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Abstract

Nitrogen (N) fluxes show a substantial variabiliag the landscape scale.
Emissions are transferred by atmospheric, hydroddgnd anthropogenic dispersion
between different landscape elements or ecosystergs,farms, fields, forests or
moorland. These landscape N fluxes can cause isp@a¢he environment, such as
loss of biodiversity. The aim of this study is bostrate how landscape N fluxes can
be quantified by integrating atmospheric and flufliazxes in a Scottish landscape of
6 km x 6 km that contains intensively managed pgufarming, extensively
managed beef and sheep farming, semi-natural nmebaad woodland.

Atmospheric ammonia (N§l emissions of two deep pit free range layer pgultr
houses were estimated by high time-resolution measents of NH concentrations
and meteorological variables downwind of layer pguhouses and the application
of an inverse Gaussian plume model. Atmospherics Nd@ncentrations and
deposition fluxes across the study landscape werhesl at a resolution of 25 m x
25 m. The approach combined a detailed landscamntory of all farm activities
providing high resolution NI emission estimates for atmospheric dispersion
modelling and an intensive measurement programmnspatial NH concentrations
for verifying modelled NH concentrations. The spatially diverse emissioriepat
resulted in a high spatial variability of modelletean annual Ngiconcentrations
(0.3 to 77.9ug NH; m™) and dry deposition fluxes (0.1 to >100 kg NN ha® yr?)
within the landscape.

Annual downstream fluxes and variation in spati@haentration of dissolved
inorganic nitrogen (N& and NQ) and dissolved organic nitrogen (DON) were
studied in the two main catchments within the stiadglscape (agricultural grassland
vs. semi-natural moorland catchment). The grasstatchment was associated with
an annual downstream total dissolved nitrogen (TEWW of 14.4 kg N h# yr?,
which was 66% higher than the flux of 8.7 kg'hea* from the moorland catchment.
This difference was largely due to the N@ux being one order of magnitude higher
in the grassland catchment. The contribution of D@Nthe TDN flux varied
between the catchments with 49% in the grasslardl &% in the moorland

catchment.



Fluvial and atmospheric N fluxes were combineddadwt N budgets of the two
catchments. Agricultural activities accounted foe tmajority of N input to the
catchments, with atmospheric deposition also pgrsignificant role, especially in
the moorland catchment. Both catchments showede latgeam export fluxes
compared to their net import which suggests thairtbapacity of N storage is
limited.

This thesis quantifies major N fluxes in a studydscape and shows their large
spatial variability. Agricultural activities domitelandscape N dynamics. The work
demonstrates the importance of considering landsbhapariability when attempting

to reduce the environmental impact of agricultaclvities.



Table of contents

LY 013 = Lo PP PPPPPPPP PR 1

Author’s contribution to the PaPerS.........ceeveeeiiiicrr s 7

1 [T geTo [¥Tox 1 o] o 9
1.1 Why nitrogen fluxes at the landscape scale?..........ccccoovvviiiiiiiiiiiiiiiiiinnn, 9
1.2 Farm nitrogen flUXES .......eeeiei e e 10
1.3 Atmospheric NItrogen flUXES.........ooviv e 12
1.4 Hydrological nitrogen fluXes ... 13
1.5 Study [aNASCAPE ... 14
1.6 AIMS and ODJECHIVES .......ciiii i 18
RETEIEINCES ...ttt ettt e et e e e e e bbbt e e e e e e s s e e 19

2 Paper I: The application of a Gaussian plume intalequantify ammonia

emissions from poultry NOUSING ........ooviiiiiiiiiiii s 3.2
Y 013 = Lo SRRSO POPPPPP 23
2.1 INEFOAUCTION ...t e e 24
211 Atmospheric ammonia (NH........oooviiiii s 24
2.1.2 NH emission factors (EFs) for layer poultry in litene .................... 24
2.1.3 Techniques to determine plémissions from livestock houses........... 27
2.2 Site and MEthOAS ........uuuiiiiiiii s 28
2.2.1 Sttt ————— et e et e e e e e snnnne e e e e 28
2.2.2 Laying Nen NOUSES .........uuuuiiiii e 29
2.2.3 NH and meteorological measurements ..............eeccceeiiiieneeeeeeeeeenn. 30
2.2.4 Gaussian plume model (GPM)......ccooocceeeieee e 30
2.2.5 GPM optimisation MethOdS...............cummmmerssnnriieeeeeeeereeeeeereeeannnn.. 32
2.2.6 GPM performance asSSEeSSMENt ..........ceummmmmmeeeeeeeiieeeeeiiiriiinaneenns 32
2.3 Results and diISCUSSION ....uuuueuiiiie et eeeeeees 33
2.3.1 NH and meteorological data ................vvvemmmmmmneeeeeeeeeeeeen 33
2.3.2 Choice of GPM optimisation approach .....cccccccceeeeeeeeeeeeeeeveeeeeeiiinns 35
2.3.3 GPM PErfOrMAaNCE ......uueiiiiii e ettt 36.
2.34 NH emission factors (EF) ... 41
2.4 CONCIUSIONS ... e e e e e 45
ACKNOWIEAGEMENTS ...ttt e e e e e e e e e e e e e eeeaeeesnnnnnnenees 46



R (=] (=] [T SRR 46

3 Paper Il: Environmental impact assessment of gpimeric ammonia at the

landscape scale: Local vs. national scale modelling............cccceeeeeeennnneee. 51
Y 013 = Lo S TP PUOPRUTRTPPPPPP 51
3.1 INEFOAUCTION ...t 52
3.2 Site and MEthOAS ......coo o 54
3.2.1 STUAY @rBA .. .ceiiieiiiiiiiieiii e s e e e e e e e e e e e e e eeeeeeeeeeneesnnnnnees 54
3.2.2 Landscape inventory and €miSSIONS ......cceeeveeeeeeeeeeeeeeeeeviiiiiiinnen 55
3.2.3 Spatial NBImeasuremMentsS............ovvvveveeviiiiiiirceerseee e e e e e e 56
3.2.4  Atmospheric dispersion modelling.......ccoceeiiiiiiiniiiiis 56
3.2.5  Assessment of model performance.........cccccvvviiiiiiiiiiiiiiinneeeeeeee 57
3.2.6  Assessment of potential environmental impacis.............ccccceeeeennn.. 58
3.3 ReSUItS and diSCUSSION.........coviiiiicmcmeeeeiiiiiite ettt e e 59
3.3.1 Spatial variability of measured BleEbncentrations ..............ccccceeeees 59
3.3.2 Temporal variability in measured plebncentrations......................... 62
3.3.3 LADD MOelliNg.....coeveeeeiiiiiiiee s eens e s e e e e e e e e e eaeeeeeaannnnnnnnns 64
3.34 Model calibration...........cccciiiiiieeeee 68
3.35 Risk assessment of environmental impactS..............cccceevvvveeeee... 69
3.4 CONCIUSIONS ...t s 74
ACKNOWIEAGEMENTS ...t e e e s 76
RETEIENCES ...ooiiiiiie e bbbttt e e e e e e e e e e et bbb b e ee e e e 76

4 Paper Ill: Effect of land use on fluxes and coriions of organic and

INOrganic NItrogen N StFEAIMS...........vuuiieeemmmeee e e e e e e e e e e e e e e e ee e 81
ADSITACT .o ettt e e r e e e e 81
4.1 INEFOAUCTION ...t 82
4.2 Site and MEthOAS ..o 83

4.2.1 STUAY @rBA .. .ceiiiiiiiiiiiiiiii e s e e e e e e e e e e e e eeeeeeeenaneessnnnnnnes 83
4.2.2 Discharge measuremMentS.............uueeeemmererriniiiiinaeeeeeeeeeeeeeeeeesnnnnnnns 87
4.2.3 Streamwater SAMPlNG ......oovvvviviiiieieeeeeeeee e e e e e e e eeeeenn 0 O
4.2.4 Chemical determination of NHHNOs, TDN and DOC...................... 87
4.2.5 Flux calculation ... 88
4.2.6 Solil, land use and topography data.....cccccccoooeeeeiviiiiiiiiiiieee e, 89



5

4.2.7 Land use and atmospheric Nitrogen iNPUL.........ceeeeeeeeeeeeeeeeeeeeeieens 89
4.3 RESUIS .. 90
4.3.1 Stream dISCNAIGE ......ouvueiiiie e 90
4.3.2 Fortnightly streamwater concentrations............cccceevvvvvvvveciiieeeeenn. 91
4.3.3 Measurements at high flows...........ocoeeeiiiiii e, 95
4.3.4 Catchment flUXES.......cooiiii e 98
4.3.5 Spatial concentration variability...... ... 99
4.3.6 Relationships between spatial concentratoiasnitrogen input....... 102
4.4 DISCUSSION ...ttt ettt ettt e e e e et eeeeeeeeeeeeanes 104
4.4.1 Concentrations and sources OfsNH.........ccveeveoieeeeeeiee e, 104
4.4.2 Concentration and sources of NO.........ccceeviiiiiiiiiiiiic e 104
4.4.3 Concentrations and sources of dissolved argdmand C ................. 105
4.4.4 Catchment flUXES.......ooooiiiiii e 106
4.5 CONCIUSIONS ...ttt e e e e e e e e e e eae e e b nnnanees 107
ACKNOWIEAGEMENTS ...t e e e e e e e e e e mnnaneees 108
RETEIEINCES ...ttt ettt e e e e e e e e s 109
Paper IV: Estimation of nitrogen budgets for casting catchments at the
[ANASCAPE SCAIE... ..o ——————- 113
5.1 INEFOAUCTION ..ttt eeeeeee e 114
5.2 IMEENOUS . ...ttt 115
5.2.1 Y (00 | P= T o RS oF= T o 1= 115
5.2.2 Catchment N DUAQetS .......uuuuiiii e 117
5.2.3 Catchment N INPULS ......ooooiiiiii e 181
5.2.4 Catchment N OULPULS ......vveeeiieis e 2
5.3 ReSUlts and diSCUSSION ....ccvviiiiiiiii i 122
531 Agricultural land surface N INPUL.......coo i 122
5.3.2 AtMOSPhEric N @MISSIONS..........oooi et 125
5.3.3  Atmospheric N depoSition.........cccoeeveeeiiiiiieeeres e 128
5.3.4 [ WA= L V= 0T o S 129
5.35 N inputs for the study catchments...........ccccoviiiiiiii 133
5.3.6 N outputs for the study catChments ....cccceeo oo, 135
5.3.7  Total N budgets for the study catchmentS...........oovvvviiiiiennnnnn. 136



5.3.8 Uncertainties in the catchment nitrogen btslge.............cccccceeenn. 140

5.3.9 Comparison with a regional catchment N budgetoach................ 140
5.4 CONCIUSIONS ... s 142
ACKNOWIEAGEMENTS ... e eeeee e e 143
RETEIENCES ..coeeeiiiii e bbbttt e et e e e e e e e e eeeeese b bbeeeees 143

6 DISCUSSION .ttt e e e e et ettt e e e e e e e e e e e e aaaaeaeaaaas 149
6.1 AtMOSPNENIC AMMONIA .....coiiiiiiiiieeteeeemme e 49

6.1.1  Assessment of the inverse plume method . .ooeeevveevieeeviniinnnn... 149

6.1.2  Ammonia emiSSION fACIOIS ............utimmmmmmr e e e e e e e e e e e e e e e 150
6.1.3 Spatial variability............oooiiii e 151
6.1.4 Total landscape flUXES .........uuuuiicce e 521
6.2 Y (=710 0 1 (o o =T o I 152
6.2.1  Annual eXport flUXES ........ccovviiiiiicmmmmm e e e e e e 53l
6.2.2 Dissolved organic NitrOgeN..........ooicceeeeeeieee e 153
6.2.3 Spatial variability............oooiiiiie 154
6.3 Landscape scale nitrogen budgets...... . oeeeeeeeeeiieeeeeiiiiiiiiinnnnn... 155
6.3.1 Catchment N DalanCesS ...........cooiii e 155
6.3.2 Budget UNCErtainties ..........ooooee i st 155
6.3.3 Drivers of catchment N iNPUL........oooeeeeeiiii e 156
6.3.4 Landscape versus regional budget. ... eeeeiiiiiiiiiiiieeeeeeeeee, 156
6.4 Recommendations for further study........cccccevvviviiiiiiiiicciii e, 157
RETEIENCES ...t ettt e e e e e a e e e e e e e e e e eeees 159
7 CONCIUSIONS ...ttt e e e e e e e e e e e e eaeaeeees 163
F e [0 1V =T (o =T 0 o= o £ 166
DECIAIALION ....eeieiiiiiiiii e ettt e e e e e e e e e e ettt e e e e e e e e e e 168



Author’s contribution to the papers

Paper I: The application of a Gaussian plume mumguantify ammonia emissions
from poultry housing

E. Vogt took part in planning the field experimemd was responsible for setting it
up and equipment maintance. She processed therdat#he model and wrote the

manuscript in cooperation with the coauthors.

Paper II: Environmental impact assessment of athmrspammonia at the landscape
scale: Local vs. national scale modelling

E. Vogt took part in planning and setting up theldi experiment. She was
responsible for the field and laboratory work oé tmonitoring programme. She
processed the data, run the local atmospheric ™igpe model and wrote the

manuscript in cooperation with the coauthors.

Paper llI: Effect of land use on fluxes and concaidans of organic and inorganic

nitrogen in streams

E. Vogt took part in planning the experiment antlirsg up the equipment. She was
responsible for field and most of the laboratoryrkvd&She processed the data and

wrote the manuscript in cooperation with the coargh

Paper IV: Estimation of nitrogen budgets for cosiireg catchments at the landscape
scale
E. Vogt developed the idea of this paper in coaparawith the coauthors. She

wrote the manuscript with contributions from thewathors.






1 Introduction

1.1  Why nitrogen fluxes at the landscape scale?

Landscape ecology describes an interdiciplinang fstudying ecological effects
of the spatial patterning of ecosystems (e.g. Turb@89). The exact definition and
spatial dimension of a landscape can vary depenatinifpe research objectives (Liu
and Taylor, 2002). Howeverlandscape commonly refers to a spatially
heterogeneous area at scales of hectares to mamyesgilometres (Turner and
Gardner, 1994). The concept of landscape ecologyhasises the interactions and
exchanges across relatively homogeneous landscapeponents, such as
agricultural fields or woodland patches (Forman &uodliron, 1981). Landscape scale
interactions or processes include fluxes of enengy mineral nutrients as well as
species (Forman, 1995).

Nitrogen (N) is a nutrient transported by atmosphehydrological and
anthropogenic dispersion between landscape comfor@ellier et al., 2011).
Nitrogen is a key nutritional element of any forrhlibe on earth. Although the
atmosphere consists to about 78% of diatomic remof\>), this form of N is
unreactive and thus unavailable to most organiseadlgway et al., 2004). Reactive
nitrogen (N) consists of all biologically, photochemically aratliatively active N
compounds in the earth’'s atmosphere and biospako(vay et al., 2004). Thus, it
includes reduced (e.g. NHNH,"), oxidised (e.g. N@ N,O, NO;) and organic
forms of N (e.g. urea). The limited availability Bf restrains the primary production
in many terrestrial and aquatic ecosystems (Vitbwsa Howarth, 1991). However,
industrial production of Nmade large scale agricultural production possapie led
to a significant alteration of the N cycle (Gallomet al., 2008; Sutton et al., 2009).
Particularly in oligotrophic ecosystems, which afgaracterised by low nutrient
levels, N input can cause environmental impactghsas loss of biodiversity,
through eutrophication and acidification (Vitousalal., 1997).

Today, in most European rural landscapes, agri@llactivities determine the
majority of N fluxes (Cellier et al., 2011). Farms representdperational units at
which the management decisions are made which rdeterthe extent of N

transferred into the atmosphere and water (Jatvad. e2011). Thus, the landscape



scale is the scale where both N is managed (by éatiaities) and the impact to the
environment occurs (Sutton et al., 2007). This malletermining landscape; N
fluxes important for environmental protection analigy makers. A good
understanding of the quantities and dynamics ofuXek at the landscape scale is
essential for designing effective regulations agnio reduce the environmental
impact of nitrogen.

The following subchapters introduce the main faremospheric and
hydrological N fluxes relevant at the landscape scale (sectich4d.B and 1.4), the
study landscape and its characteristics regardjrf(ukes (section 1.5) and the aims

and objectives of the present study (section 1.6).

1.2  Farm nitrogen fluxes

The main farm Nfluxes discussed in this subsection are summae#ed Jarvis
et al. (2011) (Figure 1.1). Nitrogen is often imgar to the farm from outside the
landscape by products such as livestock, feed, ibgddynthetic fertiliser and
manure. Fluxes within the farm are e.g. movemehtvestock between houses and
fields, and movements of manure between livestomksés, manure storage and
fields. Farm export Nfluxes include sold manure, crop products (e.geas) and
animal products (e.g. meat, milk and eggs).

Those N fluxes represent farm operations and not all oéhprocesses have a
direct impact to the landscape environment. Fonge, some imports and exports
to and from the landscape, e.g. through imported t& exported manure, take place
on roads and are thus decoupled from the landssrapeonment. The main N losses
from a farm to the environment occur through atrhesic and hydrological fluxes
from farm buildings and agricultural fields.

Animal housing and manure storage represegnérNission sources, mainly of
ammonia (NH), which is volatilised from urine and excreta (sdg0 section 1.3).
These emissions are influenced by differences pe tgnd number of livestock,
housing system (e.g. ventilation type) and manuamagement (e.g. frequency of
manure removal). Cropped or grazed fields represemsion sources of NH
nitrous oxide (MO) and nitric oxide (NO) and sources afIblsses of nitrate (N£),
ammonium (NH") and dissolved organic nitrogen (DON) through acefrunoff and

leaching into stream- and groundwater (section. TAgse fluxes from agricultural
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fields are strongly influenced by the type and amtaf N applied to the field and
the type and number of grazing livestock. Ammorsadirectly emitted through
volatilisation from urine and excreta patches amnf manure applied to the field.
Emissions of MO and NO are largely due to increased soil mictamstivity after N
input through grazing livestock, synthetic ferglisand manure (section 1.3).
Thereby, not only the N application rate plays gnsicant role, grazing livestock
also contribute to these emissions, particularlji®, by soil compaction caused by
trampling (Oenema et al., 1997).

The magnitude by which farm processes cause logse$ie environment,
depends largely on the N efficiency of the speddien, i.e. the more effectively a
farm uses its N the fewer the environmental impdéts example, crops need to be
supplied with the correct amount of N at the cdrtewe to allow successful growth,
otherwise this leads either to a restricted cragpctivity or to an N surplus which
may be lost to the environment. However, not albdses to the environment can be
avoided by optimal farm management. A farm reprissem local, intensive
concentration of various Norms resulting in a greater probability of N ldkan in

natural ecosystems.

Animal iy NHj, Ny, N,O, NO
products
i - PR —
Livestock _| : Animal
iy  y [Ljvestock housing =>» Manure
o Crop
Fertil
> products
Fixation
Seed —— NHg
Atm. dep. —_— N
N,O
NO
NO,~
NH,*
DON

Figure 1.1: Nitrogen fluxes on a farm (Atm. dep. =atmospheric deposition). Source:
Jarvis et al. (2011)
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1.3  Atmospheric nitrogen fluxes

The main atmospheric N flows are illustrated inufgyl.2, i.e. not all N species
are included. For atmospheric processes at thesdapeé scale not all of the
atmospheric N compounds are equally important.example, although nitric oxide
(NO) and nitrogen dioxide (N£p play an important role in atmospheric chemistry,
especially in the production and destruction ofrez{Crutzen, 1979), they have little
impact close to their sources due to their low deposition rates (Finlayson-Pitts
and Pitts, 2000). The main sources of NO and, M@ combustion processes of
fossil fuel, however soil emissions of NO also makeignificant contribution to
global totals, particularly in connection with agiitural land use (Davidson and
Kingerlee, 1997; Fowler et al., 1998a). Another @gpheric process involving NO
iIs the conversion to nitric acid (HNDwhich has an efficient deposition rate
(Finlayson-Pitts and Pitts, 2000). However, thevapsion rate is slow (Hertel et al.,
2011) and thus less relevant for landscape scatepses.

In contrast, many processes involving ammoniagNidcur within the landscape
scale. The main sources of Blldre agricultural activities (EEA, 2007; Van der
Hoek, 1998). Most of the agricultural NHemissions originate from livestock
farming, i.e. from livestock houses, manure storagenure spreading and grazing
animals (Beusen et al., 2008). Ammonia volatilisem those sources at rates which
depend on water content, pH and temperature (erg1,FL998). After emission, NH
Is subject to high dry deposition rates which letada large spatial variability of NH
at the landscape scale (Cellier et al., 2011).

Gaseous Nglalso neutralises atmospheric acids such as Hid@orm aerosol
ammonium (NH") and nitrate (N@) which are mainly removed from the
atmosphere by wet deposition (van Pul et al., 2086)vever, those processes occur
over larger scales than landscapes as aerosolsasash long distance before being
deposited.

Nitrous oxide (NO) (which is not included in Figure 1.2 as it playsimportant
role only in the upper layer of the atmosphere)ne of the major greenhouse gases
with a high global warming potential (IPCC, 200A}.the global scale, the largest
source of NO are emissions from soils, particularly agricudtusoils (Butterbach-

Bahl et al., 2011). The microbial soil processdsifiation (oxidation of NH" to
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NOg3) and denitrification (reduction of NOto N,) can release JD (as well as NO)
as intermediate products (e.g. Davidson et al.QR0lhose processes are affected by
soil conditions, such as soil moisture, temperatsog pH and availability of carbon
(C) and N in the soil (Bouwman, 1996). Howeverthat landscape scale® has no
significant interactions after its emission, thusionly of importance as a potential
loss of N (Cellier et al., 2011).

Although the potential importance of organic N campds in the atmosphere
has been recognised (Neff et al., 2002), theircasiand composition remain largely

unknown (Hertel et al., 2011).

Reaction acid Uptake aerosols &
gases & aerosols reaction NH;
Atmospheric Atmospheric <
aerosol NHy™ aerosol NO5~ Transport &
7 Dispersion
M Atmospheric
TE{;;‘;?;‘; < gaseous NHO,
NO, reaction 4% Transport &
OH radical Dispersion
: |
Atmospheric | Atmospheric gaseous
gaseous NHs ® NO, (NO & NQg)
Transport & NO, on Transport &
Dispersion vegetation Dispersion
Emission NH, Emission NO, (NO & NO)
mainly agricultural D ,_'f'rft_ ] ) Dry trafiic, |ndgs{r¥ &
S Ground S power production

Figure 1.2: Atmospheric processes of reduced N (NHeft) and oxidised N (NQ, right).
Source: Hertel et al. (2011)

1.4  Hydrological nitrogen fluxes

The main forms of N in aquatic ecosystems are bisgoinorganic N (NH',
NO3) and dissolved and particulate organic N (DON, P@Durand et al., 2011).
Surface water runoff and leaching from terreste@losystems to stream- and
groundwater represent an important hydrologicaflik at the landscape scale. The
amount of N leached from soils depends on the aiitiy of dissolved N (Ngf,
NOz; and DON) in the soil and the mobility of the difat N forms (Butterbach-
Bahl et al., 2011). While NH is usually quite immobile in the soil, NOs very
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mobile and thus subject to leaching. Some formBO@N may also leach from soils,

despite a high plant demand (Neff et al., 2003)e Timagnitude of N leached is

influenced by soil microbial processes providinffedent forms of N and the N input

to the soil, e.g. due to grazing, fertiliser apaiions and atmospheric deposition
(Jarvis, 2000).

Streamwater N downstream fluxes are largely theltred N sources within the
catchment. However, the,Nux to the stream also depends on catchment fgpeci
hydrological processes, particularly the relativgortance of surface water and deep
water pathways in the Nransfer from terrestrial ecosystems to the stré@aorand
et al., 2011). As surface flows have a time scélmiautes to days and deep flows a
time scale of months to decades, the downstrearfiuld may contain waters with
contrasting histories (Cellier et al., 2011; Duramdi Torres, 1996).

1.5 Study landscape
As part of the NitroEurope Integrated Project (Sutet al., 2007), a study

landscape was established in southern Scotlandclirhate of the region is oceanic
temperate with predominantly southwesterly wind$e Tlocation of the study

landscape as well as land cover and soil typesmitie 6 km x 6 km study area are
shown in Figure 1.3.

Semi-natural moorland and rough grass areas doenthatnorthwestern part of
the landscape. The peat-dominated moorland aneartiglly grazed by sheep at low
stocking densities, and is partly designated astea @& Special Scientific Interest
(SSSI) and partly undergoing peat cutting. The hamor was partly drained
approximately 50 years ago which is indicated byal, overgrown ditches
throughout the moorland, each up to one metre deleghard and Fowler, 1998).
However, the ground is permanently damp or watgedgduring all seasons except
summer (Flechard and Fowler, 1998). Peat pH medsurthie moorland area ranged
from 2.5 to 2.8 at 10 cm depth and from 2.5 to &.A50 cm depth (Billett et al.,
2004). With the high water content, low pH and osigall amount of available N,
microbial processes are usually quite low in moutta Moorlands are known to be
vulnerable to enhanced N deposition with regardscli@anges in biodiversity,

microbial activity and leaching rates (Pilkingtaraé, 2005).
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The southeast of the study landscape is dominateaybcultural land, such as
pastures grazed by beef cattle and sheep. Theulgrally improved grassland
receives additional nitrogen input, through e.@zgrg livestock and/or applications
of manure/synthetic fertiliser. Thus, the potenfiai N losses is increased both
through gaseous losses and through leaching infacguwaters or groundwaters
(e.g. Davies, 2000). The magnitude of these losseependent on the soil type,
weather conditions and on management practices @agton et al., 1994, Velthof
et al., 1996). For instance, the type and stocHensity of grazing animals, the type
and amount of fertiliser applied, timing of ferddir application and soil drainage are
important factors influencing N loss (Bouwman, 19%nten et al., 2002). Thus,
different magnitudes of loss can be expected féferdint fields in the landscape,
depending on the listed factors.

The agricultural land in the southeast of the stiaaylscape is also interspersed
with intensive poultry farming. The study area @ns$ 24 poultry houses, containing
nearly 1.5 million laying hens which are partly k@pcages and partly as free-range
birds. Those livestock houses represent large smaotces of Nkl emissions (e.g.
Fowler et al., 1998b). Ammonia emissions can vatystantially depending on the
number of birds, type and age of birds, the housygiem and climatic conditions
(e.g. Groot Koerkamp et al., 1998). These largession fluxes of the poultry houses
also cause large NHdry deposition fluxes, which can have negativee@# on
sensitive ecosystems, such as semi-natural moorland

Two main catchments are situated within the studya,arepresenting the
contrasting land uses of the landscape: one catghismdominated by moorland, the
other by grazed grassland (Figure 1.3). As land, daed management and
atmospheric deposition determine the nitrogen s&sune catchments (Wade et al.,
2005), N dynamics between the two catchments apeated to differ and may
consequently lead to different N budgets.

For this study, fluxes of Ndue to farm management were derived from a detaile
local survey of all farms and fields in the studpdscape, which was carried out by
the Scottish Agricultural College (SAC). Farm atttes were recorded for each farm
building and each agricultural field through 200&:luding e.g. type and numbers of

livestock housed and grazed, crop type and thacpipin of synthetic and organic
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fertiliser. To some of the farm activity data, gital N content was applied to derive

N, fluxes, e.g. to different manure types (DEFRA, @01

# (a)
¥
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(b)

SRR
CRRRRKKK
< .0’0’0‘0‘0
IR
SRS
s
R %
RIS Land cover types
2o ":0 2005
XK rass
;
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02:,’ ] shrubs
E= woodland
{777} moorland
R peat cutting
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Figure 1.3: Maps of (a) the approximate location othe study landscape in the UK, (b)
land cover, and (c) soil types within the study latlscape with outlines of the two studied

catchments.
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1.6  Aims and objectives

This study aims to understand the magnitude ofuXe® in a particular study
landscape in southern Scotland (section 1.5). Bygd®o, this study aims to
contribute to knowledge about landscape N fluxegeneral, especially those within
areas including both natural ecosystems and aguraliland. This is important to be
able to protect the environment from harmful efeaftlandscape N fluxes.

Quantifying all atmospheric and hydrological fluxasnultiple N species within
the study landscape is beyond current practicalméfpes. Thus, this project focuses
on main known Nfluxes particular to this study area (section IThle specific aims

and objectives were:

a) To establish the magnitude of Midmission fluxes from significant point
sources (poultry houses) within the landscape liygusampaign-based,
high time-resolution measurements of atmospherig Méhcentrations
downwind of several poultry houses and an inversaisSian plume

model (Paper I).

b) To quantify NH dry deposition fluxes within the landscape at hsghtial
resolution (25 m) by using a spatial network of tawmus, monthly
atmospheric NB measurements across the landscape verifying
concentrations modelled by a local dispersion m@éaper II).

C) To analyse catchment downstream fluxes of,\\NO;  and DON and the
influence of farm and atmospheric depositionfiNxes on streamwater
concentrations by discharge and concentration meamants, combined
with campaigns of spatial concentration measuresnestross the

catchments (Paper III).
d) To estimate catchment N budgets by combining thieveld atmospheric,

hydrological and farm Nfluxes with gap filling from literature (Paper
V).
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The following four chapters (chapters 2, 3, 4 aha@dnsist of separate research
papers containing results, discussion and concissioom the above described
approaches. The thesis concludes with an overadlighdiscussion (chapter 6) and

conclusions (chapter 7).
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Abstract

High time-resolution measurements of atmospherimama concentrations and
meteorological variables were made in the plumerdewd of layer poultry houses.
The application of an inverse Gaussian plume maodsd used to estimate the
ammonia emission strengths, and ammonia emissictor§&aper bird place were
established for two deep pit free range poultrydesu Results of daily emission rates
observed in May 2007 and June/July 2008, suggestiahraverage emission factors
ranging from 0.16 to 0.40 kg NHbird® yr', with an average of 0.27 + 0.07
(standard deviation) kg Nbird® yr. This is 35% higher than housing emissions
from free range systems used in the UK nationatmtory. Overall, the emission
rates from this system are in line with figuresrfdun the literature and highlight the
use of the inverse plume method as a relevant igelrfor verifying inventory

estimates of ammonia emission rates from pointcssur
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poultry, point source
2.1 Introduction

2.1.1  Atmospheric ammonia (NHs)

Agriculture is the major source of atmosphericgNebntributing 80-90% to the
total NH; emissions in Europe (EEA, 2007). Around 65% ofiagural NH;
emissions originate from livestock production toiethlivestock houses and manure
storage contribute 42% (Beusen et al., 2008). Faormenvironmental perspective,
NH3; has two significant properties. Firstly, as themary basic gas in the
atmosphere, it reacts with acids leading to thenédion of particulate matter
(Seinfeld and Pandis, 1998). Particles have a wadge of impacts including effects
on climate and human health (Davidson et al., 2088tondly, NH deposits onto
surfaces such as plants, soil and water (Asman])2@y and wet deposition of
NH; both in the gas and particulate phase can leadittophication of ecosystems.
In agricultural systems this can be beneficial &4$; Mcts as a fertiliser. In semi-
natural terrestrial or aquatic ecosystems,s;Nigposition can lead to changes in
biodiversity and be directly toxic to plants (Suttet al., 2009).

2.1.2 NHgz emission factors (EFs) for layer poultry in literature

The large contribution of livestock to Ni#missions has motivated many studies
aimed at establishing livestock type specific emisdactors. An emission factor
(EF) is the average emission rate of a pollutanepdgtting entity. Ammonia EFs for
animal housing are well-documented (e.g. Faulkned &haw, 2008; Groot
Koerkamp et al., 1998; Misselbrook et al., 2000pwdver, only some of the
published values are based on new experimental afata of those, many studies
were only conducted over a short time period. Hetluere remains a considerable
uncertainty in NH EFs for animal housing.

Table 2.1 summarises the publishedsNEFs for laying hens. The wide range of
EFs is mainly due to factors such as housing managg climate and seasonal
variations that influence the NHemission rates considerably (European

Commission, 2003). Reported EFs for layers frondisgishown in Table 2.1 range
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from 0.04 to 0.52 kg Niibird™ yr* with an average of 0.23 + 0.12 (53%). Emissions
are smallest for systems where the manure is dpgckly and effectively, as this
reduces the hydrolysis of excreted uric acid tonfdfHs.
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2.1.3 Techniques to determine NH3 emissions from livestock houses

Most previous studies to determine Nemissions from livestock houses have
measured Nkl concentrations inside the building, close to the autlets, and
combined these with the ventilation rate measuredriemometers or by tracer gas
method (e.g. Demmers et al., 1999; Phillips et 2001). However, it remains a
challenge to estimate the ventilation rate coryeaspecially in naturally ventilated
buildings (Demmers et al., 1998). Another methdithoaigh less used, is to calculate
NH3 losses from livestock houses as the differencevdmst nitrogen input and
output, but the accuracy of this method has beticised (Groot Koerkamp et al.,
1998; Phillips et al., 2000). There have also bekorts to measure the NHlux
from buildings directly with passive flux samplges.g. Schjoerring et al., 1992).
However, a problem with this method is the Nigcovery, which validation tests
revealed either to be irregular or low, at ~66%h(@ens et al., 2004).

A different approach to measure emissions from derources involves
applying dispersion models together with concemmnaimeasurements downwind of
the source. Several studies applied a backwardabagn stochastic (bLS) model to
calculate backward trajectories from the measurérséa to estimate emissions
from livestock houses (Flesch et al., 2005) andltgs (Flesch et al., 2007; McGinn
et al., 2007). A simpler alternative to the bL$hie inverse application of a Gaussian
plume model (GPM). For example, Siefert et al. @0and Siefert and Scudlark
(2008) applied a sampling grid of passive ammoarma@ers downwind of a poultry
house and used a GPM to estimate emissions frorbutihding. A criticism of the
approach used in these two studies is that the dexhpesolution of the passive
samplers, applied for up to half a day, may beldgoto account for meteorological
fluctuations in dispersion rates, providing errorshe calculated fluxes. By contrast,
Hensen et al. (2009) recently analysed plume datasored with fast sensors
downwind of a farm with cattle and pig housing. Ylw®mpared the results of two
different dispersion models (GPM and analytical sipcnd found a reasonable
agreement of derived values which equated to 94&b G8%, respectively, with
emissions calculated from inventory estimateslierdtudy farm, based on published

emission factors. While the comparison betweenwimemodels is encouraging, such
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deviations from the inventory estimates are notxpeeted given the potential for
farm level and seasonal variation in emission.

In the current study, the inverse modelling appnoaas used to determine NH
emissions from poultry houses. AtmosphericsNidncentrations and meteorological
variables were measured at a high time-resoluomiiutes) within 1 km of several
layer poultry houses. By applying a GPM, the sousteength of individual
buildings, and therefore an emission factor ped Ipliace, was derived. This study
investigates the extent to which it is possibleassess the variability of livestock
housing emissions and the possibility of captummgissions of multiple livestock
houses at a single measurement point. Both of tlesgribute to improving

methodologies for estimating NHuxes at the landscape scale.
2.2  Site and methods

221 Ste

The study was carried out in southern Scotlandar@a with a mild, oceanic
climate. Predominantly southwesterly winds bringudy and changeable weather
with an annual rainfall of around 1000 mm. The sitsituated in a rural landscape
with slightly undulating terrain. Most surrounditamd is used as extensive grassland
for grazing sheep and, to a lesser extent, beté cdhe measurement site is located
close to several large poultry houses (Figure All)birds are laying hens; most of
them are kept in cages (7 sheds), some in a fregeraystem (11 sheds). Within a
radius of 1.5 km of the measurement site, more thanillion layers are kept in the

18 poultry houses.
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Figure 2.1: Map of measurement site (star) with suounding poultry houses

2.2.2 Laying hen houses

This study focuses on the emission rates for twe fiange laying hen houses
(sheds 10 and 13 in Figure 2.1) which are approtaiya300 m from the
measurement site. The houses are of deep pit tyipeanbird capacity of 32,000
birds each. Wood shavings are supplied for dustihgtand the manure is removed
after each production cycle. The sheds are veadilabntinuously, 24 hours a day
and all year around, by gable vents. As the domrghe birds are open during the
day, the sheds are also naturally ventilated. dear temperature is maintained, as
far as possible, to 21 °C, although this can vahngmthe doors are open. Hy-Line
Variety Brown laying hens are kept at both sited are free to graze on the pastures
around the buildings during the day. However, iswwaserved during this study that
only a small fraction of birds are outside the @ty at any time, which is in
agreement with previous studies (e.g. Misselbraoaél.e 2000). It can therefore be

assumed that the overall emissions are dominatedh&ymanure excreted and
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accumulated in the house itself. During the measarg campaigns both poultry
houses were occupied by birds reaching the endeaf productive cycle, at around
70 to 80 weeks of age.

2.2.3 NH3 and meteorological measurements

Atmospheric NH concentrations and meteorological data were deltkeduring
two campaigns. Campaign 1 took place from 22 May dane 2007 and campaign 2
from 28 May to 9 July 2008. Measurements were ntadéinuously throughout both
campaigns, with data gaps due only to instrumenbt@@ance. Nkl concentrations
were measured with a photoacoustic analyser (Mi®-100, Pranalytica Inc.)
which samples at a rate of ~1.5 | MifThe instrument operates by optically exciting
NH; molecules and measuring acoustic waves resultrogn fincreased inter-
molecular collision rates. The calibrated measurgmange is 0 to 300 ppb, with a
published sensitivity of 0.1 ppb (Pranalytica Inelpwever, calibration tests showed
a linear response up to 500 ppb. In a recent stidyaccuracy was shown to be *
4% (von Bobrutzki et al., 2010). Data were loggedrg 12 seconds and averaged
over periods of 15 minutes. A 10 m long, heategqtblylene inlet line was attached
to a pump-up mast with a rain-protected inlet &tm. height from the ground. The
response time of the set-up was in the order oirutes.

An ultrasonic 3D anemometer (WindMaster, Gill Iments) operating at 20 Hz
was mounted at a height of 5 m to measure winddspdieection, turbulence and
atmospheric stability parameters. Data were logpeatessed and averaged over 15
minutes to match the NfHtata intervals using an analysis programme imphéatke
in LabVIEW (National Instruments, Inc.). Pasquilrespheric stability classes were
calculated according to Golder (1972) using the Mddbukhov length ) and an
estimated roughness lengtlp)( of 2 cm. Temperature, relative humidity and

precipitation data were recorded at a measureniteribsated 3 km to the northwest.

2.24 Gaussian plume model (GPM)

Gaussian plume models (GPMs) are commonly used dadematmospheric
dispersion (Mosquera et al., 2005). GPMs can bd tesestimate gas concentrations
within a few kilometers downwind of a source (éBgrratt, 2001). The GPM used in

this study was implemented in Microsoft Excel aeduires meteorological input
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parameters including wind speed, wind direction atwhospheric stability class.
Information is also needed on source locationsssiom height and roughness length
(zo) of the surface between the source and the meaasutesite. The poultry houses
are described as matrices of point sources onrma g§éid. The GPM then simulates
NH3 concentrations at the measurement site assumgigea emission strength for
each specified source. Daily emission factors cancélculated by changing the
emission strengths to fit the modelled concentratigplus an added background
concentration, derived as the running minimum caotre¢ion of £ 12 hours) to the
daily time-series of measured concentrations. Ia #tudy, different methods for
optimising the model to measurement fit were tetéed Section 2.2.5).
The concentratiopy (g m°) at the downwind distanoe the crosswind distange

and the height (m) is obtained by the Gaussian distribution eignat

[
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t

whereQ is the emissiomate (g &), u the wind speed (m ), oy ando; arethe
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dispersion parameters for the crosswind and vértda&ction (m) andH is the
emission height (m). The dispersion parametgmwas set to the source building
height to reflect the enhanced dispersion at eomnsselease. The concentratign
increases wit emission rat€) and decreases with wind speedl ¢r plume spreading
in the crosswindd) or vertical directionsd;). Further descriptions of the model can
be found in Hensen and Scharff (2001) and Hensah €009).

When using the Gaussian dispersion equation, dehe@retical assumptions are
made (Turner, 1994). For instance, turbulent mixéngssumed to be random and the
time-averaged concentration profiles in both thesswind and vertical directions
can be described by the Gaussian distribution.tlikisrreason GPMs are uncertain
close to a source (0-100 m) or when buildings havdominant influence on the
dispersion processes (Mosquera et al., 2005).H®istudy, these criteria were met,
since the closest source was more than 200 m awdythere were no complex
terrain or large obstacles nearby. In addition, ¢h@ssion rate is assumed to be
constant and there is insignificant plume depletitue to chemical reactions or

deposition between source and measurement poimtallfsi meteorological
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conditions, such as wind speed, wind direction amdospheric stability, should be
constant over the travel time from source to measent point. This assumption is
not met when wind speeds are below 1 ™(European Process Safety Centre,
1999), and those data were thus discarded fronsthdy. These assumptions are not
always true in field conditions and the implicasoof this are discussed in Section

2.3.3 in the context of uncertainty analysis.

2.25 GPM optimisation methods

Measured 15 minute NHconcentration data were modelled with the GPM
separately for each day. Modelled 15 minute comagahs were optimised to fit
measured 15 minute concentrations over one dayly Danission rates were
determined assuming a constant source strength mwerday. The best fit was
derived using method 1 (“Linear Fit") and method@‘Pog Fit"). In Linear Fit, the
sum of the squared differences between measurethaddlled data is minimised by
changing the emission strengths of the contribypiowgjtry houses. This was done by
using the solver function in Microsoft Excel. In d.d-it, the natural logarithm was
taken of measured and modelled concentrations haddifference of the two
minimised as in Linear Fit. This approach gives gight to outlier points.

2.2.6 GPM performance assessment

The GPM performance was assessed both statistiealty visually. Where
statistics provide a quantitative assessment, abvisvaluation has the advantage of
identifying data artefacts e.g. if the timing i between measurements and model
simulations.

The statistical metrics used in this study are eh@ommended by Derwent et
al. (2009) for evaluating air quality model perf@mee. The data points on a scatter
plot of modelled versus measured concentrationslighdetween the 1:2 and 1:0.5
correspondence lines are those model estimatgst{t lie within a factor of two of
the observations (© The proportion of data points that satisfy tle@dition 0.5<
Mi/O; < 2.0 is called FAC2. If FAC2 is larger than 50% thedel performance is

considered acceptable.
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The normalised mean bias (NMB) is a measure ofdlative difference between
the model simulations and observations and givdsrrrmation on over- or

underestimation by the model. The NMB is definefoisws:

N
> M,-0,

NMB:%

>0,

i=1

According to the recommendations of Derwent e{2009), model performance
is deemed acceptable if the NMB lies between -2@%) and +0.2 (+20%)

The visual assessment of model performance was ldppéotting measured and
modelled data on a daily basis. It was then evatuby eye to check if the evolution
of the measured concentrations could be reprodbogdte GPM. Data were used to
calculate emission factors if two of the three perfance measures suggested

acceptable performance.
2.3 Results and discussion

2.3.1 NH3; and meteorological data

Measured NH concentrations during the campaigns ranged frofowbd to
greater than 500 ppb, with a mean concentratio@70ppb (Table 2.2). Temporal
variability was mainly due to local meteorology eaffing wind direction and
turbulent mixing of the emitted N1 In addition, weather conditions may have
influenced NH volatilisation, although temperatures in the layeruses were
generally around 21°C.

In both campaigns, the lowest BHoncentration was measured in rainy
conditions under neutral atmospheric stratificatiamd the maximum NH
concentration was measured at night time, undétesttratification and low mean
wind speed. In stable atmospheric conditions, dspe of the released NHs
restricted; therefore NdHconcentrations at the site are increased. Rairggsewere
considered separately in the calculation ofsNhission rates due to the influence of

rain scavenging Nkffrom the plume.
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Table 2.2: Overview of NH and meteorological data collected during campaigd and
2.

Campaign 1 Campaign 2
(22 May — 1 June 2007) (28 May — 9 July 2008)
NH3 [ppb]
(15 min mean values)
Minimum 0.8 0.8
Maximum 542 387
Mean 27.1 27.4
Median 17.6 15.7
Data coverage 79% 34%
Meteorology
Mean T [°C] 9.1 12.1
Mean RH [%)] 78 79
Total rainfall [mm] 43 94
Time raining 15% 9%
Mean wind speed [m’$ 4.3 3.8
Main atmospheric D (neutral) D (neutral)
stability class (55% of time) (57% of time)

As expected, a temperature driven diurnal cycle Nét; concentrations with
higher concentrations during the day was not olesem this study, suggesting that
the occurence of local NHplumes were the main driver of the measured; NH
concentrations. In contrast, as noted above, highy Bbncentrations were often
observed at night time during stable atmospheratitation.

The prevailing wind direction during both measurameampaigns was
southwest (Figure 2.2). However, in campaign 2 ghevailing wind sector was
shifted towards the south compared with campaighhis means that more plumes
from shed 13 could be observed in campaign 2, velsesbed 10 is well represented
in both datasets. Though other sheds contributethéomeasurements at times
throughout each campaign, there were only sufftailata to quantify the emissions
from shed 10 and 13. However, the influence of Img@oultry houses located to the
south, west and northwest on BNHoncentrations at the measurement site is
illustrated in the windroses.

As the wind rarely came from the southeast, datapfuultry houses in this
direction are sparse. In both campaigns, northegastends brought relatively little
atmospheric Nkl to the measurement site as there were no larget gources

nearby. The largest Nftoncentration in campaign 2 from the east wastdumne
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data point which was measured under stable nigtg tonditions, with a wind speed
of 1.6 m & and a high standard deviation in wind directiohe Bssociated air mass
origin is therefore highly uncertain and this spilam, therefore, be ignored.

Figure 2.2: Windroses of campaign 1 (a) and campaig2 (b) with underlying map of
poultry houses. NH concentrations (15 minute means, black line) aveged for each 5°
wind sector and wind direction frequency (grey seairs) for each 30° sector. Data with

wind speeds below 1 msare excluded.

Even though the windroses of both campaigns loakilai, the directions in
which the highest emissions were observed arethfigifferent. In campaign 1 the
highest mean concentrations were detected for wirettions of 200°, 280° and
320°, whereas in campaign 2, these directions wkifted anticlockwise, with the
highest values for wind directions of 180°, 2708 &0°. This may reflect variation

in emissions and dispersion between the measurezaeigaigns.

2.3.2 Choice of GPM optimisation approach

Overall, Log Fit estimated larger emissions thanelr Fit, as shown in Figure
2.3. For campaign 1, this difference was 35% wiblg Eit = 1.35 x Linear Fit + 0.09
(R? = 0.76), for campaign 2 it was 23% with Log Fil23 x Linear Fit + 0.05 (R=

0.79). It was found that Linear Fit gave a closértd the peak concentrations,

35



whereas Log Fit fitted closer to background coneiun, but overestimated peak
concentrations (not shown). As the plumes are é&ssoc with the peak
concentrations, Linear Fit was chosen as the ogéitimn method for this study. The
uncertainty associated with this decision is cosrgd later.
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Figure 2.3: Scatter plot of daily emission estimateof Linear Fit against Log Fit with
the 1:1 correspondence line.

2.3.3 GPM performance

The performance of the GPM using Linear Fit in dating the measured
concentrations was assessed both statistically \asublly. Table 2.3 gives an
overview of the assessment for each day and ststatiaverage for each campaign.
Both the fraction of model simulations which lietlwh a factor of two of the
observations (FAC2) and the normalised mean bidgdBNvary from day to day.
FAC2 ranges from 37% to 100% on individual days Hrma mean values are 68%
and 70% for campaigns 1 and 2, respectively. Asrtkan FAC2 values are greater
than 50%, this suggests that the optimisation nietlvorked acceptable and the
GPM could simulate temporal plume dynamics.

The NMB varies between -6% and -62% for individdals indicating that the
GPM is biased towards underestimating concentratibhe NMB average is -33% +
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15 (standard deviation) over both campaigns. Omesar for this may be that
background concentrations, derived as the runnimgnmym concentration of + 12
hours, are underestimated. As Linear Fit is opeehito fit peak concentrations, this

results in negative NMB values.

Table 2.3: Statistical and visual assessment of daimodel performance of campaigns 1
and 2

FAC2? NMB** Visual assessment
[%] [%]
Campaign 1 (2007)
22 May 93 -7 Results usable
23 May 43 -30 Results usable
24 May 50 -29 Results usable
25 May 65 -25 Results usable
26 May 73 -29 Results usable
27 May 76 -37 Too few emission data
28 May 92 -29 Too few emission data
29 May 39 -56 Poor curve reproduction
30 May 81 -19 Results usable
31 May 64 -61 Poor curve reproduction
1 June 73 -43 Poor curve reproduction
Average 68 -33
Standard deviation 18 15
Campaign 2 (2008)
28 May - - Background emissions
29 May 66 -30 Poor curve reproduction
30 May 67 -59 Too few emission data
31 May 69 -17 Too few emission data
16 June 84 -12 Results usable
17 June 84 -31 Results usable
18 June 87 -21 Poor curve reproduction
24 June 61 -37 Poor curve reproduction
25 June 66 -42 Poor curve reproduction
26 June 65 -30 Results usable
27 June 57 -38 Results partly usable (for shed 13)
28 June 100 -6 Results usable
2 July 37 -57 Poor curve reproduction
3 July 54 -62 Poor curve reproduction
4 July 52 -31 Poor curve reproduction
5 July 88 -37 Too few emission data
6 July - - Background emissions
7 July 77 -36 Results usable
8 July 77 -19 Results usable
Average 70 -33
Standard deviation 16 16

*FAC2: Fraction of model estimates within a factétwo of the measurements (see Section 2.2.6)
*NMB: Normalised mean bias (see Section 2.2.6)
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The days for which results were suitable for estingaemission source strengths
are shown in Figure 2.4 and Figure 2.5. For exanthleng 25 May 2007 (Figure
2.4), high and low periods of NHoncentration are simulated well by the GPM,
both temporally and in magnitude. It appears, hawethat NH concentrations are
modelled better during the day than under stabigtniime conditions. In stable
conditions, a clear plume may not develop and atsemissions accumulate around
the farm without being dispersed. This situatiomifficult to model accurately and
the dispersion parametexs,(o,) are highly uncertain. Between plumes, many of the
modelled concentrations, particularly at night, réase to a lower level than those
measured, which may be partly due to reasons uacdeta the emission factors, such
as an underestimation of background concentrabotise instrument not responding
rapidly enough. Shed 10 was the main contributdlity concentrations measured
on 25 May 2007 (17 hours).

For 26 June 2008 (Figure 2.5) the numbered peaksahd 3 were all attributed
to the same source (shed 13). Peaks 1 and 3 arestwusated while peak 2 is
underestimated by the GPM. This is thought to bstimdecause modelled data are
optimised to fit measured data for a whole day #va source strength may vary
throughout the day, for instance if the buildinghtilation rate changes. However,
changing wind conditions may also contribute todiserepancy.

The effect of changing wind speed on measured; Néhcentrations can be
oberved on several days, e.g. on 17 June 2008r@~®y6), when an increase in wind
speed causes an increased dilution of; Mirhissions. By contrast, no significant
relationship could be found between daily emissaias and average wind speeds.

Although not all discrepancies between measurensrsmodel outputs can be
explained simply, there do seem to be some comnooittons when the GPM
performs poorly. In some cases, sudden changeseirattospheric stability class
were observed. Another factor is a rapidly changiigd direction which makes
detection of plumes from a single house difficiMso, plumes from clustered
sources are difficult to simulate using the GPMe(eay. sheds 1 to 7 or sheds 9 and
12).
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Figure 2.4: Daily plots of measured and modelled NHconcentrations with source
contributions, wind direction, wind speed and rainfll of campaign 1. Modelled NH
data for these five days were used to calculate ession factors (the six other days of

campaign 1 were not used).

39



50

= Iy
o Measured NH, g 150 —@— Measured NH_|
o 40 Modelled NH, . « Modelled NH,
S 5 r \ 8 100
I 4 r.-.._.A-. xf\ I V
20 b e
3 e v k 8 sofaif
& 10 IS _J\[
;! ;9 \ m AP
z o ‘ z o
Shed 10 m—— R
Shed 13
Shed 18 10 10
= =
s _ 5 e 2
g2 72
L6 §=*§ /W L6 % ?‘:
At 3i
33 ,5%
[ U?; <= (ﬁ;
M | i 0o = . o
16/06/2008 00:00 16/06/2008 12:00 17/06/2008 00:00 17/06/2008 00:00 17/06/2008 12:00 18/06/2008 00:00
g 7 g 200
2 60 —@— Measured NH, a —@— Measured NH
g 50 Modelled NH, £ 150 Modelled NH,
g% € 1004
H 30 lﬁ _._,J.\ V 2
8 2 8
= c 50]
8 10/ ~"'x' AV ]5\”‘~ 8 fAj\ }\ \.,,
o b .-'h- o o Mv-.._w ! -ty
T oy Iz oy
Z  shed10 - - = - Shed 10
e G
Shed 13 ol - - Sheds 1-5
— -Shed7
10 — -Shed6 4
= =
Ls 2 § o5
t4g 8 % 2
33 33
|- o, =,
X . o x ' Y 0o =
26/06/2008 00:00 26/06/2008 12:00 27/06/2008 00:00 27/06/2008 00:00 27/06/2008 12:00 28/06/2008 00:00
T 40 7 140
g —@—Measured NH | o 120’—0—Measured NH,
= «
g 304 » A J‘ Modelled NH, 5 100 Modelled NH,
= .j KRS 8 80 1
S 20 Mo, o) W =
H 1 4 g 60] W ‘/l
o S 40]
210 S & L V'
8 S 20] jA\ I ) 1
) Z g PR ~
. | ‘ SR o
— e - -
Shed 10 Shed 13 .
10 Sheds 9 & 12 10
= =
o = 1 -
o H ] ° 28
432 L4 =3
53 EE
L2, ] [233
. 0 o ”
28/06/2008 00:00 28/06/2008 12:00 29/06/2008 00:00 07/07/2008 00:00 07/07/2008 12:00 08/07/2008 00:00
3 60
g 50 —@— Measured NH,|
w Modelled NH
5 40
£ 30 .
=
o ® N\
g 20 X 1\ y{ A
3 104 L=
T o ‘ ,
= — ——— Shed 10
= Shed 18
- - Shed 13 10
[s =
] 72
NS
il o @
J\\M\/\N/\/\\N "33
1 [233
‘ o =
08/07/2008 00:00 08/07/2008 12:00 09/07/2008 00:00

Figure 2.5: Daily plots of measured and modelled NHconcentrations with source
contribution, wind direction, wind speed and rainfdl of campaign 2. Modelled NH
data for these seven days were used to calculate ission factors (the 10 other days of
campaign 2 were not used).
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The GPM can only perform well when taking into ameiothe model’s theoretical
assumptions (see Section 2.2.4) in the practicgdeof the study. It is assumed that
NH3; remains in the atmosphere between the source aadurement site. NHs a
reactive gas, therefore dry and wet deposition elé & gas-to-particle conversion
occur soon after its release. To limit the effetttltose removal processes, no
emission strengths were derived for point sourcesenthan 1000 m from the site.
Sheds for which emission rates have been estadliareeat 300 m distance to the
measurement site. The dry deposition has been astihior similar distances to the
source in other studies. Fowler et al. (1998) gtiadtdry deposition within 300 m
of the source to be in the order of 3-10% of emoissifor a forested area, and the
values here for agricultural grassland can be drdeto be substantially less. In
contrast, Loubet et al. (2006) estimated the amotihtH; dry deposited within 200
m of three example sources to vary between 4-34périing on turbulent mixing
(e.g. source height, roughness length) and sudachange parameters (e.g. NH
compensation point). In the case of elevated eomssirom a poultry building and
short agricultural grassland with significant comgation point, it is expected that
recapture will be towards the lower end of thisgan

Loubet et al. (2009) calculated a blkvet deposition rate of 5% at 1 km
downwind of the source for a wind speed of 2"hmad rainfall of 1 mm . Hence,
periods with significant rain may be affected bynracavenging and are therefore
considered separately in Section 2.3.4.

As the measurement site in this study is situatétinvagricultural grassland,
secondary Nklsources, such as grazing animals, may be presémeén the source
and the site. This was however considered to haveiror effect on NH
concentrations at the site, because the effeahdsrporated into the background
concentration rather than the peak concentratienemgted by plumes downwind of
the poultry houses. The observed high temporahisdity in NH; concentrations is

thus characteristic of plumes from point sources.

2.3.4 NHgzemission factors (EF)

Emission strengths of individual poultry houses éhadyeen calculated from
modelled fit to measurements according to LineasRkown in Figure 2.4 and Figure

2.5. The total emission strength of each houseiwerted into kg Nk bird® yr!
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using the number of hen places. As this annualevaicalculated by simple scaling
from emissions observed for measurements duringg@007 and spring/summer
2008, it should be noted that actual annual emssimay be different (see
discussion of uncertainties below).

Table 2.4shows EFs for sheds 10 and 13 estimated from tie ofaboth
campaigns. Data from campaign 1 were suitable timate EFs for shed 10. In the
dataset, there were five days with a minimum oftsrs of detected plumes from
this shed per day. The EF range equates to 0.0Z€kg NH bird* yr'assuming a
constant source strength throughout the year. @Wedt EF (0.17 kg Ngbird™ yr)
was observed on 30 May 2007. On that day, emis$ions the shed were measured
until 15:00, and during most of this time there wastinuous light rainfall, which
may explain the slightly lower EF. The average &fFshed 10 calculated from these
five days of campaign 1 is 0.27 + 0.10 kg Nbird® yr?, or, excluding 30 May
2007, 0.29 + 0.09 kg Nibird™® yr.

During campaign 2, sufficient data were obtainecgtstmate NH EFs for two
poultry houses, sheds 10 and 13. Seven days pobgded plume data, of which
five days included plumes from shed 10 and threes gdumes from shed 13. For
shed 10, EFs range from 0.25 to 0.34 kgsMitd” yr', with an average of 0.29 +
0.04 kg NH bird? yr*. Shed 13 EFs range from 0.16 to 0.25 kgsMHd™ yr?, with
an average of 0.20 + 0.04 kg Nbird™® yr™.
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Sheds 10 and 13 are layer houses of the same tiyfjpehe same management

practice. Their plumes were observed during theesagason of the year, and they
were occupied by birds of similar age. Therefoheirt NH; EFs should be very
similar. Overall, EFs in this study ranged from@ta 0.40 kg NH bird™® yr*, which
is within the range of values found in the literat¢see Table 2.1). Nevertheless, the
highest estimated emission is 2.5 times larger thanlowest estimate. Excluding
emission rates significantly affected by rain, thean estimated EF in this study is
0.27 + 0.07 (standard deviation) kg NHird* yr*. The average Nilhousing EF
used in the UK inventory for an average layer (idahg all types of systems) is 0.17
kg NHs; bird® yr', and for a free range layer it is 0.20 kg {NHird* yr'
(Misselbrook et al., 2009). Results of this stuthgrefore, provide a mean value
which is 35% higher than the official UK emissiostimate of Misselbrook et al.
(2009). In contrast, the Scottish Environment Ritide Agency (SEPA) use an EF
of 0.29 kg NH bird* yr! for caged (i.e. not free range) layers in deephpiises
(SEPA, 2010). This value is close to the findingthes study.
The main uncertainties within results of this stadg in relation to: a) the choice of
optimisation method, b) seasonal representatiorepresentativity in relation to the
bird production cycle and d) the potential roledo§ deposition or other background
emissions.

The two optimisation methods for the GPM providedydemission rates which
differed by about 30% (Figure 2.3). Based on aebetharacterisation of the plume
peak concentrations, results have been calculas#g uhe linear optimisation
method (Linear Fit). If Log Fit were used, the mmsestimates would be rather
larger than shown above. Hence, the uncertaintycegted with this methodological
difference suggests that Linear Fit provides a envadive estimate of the emissions,
so that this cannot explain the difference with tb& inventory values of
Misselbrook et al. (2009).

Secondly, it should be considered whether the pteseeasurements are
seasonally representative. At a nearby measuresiazt the mean temperature
ranges from 4°C in the winter to 13°C in summererBfore, the mean temperature
during measurements of 11°C (Table 2.4) is in igadr end of this range. Although

the regression of daily estimated emission rateshetl 10 with outdoor temperature
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was not significant (Temperature [°C] = 13.7 x Esios rate [kg NH bird™® yr] +
6.7; R = 0.18), a relationship may be found over a latgenperature range (i.e.
including cold winter months).

Another factor which may lead to an overestimatioin annual emissions
calculated in this study is that measurements wenelucted towards the end of the
production cycle. As manure gets removed from geepouses after each cycle, the
emissions are likely to be higher at the end thahebeginning of the cycle. Fabbri
et al. (2007) observed the difference in emissmina deep pit layer house between
the beginning and the end of the cycle to be 28%wéVer, this value was not
constant throughout the year.

Lastly, dry deposition of NgIbetween source and measurement site may lead to
an underestimation of source emission strengthgewlackground emissions, such
as from grazing cattle, could lead to overestinthte emissions. In practice, both
processes are expected to occur: firstly, dry déposclose to the source under
conditions of high concentrations, and secondly,issions from agricutural
grassland. Overall, considering the characterisadioplumes measured (Figure 2.4
and Figure 2.5), the relatively small backgroundasmtrations (Table 2.4) and the
typically small fraction of the source which is ddgposited in the first 300 m
(<10%, see Section 2.3.3), these factors are ceresidto provide less than £ 10%

effect on the estimated emissions in this study.

2.4  Conclusions

Livestock housing emissions can be determined bykinga stationary
measurements of atmospheric concentrations downefirgburces and applying a
Gaussian plume model (GPM), as used in this stddyvever, to establish reliable
emission factors (EFs), certain requirements havbet met. The study has to be
designed such that theoretical Gaussian dispeesisamptions are fulfilled as much
as is possible under field conditions. This invarsedelling approach is, however,
more difficult to apply for clustered sources. Atdnce of more than 100 m between
sources and less than 1 km distance between s@mdemeasurement site is
considered best for this method, to avoid buildimpulence effects and to minimise
the influence of plume depletion. As the GPM did perform well for all periods,

only well modelled data were selected for estintagmission factors.

45



NH;3; EFs for two deep pit free range layer houses vestenated from two
measurement campaigns conducted in spring 200&@mag/summer 2008. Daily
estimated EFs were extrapolated to annual valueghwange from 0.16 to 0.40 kg
NHs bird® yr'. This range reflects the wide range found in ttexdture. Although
the average annual EF calculated in this study.2f & 0.07 (standard deviation) kg
NH; bird? yr! is 35% higher than the current estimate in théonat emission
inventory for the UK, it lies within the range ahéssion estimates of studies used to
calculate this national average. However, thereaanember of factors contributing
to the uncertainty of the estimated EFs in thisdgturhese factors include: a)
optimisation method for fitting GPM results to megsnents (with the method used
providing conservative estimates of emissionspdysible temperature dependence
of emissions, c) timing of the measurements intiaiato production cycle (which
might lead to larger than typical values), and ki@ role of surface exchange
processes (emissions and dry deposition) with tasstand between the farm and
the measurement point.

Long term stationary NHimeasurements downwind of layer houses, covering al
seasons and an entire production cycle, would efi@rable information about both

short term and long term variations in Nsburce strengths.
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Abstract

Atmospheric ammonia (Nl concentrations and deposition fluxes were studied
at a resolution of 25 m x 25 m in a 6 km x 6 kmdsrape containing intensive
poultry farming, agricultural grassland, woodlamdl & large semi-natural moorland.
The approach combined a detailed landscape inwenwbrall farm activities
providing high resolution NE emission estimates for atmospheric dispersion
modelling and an intensive measurement programmnspatial NH concentrations
for verifying modelled NH concentrations. The spatially diverse emissioriepat
resulted in a high spatial variability of modelletean annual Ngiconcentrations
(0.3 to 77.9ug NH; m) and dry deposition fluxes (0.1 to > 100 kg MK ha’ yr)
within the landscape. Largest impacts were predide woodland and shrub
patches within the agricultural area, while largeorland areas located northwest of
the poultry houses were only at minor risk due tmaspheric dilution and the
prevailing southwesterly winds. The large spatialiability of NH; within the
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landscape could not be resolved by a national matdelkm resolution, emphasising
the need for high resolution NHassessment incorporating farm and field specific
emissions. The case study illustrates how spatiahgement of sources and sinks at
the landscape scale is critical to the level df tisat NH; represents to semi-natural
ecosystems. This provides a basis for the use afiadpplanning to minimise
environmental impacts of atmospheric NH

Keywords: ammonia, critical level, landscape scale, dispersion modelling, spatial

planning

3.1 Introduction

Most atmospheric ammonia (NH originates from agricultural activities
(Misselbrook et al., 2000; Van der Hoek, 1998).eihsive livestock farming,
especially pig and poultry houses due to their latgitking density, represent large
NH3 point sources (e.g. Dragosits et al., 2006). HNdghy concentrations are directly
toxic to plants and its deposition can lead to agtircation and acidification of
ecosystems which cause changes in biodiversitgmdisve ecosystems (Cape et al.,
2009b; Cellier et al., 2009; Krupa, 2003; Pitcastral., 2009). A number of studies
have been conducted to quantify the effect of;i@Hhission sources on surrounding
ecosystems. For example, Fowler et al. (1998) dfimuhtconcentrations and
deposition fluxes within 300 m of a poultry farmtesiin Scotland using
measurements and deposition modelling. Similarlycaiin et al. (1998; 2002)
analysed the impact of deposition fluxes on woadlldlora in the immediate
surroundings of large sources. Frati et al. (26Qulied the effect of NfHemission
on sensitive vegetation (lichens) within 2500 maafltalian pig farm. Sutton et al.
(1998) compared deposition estimates based onreliffscales, ranging from field to
landscape to national scale. They concluded tha, td the spatial variability of
NHs;, the quality of environmental impact assessmedejgendent on the resolution
of the deposition data. A more detailed analysisheflandscape study in Sutton et
al. (1998) is provided by Dragosits et al. (20@Mission transport and deposition
were modelled within a 5 km x 5 km landscape in |&nd at 50 m resolution;
however, no measurements were conducted in thg sineé. Other studies focused
on strategies to reduce the effect of emissionpodsson ecosystems by locating tree

belts around the sources; indicating the importapiceelative spatial location of
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sources and sinks, and assessing possible landptaapeng measures to decrease
effects on sensitive habitats (Dragosits et al062d heobald et al., 2001).

To assess the environmental impact of pollutahts,nited Nations Economic
Commission for Europe (UNECE) developed criticaketiholds of pollutant
concentrations and deposition fluxes, so calledicati Levels (CLEs) and Critical
Loads (CLOs). A CLE is a pollutant concentrationtlie atmosphere above which
plants or ecosystems may be directly negativehecadid (Posthumus, 1988).
Recently, long term CLEs of NHwvere reviewed and new, lower values proposed
(Cape et al., 2009a):1dg NH; m for the most sensitive vegetation types, i.e.dith
and bryophytes, and 3 iy NH; m™ for higher plants in natural vegetation. A CLO
is a pollutant deposition below which no signifitanarmful effects on the
environment are expected to occur according toeatirknowledge (Posthumus,
1988). Nitrogen (N) CLOs are defined for specifiogystem types (UNECE, 2010).
In contrast to the CLE approach, which is spediffcdefined for NH;, the CLO
integrates all forms of reactive N and thereforgquies estimates of total N
deposition. According to Sutton et al. (2009) theseémates are uncertain and as it is
much easier to measure BlEoncentrations, the CLE has the advantage of being
more practical approach. However, up to now, exaeeel of CLOs is the more
commonly used tool for impact assessment. For giheysc NH, this may reflect
that previous long term NHCLEs were set at much less precautious level than
associated values of N CLOs (e.g. Burkhardt et1@98), which was one reason for
the revision of new long term NHCLEs (Sutton et al., 2009).

For assessing the environmental impact of;dbhcentrations and deposition, it
is also essential to estimate Nlmissions accurately (Hellsten et al., 2008).
Hallsworth et al. (2010) highlighted the problem rmabdelling NH dispersion at
relatively coarse scales, such as 5 km resolutioa,to the high spatial variability of
NH3 emissions. Thus, they expect 5 km modelling toemestimate the impact of
NH3; concentrations on semi-natural areas close tonsite agricultural areas.
However, at UK national scale, deposition fluxesl dineir impact assessment are
based on 5 km resolution modelling (Dore et ald72Matejko et al., 2009).

The current study is part of landscape scale studenducted within the
NitroEurope Integrated Project (NEU) (Sutton et @007). Landscape scale is
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understood as a spatially heterogeneous area ngvegveral square kilometres that
contain interacting ecosystems (Forman and Godi®81). In rural landscapes,
anthropogenic processes in the form of farm manageéhetermine to a large extent
N dynamics and much of its environmental impachimitthe landscape (Cellier et
al., 2011). The aim of the NEU landscape analysisoi quantify N flows at the
landscape scale using a range of measurement addllim@ approaches. In this
study, we analyse the NHdispersion and its environmental impact in a rural
landscape of 6 km x 6 km in southern Scotland. [@hdscape is characterised by a
diverse emission pattern with a large number of; léhhission hotspots as well as
large areas of sensitive ecosystems as potentiéik.sin this study, a detailed
landscape inventory of all farms and fields wasriedrout to coincide with an
intensive spatial monitoring programme of Neébncentrations. The NHlispersion
and deposition has been modelled at 25 m resolanmhwith this dataset we can
assess the environmental impact of localsNidurces within this landscape. The
results have implications for the sustainable mamamnt of landscapes that combine

both intensive livestock agriculture and areas mgepenvironmental protection.
3.2  Site and methods

321 Sudyarea

The study landscape is situated in southern SahtBime climate of the region is
temperate with an annual mean temperature of ~8°@pical rainfall of around
1000 mm and predominantly southwesterly wind. Theaacovers 6 km x 6 km
(Figure 3.1) and is dominated by agricultural gleass (48%), followed by moorland
(21%), rough grass (13%) and woodland (10%). Thertand is located in the
northwestern part of the study landscape and isapigrgrazed by sheep at low
stocking densities, partly designated as Site @ctp Scientific Interest (SSSI) and
partly undergoing peat cutting. In contrast to thiga with relatively low Nkl
emissions, the southeastern part is dominated bgudtgral land, such as pastures
grazed by beef cattle and sheep interspersed wiitirp farming within 24 poultry
houses, which contain nearly 1.5 million laying fiemost of the layers are kept in

caged houses with belt systems from which manurenmved two to three times a
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week (circled poultry houses Figure 3.). However, the majority of the houses are

deep-pit houses, and in most of those layers gredsefree-range birds.

Landcover categories

[ Jgrass
[Trough grass
E_Ishrubs

E= woodland
moorland

B224 peat cutting
arable

Il livestock house
[ houses & roads
[ Jother

0 05 1 2
km

Figure 3.1: Land cover types in the 6 km x 6 km sty landscape in southern Scotland.
Manure is cleared at least two times per week fronthe circled poultry houses (see
section 3.3.3).

3.2.2 Landscape inventory and emissions

Detailed land cover and farm activity data wereaotd#d by a local survey
carried out by the Scottish Agricultural CollegeAR. Farm activities were
recorded for each farm building and each agricaltfield through 2008, including
type and numbers of livestock housed and grazedumamanagement, ventilation
type and emission height, crop type and the appmicaof mineral and organic
fertiliser. Land cover and farm activity data wemocessed with a Geographical
Information System (ESRI, ArcGIS) and emissions evealculated for each
individual field and livestock house. Emissions evaritally calculated by applying
the average Nklemission factors (EFs) of the UK emission invept@visselbrook

et al., 2009) to the farm activity data. After grsthg initial results, EFs were partly
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adjusted to account for specific management pregtic the landscape (see section
3.3.3). All data were converted to a 25 m grid hatson for atmospheric dispersion

modelling (see section 3.2.4).

3.2.3 Spatial NHz measurements

To capture the high spatial variability of atmosph&lH; in the study landscape,
ALPHA passive diffusion samplers (Tang et al. 20@&ye deployed at 31 locations
from April 2007 to December 2008 to measure monévgrage concentrations at a
sampling height of 1.5 m above ground. Measurenhardtions were distributed
across the study area with more sites inzN&itting areas to capture the
concentration gradients around the sources. Tosagseasurement precision and
uncertainty, samplers were exposed in triplicateaath location. The sampling rate
of the ALPHA samplers was calibrated against th& DX denuder reference system
(NAMN, Sutton et al., 2001b) as it is carried oaotthe UK National Ammonia
Monitoring Network (Sutton et al., 2001a). ALPHAnslers were stored in a cold
room (4°C) until analysis in the laboratory with &lHs flow injection analyser
(AMFIA, ECN), based on analysis by selective ion nmbeane transfer and
subsequent conductivity measurement (Wyers €1 29.3).

3.24 Atmospheric dispersion modelling

There are several models available for modellings Midpersion, which were
recently reviewed by Loubet et al. (2009). For thigdy, the LADD (Local Area
Dispersion and Deposition) model was used to sitaudémospheric dispersion and
deposition of NH within the study landscape (Hill, 1998). The adeges of LADD
are that it operates at 3D (with 44 vertical layefs computationally fast and
accounts for land cover-specific dispersion andodijon characteristics (Loubet et
al., 2009). Model input data include land cover amdission data for each grid
square (see section 3.2.2), wind statistics forpeod to be modelled as well as
NH3 concentrations at the domain boundaries. Suitetighness lengthz{) and
canopy resistancdz{) for each given land cover type were selectedassigned in
LADD. The roughness length is used to calculateticadr dispersion and dry
deposition rates whilst the canopy resistance iBdus the calculation of dry
deposition velocities within each grid square. Watdtistics were calculated from
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data collected at a continuous measurement siteinvhe study area (M. Coyle,
pers. comm. 2010). Ammonia concentrations for 44dehdayers at the domain
boundaries were calculated using the FRAME (FinsoRgion Atmospheric Multi-
pollutant Exchange) model, run at national scal®d ktn x 5 km resolution (Dore et
al., 2007). Boundary concentrations were highegtr@ind level, ranging from 1.34
ug NHsm™ at the eastern boundary to 1;85NH; m™ in the south.

LADD was applied for the year 2008 at 25 m x 25nd gesolution over an area
of 7 km x 7 km, for which the detailed emissionantory had been prepared, with
the model domain extended by 500 m on all sidebnid possible edge effects.
Annual average Nglconcentrations at 1.5 m height above ground lewel dry
deposition were simulated and analysed with Arc(&@SRI).

3.25 Assessment of model performance

Model performance was assessed by comparing mddatieual concentrations
with measured annual concentrations at the 31 sapghdites. The following
statistical metrics were used for model evaluatitime fraction of modelled
concentrations within a factor of two of observedhaentrations (FAC2), the
correlation coefficient (R), the geometric meansbiMG) and the geometric
variance (VG) (Chang and Hanna, 2004; Theobaldl ,e2@09).

FAC2 = fraction of data that satisfy G<8V;/O; < 2.0 (1)
R= (Oi_a)(Mi_Vi)

70,9 u, 2)
MG=exp(InO,—In M) 3)
VG=exp|(InO,—In M,)’] @

Where O; are the observed (measured) concentratidvis,are modelled
concentrationss is the standard deviation and overlined variabtaad for the mean
of those variables. FAC2 is the most robust meaasii¢ is not affected by outlyers.
Model performance is considered “acceptable” if RAG 50% or greater, i.e. if
FAC2 > 0.5 (Chang and Hanna, 2004). The correlation myefit R measures the
linear relationship between modelled and obsereetentrations. The closer R is to
1, the stronger the linear relationship. MG and &€ recommended for atmospheric
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dispersion modelling where concentrations vary as@reral orders of magnitude
and distribution is not normal but rather log-norf@hang and Hanna, 2004). MG
measures the mean relative bias and only indicgt@ematic errors. It represents the
ratio of the geometric mean & to the geometric mean ®f;, thus the optimum
value is MG = 1. An “acceptable” model performamcexpected to result in a mean
relative bias within £ 30%, i.e. 0.7 < MG < 1.3. \i&a measure of mean relative
scatter of a log-normal distribution and reflect#hbsystematic and random error.
The optimum value is VG = 1. An “acceptable” modeluld be expected to have a
relative scatter of less than a factor of two (V& < 1.6) or three (i.e. VG < 3.3).
Overall model performance is evaluated as acceptaben more than 50% of the
criteria are met (Hanna and Chang, 2010).

3.2.6 Assessment of potential environmental impacts

Areas within the landscape which exceeded Critigalels (CLEs) and Critical
Loads (CLOs) were identified to assess the enviemtal impact of local Nk
sources on surrounding ecosystems. For the analf/<id E exceedance, modelled
NH3; concentrations at a height of 1.5 m above grouectwsed. CLO exceedance is
based on total N deposition: the dry depositiolNbl simulated by LADD plus the
wet deposition of reduced N and the dry and wetodigpn of oxidised N. The
contribution of particulate ammonium (I¥H to the dry deposition of reduced N is
considered minor compared to Blke.g. Asman et al.,, 1998; Duyzer, 1994). The
additional N deposition components were calculatskthg the FRAME model run
for 2008 at 1 km x 1 km resolution. FRAME givesetadifferent deposition rates for
each grid square: a) the average deposition, takingaccount the mix of land cover
in the grid square; b) the deposition to all woadlan the square; c) the deposition
to all low-height semi-natural vegetation in theuae. These were applied
depending on the land cover in each 25 m grid squeine CLO exceedance was
calculated for woodland, hedgerows, shrubs, modriamd rough grass. To those
land cover categories, a CLO of 10 kg N'ha* was applied. This is the lower limit
of the range shown in Table 3.1 to protect the reessitive species of the respective
ecosystems. The CLO exceedance was calculatedbbsasting the CLO from the

total N deposition.
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Table 3.1: Land cover categories of the study landape, the associated ecosystem

types* with the corresponding critical loads for Ndeposition from the UNECE (2010).

Land cover category Ecosystem type Critical Load
[kg N ha’ yr]
Woodland, hedgerows Broadleaved deciduous woodland 10-20
Shrubs Calluna dominated wet heath (upland  10-20
moorland)
Moorland, rough grass Heath (Juncus) meadows amitdhu 10-20

(Nardus stricta) swards

* Ecosystem types were allocated to land covergoates by expert judgement of the local vegetaffimeppard,
pers. com. 2011)

3.3 Results and discussion

3.3.1 Spatial variability of measured NH3 concentrations

The spatial variability of NEl concentrations in the landscape is large with
monthly NH; concentrations varying from 0.2 to 57 m° between the
measurement sites (Figure 3.2). Monthly coeffigef variation of replicate
samplers varied between 0 to 24%, with values A6 occurring at sites with
monthly mean concentrations belowid m*. The variability of the measured NH
concentrations is attributed to the diverse lang, wghich can be shown by putting
sites into three categories: a) “Background sitesated far from agricultural N
sources, b) “Field sites” that are influenced byiadtural NH; sources such as
grazing or fertiliser applications, but are notclose proximity to large point NH
sources, c) “Poultry sites” within 300 m of largeiqt sources, i.e. the poultry
houses. Annual mean NHoncentrations in 2008 ranged between 0.4 and &9.9
NHs m™® and generally increased from Background to Fieldoultry sites (Figure
3.3). Two Field sites were high exceptions: Siten@$ close to an open cattle shed
and an intensively used field and site 25 was ikt close (320 m) to a poultry
house.

The largest Nkl concentrations were measured downwind and closepiultry
house with an NElemission strength of 5,900 kg Nygsite 31). A measurement
transect of three sites downwind of this housesiitlte the gradient with distance
from large sources. Measured annual concentrati@me 22.9ug m°, 14.7ug m°
and 4.8ug m® at distances of 70 m, 160 m and 900 m from thes&oBigure 3.4
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compares these results to concentration decreatieslistances found in Fowler et
al. (1998) and Pitcairn et al. (1998) for poultryuses emitting 4,800 kg N Yyrand
14,000 kg N yt, respectively. All three studies were conductedgricultural areas,
however the concentration decrease with distantdgsrstudy is much more gradual,
possibly due to high background concentrationshiem area caused by the large

number of emission hotspots.

NH; concentrations
[ug NH; m?]

Figure 3.2: Map of numbered site locations showingnnual mean NH; concentrations

by proportionally sized circles.
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3.3.2 Temporal variability in measured NH3 concentrations

A strong correlation was found between mearzbhcentrations of all sites in
2007 and 2008. In 2007, data were only collectethfApril to December, thus only
the equivalent data in 2008 were used for compari$bis strong correlation (R? =
0.98) indicates that the site location, i.e. thea@unding land use, is the main driver
of concentration variation. The ratio of monthlyncentration maxima to annual
mean concentrations can be used as an indicatengforal variability on an intra-
annual basis (Figure 3.5) with Tang et al. (20@®)duicting a similar assessment at
national scale. Most sites show a ratio below 3hictv seems to represent typical
temporal variation about a mean of a relativelystant NH concentration (e.g.
Figure 3.6a). Monthly maximum concentrations ofseénaites with larger ratios (up
to 5:1) occur in spring or summer 2008. For examgite 27 (Figure 3.6b) is located
around 200 m south of four poultry houses, busitlso located close to a field
which was spread with manure in May 2008. This marapplication also affected
concentrations of site 19 and site 13, the latticted as May 2008 had frequent
northeasterly winds. Manure heaps and applicat@lse accounted for monthly
maxima at sites 8 (Figure 3.6¢), 15 and 20 (Figuéel). Site 8 was located 150 m
northwest of a manure heap which received freshuneaim May 2008. Site 15 was
located next to a field which received manure inyN2@08 and site 20 was located
adjacent to a field onto which manure was appliedAugust 2008. These sites,
which are affected occasionally by a large ;N$burce, show a higher temporal

variability than other sites.
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(black circles). Site humbers are shown for sites ith monthly maximum to annual

mean ratios higher than 3:1.
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3.3.3 LADD modelling

The LADD model was initially run using UK inventofgFs. This model run
resulted in the general pattern of NEoncentrations being reproduced, however
there was a significant concentration overestinmatio the landscape (Figure 3.7,
left). This overestimation was attributable to #aissions from six of the poultry
houses (see circled houses in Figure 3.1) whichagoed ~ 3 million caged layers.
Those houses were the only houses in the landsghjpd had frequently cleaned

belt-systems X 2 week'). The EF for a UK average caged layer is calcdlate
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assuming 40% of the caged layers being housedep-pi houses and 60% in belt-
system houses with less frequently cleaned beltsweek') (Misselbrook et al.,
2009). Belt-systems with less frequent cleaning €£6.092 kg NH-N bird™ yr?)

are considered to reduce emissions by 56% compartw deep-pit poultry houses
(EF = 0.164 kg NEN bird* yr?), resulting in an average UK caged layer EF of
0.121 kg NH-N bird? yr* (Misselbrook et al., 2009). The IPPC (2003) repart EF

of 0.029 kg NH-N bird? yr* for frequently cleaned belt-systems, more tham fou
times lower than that for the UK average cagedrlay@DD runs were repeated
using the IPPC EF for the six poultry houses camedrand modelled concentrations

decreased considerably (Figure 3.7, right).
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Figure 3.8 shows a scatter plot between modelledna@asured concentrations
and Table 3.2 summarises the statistical metricger&@ model performance is
evaluated as acceptable as the FAC2, R and VG awedil indicate acceptable
model performance when compared against measursraeatl sites. However, the
MG is lower than recommended for acceptable moeefopmance, indicating a
systematic overestimation by the model. This syatem overestimation of
concentrations is apparent at all distances fromnces.

Recent work by Theobald et al. (2011) suggests L#DD overestimates
concentrations around very elevated sources (> with)high exit velocities. LADD
failed to meet any performance measures when cadpe@ith measurements around
a source of this type. Concentration overestimatiothese cases may be due to
LADD not including plume rise equations which déserthe rise of the plume after
leaving the source. However, poultry houses in shigly area predominantly have
emission heights of 4 to 5 m and most vents aratéacat the house walls, i.e. most
plumes are not expected to exit vertically. Foreotkituations with ground and
building emission sources Theobald et al. (201pomed acceptable agreement

between LADD and measured concentrations.
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Figure 3.8: Relationship between modelled and measad concentrations of
Background sites (open circles), Field sites (gregircles) and Poultry sites (black

circles) on logarithmic axes.
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Table 3.2: Statistical metrics of model performancecomparing results: All sites and

separate site categories (see section 3.3.1 foragairy definition).

Target Allsites Background sites  Field sites  Poultry site

performance
FAC2 (%) >50.0 51.6 28.6 55.6 66.7
R - 0.95 0.64 0.84 0.89
MG 0.7-1.3 0.50 0.45 0.52 0.50
VG <3.3 1.77 2.03 1.68 1.76

3.3.4 Modd calibration

In order to use modelled concentrations and ddpadiuxes for risk assessment
of environmental impacts, the systematic overedtona was addressed by
calibrating the modelled against measured condsmsa Modelled concentrations
were corrected by the slope of the regression tweeasured and modelled results
(INH3]meas= 0.49*[NHs]mogel + 0.15, R2 = 0.90), i.e. all modelled concentnadiovere
multiplied by a constant factor. The intercept was statistically significant. A map
of measured and calibrated modelled concentratisnshown in Figure 3.9.
Modelled concentrations range from 0.3 to Yﬁggm'3 within the study landscape.
Statistics comparing measured and calibrated medlelbncentrations show good
agreement for all site categories. Results of thibmated model are considered

suitable for assessing environmental impacts irsthey landscape.
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Figure 3.9: Measured (circles) and calibrated modé&d (background colours) NH
concentrations within the landscape. For all NH sources, except for six frequently

cleaned poultry houses, UK inventory emission facts were used as model input.

3.3.5 Risk assessment of environmental impacts

To assess the environmental impact of locak Nblurces to ecosystems within
the study landscape, critical level (CLE) exceedanand critical load (CLO)
exceedances were calculated using the calibratedelmoutputs. Results were
compared to the output of the UK national model MEAwith a resolution of 1 km
x 1 km.

3.3.5.1 Concentrations and critical level (CLE) exceedance

For sensitive vegetation, i.e. lichens and bryopsiythe long term CLE for NH
of 1 ug m?® is exceeded in 60% of the landscape (Figure 3M6prland ecosystems
naturally contain vegetation sensitive to N&hd, within the study area, the CLE is
exceeded for 8% of the moorland areas. Those gewmsygxould thus be expected to
show long term effects of local NHsources. Although this affects a considerable

moorland area (39 ha), it is still relatively motdesnsidering the extremely high
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emission fluxes close by. This is due to most efrtioorland in the study area being
located northwest of the poultry houses in a regioth frequent southwesterly
winds. The CLE of 3ig m® for higher plants is exceeded in 25% of the laadsc
Most of this area is agricultural land: 81% is gras arable land. Of all semi-natural
areas in the landscape, 7% show an exceedance 6118 of 3ug m* and thus may
be impacted adversely. However, all semi-naturaasirexceeding the CLE of@)
m consist of relatively small patches within theiagitural area, i.e. the large area
of moorland and rough grass in the northwest ofstinely landscape is not exposed
to NHs concentrations exceedingig m®>.

These results at 25 m resolution were averaged bken x 1 km and compared
to concentrations modelled by FRAME at 1 km resofut(Table 3.3). For this
comparison, it has to be noted that FRAME is, intast to LADD, run at national
scale with UK inventory EFs. FRAME predicts CLE egdances for fig mi° for
the whole landscape and no exceedances for tlier8® CLE, i.e. it overestimates
the impact to the sensitive moorland area northwéshe emission hotspots, but
substantially underestimates the impact downwindhef hotspots. Thus, FRAME
does not capture the spatial variability of Nedncentrations and therefore seems to
be unsuitable for the assessment of environmentphcts at 1 km resolution. In
contrast, LADD concentrations averaged out at tamnes resolution as those of
FRAME capture enough of the spatial variability agsess the area of CLE
exceedances (Table 3.3). This suggests that theteing out of NH concentrations
over landscapes is largely introduced by coarsée scedel input data, i.e. by
averaging emission input data over large areassseom hotspots “disappear” and

thus the spatial variability cannot be reproduced.
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Figure 3.10: Map of modelled NH concentrations (calibrated) within the study
landscape with CLE exceedances indicated for sensi vegetation (light and dark

grey) and less sensitive vegetation (dark grey).

Table 3.3: Comparison of the modelled Nkl concentration range within the study
landscape and the percentage of CLE exceedance mbel@é by LADD (25 m and 1 km

resolution) and FRAME (1 km resolution).

LADD-25m LADD-1km FRAME -1km

s b s 107 5
ax (ug m . . .
% CLE exceedanceyig ni® 60 64 100
% CLE exceedance &y mi* 25 31 0

To study the magnitude of the effect of poultry $®uemissions on CLE
exceedance in the landscape, LADD was run withomtltpy emissions. The
1 ng m* CLE for sensitive vegetation was then exceedet2# of the landscape,
compared to 60% when poultry house emissions wereided, and the gg m®
CLE for higher plants was exceeded in 0.2%, conthtne25% when poultry house
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emissions were included. This highlights the lazgatribution of emission hotspots

to atmospheric Nklconcentrations in the study landscape.

3.3.5.2 Deposition and critical load (CLO) exceedance

Modelled dry deposition of N within the landscape has a high spatial
variability ranging from 0.1 to 1200 kg NHN ha' yr'. The extremely high
deposition fluxes at the upper end of this range lwa considered theoretical as the
deposition rate is expected to be reduced closarge sources as the plants become
saturated. To illustrate the importance of capturthe spatial variability, the
deposition flux to a coniferous woodland downwirfdagoultry house was analysed
and compared to estimates by FRAME (circled arelignire 3.11). The woodland
of 6.5 ha is situated between 150 m and 500 m fi@rthe house. The NHdry
deposition flux to the woodland modelled by LADDries spatially between 31 and
172 kg N h# yr! and amounts to a total of 394 kg N'ywhich represents 6.7% of
the poultry house emission. FRAME simulates a waiod|specific dry deposition
flux to this area between 10.8 and 11.9 kg N & which results in a total NHry
deposition of 74 kg N V& Thus, FRAME underestimates the impact of Nty
deposition to this particular ecosystem comparet WADD.

Total N deposition (LADD NH dry deposition + FRAME N wet & NG,
deposition) ranges from 5.6 to 1206 kg N*ha* (Figure 3.11). A map with areas
showing CLO exceedance is shown in Figure 3.12. Ch® applies to the land
cover categories woodland, hedgerows, shrubs, awbrbnd rough grass in the
landscape, i.e. CLOs were calculated only for thesas, equivalent to 38% of the
study area. In 34% of this area the CLO is exceedaidh represents 13% of the
overall landscape area. The CLO is, on averageeshad by 17.6 kg N Hayr?, the
median CLO exceedance is 6.5 kg N*ha™. Table 3.4 shows statistics of CLO

exceedance for the different land cover categories.
Table 3.4: Land cover specific statistics* for criical load exceedance in kg N hayr™.

Woodland  Shrubs  Rough grassMoorland

Mean 20.1 21.6 11.6 1.9
Median 7.4 17.6 2.7 0.7
Maximum 1195.6 401.9 406.5 10.5
% exceeding CLO 74.2 97.0 28.0 1.7

*Land cover category hedgerows covered only onen25625 m grid and was therefore not considered
for these statistics
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When combining FRAME results with 25 m x 25 m laswer data (see section
3.2.6), FRAME predicts a CLO exceedance in 51%hef area to which a CLO
applies, compared to 34% simulated by LADD (Tablg).3FRAME simulates a
CLO exceedance over a larger area than LADD, kueitent of CLO exceedance is
smaller compared to LADD. Due to FRAME not captgrihe spatial variability of
NH3; dry deposition, areas exceeding CLO in the whdledys landscape are
overestimated whereas the extent of CLO exceedenegeas close to sources is

underestimated.

Total N deposition
[kg N ha™ year™]
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Figure 3.11: Map of total N deposition calculated ¥ combining dry deposition of NH;
simulated by LADD (calibrated) with the remaining components of N deposition from
FRAME. The circled area shows the woodland analyseith more detail.
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Figure 3.12: Map of critical load exceedance calcated combining dry deposition of
NH3 simulated by LADD (calibrated) with the remaining components of N deposition
from FRAME.

Table 3.5: Comparison of CLO exceedances (kg N har™) within the study landscape
between LADD and FRAME

LADD FRAME

Mean 17.6 3.2
Median 6.5 2.4
Maximum 1195.6 10.8
% exceeding CLO 34 51

3.4 Conclusions

The detailed landscape inventory of all farm atei in the study year 2008
provided data to estimate NHmissions at 25 m resolution. This is essential fo
studying the actual spatial variability of Nkh a landscape. The combination of a
large number of long term NHconcentration measurements across the landscape
and the high resolution LADD model output allowegxhally precise assessment of

NH3; concentrations and dry deposition. Measured andefterl NH; were highly
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correlated (R= 0.90), but model estimates needed to be catibriar environmental
risk assessment. It is recommended to always iechadification measurements in
such an assessment in order to calibrate modehasts. This is important since the
particular situations in which models, such as LAQ@rform well are not always
predictable.

However, for this modelling work the NHemission factors of six of the 24
poultry houses had to be adjusted to account fersffecific manure management
practices as the emission factor of the UK natiomalentory resulted in a
considerable overestimation of concentrations & ghrroundings of those houses.
Thus, for the environmental impact assessmentrgélavestock houses, rather than
national average emission factors, more specifitofa are needed which take into
account the specific husbandry system and manunagement.

In this study area, frequent southwesterly wicaisse most of the poultry house
emissions to disperse to the northeast. As mogtitsen ecosystems are located
northwest of the poultry houses, only a relativatyall part is affected by the nearby
poultry houses with Nglemissions exceeding 100 t N'yin total. Most semi-natural
land at risk of potential impacts from Nldoncentrations are patches of woodland,
shrubs and rough grass situated within the aguralltarea. Impact assessment by
the CLE approach suggested that 8% of the semralatoorland may be adversely
affected by NH concentrations above fdg m® (= long term CLE for lichens and
bryophytes). However, the impact assessment dfXbtkeposition suggests that only
2% of the moorland area is under threat (i.e. af€aLO exceedance). The national
model FRAME at 1 km resolution could not capture #ipatial variability of Nkl
within the study landscape, largely due to coarsdesemission input data. This
emphasises the need for high resolution emissita aaained at the farm level for
assessing environmental impacts ofNH

This study illustrates the importance of the spatreangement of Nkisources
and sinks within a landscape to the environmentglact of NH. In the study
landscape, most sensitive ecosystems are locatgmhdipf the large NKl sources
nearby and thus are considered to be at relatiselgll environmental risk. This
shows how landscape planning can be used to rethecampact of intensive

agriculture on sensitive ecosystems. Future lam#ssaale Nkl studies should focus
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on improving atmospheric dispersion models sottiney can be applied in a range of
situations without verification measurements. Tle¢aded farm inventory and the
measurement data set collected for this landsc@#pdavge emission variability may

also be useful for testing other MHispersion models.
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Abstract

We present annual downstream fluxes and spati@gtia@ar in concentrations of
dissolved inorganic nitrogen (NHand NQ) and dissolved organic nitrogen (DON)
in two adjacent Scottish catchments with contrgskamd use (agricultural grassland
vs. semi-natural moorland). Inter- and intra-catehtrvariation in N species and the
relation to spatial differences in agricultural danse were studied by determining
catchment N input through agricultural activitidstize field scale and atmospheric
inputs at 25 m resolution. The overall averagecadtiral N input of 52 kg N ha
yr' to the grassland catchment exceeded by more thartifnes the input of 12 kg
N ha' yr* to the moorland catchment, supplemented by 124382 kg N ha yr?
through atmospheric deposition, respectively. Thesgjland catchment was
associated with an annual downstream total disdatiteogen (TDN) flux of 14.4 kg
N ha’ yr!, which was 66% higher than the flux of 8.7 kg'lya* from the moorland
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catchment. This difference was largely due to th@;Nlux being one order of
magnitude higher in the grassland catchment. Dissolorganic N fluxes were
similar for the two catchments (7.0 kg hgr™) with DON contributing 49% to the
TDN flux in the grassland compared with 81% in theorland catchment. The
results highlight the importance of diffuse agriatdl N inputs to stream NO

concentrations and the complexity of DON sourcesxiensively grazed areas.

Keywords: nitrogen, organic nitrogen, stream export, catchment flux, land use

4.1 Introduction

Human actions at the landscape scale impact thiogcal state of stream
ecosystems, particularly through land use changlar{A2004; Likens and Bormann,
1974). In the past centuries, land use change d@ntplace on a global scale
increasing the area of different types of agrigaltland (Goldewijk, 2001). One of
the most significant changes in agricultural systesnthe elevation in nitrogen (N)
inputs caused by applications of mineral and odeitiliser as well as organic
wastes associated with grazing livestock (Nieded Benbi, 2010; Wade et al.,
2005). However, there remain significant uncertag@about the influence of land
use on N export to the aquatic system at the catnhstale, due to the complexity
of N dynamics (Alvarez-Cobelas et al., 2008).

In aquatic ecosystems, N enrichment at the catchsue can have significant
impact on water quality and is well known to bekéd to eutrophication (e.g.
Grizzetti et al., 2011). The main forms of reactive. biologically available, N
dissolved in streamwater are ammonium gNHnitrate (NQ") and dissolved organic
nitrogen (DON). However, most studies on catchni¢ngéxport have focused on
single N compounds, particularly on W@s this was understood to be the dominant
form of N leaching from agricultural systems (AlgarCobelas et al., 2008; Van
Kessel et al., 2009). Generally, high soil orgamatter content is considered to
result in high streamwater dissolved organic caraeh nitrogen compounds (Neff et
al., 2003). A number of studies on the organicogin fraction in streamwater have
been conducted in forested systems associatedongémic soils (e.g. Campbell et
al., 2000; Perakis and Hedin, 2002). In recents/éa importance of organic N as a
significant form of streamwater N not only in semaitural but also in agricultural

areas has become apparent (e.g. Murphy et al., ot et al., 2007), although the
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behaviour and origin of DON in streamwater is ndlyfunderstood (Durand et al.,
2011). Catchment studies therefore need to take stcount all forms of
streamwater N, including organic forms, to gaintdretnderstanding of N export.

In this study, we investigated two Scottish catchteavith contrasting land use,
one dominated by grazed grassland, the other doediray semi-natural moorland.
Annual downstream fluxes of NH NO;  and DON were established by sampling at
the gauged catchment outlets at both fortnightly laourly intervals during selected
high flow events during 2008. A detailed landscapeentory provided data on
spatial N input to the catchments through agricaltdand use. The relationship
between agricultural land use N input and spatakentration variability within the
catchments was studied by conducting synoptic snensamplings throughout
different seasons of the year. This study aims wantfy the interrelationship
between land use and streamwater N concentratidtiis particular emphasis on

understanding the speciation of the aqueous N forms
4.2  Site and methods

4.2.1 Sudyarea

Black Burn and Lead Burn are located approxima2@ykm south of Edinburgh
in southern Scotland. They flow in a northeastdiom and are subcatchments of the
North Esk River. The Black Burn catchment coversaa@a of 6.2 ki has an
average slope of 1.7° and an average altitude 6fr@7(range of 218 to 303 m)
(Figure 4.1). The upper part of this catchmentleen studied previously in terms of
its hydrochemistry (Billett et al., 2004; Dinsmaed Billett, 2008; Dinsmore et al.,
2010). The main soil type of the Black Burn catchime peat (67%), with lesser
amounts of brown forest soils (16%) and peaty g(@86). Semi-natural moorland
accounts for 63% of the land cover, a further 12%sed for peat extraction in the
southwest of the catchment, 10% is rough gras&mavoodland. Only 11% of the
Black Burn catchment is improved grassland, witrarable land. Two thirds of this
semi-natural moorland are grazed by sheep at aleergtocking density (<1 sheep
ha') and the remaining third is a protected Site oéal Scientific Interest (SSSI)

with no grazing.
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The Lead Burn catchment covers an area of 8.9daud has an average slope of
3.1° and average altitude of 280 m (range of 241368 m) (Figure 4.1).
Approximately half of the catchment consits of broferest soils (48%), associated
with noncalcareous gleys (21%) and peat (21%). ifian land cover types are
improved grassland (59%), rough grassland (10%ydemnd (14%), moorland (5%),
shrubs (3%), peat extraction (2%) and arable |&%)( The agricultural land is
grazed by beef cattle and sheep (stocking densitybeef cattle Haand 10 sheep
ha); it also contains six poultry houses with ovenillion laying hens. The poultry
farming operations are largely disconnected froendatchment hydrology, as feeds
are imported and manure exported by road. Howearamonia emissions from the
poultry houses contribute to atmospheric N inpotodth catchments as has been
estimated by Vogt et al. (2011, Chapter 3, thisinad).

The catchments lie to the south of the SouthermtipBoundary Fault in an area
dominated by sandstone, containing thin bandswddione, mudstone, coal and clay
(Billett et al., 2004). Southern Scotland has agerate and oceanic climate. In 2008,
the catchments received an annual rainfall of 1208 (Coyle, pers. com. 2009),
measured at Auchencorth Moss field site within Bteck Burn catchment. The air

temperature varied from -8.3 °C to 25.4 °C with andual average of 7.6 °C.
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Figure 4.1: Maps of (a) topography, (b) soif and (c) land cover of the Black Burn and
the Lead Burn catchment. Streamwater samplings andischarge measurements were

carried out at the catchment outlets. Not all tribuaries of the main streams are shown.

e) Intermap Technologies Inc. 2010

®© The Macaulay Land Use Research Institute 20@@rfie MI/2008/296). Soil types are based on
the Scottish Soil Survey, the equivalent FAO naares brown forest soil = cambisol, peat = histosol,
peaty alluvial soil = humic fluvisol, peaty gley kumic gleysol, noncalcareous gley = gleysol
(FAO/UNESCO, 1974)
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4.2.2 Discharge measurements

Discharge was measured continuously in both streasirey Level Troff (In-
Situ Inc.) pressure transducers, located at thehosnt outlets. Measurements were
made at 1 Hz with 15 minute averaging. In-strearmasgure was corrected for
atmospheric pressure and stage height data weablisked by a linear regression
between pressure data and gauge height readingsoffostreams?= 0.99, n = 17).
Continuous discharge was then calculated usingraliogar regression between
stage height data and a series of dilution gaugiegsurements (Black Burrf =
0.98, n = 14; Lead Burn®+ 0.92, n = 15).

4.2.3 Streamwater sampling

During 2008, streams were sampled using three appes. (a) Fortnightly
samples were collected at the outlet of each ofwlrestudy catchments to establish
annual downstream fluxes. (b) Automatic water sangpl(Teledyne Isco) were
installed at the catchment outlets to collect howstreamwater samples during
several high flow events (4 Oct, 7 Oct, 9-11 O&/1B Dec 2008) for improving
annual flux calculations. (c) Streamwater chemistigs sampled spatially during
synoptic intensive samplings at stable low flowocomsecutive days for both streams
on 22/23 July, 25/26 September and 9/10 Decemb@8.20he aim of the latter
approach was to capture changes in the concemirafidN species across the two
catchments by sampling the main streams and thbitaries (36 samples from
Black Burn and 46 from Lead Burn).

All water samples were collected in prewashed aretidottles (either 1 L PP or
125 ml PE (Nalgene)), filtered on the same dayhenlaboratory and frozen prior to

analysis.

4.2.4 Chemical determination of NH,", NOg, TDN and DOC

All water samples were filtered through 0.45 prirsye filters (Minisarf NML,
Sartorius Stedim Biotech). The syringe filters wereflushed with sample water.
Each sample was stored in two 24 ml PE bottlest@lpiand two 2 ml glass vials
(Chromacol) and frozen at -18°C until analysis. Aominm (NH;") and nitrate

(NO3) were determined using a dual channel continutmyg-€olourimetric analyser
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(ChemLab Instruments Ltd). Total dissolved nitrod@®N) was determined using
an 8060-M HPLC-CLND (Antek Instruments Inc.), whidatalytically oxidises
nitrogen and detects the resulting nitric oxide JN®ith chemiluminescence
(Gonzalez Benitez et al., 2010). The detectiontlifoi TDN is 0.01 mg . As
dissolved organic nitrogen (DON) in water samplasnot be quantified directly
(Gonzalez Benitez et al., 2009), it was calculagsdhe difference between TDN and
dissolved inorganic nitrogen (NHN + NOs-N). Dissolved organic carbon (DOC)
was determined by ultra-violet oxidation and sulbsedq) infra-red detection with a
LABTOC® analyser (Pollution Process Monitoring Ltd) (Billet al., 2006). The
detection limit for DOC is 0.5 mgtand the repeatability + 2%.

425 Fluxcalculation

Nutrient export fluxes for Ni-N, NOs-N, DON and DOC in kg hayr were
calculated according to ‘Method 5’ of Walling ande®b (1985). This method is
recommended when continuous discharge and nonacanits concentration data are
available (e.g. Dawson et al., 2002; Hope et &97). ‘Method 5’ is described by
equation (1), wher& is the conversion factor for scaling up to annlakds (i.e.
number of seconds in one yed),is the mean annual discharge [f] andCk is the
flow-weighted mean concentration [mg]L

Flux=K-Q,-C (1)

Cr is calculated according to equation (2), wh@rare concentration values [mg

L] associated witl®); [L s™], the discharge values at the time.

CF:;(Ci'Qi)/; 0,

The subsequent downstream flux in mg ywas converted into kg Hayr. The

(@)

percentage contribution of the inorganic and orgéraction to the overall nitrogen
flux was determined.

Standard errors of the flux estimates were caledlaising equation (3) (Hope et
al., 1997), wherd= is the total annual discharge [L"yrand \ar(Cr) [mg L] the
variance ofCe. The standard error (SE) in mg'yhas to be converted into the same

unit as the downstream flux.
SE=F-var|C | 3)
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The variance o€k is calculated according to equation (4), wh@kdL s] is the

sum of all individualQ; values.

n » n 5 ) (4)
;(\Ci_CF) 0,10, 'Z(Qi/Qn)

i=1

var(CF):

4.2.6 Soil, land use and topography data

All spatial data were processed with the geograhinformation system ArcGIS
(ESRI). The digital soil map was acquired from Macaulay Land Use Research
Institute under license (MI/2008/296). Land useadat 2008 were obtained through
a local farm and field inventory carried out by CBRd SAC staff (Dragosits et al.,
2011). Inventory data include information on eastedtock house (e.g. type of
livestock, animal numbers, manure management) aadagement for each field
(e.g. grazing intensity, fertiliser and manure agtions). From these data, nitrogen
inputs were calculated for every field within thatchments (see section 4.2.7).
Surface topography data at a resolution of 5 m wlereved from a Digital Terrain
Model (DTM) (Intermap Technologies Inc., 2010). rohese data, subcatchments
were derived in ArcGIS for sample locations of thiensive spatial samplings along
the main streams. This resulted in 8 and 10 mancatchments for the Black Burn
(ranging in size from 2.6 to 6.2 km?) and the L&auoin (ranging in size from 4.1 to

8.9 km?), respectively.

4.2.7 Land use and atmospheric nitrogen input

For each field within the catchments, the nitrogeput was calculated from
grazing livestock, manure and fertiliser applicaiaduring 2008 from the detailed
farm and field inventory. Nitrogen input from gragilivestock was estimated using
grazing records and daily nitrogen excretion dabanfthe UK ammonia inventory
(Table 4.1). A typical nitrogen content was assirie different manure types
according to DEFRA guidelines (2010) (Table 4.2)rdgen inputs estimated from
grazing livestock (estimated uncertainty: +50%), nor@ (x30%) and fertiliser
applications (x10%) were added up for each field #me total input per (sub)

catchment was calculated.
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Table 4.1: Values of total N excreted per grazingramal used for calculating land use

nitrogen input to catchments (Misselbrook et al., 209).

Livestock category Total N excreted
[kg N animal™ yr™]
Adult sheep (upland) 9.9
Lambs (< 1 year, upland) 0.7
Beef cows & heifers 79.0
Beef cattle 1-2 years 56.0
Calves (< 1 year) 38.0
Horses 50.0
Young horses & ponies (est. as ¥z horse) 25.0

Table 4.2: Typical N content of different manure types used for calculating land use
nitrogen input to catchments (DEFRA, 2010).

Manure type N content
[kg N t1]
Cattle/sheep/goat farm yard manure (FYM) 6.0
Cattle slurry 2.6
Solid poultry manure 19.0

Atmospheric N deposition was estimated by Vogtle{2011, Chapter 3, this
volume), on the basis of a) dry deposition of ammdhH;) resulting from poultry
and other farming activities within the surroundh@gm x 6 km landscape using the
LADD model at 25 m resolution (Dragosits et al.,02§) and b) imported
contributions of wet deposition of reduced nitrog&iH,) as well as wet and dry
deposition of oxidised N compounds (@&om UK and European sources using the
FRAME model at 1 km resolution (Dore et al., 2007).

4.3 Results

4.3.1 Sreamdischarge

Mean discharge, measured continuously in 2008 aedaged over 15 minute
intervals, was 140 L'sfor Black Burn and 225 Lsfor Lead Burn (Table 4.3). The
difference is largely due to the difference in batent size as the mean specific
discharges were 23 L*skm? for Black Burn and 25 L5 km? for Lead Burn.
Discharge is highly variable in both streams (Fégdr2) with the percentage of the
standard deviation to mean discharge being 204%l&rk Burn and 132% for Lead
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Burn. High discharge events make an important dmution to the overall discharge.
In 2008, the highest 10% of the data{9gercentile) contribute 53% to the total
discharge in Black Burn and 40% in Lead Burn. Tihdicates that for calculating
annual catchment fluxes, it is important to incogte high discharge events in the
estimation of nutrient fluxes (e.g. Bowes et al002, Vidon et al., 2009). In
summary, Black Burn is a hydrologically more “flgshstream compared to Lead

Burn with consistently lower base flow levels iraBk Burn throughout the year.

1000 1000
—— Black Burn

Lead Burn

100 5 £ 100

£ 10

-
o
L

Discharge [l s” km'2]

1 . . . . . 1
01/01/2008  01/03/2008 01/05/2008 01/07/2008 01/09/2008 01/11/2008 01/01/2009

Figure 4.2: Specific discharges (log axis) in 2008 Black Burn (black) and Lead Burn
(grey).

Table 4.3: Discharge characteristics during 2008 foBlack Burn and Lead Burn.

Discharge values are presented in Lsand L s* km™.

Black Burn Lead Burn
[Ls?] [Ls'km? [Ls?] [Ls'km?
Mean 140 23 225 25
Median 56 9 141 16
Standard deviation 285 46 296 33
Range 7 - 5469 1-881 30 -3012 3-337

4.3.2 Fortnightly streamwater concentrations

Time series of fortnightly Ni-N, NOs-N, DON and DOC concentrations
during 2008 are shown in Figure 4.3 and basic stiegi analysis in
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Table 4.4. Annual median NHN concentrations were not significantly different
between the two streams. However, the streamgeliffie their NH™-N contribution
to TDN, which amounts to 16% in Black Burn and G%.ead Burn. Figure 4.3 also
shows that concentrations of WFN during winter months were greater in Black
Burn than those in Lead Burn.

Median streamwater NON concentrations were significantly lower in Black
Burn (0.12 mg [}) compared to Lead Burn (1.46 mg)LHence, in Lead Burn NO
-N accounts for most of the TDN (64%), and makesuah larger contribution to the
total N concentration than in Black Burn (13%).

Dissolved organic N concentrations were not sigaiiily different between the
two streams. However, Figure 4.3 shows clear diffees in DON behaviour
between the streams with large changes in condemiran Lead Burn, particularly
during the first half of the year. The contributiohDON to TDN in Lead Burn was
much lower (31%) compared to Black Burn (72%). Diged organic C
concentrations were not significantly differentveeén the two streams and followed
a similar temporal pattern throughout the year {Fg4.3). Ratios of DOC:DON
differed significantly between the streams. Fromtrightly samples, the median
DOC:DON ratio was 37 at Black Burn and 26 at Leadtr while the variation of
DOC:DON ratios was also much larger in Lead Burmpared to Black Burn.

Significant correlations between chemical specressihown in Table 4.5. For
Black Burn, a significant positive correlation beem DOC and DON concentrations
was observed (Figure 4.4). However, no such relakip existed for Lead Burn. In
both streams, NON and DOC concentrations were negatively corrdlate
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Figure 4.3: Concentration time series of N&-N (top left), NOs;-N (top right), DON
(bottom left), DOC (bottom right) in Black Burn (black) and Lead Burn (grey) from

fortnightly samples in 2008.
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Table 4.4: Statistics of annual streamwater concerdtions for Black Burn and Lead

Burn from fortnightly samplings in 2008. Median corcentrations were tested to see if

significant differences existed between the streantsy Whitney-Mann U test at a two-

tailed 95% significance level (p = 0.05).

NH,-N NOs-N DON DOC:DON
[mgL" [mgLY [mgL’ [mglL"
Black Burn
Mean 0.15 0.12 0.67 23.9 39
Median 0.13 0.12 0.63 21.2 37
Standard deviation 0.06 0.11 0.29 10.2 7
Range 0.06-0.26 0.00-0.45 0.29-1.44 11.8-52.5 27-58
% of TDN 15.7 12.8 715 - -
Lead Burn
Mean 0.13 1.53 0.74 19.1 33
Median 0.12 1.46 0.67 18.4 26
Standard deviation 0.04 0.58 0.52 6.5 22
Range 0.07-0.27 0.56-3.26 0.00-1.94 7.8-37.7 9-91
% of TDN 5.6 63.7 30.7 - -
2.0
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Figure 4.4: Relationship between DOC and DON concémtions from fortnightly

samples from Black Burn (top) and Lead Burn (botton) in 2008.
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Table 4.5: Spearman rank correlation coefficienyp of significant correlations (p = 0.05,

two-tailed) between concentrations of different chmical species.

Black Burn Lead Burn
NOg_'N - NH4+'N 0.86 ns
NOs-N - DOC -0.51 -0.58
NOs;-N - DON ns -0.56
DON - DOC 0.85 ns

ns = not significant

4.3.3 Measurements at high flows

As fluxes associated with high flow events can malsggnificant contribution to

annual fluxes, one aim of this study was to condugh frequency measurements

during several (four) high flow events (Figure 4.5hose measurements, whilst

rarely capturing the complete storm event, wered use establish concentration-

discharge relationships and improve our annual dtream flux estimates (see

section 4.3.4). A regression analysis was carrigdto test relationships between

discharge and streamwater concentrations of saropliested fortnightly and during

high flow events (Table 4.6). Scatter plots betwsgaamwater concentrations and

log discharge are shown in Figure 4.6. In bothast® discharge was negatively

related with N@-N and positively to DOC concentrations. Howevehiles Black

Burn discharge was also positively related with D@bncentration, no such

relationship was observed for Lead Burn.
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Figure 4.5: Continuous discharge data from Octobeto December 2008. Periods of high

frequency samplings 1, 2, 3 and 4 are indicated ljotted lines.
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Table 4.6: Coefficients of determination r2 calculted between log discharge and

streamwater concentrations of both streams.

Black Burn Lead Burn

NH,/-N 0.02 0.00
NO;-N  0.04* (-) 0.25* ()
DON 0.15* (+) 0.01
DOC 0.13* (+) 0.25* (+)

* regression slope significant (p = 0.05, two-td)le(-) = negative slope, (+) = positive slope
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Burn (left) and Lead Burn (right). Regression analgis and significance are summarised
in Table 4.6.
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4.3.4 Catchment fluxes

Annual downstream fluxes of NHN, NO;-N, DON and DOC for 2008 were
calculated using both data from fortnightly samgliand from high frequency
sampling during high flow events (Table 4.7). Thatcibution of NH™-N, NOs-N,
DON to the catchment TDN flux of both streams ligsifrated in Figure 4.7.

Table 4.7: Annual downstream fluxes of Black Burn ad Lead Burn for 2008 (+ SE)

Black Burn Lead Burn
[kg ha® yr] [kg ha® yr]
NH,-N  1.01(0.001)  0.63 (+ 0.000)
NO;-N  0.66 (£0.001)  6.76 (+ 0.015)
DON  7.02(0.006)  7.02 (+0.006)
DOC  235.3*(+7.57) 184.5* (+5.07)
* 10 kg C hd yr™is equivalentto 1 g C fnyr™

15

|=ano, N
NN
= DON

-
o
1

Annual N flux [kg N ha™ year'1]
[6)]
1

Black Burn Lead Burn

Figure 4.7: Composition of the annual catchment TDNlux in Black Burn (left) and
Lead Burn (right).

The Lead Burn TDN flux (14.4 kg Hayr'") is 66% higher than the TDN flux for
Black Burn (8.7 kg ha yr"). This difference is mainly due to the RN flux in
Lead Burn being about 10 times higher than in Bldgkrn. The relative
contributions of the different N components to ttwal flux therefore vary

considerably. In Black Burn, DON makes up the latggoportion (81%), followed
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by NH;-N (12%) and N@-N (8%). In contrast, DON (49%) and NEN (47%)
make a similar contribution to the total flux in dde Burn. The NH-N flux,
although relatively small, is 60% higher in BlackilB compared to Lead Burn.

Annual DOC fluxes were also higher in Black Burn.

4.3.5 Spatial concentration variability

Thirty-six sampling locations within the Black Bucatchment and 46 sampling
locations within the Lead Burn catchment were saohpht stable low flow
conditions on three separate occasions (summarmayitwinter 2008). From these
three values, an annual mean concentration for saiple location was calculated
(Figure 4.8). Table 4.8 shows the mean, medianrande of those annual mean

concentrations for both catchments.

Table 4.8: Variability of spatial annual mean concatrations* [mg L™ within the

catchments (SD = standard deviation).

Black Burn Lead Burn

NH,-N
Mean 0.17 0.20
Median 0.11 0.14
SD 0.18 0.19
Range 0.07-0.97 0.07-0.84
NOs-N
Mean 0.08 1.32
Median 0.05 1.30
SD 0.09 0.87
Range 0.01-0.39 0.02-4.77
DON
Mean 0.92 0.73
Median 0.84 0.66
SD 0.26 0.30
Range 0.59-1.71 0.13-1.93
DOC
Mean 31.1 18.7
Median 28.0 15.7
SD 7.9 7.7
Range 17.3-53.9 7.9-51.2

* For each sampling location, annual means wereutated from sampling in July, September and
December 2008 (n = 3).

In relative terms, the greatest spatial variabiltithin each catchment was

shown by the inorganic N fraction. In the Black Buthe standard deviation relative
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to the mean was 108% for NHN and 112% for N@-N; for Lead Burn, it was 95%

and 66%, respectively. The dissolved organic fosctivas more variable in Lead
Burn with standard deviations of 41% for both DONI&OC, compared to 28%

and 26% in Black Burn. Spatial differences in stmeater concentrations between
the streams were tested using the Whitney-Maintest (p = 0.05). Ammonium

concentrations were not significantly differentveeén the two catchments, although
NOs-N, DON and DOC varied significantly. The clearddgferences were for N&

N concentrations with Lead Burn characterised by6 >times higher mean

concentration than Black Burn. Means of spatial D@ DOC concentrations are

greater in Black Burn than in Lead Burn.
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Figure 4.8: Maps of annual mean concentrations dered from spatial samplings in
July, September and December 2008: (a) NQ (b) NH,", and (c) DON.
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4.3.6 Relationships between spatial concentrations and nitrogen input

Nitrogen input to land through agricultural actieg, such as grazing livestock
and fertiliser applications, were calculated fothboatchments and their individual
subcatchments. The N input from agricultural at@e per catchment varied
substantially between Black Burn (12.1 kg N'lya’) and Lead Burn (51.9 kg N Hia
yr). Grazing livestock contributed the majority obsie inputs in both catchments.
In the Black Burn catchment, 73% of the agricultudainput was derived from
grazing livestock, whereas organic fertiliser ciimtred 17% and mineral fertiliser
10%. In the Lead Burn catchment, grazing livestatktributed 51%, organic
fertiliser 31% and mineral fertiliser 18%. Compatedthe agricultural N input, the
input from atmospheric deposition was estimateletesmaller at 8.2 kg N Hayr to
the Black Burn catchment and 12.3 kg N'lya” to the Lead Burn catchment.

Based on the pattern of drainage the Black Burchcaént (6.2 km?2) was divided
into 8 subcatchments and the Lead Burn catchme@tk(@2) into 10 subcatchments.
A regression analysis was carried out between scimzeent N input (land use and
deposition) and streamwater concentrations at titletaf each subcatchment (Table
4.9, Figure 4.9). As the residence time for N ie ttatchment is not known, the
underlying assumption of the regression analysisasN inputs remain similar from
year to year. Both streams showed significant megaelationships between NH
N concentrations and N input and significant pwesitielationships between NEN
concentrations and N input. Thus, the higher thenput from land use and
atmospheric deposition, the lower the streamwatds" M concentrations and the
higher NQ'-N concentrations. For DON concentrations, no gfraglationship was

observed in either catchment.
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Table 4.9: Coefficients of determination r2 calculted for N input through land use and

atmospheric deposition and concentrations of subceltments in Black Burn and Lead

Burn.**
Black Burn Lead Burn
NH,-N  0.92*(-) 0.77*%(-)
NOs-N  0.67*(+) 0.61*(+)
DON 0.38 0.14
DOC 0.78*(-) 0.16

* regression slope significant (p = 0.05, two-td)le(-) = negative slope, (+) = positive slope

** one sample from one Lead Burn subcatchment takeluly was left out as with a very high \WH
concentration (2.2 mg1) and a very low N© concentration (0.03 mg) it is likely to represent a
local anomaly rather than the subcatchment chaistits.
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Figure 4.9: Scatter plots of N input and concentradbns of subcatchments in Black Burn

(black) and Lead Burn (grey). Linear fitted regressons are indicated as dotted lines.
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4.4  Discussion

4.4.1 Concentrations and sources of NH,"

Ammonium concentrations in both the Black Burn aedd Burn were relatively
low compared with concentrations of other forms Nf However, NH'
concentrations were higher than in 28 Scottishastee studied by Chapman et al.
(2001), who reported an annual mean concentratibr0.03 mg NH*-N L*
compared to 0.15 and 0.13 md for the Black Burn and Lead Burn, respectively.
Chapman et al. (2001) also found thatlEbncentrations were constant through the
seasons and accounted for 5% of TDN. A similargpativas observed in Lead Burn,
although in Black Burn NI concentrations showed a tendency to be highengluri
winter. The annual contribution of NHN to TDN was also much higher (16%) in
Black Burn. The dominance of peat soils in the Bl&urn catchment is likely to
have a significant effect on streamwater Nloncentrations. Previous studies have
found that waterlogged peat catchments associaitbdawaerobic conditions inhibit
the oxidation of NH" to NO;™ allowing deposited N to transfer into ground and
surface waters (Cresser et al., 2004; Evans et2800). The atmospheric N
deposition to the Black Burn catchment has beemmastd by Vogt et al. (2011,
Chapter 3, this volume) to be 8.2 kg'ha™, 60% consisting of Niddeposition.

The influence of wet peaty soils on streamwater; N¢dncentrations is a likely
explanation as to the seasonal differences in BBagk and the differences between
Black Burn and Lead Burn. These findings are caestsvith a negative relationship
between streamwater NHconcentrations and N input (Figure 4.9), sugggstitat
the main source of NH in streamwater are the wetter peaty soils whickive less
agricultural N inputs. Furthermore, short lived centration increases at the
beginning of the sampled high flow events (not shpsuggest that the source of
NH," in streamwater could be very shallow and close¢ostream. Our results may
thus indicate that catchments with wet peaty doilareas subject to atmospheric N

pollution are especially vulnerable to bfHeaching into streamwaters.

4.4.2 Concentration and sources of NOs

The streamwater N concentrations observed in this study with anmieans
of 0.12 mg ! in Black Burn and 1.53 mgtin Lead Burn were similar to those
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observed in other comparable studies. For exan@épn et al. (1991) collected
information from >700 sites in Britain and foundathmean annual NON
concentrations in Scotland were <1 mg, whereas Chapman et al. (2001) found
that a group of 28 Scottish catchments had a meanah NQ'-N concentration of
0.39 mg L%, accounting for 50% of the TDN. StreamwaterdNé@ncentrations were
significantly positively related to more N inputhigh was primarily driven by
agricultural land use (Table 4.9, Figure 4.9). Rennore, Lead Burn N
concentrations were negatively correlated with Hsge. This dilution of
streamwater N© during storm events has been observed in othdcudtgral
systems (Durand et al., 2011), although increasmigcentrations with increasing
discharge have also been observed (e.g. Van Hexgpe ach, 2000). Hence, it is
generally considered that NQeacts inconsistently to changes in discharge hwhic
leads to complex hysteresis patterns (e.g. Oeurad),2010). This is probably due
to contrasting N@ concentrations in different water sources contniguto the
streamwater and to variation in their contributauring the storm events (Durand
and Torres, 1996). Well drained soil porewater ahdllow groundwater exhibit
usually high N@ concentrations, while rainwater, wet soil porewaaed deep
groundwater are usually less concentrated (Durarad.,e2011). Depending on the
water pathways in the catchment, one or anothéresle stores may be predominant
during storm events, causing either dilution or canration. In the Lead Burn
catchment, less concentrated water types predoenthaing high flows, which is

probably wet soil porewater, since it is associatet high DOC (see below).

4.4.3 Concentrations and sources of dissolved organic N and C

Dissolved organic nitrogen concentrations of badtleasns in this study were
relatively high with annual means of 0.67 mg in Black Burn and 0.74 mgtin
Lead Burn, compared to those reported in the tileea Chapman et al. (2001) report
a range of annual DON concentrations in 28 Scotiibhments of 0 to 0.87 mg'L
On average, DON concentrations reported by Chapehah (2001) were 0.18 mg
L™t and accounted for 40% of TDN. Lower DON conceitrat were reported by
Willett et al. (2004). They analysed 102 streamsWales and found DON
concentrations ranging from 0.03 to 0.22 nmi§with a mean of 0.09 mgL The
contribution of DON to TDN varied from 4 to 85% Wit mean of 39%. Adamson et
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al. (1998) found slightly higher DON concentrati@i€.37 mg [* (79% of TDN) in

a peat dominated catchment in England. Althoughctiecentrations found in the
current study were much higher than the reportednsiethey lie within the range
that Chapman et al. (2001) found for Scottish si@ntributions of DON to TDN
vary greatly in the literature with peat dominatestchments usually showing a
larger contribution of organic N compared to NO

Positive relationships between DON/DOC and disahavgre found in the Black
Burn (as found for Black Burn DOC in Dinsmore et, &010), indicating storm
events lead to an increase in streamwater DOC atrat®ns through flushing of
riparian soil water DOC into the stream (e.g. Bogeal., 1997; Morel et al., 2009;
Scott et al., 1998). Furthermore, DON and DOC cotregions in Black Burn were
positively correlated which indicates that theygorate from the same sources
(Bernal et al., 2005). The overall DOC:DON ratiotioé Black Burn streamwater of
34:1 (derived from the ratio of annual downstre&imds) was close to the C:N ratio
of peat.

Lead Burn DON and DOC concentrations appeared|towdifferent temporal
patterns (Figure 4.3), with large changes in DO\Di@dicating changes in the
dominant source (e.g. Hagedorn et al., 2000). H)gMC:DON ratios are usually
connected to terrestrial sources (e.g. Mattssoal.eR009) and lower ratios to in-
stream sources (Chapman et al., 2001). In additioganic fertiliser or sewage
catchment inputs may reduce the C:N ratio (Helliwelal., 2001). Thus, Lead Burn
streamwater DON may have multiple significant searavith contributions of
organic-rich soil porewater causing high streamw&eN ratios and agricultural
activities causing leaching of organic matter watv C:N ratios, probably linked to

animal excretion.

4.4.4 Catchment fluxes

Annual TDN fluxes of 8.7 kg N Rayr™ and 14.4 kg N hayr™ for Black Burn
and Lead Burn, were in the range of total N flujuea (< 2 to > 40 kg N Rayr?)
guoted for European catchments (Billen et al., 20The present study sites were
characterised by a relatively large fraction of DOMth NO; not significantly
exceeding the threshold of 1.5 mg N for high potential threat on ecosystems, as

estimated by Grizzetti et al. (2011). Nevertheless, larger catchment N fluxes at
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Lead Burn compared with Black Burn were associateth a predominantly
agricultural catchment. The 66% higher annual T fof the agricultural Lead
Burn catchment compared to the peat dominated BBack catchment was entirely
due to the higher N flux, which was positively related to the magniéudf N
inputs (Figure 4.9). In both catchments, the DONoaated for the largest
contribution to the TDN flux with 81% in Black Burand 49% in Lead Burn. In
European streams, DON has been observed to caettietween 11% and 100% to
TDN (Durand et al., 2011). Dissolved organic nigndluxes of 7.0 kg N hayr? in
both studied streams were relatively high compaoefiuxes reported in the UK of
3.1 kg N h& yr* in a Welsh moorland catchment (Reynolds and Edsydr@95) and
fluxes of 5.7, 6.0 and 6.5 kg N'hgr™ in three English peat catchments (Adamson et
al., 1998).

Annual DOC fluxes of the Black Burn catchment 062& ha' yr* are in line
with fluxes of 186 kg hd yr in 2007 and 322 kg Hayr® in 2008, measured by
Dinsmore et al. (2010) at a site further upstresapresenting thus the peat rich part
of the catchment.

In both study catchments, a high proportion of thial annual discharge was
delivered during high flow events. Hence, it is orjant to include event sampling to
accurately quantify annual nutrient exports frora datchments. In this study, high
frequency concentration data were collected dufiug high flow events. Thus, a
large number of high flow events during 2008 wewné sampled which may have an

effect on the calculated flux.

45 Conclusions

The effect of agricultural land use on streamwatarcentrations and fluxes of
NH;", NO; and DON was evident from both the inter- and hHomechment
variability. The use of detailed farm inventory alab establish high resolution, i.e.
field specific, N input was a key component of targlysis and to our knowledge
this is the first time that it has been done ast tldvel of detail. The overall
agricultural N input to the Lead Burn (grasslandndwated) catchment of 51.9 kg N
ha' yr' was about four times higher than the input to Bl&urn (moorland

dominated) catchment of 12.1 kg N har®. These inputs were larger than the
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corresponding inputs from atmospheric depositiob2a8 kg N h& yr* and 8.2 kg N
ha' yr?, respectively.

The annual downstream TDN flux of the Lead Burrckatent of 14.4 kg ha
yr! was 66% higher than the Black Burn flux of 8.7 a" yr'. This difference
between the catchments was due to the differing KX of 6.8 kg h&d yr* and 0.7
kg ha' yr', respectively. Thus, despite the relatively higpNDflux of 7.0 kg h&
yr'in both catchments, the contribution of DON to T2N flux differed from 49%
in Lead Burn to 81% in Black Burn.

Intensive spatial sampling of streamwater chemigaye further insight into land
use effect on streamwater concentrations. In pdatic streamwater N was the
only species significantly positively related taryput from agricultural land use and
atmospheric deposition within each catchment. Bytrest, NH* was significantly
negatively related to N input and therefore linkedhe wet peaty rich areas of the
catchments soils which receive less agriculturahput and inhibit (due to anaerobic
conditions), the oxidation of NHA to NOs;. Sources of DON and DOC differ
between the catchments. In Black Burn, DON and D@dihly originated from peat
runoff, indicated by positive relationships withscharge and the similarity between
the streamwater DOC:DON ratio and the peat C:Nrdthe sources of Lead Burn
DON and DOC change frequently as streamwater DOGLD@&tios were highly
variable. Potential sources of Lead Burn DON andCD@ay be high C:N soll
porewater and low C:N organic matter leached frogmicaltural sources, in
particular from manure applications and grazingdiock excreta. The additional
agricultural sources of DON in the Lead Burn catehtrare likely to be the cause of
the similarly high DON flux as in the Black Burntcament, while at the same time
the Lead Burn DOC flux remains much lower. Our d#tarefore show that
streamwater chemistry is sensitive to landscaple steanges in N input and that the
organic N fraction is a significant component afiviel N export which should
receive much more attention in future studies foatus on the determination of

specific sources and processes within agriculaneds, particularly in grazed areas.
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Abstract

Complete nitrogen (N) budgets were estimated far tontrasting catchments
(agricultural grassland vs. semi-natural moorlaatdhe landscape scale in southeast
Scotland. A soil budget approach was used as catchsoil input and output fluxes
can be related to the downstream export flux. Latale atmospheric dispersion
modelling and detailed farm and field inventoriesoyided high resolution
estimations of input fluxes. Agricultural land sagé input (i.e. grazing excreta,
organic and synthetic fertiliser) accounted for mos the catchment N inputs,
however, atmospheric deposition also accounted afosignificant contribution,
particularly in the moorland catchment. The estedatatchment N budgets highlight
the key uncertainties, particularly, @missions from total denitrification and stream
N export. Nitrogen budgets suggest that the gragedsland catchment stored 5.9
+7.4/-12.3 (error) kg N Kayr® in soil, vegetation and groundwater. In contrése,
moorland catchment was estimated to release 18-331 (error) kg N hayr* from
the catchment storage. The catchment N retentienthe amount of N which is

either stored within the catchment or lost throumfimospheric emissions, was
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estimated to be 3% of the net anthropogenic inpuhé moorland and 55% in the
grassland catchment. These values are different fhe larger catchment retentions
of net anthropogenic input estimated within Eur@pethe regional scale ranging
between 50% and 90% with an average of 82% (Bileral., 2011). This study
emphasises the need for detailed budget analysadetdify the N status of
catchments at the landscape scale.

Keywords:. nitrogen budget, landscape scale, catchment budget

51 Introduction

Human activities dominate the global nitrogen (N)jddet by adding reactive
forms of nitrogen (I to the environment (Galloway et al., 2004). Thamforms of
anthropogenic Nare reduced (e.g. NHNH,"), oxidised (e.g. N@ N,O, NO;) and
organic forms of N (e.g. urea). Between 1995 an@528lone, the anthropogenic
production of N increased by 20% which is largely due to agricaltwactivities
(Galloway et al., 2008). The environmental conseqgas of N input can be
significant, such as the loss of biodiversity imréstrial and aquatic ecosystems
through eutrophication and acidification (Vitousakal., 1997). Nitrogen balances as
indicators of the environmental pressure have loeloped at various scales (de
Vries et al., 2011), ranging from the farm anddidvel (e.g. Ammann et al., 2009;
Schréder et al., 2003) to the regional catchmeigt @illen et al., 2009; Howarth et
al., 1996) and global scale (e.g. Bouwman et &Q52 Seitzinger et al., 2005).
However, studying catchment budgets at the landscajple is a critical part of
quantifying the impact of disturbance on nutriegtlmg (McDowell and Asbury,
1994). A landscape is defined as a spatially hgreous area that includes
interacting ecosystems and extends from hectaremtty square kilometres (Turner
and Gardner, 1994). Nitrogen is transported betwéapse ecosystems by
atmospheric, hydrological and human transfers {@edit al., 2011). Fluxes of Nt
the landscape scale are particularly relevant @b bwmnagement decisions (e.g.
through farm activities) and the environmental ictpzccur at this scale, particularly
in European rural landscapes (Cellier et al., 2@Litfon et al., 2007). However, the
accurate estimation of N fluxes at high spatialok&®on poses a significant

challenge (de Vries et al., 2011), e.g. the estonavf the spatially variable N dry
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deposition represents one of the key uncertaimieguantifying nitrogen inputs to
terrestrial ecosystems (Tang et al., 2009).

In this study, we estimate N budgets for two adjhcatchments at the landscape
scale. The catchments contrast in their land use:i® dominated by semi-natural
moorland, the other by grazed grassland. To thieoasitknowledge, this is the first
study of catchment N budgets at the landscape sdateh includes high resolution
atmospheric modelling combined with a detailed isp&ndscape inventory of field
specific agricultural activities. The study shoveshan analysis of nitrogen budgets
at the landscape scale can provide insight into riteen N fluxes, the key

uncertainties and overall implications for the eamimental status of the landscape.
5.2 Methods

5.2.1 Study landscape
As part of the NitroEurope Integrated Project (8utet al., 2007), a landscape

study area of 6 km x 6 km was established in sootlseotland, an area with a
temperate oceanic climate, for detailed inventofy agricultural activities, N
concentration and flux measurements (for furthetait®e see Vogt et al. 2011,
Chapter 3 & 4, this volume). For the present assess of N budgets, two
contrasting catchments within the landscape wenmspewmed: a moorland dominated
catchment (621 ha) and a grassland dominated catthf895 ha). Together these
two catchments represent 42% of the study landscape

A detailed local survey of all farms and fields time study landscape was
conducted throughout 2008. This provided land caref farm activity data, which
were collated into a relational database and dpatiepresented in a geographical
information system (ArcGIS, ESRI). Land cover aond g/pes within the landscape
together with the boundaries of the two studiedloaents are shown in Figure 5.1.
Moorland and rough grass, including peat cutting areas of both deciduous and
coniferous afforestation dominate the northwestgart of the landscape and the
Black Burn catchment (the moorland catchment), agithe southeast and the Lead
Burn catchment (the grassland catchment) is doexhaty agricultural land (see

Table 5.1 for catchment details). Agricultural aities in the landscape range from
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extensive beef cattle and sheep farming to intengoultry farming, with 24 poultry

houses in the study area containing nearly 1.5anilaying hens.
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Figure 5.1: Maps of land cover (a) and soil typégb) within the study landscape with

outlines of the two studied catchmenfs

% © The Macaulay Land Use Research Institute 20i@@r(se MI/2008/296). Soil types are based on
the Scottish Soil Survey, the equivalent FAO naares brown forest soil = cambisol, mineral alluvial

soil = fluvisol, noncalcareous gley = gleysol, peatey = humic gleysol, peaty podzol = humic

podzol, peat = histosol, peaty alluvial soil = harftuvisol

® Some features of this map are based on data éidefiem Intermap Technologies Inc. © 2010

Intermap Technologies Inc. All Rights Reserved.
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Table 5.1: Characteristics of the moorland and thgrassland catchment

Moorland catchment  Grassland catchment

Area (km?) 6.2 8.9
Average altitude 270 280

% main land cover types:
Grassland 11 59
Rough grass 10 10
Moorland 63 5
Peat cutting 12 2
Woodland 2 14

% main soil types:

Brown forest soils 16 48
Peat 67 21
Peaty gleys 10 2
Noncalcareous gleys 5 22

5.2.2 Catchment N budgets

Annual N budgets of the moorland and the grasstatchment were assessed for
2008 using a soil budgeting approach (de Vries.ef@11; Oenema et al., 2003), i.e.
all N that enters and leaves the soil was accoufdedThis type of budget was
chosen as the inputs and outputs are directly egedowith the catchment soils and
linked to the downstream flux. The balance of theput and output terms indicates
the change within the catchment of N storage awee.tlt was noted that there were
significant N fluxes occurring in connection withet poultry housing, i.e. housing
emissions and farming operations such as feed imp@nure export or livestock
export. The N budget accounting for these fluxel$ e detailed in a future study,
but for the purpose of a soil budget approach, inguemissions and farming
operations not affecting the catchment land surfeer considered decoupled from
the soil and are thus excluded from this approagbept via the deposition fluxes
resulting from the housing emissions.

The catchment soil N budgets were calculated as

AN/ At =N NH3 dry dep +N NHx wet dep +N +N

—N ,..—N N, —N,—N -N__—N

NH3 N20 NO N2 harvest arass stream

NOy dep .S‘_l‘.'?_f(’."?+ Nm'_f_{ fert + Nc’_\'crcm + N!)fr)ﬁ_\'

(1)
whereAN/At is the change in N balancaN) over time At); Nns dry dep 1S the
atmospheric dry deposition of NHNHx wet dep IS the atmospheric wet deposition of

NHy; Nnoy dep IS the atmospheric dry and wet deposition of NRyn fert iS the N
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content in applied synthetic fertiliseNog fert iS the N content in applied organic
fertiliser; Nexcreta IS the amount of N excreted by grazing livestolk ix iS the
biological N fixation; Nnus, Nnzo, Nno and Ny, are emissions of NBEHN,O, NO and
N2 to the atmospher®&Nharves IS the N offtake through harvested vegetationsitage
and hay productionNgass is the N offtake through harvested grass by goazin
livestock;Ngream IS the downstream export flux of total dissolvédagen.

The uncertainties of individual budget terms aneegiby estimated positive and
negative errors (section 5.3.7). The overall uraiety of the N balanceE{y, ) was
calculated as the square root of the sum of ther €8 squares, hereby accounting

for the depending variabl@®§ass andNexgreta:

E;I:\“'/;It = Sqrt [ ( E NH3dry (iﬁ;))u + ( E;’\-"H,\ wet d('p)“ +( E;’\*’()_l‘ :iﬂp)u + ( Es_l‘n_fi’r! }“ +( E()rg_fz’r.r)u + ( Egr'm.\'i Ea\fmm}u

2 2 2

+ ( Ehir) fix )2 +( E :’\*'H_?) +( Eg\-‘?()) + ( Ef\“'()} + ( E "\“'3)2 +( E harvest )2 + ( E.\‘H'ymn )2 ]

(2)
In the following sections the method of quantifyiimglividual budget terms and
their uncertainties is described.

5.2.3 Catchment N inputs

5.2.3.1 Atmospheric deposition

The spatial and temporal variability of atmosph@itd; across the landscape, in
which the two catchments are contained, was destiibdetail by Vogt et al. (2011,
Chapter 3, this volume). Monthly mean MNHoncentrations at 31 sites were
measured through 2008 with ALPHA passive diffussamplers (Tang et al., 2001).
Sites were distributed across the study landscagbeann emphasis on capturing high
and low emission areas as well as the variabiliguad the sources. Ammonia
emissions were calculated for each individual fieddanure store and livestock
house, based on the field and farm activities omthlg basis combined with
emission rates for each activity (manure housitage and spreading, grazing and
fertiliser application, Vogt et al. 2011, Chapter tBis volume). The emission
estimates were used in the Local Area Dispersiah Reposition model (LADD)
(Hill, 1998; Loubet et al., 2009) at a resolutioh2d m x 25 m to model spatial
concentrations and dry deposition of Niithin the study landscape. Measured
annual mean concentrations of the 31 sampling siége used for verification of the
LADD model. As NH has a high dry deposition rate (Cellier et al1P0and is thus
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expected to be driven by local sources,;NHy deposition inputs to the studied
catchmentsNnHs ary dep) Were calculated from fluxes modelled by LADD vitththe
study landscape only. This N budget term is comettléo carry a relatively low
uncertainty of +20% due to the detailed local studyolving an intensive
measurement programme and local atmospheric dispersdelling.

Catchment atmospheric inputs due to,Niet deposition Ninmx wet dep) @and dry
and wet deposition of N(INnoy dep Which are expected to be largely driven by non-
local sources (e.g. Hertel et al., 2011; Suttoal.et1998) were simulated by the UK
national model FRAME (Fine Resolution Atmospherialt¥pollutant Exchange)
(Dore et al., 2007; Hallsworth et al., 2010) atesotution of 1 km x 1 km. The
contribution of particulate ammonium (Wl to NH, dry deposition is considered
minor compared to N (e.g. Asman et al.,, 1998; Duyzer, 1994). FRAME
simulations were combined with land cover data®h2x 25 m resolution in order
to apply land cover specific deposition rates tffedent land cover types, as
described in detail by Vogt et al. (2011, Chapteth volume). For the atmospheric
inputs of NH, wet deposition and dry and wet deposition ofyN@tional modelling
at a relatively fine scale resolution, applieddodl land cover data, is considered to
deliver adequate deposition estimates for this gaepwith a relatively low
uncertainty in the range of £20%.

5.2.3.2 Agricultural land surface input

Agricultural inputs to the land surface through leggtions of synthetic fertiliser
(Ngyn fert), Organic fertiliser Korg rert) @nd excreta of grazing livestocKecrea) Were
derived from farm activity data in Vogt et al. (2Q1Chapter 4, this volume). A
typical N content was used for the different maniymes (DEFRA, 2010). The N
input from grazing livestock was estimated usingzgrg records and daily N
excretion data as used in the UK Nidventory (Misselbrook et al., 2009). The N
input through applications of synthetic fertilisare considered accurate with an
estimated uncertainty of £10% as this value is kmdw individual farmers. A
higher uncertainty of £30% is associated with thenput through applications of
organic fertiliser, as a typical N content was &aplto different manure types as

specified by the farmer. The uncertainty associatigl the N input through grazing
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livestock excreta is estimated to be +50% as tlemMNent of the grazed grass is not

known.

5.2.3.3 Biological N, fixation

Experimentally derived data on biologicap Kixation are rare in the literature.
DelLuca et al. (2008) measured fixation rates taniyaange between 1 and 2 kg'ha
yrtin a Swedish boreal forest; Limmer and Drake ()29 a mean fixation rate of
1 kg ha yr! from studies conducted in European and Northamerforests and
Waughman and Bellamy (1980) measured a fixatioa odit0.7 kg N hd yr' in
German bogs. The catchment N input through biokdgh; fixation (Nyio fix) Was
thus estimated to be 1 kg Nhar? for both catchments as there was little or no
clover in most of the grassland. The N input thfobglogical N fixation is highly
uncertain (-70/+300%) as this term is estimatednfiao few experimentally derived

literature values.
5.24 Catchment N outputs

5.2.4.1 Gaseous emissions from land surfaces

Ammonia emissions were calculated by applying Ukrage emission factors
(EF) of the UK emission inventory to the land soéanputs from synthetic and
organic fertiliser and grazing excreta (Misselbroek al., 2009). The housing
emissions and manure storage emissions were extclirden the calculation of
catchment budgets as discussed in section 5.2.2alsslations of NB emissions
are based on the local farm inventory and natienaksion factors, there uncertainty
Is estimated relatively low, at +20%.

Direct NbO emissions are associated with soil N inNiH& dry dep + NiHx wet dep +
Nnoy dep + Ngyn fert + Norg fert + Necreta) @nd were calculated using the method of
Lesschen et al. (2011), which uses specific EFem#ipg on the source of N input,
soil type and annual precipitation. The clay sdi farameterisation in Lesschen et
al. (2011) was selected linked to the modificatodrthe catchment surface soils by
agricultural activity. The local 2008 annual pretpon of 1208 mm was used to
derive a precipitation adjustment factfy) (n the method of Lesschen et al. (2011) of

2.16. Peat cutting areas and other peat bog arghsutvagricultural activities are
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assumed to have insignificant® emissions due to soil C/N ratios exceeding 25
(Klemedtsson et al., 2005). Also, measurementsinvithe moorland catchment
showed negligible pD emissions (Drewer et al., 2010). IndiregONemissions, i.e.
degassing of pD from waters resulting from soil leaching, weréreated using the
2009 IPCC Guidelines (De Klein et al., 2009).

Emissions of NO were derived by applying a Tier B & 2.6% to synthetic
fertiliser N applied as recommended in the EEA/EMgiRkdelines (McGlade and
Vidic, 2009). As there is no specific EF recommehder applications of organic
fertiliser and grazing livestock excreta a literatwalue of 0.5% was applied
(Bouwman et al., 2002).

The uncertainty of pD and NO emissions is estimated at +50% as thelpased
on data from the farm inventory and also literatemgission factors. Emissions are
known to vary substantially depending on the soiiditions.

Emission factors of Nare highly uncertain. Recently, Ammann et al. @00
applied a literature-derived EF of 12.5% to N irgpftom fertilisation and biological
N, fixation for a Swiss grassland with an error of0@8%. Jones et alin prep.)
modelled N emissions for a grazed grassland in southern @wbt{< 10 km from
this study landscape) and calculated an EF of 10%pplied N through grazing
excreta and synthetic and organic fertilisationil§&kpers. com. 2011). This,NEF
from Jones et alirf prep.) was applied to all fields with agricultural agtigs in our
study catchments. It is noted that there is a larggertainty (-50/+200%) associated
with this budget term (section 5.3.7).

5.2.4.2 Harvested vegetation

Nitrogen output also occurs via removal of vegetatly harvestingNharves) and
by grazing livestockNyass). The amount of harvested crop and grass remoyed b
farmers for silage and hay production was derivethfthe farm survey activity data
with a specific N content applied to each main cypge (Mgller et al., 2005). The
uncertainty ofNnarves IS thus estimated at +20%. The amount of N remdfeaugh
grass consumption by grazing livestoblgfs) was estimated as follows:
Ngrass = Nexcreta + Nanimal = Nfeed

where NixcretalS the amount of N excreted by grazing livestosdc{ion 5.2.3.2),

Nanimai IS the N content in the exported wool and medtutated according to Jones
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et al. {n prep.) using N content values in Roche (1995) and FI{2603) anNseeq iS
the N content of the supplementary animal feedyddrby farm activity data and a
specific N content of different feed types (Mglidral., 2005). BottNanima andNreeq
are estimated to have an uncertainty of £20%, heweombined with the £50%

uncertainty associated willcrea, the uncertainty oRyass is estimated at +50%.

5.2.4.3 Fluvial export

Annual downstream fluxesNream) Of total dissolved nitrogen (TDN), which is
the sum of NH'-N, NOs-N and DON, were established by Vogt et al. (2011,
Chapter 4, this volume) by sampling at gauged tautié the two catchments at both
fortnightly and hourly intervals during selectedjtniflow events through 2008. As
Nsream IS based on local measurements conducted throudgheustudy year, it is
considered to carry a relatively low uncertaintgnservatively estimated at £20%.
Additional information on sources of streamwater chncentrations within the
catchments was derived by spatial sampling atetal flow conditions, conducted

in July, September and December 2008.

5.3 Results and discussion

The following sections introduce spatially diffetiaed results of the agricultural
land surface N input, the associated land surfacemissions and atmospheric N
deposition and discuss fluvial N export. In additidhe catchment N inputs and
output terms are summarised and the overall catchiebudgets are given with a

discussion of uncertainty.

5.3.1 Agricultural land surface N input

Agricultural N inputs to the land surface were doated by grazing excreta in
both catchments (Figure 5.2). In the moorland cataft, grazing excreta contributed
73%, organic fertiliser 17% and synthetic fertitid®% to the land surface input. In
the grassland catchment, grazing excreta contdbbi&b, organic fertiliser 31% and
synthetic fertiliser 18%. Most of the N in graziegcreta originated from sheep with
contributions of 89% in the moorland and 69% in ¢gnassland catchment. Fields
within the grassland catchment received more tloam fimes the land surface N
input (51.9 kg N ha yrY) than fields in the moorland catchment (12.1 kga¥ yr™).
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The range of land surface inputs between fields letage, varying from 0 to 261 kg
N ha' yr* in the moorland and up to 346 kg N'ha™ in the grassland catchment.

No fields of the study landscape are located withiNitrate Vulnerable Zone
(NV2Z), thus agricultural practice is not restricteg the Nitrate Directive (DEFRA,
2012). However, 1% of the moorland and 4.5% of gessl catchment received
manure, through organic fertiliser applications grazing excreta, exceeding the
recommended 170 kg N Yr although it is noted that there are significant

uncertainties associated with the calculation oicagiural land surface N input.
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Figure 5.2: Catchment maps of field specific landwsface N input through (a) organic

fertiliser, (b) synthetic fertiliser, and (c) grazing livestock excreta
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5.3.2 Atmospheric N emissions

Gaseous NElemissions from the catchment land surface (exotutbusing and
manure store emissions) are shown in Figure 5tB8thd moorland catchment, field
based emissions ranged from 0 to 48 kg N y5&@ (mean: 0.9 kg N hayr?) with
58% originating from applications of organic fagdr, 40% from grazing excreta
and 2% from synthetic fertiliser. In the grasslaatichment, Nkl emissions ranged
from 0 to 53 kg N ha yr' between individual fields (mean: 4.5 kg N*ha™) with
66% arising from organic fertiliser, 30% from gnagiexcreta and 4% from synthetic
fertiliser. Despite most of the agricultural landface input originating from grazing
excreta (section 5.3.1), the dominant source o Ridissions were applications of
organic fertiliser in both catchments due to highisNvolatilisation losses. In
contrast, almost all N in grazing excreta (~ 95%jh de expected to enter the
catchment soils and thus contribute to soil emmssiof NO and N or can be
leached. Overall, 7% of the agricultural land scefanput of N to the moorland
catchment was estimated to be emitted ag bidtnpared with 9% in the grassland
catchment.

Direct N,O emissions from the moorland catchment average@i@dkg N hd
yr! with field emissions ranging from 0 to 7.0 kg N*hgr* (Figure 5.3b). The
grassland catchment emitted 2.4 kg N lya* as NO with emissions ranging from
0.4 to 12.5 kg N hHayr* between fields. Most of the direct® emissions were from
grazing excreta (79% in the moorland and 75% ingtlassland catchment). Around
7% of the grazing excreta were estimated to be dssiNO in both catchments.
Figure 5.3c shows field emissions of MWithin the catchments. In the moorland
catchment, N emissions (1.2 kg N Hayr?) are estimated to be similar to,
emissions, whereas in the grassland catchmengnissions (5.3 kg N Hayr?) are
about 2.5x higher thanJ® emisions. Emissions per field ranged from 0 t@ g N
ha' yr! in the moorland and from 0 to 36.2 kg N*ha™ in the grassland catchment.
However, the uncertainties within those field basmwission estimates were
relatively large (see uncertainty estimates in &db#) as there is substantial within
field variation of NO and N emissions due to the heterogeneity of soil praess

(e.g. Hofstra and Bouwman, 2005).
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Soil NO emissions were estimated to be insignitidan both catchments with
emissions of 0.1 kg N Hayr™ in the moorland and of 0.3 kg N har? in the

grassland catchment. The field with the highest éi@lssion was common to both

catchments, thus the field specific emission ramige to 1.8 kg N hd yr* was the
same for both catchments.
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Figure 5.3: Field specific land surface emission nps of (a) NH; emissions, (b) direct

N.O emissions, and (c) direct Nemissions.
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5.3.3 Atmospheric N deposition
Total atmospheric N deposition within the studydsecape (including the two

catchments) is shown in Figure 5.4. The total aphedc N deposition to the two
studied catchments was estimated to be 8.2 kg Nyh&in the moorland and 12.3
kg N ha' yr' in the grassland catchment. The estimated drysigmo of NH; to the
study catchments Nz ary dep) Was estimated by modelling emissions of all
agricultural NH sources within the study landscape, including mguand manure
storage emissions (section 5.2.3.1). Ammonia dpod#ion showed a high spatial
variability at 25 m x 25 m grid resolution withing catchments, ranging from 0.1 to
23 kg N h& yr'in the moorland (mean: 2.4 kg N hgr?) and from 0.2 to >100 kg
N ha' yr* in the grassland catchment (mean: 6.4 kg Nyrd). The larger input to
the grassland catchment was due to the catchmertdicmg six intensive poultry
farming houses with an overall Nigmission of 28 t N vt.

Catchment inputs from NHvet deposition were similar for both catchment$ (2
and 2.6 kg N hayr?, respectively), as were inputs from N@eposition (both 3.3 kg
N ha' yr'). Atmospheric deposition to the moorland catchnvess estimated to be
driven by non-local sources Wiy wet dep @NANNoy aep CONtributing 71% to the total
N deposition, while 52% of deposition to the grasdl catchment was estimated to

originate from local sourcedl{s ary dep) and 48% from non-local sourceéSnix wet dep

+ Nnoy dep)-
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Figure 5.4: Map of total N deposition within the stidy landscape. Source: Vogt et al.
(2011, Chapter 3, this volume)

5.3.4 Fluvial N export

Both catchments were characterised by highly veiagtream flow with high
discharge events making an important contributioratnual downstream fluxes
(Vogt et al. 2011, Chapter 4, this volume). Forregbe, in 2008, the highest 10% of
the discharge data contributed 53% to the totahadisye in the moorland and 40% in
the grassland catchment. The annual downstream (Ngx.m) Of total dissolved
nitrogen (TDN) was 8.7 kg Hayr? in the moorland and 14.4 kg N har™ in the
grassland catchment. The difference in the TDN fluas mainly due to the
significantly larger nitrate (N©) flux in the grassland catchment. Dissolved organi
nitrogen (DON) contributed 81% to the TDN flux inet moorland and 49% in the
grassland catchment. However, the absolute annDal flux of 7.0 kg hd yr' was
very similar in both catchments.

Maps of annual mean concentrations ofsN®IH," and DON measured during
the three spatial sampling campaigns are shownigar& 5.5, together with the
underlying land cover. The streamwater \é@dncentrations of both catchments have
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been shown to be significantly positively related\t input through agricultural land
surface and atmospheric deposition (Vogt et al.12@hapter 4, this volume).
Ammonium concentrations were significantly negdsivelated to N input and could
be related to the coverage of wet peaty soils (Matgal. 2011, Chapter 4, this
volume). However, local point source contributiossich as suspected sewage
discharge observed while collecting samples, magy ebntribute to the large spatial
variability of NH;" concentrations within the grassland catchment. Jderces of
DON can vary widely and differed between the catehts (Vogt et al. 2011,
Chapter 4, this volume). In both catchments, flaghof organic-rich soil water
contributed to streamwater DON concentrations, hawein the grassland
catchment, there were additional major sourced) ag@gricultural runoff.

To analyse the potential contribution of the pedtieg area to the DON as well
as to the linked dissolved organic carbon (DOC)oexglux of the moorland
catchment, the catchment was divided into eightcatdhments based on the
drainage pattern. A regression analysis between%iharea of peat soil in these
subcatchments and DON and DOC concentrations aguibeatchmet outlets mostly
showed a positive relationship between DOC and DfONcentrations and the %
area of peat soil (Figure 5.6a and b). This refesingp was more pronounced for
DOC than DON, however in both cases there is caitet of scatter in the data.
Other studies (e.g. Aitkenhead et al., 1999) h&sva that the area of peat soil in a
catchment is directly related to streamwater DO@Gceatration. Clark et al. (2004)
found DON concentrations to be positively relateghéat cover in the summer only.
In this study, the relationship between DON con@itns and % area of peat soll is
also the strongest in July. The same regressioysasavith % peat cutting area also
showed a similar positive relationship to DOC ardNDconcentrations (Figure 5.6¢
and d) with a slightly stronger relationship obsehbetween concentrations and %
peat cutting area (compared to % peat). This &yliko be a reflection of peat cutting
taking place in the areas of deepest peat in ttehiweent leading to the enhanced
effect shown in Figure 5.6c and d. The areas atebly peat cutting are mostly in
the upper parts of the catchment, with the effeecrelasing significantly
downstream. Also, a previous study in the same landrcatchment noted that DOC

concentrations were not significantly differentiarge tributary originating from an
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area of peat cutting compared to concentratiorieermain stream (Dinsmore et al.,
2010). Thus, peat rich areas (whether cut or metransidered to be the main source
of streamwater DOC and DON concentrations. Howepeat cutting will change
hydrological flow paths which may enhance the “pefiéct” on DOC and DON
concentrations and contribute to higher annualeffukecause of greater runoff due
to drainage. The longer term effect of peat cutbnghe catchment fluvial N flux are
beyond the scope of this study.
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Figure 5.5: Maps of annual mean concentrations dered from spatial samplings in
July, September and December 2008: a) NQb) NH,", and c) DON.Source: Vogt et al.
(2011, Chapter 4, this volume).
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Figure 5.6: Relationships (exponential growth: y sA*exp(x/t) + y0) between % area of
peat soil (a, b) and peat cutting (c, d) in eight ubcatchments of the moorland
catchment and spatial concentrations of DON (a, cnd DOC (b, d) at subcatchment
outlets in July (black squares and line), Septembe(grey triangles and line) and

December (black circles and dotted line) with coeffients of determinations r2 given for

each campaign.

5.3.5 Ninputsfor the study catchments

The various components which contribute N inputthetwo study catchments
are summarised in Figure 5.7 (input estimates asprk per hectare) and Table 5.2
(total input per catchment area). Overall, the tago the grassland catchment (65.2
kg N ha' yr' ) were about three times higher than those tartberland catchment
(21.3 kg N h& yr!). Inputs were largely driven by agricultural lasarface inputs.
In the grassland catchment, 80% of all N inputgindated from agricultural land
surface inputs, 18% from atmospheric N depositiod 2% from estimated

biological N fixation. Atmospheric deposition accounted fomegker contribution in
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the moorland catchment with 38% of all N inputswkeer, the majority (57%)
originated from agricultural land surface inputsl &% from estimated biological,N
fixation. Grazing livestock excreta represented thmgest single input source,
contributing 41% to the inputs in the moorland @086 in the grassland catchment.
The fraction of the grazing excreta subject to gaseemissions (section 5.3.2) was
estimated to be around 21%, thus the majority @f tatchment input through
grazing excreta stayed either within the systemm, in soil or vegetation, or is

leached into surface or groundwaters.
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Figure 5.7: N inputs (kg N ha yr™) to the moorland (left) and the grassland catchmen
(right)
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Table 5.2: Catchment totals of N inputs (kg N yr)

Moorland catchment Grassland catchment
Nary NH3 dep 1,480 5,700
Nuwet NHx dep 1,560 2,310
NnNoy dep 2,030 2,980
Nsyn fert 760 8,290
Norg fert 1,310 14,590
Nexcreta 5,460 23,570
Niix 620 890
Total input 13,220 58,340

5.3.6 N outputsfor the study catchments

Catchment outputs are shown as per hectare vatu€sgure 5.8 and as per
catchment values in Table 5.3. The gaseous larfdcauemissions of N(Nyy3 +
Nizo + Nno) led to losses of 1.7 kg N hiarr'! from the moorland and 7.3 kg N ha
yr! from the grassland catchment. Whereas emissiohs@fare similar to those of
NH3 in the moorland catchment, emissions from the djmasl catchment were
dominated by NHK emissions (62%). Emissions of NO were insigniftcam both
catchments: 0.1 kg N Hayr! in the moorland and 0.3 kg Nhgr in the grassland.
The estimated Nemissions were large compared to thdlixkes of the catchments,
contributing 42% to the overall N emission fluxrfrdooth catchments. However, the
uncertainty within the Pl emission estimations is large (see Table 5.4 ciise
5.3.7).

Grazed grass Nyas) constituted a large output term in both catchisent
contributing 45% to the overall catchment outputhe moorland and 46% in the
grassland catchment. However, these losses werdymesycled back to the soil by
grazing livestock excretaNfcreta) With Necreta representing 83% ogass in the
moorland and 96% dflyass in the grassland catchment. Thus, the main impoet@f
this “grazing livestock N cycle” is the increaseml 8N dynamics associated with the
grazing excreta which lead to gaseous and streanvesses. When considering the
grazed grass as a recycling budget term, the taogggut fluxes of both catchments

were the stream exports.
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Figure 5.8: N outputs (kg N ha yr%) to the moorland (left) and the grassland
catchment (right). Stream TDN export fluxes (Nyeam) are split into the dissolved
inorganic flux (Nsyeam on = fluxes of NH," and NO;) and the dissolved organic flux
(Nstream DoN)-

Table 5.3: Catchment totals of N outputs (kg N y¥)

Moorland catchment Grassland catchment

Nnh3 540 4,050
Nnzo 470 2,160
Nno 43 300
Nn2 770 4,730
Nharvest 450 4,460
Ngrass 6,580 24,520
Nstream 5,370 12,860
Total output 14,230 53,080

5.3.7 Total N budgets for the study catchments

The overall nitrogen budgets for two catchmentscarapared in Table 5.4 and
Figure 5.9. The moorland catchment showed a negétibalance of -1.6 +3.8/-3.4
(error) kg N ha yr', potentially indicating a small release of N fraratchment

storage to the stream, however within the uncedr&asrthe catchment N budget could
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also be in balance. This is in contradiction to twnclusion of Reynolds and
Edwards (1995) that N accumulation is to be exmgedtethis type of moorland
catchment. However, Reynolds and Edwards (1995ndidtake stream exports of
DON into account due to lack of data. The presamysthus shows the importance
of DON as a component of stream export: DON acamuifdr 81% of TDN export.
The negative N balance found for the moorland catstt is in agreement with the N
budget of a field site within the same moorlandegsorted by Drewer et al. (2010).
Drewer et al. (2010) compiled budget terms fronfedént years, accounting for
inputs through inorganic N deposition as well assés through Y0 emissions and
stream export of measured inorganic and estimatgdnac N, and concluded an
overall N loss of -2.4 kg N Hayr™.

Nitrogen saturation has been defined for “an edesyswhere N losses
approximate or exceed the inputs of N” (Agren amddta, 1988; Butterbach-Bahl
et al., 2011). Thus, according to our catchment lmailget approach the moorland
catchment showed signs of N saturation. If the hamor catchment is losing N, it is
of interest to know whether carbon (C) loss is asouring. Recently, Dinsmore et
al. (2010) showed the DOC downstream flux to begaificant loss within the C
budget of the moorland catchment, although the tandrwas still found to act as a
C sink, mainly due to a large C uptake from thecspiere. However, in the past the
same moorland has also been found to be a C s¢Biltett et al.,, 2004). Those
differing C balances are mainly due to differenceshe budget term of C uptake
from the atmosphere which were in turn influenceg the annual climatic
fluctuations. Thus, the studied moorland catchmesay still act as an overall C sink,
but at the same time release a significant amo@r® drom the catchment via
downstream DOC export. The effects of future clengttange on catchment scale C
and N budgets remain highly uncertain.

The grassland catchment had a positive soil N lbalamdicating that the
catchment stored 5.9 +7.4/-12.3 (error) kg N a® of the inputs in soil, vegetation
and groundwater in 2008. However, the stream expbthe grassland catchment
still represented a relatively large budget ternmpared to the other terms. By
comparison with other European regional catchmadgbts (Billen et al., 2011), the

retention of N within the grassland catchment vim#téd (section 5.3.9).
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Table 5.4: Soil N budgets for the moorland and thgrassland catchment with fluxes

and errors shown in kg N ha'yr™ (see subsections under 5.2.3 and 5.2.4 for detaifs

individual error estimations).

Moorland Grassland
catchment catchment

Fluxes Error  Fluxes Error
Catchment N inputs:
NH; dry deposition INH3 dry dep 2.4 +0.5 6.4 +1.3
NH, wet deposition Nhix wet dep 2.5 +0.5 2.6 +0.5
NO, deposition Noy 3.3 +0.7 3.3 +0.7
Synthetic fertiliser applications M fert 1.2 +0.1 9.3 +0.9
Organic fertiliser applications — JN fert 2.1 +0.6 16.3 +49
Grazing livestock excreta MNreta 8.8 +44 26.3 +13.2
Biological N, fixation Nix 1.0 +3.0/-0.7 1.0 +3.0/-0.7
Total N input 21.3 65.2
Catchment N outputs:
NH3; emission MNH3 0.9 +0.2 4.5 +0.9
N,O emission N2o 0.8 +0.4 2.4 +1.2
NO emission No 0.1 +0.0 0.3 +0.2
N, emission N> 1.2 +2.5/-0.6 5.3 +10.6/-2.6
Harvested silage and hay halVest 0.7 +0.1 5.0 +1.0
Grazed grass by livestock * ogPbs* 10.6 +5.3 27.4 +13.7
Stream export Neam 8.7 +1.7 14.4 +2.9
Total N output 22.9 59.3
N balance -1.6 +3.8/-3.4 +5.9 +7.4/-12.3

* -
Ngrass— Nexcreta"’ Nanimal_ Nfeed

NanimaiS N exported via wool and meat production
NteeqiS N imported via supplementary animal feed
Moorland catchment: Nima= 2.0 kg N h& yr?, Nigea= 0.2 kg N ha yr?
Grassland catchmentNna= 5.4 kg N h# yr?, Nieeg= 4.3 kg N hd yr
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Figure 5.9: Catchment soil N budgets for the grasahd catchment (top) and the
moorland catchment (bottom). Inputs and outputs areshown as positive and negative
N exchanges (kg N hadyr™) with the overall N balance shown at the bottom. Eor bars
represent the uncertainty for the individual budgetterms (see subsections under 5.2.3

and 5.2.4) with the N balance error calculated acedingly (see section 5.2.2).
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5.3.8 Uncertaintiesin the catchment nitrogen budgets

The budget terms with the largest error bars wkesdutputs through grazed
grass Kyass) and the input through grazing excrebygea). However, those terms
are interdependent and thus the difference betwlesm contributes to the overall
uncertainty of the N balance calculation. In theontend catchment, the budget
terms contributing the most to the uncertaintyhad N balance were biological,N
fixation, stream export andNemissions. In the grassland catchment, the terms
contributing the most to the N balance uncertaméye the N emissions, followed
by applied organic fertiliser and stream exporte Tdverall uncertainty of the N
balances were large, the moorland catchment balagiog -1.6 kg N ha yr* with
estimated upper and lower balance values of +22-%0 kg N h# yr?, accounting
for uncertainties. Similarly, the upper and lowstimates of the grassland catchment
of +5.9 kg N h& yr' range between +13.3 and -6.4 kg N'lya*. Thus, despite the
detailed budget analysis, the uncertainties remigmificant such that the N balances
are not estimated to be different to zero whithim tange of uncertainties.

There are several terms still missing from the Ndai calculation which may
add more uncertainty to the current balance estimiat particular, atmospheric
deposition of gaseous and particulate organic Npmamds were not quantified nor
estimated due to lack of information, although oigadeposition may be an
important input (Cape et al., 2004; Neff et al.02pD Moreover, fluvial N export
through particulate organic N (PON) was not meakuatthough the PON flux is
likely to be insignificant compared to the DON flag was the POC flux to the DOC
flux measured in the same moorland catchment irsiDore et al. (2010). Another
source of uncertainty is the assumption that larse¢ @nd N input remain
approximately constant with time allowing the balag of N exported through the

aqueous system with the N exchanges of the surface.

5.3.9 Comparison with a regional catchment N budget approach

Regional scale catchment N budgets have been déstniar many European
catchments (Billen et al.,, 2011). The approach doesha calculation of the net
anthropogenic input of reactive nitrogen (NANI, Haoh et al., 1996) to the
catchment including atmospheric N@eposition, crop N fixation, fertiliser use and
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import of food and feed. This is a simple approadfich can be applied to large
regions but does not account for processes likes NHlatilisation or soil
denitrification. In European regional catchment&\\l ranges between 0 and 84 kg
N ha' yr* (mean: 37 kg N hayr?) (Billen et al., 2011). The relative difference of
NANI to the stream export of total N (TN = DIN + DD+ PON) is then associated
with catchment N retention. Catchment retentioeneto the amount of N which is
either stored in soils and groundwater or lostulgloemissions to the atmosphere. In
regional European catchments, catchment N retenties between 50% and 90%
of NANI (mean: 82%) (Billen et al., 2011). Theresisme evidence that the fraction
of NANI exported by the stream is larger in north&uropean catchments with high
discharges.

Those regional budget calculations differ subs#dgtio the one presented in this
study, (e.g. coarser scale data, noyNtdposition, no land emissions, no organic
fertiliser applications); however, the catchmenénéion calculated as the percentage
of the net anthropogenic input which is storedrarteed using our budget terms for
the landscape scale may emphasise the differeicegional and landscape scale N
budgets. Thus, Eandscape NANI was calculated (see section 5.2.2 for budget term
definitions):

landscape NANI = N +N

NHx wet dep +tN NOy dep +Nsyn_fért

N

org fert +N excreta o N/rurvext o grass (3)

NH3 dry dep

+N

The landscape NANI differs to the budget calculation of equation {d)that
biological N, fixation, the land emissions and stream export rage taken into
account. Atmospheric emissions were not considdoedoe able to calculate
catchment retentiorLandscape NANI was 9.0 kg N hHa yr* for the moorland and
31.8 kg N h& yr? for the grassland catchment. These values aréveiasmall
compared with the NANI calculated for European oegi catchments with an
average of 37 kg N Hayr™ (Billen et al., 2011). The stream N export (natlinling
PON) represented, therefore 97% lafndscape NANI in the moorland, compared
with 45% in the grassland catchment. This impliesa'chment retention of 3% of
landscape NANI in the moorland and 55% in the grassland catchnidrgse values
are low, particularly the retention of the moorlaodtchment, compared to the

catchment retention calculated at regional scalEurope with an average of 82%

141



(Billen et al., 2011). Reasons of the discrepaneywben these two budget
approaches are likely to be the finer scale reswludf our landscape scale study
allowing, firstly, for more accurate quantificatioof the N budget terms and
secondly, for the calculation of more budget tertos account for the net

anthropogenic input related to catchments soils.

5.4  Conclusions

Nitrogen budgets for two catchments (with contragiand use) within a single
landscape unit were calculated taking into accalinagricultural activity and most
of the important gaseous and aqueous inputs aruuiutThis allowed a detailed
analysis of catchment inputs and outputs at a niugher spatial resolution than
used in other studies. The negative N balanceefriborland catchment indicates a
small net release of N from the catchment. The ldriz® of the grassland catchment
indicates storage of N within the catchment soiusgetation or groundwater.
Nevertheless, the N balances are estimated na thfferent to zero accounting for
uncertainties. Key uncertainties of our N budggtrapch were B emissions and
stream N export. This emphasises, firstly, the neednore studies addressing the
quantification of N emissions and, secondly, the importance of edtigat
downstream fluxes accurately.

Catchment N retentions, calculated as the percentdéignet anthropogenic N
input which is stored or emitted, of 3% in the maond and 55% in the grassland
catchment are relatively small compared with edihacatchment retentions in
European catchments at the regional scale, rarfging 50% to 90% (Billen et al.,
2011). This may either indicate that both catchmenthe current study are extreme
by European standards or that regional budget appes do not work well in
identifying sensitive areas at the landscape sdAleereas larger regional scale
approaches to estimating catchment input and ounyayt be important for a global
overview, these approaches clearly overlook lamussxale N dynamics and thus
the local scale environmental impact of human &cts/

Although our study was highly detailed, it was @adrout over a relatively short
time period of one year which may affect some @f ¢tbnclusions drawn from the
data. In particular, there are indications thatasim export fluxes are also affected by

inter-annual climatic variations (Gascuel-Odowalet2010). Further study on the N
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budgets of these catchments is needed to clardyrofe of annual variation. In
conclusion, the present study emphasises the ianpmetof a more holistic approach
to ecosystem N dynamics and the significant impmoerts that can be made in

landscape scale N budgeting.
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6 Discussion

The concept of landscape scale analysis has besh insthis thesis to study
nitrogen (N) flows by connecting different ecosysseand different pathways of
hydrological and atmospheric N dispersion. Landsdddluxes were used to assess
the environmental pressures resulting from addedrdugh farming activities. This
study highlighted the large spatial variabilityfafm, atmospheric and hydrological
N fluxes at the landscape scale. Capturing thigaldgity is important for assessing
the environmental pressures upon ecosystems aredogévy appropriate mitigation
measures. However, the quantification of landscapale N fluxes remains a

challenging, resource intensive task.

6.1 Atmospheric ammonia

Paper | and Paper Il focused on atmospheric amm(®tt) fluxes within the
study landscape. As described in detail in Pagerd I, there were multiple large
point sources of Nk from poultry housing in the landscape (eFigure 2.).
Measurements were used to quantify both the enmissid the deposition of NHo
the landscape. In the following sections, the tesofl Paper | and Il are integrated to

assess success and implications of the approaches.

6.1.1 Assessment of the inverse plume method

Paper | was a novel study combining high time rgsmh measurements of
atmospheric Nklconcentrations and micrometeorology downwind eksal poultry
houses in order to constrain the magnitude of mgubiH; emissions with a simple
inverse Gaussian plume model. Emission fluxes \iar tleep pit free-range layer
houses were estimated from two measurement cangpargrspring 2007 and
spring/summer 2008.

The approach was work intensive and due to problentls the measuring
instrument less data were obtained than planneditiddally, the wind direction
was not always appropriate for detecting housingngls at the measurement site and
the Gaussian plume model did not perform well htiales, e.g. due to changes in
atmospheric conditions, so that more than halfhef abtained data were excluded

from the emission factor (EF) calculations. A gahdimitation of the presented
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method is the difficulty of separating emissiongnir clustered sources. Also, the
distance of the measurement site to the sourcensidered best between 100 m and
1000 m to avoid building turbulence effects ananiaimise the influence of plume
depletion. Hence, this method can only be appledestimate livestock house
emissions located in suitable landscapes.

Factors contributing to the uncertainty of the EBSmated in Paper | include a
possible temperature/ventilation rate dependencenwfsions, the timing of the
measurements in relation to production cycle (whithy have led to larger than
typical values), and the role of surface exchangecgsses (emissions and dry

deposition) with the grassland located betweerdima and the measurement point.

6.1.2 Ammonia emission factors

Emission factors used in national inventories agved from averaging results
with a relatively large variability from a range sttidies. Moreover, many studies are
based on limited datasets, collected over shoriogerof time, which are then
extrapolated to derive annual emission factorslyDestimated EFs from Paper | led
to an extrapolated annual average emission faétér2d + 0.07 kg NH bird™® yr.
Although this EF is 35% higher than the EF for hngemissions from free-range
systems currently used in the UK national inventofy0.20 kg NH bird* yr!
(Misselbrook et al., 2009), it lies within the rangf estimates used to calculate this
national average EF. For assessing the local imglaspecific poultry houses, the
average UK EF is not always appropriate to use. dkenspecific EF is needed for
the specific husbandry system and manure management

The wide range of layer poultry EFs found in thierhture (Table 2.1) for
different husbandry and manure managements as aselfor different climatic
conditions support this finding (e.g. Fabbri et 2007; Groot Koerkamp et al., 1998;
Nicholson et al., 2004). For example, reported BfFsaged layers range from 0.04
kg NHs bird* yr* for weekly scraped belt-systems in Ireland (Hagteal., 2006) to
0.52 kg NH bird® yr?* for deep pit houses in the midwestern USA (Keesteal.,
2001).

A similar conclusion as reached in Paper | was disavn from Paper Il which
investigated spatial NHconcentrations and deposition fluxes at a 25 nd gri

resolution. Monthly concentration measurements upnout 2008 were used to
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verify modelled NH concentrations by the LADD (Local Area Dispersiand
Deposition) model (Dragosits et al., 2002; Hill 989. However, for this analysis the
original NH; EFs from the UK inventory had to be adjusted frraf the 24 poultry
houses to account for the specific manure managepnactices, as the UK average
EF resulted in a considerable overestimation ofcentrations. These were poultry
houses with belt-systems from which manure was vedh@at least twice a week.
The IPPC report (2003) cites an EF for this paléicunanure system that is more
than four times lower than the EF used in the U¥emtory, which is derived by
averaging EFs across different manure managemstersg. The findings show that
using NH poultry EFs derived from averaging emissions acesange of different
management practices does not always work well wdgtimating local emission

impacts.

6.1.3 Spatial variability

The combined measurement and modelling work of PApkustrated the high
spatial variability of mean annual Nioncentrations (0.3 to 77 NH; m™) and
dry deposition fluxes (0.1 to > 100 kg NN ha® yr') within the landscape.
Moreover, this study demonstrated the importancesadle in NH dispersion
modelling. The UK national model FRAME (Fine Redmuo Atmospheric Multi-
pollutant Exchange) (Dore et al., 2007) operatintpea relatively fine resolution of 1
km x 1 km (Hallsworth et al., 2010) was limited fmapturing the spatial variability
of NHz within the study landscape compared with disparsmmdelling at a 25 m x
25 m resolution. This was largely due to relativebyarse scale (1 km x 1 km)
emission input data, which smooth out the emissiotspots, and uncertainties in
these 1 km x 1 km estimates which are derived faoocombination of parish census
data and 1 km x 1 km land cover data. Such a magpftoach is useful at the
national scale, but limited when it comes to dethiassessment for a particular
location. As atmospheric NHmainly originates from hotspots (Loubet et al.02))
l.e. mainly livestock houses with a large livestabénsity in a small area, it is
important to model NEldispersion at a scale which recognises the hatspotthe
study landscape, 90% of the Bll¢missions originated from point sources (i.e.
livestock houses and manure stores) and only 10% freld sources (i.e. grazing

excreta, applications of manure and fertiliser).
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Paper Il also indicated the importance of spatiahtion regarding the impact of
NH3 emissions of large point sources on sensitive yatesis. In areas with strong
prevailing wind directions, it is essential to cioles the relative spatial location of
sources and sinks, as the impact downwind of tlieces differs substantially from
the impact upwind. In the study landscape, frequentthwesterly winds caused
most of the poultry house emissions to dispersthéonortheast. Thus, only small
parts of the large moorland area located to théhn@st of the poultry houses were
estimated to be at environmental risk, despite; Kiissions of >100 t N Yrfrom

poultry houses nearby.

6.1.4 Total landscape fluxes

Agricultural NH; emissions add up to 122 t N'yfor the study landscape and the
NH; dry deposition modelled by LADD adds up to a taffl9 t N yi, indicating
that ~ 15% of the locally emitted NHs deposited within the study landscape. This
figure is within the range of 8-50% of Nlemissions being locally deposited within
5 km grid squares, as reported for the UK by Su#bal. (1998), who found the
local NH; emission recapture by the vegetation at the sairtacvary regionally
depending on agricultural intensity. In this stumhga, most land downwind of the
emission hotspots is used for agricultural acegitii.e. emission recapture is limited
The wet deposition of NK which is less spatially variable than dry depositand
mainly driven by non-local sources (Sutton et H98), is estimated at 9 t N'yfor
the landscape (FRAME, 1 km resolution). Thus, iestimated that local sources
contribute two thirds to the NHdeposition in the study landscape, whereas long
distance sources are estimated to contribute omd twhich emphasises the

importance of local sources to NHeposition.

6.2  Stream nitrogen

Paper IIl explores the influence of landscape suineg i.e. the variation in land
use, on streamwater nitrogen. Understanding tHigeince is important due to the
immense changes in landscapes as agriculturalitabding extended globally. In
this unique study, spatial and temporal changestreamwater nitrogen as well as
agricultural land use were monitored for a yedmia catchments contrasting in their
land use (agricultual grassland vs. semi-naturairtaad).
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6.2.1 Annual export fluxes

Annual downstream fluxes of ammonium (NH nitrate (NQ) and dissolved
organic nitrogen (DON) were established by contusudischarge measurements and
sampling at the catchment outlets fortnightly tigloout 2008 and at hourly intervals
during selected high flow events. The highly vaeabllischarge and the important
contribution of high discharge events to the ovet@charge in both streams show
that it is essential to incorporate high dischargents in the calculation of catchment
nutrient fluxes. Annual fluxes of total dissolveittogen (TDN) of 8.7 kg N hayr™
in the moorland and 14.4 kg Nhgr in the grazed grassland catchment were in the
range of total N flux values (<2 to >40 kg N“har') quoted for European
catchments (Billen et al., 201Ihe 66% higher annual TDN flux of the grassland
compared to the moorland catchment was due to ifleeh NG flux, which was
positively related to catchment N inputs.

The DON downstream flux made a significant contiidou to the TDN flux in
both catchments, accounting for 49% in the gradskamd 81% in the moorland
catchment. This emphasises the importance of bidgstream export fully, taking

both inorganic and organic fractions into account.

6.2.2 Dissolved organic nitrogen

The importance of streamwater DON in agriculturgstems has received
relatively little attention in the past, and thusignificant pathway of N loss from
agricultural systems may have been overlooked (Kessel et al., 2009). Recently,
it has been recognised that the DON flux consstut®t only the dominant
component in semi-natural catchments, but also irera significant component in
agricultural catchments (Durand et al., 2011; Seotl., 2007). Although Paper IlI
could not determine specific processes leading @\Dn streamwater, it showed
that the origin of streamwater DON in the grazeasgland catchment is complex,
with multiple significant sources. The spatial amigof streamwater DON still
represents a major uncertainty (Durand et al., ROMoreover, the roles and
controls of DON within ecosystem N cycling are {@te fully established (Neff et
al., 2003).
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6.2.3 Spatial variability

The large spatial variability of land use at thadscape scale leads to a large
spatial variability of both catchment N input and streamwater N. This
demonstrates the importance of landscape strudtureerms of environmental
pressures imposed upon aquatic ecosystems.

The spatial variation in streamwater concentratio@s studied by campaign
based synoptic intensive sampling at stable low fbmnditions in July, September
and December 2008. Results showed a large spati@bility of streamwater N at
the landscape scale, with spatial variation in laisé being a major influencing
factor. The grassland catchment received an overedtage agricultural N input
through grazing excreta and applications of organid synthetic fertiliser of 52 kg
N ha! yr', which is more than four times the input of 12 Mgha' yr* to the
moorland catchment. The atmospheric wet and drpslgpn of reduced (NkJ and
oxidised N (NQ) was 50% higher in the grassland catchment witkdLRl hat yr?,
compared to 8 kg N Hayr? in the moorland catchment. Within both catchments,
streamwater N@ was significantly positively related to N inputdgh agricultural
activities and deposition. Nitrate is relatively loile in the soil, thus a considerable
amount of soil N input can get transported to aiguatosystems (e.g. Butterbach-
Bahl et al., 2011).

The positive link between anthropogenic N input asieamwater N
concentrations and export fluxes has been showimeategional scale (Boyer et al.,
2002; Howarth et al., 1996; Vitousek et al., 199¥)th the detailed farm and field
inventory and the local atmospheric deposition dttis study could also prove N
input to account for inter-catchment variation d&te tlandscape scale. This
demonstrates the importance of taking local aguical activities into account if N
in streamwater is to be reduced.

However, one source of uncertainty within this gsial is the assumption that
land use and N input remain approximately constaet the years. This assumption
IS not true over the time scale of decades.
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6.3 Landscape scale nitrogen budgets

Nitrogen budgets were calculated for the two maatcltments in the study
landscape (Paper IV). The balances of N budgeta egkatively new concept and are
being developed for use as indicators of envirorialgpressure (de Vries et al.,
2011). Complete landscape scale N budgets havéy raeen carried out before,
hence this work represents an important step falwaran important area of
research, as much environmental impact from nitdgecomes visible at this scale.
For the budget analysis, high resolution data vemalable from the detailed farm
and field inventory, local scale atmospheric dejmsidata (Paper 1) and analyses

of streamwater fluxes and concentrations (Papgr Il

6.3.1 Catchment N balances

Deriving complete N budgets at the landscape sealat has been carried out
here for two catchments, is a challenging taskuBstantial amount of detailed data
is needed to establish high quality input and outioxes. Estimated soil N budgets
suggest that the grazed grassland catchment s5de7.4/-12.3) kg N Kayr' in
soil, vegetation and groundwater. By contrast,nto®rland catchment was estimated
to lose 1.6 (+3.8/-3.4) kg N Hayr from its storage. This negative N balance of the
studied moorland catchment indicates N saturaButtérbach-Bahl et al., 2011).

However, despite there being an extensive amounetdiled data available to
draw on, the uncertainty of the estimated overalidNance remained large and does
not allow differentiation from zero when accountifgy the uncertainties. This
indicates the considerable uncertainty that coaeggonal scale N budgets are likely
to involve (e.g. Boyer et al., 2002; Howarth ef 4096).

6.3.2 Budget uncertainties

Major uncertainties in the N budgets were assotiateth fluxes of N,
particularly with N emissions but also with biological,Nixation. This is due to
relatively little attention being given to ;Nfluxes within N research, as the
environmental impact is caused by fluxes. However, accurately estimated N
fluxes become particularly important when derivididpudgets, as a large uncertainty
within those budget terms results in a large uagety in the overall budget balance,

i.e. in the assessment of the environmental pressysosed on the system.
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The role of peat cutting regarding DON and DOC astreexport fluxes of the
moorland catchment needs further study. A large Npwt of the moorland
catchment is the stream export DON flux. In Papleit was shown that DON and
DOC streamwater concentrations are correlated wahh other and that both
originate mainly from peat rich areas in the catehtnlf the moorland catchment is
losing N, it is of interest whether C loss is atsmxuring. In the past, the moorland
catchment was shown to act both as a C sink (Dinsrabal., 2010) and as a C
source (Billett et al., 2004). However, even if heiptake from the atmosphere is, in
some years, so large that the moorland acts ayemlbsink, both studies showed
that the catchment releases a significant amou@ wia downstream DOC export.
The areas affected by peat cutting are mostly enughper reaches of the catchment,
with the effect decreasing significantly downstredPeat cutting will change the
hydrological flow paths of the catchment, leadimghigher annual downstream

fluxes because of greater runoff due to drainage.

6.3.3 Driversof catchment N input

The importance of agricultural activities to langise N inputs has been
demonstrated by Paper IV. Most catchment inputgiraated from land surface
inputs through grazing excreta, organic and syitHettiliser application, 80% in
the grassland and 57% in the moorland catchmemieMer, atmospheric deposition
also made a significant contribution, at 18% in tmassland and 38% in the
moorland catchment. This agrees with findings fonwmnber of rural regional
catchments where catchment N input is either domethdy agricultural input or

atmospheric deposition (Boyer et al., 2002).

6.3.4 Landscape versus regional budget

European regional catchment N budgets suggesthmant N retention of 50 to
90% of the net anthropogenic N input (NANI, Billehal., 2011), where “catchment
retention” refers to the amount of N which is eitseored within the catchment or
lost through emissions to the atmosphere. The tieterstimated for the landscape
scale catchments of this study is 55% in the gaassland 3% in the moorland
catchment. These results indicate a limited catciinhe retention compared with
regional estimates in Europe (Billen et al., 2011).
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It is considered that the budget at finer scaleltg®n, as presented in Paper 1V,
allows for more accurate estimation of the budgens and thus more realistically
reflects the environmental pressures caused byaagenic N input. Thus, larger
regional budget approaches are likely to overlaoidscape scale N dynamics and
thus the local scale environmental impact of huagivities.

Though this study was ground-breaking in its lesetetail, it was beyond the
scope of this study to analyse the differencesiféérént N budget approaches. This
area requires further research as it remains hrgetlear which specific budget
approach at which scale is needed for which purpd$es has wide ranging
consequences as the long term trajectory of nuttieance will be difficult to
predict until N budgets can be compiled with higpexcision (Neff et al., 2003).

6.4 Recommendations for further study

Using an inverse Gaussian plume model to derivg BHRs of poultry houses
proved to be a useful approach in a landscape utitt@mplex terrain. However, in
order to establish annual average EFs, measuremstenitd ideally be made through
all seasons and the entire laying hen productiahecylhere is a particular lack of
established EFs for free-range poultry.

There are alternative dispersion models which canuged to estimate NH
emissions by high-resolution downwind concentratioeasurements, e.g. the
process based models FIDES (Loubet et al., 200d)M@DDAAS (Loubet et al.,
2006) and the WindTrax model (Flesch et al., 200#)ere the Gaussian model is a
very simple approach aiming to be a rapid analytmal for assessing emissions, the
mentioned alternatives are more sophisticated, wiadvantages such as being
computionally slow or requiring a large numbers paframeters. Future studies
should compare the different approaches in diffiei@m settings.

In this study, the atmospheric transport model LARRs used to estimate
spatially varying NH concentrations and dry deposition fluxes across dtudy
landscape. The advantages of the LADD model incitgdsimplicity and the ability
to estimate ecosystem specific NHry deposition. However, LADD needed to be
calibrated against concentration measurementst agsiematically overestimated
NH3 concentration across the landscape by around B0¢%ther study is needed to

identify the causes of this overestimation.
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The spatial NH concentration measurement data and the farm ioxewnf this
study would provide useful datasets for comparimg NH; dispersion modelling
performance at the landscape scale of differenbspmeric transport models, such as
OPS (van Jaarsveld, 2004; van Pul et al., 2008AEBRMOD (Cimorelli et al.,
2005). AERMOD is a complex dispersion model usedhgyUS EPA, however it is
not particularly designed for NdHand requires user specified deposition parameters.
OPS is a simpler model used in the Netherlandsghew the single dry deposition
value applied to the entire model domain does nobant for spatially varying land
use at the landscape scale (Theobald et al., 2011).

This study has shown that DON contributes signifisato stream nitrogen
export in both semi-natural and agricultural catehts. However, the sources and
processes contributing to stream DON are not ydit established and need further
study, particularly in agricultural areas.

The N budgets calculated for the two catchmentbhetandscape scale indicate
various ways in which further study is needed. thirsthe estimated catchment
retentions of this study are different to Europeagional estimates of Billen et al.
(2011). Different budget approaches should be coetpan detail to identify
differences and to be able to recommend specifitgéuapproaches for different
scales and purposes. Secondly, to reduce the amtex$ of landscape scale N
budgetting, further studies are needed to devaldplde N emission factors. Thus,
measurements of A\Nemissions should be conducted for different laselsu Thirdly,
the role of annual variation within the estimatedodlgets of the two catchments
would need to be clarified by future studies. Hyndbng term investigations would
be required to identify the role of peat cuttingtire moorland catchment regarding
loss of DON and DOC.

This study provides a valuable dataset to the rese@ommunity and it will be
used for further work. For instance, the obtainathset will be used to verify the
NitroScape model (Duretz et al., 2011) being dgwetbas part of the NitroEurope
project (Sutton et al., 2007). NitroScape integrdieur types of models, a farm
(FASSET, Berntsen et al., 2003), ecosystem (CERES;Eabrielle et al., 2006),
atmospheric (OPS, van Jaarsveld, 2004) and a logical model (TNT, Beaujouan

et al., 2002), simulating N fluxes and transformiasi at the landscape scale. This
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modelling work will also involve scenario analyses identify effective mitigation

measures to reduce the environmental impact aigetr.
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7 Conclusions

This thesis demonstrates the usefulness of thestape scale concept in the
context of studying nitrogen processes affecting ¢nvironment. Nitrogen fluxes
between landscape components represent cruciatgses of the human impact on
the environment. Understanding the spatial vaiitgbdf nitrogen at the landscape
scale is key to be able to reduce this impact.

The combined approach of using detailed measuremdatm and field
inventories and atmospheric dispersion models wascessfully employed to
quantify nitrogen fluxes at the landscape scaley Kicertainties were identified
which currently limit our overall understanding tbe anthropogenic pressures upon
ecosystems via agricultural activity. The followibgief conclusions were drawn,
that all illustrate how land use and, particularfgrm management determine

landscape nitrogen fluxes:

a) Average national ammonia emission factors are rotays adequate for
accurately describing annual emissions from largestock houses. Emissions
and hence emission factors can vary considerabydss individual houses.
This study concluded that more specific emissiatoid need to be used taking
into account the specific husbandry and manure gemant system when
assessing the local environmental impact of largstock houses.

b) Local atmospheric dispersion modelling at fine scadsolution demonstrated
clearly the large spatial variability of ammoniancentrations and dry deposition
fluxes occurring at the landscape scale. Such a 8nale approach in a
heterogeneous landscape was demonstrated to b#i@sseorder to assess the
local environmental impact of ammonia emission pots, i.e. large livestock
houses, as national modelling does not captursghgal variability of ammonia

due to coarse scale emission input data.

c) The impact of ammonia emissions of large livestdukuses to sensitive

ecosystems can be significantly reduced by consigldocal meteorological
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d)

f)

9)

h)

conditions. In areas with prevailing wind directorthis impact is considerably
decreased when sensitive ecosystems are locataddipfsthe emission sources.
This provides a basis for the use of spatial plagno minimise environmental

impacts of atmospheric ammonia.

In landscapes containing large ammonia emissioncesuthese sources are the
major contributor to the overall reduced nitrogapasition. For the study area,
this contribution of local sources was estimatededwo thirds. This emphasises
the importance of assessing atmospheric ammorfedandscape scale in areas
with large emission sources to be able to quantiéy environmental impact of

nitrogen deposition.

Land use was observed to drive the large spatidhbility of streamwater
nitrogen at the landscape scale. Local agricultuaetivities significantly
determine nitrate in streamwater. It was conclutthed nitrogen in streamwater

can only be decreased by implementing local agticall mitigation measures.

This work concluded that the organic nitrogen fi@tis a significant component
of stream nitrogen export fluxes in both semi-natand agricultural catchments.
This emphasises the importance of budgeting streitnogen fully taking both
inorganic and organic fractions into account. Mee¥p the environmental
impact of dissolved organic nitrogen is not weltlarstood and it was concluded
that this should be an area of emphasis for fustrteies, particularly in

agricultural systems.

Catchment nitrogen input is primarily driven by iagitural land use, although
atmospheric deposition makes a significant contigioy particularly in semi-
natural catchments. The atmospheric depositionisgot/ed organic nitrogen

remains an outstanding unknown.

The concept of a nitrogen budget at the landscegle fas been demonstrated by

this work. The results indicate that the studiettlo@ments have limited capacity
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to store nitrogen within soils, vegetation and gmbuater. This important finding
contrasts with regional scale estimates. Due torerassociated with some
components of the nitrogen budget, it was not jpes$o determine whether the
catchments are in nitrogen balance, are losing animgg nitrogen. Future
research, particularly improving the understanadihgmission and fixation rates

of Np, would allow the budgets to be more accuratelgmieined.

This work of compiling landscape scale nitrogen dmid represents the
beginning of a better understanding of the anthgepec impact via agricultural
activities on European landscapes. Within the itn@pe project, the outcomes
of this study will be analysed in the context ofragen fluxes and budgets
quantified in landscapes across Europe, differimdhieir agricultural land use
and climate. This will allow a quantitative assessmof the anthropogenic

component of the nitrogen cycle within Europeard&apes.

165



Acknowledgements

To my supervisors Mark Sutton, Christine Brabanh Bees and John Moncrieff
for their support throughout this Ph.D. Thanksdaing me the opportunity to take
part in this research project. Mark, thank you gooviding scientific guidance and
showing me how to be a scientist with heart and. SChbristine, you pulled me
through the often drizzly and stormy times with yeacouraging words. Thanks for
all the time and effort you put into this projecthank you, Bob, for your
encouragement, your scientific overview and yolimcand composed advice during
difficult times. John, thank you for always providime your straightforward help
and advice when needed.

To Ulli Dragosits for her hard work and persongbmart throughout this Ph.D.
and to Stefan Reis for his support in making fugdavailable during and after my
maternity leave.

To my two examiners Albert Bleeker (Energy reseai€bntre of the
Netherlands) and Dave Reay (University of Edinbyifgn their valuable comments
on my thesis.

To various people contributing to this Ph.D. by itfud discussions, by
commenting on manuscripts and helping with datalyaisa Mark Theobald
(Technical University of Madrid), Eiko Nemitz (CEHArjan Hensen (Energy
research Centre of the Netherlands), Carole Hel@&H), Tom Misselbrook (North
Wyke Research), Patrick Durand (INRA) and Ute SKbgH).

To numerous people at CEH for helping me with labany analysis and field
work in the often rough Scottish climate: Netty vBik, lvan Simmons, Frank
Harvey, Robert Storeton-West, Juan Gonzéalez Benfs@an Tang, John Parker
(SAC), Kerry Dinsmore, Stuart Riddick, Kirstie DysoMarsailidh Twigg and
Andrew Clark. Thanks for technical assistance t@ohy Macdonald (Pranalytica,
Inc.), Alan Crossley and Kate Heal (University ahiiburgh).

To all the farmers in the study area for takingt parthe farm survey and the

permission to conduct research on their land.

166



A big thank-you, kiitos and Dankeschon to my frisrahd family. A special
thank-you to my parents, who established themsedgesy personal rescue team!
Thanks to the Edinburgh folks, who made life enfdgaunder the grey skies: Sanna,
Joyce, Stephanie, James and Emily. Thanks to mgsblahd best friends: Simone,
Nadine, Johannes, Saskia, Alice and my brother INg&oAnd of course a huge
thank-you to Vesa, who has had to be the mostmigbierson in sticking with me
through this very bumpy roller coaster ride: Thatwki for always believing in me

and being such a good isa to little EImo!

167



Declaration

| hereby certify that the research contained witthiis thesis is my own work, and

that it has not been submitted for any other degoegrofessional qualifications.

Esther Vogt

168



	PhD coversheet April 2012
	PhD_EVogt_2012

