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

�x Analogue matching is a palaeolimnological technique that aims to find 
matches for fossil sediment samples from a set of modern surface sediment 
samples. Modern analogues were identified that closely matched the pre-
disturbance conditions of eight of the UK Acid Waters Monitoring Network 
(UK AWMN) lakes using diatom- and cladoceran-based analogue matching. 

 
�x These analogue sites were assessed in terms of hydrochemistry, aquatic 

macrophytes and macro-invertebrates as to their suitability for defining wider 
hydrochemical and biological reference conditions for acidified sites within 
the UKAWMN. The analogues identified for individual UKAWM N sites 
show a close degree of similarity in terms of their hydrochemical 
characteristics, aquatic macrophytes and, to a lesser extent, in the macro-
invertebrate fauna.  

 
�x The reference conditions of acidified UKAWMN sites are inferred to be less 

acidic than today and to support a wider range of acid-sensitive aquatic 
macrophyte and macro-invertebrate taxa than that recorded in the UKAWMN 
lakes over the period of monitoring since 1988. 

 
Task 1.2: Chemical-biological database and interactive web page 
 
Determination of chemical-biological response curves for national applications 
 

�x To improve models of the relationships between the presence of key biological 
indicator groups and water chemistry, development of the chemical-biological 
database has continued under this programme. Diatoms and invertebrates have 
been used because they are key structural components of freshwater 
ecosystems and are extremely sensitive to changes in acidity.  

 
�x These models are essential to predict the probability of occurrence of key taxa 

under pre-acidified conditions where hindcast water chemistry data are 
provided by static or dynamic models (i.e. to provide knowledge of likely 
biological targets for recovery under “reference” conditions) and the probable 
biological deviation from target conditions (i.e. damage) in future under 
different emissions reduction scenarios. 

 
�x Note that in either case the chemical-biological models can only predict the 

suitability of chemical conditions for the presence of key taxa and do not 
account for other important factors such as habitat suitability or presence of 
biological populations from which dispersion into chemically recovered areas 
may occur. 
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�x Predictive model development focused on the “alkalinity + xDOC” 
formulation of ANC using both logistic regression and generalized additive 
modeling techniques. Response models were fitted to all widespread taxa (38 
diatoms, 29 invertebrates) in the database, plus aggregated groups of acid-
sensitive diatoms and invertebrates.  

 
�x A total of 36 diatoms and 22 invertebrates showed a significant response to 

ANC, varying from linear/monotonic, Gaussian symmetric unimodal and 
complex linear or non-symmetric unimodal responses. For all these taxa, it is 
therefore possible to predict probability of occurrence relative to chemical 
conditions under past or future conditions suggested by hydrochemical 
models. 

 
 
Re-evaluation of critical loads/limits criteria 
 

�x Data collated on three themes under the current programme were presented at 
the DEFRA workshop on 27th February 2004; reconstructions of pre-industrial 
ANC, evidence for biological responses to ANC values of 0 and 20 �Peql-1 in 
current data and current status of UK freshwaters in terms of ANC and critical 
load exceedance with these two values of ANCcrit.  

 
�x It was found that ANC values below 20 �Peql-1 are rare in unimpacted systems, 

with very few sites showing evidence for pre-industrial values below this limit 
in dynamic modelling or palaeolimnological reconstruction exercises.  

 
�x Monitoring data suggest that ANC = 20 �Peql-1 may be an important biological 

recovery threshold, while zero ANC is associated with a high probability of 
damage.  

 
�x Critical loads exceedance maps using both 0 and 20 �Peql-1 are very consistent 

in pattern and the higher value of ANCcrit does not greatly extend the exceeded 
areas or numbers of exceeded sites. 

 
�x Several options for revision of the critical chemical limit for the UK were 

considered. The consensus of the workshop was that a general ANCcrit value 
of 20 �Peql-1 should be applied in the UK, except where site specific modeling 
data suggest that pre-industrial values may have been lower, in which case 0 
�Peql-1 should be used. These revised criteria were used in the April 2004 
freshwater critical load submission to CCE. 
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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 risk assessment 
 

�x GIS techniques were used to identify three regions potentially “ at risk” from 
acidification and under-represented in the critical loads database. Sampling 
programmes were undertaken in these regions, with 21 sites in the Surrey and 
Sussex Heaths plus 19 in the New Forest, both in southern England, and 30 
sites in the Trossachs area of central Scotland.  

 
�x In another GIS exercise using digital boundaries for Special Areas of 

Conservation (SACs), 29 lakes in SACs designated for freshwater features 
were also randomly selected and sampled. 

 
�x For the 2004 CCE call for data, the addition of extra dynamic modeling 

regional datasets along with the new data collected under this programme 
resulted in an increased mapping dataset from 1044 Great British sites (lakes 
and streams) in 2003 to 1595 in 2004. In Northern Ireland the number 
increased from 119 to 127. 20 subprojects were amalgamated for the UK. 

 
�x A screening criterion to remove sites where seasalt contamination may have 

led to incorrect critical load exceedance calculations was applied beforehand, 
reducing an original total of 1797 UK sites to 1722 in the submitted dataset.  

 
�x The new ANC critical limit of 20 �Peql-1 agreed at the stakeholder workshop in 

February 2004, with 0 �Peql-1 in exceptional cases, was used in FAB 
applications using a revised version of the model (see Task 1.2 above). 

 
�x A preliminary critical loads assessment used deposition datasets for 1970 

(worst-case), 1995-97 (“present”) and 2010 (NECD – best-case) with the pre-
screening database of 1797 sites. Stock at risk was assessed on a regional basis 
using individual subproject (generally regional) site designations.  

 
�x The least impacted groups with the lowest proportion of critical load 

exceedances included the CLAG seasalts sites in NW Scotland – due primarily 
to very low deposition, plus the Scottish Random Survey of 1995 and the 
10km Grid Survey of Northern Ireland in 2000, in both latter cases because of 
the inclusion of a large proportion of non-sensitive sites in the survey datasets.  

 
�x The greatest proportions of exceeded sites were found in the Pennines, 

Mournes, WAWS lakes, GANE Snowdonia lakes, Galloway and Southern 
England. 

 
�x In 1970, 15 of the 20 mapping subprojects showed exceedance in more than 

half of their sites using ANCcrit = 20 �Peql-1. By 2010, only six groups of sites 
showed exceedance in more than half of their population. Dramatic 
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improvements in terms of reduced critical load exceedance are therefore 
apparent for 2010 from the baseline “worst-case” year of 1970. 

 
�x At the country-wide scale using ANCcrit = 20 �Peql-1, exceedances in England 

are reduced from 267 sites (67%) in 1970 to 173 sites (43%) by 2010. In 
Scotland, 402 exceedances (43%) decline to 137 (15%); in Wales 269 (78%) 
declines to 112 (33%) and in Northern Ireland, 26 exceedances (20%) declines 
to 17 (13%).  

 
�x For the UK as a whole, exceedance is reduced from 964 sites (54% of the 

sampled population) to 439 (24%). Note that these populations of sites are not 
necessarily representative of the country as a whole (except perhaps in 
Northern Ireland) as site locations in many datasets are biased towards the 
most acid-sensitive areas. 

 
�x In April 2004, revised deposition datasets for 1995-97, 1998-2000 and 2010 

were released by CEH Edinburgh, plus a new dataset for 1999-2001. These 
datasets were used to recalculate critical load exceedances for the screened 
mapping dataset of 1722 sites submitted to the CCE mapping programme.  

 
�x The new data for 2010 in particular led to some changes in the proportions of 

exceeded sites. In England, a current (1999-2001) exceedance in 208 sites 
(53%) is reduced to 186 (47%) by 2010. In Scotland, 244 current exceedances 
(29%) decline to 182 (21%). In Wales, 176 exceedances (51%) decline to 135 
(39%). In Northern Ireland, 20 exceedances (16%) are reduced to 18 (14%).  

 
�x In the UK overall, 648 current exceedances (38%) are reduced to 521 (30%) 

by 2010. This is a larger proportion of exceedances than found in the previous 
modeling exercise, and this is due primarily to the revised 2010 deposition 
dataset used. 

 
 
Acidification in lakes of conservation interest 
 

�x Of the 29 conservation sites sampled, 10 exceeded their critical loads in 1970. 
Six sites are still exceeded at present and are still exceeded by 2010.  

 
�x The NECD therefore appears to be of limited success in protecting 

conservation sites in the UK, with 20% still exceeding critical loads, if it is 
assumed that the small subset of conservation sites sampled are representative 
of the whole UK population. 

 
Palaeolimnological study of recovery within a region 
 

�x Palaeolimnological studies of the recent sedimentary records of five lakes 
from the Galloway region of Scotland were undertaken. 

 
�x The work demonstrated that four of the five study sites appear to show 

consistent fluctuations in diatom inferred pH suggesting that the diatoms are 
responding to some regional forcing factor. None of the studied sites has seen 
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a significant increase in pH over the period studied and that this is inconsistent 
with the measured hydrochemistry, 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 measured pH recovery and the lack of response shown in the 
diatom sediment samples. The effect of climatic fluctuations associated with, 
for example, the North Atlantic Oscillation, and the observed increases in 
dissolved organic carbon (See Job 2.1.8 and Figure 2.1.18) may all act to mask 
diatom recovery and untangling these effects will require a greater 
understanding of diatom ecology and responses to these other forcing factors. 

 
Palaeolimnological assessment of change in sites of conservation interest 
 

�x A total of 42 sites of conservation interest (SACs) were analysed to determine 
the degree of floristic change between reference conditions and present day in 
sedimentary diatom assemblages. 

 
�x The results of the core top-bottom analysis show that many acid sensitive lakes 

in designated SCAs have experienced substantial change in their diatom 
communities over reference conditions. These results indicate that 62 % (26 
out of 42 sites) of sites in SACS have undergone substantial change, with a 
further 28% (12 out of 42 sites) having undergone moderate change. Only 
10% of the study sites illustrate only minor or very minor change in their 
diatom communities over reference conditions. 

 
�x The results indicate that a considerable proportion of sites of conservation 

importance may have been adversely affected by acid deposition and that 
substantial biological change has taken place. 

 
Monitoring of the Galloway cluster lochs 
 

�x Long-term monitoring of the Galloway cluster lochs has now continued for 
over 25 years, although earlier sampling programmes were irregular.  

 
�x The sites show continued recovery from acidification and are at their 

healthiest in terms of water quality since monitoring began in 1978, with Loch 
Enoch reaching a mean annual ANC > 0 �Peql-1 for the first time.  

 
�x Nitrate concentrations have remained stable, but the rapid decline in non-

marine sulphate since 1994 has leveled off in recent years, with unknown 
consequences for future recovery. 

 
 
National scale applications of biological predictive models 
 

�x Of the large number of predictive models derived under Task 1.2, four were 
selected for application to national and regional datasets, to predict the 
probability of occurrence of the diatom Achnanthes minutissima, the mayfly 
Baetis spp., plus the sums of acid sensitive diatom and invertebrate taxa.  
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�x Predictions were based on steady-state ANC for pre-acidification, 1970 and 

2010 deposition levels derived using the SSWC model (F-factor predictions). 
 

�x Using a probability threshold of 0.3, the likely distribution of the diatom 
Achnanthes minutissima was reduced by more than a third of sampled sites in 
1970 relative to pre-industrial times, with only partial recovery by 2010.  

 
�x For Baetis mayfly species, probable distribution was reduced by around 20% 

of sampled sites in 1970 but predicted recovery by 2010 is more widespread 
than for Achnanthes minutissima.  

 
�x However, using the sums of both acid-sensitive diatom and invertebrate taxa, 

greater reductions in probable distribution were found for invertebrate groups, 
while recovery was also slightly less marked by 2010. The same exercise was 
also carried out for a probability of occurrence of 0.5.  

 
�x Taken together, modeling results indicate that 10-20% of sites in the mapping 

dataset will f ail to reach the baseline biological targets by 2010. Water quality 
will not have improved sufficiently to support acid-sensitive diatom and 
invertebrate taxa in geologically sensitive parts of the country. 

 
�x A schematic, conceptual framework has now been produced linking 

palaeoecological transfer functions (to hindcast water chemistry from 
biological sediment records using modern chemical-biological relationships), 
analogue matching (use of current biological communities in analogue sites 
that match fossil communities in acidif ied lakes to indicate restoration targets 
for impacted sites) and ecological response models (modern chemical-
biological relationships used to predict biological response from hindcasts or 
predictions of chemistry). This framework provides the basis for the 
assessment of recovery towards biological targets and time to “gap closure” 
relative to pre-industrial conditions. 

 
 
Task 2.2: Regional assessment of stream status and risk of episodes 
 
Determination of study catchments and calculation of HRUs 
 

�x The PEARLS approach determines empirical relationships between stream 
water concentrations and catchment characteristics in the form of landscape 
classes, to simulate acidification in unsurveyed river reaches using simple 
mixing of drainage from each landscape class. 

 
�x Regions selected as having the appropriate data for application of PEARLS 

were north-west Scotland (relatively unaffected by acid deposition), Galloway 
and the upper Tywi/Irfon (both with a well known history 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 classification was found to be too broad for this 
purpose. 

 
�x New sampling subcatchments were selected in each of the key landscape 

classes within each region, except in the Twyi/Irfon where 20 existing study 
sites based on moorland or forest catchments were used. The final number of  
new study subcatchments was 52 in north-west Scotland, 59 in Galloway and 
24 in the Conwy. 

 
�x Sampling campaigns were designed to obtain high- and low-flow water 

chemistry. During 2001-2002, the Twyi/Irfon subcatchments were sampled 
twice, Conwy three times and the two Scottish regions four times. 

 
�x Water chemistry was characterized for each landscape class in each region for 

application of PEARLS. Mixing in the river network is then determined using 
a topographical network of hydrological response units (HRUs) and river 
reaches derived from a digital elevation model.  

 
�x PEARLS was then used to determine the probability distribution of ANC 

falling below selected thresholds for each reach of the river networks, and 
hence the total river length within or below ANC classes, in the Conwy, the 
Cree (Galloway) and the Tywi/Irfon.  

 
�x A key application of the PEARLS approach is then to link it to the dynamic 

model MAGIC for the prediction of past or future changes in water chemistry 
across the river network (Task 3.2).  

 
�x Invertebrate samples collected at high and low flows were used to explore 

relationships with measures of episodic water chemistry below. 
 
Characterisation of episodic, circumneutral and acid streams and effects on 
invertebrate assemblages 
 

�x The northwest Highlands and Galloway in the southwest of Scotland, Conwy 
in north Wales and the Llyn Brianne (Twyi/Irfon) catchment in mid Wales are 
geologically sensitive to acidification but occupy regions with contrasting 
deposition. Despite the extensive work on acidification in these regions, data 
on the effects on invertebrates are scarce. In this section, the potential effects 
of episodic acidification in these regions was examined.   

 
�x We hypothesised from existing data that, if episodic effects are important, 

invertebrates in streams should reflect high-flow (episodic) chemistry more 
than base-flow chemistry.  

 
�x To test this hypothesis, benthic macroinvertebrate assemblages, base-flow and 

episode chemistry were determined in 22-25 streams in each target region.  
Water chemistry for all streams was determined for low- and high-flow 
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between 2001 and 2002 and invertebrates collected by kick sampling during 
April 2002. 

 
�x The streams were grouped by cluster analysis and characterised as acid, 

episodic or circumneutral. One-way ANOVA (P<0.05) and Tukey’s pairwise 
comparisons (P=0.05) illustrated corresponding variation between the clusters 
and high-flow chemistry. Variables varying most between episodic, 
circumneutral and acid groups were pH, ANC, Al, Ca and DOC at high-flow.  

 
�x Variation in invertebrate assemblages between cluster groups were assessed 

using one-way ANOVA. There was significant (P<0.05) variation between 
groups in the abundances of Plecoptera and Ephemeroptera in both Wales and 
Scotland, and in the abundance of Trichoptera in Wales.   

 
�x In canonical correspondence analysis (CCA), pH, ANC, DOC and Al during 

episodes all explained significant variation in species composition across the 
Welsh sites, but at base-flow only Al was significant. Al during high-flow was 
significant in explaining species variation at the Scottish sites, while only 
DOC was significant during base-flow.  

 
�x Species varying with episode chemistry in both regions were the 

ephemeropterans Baetis rhodani and Heptagenia lateralis; the plecopterans 
Isoperla grammatica, Chloroperla torrentium and various species of 
Nemouridae; and the trichopteran Plectrocnemia conspersa. 

 
�x These data illustrate how acid-base status varies between sites at high-flow, 

explaining more variation in invertebrate assemblages than low-flow 
chemistry. However, effects vary across regions with episodic effects in Wales 
apparently stronger than in Scotland. 
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Effects of episodes on invertebrate indicator species 
 

�x The response of benthic invertebrates to stream recovery from acidification is 
slow. Acid episodes have been implicated as affecting this response and are 
being investigated as a factor that might offset recovery. In this section 
transplantation and intensive quantitative sampling were used to assess 
episodic effects on an acid-sensitive indicator species in the Llyn Brianne 
experimental catchment. 

 
�x We hypothesised that strong seasonal variation in invertebrate abundance in 

the episodic streams would indicate possible episodic effects, while 
experimental  transplantations were used to mimic short-term acid episodes 
directly.   

 
�x A set of six streams were sampled over a 20 month period for benthic 

invertebrates,  pH, and conductivity, while temperature was also recorded.  In 
addition base-flow and high-flow chemistry were evaluated for the sites.  

 
�x One-way ANOVA (P<0.05) illustrated clear variation in pH between streams 

classified as episodic, acidic and circumneutral. Also, differences in ionic 
concentrations were observed over different flows and between stream types 
(episodic, acidic and circumneutral). 

 
�x Acid-sensitive mayfly species were found in the circumneutral streams 

(Ephemerella ignita, Baetis rhodani, B. muticus, B. vernus, Rithrogena 
semicolorata, Ecdyonurus spp. and Heptagenia lateralis), but none occurred 
in the acidic streams.  Only B. rhodani occurred in the episodic streams, where 
densities declined substantially in autumn.   

 
�x Transplantation experiments were carried out with B. rhodani during base-

flow (September 2003) and high-flow (April 2004) between the acidic and 
circumneutral streams. T-tests determined significant (P<0.001) drops in pH, 
conductivity and temperature during high-flow events, with the exception of 
conductivity in the acidic streams. One-way ANOVA highlighted significant 
(P<0.001) variation in pH and conductivity between the episodic, acidic and 
circumneutral streams. 

 
�x Baetis survival in the control cages during both high- and low-flow was high. 

T-tests found mortality of B. rhodani in the chronic and episodic exposures 
increased significantly (P<0.001) during the high-flow experiment. Mortality 
was also much higher in the chronic exposure compared to the episodic during 
high-flow. Two-way ANOVA showed that survival varied significantly 
(P<0.05) between streams at high-flow, with mortality in episodic exposure 
intermediate between chronic acidity and controls. 

 
�x These data confirm that episodic exposure to low pH at high-flow can be 

detrimental to mayfly survival. Density data, by contrast, were equivocal. 
Seasonal variations in B. rhodani were similar across circumneutral and 
episodic streams, but only this mayfly species occurred in the latter indicating 
possible episodic effects on mayfly assemblage composition. Further work is 
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still required on the field effect of acid episodes on species other than B. 
rhodani. 

 
 
Development of biological ‘episode response’ model 
 

�x Although much evidence indicates that many organisms in acid-sensitive 
streams are affected by episodic acidification, models that predict the response 
of stream biota to episodes have proved elusive. This is an important gap that 
has frustrated attempts to link realistic biological responses to episodic stream 
chemistry with important hydrochemical models such as PEARLS or MAGIC, 
described elsewhere in this report.   

 
�x Using data from 89 streams in Wales and Scotland, here we evaluate whether 

high-flow chemistry better predicts invertebrate community composition than 
base-flow chemistry.  

 
�x We reduced invertebrate composition to principal components and then used 

stepwise multiple regression to model scores on the first (i.e. major) axis of 
variation using combinations of acid-base determinands derived from either 
base-flow or high-flow.  

 
�x In all cases, regressions were evaluated from i) the fit of the modelled 

relationships to empirical data and ii) their performance in predicting 
invertebrate PC scores at independent sites (n = 22) reserved from the initial 
calibration set.  

 
�x Invertebrate principal components reflected well known trends in response to 

acid-base status, illustrating a shift from acid-tolerant to acid-sensitive species 
on the first axis.   

 
�x Regression models using combinations of pH, aluminium, DOC and charge-

balance alkalinity always explained 40-60% of the variance in invertebrate 
score. While determinands measured at high flow on average explained more 
variance (49-59%) than at low flow (42-57%), differences were modest and in 
no case statistically significant.  

 
�x All models gave invertebrate scores for the 22 test sites that were highly 

significantly related to observed scores (r = 0.71-0.88), although there was a 
moderate tendency in all cases to underestimate acidification effects at the 
most acid sites. 

 
�x Comparison across determinands illustrated that pH at high flow either alone 

(r2 = 0.58) or in combination with aluminium (r2 = 0.59) gave the best overall 
fit to both calibration and test data. Charge-balance ANC performed worst, 
particularly at low flow (r2 = 0.42). 

 
�x Overall, these data indicate that, for the purposes of modelling invertebrate 

assemblages in acid-sensitive streams, combinations of pH and aluminium at 
high-flow offer the most accurate outcome. However, base-flow chemistry can 
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offers a valuable approximation to biological effects at more extreme flows, 
although losses in accuracy will be greatest using base-flow ANC as a sole 
predictor.  

 
 
Modelling the chemical signature of episodes and risk to biology from catchment 
character 
 

�x Evidence is increasing that acid episodes might offset the recovery of acid-
sensitive invertebrates in previously acidified streams, but factors influencing 
the character of episodes and their risks to biota are still poorly quantified.  

 
�x In this section, we assess variations in the chemical signature of episodic 

acidification between contrasting stream types (n = 89 streams) in Wales and 
Scotland that were respectively strongly acidified (pH < 5.0), intermediate (pH 
5-5.7) and circumneutral (pH > 5.7) at high flow. All the sites were described 
elsewhere in the report, and respectively came from the Conwy/Llyn Brianne 
area in Wales, and the Galloway/NW regions of Scotland.  

 
�x Using established methods, we compared variations between these groups in i) 

the respective percentage contribution by dilution and strong acid anions to 
episodic acidification at high flow and ii) the percentage contributions of acid 
anions to total anion concentration during high flow events. We also assessed 
variations among acid-sensitive invertebrates between these groups.    

 
�x ANC in some streams increased at high flow over low flow for the events 

measured (3/48  in Scotland, 17/45 in Wales) - presumably because of 
increased base cation release.  

 
�x In Wales, contributions to episodic acidif ication by base cation dilution 

differed highly significantly (P < 0.001) between circumneutral streams (mean 
= 42%), intermediate (0%) and strongly acidified streams (0%), where strong 
acid addition was the dominant source of acidification at high flow.  

 
�x By contrast, in Scotland, episodic acidification reflected greater contributions 

by dilution in all stream types (Circumneutral = 58%; Intermediate = 26% and 
strongly acidified 44%; N.S. at P < 0.1). As a result, strong acid additions 
during high flow events were a much greater source of episodic acidification 
in Wales than in Scotland, even for strongly acidified and intermediate sites (P 
< 0.001).     

 
�x Contributions to anion loading at high flow due to sulphate were signif icantly 

greater in Wales (16-24%) than at the Scottish sites (3-5%). Similarly, in 
Wales (4-7% on average), anion contributions due to nitrate were significantly 
greater than in Scotland (2-4%). Chloride made up the bulk of the remaining 
anion loading at high flow, particularly in Scotland. 

 
�x The apparent consequences of these chemical effects for invertebrates differed 

between species. Acid tolerant organisms such as Chloroperla torrentium 
(Plecoptera) and Plectrocnemia conspersa (Trichoptera) were at least as 
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abundant in streams that were intermediate or strongly acidified at high flow 
as they were at circumneutral sites.  

 
�x By contrast, acid sensitive species such as Baetis rhodani (Ephemeroptera), 

Heptagenia lateralis (Ephemeroptera; Wales only) and Isoperla grammatica 
(Plecoptera; Scotland only) were significantly reduced in abundance or absent 
at strongly acidified and intermediate sites compared with those that remained 
circumneutral at high flow (P = 0.05-0.001). 

�x Together, these data indicate that acid anions – and still dominantly sulphate 
over nitrate – drive episodic acidif ication more in acid-sensitive areas of 
Wales than in Galloway and NW Scotland. Nevertheless, strong acid additions 
still contribute signif icantly to acid episodes at some episodically acidified 
sites in all regions, which in turn have markedly different invertebrates than 
those where pH remains over pH > 5.7 at high flow.  
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WORK PACKAGE  3: PREDICTI NG RECOVERY USING DYNAMIC 
MODELLI NG 
 
Task 3.1: Recovery in lakes 
 
MAGIC simulations of water chemistry 
 

�x Work under this programme represents the most extensive dynamic model 
assessment of surface waters in the UK, comprising calibrations to 454 sites in 
eight regions. 

 
�x The MAGIC model has been tested against 15 years of observed water 

chemistry data at seven sites in the UK AWMN. The simulations effectively 
match both long-term trends and year-to-year variation at most sites. 

 
�x A poor match of observed and simulated data in the wider dataset indicates a 

possible influence of S adsorption/desorption dynamics, variation in annual 
rainfall inputs and climatic effects. 

 
�x Reconstructed ANC concentrations are above zero (except one site which 

requires further examination) in all regions and are generally above 20 µeq l-1. 
 

�x In all regions, acidity peaked in the early 1970s and has decreased 
significantly to present day in line with observed reductions in S deposition. 

 
�x Predictions to 2020 under the emission reductions agreed for the Gothenburg 

Protocol indicate that surface water acidification will remain a problem at a 
significant (15-50%) number of sites in the Mournes, the S. Pennines and the 
Lake District.  This indicates that further emission reductions will be required. 

 
�x Invoking nitrogen dynamics in the model (at four regions where appropriate 

soils data were available) causes model predictions of significantly increased 
NO3 concentrations and, consequently, decreased ANC by 2050. 

 
�x The changes in ANC, however, are not sufficiently large to cause significant 

changes in the percentage of sites achieving relevant biological thresholds. It 
must be considered, however, that the increased NO3 concentration might have 
an impact with respect to eutrophication. 

 
�x With respect to ANC zero, all regions return to their pre-acidif ication status by 

2030 except for the S. Pennines.  For ANC 20 µeq l-1 no regions completely 
return to their pre-acidification status by 2100. 

 
�x Set in a European context, the predictions for 2016 (i.e. Water Framework 

Directive deadline) indicate the acidity problems that persist in the Lake 
District and S. Pennines are comparable with those predicted to occur in S. 
Sweden, Slovakia and N. Italy. A more significant problem is predicted to 
remain in the Mournes, comparable to the prediction for S. Norway. 
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Linking chemical simulations with biological status 
 

�x Regional MAGIC predictions of water chemistry have been linked to 
biological status using the predictive models developed in Task 1.2, 
specifically f or the sum of acid-sensitive diatoms and invertebrates in six 
regions; Cairngorms, Galloway, Lake District, Pennines, Dartmoor and Wales. 

 
�x Significant biological change from baseline to present is modeled, with great 

regional variation. The Cairngorms are the least impacted region while in the  
most impacted Pennines, the probability of occurrence of acid-sensitive 
species is currently less than 0.5 at more than 40% of sites. 

 
�x Most sites in the six regions should achieve a probability of occurrence of at 

least 0.5 for the sum of acid-sensitive diatoms and invertebrates by 2010. Even 
in the most impacted Pennines region, this biological target will generally be 
met by 2010. However, in the Lake District, 20% of sites for invertebrates and 
10% for diatoms will not meet this biological target within the next 100 years. 

 
�x Using a more stringent biological target of 0.75 probability of occurrence, 

none of the regions achieve the target entirely by 2010. The greatest biological 
recovery is predicted for Galloway and Wales. For the Pennines and Lake 
District, biological targets will still not have been reached in 10-20% of sites 
by 2100. 

 
 
Task 3.2: Recovery in streams 
 
Testing the linked PEARLS-MAGIC-biological model in the Conwy region 
 
�x All streams in the Conwy are subject to episodic ANC decreases. However, 

biologically-damaging episodic conditions (ANC < 0 or ANC < 20 �Peql-1) are 
most likely at streams with an already low mean ANC.   

 
�x The PEARLS-MAGIC approach provides an effective means by which to 

simulate present-day and future stream chemistry at the large-catchment scale 
based on readily available GIS datasets, and a limited programme of targeted 
sampling. The models allow lengths of chemically damaged stream to be 
predicted, both at present day and in the past and future.  

 
�x For the Conwy above Betws-y-Coed, 27% of stream length is currently predicted 

to be below an acceptable mean chemical threshold (ANC 20 �Peql-1). At high 
flow, this increases to 46%. Acidification (mean and episodic) is most severe for 
streams draining peat or conifer forest catchments. 

 
�x In 1850, simulated mean ANC was above 40 �Peql-1 for all landscape types. ANC 

may have fallen below 20 �Peql-1 during episodes in the most acid-sensitive 
landscapes, but probably did not fall below zero. By the 1970 S deposition peak, 
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many streams would have been chronically acidic, with mean ANC < 20 �Peql-1 
and in much of the catchment negative. 

�x The models predict that some recovery has already occurred; the major 
acidification problems in the Conwy are now associated with acidic episodes, 
rather than chronic acidification. Under the Gothenburg Protocol, some further 
improvement is predicted, but some continued episodic acidification is likely in 
peat, forest and montane areas of the catchment.  

 
�x For the first time, PEARLS-MAGIC ANC simulations have been used to predict 

changes in biological status at the catchment scale. This represents an important 
step towards a full linked chemical-biological model, in which the dynamics of 
biological recovery may be linked to spatial and temporal patterns of chemical 
change.   

 
 
Task 3.3: Model uncertainty 
 
Transfer functions for hindcasting ANC from sediment core diatoms 
 

�x While previous transfer functions have been developed to predict pH from 
lake sediment diatoms, the MAGIC model more reliably hindcasts ANC.  

 
�x The European Diatom Database (EDDI) created under an EU-funded project 

was used to develop a new transfer function using diatom data plus alkalinity 
and DOC to derive ANC. 163 samples from all the main softwater areas of the 
UK in both acidified and relatively pristine areas had sufficient data to be used 
in this exercise. 

 
�x Canonical correspondence analysis and Monte Carlo permutation tests were 

used to ascertain the relationship between ANC and diatom distributions 
independent of pH effects. While only a small proportion of variance is 
explained by these two parameters, it is highly significant, and both explain 
unique components of the diatom data. 

 
�x A predictive ANC transfer function was developed using weighted-averaging 

with classical deshrinking, and its performance assessed by comparison with 
model predicted ANC for training set lakes. Internal cross-validation was also 
carried out using a bootstrap technique. 

 
�x Compared with other transfer functions the ANC model is relatively weak, 

accounting for only 49% of variation in the training set ANC compared with 
80% for a pH transfer function developed using the same dataset. 

 
 
Comparison of MAGIC, F-factor and diatom inference models with 
instrumental data 

 
�x For a comparison of techniques, seven AWMN sites were selected with both 

sediment core data and MAGIC hindcasts. It has to be assumed that the 
training dataset fully encompasses the chemical and biological conditions 
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represented by the fossil assemblages, i.e. contains analogues for the fossil 
assemblages. 

 
�x Only Round Loch of Glenhead was found to have close analogues for the 

whole sediment sequence. Other sites (Loch Grannoch, Llyn Llagi, Scoat 
Tarn, Lochnagar and Loch Tinker) have close modern analogues but not for 
the whole core, while Blue Lough lacks good analogues for its whole history 
due to the presence of a diatom species not represented in the training set. 

 
�x Despite these “no-analogue” problems, both diatom and MAGIC predictions 

agree well with measured ANC at four sites (Llyn Llagi, Round Loch, Scoat 
Tarn and Lochnagar). 

 
�x For 1850, diatom and MAGIC pH hindcasts agree well at Llyn Llagi, Loch 

Grannoch and Loch Tinker. At Lochnagar, Round Loch and Scoat Tarn, 
MAGIC pH hindcasts are higher than diatom-based reconstructions by c.0.5 
pH units. MAGIC ANC hindcasts are similarly higher than diatom-based 
reconstructions at all sites except Loch Tinker and Llyn Llagi. 

 
�x A wider dataset was used to compare ANC hindcasts based on MAGIC, 

diatoms and the F-factor (SSWC) model. There is considerable discrepancy 
between the three methods, with a systematic bias in the methods towards 
higher ANC predictions in the diatom, F-factor and MAGIC models 
respectively. 

 
�x Multiple linear regression of site variables against differences in ANC 

hindcasts between models found only one significant relationship, in the 
difference between diatom and MAGIC ANC values and site alkalinity. 
MAGIC baseline ANC values are increasingly high compared with diatom-
based ANC values in the more sensitive, acidified sites with very low current 
alkalinities. The reasons for these systematic differences are currently 
unknown. 
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WORK PACKAGE  4: METAL DEP OSITION AND CYCLI NG AT 
LOCHNAGAR 
 
 
�x At end of 2003, up to 7 years of high quality data had been collected for trace 

metals in a range of ecological compartments at Lochnagar, including bulk 
deposition, lake waters, terrestrial and aquatic plants, aquatic invertebrate fauna 
and sediment traps. 

 
�x Few of the potential trends identified at the end of the previous CLAM project 

have been shown to continue whilst most have been shown to be short-term 
phenomena emphasising the need for long-term monitoring data prior to any 
attempt at statistical interpretation.  

 
�x With this in mind, recent lake water and deposition data lead to an ambiguity in 

trends. In particular, 2003 is seen to be unusually high for most metals, except Hg. 
Although these high fluxes are not due to unusually high rainfall, it is likely that 
this is an anomaly. The declining trend in Hg is observed over a period of years 
and is more likely to be “real”.  

 
�x Similarly, Pb in both lake water and bulk deposition appears to have been 

increasing over a number of years, although this is in contrast to most biota Pb 
data which appear to show declines over the monitoring period. 

 
�x The lack of clear trends is probably a result of two factors; first, the short lif etime 

of the monitoring period and second, current low levels of metal emission and 
deposition following decades of considerable decline. Long-term monitoring will 
resolve both of these issues. 

 
�x Intra-annual methyl Hg data are beginning to show intriguing temporal trends 

with elevated levels in winter deposition. The reason for this is unclear and this 
pattern is not known to be observed elsewhere.  

 
�x Nickel levels have been below detection limit for a number of parameters over the 

period of the project, although they have been seen to increase slightly over the 
last year in deposition and lake water. However, Ni levels remain detectable in 
sediment trap data. This situation will remain under review as long periods of 
below detection limit values are of limited use. 

 
�x Whilst the Lochnagar data are valuable and continuing this monitoring remains a 

priority, their usefulness and our confidence in observed trends would be 
increased by the introduction of monitoring at other sites. It is hoped that the 
move of the trace metal monitoring at Lochnagar 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 major focus of WP1 was the development of methods for identifying appropriate 
recovery targets, through the use of palaeolimnological “analogue matching” 
techniques and the derivation of dose-response functions using national datasets to 
link chemical and biological targets. 
 
It was demonstrated that the analogue matching technique may successfully be used 
to reconstruct reference conditions (in both hydrochemistry and biology) for acidified 
sites and hence to provide appropriate chemical and biological targets for recovery. 
The achievement of “good ecological status” under the requirements of the Water 
Framework Directive may therefore be assessed in terms of progress in recovery 
towards these reference conditions. 
 
The chemical-biological dose-response functions (response curves) further developed 
within this Work Package have a two-fold role in policy formulation at the national 
and international scales.  
 
i) Critical loads 
Critical loads of acidity provide the scientif ic data input into international-scale 
integrated assessment modelling runs for the optimization of emissions reductions 
policies negotiated under the CLRTAP. 
 
Response curves underpin the choice of an appropriate value of ANCcrit in critical 
loads models to provide a required level of protection to target organisms of interest 
(e.g. brown trout, macroinvertebrate communities). Work carried out under the 
Freshwater Umbrella programme in the UK further provides for the choice of the 
most appropriate ANCcrit value on a national or regional scale without undue reliance 
on dose-response functions derived in other parts of Europe (notably Scandinavia). 
The choice of ANCcrit can therefore be better justified to stakeholders within the UK. 
 
ii) L inking chemical and biological recovery 
While chemical recovery of acidified waters may quickly follow emissions reductions 
in a region, there may be hysteresis in biological recovery due to different rates of 
dispersion and colonization of locally extinct organisms from less impacted areas, or 
the persistence of acid episodes. Response curves provide a measure of the chemical 
suitability of a site to facilitate biological recovery, even where biological recovery 
may not yet have occurred due to these other confounding factors. 
 
Furthermore, the MAGIC model most often used to hindcast pre-acidification 
conditions or predict future conditions under changing deposition levels (generally in 
terms of recovery) provides modelled chemistry (ANC or pH) only. Response-curves 
are therefore required to link chemical predictions with predictions of (potential) 
biological status (see below). 
 
Work completed under this Task fed directly into the Critical Loads Workshop in 
February 2004 at which it was agreed to change the value of ANCcrit used in UK 
model applications from 0 �Peql-1 to 20 �Peql-1. The direct policy implication is that 
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more stringent emission reductions will be required to achieve non-exceedance of 
critical loads at some sites. 
 
 
 
WORK PACKAGE 2: ASSESSMENT OF “STOCK AT RISK” 
 
Given the non-statistical nature of the existing critical loads database and the mixture 
of standing and running waters, the focus of this work package was the more detailed 
assessment of “stock at risk” from acidification for lakes and the development of 
separate methods for assessing damage to stream networks. Further work on the 
acidification threat to lakes of conservation interest was also included. 
 
Lakes and conservation sites 
 
The regional assessment of lake status and expansion of the mapping dataset has 
provided much improved regional coverage of critical loads data to give a better 
picture of damage (exceedance) and recovery on a regional lake population basis than 
was available from the previous grid-based dataset.  
 
The success of previous emission reduction measures in reducing the extent of critical 
load exceedance from a “worst-case” baseline of 1970 is well illustrated but the 
regions still heavily impacted are also identified, allowing future work to focus more 
on facilitating recovery in these areas. Great improvements in monitored water quality 
in the Galloway cluster are evident, but the potential future effects of nitrate are still 
uncertain. Furthermore, in order to assess the biological implications of modelled 
future recovery in water chemistry, better understanding of other confounding factors 
is required, including climatic effects and increases in DOC. 
 
“Good ecological status” in terms of diatom and invertebrate communities will not be 
achievable at up to 20% of sites by 2010 because of insufficient recovery in water 
chemistry. While more stringent emission reductions may be required, a conceptual 
framework now exists for the assessment of recovery towards biological targets and a 
possible “gap closure” approach to achieving “good ecological status”. 
 
Further emissions reductions beyond those required under the NECD will be required 
if all UK waters of conservation interest are to be protected. Critical loads exceedance 
indicates that “good ecological status” is unlikely to be maintained or achieved in the 
long-term at 20% of conservation sites under the NECD. 
 
If reference conditions are taken as a guideline target of “good ecological status” then 
most conservation sites fail to meet this target at present. Acid deposition may have 
been a major driver of observed changes in the past but other forcing factors may also 
have been important. A greater understanding of the interactions between these 
forcing factors is required to inform policy decisions on measures to achieve “good 
ecological status” or some other measure of recovery. 
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Rivers and streams 
 
The PEARLS approach is shown here to provide a feasible means of assessing the 
extent of acidification and recovery across whole river networks and hence a method 
for assessing the overall effects of emissions reductions for given proportions of 
stream or river habitat in a region. As with the critical loads approach for lakes, 
critical values of ANC for selected organisms can be compared with ANC 
distributions across stream networks to assess chemical suitability f or biological 
recovery. 
 
There are regional differences in both the episodicity of streams in terms of measures 
of acidity and in the strength of episodic effects, as inferred from variation in 
invertebrate assemblages. Acid episodes have also been experimentally shown here to 
affect the survival of certain mayfly species, notably B. rhodani, but effects on 
densities and on other species are equivocal. 
 
The importance of acid episodes in determining the biological status of a stream 
suggests a requirement for sampling during short duration episodes which may not be 
logistically feasible. Work done here indicates that base-flow chemistry can, however, 
provide a valuable approximation to biological effects under acid episodes at higher 
flows, with pH and aluminium providing better results than ANC alone, which may 
aid in the design of monitoring programmes.  
 
As well as regional variations in the importance of acid episodes within streams as a 
confounding factor in biological recovery, there are also regional differences in the 
drivers of episodic acidification between anthropogenic and other sources of acidity. 
In policy terms this suggests that measures to reduce acid deposition are likely to be 
more successful in some areas (e.g. Wales) than others (e.g. Scotland) in reducing the 
confounding effects of acid episodes on recovery from acidification.  
 
 
WORK PACKAGE  3: PREDICTI NG RECOVERY USING DYNAMIC 
MODELLI NG 
 
The MAGIC model is still a key tool for the determination of pre-industrial chemical 
conditions used in recovery targets and also for the prediction of future responses to 
reduced emissions, i.e. for predicting rates of chemical recovery. In this work 
package, MAGIC applications have been further developed and expanded to the new 
regional lakes datasets and linked to chemical-biological models for the prediction of 
biological recovery. 
 
MAGIC hindcasts show that an ANCcrit value of 20 �Peql-1 is defensible in the great 
majority of UK freshwater sites since pre-industrial ANC would have been greater 
than this threshold value. This work largely underpinned the move to the higher 
ANCcrit value from the previous zero ANC value in national critical loads submissions 
to the international mapping and integrated assessment modelling programme under 
the CLRTAP. 
 
MAGIC also shows that timescales to achieve the higher ANC value are much greater 
than for zero ANC, with direct implications for assessments of the success of 
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emissions reductions over the next 10-20 years. If the achievement of “good 
ecological status” is assumed to require a return to critical ANC values, then no 
regions of the UK will meet this requirement in all water bodies even by the year 
2100. 
 
In policy terms, achieving reductions in sulphur emissions remains the key factor in 
facilitating freshwater recovery in the next 10-20 years, but the future role of nitrate 
saturation and leaching remains uncertain, with the possibilit y of a future decline in 
ANC by 2050 in some regions, preventing or reversing recovery from acidification. 
 
Linked chemical-biological dynamic modelling shows significant biological change to 
the present from pre-industrial conditions, supporting the conclusions of similar work 
using SSWC hindcasts.  
 
In response to present and future emissions reductions, MAGIC predicts an increase 
in probability of occurrence for key biological groups by 2010 in most regions, but 
the degree of recovery measured as a proportion of sites meeting a selected 
probability of occurrence is highly dependent on the probability threshold chosen. For 
informing policy decisions, great care must therefore be taken to select realistic 
“probability of occurrence” targets on a regional basis, perhaps using reconstructed 
water chemistry as a basis. 
 
In linked PEARLS-MAGIC simulations, a tool is now available for the prediction of 
biological change across river networks, which also differentiates between 
episodically and chronically acidic stretches. The linked model further assists in the 
characterisation of catchments with physical attributes most likely to lead to acid 
episodes and thus in the identification of areas where episode-related hysteresis in 
biological recovery following emissions reductions may be most severe. 
 
While critical loads and dynamic models generally use ANC as the critical chemical 
parameter, pH is shown here to be a more powerful predictor of diatom distributions 
than ANC. Hence there is an additional source of uncertainty introduced into 
predictions or hindcasts of biological status using ANC from static or dynamic models 
rather than pH. 
 
Furthermore, while diatom, static and dynamic model hindcasts of pH and ANC are 
generally in broad agreement, there are some systematic differences between 
approaches that are not yet fully understood. Further work on the reasons for these 
differences would improve our confidence in model predictions. 
 
 
WORK PACKAGE  4: METAL DEP OSITION AND CYCLI NG AT 
LOCHNAGAR 
 
The monitoring of trace metals (including mercury and methyl mercury (MeHg)) in a 
range of ecological compartments at Lochnagar has produced a unique high quality 
dataset. However, as with the early years of the UK AWMN the observed trends over 
this seven year period emphasises the need for long-term monitoring. Only now are 
trends beginning to emerge with which we have any confidence. The value of such 
work is in its longevity and its value increases the longer that monitoring can 
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continue. To this end, the move of the metals monitoring work to the auspices of the 
AWMN is seen as a positive one and it is important that monitoring is secured to 
continue into the future. 
 
However, whilst the investment in the monitoring at Lochnagar is starting to show 
real value, there is no comparable work being undertaken anywhere else in the UK. 
Therefore, we are uncertain whether the trends starting to emerge at Lochnagar are 
typical of the UK uplands or are unique to the site. Further, there is generally a lack of 
Hg and MeHg data, especially with respect to biota, for the UK. It is, therefore, 
essential that this monitoring programme is expanded to other upland lake sites across 
the UK and we would recommend that this includes at least one site in each of 
England, Wales, N.Ireland and a 'control' site in north-west Scotland. This 'proto-
network' of sites would allow national trends to be observed and further increase the 
value of the work currently ongoing at Lochnagar. 
 
Finally, whilst there are limited metals (especially Hg) data for UK upland 
freshwaters, there are almost none for persistent organic pollutants (POPs). It would 
be highly valuable to start monitoring for POPs in a similar way to trace metals i.e. in 
a range of ecological compartments. As with metals, a pilot study could be initiated at 
Lochnagar with expansion after a period of time once the essential determinands and 
key compartments have been identified. This would complement the current 
monitoring under the AWMN. 
 
 


