters is not strong' 

compared with the influence of environmental variablesi 

This may account to some extent for the variability in distances 

between wild-caught samples observed using these threshold 

characters compared with the relative consistency using 

metrical characters. 

Tables of the frequencies of all skull variates in the three 

species are in Appendix B. 
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Table 29 Distances between wild-caught, lab-reared and British 
Museum samples of Clethrionomys of the same race 

Wild-caught Wild-daught Lab-reared (F 
I) 

vvv 
Lab-reared (F 

1) British Museum British Museum 

RS 0.03 RS 0.07 RS 0.05 

mu o. o4 mu -0-05 mu 0.06 

SK o. o6 SK -0.01 SK 0,18 

AP o. o6 

MN 0.08 

ýal -0-03 
BY -0-03 

NU -0-07 

Wild-caught 
v 

Lob-bred 

SK 0-07 
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Section 
-D, Summary 

The use of both metrical and non-metrical methods of measurement ' 

in the calculation of distances or degrees of relatedness 

between populations of Clethriohomys reveals that the island 

sub-species are almost as closely related to each other as the 

mainland populations are. The island sub-species show a 

consistent degree of relatedness to the Alpine Clethrionomys, 

glareolus nageri. The island sub-species are more closely 

related to the nearest mainland samples than to more geographically 

distant mainland samples. All these data and evidence from 

breeding experiments suggest the island sub-species are 

descended from a common ancestral stock of nageri-like voles 

with possible morerecent introductions to their populations 

from the mainland, of C. g. britannicus 

There is a Positive correlation between distances calcu'lated 

using the two methods of metrical measurement r=0,776 (Fig- 36) 

There are no significant correlations if non-metrical and 

and either metrical methods are compared although a relationship 

is apparent. (see Fig- 37 & 38. ) 

Apodemus shows no particular pattern in the relative distances 

between populations using these methods. Islands are as 

closely related as mainland Populations to one another. 

There is no significant correlation between distances using 

the two methods of metrical measurement (Fig. 39 ) nor between 

non-metrical and either metrical method (Fig. 40 & 41 ). 

The klicrotus POPulations were not examined in the some way 88 

4N. 

there were so few sites with large enough samPlOso 
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CHAPTER VIII General Discussion 

It is not an accident or by chance that the first organisms 

studied electrophoretically proved to be fiighly variable. 

Geneticists depend on variation and were looking for it. 

It is only in the last few years that the biochemical analysts 

have spread their wings and flown over anything like a diverse 

representation of the animal kingdom. Since then reports of 

low levels of variability have been frequent if, initiallys 

an embarrassment and unexplained, Lewontin (1974) reviews 

some of the better substantiated examples but has reservations 

about them. Powell (1975) quotes a few cases and a search 

of more recent literature reveals even more, e. g. Hedgecock 

(1977) in lobsters; Barker and Plulley (1976) in Drosophila; 

Turner (1974) in Pupfish; Kornfield-and Koehn (1975)ýin new 

world cichlids and Metcalf et al (1975) in Hymenoptera to 

quote a few. The low level of protein variation found in 

Cle hrionomys in my work is not then so surprising as one 

might originally have thought. 

Considering now the apparent discrepancy*between low enzyme 

variability and high skull character variability, And the 

agreement between enzyme and metrical skull variation; a 

search of the literature reveals that neither of these situations 

is uncommon. Turner (1974) working on Pupfish species 

(Cyprinodon) found Polymorphism was rare and, using enzyme 

data, found extremely high similarity indices for all pairwise 

comparisons of several species. He says\? Idespýte their 

profound morphological differenqes, it has" % ýeen extremely difficult 

to demonstrate genetic distinc fish 
S of tivenes 
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species on other levels of organisation". Avise et al (1975) 

find very high biochemical similarity between two s-necies of 

Californian minnow which differ considerably in their morpho- 

logical and ecological attributes. Bowers (1974) finds the 

opposite situation in Peromyscus maniculatus and Peromyscus 

melanotis where enzyme data reveal genetic differences between 

species but "if morphometric data alone had been used the 

twoapecies would have been considered conspecific". However, 

just to confuse the issue, Avise et al (1974) working on 

Peromyscus eremecus find "the biochemical dendrogram corresponds 

very well with previous classifications of Peronyscus based on 

anatomy and ecology". 

Handford and Nottebohm (1976) found a close correlation between 

allozymic aLnd morphological variations in rufous-coloured 

sparrows (4onotrichia capensis) but trill variation war, 

unrelated to either. Others earlier comparisons of genetic 

and phenetic variation revealed certain degrees of correlation 

e. g. harshall and Allard (1970 ). working on wild oats. Soule 

(1973) found a correlation between enzyme variation and continuously 

varying, obviously Polygenic characters in lizards* Gelander et al 

(1974) found no such correlation in pocket gophers. 

There have been many different hypotheses put forward to 

explain the various situations encountered in the field from 

founder effects to various types of selections and evolutiouary 

strategies adapting organisms to fine or course-grained 

environment8l e. g. Selander and l(aufaian (1973), Lewontin (1974). 

Any of these theories may well be true for the organisms in 

question and at a specific level of organisation in the organism 
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but it is fairly obvious that no great unifying theory so far 

has explained the apparently paradoxical facts before us, 

Ayala (1975) suggests that structural genes may belong to 

several classes and that current techniques for studying protein 

polymorphisms have not sampled the classes of genes contributing 

to morphological differentiation and reproductive isolation 

but Lemontin (1974) supports Soule (1973) who states "we believe 

that the available evidence supports the hypothesis that the 

enzymes and other structural proteins that we and others use 

to estimate genetic variation are, in fact, a representative 

sample of gene products", Both arguments are presented 

repeatedly by many authors. 

A universal trend in evolution, "a tendency for life to expand, 

to fill all the available spaces in the liveable environments, 

including those created by the expansion itself" (Simpson, 1949), 

is composed of two parts - expansion or cladogenesis, and 

phyletic movement of organisms along divergent lines. What 

current theory is attempting to explain is the position of a 

particular organism on its phyletic limb of the evolutionary 

tree. A comparison of variation between groups of organisms 

is analagouG to photographing this instant in time after taking 

a cross-section of certain branches of the evolutionary tree. 

Ae can only surmise the adaptive strategies that have led to 

the present situation and can infer very little of how it 

came about or of the broad lwlfw Of evolution. 

Several Soviet workers (Ruzhentsev, 1964; Nevesskayaj 1967; 

and Ovcharenkoj 1969) have said we should not expect to find 

widespread documentation of gradual change in the fossýjl record 
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and suggest change tends to be concentrated in species events* 

These ideas have since been enunciated by American workers 

(Lidredge and Gould, 1972; and Eldredge, 1971)o Wilson et al 

(1974) in a series of papers say similar things in different 

words. They discuss two types of evolution - regulatory 

evolution and protein evolution. Protein evolution goes on at 

about the same rate in all species but regulatory evolution "is a 

process whose rate is variable and which is responsible for 

evolutionary changes in anatomy and way of life" (Wilson, Maxon 

and Sarichs 1974)9 This latter, is the type of evolution 

which accompanies the speciation process and where Wilson (1975) 

states the animals rapidly evolving at the present time are, 

primates and rodentaq this is the sort of evolution he is 

speaking about. All animals are evolving phyletically but 

not all are, nor are capable of, evolving cladogenetically. 

stanley (1975), in a paper on the tLeory of evolution above 

the species level, also discusses two types of evolutiong and 

again suggests evolutionary change tends to be concentrated in 

., peciation events. r He says "contrary to the prevailing beliefl 

natural selection seems to provide little more than the raw 

material and fine-scale adjustment of 1ýtr'e_scýle evolution. 

The reductionist, view that evolution can uttimatel be understood 

in -11. erms of genetics and molecular biology 'Is__o!. 
effrq_Y in error. 

we must turn not to population genetics studies of established 

species, but to studies of speciation and extinction in order 

to decipher the higher level process that governs the course 

of evolution", 
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Evolution is a process which moves from the small, undifferentiated 

prototype through and to constraints imposed by the physical aidd 

biological environment towards various states of greater 

complexity* Size is an example, Animals tend to evolve towards 

larger size (Van Valen, 1973; New. -all, 1949). The-ecosystem 

imposes a constraint on the evolution towards iý: reater size and 

organisms either, in general terms. stop evolving there and AD 

become relicts or go extinct. This tends to apply to all 

levels of organisation of animals when they reach a constraint, 

It seems that all evolution proceeds from the small and 

inconspicuous prototypest e. g. Mammals (KUhne, 1968) and other 

vetebrates (Cope, 1816). "It is strikingly noticeable from 

the fossil record and from its results in the world around us 

that some time after a rather distinctive new adaptive type 

has developed it often becomes highly diversified"(Simpsong 19.53)- 

j-; acjj flush of differentiation at the blossoming points of 

cladogenesis must. inevitably be accompanied by the arrival of 

individual new types in niches where both novel constraints 

will be imposed and where old ones may belifted. This can 

happen at any level in the organism and the nature and intensity 

of each constraint will allow more or less development of 

variation in a phyletic line. Kimura (1977) has evidence that 

the weaker the functional constraint the higher the evolutionary 

(phyletic) rate in terms Of molecular substitutions. The 

unique variability of guinea-pig insulin is an example of how 

a lifted constraint on tile superficial structure of the molecule 

may have led to its considerable diversification compared with 

the tightly constrained molecule in other Organisms* 
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This type of situation accompanies any"quantum jump" (Simpson, 

1949) or saltational process and the subsequent constraints 

encountered at any level of organisation probably hold true 

throuGh time (barring bizarre mutational events which themselves 

may lead to a saltational process) until the next blossom pointe 

I believe that bank voles, amonj many rodents, have just (in 

evolutionary terms) passed through a saltational door. They 

were rapidly evolving in fossil times (Kowalski, 1970). 

Through this they lost much of their morphological variation 

within ffroups; but across groups as a whole they show considerablv 

variability. At some stage in their evolution a constraint 

has been imposed at the enzyme level and another lifted at the 

skull-character level. The fine-scale study of these would 

be of interest and add to our understanding of this particular 

species and the constraint process in general. I also believe 

that any organism at a similar stage in the evolutionary processl 

such as PeroxayscuS or Cyprinodon, will reveal comDarable 

situations. 
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APPENDIX A 

Trapping details for each place consist of (a) site descriptions 

(b) trap records 

RAASAY O. S. 11, Map 

(a) Site descriptions 

Trapping on Raasay took 

1973- In 1972 1 trted 

main areas Oskaig Old W, 

main area and retrapped 

Sheet 2.5 - Portree 

place in two successive years; 1972 and 

seven different sites including one 

Dod, and in 1973 1 went back to this 

there as well as in one new area. 

1972 

1) Gl-en Lodge (NG 561361) 

Thirty-one traps were get for two Ilight's. 13-14 September and 

15-16 September, 1972, &long the edge of a path beside a dense 

pine forest and also up into an area of heather and scrub at the 

edge of the forest* There were vole runs in the heather and 

long grass- 

2) Loch a'Muillin (NG 555364) 

This area was old forest above Iaverarish School. There were 

many dead trees and tree stumps and a new plantation had been 

started four to five years ago. Very little else was growing 

there an the surrounding vegetation had been recently sprayed 

with wood-killer and. the rhododendron and heather plants were 

somewhat lacking in vigour. 

Twenty-five traps were eet in &- 5X5 grid for one night, 13-14 

September and then 66 traps set in an 11x6 grid the following 

night* 



ii 

3) Osksig Old Wood (NG 549375) 

This was the main trapping area. An old larch forest with a 

very sparse canopy with an understory of bracken, bramble 

and heather. It was a steep slope with a lot of dead trees 

and rotting fallen logo. (See photo ý. 1110 

Twenty traps were set in a 5x4 grid for one night, 13-14 September, 

and then 80 traps in a lOx8 grid for one night, 18-19 September. 

This grid was moved along the hillside the following day (19-20 

September) and again 20-21 September so a considerable area 'Of 

the wood was eventually covered. 

4) Brochel (NG ýý462) 

Forty-two traps were set in bracken beside Raasay Forest North. 

There were signs Of voles in the long grass below the bracken. 

Traps were left for one night, 16-17 Saptember. 

5) creachan (NG 554383) 

Sixteen traps were set in a 4z4 grid beside the road north of 

Creachan Isodge for one night, 18-19 September, They were set 

in d, -op heather. (The first Raasay voles were caught in heather, 

hence the name C. K. erica.. ) 

6) Inverarish Beach (NG 552358) 

six traps were set in a line at the edge of the beach on 19-20 

September, 16 traps on 20-21 September and 22 on 21-22 September* 

All the traps were placed at the edge of the pebbles among 

irises, raspberries and alder scrub, 
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, '0 7,: t". 1- 01,1, -,, 
Isle of Naasay. "C - -( arcl-, wood at Oskair 
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7) Clachan Pier Plantation (NG 544365) 

Twenty traps were Get iA a, young plantation on the knoll behind 

Clachan Pier in & 4x5 grid for one night, 21-22 September, The 

vegetation was long grass among Young spruce trees. 

1973 

8) Nill Park (NG 553360) 

Thirty-twO traps were set for one night (26-27 September) in 

a piece of scrub land beside the road along the edge of the 

Parks. Young deciduous treeal bracken. nettles and brambles 

predominated. 

The grid in 1973 at sit* (3), Oskaig Old Wood, overlapped the 

previous year's grid. One hundred traps were set for three 

nightal 2.5-26-27 S*Ptember. 

The weather throughout the 1972 trapping session was mainly 

fair - sunshine mixed with showers, mainly at night. In 1973 

it was wild storms and pouring rain the whole time. 

was helped in 1972 at site& (1), (4) and (5) by Lorna Done but 

for the restj and in 1973,1 worked alone, 
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APPLECROSS O. S. I" Map Sheet 25 - Portree 

(a) Sitedescriptions 

Seven trapping areas were used at Applecross, all, except the 

last one, on the Aprlecross estate. Unfortunately there had 

been a plague of voles the previous summer and poison was laid 

down everywhere where there were young trees. As a result there 

were very few small mammals at all to be caught. 

1) (NG 717463) 

Sixty-four traps were set for 2 nights (16-17-18 June 1973) in 

grid 1Ox6 plus one row of 4. This area was relatively old, 

well-thinned forestry, with heather and blaeberry ground 

cover - what looked like ideal bank vole habitat. The weather 

was extremely hot. 

(NG 718459) 

Thirty traps were set for olme night (16-17 June) in grass, 

bracken and rhododendrons beside the river -a grid of 5x6. 

This grid was then extended for two nights (17-18-19 June), 

the traps being moved further along the river each day into 

more bracken apd less rfibdodendrons. The weather was very hot 

and then pouring with rain. 

3) (NG 716457) 

Thirty traps were 00t in a young pine plantation with lush, 

long grass and reed undercover for Oue night (17-18 June). 

This was a 5x6 grid between the road and the river. 

4) (NO 724464) 

Thirty-si3c traps were set in bracken between the road and the 

river for one night (18-19 June). 
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This was an extension of (4) with sixty-four traps set for 

one night (18-19 June) in bracken beside the river in a 12X5 + 

lx4 grid. (4) was set in the afternoon and (5) in the evening 

in pouring rain* 

6) (NG 723457) 

Fifty traps were set in rough scrub on a slope behind the 

kennels. This was a wood cleared Some years previously. 

Traps were set in a 1OX5 grid for one night (20-21 June). 

Weather was hot, 

(FG 714445) 

Thirty-two traps were set for one night (20-21 June) in scrubby 

ground on a slope beh 
. 
ind the home farm in Applecross village in 

a 8x4 grid. This was the only area that was not owned and 

poisoned by the Applecross Estate, 

I was helped by Lorna Done on the first night of trapping at 

sites (1) and (2). The rest I worked alon*eo 
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MULL 0. S. 111 Hap Shoot 45 - Sound of Mull 

(a) Site descriptions 

There were three trapping areas on Mull - all on the East Coastj 

two miles as the crow flies, from Morvern, across the Sound of 

Mull. 

Aros Park (NM 517 537) 

This is a largel originally privately owned park which abounds 

in huge treeel rhododendeons and various ornamental shrubs 

all slowly being overgrown with dense bracken. Traps were set 

on a steep slope facing a lake in very dense undergrowth of 

bracken and raspberries, with no upper canopy. 

On 3-4 August 1973 32 traps were set in rows of four; two on 

either side of a narrow grassy path and on 8-9 August 48 traps, 

24 on either side of the pathq were set as a continuation of 

the original grid. Traps were all six paces (instead of the 

usual 10) apart, 

2) GlenfOrBa (NM 
. 
592427) 

Traps were set here in a fairly dense birch wood with mainly 

raspberries as an. understory. It was once the garden ground 

of Glenforsa House. On 3-4 August, 30 traps were used in a 

5x6 grid and on 5-6-7 August, 92 traps were not in a grid 8x12 

overlapping the first. A ditch and road formed a natural 

boundary to the areaLe 

3) (NM 725356) 

only 18 traps were set here in six rows of three along the side 

of a large forestry plantation in OL rough wooded edge to the road 

for one night, 4-5 August. 



xi 

The weather was continuous and heavy rainfall throughout this 

trapping period. Vegetation was soaking wet and traps had 

to be placed carefully to avoid the accumulation of water 

inside. 

I was helped in all these areas by Doujiýlao Bathgote and by 

Charles Hill as well in site (1). 
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MORVERN, O. S. 111 Map 

(a) Site Descriptions 

Sheet 45 - Sound of Mull 

The three trapping areas in illorvern were as near as possible to 

the Sound of Mull - just across the water from the sites on 

Mull itself. 

1) Savary (NM 643453) 

This area was a piece of scrubby deciduous 

edge of a fairly dense forestry plantation 

set in a rather haphazard fashion in three 

one night (12-13 Augu'st) and then 50 traps 

Vegetation was mainly willowherb, brambles 

long grass and a lot of fallen dead wood. 

woodland along the 

Thirty traps were 

different partsfor 

were set in a grid. 

and raspberrie's with 

2) Ardtornish (Nm 693474) 

Lighty traps were set for one night (16-17 August) on a steep 

slope in thinned forestry with a dense underlayer of brackenj 

brambles and other herbs. The slopewent from the main Lochaline 

road down to Loch Aline itself. Traps were set at 8-pace intervals. 

3) falEEU (Nm 592481) 

Twenty-fivO traps were set in dense low scrub vegetation beside 

the road. The other boundary of the grioL was a very young 

for,; atry plaDtati-On- Vegetation was raspberriesl brambleaq 

honeysuckle. Traps were only set for one night (16-17 August) 

and were at 6-pace intervals, 

Weather was heavy rain interspersed with hot sunshine. 

I was helped in all these areas by Douglas Bathgate. 
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SKOMER O. S. 11, Map sheet 138/151 - Fishguard and Pembroke 

(a) Site Description 

Trapping on Skomer took place between 3rd and 5th September 1973 

with the help of Roger Johnson of Zoology Dept., Edinburgh I 

Univeraity. We only trapped in one place on the recommendation 

of Tim iiedling, who was well acquainted with the voles on 

the island. 

South Stream Valley (SM 720091) (see photo Pe Xvi: ) 

This valley slopes south towards a stream and a pond and is a 

waving sea of bracken providing ample cover for small mammals. 

Voles seem to have been trapped all over Skomer for years but 

this valley had been relatively neglected by visiting mammalogists 

for some years and was known to be abundant in voles. 

We made a path along the western, boundary of our area and set- 

100 traps in a 1OxIO grid mainly in good bracken cover with an 

understOrY of wood-sage and various fine grasses. Remains of 

bluebells were in evidence. 

Traps were set between 10 a. m. and 1 pom* each day andwere 

lifýed and examined at the same time the following day. 

The weather was dull but very warm and misty with the sun 

occasionally breaking through. No rain but slight drizzle in 

the mornings so the vegetation was damp , first"b 
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"IJ. Oto Of 6outli Strearr Valley, Isle of Skomer. 
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MARTIN'S HAVEN (Mainland Wales) 

O. S. 11, Map Sheet 138/151 - Fishguard and Pembroke 

(a) Site Descriptions 

One main area was used here very close to the harbour from 

where boats leave to go to Skomer, and two subsidiary areas. 

1) Cliff top (SM 765092) 

This area was 113 mile east along the Cliff top from Martin's 

Haven just north of West Hook Farm and overlooking St. Bride's 

Bay. Th, ere was an abundant and varied vegetation. A lo. t of 

bracken and brambles with a much more diverse understory than 

on Skomer. In parts the vegetation was impenetrable and 

traps had to be set slightly of f the grid. The cliff*path was 

a natural boundary to the grid and 60 traps were set from the 

path to the cliff edge in a 30x2 grid for two Successive nights, 

7th and 8th September 1973. 

2) West Hook Hedge (SM 765092) 

Forty traps were set for one night on either side of banking 

topped by a hedge which ran at right angles to and was 20 metres 

from the cliff top area. The banking was densely covered in 

brambles. 

3) St. Ishmael's (SM 833068) 

Twenty traps were set in a wood near St. Ishmael's, about six 

miles inland from Martin's Haven, for one night, 

Weather war., blazing hot. A cool haze very early in the morning 

and extremely hot -days with very little wind and' no rain. 

I was helped in sites (1 ) and (2) by Duncan Turnbull of Edinburgh 

university Zoology Department and he trapped alone at site 

while I was on Skomer, 
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NUTWITIL (Yorkshire) O. S. I" Map Sheet 91 - Ripon 

(a) site Description (SE 234782) 

The one and only site where I trapped here was on either side 

of a path sloping down to the river Ure. The area wals a 

young (20-30 years) forestry plantation of Caucasian fir and 

Austrian Pine with a dense undergrowth of bracken, brambles, 

grass, raspberries and willowherb. 

One hundred traps were set for two nights in the,. same place 

(18-19-20 June 1973)- 

weather was sunnY with summer clouds and showers and the 

vege-t&tion was damp in the mornings. 

I waes helped here by John Ramaden, a 6th-Form boy from Ripon 

Grammar School. 

BA.? WhILIAljTY (Kirkcudbrigh t shire) O. S. 111 Map Sheet 74 - Dumfries 

(a) Site Description (NX 722706) 

The trapping area at Barwhillanty was private woodland in the 

grounds of Barwhillanty House. It was mainly 8YC&more with a 

few conifers, rowanss birch and pine. A fairly mature wood with 

a lot of undergrowth of grass, bracken, brambles and raspberries. 

Sixty-four traps were set in a grid W for one night'(27-28 June) 

and then 96 were set in a grid overlapping the first for one 

night(28-29 June). These were then moved to the other half of 

the area for the next night (29-30 June). The two grids were 

both 8x12, 

ý-jeather was very hot and sometimes humid. I was helped throughout 

by various children Zrom Kilquhanity School on this expeditiont 

notably Bridgie and Anne, 
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GRAIGLOCKHART Golf Course (Edinburgh) 

O. S. I" Map Sheet 62 - Edinburgh 

(a) Site Description (NT 234704) 

This area was the South Slope of a hill in the middle of 

Graiglockhart Golf Course. It was thick grass under hawthorn 

trees with a lot of whin bushes and brambles. Fifty traps 

were set in a long grid for two nights (21-22-23 March, 1973). 

Weather was almost constant wet snow.. I was helped here by my 

brother-in-lawl Douglas Bathgate. 

WO (Edinburgh) O. S. 111 Map Sheet 62 - Edinburgh 

(a) site Description (NT 206735) 

Thirty two traps were set for two nights (30 April-1-2 May 1973) 

in the whin bushes at the top of the Zoological Park. 

Weather was blustery and several traps were blown shut. 

Several traps were also removed from the area by little boys 

and were later found hidden in a pile. 

CASTLE ROCK (Edinburgh) O. S. ill Map Sheet 62 - Edinburgh 

(a) Site Description (NT 251735) 

TwentY traps were set on the slopes of Edinburgh Castle Rock 

for one night 0 MaY 1973) in long grass and herbs* 
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BUTTERDEAN O. S. 1" Map Sheet 62 - Edinburgh 

(a) Site Description (KT 458728) 

One hundred and eleven traps were set in an 11x10 grid in 

butterdean Forest for three nights (8-9-10-11 August 1972). 

The forest in this part was very old larch and pine with young 

spruce planted underneath. A lot of heather, bilberries and 

raspberries formed a dense undergrowth. 

,. &eatkier was Very hot every day but with heavy dews at night, 

Butterdean was revisited in 1973 and 72 traps were set for qne 

night (27-28 February). Weather was find and sunny. I was. 

helped by Chris Doneganof Zoology Department. 

ROSSLYNIZE O. S. 1" Map Sheet 62 - Edinburgh. 

(a) Site Description (NT 274613) 

Eighty-four traps were set for two nights (5-6-7 November 1973) 

in a grid 21x4 in a young deciduous plantation with scrubby 

undercover. Trees were mainly birch and sycamore with 

some beech and ash. The area was bounded by the road, 

field and an old scots pine wood. 

weather was foggy and cold, I was helped here by two Zoology 

students and several animals escaped. 



-1 w ON 0 
00 cn 

tzj 
W 

.3 

-b cr% 

cr 

CY% 

1000 
0w 

010 0 (D 
0 
0 

0 
ý. w 

rvl " -. % 
Do 

liv 
010 o 

IV 0N 

CIN 

0 

10 
010 0 

00 0 

++ 

CP% 
I -all 

: 

I -. % -110 -1 
00 0 

-&1-& 0 

fu -b -4 

10 
00100 00 

I. P. 

r-i I -A -. % 

1: 0 cn - 
0 1-h 

C+ 

xxv 
I. J. 40 

r%) 04 a) 0 

ol td 

In 93 0 til 
0 p. C+ Xj 
ork 14 lb U 
tr 03 1-j tsj 
C+ 

CA ý-a 
%D -. % z4 

C4 
om% 
cr 

, 2 
-1 

-. % 
-3. 
S) %, D to 

L z 0 ; 
.0 00 IN, 

- .. 3 - 3 -3 -A -k et ol 
ro 0 0 0 A) co 

0 -a. -. % \. n cly 7q 

1ýýj 71 w 
-. 1 ro V (b 

0 
o I 

-4 ION "W la, 
0 0 0 ý6.. t (D 

N -. % -A *I ý 

0 0 0 4- 0 S 0 0 

NA 1-3 
N 01% 

-. % r%) o -. 1 -1 % I 

00 0 0 

011W 

0 

Z ýp to 4. % El 

1 -. 1 1 rv _x -. b 1 
ý-3 

0 0 0 

ON > 
0 

I 

0 

-b -4 .4 0 #. % X 

0 -4 -1 
1 1 2 

IN A 
1 

-A 
ý 

0 

0 0 +t cl, 

,4 A) N \JJ 
A 

i 

;a 

\. N - W 0 

0 

Io "o 0\ .4 



xxvi 

APPENDIX B 

Proportions of skull variants 
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