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EXECUTIVE SUMMARY

WORK PACKAGE 1: T ARGETS FOR RECOVERY
Task 1.1: Reference Sites

X Analogue natching is a palaeolimnologal technique that ainto find
matches for fossil sathent sanples froma set of mdemn surface sedient
sanples. Modern analgues were iddified that closely reiched the pre-
disturbance conditions of eight ofetftUK Acid Waters Monitoring Network
(UK AWMN) lakes using diatorand cladoceran-based analogwtaming.

X These analogue sites were assessederns of hydrochernstry, aquatic
macrophytes and atro-invertebrates as their suitability for defining wider
hydrochencal and biological referenceorditions for acidiied sites within
the UKAWMN. The analogues idengfl for individua UKAWMN sites
show a close degree of nslarity in terns of their hydrochencal
characteristics, aquatic aorophytes ad, to a lesser extgé in the macro-
invertebrate fauna.

x The reference conditions of acidifietKAWMN sites are inferred to be less
acidic than today and to support adeti range of acid-sensitive aquatic
macrophyte and acro-invertebrate tax@an that recorded in the UKAWMN
lakes over the period @honitoring since 1988.

Task 1.2: Chemical-biological datdbase and interactive veb page
Determination of chemical-biological rgponse curves forational applications

X To improve models of theelationships between thegsence of key biological
indicator groups and water chistny, developrrent of the cheimal-biological
database has continued under this paogre. Diatons and invertebrates have
been usedbecause they are key struetu conponents of freshwater
ecosysters and are @renely sensitive to cdnges in acidity.

x These mdels ae esential to pedid the probability of occurence of key taxa
under pre-acidified calitions where khndcas water clemstry data are
provided by static or dynam models (i.e. to provide knowledge of likely
biological targets for recovery undeweference” conditionsand the probable
biological deviation from target coitibns (i.e. danage) in future under
different emissions reduction scenarios.

x Note that ineithe case the chental-biological nodels can only pred the
suitability of chenical conditions forthe presence of key taxa and do not
account for other iportant factors such dsabitat suitabilityor presence of
biological populations fromvhich dispesion into cherntally recovered areas
may occur.
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x Predigive model developent focused onthe *“dkalinity + xDOC”
formulation of ANC using bothlogistic regresion andgeneralizedadlitive
modeling techniques.dponse radels werefitted to all widespread taxa (38
diatorrs, 29 invertebrates) in the dba#se, plus aggregated groups of acid-
sensitive diatom and invertebrates.

x A total of 36 diatore and 22 invertebrates showed a significant response to
ANC, varying from linear/nonotonic, Gaussian synatic uninmodal and
conplex linear or non-symetric uninodal responses. For all these taxa, it is
therebre possible to predict probaility of occurrerce elative to clemical
conditions under past or futureorditions suggested by hydrochead
models.

Re-evaluation of critical loads/limits criteria

x Data collated on three thes under theurrent programmwere presented at
the DEFRA workshop on 37February 2004; reconsttimns of pre-industrial
ANC, evidence for biological responses to ANC values of 0 and&g0" in
currernt data and current status of Ukeshwatersn terns of ANC and critical
load exceednce with tlese two valas of ANGyit.

x It was found that ANC values below Z&ql* are rare in unimpacted $gss,
with very few sitesshawing evidere for preindustrial vales below this lint
in dynamc modelling @ palaeolinmological reconstruction exercises.

x Monitoring data suggest that ANC = Z8ql* may be an important biological
recovery threshold, while zero ANC issaciated with a high probability of

danmege.

x Critical loads exceedare maps using both 0 angl0 Reql* are very consistent
in patten ard thehigher value of ANG;: does not greatly extend the exceeded
areas onumbers of exceededtss.

X Several opons for revision ofthe critica chamical limit for the UK were
considered. The consensus of the workshop was that a generak AllGe
of 20 Reql* should be applied in the UK, except where site specifideting
data suggest that pre-industrial valuesy have been lower, in which case 0
rRql* should be used. These reviseitetia were used in the April 2004
freshwater critical load sulission to CCE.

11



WORK PACKAGE 2: ASSESSMENT OF “STOCK AT RISK”
Task 2.1: Regional assessment of lake status

Identification of under-represented regions, updates to FAB mapping dataset and
stock at riskassessment

X GIS techniges were usd to identifythree regons potentilly “at risk” from
acidification and under-represted in tle critical loads database. Sampling
programnes were undertaken in these regs, with 21 siteg the Surrey and
Sussex Heaths plus 19 in the New Btor&oth in south@ England, and 30
sites in the Trossachsear of central Scotland.

x In another GIS exercise using daji boundaries for Special Areas of
Conservation (SACs), 29 lakes in SA@ssignated for freshwater features
were also randoly selected and sampled.

x For the 2004 CCE call for data, tleldition of extra dynara modeling
regional datasets along with the nelata collected under this programme
resulted in an increasedapping datasefrom 1044 Great Btish sites (lakes
and strears) in 2003 to 1595 in 2004n Northern Ireland the number
increased froni19 to 127. 20 subprojextvere aralganated for the UK.

X A screeningcriterion to renove siteswhere seasalt contamation may have
led to ircorrect critical load exceedem calculations was applied befoaat,
reducing an origial tatal of 1797 UK ges to 122 in the sbmitted dataset.

x The new ANC critical linit of 20 Reql* agreed at the stakolder workshop in
February 2004, with ORqI* in exceptional caseswas used inFAB
applications using a revised versioiithe nodel (see Task 1.2 above).

x A preliminary critical loads assesent used deposition datasets for 1970
(worst-case), 1995-97 (“prest”) and 2010 (NECD - besase) with the pre-
screening database of 179tés. Stak at risk was asssed on a regional basis
using individual subproject (gendsategional) site designations.

x The least impacted groups with tHewest proportionof critical load
exceedancescluded the CLAG seasaltsitesin NW Scotland — duerpmarily
to very low deposition, plus the Stieh RandomSurvey of 1995 and the
10km Grid Survey of Nottern Ireland in 2000, in bothtter cases because of
the inclusion of a large proportion of nomséive sites in the survey datasets.

X The greatest proportisnof exceeded siteseve found in the Pennines,
Mournes, WAWS laks, GANE Snowdora lakes, Galloway and Southern
England.

x In 1970, 15 of the 20 apping subprojectshowed exceedance inore than

half of their sites using ANG: = 20 Reql*. By 2010, only six groups of sites
showed exceedance inom than hH of their population. Dranatic
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improvaments in terns of reduced crital load exceedae are tbrefore
apparent for 2010 frorthe basetie “worst-case” year of 1970.

x At the country-wide scale using AN&= 20 Reql, exceedances innfgland
are reduced fron267 sites (67%) irM970 to 173 sites (43%) by 2010. In
Scotland, 42 exceedances (43%) decline to 123%); in Wales 269 (78%)
declires to 1.2 (33%) ad in Northern Ireland, 26 exceedances (20%) declines
to 17 (13%).

x For the UK as a whole, exceedance is reduoeich 964 #es (546 of the
sanpled population) to 439 (24%).dke that these populations of sites are not
necessarily representativef the country as a hwle (except perhaps in
Northern reland) as site lagions in many datases ae biased towards the
most acidsensitive aeas

x In April 2004, revised depositiodatasets for 1995-97, 1998-2000 and 2010
were released by CEH Edinburghupla new dataset for 1999-2001. These
datasets were used tocadcuate critical load rceedances for thecreened
mapping dataset of 1722 sites sutied to the CCE m@pping programra

X The new data for 2010 in particular ledsone changes in the proportions of
exceeded sites. In England, a current (199®2@xceedance in 208 sites
(53%) is reduced to 186 (47%) by 2018 .Scotland, 244 current exceedances
(29%) decline to 182 (21%). In &és, 176 exceedancesl%) decline to 135
(39%). In Northern Ireland, 20 exceedan (16%) are reduced to 18 (14%).

x In the UK overall, 648 current exceedas (38%) are reded to 521 (30%)
by 2010. This is a larger proportion ofoeedances than found in the previous
modeling exercis andthis is due prirarily to the revised 2010 depositio
dataseused.

Acidification in lakes ofconservatio interes

x Of the 29 conservation sites galed, 10 exeeded their crital loads in 1970.
Six sites are still exceed at present and asgll exceeded by 2010.

x The NECD therefore appears toe of limited success in ptecting
conservéon sites in theUK, with 20% stil exceeding citical loads, ifit is
assuned that the small subset of coservation sites sapied are representative
of the whole UK population.

Palaeolimrologicd study of recovery within a region

x Palaeolinmological stuiks of the recensedmentary records of five lakes
from the Galloway region of Scotland were undertaken.

x The work demonstrated that four ofhe five study sites appear to show

consistent fluctuations in diatomferred pH suggesting that the diatoms are
responding to soeregional forcing factorNone of the studied sites has seen
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a significant increase in pH over the pergtdded and that this is incaistert
with the measured yldrochenistry, which does show a consistent and
significant increase in pH since the early 1980s.

x Further work is required to understand the reasons for the discrepancy
between the easured pH recovery and the lack of response shown in the
diatomsedinent sanples. The effect otlimatic fluctudions assotatedwith,
for exanple, the North Atlantic Oscillation, and the observed increases in
dissolved organic carbon (See Job 2.1.8 and Figure 2.1d/@lhact to nask
diatom recovery and untangling d¢be effects will require a reater
understanding of diatom ecology and resjesrts these other forcing factors.

Palaeolimmologicd assessment 6 change in sites of consgation interest

X A total of 42 sites of conservation intsr¢SACs) were aalysedto determne
the degree of floristic change betweaeference conditionand present day in
sedimentary diatomassemblages.

X The resits of the core top-bottoranalyss show that rany acid sensitive lakes
in designated SCAs kia experiencedsubstatial changein their diatom
communities over reference conditions.e$a results indicate that 62 % (26
out of 42 sites) of sites in SACSJeaundergone substantial change, with a
further 28% (12 out of 42 sites) \nag undergone wderate change. Only
10% of the study siteslustrate ally minor or very nnor change irtheir
diatomcommunities ogr reference conditions.

X The reslts indicate that a consderable proportion of site of conservation
importance ray have been advedy affected by acid ebosition and that
substantial imlogical ctange has ta place.

Monitoring of the Gallovay cluster lochs

X Long-termmonitoring of the Gallowagluster lochs has now continued for
over 25 years, although earlier gadimg programnes were irregular.

X The sites show continued recovefsom acidification and are at their
healthiest in ters of wder qualitysince nonitoring began in 1978, with Loch
Enoch reacing a mean annual ANC > Geql* for the firsttime.

x Nitrate concentrations have ramed stable, but the rapid decline in non-
marine sulphate since 1994 has leveldt in recent ars, with unknown
consequences for future recovery.

National scale applications of biological predictive models

x Of the large nuiner of predictive mode derived under ak 1.2, four were
seleted for applicdion to nationd and regimal datasts, to predict the
probability of occurrece of the datom Achnanthes minutissimahe nayfly
Baetisspp., plus the susof acid sedtive diatan and invertebrate taxa.
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X Predictions were based on steady-staC for pre-acidification, 1970 and
2010 deposition levels derived using 88WC model (F-faabr predictions).

x Using a probability threshold of 0.3,ehikely distribution of the diatom
Achnanthes minutissimaas reduced by ane than a third ofanpled sites in
1970 relative to pre-indusal times, with only partial recovery by 2010.

X For Baetismayfly species, probable distuition was reduced by around 20%
of sanpled sites in 1970 but predicteecovery by 2010 is more widespread
than br Achnanthes minutissima

X However, using the swrof both acid-sesitive diatomandinvertelrate taxa,
greater reductions in prable distribution wereound for invertebrate groups,
while recovery was alsslightly less narked by 2010. The sasrexercise was
also carried out for a probitity of occurrence of 0.5.

x Taken together, odeling results indicate that 10-20% of sites in ttapping
datasewill fail to reach the badime biological tagets by 20Q. Water quality
will not have inproved sufficiently tosupport aciesendtive diatom and
invertebrate taxa ineplogically semitive parts 6the country

X A schenatic, conceptual fraework has now been produced linking
palaeoecolgical trarsfer functios (to hindcast water chaestry from
biological sediment records using moderchenical-biologcal relatiorships),
analogue matching ¢e of current biological comumitiesin analoge sites
that match fossil communities in @dified lakes to indicde restoation targets
for impacted sites) ah ecological response wdels (modern checal-
biological relationships used to predimblogical response frorhindasts or
predictions of chemistry). This franewolk provides the basis for the
assessent of recovery towards biologicérgets and timto “gap closire”
relative to presidustrial conditions.

Task 2.2: Regional assessment of stam status and risk of episodes
Determination of study catchmeés and calculation of HRUs

x The PEARLS approach detamas enpirical relationsips betweenstream
water concentrations dncatchrent chamderistics in the érm of landscape
classes, to siolate acidification inunsurveyedriver reacles using simple
mixing of drainage fromeach landcape class.

X Regions selected as having the approgriata for application of FARLS
were northwest Scotlad (reldively unafected by acid depositipnGalloway
and the upper Tywi/lrfonboth with a well known hisiry of acidification) and
the Conwy Valley (substantial forestry and acidic headwaters).
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X Landscape classes were defined on the basis of soils, geology, land cover and
land use. The Skokloster classificatiams found to be too broad for this
purpose.

X New sampling subcatchments were selected ieach of the key landape
classes witim each regpn, except in the Twyi/lrfon where 20 existisgudy
sites based on morland or forest catchemts were used. The final number of
new study subcatchents was 52 in north-west Scotland, 59 in Galloway and
24 in the Conwy.

x Sampling canpaigns were designed tobtain high- and low-flow water
chemstry. During 2001-2002, the Twyi/lrfon subcatobmts were sapled
twice, Conwy three tims and théwo Scottishregions bur times.

X Water chenstry was claracterizeddr eachlandscape class in each reqifor
application of PEARLS. Mixig in the river network is then detdmad using
a topographical network of hydrologicaésponse units (HRUs) and river
reaches derived from digital elevation mmdel.

x PEARLS was therusal to ddermine the probability distribution of ANC
falling below selected thresholds forckareach of the river networks, and
hence the t@l river lergth within a below ANC classes, in the Conwy, the
Cree (Gallavay) andthe Tywi/Irfon.

X A key application of the PEARLS ap@ch is then to link it to the dgmic
model MAGIC for the predition o past or Giture changes in water ahnestry
across the river network (Task 3.2).

X Invertebrate saptes collected at higland low flows were used to explore
relationships with masures oépisodc wate chemistry belaw.

Characterisation of episodic, circumnex#tl and acid streams and effects on
invertebrateassemblags

x The northvest Highlands and Gallowawn the southwest of Scotland, Conwy
in north Wales and the lyn Brianne (Tvyi/Irfon) catchnent in md Wales are
geologically sensitie to acidification but occupy regiongith contrasting
deposition. Despite the extensive work amdification in these regions, data
on the effects on invertebrates are scartehis section, the potentialfetts
of episodic acidification in these regions was examined.

X We hypothesised fronexisting data thatif episodic effects are iportant,
invertebrates in streayshould reflecthigh-flow (episodic) chemtry more
than base-flow chmistry.

X To test this hypothesis, benthi@anonvertebrate asséiages, base-flow and

episode chemtry were deterimed in 22-25 streamin each target region.
Water chenistry for all strears was detenined for low- and high-fow
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between 2001 and 2002 and invertebrattected by kick sapling during
April 2002.

The streams were guped by cluster analigs and characterisedas acid,
episodic or circumeutal. One-way ANOVA P<0.05) and Tukey’s pairwise
conmparisons P=0.05) illustrated corresponding variation between the clusters
and high-flow chmeistry. Variables varying nost between episodic,
circummeutral and acid groups were pANC, Al, Ca and DOC at high-flow.

Variation in invertebrate assélagesbetween cluster groups were assessed
using one-wwy ANOVA. There was significantP0.05) variation between
groups in the abundances of Plecoptard Ephereroptera in both \es and
Scotland, and in the abundance of Trichoptera in Wales.

In canonical correspondea analysis (CCA), pHANC, DOC and Al during
episodes all explained significant vaioa in species coposition across the
Welsh sites, but at base-flow only whs significant. Aduring high-flow was
significart in explainng species aiation at the Scottish sites, while only
DOC was significant ding base-flow.

Species varying withepisode chemtry in both regions were the
epheneropteransBaetis rhodaniand Heptagenia lateralisthe plecopterans
Isoperla grammatica Chloroperla torrentium and various species of
Nemouridae; and the trichopter&hectrocnemia conspersa

These data illustrate how acid-base ugataries between sites at high-flow,
explaining more variatn in invertelrate asseblages than lowlow
chenistry. However, effects vary acrossgons with episodic éécts in Wiles
apparently stronger than in Scotland.

17



Effects d episodes on invertebta indicator sgcies

X

The response of benthic imebrates to streamecovey from acidification is
slow. Acid episodes have been impladtas affecting this response and are
being inwstigated asa factor that nght offset recovery. In this section
transplantation and intene quentitative sanpling wee used to assess
episodic effects on an aciérsitive indicator species in the Llyn Brianne
experinmental catchrent.

We hypothesised that strong seasonalatian in invertebate abundance in
the epsodic streamm would irdicate possble episott effects, while
experinental transplantations wengsed to nmmic short-termacid episodes
directly.

A set of six stream were sampled over a 20 mnth period for benthic
invertebrates, pH, andoductivity, while terperaturewas also recorded. In
addition base-flow and high-flow chéstry were evaluted for the dtes.

One-way ANOVA P<0.05) illustrated clear vatian in pH between stream
classfied as episodic, acidic and cimenneutral. Also, diffeences in ionic
concentrations were observed over difg flows and between streaypes
(episodic, acidic and circumeutral).

Acid-sensitive mayfly species werefound in the circumneutral streams
(Ephemerella ignita Baetis rhodanj B. muticus B. venus Rithrogena
semicoloraa, Ecdyonurusspp. andHeptagenia lateralis but none occurred
in the aidic streans. OnlyB. rhodanioccurred in the episadstreans, where
densities delined substantlly in autumn.

Transplantation experimentwere erried out with B. rhodaniduring base-
flow (September 2003) and high-flopApril 2004) between the acidic and
circummeutral streas T-tests determed significant P<0.001) drops in pH,
conductivity and temperature during higlitow events, \ith the exception of
conductivity in the acidicstreans. One-way ANOVA highlighted significant
(P<0.001) variation in pH and conductivitetween the episodic, acidic and
circunmeutral streasm

Baetissurvival in the contidocages during both highand low-flow was high.
T-teds found nortality of B. rhodaniin the chlonic and episodic exjgures
increased significantlyR<0.001) during the high-fle experinent. Mortality
was also rach higher in the chronic expase compared to the episodic during
high-flow. Two-way ANOVA #$iowed that survival \aried sgnificantly
(P<0.05) between strearat high-flow,with mortality in episodic exposure
intermediatebetween chonic addity and contrés.

These data confirnthat episodic expase to low pH at high-flow can be
detimental to nayfly survivd. Densty data, by contrast, were equivocal.
Seasonal variations iB. rhodani were sinlar acress d¢rcumrmeutral and
episodic streas) but ony this mayfly species occurred in éhlatter indcating
possible episodic effects onayily assenblage conposition. Further work is
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still required on the field effectfcacid episdes on species ah than B.
rhodani

Developmenof bidogical ‘egsode esponse’ mdel

X

Although much evidence indicates thadany organisms in acid-sensitive
streans are affected by episodic acidificat, models that predict the response
of streambiota to episodes have proved elusive. This is goitant gap that
has frustrated attgots to link realistt biological responses to episodic stream
chenistry with important hydrochemicahodels such as PEARLS or MAGIC,
described elsewhere in this report.

Using data fronB9 strears in Wales and Scotland, here we evaluate whether
high-flow chenistry better predictsnvertebrate community cquosition than
base-fow chemistry.

We reduced invertebrate cposition toprincipal conponents and then used
stepwise miltiple regession to nodel scoes onthe frst (.e. mgjor) axis of
variation using coioinations of acid-bse determands derived froneither
base-flow or high-flow.

In all cases, regressisnwere ealuaed fom i) the ft of the nodelled
relationships to mpirical data andii) their perfomance in predicting
invertebrate PC scores at independéiesgn =22) reserve from the initial
calibration t.

Invertebrate principal coponents refleed well known trends in response to
acid-base status, illustrag a shift fromacid-toleranto acidsensitive species
on the first axis.

Regression models using chimationsof pH, alumnium, DOC and barge-
balance alkalinity always explained 80% d the variace in invertebrate
score. Wiile deternnands neasured ahigh flow on average explained neor
variarce (4959%) tran at low flow (4257%), differences were adest and in
no case statistically significant.

All models gave invertebrate scorfeg the 22 test sites that were highly
significantly related to observedmes (r = 0.71-0.88), although there was a
moderate tendency in atlases to underestate acidfication effects at the
most acid sites.

Conparison across detemands illustratedhat pH at highflow either alone
(r* = 0.58) or in corbination with aluminium (r* = 0.59) gave the best overall
fit to both calibration and test dat@harge-lalance ANC perfored worst,
particularly at low flow (f = 0.42).

Overall, these data indicate that, ftine purposes of motlieg invertebrate

asserblages in aid-sersitive greams, conbinationsof pH and alurmium at
high-flow offer the nost accurate outene. However, base-flow chdstry can
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offers a valuable approxeion to biobgical effects at wre extrene flows,
although losses in accuracy will beegtest using base-loANC as a sole
predidor.

Modelling the chemical signature of emsles and risk to biology from catchmen
character

X

Evidence isincreasing that acid eypdes nmight offset the recovery of acid-
sensitive inertelrates inpreviowsly acidified strears, but factors influencing
the character of episodes and their rigkbiota are still poorly quantified.

In this section, we assess variatiansthe chental signature of episodic
acidification between cotrasting streanmypes (n =89 stream) in Wales and
Scotland that were respectively strongtydified (pH < 5.0), interediate (pH
5-5.7) and circumeutral (pH > 5.7) at bh flow. All the sites were described
elsewhere irthe repat, and respectely cane fromthe Conwy/Llyn Brianne
area in Wles, and the @loway/NW regions of Scotland.

Using established ehods, we comparedvariations betweethese groups in i)
the respective percentage contribution dilution and strong acid anions to
episodic acidification at gh flow and ii) the perceng@ contributbns of acid
anions to ttal anion conentation diring high flow events. We also assessed
variations among acid-sensitive invastates between these groups.

ANC in sore streams increased at gh flow over low flow for the events
measured (3/48 in Scotland, 17/45 inalé$) - presumbly because of
increased base cation release.

In Wales, contibutiors to episoét addification by bag cation dilution
differed highly significantly (P < 0.00Betweercircurmeutral reans (mean
= 42%), intemediate (06) and stragly acidified streans (0%), wheretsong
acid add@ion was the dminant source oécidification at higp flow.

By contrast, in Scotland, episodic acicition reflected greater contributions
by dilution in all stramtypes (Circenneutral = 58%; Intenediate = 26% and
strongly acidified 44%; N.S. at P < 0.1)s a result, strong acid @itions
during high flow events were auch greater sorce of episdic addification

in Wales than in Scotland, even fdrangly acidified and interediate sites (P
<0.001).

Contributions to anion loadg at high flow due to $phae were sigiicantly

greater in Wales (16-24%) than at tBedtish sites (%6%). Simlarly, in

Wales (4-%6 on averag), anion catributions due to nitratevere significantly
greater thann Scotland(2-4%). Choride made up the bulk of the maaining

anion loading at high flowparticdary in Scotlard.

The apparenconseqances of these chapal effects for invertebrates tiired

between sgcies. Acid toleran organisns such asChloroperla torrentium
(Plecopera) andPlectrocnemia conspersdqTrichoptera) were at least as
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abundant in streasnthat wee internediate or strongl acidified at high flow
as they were at circumeutral sites.

By contrast,acid sensitive speciesich asBaetis rhodani(Epheneroptera),
Heptagenia lateraligEpheneroptera; Wlles only) andisoperla grammatica
(Plecoptera; Scotland only) were sigeeintly reduced in abundance or absent
at strongly acidified and tarmediate sites coparedwith those that reained
circummeutral at high flow (P = 0.05-0.001).

Together, tese data indate that acid aons — and still dommantly sulphate
over nitrate — drive episadiaddification nmore in acidsensitive aras of
Wales than in Galloway and NW &tand. Neertheless, song acid additions
still contribute signficantly to acid episodes at somepisodically aiclified
sites in all regions, which in turn hawearkedly different invertetatesthan
those where pH reams over pH > 5.7 at high flow.

21



WORK PACKAGE 3: PREDICTING RECOVERY USING DYNAMIC
MODELLI NG

Task 3.1: Recovery in lakes
MAGIC simulations of water chemistry

X Work under this programme represents thestmextensive dymaic model
assessent of surface waters in the Upmprising calibrations to 454 sites in
eight regions.

x The MAGIC nodel has been tes] against 15 years of observed water
chemstry data at sean sites in te UK AWMN. The simulations ééctively
match both long-terntrends and yeamltyear variation at ost sites.

X A poor netch of observed and sitated daa in the wider dataset indicates a
possible influence of S adsorptiongdeption dynants, vaiation in annual
rainfall inputs and tmatic efects.

x Reconstructed ANC concentrationse asbove zero (except one site which
requires further exaimation) in all rgions and are generally above 20 iéq |

x In all regions, acidity peaked irthe early 1970s and has decreased
significantly to present day in line thiobserved reductions in S deposition.

X Predictions to 2020 under the ission reluctions agreed for the Gothenburg
Protocol indcate tha suface water acidication will remain a problemat a
significant (15-50%) numbeof sites in the Mairnes,the S. Pennines and the
Lake Distict. This indcates that @irther enissionreductions will be required.

X Invoking nitrogen dynangs in the mode(at four regions where appropriate
soils daa were avdlable) cause modé predctions of significantly increased
NO; concentrations and, comgeently, decreased ANC by 2050.

x The change&n ANC, however, are not fficiently large to causeignificant
changes in the percentage of sites achgerelevant biological thresholds. It
must be considered, hewer, that the increased N@oncentration mght have
an inmpact with respect to eutrophication.

X With respect to ANC ze, all regions rdurn to their pre-addification status by
2030 except for the S. Pennines. For ANC 20 [feqd regions comletely
return to their pre-adification status by 2100.

X Set in a European context, the predictions for 2016 (i.e. Water Framework
Directive ceadlire) indcate tle acidity prodems that pesist in the Lake
District ard S. Pennines are c@arablewith those predicié to occu in S.
Sweden, Slovakia and N. Italy. A mosgynificant problem is predicted to
remain in the Mournes, coparable to the igdidion for S. Norway.
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Linking chemica simulationswith biological status

X Regional MAGIC predictions of watechemstry have been linked to
biological status using the predici nodels developed in Task 1.2,
specifcdly for the sum ofacid-saesitive diatons and iwvertelrates in six
regions; Cairngors) Gdloway, Lake Distrct, Rennines, Dartraor and Wales.

x Significant biological change frofnaselhe to present immodeled, with great
regional variation. The Cairngomare theleast inpacted region while in the
most inpacted Pennirgg the probability ofoccurence of acid-sesitive
species is currently less than @t5more than 40% of sites.

X Most stesin the $x regions should adtve a probabilityof occurrence of at
least 0.5 for the sumof acid-sensitivediatons and invertebrates by 2010. Even
in the nost impacted Pennines riem, this biolagical targe will geneally be
met by 2010. However, in the Lake Distri@0% of sites for invertebrates and
10% for diators will not meet this ological target within the next 100 years.

x Using a nore stringent biological tasg of 0.75 probability of occurrence,
none of the regions achieve the targetirely by 2010. The greatest biological
recovery is predicted foGalloway and Véles. For the Pennines andke
District, bidogicd targets will still not have been reached in 10-20% of sites
by 2100.

Task 3.2: Recovery in streams
Testing the linked PEARLS-MAGQGT-biological model in the Conwy region

x All streans in the Conwy are subjetd episodic ANC decreas. However,
biologically-danaging gisodic conditions (ANC < 0 or ANC < 2@Rq") are
most likely at streamwith an already low gan ANC.

X The PEARLS-MAGIC approach providean effective neans by which to
simulate pesent-dy and future streamchemstry a the largecachment scale
based on readily available GIS datasetsd alimited programne of targeed
sanpling. The nodels allow lengths ofchenically dameged stream to be
predicted, both at present dayd in the past and future.

x For the Conwy above Betws-y-Coed, 27%stfeamlength is currently predicted
to be below an acceptableean cherical threshold (ANC 20ReqiY). At high
flow, this ircreags to 4%. Acidification (mean and episodic) isast severe for
streans draining peat oranifer forest catchents.

x In 1850, simulated Ban ANC wa above 40Reql* for all landscape types. ANC

may have fallen below20 Reql* during episodes in ¢ nost acid-sensitive
landscapes, but probably did not fall belaero. By the 1970 S deposition peak,
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many strears would have been chrardly acidic, with mean ANC < 20req*
and in nuch of the catchent negative.

X The nodels preitt that sone recovey has alreadyoccurred; the rgor
acidification problera in the Conwy areow associ@d with addic episodes,
rather than chronic acidltation. Under the Gothenburg Protocol, some further
improvanent is predicted, but socencortinued episodic acidifiation islikely in
peat, foresand nontane areas of the catcém

X For the first tine, PEARLS-MAGLC ANC simulations hag been usedo predict
changes in biological status attbatchrent scale. This represents anpiontant
step toward a 1l linked chemcal-biologcd model, in which the dyamics of
biological recovery ray be linked to sp&l and tenporal patterns of cheoal
change.

Task 3.3: Model uncertainty
Transfer functions for hindcastingANC from sedimencore diatoms

X While prevous trasfer functions have been dewpked to predict pH ém
lake sedirent diatons, the MAGIC nodel nore reliably hindcasts ANC.

X The European Diatorbatabase (BDI) created under aRU-funded project
was used to develop a new transfer fimcusing diatondata plus alkalinity
and DOC to derive ANC. 163 safas fromall the nain softwater areas of the
UK in both acidified and relately pristine areas had féigient data to be used
in this execise.

x Canonical correspondence analysis anohtd Carlo permutetn tests were
used to ascertain the relationshiptviieen ANC and diatondistributions
independent of pH effects. Me only a small proportion of variance is
explaired by these two paraeters, it is highly significant and both explain
unique components of the diatatata.

x A predictive ANC transfer finction wa developed using weighted-averaging
with classical deshrinking, and its paminance assessed by cparison with
model predicted ANC for training set lakdrternal cr@gs-validation was also
carried out using a bootstrap technique.

x Conpared with other transfer funotis the ANC rodel is relatively weak,
accounting for only 49% of variation the training set ANC copared with
80% for a pH transfer function developed using theesdaiaset.

Comparison of MAGIC, F-factor and diatom inference models with
instrumental data
x For a comparison of techniques, sev&WMN sites wee selected with both

sediment core data and MAGIC hinddas It has tobe a&suned that the
training dataset fully encgmasses the chaoal and biological conditions
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repregnted by the fossil assélages, i.e. camins analoges for the fossil
asserblages.

Only Round Loch of Glenhead was found to have close analogues for the
whole sedirent sequence. Other sitgLoch Grannoch, Llyn Llagi, Scoat
Tarn, Lochnagar and Loch Tinker) hasi®se modern analogues but not for
the whole core, while Blue Lough lacks good analogues for its whole history
due to the pesence of a diatospecieshot represented ithe traning se.

Despite tlee “no-analgue” problens, both datomand MAGIC predictions
agree well with rmasured ANC at fousites (Llyn Llagi, Round Loch, Scoat
Tarn and Lochnagar).

For 1850, diatomand MAGIC pH hindcastagree well at Llyn Llagi, Loch
Grannoch and Loch Tinker. At Lboagar, Rund Loch and Scoat Tarn,
MAGIC pH hindcasts are higher thallatombased reconstructions by c.0.5
pH units. MAGIC ANC hindcasts arermgilarly higher than diatm-based
reconstructions at all sites@pt Loch Tinker and Llyn Llagi.

A wider dataset was used to conmpakNC hindcasts based on MAGIC,
diatons and the F-factor (SSWC) moddlhere is considerable discrepancy
between the three ethods, with a systeatic bias in the mthods towards
higher ANC predictions in the d@an, F-factor and MAGIC models
respetively.

Multiple linear regession of dte varables agairst differences in ANC
hindcasts between adels found only one significant relationship, in the
difference between diatoand MAGIC ANC values and sitelkalinity.
MAGIC baseline ANC values are incraagly high conpared with diatom
based ANC values in ¢hnore sensitiveacidfied sites with very low auent
alkalinities. The reasos for thes systenatic differences are oaently
unknown.
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WORK PACKAGE 4: METAL DEPOSITION AND CYCLI NG AT
LOCHNAGAR

x At end of 2003, up to 7 years of high gtaldata had beenollected for trace
metals in a range of ecological cpatments at Lochnagar, including bulk
deposition, lake waters, terrestrial arguatic plants, aquatic invertebrate fauna
and sedirant traps.

x Few of the potential trends identified the end of the previous CLAM project
have been shown to continue whilsbsh have been shown to be short-term
phenonena erphasising the need for loigrm nonitoring data prior to any
attenpt at statistial interpretation.

x With this in mind, recent lake water andmiesition data lead to an aiguity in
trends. In particular, 2003 is seen toumeisually high for rost netals, except Hg.
Although these high fluxes aret due to unusually high rdall, it is likely that
this is an aomaly. The declimg trend inHg is observed over a period of years
and is nore likely to be “real”.

x Similarly, Pb in both lake water andbulk deposition appears to have been
increasing over a numer of years, although ithis in contrast to ost biota Pb
data which appear to show declines over tbeaitoring period.

X The lack of clear trends @obalby a resilt of two factors; frst, the shd lifetime
of the nonitoring period and second, reert low levels & metal emssion and
deposition following decades of considdeatiecline. Longterm monitoring will
resolve bth of these isges.

x Intra-annual rethyl Hg data are beginng to show intriguing teporal trends
with elevated levels in winter deposmi. The reason for this is unclear and this
pattern is not known to be observed elsewhere.

X Nickel levels have been below detectlonit for a nunioer of parangters over the
period of the project, although they haweeh seen to increaslightly over the
last year in deposition and lake water.wéwer, Ni levels emain detectable in
sediment trap data. This situation willemain under reviewas long periods of
below detection lint values are of linted use.

X Whilst the Lochnagar @a ae valuable andcontinuing this monitoring renains a
priority, their usefulness and ourordidence in observed trends would be
increased by the introduction ofomitoring at other sites. It is hoped that the
move ofthe trae netal monitoring at Lochagar to the UK AWMN will allow
this expansion to occur.
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POLICY RELEVANCE AND IMPLICATIONS
WORK PACKAGE 1: T ARGETS FOR RECOVERY

The ngjor focus of WP1 was the developemt of methods for idetifying appropriate
recovery targets, thrghn the use of palaeolmalogical “analogue w®iching”
techniques and the derivation of dose-respdiasctions using national datasets to
link chemcal and bidogical targets.

It was dernonstrated that the alogle metching technique may successfully be used
to reconstruct reference conditions (intbbydrochernstry and bology) for acidified
sites and hence to provide appropriate dhalrand biological targets for recovery.
The achievemnt of “good ecological stas” under the requireents of the Vdter
Framework Directive may therefore be assed in term of progress in recovery
towards these reference conditions.

The cherntal-biological dose-response fummns (response curves) further developed
within this Work Package have a twol role in policy formulation at the natiaal
and international scales.

i) Critical loads

Critical loads of acidity provide the scigic datainput into intemationd-scale
integated asessmant modelling uns br the optimzation of emssions reduions
policies negotiated under the CLRTAP.

Response curves underpin the chafean appropriate value of AN in critical
loads nodels to provide a required level pifotection to target organisnof interest
(e.g. brown trout, @xroinvertelvate communitiegs Work carried ot under the
Freshwater Urorella programra in the UK further provides for the choice of the
most appropriate ANg&: value on a national or regidrecale without undue reliance
on dose-response functions derived in othants of Europe (notablyc&ndinavia).
The choice of ANG;: can therefore be bettersfified to stakeholders within the UK.

i) Linking chencal and biological recovery

While chenical recovery of acidied waters ray quicKy follow emissians redwetions
in a region, there ay be hysteresis in biogical recovery due tdifferent rates of
dispersion and colonization of locally extirmiganisns from less irpacted areas,ro
the persistence of acid episodes. Responsees provide a gasure of the chaoal
suitahlity of a site to facilitte bidogical recowery, even where bioldgal recowery
may not yet have occurred due to these other confounding factors.

Furthernore, the MAGIC model most den used to imdcas preacidification
conditions o predict future condities underchanging depsition levels(generally in
terms of recovery) provides odelled chenstry (ANC or pH) ony. Respnse-cures
are trerefore required to link @mcal predctions with predidions of (potential)
biological status (see below).

Work conpleted under this Task fed dirgctinto the Critical Loads Workshop in
February 2004 at which it was agteto chang the value of ANG;; used in UK
model applications frond Reqgl* to 20 Rql*. The diret policy implication is tha

27



more stringnt enmssion reductionswill be regired to ackeve non-egeedance of
critical loads at sor sites.

WORK PACKAGE 2: ASSESSMENT OF “STOCK AT RISK”

Given the non-statistical natuoé the existing critical loagldatabase and thexture

of standing and running wateitke focus of this workarkage was the more detailed
assessent of “stock at risk” from acidication for lakes and the developnt of
separate ®thods for assessy danage to streammetworks. Further work on the
acidification threat tdakes of conservation imest was also included.

Lakes and conservation sites

The regional assesemt of lake statusnd expansion of the apping dataset has
provided nuch improved regional coverage afitical loads datato give a letter
picture of danage (exceedance) and recovery a regioal lake populatio basis than
was available fronthe previous gd-based datas.

The success of previous msion reduction magsires in reducing thextent of critical
load exeednce froma “worst-case” basele of 1970 is welillustrated bu the
regionsstill heavily impacted are atsidentified, allowing future workto focus nore
on facilitating recovery in these ess. Great inprovenents in nonitoredwater quality
in the Gallavay cluster are edent, but thepotential future efects of nitrate ae still
uncertain. brthernore, in order to asse the biological implations of modelled
future recovery in water chestry, bette understanding of ber confounding factors
is required, including climtic effects and increases in DOC.

“Good ecolgical status” in term of diatomand invertebate commanities will not be
achievabe at up to 20% of sites by 2010 because of irgafit recovery in water
chenistry. While nore stringent emssion reductions ay be required, a conceptual
framework now exists for the assessmof recovery towards biological targets and a
possible “gap closure” approachaohieving “good ecological status”.

Further enssions reductions beyond thasegjuired under the NECD will be required
if all UK waters of coservation irterest ag to be protected.rfical loads exceedance
indicates that “good ecological status” is ualikto be naintained or achieved in the
long-termat 20% of conseation sites under the NECD.

If reference conditions are takas a guideline target tgood ecological status” then
most conseration stes fail to meet this taget at present. Acid depositioraynhave
been a rgor driver of observed changesthme past but other forcing factorsyralso
have been important. A grear understanthg of the interactions between thes
forcing factors is required to inform pojiadecisions on wasures to achieve “good
ecological satus” or somether neasure of recovery.
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Rivers and streas

The PEARLS approach is shown hereptovide a feasibleneans of assessing the
extent of acidification and recovery acregsole river networks and hence a&throd
for assessing the overall effects of igsions reductions for given proportions of
streamor river halttat in a regon. As with the citical loads apprach for lakes,
critical values of ANC for selected rganisns can be copared with ANC
distributions across stream tmerks to assesshenical suitaliity for biological
recovery.

There are regional differences in both the egisty of strears in terns of measures
of acidity and in the stretly of episodic effects, amferred from variation in

invertebrde assemlages. Acid epistes havealso been experientally shown here to
affect the survival of certa mayfly species,notably B. rhodanj but effects on
densities and on other species are equivocal.

The inportance of acid episodes in deterimg the biological status of a stream
suggests a requireamt for sampling during short duratioepisodes which ay not be
logistically feasible. Vdrk done here indicates that befk®v chemstry can, however,
provide a valuable approxation to biologtal effects under acidpisodes at higher
flows, with pH and alummium providing bé&er results than AR alone, which ray
aid in the design of omitoring programmes.

As well as regional variations theimportanceof acid efisodes witln streans as a
confounding factor in biological recovery,etle are also regional differences in the
drivers of episodic acidiéation between anthropogenicdaather sources of acidity.
In policy terns this suggests that measutesreduce acid deposition are likely to be
more successful in s@areas (e.g. Wales)ah others (e.gScotland in reducing tle
confounding effects of acid episodas recovery fronacidification.

WORK PACKAGE 3: PREDICTING RECOVERY USING DYNAMIC
MODELLI NG

The MAGIC nodel is still a key tool for # deternmation of pe-industrial chemcal
conditions used in recovery targets and &sahe prediction of future responses to
reduced emissions, i.e. for predicting satef chenical recovery. In this work
package, MGIC applicatiors have beeriurther developed and expanded to the new
regional lakes datasets and linked to cioarbiologicd models br the prediton of
biological recovery.

MAGIC hindcasts show that an AN value of 20 gl is deensiblein the gea
majority of UK freshwder sites since prindustrial ANC would have been greater
than this threshold value. This workrdaly underpinned the one to the higher
ANC.;; value fromthe previous zero ANC vadun national critical loads sulissions

to the international apping and integraid assessemt nodelling programme under
the CLRTAP.

MAGIC also shows that tisscales to achievedthigher ANC value are much greater
than br zeo ANC, with drect implicationsfor assessents of the success of
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emssions reductions over the next 10-%6ars. If the achieveent of “good
ecological satus is asuned to require areturn to aitical ANC values, then no
regions of the UK will neet this requireent in all water bodies even by the year
2100.

In policy terns, achieving reductions in qiiur enissions rerains the key factor in
facilitating freshwater recovery in the ned@-20 years, but the future role of nitrate
saturation and leagtg renains uncertain, with the possiity of a future decline in
ANC by 2050 in soraregions, preventing aeversing recovery froracidification.

Linked chenrcal-biologcal dynanc modellingshows significantilmlogical change to
the present fronpre-industrial conditionssupporting the conclusions similar work
using SSWC hindcasts.

In response to present and futureismionsreductions, MASIC predicts an increase
in probability of occurrence for key dibgical groups by 2010 in @st regions, but
the degree of recovery e@asuredas a proportion of sites meting a selected
probability ofoccurrene is highly @pendent orthe probability thresholdchosen. For
informing policy decisions, great careust therefore be taken tselect relstic
“probability of occurrence” targts on a reginal basis, perhaps using reconstedl
water chenstry as a bas.

In linked FEARLS-MAGIC simulations, a toolis now awailable br the predidion of
biological change across river netwarksvhich also differentiates between
episodicallyand chronically acidic stretcheThe linked model further assists in the
characterisation of catchamtis with physical attributes modikely to lead to acid
episodes ah thus in tle identification of areasvhere episode-related hysteresis in
biological recovery following emsionsreductions ray be most severe.

While critical loads and dynacmodels gemally use ANC as the critical cheral
parangter, pH is shown here to be ara poweful predictor of diatormdistributions
than ANC. Hence there isn additioml source of umertainty introduced into
predictions or hindcasts ofddogical status using ANC frostatic or dynarne models
rathe than pH.

Furthernore, while diatomstatic and dyrmaic model hindcasts of pH and ANC are
generally in broad agreamt, there & sane systematic differences between
approaches that are not yet fully undeosl. Further work on the reasons for these
differences would ipprove our onfidence in model predictions.

WORK PACKAGE 4: METAL DEPOSITION AND CYCLI NG AT
LOCHNAGAR

The nonitoring of trace mals (includingmercury and nethyl mercury (MeHg)) in a
range of ecological copartents at Lehnagar has producedunique high quality
datase However, as Wwh theealy years ofthe UK AWMN the olservel trends over

this seven year period emphasises the rieetbng-termmonitoring. Only now are
trends beginning to eerge with which we have any confidence. The value of such
work is in its longevity and its valueincreases the Inger ttfat monitoring can
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continue.To this end,the nove ofthe netals nonitoring work to the auspicesof the
AWMN is seen as aggitive one and it iSmportart tha monitoring is secued to
continue into thedture.

However, whilst the inestment in the nonitoring at Lochnagar is starting to show
real value, there is no cqarable workbeing undertaken anywhere else in the UK.
Therefore, we are uncertain whether tlen@isstartingto energe at lochnagar are
typical of the UK uplands or armique to the site. Furthehere is gnerally a lack of

Hg and MeHg data, especially with respéztbiota, for the UK. It is, therefore,
essential thiathis nonitoring progamme isexpanded to other upland lake sites across
the UK and we would recomend that this includes at least one site in each of
England, Wales, N.lreland and @ntrol' ste in north-west Scotland. Thiproto-
network'of sites would allownational trends to be obsed and further increase the
value of the work currdly ongoing at Lochnagar.

Finally, whist theae ae limited netals (espcidly Hg) data or UK upland
freshwaters, there are almost none for igest organic pollutants (A®). It would
be highly valuable to startenitoring for POPsn a sinillar way to tacemetals i.e. in

a range of ecological compammts. As withmetals, a pilot study could be initiated at
Lochnagar with expansion after a periodtiiofe once the ssential deerminands and
key conpartments hae beenidentified. This would conplement the cument
monitoring under the WMN.
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