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ABSTRACT

In upland areas of the UK located away from direct human disturiaraggh agriculture,
industrial activities and urban pollution, atmospheric pollution pose®btie major threats
to the chemical and biological quality of lakes and streams.oDtie most important groups
of pollutants is nitrogen (N) compounds, including oxidised forms adiiéad NQ, generated
mainly by fossil fuel combustion especially in motor vehiclas] aeduced forms of N
(ammonia gas or dissolved ammonium compounds) generated mainlyafyooultural
activities and livestock. These nitrogen compounds may dissolan or soilwater to form
acids, or may be taken up as nutrients by plants and saiblmeie in upland catchments, and
then subsequently released in acid form associated with rigeathing at a later date. It is
well established that nitrate leaching contributes to iff@ation of upland waters, with
damage to aquatic ecosystems including plants, invertebratedish. However it has
recently been suggested that nitrate leaching may also d@aded with nutrient enrichment
of upland waters that contain biological communities adapted to very lowmugvels.

Issues of acidification, nutrient enrichment and biological otsiton nitrate leaching are
therefore intrinsically linked and need to be understood in ordertésniiee current and
future impacts of N deposition on water quality and ecologiedlstof upland waters. The

Freshwater Umbrella programme was specifically designethdkle these scientifically

challenging problems, with key objectives and methods to:

1. assess the importance of inorganic forms of N (i.e. nimateammonium) as nutrients in
upland lakes through a combination of literature review, laldnmsmt studies and
experimental work;

2. improve understanding of nitrate leaching pathways and controls csimglementary
isotopic tracer and dual isotope approaches. The first approach alloarepbdunds to be
marked and then tracked through the environment, while the second utseslyna
occurring isotopic differences between atmospherically depositede that is leached
unchanged from catchments and nitrate produced from ammonium by the iahicrob
process of nitrification in sails;

3. develop models for predicting which nutrient (N or phosphorus) isnidger control of
biological productivity in upland waters from catchment chareatiesi and other
nationally available datasets, including studies of catchswl® and mosses as possible
controlling factors;

4. assess the impacts of climate change on effects of atmmspodiutants in upland
catchments through literature review and experimental work; and

5. review and develop models linking deposition loads to ecologidakctef (with a
guantified biologically relevant threshold or “critical loaddy acidity in UK freshwaters
and review the case for application of nutrient N critical loads.

Results from this contract have provided substantial evideoiceadverse effects of N
deposition on sensitive water bodies of the UK. Previous work undERBEontracts has
already demonstrated the major importance of sulphur depositionsingaacidification but
with the implementation of emission reduction measures in theattKEurope the role of
sulphur is decliningAll sites still impacted by acidification are at leasttlyaaffected by N

and more than half would exceed critical loads on the basis ofpNstien alone, even
following implementation of the EU National Emissions Ceilingreiive in 2010.

Reductions in emissions targets for total N would be requicegrevent critical load
exceedance in the majority of sensitive freshwaters.

The role of N deposition in causing changes to lake nutrieé£yand productivity has been
demonstrated through a review of the recent literature and thidivggt measurement of
phytoplankton (microscopic, free-floating aquatic algae) respawsesitrient additions in
laboratory studies. Growth and productivity are limited alnagstrequently by N availability



as by P in upland lakes but joint- or co-limitation of growthblbgh N and P together is the

most common status. Independent evidence for historical changdeinutrient inputs and

productivity has been found through studies of N stable isotop&kénsediments. This

approach may allow the role of anthropogenic N sources in laké® tevaluated. The

potential impacts of N deposition in increasing lake productiaity highly relevant to N

emissions policy with respect to several international directives

1. nutrient-poor lakes in the UK uplands designated under the EUdtiabirective may be
particularly sensitive to the effects of N deposition, with jbss changes to
phytoplankton species and productivity and changes to macrophyte flora;

2. these changes may be considered a deviation from the goodiegbkigtus required
under the EU Water Framework Directive; and

3. there is a strong case for calculating nutrient N criticatls to feed into the integrated
assessment modelling work under the UN-ECE Convention on Long-Range
Transboundary Air Pollution, including the Gothenburg Protocol.

Confirmation that N deposition may lead to both acidification aaottient enrichment
highlights the increasing need to understand the processes thanidetevhether N
deposition causes enhanced nitrate leaching over the short- or termgeResults from this
project using novel techniques in the UK have for the fiims¢ allowed the major controls on
nitrate leaching to be separated and quantified at specifis. ditgdrological tracer
experiments have proven that rapid flowpaths exist that can tramsposition through soils
into surface waters in minutes to hours, but a large proportiontratenis still retained in
soils. The nitrate dual isotope approach has further demoisthatieonly 20-30% of leached
nitrate is rapidly transported from N@eposition; the remainder is generated within soils by
microbial processes. Hence a fraction of leached nitrateregppond rapidly to changes in
NO, deposition. However, a larger proportion of leached nitratengmted in soils from N
pools that may consist of accumulated ,Nid reduced N deposition. Therefore a large
proportion of nitrate leaching may respond very slowly to changedl ideposition.
Understanding the balance of these nitrate sources is esgenfmkdicting timescales of
response to changes in N deposition and for calculating targist toaachieve given water
guality targets within a specified timescale. This prognanihas shown that nitrate leaching
models will also need to incorporate catchment scale attrilsuteds as the carbon:nitrogen
ratio of soil organic matter and moss biomass which explainopdine variation in leaching
relative to N deposition.

Literature reviews suggest that climate change will reaveajor effect on both nitrate and
dissolved organic carbon (DOC) leaching. Higher temperaturétead to higher production
of both although the net balance between production and retentiordes ba predict and
they may be leached under different conditions. Increasediisiess and more frequent
droughts will probably lead to lower leaching throughout the summerabuincreased
susceptibility to episodic leaching events year round as DOC #&agieninay accumulate in
soils during dry weather to be flushed out during rainstorms. Fatenthese flushing events
may be associated with short-term harmful increases in sudieter acidity. Future
deposition levels of trace metals and persistent organic gottuare unknown and therefore
possible effects of climate change are very hard to predigchéfmore there are strong links
between the leaching and toxicity of trace metals and chemécibles like acidity and
DOC which are also predicted to change in response to clemateleposition. While these
interactions make it very difficult to model or predict fetwhanges in concentrations and
impacts of these pollutants they do demonstrate the intrinsichigtkgeen climate change, air
quality and water quality impacts and policies.

The nature of these studies means that only a limited numbie®have been assessed and
there are too few to scale up more widely to the national.leMtémpts to scale up
catchment models of N limitation were largely unsuccessfullypdue to the over-simplistic
view that N limitation best defines sites most likely toitnpacted by N deposition. In fact it



became apparent during this programme that one of the indiasftdh® most severe N
impacts could be the inducement of P limitation because of @ éxapss nitrate availability.
Hence the classification of changed or impacted nutrient status neexisibénition.

Priorities for future work should therefore include the following:

1.
2.

3.

further work to define "harmful effects" for nutrient N critical load mege

expansion of the nutrient growth limitation and sediment isotopek Wwo characterise
more upland catchments in terms of the nutrient N impacts they havéeexper
investigation of the key determinants of N isotopic sigmstun lake sediments, i.e.
simple magnitude of input fluxes versus processes within tleethet cause changes in
the isotopes stored in sedimenting organic matter;

development of catchment attribute models to upscale nutrient Nctirojgsses across
upland water bodies in the UK, including collation of new datasetslaacec definition
of impacted sites;

upscaling of the nitrate dual isotope approach to charactexishneents vulnerable to
rapid impacts from hydrological nitrate leaching and those mbresk over the longer
term from N saturation and microbial nitrate leaching; and

identification of site characteristics other than soil Gdtio and moss biomass that
regulate nitrate leaching and therefore dictate vulneraliditthe adverse effects of N
deposition.



EXECUTIVE SUMMARY

Background

In upland areas of the UK, most lakes and streams are dgnecated above centres
of urban development and intensive agriculture and are therefovelnetable to the

major direct sources of pollution such as urban runoff, sewage orizéartil
applications. Instead, the main threats to the quality of uplankwiedsrs are long-

range air pollution and climate change.

In the 1980s the importance of sulphur (S) deposition originating maanty fossil
fuel combustion was recognised, being associated with acidificatf soils and
surface waters and severe biological impacts in terrestndl aquatic ecosystems.
The problem was mainly restricted to upland areas of slowheeag bedrock such
as granite which offered little buffering capacity to prevaeitification. Throughout
the 1980s and 1990s, critical load models were developed to link the loatt of a
deposition with chemical changes in soils and waters leading ®&rsedbiological
effects in specified elements of ecosystems. In surfacasividte steady-state water
chemistry model was initially used to determine the critloald of S deposition
which would depress acid neutralizing capacity (ANC) to a levieich harmed
brown trout populations.

By the 1990s, critical load models were being further developedcmuat for the
effects of nitrogen (N) deposition. It was recognised that aeddfsrms of N (NG)
reacted with rainfall and soilwater to form nitric acid, whaduld be leached into
surface waters with a resultant increase in nitrate contensaand a decrease in
ANC. Furthermore, even reduced forms of N (ammonia and ammonium) could be
converted to nitrate in soils to further exacerbate acidifinatf the nitrate was
subsequently leached into surface waters. Whereas critical loddlsnfor S were
very simple due to the mobile nature of S in catchments (i.euiti e assumed that
all deposited S would be leached as sulphuric acid - demonstratedregsing
sulphate concentrations), critical loads for N presented aegne@blem. Nitrogen is
a key nutrient in terrestrial and aquatic ecosystems and thedposited forms of N
enter biological nutrient cycles through plant and microbial uptakel a
immobilisation processes. Therefore N is much less mobile treamdSt cannot be
assumed that all deposited N will be leached into surface svditefact only a small
proportion of deposited N is generally leached, with most being rdtair@ants and
soil organic matter over the longer term. The key to understahdwgN deposition
impacts on aquatic ecosystems is therefore understanding the patiwdagontrols
for nitrate leaching, i.e. which factors determine whether degubsitis retained in
the terrestrial catchment or leached into surface waters.

In addition to the acidifying impacts of N, a further compliogtifactor is the
behaviour of N as a nutrient. In terrestrial ecosystems, thetimteof deposited N
clearly implies that N must be accumulating in an N-limeedsystem. The presence
of elevated nitrate concentrations in surface waters also dematessthat availability
of nutrient N in inorganic forms for aquatic ecosystems hasased. Until relatively



recently, the issue of nutrient N in upland waters was though to Inepariant
because it had been widely assumed since the 1970s that upland ecpsgiems
tended to be generally phosphorus limited, i.e. the additional nitrate had |ette @if
biological nutrient cycles or productivity. This assumption stemmaeagklia from
whole-lake manipulation experiments in North America which showatlatidition

of phosphorus to lakes generally had a much greater impact tharomadufi N
compounds. However, recent work under this programme and elsewhere has
demonstrated that N limitation is much more widespread in upland Idless
previously assumed, suggesting that leached nitrate must alsdide®l \#s a nutrient

in these ecosystems.

Issues of acidification, nutrient enrichment and biological contmolgitrate leaching
are therefore intrinsically linked and need to be understood in orderte¢omilee
current and future impacts of N deposition on water quality and ecalogfiatus of
upland waters. The Freshwater Umbrella programme was spadlgifdesigned to
tackle these scientifically challenging problems. The key tibgz may be
summarised as:

1. continue to review and develop critical load models for acidity (StN
freshwaters (WP1);

2. assess the importance of inorganic N as a nutrient in uplandtlfakegh a
combination of literature review, palaeolimnological investigatiomd a
experimental work (WP2);

3. develop models for predicting nutrient limitation status of upland re/ditem

catchment characteristics and other nationally available datase®y;(WP

review the case for application of nutrient N critical loads in the UK (WP2);

improve understanding of nitrate leaching pathways and controls using
complementary isotopic tracer and dual isotope approaches (WP3);

6. assess the importance of organic soil C:N ratios and bryojigteass as
controls on nitrate leaching (WP3); and

7. assess the impacts of climate change on effects of atmasplbéutants in
upland catchments through literature review and experimental work (WP4).

ok

The results of the individual work packages addressing thegesisge described
below. They are also described in detail in the attached Annex 1 atie qmoject
websitewww.freshwaters.orgvhich was developed under the current programme. In
the past 12 months, the website has had over 70000 hits (200+ per desrage),
serving up almost 35000 pages. It is returned in the top 10 or 15 Google mesats

for terms such as "freshwaters"”, "acidity in freshwater" and "aitestching”.

Work Package 1: Critical loads for acidity

Ongoing work on the development and application of critical loadadidity models
continues to demonstrate the crucial importance of N deposition in npirgye
recovery from acidification. In the current freshwaters dabargssion to CCE which
forms the UK contribution under the UN-ECE Convention on Long Range
Transboundary Air Pollution (CLRTAP), 38% of the 1722 water bodies in tiaseata
exceeded critical loads for 1999-2001 mean deposition levels. Re-anafydie
dataset under this contract showed that at more than half of edcatake (56%), N



deposition alone was sufficient to cause critical load exceedahde, it contributed
to exceedance at all sites. N deposition continues to play a naégom ongoing
critical load exceedance by 2010 following implementation of the NEtional
Emissions Ceiling Directive. Over 30% of all mapping sites sdteed acidity
critical loads in 2010 and N deposition alone is sufficiently highatese exceedance
at an increasing proportion (58%) of them. While reductions in sulphur tieposi
continue to allow improvement in acidity status of lakes and streantise UK
uplands, prevention of critical load exceedance cannot be achievedogirsites
without corresponding reductions in total N deposition.

Summary

Critical load models for acidity and new deposition datasets continiliestrate the
importance of N deposition in contributing to critical load exlegxe, with N
deposition alone being high enough to cause acidification at more thfaofha
exceeded sites even after implementation of the EU NECD. Pi@veticritical load
exceedance cannot therefore be achieved by reductions in S deposition alone for many
upland sites in the UK.

Work package 2: Nitrogen as a nutrient

Review of the recent literature (Task 2.1) has demonstratechthptevailing idea of
almost universal P-limitation in lakes is a misconception andanidtion is almost as
frequent as P-limitation in UK upland lakes, with co-limitationNbyand P being the
most common state. Recent studies in Europe and North America @mgploy
bioassays and palaeolimnological techniques have demonstrated not danl- tha
limitation is widespread in semi-natural catchments, but aldcettem lakes currently
P-limited may have been modified from a natural N-limitetesty anthropogenic N
deposition. Even remote, oligotrophic lakes in alpine and Arctic reqao@svery
sensitive to the effects of N deposition since they are adapted to dytlewaatural

N availability. Changes recorded in the sediment cores frone tlakes have been
attributed to N deposition levels of less than 5 kgN k&' which are lower than
occur anywhere in the UK. The most commonly recorded effectismage in algal
communities towards more mesotrophic, planktonic assemblages edteigoverall
primary production.

The issue of N limitation in lakes and the impact of N depositsonow so well
recognised that it was the subject of the editorial in the ERY5 issue of the
respected journal Limnology and Oceanography, accompanying a pdpeh
demonstrated the enriching effects of N deposition on hundreds of Swedish lakes.

Studies on the subject in the UK have been confounded by two issues;atyisy of
sensitive lakes in undisturbed catchments without agricultural or ditfeet inputs of

N that have not been impacted by acidification over a simitagdtale to the growth
of anthropogenic N deposition, and 2) cyclical and monotonic trends in miutrie
cycling and concentrations in surface waters attributed to ttirefects and global
change. In more remote regions such as the Arctic, the relaipartance of climatic
warming and anthropogenic N deposition as drivers of chemical avldgesal
change throughout the industrial period of the last 150 yeardl iseshg debated in



the literature, but there is a consensus that both factors hawvendewritically
important since at least the mid-twentieth century.

Under this work programme, three complementary approaches adeggted to
determine the importance of nutrient N deposition to sensitive upland lakes:
1. Task 2.2 - empirical modelling using existing and new nutrientdinon and
catchment-scale datasets;
2. Tasks 2.3.1 & 2.3.3. - palaeolimnological and contemporary studies of lake
sediments as indicators of N deposition and biological response; and
3. Task 2.3.2 - bioassays of selected sites identified in modellimg wader
Task 2.2 to extend gradients of N-, P- and co-limitation in lakesestdhe
model.

The results from these studies were then used to review tbefaraapplication of
nutrient N critical loads to UK surface waters.

The 13 new sites bioassayed for phytoplankton response to N and PRoredditi
revealed a similar pattern to previous work under the NERC GANg@mme, with
P-limitation found in 33% of the cases, N-limitation in 18% of casekco-limitation
being most frequent, found in 49% of cases. This new work expanded tlirgexis
data for the UK to 43 bioassayed lakes using the same methagenSsites showed
N- or co-limitation, 16 sites showed P- or co-limitation, threessitaried from N- to
P-limitation and eight sites were always co-limited. Theeefdentical proportions of
sites (37% each) were seasonally N- or P- limited withro@dtion at other times of
year. Only three of the 43 sites showed P-limitation in each laigasgluding the
highly N saturated Scoat Tarn in the Lake District. Hencéitbessay studies support
the evidence from the literature that N limitation is wideagran UK upland lakes
and that even P-limited sites may once have been N-limitedrdutoav so modified
by anthropogenic N deposition their nutrient status has changed.

Nitrogen isotopes in lake sediments provide an independent strand afcevide the
effects of N deposition. Declining values of bulk sedimémi over the last 50-150
years have been attributed to increasing inputs of isotopicallytdémeathropogenic
N deposition in various studies from North America and the Ardiid, actual
measurements of deposition at the same lake sites have not beehepublike
isotopic signal in lake sediments is relevant for two reasonsfifBh@eason is that
increasing inputs of N deposition reflected by these patteuss nave led to changes
in nutrient cycling within terrestrial and aquatic ecosystefrlake catchments which
resulted in the incorporation of this isotopically light N in theamig matter that
makes up a large proportion of lake sediments. Some of this orgattier i3 made
up of aquatic organisms such as diatoms that will have utilise@dkisional source
of N. While the pathways for incorporation of deposited N into sd@iments are
still unproven, it is reasonable to assume that increased Mgyl has resulted in
changes to lake ecosystems that may go beyond the simplesexi@aplanktonic
production which have been demonstrated by the bioassay work aartiedder this
programme. The second reason that patterns in lake sedifisrare of interest is
that they may provide a historical proxy record of N deposition wivebld be of
great value for modelling and understanding changes in catchmeenhpwols and
leaching. Better understanding of these changes will resuthpnovements in the
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dynamic models that are widely used for assessing the impéadigure policy
options for N emission controls.

The results of sediment core analysis f&iN under this programme have shown
widespread and marked biogeochemical changes in the all thedssitie, with
increased deposition of anthropogenic N from the atmosphere the mostékske of
decreasing N in recent decades at ten of the 12 sites studied. Unlike published
studies from North America, this work programme included actual une@aents of

the isotopic composition of NOin bulk precipitation so it was not necessary to
speculate that deposited N may be depletédNrin the UK. The mean™N value of

NOs in bulk deposition from four sites was substantially lower tharvahee in pre-
industrial lake sediments. At two co-locates sites, Lochnagar Sowht Tarn,
historically increasing inputs ofN depleted NQ deposition could therefore be a
possible driver of declining lake sedimefiN, but the evidence is circumstantial and
the N of reduced N deposition was not measured. The available data cannot
therefore point conclusively to increased deposition of N asdleecause of these
changes in*N.

The analysis of lake surface sedimelN and modelled deposition data for both,NO

and reduced N species (NWHas provided encouraging results, with weak but highly

significant relationships between all N species and sedim@nNt While there is

much scatter in the relationships the study does support the hypdtiegssediment
>N may provide a proxy for total N deposition. Measurementsdf in ammonium

in bulk deposition would be highly useful for advancing this work.

Attempts to improve on existing predictive models of N limitatismg the new data
collected here met with limited success. A re-analysis of an originBlECdataset for
predicting N or P limitation using catchment attributes entailes inclusion of
updated land cover (LCM2000) datasets and restructuring of the masestriot the
range of predicted outputs to the probability range 0-1 for N loniRation, thereby
improving the statistical rigour of the model. However, prediciperformance
deteriorated as a result and only the percentage cover of coniferesisemerged as
a significant predictor of nutrient limitation status. The new rhe@es not improved
by the addition of 13 new data points from this programme to the dr@g@&ANE
sites to provide the 43 bioassayed sites described above. lonesded that there
are still too few characterised catchments for this typengdirical modelling and a
wider dataset is required to improve models. However it isngakéo pursue this
modelling approach through data collection to allow the upscaling tination
work and ascertain the spatial extent of the nutrient N problemeirtUK uplands.
The use of better data, more sophisticated modelling techniques anigramediate
stage of predicting N© leaching could provide the best methods for creating an
upscalable predictive model.

The work under this programme on the effects of deposited N as annuimi
sensitive upland waters has strengthened the case for appl@iatiotrient N critical
loads to freshwaters in the UK. Despite uncertainties attatthelde definition of
"harmful effects" for deriving critical loads of nutrient Npasition in the UK, there
are several reasons to conclude that nutrient N critical loads dsl@ulfurther
developed in this country:
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1) the softwater lake ecosystem for which nutrient N critibahds are
recommended in the CCE Mapping Manual is not only widespread inkhe U
uplands, but it is a designated habitat under EU legislation (HabDiactive)
for SACs and Natura 2000 sites (SAC type 3130);

2) most softwater lakes in Wales and England and many in Scotlagidedatal
N deposition loads above the CCE recommended upper threshold of 10 kgN
ha® yr' and in some important conservation and amenity regions where these
lakes are numerous, such as the Lake District and Snowdonia Nétemkal
N deposition loads are among the highest in the country;

3) there is a paucity of empirical data for the UK linking N defasito adverse
ecological effects beyond acidification, but;

4) work under the current Freshwater Umbrella programme has builegiops
GANE studies to demonstrate that N limitation of phytoplankton prasiucdi
common so N deposition must be leading to increased production in some
lakes, with inevitable effects across aquatic food webs whichimpgct on
biodiversity in these highly adapted and relatively species-poor systems;

5) palaeolimnological analysis of lake sediments cores under thenturr
programme have found changes in sedim&iN consistent with N deposition
enrichment at 10 out of 12 sites, including the important SAC Wast Water,

6) the definition of good ecological status required under the Waterekrark
Directive needs clarification in this regard, but N enrichmen¢aafsystems
adapted to low N availability is likely to result in a deviatfoom this status;
and

7) water bodies other than softwater upland lakes may be impacted by
atmospheric N deposition and the relative importance of atmosphermesou
of N may be grossly underestimated in UK approaches to implatranbf
the EU Water Framework Directive in streams, rivers and lowland lakes.

Summary

i) Literature review has found that nutrient impacts of N demosiire widely
reported in remote mountain and Arctic lakes even at very lepogition levels,
while the reported incidence of N limitation is widespread in INéherica, Sweden
and the UK.

i) Bioassay work has expanded existing datasets for the UK andnd¢rated that in
upland lakes, N limitation of phytoplankton growth is almost as commoR as
limitation. Furthermore, very high nitrate concentrations in sémkmited lakes
suggests that N deposition and related nitrate leaching may aasedca shift from
natural N limitation to P limitation.

iii) Analysis of stable N isotopes in lake sediment cores masvis widespread
incidence of declining >N throughout the industrial period that is consistent with
increasing inputs of isotopically light N deposition from anthropogenic sourbeseT
patterns indicate that N deposition affects sediment organi@math suggesting
that deposited N is biologically utilised in lakes and that sedimf@itmay provide a
historical surrogate for total N deposition.

iv) The relationship between lake sedimefiN and N deposition has been confirmed
by spatial analysis of surface sediments and N deposition load.

v) Modelling N limitation from catchment attributes remains profagc, probably
because of the small number of modelling sites and the importari¢edeposition
history (high N deposition sites may still be N limited or may have becomated).
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However, development of catchment models remains a priority for lugsdd
limitation work to the national level.

vi) There is a strong case for application of nutrient N aaitioads for softwater
lakes in the UK given the importance of these habitats under theH&bitats
Directive and Water Framework Directive, but the default valueriapirical critical
loads (5-10 kgN hayr?) would result in exceedance across most of the UK. Further
work to better define harmful effects associated with aflitioad exceedance is
required.

Work package 3: Nitrate leaching

The requirement for understanding catchment controls og N@ching has been
strikingly demonstrated by the first two Work Packages of thisranage, which
show that N deposition makes a major contribution to both acidificatidnnutrient
enrichment of upland waters across most of the UK. Two complemeayprgaches
were adopted here for improving catchment specific assessmeNi®;oteaching
pathways and controls. The first employed hydrological trawedirectly measure
retention and losses of N additions to an acid grassland hillslope #&fon Gwy,
while the second employed the B@ual isotope approach to determine the balance
between microbially produced NOin catchment soils and the proportion of
atmospherically deposited NQhat leaches unchanged into surface waters.

An understanding of the processes controlling N retention versuacNiig in soils
is vital in order to correctly predict how N deposition will impact aquatic and
terrestrial ecosystems in the future, and what levels of emission cargna@quired to
protect them. The different possible mechanisms to explain clesexis of NQ' in
surface waters have very different future consequences: ifhydsological' NQ’,
this indicates that the terrestrial ecosystems are nd\l watturated, and may be able
to continue assimilating large amounts of deposited N into the fut@eo suggests
that reductions in N deposition should translate directly into remhsctin surface
water NQ concentrations. Effectively, this is a 'best case' saenHyion the other
hand, the N@ we currently observe in surface waters is 'saturation’hdh this
indicates that terrestrial ecosystems are already iagat, are likely to leach an
increasing amount of NQin future, and that reductions in N deposition may have
only limited benefits for surface waters. This is the 'waeste' scenario for NO
leaching controls. Constraining future model predictions within thesenee cases
will greatly reduce uncertainty in model predictions.

Under Task 3.1 &N isotope experiment was undertaken on a podzolic hillslope at
Plynlimon, a component of the upland landscape typically responsibleutdr of the
NOj3 leaching to surface waters. The experiment was designedt whether NQ
leaching occurred because the soil and vegetation were alreadyngdeigeposition

in excess of biological demand (i.e. ‘N saturated'), or becausputs during rain
events simply overwhelmed soil assimilation capacity or bygb®e soil completely

via 'macropores' such as soil cracks (so called 'hydrologi€al).Nadditions of*°N-
labelled N@ and a conservative bromide (Br) tracer were applied during ateall
rain to 12 replicate plots, and Br amNOs” measured in lateral throughflow out of
the soil. Results showed very rapid transport of Br tracer, suiggettat water
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infiltrates rapidly through soil cracks, and hence that a mechaexssts for fast
transit of hydrological N@ through the soil to the stream.

However, despite this rapid water transfer, 80% of'th&s in this water was on
average retained as it passed through the vegetation and soilsug@gésts that soil
microbes, perhaps located on the surfaces of soil cracks, arg fficient at
assimilating incoming N in infiltrating water. In support of thealdisotope work
(Task 3.2), this study suggests that some hydrological td&hsportdoesoccur, but
that it can only account for a small part of observed streag NOst of which must
therefore result from terrestrial N saturation. Within theshiffe, N retention was
found to be highly heterogeneous, with locally N enriched areaseticied more of
the added N@. Conceptually, this suggests that N saturation develops within the
landscape through the formation and expansion of nutrient rich ‘hotspo&xafaple
where soils are thinner or where water flowpaths converge andntateenutrients.
These hotspots are likely to be responsible for much of the observgdebiching to
surface waters, and may also be most susceptible to eutrophicesiponses in
terrestrial vegetation.

The dual isotope study (Tasks 3.2-3.3) at four Acid Waters Monitorimgd¥le sites
(Afon Gwy, Scoat Tarn, River Etherow and Lochnagar) demonstia¢eovier-riding
importance of rapid uptake and microbial processing of deposited inofgan the
terrestrial part of catchments, with microbially producedsN©ntributing 68-100%
of leached N@ on a seasonal basis and 79-97% on an annual mean basis. These
results are consistent with the tracer experiment work daaig at the Afon Gwy
under Task 3.1. Differences between sites probably refleereiiites in hydrology,
with more direct leaching of atmospheric nitrate in catchmeitkssparser, shallower
soils and steeper slopes. Seasonal differences in the proportion @biallg
produced nitrate are due to much higher microbial activity and loveergitation to
flush atmospheric nitrate directly into surface waters in sumooenpared with the
winter months. The greatest proportion of hydrologicakN®@curs during the period
of higher flows in late winter and spring.

Microbially produced N@ may be considered to reflect saturation ;N®hereby

total N deposition reduces C:N ratios and increases N avapatoilitmineralization

and nitrification. Hence N deposition is already overwhelming bicédglemand and
leading to N saturation in terrestrial ecosystems. This méaais for a large
proportion of NQ' leaching, soil processes are mediating catchment responses to N
deposition so that emissions reductions may not result in rapid m@uudh the
production of microbial N@. Anthropogenic N that has already accumulated in
catchment soils may cause a time lag in responses to chaNgidgposition.
Furthermore, the deposition source of biologically cycled N mayitbereNQ, or
reduced N compounds.

However, a proportion of leached MNOis hydrological, i.e. rapidly leached,
unchanged, from wet deposition, reaching 21% of total leaching at Lochiaga
seasonal basis this proportion increases to almost a third at lgactarad a quarter in
a Scoat Tarn inflow stream. This proportion of N@ay be attributed directly to NO
deposition, so that emissions reductions should lead to an immediatasesp this
component of leached NO Given that both concentrations and fluxes of;N&de
greatest at the time when the direct atmospheric contribigigreatest in late winter
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and spring, N@ emissions reductions would be particularly beneficial in reducing
peak values of both during the period of greatest potential impactqoatia
ecosystems.

This work has demonstrated that for individual catchments it isipesssing the
dual isotope approach to apportion N@aching to microbial sources that may
respond very slowly to changes in N deposition and hydrological sotiraesvill
respond very rapidly to changes in input. This finding is of major itapoe for
dynamic modelling of future catchment responses to changesl@pbsition. Models
using catchment C pools and soil C:N ratios are required for daegrpart of N@
leaching responses but the remainder should respond proportionately geschan
NOy deposition. Expansion of this approach to other sites would facilitatalinzs
and modelling at a national scale in the UK.

The potential importance of soil C:N ratios and bryophyte biortidsstified under
previous DEFRA studies) as catchment-scale controls o IB&hing was assessed
by a programme of random sampling at 16 unforested Acid Waterstdviogi
Network sites. There is only a weak relationship between long-teean NQ
concentration or proportion of N deposition leached and bryophyte biomass,tbut up
33% of variation in the proportion of N deposition leached is explafmad outlying

site is excluded. For soil C:N ratio there is little relaghip with NQ leaching
unless a number of sites with severe peat erosion are excluded,Galleratio
explains 56% of the variation in proportion of N deposition leached.

This work confirms that both C:N ratio and moss biomass are impddetors in
regulating N@ leaching. The weakness of these relationships does however indicate
that other factors are important, probably related to land coverndabhwegetation

type and slope etc. Hence further multivariate statistinalyaes are required to
determine the relative importance of these controls on the wtestid leaching of
deposited N. The identification of outliers (e.g. with soil erossoriowland, low
rainfall sites) also requires more rigorous statisticalnitedn before the strength and
significance of these relationships may be properly quantified.

Summary

i) The hydrological tracer experiment at the Afon Gwy dertrates that very rapid
transport of solutes through catchment soils may occur over sctheeof minutes to
hours. However, a large proportion of nitrate is still retained eviém such rapid
drainage.

i) The importance of N retention and subsequent regeneration ratenthrough
mineralisation-nitrification is corroborated by the dual isotoppegrments. These
studies show that a maximum of 20-30% of leached nitrate is "logical”
(untransformed nitrate from NOwhich is rapidly transported); the remainder is
generated microbially and hence subject to longer-term biologasdlols linked to
processes of N saturation. The microbial fraction of leached enitredy have
originated as NQ or reduced N deposition. There is a seasonal variation in the
proportion of hydrological nitrate with a maximum in the spring wt@mcentrations
and fluxes are greatest. Hence reductions i, N€position should be reflected in
rapid reductions in spring peaks in nitrate. However, most leachedenitas been
generated microbially from ecosystem N pools so a large pgropaf leached nitrate
may respond very slowly to changes in N deposition. Characterisaticatchment
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attributes linked to hydrological nitrate will allow the iderd#tion of catchments
which will respond most rapidly to changes in Ni&position.

iii) The random sampling of bryophyte biomass and soil C:N ratio at AWMN sites has
shown that both are contributory factors to controls on nitrate legadhit a large
proportion of variations between N deposition and leaching is due to ottersfa
Identification of these other determinants of nitrate leachéng key priority for
future catchment modelling work.

Work package 4: Influence of climate change on the impacts of atspheric
deposition in upland freshwaters

The main climatic changes predicted under the UKIBcenario for the UK may be
summarised as:

1) increasing temperatures, which will be most prowednin southern England
and smallest in Northern Ireland and north-west|Scd;

2) small decreases in annual mean precipitation wiittbe greatest in southern
England but still only a few per cent overall;

3) major changes in the seasonal distribution of pretion with worst-case
predictions of more than 50% reductions during semfar southern England
and 30-50% for the rest of the UK, and increased nfost 10-25% in winter;

4) increasing incidence of extreme precipitation eveartd drought but reduced
snowfall as a result of the above changes.

The implications of these changes for upland watershe UK are complex and
sometimes unpredictable but were assessed undeprtbgramme through reviews of
the existing literature.

Three major issues linking upland water quality and climate chesege explored
separately in a series of literature reviews;

1. controls on nitrate leaching and associated problems of acidificaind
eutrophication;

2. trends in dissolved organic carbon (DOC) affecting water colouoveeyg
from acidification and biogeochemical cycles linked to both nitrogemtiss
and organic pollutants; and

3. fluxes and toxicity of heavy metals and persistent organic pollutants (POPSs)

Nitrate leaching

On a seasonal basis there is usually an inverse comdbetioveen temperature and NO
leaching but the relationship between annual mesapeératures and fluxes of N species
is less well understood, with few clear predictiomserms of N@ leaching. There is a
general consensus that higher temperatures leadjter rates of mineralization and
nitrification in soils but there is usually a capending increase in vegetation
production and N immobilization and the balanceween NQ production and
retention will be very specific to local vegetatiosoils, N deposition and climatic
conditions. Hence there is no clear predictionha het overall effect of increasing
annual temperatures on B@aching in the UK or elsewhere.
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The great majority of studies in upland systemsehtound that N@ fluxes, and
sometimes concentrations, tend to increase witthdige. Hence a reduction in annual
mean runoff due to lower precipitation could ors thasis result in lower annual leaching
fluxes of NQ'. However, this relationship is not constant thiomg the year because
NOs; concentrations and fluxes tend to be greatest glutire dormant season
(autumn/winter) and smallest during the summer, and thioreship between discharge
and NQ' yield is steepest in winter when there is les$obioal demand. Furthermore,
predicted changes in precipitation are in oppadditections for winter and summer so
the seasonal responses will be very different.

In all but the most N impacted catchments of the UMands, summertime NO
concentrations tend to be very low or undetectabiéh reduced rainfall and prolonged
droughts it is likely that summer NOeaching will remain low but production and
storage in soils may increase so that the scopevent-based N pulses is much
greater. If droughts are very severe then vegetatiamage could result in large
increases in N® leaching through the following dormant season eifigcts may last
several years. The effects of summertime stormé sscthose causing the recent
flooding across much of Great Britain are unknowst there may be scope for
summertime leaching pulses of Bl@ vegetation uptake is reduced by drought damage.

Given that maximum N@ leaching fluxes and concentrations already occumguri
winter and early spring and that discharge-yieldtienships are steepest at this time of
year, the predicted increases in winter precipitatfmhsdorms is likely to result in larger
seasonal fluxes of NO This effect may be compounded by summer drought a
vegetation damage which will allow inorganic N tocamulate in soils for longer
periods prior to flushing during rainfall events.lakes and especially streams, episodic
inputs of NQ' leading to acid pulses may increase in frequendynaagnitude.

An unexpected consequence of reduced snowcovebmay increase in soil freezing
events despite the higher temperatures, as derattstn snow removal experiments in
North America. While extremely cold events will bete less frequent, thereby
reducing the serious damage to fine roots andrdhgghes of inorganic N associated
with severe freeze-thaw action, an increased frequef mild freezing events may
occur. The net effect on NOeaching associated with freeze-thaw action isefoee
difficult to predict.

Concentrations of NOin UK upland waters start to increase in the aat@nd reach
peak values in early spring, usually February ordidan streams and a month or two
later in lakes due to their residence time. Thessk$ are associated with increasing
microbial generation of NQin soils prior to the onset of vegetation grovatbmbined
with thawing of frozen soils or snowmelt and flugliof accumulated inorganic N in
soils. Climate warming is likely to alter the timing of tesasonal pattern but the impact
on peak fluxes is uncertain. Predicted changes ingtpne precipitation are very minor
so any changes are more likely to be associated tittspring thaw and snowmelt.
There may be a reduction in the spring pulse of K@t is associated with snowmelt in
the higher altitude regions of the UK. It is potsithat spring peak yields may decrease
while overall dormant season yields increasethg&winter concentration curve may be
flatter but broader.
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While the likelihood of any of these responses isnomwn, given the uncertainty in the
precise pattern of predicted climate change on giomal basis, the balance of
probabilities is that problems associated with sN@aching in the uplands will
deteriorate in the coming decades.

DOC production and leaching

The dissolved organic concentration of UK upland surface watetspsndent on
many processes influenced by climate, and particularly beffeets of temperature
and soil moisture on net primary production (NPP), decomposition ratdyathe
effect of the intensity of precipitation which governs flow pathkad been proposed
that several of these factors have influenced the large indreB$2C concentrations
observed in UK waters and elsewhere over the last 20 years.

Increasingly however, evidence points to a governing role of ptatge chemistry

on DOC concentration, and in recent decades the dominant effect drashizen
anthropogenic sulphur deposition. DOC solubility is inversely linkedbdth soil
acidity and soil water ionic strength. In the UK and southerrs geEriScandinavia

there have been reductions in both factors over the last 15 yeais f@lieng levels

of anthropogenic sulphur deposition and a decline in storm induced seasalt deposition.

The combination of trends in surface water sulphate and chloridentmatean have
been shown sufficient to explain DOC trends in several regions i Kaonerica and
northern Europe in a paper currently in press in Nature. Hence id@@eleaching is
related to both trends in acid deposition and climate change.

On balance it would seem that as solubility increases, sytiergiitects of increased
NPP and decomposition rates under a scenario of increasing susmpaEratures
and longer growth seasons should increase mean annual DOC floxles a
concentrations further. Added to this, increased hydrological vhiyaband
particularly wetter winter conditions and increased seasalbteveill increase
seasonal variability, with higher DOC maxintd (NOs™ leaching).

These potential effects of future climate change have majwequences for aquatic
ecosystems, through changes to the light and heat environmentiehea#transport
and (where DOC is lost in lakes through photo-oxidation) delivery of toetals and
organic compounds and effects on acidity. Furthermore, future chaogeatér
quality will have major implications for future water treatment costs.

Ultimately though, scientific understanding is insufficient fecenarios to be
predicted with any certainty. It is vital, therefore that manniig of these upland
systems is continued and that, increasingly, in situ and laborexpgriments are
encouraged, ideally using sites and soils in monitored catchments, tséhéha
interactions between anthropogenic deposition and climate changes effe DOC
can be modelled with greater confidence.

Trace metals and persistent organic pollutants
Based on the Aarhus Heavy Metal and Persistent Organic Pol{(®@@P) Protocols,
the Water Framework Directive lists of hazardous and pritdizardous substances
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and other legislation and guidelines, the main trace metalsrmfetn are mercury
(Hg), cadmium (Cd), lead (Pb), nickel (Ni), copper (Cu) and zim} {hile the main
POPs include PAHs, organochlorine pesticides, brominated compounds and
organometallic compounds such as tributyltin (TBT). The POP pritwazardous
substances include anthracene, pentabromodiphenylether, chloroalkanes, amdosulf
HCB, HCBD, HCH, nonylphenol, pentachlorobenzene, PAHs and TBT. Annual
average and maximum allowable concentration Environmental Qué&kiyd&ds
(EQS) for inland surface waters have been proposed for thedataubr UK upland
waters are very limited.

Predictions for how climate changes will impact emissions firmfastrial processes
are rare except for electricity generation. It is predidteat despite the projected
increase in electricity demand to 2020, UK coal consumption wiitigue to fall
which could result in a decline in metals and POPs emissions.udowbe UK will
need to replace c. 30% of the current generating capacity (ezaaéar) by 2025 and
how this is undertaken will have a major impact on UK emissions.Hgoand
volatile POPs the broader (possibly hemispherical) geograpdtedd needs to be
considered. It is predicted that metal emissions in Europewvitinue to decline and
although coal consumption in developing countries could increase rapmdy, t
introduction of control technologies does not necessarily imply dasincrease in
emissions. As a result, projected industrial metal emissionsl @sthler increase or
decrease.

The potential for the increase in invasive species, in vector-lilisease, crop pests
and the possibility of reduced efficacy of herbicides astresclimate change may
lead to increased usage of pesticides in the UK and furtheld.atong-range
transport and increased atmospheric residence times will prthaedaeans for POPs
to be transferred to the UK uplands. Increased usage of upland areagitulture
could also result in elevated inputs of trace metals, fromigents, to waterbodies in
these areas.

Warmer air temperatures will allow greater volatilisatiorP@Ps and Hg and longer
atmospheric life-times. The potential for greater distributidhtiierefore increase as
will the movement of these pollutants to areas that are colderirtue of their
latitude or altitude. However, it is the retention of these compounaislamd waters
that is critical. Warmer water temperatures will redretention and possibly lead to
re-emission to the atmosphere from pollutant 'stores'. Changimd patterns could
alter distribution patterns and pollutant source areas.

Climate change is predicted to alter the distribution and seasooflprecipitation
(drier summers, wetter winters) and dramatically reduce shipwfaile there is also
potential to increase cloudiness in upland areas. Wet deposition arehgng by
snow and fog are efficient atmospheric removal processesdials and POPs and so
these changes will alter pollutant inputs to upland waters. Howpvajections of
precipitation and cloudiness remain uncertain.

There is a vast store of previously deposited pollutants in catctsogsitand lake
sediments. Climate change may be a key factor in the re-sailwh of these
contaminants to upland waters. Climate-enhanced catchment soil eanditeaching
from catchment soils may elevate pollutant inputs to upland watars this store.
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Warmer and wetter conditions could increase mercury metbylathile longer ice-
free periods could increase algal scavenging of contaminamistfre water column
and into the food-web.

Many physico-chemical and biological factors influence the iyxaf trace metals
and POPs to aquatic biota including pH, water hardness, dissolvednosygeent,
water temperature, suspended solids content, DOC concentratioasoheetate,
diet, generation rate, etc. Climate change will influencehaiée factors though the
direction (improvement or deterioration), scale of impact and ictieres may vary
from site to site.

In conclusion, there is considerable potential for climate chamgmpact on the
emission, transport, deposition, re-mobilisation, re-emission and tjoxatitrace
metals and POPs in UK upland waters. While many predictions amhrsas,
especially with regard to projected air temperatures, apped@ivéd reasonable
agreement (to direction if not to scale), there is still comsie uncertainty as
regards future changes to precipitation, cloudiness, wind speeds amghéude
and frequency of extreme events.

Uncertainties relating to how climate effects will impapbn trace metals and POPs
in upland ecosystems are compounded by a lack of basic informatidhese
substances (especially Hg and POPs) in UK upland waters. Thenbaaghinst
which we may measure the future effects of trace metalsPdds in upland
ecosystems is largely missing and unless this significantnglapowledge is filled as
a matter of some urgency, it will not be possible to assessefghanges at these
sensitive sites.

There is an urgent need to establish a monitoring programme to undampkeécal
measurements at a wide range of upland waterbodies, in &l @frdae UK over an
extended period of time. Such knowledge will allow a better understaodlihe key
processes and drivers affecting the levels of toxic substancgdaind aquatic food-
webs. These data are also required to improve models for futuletjone. Without

such basic background knowledge, even the most robust models will lack 'ground-
truth' and may offer only poor projections of future impacts.

Summary

National climate change scenarios for the UK (UKCIP02) indieaieneral warming
trend across the whole country, with a slight decrease in annudpifatan.
However, drier summers and wetter winters are predicted withinareasing
incidence of extreme precipitation events and droughts, but milder winters.

i) Nitrate leaching

There are no clear predictions of the impacts of increasepetatares on nitrate
leaching, since both microbial nitrate production and plant uptakeméincrease
simultaneously. Precipitation changes will have very differemcedfin summer and
winter. Drier summers should result in less nitrate leachingpbssibly greater
accumulation of inorganic N in soils which may be washed outammsevents,
leading to much more episodic leaching events. Increased sunmeghtl could
damage plants leading to higher nitrate leaching during substespeesons. Increased
winter precipitation could lead to greater nitrate leaching dutimegperiod when
fluxes and concentrations are already greatest. The effestsoafmelt on seasonal
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patterns will be reduced (i.e. smaller peak concentrations at srwioé with
reduced snow cover, soil freezing events may increase in fregaen magnitude
which may again result in increased episodic nitrate leaching.

i) DOC production and leaching

Surface water DOC concentrations are governed largely ¢gréaaffecting net
primary production, decomposition rates and hydrological flow pathsrdment
evidence suggests that the chemistry of precipitation is the rgogefactor in
observed increasing trends. DOC solubility is inversely linked to ®ait acidity and
soil water ionic strength. In the UK and southern parts of Scawdithere have been
reductions in both factors over the last 15 years due to fallusislef anthropogenic
sulphur deposition and a decline in storm induced seasalt deposition. The cmmbinat
of trends in surface water sulphate and chloride concentration haveshean
sufficient to explain DOC trends in several regions in North Asaeand northern
Europe in a paper currently in press in Nature. Hence future Ie@shing is related
to both trends in acid deposition and climate change. With increasingner
temperatures, longer growing seasons and a continued rise in orgat@c solubility
it is likely that DOC fluxes and concentrations will incredg®re frequent extreme
weather events may increase seasonal variability and leddgher maximum
concentrations.

iii) Trace metals and persistent organic pollutants (POPSs)

Trace metal emissions are expected to continue to decline in Etlnapgh future
emissions from developing countries are uncertain. If climatengehancreases
invasive species, vector-borne diseases and crop pests it ibl@dhsit pesticide
usage and hence emissions may increase. Warmer temperailiredlow the
transport of volatile pollutants like POPs and Hg over greatemdessahough the net
effect in terms of increased delivery and re-emission iscdlffto predict. There is a
vast store of pollutants in catchment soils and lake sedimentsh whay be
remobilised by climate-enhanced soil erosion and leaching. Waamerwetter
conditions may increase mercury methylation and transport witleased ice-free
periods could increase algal scavenging of pollutants from #terveolumn. The
toxicity of trace metals and POPs is also influenced byfacuch as acidity (linked
to nitrate leaching above) and DOC (see above). With so mé#agnuoing factors it
is very difficult to predict the net changes in deposition and impHdisace metals
and POPs in the UK. Furthermore, the lack of basic informatiomesetsubstances
makes the assessment of future changes in response to climate even noaie diffi

Key findings and policy implications

The work completed under this contract has strengthened the evidesecéob#he
adverse effects of N deposition as an agent of both acidificatiomnatngnt N
enrichments in sensitive water bodies of the UK.

Assessment of the role of N in contributing to acidification anitical load
exceedance has shown that all impacted sites are at |ledigt aféected by N
deposition and more than half would exceed critical loads on the basis of N depositi
alone, even following implementation of the EU NECD in 2010. Emisgofisies
relating to sulphur alone are clearly insufficient to protect feasUK freshwaters
from acidification in many cases. Further reductions in emissagets for total N

21



would be required to prevent critical load exceedance in the mapfrisensitive
freshwaters.

The role of N deposition in causing changes to lake nutrient cgoegroductivity
has been demonstrated through a review of the recent literaturéranght direct
measurement of phytoplankton responses to nutrient additions in labdratasgay
studies. N limitation is almost as frequent as P limitatiomptand lakes but co-
limitation of growth by N and P is the most common status. Indepérgalence for
historical changes in lake nutrient inputs and productivity has beem fdwough
studies of N stable isotopes in lake sediments. A steady ibepietsediment >N
over the industrial period is found in most studied lakes, indicating\tftEposition
inputs have increased and have been utilised in upland catchmen@nipdetades.
The potential impacts of N deposition in increasing lake productamty highly
relevant to N emissions policy with respect to several internationalidesct

1. oligotrophic lakes in the UK uplands designated under the EU Habitats
Directive may be particularly sensitive to the effects ofiéposition, with
possible changes to phytoplankton species and productivity and changes to
macrophyte flora;

2. changes in the productivity and natural nutrient limitation statusptEnd
lakes may be considered a deviation from the good ecologitas semuired
under the EU Water Framework Directive; and

3. there is a strong case for calculating nutrient N ctitmads to feed into the
integrated assessment modelling work under the UN-ECE Convention on
Long-Range Transboundary Air Pollution, including the Gothenburg
Protocol.

Confirmation that N deposition may lead to both acidification and nuemthment
highlights the increasing need to understand the processes thatinetetmether N
deposition causes enhanced nitrate leaching over the short- or tengerResults
from this project have for the first time allowed the major mston nitrate leaching
to be separated and quantified at specific sites. Hydrologazzdr experiments have
proven that rapid flowpaths exist that can transport deposition through istul
surface waters in minutes to hours, but a large proportion of ngratdl retained in
soils. The nitrate dual isotope approach has further demonstrateshih@0-30% of
leached nitrate is rapidly transported from Nf@position; the remainder is generated
within soils by microbial processes. Hence a fraction of |ahciiteate will respond
rapidly to changes in NQleposition. However, a larger proportion of leached nitrate
is generated in soils from N pools that may consist of accunduatieposition (both
NOx and reduced N) as well as recently deposited N. Thereforgeapeoportion of
nitrate leaching may respond very slowly to changes in N depositide current
levels of nitrate must indicate advanced terrestrial N saturation.

Understanding the balance of these nitrate sources is essfmtigdredicting
timescales of response to changes in N deposition and for calguiatget loads to
achieve a given water quality target within a specified toalkes This programme has
shown that nitrate leaching models will also need to incorpordtdroant scale
attributes such as soil C:N ratio and mean bryophyte biomasé wkdain part of
the between site variation in leaching relative to N deposition.
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Literature reviews suggest that climate change will havejarratiect on both nitrate
and DOC leaching. Higher temperatures will lead to higher pramfucif both
although the net balance between production and retention is hargexdict and
they may be leached under differing conditions. Increased stosnamed more
frequent droughts will probably lead to lower leaching throughoutuherer but an
increased susceptibility to episodic leaching events, which fortenitnaay be
associated with severe acid episodes. Winter fluxes of both nanateDOC may
increase with greater episodicity, although for nitrate tineay be a reduced peak
value in sites affected by snowmelt since snow cover will loeiced. If DOC
concentrations increase more generally or during lower flow surmairdall events,
surface water acidity will increase, potentially restnigtibiological recovery from
acidification. Future deposition levels of trace metals andgtergiorganic pollutants
are unknown and therefore possible effects of climate changerréard to predict.
Furthermore there are strong links between the leaching andtyoxidrace metals
and chemical variables like acidity and DOC which are also geetlio change in
response to climate and deposition. While these interactions maduey itlifficult to
model or predict future changes in concentrations and impacts ofpiblegants they
do demonstrate the intrinsic links between climate change, alitygaad water
quality policies.

Success in meeting project objectives and priorities for future work

The Freshwater Umbrella programme employed many new teckniquadetermine
the actual and potential extent of upland water quality probleemsnsing from N
deposition. The potential problem of nutrient N impacts in upland lakeshwias
first proposed in a NERC funded study under the GANE programme leas be
corroborated by the three approaches of literature review, nutsieassays and
isotopic analysis of sediment™N, in the latter case for the first time in the UK. There
is now a wealth of evidence to support the hypothesis that N depositish ha
impacting nutrient cycles and productivity of upland waters. The dase
development of nutrient critical loads for UK freshwaters has lmasvincingly
demonstrated in this programme.

However the nature of these pilot studies means that only a&dimiimber of sites
have been assessed and there are too few to upscale more witlelpational level.
Attempts to upscale catchment models of N limitation wereelgrgnsuccessful,
probably due to several factors including the small number of sites classified
for N or P limitation status, insufficient catchment scaledatd the over-simplistic
view that N limitation best defines sites most likely to i@acted by N deposition.
In fact it became apparent during this programme that one ohtheaiors of the
most severe N impacts (e.g. at Scoat Tarn) could be the inducefri@rimitation
because of a large excess nitrate availability. Hence #ssifitation of changed or
impacted nutrient status needs better definition than simply fetinunder elevated
N deposition.

Major progress was made in understanding nitrate leachindhamisens using
techniques new to the UK. The hydrological tracer method wwascessfully
employed to show rapid leaching pathways for deposition at the Afgnviwle the
nitrate dual isotope method largely developed in alpine lakes of tHey Rémuntains
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in the USA was applied with great success to four AWMN siteder this project.
The isotopic signatures of N and oxygen in leached nitrate provided clesir
evidence that a large proportion could not have come directly fromtitih@sphere
and enabled the characterisation of all four sites in terms afological versus
microbial nitrate contributions. The potential of this method for charsation of
catchments vulnerable to rapid nitrate leaching was clearly demonstrated.

Priorities for future work to build on the pioneering studies completeder the
Freshwater Umbrella should include the following:
1. further work to define "harmful effects” from nutrient N depasitfor use in
critical load models;

2. expansion of the nutrient bioassay and sediment isotope work to chiaeacter
more upland catchments in terms of the nutrient N impacts they have

experienced;

3. investigation of the key determinants of N isotopic signatures ke la
sediments, i.e. simple magnitude of input fluxes versus in-lakddination
effects;

4. development of catchment attribute models to upscale nutrient N impact

classes across upland water bodies in the UK, including collatiorew
datasets and clearer definition of impacted sites;

5. upscaling of the nitrate dual isotope approach to characterisbneatts
vulnerable to rapid impacts from hydrological nitrate leaclhing those more
at risk over the longer term from N saturation and microbial nitrate leaching;

6. identification of site characteristics other than soil Catlorand bryophyte
biomass that regulate nitrate leaching and therefore diataterability to the
adverse effects of N deposition.
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As part of this research programme, the Freshwater Urabvedbsite has been
completely redesigned and extended to accommodate new featuresiditional
data, plus make it easier to access and use by researchers and the galreral pu

The website also has a new home at the URIw.freshwaters.org.uland has been
housed on a new webserver located within University College London. Thé&evebs
has a fresh, new look and has been themed along the colour schem®BfFRa
logo. In the past 12 months, the website has had over 70000 hits (200+ per day
average), serving up almost 35000 pages. It is returned in tHEtop 15 Google
search results for terms such as "freshwaters”, "acidifyeshwater" and "nitrate

leaching".

Website and database management

Gavin Simpson

A screen shot of the home page is shown below.

Project news is displayed prominently and we use the home pagkvey delevant
and important information, such as the release of the report on Flihge of

News

encies fund two complementary Umbrella. researct
estial Unbrella and the Dynamic Modelling Umbrella

[More news flams,

‘THE FUTURE OF BRITAIN'S
ur RS

Britain's Upland Waters".

Throughout, open source tools have been used to both produce and serve the website
The Apache webserver is used to server the web pages to ueersétdst and the
advanced functionality of the website is driven by the PHP scrifsinguage. The
site maps are currently drawn using Mapserver, an open sourcenamgting tool.
The data driving the web site is held on a Mysql database, wliadsstll the user
data as well as the Freshwater Umbrella data holdings, incluti@gnational

freshwater critical loads mapping data sets.
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An important concern that has driven the design of the webfreite the very
beginning is adherence to web standards and accessibility rblesit€ is coded to
the World Wide Web Consortium (W3C) XHTML 1.0 standard using compliant
Cascading Style Sheets (CSS) rules to separate the lookedrud fee site from the
actual content. This is important for access by disabled usersmigia be using
alternative technology to access the site, such as screanseldaddition, we have
endeavoured to make each page of the site compatible with PBooitythe W3C
Web Content Accessibility Guidelines to achieve the AAA atWhere the AAA
rating is not possible, we have made every effort to elimiraataamy non-compliant
elements as possible. Most other pages have AA approval.

Users can register an account on the website, which providesniitiea user ID and
password. Different levels of access to the site are providdtieviaser 1D, such that
the project intranet resources are only available to DEFp&ject managers and the
project consortium. The user accounts can also be used as arstiliso that when
important project information is available, we can contact thoseesteal users with
details. We intend to use this facility to announce the availalfithis final project
report following approval from DEFRA, for example.

The web site is broken into several sections, each accessethéonain menu at the
top of the screen. These sections are:

1. The Air pollution section contains useful and relevant background
information pertinent to the project, such as the various cribeals models,
as well as information on acid deposition and surface water iaatthh for
example.

2. The Research section contains information on the previous Freshwater
Umbrella contract as well as the work plan for the currentarebe
programme.

3. The Resourcessection provides links to useful web pages with relevant
information. Access to project reports and poster and oral prasestgtven
by the Umbrella participants is also gained through this section.

4. Information on the current research participants and their ingtitutan be
found in theMembers section.

5. The Database section provides access to the Freshwater Umbrella data

holdings, particularly the extensive water chemistry data holdings.

An extensive web site search facility is provided inSearchsection.

Project related materials for the consortium, such as the minfitesoject

meetings and the period status reports provided to DEFRA, arebdwaila

the Intranet section of the site. Access to this section is restritbethe

current project team and DEFRA's project managers.

N

To illustrate the web site features, we now present a seEr&eseen shots of various
sections of the site.

The site was intended to be accessible to both researchertharnoformed lay
person. As such we provide useful background information on the problemsl of aci
deposition and surface water acidification. The screen shot below thewsage
describing acid deposition.
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With the advent of electronic presentations at conferences ants ieedisplay these
as Flash movies in web browsers, we have begun adding presentgiven by
Freshwater Umbrella members at international conferencebetovebsite. Each
presentation is converted from the original PowerPoint file irfftash movie, which
is then embedded in a web page. The user can then click throughdte of the
presentation. The screen shot below shows a presentation given byaiin G
Simpson on palaeoecological work undertaken in the current reggagriamme on
changes in nitrogen isotopes in sediment cores over the past 200 esrscag an
indicator of changes in the biogeochemistry of upland UK lakes, thdaaghe the
result of anthropogenic inputs of nitrogen via deposition.
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This content has been made available under a by-attribution, non-caaimeoe
derivatives Creative Commons license, which allows other peopleptoduce the
materials in their own work, as long as they attribute the grogamd author.
Commercial use is explicitly forbidden without prior consultationhvihe project
consortium and the author of the work, as is the making of derivatikkesoy taking
parts of the presentations for individual use.

As mentioned above, the database section of the web site providss xctee data
holdings. The main entry page for the database is shown below.

The map on the right is drawn dynamically and illustratesidiations of water
chemistry samples held in the Freshwater Umbrella databasepddp also provides
a simple search facility, where the user can enter the whraesurface water or a
partial name and the database will search for sites that match those. crite

A list of sites that match the searched term are displayedidprg access through to
the site details held in the database. Below is a screemfsti@ page for the Round
Loch of Glenhead, an historically important site in the study ofaserwater
acidification and a site on the UK Acid Waters Monitoring Network.
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Basic site information is displayed along with a list of watleemistry samples for
this site. The map on the right has again been drawn dynamaadlyshows the
location of the site, indicated by a red dot. The user can thent sel@dndividual
sampling date to view the data for that date, or choose to Vighealater chemistry
records for the site, as shown below:

Summary and recommendations for future work.

Here we have outlined the work undertaken as part of the curreetiptojexpand
and update the web presence of the Freshwater Umbrella and tovérgucess to
results, reports and the research findings of the Umbrella, resutii the new
Freshwater Umbrella website.
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The new site has a fresh, modern look and has been designed toahesamdards
and allow access to as wide a range of users as possible.

Whilst significant progress has been made, further work under fureshwater

Umbrella contracts should continue to maintain the current sitedghtbdhe existing

feature set. In particular, providing summary results from theecuproject would

allow users to access the research findings, without havingve idéo the technical

project reports. By providing this information in a web page rathem bnly in the

project reports, it allows indexing of the results by searchnesgsuch as Google,
widening access to the results of the Umbrella.

Much more could be done with the dynamic mapping facilities of vilebsite,
including illustrations and presentations of critical loads andeslasee maps for the
UK, for example.

As many people now access scientific work via the internef-téghwater Umbrella
web site provides an excellent resource and means to widen sxtessvork of the
Umbrella and DEFRA as a whole, and to the problems of air pwilusurface water
acidification and nitrogen enrichment.
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Work package 1: Critical loads for acidity
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Task 1.1: Watching brief on critical loads methodology and new datasets
Chris Curtis

Several members of the Freshwater Umbrella (Chris CurasjnGSimpson, Rick
Battarbee, Chris Evans, Bridget Emmett, Martin Kernan and Domtéith) attended
the Acid Rain 2005 Conference in Prague, where there were paesibns devoted
to critical loads, acidification modelling and many other relevapics. Papers and
posters relevant to UK freshwater critical loads were predenon FAB model
(Henriksen & Posch, 2001) applications in Canada and Norway, linkingatiiads
and dynamic models within the European scale work of the CCE, aedainty in
critical loads modelling.

Two specific aspects of FAB model methodology were discussdttague. First,
following discussions with Canadian and Norwegian scientistsriteaded to submit
a manuscript on parameterising the in-lake retention process Wilidrto a journal.
This aspect of the model was questioned during previous consultatiorsegewith
DTI and other stakeholders. Their concern was the possibilityitHake sinks for
acid deposition were being underestimated due to the use of madetti@efficients
derived for North American lakes that may be inappropriate foldli€s. However,
data collated under this programme from previous DEFRA funded préectsG
Nitrogen Network, CLAM) have shown little difference in acidamconcentrations
between lake inflows and outflows measured at the same timaglstrsuggesting
that if anything, the mass-transfer coefficients used ovwenat® in-lake retention
(Fig. 1.1). This relationship was shown for the first time st Acid Rain 2005
Conference.

Second, during the Critical Loads and Dynamic Modelling Umbrellai@nmeeting
held in Prague, the issue of catchment areas in static modeladiopls was raised. It
was agreed that the use of catchment areas to represeat wéds was problematic.
Small upland lakes may have small catchment areas but be ofomggreation value
and are therefore under-represented in national critical loadsssibns. A separate
issue relates to the problem of "double accounting” catchmeas dfregerrestrial
ecosystem critical loads are applied in the same areae Thesstions have not yet
been resolved by the NFC and the CCE.

The UK freshwater critical loads dataset has been furthmanebed by the provision
of a streams dataset for the North Yorkshire Moors, collectédairth 2005 under
the auspices of additional DEFRA funding for the Critical Loadd &®ynamic
Modelling Umbrella by Chris Evans. While collection of the neagssatchment
attribute data has not been done vyet, it is intended to applyABenedel to this new
regional dataset when these data become available, prior to the next COE datth f

Finally, the justification for the adoption of empirical, soil-sfiecivalues of
denitrification in the FAB model, contrary to the recommendationshef @CE
Mapping Manual (UBA, 2004) has been published in the journal Soil Biolody an
Biochemistry (Curtiset al, 2006), based on work done under the DEFRA CLAM
project (Curtis & Simpson, 2001).
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Figure 1.1: Comparison of mean nitrate concentratia (neq I') in lake outflow and major inflow
streams (CLAG Nitrogen Network sites)
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Status of UK critical load maps

The updated UK critical loads of acidity maps for freshwat@psil 2004) have not
yet been published other than in the previous Freshwater Umbrellb Hrmjact
Report (Curtis & Simpson, 2004). A journal manuscript is in preparatiamctode
updates to the mapping dataset, the choice of ANDd critical load exceedances
using the latest deposition data, relative to the previous publishedrnvefshe FAB
model in the UK (Curtigt al, 2000).

One relatively recent adaptation to the FAB model which arose Work done by
Chris Curtis under the DEFRA CLAM programme was a refortiariato allow for
direct deposition to lake surfaces (Henriksen & Posch, 2001). PrevithesliFAB
model could calculate zero NOeaching to lakes where total N deposition was lower
than the catchment's average ability to retain it {N). Under the new model
formulation, direct deposition to lake surfaces is recognisedhwineans that some
NOjs presence in the lake must result from N deposition. In exceedsdtbis means
that N deposition to lakes always makes a contribution to exceeddremetically,
given the negligible surface area of streams for direct depust is still possible to
get complete retention of deposited N where N deposition is Idvaer €L,,N for
stream catchments. In such cases, N deposition makes no contributrdrcab load
exceedance for the stream.

The crucial importance of N deposition in contributing to critload exceedance in

UK freshwaters is evident in a re-analysis under this contfattte previous 2004
submission to CCE. Of the 1722 mapping sites, FAB model critbzeds were
exceeded at 659 (38.3%) according to annual mean deposition data for 1999-2001
(Table 1.1). Total N deposition was greater thap, &N\ at 314 lakes and 56 streams,

i.e. at 56.1% of all exceeded sites. This means that N depositioniglemiEcient to

cause critical load exceedance at more than half of exceadsedai 1999-2001. At

the remaining exceeded sites (223 lakes, 66 streams) N depcdiom is not
sufficient to cause critical load exceedance but it does corgribuhe total acid load
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along with S deposition which results in critical load exceedambere are no
exceeded sites where N deposition does not contribute to crimaldxceedance.
Hence reductions in total N deposition from 1999-2001 levels will rasukduced

critical load exceedances at all impacted sites.

Even following implementation of the EU National Emissions CeilDigective
(NECD), 521 sites (30.3% of the total) are still exceedingcatitoads for acidity by
2010 (Table 1.1). Total N deposition alone is still sufficient to caugieal load
exceedance (i.e. is >GLN) at 265 lakes and 39 streams, which make up 58.3% of
remaining exceeded sites. As in 1999-2001, N deposition contributes ¢aldoad
exceedance in all sites; there are no sites where predi€dgdleaching does not
occur.

Table 1.1: Critical load exceedance statistics farontribution of N deposition

Description 1999-2001 % NECD 2010 %
Lakes with N deposition > Gla,N 314 47.6 265 50.9
Lakes with N deposition < GlaN 223 33.8 166 319
Streams with N deposition > QLN 56 8.5 39 7.5
Streams with N deposition < QLN 66 10.0 51 9.8
Total: 659 100.0 521 100.0

Hence N deposition and NQeaching still play a critical role in causing acidificat

in lakes and streams in the UK and this role increases inveel@rms by 2010
following implementation of the NECD. Therefore it is impossibte protect

exceeded freshwaters in the UK from acidification without redu® as well as S
deposition.

References

Curtis, C.J., Allott, T.E.H., Hughes, M., Hall, Harriman, R., Helliwell, R., Kernan, M., Reynold,
and Ullyett, J. (2000) Critical loads of sulphurdamitrogen for freshwaters in Great Britain and
assessment of deposition reduction requirementstivit First-order Acidity Balance (FAB) model.
Hydrology and Earth System Sciende425-140.

Curtis, C. and Simpson, G. (Eds.) (20&Limmary of Research under DETR Contract "Acidificaof
freshwaters: the role of nitrogen and the prospdotsrecovery”, EPG1/3/117ECRC Research
Report No.79, Environmental Change Research Cdutrigersity College London, 4 Volumes.

Curtis, C. and Simpson, G. (Eds.) (20@)mmary of research under DEFRA contract "Recoweéry
acidified freshwaters in the UK", EPG/1/3/18BCRC Research Report No. 98, Environmental
Change Research Centre, University College London.

Curtis, C.J., Emmett, B.A., Reynolds, B. and ShillaJ. (2006) How important is, production in
removing atmospherically deposited nitrogen from diorland catchments3oil Biology and
Biochemistry38, 2081-2091.

Henriksen, A. and Posch, M. (2001) Steady-stateetsddr calculating critical loads of acidity fanrface
waters Water, Air and Soil Pollution: Focul 375-398.

UBA (2004) Manual on methodologies and criteria for modellgagd mapping critical loads & levels
and air pollution effects, risks and trenddmweltbundesamt Texte 52/04, Berlin.

34



Work package 2: Nitrogen as a nutrient
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Task 2.1: Literature review on evidence for eutrophication effects of N dejmosin
upland waters

EVIDENCE FOR EUTROPHICATION EFFECTS OF N DEPOSITION IN
UPLAND WATERS

Chris Curtis
Introduction

The term "eutrophication" is widely used in national and Europear gadicies
linked to the protection of drinking water supplies, natural wateiesodnd the
treatment of polluting discharges to inland and coastal watessdéfined in the EU
Urban Waste Water Directive of 1991 (91/271/EEC)ths tnrichment of water by
nutrients, especially compounds of nitrogen and/or phosphorus, causing an
accelerated growth of algae and higher forms of plant life to produce an uabliesir
disturbance to the balance of organisms present in the water and to thigy gfighe
water concernet

Following the work of Schindler (1977) and others in the 1970s it was Esmgreed
that in the great majority of lakes, phosphorus (P) was likely tthéédey limiting
nutrient. This assumption was thought to be particularly true for ujddued remote
from direct catchment sources of pollution. In the 1980s and 1990s the focus of
pollution research in these systems was on acid deposition, firstighus (S), and
later on nitrogen (N). Some naturally P rich lowland lakes had baemdfto be
nitrogen (N) limited (e.g. the West Midland Meres; Messl, 1994) but these lakes
are uncommon in the UK. Even with the knowledge that N is a majorenuin
freshwater ecosystems, the major impact of anthropogenic N deposiis widely
assumed to be surface water acidification. An early literaguiew on the subject by
Elseret al. (1990) found that in fact the potential role of N as an agent affenent
had often been overlooked, and that in reality, inputs of both P anadmhbination
generally had much greater effects on algal growth responsestiadual inputs of
either nutrient. However, for the rest of the 1990s there wadlittéryattention given

to the potential effects of N deposition on lake trophic status. Evesryarecent
review of the effects of anthropogenic N sources on aquatic eeosy/sn Canada
(Schindleret al, 2006) made little mention of potential nutrient N impacts from
deposition, instead focussing on acidification and eutrophication due to eatchm
based activities. However, Schindler (2006) in another review on eutrbphickd
point out a possible contribution from N deposition in some systems.

It has only been in the last five years that this issue tf@as\eed a momentum in the
literature, moving from speculative effects of N deposition asitaent in remote
Rocky Mountain lakes in the early part of the decade to the May 2@@ion of
Limnology and Oceanography, where the Editorial accompanied a p3aper b
Bergstromet al. (2005) on the clear effects of N deposition on nutrient limitation in
Swedish lakes.
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There is still relatively little published on the non-acidifioatieffects of N deposition
but related research may be divided into four categories whichcarsidered
separately below:

nutrient addition studies

studies directly linking N deposition with observed ecological change
palaeolimnological studies showing possible N deposition responses, and
the confounding factors of concurrent acidification and climate change.

e

Nutrient addition studies

The few published nutrient addition studies employed various expeament
approaches in terms of magnitude of additions, and biological effeste not
necessarily related to observed increases in concentrations of inorganiced$.speci

Evidence of the importance of N in lakes was apparent in sontBeohutrient
additions studies done in the 1990s. Attempts to increase food resfmursalgnon in
Kootenay Lake, British Columbia, Canada through N and P additions led to
significant changes in the planktonic diatom flora, with diatom aburedéeng
significantly correlated with dissolved inorganic N (Yaegal, 1996). In another
Canadian nutrient enrichment study, the whole of the pre-Alpine Chidke was
fertilized, leading to a doubling of autotrophic picoplankton numbers witineet
weeks despite no measurable increase iR M@ncentration from the baseline value
of c. 1 peqt (Stockner & Shortreed, 1994). Community composition and abundance
were controlled by scarce nutrient supplies during the earlytigrphase, although
grazing became the most important control as N and P co-liomtatcurred later in

the season. More extreme enrichment experiments with N (+2'mgl43 peqt)

and P (+100 pg?) in Lake Ortrasket (northern Sweden) demonstrated that primary
productivity in humic lakes may be N limited, possibly induced byotnophic
phytoplankton grazing on P-rich bacteria (Janstal, 1996).

Experimental acidification and nutrient additions in the Experimdrakés Area of
Canada (Findlagt al, 1999) found no responses in the phytoplankton community to
two years of N additions which increased NNffom <10 to c. 30 peq'l This lack of
response could have been due either to P limitation of phytoplankton orldavtpél
(<5.4) limiting algal responses that might otherwise have occurred.

Nutrient addition experiments to seepage and drainage lakes in dinendack
mountains of New York state, USA demonstrated that the phytoplankton of
clearwater drainage lakes were P-limited while both claad brown-water seepage
lakes responded to additions of NLQ ambient, with ambient = 1-37 pet) br N+P
(Saundert al, 2000).

The diatomsAsterionella formosaand Fragilaria crotonensiswere found to be
abundant in alpine lakes of the Beartooth Mountains with low P but elewate
availability, and both taxa responded strongly to N (initial concéotraf 1 peq T
increased by +18 peq las NQ) but not P or Si additions (Sares$ al, 2005).
Increasing abundance of these species has been linked to atmokiptiepasition in
various studies of alpine lakes (see below).
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Evidence for N deposition effects - North America

Some North American studies in the 1990s found that the incidencemoité&ion in

lakes could be increasing because of N deposition when in facikée nay have
originally been N limited or co-limited by N and P. Since the 196@weased
primary productivity and a shift from N-P co-limitation toiRitation in Lake Tahoe
(California-Nevada) has been attributed to atmospheric depositior(dHdsbyet al,
1995). In a study of three large lakes in the Yellowstone Nat@a, N limitation

of phytoplankton was found to be most common but N deposition was leading to
greater incidence of both P and Si limitation, with changes atwral species
assemblages (Interlandi & Killham, 1998).

Much recent evidence has emerged from the Rocky Mountains of Colarato
Wyoming and the Sierra Nevada of California, suggesting thgtreenote, base poor
upland/mountain aquatic ecosystems are demonstrating a responseospheric
nitrogen deposition even at very low inputs (e.g. Bagbmal, 2000; Wolfeet al,

2001; Fennet al., 2003; Sickmanet al, 2003; Sarost al, 2005), although some
studies have been inconclusive (Burns, 2004). Studies of ponds in Bardgh&ati
Park in the Canadian Rockies found that found that phytoplankton abundance and
community composition were best explained by total phosphorus (TP), pH and
conductivity but inorganic N best explained epipelon (sediment liviogciss;
McMaster & Schindler, 2005).

In a study of Colorado Rocky Mountain lakes, Nydiek al. (2003) found only
temporary responses of phytoplankton chlorophytb early season NOpeaks in
rocky watersheds. In most lakes, P was generally limitinght@goplankton growth,
but N deficiencies were more important in lakes with forested waterahedsinging
wetlands. In later work, Nydict al. (2004) found that while phytoplankton are most
sensitive to nutrient N additions, benthic processes are importaNtCiruptake in
shallow, oligotrophic lakes. Lafrancoit al. (2004) found that the most striking
changes in phytoplankton species composition in mountain lakes occutinelloth
nutrient enrichment (N and P) and acidification.

Related studies of benthic invertebrates in 22 Colorado mountais faked that
NOs was unrelated to benthic invertebrate distribution (Lafrareoéd, 2003), with
altitude and presence of fish best explaining presence/absence of key taxa.

Studies of nutrient N enrichment in these Rocky mountain lakesodsr advanced
that even remote-sensing (reflectance spectroscopy) has been grapasmethod of
detecting changes in lake sediment chloropayk a proxy for trophic status (Dets

al., 2005).

The occurrence of N limitation in North American lakes has &keen recorded in the
extreme Arctic north of the continent. In a study of 16 major Aletkes in Alaska,
LaPerriereet al. (2003) found relationships between catchment characteristics, in
particular elevation, and P or N limitation. N limitation incexhsn importance in
lakes at higher altitude.
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Evidence for N deposition effects - other regions

Outside of North America, another region with increasing evidemdhe recent
literature for lake N limitation is north-west Europe. DecliniNgdeposition in
Finland has been associated with decreasing trends in dissolved inofgani
(Rekolaineret al, 2005) to the extent that the authors speculated on an increase in the
proportion of lakes that were becoming N limited. Studies in theuplkinds used
phytoplankton bioassays to show that around three quarters of 30 stedyale
either N limited or co-limited by N and P (Mabedyal, 2002).

Two of the most extensive studies to date on the nutrient effebigieposition have
very recently been published. The first looked at the relationship ebatw
phytoplankton biomass, N and P concentrations and N deposition in 225 Swedish
lakes (Bergstronet al, 2005). The study speculated that in unproductive Swedish
lakes, increased lakewater pl@oncentrations due to N deposition had resulted in a
shift from natural N limitation to P limitation. Furthermoreclaar eutrophication
effect was found in high N deposition areas, with higher phytoplankton bsomas
relative to total P concentration than in low N deposition areas.lafbg wider-
ranging study from two of the same authors collated data fragotadiphic lakes in

42 regions of Europe and North America and again concluded that N c@pbsid

not only increased N concentrations but had also caused eutrophication and
increased biomass of phytoplankton in naturally N limited lakesgéB&m &
Jansson, 2006). Phytoplankton distributions in Alpine lakes have also beemtassoci
with NO;3™ concentrations, affected by deposition inputs (Toédttl, 2006).

Published studies on N limitation in remote lakes from other partseofvorld are
sparse but geographically wide-ranging. Camaehal. (2003) used bioassays to
demonstrate a seasonal pattern of N limitation to phytoplankton grovettspanish
karst lake where atmospheric deposition was suggested to be agé&syilictor in
controlling nutrient deficiency. Evidence of both N and P limitatios been found in
the ultraoligotrophic Lake Puma Yumco, located at 5030m altitude inpthe
Himalayas of Tibet (Mitamurat al, 2003). N was found to be the main limiting
nutrient for phytoplankton production in a eutrophying high mountain lake indBcua
(Gunkel & Casallas, 2002) and in the naturally acidic lake Caviahuatagonia,
Argentina (Beamuet al, 2007). A wider study of 39 Patagonian lakes found that N
rather than P was the key limiting nutrient (D&tzal, 2007). Hence it seems likely
that the incidence of N limitation and effects of N deposition on tooptatus will
increasingly be reported in the literature as the problem beconoes widely
recognized and studied.

Palaeolimnological analysis for evidence of biological response to N deposition
independent of any acidification response

Palaeoecological analysis of sediment records from manyg iakée boreal and sub-
arctic zones reveal significant ecological changes overdbe 390 years, following
several hundred years of relative stability. The onset of change odincides with
the first appearance of spheroidal carbonaceous patrticles (Si&#spy implicating
atmospheric contamination as a likely trigger. Recent work on afcmrethe UK
Acid Waters Monitoring Network site, Loch Coire Fionnaraich, narth-west

39



Scotland, provides a particularly striking example of this behavignile the
ecological response is not indicative of acidification the mechmans not yet
understood.

There are very few published palaeolimnological studies linkingogiichl change
specifically to N deposition effects. Chrysophyte cysts in sarfgediments of 105
Pyrenean lakes were found to show independent relationships withe nitrat
concentrations as well as alkalinity and pH (Pfaal, 2003). This study suggested
that chrysophytes preserved in sediment cores could have potenaatoat for
reconstructing past changes in N@oncentrations and hence nutrient N effects due
to anthropogenic deposition.

Changes in the last decade of a 400 year old sediment diatom freenrBeartooth
Lake in the Rocky Mountains have been attributed to the effectscafased N
loading and thermal stratification by Saeisal (2003).

Wolfe et al (2001; 2003; 2006), working on cores from remote lake ecosystems in the
Rocky Mountains of Colorado and in the Canadian Arctic have demonsérdited
between apparent eutrophication and a change™ which is indicative of an
increased supply of N from the atmosphere. While N deposition inrdQisn is
relatively high, it has been proposed that a similar process mapdyating more
widely. Recently reported work of Jonesal. (2004) demonstrates that the analysis
of N in lake surface sediments might be used as a measure oégheef N
limitation in lakes.

In most of these studies, it has proven difficult to separate thatjbteffects of N
deposition on lake nutrient status from other confounding factors thatréswed in
changes occurring over similar timescales, often linked dyréatthe activities that
generate anthropogenic N deposition. The two main confounding factors are
acidification and climate change.

Confounding factors - acidification

It has already been mentioned above that nutrient additions in corobirvaitih
acidification have the most dramatic impact on lake biota (Rmdtaal, 1999;
Lafrancoiset al, 2004). Acidification has, however, also been linked to the process of
oligotrophication whereby nutrient supply is reduced.

Schindler (1994) observed that the overall productivity of acidifiedslalaes not
appear to decline unless the P supply is reduced. Later work inzéda Republic
suggested a mechanism linking acidification with reduced P supplyoti@bP

immobilization by colloidal aluminium contributed to severe P litiotaof biomass
in a strongly acidified mesotrophic lake in the Sumava Mountains ofCtezh

Republic, despite very high N deposition loads (Kopastekl, 2001; 2004; 2007).
Hence the interactions between acidification and eutrophicationgmtrophication
are complex.
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Confounding factors - climate change

Early work on the potential effects of climate change on pgirpeoductivity in the
sub-alpine Castle Lake (northern California) predicted that inedetesmperatures
would lead to earlier spring ice-out and longer growing seasating in enhanced
productivity (Byron & Goldman, 1990).

Kolesaret al. (2002) found that autumn phytoplankton populations in three Rocky
Mountain lakes were influenced most by changes in water tetope@nd incident
solar radiation, suggesting that climate change effects couldigméficant. The
potential effects of climate change on fishless alpine pondsasgsessed by Strecker
et al (2004), working with mesocosm experiments in Banff National Panky T
found that moderate warming destabilized plankton dynamics withouficagrly
increasing dissolved N and P concentrations.

Changes in the biological communities of remote Arctic lakeesli850 have been
attributed to climate change by Birlet al. (2004) and Smokt al. (2005). Other
potential drivers of change such as N deposition were thought to benjesgant
because of the remoteness of these sites and the early onkahgé, although this
issue is still being debated in the literature. More recemiglfe et al. (2006)
concluded that climate change and N deposition were synergisteaiting changes
in lakes of the eastern Canadian Arctic. Furthermore, changkatom assemblages
across ecoclimatic zones (correlated with differing totatdwcentrations) in the
Canadian Arctic have been used to derive a diatom-total N trausfetion on the
premise that palaeolimnological changes in diatom-inferred kbtaight usefully be
used to determine climate-related changes @tiral, 2007).

Given the strong links between terrestrial and aquatic nutrient cycle$iraateqe.g.
mineralization and nitrate production in soils), the separation of direct cligfégts
(e.g. temperature, precipitation, ice-out) and N deposition (nutrient) eifdiitsly to
remain a major challenge for the future.

Synthesis

The long-prevailing assumption that lakes are universally Pelihtiis been shown in
many studies over the last 10 years to be incorrect. NutrielicGn experiments to
whole lakes or in mesocosm studies have shown mixed results withP bartiol N
limitation found, as well as limitation by other factors. Widanging spatial studies
of nutrient limitation, often employing direct bioassay measurements, have diaiwn t
phytoplankton and in some cases benthic algae are frequently t&dlimi upland,
alpine and arctic lakes. Published evidence is available from KheséVeral studies
in the USA and Canada, Sweden, Finland, the Alps, Spain, Patagonia, Eanddor
the Himalayas. More detailed palaeolimnological studies, masthy North America
and the Arctic, have shown changes towards increasing dominancesofrophic
and planktonic algae which are consistent with increasing N digpositer the last
50-150 years.

Attempts to make direct links between palaeolimnological chaagédN deposition
are however complicated by the two major confounding factors of igaitlin and
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climate change, which may have occurred over very similarstaies to the global
increase in N deposition. The causes of changes in preservedraatggihs may
therefore be very difficult to separate. However, given the tdiegdence from
nutrient addition and bioassay studies that the phytoplankton of somedakesad to
N additions, it must be concluded that N deposition to these systenis basse
some change in productivity and probably also in species assemi#lages.there is
little evidence for the direct effects of N deposition on othrgyanisms in upland
lakes, although work in shallow oligotrophic lakes in the Netherlandsh@msn an
adverse effect on the macrophyte communities adapted to low nuveitability
which are widely distributed in upland lakes of the UK (see Task 2.4 below).

The review of the literature described above may be comparedmigarlier review
with a broader but overlapping remit, prepared by Mabetlal. (2004) for the
Scottish Executive to determine the importance of nitrogen irshdvater
eutrophication. The wider scope of this review included lowland lakesriaeis
impacted by agriculture but included an assessment of the impoafNcdeposition
in upland and semi-natural catchments. It was motivated by ttetoedistinguish
between waters where eutrophication is driven by phosphorus and thoseNmsere
the primary control, to assist in policy formulation and complianoaitoring under
the EU Urban Waste Water Directive, the Nitrates Directaved the Water
Framework Directive. As in the present review, it was conclumeiaberlyet al.
(2004) that there is growing evidence globally that N may be timapy or co-
limiting nutrient in certain types of lakes, especially in the uplands.

The policy relevance of N limitation in upland lakes is that [godéion must be
affecting the structure and function of these natural ecosystettis, possible

implications for the protection of designated habitats under the &iitd#s Directive.

Furthermore, it is likely that in the most N impacted systaimere may be a
significant departure from the good ecological status required uhdelEU Water

Framework Directive. For these reasons, there is an urgashtmeeview the case for
the development and application of nutrient N critical loads in UKnaplaaters (see
Task 2.4) with a major requirement being the identification anchitiefi of the

"harmful effects” inherent in the critical loads concept.
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Task 2.2: Analysis of existing datasets (deposition, soils, land-cover, topography) to
determine relationships between N leaching, N limitation and landscagedes
predictors
Martin Kernan, Gavin Simpson, Chris Curtis and Stephen Maberly

I) Prediction of N limitation from catchment characteristics

Introduction

The potential importance of N deposition in causing eutrophication imitetl lakes
has been demonstrated under the current contract through experimeatsabi
work, palaeolimnological studies and literature review. Changegah @mmunities
and possibly macrophytes in N impacted upland lakes may adverffety the
conservation value and good ecological status required under the dbtiatsl
Directive and Water Framework Directive. Hence it is esaemd determine the
potential spatial extent of the problem in sensitive waters of the UK uplands.

Recent publications arising from the NER&ANE programme have shown that
landscape scale datasets may be used to predict N limitatsomfate waters where
N deposition is a major source of N (Mabestyal, 2002).

This Task represents attempt to upscale this approach to the nadd¢esialising
existing critical loads databases of water chemistry and-tover for over 2000
water bodies. The work includes GIS based characterisatiortabfinoant slope and
multivariate statistical analysis of diverse datasets.

Nutrient limitation in upland lakes

Phosphorus has traditionally been seen as the primary nutriertingimie
productivity of unproductive lakes in upland areas or where there Egmificant
catchment nutrient source (Mabedyal.,2002). However, the potential for nitrogen
limitation has been identified across a variety of lakeseftetsal., 1990; Mosset al.,
1994; Jannsomt al., 1996). More recently, Maberlgt al. (2002) found that both
phytoplankton and periphyton were limited as much by nitrogen aglpbias in
unproductive upland lakes and that co-limitation occurred most frequentias
suggested that the importance of nitrogen in these systessawesult of low P
concentrations, low pH and high flushing rates, each of which can leadttwted
cyanobacteria development. The high lake to catchment ratio of afaine study
sites suggested that these systems were characterisepilyflushing and thus
exhibited a close coupling of lake and catchment. A subsequent Maberlyet al.,
2003) examined the relationship between catchment charactesartictater water
chemistry, phytoplankton and periphyton biomass, and phytoplankton and pariphyto
nutrient limitation for the 30 upland lakes used in the earlier studynutrient
limitation (Maberlyet al.,2002).

Nutrient limitation and phytoplankton were estimatedsitu and experimentally,

respectively. For each site, mean P, N and co-limitation wasulatdd as a
percentage. For Great Britain, the land cover for each catchment wasidetefom a
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percentage cover basis) by overlaying digital catchment outlbmés the 25m
resolution LCM 1990 digital land cover map (Fulédral, 1994). Mean slope values

for GB sites were obtained from the Flood Estimation Handbook (FHHRGM
(NERC AA, 1999). For catchments in Northern Ireland LCM2000 digidgh (Fuller

et al, 2001) were used to derive land cover information and mean slope wasabtaine
from a digital elevation model (DEM) from the Ordnance Survey of Northelantie

Stepwise linear regression was used to identify significdatioaships between the
nutrient limitation measures and percent land cover. Multiple reigresvas used
subsequently to generate a predictive equation allowing nutrienatiiomtto be
predicted using catchment attributes. This accounted for 42% of tlaioann P
limitation and 29% of the variation in N limitation. P limitationsyaositively related

to shrub heath and bracken coverage and negatively related to plistuméation
exhibited positive relationships with grass shrub heath and deciduous wa@did
negative relationships with pasture, shrub heath and inland bare ground. No
statistically significant relationships were identified bedweland cover and co-
limitation. P limitation increased with catchment slope while tonverse was true
for N limitation. The latter relationship was not significant asadiance ratio tests
showed that including slope in the predictive models did not improve the fit
significantly. The regression models generated are shown in Table 2.1.

Table 2.1: Results of regression analysis relatingutrient limitation measures to land cover

P-limitation  16.282 -0.4395 PMG +0.3068 SHe + 1.878 41.8 0.001
% (4.717) (0.2731) PMG (0.1616) SHe (0.328) Bra
N-limitation  25.371 -0.2927 Rpa + 1.146 MRG - 0.8%3He + 2.636  28.6 0.02
DMW - 0.7763 IBG
% (6.887) (0.1414) Rpa (0.7) MRG (0.1728) SHe (6)93
DMW (0.39421) IBG

Land Cover Types (PMG- Pasture / meadow /amenaggyrShe - Shrub heath; Bra - Bracken; Rpa-
Rough pasture / grass moor; MRG- Marsh / roughsgra®IW- Deciduous/Mixed Woodland; IBG-
Inland bare ground.

Selection of additional sites for sampling

In order to expand the bioassay database, 13 additional sitessavapted (Task
2.3.2). Where possible these coincided with the sediment isotope work being
undertaken in Task 2.3.1. However, the main criteria for site g#lestis to ensure

that a gradient of modelled N and P limitation was represeniguiessed as %
limitation.

The regression model (Mabert al, 2003) was applied to the UK freshwater
database. This comprises1600 sites for which land cover data have been generated
and these were used to parameterise the model. Predicted %N Patichitation
values were derived, based on the land cover characteristics dfiteadrhis resulted

in a large gradient for both N and P limitation. Sites for lsiagsnvestigation were
selected along a primary gradient of predicted %N limitatrmhasecondary gradient

of %P limitation. Site selection also encompassed a geograjgnadient. Table 2.2
lists the additional sites for bioassay analysis.
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Table 2.2: Additional sites selected for bioassawsipling with modelled %N and %P values

Code Site Country %N %P
SCOATT  Scoat Tarn England 36.1 16.7
BURNMT Burnmoor Tarn England 30.5 3.1
VNY4101 Small Water England 86.3 18.6
CZTQ32 Hammer Pond England 0.8 92.3
NAGA Lochnagar Scotland 17.2 27.9
VNG9402 Loch Coire Fionnaraich* Scotland

LNEI Loch nan Eion* Scotland

CZNG96  Loch Coire Mhic Fhearchair* Scotland

EDNO Llyn Edno Wales 35 8.8
MAIR Llyn Mair Wales 17.4 120.1
GAM Llyn Gamallt Fawr Wales 215 649
WSH7301 Llyn Hiraethlyn Wales 7.2 23

*Not modelled but being used for isotope work

Application of the predictive model to national datasets

The primary aim of Task 2.2 was to apply models for N and P ftiontao the
national datasets to produce a map of likely N and P limitatioohndould be used to
assess the extent of potential effects of nutrient N pollution.

A preliminary exercise at applying the models of Mabetlgl (2002) to the national
data sets raised some issues that need to be addressed bdifsernttaps of N and P
limitation are produced.

The main issue encountered was related to the specificatitve oégression models
in Maberly et al (2002). Here the authors treated the predictor varighle (their
regression models as a continuous variable that can take valgesyraom + to -

. Asy is a proportion (the number of bioassays exhibiting a particulpomes over
the total number of bioassays), it takes values from the range 0-1.

The model formulation used by Mabenry al (2002) did not appear to produce
values outside this range (expressed in the paper as a percemiag®rtion X 100)
and as such did not produce any implausible results. However, appéning this to
the national data sets using landcover data and lake catchmentatidorrderived
from the GB Lakes database (Hugle¢sl, 2004), values for N and P limitation for a
considerable number of sites were predicted to be greater thanat@DRéss than 0%
- which are clearly nonsensical.

Methods

As a result we attempted to re-apply the models of Mabatrlgl (2002) using
updated land cover data from LCM2000 and a model formulation that acdounts
the restrictions on the range of values thaain take. One suitable form of model is a

logistic regression model:

logit p=log[ p(1— p)|=Bo+B1Xs+B2Xo+...+ B X+ €
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in which logit p is the log odds. This model is linear when expressed on the logit
scale, as demonstrated above and can be fitted under the Gedekatiear Model
(GLM) framework with a binomial error distribution using a logik function. This
formulation has the desired properties of restricting the fitaesy to lie between 0

and 1.

For the logistic regression, it was appropriate to transfornprgictor variables (the
land cover variables) using an arcsine transformation. This faramegtion was
applied to try to deal with the closed compositional nature of thaeblas where each
variable is sum constrained to 1 and is not independent of the valudee fother
variables within a site. The transformed variable x' is given by:

x'=arcsin(v'x)(360( 21r))

except where x = 0, in which case x = 1r)(dnd where x = 1, in which case xrF-(
0.25) / n before applying the arcsine transfornmatiheren is the number of
observationsrn(= 27 in this analysis). This adjustment to theaswapplied to improve
the equality of the variances in the angles catedlan the arcsine transformation
step. The arcsine transformation above contain®xiicit transformation of the
variables from radians to degrees.

Following preliminary modelling it was decided thastead of trying to model the
absolute proportions of tests that are P or N &dhitve would restrict this approach to
modelling the probability of P or N limitation baken the presence/absence of
limitation, i.e. the proportiop was assigned a value of Opif= 0 and 1 ifp > 0. This
leads to a transformation of the respogde a binomial variable with values 0, 1.
This transformation was required as the data fer 2/ sites are very much over-
dispersed (i.e. exhibiting more variance than etqueainder the binomial model),
probably the result of the small data set size.

An alternative approach is to use tree-based modeée-based models are used
routinely in machine learning problems as they mea robust way of implementing

regression or classification models. They are iiawarto transformations of the

variables used in the model for example. Becauseheftransformation to the

responseg to 0, 1 values, we chose to fit a classificatimetto the binary response
data. The classification tree aims to find a dedistree or rules that allow the

prediction of N or P limitation, based on the knovetationships between the two
groups (limited/not-limited) and the predictor \abies in the training set.

Prior to modelling using the logistic regressiord @he classification tree, one site
(CZSD59) was removed as an outlier and a numbeheforiginal 27 land cover
classes that took values of O for all site in théadset were deleted as they provided
zero discriminatory power.

For the logistic regression model, all the remajnpmedictor variables were included
in the full model and a step-wise procedure comgjsbf forward selection and
backward elimination steps was applied to therfwddel, with the aim of producing a
minimal, adequate model following the rule of parsny. At each step in the
procedure, the effect on model performance of elating or adding a variable to the
current model was assessed using BIC (Bayes Intam&riterion, also know as
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Schwartz Information Criterion), which penalises model completotguard against
over-fitting. The models resulting from the step-wise procedwe urther pruned
to remove non-significant variables.

Results

Following this model building exercise, we had two models for pliedidi and P
limitation respectively. Both models contained a single expdaypawariable;
proportion of coniferous woodland (gh13). These models were confirmed using the
classification tree models and as a further exercise, thecfmediariables were
standardised to account for size effects between variablesn dathi cases a model
with a single predictor variable (proportion of coniferous woodland) was chosen.

In Maberlyet al. (2003) the proportion of coniferous woodland was highly correlated
with total dissolved phosphorus (TDP), dissolved organic nitrogen (DO$§olded
organic carbon (DOC) and phytoplankton Chlorophyl{Chl ), all variables that
would be important in determining N or P limitation.

We did not attempt to model co-limitation in this exercise ag# not clear how best
to treat the response y when the data are for co-limitatidec(e®ely a success for
both N and P limitation within the bioassay replicates).

The classification rates for the GLM and tree-based modelB-fand N-limitation
are shown in Table 2.3a-d. These numbers do not reflect the predictree piothe
models given some new data and are overly optimistic as the puagetbeen
determined by asking the model to predict for the data seidimused to build the
model. The numbers do suggest that for N and P limitation, at fleagiroportion of
coniferous woodland has high discriminatory power.

Summary and Conclusions

The initial application of the original regression models of Migbet al. (2002) to

the national data sets resulted in predicted proportions of N amdt&tibn of greater
than 100% and less than 0% as a result of the way the authors' nasdelrmulated.
Here we address this issue and fit logistic and classdicatee models to the
LCM2000 land cover data set and the original P and N limitationaldiaberly et

al. (2002). These models are restricted to producing predictions on the correct scale.

Both the logistic regression and classification tree models faehthe proportion of
coniferous woodland in the catchment as the single variable whigtificantly
discriminated between limited and non-limited sites for both N arih® regression
tree models suggest that for P limitation sites with > c. 5% coniferous woodltre in
catchment will be P limited. For N limitation the tree modejgests a value of > c.
0.8% coniferous woodland is indicative of N limitation.

These results should be interpreted with caution. They are based extramely

small dataset that is itself very noisy, and as such wésudlifto model using the
GLM approach. As we have no independent data we have not appliédadioa to
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these models. The additional data collected at 13 extra sifgsrtast the FUMBLE
project will initially be used to validate the results of tmmdelling exercise.
Subsequently these additional sites will be added to the model buitdingng set
and a new set of models will be built for N and P limitation (see below).

At this time it is not appropriate to apply these models to natida@ sets with a
view to producing maps of N and P limitation. Further work is requoefdre this
can be done. On the basis of this work, further sites mag teede sampled in
addition to the 13 sites mentioned above before we can be confidentyhgppése
models to national data sets to produce maps of N and P limitation.

Table 2.3: Prediction performance of models

Table 2.3a: P-limitation prediction performance for the logistic regression model
FALSE TRUE Correct % Correct

FALSE 5 3 23 85.2
TRUE 1 18

Table 2.3b: P-limitation prediction performance for the classification tree
FALSE TRUE Correct % Correct

FALSE 6 2 23 85.2
TRUE 2 17

Table 2.3c: N-limitation prediction performance for the logistic regression model
FALSE TRUE Correct % Correct

FALSE 11 1 20 74.1
TRUE 6 9

Table 2.3d: N-limitation prediction performance for the classification tree
FALSE TRUE Correct % Correct

FALSE 11 1 22 81.4
TRUE 4 11

Further work
The additional 13 sites were subsequently added to the bioassaysdataighathe

model was rerun to assess whether there were sufficientsiipscale the modelling
approach in a statistically valid way. These results are presented irxtisecton.
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II) Model development incorporating new bioassay sites under Freshwater Umbrella
Introduction

The conclusions of the previous modelling work undertaken in Task 2.2 Ihgulig
the problems inherent in using such a small calibration datasetigiatewas taken
to combine the 13 sites sampled under Task 2.3.2 with the original hickshdase
(Maberly et al, 2002) to give a total of 43 sites (See Fig. 2.1). A key issue hveas t
comparability of new data with the original survey where more b&yaanalyses were
performed. Therefore it was necessary to recompile thgnali bioassay data for
comparability with sites sampled under Task 2.2 (i.e. generate conaataset of
bioassay results for all 43 lakes). The problem of "whatedipt’ was also discussed,
given the seasonality of N and P limitation and water chemisgrywhat is a useful
output from the model. It was agreed to work primarily with %nNthtion but this is

a proportion of bioassay tests showing a positive outcome with 4 passbles (0, 1,

2, 3). Other ways of expressing N limitation data should also be considered in future.

Preliminary analysis suggested that, even with the additicieal $he bioassay dataset
was too small to generate relationships and produce maps. Theratbes, than
upscaling the modelling approach using %N and %P limitation, it deatded to
examine the relationship between N limitation and other chenpaesameters to
examine whether a surrogate variable might be employed éztréfllimitation status.
Previous work (Maberlet al, 2003) identified dissolved inorganic nitrogen (DIN) as
a significant factor controlling the extent of N or P limitation at a givienasmd the use
of DIN as a surrogate for N limitation was subsequently exg@lotethis proved
successful it would enable the UK Freshwaters database (c. 28§0ts be used to
guantify the relationships between N limitation status and catchmebutggi(such as
land cover) allowing the modeling of N limitation status sites reitbere are no
chemistry data available. The purpose would be to produce a compvehers of N
limited sites across upland Britain.

Thus the purpose of the additional work in Task 2.2 was to develop the modelling
approach by:

a) expanding the size of the calibration dataset to 43 sites;

b) examining relationships between N limitation and DIN to sdbeflatter can
be used as a surrogate for former;

c) use of national UK freshwater database and LCM2000 land coveradatédp
guantify DIN - land cover relationships; and

d) use this to produce map of upland sites where N is the limiting nutrient.

Expansion of calibration dataset

The original model from Maberlgt al. (2002) was rerun using common analyses from
the original GANE (n=30) and current Freshwater Umbrella (nbl@&ssay datasets
(see Task 2.3.2). Thus only the phytoplankton assays were used, wiérigii@yton
data removed from the GANE results. The results were combirtbdtive extra 13
sites from the Freshwater Umbrella giving 43 in total. Table Rofvs the results of
the bioassays.
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Table 2.4: Nutrient limitation status at 43 uplandsites based on phytoplankton bioassays
(Maberly et al, 2002). Percent limitation is based on whether nan one third, half, two thirds or
all bioassays resulted in a particular limitation

Northing Easting Site % P limited % Co-limited % N limited
350100 499200 Gurnal Dubs 0 67 33
349200 498800 Potter Tarn 0 100 0
337000 496800 Moss Eccles Tarn 0 33 67
326700 503700 Red Tarn (Wrynose) 33 67 0
328400 502100 Greenburn Beck Tarn 100 0 0
329200 504300 Blea Tarn (Wrynose) 67 33 0
316500 500900 Blea Tarn (Eskdale) 33 67 0
316000 497000 Devoke Water 0 100 0
331100 513600 Harrop Tarn 0 100 0
327500 516000 Watendlath Tarn 33 0 67
264500 359500 Llyn Idwal 33 67 0
264700 356100 Llyn Cwm-y-ffynon 0 0 100
264100 354800 Llyn Teyrn 0 67 33
264800 348200 Llyn Llagi 33 67 0
177300 841500 Loch Dithreabh na Cuileige 33 67 0
180900 842000 Loch Coire nan Arr 0 100 0
179200 829000 Loch lain Oig 0 67 33
179500 816500 Loch nan Uranan 0 67 33
240500 808000 Borlum Hill Loch 33 33 33
258900 828900 Loch ceo Glais 0 67 33
262800 829200 Loch a'Choire 0 100 0
244100 813000 Loch Nan Lann 0 33 67
251300 600200 Loch Muck 0 67 33
241000 596100 Loch Skelloch 0 33 67
236500 586500 Loch Kirrieroch 0 67 33
245000 580300 Round Loch of Glenhead 0 100 0
332800 325200 Blue Lough 67 33 0
321100 417700 Loughgarve 0 100 0
202800 354700 Lough Navar 50 0 50
202900 355900 Meenameen Lough 100 0 0
315900 510400 Scoat Tarn 100 0 0
318400 504300 Burnmoor Tarn 0 67 33
345500 510000 Small Water 0 100 0
539700 128700 Hammer Pond 0 33 67
266300 349700 Llyn Edno 67 33 0
265300 341300 Llyn Mair 33 67 0
274500 343900 Llyn Gamallt Fawr 0 67 33
274300 337000 Llyn Hiraethlyn 0 33 67
194500 849800 Loch Coire Fionnaraich 0 67 33
192500 850800 Loch Coire nan Eion 33 67 0
194300 860600 Loch Coire Mhic Fhearchair 67 33 0
325200 785900 Lochnagar 67 33 0
316000 768600 Loch Beanie 67 33 0
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Three phytoplankton bioassays were undertaken and % limitation i$ dasehether
none, one third, half, two thirds or all bioassays resulted in a partitaiitation.
Thus, from Table 2.4, Coire nan Arr was co-limited each time, ek Burn Tarn
was P limited on each occasion and Cwm-y-ffynon was N limitedttte purposes of
this study, the focus was on sites at which N limitation occlatethy given time. A
map (Figure 2.1) shows the location of the calibration sites. Figure 2.2 shows how P, N
and N limitation varies nationally and, for Wales, the Lake Ris@and Galloway,
regionally. Nationally, sites in NE and NW Scotland do not tend tobéxN
limitation. Sites in Wales and the Lake District are morgaée in terms of N
limitation status. Percent P limitation is relatively high i& Hcotland but rather lower
in N Wales (where co-limitation dominates) and completely ahsetite Galloway
region.

Figure 2.1: Map of 43 bioassay sites

Relationships between N limitation and dissolved inorganic nitrogen (DIN)

Exploratory analyses were undertaken to examine whether a striatignship
existed between N limitation and dissolved inorganic nitrogen (DtN)agsess
whether the latter could be used as a surrogate for the fobiiérranged from 1
mmol mi® at Llyn Gamallt Fawr in North Wales to 22 mmol°rat Blue Lough in
Northern Ireland with a median of 7.1 mmofnfigure 2.3 shows how DIN values
are distributed spatially across the calibration dataset. Térereno clear spatial
patterns in the data. N and P limitation were plotted againsf@lItthe 43 sites (Figs.
2.4a and b, respectively). There is a lot of scatter in tha datl the positive
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relationship between P limitation and DIN appears stronger thanndigative
relationship exhibited between N limitation and DIN. Correlationswéen %
limitation and measures of nutrient concentration (together withd#) are shown in
Figure 2.5 to examine whether other surrogates may be used dm cotme
estimation of N limitation. P limitation exhibits relativestrong correlations with
DIN, NO3™ and altitude. N limitation correlations tend to be weaker withitbleestr

values representing relationships with altitude sgN@egative) and DIN (positive).

Figure 2.2: Map of N (a), P (b) and Co- (c) limitaion across the 43 site bioassay dataset

a) N limitation

b) P limitation
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c) Co-limitation

Figure 2.3: Map of dissolved inorganic nitrogen (DN) at bioassay sites

a) P limitation vs DIN

Scatterplot (DIN vs % P limitation)
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Figure 2.4: Scatterplots illustrating the relationgip between N and P limitation and DIN

b) N limitation vs DIN
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Figure 2.5: Correlations between % N, P and co-limétion and altitude, total dissolved
phosphorus (TDP), total dissolved nitrogen (TDN), @dsolved organic nitrogen (DON), nitrate
(NO3) and dissolved inorganic nitrogen (DIN)
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Use of national UK freshwater database and LCM2000 land cover database to
quantify DIN - land cover relationships

DIN values are available for over 2000 lakes and streams acrotitire the UK
Freshwaters database. Figure 2.6 shows how these are distabrgss the UK (with
all sites with an agricultural influence screened out). Thedsigconcentrations tend
to cluster in areas that have experienced elevated levelglegpdsition including the
Peak District, parts of Wales, the Lake District and south &estland. A correlation
analysis was undertaken to assess whether these patterreflaisted the mitigating
effects of land cover and soil type. Figure 2.7 summarisesahelation analysis
showingr values between N limitation and:

a) catchment coverage of each of the land cover classes fron€¥2000 land
cover database;

b) catchment weighted values for soil N immobilization:

c) catchment weighted values for denitrification; and

d) altitude.

The strongest correlations are with gb10 (% open shrub moor), dbmpdoved
grassland), gbh19 (acid grassland), N immobilisation and N denitigiicaHowever,
of these, only the correlation with gb10 exceeds an absolute value of 0.3.

Conclusions

The final aim, to produce map of upland sites where N is the limiting nutrient, was not
achieved. The weak relationships, uncertainties and errors at syt & the
modelling process preclude upscaling to national datasets attafges. 3t may be
possible using more sophisticated statistical techniques to imtirevarength of the
relationships between N limitation and DIN (or some other suredgatd between
this and land cover. However, this is a noisy data set and whjheoving the
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modelling may increase predictive power it is likely that laegers will remain.
Ideally, more direct measurements of N limitation are neddaed sites over wider
gradients if this is to be modelled at a national scale vayhdegree of confidence in
the results. This work should be closely linked to attempts to improdelsnof NQ
leaching using more detailed catchment scale datasets teaoysly available. A
key issue is that of upscaling from moderately sized dataset weed to represent
broad environmental gradients to the national scale. While chaltgniis work is
required to address the increasing need to develop national scale models fab$oth N
leaching and nutrient N critical loads which are, as this workrarome has shown,
now an urgent priority for oligotrophic and mesotrophic upland waters in the UK.

Figure 2.6: Map of dissolved inorganic nitrogen cocentration at non-agricultural sites in the UK
Freshwaters Database
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Figure 2.7: Correlation coefficients between disseéd inorganic nitrogen and the catchment
coverage of each of the land cover classes from th€M2000 land cover database, catchment
weighted values for soil N immobilization, denitrifcation and altitude.
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Task 2.3: Design and implementation of scoping survey on basis of Task 2.2 above

2.3.1: Palaeolimnological analysis for evidence of biological response to N
deposition independent of any acidification response

and

2.3.3: Comprehensive analysis of palaeolimnological evidence for nutrient N
response in up to 6 lakes where existing catchment / water chemistry data indicate
potential N limitation in Task 2.2

Gavin Simpson and Chris Curtis

Note

Tasks 2.3.1 and 2.3.3 are reported here together. With approval from DEFRA,
following completion of Task 2.3.1 the proposed work under Task 2.3.3 was modified
to provide the maximum amount of data within the available budgeirplement

the findings of Tasks 2.2 and 2.3.1. The major change was a substitusomef
sediment core analyses for lake surface sediment analyseg.e3oits are presented
below.

Introduction

Recent evidence, mostly from North America, has emerged suggpésit base poor
upland and mountain aquatic ecosystems are demonstrating a response to
anthropogenic nitrogen deposition, despite the low inputs (Firedlal, 1999; Baron

et al, 2000; Wolfeet al, 2001; Fennet al, 2003; Sickman, 2003). Contrary to
expectations, many upland lakes in Europe and North America arehdr than P,
limited or co-limited by both N and P (Mabery al, 2002; Bergstronet al, 2005;
Bergstrom & Jansson, 2006: see Tasks 2.1 and 2.3.2). It has been suggested that
natural state of many upland lakes is N-limitation and the wréesl occurrence of
P-limitation is a reflection of a change in the N and P balance of thesealaka®sult

of increased inputs anthropogenic N (Bergstrom & Jansson 2006).

Wolfe et al. (2001), working on cores from remote lake ecosystems in the Rocky
Mountains, Colorado, have demonstrated a link between apparent eutrophacati

a change in N of bulk organic matter in sediment cores from two lakes. This
change in °N of bulk organic matter to isotopically lighter nitrogen is indica of

an increased supply of N from the atmosphere to the lakes anccdbagiments. N
deposition in this region is relatively high for alpine regions in North Amgtthcaigh

it has been suggested that a similar process may be operatiegvidely. Changes

in the N of bulk organic matter, similar to those identified by Wafeal. (2001),
have been seen in remote lakes on Baffin Island (Vébléd, 2006) and in Greenland
(Simpsonet al, unpublished research) experiencing low but elevated inputs of
anthropogenic N via long range transportation.

59



Furthermore, Jonest al. (2004) have recently reported that there is a weak but
statistically significant link between théN of lake surficial sediments and total N
deposition for a small set of upland lakes, and suggest thammight be used as a
surrogate for the degree of lake N-limitation.

Nitrogen isotopes are good integrators of the N cycle (Robinson, a6@X)ave been
used extensively to track pollution and process in catchments ands Wiaendall,
1998), and whilst the exact interpretation of the changes>M of bulk organic
matter is still being researched, it is clear that thengbs in the isotopic values of
nitrogen bearing compounds in lake sediments indicate a widespreadofmahgr
change in the biogeochemistry of the studied lakes.

Lake sediments contain organic matter from a range of sourcggulRa amongst
these is organic matter derived from aquatic macrophytes arm, algrrestrial
macrophytes and soil humus. Each of these sources contains and¢hesatabutes
varying amounts of N to sediment organic matter. Phytoplankton deorgahic
matter is relatively N-rich, due to the high protein and lipid eohof the cells.
Organic matter derived from terrestrial plants is dominagdellulose and lignin
which are N-poor, whilst soil-derived organic matter may batikedly N-rich due to
N-fixation by bacteria, especially around plant roots.

Differences in N content of the various constituents mean thathNiactions can
dominate the isotope values of bulk organic matter measured isédkaents, even
if these N-rich sources do not dominate volumetrically. Thereteregstrial plant

material is unlikely to distort or influence the isotope valuessomed in lake

sediment organic matter as that source is N-poor. Likewiseewa N-rich source
could have a disproportionate effect on sediment N isotope values despgeat a

relatively low concentration or flux (Talbot, 2001). As such, N isotoglees from

lake sediment organic matter can be expected to reflect thetdpe values of the N-
rich sources as well as in-lake processing of that N.

The contribution to lake sediment organic matter N isotope values tbpade
atmospheric deposition is difficult to determine without having widemitedge of
the N isotope values of sources and applying mixing and fractionatodels. What

is easier to conclude, is that the observed changes in lake sedinmotope values
from North America (e.g. Wolfet al, 2001) indicate a change in the biogeochemical
cycling of these lakes. Because the sediment core isotope vauemsonably stable
or constant prior to the switch to gradually lower proportions™df we can
hypothesize that the lakes had reached some form of staldeasidtthat the N
isotope values of the lake sediment were in steady state nyithisi The observed
change in N indicates that sources of N to these lakes have altered toththa
processing of N within the lake and/or its catchment has chaGgeeh the timing of
these changes and the switch to low8N values of lake sediment organic matter, a
prime candidate that could be associated with these changes iacthase in
deposited N observed through the northern hemisphere since the early to mid 1800s.

One characteristic shared by both the Colorado Rocky Mountain lakethase in
the Arctic is their high degree of sensitivity to change. Therggnificant evidence
that the effects of N deposition on mountain and Arctic lakes issprdad and
changes in the™N of bulk organic matter have been observed even in areas receiving
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low levels of N deposition. The extent to which less sensitive up&as lin Europe
and North America have also been affected by anthropogenic atmiosphe
deposition is not known.

Aims and objectives

Here we investigate the palaeolimnological N isotope recoré feeries of upland
lakes in the UK receiving a range of anthropogenic N inputs fadmospheric
deposition, to determine whether the patterns of change associatéd evititchment
from deposition observed in North America are also found in the UK. M&e a
conduct a study of "N of lake surficial sediments in relation to total N depositian

a larger data set than that originally used by Jehes (2004) to investigate whether
the proposed link betweer®N and N deposition holds over a larger spatial gradient.
A link between N and N deposition would support the conclusion that patterns
observed in sediment cores reflect historical increases in deposihd would
provide an independent proxy for historical N deposition for use in dynamic
catchment hydrochemical models such as MAGIC.

Methods

Sediment core analysis was undertaken at 12 sites across th@adbie 2.5). Bulk
organic matter sub-samples from sediment cores from each &keaiv dried at 40
°C or below. These sub-samples were then milled to a fine powdey asRetsch
mixer mill. Approximately 0.001g of milled sediment was transig to pre-weighed
tin capsules, which were then sealed. The amount of dried sedimesthncapsule
was recorded.

The samples were analysed for total N and C, Nd°N and *?C/**C at the UC
Davis Stable Isotope Facility, California, USA via isotope ratass spectrometry on
Hydra 20-20 or Anca-GSL isotope ratio mass spectrometers.

The concentration of N and C in the samples is expressed as ggsaihmor C per
gramme dry weight of sediment. The isotopic ratio *df/*°N and *?C/*°C is
expressed using the deltg fotation in parts per thousand (or per mille, %.), where
N (%0) and *°C (%o) = [(Rsample/ Retandard - 1] X 1000, where R is th&N/*°N or
12C/*C ratio in the measured sample or the appropriate standard. artuarst for
nitrogen is the N of atmospheric nitrogen (commonly referred to as AIR), and for
13C the standard is Vienna Pee Dee Belemnite (VPDB). The @fd was
calculated from the mass of N and C and converted to atomas tagi multiplying
the mass ratios by 1.167 (the ratio of the atomic weights of N and C).

Diatoms samples were prepared following standard methods (Bat&irbk 2001).
At least 300 diatom valves were counted in each sample usingtza research
microscope with a x100 oil immersion objective and phase contrastonbia
taxonomy follows Krammer and Lange-Bertalot (1986-1991).

Sediment cores were dated using a combination of spheroidal carbonpeetie
(SCP) and**Pb radiometric dating, or by correlation of new cores withtiexjslated
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cores. Not all cores presented in the results section wer@, datee additional sites
were analysed as part of changes to the work programme agreed with DEFRA

NOy, NHy and Total N deposition data were derived from national 5x5km gridded
data (annual mean values for 1995-97) provided by CEH Edinburgh. Therrsthp
between N deposition and surface sedimémnt was investigated using least squares
regression techniques using R version 2.5.1 (R Core Development Team,NRDQ7).
and Total N deposition were log transformed prior to analysis abmpmary
modelling showed non-Gaussian, and non-constant variance in, model resiéteals. A
log transformation, these problems disappeared. The resulting plasdveavn on

the original (non-logged) scale of the predictor.

Table 2.5: Isotope sediment core sampling locations

Site WBID Altitude (m) Area(ha) Grid Reference  Courry
Lochnagar 21723 788 9.9 N0252859 Scotland
Loch nan Eion 17147 356 28.6 NG924511 Scotland
Loch nan Eun 7824 166 35 NG231298 Scotland
Round Loch of Glenhead 27927 298 12.7 NX449803 |Sodt
Scoat Tarn 29156 598 4.3 NY159103 England
Wast Water 29183 64 278 NY162059 England
Burnmoor Tarn 29215 253 23.9 NY183043 England
Llyn Gwngu 38163 438 3.1 SN838729 Wales
Llyn Nadroedd 34061 539 1.0 SH594543 Wales
Loch Coire Fionnaraich 17334 236 9.3 NG945498 Goatl
Loch Coire Mhic Fhearchair 16140 592 10.1 NG941608 Scotland
Loch Enoch 2708 498 50.2 NX445851 Scotland

Stratigraphic Results

A summary diagram of the changes ittN for each of the 12 sediment cores
analysed is shown in Figure 2.8. With the exception of two sitga (ladroedd and
Loch nan Eun) there is a trends towards isotopically lighter bgl&nic matter in the
upper levels of the analysed sediment cores, illustrated bgiugtien in measured
values of N.

With the exception of Llyn Nadroedd and Loch nan Eun, the observed raselts
consistent with the patterns observed elsewhere in the USA arddtie (Wolfe et

al.,, 2001, 2006; Simpsoret al, unpublished work). Subsequent discussion is
restricted to those sites that exhibit the declinéiN, unless specifically indicated.

Stratigraphic plots of the isotope measurements, total N and Ct@met &/N ratio
for each of the sites are shown in Figures 2.9-2.20 below.

For the sites that show a decrease't in the upper section of the core, we find that
prior to this decline, relatively stablé°N values are observed in the range +2 to
+3.5%0, although there is a degree of scatter between data gdiatmain exception
to this is Loch Coire Mhic Fhearchair, which exhibits a shift-é%o. around 10cm
which occurs over several samples. This suggests a rapid changbei
biogeochemistry of the loch at this time point, although without fuithestigation

it is difficult to suggest a plausible mechanism for this change.
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Figure 2.9: Stratigraphic plot of **N and *°C, total N & C and atomic C/N ratio for Lochnagar
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Figure 2.10: Stratigraphic plot of **N and *3C, total N & C and atomic C/N ratio for
Loch nan Eion
Loch nan Eion

T T T T T T T T T
0010 0012 0014 0016 0018 0.15 0.20 0.25 0.30 14 16 18 20 22 24

Total N (g g * DW) dNow Total C (g g'* DW) dCom CIN (atomic)

64



Depth (cm)

Depth (cm)

Figure 2.11: Stratigraphic plot of **N and *3C, total N & C and atomic C/N ratio for
Loch nan Eun
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Figure 2.12: Stratigraphic plot of **N and *3C, total N & C and atomic C/N ratio for
Round Loch of Glenhead

Round Loch of Glenhead

T T T T T T T T T T T T T T T T Y
0012 0013 0014 0015 0.016 0017 014 016 018 020 022 024 026 14 16 18 20

Total N (g g * DW) dNow Total C (g g'* DW) dCom CIN (atomic)

65



Depth (cm)

Depth (cm)

Figure 2.13: Stratigraphic plot of **N and *3C, total N & C and atomic C/N ratio for

Scoat Tarn
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Figure 2.14: Stratigraphic plot of *®N and *°C, total N & C and atomic C/N ratio for

Wast Water
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Figure 2.15: Stratigraphic plot of **N and *3C, total N & C and atomic C/N ratio for
Burnmoor Tarn
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Figure 2.16: Stratigraphic plot of *®N and *°C, total N & C and atomic C/N ratio for

Llyn Gwngu
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Figure 2.17: Stratigraphic plot of **N and *3C, total N & C and atomic C/N ratio for
Llyn Nadroedd
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Figure 2.18: Stratigraphic plot of *®N and *°C, total N & C and atomic C/N ratio for
Loch Coire Fionnaraich
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Figure 2.19: Stratigraphic plot of **N and *3C, total N & C and atomic C/N ratio for
Loch Coire Mhic Fhearchair
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Figure 2.20: Stratigraphic plot of *®N and *°C, total N & C and atomic C/N ratio for

Loch Enoch
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At the surfaces, *°N values of the bulk organic matter are c. -2 to +2%o with the
majority of sites showing values of 0 to +2%.. Where changedian place, most
sites show an approximate decline 1N of 2%.

The total N (TN) and C (TC) curves are difficult to interpateine as long term trends
in TN and TC could simply reflect progressive degradation ofrecgaatter as it is
incorporated in the sediments via diagenetic process occumirthei sediments
themselves. The sharp changes in TN and TC apparent in seversl ircottee
uppermost sediment samples are probably the result of earlyndieggrocess
leading to rapid breakdown of the most labile organic compounds asiahaer
incorporated in the sediment.

The C/N ratios are generally low, being less than c. 20 irt Bites. In many sites,
there is a trend towards lower C/N ratios of c. 8-10, which beghmer eshortly before
or contemporaneously with the shift to loweéPN values, suggesting that the two
processes are linked, although this is purely correlative. C/bsrafi<10 with °C

of c. -25 to -30%0 are often linked to a lacustrine algal sourcesutf we could
interpret the changes in C/N ratios and associaté@ values to indicate that the
contribution of autochthonous algal material to sediment organic matter hasadre
suggesting an increase in algal productivity and biomass.

Sites that do not follow this pattern are Loch nan Eun, Lochnaganr, Niddroedd,
Loch Enoch and Loch Coire Mhic Fearchair.

In Loch nan Eun, the trend of increasing C/N ratios is parallelea stgady increase
in N. At about 2.5 cm there is a marked change in the biogeochewiistrig site.
With the exception of the uppermost sampféN values decline rapidly by 2%, the
CIN ratio drops from 16 to c. 11, and the decline'fic values reverses, with a slight
enrichment in*C. This may indicate that this site has reached a threshold lasthe
few decades that has led to a switch in the biogeochemicahgyalthe loch, that is
superficially similar to the earlier changes N seen in 10 of the studied sites and is
consistent with the changes seen in more remote sites in Namdrida and the
Arctic.

The following sequence of plots shows isotope cross plots (Talbot, 200dadh of
the studied sites, which draw various aspects of the values showan stratigraphic
plots above against each other in scatterplots (Figure 2.21-2.32). Theghawis in
red represent the samples that occur aftdt starts to decline.

The isotope crossplots show that in the majority of sites the QNagelbchemistry
and the isotopic values for C and N for the samples after thegehan >N are
distinct compared to samples prior to the change. This suggests thibat
biogeochemical changes are not just restricted to the N tydteese systems. The
most obvious pattern is that the lowerN values are most often associated with low
C/N ratios in many sites. Other changes are site spebiiit,a number exhibit
changes in the relationship between the total C of the sedimemies and the C/N
ratio for those samples that are associated with the declining tretitilin
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Figure 2.26: Isotope crossplot for Wast Water
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Figure 2.28: Isotope crossplot for Llyn Gwngu
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Figure 2.30: Isotope crossplot for Loch Coire Fionaraich
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Figure 2.32: Isotope crossplot for Loch Enoch
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>N in surface sediment and relationship with N deposition

Surface sediments from a total of 83 sites, including those otigiaablysed by
Joneset al. (2004), were analysed for®™N. >N values were related to 5x5km
deposition data for a period that approximately corresponds to the time period covered
by the surface sediments. Table 2.6 shows the range of deposlties @ the sites

in the data set.

Table 2.6: Summary statistics for NQ, NH, and total N deposition across the 83-site data set

Units (kg hayr)  NO, NH, TotalN

Mean 6.921 11.45 18.37
Min 1.68 2.52 4.76
Max 20.58  28.56 46.90

The distribution of NQ NH, and total N deposition across the data set as well as the
15N values of the surface sediments is shown in Figure 2.33 belowe @ats cover

a wide range of deposition from high to low, from <5 to >45 kg N per hectare per yea

total N deposition. The®N values are approximately Gaussian, with a mean of c.

+2%eo.

The results of the regression modelling are shown in Figures 2.34-28f B a
strong, statistically significant relationship between sedim&iN and each of the
deposition measures, though the relationship was strongest fatdypOsition (I%dj:
0.1015, F = 10.26, p = 0.001945), followed by total N depositiGg;¢R0.06514, F =
6.714, p = 0.01134), then NHeposition (R,= 0.0493, F = 5.252, p = 0.02451).
These results are in agreement with those of Jeha$ (2004), although with this
much larger data set, there is inevitably more scatter aneéaqaastly, the coefficient
of variation for the models presented here is lower than those of 8bak$2004).
This high variability and therefore Iowzfaj, is indicative there are other important
processes that combine to determine surface sedim@htvalues, many of which
may be site and site-type specific. Yet superimposed upon thiahaariation and
noise, is a clear pattern of lowel’N values in lake sediment organic matter as N
deposition (as N©@ NHy or total N) increases.

Discussion

The results of the stratigraphic analysis of the 12 sediment soo#sthat there have
been profound changes in the biogeochemistry of many of the studied wgitesd |
consistent with results reported elsewhere for more sensitivgystems (e.g. Wolfe
et al, 2001). 10 of the 12 sites studied showed switches to isotopicallgrlightk
organic matter in the upper part of the sediment core, with thebpiwgshat the core
from Loch nan Eun has also experienced a similar but more recent change.
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Although not all cores were dated, those that were suggest theltahges in *°N
began in the late i9and early 280 Centuries, which is again consistent with
increased anthropogenic inputs of N from atmospheric deposition bBmaedustrial
revolution. This indicates that sites have been experiencing chentiesr nitrogen
cycle and N and C biogeochemistry for approximately 100 years.pféidates the
major increases in N emissions from the 1960s onwards and suggeseveha
moderate amounts of elevated N deposition emitted prior to 1960 were laaving
influence on the biogeochemistry of upland lakes in the UK.

Wolfe et al. (2001) suggest that their observed changes!iN are related to
increased inputs of N from fossil fuel and motor vehicular sourcésgshwthey
suggest is depleted 1AN.

There are few data on the isotopic composition of rainfall in inidlised regions of
the world. Existing data are inconclusive as to whether atmospgkdrom industrial
and vehicular sources is isotopically distinct from natural atmogpRee.g. Heaton,
1986). Data from the four sites studied for the dual isotope methoaik Package
3, Tasks 3.2 and 3.3 are the only isotopic measurements of rainfalaat giles that
we are aware of from the UK. Th&N of nitrate in rainfall from these four sites lies
within the range -6 to +4%., which is consistent with values reportaivbkere for
nitrate in industrial areas. These values vary temporally dwerperiod of data
collection and are not consistently depleted® However, annual meart>N-NO3
values in the four bulk deposition sites monitored are generallytddpléfon Gwy
(mid-Wales) = -0.3%o, River Etherow (South Pennines) = +0.5%0, Scoat (Lake
District) = -1.5%0 and Lochnagar (Grampians) = -1.8%o (see Tasks 3.2-3.3).

Catchment processes may also act to alter the isotopic \adldeposited N, through
denitrification, assimilation and mineralisation within soils andetatipn. The dual
isotope data for Scoat Tarn and Lochnagar, two of the sites foh whdiment cores
were analysed, suggest that there is little systemafarelifce between thé°N-NO5
in deposition and that measured in lake inflows, although mean surédeedata are
slightly enriched in°N by up to 1%. relative to deposition (Task 3.3). Surface water
1>N-NOj3 values are still sufficiently depleted relative to lakdisents to drive a
depletion in recent sedimenting organic matter. Furthermore #ppears to be a
very minor fractionation resulting in a depletion N-NOs™ of 0.1-0.2%o within the
lakes themselves (Task 3.3). Overall these data indicatedt@iment processes are
not radically altering the isotopic values of N entering ttkedafrom the catchments,
which suggests that thé°N measured in lake sediment may be directly influenced by
deposited N.

The sediment and depositiot™N data demonstrate for the first time that the
influence of NQ deposition alone may be sufficient to explain the observed patterns
in lake sediments. Increasingly depletédN values towards the present day could
simply reflect increasing inputs of NOwith a lower N value than the pre-
industrial background level reflected in older lake sediments. Thd sewalsal in
sediment >N towards the surface of some sediment cores may refleandne
recent reductions in NQdeposition over the last 10-20 years. While the evidence is
circumstantial, Scoat Tarn and Lochnagar provide the first exagdl co-located
measurements of bulk deposition N@nd sediment™N that we are aware of and
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this possible causative relationship demonstrates the exciting potential pptbhach
for using lake sediment°N as a historical proxy for N deposition.

The results from the surface sediment study reported above pravidiarative
evidence that lake surface sedimehN is related to N deposition spatially, which
further suggests that changes AN recorded in sediment cores may reflect historical
changes in N deposition. Clearly there is a large degreeatiesin the relationships
between N deposition and surface sedimén attesting to the presence of other
processes that influence theN of lake surface sediments (e.g. deposition of reduced
N species), but superimposed upon this variation is a clear sigioalef >N values

in lakes experiencing higher N deposition.

In many of the sites, changes in the C/N ratio, which occureasame time as the
decline in N, could be interpreted as a change towards increased algal fivoduc
which is again consistent with an increased input of nitrogen toetl systems and

thence an increase in productivity of the lakes.

Results from the diatom analyses have not been presented hbergasdre no clear
relationships in species composition that could be related to the shangéN or

C/N ratios. Not all cores were analysed for diatoms, owing tagd®in the work
programme agreed with DEFRA. Those sites for which diatoms wteer analysed

here or already existed from previous analyses were ggnénalie sites that had
experienced an acidification over the same period as the chandgd\inlt was
impossible to separate the acidification response of the diatomstlfie response to

the change in*°N, probably because diatoms respond well to changes in pH and most
of the studied sites do not have a large planktonic diatom community.

The exception is Loch Coire Fionnaraich, which has not experiencstioag
acidification, although at this site it has also proven difficalidentify a change in
diatom species composition that can be related to the chand@inHowever, as
part of other NERC funded research at Loch Coire Fionnaraickutiéossil cysts of
another algal group, the chrysophtes, were also analysed (S. Plap)nUsig a
chrysophyte-nitrogen transfer function, lake water N concentratiorese
reconstructed for Loch Coire Fionnaraich. There is a close hmagtween the
reconstructed lake water N concentrations and tPé¢ record at this site. There is
also a less close match between cyst composition 8hd Whilst further work is
required to assess the relationships between the changes in twpblytgs and™>N
in Loch Coire Fionnaraich, preliminary results do suggest theeelisk between
changes in chrysophyte cyst composition and increased N deposition at this site.

Whilst it is disappointing that no clear patterns in the diatata dould be related to
the changes observed in theN records of the lakes analysed, this does not preclude
the possibility that the lakes have increased in productivity temokiding in the
diatoms. This increase in algal productivity may not show up ingtienent record

as a change in diatom species composition, although there is tagteligdlence that
other algal groups may be responding to increases in N depositione Fubuk
should focus on non-acidified, nutrient richer sites, with a well dpeeladiatom
planktonic assemblage, as we hypothesise that it is the plankdgaithiat will be the
first to respond to increases in N inputs (cf. Welfal. 2001, 2006).
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Conclusions

The results of the sediment core analysis faX have shown widespread and marked
biogeochemical changes in the majority of the studied sites.sTigigests that similar
changes may have also taken place over the past 100 years imtmanypland and
mountain lakes in the UK. The results obtained here are consistent with attuse
change being increased deposition of anthropogenic N from the atmms@selting
from increased emissions of N from burning fossil fuels. Howeverathéable data
cannot point conclusively to increased deposition of N as the soke a# these
changes in *>N. At the two co-locates sites Lochnagar and Scoat Tarn, histgric
increasing inputs of >N depleted NQ deposition has been shown to be a possible
driver of changes in lake sedimertN, but the evidence is circumstantial and the
>N of reduced N deposition was not measured.

These results are also in agreement with those observed in emsiéve regions.

There is also some evidence to suggest that productivity segdaave also taken
place in many of the studied lakes, which occurs contemporaneousiyheithanges

: 15

in N.

Further work is required to demonstrate conclusively the role of gpubenic N
deposition in the biogeochemical changes observed in these uplandAaketer
understanding of the isotopic values of the various forms of N in deposind
catchment soils and inflows is required to better describe the iopisfrom the
various sources to lake systems. Work is also required to investigiake processes
and usage of N, as well as experiments to manipulate in-lake oses®cwith
additional N inputs to investigate the in-lake contributions to sedingeirganic
matter. Finally, information on the nature of the N bound in organic maite
exactly what is being recorded b¥{’N in lake sediment in these nutrient poor upland
lakes is required to confirm that the observed changes’i are not related to
changes in the source of organic matter through time.
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2.3.2: Bioassays for evidence of current biological response to nutrient N depositi
independent of any acidification response

Stephen Maberly, Chris Curtis and Gavin Simpson

Using the output from Phase | of Task 2.2 above, predicted % N andit&itm
values were used to select 13 sites for direct bioassay assessment iof lmattagion
(Table 2.7). Note that it was decided to reduce the number of bioestayat each
site to allow work at a greater number of sites on the samgebtithn the 6 sites
from Task 2.3.1 originally specified. This approach should allow more thorough
coverage of environmental gradients and greater expansion of the npdiataset

for predicting N limitation. The final list of sites was egtled from the Freshwater
Umbrella database to cover gradients of %N limitation, %Radtran and regional
variations in N deposition.

Table 2.7: Bioassay site selection by region

Sitecode Site name %P lim. %N lim.
Lake District

SCOATT Scoat Tarn 36.1 16.7
BURNMT  Burnmoor Tarn 30.5 3.1
VNY4101 Small Water 86.3 18.6
Southern England

CZTQ32 Hammer Pond 0.8 92.3
North Wales

EDNO Llyn Edno 35.0 8.8
MAIR Llyn Mair 17.4 120.1
GAM Llyn Gamallt Fawr 215 64.9
WSH7301 Llyn Hiraethlyn 7.2 23.0
NW Scotland

VNG9402 Loch Coire Fionnaraich * *
LNEI Loch Coire nan Eion * *
CZNG96 Loch Coire Mhic Fhearchair 16.3 26.3
Cairngorms/Grampians

NAGA Lochnagar 17.2 27.9
CZNO16 Loch Beanie 16.6 33.3

* not initially modelled - selected because theyenvstudy sites in Task 2.3.1

Water was collected from thirteen lakes in June, July and September 2005 (8able 2.
A sub-sample was filtered in the field and the water was eadior driven to CEH
Lancaster. The filtered samples were analysed for totablgiesd phosphorus, total
dissolved nitrogen, nitrate and ammonium. The unfiltered samples wssd to
measure initial phytoplankton chlorophyll and to perform the bioassdipwing the
procedure in Maberlgt al. (2002). Briefly this involved measuring the concentration
of phytoplankton after fourteen days incubation at constant conditioas rudt
nutrient addition (control), addition of phosphate, ammonium nitrate or both. The
experiment was carried out in triplicate. Statistical maizgal t-tests were used to
distinguish between P-limitation (statistically significaneater concentration of
chlorophyll compared to control in response to added P), N-limitattatistecally
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significant greater concentration of chlorophyll compared to contreesponse to
added N) or co-limitation (statistically significant greatencentration of chlorophyll
compared to control in response to added P+N if no response to siddieradf P
or N).

Table 2.8: Sampling dates for the 13 new bioassajes

%P %N Site Site OS Site FIRST SECOND FINAL
Sitecode  Site name lim. lim. Easting Northing Country Map At. SAMPLE SAMPLE SAMPLE
Lake District
SCOATT Scoat Tarn 36.1 16.7 315900 510400 ENG 89 602 0DJuni9-Jul-05 21-Sep-05
BURNMT Burnmoor Tarn 30.5 3.1 318400 504300 ENG 89 252 02Im 18-Jul-05 21-Sep-P5
VNY4101 Small Water 86.3 18.6 345500 510000 ENG 90 450 08k 17-Jul-05 22-Sep-§5
Southern England
CZTQ32 Hammer Pond 0.8 92.3 539700 128700 ENG 187 70 O0O®S5unt4-Jul-05 18-Sep-§5
North Wales
EDNO Llyn Edno 35.0 8.8 266300 349700 WAL 115 500 31-May-0%-Jul-05 26-Sep-d5
MAIR Llyn Mair 17.4 120.1 265300 341300 WAL 124 80 01-Jun-0%6-Jul-05 27-Sep-d5
GAM Llyn Gamallt Fawr 215 649 274500 343900 WAL 124 470 -h-05 16-Jul-05 27-Sep-pP5
WSH7301 Llyn Hiraethlyn 7.2 23.0 274300 337000 WAL 124 3101-Join-05 16-Jul-05 27-SepP5
NW Scotland
VNG9402 Loch Coire Fionnaraich 194500 849800 SCO 25 230-JWB05 23-Jul-05 24-Sep-P5
LNEI Loch Coire nan Eion 192500 850800 SCO 25 356 09-J&n-P3-Jul-05 24-Sep-05
CZNG96 Loch Coire Mhic Fhearchair 16.3 26.3 194300 8608CO 19 590 10-Jun-05 22-Jul-05 25-Sep-05
Cairngorms/Grampians
NAGA Lochnagar 17.2 279 325200 785900 SCO 44 790 08-Jun-@BJuR05 23-Sep-(d5
CZNO1€ Loch Beani 16.€ 33.5 31600( 76860( SCC 43 41C 07-Jun-0! 21-Jul-0¢ 22-Sep-0

An example of a bioassay result for the July 2005 samples is simotig. 2.37.

Addition of both N and P always produces a statistically sgmt increase in
chlorophyll compared to the control and this represents co-liontathere there is
not a significant response to a single addition of P or N as im Ggmallt Fawr for
example (Fig. 2.37). In some cases with strong co-limitation, iaddif a nutrient
causes a reduction in chlorophyll, especially for nitrogen additibis fas been
noticed before but the cause is not known but presumably relates toinigretigcts
of excess nutrient. An example of phosphorus-limitation is seen ih Bsa@nie
where, unusually, the single P-addition produced as much chlorophyll addiien

of both N and P (Fig. 2.37). In contrast, Loch Fionnaraich is cleatlynited (Fig.

2.37).

The overall results are shown in Table 2.9. Two lakes, Scoat Tar8raalll Water,
had the same nutrient-limitation on the three occasions they estexit In the ten
other cases there was a seasonal variation in nutrient-lonitatit at no site was
there a switch between N and P limitation. Overall, P-linutatvas found in 33% of
the cases, N-limitation in 18% of cases and Co-limitation wast frequent, found in
49 % of cases.

This task was completed and fully reported in January 2006. The naweed used

to re-run the original models of Mabery al. (2002) for an increased lakes dataset
(30 lakes expanded to 43 lakes with N/P limitation information). Aigksue was the
comparability of new data with the original survey where mooadsay analyses
were performed, so subsequent modelling needed to employ common ddtasets
work is described under Task 2.2 above.
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Figure 2.37: Concentration of phytoplankton chlorophyll a (note log scale) for thirteen lakes in
response to no nutrient addition (Control, C), phophorus addition (P), nitrogen addition (N) and
both P and N addition (B). Initial chlorophyll concentration also shown. Error bars = 1SD.
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Table 2.9: Summary of nutrient bioassay results.
P = phosphorus-limitation, N = nitrogen-limitation, Co - co-limitation.
Site June July September
Scoat Tarn P P P
Small Water Co Co Co
Burnmoor Tarn Co N Co
Llyn Edno Co P P
Llyn Gamallt Fawr Co Co N
Llyn Hiraethlyn N N Co
Llyn Mair Co P Co
Hammer Pond N Co N
Loch Beanie Co P P
Loch Nagar Co P P
Loch Coire nan Eion Co Co P
Loch Coire Fhionnaraich Co N Co
Loch Coire Mhic Fhearchair Co P P
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Task 2.4: Review the case for application of critical loads for nutrient N to UK
freshwaters, with preliminary assessment of critical load exceedance

Chris Curtis

Background - nutrient N critical loads

The most widely used definition of a critical load is that ofsdbin and Grennfelt
(1988):

"a quantitative estimate of the loading of one or more pollutants below which
significant harmful effects on specified sensitive elements @ntfieonment are not
likely to occur according to present knowledge."

With critical loads for acidity in surface waters, both the sjgecsensitive element
of the ecosystem and the significant harmful effect have bedrestablished in the
literature. Empirical studies of brown trout populations in large bers of
Norwegian lakes, with populations defined from historical fish fcatcords as
healthy, reduced or extinct, linked population status to measures fateswrater
acidity (Lienet al, 1996). Using brown trout as the target organism and the risk of
reduced populations as the harmful effect, it was possible to isktablsimple
chemical criterion on which to calculate a critical load ofdadeposition. The
relationship between acid neutralizing capacity (ANC) and tbbahility of damage
to brown trout populations was used to select a critical ANC lghi20 peq T,
representing a 10% probability of reduced populations (&tead, 1996). This dose-
response function was easy to visualise and provided a clearlydigfikdetween a
chemical criterion and a harmful effect. Critical loads modath as the Steady-state
Water Chemistry (SSWC) model and the First-order AciditiaBae (FAB) model
then simply had to determine what deposition load of acidity wouldtresuhe
critical chemical threshold being exceeded (Henriksen & Posch, 2001).

In order to apply a critical load for nutrient N to freshwaterth harmful effect and
a critical chemical criterion need to be defined. The ICP pMapand Modelling

body co-ordinates the international critical loads activity untter UN-ECE

Convention on Long-Range Transboundary Air Pollution (CLRTAP) for thekiivgr
Group on Effects (WGE). Its Mapping Manual provides details of apgroved

methods for use under the CLRTAP, and provides some context forpgheatpn of

nutrient N critical loads (UBA, 2004):

"The availability of nutrients is one of the mostpiortant abiotic factors, which determine the plant
species composition in ecosystems. Nitrogen idirtieng nutrient for plant growth in many natural
and semi-natural ecosystems, especially of oligttio and mesotrophic habitats. Most of the plant
species from such conditions are adapted to nutpeor conditions, and can only survive or compete
successfully on soils with low nitrogen availalilit

Furthermore, Bobbinlet al. (1998) stated that most global biodiversity is present in
natural or semi-natural habitats which may be negatively iragddwy atmospheric N
deposition. However, they also stated that with the exception obshabft-water
lakes, primary production in all aquatic ecosystems is limiteghosphorus (P) and
hence N enrichment has been considered unimportant. This view pdeaaiongst
European scientists involved in critical loads work until the end oL898s, but has
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subsequently been shown under the Freshwater Umbrella programmess iodady-
held misconception.

While the Mapping Manual text cited above was written withetdrial ecosystems in
mind, it applies equally to many aquatic habitats in the UK, wherewidespread
occurrence of N limitation has been demonstrated under the currestiwiater
Umbrella programme (see WP2). However, the UK has never preyisusitted
critical loads for nutrient N to the international mapping and madgffrogramme at
the ICP Mapping and Modelling Co-ordination Centre for Effects (CGCEhe 2005
CCE Status Report which provides details of all national submisdionthe
programme (Posclet al, 2005), only the Netherlands, Belgium and Switzerland
contributed nutrient N critical loads data for freshwaters, evengthdlie Nordic
countries and the UK did submit critical loads for freshwatedigciOne of the key
reasons is the lack of data and theoretical understanding of wiyataonatitute a
harmful effect in terms of nutrients linked to N deposition in sensitive lakes.

For terrestrial ecosystem critical loads, two approaches haea used under the
UNECE-CLRTAP, the Simple Mass Balance (SMB) model and eoapicritical
loads. The mass-balance modelling approach for N, using the same sirapb
balance as the FAB model (Possthal, 1997; Henriksen & Posch, 2001), has been
used to determine the total N deposition load that will resultcritiaal rate of NQ@
leaching that is associated with a defined harmful effesotls or vegetation. The
application of both of these approaches to freshwaters is considered below.

Mass-balance modelling of critical loads

For acidity critical loads, the FAB model is used to determim level of N
deposition which results in a rate of NQeaching which, in combination with
sulphate leaching, will depress ANC to the selected critigie, which is 20 ped'l

in the UK. If a criterion based on NQroncentrations in waters could be established
for harmful effects in terms of nutrient status, then FAB coultthéory be used to set
a critical load for nutrient N. For example, if it was deteraoi for a lake that at NO
levels greater than 50 peq éutrophication resulted, perhaps defined in terms of the
appearance of a nuisance organism like an increase in blue-ggeen then FAB
could be used to determine what level of N deposition would result @edance of a
critical NOs™ threshold of 50 peq'l However, just as acidity critical load models
have to take into account between-site differences in sens{tiitiering capacity), a
nutrient based critical load would have to take into account falitoitsng growth,
productivity and occurrence of sensitive organisms, e.g the N:P ratio.

Empirical critical loads for nutrient N

In North America, critical loads for freshwaters and nutriéiatge often been applied
in a rather different way to the FAB mass-balance employé&tiiiope (reviewed in
Fisheret al, 2007; see also Breinet al, 2007 for terrestrial critical loads). Several
studies have employed an empirical approach based on evidence of ifnpiaocts
acidification, NQ leaching and/or eutrophication using simple chemical or
palaeolimnological measures linked to measured deposition load. Véillemd
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Tonnessen (2000) proposed a critical load of 4 kgiya for lakes in the Colorado
Front Range of the USA to prevent pl@eaching that could cause acid episodes.
Lakes at Baffin Island may have critical loads much loilian the 5-10 kgN hayr*
range proposed for Arctic tundra, since palaeolimnological diatomgelsahave been
attributed to much lower inputs (Wolé al, 2006). Williamset al. (1996) suggested
that the critical load of 10 kgN Hayr® for NOs leaching proposed by Dise and
Wright (1995) was far too high for alpine Rocky Mountain lakes sinaehnfower
deposition loads resulted in NGaturation of terrestrial ecosystems and leaching into
aguatic ecosystems. In the European sense, this is not srictitjcal load because
NOj3 leachingper seis not defined as an adverse effect, but in fact it migtargeed

for nutrient N that this should be the case.

Empirical critical loads are simply based on observed relatipsdigetween levels of
deposition and a harmful effect. Until recently, the only lakes comsidgensitive to
nutrient N inputs from atmospheric deposition in Europe were shallowateftiakes
on sandy soils, with most work done in the Netherlands (summaridgadbinink et
al., 1998). Experimental manipulations with additions of sulphuric acid orcamum
sulphate demonstrated than ammonium inputs adversely affected maetiophyte
communities typical of softwater lakes (thetorelletea uniflorag¢ independently of
the acidification effect found with sulphuric acid, i.e. the effectue to the change in
inorganic N supply. Isoetid species are replaced by dense staddscofs bulbosus
or aquatic mosses such@ghagnum cuspidatuandDrepanocladus fluitans

During the Expert Workshop on Empirical Critical Loads for nutriériteld in Berne
in November 2002 it was stated under "Gaps in Knowledge" ltmgiatts of nitrogen
enrichment in (sensitive) freshwater and shallow marine ecosysteeaed further
research and were sometimes overlodkelile the EUNIS classification for surface
waters needed clarification and adjustment (Achermann & Bobbink, ZD&\work
carried out under the current Freshwater Umbrella programnes gome way
towards clarifying the potential issues of nutrient N enrichment in UK upléed.la

Following the Expert Workshop on nutrient N critical loads, the hatdéfnition for
inland surface waters for which empirical critical loads aplplias broadened from
shallow soft-water lakes to include all soft-water lakes gkotann & Bobbink, 2003;
Poschet al, 2005). The proposed range of empirical critical loads was set at 5-10 kgN
ha' yr' with the highest level of confidence used under this system (##ableg.

This broader habitat definition, corresponding to EUNIS class C1.1 &pemh
oligotrophic lakes, ponds and pools) is now appropriate for many UK upland waters.

Relevance of nutrient N critical loads in the UK

Soft-water lakes broadly corresponding to the EUNIS class G&.lialespread in
the uplands of the UK (Fig. 2.38a) and are recognised as beingieohdtional
conservation importance by the designation of the Special Areaon$e@ation
(SAC) habitat 3130, "Oligotrophic to mesotrophic standing waters \eijetation of
the Littorelletea unifloraeand/or of thedsoéto-NanojuncetéaFig. 2.38b). Many of
the lake sites in the national critical loads dataset subniittéde CCE are of this
type in the uplands of western Great Britain, although there has &t doeen any
attempt to determine a list of such sites.
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Figure 2.38a: Distribution of oligotrophic lakes of type 3130 (Oligotrophic to mesotrophic
UK Distribution

standing waters with vegetation oL.ittorelletea unifloraeand/or Isoéto-Nanojuncetgin the UK

Figure 2.38b: UK distribution of Special Areas of @nservation (SACs) designated for habitat
3130

Source: JNCC
(http://www.jncc.gov.uk/ProtectedSites/SACSelectiabitat.asp?FeaturelntCode=H3130

90



The modelled deposition load for the 1595 lake and stream sites in E3rean's
critical loads submission to CCE is plotted in relation to the eoapinutrient N
critical loads (5-10 kgN Kayr') recommended for soft-water lakes in the CCE
Mapping Manual (UBA, 2004) in Fig. 2.39. The first map (Fig. 2.39a) shbass t
very few sites in Great Britain experience total N deposiaas below the lower
threshold of 5 kgN hHayr', with only a small number in the Outer Hebrides and
north-west coast of mainland Scotland. Most sites in northern Scabgpetience
deposition levels in the critical range of 5-10 kgN' lya* (Fig. 2.39b) so their critical
load exceedance under this scheme would depend on whether the upper bmibwer
were selected. For most sites in southern Scotland and alrhast Eahgland and
Wales, deposition levels exceed 10 kgN' lya* (Fig. 2.39c) which suggests that any
softwater lakes in these regions would exceed this empiritiglttoad for nutrient

N.

The distribution of designated SACs of type 3130 covers all three ilepadasses
but it can be seen by comparison of Figs 1b and 2 that in Bdp®ACs are split
between the 5-10 and >10 kgN “har' deposition classes while most of the
remainder in England and Wales lie in the higher deposition cE®s. clear
implication here is that for a large proportion of designated s&twWaACs the
empirical critical load for nutrient N is exceeded even athilgber threshold of 10
kgN ha' yr'. At the lower threshold of 5 kgN Hayr® almost all SACs exceed
nutrient critical loads. The key question is therefore whether ttritszal loads are
appropriate for this ecosystem, given that the empirical vakere derived from
shallow soft-water lakes in the Netherlands. Ideally, sufficiiata would be collated
for UK lakes on changes in isoetid plant communities in responsedeposition to
derive appropriate regional critical values, but these datadravailable at present.
However, work under the current Freshwater Umbrella programmedemasnstrated
that it is not only the macrophyte communities that are affebie N deposition;
phytoplankton production is also widely limited by N rather thanfany sites (Fig.
2.40).

The nutrient limitation bioassays carried out under the Freshwimdrrella (Task

2.3.2) and the previous GANE work show that N limitation is almosbasnon as P
limitation in upland lakes, while co-limitation by N and P is tihhest common

outcome of the bioassays. Predominant N limitation is found in sddas ia central

Scotland, Galloway, the Lake District, North Wales and one sis®uthern England
(Fig. 2.40a). Predominant P limitation is found in north-west Scotland;tdwpians

of eastern Scotland, some sites in the Lake District and omensilorth Wales.

Relatively few sites showed only N- or P- limitation in alimples; most varied
between N- and co-limitation or P- and co-limitation (Fig. 2.40b).

While N deposition to N-limited sites will result in increasetiytoplankton
production, effects on species assemblages or other aspects ofoslystan are
unknown. It is therefore not possible at this stage to define a "hlagfféct” for use

in critical load calculations beyond the prediction of increased oplgikton
production in what would otherwise be considered low-productivity upland lakes - but
this in itself may be an important change in designated SAG@srms of the good
ecological status required by the Water Framework Directive.
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Figure 2.40a: Dominant limitation class for 3 replcated phytoplankton bioassays
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Figure 2.40b: N, P or Co-limitation status for 3 relicated phytoplankton bioassays
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While modelling efforts under this programme and planned for the futiliraim to
characterise and map the lake-catchment types that argtsoiece N limitation and
therefore to N deposition impacts, more ecological and bioassdyis/required to
define harmful effects. Furthermore, even a solely P-limgied may have been
impacted by nutrient N deposition if it was originally N lintitethere is evidence
from North America, Sweden and Finland that anthropogenic N deposition has
switched many lakes from natural N to P limitation by iasreg inorganic N supply
(see literature review, Task 2.1). According to Hesseal. (1997), N saturation may
just be "P limitation in disguise". Wolfet al. (2003) claimed that alpine lakes in the
Rocky Mountain National Park in Colorado, USA were probably N ldnkefore
anthropogenic N deposition induced P limitation. Indeed, Eémh (2003) described
N saturation as the removal of N limitation on biotic activitghmé corresponding
decrease in N retention capacity.

Conclusions

Despite the uncertainties attached to the definition of "harmfattsf for deriving
critical loads of nutrient N deposition in the UK, there are sévessons to conclude
that nutrient N critical loads should be further developed in this country:

1. the softwater lake ecosystem for which nutrient N criticzdds are
recommended in the CCE Mapping Manual is not only widespread in the
UK uplands, but it is a designated habitat under EU legislation tgdsabi
Directive) for SACs and Natura 2000 sites (SAC type 3130);

2. most softwater lakes in Wales and England and many in Scodard/e
total N deposition loads above the CCE recommended upper threshold of
10 kgN h& yr' and in some important conservation and amenity regions
where these lakes are numerous, such as the Lake Districhandi@ia
National Parks, N deposition loads are among the highest in the country;

3. there is a paucity of empirical data for the UK linking N defpasito
adverse ecological effects beyond acidification, but;

4. work under the current Freshwater Umbrella programme has built on
previous GANE studies to demonstrate that N limitation of phytoplankton
production is common so N deposition must be leading to increased
production in some lakes, with inevitable effects across aquatic febd w
which may impact on biodiversity in these highly adapted and rehativel
species-poor systems;

5. palaeolimnological analysis of lake sediments cores under thenturre
programme have found changes in sedimefN consistent with N
deposition enrichment at 10 out of 12 sites, including the important SAC
Wast Water;

6. the definition of good ecological status required under the Water
Framework Directive needs clarification in this regard, but Ncknrent
of ecosystems adapted to low N availability is likely to result in a dewiati
from this status; and

7. water bodies other than softwater upland lakes may be impacted by
atmospheric N deposition and the relative importance of atmospheric
sources of N may be grossly underestimated in UK approaches to
implementation of the EU Water Framework Directive in stiganvers
and lowland lakes.
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Work package 3: Nitrate leaching
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Task 3.1: TracerN studies at the Afon Gwy to determine short-term pathways for
transport of N into surface waters

Chris Evans, David Norris, Edwin Rowe, Nick Ostle, Helen Grant, Chris Cutis

Summary

An N isotope experiment was undertaken on a podzolic hillslope at fbymlia
component of the upland landscape typically responsible for much oN@he
leaching to surface waters. The experiment was designed ttovkesher NQ
leaching occurred because the soil and vegetation were alexadyimg N deposition
in excess of biological demand (i.e. ‘N saturated’), or becaus@utsiduring rain
events simply overwhelmed soil assimilation capacity or bypabsesoil completely
via 'macropores' such as soil cracks (so called 'hydrological). Additions of°N-
labelled N@Q  and a conservative bromide (Br) tracer were applied duringlaied
rain to 12 replicate plots, and Br amNOs;” measured in lateral throughflow out of
the soil. Results showed very rapid transport of Br tracer, suggedsigwater
infiltrates rapidly through soil cracks, and hence that a meahaaigsts for fast
transit of hydrological N@ through the solil to the stream. However, despite this rapid
water transfer, 80% of theNOs™ in this water was on average retained as it passed
through the vegetation and soils. This suggests that soil microbkappdocated on
the surfaces of soil cracks, are highly efficient at asaimg incoming N in
infiltrating water. In support of the dual-isotope work (Task 3.2% $tudy suggests
that some hydrological N Otransportdoesoccur, but that it can only account for a
small part of observed stream BIO most of which must therefore result from
terrestrial N saturation. Within the hillslope, N retention wasnfl to be highly
heterogeneous, with locally N enriched areas that leached ohdhe added N@.
Conceptually, this suggests that N saturation develops within thectedshrough
the formation and expansion of nutrient rich 'hotspots’, for exampbeendoils are
thinner or where water flowpaths converge and concentrate nutriente Atispots
are likely to be responsible for much of the observed Maching to surface waters,
and may also be most susceptible to eutrophication responses in terrestralameget

Policy relevance

An understanding of the processes controlling N retention versus N leachinig is soi
vital in order to correctly predict how N deposition will impamt aquatic and
terrestrial ecosystems in the future, and what levels of Emisentrol are required to
protect them. The different possible mechanisms to explain cuenazis of NQ' in
surface waters have very different future consequences: ifhiydsological' NQ,
this indicates that the terrestrial ecosystems are natl watturated, and may be able
to continue assimilating large amounts of deposited N into the futwso suggests
that reductions in N deposition should translate directly into reductiossirface
water NQ’ concentrations. Effectively, this is the 'best case' sceshowan in Figure
3.1. If, on the other hand, the NOwe currently observe in surface waters is
'saturation’ N, then this indicates that terrestrial ecosygstam already N saturated,
are likely to leach an increasing amount of Ni@ future, and that reductions in N
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deposition may have only limited benefits for surface waters iEhthe 'worst case'
scenario in Figure 3.1. Constraining future model predictions withire taggeme
cases will greatly reduce uncertainty in model predictions.

Figure 3.1: lllustration of the effect that the twodifferent mechanisms to explain current stream
NO;z have on the future modelled N@ and ANC at the Afon Gwy.
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In the best case (hydrological nitrate) scenari@0% reduction in N deposition leads directly to a
reduction in stream N and ANC recovers above the critical ANC threstafl@0 peq T by 2010. In
the worst case (saturation nitrate) scenario, winge N saturation reverses the effect of the N
deposition reduction by 2040, re-acidifying thezatn below the critical ANC by 2070.

Methods and results

This task was undertaken at the Afon Gwy in mid-Wales, a long €EH and
AWMN monitoring catchment with a history of process work on N ogrl{e.g.
NERC GANE programme, DEFRA Terrestrial and Freshwater Ulabje The
catchment is largely sheep-grazed acid grassland on organahsa#s, with areas
of deep peat on hilltops and in valley basins. The land-use and rsdite iGwy
catchment are broadly representative of grazed UK upland grasganeizlly, and
previous work suggests that catchmentsNi@aching characteristics are typical of
those observed in Welsh moorland areas, and other areas of modergkel) hi
deposition (Evanst al, 2006). A detailed stream survey within the catchment (Evans
et al, 2004) showed locally high levels of NQeaching associated with areas of
steeper, thinner soils, termed 'nitrate leaching zones'. Howawés €t al. (2005)
found very little NQ in soil organic soil solution, and near-complete retentioriNof
labelled NHNO; added in small doses over a ydawas therefore hypothesised that
NOjs leaching to the stream might only be occurring under veryamitions, where
water containing wet-deposited N was able to pass rapidly throwagks and other
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large pores into the mineral horizon (where N retention is Idsstiek), and from
there to the stream network (i.e. 'hydrological’ sN@s described above).

The N addition experiment was designed to test this hypothesisiv@weplicate
1n? plots were constructed along the edge of an exposed podzol soilvitceater
draining from the plots collected via guttering from both the orgadjcprizon, and
from the mineral soil, in which most water drained out above an mead#le ironpan

at around 0.5 to 1m depth. Plots were grouped in three blocks alorngptisee face,
termed Lower, L; Middle, M and Higher, H. In each plot, a rainélént was
simulated by watering the plots at a steady rate of 20dfuivalent to a heavy rain
event and enough to initiate throughflow in all plots. For the first hanigbelled
water was applied. Then, 1 g of Br tracer (as NaBr) and 1.85 n@ @tom% NOs

(as NaNQ) were added in 10 | of water over a 30 minute period, after which
unlabelled water was again added at a rate of 20 I/hr for tmeimder of the
experiment. Of the 12 replicate plots, tracer additions were ukdartt six during
November 2005, and at the remaining six in March 2006. Hydrological and
meteorological conditions were very similar on each occasion, wiperinents
carried out in cold, dry conditions following moderately wet weatBercause the
hydrological and chemical response of the plots was not found to déteieen the
two periods, results from all 12 plots are analysed together. Safphater draining
each plot were collected regularly through the experimesactt plot, and water flow
rates were measured simultaneously. Chemical analysisundertaken at CEH
Bangor, and isotopic analysis at the Stable Isotope Facility, CEH ltancas

Hydrological response

All plots showed a rapid hydrological response to tracer additioall but one of the
plots, most water was leached as throughflow from the mineratdmo(above the
ironpan). Br tracer (indicating the presence of 'new' tradmild water) was
measured in most plots within 30 minutes of the start of traceti@udand Br
concentrations peaked within 90 minutes in 75% of plots (Figure 3.2).sphexd of
hydrological response cammly be explained by very rapid hydrological transfer of
water through the upper soil, which could not have occurred if wateg passing
evenly through the soil matrix. Dye tracer studies at the sstegR. Bartlett, U.
Leeds unpublished data) clearly demonstrate that most waters pdseagh the
clayey E horizon via cracks, probably aligned with cracks in theyrgrO horizon.
Based on Br tracer recovery, the total percentage of tracatddbnew water
collected in samplers over the course of the experiment rdrigad2% at L2 to 58%
at H1; recovery was greater than 18% at 10 out of 12 plots, and avef2ggd &ble
3.1, Figure 3.3a). The two plots with tracer recovery < 10% (L2 andwi4g also
those with by far the longest delays between tracer addithohtlhe Br peak,
suggesting that there were fewer macropores in these faotderring water from the
surface to the mineral soil, and that the tracer which was resmbweas transported
via smaller pores within the soil matrix.

Only half of the experimental plots showed any significant dhféyw directly out of
the O horizon. In all but one case (H1) the volume of water colle@ethis pathway
was relatively small, but in general it was more Br-endcligan flow from the
mineral horizon. It therefore accounted for a substantial proportion oalb\&r
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labelled new water recovery in these six plots, and in thrdeeaf (M2, H1 and M4)
for more than half of the total (Figure 3.3a). Flow of traadelled water into O
horizon samplers typically occurred soon after tracer additiontagled off relatively
rapidly.

Figure 3.2: Mineral horizon Br tracer concentrations for the 11 plots where significant
throughflow took place. Large peaks soon after théracer application at time zero demonstrate
rapid hydrological transfer of water through the organic soil into the deeper mineral horizon
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Overall, however, mineral throughflow accounted for most (59%) of thaaBer
recovered, and in general the hydrological response of most platateslthat large
amounts of rain water can infiltrate rapidly through the biolobjicattive upper
horizons, via cracks and large pores, into the mineral horizon, through rvbahbe
transported to the stream. This provides a clear physical patbhwavhich NQ
deposited on well-drained hillslope soils may be transferred tostlfeam as
‘hydrological' NQ'.

Nitrate leaching response

The results of adding a conservative tracer indicate that @lhysater transport
within the soil is such that rapid hydrological N@aching could occur at the Gwy.
The NOs tracer data provide an indication of the extent to which it doasr.obt
general, the temporal characteristics"®™O5 leaching from the mineral soil were
similar to those for Br (Figure 3.4), witlPN-enriched N@ observed in mineral
horizon leachate within 30 minutes of tracer addition at most pots,peak>N-
enrichment within 75 minutes at all plots other than the slow-respoh@irzgnd M4.
Although the sampling resolution does not permit a detailed compasfsBn and
1>NOjs tracer peak times, it is noteworthy that tAeO; peak apparently preceded the
Br peak in 7 out of 12 plots, and was only lagged behind it in the sloasggsinding
M4 plot. The apparent precedence of tPéOs peak is evident in a number of the
example tracer curves shown, and may be explained by a gradoeidasing
efficiency of NQQ' retention as water transit times increase (i.e. the weaehing the
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samples has travelled through increasingly small soil poesgpite the generally
similar timing of >N and Br recovery, however, measured total recovefyNofrom
mineral soil throughflow was much lower than that of Br from thmes horizon
(average 4.2% versus 18%). This indicates that significant M@ntion must have
taken place, despite the rapid physical transfer for water to depth.

Figure 3.3a: Cumulative recovery of Br and®NOj tracers from organic horizon and mineral
horizon throughflow in each plot as a percentage ahe amount of each tracer added.
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Figure 3.3b: Examples of Br and°NOj tracer concentrations measured in mineral soil
throughflow during the course of the experiment.
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As noted above, significant O horizon throughflow only occurred in sits pbut in
some plots where it occurred, a substantial proportiofNfD; was recovered via
this pathway (more than via the mineral horizon in three plots; Table~ig. 3.3b).
Nevertheless, ratios dPNOs/Br recovery were on average lower in water draining
the O horizon than in water draining the mineral horizon, even thoudatteemust
have passed through the O horizon first. Plot H1, where almost all water watecolle
from O horizon throughflow, had the lowest overall ratid>df to Br recovery of any
plot. Again, these observations suggest that water draining theamhwgizon was
rapidly transported through the O horizon via macropores, bypassing dhee m
effective NQ' retention thought to occur within the organic soil matrix.

Table 3.1: Recovery of Br and®NO; tracers added to each plot during the experiment.

Organic horizon leachate Mineral horizon leachate Combined horizon leachate
Plot _ |Brrecovered N recovered  "N/Br | Brrecovered *Nrecovered  *N/Br | Brrecovered '°N recovered  'SN/Br
L1 36.2% 10.7% 29.7% 36.2% 10.7% 29.7%
L2 2.0% 0.7% 34.2% 2.0% 0.7% 34.2%
L3 36.4% 8.7% 24.0% 36.4% 8.7% 24.0%
L4 18.8% 1.3% 6.7% 18.8% 1.3% 6.7%
M1 0.3% 0.0% 16.6% 25.2% 6.8% 27.1% 25.5% 6.9% 27.0%
M2 15.8% 1.8% 11.4% 10.5% 0.8% 7.2% 26.3% 2.6% 9.7%
M3 19.8% 9.5% 48.0% 26.6% 10.8% 40.5% 46.4% 20.3% 43.7%
M4 9.1% 3.0% 32.6% 9.1% 3.0% 32.6%
H1 57.7% 1.8% 3.1% 0.4% 0.0% 1.5% 58.1% 1.8% 3.0%
H2 14.3% 1.3% 9.1% 17.4% 2.2% 12.6% 3L.7% 3.5% 11.0%
H3 18.6% 1.5% 8.0% 28.9% 2.8% 9.7% 47.4% 4.3% 9.1%
H4 28.9% 6.2% 21.3% 8.7% 2.3% 26.5% 37.6% 8.5% 22.5%
Average 12.9% 1.8% 16.8% 18.3% 4.2% 21.0% 31.3% 6.0% 21.1%

Combining data from both soil horizons, average recoveryNfDs tracer was 6%
(range 0.7 to 20%), much lower than the 31% average recovery ofoBrpaCing
total recovery of the conservative Br tracer with the reactiM®s tracer indicates
that on average 79% (range 56 to 97%) of the labelled N@inally contained
within the tracer-labelled water recovered had been retaineuyduainsit (Table 3.1).
Despite the rapidity of hydrological transfer, therefore (and ttheng of the
experiments during early and late winter), it appears that baalbhyi retention in the
Gwy soils is remarkably efficient.

Because of the low’NO3 dosage applied (in order to maintain realistically low total
NOs concentrations during the experiment), changes in soil and vegetatidue to
this N retention were very difficult to detect. However, samplealysed from the
first (November 2005) experiments show slightly higl® enrichment in above-
ground biomass, relative to N in the O horizon (including below-grouochdss).
Taking into account the greater mass of O horizon versus above-griouamash, it is
estimated that approximately equal amounts of N were retairsdabire-ground plant
material, and in the organic soil (Figure 3.4).

Spatial controls on nitrate leaching

The 12 'replicate’ plots showed huge spatial variation in theircitgpt retain
deposited N@. Additionally, ambient throughflow N© concentrations (which did
not change appreciably during the experiment, due to the low dose) fram 1.5 to
22.5 meqt, indicating similar heterogeneity in the natural 'leakinessach plot. In
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fact, there is a negative correlation betwe€N retention and ambient NO
concentration (Figure 3.5a), i.e. plots already enriched with™ (@ less able to
retain additional N@. This is highly consistent with N saturation theory, but suggests
that N saturation develops very variably across the landscapewahén areas (such

as that studied) of relatively uniform vegetation and soil typepr&imgly, plot™N
retention was not well related to the C/N ratio of the organizdor(Figure 3.5b),

but a much stronger relationship was observed with the averagea@dNof the
whole soil profile above the ironpan (Figure 3.5c).

Figure 3.4: Average percentage of°N-labelled nitrate leached from plots, and approxinate
percentages retained in above-ground vegetation antthe organic soil (note soil and vegetation
5N data are from the first set of experiments only).
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Figure 3.5: Relationship between the amount of NQretained in each plot and a) mean N@
concentration in throughflow (volume-weighted mearof organic and mineral horizon
throughflow), b) organic horizon C/N ratio, and c)whole profile mean C/N ratio.
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Discussion and implications
The N experiment undertaken at Plynlimon demonstrates that, in aatygitand

podzol (a soil type covering a major part of the UK upland area), wiutte rainfall
hitting the soil surface can pass rapidly into deeper minera, seithout passing
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through the (strongly N-retaining) organic soil matrix. This wowddns to suggest
that hydrological N@ might contribute a major part of the N leaching from the site
However, the™™N data suggest that, even in water passing through the soil \&ithin
few hours, around 80% of all the labelled N@dded was retained. The implication is
that large populations of soil microbes, able to rapidly and effigi@mmobilise
NOsz, must exist within the relatively nutrient-rich ‘microhabitagrovided
preferential flowpaths such as soil cracks (Hagearal, 1999). This micro-scale
heterogeneity in soil N retention may explain why catchmseate studies (at
Plynlimon and elsewhere) usually show N@aching to surface waters, whereas
detailed studies of the soil matrix (e.g. soil solution measureneea with suction
samplers) often suggest near-total N retention.

One objective of this study was to provide a quantitative estiofahe proportion of
hydrological NQ" in runoff for use in dynamic models. On average, 18% of tracer-
labelled 'rainfall' was recovered from the mineral soil duringett@eriments, and this
could be taken as a crude estimate of the amount of matrix-bffpassccurring.
However, this was only sufficient to transport 4.2%'df-labelled NQ to the
mineral soil {"NOs leached from the O horizon is likely to be retained downslope,
and was therefore excluded from this calculation). Even if aifaih entering the
plots were (over a longer period) to be transported to the minataltrdés would
transport a maximum of 23% of deposited ;Nkased on these figures. There are
several reasons why these figures may overestimate ovemdiblogical NQ
leaching: 1) Only around 25% of the catchment comprises hillslojgeceninected to
the stream network (i.e. 'nitrate leaching zones'), with hgdrchl NQ™ transport
unlikely in other areas where water passes through stronglyahtirg peats (Evans

et al, 2004); 2) N@ concentrations in the stream are near-zero between May and
October, so hydrological NO leaching can only realistically occur during the
remaining 6 months of the year; and 3) only 48% of total N depositmmroas N@

: that occurring as NH is abiotically immobilised via cation exchange (and subject to
biological utilisation thereafter), and will not therefore inrologically leached.
Combining these figures gives a best estimate of hydrololiCg leaching at the
Gwy as 0.25% of N deposition, with an upper limit of perhaps 2%. AdNGa
leaching is closer to 7% of N deposition (Custsal, 2004), which cannot therefore
be explained by hydrological NO These results agree well with dual isotope data for
the Afon Gwy (Task 3.2), indicating that the majority of N@ached from the
catchment has been biologically cycled before being exported,hanefdre does
represent 'saturation' NQand is closer to the 'worst case' scenario for future legchin
represented in Figure 3.1.

Finally, results show a remarkable degree of variability in theceptibility of
different areas of (apparently homogenous) hillslope to N satura@ne of the
study plots retained almost all added N, others retained only aroliraf tiee *°NO5

in the tracer-labelled water recovered. It therefore agpbat N saturation develops
unevenly within the landscape, for example in areas where nuteemtBushed in
from upslope, or where soils are thinner. This has implications ftaceuwater N@
modelling, as it would imply an earlier and more gradual onsét séturation than
the current approach of aggregating soils across the whole catchnme assuming
homogenous N enrichment of this aggregated pool. It is also relevaet poediction
of N eutrophication effects on terrestrial ecosystems, sinsgggests that 'hotspots’
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of N enrichment develop, likely to be the areas most susceptible to detirspaties
change. A good example of this is small riparian wetlands, whiehtypically
enriched by large nutrient inputs from upslope. It is emphasisedhése issues of
local heterogeneity are important to consider at the national {sbsite) scale, as
they will affect the development and impacts of N enrichmenbvsacthe whole
landscape.

Future work

Ideally, these experiments would be repeated elsewhere, {0 oippaesentative data
for a wider range of UK N-sensitive areas. However, givemetiand financial
constraints it is considered more important to extend the dual-isstopey work in
Task 3.2 to a larger area, since this provides a simpler meanartffgag the role

of hydrological N@ at a larger scale. This experiment has provided fundamental
insights into the mechanisms controlling N retention versus legchithin the
hillslope, which aid the interpretation of dual-isotope data at larger scales.

The evidence from this study of heterogeneous development of Nteatgaggests
that further development of current models is required to take acobtims. A GIS-

based modelling approach in which lateral water and nutrient trarefe simulated
would permit this spatial variability to be modelled. Such an appresamkid be

particularly valuable for predicting the development of eutrophicdiatspots within
particular locations of conservation importance, but could in princigmduarge-

scale soils, land-cover and topographic data) be scaled up to larger scales.
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Task 3.2: Dual isotope studies at the Afon Gwy: "new" atmospheric versus "old"
microbial N in surface water nitrate (Pilot Scheme)

Chris Curtis, Gavin Simpson, Tim Heaton, Simon Turner, James Shilland agh
Chris Evans

Introduction

The importance of N© leaching in contributing to acidification and critical load
exceedance has been demonstrated through several DEFRA fundecthresea
programmes over the last 10 years. An early application of therkdd®| (Posclet
al., 1997) revealed that nitrogen mass balance calculations predicteidtfar NQ’
concentrations than were currently observed in UK waters (Qatrag, 1998). The
wide spatial contribution of N to critical load exceedance rnegulfrom these
predicted concentrations was shown in national maps (@arés 1999, 2000). The
need to understand the key controls ongN€&€aching and to determine the feasibility
of these dire predictions of increased NEncentrations led to the setting up of plot
based experiments under the DEFRA funded Critical Loads of Aculity Metals
(CLAM) programme.

Much of the work focussed on four intensively studied sites from the YAfaters
Monitoring Network across gradients of N deposition and leaching Alit
a'Mharcaidh was selected as the low deposition / low N leaditagvhile the River
Etherow represented a very high N deposition / leaching catchiftlemtAfon Gwy
and Scoat Tarn catchments were chosen as intermediate adegpasdileaching sites.
Biogeochemical studies at these catchments entailed measunbeitk deposition
inputs, leaching outputs, trace gas fluxes (denitrification)-@dabelled N additions
(NH4NO3). While denitrification was shown to be a very minor pathwaydaroval
of deposited N (Curtiet al, 2006), a possible microbial control on N@aching
linked to soil C:N ratios was suggested, but the data were incorel{@urtiset al,
2004). In the shorter term, rapid uptake and retention of deposited N dyyhlgtgs
and lichens was also found to be important (Cettil, 2005a).

Recent trend analysis from the UK Acid Water Monitoring Neknsuggested that
nitrate will be the major acid anion in many acidified systevithin 5-10 years as
excess sulphate continues to decline and nitrate leaching rerekitigely constant
(Curtiset al, 2005b). Hence measures to reduce S emissions alone will be iesffici
to allow recovery of acidified sites to achieve "good ecological status".

One of the four intensively studied CLAM sites, the Afon Gwy, walas the subject

of research carried out under the NERC thematic programme GANEh was
attempting to determine the impacts of N deposition on semi-natoodystems
(Evanset al, 2004). In order to investigate the importance of physical catchment
characteristics such as soil type and slope on Ngching, water sampling was
carried out at a number of subcatchments at the site (FigTB&spatial variation in
NOjs leaching from subcatchments was attributed to the proportion of Téé2hing
zones" in which steeper mineral soil hillslopes drained directly into s¢réaiq 3.7).
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Figure 3.6: Afon Gwy subcatchments studied in the BNE project (Evans et al, 2004), with
current sampling subcatchments.
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The CLAM and GANE studies demonstrated the importance of botisiqathy
catchment characteristics and the process of N saturation émmieing NQ
leaching. However, a key uncertainty remained to be addressed itifygongrthe
relative roles of these physical (hydrological) and biologiracesses in controlling
the short- and longer-term release of inorganic N from teiakstystems. The
timescale over which N saturation and leaching may occur and dgeitode of
increase from present levels is determined by the balancedretiwee key processes
(Fig. 3.8):

1) "hydrological" nitrate which bypasses biological retention meesms in the
soil/vegetation system via saturation overland flow and/or pipetpace
flow (plus direct deposition to the surface of lakes);

2) "saturation" nitrate which is present in excess of biologicahatel and
leaches through the soil profile unchanged; and

3) nitrate produced within the soil profile by microbial nitrifieatj which may
or may not have derived originally from anthropogenic N deposition tagen
by vegetation and/or immobilised by soil microbes, and may benietst by
changes in soil C:N ratio in response to elevated N deposition

The previous CLAM™N tracer work showed that the sum of pathways 1) and 2) may
reach one third of deposition inputs, with the rest tightly rethinethe soil-plant
system (Curtiet al, 2005a). This proportion is sufficient to explain observed nitrate
leaching at some sites. However, possible links with C:N (&iotis et al, 2004)

and high nitrification potentials in some upland soils suggest thase also be a
component of microbial nitrate in leaching to surface waters (pathway 3).

The split between the three possible pathways is criticainfodelling the potential
future leaching of nitrate. If current surface water nitrabeeady contains a
"saturation N" component (pathway 2) or a microbial component (patByyaien

the function of terrestrial ecosystems as N sinks may h&eadyg changed in
response to elevated N inputs, and timescales to attain thel@amising predictions
of the FAB model could be just years to decades. Furthermoge, paols of stored
"anthropogenic" N in the soil-plant system could potentially sustaiification and

leaching even with reduced deposition inputs.

On the other hand, if surface water nitrate is purely hydicdbdpathway 1) then
terrestrial systems have not shown a saturation response (#itbagh reduced
immobilisation or increased nitrification) to many decades of hNgkeposition with
elevated leaching, suggesting that their capacity to retainviryslarge. In the latter
case there may be no measurable N saturation effects andrease in pathways 2)
and 3) for many decades to come. Responses to changes in total Nialegbsuld
therefore be very rapid. Effectively, the routing of N through this sletermines the
extent to which N impacts on terrestrial systems (i.e. sod @egetation N
enrichment) versus freshwaters (i.e. \lBaching).

Given the previous work done under GANE and CLAM at the Afon Gwy, & wa
decided to use this site for a pilot study employing the dual isdtagmique (see
Burns & Kendall, 2002; Campbe#it al, 2002; Durkaet al, 1994; Spoelstrat al,
2001; Williard et al, 2001) to determine the relative contributions of deposited and
microbial nitrate to observed concentrations in surface wathkis.work provides the
split between pathway 3) and the sum of pathways 1) plus 2) in Figure 3.8.
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Figure 3.8: Schematic diagram of 3 potential nitra¢ leaching pathways
(Source: Curtis et al, 2005a)
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Methods

The pilot scheme for dual isotope analysis of;N& the Afon Gwy commenced on

1% September 2004 with the installation of a large volume bulk predipitatllector

with small collecting roof adjacent to the main AWMN saimglpoint at the Gwy
flume and three tray lysimeters in an exposed roadside cuttirtgef up the
catchment (Fig. 3.9a-b). Five of the GANE subcatchments coveraaiegts of N@
concentration and "N leaching zones" were selected to determine whether there
was spatial variation in the dominant N@aching flowpaths within the wider Gwy
catchment (Fig. 3.6). The first batch of streamwater, bul&ipitation and soil water
samples was collected on the subsequent visit to the site "bSeember 2004.
Thereafter, 10 monthly samples were collected over a 12 month period with additional
wider stream surveys of the five GANE tributary subcatchméiigs 8.6) carried out

in December 2004, April and June 2005 (Table 3.2). Despite attemptedtwvitiis

site in February and March 2005, access was not possible (fiidseof iced roads

and on the second occasion access was denied by the landowner) so samples could not
collected for these months.

Water chemistry analyses were performed in the field usingportable
spectrophotometer (Hach DR/2400) for NQow-range cadmium reduction method,
detection limit 0.01 mgt or 0.7neql?), sulphate (SulfaVer 4 Method, detection limit
1 mgr* or 20.8neqr*) and chloride (mercuric thiocyanate method, detection limit 0.1
mgl™ or 2.8neql"). Streamwater and bulk deposition N€@amples were then filtered
and pre-treated through cation exchange resins (AG50W-X8) priaullexton on
anion exchange resins (AG2-X8) according to the method of Giaalg(1999).

A volume of water sufficient to provide at least 168 of NQ™ was passed through

the exchange columns if possible, but in some cases logistical ea@tgds meant

that only 50meq or less was collected. Care had to be taken not to exceed the
exchange capacity of the anion resins (608q) to avoid possible fractionation of the
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collected N@ sample, so the loading of acid anions had to be calculated (sund of aci
anions SAA=NQ+chloride+sulphate). If the calculated loading of acid anions to
provide the minimum quantity of NOfor dual isotope analysis was greater than 6000
nmeq the sample was split and loaded onto two anion columns.

Low NOs concentrations in the streamwaters compared with previous yesmst

that large volumes of sample had to be collected to provide tjogred quantity of
NOs, 45L on the first visit. These large sample volumes presenteeas Iggistical

challenge in sample collection and transport, while processing tffitieation and

column loading) were very long. The anion resins were refrigerar up to several
weeks prior to being transported to NIGL, Keyworth, whelf® and d*®0 were

analysed according to the method of Se¥al. (2000).

Table 3.2: Samples obtained in the Afon Gwy Pilott8dy

Sampling month ~ Gwy flume  Deposition  Soilwaters  Sulatchment streams

September 2004 Y Y 3

October 2004 Y Y 3

November 2004 Y Y 3

December 2004 Y Y 3 5 sampled & loaded
January 2005 Y Y 3

February 2005 N N 0

March 2005 N N 0

April 2005 Y Y 3 5 sampled & loaded + 4 soilwaters
May 2005 Y Y 1

June 2005 Y Y 1 5 sampled; 3 loaded
July 2005 Y Y 2

August 2005 Y Y 1

Given that low soilwater N© concentrations had been observed during the CLAM
project (Curtiset al, 2004) and that streamwater concentrations had been relatively
low, it was not considered feasible to collect sufficient sodwhtO; for dual isotope
analysis. Instead, 100ml soilwater samples were analysedfanly®0-H,0, from
which a theoretical microbial®0-NOs™ could be calculated. The calculation is based
on the assumption that durigitotrophicmicrobial NG~ production, the oxygen is
derived one part from atmospheric oxygen (of knoWi® = +23%.) and two parts
from soilwater oxygen, which is measured directly:

d'®0-NO; = (2/3d"°0-H,0 soilwater) + (1/31%0 atmospheric oxygen)

This theoretical calculation of th®0-NO; value for soil microbial nitrate makes a
number of assumptions which may be valid for many, but not all environments
(Kendall, 1998; Mayeet al, 2001). Thus, from experimental results Mageral.
(2001) suggested that there may be some circumstances undbarhetecotrophic
nitrification might yield nitrate oxygen derived from two partmaspheric oxygen

and only one part soilwater oxygen. In this report we calculate dthangcrobial
nitrate end-member for using two models: Model 1, the commonly egedtion
above, assuming ratio of atmospheric-O to water-O = 1 to 2; and Maaks$uming
ratio of atmospheric-O to water-O = 2 to 1.
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The analysis of oxygen and nitrogen isotopes at NIGL was pextbrim batches
every 3-6 months. Given the novel application of this method in the Ulapihty of
the sampling and analytical methods to provide sufficient uncontamihidgdwas
not known, and assessment of methods formed a key part of this pilot phase.

Figure 3.9a: High volume bulk deposition collectorat Afon Gwy flume

Figure 3.9b: Tray lysimeters at Afon Gwy showing diferent horizons sampled

Results

Water chemistry data

Analysis of the bulk deposition and soilwater samples fog M@Gncentration using
the portable Hach kit indicated that relatively low concentrationd@f were found
throughout the sampling period at the Afon Gwy (Fig. 3.10). Streamwater
concentrations at the Gwy flume reached a maximum of only 4 hiedile bulk
deposition concentrations varied from 1-9 piégThese low concentrations combined
with relatively high concentrations of other acid anions (sulphatk chloride),
particularly in streamwater samples, meant that it was In@ya possible to collect
sufficient NQ& for dual isotope analysis (Table 3.3).
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Figure 3.10: Measured NQ concentrations in rain (bulk deposition) and streanwater (flume)
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Table 3.3: Water chemistry data, sum of acid anion€SAA) and required volume loadings for
collection of 100maq or a minimum of 50mag NO;” on anion exchange resins

Sampling Concentration maq " Volume Minvol. Volume Nitrate
Site Date  Nitrate Sulphate Chloride SAA required required loadec loadec Notes
Rain 20-Sep-04 6.4 0.0 87.3 93.8 16 8 Loading not recorded
Rain 20-Oct-04 8.6 0.0 33.8 424 12 6 20 171.4
Rain 18-Nov-04 3.6 20.8 135.2 159.6 28 14 20 71.4
Rain 16-Dec-04 6.4 41.7 81.7 129.8 16 8 20 128.6
Rain 26-Jan-05 1.4 0.0 183.1 1845 70 35 21 30.0 x2 columns
Rain 28-Feb-05 No sample
Rain 19-Mar-05 No sample
Rain 20-Apr-05 7.9 0.0 50.7 58.6 13 6 20 157.1
Rain 18-May-05 6.4 0.0 141 205 16 8 15.5 99.6
Rain 16-Jun-05 7.9 0.0 479 557 13 6 13 102.1
Rain 15-Jul-05 3.6 0.0 28 14 10 35.7
Rain 11-Aug-0t 7.9 0.C 169.C 176.¢ 13 6 15 117.¢
Flume 01-Sep-04 1.4 0.0 129.6 131.0 70 35 Loading not dexbr
Flume 20-Oct-04 14 20.8 169.0 191.3 70 35 80 114.3
Flume 18-Nov-04 29 0.0 157.8 160.6 35 17 80 228.6
Flume 16-Dec-04 4.3 41.7 233.8 279.8 23 12 30 128.6
Flume 26-Jan-05 2.9 20.8 191.6 215.2 35 17 21 60.0
Flume 28-Feb-05 No sample
Flume 19-Mar-05 No sample
Flume 20-Apr-05 0.0 20.8 115.5 136.3 TOO LOW - NOT LOADED
Flume 18-May-05 0.7 0.0 958 96.5 140 70 35 25.0 x2 columns
Flume 16-Jun-05 0.7 0.0 123.9 124.7 140 70 20 14.3 x2 columns
Flume 15-Jul-05 2.9 0.0 35 17 18 51.4
Flume 11-Aug-0=t 1.4 20.€ 225 44.¢ 70 35 27 38.€
HW1 17-Dec-04 4.3 0.0 1718 176.1 23 12 20 85.7
HW1 20-Apr-05 1.4 0.0 146.5 1479 70 35 25 35.7
HW1 16-Jun-0! 0.0 TOO LOW - NOT LOADEL
LB2 17-Dec-04 2.9 0.0 163.4 166.2 35 17 30 85.7
LB2 20-Apr-05 0.7 0.0 101.4 102.1 140 70 30 21.4
LB2 16-Jun-0! 0.7 0.C 154.¢ 155.€ 14C 70 20 14.2 x2 column:
LB7a 17-Dec-04 21 0.0 202.8 205.0 47 23 16 34.3 x2 columns
LB7a 20-Apr-05 1.4 0.0 138.0 139.5 70 35 34 48.6
LB7a 16-Jun-05 2.1 0.0 121.1 123.3 47 23 25 53.6
LB9 17-Dec-04 79 0.0 149.3 157.2 13 6 30 235.7
LB9 20-Apr-05 6.4 0.0 109.9 116.3 16 8 25 160.7
LB9 16-Jun-0! 0.7 0.C 146.5 147.2  14C 70 35 25.C  x2 column:
NG1 17-Dec-04 0.7 0.0 200.0 200.7 140 70 30 21.4
NG1 20-Apr-05 14 0.0 118.3 119.7 70 35 34 48.6
NG1 16-Jun-0! 0.0 TOO LOW - NOT LOADEL
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Soilwaters and microbial nitrate

Soilwater d'®0-H,0 data and the corresponding theoretical microbiak N@lues,
assuming different nitrification models, are presented in TablelB.Aissing data
indicate no soilwater retained from the tray lysimeter extmpEebruary and March

2005 when the catchment was inaccessible.

Table 3.4a: Soilwaterd*®0-H,0 and mean theoreticald'®*0-NO; at the Afon Gwy (%)

Microbial  Microbial
Date Soil 1 Soil 2 Soil 3 Mean nitrate, nitrate,
model 1*  model 2*
Sep-04 -5.1 -4.2 -5.1 -4.8 45 13.7
Oct-04 -7.3 -7.5 -8.2 -7.7 2.6 12.8
Nov-04 -6.5 -6.2 -4.7 -5.8 3.8 13.4
Dec-04 -5.9 -5.5 -8.3 -6.6 3.3 13.1
Jan-05 -5.5 -6.7 -5.3 -5.8 3.8 13.4
Feb-05
Mar-05
Apr-05 -5.8 -6.7 -6.8 -6.4 34 13.2
May-05 -7.0 -7.0 3.0 13.0
Jun-05 -5.1 -5.1 4.3 13.6
Jul-05 -4.7 -1.5 -3.1 5.6 14.3
Aug-05 -6.7 -6.7 3.2 13.1
Mean: -6.2 -5.9 5.7 -5.9 3.7 13.4

* Microbial nitrate. Model 1 assumes ratio of atiqberic-O to water-O = 1 to 2; Model 2 assumes
ratios of atmospheric-O to water-O = 2 to 1.

Table 3.4b: Soilwaterd*®0-H,0 and mean theoretical microbiald®0-NO; from Afon Gwy
subcatchments sampled on TApril 2005 (%)

Gwy Soil Miprobial Miprobial
subcatchment water nitrate, nitrate,
model 1* model 2*
HW1 -6.9 3.0 13.0
LB2 -6.8 3.1 13.1
LB7a -6.7 3.2 13.1
NG1 7.2 2.9 12.9

* See Table 3.4a

The theoreticald*®0-NO; under the assumptions of Model 1, based on measured
soilwaterd'®0-H,0, varies between 2.6%. and 5.6%o with a maximum value in July
2005 (Fig. 3.11). The overall mean value of 3.7%. (Table 3.4a) is assonhbedtie
expected value for streamwaters if 100% of collected” NOmicrobially produced.
Values based on soilwaters from subcatchments sampled in April 2008 alightly
lower than this figure with a mean of 3.05%o. (Table 3.4b).
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Dual isotope analysis of bulk deposition and streamwater
For the bulk deposition and streamwatersNdual isotope analysis, the first batch of
results indicated that the methods were working well:

1) the 'quality’ of the silver nitrate prepared from the anion resasgenerally
quite good, with little evidence of organic contaminants (except in the first two
samples), and

2) the amount of N@ collected on the resins was perfectly adequate for dual
isotope analysis even at the very low concentrations encountered at the Gwy.

Figure 3.11: Theoretical soilwaterd®0-NO3" of microbial NO3 at the Afon Gwy
(Model 1 assumption)
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The first two samples, collected with the newly-installed equiyinie September
2004, showed evidence of contamination, and their data are not considehned furt
Subsequent rain and stream samples form into two quite well-doestrgroups
which have very similar®N, but very different*®0 (Figure 3.12). The'®N values

in the -2 to +2 per mille range are quite typical for raimvaG;’, but are equally
quite typical for N@ in nutrient-poor, uncultivated, upland soils. Studies in other
ecosystems outside the UK have also commonly found poor separationrbéteee
d™N values of rainwater and soil nitrates.

The d'®0-NO; values for the rainwater samples at the Gwy are theréipsirted for
the UK. Their range, +60 to +80 per mille, is comparable wiénlimited published
data for atmospheric nitrate in other parts of the globe (Hedtal 2004).

With the exception of the contaminated September samples, &ié aftieand'°O-
NOs; measurements lie close to the theoretical value for micrabf@l-NO; of
+3.7%o, calculated assuming the Model 1 assumptions (Fig. 3.12). The progmdrtion
the NG collected from streamwater that comprises untransformedvaiten NQ
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may be estimated by interpolation between the mean values feordeplosition
(overall mean = +68%.. Table 4) and for microbial ;NG-or microbial nitrate
formed using Model 1 assumptions (+3.7%0) the calculated proportions of
atmospheric N@ lie between -3.5 and +7.2%. For Model 2 assumptions (microbial
nitrate d"®0-NO; = +13.4%0) the proportions of atmospheric N@vould all be
negative.

The proportion of atmospheric or "hydrological® N@ streamwater may also be
estimated from the calculated soilwater microbial and bulk depositata for the
corresponding month (Table 3.5), giving very similar results to miean-based
values. Ideally, if hydrological residence times of soilwatezse known, the time lag
between precipitation and discharge at the sample point would dxe iteth account,
i.e. for a given streamwater sample, the deposition samptedatate of the rainfall
source of the streamwater would be used. This factor could be anpdrthere was
major temporal variation in the proportion of atmosphericsN€alculated for
streamwaters, but this is not the case at the Afon Gwy. Howpessible temporal
mismatch between rainwater and streamwater samples roayra@at least partly for
the calculation of small negative (or positive) values for the prigmoof atmospheric
NOsz in some cases. The estimation error associated with this prableot known
but is of little importance at the Afon Gwy where only a veryall proportion of
leached N@ is atmospheric.

Figure 3.12: Isotopic separation of streamwater andulk precipitation NO 5. The theoretical *°0
of microbial NOj is from the Model 1 calculations of Table 3.4a
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Unfortunately, only three good streamwater ;N\€@amples were collected from the
Afon Gwy flume; the very first sample appears to be contaminatedmonths of
sampling were missed because of lack of access to the smg doe period when
highest N@ concentrations might be expected, and summeg N@nhcentrations
were too low at the flume to obtain enough Nfor dual isotope analysis. However,
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additional streamwater data were obtained for some of the GANMEatchments
sampled on three occasions during the study (Table 3.6).

Table 3.5: Results of dual isotope analysis & estied proportion of atmospheric NG;” at Gwy
flume based on mean & corresponding monthly microkil & bulk deposition d'®0 values

Date Microbial Bulk deposition Gwy flume % atmospheric
d'®0-NO; d°o N d°o N (mean)  (monthly)

Sep-04 4.5 +44 +12.1 +20 2.1 25.8 39.7

Oct-04 2.6 +70 +0.4 +5 +1.0 2.7 4.2

Nov-04 3.8 +69 +3.0

Dec-04 3.3 +76 -1.9 +5 -0.3 1.3 1.7

Jan-05 3.8 +68 -0.9 +2.7 +1.1 -1.6 -1.7

Feb-05

Mar-05

Apr-05 3.4 +69 -1.1

May-05 3.0 +66 +0.9

Jun-05 4.3 +64 +0.0

Jul-05 5.6 +61 -2.3

Aug-05 3.2 -0.7

Mean: 3.7 +68 -0.3 +4.2 +0.6 +0.8 +1.4

Table 3.6: Results of dual isotope analysis & estted proportion of atmospheric NO; in GANE
subcatchment streamwaters based on mean & correspdimg monthly microbial & bulk
depositiond'®0 values from Gwy flume (* based on measurement isubcatchment)

Sub- Date Soilwater Bulk deposition  Streamwater % atmospheric
catchment d®o-No;  d“o | do N Mean Monthly
HW1 Dec-04 3.3 +76 -1.9 4.5 0.2 1.2 1.6
LB2 Dec-04 3.3 476 -1.9 4.0 -0.4 0.5 1.0
LB7a Dec-04 3.3 +76 -1.9 2.4 0.5 -2.0 -1.2
LB9 Dec-04 3.3 +76 -1.9 15 1.6 -3.5 -2.5
LB7a Apr-05 3.2* 469 -1.1 6.0 3.1 3.5 4.2
LB9 Apr-05 3.4  +69 -1.1 5.7 3.5 3.1 3.5
NG1 Apr-05 29 +69 -1.1 3.9 25 0.3 15
LB7a Jun-05 43 +64 +0.0 8.3 -0.3 7.2 6.8
LB9 Jun-05 43 +64 +0.0 3.0 2.8 -1.1 2.2

Nine samples were successfully analysed for b6 and *°N in streamwater N
and all showed a similar pattern to the Gwy flume samples, iyliiter evidence for

the significant presence of atmospheric Ni@ streamwaters. The highest value of
around 7% atmospheric NOwas recorded for subcatchment LB7a in June 2005.
Hence these data support the conclusion from the limited Gwy fliata@ethat in this
catchment, more than 90% of the streamwateg NGllected appears to have been
microbially produced, with only a very small proportion (possibly ldsmn tthe
detection limit of the method) transported directly from rainfall.
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Conclusions

The very high proportion of microbially produced NGn the Gwy streamwaters
(both at the flume and in the sampled subcatchments) suggests thaeadDing is
primarily biologically mediated in this catchment. The atmosphproportion of
streamwater N@ is negligible, although atmospheric deposition must contribute to
the pool of cycled N from which N{is released by nitrification.

The successful application of the method at the Afon Gwy, even witkettyelow
NOs; concentrations found there during sampling, provided the justification for
expansion of the work to new sites with higher expected M@ncentrations under
the second phase of the study (Task 3.3). Higher N deposition and leathingge
sites might be expected to reveal a higher proportion of N&ived directly from
deposition sources.
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Task 3.3: Expansion of dual isotope work to other sites
Chris Curtis, Gavin Simpson, Tim Heaton, Simon Turner and James Shillath

With the success of the pilot study at the Afon Gwy under Task 3.2 athevaext
phase entailed the expansion of the study to three new site=n @ie logistical
challenges that were presented by the lowsNfOncentrations at the Gwy and the
apparent dominant microbial source of streamwates NOwas decided to include
sites with higher input (deposition) and higher N@Qutput in the next phase. It was
hoped that these sites would be more likely to show a greater poopait
precipitation NQ@ in surface waters, perhaps on a seasonally varying basis.

Site selection and descriptions

The three sites selected for the new work were chosen on theobasisting data
from previous DEFRA funded work (CLAM and AWMN):

1) River Etherow, South Pennines,

2) Scoat Tarn, Lake District, and

3) Lochnagar, Grampian Mountains.

These sites were instrumented in the first sampling trigeafr 2 during July 2005
and sampling commenced immediately. For the first sampling runs, ebenzive
sampling of inflows and springs was carried out to determine the most apprapdate
useful sample points (Fig. 3.13a-d; Table 3.7). These points were choslea basis
of existing data from previous studies in these catchments.

Table 3.7: Dual isotope sampling locations on ingl sample runs

LOCHNAGAR

Location

Loch outflow
Bulk deposition

NO 25317 86268
NO 25376 86098

Soilwaterl NO 25380 86096
Soilwater2 Furthest from outflow
Spring (main inflow) NO 25279 85770
SCOAT TARN Location

Scoat outflow

Bulk deposition

Soilwaterl

Soilwater2

Spring

Scoat Fell stream (inflow1)
Red Pike stream (Inflow?2)

NY 15819 10344
NY 15797 10061

NY 15713 11105
NY 15866 10423
NY 15935 10503

RIVER ETHEROW

Location

Etherow weir

Bulk deposition
Soilwaterl

Soilwater2

Rose Clough tributary
Swan Clough tributary

main channel

SK 12408 98885

Closest to bulk collector
Farthest from bulk collector
SK 12181 99532

SK 11909 99453
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Figure 3.13a: Dual isotope sampling points in the dchnagar catchment.
Lys = soilwater lysimeter.

Location of surface w,

Figure 3.13b: Dual isotope sampling points in the &®at Tarn catchment.
Lys = soilwater lysimeter.

Location of
surface water
sampling points

Location of Spring
CLAM plots
(IF2)
(IF1)
Rain Outflow
Lys2 Lysl Rain/soil
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Figure 3.13c: Dual isotope sampling points in the iRer Etherow catchment, showing Rose
Clough and Swan Clough subcatchments.

Etherow catchment
from weir sampling
point.

River Etherow
Stream _samples weir
from weir, Rose
Clough confluence

and Swan Clough

confluence \
Rain and soil

samplers in Rose Clough
Rose Clough Swan Clough
subcatchment

Figure 3.13d: Dual isotope sampling points in Ros€lough subcatchment of the River Etherow.
Lys = soilwater lysimeter.

Swan / Rose Clough
subcatchments

Location of rain and
soil water samplers

Rain Lysl

NETCEN Lys2
collector
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With the absence of a major inflow stream at Lochnagar, a sprahg-fed inflow
stream at the southern end of the loch was selected for san(ipiings.13a). Two
soilwater lysimeters were located adjacent to the bulk deposibbector on the
eastern side of the loch.

At Scoat Tarn, two inflow streams plus a groundwater spring@ wetially sampled,
although the spring was not included in routine sampling (Fig. 3.13b). Beohtise
risk of disturbance to field instruments based on previous exper@nite site (a
popular hiking and camping spot) the bulk deposition collector and lyssnetye
located just to the south of the lake outflow, well away from populiuspsVhile this
site is outside the catchment, the soils are very typical ofitha and there is no
reason to suspect that the deposition or soil biogeochemical regihtkffer from
much of the lake catchment.

The River Etherow catchment includes an area of improved grassléme northern
half and a major road (the A628 Sheffield-Manchester Woodhead fesssig along
the northern banks of the river. Therefore we selected the samly sites as in
previous CLAM work, on level ground to the south of the main river between t
Rose Clough and Swan Clough tributaries (Fig. 3.13c-d). These streams mpledsa
along with the main Etherow weir which is the UK AWMN sample site.

The final sampling run under this Task was undertaken in July 2006, providing 13 sets
of monthly samples over a 12 month period.

Results

In line with the pilot study at the Afon Gwy (Task 3.2) most ofsamples continued
to yield relatively pure (i.e. not organically-contaminated) sihignate, as witnessed
by reasonably high N/O ratios. Hence there were no evident aadlytoblems at the
new catchments.

Results of the N@ dual isotope analyses, the theoretical microbial value fi®-
NOs; based on soilwater **0-H,0 and the percentage of atmospheric or
"hydrological® NG calculated by interpolation between bulk deposition and
microbial values are presented for each catchment in Tables.3V&sn values for a
full sampling year from August 2005 to July 2006 (n=12) are presengedhe first
samples from July 2005 are excluded. These initial samples arestdikely to have
been contaminated during catchment instrumentation, although isotopic shbwes
little evidence that this was a problem.

Patterns in *°N

For the two lake sites, there is little separation betwéd-NO; in surface waters
and bulk deposition, with most surface water values falling withirrahge covered
by bulk deposition samples (Fig. 3.14a-b). Values range from -1.7 166+ the
Lochnagar spring and -1.5 to + 1.1%o in the loch itself, compared-%ithto +1.0%o

in bulk deposition (Table 3.8a). At Scoat Tarn, valuest-NOs™ range from -1.4 to
+0.3%o in Inflow 1, -1.5 to +0.8%o in Inflow 2 and -1.7 to +0.6%o. in the lake outflow,
compared with -4.3 to +1.0%. in bulk deposition (Table 3.8b).
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Table 3.8a: Dual isotope results from Lochnagar sits
(initial July 2005 samples excluded from mean)

Sample Spring inflow Loch outflow  Bulk deposition ~ Soilwater (H,O) Inflow Outflow

Date d°N d®0 dN d°0 dN d°0 d°o MiT:rig:él % atmospheric
Jul-0E +0.3 +7.2 -0.Z +17.2 6.6 21.Z
Aug-0t  -0.0 +3.2 +0.4 +15.2 -5.7 +57.5 0.8 22.7
Sep-0!  +1.1 +2.2 +1.1 +13.C -2.4 +70.5 -5.€ +3.€ -2.€ 13.€
Oct-0t  +0.E +7.S +0.1 +16.7 -2.2 +82.1 -0.5 +7.3 5.8 17.C
Nov-0t +1.C +4.2 +0.€ +13.¢ +1.C +74.€ -7.E +2.7 21 15.5

Dec-0t -0.6 +11.¢ -1.2 +15.¢ +0.¢ +80.2 +0.€ +8.2 12.2 17.4
Jan-0t -0.2 +15.€ -0.€ +16.¢ -04 +76.2 -8.2 +2.1 18.1 19.¢
Feb-0¢ +0.1 +9.E -0.¢ +16.2 -1.1 +70.¢€ -7.1 +3.C 9.6 19.€
Mar-0€
Apr-06 -1.7 +20.2 -1.2 +22.¢ -2.¢ +64.4 -0.2 +7.5 28.t 31.¢
May-0€ -1.6 +16.£ -1.E +16.1 +0.23 +48.2 7.2 +2.¢ 29.7 29.1
Jun-0¢  -0.8 +13.C -1.1 +18.7 -3.7 +71.2 -0.t +7.2 15.2 23.4
Jul-0€  -1.0 +16.£ -1.4 +19.Z -3.¢ +69.2 +1.2 +8.E 20.€ 25.2

Mean: -0.3 +10.9 -0.5 +16.7 -1.8 +69.6 -3.5 +5.3 12.8 21.4

Table 3.8b: Dual isotope results from Scoat Tarn g&s
(initial July 2005 samples excluded from mean)

Sample Inflow 1 Inflow 2 Lake outflow  Bulk deposition ~ Soilwater (H,0) Inflow 1 Inflow 2 Outflow
Date d°N d®%0 dN d°0 dN d%0 dN d0 d MiTchrigiréI % atmospheric
Jul-0t  -0.7 +11.2 -0.2 +9.7 +0.3 +15.7 +3.4 12.2 9.6 19.c

Aug-0t  +0.2 +7.2 -1.5 +9.7 -0.2 +11.€ -1.2 +63.2 -5.8 +3.8 5. 9.8 13.C
Sep-0! +0.2 +11.5 +0.5 +3.¢ +0.€ +11.4 -2.1 +68.¢ +3.4 12.4 0.8 12.2
Oct-0t  +0.2 +7.5 +0.8 +7.1 +0.4 +14.¢ -0.€ +73.¢ -54 +4.C 4.¢ 4.4 15.4

Nov-0t  -0.€ +6.4 -0.8 +5.2 -1.C +8.€ +1.C +65.5 -6.9 +3.C 5.2 34 8.8
Dec-0¢ -0.E +7.2 -0.3 +7.2 -0.2 +10.€ -0.8 +74.5 -5.8 +3.€ 5.C 5.C 9.€
Jan-0t  -0.€ +18.1 -1.4 +18.¢ -0.7 +13.7 +3.4 23.1 24.% 16.1

Feb-0¢ -0.2 +10.€ -0.5 +8.€ -0.4 +13.¢ -0.2 +72.2 -5.8 +3.7 10.1 7.1 14.7
Mar-0€ -1.C +9.€ -0.€ +7.€ -1.1 +14.C -0.5 +66.4 -7.C +3.C 10.€ 7.6 17.c
Apr-06  -1.4 +9.2 -0.8 +10.t -1.2 +12.1 -1.4 +60.€ -7.8 +2.7 11.8 13.t 16.2
May-0€ -0.5 +10.€ -0.2 +9.€ -1.2 +13.1 -1.8 +51.2 -7.1 +2.€ 15.¢ 13.¢ 21.1
Jun-0¢  -0.2 +12.C -1.3 +10.€ -1.7 +14.% -3.¢ +70.2 -6.8 +3.1 13.2 11.2 16.7
Jul-0¢€ - +13.t -0.4 +8.€ -0.7 +14.1 -4.3 +67.1 -5.€ +3.¢ 15.1 7.4 16.1

Mean:  -0.5 +10.3 -0.5 +9.0 -0.6 +12.6 -1.5 +66.7 -6.4 +3.4 111. 9.0 14.8

Table 3.8c: Dual isotope results from River Etherovsites
(initial July 2005 samples excluded from mean)

Sample River Etherow Rose Clough Swan Clough  Bulk deposition Soilwater (H,O) Etherow Rose Swan
Date d°N d®%0 dN d°0 dN d%0 dN d%0 do MiTchrigiréI % atmospheric
Jul-0E +4.8 +6.0 +4.8 +5.5 +3.7 3.6 2.8

Aug-0t  +3.2 +6.7 +6.7 +5.C +6.3 +4.1 -0.E +66.C -6.C +3.7 4.¢ 2.1 0.6
Sep-0! +4.2 +5.€ +7.3 +4.4 +6.€ +2.4 -0.t +71.€ -4.8 +4.4 2.2 0.C -3.C
Oct-0t  +4.1 +6.C +6.8 +4.E +6.2 +3.7 +2.8 +66.€ -4.8 +4.4 2.€ 0.2 -1.1

Nov-0E  +2.E +5.€ +4.8 +4.4 +5.1 +4.8 -2.7 +61.% -6.5 +3.2 4.2 1.¢ 25
Dec-0t +3.€ +6.¢ +3.7 +4.C +4.€ +5.1 +3.1  +67.C -7.2 +2.¢ 6.2 1.7 35
Jan-0t  +2.7 +8.¢ +4.2 +5.4 +5.2 +5.2 +2.2 +69.2 +3.7 7.€ 25 25
Feb-0t +2.E +8.5 +4.€ +4.S +5.4 +5.€ +1.4 +67.4 -74 +2.7 8.¢ 34 4.5

Mar-0€ +3.C +6.¢ +4.23 +4.8 +5.4 +4.8 +0.€ +70.7 +3.7 4.7 11 1.7
Apr-06 +0.€ +6.C -0.3 +7.€ +2.€ +5.3 +1.4 +62.C +3.7 4.C 6.7 2.8

May-0€ +2.E +8.¢ +4.7 +5.€ +5.1 +6.E +2.C +60. +3.7 9.1 3.9 5.C
Jun-0¢  +2.€ +8.E +4.4 +5.€ +4.¢ +5.8 -0.2 +66.5 -6.9 +3.1 8.t 4. 4.2
Jul-0e  +2.8 +8.4 +4.C +7.2 +4. +7.3 -4.2 +69.2 -4.1 +4.¢ 5.t 3.5 3.8

Mean: +2.9 +7.3 +4.6 +5.3 +5.2 +5.1 +0.5  +66.5 -6.0 +3.7 5.7 62 22
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Variation in *°N-NOs is therefore much greater in bulk deposition than surface
waters in both lake catchments. However, annual m&AkNO; values are slightly
enriched by 1.0-1.5%o. in surface waters relative to bulk deposition Imses. There
also appears to be a very minor fractionation occurring withiratfes] since outflow
>N-NOs is slightly depleted relative to inflows by -0.2%. at Lochnaayadt -0.1% at
Scoat Tarn. Alternatively, this difference may be due to thetdilemosition of N@
to lake surfaces, since bulk deposition ;NBas a lower value of"®N-NO; (see
below).

Data from the River Etherow catchment streams show a rafffienedi pattern, with

an obvious discrimination between surface water and bulk depositeaNOs™ (Fig.
3.14c). Variation in *N-NOs is much greater in the surface waters here compared
with the lake catchments and values are much more enriched. Vahgesfrom +0.6

to +4.3%o in the River Etherow, -0.3 to +7.3%. in Rose Clough and +2.6 to +6.9 in
Swan Clough, compared with -4.5 to +3.1 in bulk depositiGiN-NOs values show
much greater discrimination between surface waters and depositio@nmnual mean
values enriched by +2.4 to +4.7%o in the streams.

Patterns in 80

While >N separation between surface waters and deposition is relatiiabyr,
reaching a maximum of +4.7%. at Swan Clough, there is a very thsgemination
in 0 (Table 3.8; Figs. 3.14a-c)*?0-NO; is also clearly higher in lake outflows
than in inflow streams.

At Lochnagar, bulk deposition'®0-NO; varies from +48.3 to +82.1%. (mean
+69.6%o0) while values range from +3.2 to +20.2%o in the spring and +13.0 to +22.4%o
in the loch outflow (Table 3.8a; Fig. 3.14a). Using Model 1 to deterrtiee
theoretical value of **0-NOs for microbially produced N© (see Task 3.2), the
proportion of atmospheric NOvaries from -2.6 to 29.7% in the inflow and 13.6 to
31.9% in the loch. The mean proportions of atmospherig¢ B® 12.8% in the spring
inflow and 21.4% in the loch outflow. The loch:catchment ratio at Lochnadad,
indicating that 10% of catchment N deposition lands directly on thlredodace. If it

is assumed that there is negligible uptake of depositegl Within the loch and the
spring inflow is representative of all catchment inputs to thd,ldben direct
deposition alone could account for the difference in atmospheric N986 detween
loch inflow and outflow.

At the other lake site Scoat Tarn, bulk depositi6fO-NO; varies from +51.2 to
+74.5%0 (mean +66.7%o) while values range from +6.4 to +18.1%o in Inflow 1, +3.9 to
+18.8%o in Inflow 2 and +8.6 to +14.8%o. in the lake outflow (Table 3.8b; Fig. 3.14b).
These figures correspond to proportions of atmospherig Wiying from 4.9-23.1%

in Inflow 1, 0.8-24.3% in Inflow 2 and 8.8-21.1% in the lake outflow. As at
Lochnagar the mean proportion of atmospheric; N® greater in the lake outflow
than the inflow streams. The annual mean values are 11.1% in Inflow 1,i89.0%
Inflow 2 and 14.8% in the lake outflow. Making the same assumptions abeat dir
deposition to the lake surface as at Lochnagar, the lake:cattlanga ratio of 0.05
for Scoat Tarn would suggest a 5% increase in the proportiommafispheric N@

from lake inflow to outflow, which is remarkably close to the obsersetbpic data
(mean for two inflows = 10.1% cf. outflow value of 14.8%).
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The greatest discrimination between bulk deposition and surface Wa@eNO; is

found at the River Etherow. Values range from +5.8 to +8.9%o in thedwthe4.0 to
+7.6%0 in Rose Clough and +2.6 to +7.3%0 in Swan Clough, compared with +60.4 to
+71.6%0 in bulk deposition. These values correspond to 2.2-9.1% (Etherow), 0.0-6.7%
(Rose Clough) and -3.0 to 5.0% (Swan Clough) atmospheric NO

Figure 3.14a: Final NO; dual isotope data for Lochnagar
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Figure 3.14b: Final NO; dual isotope data for Scoat Tarn
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Figure 3.14c: Final NG;” dual isotope data for River Etherow
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Discussion

The 'O data indicate that over 20% of leachedsN® Lochnagar and 15% in Scoat
Tarn is of direct atmospheric origin, but a smaller proportion (10-13%) in lake inflows
and only 2-6% at the River Etherow sites, contrary to expectafiblesefore most of

the leached N@ has been biologically cycled and microbially produced, especally i
stream sites, with important implications for modelling N leaching.

An important observation that only become apparent with the fulselais that there
is a strong seasonal pattern in the proportion of leachesl tRh&t derives directly
from deposition (Figs 3.15a-c). Hence a bare minimum of quartentypléng would
be required to detect these changes in any new sites whewmoitki may be upscaled
under the next phase of the Umbrella. These seasonal patternsfiedt not only a
changing influence of direct leaching due to precipitation eventslboita changing
relative importance of groundwater inputs which have greater opportéorty
microbial cycling due to their much longer residence timég Jeasonality is more
pronounced in the stream sites than the lakes, reflecting the smoeftleicty of lake
retention times on seasonal patterns.

Another observation that only became apparent with the full datagbgti some
surface water samples show an inverse relationship betwagiNOs; and *°O-

NO;z that is not found in bulk deposition samples, i.e. as the proportion of
atmospheric N@ increases (increasing?0-NO;), *°N-NOs decreases. This pattern

is strongest in the Lochnagar spring (Fig. 3.¥6=0.79) but ®0-NO; is also a
reasonable predictor of°N-NOs™ in the Lochnagar ouflow %0.50), Swan Clough
(r’=0.42), Rose Clough %0.40) and Inflow 2 at Scoat Tarrf£0.37). There is no
relationship between'®0-NO; and *°N-NOjs in the River Etherow, Scoat Tarn or
Inflow 1 at Scoat Tarn.
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Figure 3.15a: Seasonal variation in the proportiorof atmospheric (hydrological) NG at
Lochnagar

Lochnagar, Grampian Mountains
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Figure 3.15b: Seasonal variation in the proportiorof atmospheric (hydrological) NG; at Scoat
Tarn
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Figure 3.15c: Seasonal variation in the proportiorof atmospheric (hydrological) NG at the
River Etherow
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Figure 3.16: Relationship between **N-NO; and d*®*0-NOj3 in Lochnagar inflow spring
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Where this inverse relationship is found it could indicate that thesswf N used in
the production of microbial NQare more enriched N than bulk deposition NQ

so that an increasing proportion of atmospherieM&luces the overal®N-NO3 of

the surface water sample. However, it is unclear why thes gahationship is not
found for the adjacent inflow streams at Scoat Tarn, for exanvghere the
proportions of atmospheric NCare not very different and yet only one shows a clear
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relationship between'®N-NOz and *®0-NO; (Fig. 3.15b). Further exploration of
other data sources (e.g. CLAM soifN measurements) from the site is required to
address this issue.

Overall, this study demonstrates the over-riding importance of napidke and
microbial processing of deposited inorganic N in the terrestridl gfacatchments,

with microbially produced N@ contributing 68-100% of leached N®n a seasonal
basis and 79-97% on an annual mean basis. These results are consistent witrthe trac
experiment work carried out at the Afon Gwy under Task 3.1. Theds are based

on concentrations, which are the most biologically relevant measuwreare likely to

be smaller if converted into fluxes, since the greatest proportibgdvblogical NQ

occurs during the period of higher flows in late winter and spring.

Microbially produced N@ may be considered to reflect "saturation” ;N@hereby
total N deposition reduces C:N ratios and increases N avdyalaiti mineralization
and nitrification (see Task 3.5). Hence N deposition is alreadywbedming
biological demand and leading to N saturation in terrestrial stasg (see also N
literature review in WP4). This means that for a large pramporif NO; leaching,
soil processes are mediating catchment responses to N depositiogit £missions
reductions may not result in rapid reductions in the production of matrolid;".
Anthropogenic N that has already accumulated in catchment sojisanage a time
lag in responses to changing N deposition. Furthermore, the depositioe sdurc
biologically cycled N may be either N@r reduced N compounds.

However, a proportion of leached RWOis hydrological, i.e. rapidly leached,
unchanged, from wet deposition, reaching 21% of total leaching anagah On a
seasonal basis this proportion increases to almost a third at lgacharal a quarter in
the Scoat Tarn Inflow 2. This proportion of Ni®nay be attributed directly to NO
deposition, so that emissions reductions should lead to an immediate eegptns
component of leached NO Given that both concentrations and fluxes of;N@e
greatest at the time when the direct atmospheric contributigreaest in late winter
and spring, peak values of both would be reduced in proportion to any redustions
NOx deposition during the period of greatest potential impact on aquatic ecosystems.

This work has demonstrated that for individual catchments it is possible using the dual
isotope approach to apportion Bl@eaching to microbial sources that may respond
very slowly to changes in N deposition and hydrological sourceswifiatespond

very rapidly to changes in input. This finding is of major importaftzedynamic
modelling of future catchment responses to changes in N depose®Tésk 3.1).
Models using catchment C pools and soil C:N ratios are requirddeayreater part

of NOs leaching responses but the remainder should respond proportionately to
changes in NQdeposition. Expansion of this approach to other sites would facilitate
upscaling and modelling at a national scale in the UK.
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Task 3.4: Moss survey of AWMN sites and Task 3.5: C:N survey of AWMN sites

Chris Curtis, Gavin Simpson and James Shilland

Introduction

A recently published paper by Curtist al. (2005) demonstrated a close
correspondence between increasing nitrate leaching and declinomyads of
moss+lichen with increasing N deposition. While the data wetgctes to just four
Acid Waters Monitoring Network sites (Allt a'Mharcaidh, Afon Gw8goat Tarn,
River Etherow) they strongly suggested a decline in mossesponse to elevated N
(and S) deposition. Since mosses and lichens are the most effccdogical
compartment for retaining deposited N and converting it intolgi@at organic N,
there could be a causative link between a decline in mosses amasenanenitrate
leaching. The aim of Task 3.4 was to test this hypotheticafdinkites with existing
nitrate leaching data across the UK Acid Waters MonitoriNgtwork by
measurements of moss biomass at up to 20 randomly selected ipoiatsch
catchment.

The same study showed that at least two thirds of N inputstaetesrrestrial N cycle
(Curtis et al, 2005) and contribute to increased N content and reduced C:N ratio of
soils and vegetation. Soil surface organic matter C:N ratio hexs $fleown to have
potential for the prediction of microbial nitrate leaching (i.eraté produced by
mineralisation of organic N and subsequent nitrification) via patt8vgsee Fig. 3.8)

in previous DEFRA (Curtigt al, 2004) and NERC (Evanst al, 2006) funded
studies. Hence the aim of Task 3.5 was to test the relationships betwgdadging
measures and the C:N ratio of the upper organic soil horizon at the glts
analysed for mosses in Task 3.4.

Methods

Given the major impacts of forestry management practices of IN&ching over
cropping or rotation cycles, there are problems in determining sher@r mass
balances for N. Furthermore, the primary purpose of the preselytistto determine

the major controls on N leaching from semi-natural catchments. Hence it was
decided to focus resources in these Tasks on the 16 unafforesteiiN AAfchments
(Table 3.9). The AWMN provided long-term NQroncentrations over the period of
monitoring (1988-2005) and contemporary with the most recent available CEH
Edinburgh modelled deposition data (2002-2005). Runoff data derived from the 30
year mean MORECS 1km dataset were used with concentratiotodetmate mean
annual leaching flux for 2005 from each of the study catchments (Table 3.9).

Random plot locations for sampling mosses, lichens and soils weeeated using
digital catchment outlines within ArcMap GIS software (Fig. 3.1\®hile the

intention was to collect 20 random samples, it was recognisedtfreroutset that
points identified on maps may turn out to be inaccessible or othemsessible to
sample in the field, so additional plots were added to the fieps mp to a total of 30
locations (40 in catchments with very steep areas). The Gi8asefprovided precise
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locations to +1m which were programmed into a portable GPS fomuibe field.
Plots were located to within just a few metres of the randogelyerated grid
references (determined by the accuracy of the GPS) usinGRiSeand a 0.25m
quadrat thrown backwards on arrival at the pre-programmed plot lotatiomimise
operator bias. If a plot was found to be inaccessible or inappropriate for rsguigpd.
on disturbed ground) in the field, the next plot in the numerical sequercesed
until the requisite number of at least 20 plots had been visitesdudh cases the
sampling was not truly random, but may be considered random for thesdite
parts of the study catchments.

Table 3.9: AWMN study sites with NQ; concentrations freql™), leaching and total N deposition
fluxes (keq ha® yr™)

AWMN  Site Site Name Long-term mean \ 2005 meaE valﬁes .
No. Code NOs Q €p NO7 eac %
(mm) flux flux  leach
1 ARR Loch Coire nan Arr 25 2590 0.48 1.9 0.05 10.1
2 MHAR Allt a' Mharcaidh 1.4 1062 0.67 1.5 0.02 2.3
4 NAGA Lochnagar 16.8 1368 1.33 14.8 0.20 15.2
6 TINK Loch Tinker 3.0 1864 1.58 1.7 0.03 2.0
7 RLGH Round Loch of Glenhead 7.5 1828 1.57 9.8 0.18 114
9 DARG Dargall Lane 11.4 1724 1.27 17.5 0.30 239
10 SCOATT Scoat Tarn 18.5 2581 1.60 14.4 0.37 233
11 BURNMT Burnmoor Tarn 55 2021 1.32 5.2 0.11 8.0
12 ETHR River Etherow 45.2 1140 2.21 34.6 0.39 17.8
13 LODG Old Lodge Stream 8.2 403 1.14 7.0 0.03 2.5
15 LAG Llyn Llagi 7.7 2854 1.26 4.3 0.12 9.7
19 BEAH Beaghs Burn 3.0 1222 1.17 5.1 0.06 5.3
20 BENC Bencrom River 30.8 1344 1.63 42.1 0.57 34.6
21 BLU Blue Lough 25.5 1238 1.66 24.4 0.30 18.3
24 GWY Afon Gwy 8.4 2039 1.54 6.1 0.13 8.1
26 VNG9402 Loch Coire Fionnaraich 1.8 2572 0.56 2.1 0.05 9.7

Sampling was carried out during late July/early August 2006. ddintifiable
bryophytes and lichens within the quadrat were collected, bagged arnddahetihe
field, using shears and scissors to remove other surface vegétatemessary. In a
few cases (Afon Gwy, Llyn Llagi) the quadrat was subsathplee to time
constraints. For mosses, a zero value is a valid data pointrgirsg points within
areas of bare rock or scree were included. The only exclusiemrsareas of standing
water or disturbed ground (e.g. eroded paths).

Soil augers were used to obtain O horizon samples to a maximumrofdepth and
the total depth of the O horizon was determined by augering. Wibiés data were to
be used for deriving a catchment mean biomass value requirimgctbsion of zero
values where found, the intention of the soil survey was to deterhenme¢an C:N
value for the soils present in the catchment. Therefore whereagsiddll on bare
rock, the nearest available soil profile was sampled to maxithisenumber of
samples for analysis.

All samples were dried at 40°C in the laboratory. Dried bryopkgmaples were
weighed to give total moss biomass per quadrat (F25bmied soil samples were
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sent to NRM Laboratories, Bracknell for analysis of totalnd & content (% w/w)
from which C:N ratios were calculated. If no O horizon was prefena plot, the
surface organic (turf) layer was analysed instead. In somes a@lsere catchments
contained large areas of bare rock or scree without soil dowers not possible to
obtain soil or turf samples from all points on the random plot lighes@ctual number
of samples obtained varied from 15 (Coire nan Arr) to 20 (Table 3.10).

Figure 3.17: Example of random plot maps generateoh ArcMap GIS and used in the field to
locate random quadrats. X (easting) and Y (northiny given in metres.

Z POINT_X POINT_Y
289879 801254
289678 802061
289149 800854
288175 803071
287886 802073
288527 801761
289783 800671
290269 803571
9 288370 803486
10 289463 800213
11 288362 802525
12 289668 802728
13 288490 804326
14 289067 802703
15 289599 800145
16 287817 802517
17 289907 802914
18 288763 803570
19 289832 803001
20 288624 801288
21 288102 802343
22 290490 802101
23 288984 802582
24 290156 803042
25 290444 801082
26 288727 802105
27 288765 801945
28 289914 801906
29 288017 803732
30 289505 802218

13

0N UOAWN R

Results - Task 3.5: C:N survey of AWMN sites

Summary data for soil %N, %C and C:N ratio are presentethbies 3.10-3.12.
Mean C:N ratio varies from a minimum of 12.15 at Dargall Lema maximum of
30.09 at the River Etherow, which is contrary to expectations ghemypothetical
inverse relationship between C:N ratio and the;N&xching data (Table 3.9).

There is a weak, positive relationship between soil %N and Kot&position (Fig.
3.18). However, there is no apparent relationship between C:N ratid degosition
(data not shown), but a weak inverse relationship between C:N ratitragterm
mean annual runoff from the catchment (Fig. 3.19).

The hypothesised relationship between soil C:N ratio and” N&ching is not
supported by the mean data for all catchments which show noicagifelationship
(Fig. 3.20). There is also no relationship between C:N ratio angrdportion of N
deposition that is leached (Fig. 3.21).
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Table 3.10: Soil O horizon %N for 16 AWMN catchmentgn,,=296)

Sitecode Count Mean Min Max SD

ARR 15 0.82 0.15 2.19 0.66
BEAH 20 1.69 1.20 2.44 0.33
BENC 18 1.77 0.44 2.42 0.60
BLU 17 1.38 0.58 2.51 0.57
BURNMT 19 2.09 1.31 3.13 0.57
DARG 19 1.56 0.10 2.88 0.82
ETHR 20 1.73 0.50 3.36 0.69
GWY 20 1.45 0.32 2.74 0.74
LAG 18 1.89 0.73 3.19 0.73
LODG 20 0.79 0.19 1.92 0.49
MHAR 17 1.14 0.15 1.82 0.48
NAGA 16 1.15 0.13 2.19 0.76
RLGH 20 2.11 0.99 3.41 0.58
SCOATT 18 1.56 0.23 3.42 1.04
TINK 19 1.55 0.50 2.81 0.65
VNG9402 20 1.16 0.12 2.27 0.55

Table 3.11: Soil O horizon %C for 16 AWMN catchmens (n,=296)

Sitecode Count Mean Min Max SD

ARR 15 17.00 2.31 43.3 14.51
BEAH 20 43.64 27.40 59.6 7.58
BENC 18 32.87 10.10 52.4 11.47
BLU 17 27.78 16.20 48.4 9.28
BURNMT 19 31.88 14.30 44.3 9.65
DARG 19 18.40 1.36 31.9 9.12
ETHR 20 48.74 9.08 61.3 11.18
GWY 20 21.06 451 46.3 12.85
LAG 18 31.07 10.50 49,5 14.18
LODG 20 15.46 2.33 41.3 10.92
MHAR 17 28.14 4.02 43.7 11.84
NAGA 16 26.52 2.28 50 19.42
RLGH 20 37.77 12.20 51.2 10.26
SCOATT 18 21.61 3.61 48.8 13.62
TINK 19 36.82 9.36 59.9 12.77
VNG9402 20 25.87 2.68 47.4 13.54
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Table 3.12: Soil O horizon C:N ratio for 16 AWMN cachments (ny,=296)

Sitecode Count Mean Min Max SD

ARR 15 19.69 12.53 29.50 4,58
BEAH 20 26.08 16.81 31.07 3.63
BENC 18 18.99 12.44 23.33 3.27
BLU 17 2151 15.10 36.95 6.07
BURNMT 19 15.74 10.92 33.33 5.46
DARG 19 12.15 9.95 14.80 1.41
ETHR 20 30.09 15.09 42.88 8.07
GWY 20 14.03 10.00 23.50 3.13
LAG 18 16.15 8.81 22.71 4.02
LODG 20 18.91 11.10 31.50 4.70
MHAR 17 25.33 17.81 35.29 4.54
NAGA 16 21.67 14.22 34.01 5.56
RLGH 20 17.98 12.32 23.23 3.04
SCOATT 18 14.37 9.39 21.90 3.53
TINK 19 24.78 11.81 42.32 6.52
VNG9402 20 22.32 10.00 39.50 5.66

However, inspection of the data suggests that peat erosion mayirapatant factor
here - four sites with significant erosion observed during thedwi@k all lie in the

top right hand corner of the plots (i.e. high C:N ratio and highs NO
concentrations/leaching); River Etherow, Bencrom River, Blue LanghLochnagar.

If these sites are removed from the plot the relationship is mmacé convincing and
appears to show that both Rl@oncentrations and proportion leached increase as C:N
ratio declines below 15-20 (Figs. 3.22-3.23). However, peat erosion is knooen to
present in other catchments and future work will aim to better quantify this.

The best relationship between MNOconcentrations and measures of N
inputs/production is found for N deposition (Fig. 3.24). It appears that depasition
still the major determinant of leaching but preliminary damtalysis suggests that
catchment specific factors such as vegetation cover and soi(dygpeeroding peat)
are also important. Future work will further explore thesehraént-based controls
on NG;" leaching with a view to improving models to predict leaching undtareint
deposition scenarios.

135



Figure 3.18: Soil O horizon %N versus total modellednean annual N deposition for 2002-2005
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Figure 3.19: Soil O horizon C:N ratio versus long¢rm mean annual runoff
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Figure 3.20: Relationship between long-term mean Nconcentrations and soil C:N ratio
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Figure 3.21: Relationship between proportion of N dposition leached and soil C:N ratio
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Figure 3.22: Relationship between long-term mean Nconcentrations and soil C:N ratio
excluding sites with significant peat erosion (ETHRNAGA, BENC, BLU)
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Figure 3.23: Relationship between proportion of N dposition leached and soil C:N ratio
excluding sites with significant peat erosion (ETHRNAGA, BENC, BLU)
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Figure 3.24: Relationship between mean NQconcentration for 2005 and total annual mean N
deposition for the period 2002-2005
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Results - Task 3.4: Moss survey of AWMN sites

Summary statistics from the moss survey are presented in 3dBleMean biomass
varies between 13.4 and 142.1 g dry wt per 02§uadrat. Within-site variation is
high, with standard deviations similar to or greater than the mean value aite®st s

Table 3.13: Summary data for bryophyte and lichen mass (g dry wt per 0.25rf) at 16 AWMN
catchments (s = 318)

SITE Count Mean Minimum Maximum SD

ARR 19 56.3 0.0 237.2 63.6
BEAH 20 81.4 9.6 291.39 69.3
BENC 15 13.4 0.0 57.6 18.7
BLU 20 40.5 0.4 144.63 38.0
BURNMT 20 20.0 0.4 76.28 24.2
DARG 20 449 0.0 241.49 59.7
ETHR 20 29.7 0.0 235.78 55.9
GwWY 20 120.9 2.8 710 202.0
LAG 20 37.4 0.0 172.3 46.2
LODG 19 14.1 0.0 121.54 32.0
MHAR 20 142.1 2.8 448.73 108.8
NAGA 18 71.1 8.5 189.21 49.3
RLGH 20 26.6 0.0 247.03 57.1
SCOATT 23 31.1 0.2 151.78 50.5
TINK 20 94.3 1.3 284.22 84.9
VNG9402 24 78.4 2.7 217.05 58.8
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There is only a weak relationship between long-term meag Béhcentration or
proportion of N deposition leached and moss biomass (Figs. 3.25-3.26). However, if
Old Lodge is removed from the plots as an outlier on the basis g laelowland
catchment with much lower precipitation and runoff than all the ottesr (see Table

3.9), stronger relationships are observed {N& = 0.27; % leaching, R= 0.43).

This site has one of the lowest values for both proportion of M@ched and for
mean moss biomass.

Figure 3.25: Relationship between mean moss biomaasd long-term mean NQ concentrations
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Figure 3.26: Relationship between mean moss biomaasd proportion of total N deposition
leached as N@
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Statistical analysis and regression modelling

Following the exploratory data analysis of results described abowdedestatistical
analysis of organic soil C:N ratio and moss biomass data was performed.

Statistical methods

One-way analysis of variance (ANOVA) was applied to the nio@siass and soil
C:N data to determine whether there were significant diffage in group mean
values for the 16 AWMN sites. "Site" was used as the sole explanatorylganahis
case. Among the assumptions of ANOVA is the requirement for hamedgeof
variances of the residuals. Plots of residuals versus fitted svane boxplots of
residuals stratified by Site showed that there were comditkedifferences in the
variances of the residuals between sites. This was confirmed luswege's median
test for homogeneity of variances.

To confirm the results of the one-way ANOVA, therefore, we usperautation test
to provide a distribution-free assessment of the null hypothegjsofkho difference
in the mean moss biomass or C:N ratio of the 16 study sitesisé¢ethe F ratio, the
ratio of the within group to residual mean squares, as ousttsgtic. The F ratio is
the statistic tested in ANOVA by reference to an F distidioutvith appropriate
nominator and denominator degrees of freedom. Because of the diffett@ntgwoup
variances in the residuals of the ANOVA, the statistical theorderpinning the
calculation of a p-value for the observed F ratio is violated and thexrgfore be
unreliable. Instead, we produced an empirical randomisation distribwtiothd F
ratio by randomly assigning the observations to the 16 sites whglsitaining the
same number of samples per site (group). A one-way ANOVA ywpgbed to this
random data and the F ratio recorded. This procedure was reP88&2ltimes. The
observed F ratio was then compared to the randomisation distributiBridgsrovide
a p-value. The lowest p-value obtainable under this permutation test was 0.00001.

Least squares regression techniques were used to produce modaly welsdr NQ
concentration to N deposition, moss biomass and soil C:N. Modellingpeveemed

on the log scale (by a lpgransformation of water N concentration) to stabilise
variances and to avoid predicted watersNéncentrations that are less than 0. The
mean moss biomass and soil C:N ratio for each site was ¢altdtam the within
site replicate samples.

An initial full model was fitted to the data including allstir second and third order
terms to allow for interactions between the three predictorblagaThis model was
then progressively pruned by the sequential dropping of the least imiptera. The
importance of a model term was determined by calculatinghthage in BIC (Bayes
Information Criterion) as a result of dropping each individual teBh@ strongly
penalises model complexity and therefore helps to guard againttogethe model
to the data, and lower values of BIC indicate better modeler Afbpping a term, we
also used an F-ratio test to assess the effect of droppingtettmt on model
performance. Terms were sequentially pruned from the model untpidgpp term
would lead to an increase in BIC or to a significant change in Inpasfeormance as
assessed by the F-ratio test.
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Results
Figures 3.27 and 3.28 show the site means and 95% confidence intervalgsior
biomass and soil C:N ratio.

Results of the one-way ANOVA showed that there were lamy® significant
differences between the 16 study sites in both mean moss bidmas$.9671; P =
1.015e-08) and mean C:N ratio (F = 20.114; P < 2.2e-16). Plots of residuals ver
fitted values and boxplots of residuals stratified by Site showat there were
considerable differences in the variances of the residuals betsitesn This was
confirmed using Levene's median test for homogeneity of varisammelged to the
actual moss biomass (F = 3.0848; P = 0.0001114) and soil C:N ratio (F = 2?8655;
0.0003313) data.

For both moss biomass and soil C:N ratio, the results of the oné&MNa@yYA were
confirmed by the permutation test. In both cases, the permutation ptealdgof no
difference in site means was < 0.00001, the lowest obtainable p-vakibl@dsr the
number of permutation used.

Figure 3.27: Mean moss biomass with 95% confidencetervals for each site
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A two component model was selected as the best predictor of \hder

concentration on the basis of BIC and the F-ratio tests. This moniglied total N
deposition and moss biomass as the two predictor variables. ltseadained that
C:N ratio and second or third order interaction terms did not addicuddi
explanatory power to the model and they were consequently droppedhieofull

model to produce the final model.
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Figure 3.28: Mean soil O horizon C:N ratio with 95%confidence intervals for each site
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Total N deposition (= 1.423782, s.e. = 0.418472, t = 3.402, P = 0.00472) is a better
predictor of water N@ concentration than moss biomass < -0.010594, s.e. =
0.004885, t =-2.169, P = 0.04924). The coefficiehfdr moss biomass is borderline
significant at the 95% level, though both BIC and F-ratio testsodstrate that the
model with moss biomass included is significantly better than a Imattetotal N
deposition as the single predictor. The effecjof the two predictors are of opposite
sign, with a unit increase in total N deposition leading to an appedgiincrease in
water NQ' concentration of 1.4 lag eq L* (~4.15 eq LY. A unit increase in moss
biomass leads to an approximate reduction in watef Sdhcentration of 0.01 IQg

eq L' (~1.0 eq LY.

This model explains a large proportion of the variance in watef dlfdcentrations
across the 16 study sites (adjustéd=m.6127) and is highly significant (F = 12.86, P
= 0.0008292).

Figure 3.29 shows observed water ;N\€ncentrations and model fitted values for the
16 study sites. There is a single outlier, Loch Tinker, indicateigure 3.29, with a
large residual (error), having a fitted N@oncentration of 1.967 lggeq L* (7.15

eq L") that is much higher than the observed value of 0.52 leg L (1.68 eq L
). The fitted values for the remaining sites all have smatsiduals which are
uniformly distributed about the 1:1 line, with no indication of non-constandrvae
or patterns in the model residuals.
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Figure 3.29: Observed versus fitted logNOs™ using the total N deposition and moss biomass
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Conclusions

The 16 sampled AWMN catchments covering a large N deposition gtashew
significant differences between sites in mean organic soil &t and moss
biomass, even with the large within-site variation observed. Exptygrdata analysis
showed that both C:N ratio and moss biomass are important facteguiating N@
leaching. The weakness of these relationships does however irilatad¢her factors
are important, probably related to land cover, dominant vegetation tgpe ahd
other catchment variables.

Regression modelling showed that a simple model including only Notsposition
and moss biomass terms explains a large proportion of the variabbsenved N@
concentrations (61%) while inclusion of the soil C:N ratio term adisignificant
explanatory power.

The unexplained variation in NCconcentrations is probably due to a combination of
two factors;
1. the accuracy of the data used in modelling, and
2. the presence of other unquantified controls on catchment hydrology agid NO
leaching.

The sampling strategy employed in Tasks 3.4 and 3.5 was adequateenuoimne
statistically significant differences between catchmedmnis the small number of

144



sample points provided only an approximate indication of catchmentGddleatios

and moss biomass, as illustrated by the large confidence isténviigs. 3.27 and
3.28. Mean N@ concentrations are based on only 12 monthly samples for streams
and four quarterly samples for lake sites; better estimatasnofal mean values could

be obtained with more frequent sampling. The greatest source oftainigerns
probably associated with the total N deposition data which are baseational scale
modelled data on a 5km grid.

The omission of soil C:N ratio from the final regression mode$ wantrary to
expectations and it is possible that one reason for the poor retégpidoretween soil

C:N ratio and N@ concentrations is the presence of peat erosion in a number of
catchments. Future work will include the collection of more detailzchment scale
data on vegetation cover, slope and presence of bare rock which may @ovide
improved model which explains more of the variation ingNf@ncentrations between
sites. While the model described here explains a relatively pigportion of the
variation between sites, the moss biomass variable is noy egstalable to the
national level required for critical load modelling and policy development.

Policy relevance

The relationship between N deposition andsN€aching demonstrated here provides
strong evidence that NOeaching is driven largely by the total deposition load, even
if the controlling processes are only partly understood. Taken togeftierthe
findings of the dual isotope study in Tasks 3.2 and 3.3 it is cleardtacttions in
total N deposition should results in reduceds;Ni®aching and hence a reduction in
the exceedance of acidity critical loads and nutrient N insp&dbss biomass adds
significant explanatory power to the regression model and this desrionstrates that
it is possible to identify characteristics which make catchsneainerable to N@
leaching. Hence it should be possible to further develop catchmentlsmofde
vulnerability to the adverse effects of N deposition for scalipgacross sensitive
upland waters across the whole country.
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Work package 4: Influence of climate change on the
impacts of atmospheric deposition in upland
freshwaters
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Task 4.1: Literature review of climate impacts on atmospheric pollutantafe
including liaison with Euro-limpacs

Chris Curtis, Don Monteith and Neil Rose

Background

Climate is changing rapidly, beyond the range of previous naturabvéy. The
Inter-governmental Panel on Climate Change has recently ravitneeevidence for
climate change and concluded that the increase in global me@maierature, about
0.6°C since the end of the i @entury, is predicted to intensify during the®21
century. For Europe, regional climate models reveal an additi@mperature
increase of up to 6°C by the late®2¥entury and an increase in the number of extreme
events, such as droughts, floods and storms. Thus natural ecosysteads; ahder
stress from land-use change and pollution, now face additional pie&sumeclimate
change, both directly and through interaction with other drivers of ch&gsh
changes would significantly affect the hydrology, chemistryeoualogy of lakes and
rivers.

Predictions of the direct effects of climate change on af@absystems are very
complex, and predicting these in combination with other human impacts pase
even greater challenge. Climate change affects the hydralpgitysical, chemical

and biological characteristics of all freshwaters, and issbyera key influence on
element cycling (nutrients, major ions, DOC, organic pollutanetals), food webs

and biodiversity. A central questionushat are the likely changes to ecosystem structure
and functioning that result from climate changeirnidapandent of natural variability and
the impact of other stresséos?akes a key impact of climate change will be theagff

of changing air temperature and wind patterns on the physicatwse of the lake
water column (e.g. ice cover, stratification and mixing) and consdguen lake
chemistry and biology. Additionally, substantial increases in theecarations of
dissolved organic carbon (DOC) have been observed in surface wateiaglpeaty
catchments across north-west Europe and have been attributed ta:dketars such

as increased temperature and the frequency and severity of dr¢bggregmaret al,
2001).

Despite major reductions in the emission of acidifying compound$acsumvater
acidification remains a serious threat to Europe's surfacesv&ecovery is slow and
recovery processes may increasingly be influenced by chaolymagtic patterns. The
key issues are to determine the effects of long-term and séaserages in
temperature and precipitation on the leaching of nitrogen and dissolgadicor
carbon (DOC), with subsequent effects on nutrient status and acidityhence
recovery from acidification.

The distribution of persistent organic pollutants (POPs) and metays aiso be
strongly influenced by future climate change. POPs are gutmea world-wide
redistribution because of their volatility and chemical stabilih the last decade
some organic pollutants have been observed to be transferred fronmratEmgreas,
where they were synthesised and used, to distant cold sites walgmificant
dilution. Natural distillation and condensation processes are tempmgedpendent
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and that together with atmospheric transport leads to their deposand
accumulation in high altitude headwaters. A key question is the dégredich
future climate change will influence the distribution patterns aadility of organic
pollutants in freshwater systems and lead to changes in the upthleE@imulation
of these substances in freshwater food chains.

Within this Task, three literature reviews were carried ound¢orporate the following
issues:
1) changed rates of N cycling, immobilisation and release ireseral and
aquatic ecosystems; implications of climate change for N rbatance,
storage and transport;

2) trends in TOC ¢f. TON) - how does this affect atmospheric pollutants? E.g.

toxicity of organic pollutants and metals via complexation; chamg@iNiCy;
to protect biota from toxic effects of acidity and aluminium;

3) altered soil erosion (POPs and metals transport) and weathatesy(ANC
generation).

The key findings from the literature are considered in the cbmtegensitive UK
surface waters impacted primarily by atmospheric pollutantcesumusing the UK
Acid Waters Monitoring Network sites as examples.

Introduction - the climate change context

In February 2007 the Intergovernmental Panel on Climate ChanG€)IRsued a
summary for policymakers of its Fourth Assessment Report (ngiwmished in July
2007), including several key statements on the likely causes, nauirdegree of
climate change in the coming decades. In particular, the IPCC stafietidiéng:

1) The probability that human action, through increasing emissions and
atmospheric concentrations of greenhouse gases (GHG), has conttibuted

recent observed climate change is greater than 90%.

2) Warming of the climate system is unequivocal and demonstratattipases
in global average air and ocean temperatures, widespredadgrelsnow and
ice and rising global mean sea level.

3) Over the 12 year period from 1995-2006, 11 years rank amongst the 12

warmest years found in instrumental records going back to 1850.

4) Projected global warming over the next 20 years under a rdrspem@arios is
c. 0.2°C per decade.

5) The probability of a continued increase in the frequency of hoeraetr

temperatures, heatwaves and heavy precipitation events is greater than 90%.

While the remit of the IPCC is global, the UK Climate Imgga@rogramme (UKCIP:

www.ukcip.org.ull provides national climate change scenario data for the UK ander

DEFRA funded programme. At a recent conference on "Climatedgehamd Aquatic
Ecosystems in the UK: Science, Policy & Management" (UsityeCollege London,
16" May 2007), Anna Steynor of UKCIP pointed out that average UK terupesa
for the period May 2006 to April 2007 were 0.8°C higher than the averad®70rto

2000 and that average temperatures for January, February, Marchpah@007

were all the highest on record for those months.
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The current UKCIP scenarios for the UK (UKCIPO2 - publishedlA®02) indicate

that:

1) High summer temperatures will become more frequent, whilst eely
winters will become increasingly rare.

2) Winters will become wetter and summers may become drieughout the
UK.

3) Snowfall amounts will decrease throughout the UK.

4) Heavy winter precipitation will become more frequent.

Outputs from UKCIP include data and maps of predicted change im mea
temperature and precipitation on 50km and 5km grids from a baselimnaédla
average observed values over the period 1961-1990 using official UK
Meteorological Office data. Projections are made for decgits in the 2020s,
2050s and 2080s using a range of GHG emissions scenarios (low, medium-low,
medium-high and high).

On a regional level within the UK, predicted climate changes lmeasummarized
as follows:

1)

2)

3)

4)

5)

At the mean annual scale, the greatest temperature incegasgaind in
south-east England, ranging from a best-case rise of 0.5-1.0°C in the 2020s
to 2.0-2.5°C by the 2080s under the low emission scenario and a worst-
case rise of 1.0-1.5°C in the 2020s to 4.0-4.5°C in the 2080s under the high
emissions scenario.

The greatest temperature increases are found in the sumadring a
maximum of >4.5°C in the whole of southern England and Wales under
the worst-case high emissions scenario by 2080. While theseasonal
variation in the average increase in temperature, the gespaxtghl pattern

of increase is constant, with the greatest increases in sasttfizagland

and the smallest increases in north-west Scotland and Northegindlrel
There is therefore a general gradient from the south-east to the north-west.
While the whole of the UK is subjected to increasing tempestur
patterns of precipitation change vary between regions, with some
increasing and some decreasing on a seasonal basis. Ovenalaonual

basis precipitation will decrease by a minimum of 0-10% by @#9s and
2080s under the low emissions scenario and by 10-20% in the 2080s under
the high emissions scenario. However, these relatively mmuarah mean
changes mask much larger seasonal changes in opposite directions.
Winter precipitation (December to February) under the low emissions
scenario is predicted to increase by 0-10% in most of Engladd/Vales

by the 2020s and up to 15-20% in eastern England by the 2080s, with no
significant change beyond natural variability in much of Scotlandied

the high emissions scenario the pattern is very similarhi®r2020s but
increases in winter precipitation of up to 35% will occur on theeeast
coast of the UK by the 2080s, with increases of up to 15% alsoroar

in north-west Scotland.

Summer precipitation will decrease across most of the UK, ieith
emission scenario decreases of up to 10% in Scotland, NortherndIrelan
and north-west England and 10-20% elsewhere by the 2020s. These
figures rise to 20-30% decreases by the 2080s in all regionptethee
Scottish Highlands where the decline is only 0-20%.
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6) In the spring and autumn periods, projected changes in precipitation are
generally smaller in magnitude than the summer decreases iatet w
increases, but vary in direction between regions.

Specific examples of UKCIP projections of change in temperatdeprecipitation
from the 50km grid data are summarized for the UK AWMN siteBables 4.1-4.3.
While these tables include too many data to summarise, aggwdints are detailed
below.

Temperature changes

Consistent patterns are found in the sites showing the largestalidst increases in
temperature under all scenarios. Old Lodge stream in soutlizegstnd shows the
greatest increases, from an annual mean increase of +0.9°C in theug@20s low
emission scenario to a worst case predicted increase of +4.£208byunder a high
emission scenario. These increases are most pronounced at all sitesimrtie,out
at Old Lodge range from +1.1°C by the 2020s under a low emissararst to
+5.6°C by the 2080s under a high emission scenario.

The smallest increases in temperature are found in Northéamdrand north-west
Scotland, with annual means ranging from +0.6°C in the 2020s under aniggian
scenario to +2.8°C in the 2080s under a high emission scenario.

Precipitation changes

The greatest decreases in precipitation are found in the southeWibil sites of

Old Lodge and Narrator Brook, with minor annual declines of 2.2 and 2.8% (low
emissions) increasing to 2.7 and 3.4% respectively (high emissam#f)ef 2020s.

While these changes are small overall, they are much greasermmer, from 10-

12% declines depending on the emissions scenario. By the 2080s these annual
declines in precipitation have increased to 6-7% (low emissiand)under high
emissions reach 11% at Old Lodge and 14% at Narrator Brook. Tiaeséate into

very large decreases in summer precipitation of over 50% in bo#is,cagh most

other AWMN sites also experiencing a summer decrease of up to 30-50% by 2080.

While all sites show increases in winter precipitation, onlg sites in the same
UKCIP grid cell (Lochs Coire nan Arr and Coire Fionnaraich) simean annual
increases in precipitation, albeit of only +0.3% by 2020 under the lowsems
scenario. These sites do not show the biggest absolute increaseasonal basis -
Burnmoor Tarn shows a 5.4% increase in winter - but they show thtecoresstent
increase across seasons (winter, spring and autumn). By the 20803 e¢hse is still

only +1.6% on an annual basis under the high emissions scenario buttewshseiv

a winter increase of 10-25% with the highest value again at Burnmoor Tarn (+26.7%).
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SECTION 1: CLIMATE CHANGE, N CYCLING AND N LEACHING

Chris Curtis

Introduction - the N@ leaching problem

The two key environmental problems associated withs’ N€aching into surface
waters are acidification and eutrophication. The aim of this reiseiy describe the
potential impacts of climate change on N@aching in surface water catchments
where the main input of N is through atmospheric deposition. Henaedimefocus
of the review is on upland catchments where large N inputs from agricukutibzr
additions) or major point sources (sewage, urban runoff etc.)oaenia but certain
semi-natural lowland aquatic systems may also be included. tEtevaQy
concentrations in upland lakes and streams are widespread in the &f{lsipthere
atmospheric deposition is the major source (e.g. Adlioat, 1995).

The contribution of N@ to acidification in surface waters is well established and it
will surpass S@ in importance as the major cause of ongoing acidification and
critical load exceedance in many UK upland waters within thé fnexyears (Curtis

et al, 2005). In some lakes and streams sN©ncentrations already exceed,$®n

a seasonal basis.

The effects of N deposition in terms of nutrient cycling and eutcagibn are less
well established although the current work programme has made pragress in

this regard (see Work Package 2). Phytoplankton bioassays weiauphg used by
Maberlyet al. (2002) to demonstrate that N limitation of production was much more
common than previously assumed in upland lakes, and further work in this
programme has confirmed this assertion (Task 2.3.2).

An independent strand of evidence for nutrient N effects in upland lfe®gome
from palaeolimnological studies of lake sediments in remote ,andBse changes in

N isotopes and fossil plankton assemblages show changes over 6@ 16t years
that are not related to acidification. In alpine and arctic |akesrelative importance

of climate change and N deposition in explaining observed changaiseirsédiment
cores (including bulk sediment®N and assemblages of diatoms and other organisms)
is still a contentious issue. While some authors claim thatod alone is likely to be
responsible given the timescales of observed changes and remmdterebence very
low N deposition) of these sites (e.g. Birksal, 2004; Smolet al, 2005), other
authors cite isotopic evidence of changes in N inputs and nutridmg{e.g. Wolfe

et al, 2001, 2003, 2006; Sares al, 2003). However, this question is distinct from
the issue of how climatic changes may affectsNi@aching in future and is not
considered further in this review; development of this work under theentur
programme is described under Tasks 2.3.1 and 2.3.3. Furthermore it has also bee
argued that climate change may exacerbate eutrophication thchagges in water
residence times in lakes (Schindler, 2006) but in-lake processbsyaed the scope

of this review.

In pristine or semi-natural forest sites unimpacted by N depostotal N leaching
tends to be dominated by dissolved organic N (DON: Kortelaathah, 1997; Perakis
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& Hedin, 2002) which accounted on average for 80% of N losses in pritintn
American Forests, although a smaller fraction of 50% was féama larger range of
American watersheds (Lewet al, 1999, Scotet al, 2007). It has been argued that

in these low N areas, DON leaching may contribute to N ditoih in terrestrial
ecosystems as the major flux of N from catchments (Hedad, 1995; Goodalet

al., 2000; Hoocet al.,2003). This argument has been described as the "leaky faucet"
hypothesis, as DON leaks from what would otherwise be a clos¢ehsyf internal

N cycling. Under elevated anthropogenic N deposition, this closed syster
which the only N losses may be through DON changes to a more system
whereby inorganic N, mainly N may leach into surface waters despite its
importance as a major nutrient for plants and soil microbes. The seaaditgmporal
patterns of N@ leaching have been described under schemes of N saturation, for
example by Stoddard (1994), but first we consider the seasonal natiN@sof
leaching and the relevant climatic and biological controls on this process.

Natural temporal variations and climatic controls on N@aching

In catchments subject to anthropogenic N deposition, export of inoryaspecies,
especially N@, increases in importance relative to the organic N forms esgbort
from more pristine systems. Where NQeaching from upland catchments is
observed, it generally follows a distinct seasonal pattern withxinnuan
concentrations in winter and lowest values in summer (Reynoldsl.,etl992,
Reynolds & Edwards, 1995; Hessem al, 1997; Murdoch & Stoddard, 1992;
Williams et al, 1996; Clarkeet al, 2004), often below detection limits (Fig. 4.1). A
widely cited reason for this seasonal pattern is the variatibhdemand by terrestrial
plants, with maximum uptake during the summer growing seasorMgctell et al,
1996). Hence the climatic controls on the length of the vegetatiovirgyseason are
a key determinant of seasonal N@aching patterns.

However, the actual processes regulatingsNi@aching are more complex than
simple plant N uptake and while published studies with direct measntenof
biological controls on retention and leaching of N species are reeeyfor upland
systems in the UK, much work has been done in forested watershedsrtbf
America. Microbial processes are very important, with key psssesncluding N
uptake, immobilization, mineralization (ammonification) and ndafion. Abiotic
processes may also be important and the significance of hydrological samtiQ
leaching is the subject of ongoing research efforts under theRBBEFeshwater
Umbrella programme and elsewhere. Clearly, hydrologicalralsntvill be tightly
linked to seasonal patterns of rainfall and runoff. While some autiames suggested
abiotic immobilization processes may be significant (e.g.niittet al, 2007), a
recent study ruled this out as an importantN&hk in acid forest soils (Colmaat
al., 2007).

A large proportion of leached NChas been microbially produced, as demonstrated
in the UK under the Freshwater Umbrella programme using the idotdpe
approach, and in other similar studies in Germany and North Am@igkaet al,
1994; Spoelstrat al, 2001; Williardet al, 2001; Burns & Kendall, 2002; Campbell
et al, 2002; Rock & Mayer, 2004). Hence the seasonal winter increase inh NO
leaching commonly observed is not due simply to a decline in biologitiaity and
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uptake with decreasing temperatures, allowing a greater proportaeposited N@
to be leached. Plant N uptake may decline while microbial pramucti NO&;' may
continue and it is only outside the growing season that this micrbidal is not
immediately utilized by plants. In northern hardwood foresthefUSA, NQ' loss
typically peaks in early spring when microbial mineralizatiow aitrification can
precede tree uptake by fine roots (Groffneaial, 2001a).

Figure 4.1: Seasonal patterns of N®leaching in lake inflows and outflows across the Kitotal N
deposition gradient (selected CLAG Nitrogen Networlsites), 1995-1998

a) North-west and central Scotland, low N depositio  n (6.5-8.0 kgN/ha/yr)
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b) Grampian Mountains and north-west Wales, moderat e N deposition (12.6-17.6 kgN/halyr)
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c) Mid-Wales and Snowdonia, high N deposition (20.2  -25.3 kgN/ha/yr)
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An elegant conceptual model of MNOleaching from forested catchments was
proposed by Creeet al. (1996), termed the "N flushing hypothesis". Their argument
was that N@, like DOC, accumulates in the upper soil layers when both soil moisture
(the soil saturation deficit) and biological demand are low. Quautumn or winter
rainfall and spring snowmelt events, the soil saturation defiedreases and a
saturated subsurface layer forms in the soil, providing a hydcalofiowpath for
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flushing of accumulated NQinto surface waters. Some of this N@ch soilwater
drains into deeper groundwaters which may then releasg iNO surface waters
more slowly throughout the year. This mechanism would be consisiéntthe
seasonal patterns of NOeaching frequently observed (Fig. 4.1), while the vertical
and horizontal transport of NOn soilwaters will be strongly regulated by biological
processes and demand for N. This mechanism is also largely suppyprtee high
proportion of microbial N@ found in isotopic studies

The importance of soil C:N ratio as a control onsNIBaching via nitrification has
been the subject of many studies over the last decade and theytcsdrmmwell
correlated for European forests (e.g. Dise & Wright, 1995; Guedetsal, 1998;
Dise et al, 1998) but less so for moorlands (Cumrisal, 2004). Vegetation type
seems to be a key determinant of the relationship between &N and NQ@
leaching (Roweet al, 2006). While cumulative N deposition load as well as
vegetation type are important controls on C:N ratio, Yoh (2001) furtiygrested that
climate is a major factor through regulation of the relativepdrtance of
mineralization and organic matter accumulation. The inter-osships between
these factors are therefore clearly complex.

Most biological processes are strongly affected by temperatund moisture,
including the processes responsible for the retention or releaseomgfamnic N
compounds (Reynoldst al, 1992; Reynolds & Edwards, 1995; Williagtlal, 1997).
The key biological processes responsible for the retention of depds$iinputs are
identified in mass-balance critical load models like theptgrmass balance (SMB)
model for terrestrial critical loads and the related Firdeo acidity balance (FAB:
Poschet al, 1997; Henriksen & Posch, 2001) model for freshwater critical loads. Ne
biological uptake in biomass, N immobilization in refractory soganic matter and
denitrification are all key processes which are affectedlimatic factors. Reynolds
and Edwards (1995) explicitly listed the climatic factors whiofuence NQ
leaching from moorland catchments: seasonality, drought, freeweatié snowmelt
processes. More direct measures such as temperature, priecigitat discharge may
also be added to this list. While these factors are clearlyndependent, they may be
considered separately as many previous studies have focused on just tvee
aspects. Seasonal controls linked to the length of the growasprséhave already
been discussed above.

1. Temperature

Temperature has been correlated both directly and inversely withl&hing in a
number of studies.

In their study of a Welsh upland stream, Reynatsl. (1992) found a significant
within-year inverse correlation between NOconcentration and soil/stream
temperature which explained 36-78% of variance. This was attritbatattreased
terrestrial and in-stream uptake at higher temperatures. €ialk(2004) found that
monthly mean temperature was the best predictor of meanddficentration from a
suite of catchment and meteorological predictors in upland risezhments of
northern Scotland, with an inverse relationship. Kolb (1998) stephethat N
sequestration in soil organic matter in the Bavarfps was reduced at lower
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temperature because of a decrease in microbialitgctwhile higher temperatures
accelerate N accumulation.

Conversely, Murdoctet al. (1998) found a significant positive relationshiptieen
mean annual temperature and \IBaching at Biscuit Brook in the Catskill Mountsin
while Parket al. (2003) found the same positive relationship atutub Lake in the
Adirondacks. Lawrencet al. (2000) suggested that increases in temperatuse likety

to decrease N retention in forest soils. Joslin and Wadl@3)lconcluded that increasing
temperature resulted in higher net mineralizatiod aitrification rates in high altitude
red spruce forest soils, leading to greater releblsiO;".

The available literature therefore suggests an inverseioredatp between N©

leaching and temperature for moorland or Alpine catchments in Eurcpadies and
a direct correlation for forested catchments in North Americamlies. These
differences may be due to differing characteristic ratésnet mineralization,
nitrification and uptake/immobilization in the two types of systehhswever, the
moorland studies focused on within-year relationships betwegndW@® temperature
(i.e. seasonality) while the longer-term North American stud@ssidered year to
year variations which are probably more relevant in the contextobalgclimate

warming. On a seasonal basis the North American studies woaldhalg an inverse
rather than a direct correlation betweensN&hd temperature.

2. Precipitation and discharge

Although the effects of precipitation and discharge are sometiffeslt to separate
from antecedent conditions (especially drought - see below) madiestreport
increased fluxes of N species, especiallysN®@ith increasing water flux.

In many upland catchments N@ields and sometimes concentrations may increase
with stream discharge and/or annual runoff agN@duced within shallow organic
soil horizons is flushed out by lateral flows (e.g. Stottlemeyerroendle, 1992;
Creedet al, 1996; Andersson & Lepistd, 1998; Levasal, 1999; Lewis, 2002; Park

et al, 2003; Murdoch & Shanley, 2006; Mitchedt al, 2006, Stottlemyer &
Toczydlowski, 2006; Dittmaret al, 2007). Higher precipitation in winter was
associated with reduced N retention in montane forest of the Bavspa by Kolb
(1998). Annual yield of both inorganic and organic N was found to be a linear
function of runoff for alpine lakes in the Sierra Nevada of CalifofSickmaret al,
2001). N@ was mainly mobilized during high flows in a forested Mediterranea
catchment, with one single large storm contributing 80% of threua NQ flux
(Bernalet al, 2002).

The relationship between NOyjield and discharge does, however, vary on a seasonal
basis (Inamdaet al, 2006). Winter flushing of accumulated total inorganic N pools
during the dormant season results in steepeg M@ discharge relationships than
summer (Murdoch & Stoddard, 1992). Furthermore, in their study @f Nfischarge
relationships over four consecutive storms during a two week periodjoRtur&
Stoddard (1992) found decreasing peak concentrations in successive atariog

the third storm, N@ changes with discharge were negligible. The increase i NO
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during high flow events may therefore partly reflect thequeof NO;” accumulation
since the previous high-flow event, i.e. accumulated Mty be effectively washed
out during storm events. In a study comparing the chemistrkes a high elevation
national parks of the western USA, lower N 1999 relative to 1985 was attributed
to rain prior to the earlier sampling which had elevated @ncentrations (Clowet
al., 2003). Murdoch and Shanley (2006) found that for l@emgytmonitoring datasets in
the northeastern USA, responses to deposition iemdtc change were more rapid at
high flows than at low flows when groundwater irgppoaused a time lag in response.

Leaching of dissolved organic compounds is also sensitive to fuates and long-
term changes in precipitation will affect net export of D& DON species from
catchments. Reductions in precipitation and runoff will result is pgeductive lakes
with clearer water, while increased runoff could result in nemieured waters and
higher productivity in lakes (Dillon & Molot, 2005).

3. Drought

Enhanced N@ leaching has been found in many studies to result from re-wetting of
soils after periods of drought (e.g. Reynoktsal., 1992; Holloway & Dahlgren,
2001; Bernalet al, 2002; Mitchellet al, 2006) although some studies in European
coniferous forests did not find this anticipated response (e.g.nfaeteal, 1997).
Watmoughet al. (2004) found summer drought duration to be the best predictor of
NOj leaching in both wetland and lowland groups of streams in centralri@nt
Freemanret al. (1994) found increased autotrophic biomass butedsed diversity of
biofilms and increased NOunder simulated summer drought in a Welsh peatland
stream.

Various mechanisms may be involved, including enhanced evaporathich
concentrates solutes, vegetation damage which esdud uptake leading to
accumulation in the soil, and moisture stress neduenineralisation of organic-N
followed, during re-wetting, by flushes of mineratisn and nitrification. Leaching may
persist into next season because of vegetation glaneffects. Alternatively, the
relationship between drought and elevateds; N€aching may simply reflect the time
factor, whereby mineralisation and nitrification gwats cannot be flushed out when
there is very little movement of water within sqége discharge section above).

4. Freeze-thaw

Freeze-thaw cycles can lead to increased nitificaind NQ release into streams,
possibly through biocidal effects on soil biomasd eelease of microbial lysis products
upon thawing (Mitchelet al, 1996; Fitzhugtet al, 2001). Much experimental work
using snow removal has been done in North Amerimanhstrating that, counter-
intuitively, climate warming may lead to more fremqu soil freezing by reducing the
depth and duration of snow cover (e.g. Fitzhaghl, 2001, 2003a). This phenomenon
was summarised in the phrase "colder soils in aneamworld" by Groffmanet al.
(2001a). Even mild freezing above -5°C led to digant later pulses in N
concentrations following snowmelt relative to cohgoils where remaining snow cover
had prevented freezing throughout the winter.
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Several processes may result from soil freezingchvhimay decouple the N
mineralization and uptake cycle which is vital foutrient conservation in forests
(Fitzhughet al, 2001):

a) increased fine root and microbial mortality;

b) physical disruption of aggregates;

c) fragmentation of fresh litter; and

d) reduced N uptake in damaged fine roots and therefeduced N

assimilation.

These processes may result in increased total ¢tilep as well as NQ Since fine
roots under snowpack have lower mortality thantherotimes of year and are more
sensitive to freezing damage than leaves or tfiigs,root damage was deemed to be a
likely major contributor to increased NQeaching in the snow removal experiments at
Hubbard Brook (Fitzhughet al, 2001; Groffmanet al, 2001a). The subsequent
experiments showed that while important, the otlaators listed above are also
significant and that the frequency of soil freezingy be a key determinant of N losses
from freeze/thaw action (Groffmaat al, 2001b). Later studies confirmed that thesNO
peak following an ice-storm in 1998 was due primarily to cediplant uptake (Dittman
et al, 2007).

Despite the apparently clear links between soézireg and N@ leaching described
above, other studies have not found soil freezindgpe a reliable predictor of NO
Measures of soil freezing were not correlated withyNEaching from upland streams in
Ontario, even though cumulative frost depth wasediptor of NQ' in wetland streams
(Watmoughet al, 2004). Furthermore, analysis of time-series diata the Hubbard
Brook site of the snow removal experiments aboveddiat the relationship between
soil freezing and N@ release held from 1970 to 1989, explaining 47%kadrt-term
NOs variability, but this relationship weakened sigrahtly from 1990 to 1997
(Fitzhugh et al, 2003b). The authors therefore concluded thatfuh@e impacts of
warmer climate and changes in snow cover were ancle

5. Snowmelt

The importance of snowmelt in annual leaching fluseédNO;" and other solutes has
long been recognised. Grennfelt and Hultberg (1,986)ing about the potential water
quality problems associated with future increasesNO; leaching, optimistically
suggested that it was only likely to become a gmobdiuring periods of snowmelt.

In mountain lakes, the highest concentrations @ aoions have often been found
following snowmelt (e.g. Williamset al, 1993, 1995, 1996; Johnsa@t al, 1997;
Sickmanet al, 2001) and the same pattern has been observedestdd catchments in
North America (e.g. Inamdat al, 2006). In managed forest catchments in Finland, half
of the annual runoff and leaching occur during #peing high flow period which
represents only 10-15% of the year (Kortelaiaeal, 2006). Peak snowmelt runoff has
also been found to account for flushing of regaleerautrients (N and P) from conifer
swamp wetlands in Canada (Devito & Dillon, 1993).

Nitrate flushes after snowmelt have been attributedthe sudden release of
atmospherically derived N compounds from the sn@kiphut it may be difficult to
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separate this process from the freeze-thaw eftdmtse, plus hydrological changes in
leaching pathways (e.g. Schaefer & Driscoll, 1993ji&ts et al, 1995; Sullivaret al,
1997; Brookset al, 1999; Campbelet al, 2000). Johannessen and Henriksen (1978)
found that the first component of meltwater maytaona disproportionately large
amount of total solutes, with up to 80% of S@nd NQ' released during melting of the
first 30% of the snowpack. Stottlemyer and Toczwadlki (2006) suggested that the
proportion of annual runoff transported as shallow lafeyal in the uppermost 25cm of
soils could be a key determinant of solute fluxesniowmelt dominated catchments.

Many studies of the biogeochemical importance ofwsnelt have been carried out in
alpine catchments in North America and Scandinalaring snowmelt in an
alpine/subalpine ecotone in the Rocky Mountaingnalgoils were found to be a net
source of DIN while subalpine soils were a net difkueret al, 1999; Hoodet al,
2003). The links between snowpack depth and duratinowmelt and leaching of N
species have even been used to classify catchment snowesegto four zones (Brooks
& Williams, 1999).

The key determinant of the importance of snowmeltNQO; leaching fluxes is
comparable to drought - the period of accumulatioNOs” in the snowpack (and also in
soils under the snow) which is followed by rapid fiimg) and/or elution when snowmelt
occurs €f. storm events after drought).

Effects of climate change on patterns of;N€aching and N speciation

Climate exerts a strong influence on the retentioatmospherically deposited N, with
the highest retention occurring under cold and abgditions (Grant & Scheeringa,
2002). Climatic extremes that limit primary produty and microbial activity are key
determinants of N retention and release (Camgibell, 2000). The individual controls
and processes responsible for these links havedglteeen discussed above.

Interpretation of climatic interactions with patterof NQ' leaching is complicated by
the presence of climatic oscillations superimposedthe general trend of climate
warming. Monteithet al. (2000) proposed a possible link between climaticiliations,
described by the North Atlantic Oscillation (NAO)dex, and temporal variations in
NOs leaching on a roughly decadal timescale in the Ad{d Waters Monitoring
Network, while Parlet al. (2003) proposed a similar decadal pattern in tréheastern
USA. The interactions between the NAO and;N#De not always in the same direction,
however. Georget al. (2004) found a negative correlation between théONhd NQ

in Windermere, UK, attributed to enhanced terralstd uptake in mild winters, while
the correlation was positive at Paajarvi in Finlledause of an earlier flush of fl@ch
meltwater from the catchment.

Jennings and Allott (2006) found no such relatigmstith the NAO for lakes in south-
west Ireland but did find a positive relationshighathe position of the Gulf Stream as
measured by the Gulf Stream North Wall (GSNW) indeint&/ NG;” was significantly
related to the GSNW Index in the previous April, fuggested link being the influence
of early summer weather on soil moisture deficit agcle N@ production and storage
in soils.
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It is not just N@Q that is influenced by these climatic oscillatiotise other major
anthropogenic acid anion $Omay also be affected. Similar large-scale clinadliic
driven patterns in S@ concentrations have been found in Norway (NAO Anctic
Oscillation Index; Dillonet al, 2003a) and Canada (Southern Oscillation Index - El
Nino Southern Oscillation and NAO; Dillaet al, 2003b).

While not necessarily associated with large-scéilmatic oscillations, variation in
climatic factors has been linked to surface watenucal trends (or lack of) in various
studies, mostly emanating from North America. Ctinaariability and its relative
effects on microbial N mineralization and plant akg can explain much of the
interannual variation in N retention and leachihgdabbard Brook in the northeastern
USA (Aber & Driscoll, 1997; Goodalet al, 2000) and may obscure longer term trends
in NOs™ leaching (Burn®t al, 2006). Some of this climate-induced change magiuse

to in-stream retention processes such as assonilati algal biomass, with overall
increases due to higher temperatures during speags in N@ leaching (Bernharct

al., 2005).

Declining NQ concentrations in New Hampshire forest streamms fitee 1970s to the
1990s were unexpected given expectations of N satarahd climatic factors were
deemed to be the most likely cause (Goodald, 2003). There was little evidence that
frosts were to blame as NQvas lower in all seasons in the later survey. @/hd single
climatic variable could explain the changes in3NOwas suggested that more complex
climatic interactions with uptake and mineralisatemuld be responsible, while climatic
interactions with other perturbations were alsatbto be important (Abest al, 2002).

At Arbutus Lake in the Adirondack Mountains of N&erk State, Parlet al. (2003)
found a similar decline in NQwhich they attributed to climatic drivers, but thevas
also a small but highly significant increasing tten NH,". Climate variations were
cited as a major driver of inter-annual variationswater chemistry including NO
losses in central Ontario forests by Watmough atidrb{2003).

The effects of climate on N leaching may also lgbract. Studies in North American
forests have found that N retention and leachingeguilated in part by tree species
composition which could itself be affected by climahange, indirectly affecting the N
leaching response (Lovedt al, 2002; Christophegt al, 2006). Plant species richness is
also an important determinant of the responseibfrsorobes to both elevated G@nd

N deposition (Chungt al, 2007).

While climatic oscillations and random variatiomsult in complex relationships with
NOs leaching, especially given the co-varying natutalifferent drivers of change,
some studies have attempted to focus on one keyctasp climate change, whether
increasing temperatures or changing patterns offptaion and drought.

Increasing temperatures

The net effect of climate change on N{@aching depends on the new balance between
production and retention processes which are bifgicted by temperature. Climatic
warming could stimulate net mineralisation andifiéttion rates and increase soil N
availability but if net primary production increasthen plant biomass storage will be
greater (Fenet al.,1998). For temperate forests, Gunderseal. (2006) suggested that
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NOs" leaching only occurs when the sum of N depositiahreet mineralization exceeds
plant demand. The temperature increases predictddeb)PCC are likely to lead to
short-term increases in NOeaching according to Murdookt al. (1998), although
longer-term impacts on N cycling and retention wereertain.

The responses of Norwegian boreal forest catchntentdimate change were tested
experimentally under the CLIMEX Project (Lukewille \&right, 1997; Wright, 1998)
whereby catchments were covered by giant greenhouseprecipitation amount and
chemistry, CQ and temperature were controlled. The covered Kafi¢lament received
clean rain, C@was elevated to 560ppm and air temperature wastelb\by 3-5°C;
NH;" and NQ both increased in runoff for the three years afeatment despite the
decrease in N deposition inputs (Wright, 1998). Siwéching of catchment soils from a
net sink to a net source of inorganic N was hypatbdsto be due to accelerated
decomposition and mineralization of soil organidteraat the higher temperatures.

As part of the NERC TIGER programme, two experiraeapproaches were used to
assess the effects of increasing temperature on manadgs in moorland soils,
transplantation of intact lysimeter cores alongradignt of altitude at Great Dun Fell
(Inesonet al, 1998a) and soil warming (Inesenal, 1998b). The transplantation study
found a decrease in leached Nfor three contrasting soil types, attributed toréased
vegetation uptake with increasing temperaturehéngoil warming study only one soll
type (brown earth) showed a significant decreadeOg leaching during the first five
months of heating. Despite increases in minerad@aand release of NQ a greater
retention of N@ was achieved through increased uptake and toserlekgree by
denitrification.

For alpine lakes where a deep, late-melting snokvmathanced overall N losses,
Sickmanet al. (2001) concluded that increasing temperatures lesy to increased N
retention, i.e. decreased leaching. These conadsisand results from the TIGER
programme correspond with other studies which sstgdean inverse relationship
between N@ leaching and temperature in moorland and alpiséeBys (see above),
while the CLIMEX results in a boreal forest catcminghow the opposite.

Precipitation and storminess

For the UK, predicted changes in precipitationgrat are variable but in general, drier
summers with a higher incidence of prolonged drtaigine expected to coincide with
wetter, warmer winters. Hence while changes in ahmaean precipitation will be
relatively small, storminess is expected to increafestantially.

Mitchell et al. (2006) found increasing NOwith discharge during storm events at
Arbutus Lake Watershed in the northern USA, andbaitieid the high peak values to the
exceptionally dry preceding period, in line with etlstudies in North America (above).
In the UK, Coopeet al. (2007) described short-term controls on releasd species
and DOC from a podzolic, moorland catchment in @ampians (Birnie Burn at the
ECN site Glensaugh) and found that for ;\tbe combination of time since last flushing
and rewetting of the H horizon most powerfully predictedatsase in high flow events.
They concluded that under climate change scenarfidsotter, more drought-prone
summers and wetter winters with more extreme eyehts release of DOC and N
species would become much more variable and epigodiature. Inamdagt al. (2006)
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concluded that less frequent but more intense staoold increase exports of DOC,
DON and NH" from forested watersheds but overall changes i’ N&port were
uncertain due to the complex interactions betwaemtk and seasonal variations.

Overall, the few published studies on the subjestehbeen equivocal about the net
effect of predicted changes in precipitation amatmsiness on annual NOleaching
fluxes.

Nitrogen saturation and climate change
N saturation has been defined as:

"the availability of ammonium and nitrate in excesfstotal combined plant and
microbial nutritional demand (excluding the use witrate as a substrate for
denitrification)" (Aberet al, 1989).

N saturation is therefore reached when its avditiabfrom deposition and
mineralisation) exceeds the biotic uptake capadith® system, and this usually results
from water, phosphorus or sometimes light limitatio

According to Aber (1992) N saturation need not o@&ta point in time, but as a set of
changes in ecosystem processes. In other wordsiténpretation of N saturation as the
first point of NQ' leaching is too narrow a definition. Prior to muafithe work linking

N leaching and climate, Stoddard (1994) proposedheme to describe stages of N
saturation and associated N@aching which was based on an earlier scheme for
forests proposed by Abet al. (1989). These catchment oriented stages assurne tha
NOs leaching (rather than denitrification) is the nmmagxport route for excess N and
assume that forest is the dominant terrestrialystes. They describe changes in the
seasonal pattern of NOleaching associated with increasing levels of gaarc N
deposition and availability, which are consistent with tHushing hypothesis of Creed

et al. (1996).

Stages of N saturation: the Stoddard classification

Stage 0
The dominance of plant/microbial uptake resulta seasonal pattern of NQeaching,

with very low peak concentrations (less than thatleposition) occurring only during
snowmelt or spring rainstorms. NCconcentrations are <Beql* for more than 3
months of the growing season, with a peak value26ireql™.

Stage 1
The seasonal pattern of NQ@eaching is amplified and prolonged. Surface wai€x

concentrations during leaching episodes may exchedetin deposition through
preferential elution from melting snow or elevatatheralisation and nitrification in
soils. NQ™ concentration is <8eq* for up to 3 months of the growing season, or if
below this threshold for more than 3 months, hpsak value of >2@eq[™.
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Stage 2
Further delays in the onset of terrestrial N litinita result in a greater amplification and

extension of the seasonal BlQeaching period. Baseflow NOconcentrations are
elevated, approaching those found in depositionar Yieund leaching of N is
therefore observed, but a strong seasonal pagiestilliapparent. N@ concentration is
never <3meql* but is < 50meqi” for more than 3 months of the growing season.

Stage 3
The catchment becomes a net source of N with @dvaineralisation and nitrification

leading to surface water NGroncentrations that often exceed those in depositibe
seasonal pattern in NOleaching breaks down as there are no longer amyngstr
terrestrial sinks for N. High N©concentrations are therefore observed througlneut t
year. NQ' concentration is <50eql” for less than 3 months of the growing season.

Although developed for forested catchments in Né\therica, these classes may be
applied in general terms to UK moorland as wefbassted catchments (Fig. 4.2). These
examples from the UK AWMN show the full range ofpesses to N deposition in
terms of N saturation class across the UK uplands.

Stage 0: Three sites in north-west Scotland witlty \@v N deposition show
only sporadic N@ leaching with low concentrations (Coire nan Arrllt A
a'Mharcaidh and Allt na Coire nan Con).

Stage 1: This is a broad class containing 10 AWNtiEsswith moderate N
deposition levels. Some sites are borderline Stage 2rfi@unTarn, Llyn Llagi,
Narrator Brook, Old Lodge, LIlyn Cwm Mynach).

Stage 2: Five AWMN sites with moderate to high Idation levels show NO
leaching with a distinct seasonal pattern but aowograll year round, never
declining to zero and indicating advanced N satmaiRound Loch of
Glenhead, Loch Grannoch, Scoat Tarn, Afon HafrehElne Lough).

Stage 3: Four sites fall into the most impactedschaith high levels of year-
round NQ' leaching and no evident seasonal pattern. LochraaghlLoch Chon
just fall into this category because seasonal pattbave become obscured in
recent years. Two stream sites, River Etherow agncB®m River, previously
showed some seasonal pattern despite high vatyatit this has broken down
in the recent part of the record.

While the absolute values for NQconcentrations and timing of NOleaching are
arbitrarily defined, it is clear than climate changpuld have a major impact on the N
saturation status of a site described using susthame, through the direct effects of
changes in snowpack accumulation, heavy rainfallthecdummer growing season. It is
likely that the climatic changes predicted for i€ under UKCIP and IPCC scenarios
could result in an amplification of seasonal extrenmeNQ;" leaching, with prolonged
periods of very low N@ during the hotter, drier and longer summers, &gdr peaks
during wetter periods and heavy rainfall events Wwhéce predicted to increase in
frequency. Sites in the two intermediate stagebl ¢faturation (Stages 1 and 2) may
show the most obvious changes to seasonal pattemgh the direction of change is
difficult to predict.

Published studies have not attempted to predichgdsain N saturation status in
response to climate change, but have explored théowading nature of climatic
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variability on schemes such as Stoddard's. Goadalé (2003) suggested that climatic
variations could mask signals of N saturation irested catchments of northeastern
USA and Huntington (2005) suggested in responsieisqaper that N sequestration by
soil microbes (i.e. N immobilization) could havecieased due to elevated £
deposition inputs and longer growing seasons. & sugggested that effects would be
manifested more rapidly in soil microbial biomassl dhat other factors (e.g. ozone
stress) may have prevented tree growth responseseasured by stem biomass.
Goodaleet al. (2005) followed up the reply of Huntington (20d®) suggesting that
observed DOC increases across North America andpEumight provide additional
evidence of labile C production through stimulageil microbial activity. Hence the
inverse relationship between N@nd DOC may be a result of soil microbial respsnse
which liberate organic carbon and possibly orgaittogen but more effectively convert
or immobilize inorganic forms of N.

While Goodaleet al. (2003) thought that evidence of N saturation mighbbscured by
climatic signals, Watmought al. (2004) went further, stating that the strong ctima
controls on N@ leaching in Ontario streams meant that streamwd€k
concentrations were a poor indicator of N satunaitatus. A similar issue may beset
one of the most "N©- leaky" sites in the UK AWMN. Elevated N@oncentrations in
the last 10 years of monitoring at Lochnagar, \&itstep change in the mid-1990s taken
at the time to be a possible indicator of the onéét saturation, may instead be related
to increasing winter duration and severity relativethe earlier period of monitoring
from 1988-1995 (Roset al, 2004).

Understanding the future impacts of climate changeNG; leaching is therefore
confounded by the very complex interplay of seviaretiors:
1. seasonal variations in leaching of N species, ésheblOs’;
2. changes in these seasonal patterns due to progréésaturation of terrestrial
ecosystems;
3. changing N deposition loads through time;
4. periodic and random variations in climate superisggoon a general pattern of
global warming; and
5. uncertainties associated with the regional impatiglobal change in terms of
precipitation patterns and storminess.

Despite these problems, several models have bestoged and applied to attempt to
predict the possible impacts of climate change 68 Maching.
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AWMN Sites at Stage 2 of N saturat

Figure 4.2c
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AWMN Sites at Stage 3 of N saturat

Figure 4.2d
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Modelling the effects of climate change onsN€aching

Modelling the likely impacts of climate change orON leaching from upland
catchments requires complex biogeochemical modatinti ecosystem changes with
hydrochemical responses, e.g. DayCent-Chem (Hartraanal, 2007), which
successfully predicts short-term temporal pattérren alpine catchment of the Rocky
Mountains but has yet to be applied to longer-temodelling of responses to climate
change. Several models have, however, been wigglyed around Europe under EU
research programmes to determine the effects oépbsition and climate change on
surface waters, but the results are inconclusive.

As part of the EU DYNAMO project, MERLIN (Model dicosystem Retention and
Loss of Inorganic Nitrogen; Coslet al, 1997) was used to test the possible effects of
changing N deposition loads and climate on a bdmakt catchment (Wrighdt al,
1998). MERLIN showed that a temperature-inducedes®e in decomposition of old
soil organic matter by 5% was sufficient to proddice observed increases in NO
leaching flux at the Norwegian CLIMEX experimentalrméng catchments (Lukewille
& Wright, 1997; Wright, 1998). Verburg and Van Bmeen (2000) found that net
mineralisation increased especiallyGalluna vulgarisdominated plots (compared with
Vaccinium myrtillu} but there was no significant increase in nitafion with warming.
However, in subsequent work under the EU RECOVER3ZRroject, Mol-Dijkstra &
Kros (2001) applied the SMART2 model to the CLIMEXes and found that the NO
increases were predicted to be transient, withongdr-term increase being maintained.
Hence the results of the CLIMEX work did not pravid clear indication of the likely
response of boreal forest systems to global warming

Kasteet al.(2004) used the INCA (Integrated Nitrogen Modellingcatchments) model
to demonstrate that the reduced duration and ammiushowcover and increase in
temperatures predicted under climate change sosnaould increase NOsupply in
catchments of Norway and Finland, but concurreatei@ises in N retention meant that
predicted increases in NOeaching were small. In the Eurolimpacs project, /&
and INCA-N were used to assess the likely changell fituxes at the Bjerkreim
catchment in Norway under climate change scenaravg] large increases in
concentrations with up to 50% increased fluxes waegicted for the Hadley A2
scenario by 2100 (Kase al, 2006).

Overall, most of these studies agree that incre@segderatures are likely to result in an
increased supply of inorganic N in catchment sbils in most cases, corresponding
increases in above-ground production and reteridd will mean there are no major
net increases in NOleaching. The most important responses of uplatahicegents may
therefore be related to precipitation and droughngs, possibly with an increasing
importance of episodic pulses of acidity and nataénto surface waters.

Conclusions: effects of climate change orsNéaching in the UK
The main climatic changes predicted under UKCIPnages for the UK may be
summarised as:

5) increasing temperatures, which will be most prowednin southern England
and smallest in Northern Ireland and north-westlScd;
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6) small decreases in annual mean precipitation whitthbe greatest in southern
England but still only a few per cent overall;

7) major changes in the seasonal distribution of pietion with worst-case
predictions of more than 50% reductions during semfar southern England
and 30-50% for the rest of the UK, and increased nfost 10-25% in winter;

8) increasing incidence of extreme precipitation eveamid drought but reduced
snowfall as a result of the above changes.

The implications of these changes for upland watershe UK are complex and
sometimes unpredictable but some general statermarytbe made.

Increasing temperature

On a seasonal basis there is usually an inverse comdbetioveen temperature and NO
leaching but the relationship between annual mesaperatures and fluxes of N species
is less well understood, with few clear predictionserms of N@ leaching. There is a
general consensus that higher temperatures leagjter rates of mineralization and
nitrification in soils but there is usually a capending increase in vegetation
production and N immobilization and the balanceween NQ production and
retention will be very specific to local vegetatiosoils, N deposition and climatic
conditions.

Experimental manipulations have included:

1) warming in the field using greenhouses or electulaes, and

2) soil mesocosm transplants along altitudinal gradiea replicate temperature

changes.

Warming under greenhouses in boreal forest (CLIMB&nonstrated initial increases
in NOs' leaching at raised temperatures but later mogdehiork found this to be a short-
term, transient effect. Soil warming and transplerperiments in a UK moorland
(TIGER) found reduced Nfleaching, although this was also a short-termystud

Hence there is no clear prediction of the net divesfiect of increasing annual
temperatures on NOeaching in the UK or elsewhere.

Reduced annual mean precipitation

The great majority of studies in upland systemsehBound that N@ fluxes, and
sometimes concentrations, tend to increase witthdige. Hence a reduction in annual
mean runoff due to lower precipitation could ors thasis result in lower annual leaching
fluxes of NQ'.

However, this relationship is not constant throughdhe year because NO
concentrations and fluxes tend to be greatest dthienglormant season (autumn/winter)
and smallest during the summer, and the relatipristiween discharge and N®ield

is steepest in winter when there is less biologa@inand. Furthermore, predicted
changes in precipitation are in opposite directions fotaviand summer so the seasonal
responses will be very different.
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Summer responses to reduced precipitation andasededrought

In all but the most N impacted catchments of the UMands, summertime NO
concentrations tend to be very low or undetectabi¢h reduced rainfall and prolonged
droughts it is likely that summer NOeaching will remain low but production and
storage in soils may increase so that the scopevent-based N pulses is much
greater. If droughts are very severe then vegetatiamage could result in large
increases in N© leaching through the following dormant season eifigcts may last
several years. The effects of summertime stormé sscthose causing the recent
flooding across much of northern England are unkndwt there may be scope for
summertime leaching pulses of B@ vegetation uptake is reduced by drought damage.

Overall, the increased likelihood of low summergp#ation, drought and vegetation
damage may result in the greatest impacts durengdhmant season.

Winter responses to increased precipitation angcestisnowfall

Given that maximum N@ leaching fluxes and concentrations already occumguri
winter and early spring and that discharge-yieldti@nships are steepest at this time of
year, the predicted increases in winter precipitatfmhsdorms is likely to result in larger
seasonal fluxes of NO This effect may be compounded by summer drought a
vegetation damage which will allow inorganic N tocamulate in soils for longer
periods prior to flushing during rainfall events.lakes and especially streams, episodic
inputs of NQ' leading to acid pulses may increase in frequendynaagnitude.

An unexpected consequence of reduced snowcovebmay increase in soil freezing
events despite the higher temperatures, as derattstn snow removal experiments in
North America. While extremely cold events will bete less frequent, thereby
reducing the serious damage to fine roots andrdhgghes of inorganic N associated
with severe freeze-thaw action, an increased fremuef mild freezing events may
occur. The net effect on NOeaching associated with freeze-thaw action isefoee
difficult to predict.

Spring peaks in N@concentrations

Concentrations of NQin UK upland waters start to increase in the ant@nd reach
peak values in early spring, usually February ordilan streams and a month or two
later in lakes due to their residence time (Fid.).4These peaks are associated with
increasing microbial generation of M@n soils prior to the onset of vegetation growth,
combined with thawing of frozen soils or snowmettd aflushing of accumulated
inorganic N in soils. Climate warming is likely to altee ttming of this seasonal pattern
but the impact on peak fluxes is uncertain. Predicteanges in springtime precipitation
are very minor so any changes are more likely tadseciated with the spring thaw and
snowmelt.

In a UK context the proportion of the annual soflte arising during snowmelt is small

compared with Scandinavian, North American and higluntain lakes so the effect of
reduced snowcover and duration is likely to beemathinor. However, there may be a
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reduction in the spring pulse of MQhat is associated with snowmelt in the higher
altitude regions of the UK. It is possible thatisgrpeak yields may decrease while
overall dormant season yields increase, i.e. tidewconcentration curve may be flatter
but broader.

Effects on patterns of NOeaching and N saturation class in AWMN sites

The predicted climate changes for the UK are likelyenhance seasonal patterns of
NOs leaching and will probably increase annual sNBaching fluxes. For the most
unimpacted sites at Stage 0 the incidence of de@hing episodes is likely to increase
especially in winter. If peak concentrations follogrdrought or winter storms increase
and exceed 20 ped,Isome sites at Stage 0 will move to Stage loftitatgon. Allt na
Coire nan Con is the most likely candidate, as @lready borderline with peak NO
concentrations approaching 20 peéq |

Some sites at Stage 1 of N saturation may experidngber summer N©
concentrations as a result of greatersNi@puts to groundwater during winter which
feed into streams and lakes throughout the yeareder, reduced summer rainfall and
possible droughts may result in longer periodsesf\little NGs leaching and perhaps
lower concentrations. Hence the impacts on Stagie$ will depend on the balance
between slow groundwater inputs and rapid runafitrdoutions to N@ fluxes. If peak
NOs concentrations decrease even with larger fluxeSl@f in winter, for example
because of reduced snowmelt inputs at the endeo$ehson, then Stage 1 catchments
may move to Stage 0 (e.g. Loch Tinker). Conversaiged year-round groundwater
inputs could move a Stage 1 site into a Stage 2 pattermstaotly elevated Nlevels
(e.g. Burnmoor Tarn, Llyn Llagi, Narrator Brook).

Elevated annual fluxes of NOand enhanced seasonal patterns of leaching wauld b
unlikely to move Stage 2 catchments into another pattegaching. It is possible that a
responsive stream site like the Afon Hafren may see a moobgtorm driven response
which obscures seasonal patterns and might resaltStage 3 pattern of leaching, but
this is highly uncertain. Similarly, the worst Npacted sites at Stage 3 of N saturation
are unlikely to see an improvement in N@@aching status although the imposition of
stronger seasonal drivers (higher winter and losuenmer precipitation and leaching)
could in theory re-impose a seasonal pattern wihérad previously broken down (e.g.
Lochnagar, Loch Chon).

The stages of N saturation proposed by Stoddard4j18€ used here only as a
convenient illustrative scheme of potential changeseasonal, within-year patterns of
leaching. The most significant aspects of increds€d leaching will, however, be
determined by two factors overall:
1. changes to the frequency and severity of acid puth&ring storm events
(acidification), which may both increase under Uihate change scenarios, and
2. the magnitude and seasonal distribution of inceeagsemean N@ leaching
which will exacerbate both chronic acidification apdtentially nutrient N
effects in N-limited lakes and streams.
While the likelihood of either of these responsesriknown, given the uncertainty in the
precise pattern of predicted climate change on giomal basis, the balance of
probabilities is that problems associated with sN@aching in the uplands will
deteriorate in the coming decades.
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SECTION 2: THE POTENTIAL IMPORTANCE OF CLIMATE CHANGE
FOR THE FUTURE DISSOLVED ORGANIC CARBON CONCENTRATIONS
IN UPLAND WATERS

Don Monteith

Introduction
Definition

Soils contain more carbon than either vegetation or the atmos(bavelson and
Jannssens, 2006), and the bulk of this is held in organically rich soilsasymats
and organo-mineral soils, that dominate much of the world's moratedandscapes.
Waters draining these "carbon stores" often exhibit relativglly boncentrations of
dissolved organic carbon (DOC) and therefore represent signifpathtvays by
which organically fixed carbon is removed from the land. DOC influente

character of surface waters by imparting acidity, changtegtransparency to
photosynthetically active and UV-B radiation, and acting as a conw#yautrients

(such as nitrogen, phosphorus) and organic and inorganic contaminants.

Operationally, DOC is a term for all organic carbon that pasgesigh a 0.45 um
filter and may be considered to represent the potentially chemicatiyvesportion of
the total organic carbon content of waters. Normally it isrdeteed by the infrared
spectrometric analysis of the carbon dioxide generated byidatmn. The fraction
of organic carbon that is retained by a 0.45 um filter is known di€yate organic
carbon, but this can be broken down my microbial activity to increaS€ D
concentrations.

Surface waters contain several classes of DOC compounds inclindinmc
substances (fulvic and humic acids), hydrophilic acids, carboxgilits aamino acids,
carbohydrates and hydrocarbons. Aquatic humic substances are defigetbured
polyelectrolytic acids which are isolated by sorption onto XABing® weak-base
resins or similar methods (Thurman, 1985).

On average humic substances comprise about half of all DOCven water
(Thurman, 1985) but the fraction is often much greater in watemsirtyawvetland
areas, such as marshes and bogs and other wet peatlands th&triseracach of the
UK uplands. Streams and lakes draining peaty catchments normiatiyw s
concentrations of between 0.5 to 10 igDOC, of which up to 90% may be humic
substances.

Humic substances may be categorised by their tendency ipifatecin acid. Fulvic
acids remain in solution at low pH. This solubility is due to thelatively low
molecular weight (800 - 2000) and the high density of carboxylic amilokyl
functional groups. Humic acids have higher molecular weight (>2000) aner few
carboxylic and hydroxyl functional groups (see below), and they aiteviah clay
minerals and iron and aluminium oxides. These characteristics rrehden
susceptible to precipitation in strongly acidic solutions.
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The importance of DOC for aquatic ecosystems

DOC exerts many biologically influential physical and cherhieffects on surface
waters. Depending on the chemistry of the soil solution, DOC mileledhave the
capacity to either donate or accept hydrogen ions, and thus ewtheibute to, or
ameliorate, acidity. They also complex with potentially torietal species and
organic pollutants, rendering them less harmful while also contrpub their

transport (see next section). Biologically, complexation wittm&ium in acidified

waters improves survival rates of salmonids and other acid-sensitive bioiatt |

Physically DOC absorbs solar radiation across much of the eisipéctrum. In
upland waters it is often the dominant influence on the verticalldittn of light
and heat in the water column. Elevated DOC concentrations, therefstect the
photic zone, i.e. the vertical zone within which photosynthesis may docuease
protection for some surface dwelling aquatic organisms againkath&ul effects of
UV-B radiation, reduce photo-inhibitory effects of high levels of phatttically
active radiation (PAR) on algal photosynthesis in shallow water,raisd surface
temperatures while reducing bottom water temperatures.

DOC has a direct role in aquatic food chains as it is utiliseldeterotrophic bacteria,
although more labile, low molecular weight material is more itambrthan are the
more refractory humic substances (Ronmetnal, 2004) that are the primary focus of
this review.

Temporal variation in DOC

DOC concentrations in surface waters vary over a rangema-gcales, reflecting
variation in: the supply of organic matter from organisms living alameewithin the
soil; organic matter decomposition (to soluble organic matt€@M)S dissolution of

SOM; hydrological removal (i.e. flow); and hydrological pathwaysstreams and
lakes with short residence times in northern boreal landscB@S, concentrations
often show strong seasonality (Fig. 4.3), with peak concentrations iogcaither in

the autumn or in spring. This is normally accounted for by thaioakship between
the availability of SOM at the end of the summer growing seasainflushing by
autumn rainfall or after winter snowmelt.

Over the past two decades several freshwater monitoringiir@gan North America,
southern Scandinavia and the UK have reported strong increases igFDEe@haret
al., 2001; Stoddard, 2003; Worradt al, 2004; Evanst al, 2005). These trends
continue in some regions. In the UK, DOC concentrations in the draadrivers of
the UK Acid Waters Monitoring Network increased by an averagesét between
1988 and 2000. Freema al. (2001) postulated that the UK trends might be linked
to the effects of a gradual rise in air temperatures ($hmed970s) on soil processes
(see later). This paper sparked a debate with regard toaiverrexplanations for
DOC trends (e.g. Tranvik & Jansson, 2002; Ewvatral, 2002) and has widened more
recently following suggestions that increased nitrogen deposition breamCQ
concentrations may be key factors, and the identification of dileles between
declining levels of acid deposition and DOC increases (e.g. Stoetald 2003;
Evanset al, 2006; Monteitret al, in review).
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Figure 4.3: Concentration of dissolved organic carbn (DOC) in the UK Acid Waters Monitoring
Network site, the Dargall Lane Burn, 1988-2006. Carentrations show a distinct seasonal cycle
with peaks in autumn and troughs during spring.
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In a broad sense, therefore, a dichotomy persists between the arghatergcent
trends in DOC are linked in some way to global warming or oth#tr@pogenic
disturbance - the implication being that current levels are "uniiaturd are set to
continue to rise - and the argument that the dominant trend reprasetisn to pre-
acidification conditions, i.e. that higher DOC concentrations reprabennatural
state. These different explanations have very different imitatfor the future
response of DOC in surface waters to changes in cliarateconsequent ecological
effects.

The main aims of this section are to:
1) review briefly the current understanding of processes which gov&@ D
concentration and how these may be linked to climate;
2) consider the various hypotheses which have been raised to explain DOC
trends; and,
3) in the light of 1) and 2), consider the likely implications of forecasnges in
climate for future DOC behaviour in upland waters across the UK

Processes governing DOC concentration

DOC concentrations in surface waters can be considered to be a function of:
i) net primary production (NPP);
i) decomposition of organic matter (via fungal and microbial pathways) to
SOM;
iii) solubility of SOM; and
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iv) transport and removal (by hydrological, photo-oxidative and biological
processes)

Below we consider how each of these components is influenced @apilyr in
climate and consider likely future behaviour in concentration trentfs respect to
UKCIP projections.

Net primary production

DOC is a by-product of the decay of organic material, including pitiat, root
exudates and microbial biomass. Concentrations in surface waterbéwn shown to
be closely related to the extent to which the catchment constivgdand (Hope,
1997; Curtis, 1998). This is often argued to reflect the relativelly higt primary
production (NPP) of wetland plants, and the slow movement of water \aaches
organic detritus and flushes interstitial soil waters (Thurman, 188&yever, while
water draining the peat landscapes that characterise mubk &fK uplands is also
often strongly coloured by DOC, these cool, nutrient poor environmentoareted
for their productivity. Rather, the same processes responsibleefatevelopment of
peat, i.e. slow decomposition rates due to low oxygen availabitity, gH, low
nutrient supply and low temperatures, also determine a greatkbéitg of organic
material for potential removal as DOC.

Ultimately though, productivity rates in these landscapes &arlglimportant for
DOC generation, given observations of the distribution of DOC in sofllgs and
estimates of the age of DOC in runoff. Soil water DOC concdgoisatend to be
highest close to the soil surface and decline sharply with depth, suggedtingreant
role for recently formed plant organic matter in the compositibdOC. Radio-
isotopic (i.e.}*C-based) studies often support this by showing that the age of organic
carbon in northern peatland surface waters is predominantly moderriPénueret
al., 2001; Benneet al, 2004; Evanst al, 2006). An ongoing study of dissolved
organic*“C in streams and soil solutions draining a range of soil and lantsss in
North Wales (Dr Chris Evans pers. comm) indicates that mosteoDOC exported
from organic soils today was fixed after the 1950s, especialljghtflow when the
majority of DOC flux export occurs. Others have pointed to a sogmf contribution
from an older component (Raymond & Bauer, 2001), or a shift from a doosirad
older to newer material with increasing flow (Schtfal, 1997). On balance though,
it would seem that recent DOC trends are more likely to be atidéec of an
accelerated loss of carbon that has only recently been figedtfre atmosphere, than
of destabilisation of 'old" soil carbon (as suggested, for exampléyebyesults of
Bellamyet al, 2005).

The future behaviour of DOC in upland waters, therefore, is likehetsensitive to
the future NPP response of upland vegetation to changes in climétaliteatly and
indirectly as a result of changes in land management thgitt rfollow. Boeret al.
(1990) considered that the most important effect of global @©rease on
Fennoscandivanian vegetation would be to increase rates of produttratygh
rising temperatures, but they recognised that other limitiopfs, such as nitrogen
availability, might become established.
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The vegetation of upland landscapes in the UK and high latitude landscapes elsewhere
is adapted to a cool thermal regime. However, there is evidensgggest that the
productivity of many plants common to the UK uplands is limited byperatures

and the length of the thermal growing season. Manley (1952), on tmaEtgm that

NPP was normally restricted to temperatures above 6 °C, podtuhete growth at
higher altitudes would be slower and over a shorter growing seass.was
supported by observations of Gore (1963) who compared the performance of the
common and often dominant upland grdslinia caeruleain upland Moor House

with a site closer to sea level. He found that growth at Moor ¢loasurred over a
shorter part of the year and that net carbon assimilation ratesswbstantially lower.
Grace and Woolhouse (1970) found that light saturated photosynthesis of one
common specieCalluna vulgari3 was optimised at temperatures between 18-20°C
(considerably higher than average summer temperatures experi¢odayl).
Application of their findings in a growth model (Grace & Woolhouse, 1974 we

good agreement with observationsfvulgarisin the field, suggesting pronounced
temperature sensitivity in the natural environment. Application ofiribdel to the
effects of increasing altitude concluded that in environmentshitjan Moor House

C. vulgarisstands would not be sustainable and this was supported by the observati
of only rare and isolated plants on the summit of nearby Great Dun Fell (847 m).

Despite these detailed studies, Gordemnal. (1999) found no evidence of any
significant effect on the productivity of eith&. vulgaris or bracken Rteridium
aquilinum) with an increase in air temperature of between 0.5-1.5 °C. Stugies b
Shaveret al. (1986) (on cotton grasgriophorum vaginatumn Alaska) and Wookey

et al. (1994) (on the Alpine bistortPolyganum viviparui are also equivocal,
suggesting that warmer temperatures may change biomass iallocgithout
necessarily affecting NPP.

Wetland plants are generally adapted to the problems of oxygess staused by
waterlogging (Wheeler, 1999) and it therefore seems unlikelyfdhatast increases
in winter precipitation will have a major bearing on NPP. Howewveany are
sensitive to drought, due to inefficient stomata, high cuticular wassrand poorly
developed root systems. Increased drought frequency would thebefesgected to
have a negative effect on productivity, and could result in the lossd species if
the water table is sufficiently depressed (Moore, 2002). Goetlah (1999) found
that summer drought had a particularly marked negative effetiie photosynthesis,
growth and reproduction of both. aquilinumandC. vulgaris They showed that the
timing of drought relative to the growth stage was critidese taxa being vulnerable
to early summer and late summer drought respectively.

Ultimately however, the primary importance of climate chaogeNPP may depend
on the future frequency of drought events. Aénh al. (1999) suggested that a
prolonged lowering of the water table in peatlands would encouragstti#ishment

of tree growth which might increase the amount of litterfall angtbduction of fine
roots (Laine & Minkkinen, 1996) - thus increasing NPP. On the other haewl, tr
establishment would be unlikely if the future trend was for occalsidraghts
interrupted by periods of high precipitation and water tables.

Atmospheric CQ@ concentrationper se may also limit NPP in some situations.
Globally, concentrations have increased by circa 20% in the lage&®@ and are
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predicted to continue to rise through the first half of th& @ntury. Oecheét al.
(2004) demonstrated that carbon fixation EByjophorum vaginatumn an Alaskan
bog was stimulated by doubling the ambient,@Gncentration, while Freema al.
(2004) showed that elevated ambient,C&sed the DOC concentration of leachate
slightly for various organically rich soil types. No evidence foriramease in open
ground biomass was presented in the latter study Butacer experiments indicated
that the increase in DOC was driven by newly fixed carbonptBdominant effect
was suggested to be an increase in root exudates.

The Oechekt al. (2004) study also hints at the possible importance of nitrogen and
phosphorus availability for NPP; the effect of J@crease was short-lived, possibly
due to a rapid onset of nutrient limitation. Productivity in northerndd@eosystems
is often considered to be nitrogen limited, and the TEM processdbanodel
predicted that temperature mediated nitrogen availability wouldienfluence of
CO, on NPP in these environments (MeliBp al, 1993). While many upland plants
are adapted to low nitrogen availability NPP could be boosted throggtatienal
succession as a result of enhanced nitrogen deposition. However, reasendn
nitrogen availability against a background of rising air temperatwél not
necessarily have positive synergistic influence on upland productivdydonet al.
(1999) found that nitrogen addition stimulated the growtlCalluna vulgaristo a
point which was not sustainable under drought conditions, leading to wikidgced
shoot growth and acclimation of water-use efficiency that would restriet NP

In summary, primary productivity provides the organic substrate Wwbrmoh DOC is
derived. There is increasing evidence to suggest that the md@stdpgning upland
waters in the UK is derived from recent photosynthesis. Global ebarmg
atmospheric C®and its indirect effect on air temperatures and precipitatitin w
undoubtedly influence the NPP of upland environments in the UK. A combiraition
rising ambient C@concentration, rising summer temperatures, enhanced atmospheric
nitrogen deposition and sufficient rainfall in the growing season, dvbelexpected

to increase NPP and hence the potential pool for leaching as B@@ver, nutrient
availability and increased summer drought might limit the responkile the latter
could potentially reduce NPP depending on future drought frequency and $easona
timing.

Decomposition

The potential pool of organic carbon available for export as DOC demantise
balance between rates of NPP and decomposition, by which organic fnoattglant
and animal remains, faeces and the microbial biomass is broken doavrahge of
soil invertebrates, fungi and bacteria. Organic matter decomposiimprises two
largely concomitant phases. In a largely mechanical processrtebrates shred
particles into finer size classes, thus increasing the sudiaze of the substrate to
further attack. Biochemically, through numerous food-chain pathwaygmesz
secreted by the guts of invertebrates, fungi and bacteria, i@k particles to
potentially soluble forms (i.e. soluble organic matter or SOMjjclv may be
exported hydrologically, or eventually to simple sugars which beayespired. Both
phases are sensitive to temperature and soil moisture.
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Coleet al. (2000) studied the activity of enchytraeid worms (ubiquitous oligaebae
and primary consumers of organic material in peatlands) in sopleartaken from
the Moor House National Nature reserve. The invertebratesasente microbial
respiration in surface horizons by 35% and the DOC concentratiolesaifate by
almost 100%. They concluded that the primary effect of the anio@lOC
concentrations was to increase the availability of organic stdstoa microbial
breakdown. Coleet al. (2002a), went on to show that enchytraeid density was
positively correlated with soil temperature and estimated d@hatean monthly air
temperature increase of 2.5 °C would increase abundance by 43% amiOsbil
concentration by 11% as a result of their influence on microlutvity, litter
fragmentation and soil aeration. However, Springett (1970) showednitiatteaeids
respond to soil drying by burying deeper into the profile; @blal. (2002b) pointed
out that since enchytraeid activity is largely confined to te 4 cm of the soil
profile, drought might reduce the influence of these animals aonggasition in this
zone, where litter is most abundant.

All biochemical processes are temperature dependent andoedagproposed that, at
a global scale, climate warming will cause a greaterla@i@®n in decomposition
than NPP and hence a net loss of carbon from soils to the atmosjpérekangon,
1991; Anderson, 1992). In the short-term at least heightened decompositiahbsoul
expected to increase fluxes of €@ the atmosphere and DOC in runoff unless or
until NPP became limiting.

Davidson and Janssens (2006) in their thorough review of the tempesangigvity
of soil carbon decomposition concluded that, although individual biochemical
reaction rates can be predicted from theoretical kineticshdrenal response of the
entire soil system is extreme difficult to model. Soils cantavast range of organic
carbon compounds which have greatly differing thermal sensitivitiepally
important though, a large range of factors (many climate-ckkte thus potentially
subject to long-term change) determine the extent to which enzigommposition
can realise optimal rates - because of physical or chebacaers between enzymes
and reaction "microsites"”. Of these potential barriers, Davidsordamesens (2006)
cited physical protection of organic matter (e.g. oxygen lilaextent of aggregate
formation, low water solubility), chemical protection (through adsompdf organic
matter onto surfaces), drought (decreasing soil water fitlmbits diffusion of both
enzymes and substrates), flooding (e.g. anaerobic conditions réstrinimber of
potential enzymatic decomposition pathways) and freezing (subsinateenzyme
diffusion rates greatly restricted in frozen soils.

Soil moisture is clearly critical in determining the relatika@les of aerobic and
anaerobic respiration on decomposition, and it follows that changes ipifatézn
patterns could influence decomposition rates. Most fungi are aenathitheir activity

is therefore restricted to soil horizons above the water talha. é& al. (1999)
demonstrated that the lowering of the water table in an ombrotrbphicesulted in
respiration (as determined by the measurement of &@d CH fluxes) exceeding
gross production (i.e. the bog switched from being a carbon sink to carbon source).

Microbial organic matter decomposition in peatlands is inhibitedyioliccphenolic

compounds. In aerobic conditions the enzyme phenol oxidase is able tahHwsak
down, thus increasing decomposition rates. Freeetaal. (2001) proposed that an
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increase in aeration of peat under a scenario of global wakmualyl increase phenol
oxidase activity, thus lifting a "latch" on organic matter degosition and potentially
turning peatlands from sinks to sources of carbon. The link between phésadeox
and potential climatic effects on these environments was exterydeceémaret al.
(20014a) to explain the widespread increase in DOC concentrations in UK AcicsWater
Monitoring Network sites over the period 1988-2000. They demonstrated that phenol
oxidase activity was also temperature dependent. Laboratory sstsloeved that
warming not only increased activity {§x 1.36) but also resulted in an equivalent
increase in DOC concentration §F 1.33) and an even greater release of phenolic
compounds (@ = 1.72). In response, Tranvik al. (2002) pointed out that DOC
concentrations had increased in Swedish waters during the 1970s and 1p#@sades
negative trend in air temperature over the same period. Subsequéray become
clear that the reported;gvalues were too small to explain the size of observed DOC
trends; there was no trend in UK air temperatures over the 1988-2000, pehile

over the longer term Central England Temperatures were only 0.68R€r in the
1990s than in the three preceding decades (Freetredn2004).

Predictions of the magnitude of the effect of rising tempezaite often based on the
assumption that decomposition rate sensitivity to temperature irsaihditter is
representative of the whole soil profile. Lisii al. (1999), challenged this view, by
examining the amount and age of soil carbon and the decomposition fiter @n
north European geographical temperature gradients. They concludedthéhat
decomposition of older carbon was considerably more resistant to shamge
temperature and that estimates of temperature effects on sdibfgofiles would be
considerably smaller than previously suggested. This has been progp®sede
explanation as to why warming experiments in the field oftemige indications of a
short term increase in decomposition only (Davidson & Janssens, 2006) and is
supported by modelling studies (e.g. Knetral, 2005). In an assessment of the
temperature sensitivity of Scottish soils under Sitka spruce, howEaeget al.
(2005) found no evidence for differing sensitivity of "resistant” antild& pools of
organic matter.

It is clear that biochemical decomposition will be accelerateder a scenario of
rising temperatures, at least when aerobic conditions may intamad. However, it
is important to consider not only the relative temperature sengitvi different
organic carbon pools but also the effect a temperature rise cowddomaabsolute
decomposition rates. Hence Davidson and Janssens (2006) provide a comgiaris
the potential effect of a 2 °C rise on the absolute decompositionoo€dawtrasting
organic compounds. Under current climatic conditions glucose is estintat
decompose 6.5 million times faster than tannin. The latter has a heghperature
sensitivity, so the temperature rise would increase its decomapaisvice as much as
that for glucose, but the latter would still decompose 5.8 milliordifaster. Tannins
are far more abundant in soils than glucose so the influence pétature cannot be
ignored at the ecosystem scale. Nevertheless, the effesimafl increases in
temperature on the decomposition of recalcitrant compounds suahnasstenay be
subtle and possibly only detectable over multi-decadal time-scales.

To summarise, rising temperatures, in the absence of angecivasoil moisture, will

inevitably increase biochemical decomposition rates leading derldoss of C@to
the atmosphere and SOM available for export as DOC. The more meadh@imary
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breakdown of organic matter is also likely to respond positively toeased
temperature, providing this is not accompanied by rising waileles. However,
estimates of the likely absolute change to decomposition n&eoaplicated hugely
by an array of factors that restrict the ability of enzgrteeoperate optimally. Among
these are soil moisture and the effects of flooding and drougtallFiit is feasible
that the effect on absolute rates for the more recalcitranp@omas that dominate
peat soils will be so small that it may take decades fopégature dependent
decomposition effects on DOC to be identified.

Solubility

During oxidative bacterial decomposition, carboxylic acids and otharctional
groups" are formed within the modified soil organic matter. Carboxgtids,
particularly, exert a major effect on the acidity and solybditorganic molecules. In
soil waters between pH 6-8 these acids are dissociated, ancbstigtic repulsion
between like charges of these dissociated functional groups rethegg&rsorganic
molecules highly soluble. As pH declines however, dissociation desreasarge
repulsion weakens and water is expelled from within the macremalestructures
causing them to contract and precipitate (Ghosh & Schnitzer, 198bjeR& Posner,
1982). The relationship with pH is described by an acid dissociationacoriiia) or
its negative log (pKa). For an organic acid with a pKa of 4.2 (trexrage for
dissolved humic substances), approximately 50% of carboxylic acid gwalidse
dissociated at pH 4.2. Tipping and Hurley (1988) have demonstrated through
mechanistic models that soils in acidified parts of the UK weae recovering from
acidification were finely poised in this respect.

Organic matter solubility has also been shown to be dependent on ionic strength. In a
gel filtration experiment de Haaat al (1987) found that increasing the ionic strength

of water from small Finnish forest lakes either reduced the size oreghdimg shape

of the humic acid molecules.

It is feasible, therefore, that changes in acid deposition, i.@etlydarge reduction in
sulphur deposition over the past 20 years, will have increased the $plabldOC
through both increasing the pH of soil and decreasing the ionic strefgsoil
solutions. Such relationships have been demonstrated in a range oftoigbora
experiments by Kalbitet al. (2000). Clarket al. (2005) identified a strong inverse
logarithmic relationship between sulphate concentration and the amgpumhibh
ambient DOC concentrations were reduced during drought conditions, due to the
oxidation of reduced sulphur. Similar results were later shown taraiadrought at

Moor House (Evanst al, 2006).

Evanset al. (2005) found that changes not only in sulphate but also in chloride
concentration could explain variability and trends in DOC at Ul€ssitThis is
important with respect to AWMN time series since chloride eatrations were
elevated in the first few years of monitoring as a resulafel seasalt inputs during
persistently stormy conditions over the period (Evahsl, 2001). Like sulphate,
seasalt also has the potential to both acidify soils (at leagte short term) and
increase the ionic strength of soil solutions. Vuorenetaal. (2006), investigating
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DOC trends in Finland concluded that decreasing sulphur deposition and the
associated mineral acid input appeared to be the main driver.

The possible importance of both sulphur and seasalt deposition on DOChasneds
been developed by Montei#t al. (in review) who compiled DOC trend data for the
period 1990-2004 for lakes and streams across eastern North Amediceortheast
Europe where reports of recent DOC increase are widespread.chhelyded that
changes in sulphur and seasalt deposition are sufficient to explahti2nds in all
the investigated regions, including parts of Atlantic Canada evhBOC
concentrations have unusually declined (in this region sulphur depositiboses to
background and seasalt deposition has increased over the period).utlyisalso
shows that factors proposed previously to explain DOC trends, includiimgy
temperature, rising ambient GQhanges in hydrology and changes in land-use did
not show the appropriate geographical distribution to explain the wesbabpr
occurrence of trends.

To date there is less evidence to suggest that nitrogen dep@dso influences DOC
concentration through changing soil pH and ionic strength. Indeedsitbbhan
proposed that nitrogen deposition may actually be the driver ¢ Dénds in the
Hudson River (Findlay, 2005) through its stimulation of soil bactdfiewever,
unlike sulphate and chloride, nitrate is not conservative in soils andfdtesrit is not
possible to use its concentrations in runoff to infer the current depolsiad. Further
assessment of DOC data at sites with deposition chemisaywdatbe necessary to
explore this further.

The primary influence on SOM solubility is the chemistry ofcpitation. There is
strong and mounting evidence to suggest that the solubility of SOM isnpt
influenced by changes in inputs of acid anions (particularly sulphdrseasalts) but
has been the dominant factor influencing DOC trends throughout nottBEwespe
and eastern North America over the past two decades. Theatquis of the likely
impact of climate change, therefore, on solubility rest predominamtly likely
future trajectories and “"wash-out" zones for polluted air maddesvever, the
dominant effect on DOC concentrations is likely to be anthropogenavidihg
further controls are placed on sulphur emissions, DOC concentrationk fnekh
waters are set to continue to rise in the foreseeable futurarificgated increase in
the North Atlantic Oscillation, and consequences of more frequent arelintense
seasalt episodes should increase medium term (i.e. decadalscikility at sites in
coastal areas.

Transport

Providing that the supply of DOC in soil water is not limiting, @amtrations and
fluxes of DOC in runoff will be strongly dependent on hydrology. Changeavater

flowpath from (low-DOC) mineral horizons into (high-DOC) organic hons during
rain or snowmelt events (e.g. McDowell & Likens, 1988; Hongteal, 2004)

increase concentrations at least initially. Tranvik and Jans2062) proposed
changes in hydrology as the most plausible explanation for reegsnts in Swedish
rivers in recent decades.
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However, changes in stream discharge in the absence of ch@@@dlux can lead
either to decreased DOC values (through dilution) or to increased B@Is
(through concentration). DOC concentrations have been shown to peak on strea
hydrographs, prior to peak flow being reached, suggesting avedyatapid onset of
supply limitation. However, it is feasible that in a future clienscenario where NPP,
decomposition rates and solubility (through lower sulphur deposition) lare a
increased, that limitation will occur later and DOC concemmnatmaxima could
therefore be raised.

Currently there is little evidence for this and Evansal. (2006) demonstrated that
DOC trends in the UK were occurring at all levels of flow #rid could therefore not
explain long term trends. They concluded that while short termticarian flow
would undoubtedly influence variability, it had not exerted a dominant coaotrol
DOC trends in the UK over the past two decades.

Conclusions

The dissolved organic carbon concentration of UK upland surface watlagdadent
on many processes influenced by climate, and particularly by effexts of
temperature and soil moisture on NPP, decomposition rates, and éffeitieof the
intensity of precipitation which governs flow paths. It had been propbsé¢deveral
of these factors have influenced the large increase in D@Ceatrations in UK
waters and elsewhere over the last 20 years.

Increasingly however, evidence points to a governing role of ptatge chemistry
on DOC concentration, and in recent decades the dominant effect drashizeen
anthropogenic sulphur deposition. Providing acid anion fluxes to catchmentaieont
to fall, SOM solubility should continue to rise, thus increasing thportance of
climatic factors on concentrations into the future.

On balance it would seem that as solubility increases, sytiergiitects of increased
NPP and decomposition rates under a scenario of increasing suampaEratures
and longer growth seasons should increase mean annual DOC flaxles a
concentrations further. Added to this, increased hydrological vhiyaband
particularly wetter winter conditions and increased seasalbteveill increase
seasonal variability, with higher DOC maxima (cf. NQeaching described in
previous section).

These potential effects of future climate change have majwequences for aquatic
ecosystems, through changes to the light and heat environmenttgheadtransport
and (where DOC is lost in lakes through photo-oxidation) delivery of toetals and
organic compounds and effects on acidity. Furthermore, future chaogeater
quality will have major implications for future water treatment costs.

Ultimately though, scientific understanding is insufficient fecenarios to be
predicted with any certainty. It is vital, therefore that manniig of these upland
systems is continued and that, increasingly, in situ and laborexpgriments are
encouraged, ideally using sites and soils in monitored catchments, tséhéha
interactions between anthropogenic deposition and climate changes effe DOC
can be modelled with greater confidence.
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SECTION 3: IMPACTS OF CLIMATE CHANGE ON TRACE METALS AND
PERSISTENT ORGANIC POLLUTANTS IN UPLAND FRESHWATERS

Neil Rose
Executive summary

Based on the Aarhus Heavy Metal, the Stockholm Convention, and Persistent
Organic Pollutant (POP) Protocols, the Water Framework Dieedists of
hazardous and priority hazardous substances and other legislation and
guidelines, the main trace metals of concern are mercury ¢ddinium (Cd),

lead (Pb), nickel (Ni), copper (Cu) and zinc (Zn) while the nkRDPs include
PAHs, PCBs, PCDD/Fs, organochlorine pesticides, brominated compounds
and organometallic compounds such as tributyltin (TBT). The POP tpriori
hazardous substances include anthracene, pentabromodiphenylether,
chloroalkanes,  endosulfan, HCB, HCBD, HCH, nonylphenol,
pentachlorobenzene, PAHs and TBT. Annual average and maximum
allowable concentration Environmental Quality Standards (EQS)nfand
surface waters have been proposed for these but data for UK uplamnd arat

very limited.

Predictions for how climate changes will impact emissions frodustrial
processes are rare except for electricity generatios .pitedicted that despite
the projected increase in electricity demand to 2020, UK coal corisump
will continue to fall which could result in a decline in metals &@Ps
emissions. However, the UK will need to replace c. 30% of the current
generating capacity (coal, nuclear) by 2025 and how this is ukdertaill

have a major impact on UK emissions. For Hg and volatile POHw tlaeer
(possibly hemispherical) geographical scale needs to be comkideres
predicted that metal emissions in Europe will continue to declinalémaligh

coal consumption in developing countries could increase rapidly, the
introduction of control technologies does not necessarily imply a asimil
increase in emissions. As a result, projected industrial raetesions could
either increase or decrease.

The potential for the increase in invasive species, in vector-baseasdi, crop
pests and the possibility of reduced efficacy of herbicides @sudt of climate
change may lead to increased usage of pesticides in the Ukirdimer fafield.
Long-range transport and increased atmospheric residencewithpsovide
the means for POPs to be transferred to the UK uplands. Indreaage of
upland areas for agriculture could also result in elevated inpttzcef metals,
from fertilisers, to waterbodies in these areas.

Warmer air temperatures will allow greater volatilisattdrPOPs and Hg and
longer atmospheric life-times. The potential for greater distion will
therefore increase as will the movement of these pollutante&s déinat are
colder by virtue of their latitude or altitude. However, it is théention of
these compounds in upland waters that is critical. Warmer veatgreratures
will reduce retention and possibly lead to re-emission to the atmmesfrben
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pollutant 'stores'. Changing wind patterns could alter distributiderpatand
pollutant source areas.

Climate change is predicted to alter the distribution and se#somdl
precipitation (drier summers, wetter winters) and dramayicaéduce
snowfall, while there is also potential to increase cloudiness andpreas.
Wet deposition and scavenging by snow and fog are efficient atmaspher
removal processes for metals and POPs and so these changediewill a
pollutant inputs to upland waters. However, projections of precipitation and
cloudiness remain uncertain.

There is a vast store of previously deposited pollutants in catahsoils and
lake sediments. Climate change may be a key factor in thldisation of
these contaminants to upland waters. Climate-enhanced catchmenbsioih
and leaching from catchment soils may elevate pollutant inputgplend
waters from this store. Warmer and wetter conditions could iseragrcury
methylation while longer ice-free periods could increase algalenging of
contaminants from the water column and into the food-web.

Many physico-chemical and biological factors influence the ityxaf trace
metals and POPs to aquatic biota including pH, water hardnesslveiss
oxygen content, water temperature, suspended solids content, DOC
concentrations, metabolic rate, diet, generation rate, etc. Clohatege will
influence all these factors though the direction (improvement oricoietion)

and scale of impact and interactions may vary from site to site.

In conclusion, there is considerable potential for climate changpepact on

the emission, transport, deposition, re-mobilisation, re-emission and toxicity of
trace metals and POPs in UK upland waters. While many pr@tsctnd
scenarios, especially with regard to projected air temperatppsar to give
reasonable agreement (to direction if not to scale), therdliscsisiderable
uncertainty as regards future changes to precipitation, cloudinegsspeeds

and the magnitude and frequency of extreme events.

Uncertainties relating to how climate effects will impapbn trace metals and
POPs in upland ecosystems are compounded by a lack of basic inforarati
these substances (especially Hg and POPs) in UK upland wdterbageline
against which we may measure the future effects of tracalsreatd POPs in
upland ecosystems is largely missing and unless this smgmifigap in
knowledge is filled as a matter of some urgency, it will notpbssible to
assess future changes at these sensitive sites.

There is an urgent need to establish a monitoring programme totakeder
empirical measurements at a wide range of upland waterbadiak aireas of

the UK over an extended period of time. Such knowledge will allowttarbe
understanding of the key processes and drivers affecting the tHvelgic
substances in upland aquatic food-webs. These data are also required to
improve models for future prediction. Without such basic background
knowledge, even the most robust models will lack ‘ground-truth’ and may offer
only poor projections of future impacts.
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Introduction

Background and current relevance

The potential for climate change to impact on freshwaters inUikehas been
recognised for a number of years. In 1988, the Department of theoEmént
contracted the various Natural Environment Research Council (NERMutes to
assess the likely direct and indirect impacts of a doubling of I2050. George
(1988) wrote the report on climatic impacts on freshwater e@magsand, apart from
considering the more direct impacts of air and water terfperancreases, also
highlighted possible impacts on lake thermodynamics, water ctmigmis
microbiological processes such as decomposition, as well as smpactlake
eutrophication, algal blooms and the distribution of aquatic biota asudt raf
changes to water flow and temperature. However, the impactneoditel change on
pollutants in freshwaters was treated only cursorily in this tepath possible
changes to pollutant transport, toxicity and microbial degradation ofniorga
pollutants being briefly considered.

In a follow-up report, Whitehead and Jenkins (1989) further considered plaetiiof
climate change on water quality. With respect to pollutants, thgyliinted the
potential effect of changing rainfall (i.e. reduced dilution in -ftaw periods
particularly for industrial and domestic waste and urban runamif) for the uplands
an increased pollutant load resulting from elevated rainfall and cloegl enhancing
'‘wash out' from the atmosphere. Further, they suggested that el¢satperatures
could increase the levels of agricultural pests and henceeeated use of pesticides
and fungicides.

In the two decades since these reports there have been a nundeselopments
which make an updated review both necessary and timely. Firsteraaga and
concern from both government and public to the impacts of climate clungé

areas of the natural and human environment have escalated consjdeaetimylarly

in the last few years. Second, there has been significant spifilinant status. Not

only have there been large (even dramatic) declines in emissmhsleposition of
pollutants in the UK and across Europe (e.g. Baker, 2001), but new compmnads
groups of compounds have become more important in the environment and have been
found to fulfil the persistent organic pollutant (POP) 'PBT' catef persistence,
bioaccumulation and toxicity (e.g. brominated and fluorinated organic compounds
Third, new knowledge on the long-range transport of POPs and rmatas on
intercontinental, hemispheric and global scales has shown how biotaneesnote
areas, can bioaccumulate toxic compounds to high levels (Rogeerald 2002;

Vives et al, 2005). This has led to renewed concern regarding the impacts of these
pollutants to ecosystems (e.g. effects on the growth, developmemtduepon and
endocrine systems of freshwater biota) and to human health maiolygkthithe
consumption of fish and subsequent transgenerational effects causedtiansfer of

toxic burden to both unborn and newborn children. Fourth, research has shown that
the changing climate may lead to the remobilisation of pollutdep®sited over the
industrial period allowing previously 'stored' contaminants back intenk&onment

and thereby increasing their availability to freshwater buogapite emission and
deposition reductions. Fifth, the implementation of the EU Water Fwanke
Directive in 2000 has changed the legislative framework for fret@nwaality across
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Europe and now drives UK freshwater policy. In particular (for this custenty), the
setting of guideline values and proposed environmental quality starfdar@sange
of "priority substances", and its sub-set of "priority hazardous auxss", has pushed
trace metals and persistent organic pollutants (POPs) back up the fresigeatkr. a

The EU Water Framework Directive (WFD) (2000/60/EC) has ba#dadc"the most
substantial piece of EC water legislation to date" (DEFRAsie, 2007a) and
establishes an integrated approach to the protection, improvement taidadies use

of Europe's rivers, lakes, estuaries, coastal waters and graendivaequires these
waters to reach "good status" by 2015 by setting environmental igbgeatcluding
ecological targets for surface waters. The WFD requires thialogical,
hydromorphological and chemical elements of water quality shoeildased on the
degree to which present day conditions deviate from those expecterlabgence of
significant anthropogenic influence, termed reference conditions.olinecétegories

of 'Good', 'Moderate', 'Poor' and 'Bad' status are then definedlegrto the degree

of deviation from the reference state. This also allows arssseat to be made of
how much further improvement is required in order to raise the stitube
waterbody of concern. Article 10 of the Water Framework DivedWFD) sets out

an approach involving the use of environmental quality standards (EQS).
Communication 'COM(2006) 398 final' (2006) from the Commission of the Eutopea
Communities state®On the basis of information concerning the toxicity, persistence
and bioaccumulation potential of a substance, together with information on what
happens to the chemical in the environment, it is possible to detethmeshold
concentrations to protect people, flora and fauna. When EQS are established for
water, or sediments, or plant / animal tissues they provide a bencharaekguring

the ecological integrity of aquatic ecosystems or the protection cdinealth when
using water"

However, for trace metals and POPs the WFD takes one furthgrimportant
legislative step. For the first time, not only must steps kentéo improve the status

of waters as defined by EQS, but the Directive specific#dlies that for certain key
pollutants existing levels of contamination should not increase. The pdpose
Directive 'COM(2006) 397 final' states that for mercury (Hgxdohlorobenzene
(HCB) and hexachlorobutadiene (HCBDi} is not possible to ensure protection
against indirect effects and secondary poisoning by mere EQS for surdaee om
Community level. Therefore in those cases, EQS for biota should be set up. In order to
allow Member States flexibility depending on their monitoring strategysheuld be
able either to monitor those EQS and check compliance with them indoiatanvert
them into EQS for surface water. Furthermore, it is for MembeeStat set up EQS
for sediment or biota where it is necessary and appropriate to compleheefEQS

set up at the Community level. Moreover, as sediment and biota renpontant
matrices for monitoring certain substances by Member States in ar@eisess long
term impacts of anthropogenic activity and trends the Member States] #r@ure
that existing levels of contamination in biota and sediments will not increase"

This final statement is of particular relevance to this custrmty, for one of the main
potential impacts of climate change on trace metals and PQRéand freshwaters is
the re-mobilisation of previously deposited pollutants from storagek ato
waterbodies where they can become available for biological ugtses below).
There is evidence that climate is now a key factor in ¢fease of stored pollutants
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from catchments into surface waters (e.g. B&isl, 2001; Roseet al, 2004) and
hence climate could confound both emissions reductions policies (wheeerdiate
to protection of upland waters from deposition) and impact on the strieyvFD
compliance.

Species of concern

While regulatory bodies at the national and international level bese, and remain,
concerned with the presence and effects of trace metals &sliR@e environment
and have produced lists of those chemical species (elements, compehiutsire
considered the greatest hazard to ecosystem and human healtfsRhestablishes a
new regime for prevention and control of chemical pollution of surfadegaound
waters. In the WFD, a limited number of chemical pollutants haga entified as
being of particular concern in surface waters due to theirspréad use and high
concentrations in rivers, lakes and coastal waters. These aredlefs "priority
substances". There are 33 of them and they were first agreetdstances (or groups
of substances) for regulation in 2001. A sub-set of these are defnégtiarity
hazardous substances" and more stringent environmental objectives apply to¢hese du
to their persistence, bioaccumulation and toxicity. Both the listiofifyr substances
and that of the priority hazardous substances include trace metals and POPs.

Trace metals

Lead (Pb) and nickel (Ni) are included on the WFD list of pyosiibstances while
cadmium (Cd) and Hg are included on the list of priority hazardous asutest

Environmental Quality Standards (EQS) for inland surface wéteers and lakes)
have been proposed to protect against (i) short-term, direct and@dateffects and
(i) long term chronic effects. The former EQS is based onaaimum allowable
concentration while the latter uses an annual average (althdwgylSdientific

Committee on Toxicity, Ecotoxicity and the Environment (SCTEE) atdicates that
acute exposure can have long term consequences) (COM(2006) 397TieaBQS

for these metals are shown in Table 4.4. For these trace roetafdiance allows
Member States to take background levels and bioavailability iimuat. However,

it should be noted that it is considered likely that the EQS fandiPb will need to
be amended in the light of forthcoming risk assessments.

Air quality legislation for trace metals also pertains tdewajuality, especially in
upland waters, by virtue of long-range atmospheric transport. The A888is
Protocol on Heavy metals under the UNECE Convention on Long-Range
Transboundary Air Pollution (CLRTAP) entered into force offf Z®cember 2003
and targets Cd, Pb and Hg. The Protocol aims to cut emissions dtntbsphere of
these metals from industrial sources (e.g. iron and steel, noudemetal industries),
combustion processes (power generation, road transport) and wasegaiten to
below their 1990 level or below a level from an alternative yetwdsn 1985 and
1995. These three metals were also considered the three "priueasyy metals for
human health and the environment in a review of the Protocol consiéenisgions,
depositions, critical loads and exceedances (Hettekngth, 2006) although critical
loads and exceedances of other metals, Cr, Ni, Cu, Zn, As and Sealsere
considered.
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Table 4.4: Environmental Quality Standards (EQS) poposed for heavy metal priority substances
in inland surface waters (Source: COM(2006) 397 fial)

Trace metal Annual average (9 | Malximum allowable concentration
(Mg )
Cadmium (and  0.08 (<40 mg CaCgQl™) 0.45 (<40 mg CaCgQ™)
its compounds)* 0.08 (40 - <50 mg CaGQ™) 0.45 (40 - <50 mg CaCQ™)
0.09 (50 - <100 mg CaGQd?) 0.6 (50 - <100 mg CaCQ™)
0.15 (100 - <200 mg CaG®dY) 0.9 (100 - <200 mg CaGQ?)
0.25 ( 200 mg CaC@I™) 1.5 ( 200 mg CaC@I™?)
Lead (and its 7.2 not applicable **
compounds)
Mercury (and 0.05 0.07
its compounds)
Nickel (and its 20 not applicable **
compounds)

* EQS is dependent on water hardness defined endategories.

** where maximum allowable concentrations are amplicable’ the annual average EQS is considered
protective against short-term pollution peaks sithey are significantly lower than the values dediv

on the basis of acute toxicity.

Two EU Air Quality Daughter Directives also relate toisettimit values for trace
metals in ambient air. The first Daughter Directive (1999/@)/gets a limit value for
Pb which was transposed into UK law in the Air Quality Limitldés Regulations
2001 as an annual limit value of 0.5 pg®nSimilarly, the Fourth Air Quality
Daughter Directive (transposed as The Air Quality StandaedmlBtions 2007) sets
limit values for As, Cd, Ni and the polycyclic aromatic hydrocar®”AH)
benzo(a)pyrene, but only sets a requirement to monitor for Hg ireatrdar, setting
no limit value (DEFRA, 2006). Target values for As, Cd, Ni and bengp(@ye
relate to the total content of these pollutants in thgoHMction averaged over one
calendar year and are 6 ng’nb ng n®, 20 ng N and 1 ng i respectively. These
values are due to be attained by the end of 2012.

The EU scientific co-operation (SCOOP) 3.2.11 (2004) on dietary exptsuhe
population of the EU Member States focussed on As, Cd, Pb and Hg and grovide
occurrence, intake and Provisional Tolerable Weekly Intake (PTWd) fda these
trace elements including for freshwater fish. For Hg in padicintake via fish
consumption is a major pathway for humans as it is present abmodsisively as
methylmercury. Current PTWI (set by the Joint FAO/WHQOpé&x Committee on
Food Additives (JEFCA)) for methylmercury is 1.6 ug'kgody weight which
corresponds to 0.112 mg weéefor a person weighing 70 kg. Fish also represent a
significant source of As for human intake. Other EU Council Dires pertaining to
metals in waters are included in Table 2.

In summary, the main trace metals of concern are Hg, Cd, Pb,iGndN\zZn. The
non-metals As and Se are also often considered alongside thasepadticular is of
special concern and is often treated separately to the o#iver metals. Due to its
volatility, it has a long atmospheric lifetime of c. 1 yeamg( Hylander & Goodsite,
2006) and is thus able to travel very long-distances prior to depogitibis ¢herefore
included in hemispherical transport models (e.g. Travnikov, 2005). Hg is currently not
included in models for upland waters (CHUM-AM, WHAM) (Tippieg al, 2007a;
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b) and there is a severe lack of data for this element foslwtace waters. In these
respects Hg is very similar to persistent organic pollutants (POPS).

Table 4.5: Selected EU Council Directives pertainigto metals in waters.
(Elements in parentheses are often included with &ite metals in literature and legislation, but
are non-metals).

Directive Metals

78/659/EEC Freshwater Fisheries Cu, Zn

75/440/EEC Surface Waters Abstracted for HumanCu, Zn, Cd, Cr, Pb, Hg, Ba,
Supply (As), (Se), Mn,

76/464/EEC Dangerous substances Hg, Cd, (As)

80/68/EEC Discharges to Groundwater Hg, Cd

96/61/EC Integrated Pollution Prevention and "Metals and their compounds"
Control

Persistent organic pollutants (POPS)

While the number of trace metals of concern is relatively small, thenreaist array of
organic compounds which fulfil the persistence, bioaccumulation andtyosiiteria
for POPs. Therefore, it is often more appropriate to consider PQE&sns of classes
of compounds (e.g. PAHs, PCBs, PCDD/Fs, PBDES), where eachn@gssontain
some hundreds of chemicals related by virtue of their structure effiedts.
Furthermore, many chemicals are developed each year for whiech is limited
testing of environmental impact and the effects of many of taesenly predicted
from the known impacts of compounds to which they are structurally related.

On a cautionary note, many studies report concentrations and fluttessefpollutant
classes in terms of their sum (e.d?CB) and the specific isomers and congeners
comprising these 'sums’' may vary from study to study makingaason difficult.
While there are often a 'usual' suite of compounds analysedtlfe.gseven PCB
isomers 28, 52, 101, 118, 138, 153, 180; GrireaHl, 2004) it is important to know

in each case which set of compounds are being summed to generdt#athe
Similarly, summed values may also include derivatives (DT may also include
DDE and DDD).

While new organic chemicals are produced each year, others swalyeabanned and

their production and / or usage greatly reduced or ceased. In these thseghalew
emissions to the environment are limited, the persistence of theocowis already
released to, and stored within, environmental media (including biota) that the
compound, or class of compounds, may continue to be an environmental issue for
decades or possibly centuries (see Section 5 below) . Thesdeardenied 'legacy’
POPs to differentiate them from those in ‘current-use'.

The 1998 Aarhus Protocol on POPs under the UNECE CLRTAP bans the pyoducti
and use of some products outright (aldrin, chlordane, chlordecone, dieldrim, endri
hexabromobiphenyl, mirex and toxaphene) while others are schedulddforation

at a later stage (DDT, heptachlor, hexachlorobenzene and PCBdprdtioeol also
severely restricts the use of DDT, HCH (including lindanétCH) and PCBs and
furthermore obliges Parties to reduce their emissions of dioxirenduPAHs and
HCB below their levels in 1990 or, as with the Heavy Metatgdeol, an alternative
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year between 1985 and 1995. These compounds of concern listed under the Aarhus
POPs Protocol are thus similar to the initial twelve alsgetad for elimination under

the Stockholm Convention, (i.e. aldrin, chlordane, DDT, dieldrin, dioxins, endrin,
furans, heptachlor, HCB, mirex, PCBs and toxaphene), a global ta@agd at
reducing and eventually eliminating POPs (http://www.pops.int/.). TReNdtional
Implementation plan for the Stockholm Convention was published in April 2007
(http://www.defra.gov.uk/environment/chemicals/pdf/pop-nationalplan.pdf).

The priority substances and priority hazardous substances listed thed&Yater
Framework Directive also include a range of POPs including PAkgsnochlorine
pesticides, brominated compounds and organometallic compounds such asitributylt
The priority hazardous substances include anthracene, pentabromodifiemyl
chloroalkanes, endosulfan, HCB, HCBD, HCH, nonylphenol, pentachlorobenzene,
PAHs and TBT and hence annual average and maximum allowable catioant
EQS for inland surface waters have been proposed for these as shoalole 4.6.
Proposed EQS for other (non-priority substances) pollutants are givEable 4.7.

The POPs of concern thus include both legacy and current-use chemicals.

Table 4.6: Environmental Quality Standards (EQS) fo proposed for selected POPs priority
substances in inland surface waters (Source: COM(2®) 397 final)

Compound Annual average (i |  Maximum allowable
concentration (ug"
Anthracene 0.1 04
Pentabromodiphenylether 0.0005 not applicable **
Endosulfan 0.005 0.01
Fluoranthene 0.1 1.0
Hexachlorobenzene (HCB) 0.01 0.05
Hexachlorobutadiene (HCBD) 0.1 0.6
Hexachlorocyclohexane (HCH) 0.02 0.04
Naphthalene 2.4 not applicable **
Pentachlorobenzene 0.007 not applicable **
Benzo(a)pyrene 0.05 0.1
Tributyltin compounds 0.0002 0.0015

** where maximum allowable concentrations are amplicable’ the annual average EQS is considered
protective against short-term pollution peaks sithey are significantly lower than the values dediv
on the basis of acute toxicity.

While the list of trace metals of concern remains lardetysame, given the continual
addition of new organic compounds to the environment there is a need talyegula
review and update those compounds included within the legislation. A googblexa
of this are the fluorinated organic compounds PFAS (Perfluorinatdd/l Al
Substances), used to provide protective coatings to textiles and papse. are now
known to fulfil the PBT criteria and one, PFOS (perfluorooctyl sulph@natef
particular concern (Norwegian Pollution Control Authority, 2005). Followang
DEFRA funded report (Footitet al, 2004) on risk reduction strategy for PFOS a
revision of Council Directive 76/69/EEC is currently under consuhategarding
restrictions on the marketing and use of this compound (DEFRA 2007b).
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Table 4.7: Environmental Quality Standards (EQS) fo proposed for selected other POPs (non-
priority substances) in inland surface waters (Souwre: COM(2006) 397 final)

Compound Annual average (i |  Maximum allowable
concentration (ug)

DDT (total) * 0.025 not applicable **

Aldrin not applicable **

Dieldrin =0.01 not applicable **

Endrin not applicable **

* For full list of isomers comprising total DDT s€OM(2006) 397 final

** where maximum allowable concentrations are amplicable’ the annual average EQS is considered
protective against short-term pollution peaks sithey are significantly lower than the values dediv

on the basis of acute toxicity.

Climate impacts on emissions of trace metals and persistent organic pollutants

Although the scope of this study focuses on the impact of climaémge to
freshwaters in the UK uplands, there is good evidence for the logg-teansport of
contamination to these areas from sources in Europe and beyond. ForesxRogal

et al. (2007) describe the evidence for sources of contamination derived from
Scotland, the rest of the UK, Europe and other continents to Lochnagamoger
mountain loch to the south-east of the Cairngorm Mountains. Dispersidelling
(e.g. HARM, EMEP) shows the scale of deposition of acidifyinlgsgances to the
loch from industrial sources in Scotland (particularly the areara the Firth of
Forth), power stations in Wales, Northern Ireland and England (glartic the
Midlands) and, while this represents the vast majority of adndjfdeposition, there

is also evidence to suggest transported contaminants from other BEucmpsedries,
including Germany, France and Spain. Given the source of this contamjrifiis
likely that these are also major source areas for other atnmrasplyedeposited
pollutants (especially trace metals) to this remote loch.ae®dimnological (lake
sediment) studies at Lochnagar also provide evidence for a mngentaminant
source areas including a record*®fCs from the Chernobyl nuclear reactor accident
in Ukraine in 1986, toxaphene from Eastern Europe and the United Stateg{(Rhse
2004) and*Am and®*’Cs from global weapons testing. There is, therefore, a need to
consider how climate change will affect emissions and transpatrgdminants at
larger geographic scales. It is now known that the atmosphieticnk of elemental
Hg (Hd") is in the order of one year allowing it to be transported, @nage, three
times around the world prior to deposition (Hylander & Goodsite, 2006). Aethe
scales, emissions to the atmosphere need to be considered @t thteldeemispheric
level (e.g. Travnikov, 2005).

Industrial emissions

Industrial processes, and especially the electricity genaratdustry via fossil-fuel

combustion, are the major source of many trace metals and B§iezially PAHS)

to the atmosphere and it is therefore important to consider howvatelichange may
affect emissions from these sources. While it is difficultptedict how climate

change may affect some industrial processes resulting in palkr@ssions there has
been, of necessity, some consideration as to future trends inc#fecteneration and

the role that fossil-fuel combustion may play within it. In paitac, the future role of
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coal combustion is of great importance for many trace metakens, especially Hg
as this is responsible for up to 66% of global Hg emissions (Patya2006).

Within the UK, the Department of Trade and Industry's (DTI) Ep&egview (2006a)
projects that electricity generation will increase to 202Moalgh the fraction
generated by coal and oil should decline to be replaced by ngasa@nd renewable
sources, especially biofuels and wind generation. Both of the DTI'satenénarios
for primary energy demand, the first "favourable to gas" andetbensl "favourable
to coal" also predict a decrease in coal consumption by 2020 (DTépbR00hese
suggest a decline from 1990 levels of 66.9 Mtoe (Million tonnes oil equit)ato
23.3 Mtoe and 33.1 Mtoe, respectively and UK coal production is set tmealecl
steadily especially after 2010 (DTI, 2004). However, while the sUBurrent
electricity generation is produced from diverse sources, a nunbtio coal and
nuclear power stations are approaching the end of their lives dindeed to be
replaced. Around 8 GW of currently installed coal capacity mosedby 2015 (about
a third of the current coal total) and more than 10 GW of the b#céear power
stations must close by 2023 (DTI, 2006a). In total, the UK is liteelyeed about 25
GW of new electricity generation capacity by 2025 which is more than 30% offiturre
capacity. Furthermore, climate change may also influence tumtattricity
generation, albeit in a minor way. A reduction in summer rainfatticularly in
upland areas may reduce the generating potential of some lgarizeschemes and
this shortfall would need to be replaced by other, possibly convenfiossil-fuel,
means. Therefore, while future trends in trace metal and POBsi@ms in the UK
are very uncertain (NEGTAP, 2001) the strategy for replatiiegcurrent installed
electricity generation capacity over the next few decadesufiply@ng the foreseen
additional energy demand (see also Section 2.3 below) and to cover potential climate
induced shortfall in hydroelectric generation will go a long wayleciding future
trends in the UK's emissions of trace metals and POPs (parkyc polycyclic
aromatic hydrocarbons) to the atmosphere.

On the European scale, Hettelingihal. (2006) have projected heavy metal emissions
for 2010 and 2020 based on two policy scenarios: CLE (base line sceritirio
current legislation and current (April 2005) ratification of theatdeMetal Protocol)
and FI (base line scenario with current legislation and full implgation of the
Heavy Metal Protocol). The emissions of selected metals IRECE Europe under
these scenarios are given in Table 4.8. An additional scenariov Hiall
implementation with additional measures) reduces the projected 2028syshown

in Table 4.8, further still. These scenarios would appear to sutjus trace metal
emissions in Europe will continue to decline over the next 10-15 ydilusugh there
are no projections beyond this and very little research has been rddhis iarea
(Pacynaet al, 2006). A more detailed discussion of these scenarios and further
implications of a revision to the Heavy Metal Protocol areegiin Hettelinghet al.
(2006) but it should be highlighted that even after implementation oPitb&col
industrial processes including fossil-fuel combustion for heat and paowduction,
cement production, the iron and steel industry; industrial and resitleathbustion
and road transport remain the most important source sectors for metabemiseghe
atmosphere. One area with a greater predictive uncertaintyhais df waste
incineration (Lindqvist, 1995; Pacyre al, 2006). The scale of this process and the
content of the sorted or unsorted waste to be incinerated are tifcofoject into
the future but could remain a significant source of both trace metals and POPs.
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Table 4.8: Emissions of selected metals (tonnes/ym) UNECE Europe for 2010 and 2020 under
the CLE and FI scenarios compared with emissions fdl990 and 2000 (from Hettelinghet al,
2006).

cd Hg Pb Cu Ni Zn
1990 650 501 41879 6078 11930 27659
2000 377 344 15021 2846 4144 19503
2010 CLE 327 328 7317 2642 3750 18025
2020 CLE 323 326 7650 2772 3426 19006
2020 FI 217 316 5761 2126 2622 13766

Beyond Europe, and considering the long-range transport implicabomsetal and
POPs deposition to upland UK lakes, global electricity consumptipneicted to
more than double over the next few decades from 14780 billion kWh to threore
30000 billion kwh (Energy Information Administration (EIA), 2006). The capac
for generating this additional electricity is also predicteihtrease in all sectors, so
coal and oil usage for electricity generation is predictethtrease over the same
period. However, these changes are quite regional so whereasmsanption in the
30 member countries of the OECD (Organisation for Economic Co-aperatid
Development) increase only slightly, a much larger incréasebserved in non-
OECD countries especially in Asia (EIA, 2006). In China alone, coatumption is
predicted to increase by more than three times in both elgctymneration and other
industrial sectors over this period. Similarly the installed tetety generation
capacity for India is expected to increase from 120 GW in 2002 to c. 350 GW by 2090
of which a major proportion will be generated by coal such thaltscehare of the
electricity generation market in 2090 will be close to double Indiatrent total
installed electricity capacity (International Energy Agency (IEZ006).

However, it should be stressed that increased coal consumption doeseassansc
imply increased metal and POPs emissions to the atmosphereanin lotations,
emissions control equipment including particulate removal techniquds asic
electrostatic precipitators (ESPs) and fabric filters J@Fs now commonly employed
in major electric power plants and central heating plants edlpesiaere these are
new installations. Further, the application of flue-gas desulphuris&®@D) or wet
scrubbing techniques to remove acidifying species also has a imaggct on other
pollutant emissions especially more volatile ones such as some &@MHg (Pacyna
et al, 2006). Emission control measures for these pollutants also impaitteon
emissions of others (e.g. greenhouse gases), either positively ativaBg(EEA,
2004) while air quality targets may also require measures €adyof-pipe, energy
conservation, fuel substitution, change in production level, etc.) leadieglaations
or increases in the emissions of metals and POPs. Therefore, tvilincreased
global energy demand will almost certainly include an increasige consumption of
fossil-fuels this does not necessarily translate into incdeasetal and POPs
emissions. Pacynet al's (2006) prediction for global Hg emissions for 2020 reflect
this with an estimate of a cautious £ 20%. Hence, this predicticrdiesven give a
greater probability to an increase or a decrease in globairisgiens and uncertainty
as to the implications of this for UK upland waters are equally uncertain.

203



Agricultural applications and land-use

The impact of climate change on agricultural practices in thendKdepend upon
the balance between elevated G@d temperature and water availability. These will
influence current and projected changes to land-use while there afsay be
opportunities for the development of new crops or the development of 'reasg. a
The UK Climate Change Impacts Review Group (UK CCIRG) inr thest report
(1991) suggested that predicted climatic changes may lea@édtegagricultural use
of "currently unproductive upland moor and heath" in the UK althoughabugd
require "considerable inputs of lime and fertiliser". Such arcaatd obviously have
a major impact on upland waters with catchments in these anelawould lead to
increased sediment loads and eutrophication. The input of trace neetiected
waterbodies would also likely increase as run-off from fediliapplication would
include additional trace metals such as Cu and Zn. On a langetlsisamay seem a
little far-fetched, but if climate change alters agrigrdt practices, efficiencies and
yields both in the UK and abroad, then there may be considerable préssuse
upland areas in these ways.

The UK CCIRG also predicted that warmer temperaturescidiyein winter, could
enhance the spread of diseases as mild conditions allow greatén gravspread of
pathogens. Furthermore, the possibility of continual growth through themnmay
allow a "green bridge" on which diseases could thrive through togspown crops.
Warmer temperatures and changes in precipitation may alsoiallagive species to
move to areas where they have been previously climaticallietinand while this
may allow the development of new crops, this may also include undessidties
(both those associated with new crops and other opportunistic spebies) will
need to be controlled both to reduce the impact on agricultural yielldumuto lessen
the impact on native wild species. Pattersbal. (1999) provide a good summary of
the potential effects of climate change on agricultural pBsistly, they suggest that
the effects could include:

Physiological and biochemical changes in host crop plantssiponse to

rising CQ affecting the feeding patterns of insect pests;

Potential for shifts in pest life-cycle and behaviour (e.gribigion, degree of

infestation, dispersal, mortality etc.);

Reduction of pest generation times allowing more rapid population increases;

Accelerated poleward migration (and by inference altitudinal mews). For

example, it is predicted that a 3 °C increase in temperatu@d®y - 2070

could shift the northern limit of the European corn bof@st(inia nubilalig

northwards by 1220 km (Portet al, 1991);

Reduced predictability of disease outbreaks due to changing and more

unstable weather conditions;

Changes to temperature, precipitation, wind, soil moisture and atrmmsphe

humidity will influence the application and effectiveness of herbicides;

Changes in temperature and moisture availability will afteet uptake and

metabolism of herbicides by crops and target weeds;

Environmental instability reducing the effectiveness of pesticategarget

pests and / or more injury to non-target organisms.

With these possible consequences for agriculture and the possibdity'more
effective vectors (different species of mosquito)" of human diseasg arrive in the
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UK as a result of climate change (Department of Health, 2007¥ theotential for
elevated pesticide usage both in the UK and abroad. It hasyaliead established
that pesticides need neither be produced nor used in the UKentoropact on UK
upland waters and that these substances can travel long-digtaiocds deposition
at these sites. Ros# al. (2001) used the sediment record of Lochnagar to show the
temporal trends in deposition of toxaphene, a pesticide widely usad iasecticide
(particularly in the US cotton-growing industry) following the ban dDTDin the
1970s and also used as a piscicide (Steal, 1996). Toxaphene was never produced
nor used in the UK, but the concentrations in the sediments of Locheggaached
levels seen in the US Great Lakes which are known to have beetedfby both
riverine inputs and atmospheric deposition. Two peaks in the sedimené pvefe
observed at Lochnagar, the earlier one showed good agreement wils thaurce
curve and was thought to reflect global patterns, while the patgk was thought to
be due to transport from source areas in eastern and southern Europtinatetyr
there have been no other comparative studies in the UK with wihiobmpare these
data. It is therefore unknown whether the concentrations observed in bactara
typical, high or low for UK upland lakes. In addition to toxaphene, thersadi
record of Lochnagar has also shown temporal trends in atmosplegasition of
other pesticides including the ‘legacy’ chlorinated pesticides DIIqrin, aldrin,
chlordane and HCH as well as the ‘current-use' pesticidesuifiatioand lindane
(Muir and Rose, 2007).

The control of invasive species and diseases by chemical meansatp¢herefore,
have to occur in the UK for their impacts to be felt in UK uplardens. The effects
of climate change on agricultural practices are likely to chpauch more strongly in
southern Europe than in the UK and the increased use of pesticidessélbwer
latitude areas could result in elevated transport to colder, higitede (and altitude)
waterbodies (see below). In addition, and given the possibility for-riemge
transport from beyond Europe, the usage of these chemicals in cowtteies their
application is less strictly controlled could also impact upon inputiset UK uplands
via atmospheric transport and deposition. By contrast, the elevatetifasdisers in
lowland areas of the UK, or in other areas of Europe or beyond in response to climate-
induced reduction in agricultural yield, is unlikely to lead to inseglametal inputs to
upland lakes although the general level of trace metals innfieoement may be
increased by this process.

Finally, one further climate-induced land-use change that mal teaenhanced
emissions of trace metals and POPs is the possibility odased wildfire prevalence.
With the likelihood of longer and more frequent droughts in summessdfurope
there is the potential for an increased incidence of both naturah¢btaet al, 2005;
Kelly et al, 2006) and human-caused (Wottmal, 2003) forest- (and other natural
biomass) fires. Such events could result in the emission of PKeEshtkar &
Ashbaugh, 2006) and Hg (Turetslet al, 2006) to the atmosphere, the latter
suggested as a result of Hg release from organic-rich $bis.being the case, then
there is also the potential for similar emissions of PCDDyR%is mechanism if fires
were to occur in coastal areas (cf. Meharg & Killham, 2003)lykatl al. (2006) also
showed an increase in Hg in fishes both in lakes where burning badextin the
catchment and a studied mountain lake in the region. It is suggbateiihé¢re is an
initial pulse of both total and methylmercury to streams and laliesving a fire, but
that increased productivity as a result of nutrients from theesthuctures the food
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chain such that Hg levels in fishes are also elevated over the longer termcrBase
in nutrients from deposited ash is also thought to enhance methybétaeposited
Hg (as a result of fire-related Hg volatilisation) and thlaéady present in the
burned and unburned catchments.

Domestic applications

The enhanced emissions of trace metals and POPs from donpgditations as a
result of climate change is mainly indirect from changes inagehfor electricity.
Most domestic electricity demand is currently for heating, iinghithot water, cooking
and entertainment. Future changes to this demand as a resulnafecthange is
likely to be limited although it could be foreseen that warmerp&gatures and
increased residential energy efficiency measures mayt iesa reduction in future
electricity demand. For example, the DTI (2006b) project tha2G80 97% of UK
homes will have central heating of which 78% will be gas-fifBte reduction in
demand for heating resulting from a warming climate may beebfb some degree
by the need for additional domestic cooling. Indeed, in the USA sticreectricity
demand for air conditioning is projected to exceed that for heatiagléiet al,
2006) but this is in part due to the inefficiency of the electrming units and the use
of other fuel sources (i.e. gas or oil rather than electriéityyesidential heating. It
also raises the rather interesting problem of whether impacthuman health are
greater as a result of heat stress or from the increageld k&ir pollutants resulting
from the increased electricity demand for air-conditioning (Berated, 2001).

While not directly linked to climate change, emissions from roduicles are a
significant source of both trace metals (e.g. Cu, Zn, Ni, Cd, €b) Lintonet al,
1980; Jansseat al, 1997; Westerlund & Johansson, 2002) and PAHs (Bhel,
1992; Lowenthakt al, 1994; Pengchat al, 2004) and for trace metals at least are
expected to remain so even after implementation of the Heavwal NRebtocol
(Hettelingh et al, 2006). The UK National Road Traffic Forecasts (1997) predict
traffic growth of 34% for all vehicles by 2031 (compared with 2006 TR, 1997)
although this growth is considerably higher for light and articulateavy goods
vehicles (HGVs) than for cars, rigid HGVs and passengercgewahicles. However,
despite recent and predicted increases in vehicle numbers essivgty tighter
vehicle emission standards have led to significant reductions in air pollutessi@msi
from this sector since 1990 (DETR, 1999). Furthermore, the UK AiritQ &trategy
predicts that emissions from vehicle exhausts will continue tongetd 2010 where
they level off to the limit of the predictions in 2025. Obviously, thaselictions are
subject not only to further emissions legislation but also progneeel and vehicle
technology. Although emissions from exhausts are therefore expgecbedat a low
level in the next few decades, other vehicular sources of nagtalsot subject to the
same legislative control and hence can contribute to environmeretal levels.
Westerlund and Johansson (2002) show emission factors for a rangealsf fmoeh
wear of brake linings and, with increased numbers of vehicles oroblls, there is
potential for elevated particulate metals emissions from this source.

As outlined above, there is considerable potential for new and increasdukers of
pests affecting agricultural productivity as a result aiale change and this may
lead to elevated pesticide usage. While not on the same scake,ighalso the
potential for the same factors to lead to increased usage wiczgest control in
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gardens. This could lead to evaporative loss and transport from source areaskto the U
uplands.

Changes in trace metal and POPs transport as a result of climate change

One of the most direct and measurable consequences of elevateghainco€Q
concentrations is the increase in air temperature. While thereregional and
seasonal variations to the extent of this warming, it will pb@nomenon that will be
experienced to a greater or lesser extent across the glubendreased energy in the
atmosphere will have its own climatic effects but it wikalaffect the distribution
and transport of pollutants emitted to the atmosphere. Persisgamiompollutants
vary markedly in their properties even within a contaminant ¢ses, for example,
Table 1 in Muir & Rose, 2007) and hence they will be differentiatfgcted by
changes in air temperature. The volatilisation of compounds is petatare
dependent process and therefore in a warmer atmosphere those compbichds
volatilise readily (e.g. Hg and some POPSs) will have longmospheric residence
times and be able to travel greater distances prior to depositionever,
atmospheric transport is often not direct but involves a number ofdrgecesses.
These can include removal from the atmosphere by exchangswfaces (e.g. soll,
vegetation, water) or by partitioning into rain and snow or onto patlach can
then themselves be removed by precipitation (Macdoealdl, 2003) (See also
Section 4). Such removal may, however, only be temporary as rdisaleon of the
chemical from the surface back to the atmosphere can occur apprepriate
conditions allow (i.e. increased temperature on a daily or seasasig). Transport
from sources for these volatile contaminants can therefore occar saeries of
exchanges or 'hops' and hence this transport is known as the "grassktippe(e.g.
Gouinet al, 2004). Furthermore, and as a consequence of this continuous exchange
between atmosphere and surface, the more volatile, lighter sffeciP©Ps often the
less chlorinated compounds) preferentially volatilise and ansgmated on and so a
fractionation occurs in a "global chromatographic” process (Macd@tall, 2003).

A warmer atmosphere may therefore alter this process loyiaf) a longer
atmospheric lifetime (e.g. Dalla Vallet al, 2007) between 'hops' but also by
permitting less volatile compounds to travel to cooler locations thag had
previously been able to. Long-range transport is already known #o dignificant
process for contaminant distribution on the hemispherical and even inter-
hemispherical scale. Travnikov (2005) shows that while 61% of Hg deghdsite
Europe is from European sources, 23% of the remainder is derived from othe
northern hemisphere continents (Asia 15%; North America 5%ra#f8%) while
sources in the southern hemisphere contribute 4%. Therefore any ptbaéss
enhances atmospheric lifetime of contaminants therefore provngesnéans for
greater intercontinental transport which may be of particalacern where industrial
development is currently, and projected to, increase rapidly.

The "grasshopper" movement of POPs and Hg is an important mechanisinch
these pollutants can move from lower to higher latitudes, but timspwat to cooler
locations and resulting fractionation also occurs on an altitudinak.b&tgnce,
altitudinal gradients have been seen to occur in the waterspesgdi and biota for
various classes of POP in European mountain lakes (e.g. Grmtnalt, 2001;
Fernandezt al, 1999; 2000; Vive®t al, 2004a; b). However, while the movement
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to higher altitudes by this process is important, probably the musakfactor is the
retention of these compounds in the water and their absorption to@rgatier and
these processes are also temperature dependant. In upland lakese lwéche lower
water temperature, less volatile POPs (or 'semi-volabiepounds) are preferentially
absorbed in water and selectively trapped in sediments and fish.higues;, altitude
lakes are preferentially enriched in less-volatile compounds over wabatile ones.
Hence, while mobility within the atmosphere may increase as a resulredsig air
temperatures, in upland lakes there will also be less absorptiaenofvolatile
compounds and possibly even some release of them (cf. @bail) 2004). As a
consequence we may expect a shift in the altitudinal (or latithdjreedients of POPs
accumulation although the predicted temperature increases are yutdilafect the
least-volatile compounds in any significant way.

Increases in air temperature and the related increaseden aval soil temperatures
will therefore result in the re-emission of volatile pollutantskben the atmosphere.
While this process occurs already, an increase in water @htesperatures will
mean an increased frequency for the more volatile compounds (shesterbetween
hops) and may permit the re-emission of some less volatile compaounids, had
been effectively bound, for the first time. This will have two consece® First, the
atmospheric concentrations of these contaminants may increabe (tansported
northwards or upwards). The UK uplands are not sufficiently highbseree an
altitudinal gradient (J. Grimalt pers. comm.) and so this restomscould result in
reduced contamination to UK upland lakes, as once re-emitted thewpnhl be
deposited again in areas that are cooler than exist within the UK. Secondiyoihils
be beneficial to the source water body or soil as concentratientowered and
availability to biota reduced (Macdonakt al, 2003). However, on a broader
geographical consideration, this process would delay recovery aitéisewhere re-
emitted pollutants are ultimately deposited and retained (Gawaih 2004).

For metals other than Hg and for the least volatile POPs thresesses are less
important. However, for those metals and POPs which are bound to paescul
changing wind patterns as a result of climate change mayobe significant though
these are poorly predicted by Global Climate Models (GCMaltérsoret al, 1999).
Such changes could alter contaminant source areas, distribution, ttansgor
deposition of airborne pollutants but currently to an unknown extent. Henae thes
may be either beneficial or deleterious for the UK uplands. ¢hdvaund areas (i.e.
those not directly impacted from sources) Hg deposition is reasoreanly
distributed over the northern hemisphere and so changes to wind patterns would
probably have little impact. Climate changes of this naturg mdao transport
particulate bound trace metals and POPs from previous storagisiespecially in

arid regions where predicted warmer and drier conditions naaytteincreased wind-
blown dust transport (e.g. Prospero & Lamb, 2003).

Changes in trace metal and POPs deposition as a result of climate change
Airborne pollutants transported to upland areas of the UK may beveshby both
dry and wet deposition. Wet deposition includes all forms of precmitatainfall,

snowfall and occult deposition through orographic cloud (Foetlel, 1988; Krupa,
2002). Any impact that climate change may make to enhance or reduce wet deposition
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will therefore alter the inputs of pollutants to upland water bodigsthese
mechanisms.

Wet deposition by rainfall has been shown to be an important prarese fremoval

of trace metals both in dissolved form in rainwater and by washopamiculate
bound metals (e.g. Struek al, 1996; Rocheet al, 2004). Different elements have
been seen to exhibit different scavenging properties (Simaetwia 2006). Mainly
natural elements (e.g. Na, Mg, Ca, Sr) are efficiently sugaed while some
anthropogenic elements, including Zn, Cu, Se and Sb were scavended wit
'intermediate’ efficiency. Sn was found to be less effiiestavenged. Rainfall is
also found to be important for removal of POPs from the atmosphe@aldet

al., 2003), including PAHs (Halsa#t al, 2001; Rocheet al, 2004; Sahtet al,
2004), PCBs and PCDDs (e.g. Simcik, 2004).

Although future predictions for rainfall are thought to be less icettian those for air
temperature, especially on a regional basis, the UKCIP dicfange scenario data
for the 50 km grid squares in which UK Acid Waters Monitoring Netw@WwMN)
sites are located (see Task 4.1 Introduction) provide predictions forgehia
precipitation as a percentage compared with a baseline of MOR&§151990 mean
monthly values. These data suggest that for all scenariosrfiedium and high) for
all projected periods (2020; 2050; 2080) winter precipitation increasedebrgases
for all other seasons. In all cases the annual values of praoipiticline. Given the
concomitant increase in air temperatures under all scenarioallfeeasons, the
increase in winter precipitation implies an increase in wirgier rather than snowfall
in upland areas (see below) and hence the removal of pollutantshiecaintosphere
by rain may become more important in future winters. Furthermavehd®et al.
(2004) found that removal by rain was dependent on rainfall amount ta#merain
event characteristics (e.g. intensity, duration). Therefore likal/ to be changes in
total rainfall (leading to higher pollutant fluxes) that affegiuts via this mechanism
rather than any increase in the frequency of intense rainsevByntinference, dry
deposition of pollutants will become more important in the other seasods
especially in summer periods when rainfall reduction is predictdx at its greatest
in all target years and under all scenarios. Dry depositidmoisght to be the chief
removal process for PAHs in summer (Halsalal, 2001) and therefore the predicted
climate changes may also enhance this process. The direct corce=yoé changes
in precipitation patterns will also affect the transport and itgpaictoxic substances.
Elevated winter precipitation will increase flushing of toxibstances while reduced
summer rainfall will reduce dilution (Wilbgt al, 2006).

The scavenging of pollutants from the atmosphere by snow ishhdode more
efficient than that of rain (e.g. Carlsehal, 2004). Many studies have considered the
role of snow in the deposition of POPs including PAHs (Franz &nEeseh, 1998;
Waniaet al, 1999; Bruret al, 2004), PCBs (Franz & Eisenreich, 1998; Wagtial,
1999; Garbarincet al, 2002) and a number of pesticides and related compounds
including endosulfan, HCHs, DDE and DDD (Carlsdral, 2004). Studies also show
snow scavenging of metals (e.g. Garbarigio al, 2002) and winter peaks in
methylmercury in deposition at Lochnagar (Rose, unpublished dataperiaked to
snowfall. Predicted increases in winter temperatures undecaalbgos suggest the
prevalence of snowfall will be reduced in all target yeard hence removal by this
process would be expected to be reduced. Kettle and Thompson (2007) adict t
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for Lochnagar there will be no snow in March-April-May by 2020 amat by the
2080s there will be a decrease in the annual snowfall averagénwsfdn 50% - 100%
from the 1961-1990 average value.

The role of occult deposition through the interception of orographic clouglamds
is less studied, but an area of increasing research. It hassbeen that pollutant
deposition by this process, over and above that of inputs by bulk deposéion,
significantly enhance inputs of acidic species (Fowtaal, 1988; 1991), trace metals
(Herckeset al, 2002; Nortoret al, 1997) and anthropogenic particulates including
fly-ash (Crossley, 1988; Rose & Yang, 2007). Increased cloudiness Wweulh
expected consequence of higher global temperatures and it hasugeested that
cloudiness has increased over Europe by 6% over 80 years (Henddisos)-5886).
However, despite this expectation, future predictions for cloudines&greincertain
and so it is unknown whether this process will increase pollutant inpuipland
areas in the future.

The uncertainties related to modelled projections for metal depwsiare also high
for trace metals and so it is difficult to compare trendstdlegh et al. (2006)

suggest that modelled concentrations (in precipitation) and depositi@d; &b, Cu,
Zn and Se are significantly lower than measured data. Themdpasitions in 2020
in some regions of Europe could be up to twice those of 2000 aslaakthe way in
which emission data for the two years were obtained. Future exoesdaf metal
critical loads could therefore be higher than anticipated. Whiléehdurtvork is

required to improve models and emission data, this highlights thiefoeempirical

data.

Legacy contaminants. Trace metal and POPs remobilisation as a result of climate
change

The industrial emission of trace metals is generally thoughate begun in the 18
century (Farmeret al, 1999; Tippinget al, 2007b) while the history of POPs
emissions is shorter, on the scale of decades. Many organocldomp®unds were
first synthesised and used on an industrial scale from theteamjd decades of the
20" century while PBDEs are more recent only having been produced eshihuthie
last 20 years. The legacy of this widespread and intensive intlastiiaty is a vast
store of previously deposited pollutants in lake sediments, catchwitmasd, to a
lesser extent, in biota. While upland lake sediments can s&gmificant amount of
deposited pollutants (Yangt al, 2002; Rose & Yang, 2007), catchments of
waterbodies are generally much larger than the waterbodieselvesiand therefore
it is in catchment soils where the majority of previously depdstiontaminants are
stored. With dramatic declines in atmospheric emissions of trestals and some
POPs over recent decades (e.g. Baker, 2001) the remobilisation ef stueed
pollutants have already become an important source of contaminatiopland
waters (e.g. Yangt al, 2002). Any climate change induced enhancement of this
remobilisation from either lake sediments or catchment soils ¢esldt in a lack of
response to emissions reductions and even lead to an increase in poljutgto
upland waters in the future. This may enhance the availabilipplaftants to aquatic
flora and fauna (Roset al, 2004).
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Remobilisation from catchment soils: Soil erosion

Erosion of contaminated levels of catchment soils is one procdsm#tyatransfer
catchment-stored metals and POPs to upland waterbodies. Scottistolenddata
(MLURI, 1993) show 24% of the land classified as peatlands exhibigedisant
signs of erosion, an area estimated to be c. 12060(ielliwell et al, 2007). The
stability of these areas under a changing climate is ofeconnot least because of the
potential for significant losses of carbon from these upland anebsrasion rates can
be high (5 cm yt; Tallis, 1998) either as a result of surface or within-peat fl
Within-peat flows eventually form the gully systems characteristeraded peat.

Possible causes of peat erosion include catchment vegetation emahtee removal
of peat during high intensity rain events (Helliwetlal, 2007) a cause of concern
given climate projections (Hulmet al, 2002) and a process already thought to
contribute to the release of industrially-derived Pb from peas soithe Pennines
(Rothwellet al, 2005). Gully erosion causes a drying of the peat within 1-2 fneof t
gully and this can lead to lowered vegetation diversity, vegetation emekereduced
bank stability (Tallis, 1997; Anderson & Yalden, 1981). In circumstamdese the
peat surface becomes exposed to wind, peat degradation maycaisvade erosion.
There is currently debate regarding the possibility of druerrser conditions leading
to lowered water tables, thereby increasing the susceptibilipeat to erosion (Yeo,
1997; Helliwellet al, 2007). Eroding gullies at many sites in upland UK are deep and
hence the eroding material entering the waterbodies can betexgecinclude a
substantial amount of uncontaminated (pre-industrial) peat matesialvedl as
contaminants stored in the upper levels. However, while this maylewdte the
concentration of contaminants entering the waterbodies the pollutantwillix
increase as will, consequently, the potential for contaminantdrentee food-chain
via detrital feeders. The EU funded research project Empalcs (Integrated Project
to Evaluate the Impacts of Global Change on European FreshwatestecosyEU
project 505540) (http://www.eurolimpacs.ucl.ac.uk/) is currently asgesise role of
soil erosion in the transfer of metals from catchment soiageto upland waters in
Scotland as a result of climate change and is due to report on this by early 2009.

Remobilisation from catchment soils: Leaching

At many upland waterbodies across the UK, Europe and North Amlexiets of
dissolved organic carbon (DOC) have been seen to increase in dbmsades
(Monteith et al, submitted). A number of hypotheses for this observation have been
proposed including:
- Peat erosion (see above);

Changes in hydrology, i.e. a decrease in discharge raising ntoatans

(Tranvik & Jansson, 2002);

Reductions in sulphur deposition ;

Decomposition of organic matter by biodegrading hydrolase enzymes (enzyme

latch mechanism) would result in increased DOC release follopengds of

drought (Freemasat al, 2001);

Higher temperatures enhancing microbial activity leading tordeosition of

peat and production of DOC (Worral al, 2003);
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Rising temperatures increasing the abundance of enchytraeitnsw
(Oligochaeta)which in turn influence microbial decomposition of organic
matter by litter fragmentation and soil aeration (Galal, 2002).

Metals are known to have a strong affinity for DOC and henevatd
concentrations of DOC entering upland waters from catchments meghtt in
enhanced metal inputs. Certainly positive correlations for both Hgatitylmercury

with DOC have been observed in high altitude lakes in the UnitedesStat
(Krabbenhoftet al, 2002) and models have suggested that climate enhanced future
increases in organic carbon will be important for element legdiiiolmberget al,

2006). POPs are also known to have a strong affinity for DOC @bab, 1998;
Winch et al, 2002) and this mechanism would therefore also be applicable for
catchment stored organic contaminants.

However, the increase in DOC input does not necessarily impigased toxicity to
aquatic biota or even increased bioavailability. As DOC binds sirdoghetals and
POPs bioavailability may be reduced as a result of DOC coatientincreases. The
influence of climate change on DOC in upland waters is considarettail in
Section 2 above. The EU funded research project Euro-limpacs istbuagsessing
the role of DOC leaching from catchments in the transfer oalsidétom soils to
upland waters in Scotland as a result of climate change and is deott on this by
early 2009.

Leaching of metals from catchment soils will also be adfe@dty acidification and so
climate-induced changes to acid status will also affectgiosess (Tippinget al,
2003). Apart from the possibility of organic acid inputs possibly baingnfounding
factor to the recovery of upland waters from acidification (Mohteftal, 2007), the
increased role of nitrogen dynamics in upland catchments &yl q@h important role
in the acidification of catchment soils and hence on metal loss andiplaters. The
influence of climate on nitrogen is discussed further in Section 1 above.

Changes to mercury methylation

Apart from the enhanced released from storage of pollutantsresult of climatic
processes, there is also the potential for changes in pollutalathalitgi and toxicity.
As described above, the increasing levels of DOC observed in opdaiyd waters
may influence the availability of metals and POPs throughatis®rption of these
substances to organic matter. However, climate will also taffex processes that
drive the methylation of Hg and so will be critically importanthe bioavailability of
this compound to aquatic biota.

Predicted climate changes will affect Hg methylation i twmain ways, through
changes in precipitation and temperature. The effects of sentgarecipitation have
been studied as part of the EU funded research project Euro-$iffidaathe, 2006)
at an experimental catchment at Gardsjon in Sweden. Precipitatithe forested
catchment was increased to 2-3 times natural throughfall lemelsed to changes in
the hydrological pathways in soil and to enhanced leaching of balhmetcury and
methylmercury. The increased precipitation resulted in the goom of anaerobic
conditions in the soil which favours methylmercury production. The expeti
which ran for five months led to an increase in methylmercurynroff from c. 0.1
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ng ' prior to the increase in irrigation, to 1.0 nydfter 3.5 months and individual
measured values of >5 ng.|Concurrent increases in DOC concentration were also
observed in the catchment run-off. Following the conclusion of the asede
irrigation period, methylmercury levels declined but remained abthee pre-
experimental concentrations for some months. Increases in total Hwge run-off
during the irrigation experiment were found to be proportional to theeased
precipitation but the methylmercury flux was significantlygker indicating factors
other than hydrology are also influencing production.

The methylation of Hg stored in sediments and catchment soilsisrabial process
and as such is temperature dependent. An increase in air tempenaturesulting
increases in soil and water temperatures may therefor@nemhthe methylation
process. While drier summers (see Task 4.1 Introduction) may relduceethylation
an increase in winter rainfall and an increase in winter tesmyress would be
expected to enhance the methylation process and elevated leachiethgimercury
from soils to surface waters. Hence, predicted climate cearmged lead to a greater
re-emission of catchment stored Hg in a biologically availad toxic form
although this may be ameliorated by concomitant increases in DOC.

Ice cover

Elevated winter air temperatures will reduce ice formatiod lead to longer ice-free
periods on upland lakes (e.g. Marsh & Lesack, 1996). While there isdecaisie
anecdotal evidence for reductions in catchment snow and lake ice fooveK
upland lakes over recent decades (e.g. Thompsah, 2007) it has been suggested
that due to their altitude range and maritime climate tmeyuausually sensitive to
even small increases in temperature. For example, Scottishvdithelevations of
just below 1000 m can be expected to witness reductions in the durati@irdake
ice-cover of c. 61 days for a 1.5 °C warming (Kettle & Thompson, 200any may
become, in effect, ice-free under the scenarios expected for the UK uplandshg the
of the century.

Longer ice-free periods will have many subsequent impacts on upékes. |
Evaporation will increase, as will water mixing leading to degbermoclines,
greater sediment resuspension from littoral areas and sediawaisising, while ice
scour will be reduced resulting in increased macrophyte growtkerins of trace
metals and POPs deposition, longer ice-free periods will inetbasextent to which
lakes can interact directly with the atmosphere and this Wiélr aair-water
contaminant exchange fluxes (Macdonetdal, 2003). Furthermore, the reduced ice-
cover will allow a longer growing period for both macrophytes agdealas long as
nutrients remain available, and hence autochthonous sedimentation mayeseed
to increase as well as possible sources of allochthonous métemalfor example,
catchment soil erosion (see above). Given nutrient availabilitgealgll also be able
to scavenge pollutants from the water column over a longer periogébyher
introducing them to the aquatic food chain directly or, upon death viegrbecome
part of the sediment, via detrital feeders. However, whethisr ihtroduction of
elevated levels of pollutants to the aquatic food chain proves deletarithesaquatic
food-web, or beneficial by reducing concentrations in the watamugl remains
uncertain.
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Changes in the effects of trace metals and POPSs to biota as a result of climate change

Many factors influence the availability and toxicity of tracetals and POPs to
aguatic organisms (Rippest al, 2007). These include both physico-chemical and
biological factors. It is likely that climate change wilfluence these factors in both
direct and indirect ways and the synergism or antagonism of tlaesers and
climate's effect upon them will influence toxicity of tracetals and POPs in many
and various ways that can neither be well predicted nor generatisess & large
number of upland waterbodies. A good example of this is pH which hasray s
influence on the toxicity of trace metals to aquatic organismere,Hclimate
influences may both aid (warmer winters resulting in a dedhnevinter nitrate
concentrations) or confound (increased precipitation elevating sulfacef S and
N; increased DOC) recovery from acidification (Ra&teal, 2004; Monteithet al,
2007) and it is the balance between these processes, and cleffatd'sipon them,
that will affect availability of metals and POPs to aqudicta and their toxicity
possibly at a site-specific level. These and other factorbragtty outlined in Table
4.9.

Conclusions and Priorities for Research

There is considerable potential for climate change to impact orertission,
transport, deposition, re-mobilisation, re-emission and toxicity aetraetals and
POPs in UK upland waters. While many predictions and scenarics;iabp with
regard to projected air temperatures, appear to give reas@gabéament (to direction
if not to scale), there is still considerable uncertaintyegmnds future changes to
precipitation, cloudiness, wind speeds and the magnitude and frequendyeofieex
events. Furthermore, model predictions on coarse scales (e.g. 56RRMXgrids)
provide little information on the enhanced (or reduced) impacts thatooaur in
upland areas, e.g. the role that climate change may play icereation or
amelioration of lapse rates and orographic enhancement etcndinect effects of
these processes, their interactions and synergies onlyhaigevel of uncertainty for
projected impacts still further.

Predictions of how climate change effects will impact uporetraetals and POPs in
these ecosystems are therefore similarly uncertain anaemgocinded by the lack of
basic information on these substances (especially Hg and ROPK)upland waters.
Therefore, while we may speculate on the role that clilasmge may play on, for
example, Hg toxicity to aquatic organisms in any number of tgeget, uncertainties
are so high that currently even the direction of that change is highly debatdbeled |
the baseline against which we may measure the future etie¢tace metals and
POPs in upland ecosystems (whether as a result of climatgecloa not) is largely
missing and unless this significant gap in knowledge is filled ester of some
urgency, it will not be possible to assess how present and futurg gebitsions will
affect these sensitive sites.
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Table 4.9: Selected physical, chemical and biologitfactors affecting toxicity of trace metals and

POPs to aquatic organisms and possible impacts dfrnate change upon them.

Factor influencing toxicity

Physical Factors
pH

Water Hardness

Oxygen content

Temperature

Suspended solids

DOC

Salinity

Ultraviolet radiation

Biological Factors
Life stage

Metabolism

Diet

Sessility

Cold adaptation

Climate change influexc

pH influences free ion (#) availability.

Climate change could reduce winter nitrate; inceeagathering
rates; increase input of S and N from surface floslsvate organic
acid concentrations.

Increased water temperatures wedltcce CaCosolubility.

CaCqQ forms insoluble carbonates and reduces metalabikty
by adsorption. Generally, metals are more toxicfisth in low
CaCQ waters.

Increased water temperatures woethice dissolved oxygen
(DO) content. DO effects oxidation state of metdlereby
influencing bioavailability. Reduced DO has physgital effects
on aquatic organisms adding to stress.

Water temperature affects solubilitieslements and compounds
and rates of chemical reactions. Increased watepdeatures will
increase methylation of Hg; reduce the retentiorvalatile POPs
(and Hg); reduce 'cold stress' to organisms withptand waters.
Degradation of POPs will be enhanced. Respiratidlh also be
increased thereby elevating toxicity (cf. Khetral, 2006)

Prolonged summer drought and ihaveased rainfall events
could elevate catchment soil erosion. Warmer waderperatures
could enhance autochthonous production.

Suspended solids retain contaminants which onceawe less
‘available' to biota. Dissolved ions (e.g”>Mare more biologically
available so adsorption reduces toxicity.

See Section Zor climate effects on DOC. DOC retains
contaminants which once bound are less ‘availatde'biota.
Dissolved ions (e.g. ki) are more biologically available so
complexation reduces toxicity.

Not a big problem for upland waters, but $eepage lakes
increased air temperatures would increase evaparathcreased
salinity reduces dissolved metal concentrations.

Photoactivation of some salostes (e.g. PAHS) can occur
through increased levels of UV exposure and rasécity by
several orders of magnitude (Landrueh al, 1984; cited from
Wilby et al, 2006).

Warmer temperatures could increase degtive rates and hence
generation times. Some species are more susceptibleoxic
substances at early life-stages and this perioddcba reduced.
Contaminant content can also be dependent on age.

Increased water temperatures would asgenergy demands and
therefore metabolic rate. This will raise toxicifyepletion of body
'solvents’ (e.g. lipids) by metabolism increases llupmt
concentrations (Macdonaét al, 2003).

Climate will affect trophic structure, foodaih lengths and
efficiency of fat (and adsorbed metals and PORs)ster through
food-webs and hence biomagnification.

Lakes and rivers receiving contaminantsnf biological vectors
(e.g. fish migrations) will be affected by changesmagnitude of
migration and distribution patterns as a resuttlimhate change.

Thermal stress to cold adaptediepét addition to contaminant
stress may enhance toxic effects.
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Therefore, there is an urgent need for a monitoring programme égtaklished to
undertake empirical measurements and monitoring at a wide rahgeland
waterbodies, in all areas of the UK over an extended periochef in order to better
understand the key processes and drivers affecting the levelsiostidpstances in
upland aquatic food-webs. Upland waters are the ideal medium fricsstdbstances
network for two main reasons. First, the sites are not impactetirdst sources of
contamination, thereby providing a good indication of deposition from the
atmosphere. Second, upland water bodies tend to be cooler and so thsserés le
emission of the more volatile POPs (and Hg) to the atmospheteeand retention of
these contaminants is higher than in equivalent lowland waters. THamds of
retaining the pollutants within the water body are importantRsgge 192) and hence,
although climate change will increase the temperatures ofa#r bodies upland
waters will remain cooler than lowland ones and so will continuettorr relatively
higher levels of POPs and Hg and remain more susceptible tierldevels of these
contaminantsknowledge from such a network would allow the key processes to be
better understood and these can then be used to improve models fopffetlicgon.
Without such basic background empirical measurements even the most robust models
will lack any ‘ground-truth' and may offer only poor projections of future impkdss.
interesting to note that there have been similar calls for steblesshment of a
monitoring programme since the first reports of climate impactgK water quality
(e.g. Whitehead & Jenkins, 1989; Wilbyal, 2006).

Apart from a better understanding of the key processes, improwddIlsnfor better
prediction and establishing a robust empirical base-line againsh whimeasure any
future change, there are also policy initiatives that would appeaqtire these basic
data and the establishment of a monitoring programme for toxicasgest in UK
waters. 'COM(2006) 398 final' (2006) from the Commission of the European
Communities statesOh the basis of information concerning the toxicity, persistence
and bioaccumulation potential of a substance, together with information on what
happens to the chemical in the environment, it is possible to detethmagshold
concentrations to protect people, flora and fauna. When EQS are established for
water, or sediments, or plant / animal tissues they provide a bencharagkduring

the ecological integrity of aquatic ecosystems or the protection céinealth when
using water.....If control measures or EQS are to be effective théypomeembined

with an effective system of monitoring to ensure that measuresaaredcout and

that EQS values are respectedrurthermore, Article 2 of the proposed Directive
'COM(2006) 397 final' statedMember states shall ensure, on the basis of monitoring
of water status carried out in accordance with Article 8 of DivecR000/60/EC that
concentrations of substances listed in Parts A (Priority substarames$)B (other
pollutants) of Annex | do not increase in sediment and biota.....Member g$tates s
ensure that the concentration of methylmercury in prey tissue (eighty of fish,
molluscs, crustaceans and other biota of 20 |ig (kg g*) is not exceeded

Once such a monitoring programme for trace metals and POPs in UK uplandisvaters
established it will be possible to gauge the impact of futuneaté change on these
pollutants to these important and sensitive ecosystems.
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