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FOREWORD 

Following a decade of intensive research on the causes, 
mechanisms and extent of surface water acidification in the 
United Kingdom, and the general acceptance that acidification is 
a major environmental problem, attention is now focused on 
ameliorative strategies and their potential success. Within the 
Department of the Environment's research programme this comprises 
two components: defining and mapping the critical loads of 
acidity for freshwaters, and monitoring selected freshwaters to 
evaluate the long-term benefits of reducing acidifying emissions 
from power stations. 

This report presents the interim results of the first of these, 
the critical loads programme. Approximately 1600 water bodies 
throughout the UK have been sampled and analysed to enable 
critical load values for the most sensitive sites within grid 
squares to be derived and mapped as required by the UNECE (United 
Nations Economic Commission for Europe). 

A validation study of these primary survey data is now being 
carried out. When complete, new critical load maps will be 
published showing sites where modifications are needed. 

In this report we refer only to acidity that is attributable to 
sulphur deposition. However, the acidification status of some 
freshwaters is also influenced by nitrogen deposition. For these 
sites the values shown on the critical load exceedance maps will 
be under-estimates. Current research is addressing this issue, 
and future critical load exceedance maps will show values for 
total acidity (sulphur+ nitrogen}. 

All the work presented here has benefitted from discussion within 
the DoE's Critical Loads Advisory Group (CLAG) and the CLAG Sub 
group on Freshwaters. I should like to thank members of both 
those groups for their contributions and for their help over the 
last four years. I should also like to thank the DoE for funding. 

R.W. Battarbee 

Chairman, CLAG Sub-group on Freshwaters 
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Figures Page 

1.1 Critical and target loads concept diagram. The 
critical load for a site is exceeded at point (a); 
points (b) and (c) represent critical loads for 
individual species. As acid deposition decreases in 
the future a target load (T) can be chosen in relation 
to the wish to protect selected species, or ideally to 
enable full recovery (point (a)). 19 

2.1 Diatom diagram from Lochnagar, Scotland, showing point 
of acidification in the late 19th century (from Jones 
et al. 1993) . 

2. 2 ca+• and s deposition values for sediment core sites in 
the UK. Sites and values are listed in Table 2 .1. 
Acidification status is based on the results of diatom 
analysis: open circles= non-acidified sites; closed 
circles= acidified sites. 

2.3 Logistic regression of Ca:S ratios. 

3.1 A conceptual diagram linking critical ANC values to 
key chemical variables for selected target 
organisms. 

4.1 Response curves derived using logistic regression 
showing the relationship between probability of 
occurrence of (a) A. minutissima, (b) B. rhodani, and 
(c) non-impoverished macroinvertebrate assemblage and 

ANC. Ticks on the abcissa show original data. Dotted 
lines show 95% confidence interval for predicted 
probabilities. 

4.2 Survey data and fitted response curve derived using 
log-linear regression showing the relationship between 
number of mayfly taxa and ANC. Dotted lines show 95% 
confidence interval for predicted numbers. 

5.1 Map of the UK showing distribution of sites sampled by 
water type (stream, reservoir, lake). 

5.2 Maps of the UK showing distribution of pH, calcium, 
chloride and labile aluminium in surface waters for 
the critical loads sample sites. 

6.1 Critical load map for sulphur for UK freshwaters using 
the "diatom model" with the Ca:S ratio set to 94:1 
(see Chapter 2). Squares sampled are shown in Figure 
5.1. 1139 mainly lowland squares known to have 
insensitive surface waters because of their base rich 
soils and geology were not sampled. These squares are 
not differentiated on the map and are included in the 
>2 ( or blue) category. A full list of squares not 
sampled is available from the ECRC. Values shown are 
subject to validation. 
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6.2 Critical load map for sulphur for UK freshwaters using 
the "steady-state chemistry model" with ANCcr1t= 0 (see 
Chapter 3). Squares sampled are shown in Figure 5.1 
and unsampled insensitive squares are treated as in 
Figure 6.1. For nine sites where the pH was< 5.0 and 
the steady-state chemistry critical load resulted in 
a negative value the critical load was set to zero. 
For 350 insensitive lowland sites where the sulphate 
values were > 5 0 0 µeq 1-1

, SO4 was removed from the 
model calculation to avoid deriving improbably low 
critical load values. A full list of sites for which 
these adjustments were made is available from the 
ECRC. Values shown are subject to validation. 

6. 3 Comparison of critical loads from the diatom and 
steady-state chemistry models. 

6.4 Temporal variability of critical loads for a) Allt a 
Mharcaidh, an upland stream; and b) The Round Loch of 
Glenhead, an upland lake. 

6.5 Differences between critical loads at mean, minimum 
and maximum pH values for 20 of the Acid Waters 
Monitoring Network sites. 

6.6 Critical loads of acidity for Beagh's Burn, 
Ireland (Acid Waters Moni taring site 19) , 
values a) corrected; and b) uncorrected for 
excess base cations. 

Northern 
showing 

negative 

7 .1 Total non-marine sulphur deposition for the United 
Kingdom (1986-1988). 

7.2 Critical load exceedance map for sulphur for UK 
freshwaters using the "diatom model" (Figure 6.1) and 
1986-88 non-marine sulphur deposition values (Figure 
7. 1) . Apparently anomalous high exceedances in the 
north and north-west of Scotland are the subject of 
current validation studies. 

7.3 Critical load exceedance map for sulphur for UK 
freshwaters using the "steady-state chemistry model" 
for ANC 0 (Figure 6.2) and 1986-88 non-marine sulphur 
deposition values (Figure 7.1). Apparently anomalous 
high exceedances in the north and north-west of 
Scotland are the subject of current validation 
studies. 

7. 4 Maps of "diatom model" critical loads exceedances 
based on HARM modelled sulphur deposition: a) current 
sulphur deposition; b) 70% emissions reduction 
scenario for 2005; c) 80% emissions reduction scenario 
for 2010. Values subject to validation and to the 
comments in captions to Figures 6 .1, 7 .1 and 7. 2 
(March 1994) . 
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7.5 Maps of "steady-state chemistry model" critical loads 
exceedance based on HARM modelled sulphur deposition: 
a} current sulphur deposition; b} 70% emissions 
reduction for 2005; c} 80% emissions reduction 
scenario for 2010. Values are subject to validation 
and to the comments in captions to Figures 6.2, 7.1 
and 7.3. 

7.6 Comparison of steady-state chemistry model critical 
loads calculated using two methods. 

7.7 pH change for the Round Loch of Glenhead, 1978-1990 
(from Allott et al. (1992)}. 

8.1 The use of MAGIC to derive target loads for surface 
waters and soils at (a) Allt a Mharcaidh; and (b) 
Round Loch of Glenhead. 

8.2 The time dependency of critical loads is reflected in 
the target year by which the critical chemistry, in 
this case alkalinity zero, is to be achieved. Steady
state refers to the model run forward indefinitely 
until stream chemistry is constant. 

8. 3 MAGIC reconstruction of surface water alkalinity at 
UKAWMN sites. The sites currently showing a critical 
load exceedance (for ANC = 0) ( 7, Round Loch of 
Glenhead; 8, Loch Grannoch; 10, Scoat Tarn; 13, Old 
Lodge; 15, Llyn Llagi; 17, Afan Hafren; 18, Afan Gwy) 
are characterised by low background alkalinity. 

8. 4 Comparison of critical loads calculated using the 
steady - state chemistry and MAGIC models at a range of 
sites in the UK AWMN. 

8. 5 (a) Comparison of MAGIC and steady - state chemistry 
critical loads for lakes in Galloway. The models agree 
well at higher critical loads but differ at low values 
where MAGIC predicts that recovery will take longer 
than 50 years or that greater deposition reductions 
are required, primarily due to low weathering rates 
and acidified soils; (b) cumulative frequency curves 
for MAGIC and steady - state chemistry models at 39 
Galloway lakes. Note that even a low target load of 20 
meq S rn-2 yr -1 for the region will leave 15% of lakes 
with negative alkalinity by 2039. 

8 . 6 Uncertainty estimates for MAGIC (left ) and steady
state chemistry (right) models at 6 AWMN sites. 
Uncertainty in the MAGIC estimated criti c al load sterns 
from consideration of measurement err ors and spatial 
variability in catchment physical/chemi c al parameters. 
For the steady - state chemistry model the range 
represents critical loads calculated f or water samples 
collected over a range of flows. 
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8.7 Comparison of MAGIC soil critical loads and the 
empirical Skokloster sensitivity classification. 

8.8 MAGIC prediction of surface water alkalinity at AWMN 
sites where the critical load is currently exceeded. 
The three bars for each site represent the range of 
predicted concentrations for 1989, 2005 and 2039 given 
the LCPD (a) and 80% (b) emission reduction strategy. 
Ranges represent uncertainty in fixed parameter 
estimates and model calibration. Emission reductions 
of this order are insufficient to stop continued 
acidification at most sites. 

8.9 MAGIC prediction of surface water alkalinity (a} and 
pH (b) for lakes in the Galloway region of SW 
Scotland. The percentage of lakes with negative 
alkalinity changes only slightly in response to the 
emission reduction scenarios. 

8.10 MAGIC prediction of surface water alkalinity at Loch 
Grannoch under two emissions scenarios (LCPD and 80% 
reduction) and two land-use strategies (replant forest 
after felling at age 50 yrs and no replanting after 
felling) . 

8.11 The effect of future afforestation policy on surface 
water critical loads at 39 lakes in Galloway. Scenario 
2 represents the steady state forestry option whereby 
on maturity at 50 years forest stands are felled and 
an equal land area is replanted. Scenario 1 represents 
a deforestation scenario where no replanting occurs 
after felling, and scenario 4 is an afforestation 
scenario where all land of forestry class < 6 is 
planted immediately in addition t o replanting existing 
areas after felling. Insensitive sites (critical load 
> 200 meq m-2 yr- 1

) are not included. 

8.12 MAGIC predictions of critical loads for surface water 
at the Round Loch of Glenhead based on achieving 
alkalinity zero by 2039. Presently, N03 concentrations 
in surface waters are low reflecting on l y direct input 
to the lake itself ( 100% immobilisati on within the 
terrestrial catchment) , and the present S critical 
load ( 1) of c. 105 meq m-2 yr · 1 is calculated under this 
assumption. If N03 deposition increases, S04 cricical 
load decreases to maintain zero alkalinity according 
to the relationship shown as line (2). If N03 
immobilisation in the terrestrial catchment decreases 
to 50%, at the present level of NO, deposition che S 
critical load (3) would fall to c . 70 meq m·2 yr -1 to 
achieve zero alkalinity and if NO. depos : tion increased 
further reductions in the S critical load wou:.d be 
necessary in accordance with lin e (4). 
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9 .1 Total numbers of invertebrate taxa in upland Welsh 
streams in relation to: a) aluminium concentration; 
and b) stream ANC. 117 

9.2 The taxon richness of 18 acid sensitive macroinver
tebrates between 1985-1992 in 3 limed (L4, C2 and CS), 
3 acidic reference (Ll, Cl and C4) and 3 circumneutral 
streams (L6, L7 and Gl) at Llyn Brianne in mid-Wales. 
Bars represent one standard error. T1 - treatment of L4 
and CS with lime; T2 - treatment of C2 with lime. 118 

9.3 The position of three limed (L4, C2 and CS) and three 
reference streams (Ll, Cl and C4) in discriminant 
function space generated from mean aluminium and 
calcium concentrations during a baseline period of 
October 1984 - March 1985. Boundary lines are shown 
for three site groups derived from TWINSPANs of 
macroinvertebrate communities in 18 surrounding 
streams. The positions of treated streams pre-liming 
and control streams are indicated by simple polygons. 
Positions of limed streams after liming are denoted by 
large circles, and arrows show the movement of limed 
sites in discriminant space. 119 
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) to ensure stipulated biological status, 
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values. 

6.1 Critical loads classes used for mapping critical loads 
of sulphur for freshwaters (cf. Figures 6.1 & 6.2). 
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10 km square diatom model critical loads map (Figure 
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7.1 Exceedance of critical loads classes used for mapping 

39 

53 

53 

53 

purposes (cf. Figures 7.2 & 7.3). 68 
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CS) in mid-Wales. Invertebrate taxa are ordered 
according to their sensitivity ( from most to least 
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ordination axes for 1985-87 (also shown). 116 
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EXECUTIVE SUMMARY 

1. 

2. 

3. 

4. 

5 . 

6. 

7 . 

This report presents the first complete maps of critical 
loads for acid deposition for UK freshwaters. 

It presents the conceptual basis of the methodology used 
and differentiates between the base critical load for a 
site, as defined by the diatom model (Chapter 2) and the 
critical load for individual species, as defined by the 
Henriksen steady-state chemistry model {Chapter 3). 

The diatom model (Chapter 2) is an empirical model based on 
a dose-response relationship between sulphur deposition and 
changes in diatom composition, taking into account 
variations in site sensitivity as represented by water 
calcium values. 

The Henriksen model (Chapter 3) is based on the principle 
that excess base cation run-off reflects the net weathering 
processes in a catchment. The critical load calculated by 
this method should be equal to or greater than the acidic 
input. By setting Acid Neutralising Capacity (ANC) at a 
biologically significant level a sulphur load can be 
calculated for any target organism. For the current maps an 
ANC of zero was used. 

We stress { in Chapter 4} the importance of establishing 
good empirical relationships between the occurrence of 
freshwater biota and ANC, and we use logistic regression to 
derive response curves relating the probability of 
occurrence of a diatom (e.g. Achnan thes minu tissima) , a 
mayfly (Baetis rhodani) and a non-impoverished 
macroinvertebrate assemblage to ANC. Critical ANC values 
for fish are taken from the literature. However, the 
limitations of using ANC as the sole predictor of 
biological status in acid waters is noted. Other chemical 
{e.g. pH, aluminium, calcium) and physical factors (e.g. 
stream slope, substrate type) can be influential. 

The critical load maps are based on the chemical analysis 
of a water sample from a standing water (or headwater 
stream in some cases) in each 10 x 10 km grid square in the 
UK. The sites were selected using geology, soils and land
use maps to represent the most sensitive lake (or stream) 
in each grid square. The critical load class for the whole 
square is then that of the sample from this site. This 
approach to sampling and mapping (Chapter 5) deliberately 
aims to identify the most sensitive parts of the UK both 
within and between grid squares. 

A full validation of the maps is being carried out, 
assessing, for example, the correctness of the site choice 
within a square, differences between streams and standing 
waters and potential under-estimates of critical loads in 
some coastal locations. This study will enable more 
quantitative estimates of the uncertainties inherent in the 
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maps to be presented. 

8. The results of the mapping exercise (Chapter 6) indicate 
that large areas of upland Scotland, Wales, Northern 
Ireland and England have extremely low critical loads. 

9. To produce exceedance maps (Chapter 7), the critical load 
for each square was subtracted from the 1986-88 sulphur 
deposition data. Most areas of exceedance agree with 
expectation, although some regions have unexpectedly high 
values, either because of under-estimates of critical loads 
or over-estimates of S deposition. Some of the regions with 
unexpectedly high exceedances, mainly in the north of 
Scotland, are currently being studied in more detail. 

10. By using the projected reductions in sulphur deposition for 
the year 2005 and 2010, future exceedance maps (Chapter 7) 
have been produced to assess the potential success of the 
current government abatement strategy. The maps show that 
critical loads should be met for many sites, but some 
exceedances would remain, indicating that reductions in 
sulphur emissions need to be greater than 80% for all sites 
to have deposition levels below the critical load. 

11. The dynamic model MAGIC has been used at a series of sites, 
mainly from the Acid Waters Monitoring Network (AWMN) and 
from the Galloway region, to predict future trends in water 
chemistry and to show the time-dependence of reversibility 
(Chapter 8). The results indicate that success in achieving 
a critical load for a site in the future does not 
necessarily imply that water chemistry has recovered to the 
pre-defined ANC O level (steady-state chemistry model) or 
to pre-acidification conditions {diatom model). The timing 
and degree of recovery depends on the time-scale over which 
S reductions are made, the weathering rate of the catchment 
and the extent to which catchment land-use is changed in 
the future. 

12. The most important aspect of critical loads research is the 
relationship between water chemistry and freshwater 
biology. In Chapter 9 we use macro-invertebrates, 
macrophytes, fish (mainly brown trout) and a riparian bird, 
the dipper, as indicators of the main structural levels of 
importance in freshwater ecosystems, and use different 
statistical techniques and models to predict biological 
status for various future water-quality scenarios. 

13. We show that many taxa, including key species of 
conservation interest, may only be adequately protected at 
ANC levels substantially greater than 0. 

14. We stress (Chapter 9) that the future biological status of 
an acidified stream or lake depends not only on chemical 
recovery, which itself is subject to hysteresis, but also 
on the relative capacity of biota to re-colonise former 
habitats. 
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15. In assessing whether biological recovery is taking place 
successfully it is important to know which species can be 
expected to return to particular sites as conditions 
ameliorate. Because the pre-acidification biology of almost 
all acidified sites in the UK is unknown, this information 
can only be gained by the analysis of the fossil record 
from sediment cores, and by comparison with sites in areas 
of low acid deposition. In Chapter 10 we present a 
statistically-based site-matching method that allows such 
modern analogue sites to be identified. 

16. The exceedance maps, presented in Chapter 7, do not take 
into consideration the additional acidic load on freshwater 
ecosystems from nitrogen (N) deposition. Preliminary 
analyses of the range and geographical distribution of 
nitrate values in the chemistry dataset indicate that 
exceedances with respect to S deposition, shown here, may 
underestimate true exceedances for many sites, and this is 
re-inforced by the results from dynamic modelling using 
MAGIC. 

17. We underline the importance of continuing to validate the 
critical loads data, and recommend that future research 
focuses on nitrogen issues, especially (i) nitrate 
breakthrough from soils to surface waters, (ii) the impact 
of increased nitrate concentrations on the ecology of 
upland streams and lakes, and (iii) dynamic modelling to 
simulate nitrogen behaviour in catchments. We also 
recommend the further development of linked chemical and 
biological models that can be used to forecast biological 
response to predicted chemical changes as acid deposition 
is expected to decrease over the next 15 years. 

18. Finally we emphasise the interdependence of the acid waters 
research programme and the UK Acid Waters Monitoring 
Network (UK AWMN) and stress the value of the AWMN not only 
in recording trends at key sites but also in providing high 
quality data with which to validate both steady-state and 
dynamic model output. 
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Chapter 1 Introduction 

R.W. Battarbee 

Environmental Change Research Centre 
University College London 
26 Bedford Way 
London WClH OAP 

The clear relationship between acid deposition and surface water 
acidification suggests that the most obvious method for 
controlling and reversing acidification is an elimination or 
reduction of acid deposition, especially over regions sensitive 
to acidification. Even before the scientific basis for this 
relationship was fully established, Scandinavian countries had 
already persuaded the United Nations Economic Commission for 
Europe (UNECE) to set up a "Convention on Long Range 
Transboundary Air Pollution" (LRTAP) and promote protocols for 
reductions in both sulphur (S) and nitrogen (N) deposition. The 
sulphur protocol which encouraged member states to reduce 
national emissions of sulphur dioxide (S0 2 ) by a minimum of 30% 
by 1993 based on a start year of 1980 was adopted in 1985. 
Membership of this "30% club" expanded relatively rapidly but a 
number of countries, most notably the United Kingdom, did not 
join. 

Nevertheless the UK accepted the importance of S0 2 reductions in 
1986 and began the planned introduction of Flue Gas 
Desulphurisation (FGD) to a small number of large British power 
stations, most notably DRAX Bin Yorkshire. Subsequently the UK 
signed the EC Directive for large combustion plants which 
requires a 60% decline in emissions from these sources by 2003, 
based on a 1980 datum. 

Despite the political success of the 30% club this approach to 
emission reduction has inadequacies, mainly because reductions 
need to be more specifically targeted at regions and countries 
with large emission sources, and much greater reductions than 30% 
are required for recovery to take place. It is also sensible to 
optimise reductions so that the most damaged regions can gain the 
most benefit. For example, it might be more important to remove 
almost all emissions from power stations directly upwind of 
strongly acidified regions, and have lower reductions for power 
stations whose emissions largely fall in the sea or on land with 
high acid neutralising capacity. 

For this reason the "critical loads" concept has been embraced 
by European countries, and the UNECE have now replaced the 30% 
S reduction protocol by one based on the critical loads approach. 
Critical loads have been variously defined, but the most commonly 
used general definition is that of Nilsson and Grennfelt (1988): 

"A critical load for acid deposition is the highest deposition 
of acidifying compounds that will not cause chemical changes 
leading to long term harmful effects on ecosystem structure and 
function". 

17 



r 
[ 

[ 

[ 

D 
C 
C 
C 
0 
D 
0 

• 
D 

• 
D 
0 
0 
D 
u 
D 

The concept can be simply illustrated as in Figure 1.1, where a 
chemical or biological effect is related to an increased acid 
loading over time. If the critical load is less than the actual 
measured acidity load at any site then the critical load is 
exceeded. Maps of exceedance for individual countries and for 
Europe as a whole have been drawn up and used for policy making 
and the fixing of target loads. 

With reference to Figure 1.1, the critical load for freshwaters 
is exceeded when the first change in the aquatic ecosystem that 
can be related to acid deposition occurs. Additional critical 
values can, in theory, be defined as loads increase and 
progressively less sensitive organisms in the ecosystem decline 
or disappear. Target loads may then be set according to the need 
to protect any selected species or groups of species. In practise 
this is based on political negotiation that invariably involves 
compromise. For the UK, S emission reductions of 70% by 2005 and 
80% by 2010 (based on 1980) were agreed and the new sulphur 
protocol was signed in Oslo in June 1994. 

In the UK freshwaters programme two different, but complementary, 
approaches have been used to set critical loads for individual 
water bodies. These are the diatom model and the steady-state 
water chemistry model. They have been used to map critical loads 
and critical load exceedances (with respect to sulphur 
deposition) on a 10 km x 10 km grid square basis throughout the 
UK. These critical loads maps have also been used along with 
future sulphur deposition projections to map regions where 
critical loads are still exceeded by 2005. 

The dynamic model, MAGIC, has been used for selected sites to 
explore the effect of time-lags, land-use and other factors in 
achieving target loads. Current research aims to assess how 
effective these targets are in allowing ecosystem recovery. 

The output of all models is being compared, especially at Acid 
Waters Monitoring Network sites (Patrick et al. 1991). 

This report describes progress made in defining and mapping 
critical loads and critical load exceedances for freshwaters in 
the UK and it evaluates the various methodologies. It also 
describes research aimed at applying the critical loads concept 
to freshwater ecosystems and describes uncertainties and future 
research requirements. 
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Critical and target loads concept diagram. The critical load for a site is exceeded 
at point {a); points (b) and (c) represent critical loads for individual species. As 
acid deposition decreases in the future a target load (T) can be chosen in relation 
to the wish to protect selected species, or ideally to enable full recovery (point 
{a)). . 
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Chapter 2 Estimating the base critical load: the diatom model 

R.W. Battarbee, T.E.H. Allott, s. Juggins & A.M. Kreiser 

Environmental Change Research Centre 
University College London 
26 Bedford Way 
London WClH OAP 

2.1 Background 

In Britain the emphasis placed on palaeolimnological research 
into lake acidification has allowed an approach to critical loads 
to be devised using diatom-based pH reconstruction. Diatom 
diagrams from recently acidified lakes invariably show that, 
prior to acidification, diatom floras were stable (Figure 2.1) 
for very long periods, indicating little or no change in water 
pH, despite changes in catchment vegetation and land-use 
{Battarbee et al. 1990). Consequently, the point in time at which 
recent acidification began at any site is usually shown very 
clearly in such diagrams. In most cases it began in the 
nineteenth century, and reached minimum pH values in the 1980s 
(Battarbee et al. 1988). 

2.2 Defining critical load exceedance 

It can be argued that the first evidence for acidification in the 
sediment diatom record of a lake represents the time at which the 
critical load for that lake was exceeded. Clearly the acid 
loading received by the lake and its catchment at the time 
initial acidification occurred there is not known. However, if 
it is assumed that acidification is a function of lake 
sensitivity in relation to acid deposition and that this 
relationship is constant from site to site, an empirical 
acidification model can be derived by comparing the current 
acidification status of lakes of differing sensitivity and acid 
deposition. 

In this model we use current water ca++ as a measure of 
sensitivity and the mean 1986-88 total sulphur deposition data 
(expressed as acidity), and we define acidification as a change 
in the diatom composition in a sediment core at a site towards 
a more acidophilous assemblage. The sites and site 
characteristics used to calibrate this model are shown in Table 
2 .1. 

The acidification status of these calibration sites is plotted 
against water calcium and sulphur deposition ( expressed as 
acidity) in Figure 2.2. As expected, acidified sites (those 
exceeding the critical load) all have relatively low water 
calcium in relation to sulphur loading. In order to derive the 
Ca:S ratio (where Ca is in µeq 1-1 and S in keq W ha -: yr -1 ) that 
optimally separates acidified from non-acidified sites we used 
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logistic regression analysis to calculate the probability of 
acidification at different ratios {Figure 2. 3) . The optimal 
discrimination is where the probability of acidification is 50%, 
which for this dataset is given by a ratio of 94:1 {Figure 2.2, 
2.3), somewhat higher than the provisional value of 70:1 used in 
an earlier version of the model {Battarbee et al. 1993) that was 
based on fewer calibration sites. 

2.3 Calculating critical loads 

This ratio can then be regarded as the "critical ratio" and used 
to define the critical load for any site by calculating the acid 
deposition at the site for a 94:1 ratio. One uncertainty concerns 
the extent to which Ca values have changed as acid deposition has 
increased. The most cautious approach adopted here is to use 
"pre-industrial" Ca values, calculated from the Henriksen F-ratio 
{Henriksen et al. 1986). 

The procedure then is as follows: 

1. 

2. 

3. 

Use the Henriksen 'F' factor to c alculate pre
industrial ca++ values {Ca0 ) 

Use the critical ratio {CR) to calculate the critical 
load for sulphur as: 

CR 

Re-express as Keq ha-: yr -1 . 

4. Calculate exceedance values by difference with the 
current load. 

2.4 Discussion 

The model depends on the accuracy and applicability of the Ca:S 
ratio. Validation of the ratio is performed by analysis of cores 
from non-afforested sites with a wider range of Ca:S values, 
especially sites with relatively high Ca and S. Preliminary 
results indicate that the ratio is robust. 

It is unclear which is the most appropriate historical calcium 
value to use. Modern calcium (Cacl is known and pre-industria l 
calcium {Ca0 ) can, in theory, be calculated from the Henriksen F 
factor. The ideal value would be the calcium value at a site at 
the point of acidification, a value that would fall somewhere 
between Ca :, and Cat. So far Ca= values have been used as this 
generates lower critical loads and is therefor e the most cautious 
approach. Current research aims to assess the sensitivity of the 
model to different calcium assumptions. 
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So far the model has only been calibrated using non-afforested 
standing water sites. It is assumed that the ratio can be used 
equally for stream as for lake sites, but since there are no 
diatom histories for stream sites this assumption is impossible 
to test. Further development of the model is taking place to 
include the impact of N deposition. 

Critical loads calculated using the diatom model are 
complementary to those derived from the steady-state water 
chemistry model of Henriksen et al. (1986) that is most used in 
the UNECE mapping programme including the UK (Chapter 3). The 
steady-state chemistry model is constrained by the use of a pre
selected ANC value. This is inappropriate for setting the 
critical load for a site because the actual ANC at which the 
critical load is exceeded varies from site to site. Setting ANC 
= 0 excludes exceedance sites with positive alkalinity, and 
setting a higher ANC erroneously includes naturally acid waters 
as exceedance sites. The diatom model is not linked to ANC in 
this way; it indicates the first point of change for any site, 
whatever ANC threshold is crossed. As such the diatom model, in 
theory, generates the critical load for the site. 

Consequently the diatom model is likely to show larger numbers 
of sites with low critical loads and with high exceedances than 
the Henriksen method when the ANC = 0 value is used (see Chapter 
6.5.1). 

The strength of the steady-state chemistry model is its ability 
to generate a critical load for any given ANC value and to relate 
this to species distribution, allowing maps to be produced for 
any selected species on the basis of the probability of 
occurrence statistic (see Chapter 4). The diatom model canno t 
specify critical loads for individual taxa in this way, although , 
by indicating the critical load for the site, it can be used t o 
prevent ANC values being set too high for any individua l 
waterbody. 
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Table 2.1 Swmnary water chemistry, deposition data and acidification 

[ status of sites in the diatom model (Acidification status: 
Y = Acidified; N = Non-acidified). 

C 
Site Name Grid pH Calcium Alkalinity Sulphur Acidification 

Reference (µeq r') (µeq t') deposition status 
(keq H' ha·' y(') 

C 
Lochan Nigheadh NC 182148 6.48 67 48 0.44 N 
Loch na Larach NC 217583 4.88 63 0 0.71 N 
Loch Bealich a Bhurich NC 262280 6.87 103 89 0.74 N 

C 
Loch Caire Saidhe Duibhe NC 450360 6.04 47 24 0.62 y 

Loch na Gaineimh NC 765304 6.77 118 91 0.51 N 
Loch Teanga NF 818383 5.70 110 12 0.31 N 

C Loch lain Oig NG 792292 6.88 161 138 0.53 N 
Loch Caire nan Arr NG 808422 6.18 40 57 0.62 N 
Loch na Beiste NG 885943 6.48 100 68 0.38 N 

• Loch Coire nan Cnamh NG 974083 5.68 26 18 0.89 y 

Loch Sgamhain NH 100530 6.55 74 60 0.64 N 
Loch na h'Airbhe NH 103924 5.33 33 13 0.47 y 

• Loch Tarff NH 425100 6.82 142 111 0.51 N 
Loch Caire an Lochan NH 943004 5.33 29 14 0.43 y 

Loch Uisge NM 808550 6.21 68 61 0.88 N 

• Lochan Dubh NM 895710 5.55 33 83 1.13 y 

Loch Laidon NN 380542 5.40 41 13 1.11 y 

• 
Loch Tinker NN 445068 5.97 78 24 1.34 y 

Lochan Uaine NO 001981 5.77 69 15 0.65 y 

Loch nan Eun NO 230854 4.95 30 0 0.69 y 

• 
Dubh Loch NO 238828 5.13 30 2 0.69 y 

Lochnagar NO 252859 5.04 30 0 0.69 y 

Loch Tanna NA 921428 5.00 35 0 1.01 y 

D 
Loch Valley NX 445817 4.69 18 0 1.51 y 

Loch Enoch NX 445851 4.54 13 0 1.51 y 

Round Loch of Glenhead NX 450805 4.72 21 0 1.51 y 

0 Loch Urr NX 760845 6.77 167 61 1.23 N 
Greendale Tarn NY 146074 5.20 47 0 1.64 y 

Scoat Tarn NY 159104 5.00 38 0 1.64 y 

• Low Tarn NY 163091 5.00 48 0 1.64 y 

Burnmoor Tarn NY 184044 6.40 88 1.64 y 

Devoke Water SD 163970 6.10 116 1.13 y 

D Llyn Glas SH 601547 6.24 71 33 2.21 y 

Llyn lrddyn SH 630220 5.26 60 2 1.42 y 

Llyn Clyd SH 635597 6.14 56 34 2.21 y 

D Llyn Llagi SH 649483 5.24 60 2.21 y 

Loch Dulyn SH 662244 5.16 44 1.42 y 

D 
Llyn y Bi SH 670265 5.13 53 1.42 y 

llyn Conwy SH 780463 4.82 42 0 2.21 y 

Llyn Hir SN 789675 4.76 46 0 0.88 y 

D 
Uyn Gynoo SN 800647 512 41 6 1 21 y 
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Figure 2.1 Diatom diagram from Lochnagar, Scotland, showing point of acidification in the late 19th century 
(from Jones et al. 1993) . 

1:1.J 
U1 -E 

(..) -.r:: -a. 
(1) 

r 'O -C 
(1) 

.§ 
"O 
Q) 
en 

~ -~o 
..).•~ ~1i" 

'b- ~tr,: ~'b-
. fltv r:;v ~tr,: 

~" .._r6 -~ 
'b-v ~- ~<:8 

0., ., IS' 
~'(;< ~0 q,"3 

~'li zf ~ ..,__6' ~<:-: ~'li 
' "li?'-c; 6' 

0 'f 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

. c,'b-
~ ~ . 

'<:-rt, ~c, ..).ry, ~'b
_;,ij 

..).~ 
..).• ~..). 

. c,'b- ..).• 
~,'lf ~., 

..).• 

·00., flt o" · flt0 '3-IS' ~ e,'b- e}-" ~., .,...o ;~ ~ . ~v n(:-c, 

~~ 
'b- ~'li -~'°., ,.::,c:' 

-~'b- tt;-> ·-lf'b) C," ~"' 
~OG ~ 

ol' 
,::,,'b-<:

,0 
c}· ~'tr 

C, 1::-'rf 

t 
-~CJ 0., ~ 

~'b-" $ ~,"--'b-
0 r8. S 

,.,.~? ~<:-: ,.,_c,O 

... ~ ,.,., 
~'lf ~ 

~- ~ v .N rJ' 
~'b- --~? ..).'ii C, ,, ll,c; 

o/v ~~e;; ... ~ ~/lJ ~~ 
«.'--v 'b-c; ~'li flt~ ... ~ ~<.. ,._...'li ~<:-: ~'li 

-.,:;-0 ,v 
flt~ ~'tr 

.._l> ~,.,._ 
:~ 

~0($:' 
<:)-{ti V "li?'-(j ,S'" ~ 

l2i ~ 
.,(.~ ~<:-
., ~CJ ' ~c; «.'--7)-"J 

~c:, :5:) 
~c; (J~IS' Exceeded 

• 

i 
Nol , 

exceeded 

10 10 10 20 30 40 50 10 10 10 20 10 10 20 10 10 10 10 10 20 10 10 4.5 5.5 

% of total count 

1890 Critical 
load 



[ 

[ 

l 
C 
D 
[ 

• 
D 
D 
0 

• 
• 
D 
D 
D 
D 
C 

D 
n 

Figure 2.2 
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ca•• and s deposition values for sediment core sites in the 
OK. Sites and values are listed in Table 2 .1. 
Acidification status is based on the results of diatom 
analysis: open circles = non-acidified sites; closed 
circles e acidified sites. 
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Chapter 3 Estimating critical loads for biota: the steady-state water 
chemistry (Henriksen) model 

R. Harri.man and A.B.G. Christie 

Freshwater Fisheries Laboratory 
Faskally 
Pitlochry 
Perthshire PH16 SLB 

3.1 Calculating critical loads 

The steady-state water chemistry method proposed by Henriksen et al. 
(1986) is the one adopted by Nordic countries for purposes of 
national mapping. The method assumes a steady - state situation where 
inputs are balanced by outputs, allowing mean chemical data to be 
used. The method is based on the principle that excess base cation 
production in a catchment should be equal to or greater than the 
acidic anion input, therefore maintaining ANC above the pre - selected 
level. Thus: 

CL = ( [BC] / - ( ANC 1 imi t] ) . Q - ( BC ] d • • R 

where: 

CL . 
(BC] 

0 

ANC limit 

Q 
(BC]d 

R 

= critical load 
indicates non - marine component 
= excess base cation concentration 

prior to acidification 
= critical level appropriate to a target 

organism 
= runoff 
= non-marine base cation concentration 

in precipitation 
= rainfall 

... ( 1) 

No data are available for BC0 therefore it is calculated from the 
equation: 

where [S0 4 ]/ = present day excess sulphate concentration. 

This relationship uses the current non-marine base cation values, 
[BC]/, minus a proportion of extra base cations leached by the excess 
sulphate inputs. This "F-factor" can be calculated on the basis of 
an empirical equation: 

F=sin (90. ([BC]/ /S)] 

where Scan vary between 200-400 µeq 1-1 depending on the location. 

Thus most systems with base cation levels >200 µeq 1 ·1 would have an 
F-factor close to unity. The only remaining unknown is the pre -
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acidification sulphate level ([S0 4 ] 0 ·). Data from the most sensitive 
pristine sites reveal S0 4 • levels around 2 0 µeq 1-1 and these values 
increase with decreasing sensitivity. A suggested equation is: 

Having set these criteria for the £alculation of critical loads it 
is important to establish a working relationship between weathering 
rates ([BC] 0 ) and ANC. In the critical load equation ANC is used as 
a biologically important surrogate for key chemical parameters, such 
as pH, Ca, Al and TOC, which are known to influence the survival of 
certain biota. Relationships can be established between the [ANC] 
limit value used in the critical load equation and these chemical 
variables (Figure 3 .1) . In this example the target organism is 
salmonid fish and the starting point is a spawning stream flowing 
into a lake. 

Two points should be emphasised about this transfer function diagram 
(Figure 3.1). Firstly, not every water body at pH 5.5 will have the 
same Ca and Al values, and secondly, waters at pH 5. 5 will not 
necessarily have the same ANC. For example, low calcium (<50 µeql 1 ) 

waters may be acidified to pH 5. 5 by relatively low S deposition 
rates while less sensitive waters (Ca~S0 - 200 µeql -1

) would require 
high S deposition rates to be acidified to pH 5.5. Consequently in 
this latter example the biological response may not be quite as 
severe because higher calcium affords greater protection. 

Perhaps the most difficult question to resolve is that of quantifying 
the link between pH and ANC and (more importantly) predicting the 
biological status at any given ANC value. This problem arises because 
of the possible large variation in pH at any given ANC value. 

Conventional methods of determining ANC either require detailed 
information on all base cations and acid anions (i.e. ANC ~ C8 - CA) 
with all the accumulated measurement errors, or a specified titration 
procedure is used. Unfortunately, present ANC estimates are rarely 
determined using the same methodology. This latter problem is now 
being addressed along with the recognition that s oluble organic 
components can act as strong acids. Therefore it is now recommended 
that samples for ANC determination, either Gran or multiple end 
point, should be titrated down to the pH 3- 3.5 range and a correction 
added for organic components. Cantrell et al. (1990) suggested a 
straightforward method for routine ANC determinations which uses a 
constant factor (~4.3) to allow the buffering (protonation) effects 
of organics to be incorporated into the ANC calculation: 

ANC (µeq r 1
) = Alkalinity (to pH 3 - 3 . 5 ) + TOC (mg 1· 1 1 4 .3 

This equates direc t ly to ANC = C8 - CA. 

•• ( 2) 

The net effect of including organics is t hat, at ANC = 0, the pH o f 
a lake or stream with TOC = 0 is abou t pH 5.3 while the pH at ANC = 
0 and TOC = 6 mgl 1 is ~pH 4.5. Studies o f the ecology of organic rich 
waters indicate that some protection may be derived for biota at pH 
<5.0 especially as most of the aluminium is organically complexed. 
Nevertheless, further studies will be necessary to assess t he 
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biological implications of having an ANC limit = 0 in waters 
differing by as much as 1 - 1.5 pH units. 

In the calculation of critical loads for the current dataset the 
following criteria were used: 

1. critical chemical value of the acid neutralising capacity equal 
to zero (see UNECE 1990); 

2. a run-off value calculated as rainfall/1.15; 

3 • 

4. 

5. 

6. 

an excess base cation value in precipitation of 8 µeq 1-1 ; 

in the calculation of 'F' the value of 'S' was fixed at 400 µeq 
1- 1

; therefore any water with a base cation content >400 µeq 1 ·1 

was given a Henriksen 'F' value of 1.0; 

[S0 4 ] 0 is always >15 µeq i- 1 even for negligible base cation 
levels; 

The use of Cl (or Na) to calculate excess S0 4 (and excess Ca, 
Mg, K, and Na) can produce zero or negative values. If the Cl 
calculation is negative then a zero value is recorded; it should 
be noted that [S0 4 ]t may be lower than [S0 4 ]

0 
in high sea - salt 

areas. When these two values are subtracted and multiplied by 
'F' a negative value is obtained thus increasing the [BC]

0 
value 

rather than reducing it. Also for any sites with [S0 4 ] t >500 
µeql -1 the 'F' factor correction is not included. 

3.2 Exceedance values 

Two methods can be used to calculate exceedance values for critical 
loads. One uses the level of acidic anions ([AN]/) in the surface 
water, and the other uses the current sulphate ( [S0 4 ] '} input or total 
non-marine anion ([AN]"} input, i.e.: 

CLEx = ( [BC] 0 ° - [ANC-lirnit]-[AN]/) .Q-[BC]d' .R ••• ( 3 ) 

or 

... ( 4) 

Implicit in these equations is that, at the steady-state condition, 
the term [AN] t •• Q = S0 4 • input. 

In the situation where sulphur inputs alone are considered then 
equation (4} would apply. However, with the inclusion of Nin the 
critical load equation any value of critical load would be as total 
acidity and a non steady-state situation would almost certainly exist 
between inputs and outputs. Consequently, exceedance estimates would 
be more realistic using equation (3). 

For the purpose of this report so/ input was used to calculate 
exceedance values. Its use provides a direct link between inputs and 
biological damage and makes the interpretation and mapping of future 
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trends in critical load exceedance much easier to manage. It can also 
be used to calculate the likely impact of afforestation or any other 
land-use change which affects the inputs of SO4 • Hence, when 
selecting a surface water to represent a particular 10 x 10 km 
mapping block, the elevation, topography and land-use are noted so 
that the best input data can be used. 
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Figure 3.1 A conceptual diagram. linking critical ANC values to key 
chemical variables for selected target organisms. 

T_RANSFER FUNCTIONS IN 
CRITICAL LOAD ESTIMATES 

TARGET ORGANISM:- SALMONID FISH 
SURVIVAL MEDIUM:- UPLAND STREAM 

STREAM pH FREQUENCY OF EPISODES 
RANGE = 4.8-6.0 

. 
OF pH <5.5 = 30% 

CRITICAL PARAMETERS 
FOR FISH SURVIVAL 

= pH, Al, Ca 
Ir 

CRITICAL LEVELS 
DURING EPISODES 
pH 5.5 = Ca = 30-50 µeq -1 

Al = 30-50 µgl· 1 

• 

RECEPTOR STEADY STATE LAKE -, 
pH= 5.5 

,I, 

CRITICAL LOADS . - CRITICAL LEVEL 
EQUATION [ANC] = O 
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Chapter 4 Relating critical loads to aquatic biota 

1S. Juggins, 2 S.J. Ormerod & 3R. Harriman 

1Environmental Change Research Centre 
University College London 
26 Bedford Way 
London WClH OAP 

2 School of Pure and Applied Biology 
University of Wales 
P.O. Box 915 
Cardiff CFl 3TL 

3Freshwater Fisheries Laboratory 
Faskally 
Pitlochry 
Perthshire PH16 SLB 

4.1 Introduction 

The relationship between the critical loads concept and aquatic biota 
is outlined in Chapter 1. The first critical load of importance is 
that relating to the most sensitive component of the ecosystem, and 
is currently best defined by the diatom model (Chapter 2). Once this 
threshold (the critical load for the site) is passed, higher critical 
loads can be set for individual species or populations as long as 
there is a clear and known relationship between chemistry (ANC) and 
biology. 

These relationships could be generated by field or laboratory 
experiment. While this approach has been used for some fish species 
(cf. Baker et al. 1987), the generation of sufficient data to relate 
critical load exceedance to all the potential biological targets 
would be a vast undertaking. An alternative approach is to derive 
empirical regression models relating biological status to chemical 
conditions using field survey data (Reckhow et al. 1987, Ormerod 
1993). Appropriate survey data, collected from a range of sites in 
the UK and Scandinavia, already exist for a number of organisms and 
are used here to derive preliminary critical values of ANC for a 
number of biological indicators. The assumptions of this approach to 
defining critical loads are discussed in Chapter 9 and by Ormerod 
(1993). 

4.2 Assessing critical values of ANC for aquatic biota 

The empirical approach to modelling the relationship between 
biological conditions and water quality is demonstrated here using 
data collected from stream and lake surveys in the UK and Scandinavia 
for a range of aquatic ecosystem components, including algal and 
macrophyte primary producers, and invertebrate and fish secondary and 
tertiary producers. In this example these components are represented 
by five biological indicators: 
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1. Occurrence of the diatom Achnanthes minutissima. 
2. Occurrence of the macroinvertebrate Baetis rhodani. 
3. Occurrence of non-impoverished macroinvertebrate assemblages. 
4. Number of mayfly species 
5. Density of trout/salmonid populations. 

Achnanthes minutissima and Baetis rhodani are both common in streams 
above pH 6.0, and are among the first taxa to decline in response to 
lowered pH (e.g. Battarbee et al. 1988, Lein et al. 1992) . Similarly, 
mayfly diversity, the occurrence of non-impoverished 
macroinvertebrate assemblages and salmonid fish density are strongly 
correlated with stream-water acidity, with reduced diversity and the 
formation of impoverished assemblages at lowered pH (e.g. Ormerod et 
al. 1987, Rutt et al. 1990, Bridcut & Harriman 1994). Taken together 
these indicators provide a general indication of ecosystem health, 
and are thus important and appropriate for use in setting critical 
chemical limits. 

Table 4 .1 
references 
example. 

lists the number of observations, data source, 
for data collection and analytical methods for 

4.3 Statistica1 methods 

and 
each 

The relationship between a biological response variable and one or 
more water-chemistry explanatory variables can be modelled using 
regression analysis. If the response is a normally distributed 
quantitative variable then we can build a model using ordinary least 
squares regression; linear regression if the explanatory variables 
are quantitative or analysis of variance if they are nominal. In this 
example the single explanatory variable, ANC, is quantitative and 
since most organisms show a graded response rather than step changes 
along this gradient it is appropriate to fit a response curve to the 
data using some kind of linear regression. However, the response 
variable may not be normal quantitative but a binary variable 
recording the presence or absence of a taxon or group of taxa, or a 
Poisson variable recording the number of organisms or the number of 
taxa at a site. 

Binary and count data such as these may be modelled using logistic 
regression and log-linear regression respectively, both special cases 
of the generalised linear model (Dobson 1990). In the generalised 
linear model (GLM) the expected response, or some transformation of 
it, is a linear function of the explanatory variables. The required 
transformation of the expected response is called the link function; 
a logit link and binomial distributed observations defines logistic 
regression: 

loge[p/(1-p)] = b 0 + b 1x : linear predictor 

where pis the expected response or probability of occurrence, b
0 

and 
b 1 are regression coefficients, and xis the explanatory variable, 
i.e. ANC. The logistic model has the domain 0 - 1, and the logistic 
transformation, loge[p/(1 - p)], maps this range from - ~ to+~. 
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Similarly a logarithmic link with Poisson distributed observations 
defines log-linear regression: 

where y is the expected response. The identity link (no 
transformation) with normally distributed observations reduces to 
ordinary least squares regression: 

The generalised linear model thus offers a framework for modelling 
a range of biological response variables using a standard 
methodology. 

4.4 Results 

Figures 4 .1 and 4. 2 show the response curves fitted to data for 
examples 1-3 using logistic regression, and for example 4 using log 
linear regression respectively. Table 4. 2 gives regression 
coefficients and critical ANC values for different probabilities of 
occurrence of each indicator. Also included in Table 4. 2 are 
regression coefficients and critical ANC values for trout densities 
derived from the analyses given in Ormerod (1993). For example, to 
ensure a 0.5 probability of occurrence the ANC should not fall below 
23 µeq 1- 1 for Achnanthes minutissima, or below 36 µeq 1 · 1 for Baetis 
rhodani. Similarly, to ensure a mayfly assemblage of at least two 
taxa, and to prevent the formation of an overall impoverished 
invertebrate assemblage, ANC should be kept above c. 50 µeq 1-1 • 

These relationships can also be used to predict the biological 
characteristics of waters with a certain chemistry. For example, 
streams with ANC O would, on average, have 14 fish per 100 m2 , one 
mayfly, a 70% probability of supporting a non-impoverished 
invertebrate fauna, and a c. 30% probability of containing A. 
minutissima or B. rhodani. At ANC 50 µeq 1 · 1 they would have 23 fish 
per 100 m2

, 2 mayfly species, and only a 3% probability of containing 
an impoverished invertebrate fauna. 

4.5 Discussion 

These examples show that ANC can be related to the biological status 
of freshwaters. These relationships are strong, highly significant, 
and amenable to testing by applying them to new survey data (e.g. 
Rutt et al. 1990). A measure of the predictive ability of the models 
is easily obtained by comparing observed and predicted distributions. 
For example, the status of A. minutissima is correctly predicted at 
753 of the total of 887 sites, giving an overall success rate of 86%. 

The use of generalised linear models offers a framework for analysing 
a range of biological components using a standard statistical 
methodology. The modelled relationships can be used in either the 
top-down or bottom - up approaches (see Chapter 9) and can accurately 
model the graded response of a biological variable along a continuous 
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chemical gradient. In addition, they can be easily extended to 
incorporate other predictors where the biological response is known 
to be strongly influenced by additional environmental variables. For 
example, dippers (Cinclus cinclus) are generally scarce along Welsh 
rivers with ANC less than c. 35 µeq i- 1 (Ormerod et al. 1986). 
However, ANC alone is a poor predictor of dipper occurrence, because 
other chemical or physiographic factors such as aluminium 
concentrations and stream slope exert a major influence on their 
distribution. The GLM could thus be extended to include terms 
representing these variables to increase predictive ability. 

Critical pH or ANC values are now available for a number of fish 
species (e.g. Baker et al. 1987, Lein et al. 1992). The approach 
demonstrated here shows how critical ANCs can also be obtained for 
a large range of aquatic organisms using existing survey data. 
However, it must be stressed that the relationships presented are 
preliminary and they must now be validated using additional field 
data before use. To this end work is currently in progress to enlarge 
our database to include a wider range of water chemistry types, 
especially low ANC waters from areas of low sulphur deposition, a 
wider range of organisms, and more survey data on fish populations 
to model better fish response to ANC and other chemical variables. 
Scottish data on salmonid fish distribution (e.g. Bridcut & Harriman 
1994) are currently being assembled to address the last of these 
requirements. Once reliable response models have been developed and 
tested they can be used to either set critical loads for particular 
organisms, or to indicate the biological status of waters under 
various future sulphur deposition scenarios on a site-by - site 
(Chapter 9), or regional (Cosby et al. 1994) basis. The major 
remaining problem is then the choice of indicators, and in setting 
acceptable limits for their occurrence, diversity, or density; 
figures that will vary depending on the organism's conservation 
value, its distribution in analogous non - polluted sites, and on the 
expectation of past occurrence (cf. Chapter 9). 
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Table 4.1 

Biological 
component 

A. minutissima 

B. rhodani 

Impoverished 
invertebrate 
assemblage 

Number of 
mayfly species 

Trout density 

Number of observations, data sources and references for 
biological parameters of example 4.2 

Number of Datasets Reference 
observations 

887 Scottish acid Juggins 
waters baseline 1992 
SWAP calibration Stevenson 
dataset et al. 1991 

361 Various Rutt et al. 
1990 

105 Various Rutt et al. 
1990 

Welsh 1984 Survey Ormerod et 
al . 1987 

85 Welsh 1984 Survey Ormerod et 
al. 1987 

78 Welsh 1984 Survey Ormerod et 
al . 1987 
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Table 4.2 Coefficients for logistic (A. miDutissima, B. rhoda.Di, and non-impoverished invertebrate assemblage), log-linear 
(number of mayfly species), and linear (trout density (log 10 (nos 100 m-i+l))) regressions between biological status and 

ANC, critical ANC values (in µeq 1- 1
) to ensure stipulated biological status, and predicted biological status for 

stipulated ANC values. 

Biological A. minutissima B. rhodani Non-impoverished Number of mayfly Trout density 
component invertebrate sp·ecies 

assemblage 

Regression coefficients 

bo -0.844 -.968 0.880 - 0.177 1.18 

bl 0.0373 0.0267 0.0533 0.0157 0.004 
Critical ANC values in relation to: 

Probability of occurrence (p) Number of taxa Trout density 
p ANC ANC J\NC No. taxa ANC Density ANC 
0.05 -56 -74 -72 1 11 10 - 35 

0.1 -36 -50 -58 2 55 so 132 
0.2 -15 -16 -43 3 81 100 206 
0.5 23 36 -17 4 100 200 280 
0.75 52 77 4 7 135 500 380 
0.85 70 101 16 

0.95 101 146 38 

Predicted biological status (or set ANC values: 

l\.NC Probability of occurrence Numbe r of taxa Trout density 
-100 0.01 0.03 0.01 0.2 5 
-so 0.06 0.09 0.14 .04 9 
- 20 0.17 0.18 0.45 .06 12 

0 0.30 0.28 0.71 .OB 14 

to 0.48 0.39 0.88 1.1 17 
so 0.74 0.59 0.97 1.8 23 
100 0.95 0.85 0.99 4.0 37 

~gg g ~~ g ~~ ~ ~~ ~~ 4 94 
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Response curves derived using logistic regression showing the 
relationship between probability of occurrence of (a) A. 
minut;i.ssi.ma, (b) B. rhodm:zi, and (c) non-impoverished 
macroinvertebrate assemblage and ANC. Ticks on the abcissa show 
original data. Dotted lines show 95% confidence interval for 
predicted probabilities. 
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Chapter 5 Mapping water chemistry 

1A.M. Kreiser, 1S.T. Patrick, 1R.W. Battarbee, 2J. Ha11 &: 3R. 
Harriman 

1Environmental Change Research Centre 
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Abbots Ripton 
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3Freshwater Fisheries Laboratory 
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Pitlochry 
Perthshire PH16 SLB 

5.1 Introduction 

Despite the abundance of detailed water chemistry data for many 
sites in key acidified regions of the UK, no database of water 
chemistry for the whole of the UK suitable for critical load 
mapping was available before the start of this project. Indeed 
it was thought that most of the existing data were inadequate to 
satisfy the specific requirements of critical load mapping. For 
this reason and to preserve uniformity of sample collection and 
analysis, a major programme of water chemistry sampling for the 
whole UK was set up. A compromise between spatial resolution and 
resource availability dictated a sampling grid of 10 x 10 km in 
regions of high or medium sensitivity to acidification, and a 
grid of 20 x 20 km in low or no sensitivity areas, requiring the 
collection and analysis of c. 1600 water samples. In addition, 
since only one sample per site could be analysed, standing rather 
than running waters were targeted, but where no suitable standing 
waters were available headwater streams were used. 

5.2 Criteria for site selection 

The criteria used for selecting individual water bodies in 
Scotland were as follows: 

1. geology: 

2. altitude: 

high sensitivity areas were defined using the 
geological sensitivity map of Edmunds and 
Kinniburgh (1986), the national (1:625,000) map 
of solid geology and, where available, detailed 
land-use maps. 

the water body at the highest altitude was 
selected within the area of sensitive geology. 
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3. size: a minimum size of 0.5 ha was specified and large 
waterbodies extending between grid squares were 
excluded. 

For England and Wales a similar approach was adopted but more 
recently available maps for freshwater sensitivity to 
acidification based on a combination of geology, soil type and 
land-use (Hornung et al. in press) were used in preference to the 
geological sensitivity map. The combined sensitivity maps are now 
being used to evaluate original site selection in Scotland. 
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Sites sampled within the UK are shown in Figure 5.1. The map 
indicates whether sites were lakes, reservoirs or headwater 
streams. The majority of sites are natural lakes although 
regional exceptions to this are the Pennine hills of northern 
England, where reservoirs predominate, and in eastern Scotland 
and other regions with few standing waters, where streams have 
been sampled. 

At each site two water samples were taken, one for major ion 
chemistry and one for total phosphorus. Epilithic diatom samples 
were also taken. Some first choice sites, initially selected by 
a desk study of maps, were inappropriate for a variety of 
reasons, e.g. dry reservoirs and inaccessibility. In these cases 
second choice sites were sampled. A full list of sites, including 
critical load values, can be obtained from the Environmental 
Change Research Centre, University College London. An example of 
the format of this list is shown in Appendix A. 

Sampling started in Scotland in May/June and continued in 
September/October 1990. In 1991 sampling was carried out in May 
and September for Northern England and Wales. This strategy to 
sample systematically region by region was altered in September 
1991 when a new deadline of May 1992 was set for completion of 
the work by the Department of the Environment. Consequently, 
priority was then given to the sampling of the remaining 
sensitive sites in England, Northern Ireland, Orkney and the 
Shetlands, and these were sampled in October/November 1991 and 
May/ June 1992. Remaining sites were sampled in September and 
October 1992. 

The aim of approximating mean water chemistry from a single 
sample has probably been achieved in the case of standing waters 
by sampling only in spring and autumn. In the case of streams, 
however, representative sampling was more difficult as stream 
flow is much more variable. At sites where sampling took place 
at low flows, critical load calculations are likely to be over 
estimates. 
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5.4 Chemica1 analysis 

On arrival at the laboratory a 100 ml fraction was filtered 
through a 0.45 µrn Durapore membrane filter for major anion and 
cation analysis. Alkalinity and pH were determined as soon as 
possible on an unfiltered fraction. The methodology has been 
described previously (Harriman et al. 1990) and is the same as 
that used for the Acid Waters Monitoring Network (Patrick et al. 
1991). 

Part of the analytical procedure requires twice yearly 
involvement in analytical quality control (AQC) checks to 
maintain control of analytical errors. Analytical results were 
entered on a relational database (PARADOX}. 

Critical loads for each site within the 10 x 10 km grid cells 
were calculated on either LOTUS or QUATTRO PRO spreadsheets, and 
these data were used for mapping. 

5.5 Selected water chemistry maps for the UK 

The results of this survey represent the first systematic mapping 
of water chemistry in the UK. 

Figure 5.2 shows an example of the data for four determinands: 
pH, calcium, chloride and labile aluminium. Low pH, low calcium 
and high labile aluminium waters predominate in the upland 
regions of the UK. High chloride values derived mainly from sea 
salts occur, as expected, close to the coastline, especially the 
Scottish coastline. 
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Figure 5.2 
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Chapter 6 Critica1 1oad maps for UK freshwaters 

1R. Harriman, 2T.E.H. A1lott, 2R.W. Battarbee, 2C. CUrtis, 
Ha11 &: 3K. Bu11 
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Faskally 
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2Environmental Change Research Centre 
University College London 
26 Bedford Way 
London WClH OAP 
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Abbots Ripton 
Huntingdon PE17 2LS 

6.1 The UNECE mapping protocols 

At an early stage in the development of the critical loads 
approach it was recognised that maps were essential {Gregor & 
Bull 1988). Mapping not only provides information on the spatial 
distribution of the sensitivity of the environment, but also 
enables comparison with pollutant deposition maps and 
identification of those areas where the critical load is 
exceeded. Such exceedance maps have played an important role in 
the identification of areas of potential damage, and in the 
development of emission abatement strategies to reduce pollution 
below the critical load. 

A Task Force has been set up under the Convention on Long Range 
Transboundary Air Pollution to discuss and agree the methods used 
for the calculations of critical loads and the way that these 
values are mapped for Europe. A mapping manual has been agreed 
(Federal Environmental Agency 1993), and an International 
Coordination Centre in the Netherlands has been given the task 
of mapping critical loads for Europe, using national data where 
available. European maps have been used to help define nationwide 
requirements for the second sulphur protocol and are expected to 
play an important role for the second nitrogen protocol. Maps at 
this scale are conveniently presented on the EMEP (European 
Monitoring and Evaluation Programme) grid which is used for 
displaying pollutant data for Europe . While the large size 
{150km) of this grid inhibits presen t ation of detailed 
information, the use of statistics to define the colour of mapped 
areas enables detailed national data to be displayed in 
simplified form. 

A number of conventions have been developed within the UNECE to 
ensure that maps are presented in a consistent way. UK maps 
adhere to the principles which have been agreed and the CLAG 
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makes use of the approved methods of calculation throughout its 
work. 

The national map used for UNECE purposes has been the empirically 
derived soils critical loads map of the UK. This map, which 
consists of critical loads estimates based upon the 1:250 000 
soils databases of the Soil Survey and Land Research Centre and 
the Macaulay Land Use Research Institute, provides a reasonably 
complete coverage of Great Britain. In comparison, the 
freshwaters map of critical loads is an important case study for 
UNECE purposes since it is based upon actual measurements of 
sensitive freshwaters throughout the UK. 

6.2 Mapping methods 

The Mapping and Data Centre (MADC) at ITE Monks Wood is 
responsible for the maintenance of databases for critical loads 
research in the UK and the generation of national maps of 
critical loads and exceedances. The Centre also acts as the 
National Focal Centre for the UK and is responsible for passing 
maps and data to the UNECE Coordination Centre for Effects in the 
Netherlands. 

Freshwaters data are checked for quality assurance at SOAFD and 
ECRC prior to being transferred to the MADC. The Monks Wood 
database holds information for the CLAG freshwaters sub - group on 
critical loads, exceedances, site chemistry and additional site 
information for each 10 km square of the UK. The database 
information is used to generate GIS maps. Maps are presented on 
a 10 km square grid with each square being coloured according to 
the particular value held for the sampling point within that 
square. Deposition data are held on a 20 km square grid. For the 
calculation of exceedances, the value for each 20 km square is 
applied to the four 10 km squares within. 

The colours used for mapping the different classes of critical 
loads are those adopted by the UNECE mapping groups and are the 
same as those used for the soil critical load maps for Great 
Britain. The range of values for each class are those defined by 
the Skokloster workshop (Nilsson & Grennfelt 1988) for the 
critical loads for soils. The classes used for mapping critical 
loads are defined in Table 6 . 1. 

6.3 Critica1 loads map: the diatom model 

The critical loads map for the UK based on the diatom model is 
shown in Figure 6.1. The principles and calibration of the model 
are discussed in detail in Chapter 2. The map clearly indicates 
that large numbers of water bodies across the UK are susceptible 
to acid deposition, and a total of 671 sites in the dataset have 
critical loads below 2 keg ha -1 year - i ( see Table 6. 2) . The map 
also highlights significant regional differences in the 
sensitivity of surface waters to acid deposition. These regional 
differences in critical loads largely correspond to patterns of 
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geological variation, reflecting the importance of underlying 
geology in determining site sensitivity {cf. Edmunds & Kinniburgh 
1986). 

The most extensive areas of surface waters with low critical 
loads are found in the Highlands of Scotland, the Outer Hebrides, 
the Shetland Islands, Galloway, Cwnbria, the Pennines, and much 
of Wales. These are all regions dominated by soils with low base 
cation status. The map also reveals additional areas with 
sensitive surface waters where smaller pockets of base poor soils 
and geology are found. Examples include the Sperrin and Mourne 
Mountains in Northern Ireland, the North Yorkshire Moors, the 
Isle of Man, Bodmin Moor, Exmoor, Dartmoor, the New Forest, 
Breckland and areas of Greensands in south-east England. 

6.4 Critical loads map: the steady-state chemistry model 

Figure 6.2 shows the critical loads map for the UK based on the 
steady-state chemistry model. This model is discussed in detail 
in Chapter 3. The map indicates the deposition load required 
before ANC at the site used in the mapping survey falls below 
zero. 

Superficially the map is very similar to that generated using the 
diatom model, revealing the same regions with sensitive surface 
waters (cf. Figure 6 .1) . However, within these regions the 
steady-state model indicates that fewer sites occur in the most 
sensitive critical loads classes ( <0. 5 keg ha ·1 year -1 ) (Table 
6. 3) . 

Modifications to the general formulation of the steady-state 
model are presented in Chapter 3. The areas most affected are in 
north-west Scotland, where sea-salt modifications apply, and in 
south and east England where catchment-derived sulphate is a 
major proportion of total sulphate runoff. 

6.5 Discussion 

6.5.1 Comparison of Critical Loads from Diatom and Steady -
State Models 

The diatom critical load model is expected to generate lower 
critical loads than the steady-state chemical model. This is 
because the diatom model predicts the loading at which diatom 
communities first respond to changing chemical conditions. The 
ANC at which this response occurs will vary from site to site, 
and in most cases it will be at an ANC value greater than zero. 
This is unlike the steady-state chemistry model that uses a fixed 
ANC value and which in this case has been pre - set to zero. 

Inspection of the two sets of maps (Figures 6.1 and 6.2) shows 
the predicted differences between the estimates of the two models 
to be true. Figure 6.3 shows the relationship between critical 

49 



D 
[ 

C 
C 
[~ 

C 
C 
D 

• 
0 
D 
0 

• 
C 
0 
u 
[ 

r 

loads calculated using the two methods and indicates that diatom 
model critical loads are mainly either in the same class or 
lower. 

6.5.2 Critical Load Validation 

These critical loads maps are based on a single water sample from 
a single site in each 10 km grid square, assumed to be the most 
sensitive surface water within the grid square. The maps are 
designed to provide a conservative estimate of regional surface 
water sensitivity, and cannot at this stage be used to estimate 
the proportion of surface waters within a region falling into 
each critical load class. 

There is a need to validate both the site selection strategy 
adopted and the critical loads maps shown in Figures 6.1 and 6.2. 
During the early phase of the critical loads mapping exercise it 
was recognised that three key questions should be addressed: 

1. 

2. 

3 • 

Will critical loads vary from band to band on a temporal 
basis? 

How certain is it that the selected site will adequately 
represent the most sensitive catchment in the square? 

Which components of the models are likely to introduce 
the greatest uncertainties in the critical load 
calculation? 

A major programme of critical loads validation is being carried 
out in order to evaluate the significance of these factors and 
the uncertainties of the maps presented in Figures 6.1 and 6.2. 

Temporal variation in critical loads 

The significance of temporal variation of critical loads cannot 
be adequately assessed using the chemistry dataset collected for 
the mapping exercise as it is restricted to one sample per site. 
This is a major problem for stream sites where variation with 
flow and season is considerable. Lake water chemistry is less 
variable but small lakes also undergo significant changes in 
seasonal chemistry and can be affected by storm passages, 
especially those carrying large quantities of sea-salts. 

Use is therefore being made of chemistry from sites in the UK 
Acid Waters Monitoring Network (AWMN) where quarterly chemistry 
since 1988 is available for 11 lake sites and monthly for 11 
stream sites (Patrick et al. 1991). Intuitively, critical loads 
should be highest for water samples at the highest pH while the 
best relationships between biological status and critical loads 
would be for water samples at the lowest pH. For most small 
upland lakes the seasonal pH variation is relatively small and 
consequently the seasonal variation in critical loads is also 
small. For upland streams with mean pH >6.0 the variation in 
critical load is likely to be greater than upland lakes and be 
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more strongly correlated to pH (or ANC). An example of 
pH/critical load relationships for a small upland lake and stream 
in the AWMN is shown in Figure 6.4. It indicates that the choice 
of lakes rather than streams to represent steady-state chemistry 
is probably correct. It would be unreasonable to expect a stable 
relationship between mean critical loads and those calculated 
from the chemistry of samples at the maximum and minimum pH, but 
the differences between the mean and minimum critical loads for 
the majority of the AWMN sites is quite small compared with those 
differences between mean and maximum values (Figure 6.5). 

Site selection and sensitivity 

The extent to which the site selected for sampling accurately 
represents the most sensitive catchment in the square is being 
addressed by an extensive study of within - square variation in 
water chemistry. This study is based on intensive sampling in a 
random selection of 10 km grid squares. The work is ongoing, but 
for squares with available data the sites selected for the 
mapping exercise appear to represent the most sensitive waters 
in the 10 km square. However, a fully representative set of 
squares needs to be sampled and analysed before the uncertainties 
can be fully quantified. 

Critical loads model uncertainty 

The issues of model uncertainty are also being addressed as part 
of the validation studies. The steady - state chemistry model is 
being validated by systematically checking the responsiveness of 
critical loads to each component of the steady-state equation, 
in particular the estimate of the pre - acidification weathering 
[BCJ 0 •• This component of the equation also influences the diatom 

model as it is used to calculate pre-acidification calcium values 
for each site (see Chapter 2). 

The first uncertainty arises with the calculation of the present 
day non-marine base cation level [BC)/. For sites with chloride 
levels >500 µeg 1~1

, to which the standard sea-salt corrections 
were applied, the excess sodium and magnesium values were often 
negative, resulting in small or negative critical loads. When 
these negative values were corrected to zero a more realistic 
range of critical loads was produced. Figure 6. 6 shows an example 
of the corrected and uncorrected critical load values for Beagh' s 
Burn in Northern Ireland (AWMN site no.19). 

The second component which influences the [BC]
0

• estimate is the 
F-factor which determines the increase in base cation weathering 
caused by increased pollutant inputs. The preferred value of S 
in the critical loads equation is 400 µeg 1-1 but values of 200 
and 100 µeg 1-1 have been suggested for certain regions. While 
some uncertainty may exist over the true value of the F-factor 
the effect of Fon the [BC] 0 ' calculation is relatively small for 
the more sensitive sites with low base cation levels. For the 
AWMN sites there was no significant change from one critical load 
class to another as a result of varying the S value between 200 -
400 µeq 1 1

• While other uncertainties exist with the other 
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components of the equation (e.g. [S0 4 ]/) the above factors appear 
to exert the greatest influence on the critical load values. 
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Table 6.1 Critical loads classes used for mapping critical loads of 
sulphur for freshwaters (cf. Figures 6.1 & 6.2). 

class keq ha- 1 year- 1 kg S ha- 1 year- 1 colour 

1 > 2.0 > 32.0 blue 
2 > 1.0 and <= 2.0 >16.0 and <= 32.0 green 
3 > 0.5 and <= 1.0 > 8.0 and <= 16.0 yellow 
4 > 0.2 and <= 0.5 > 3.2 and <= 8.0 red 
5 <= 0.2 <= 3.2 black 

Table 6.2 Number of sites in each critical loads class for the 10 km 
square diatom model critical loads map (Figure 6.1). Xn 
lowland areas insensitive to acid deposition many squares 
were not sampled ( see Figure 5 .1) • on the maps ( Figure 6 .1) 
they are included in the Class 1 category. 

Class 

1 (sampled) 
1 (not sampled) 
2 
3 
4 
5 

total (UK squares) 

Number of sites 

902 
1139 

180 
200 
207 

84 

2712 

Table 6.3 Number of sites in each critical loads class for the 10 km 
square steady-state chemistry model critical loads map 
(Figure 6.2). Xn lowland areas insensitive to acid 
deposition many squares were not sampled (see Figure 5.1). 
On the map (Figure 6.2) they are included in the Class 1 
category. 

Class Number of sites 

1 (sampled) 
1 (not sampled) 
2 
3 
4 
5 

total (UK squares) 

1023 
1139 

204 
186 
108 

52 

2712 
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P"igure 6.1 

... 

critica1 load map for sulphur for me freshwaters using 
the •diatom mode1• with the Ca:S ratio set to 94:1 
(see Chapter 2). Squares sampled are shown in Pigure 
5 .1. 1139 main1y lowland squares Jmown to have 
insensitive surface waters because of their base rich 
soils and geology were not sampled. These squares are 
not differentiated on the map and are included in the 
>2 (or blue) category. A full list of squares not 
samp1ed is availah1e from the BCRC. Values shown are 
subject to validation. 
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Figure 6.2 Critical load map for sulphur for mt freshwaters using 
the •steady-state chemistry model• with Ali1Ccrit.= O (see 
Chapter 3). Squares sampled are shc::nm in Figure 5.1 
and unsmapled insensitive squares are treated as in 
Figure 6.1. Por nine sites where the pB was< 5.0 and 
the steady-state chemistry critical · load resulted in 
a negative value the critical load was set to zero. 
For 350 insensitive lowland sites where the sulphate 
values were > 500 µeq 1- 1

, so, was removed from the 
model calculation to avoid deriving improbably low 
critical load values. A full list of sites for which 
these adjustments were made is available from the 
BCRC. Values shown are subject to validation. 
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Critical loads of acidity for Beagh's Burn, Northern 
:Ireland (Acid Waters Monitoring site 19), showing 
values a) corrected; and b) uncorrected for negative 
excess base cations. 
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Chapter 7 Sulphur deposition, present and projected critical 
load exceedances 
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7.1 Introduction 

Estimates of critical load exceedance, or predictions of 
acidification, have been made using the critical loads maps 
presented in Chapter 6 together with data on measured and 
modelled sulphur deposition. Exceedance maps generated in this 
way can be used to identify regions of potential damage and can 
play a role in developing emissions abatement strategies to 
reduce deposition loadings below the critical load. 

7.2 Mapping current S deposition 

Surface water acidification is primarily related to S deposition. 
N deposition is an important component of total acid deposition 
but because of its uptake and storage by terrestrial biomass it 
has, until recently, been considered much less important for 
upland surface waters. Nevertheless some upland waters have 
relatively high concentrations of nitrate and the significance 
of this has been considered elsewhere (Battarbee et al. 1992). 
So far, however, critical loads for freshwaters have been 
calculated in relation to sulphur deposition. 

The distribution of S deposition is shown in Figure 7.1. These 
data are derived from calculations which are the sum of: 
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data interpolated from measured wet deposited-sulphur, 
including estimated seeder-feeder scavenging, 

dry-deposited sulphur modelled from measurements of 
gaseous concentrations of S0 2 , allowing for different 
deposition rates to different vegetation types, 

estimated deposition of sulphur from cloud and mist 
(occult deposition). 

These data for Great Britain have been described elsewhere 
(UKRGAR 1990) and are the mean annual values for 1986-1988. For 

Northern Ireland, simple estimates of dry-deposited sulphur have 
been used with the total wet-deposited sulphur. 

The data are mapped on 20 km squares of the Ordnance Survey 
national grid of Great Britain. This level of resolution is 
considered appropriate for mapping the interpolated pollution 
data. Consequently, when the data are considered for 10 x 10 km 
squares, the 4 squares within each 20 x 20 km area are given the 
same pollutant value. The pollutant ranges used in Figure 7 .1 are 
those recommended by the UNECE Task Force on Mapping (Federal 
Environmental Agency 1993). 

0 7.3 CUrrent critica11oads exceedance map: diatom model 
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The exceedance map for the UK using the diatom model and the S 
deposition data described above is shown in Figure 7. 2. The 
classes used for defining critical load exceedances are shown in 
Table 7.1. 

The number of squares in each exceedance class is shown in Table 
7.2. The main areas of current exceedance occur in regions where 
acidification problems are already well known from previous 
studies (e.g. Battarbee et al. 1988). These include the 
Cairngorms, central Scotland, Galloway, Cumbria, the Pennines, 
North Wales and mid-Wales. However, there are many other regions 
where exceedance is indicated and either not expected or not 
previously studied. Regions such as the Sperrin and Mourne 
mountains of Northern Ireland, the North Yorkshire moors, South 
Wales, Dartmoor and the New Forest are all known to have low pH 
surface waters. However, at this stage there has been no detailed 
site by site assessment, and further work is required to assess 
the extent and seriousness of acidification problems in such 
areas. 

In some cases the exceedance may be more apparent than real, 
related to uncertainties in primary data and the models used. 
Exceedances are shown on the map for the north-west of Scotland 
and the Shetlands, regions where there is little other existing 
evidence of surface water acidification. These exceedances may 
be erroneous, and they are the subject of current research {see 
below, section 7.8.3). 
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7 .4 Current critical. l.oads exceedance map: 
chemistry model. 

steady-state 

Figure 7.3 shows the critical loads exceedance map for the UK 
based on the steady-state chemistry model for ANC = 0. The number 
of squares in each exceedance class is shown in Table 7.3. 

The data indicate the same general pattern of exceedances as 
revealed by the diatom model, with exceedances predicted for the 
same regions. However, there are significantly fewer total 
exceedance squares; 283 compared to 407 in the diatom model 
(Tables 7.2 & 7.3). The exceedance maps are provisional because 
a number of anomalies, such as in the north-west of Scotland, 
have not yet been fully evaluated (see below, section 7.8.3). 

7. 5 Current model.led sulphur deposition and proj actions for 
2005 and 2010 using the HARM model. 

The likely effects of future reductions in emissions on the 
deposition of Sand critical loads exceedance are being explored 
using the Hull Acid Rain Model (HARM) (Metcalfe & Whyatt in 
press). HARM is an updated version of the Harwell Trajectory 
Model described by the UKRGAR (UKRGAR 1990). The model has been 
used to provide two S deposition scenarios based on possible 
future emissions reductions of 70% and 80% by 2005 and 2010 
respectively, representing current government policy. 
Additionally, HARM has been used to provide modelled current S 
deposition to enable current exceedances to be mapped using HARM. 
These maps can be compared to the exceedance maps presented in 
Sections 7.3 and 7.4 (above). 

In the scenarios for 2005 and 2010, emission reductions have been 
targeted on high level UK sources, mainly power stations, to 
reflect likely plant closures, the effect of fuel switching and 
the introduction of FGD. 

Under the 70% scenario, emissions from UK power stations and oil 
refineries have been reduced by 82% from 1980 levels. Cuts in 
emissions from other industrial and domestic sources were 60% and 
80% respectively, compared with 1991. For the EMEP land area the 
emissions used ( from data provided by Imperial College) are those 
required to achieve 60% closure between 1990 S0 2 deposition 
levels and those needed to meet the 5% CCE critical loads based 
on ecosystem areas. This is called the 60% gap closure scenario. 
In total, UK emissions were reduced to 1,469,400 tonnes S0 2 • The 
model predicts that S deposition is reduced by about 47%, as 
compared with figures for present day deposition provided by ITE 
Edinburgh and the Warren Spring Laboratory. Deposition greater 
than l. 5 keq ha -1 yr -1 is eliminated (cf. Figure 7 .1) , although 
model under - prediction close to some major conurbations is 
possible. 

In the 80% scenario, emissions from power stations and oil 
refineries are further reduced, to a cut of 88% from the 1980 
base year. Reductions in domestic emissions are increased to 45% 

62 



l 
[ 

• 
[ 

L 
C 

D 
C 

• 
• 
• 
D 

• 
D 
D 
D 

• 

• 
C 
r 

(from 1991) and the level of industrial SO2 held constant from 
the 70% scenario. The emissions for the EMEP land based sources 
are also the same as those used in the 70% scenario. In total, 
UK emissions are then reduced to 979,600 tonnes. Under this 
scenario, the model predicts a reduction in deposition of 57% 
from the present day, and the proportion of the country where S 
deposition is greater than O. 5 keg ha ·1 yr · 1 is considerably 
reduced. 

7 .6 CUrrent exceedance map and exceedance maps for 2005 and 
2010 based on HARM: diatom model 

Critical loads exceedance maps generated using the diatom model 
and the HARM scenarios described above are shown in Figure 7.4. 
HARM predictions of current exceedance (Figure 7.4a) correspond 
reasonably closely to those using measured S data (Figure 7.2), 
although the model seems to underestimate exceedances in Central 
Scotland, Galloway and the Pennines. 

Table 7.4 shows that a 70% reduction in emissions by 2005 will 
lead to a substantial reduction in the number of exceeded sites. 
In particular, exceedances of greater than 1 keg ha -1 year · l 
(black squares) are eliminated and exceedances greater than 0.5 
keg ha · 1 year · 1 are generally confined to Cumbria, the Pennines 
and Wales (Figure 7.4b). However, a 70% emissions reduction will 
not be sufficient to reduce deposition below the critical value 
for many sites. Regions where significant critical loads 
exceedances remain include north-west Scotland, Galloway, the 
Pennines and Wales. 

The 80% emissions reduction scenario indicates that further 
reductions in exceedances can be expected by 2010 (Table 7.4 and 
Figure 7. 4c), and few sites with exceedances greater than O. 5 keg 
ha · 1 year · 1 remain. However, as extensive areas of exceedance are 
still indicated on the map it is clear that emissions reductions 
in excess of 80% would be required to decrease deposition below 
the critical load for many sites. 

7. 7 Current exceedance map and exceedance maps for 2005 and 
2010 based on HARM scenarios: steady-state chemistry model 

Critical loads exceedance maps generated using the steady - state 
chemistry model and the HARM scenarios described above are shown 
in Figure 7. 5. Again, HARM predictions of current exceedance 
(Figure 7. Sa) correspond reasonably closely to those using 

measured S data (Figure 7 .3). However, relative under - estimations 
of exceedance are apparent in Central Scotland and the Pennines. 

Table 7.5 indicates that given a 70% reduction in emissions the 
number of exceedance sites decreases significantly. The most 
marked changes in exceedance are apparent in north west Scotland, 
Galloway and Wales, where deposition falls below the critical 
load for many sites (Figure 7. Sb) . Exceedances above 0. 5 keg ha · 1 

year ·1 are largely restricted to the Pennines and Cumbria, with 
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one or two outlying sites. 

Some further reduction in the number of exceedance sites is 
indicated by the 80% emissions reduction scenario {Table 7.5), 
al though reductions in excess of 80% would be required to 
eliminate exceedances at 100 of the sites in the dataset. The 
regions where significant numbers of exceedances remain include 
Cumbria and the Pennines. 

7.8 Discussion 

7.8.1 Interpreting the Exceedance Maps 

The exceedance maps give a clear impression of the UK regions 
where surface water acidification is a major environmental 
problem. However, as the class of exceedance in each 10 km square 
is based only on data from one site, presumed to be the most 
sensitive site, the maps can be misleading. This is because they 
give an exaggerated impression of the areal extent of 
acidification as not all the streams and lakes in the square will 
have exceedance values as high as the site selected. Nevertheless 
this approach is environmentally appropriate as it ensures, in 
theory, that calculations of emission reductions needed to 
achieve critical load values for individual squares are based on 
the need to protect all water bodies within the square. 

7.8.2 Uncertainties of deposition data 

Some of the uncertainties with the calculated exceedance values 
are related to the accuracy of the sulphur deposition input data. 
These data, although corrected for elevation and vegetation 
characteristics, are average values for 20 km grid squares (see 
Figure 7.1). Thus the same deposition data are used for the four 
10 km grid squares that comprise each 20 km grid square. The 
critical loads data, however, relate to an individual catchment 
within each 10 km grid square. There is clearly a significant 
mismatch between the spatial resolution of the data used to 
calculate exceedances. The relatively coarse resolution of the 
deposition data may result in under-estimates of deposition to 
upland sites and over-estimates for lowland sites. The deposition 
data used to generate critical loads exceedances, therefore, need 
to be evaluated by comparison with higher resolution, catchment 
based deposition data for a selection of sites. 

7.8.3 Uncertainties in north-west Scotland 

One region where there is particular concern over exceedances 
indicated by the maps is the north-west of Scotland. Exceedance 
squares in this area are apparent in maps generated using both 
diatom and steady-state chemistry models {Figures 7.2 and 7.3). 
Although the region is sensitive to acidification it experiences 
relatively low levels of acid deposition, and previous studies 
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have concluded that it is not significantly affected by surface 
water acidification (Battarbee 1989, Harriman 1989). 

Current research is being conducted in this area to assess 
whether the exceedances are real or reflect an artefact of the 
critical load models and their asswnptions. One hypothesis is 
that the exceedance values are caused by the high sea-salt 
corrections in the [BC] 0 calculation. 

To test this hypothesis it was first asswned that the region was 
not significantly acidified, so allowing [ANC]t, as an 
independent estimate of [BC] 0 , to be substituted into the steady 
state equation. A comparison of the estimates derived using this 
method and the standard method (Figure 7.6) revealed no 
significant systematic difference between sites. 

From this preliminary evaluation it appears that the current 
method of setting negative base cation levels to zero, after the 
sea-salt correction, is acceptable and that the exceedances are 
not an artefact of the sea-salt corrections. Since there is no 
evidence that S input values have been over - estimated work is 
continuing to evaluate alternative hypotheses: 

i the exceedances are false because the catchments are not in 
steady-state with inputs; 

ii the exceedances are false because sites with historically 
high inputs of neutral sea-salt sulphate may have an 
inherent capacity to assimilate small additional loading of 
acidic sulphate without changing the acidification status 
of surface waters; 

iii the exceedances are real and changes in acidification 
status of the lakes will be identified by diatom analysis 
of sediment cores. 

7.8.4 Uncertainties in the prediction of future emissions 
and deposition 

Although it is believed that the HARM model provides a good 
representation of the processes linking the emission, transport 
and deposition of sulphur pollutants across the UK, some caution 
must be applied to modelled future scenarios. For the present day 
the regional pattern of exceedances generated using HARM 
generally corresponds closely to those generated using measured 
S deposition data (see above). However, some differences are 
apparent. HARM under-predicts dry deposition in several regions, 
particularly around urban areas such as Teeside and the Central 
Lowlands of Scotland. Hence, continuing exceedance in these areas 
may not be picked up by the scenarios. There is also some over 
prediction of wet deposition in central and southern England, and 
thus future exceedances in such areas may also be over-predicted. 

Sensitivity analysis has shown that HARM is more responsive to 
emissions than to other model parameters. However, the emissions 
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totals and spatial distributions used in the scenarios are based 
on the best available information and may not reflect the actual 
policy of the power generators or other sectors. The application 
of the 60% gap closure figures on an EMEP grid basis for Europe 
is an advance on the previous UNECE sulphur protocols . HARM does, 
however, assume straight line trajectories. While this may be a 
reasonable assumption for source areas in Europe close to the UK, 
back trajectory analysis has shown that it is unlikely to be true 
for more distant parts of Europe. The exact nature of source
receptor relationships with respect to the more remote source 
regions in Europe is, therefore, not going to be well represented 
by this model, even though the spatial distribution of emissions 
across Europe has been improved. 

7.8.5 Recovery and future change 

A major assumption of the exceedance maps is that surface water 
chemistry is in steady state with deposition. The exceedance maps 
for 2005 and 2010 therefore assume that lakes and streams will 
respond without any lag to deposition reduction, i.e. that the 
effects of acidification are readily reversible. However, the 
response of surface waters to reductions in deposition can be 
expected to vary depending on the nature and sensitivity of 
catchment soils. 

As acid deposition decreases in the future, it will be important 
to know the rate at which streams or lakes recover chemically and 
biologically. The issue not only involves the extent to which 
surface waters will respond directly to reductions in S 
deposition but also whether future changes in other factors such 
as N deposition, afforestation and climate change might delay or 
offset any expected improvement. 

This issue is being addressed theoretically using the dynamic 
model MAGIC (Cosby et al. 1985) (see Chapter 8) and empirically 
using the Acid Waters Monitoring Network (AWMN) (Patrick et al. 
1991) . The actual response of any site to changes in acid 
deposition can only be checked by detailed moni taring of key 
sites over time, and monitored responses to changes in the past 
can be used as a guide to future changes. Although the AWMN is 
due to issue its first five yearly report in 1994 (AWMN, in 
prep.) it is probable that insufficient changes in S deposition 
have taken place in the last 5 years for any major changes to be 
recorded over this period of time. For some sites, however, 
earlier data are available covering part of the period between 
1970 and 1985 when S emissions declined quite markedly in the UK 
and Europe. These data indicate that small but significant 
increases in the pH of Loch Enoch, Loch Valley and the Round Loch 
of Glenhead (Figure 7.7) took place between 1979 and 1990. 

The extent to which surface waters will respond as emissions 
begin to decrease again in the second half of the 1990s is 
unknown, but excellent baseline data are becoming available from 
research programmes and from the AWMN and these will enable a 
full evaluation to be made, and to allow the projections of the 
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MAGIC model to be evaluated (see Chapter 8). 
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Table 7 .1 Exceedance of critical loads classe s used for mapping 
purposes (cf Figures 7.2 & 7.3). 

class Kec;t ha -1 yr -1 Kg s ha -1 yr -1 colour 

1 < = 0.0 (not exceeded) < = 0.0 (not exceeded) blue 

2 > 0.0 & < = 0.2 > 0.0 & < = 3.2 green 

3 > 0.2 & <= 0.5 > 3.2 & <= 8.0 yellow 

4 > 0.5 & < = 1.0 > 8.0 & <= 16.0 red 

5 > 1.0 > 16.0 black 

Tabl.e 7 .2 Number of sites in each exceedance class for the 10 km 
square diatom model critical l.oads exceedance map (Figure 
7.2). NB Class 1 category includes squares that were not 
sampled (see caption to Table 6.2). 

class number of sites 

1 2305 

2 89 

3 125 

4 113 

5 80 

total exceedance sites 407 

total sites 2712 
-

Table 7. 3 Number of sites in each exceedance class for the 10km. 
square steady state chemistry model critical loads 
exceedance map (Figure 7.3). NB Cl.ass 1 category includes 
squares that were not sampled (see caption to Table 6.2). 

class number of sites 

1 2429 

2 74 

3 103 

4 so 
5 56 

total exceedance s it es 283 

total sites 2712 
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Table 7.4 Humber of sites in each exceedance class for the 10km 
diat011t model maps according to the HARM scenarios (Pigu.re 
7.4). NB Class 1 category includes squares that were not 
sampled (see caption to Table 6.2). 

class no. sites (current no. sites (70% no. sites (80% 
exceedance) reduction) reduction) 

1 2327 2474 2509 I 

2 82 115 119 

3 135 97 75 

4 122 26 I 9 

5 46 0 0 

total 385 238 203 
exceedances 

total sites 2712 2712 2712 

'l'abl.e 7 .5 Humber of sites in each exceedance class for the 10km 
square steady-state chemistry critical loads map according 
to the HARM scenarios (Figure 7.5). NB Class l category 
includes squares that were not sampled (see caption to 
Table 6.2). 

class no. sites (current no. sites (70% no. sites (80% 
exceedance) reduction) reduction) 

1 2452 2590 2612 

2 71 64 58 

3 101 42 36 

4 62 16 6 

5 26 0 0 

total 260 122 100 
exceedances 

total sites 2712 2712 2712 
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Figure 7.1 Total non-marine sulphur deposition for the United 
Kingdom (1986-1988). 
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Figure 7.2 Critical load exceedance map for sulphur for tJK 
freshwaters using the •diatom model• (Figure 6.1) 
1986-88 non-marine sulphur deposition values (Pigure 
7 .1) • Apparently enomelous high ezceedances in the 
north and north-west of Scotlend ere the subject of 
current validation studies. 
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FigUre 7.3 Critical load exceedance map for sulphur for 1JX 
freshwaters using the •steady-state chemistey model• 
for ANC O {PigUre 6 .2) and 1986-88 non-marine sulphur 
deposition val.ues {Figure 7.1). Apparen.tly anomalous 
high exceedances iD the north and north-west of 
Scotland are the subject of curren.t validation 
studies. 
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Maps of •dia.tcm. model• critical loads exceedances 
based on HARM modelled sulphur deposition: a) current 
sulphur deposition; h) 70% emissions reduction 
scenario for 2005; c) 80% emissions reduction scenario 
for 2010. Values subject to validation and to the 
CO'OD"ents in captions to Figures 6.1, 7 .1 and 7 .2 
(March 1994). 
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Figure 7.5 

b) 

Maps of •steady-state chemistey modela critical loads 
exceedance based on BAitMmodelled sulphur deposition: 
a) current sulphur deposition; b) 70% emissions 
reduction for 2005; c) 80% emissions reduction 
scenario for 2010. Values are subject to validation 
and to the romments in captions to Figures 7.1 and 
7.3. 
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Chapter 8 Dynamic modelling of chemical responses to future 
changes in acid deposition and land-use 

A. Jenkins 

Institute of Hydrology 
Maclean Building 
Crowmarsh Gifford 
Wallingford 
Oxfordshire OXl0 8BB 

8.1 Introduction 

Two methods have been advanced for the calculation of critical 
loads for surface waters {Henriksen et al. 1992), namely steady 
state empirical and steady-state mass balance techniques (the 
level I approach) , and dynamic modelling { the level II approach) . 
The steady-state water chemistry (Henriksen) method, based on an 
empirically derived long term weathering rate for a site, is time 
independent and assumes steady-state conditions. The time-scale 
over which the new equilibrium at the biologically relevant 
chemistry will be achieved is irrelevant to the calculation. This 
assumes that the rate of recovery at a site is unimportant, even 
over very long time frames (> 100 yrs) and, more crucially, that 
the site is not only capable of recovering to the biologically 
relevant chemistry level but also that prior to the onset of 
acidification the water chemistry was equivalent to or less 
acidic than the biologically relevant chemistry. Furthermore, the 
influence of the catchment soils, in particular their ability to 
adsorb and desorb ions through time, is only implicitly included 
in the empirical model which assumes that in the very long, or 
equilibrium, time-scale the soil acidification process is 
completely reversible. However, soil chemical processes may 
mitigate or delay acidification through sulphate adsorption and 
base cation exchange or extend the acidification effect after 
acidic deposition is reduced, through soil recovery processes 
whereby base cations are adsorbed and sulphate is desorbed. 

Dynamic models, on the other hand, specifically account for 
changes through time, such as the depletion of element pools in 
soils and changes in catchment land - use. The long-term, process 
oriented, hydrochemical model MAGIC (Model of Acidification of 
Groundwaters In Catchments) {Cosby et al. 1985a, b) has been the 
main tool utilised for level II analysis within the framework of 
the UK freshwaters critical loads exercise. The model has been 
used primarily to address a number of time - related questions in 
terms of future recovery of acidified waters, with the following 
aims: 
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i to identify the regional characteristics that determine 
critical and target loads; 

ii to determine the time dimension between achieving critical 
loads and ecosystem recovery; 

iii to determine the consequences, in terms of surface water, 
of not achieving a critical load; 

iv to examine the effect of land - use change, in particular 
forestry practice, on critical loads, and; 

v to determine the interaction between nitrogen and sulphur 
in the context of critical loads for total acidic 
deposition. 

The strength of dynamic model applications is in answering key 
policy questions such as to what degree, in time and space, can 
soil and water recovery be expected from a given emission 
reduction strategy, and what level of emission reduction is 
necessary to achieve a given level of soil and water recovery 
within a given time - scale. 

8.2 MAGIC and critical load calculation 

MAGIC is based on mathematical representations of anion retention 
by catchment soils (e.g. sulphate adsorption), adsorption and 
exchange of base cations and aluminium by soils, alkalinity 
generation by dissociation of carbonic acid with subsequent 
exchange of hydrogen ions for base cations, and control of 
inorganic aluminium concentrations through an assumed equilibrium 
with a solid phase of aluminium hydroxide. MAGIC uses these 
process approximations within a framework of: 

i a set of equations that quantitatively describe the 
equilibrium soil processes and the chemical changes that 
occur as soil water enters the stream channel; 

ii 

iii 

a set of mass balance equations that quantitatively 
describe the catchment input-output relationships for base 
cations and strong acid anions in precipitation and 
streamwater, and; 

a set of definitions 
equilibrium equations 
equations. 

that relate the variables in the 
to the variables in the mass 

MAGIC can be used to estimate critical loads by determining a 
time at which the defined critical water/soil chemistry is to be 
achieved. Since the "true" definition of critical loads is time 
independent and assumes equilibrium conditions in the future, the 
loads calculated using MAGIC should be assumed to represent 
target loads, although this term has a political interpretation 
and so the term "critical load" is retained. To estimate critical 
loads the model is calibrated to a catchment using available soil 
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and water chemistry and land-use data. The model is then used in 
predictive mode to determine the sulphur deposition required to 
achieve some pre-defined critical chemistry in soil or surface 
water at some pre-defined time in the future. Here, this critical 
chemistry is taken as surface water alkalinity of zero and soil 
water Ca/Al molar ratio of 1.5, although in practice a critical 
load can be determined on any chemical parameter in the soil
water system. The time-scale used in the UK exercise is taken as 
50 years as this is the most appropriate time-scale over which 
deposition reductions and critical chemistry should be 
achievable. Again, in practice, any time-scale can be chosen. The 
level of deposition required is assumed to be reached immediately 
and held constant at that level for 50 years. This represents a 
best-case scenario since deposition reductions will not be 
achieved so rapidly. MAGIC is then run repeatedly with different 
levels of deposition until the critical chemistry is achieved at 
the selected time in the future. This deposition is assumed to 
be the critical load for sulphur. For all cases it is assumed 
that the loading and catchment immobilisation of nitrogen 
compounds are not changed from present-day conditions. 

These concepts are illustrated in a model application to the Allt 
a'Mharcaidh and the Round Loch of Glenhead (Figure 8.1). In the 
Allt a'Mharcaidh (Figure 8.la) current and past sulphur 
deposition is not sufficient to depress stream alkalinity below 
zero or raise Al/Ca ratio above 1.5, i.e. the critical load is 
not currently exceeded at this site and so the sulphur deposition 
is increased in the model to achieve alkalinity zero and thereby 
quantify the critical load. At the Round Loch of Glenhead (Figure 
8.lb) present deposition exceeds the critical load for water and 
so deposition must be reduced to achieve alkalinity zero, but the 
soil is not as sensitive. The importance of time dependency is 
further emphasised in Figure 8.2. At the Round Loch the critical 
load of sulphur increases as the time - scale by which the critical 
chemistry is required increases, the maximum being some 
equilibrium time in the future. At Narrator Brook, a non 
acidified stream in Southwest England, the critical load is not 
currently exceeded and a very high sulphur load is required to 
force surface water alkalinity to zero within 10 years. 
Conversely, the required load to reach alkalinity zero in 100 
years is lower. This emphasises the point that the total flux of 
deposited sulphur is more important than the rate at which it is 
deposited. 

The MAGIC model has been calibrated to 17 of the 22 sites in the 
UK Acid Waters Monitoring Network (AWMN). Those sites excluded 
currently lack sufficiently detailed soil chemical data for model 
calibration. The AWMN sites represent a range of acid impacted 
sites and sulphur deposition flux across the UK, and calculated 
critical loads are currently exceeded at several sites. The model 
reconstructions indicate that the 7 exceedance sites (with 
respect to ANC = 0) have not historically suffered a greater 
acidification than those not presently exceeded, but have started 
from a lower background alkalinity (Figure 8. 3) . This agrees with 
our knowledge of the factors influencing sensitivity to acidic 
deposition in these areas. 
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A further modelling exercise has centred on a regional MAGIC 
model application to 39 lakes in the Galloway region of Southwest 
Scotland. The lakes are confined within an area of about 120 km2 

representing some sixteen 10 km squares delineated in the UK 
freshwater critical loads mapping exercise ( Chapter 5) . This area 
has been identified as having a large proportion of acidified 
surface waters following decades of acidic deposition. Many of 
the lakes and streams are susceptible to acidic deposition 
because of the relatively slow weathering and low acid 
neutralisation capacity of the bedrock, thin and acidic soils and 
extensive afforestation. Other freshwaters in the area, lying 
predominantly on less sensitive geology, have a high positive 
alkalinity and are not currently acidified. This wide range of 
sensitivity to acidic deposition, with respect to both soils and 
waters, presents considerable problems for quantifying regional 
critical and target loads. To address this issue, data from these 
lakes, sampled in 1979 and again in 1988, were used in 
conjunction with detailed soil data obtained from the Macaulay 
Land Use Research Institute (MLURI) and forest management history 
from the Forestry Commission, to formulate a regional MAGIC 
application. 

8.3 Comparison of approaches 

A comparison of empirical and MAGIC techniques for calculating 
critical loads demonstrates the differences between the dynamic 
and equilibrium assumptions utilised in the two methods (Figure 
8. 4) . Across a wide range of critical loads, ranging from 
sensitive to extremely insensitive, differences mainly occur at 
the least sensitive sites (i.e. high critical loads) where the 
MAGIC critical load is generally higher than the Henriksen 
empirical critical load, whilst at the most sensitive end of the 
range (i.e. low critical loads) the opposite is true. The less 
sensitive sites are characterised by well-buffered water 
chemistry with high pH and alkalinity, influenced by soils which 
have retained a high acid buffering capacity. To deplete this 
soil store of base cations will either take many years of acid 
deposition at a relatively low sulphur loading, i.e. as described 
by the equilibrium concept assumed in the empirical critical 
load, or fifty years of a higher critical load, i.e. as described 
by MAGIC. Sensitive sites are characterised by low pH and low, 
or in many cases negative, alkalinity and have soils with low 
base saturation and a large adsorbed sulphate pool. At these 
sites the MAGIC critical load is lower than the empirical 
critical load. This is because the empirical approach assumes 
equilibrium conditions and an indefinite timescale for recovery 
and the dynamic modelling approach assumes a finite (50 yr) time 
scale. The MAGIC critical load tends to be lower, therefore, 
since these systems require longer than fifty years to recover 
and the base cation store in the catchment soils, that has been 
depleted due to many years of acidic deposition and forest 
growth, must be replenished by weathering inputs before recovery 
can occur. This is further illustrated in Figure 8.S(a) which 
shows a comparison of critical loads calculated from the two 
techniques for the 39 lakes in Galloway. At sites that are not 
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presently acidified no significant soil recovery occurs and MAGIC 
critical loads tend to be higher than the empirical calculations 
at these sites. It must also be remembered that the critical load 
estimated using MAGIC represents the change in deposition flux 
which must be made immediately to achieve zero alkalinity and so 
must be regarded as a best-case since sulphur deposition is more 
likely to be reduced gradually over a long time period. The 
implication for this region is that even if a low critical load 
(around 20 meq m-2 yr- 1

) is set, some 40% of the surface waters in 
the region will not have achieved zero alkalinity within fifty 
years (Figure 8.Sb). 

The question of uncertainty in critical load calculation is 
difficult to address since much of the variance in surface water 
chemistry at a site is due to changing flow regime, and in 
particular, the chemical changes associated with high flows. The 
MAGIC model simulates only mean annual chemistry and takes no 
account of these flow-chemistry relationships. Uncertainty can 
be introduced into the model simulations, however, by 
incorporating known measurement errors and spatial variability 
in the parameters within the catchment at the calibration stage 
(Jenkins & Cosby 1989). In this way, uncertainty bands for the 

model simulations can be presented as maximum and minimum values 
for output variables, including critical loads (Figure 8.6). A 
range of critical loads can also be calculated empirically for 
samples collected across a wide range of flows. The ranges 
calculated from the two techniques demonstrate a good match 
although these representations of uncertainty have little 
statistical or chemical significance and further work is 
necessary, particularly to assess the importance of episodes to 
biological response and to relate the mean chemistry to extreme 
events. 

The relationship between soil critical loads calculated using 
MAGIC and the empirical Skokloster soil critical load sensitivity 
classification is poor {Figure 8.7). The Skokloster 
classification is primarily based on weathering and the ability 
of soils to provide acid buffering. In this application soils in 
the least sensitive class {critical load > 200 meq m-2 yr -1 ) are 
set critical loads of 200 meq m 2 yr -1 thereby potentially causing 
an artificial lowering of the critical load classification for 
many catchments where base rich soils dominate. Nevertheless, 
even for the more sensitive classes the relationship is poor. 
MAGIC critical loads, on the other hand, are expected to be 
higher since a large soil calcium pool exists which would have 
to be depleted to reach the specified Al/Ca ratio. Furthermore, 
the Skokloster critical load classification is taken to represent 
only the top layers of the soil profile whereas MAGIC aggregates 
the chemistry of the entire soil profile. A two soil layer 
version of MAGIC is currently being applied to a nwnber of the 
AWMN sites which show soil and water exceedances. Only the 
chemistry of the upper box will be assessed for calculating the 
soil critical load and this is expected to substantially reduce 
the MAGIC critical load and lead to closer agreement with the 
Skokloster soil sensitivity classification. 
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8.4 Assessment of future emission reduction scenarios 

At some of the AWMN exceedance sites, the surface water chemistry 
impact of two future emission reduction scenarios has been 
assessed: 

i the Large Combustion Plant Directive (LCPD) emission 
strategy, that calls for a 60% reduction in emissions by 
2005 and an assumption that emissions are held constant 
thereafter, until 2039, and; 

ii a reduction strategy involving an 80% decrease by 2005. 

Deposition data, in response to these emission scenarios, were 
obtained from the HARM model (see Chapter 7). 

Taking positive alkalinity to represent a biological threshold, 
or critical chemistry, the model predictions for 2005 and 2039, 
compared to present day observations, show a consistent picture 
(Figure 8. Sa) . The reduction in sulphur deposition to these 
catchments in response to the LCPD emissions reduction strategy 
(Figure 8. Sa) is not sufficient to significantly improve the 

water chemistry status of these acidified sites. At the Round 
Loch of Glenhead (Southwest Scotland) the LCPD scenario is just 
sufficient to achieve an alkalinity of zero by 2039. At Llyn 
Llagi (North Wales), the deposition reduction is too small to 
even halt the decrease in alkalinity which becomes negative by 
2039. At Scoat Tarn (English Lake District), on the other hand, 
the alkalinity increases in response to the decrease in 
deposition to 2005 but this is only temporary and a further 
decline to beyond the present day level occurs. The deposition 
reduction predicted from the LCPD is not sufficient at Old Lodge 
(Southeast England) and extreme acidification continues 
throughout the simulation period. Simulations for Afon Hafren 
(mid-Wales) and Loch Grannoch {Southwest Scotland) are similarly 

pessimistic but are complicated by land use factors that are 
discussed in section 8.5 below. 

The model results for the 80% emission reduction scenario 
indicate a stabilising of alkalinity concentrations at present 
day levels, with some slight improvement at others (Figure 8. 8b) . 
This is a pessimistic picture in terms of recovery since it is 
unlikely that greater emission reductions can be achieved. 

Simulation of water chemistry using the regional model applied 
in Galloway suggests that acidified waters with negative 
alkalinities in the region will recover only marginally in 
response to the different emission scenarios by the year 2005 
(Figure 8. 9) and the total percentage of lakes with negative 
alkalinity (Figure 8.9a) and pH 5.0 (Figure 8.9b) will remain 
approximately the same. 
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8.5 Impact of afforestation 

Future land-use policy within a catchment is another important 
factor in determining the rate of recovery of acidified soils and 
water in response to emission reductions. In this respect, the 
role of trees in the critical loads concept requires careful 
consideration. As well as being sensitive receptors for which 
critical loads need to be determined, they play a crucial role 
in the soil and water acidification process by uptake of base 
cations during their growth, changing hydrological behaviour of 
the catchment especially by decreasing water outflux, and by 
filtering pollutants from the atmosphere thereby increasing the 
total deposition loading {Cosby et al. 1990, Jenkins et al. 
1990). No account is taken in this exercise of the input of base 
cations and nutrients during the life of the forest, for example, 
dressing with calcium phosphate. 

The model application at Loch Grannoch (Southwest Scotland) shows 
the more complicated situation that occurs when considering the 
issue of future afforestation policy (Figure 8.10). In general, 
two extreme future land-use scenarios are possible: forest felled 
and replanted immediately; and forest felled with no replanting. 
The latter option produces the best prediction of water chemistry 
recovery irrespective of the future emission strategy employed. 
The calculation of critical loads for soil and freshwater in 
areas where plantation forestry is a major land - use require that 
these impacts be considered. It is ironic that the areas where 
commercial afforestation is presently concentrated in the UK 
largely coincide with the acid sensitive upland terrain that 
receives high sulphur loads in exceedance of calculated soil and 
water critical loads. 

For the 39 lakes in Galloway, critical loads have been calculated 
under three afforestation scenarios in an attempt to quantify the 
forest effect (Figure 8.11). The base scenario represents the 
best estimate of critical load for a catchment assuming that the 
area of forest remains constant in the future and is harvested 
and replanted at 50 year intervals. Critical loads calculated 
under this scenario are compared with those calculated under two 
further land - use strategies. One assumes that all remaining land 
of forestry class 4, 5 and 6 is also planted to provide a maximum 
afforestation scenario. An alternative assumes that as existing 
forest stands reach 50 years age they are felled and not 
replanted to provide a minimum forestry scenario whereby within 
the 50 year time frame of the target load calculation, only 
moorland remains. The results demonstrate that an increase in 
afforested area decreases critical loads for both soil and water 
and vice versa (Figure 8.11). 

8.6 Impact of nitrogen 

A further development of the dynamic modelling approach is now 
underway to enable an assessment of the influence of nitrogen 
dynamics in deriving critical loads for total acidity and in the 
context of political commitments to nitrogen emissions protocols. 
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In general terms increased nitrate leaching from a catchment may 
occur as a result of increased nitrogen deposition, decreased 
plant uptake of nitrate (perhaps due to sulphur induced stress 
on the organisms), or through a change in climatic conditions 
leading to increased mineralisation of nitrogen in the soil. As 
a "mobile anion" it is clear that if the nitrate concentration 
increases in sensitive surface waters, without any concomitant 
decrease in sulphur concentrations, the total anion load will 
increase with a resulting decreased pH and decreased alkalinity. 
Taking this argument forward to critical loads it is 
inappropriate that critical loads for sulphur and nitrogen are 
considered independently since the level of either cannot be set 
without consideration of the other. Although nitrogen is dealt 
with in an extremely simplified manner in MAGIC, uptake being 
modelled as first order functions, the model can be used to 
illustrate the influence of nitrogen dynamics in calculating 
target loads for sulphur. The model indicates that there is a 
"trade off" between the two critical loads, i.e. lower sulphur 
deposition is required to maintain alkalinity zero in the light 
of increased surface water nitrate concentrations (Figure 8.12). 
It remains a task for the future to develop a long term dynamic 
model for nitrogen that incorporates the major processes 
controlling catchment nitrate leaching, and that is coupled to 
the existing sulphur model so that surface water chemistry 
predictions can be made in response to a range of total acidity 
emission reduction strategies. 

8.7 Summary 

The dynamic modelling analysis indicates that recovery depends 
on the time-scale over which the emission reductions are made. 
Whilst the critical load may be achieved at a given site within 
a given time frame, the water chemistry may at that time still 
be unsuitable for aquatic organisms because of the inherent time 
lags in the catchment system that slow the rate of recovery of 
surface water chemistry. In this respect, the model reinforces 
the fact that the inherent neutralising ability of a catchment 
(weathering and ion exchange) determines the degree and rate of 
reversibility of acidification, but future land-use policy might 
conspire to modify the time lag between deposition reduction and 
ecosystem recovery. This has implications for the way in which 
the critical load exceedance maps for 2005 are interpreted. 

At sites where large (c. 80%) reductions in emissions are not 
predicted to lead to a substantial recovery in surface water 
chemistry, the question that should be addressed is whether other 
mitigation techniques such as terrestrial source area liming 
might prove a cost-effective supplement to the emission reduction 
programme. The use of dynamic acidification models provides an 
invaluable insight into the environmental effectiveness of 
proposed sulphur emissions reductions and as such, have a clear 
role to play within the wider concept of Integrated Assessment 
Modelling. 
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Dynamic modelling shows that it is not possible to calculate a 
critical load for surface waters without due consideration of the 
future land-use policy within a catchment. Furthermore, 
specification of a critical load for sulphur in the absence of 
knowledge of how the nitrogen dynamics within the catchment 
system might change in the future, is inappropriate since 
employing the model to determine the rate and degree of ecosystem 
recovery in response to some sulphur emission reduction strategy 
demands assumptions regarding controls on nitrogen dynamics in 
catchments. Such a change in nitrogen cycling may be brought 
about by land-use change and/or increased deposition of nitrogen 
species. Other environmental factors could also be important, 
particularly the potential for changing water flowpaths, soil 
chemistry status and mineralisation rates associated with long 
term climate change. It is clear, therefore, that nitrogen and 
sulphur emissions strategies must be considered simultaneously. 

Further development of catchment scale models to explore 
scenarios relating to potential changes in sulphur and nitrogen 
driving variables are now required to provide for integrated 
assessment modelling of total acidity. At the same time, 
validation of dynamic models using experimental manipulations and 
long term monitoring data is crucial. 
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Figure B.1 The use of MAGI:C to derive target loads for surface waters and soils at (a) Allt a' 
Mharcaidh; and (b) Round Loch of Glenhead. 
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Figure B.5 

1000 

800 

600 

400 

200 

(a) Comparison of MAGIC and steady-state chemistry 
critical loads for lakes in Galloway. The models agree 
well at higher critical loads but differ at low values 
where MAGIC predicts that recovery will take longer 
than 50 years or that greater deposition reductions 
are required, primarily due to low weathering rates 
and acidified soils; (b) cumulative frequency curves 
for MAGJ:C and steady-state chemistry models at 39 
Galloway lakes. Note that even a low target load of 20 
meq S m-:a yr- 1 for the region will leave 15% of lakes 
with negative alkalinity by 2039. 
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Figure 8.8 
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MAGIC prediction of surface water alkalinity at AWMN 
sites where the critical load is currently exceeded. 
The three bars for each site represent the range of 
predicted concentrations for 1989, 2005 and 2039 given 
the LCPD {a) and 80% (b) emission reduction strategy. 
Ranges represent uncertainty in fixed parameter 
estimates and model calibration. Emission reductions 
of this order are insufficient to stop continued 
acidification at most sites. 
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MAGIC prediction of surface water alkalinity (a) and 
pH (b) for lakes in the Galloway region of SW 
Scotland. 'l'he percentage of lakes with negative 
alkalinity changes only slightly in response to the 
emission reduction scenarios. 
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MAGIC prediction of surface water alkalinity at Loch Grannoch under two emissions scenarios 
(LCPD and 80% reduction) and two land-use strategies (replant forest after felling at age 
50 yrs and no replanting after felling). 
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Figure 8.11 
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The effect of future afforestation policy on surface 
water critical loads at 39 lakes in Galloway. Scenario 
2 represents the steady state forestry option whereby 
on maturity at 50 years forest stands are felled and 
an eq11al land area is replanted. Scenario 1 represents 
a deforestation scenario where no replanting occurs 
after felling, and scenario 4 is an afforestation 
scenario where all land of forestry class < 6 is 
planted immediately in addition to replanting existing 
areas after felling. Insensitive sites (critical load 
> 200 meq m-:i yr- 1

) are not included. 
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MAGIC predictions of critical loads for surface water at the Round Loch of Glenhead based 
on achieving alkalinity zero by 2039. Presently, NO3 concentrations in surface waters are 
low reflecting only direct input to the lake itself (100% immobilisation within the 
terrestrial catchment), and the present S critical load (1) of c. 105 meq m-:z yr- 1 is 
calculated under this assumption. If NO3 deposition increases, so, critical load decreases 
to maintain zero alkalinity according to the relationship shown as line (2). If NO

3 
immobilisation in the terrestrial catchment decreases to 50%, at the present level of NO

3 
deposition the S critical load (3) would fall to c. 70 meq m·2 yr- 1 to achieve zero alkalinity 
and if NO3 deposition increased further reductions in the S critical load would be necessary 
in accordance with line (4). 
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Chapter 9 Modelling biological responses, present and future 

S.J. O:r::merod 

School of Pure and Applied Biology 
University of Wales 
P.O. Box 915 
Cardiff CFl 3TL 

9.1 Introduction 

At the heart of strategies to control sulphur emissions, and 
central to the critical load concept ( see Chapter 1, Figure 1.1) , 
are two important ideas. The first is that ecosystems degraded 
by acid deposition will recover as emissions, and hence deposi 
tion, are reduced. Such recovery should involve the structural 
components of ecosystems such as impacted species and 
communities, as well as functional attributes, such as affected 
processes. The second idea is that recovery will occur in some 
dose-response relationship such that recovery of greater 
magnitude will occur with increasingly large emission reductions. 

These ideas are difficult to evaluate since the geographical and 
temporal scales over which they can be examined are too great for 
approaches involving realistic experimentation or trial and 
error. Instead, we depend on predicting future responses using 
either steady-state or dynamic models to relate deposition to the 
chemical status of soils and surface waters. In the steady - state 
models ( see Chapters 2 and 3) , no account is taken of time 
dependent processes. By contrast, dynamic modelling based on 
MAGIC (Chapter 8) involves temporal components that relate 
reductions in deposition to rate reactions in soil and water. The 
time required for recovery to pre-acidification conditions can 
thus be predicted, or at least simulated. 

In the case of either type of critical load model, steady - state 
or dynamic, the ability to predict the biological responses that 
might accompany reduced deposition is crucial. Not only are 
biological systems central to critical load definitions, but 
also, decisions about any future strategy for deposition 
reduction should involve as full an assessment as possible of the 
full costs and benefits of restoring biological systems. 

In the case of steady-state models, biological prediction 
involves forecasting the biological changes that should accompany 
recovery to a given ANC value (e.g. ANC = 0). In the case of 
dynamic models, it involves assessing what biological benefits 
will be gained from a given reduction in deposition over a given 
time-scale. And, in the case of the diatom critical load model, 
it should involve assessing what other biological benefits will 
occur by reducing deposition to regain pristine or pre 
acidification chemical conditions both in streams and lakes. 
However, the diatom model is calibrated using data from lake 
sediment cores. In using the model for streams it is assumed that 
stream chemistry follows the same dose-response relationship that 

99 



L 

[' 

r 
C 
[ 

C 

D 
D 

D 
D 

• 
D 

• 
0 
D 
C 

• 
D 

has been established for lakes. This is an especially important 
assumption since in upland Wales, for example, there are some 
12,000 km of stream in acid sensitive regions (Firth et al. 
1993). Also important in all these cases, prediction involves 
assessing the biological costs which might be incurred should 
critical loads not be achieved. 

This chapter outlines the conceptual basis and development of 
empirical models which relate biological status in aquatic sys
tems to their chemistry. It illustrates their role in predictive 
modelling, used in conjunction with MAGIC simulations of chemical 
trends in the UK Acid Waters Monitoring Network (AWMN) sites 
under different scenarios of deposition reduction. Finally, it 
illustrates caveats and assumptions associated with biological 
models of the type used here, and questions their adequacy in 
simulating the timing and magnitude of biological recovery when 
the processes, rates and in some cases even the directions of 
biological change following acidification are still poorly 
understood. 

9.2 The concept and derivation of biological models 

The derivation of the empirical biological models used in 
critical load research has been described widely elsewhere 
(Ormerod 1993) . The models involve relating the biological status 
of surface waters to aspects of acid-base chemistry through a 
series of simple, linear, statistical relationships. Derived from 
extensive surveys at the catchment (e.g. Ormerod et al. 1988), 
regional (e.g. Ormerod et al. 1987), or national scale (Rutt et 
al. 1988), they involve curves represented for one dimension by 
linear regression, or for relationships derived in more than one 
dimension by discriminant analysis (e.g. Ormerod et al. 1988). 
Logistic regressions relating the probability of occurrence of 
given species to given chemical parameters are also possible, and 
relationships of this type are under development (see Chapter 4). 
The resulting equations are then used in a way analogous to a 
dose-response curve in ecotoxicology. The inference is that the 
observed biological conditions have arisen as the result of 
prevailing chemistry or chemical change, for example, the 
acidification that has already occurred. Further change, either 
through acidification or de-acidification, results in a shift 
along the empirical relationship, hence causing predictable 
biological change. Here, a further assumption is that the 
dose-response curves are robust enough to be repeatable and 
predictable at other times or in other locations. This might not 
be a problem provided that the effects due to acidity subsume 
other ecological factors which influence the distribution, 
abundance and biology of organisms. For British regions this 
appears to be a valid assumption, since empirical relationships 
between stream biological status and acid-base chemistry apply 
equally well to Scotland, northern England, and different loca 
tions in Wales (see Rutt et al. 1990, Ormerod & Edwards 1991, 
Ormerod et al. 1993) . In a temporal sense, when changes in 
chemical status occur in one location, there is less evidence 
that the empirical relationships operate in a straightforward 
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way, and this is expanded below in the section on problems and 
caveats (Rundle et al. in press). 

9.3 Links with deposition modelling and critical loads 

Because the predictors in empirical models are pH, aluminium 
concentration, and total hardness or ANC, they might be regarded 
as expressions of critical concentrations of water quality at 
which freshwater organisms show given changes (e.g. community 
shift, density reductions). Some linkage with differing loads of 
deposition would be required to place the relationships into a 
critical loads context, and hitherto this has been achieved 
through MAGIC (see Chapter 8). Output from this model, produced 
under different scenarios of acid deposition, is used to provide 
the inputs to biological models. In other words, empirical models 
between water quality and the biological status of freshwaters 
represent transfer functions through which the impact of 
different deposition loads on freshwater catchments can be 
understood. 

9.4 Choice of model parameters 

Most of our early attempts at biological modelling in surface 
waters involved stream pH, aluminium concentrations, and total 
hardness as an expression of base richness. In general, these 
parameters alone or in combination provided strong relationships 
with biological data, and they minimised residual errors around 
linear relationships. More latterly, relationships have been 
developed which involve only ANC, selected as a useful surrogate 
for all other acid-base parameters. It has the added advantage 
of being unaffected by confounding factors, such as the high DOC 
concentrations which can offset the toxic effects of aluminium 
in waters rich in humic acids. In the calibration data from which 
biological models have been derived, ANC seldom shows such clear 
relationships with biological status as other parameters reflect 
ing acid-base status, so that the gain in predictive value from 
using this single parameter is matched by an increase in the size 
of potential errors (Figure 9.1). The use of logistic regression 
to offset these potential problems is being examined (see Chapter 
4), but only ANC and Al-pH-hardness models are used here. 

9.5 Choice of organisms and model relationships 

Because of the economic value of fish in surface waters, this 
group has formed an important focus in biological modelling. So 
far, salmon (Salmo salar) has not been the main species of study, 
in part because of the difficulties in understanding the 
influence of other factors, e.g. barriers to migration, on its 
distribution. Far greater emphasis has been placed on brown trout 
(Salmo trutta), and models are available that predict 

presence-absence (see Chapter 4), ecotoxic responses (as survival 
time at elevated aluminium), and changes in density. Density 
changes are particularly important because they allow a more 
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sensitive assessment of conditions than is obtained from simple 
presence-absence criteria. 

In addition to fish, there are many organisms in or around fresh 
waters that have recognised conservation value (e.g. otters 
(Lutra lutra), amphibia, riparian birds), and that contribute to 

overall biodiversity through their genetic, species', or 
community pools. Impacts on species richness and community change 
through alterations in acid-base status, e.g. for insects and 
aquatic macrophytes, are well documented (e.g. Onnerod 1993). 
However, modelling the potential response to acidity of all 
structural components of freshwater ecosystems would be a massive 
undertaking. Instead, we have included a smaller range of 
putative 'indicator groups', whose status is thought to reflect 
conditions in the wider ecosystem, e.g. diatoms, aquatic 
macro-flora, macroinvertebrates, fish and a river bird, the 
dipper (Cinclus cinclus). 

In addition to the protection of biodiversity, notions of 
sustainability also involve the protection of important 
ecological processes. While it is recognised that acidification 
affects some important ecological processes in freshwaters, such 
as decomposition, so far there are few data that illustrate such 
effects in ways conducive to modelling. 

9.6 Approaches to bio1ogica1 mode11ing 

There are three general ways in which stream pH, 
concentration or ANCs might be related to 
characteristics. These are: 

aluminium 
biological 

1. A ntop-downn approach, where given chemical values are stipu 
lated, and biological characteristics relative to the stipulated 
conditions are then assessed. For example, on the basis of 
infonnation from fish or diatoms, we might decide some value of 
ANC is important {e.g. ANC = 0 µeq 1-1 ), and then detennine the 
other biological characteristics of surface waters with ANC above 
and below this level. Through this approach, we could judge which 
other biological features may or may not be protected when we set 
a critical load from another indicator. Predictive modelling in 
this context involves assessing what else might be gained by, for 
example, returning acidified surface waters to ANC = 0 in order 
solely to protect fish. 

2. A "bottom-up" approach, through which important biological 
characteristics are first recognised, and then the chemical 
conditions required to maintain them are determined. The biolog 
ical characteristic might be the presence of a species of 
economic or conservation importance. For example, we might wish 
to determine the ANC at which brown trout populations are no 
longer sustained, what ANC value might return dippers to upland 
streams, or what ANC value would be conducive to the development 
of a species rich invertebrate community. 
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3. A predictive approach, involving predicting chemical 
conditions from expected changes in sulphur deposition, and in 
turn predicting biological status from the resulting chemistry. 
In essence, this is an extension of the "top-down" approach, but 
it involves no prescribed chemical condition, such as ANC = 0, 
and will be particularly useful in heuristic examination of 
alternative deposition scenarios where biological losses or gains 
might be simulated. This approach is expanded below. 

9.7 Some demonstrations 

The first two approaches, the "bottom-up" and "top-down", are 
demonstrated here using data collected from upland streams 
throughout Wales during 1984. The data collection and analyses 
are described more fully elsewhere (Wade et al. 1989, Ormerod et 
al. 1987, Ormerod et al. 1988) . For macroinvertebrates and 
macro-flora, the data were used to identify assemblages by the 
multivariate classification technique, TWINSPAN. The same data 
sets were also used to determine relationships between species 
richness and chemistry at each of the sites. The resul t s (Ormerod 
1993) involve empirical models that relate macro-floral 
assemblages, macroinvertebrate assemblages and trout densities 
at 87-99 sites in upland Wales to ANCs determined from mean 
chemistry (as sum of base cations minus acid anions). Similar 
methods might be applied to data on pH, aluminium concentration, 
or base cation concentration. 

9. 7 .1 The "top-down" approach. 

At the array of sites included in the survey, the median ANC was 
close to zero, and ranged from - 250 to 450 µeq 1· 1 • Thus, four 
arbitrary ANC classes were determined within this range, and the 
biological character of sites in each class was assessed (Table 
9.1). The species richness of mayflies, caddis larvae and total 
invertebrates all varied significantly between the classes, as 
did the density of brown trout. In nearly all cases, there was 
a progressive gradation in biological character between classes, 
rather than a step change at any given ANC (e.g. ANC 0). Never 
theless, these patterns suggest some of the biological benefits 
that would accrue from an increase in a stream's ANC value as a 
result of shifting ANC values from negative to positive. For some 
groups, such as stonefly nymphs, there was no reduction in 
species richness with decreasing ANC. This pattern was expected 
from previous knowledge (Wade et al. 1989). 

9.7.2 "Bottom - up" approach 

For the "bottom - up" approach, biological features such as taxon 
richness and trout density were related to ANC by regression. 
Additionally, with macro invertebrate and macro - floral assemblages 
classified using the TWINSPAN procedure, the significance of 
differences in ANC between the resulting site groups was assessed 
by ANOVAR. 
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The taxon richness of mayflies, caddis and all invertebrates 
increased significantly in each case with ANC (Table 9 .2). Thus, 
for any given ANC, the average nwnber of taxa might be predicted. 
Rearranging these regressions (Table 9. 3), we can assess the 
average ANC values required for given nwnbers of invertebrate 
species. Similarly, trout densities increased significantly with 
ANC so that streams of ANC O would on average have 14 fish per 
100 m2

, and at ANC 50 they would have 24 fish per 100 m2 (Table 
9.2). Again, we can rearrange these regressions to determine the 
mean ANC required for any given fish density. 

Use of the TWINSPAN approach enables us to see further how the 
ANC values required for certain biological characters can be 
derived. In the macroinvertebrate classification, four typical 
assemblages (Groups Ml to M4) were found at the sites, diversity 
generally increasing with pH or ANC, and species present in the 
more diverse groups included a range of mayflies and caddis not 
present at lower pH. In the macro - floral classification, three 
typical assemblages were apparent (Groups Fl to F3). Species 
diversity again increased with pH, with the most diverse group 
characterised by Lemanea (Ormerod et al. 1987). 

The mean ANC values at sites occupied by each of the groups are 
shown in Table 9.4. In each case, values differ significantly 
between groups, and show also a progressive reduction from group 
Ml to M4, and Fl to F3. Determination of a critical ANC level is 
thus possible for each group, and choice depends on which is 
selected as the target for protection. For example, to prevent 
the formation of an impoverished invertebrate fauna (M4) , we 
might suggest ANC should not fall below 13 µeg 1· 1 (the mean+ 1 
SD). If we wished to prevent the formation of an impoverished 
macro-floral assemblage (F3), we might suggest ANC should not 
fall below 40 µeq 1 · 1

• 

This classification approach has also been examined with respect 
to other important resources. For example, an ANC of around 35 
µeg 1-1 is a threshold at which the occurrence of dippers along 
Welsh streams becomes increasingly unlikely, and at which their 
breeding performance is impaired (Ormerod et al. 1986, 1991). 

9. 7. 3 Predictive modelling 

The predictive approach used to simulate changes in biology 
follows that developed previously for Welsh streams (Ormerod et 
al., 1988, 1990) . The technique involves applying the hydrochemi 
cal model MAGIC to individual catchments and using output data 
for water chemistry to drive empirical models that predict bio 
logical status in streams and lake outflows. 

Detailed descriptions of MAGIC have been given elsewhere (e.g. 
Cosby et al. 1985a, b, Ormerod et al. 1988), and a brief 
description is given in Chapter 8. 

The trout survival model used here was developed from field 
toxicity trials (Ormerod et al. 1988) . It predicts a 50 day 
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lethal toxicity (LT50 ) from a linear regression equation 
incorporating alwniniwn concentration (in mg 1- 1 ): 

LT50 Days = 22. 2 - 3 6. 2 (Al) 

Sites with LT50 at Llyn Brianne, mid Wales, were fishless. 

The trout density model was based on data from an electro-fishing 
survey of 88 streams in the Welsh uplands. Here, fish density was 
related to water chemistry and the following regression model 
explained 53% of the density variance: 

Log 10 trout density= - 1.69 - 1.58 log(Al) + 1.13 log (Hd) 

where density= number lO0m-2
; Al = filterable alwninium mgl -1 ; Hd 

= total hardness. 

The type of macroinvertebrate community at a site was predicted 
using a discriminant model (Ormerod 1993), based on ANC values 
as in Table 9.4. Sites were classified as having communities 
typical of non-acidic (type Ml or M2), borderline (M3) or acidic 
(M4) conditions. Communities at acidic sites are species-poor and 
have sparse or absent assemblages of mayflies, some caddis flies, 
macro-crustaceans and molluscs. Non - acidic sites (Ml and M2) have 
much more diverse assemblages. 

Illustrations of the predictive modelling approach are made here 
using data from sites in the UK Acid Waters Monitoring Network. 
For the sites with non-afforested catchments (i.e. Round Loch of 
Glenhead, Scoat Tarn, Old Lodge, Llyn Llagi, Nant Gwy), the 
scenarios simulated were: 

i an 1849 reconstruction; 
ii an 1989 simulation; 

iii predictions for 2005 and 2039 under a 60% emissions reduc 
tion scenario {i.e. the large combustion plant directive 
(LCPD) ) ; 

iv predictions for 2005 and 2039 under an 80% emissions 
reduction scenario. 

For two afforested sites (i.e. Afon Hafren, Loch Grannoch), 
simulations included manipulations of both deposition conditions 
and land-use as: 

i 
ii 

iii 

iv 

V 

vi 

an 1849 reconstruction; 
an 1989 simulation; 

emissions reduc 
and replanted; 
emissions reduc 
and replanted; 

predictions for 2005 and 2039 under a 60% 
tion scenario with forest cut at 50 years 
predictions for 2005 and 2039 under an 80% 
tion scenario with forest cut at 50 years 
predictions for 2005 and 2039 under a 
reduction with forest cut after SO 
replanting; 

60% emissions 
years without 

predictions for 2005 and 2039 under an 80% emissions 
reduction scenario with forest cut after SO years without 
replanting. 
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Sites with non-afforested catchments 

For the sites with non-afforested catchments (Table 9.5), 
simulations show that responses to change might be highly site 
specific. For example, in the case of fish toxicity, simulated 
survival times never fall substantially at Scoat Tarn, Llyn Llagi 
or the Round Loch of Glenhead. Fish densities at these sites were 
low by 1989, and typical healthy populations might be recovered 
by 2005 or 2039 only by 80% deposition reduction. At Nant Gwy 
and, particularly, at Old Lodge, more pronounced reductions in 
fish survival time were suggested with values falling to those 
typical of fishless streams. This is borne out also by changes 
in fish density, with these sites remaining fishless through all 
scenarios, including 80% deposition reduction. 

Invertebrate communities, according to simulation of ANC changes, 
would shift from either circurnneutral types M2 (Old Lodge) or 
borderline type M3 (other sites) to acidic type M4 by 1989 or 
2005. Subsequent recovery to M3 would occur only at the Round 
Loch of Glenhead and Llyn Llagi, and only under deposition 
reductions of 80% (Table 9.5). 

One recommendation from all these site specific responses is 
that, unless such site-specific patterns were required for man 
agement purposes, modelling predictions for critical loads 
determination might be better depicted in regional simulations 
which illustrated average behaviour on a probabilistic basis. 

Sites with afforested catchments 

Further site-specific effects were shown by the forestry 
simulations (Table 9. 6) , in which marked trout toxicity was 
prevented, and trout densities maintained in the Hafren, by low 
aluminium concentrations; the biological models are highly 
sensitive to this parameter. At this site, trout density under 
forest fell markedly by 2039, even with an 80% reduction in 
emissions. By contrast, permanent forest removal maintained 
moderately good fish populations under either 60 or 80% reduction 
scenarios, even by 2005. Similar benefits from forest removal 
were illustrated by the invertebrate data. Whereas the Hafren in 
1849, based on ANC, would have a fauna typical of circumneutral 
conditions, by 1989 this had changed to a borderline fauna M3. 
Further transition to the acidic fauna M4 occurred only where 
forest was maintained until 2039, this switch occurring 
irrespective of deposition reduction to 80%. 

Generally similar patterns were shown at Loch Grannoch, except 
that no scenario returned the invertebrate fauna to the border 
line type (M3) that occurred in 1949. Nor did any scenario 
increase fish density to values greater than 25 fish per 100 m2 , 

although the greatest reductions were offset by forest removal 
along with 80% deposition reductions. 
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9.8 Problems and caveats 

As in all previous studies involving simulation by hydrochemical 
models such as MAGIC, a range of problems and caveats mean that 
these data cannot be taken as firm predictions (Ormerod et al. 
1988). Among these, two issues currently stand out as being of 
particular biological importance. These are hysteresis and 
analogue matching. 

9.8.1 Biological hysteresis 

Attempts to test the biological models described here, by 
accelerating chemical change at the catchment scale (Rundle et 
al. in press) , have revealed actual macro-floral responses 
consistent with predictions. In this case, the loss of acid 
tolerant taxa, such as the liverwort Nardia compressa, occurred 
following lime additions. However, patterns have contrasted with 
model expectations when biological predictions involved species 
gain. In particular, macroinvertebrate responses to 
de-acidification were modest compared with model expectations. 
In other words, for this group there appears to be either a 
hysteresis or even a permanent shortfall in response to 
de-acidification. This is demonstrated in Figure 9. 2, which plots 
trends in the number of acid-sensitive invertebrate species in 
streams at Llyn Brianne. Manipulation of three of these by liming 
in 1987/8 has not substantially increased taxon richness, even 
though chemical changes have been large enough over an ensuing 
5 year period for biological change to be expected (Figure 9.3, 
Rundle et al. (in press)). This hysteresis might reflect either 
patchiness or delay in new colonists locating the de-acidified 
streams, or it might reflect difficulties in persistence 
following colonisation. Competition with indigenous fauna, or 
inappropriate food or habitat resources, are examples of factors 
which might cause such problems. At the moment, our evidence is 
equivocal on which of these cases might apply, and we only know 
that the occurrence of acid sensitive invertebrates in 
de-acidified streams has been sporadic (Table 9.7). 

Sode & Wiberg-Larsen ( 1993) have recently shown that some aquatic 
insects seldom fly more than 50-100 m from streams following 
emergence. They warn that 'recovery' in formerly damaged streams 
following 'restoration' might be a stochastic process involving 
decades. The upland streams affected by acidification might be 
considered as being particularly far from potential sources of 
colonists, and much will depend on the colonisation abilities of 
different taxa, both within and between major groups (e.g. dia 
toms versus invertebrates; baetid mayflies versus hydropsychid 
caddis within the Insecta). Such lag effects are not presently 
built into predictions of biological recovery during 
de-acidification. Moreover, they are likely to be additional to 
lags in the recovery of soils to pre-acidification conditions 
which are suggested by MAGIC. Much here will depend on the 
relative rates of biological recolonisation and chemical change 
as new equilibria are reached. Three alternative scenarios might 
be that: 
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1 chemical conditions should first stabilise before 
biological recolonisation can begin, recolonisation then 
occurs as a stochastic process with its own delays; 

11 a return to new chemical equilibria and stochastic 
recolonisation occur in parallel; 

111 some mixture of i) and ii) occurs, but founder effects 
influence the ultimate course of recovery to some new 
biological equilibrium. 

9.8.2 Appropriate analogues 

This second problem arises because predictions of biological 
change during reductions in acid deposition involve 
extrapolations outside the chemical range over which the models 
were calibrated. The problem has long been recognised in our 
modelling work, and occurs because reduced deposition will almost 
certainly result in base-poor waters which have extremely low 
calcium and magnesium concentrations, but also increased pH and 
low aluminium (Ormerod et al. 1988, 1990). Waters of this type 
were not included in the calibration phase of biological model 
development because they have been made scarce in Britain: acid 
deposition has increased calcium concentrations by base leaching, 
at the same time as acidity has been added, and ANC reduced. 
Further calibration studies are required, through which the 
biological attributes of waters of this type can be identified. 
The 'analogue' approach, described in Chapter 10, provides a 
potential method through which appropriate surface waters might 
be recognised for the required survey work. 

9.9 Conc1usions 

As demonstrated previously, and expanded in other parts of this 
report, a range of methods are available for linking simulations 
of biological change to simulated chemical change under different 
scenarios of acid deposition. They have indicative value in the 
management of acid emissions, but they are governed by a nwnber 
of biologically important uncertainties, especially: ( i) the 
advantages and disadvantages of using ANC, aluminium and pH in 
modelling biological response to acidity; (ii) the rate at which 
important components of aquatic ecosystems respond to even 
pronounced chemical change; and (iii) an understanding of the 
biological characteristics of systems that might occur under 
future conditions of reduced deposition. 
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Table 9.1 The taxon richness of invertebrates, density of brown trout and modal invertebrate/floral 
assemblage type at sites in upland Wales characterised by different mean ANC. 'l'he values are means 
(with SD}, values for trout being back-transformed from the log distribution. 

ANC category 
(µeq 1 · 1

) 

-200 to -50 
-50 to 0 

0 to 50 
50 to 450 

F 

ANC category 
(µeq r 1

) 

-200 to -50 
-50 to 0 

0 to 50 
50 to 450 

F 

n 

6 
26 
29 
26 

n 

4 
20 
29 
25 

Mayflies Stoneflies 

0 ( 0) 6.2 (1.2) 
0.5 (1.0) 7.3 (1.9) 
1.3 (1.4) 6.9 (1.4) 
3.4 (2.2) 7.7 (2.4) 

18. 2··· NS 

Trout density 
(n.100 m•:i} 

0.73 (0.5) 
11. 0 (0.8) 
24.3 (0.6) 
39.2 (0.7) 

5.4 .. 

Caddis All taxa 

3.3 (2.1) 16.2 (4.4) 
4.1 (3.2) 21.6 (9.8) 
4.3 (2.4) 27.2 (8.3) 
7.1 (5.3) 33.6 (15.3) 

4 .1 .. 6. 9 ... 

Modal invertebrate (M) 
or floral {F) class 

M4 F3 
M4 F3 
M3 F2/3 
Ml F2 

:::---J r-
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Table 9.2 Regression relationships (y =a+ b ANC) between biological characteristics and ANC for upland 
Welsh streams 

Parameter a b F lOOrl 

Mayfly species 1.12 0.017 51.5'" 0.38 
Caddis species 4.49 0.016 a. 5•• 0.08 
Total taxon richness 24.5 0.074 19.3° 00 

0.18 
Trout density 1.18 0.004 13.s--· 0.15 
(loglO n 1oom- 2 + 1) 

Table 9.3 Regression relationships {ANC = y + b * biological parameter) for predicting the ANC required for 
different taxon richness of invertebrates, and different densities of brown trout. 

Parameter 

Mayfly species 
Caddis species 
Total taxon richness 
Trout density 
( log 10 n 1oom-2 + 1) 

a 

-6.35 
2.0 

-37.4 
- 12.1 

b 

22.0 
5.4 
2.5 

35.7 

.----, 
• .J 
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Table 9.4 Differences in mean ANC (with SD, n) between Welsh streams occupied by different macro-floral and 
invertebrate assemblages. 

Invertebrate assemblage ANC Floral assemblage ANC 

Ml 105.9 (85.8, 13) Fl 88.8 (93.0, 10) 
M2 39.8 (51.1, 18) F2 50.7 (68.9, 38) 
M3 31.1 (60.2, 34) F3 - 6.3 (46.2, 37) 
M4 - 27.5 (40.1, 22) 
F 14. s· .. 12. 4 ... 
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Table 9.5 

Site Date 

Biological changes at selected UKAWMN sites with non
afforested catchments and 60 % or 80 % deposition 
reductions according to MAGIC simulation. 'o/r' indicates 
that chemical conditions were substantially outside the 
calibration range of the model. 

Scenario Trout LTS0 
(days} 

Trout Density 
(n. 100 m-2 ) 

Invertebrate 
Class 

Round Loch of Glenhead 

1849 
1989 
2005 
2039 
2005 
2039 

Scoat Tarn 

1849 
1989 
2005 
2039 
2005 
2039 

Old Lodge 

1849 
1989 
2005 
2039 
2005 
2039 

Llyn Llagi 

1849 
1989 
2005 
2039 
2005 
2039 

Nant Gwy 

1849 
1989 
2005 
2039 
2005 
2039 

Reconstruction 
Simulation 
60% reduction 
60% reduction 
80% reduction 
80% reduction 

Reconstruction 
Simulation 
60% reduction 
60% reduction 
80% reduction 
80% reduction 

Reconstruction 
Simulation 
60% reduction 
60% reduction 
80% reduction 
80% reduction 

Reconstruction 
Simulation 
60% reduction 
60% reduction 
80% reduction 
80% reduction 

Reconstruction 
Simulation 
60% reduction 
60% reduction 
80% reduction 
80% reduction 

22.1 
20.1 
20.8 
21.1 
21. 3 
21. 8 

22.1 
21. 4 
21. 5 
21.1 
21. 7 
21. 7 

22.1 
9.3 
3.3 
0.0 

10.1 
11.1 

22.1 
21. 9 
21. 4 
20.4 
21. 8 
21. 8 

22.1 
18.2 
17.7 
16.8 
17.9 
17.8 

114 

o/r 
0.6 
4.2 
8.6 

23.3 
136.4 

o/r 
21. 4 
37.3 
13.8 

152.9 
142.7 

o/r 
0 
0 
0 
0 
0 

o/r 
149.9 

16.0 
1.1 

168.5 
151.1 

o/r 
0 
0 
0 
0 
0 

M3 
M4 
M4 
M4 
M4 
I-13 

M3 
M4 
M4 
M4 
M4 
M4 

.t-:2 
M3 
I .. 
r-·..: 
I-!3 
I-!3 

I .~ · .. .: 
I' . 
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Table 9. 6 Biological changes at se1ected UKAWMN sites currently under 
forest, and 60% or 80% deposition reductions according to 
MAGIC simulation. 

Site Date Scenario Trout LTS0 
(days) 

Afan Hafren 

1849 
1989 

Reconstruction 
Simulation 

Forest cut and replanted 

2005 
2039 
2005 
2039 

60% reduction 
60% reduction 
80% reduction 
80% reduction 

22.1 
21.9 

21. 7 
18.3 
21. 8 
20.7 

Forest cut and left as moorland 

2005 
2039 
2005 
2039 

Loch Grannoch 

60% reduction 
60% reduction 
80% reduction 
80% reduction 

1849 Reconstruction 
1989 Simulation 

21. 7 
21.8 
21.9 
21. 8 

22.1 
20.5 

Trout Density 
{n. 100 m•:z) 

o/r 
353.6 

118.9 
2.2 

202.3 
13.1 

144.7 
161.8 
289.0 
350.0 

o/r 
22.1 

Invertebrate 
Class 

M2 
M3 

M3 
M4 
M3 
M4 

M3 
M3 
M3 
M3 

M3 
M4 

D Forest cut and replanted 

• 
D 
D 
D 
D 
C 

• 
0 
D 
r 

2005 
2039 
2005 
2039 

60% reduction 
60% reduction 
80% reduction 
80% reduction 

19.9 
17.8 
20.7 
19.6 

Forest cut and left as moorland 

2005 
2039 
2005 
2039 

60% reduction 
60% reduction 
80% reduction 
80% reduction 

19.6 
20.1 
20.6 
21.0 

115 

12.0 
2.6 

20.7 
6.9 

12.2 
10.1 
20.6 
25.7 

M4 
M4 
M4 
M4 

M4 
M4 
M4 
M4 
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Table 9.7 The occurrence of eighteen acid-sensitive macroinvertebrate taxa from 1985-1992 in three limed 
streams (L4, C2 and CS) in mid-Wales. Invertebrate taxa are ordered according to their sensitivity 
(from most to least acid-sensitive) as determined from their mean rank on ordination axes for 
1985-87 (also shown). 

Mean 1985 1986 1987 1988 1989 1990 1992 
rank L C C L C C L C C L C C L C C L C C L C C 

4 2 5 4 2 5 4 2 5 4 2 5 4 2 5 4 2 5 4 2 5 

Macroinvertebrates 

Baetis rhodani (Picteti ) 6 - - - - - - - - - - X - X X - - - - - -
Heptagenia lateralis (Curtis) 6 - - - - - - - - - - - - - X - - - - X 
Rhithrogena semicolorata (Curtis ) 7 - - - - - - - - - - - - - - - - - - - - -
Elmis aenea (Muller) 8 - - - - - - - - - - - - - - - - - - - X -
Helodidae 11 - - - - - - - - - - - - - - - - - - X 
Paraleptophlebia submarginata (Steph.) 13 - - - - - - - - - - - - - - - - - - - - -
Brachyptera risi (Morton) 14 X - - - - - - - - X - X X X X - X - - X X 
Sericostoma personatum (Spence ) 14 - - - - - - - - - - - - - - - - - - - - -
Dixidae 15 - - - - - - - - - - - - - - - - - - - X X 
Baetis muticus (L. ) 15 - - - - - - - - - - - - - - - - - - - - -
Leuctra inermis Kernpny 18 X - X X - - X - X X - X X X X - X - X X X 
Chloroperla tripunctata (Scopoli) 19 - - - - - - - - - - - - - - - X - - - - -
Drusus annulatus Stephens 19 - - X - - X - - - - - - - - - - - - - - X 
Glossosoma sp. 20 - - - - - - - - - - - - - - - - - - - - -
Isoperla grammatica (Poda) 21 - X - - - - - X X X - X X X X X X X - X -
Wormaldia sp. 21 - - - - - - - - - - - - X - - - - - - - -
Philopotamus montanus (Qonovan} 21 - - - - - - - - - - - - - - - - - - - - -
Diplectrona felix McLachlan 22 - - - - - - - - - - - - X - - - - - - - -

~ .---
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Total numbers of invertebrate taxa in upland Welsh 
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Chapter 10 Biological targets: an analogue approach 

R.J. Flower, S. J'uggins and R.W. Battarbee 

Environmental Change Research Centre 
University College London 
26 Bedford Way 
London WClH OAP 

10.1 Approach 

As acid deposition at a site is reduced to its critical load it 
is important to assess the extent to which both the chemistry and 
biology of the site respond. A major difficulty, however, is in 
evaluating the success of any response, especially the biological 
response since the original, or pre-acidification, biology of 
acidified streams and lakes is not known. 

The probable composition of past plant and animal communities in 
acidified sites must therefore be assessed indirectly. There are 
three main ways in which such information can be obtained. 

The first utilizes palaeoecological methods to provide a record 
of organisms which existed before acidification. This approach 
has provided invaluable information about the timing and extent 
of lake acidification (e.g. Battarbee et al. 1990), but records 
of pre-acidification biota are restricted to groups that preserve 
well in sediments, such as diatoms, zooplankton and chironomids. 

The second recognises that communities of organisms currently 
existing in unpolluted or 'clean' areas are likely to be similar 
to, and analogues for, those that existed in otherwise similar 
but now acidified habitats. However, these 'clean area' 
communities can vary considerably due to complex geographic and 
chemical influences. 

The third employs 
usually through acid 
be used to infer 
environment. 

experimental manipulation of ecosystems, 
or base additions, so that the responses can 

large scale changes in the 'natural' 

Here we use the second approach and show how modern analogue 
sites can be identified by statistically matching fossil and 
modern diatom assemblages where the samples are separated by both 
time and space. 

Diatoms are probably the single most appropriate group of 
organisms with which to link past and present ecosystems because 
their communities are diverse, individual species are sensitive 
to water pH, and they preserve well in lake sediments. The 
pre - acidification diatom floras of acidified lakes are relatively 
well known from palaeolimnological analysis of over 50 impacted 
lakes in Western Europe, and modern data sets of lake surface 
sediment diatom assemblages and water chemistry are now available 
for over 400 lakes in North America and Europe. 
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Diatoms occupy both benthic and planktonic habitats and are often 
the main food resource of invertebrates, especially in upland 
freshwaters. We argue, therefore, that if pre-acidification 
sedimentary diatom assemblages can be shown to be floristically 
similar to modern diatom floras of an unpolluted lake then it is 
likely that many ecosystem components, such as invertebrates and 
possibly fish species, might also be common to the two 
environments. 

10.2 Site locations 

The surface sediment diatom assemblages and water chemistry data 
were obtained from 194 lakes in the UK, Ireland, Norway and 
Sweden and analysed as part of the Surface Water Acidification 
Programme (SWAP) and Department of the Environment (DoE) research 
into lake acidification (Battarbee et al. 1990, Stevenson et al. 
1991). Sample areas in northern Scotland, western Ireland and 
mid-Norway are located in relatively low acid deposition areas. 
Lakes selected for sampling ranged in pH from 4.6 to 
circumneutral. The less acid lakes comprise two groups, those 
which are very sensitive to acidification (low ANC) and occur in 
low acid deposition areas such as the north - west of Scotland or 
in mid-Norway, and those that are less sensitive to acidification 
(higher ANC) but occur in regions where acid deposition is 

moderate or high. 

Sediment cores were obtained from the Round Loch of Glenhead and 
Loch Dee in south-west Scotland and analysed for diatoms. Site 
details and analytical procedures are given in Flower et al. 
( 1987) . Both lakes began to acidify in the mid- to late 
nineteenth century since which time the diatom assemblages have 
shown major changes in species composition. Loch Dee naturally 
possesses a greater ANC than the Round Loch of Glenhead, hence 
it was initially less acid and is currently less acidified. The 
Round Loch of Glenhead is and was characterised by species more 
tolerant of acidity. The fossil assemblages of the two lakes, 
therefore, provide a wide spectrum of diatom species occurring 
in acidified lakes. 

10.3 Diatom distributions 

Frequency distributions of diatom taxa in surface sediment 
samples from north-west European lakes show that the acidobiontic 
taxa Tabellaria quadriseptata and Tabellaria binalis characterise 
the most acid lakes, while Achnanthes minutissima and Cyclotella 
spp. are most common in the circumneutral sites ( Stevenson et al. 
1991). 

Frequency distributions of selected diatom taxa in the sediment 
cores analysed show that since about 1850 in the Round Loch of 
Glenhead the dominant diatom taxon changed from Brachysira vi trea 
to Eunotia incisa to T. quadriseptata. In Loch Dee, the dominant 
diatom taxon has changed since the 1880s from Cyclotella 
kuetzingiana to A. minutissima to B. vitrea. 
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10.4 Numerical analysis 

In order to examine the floristic similarity between the fossil 
and modern diatom assemblages, samples were matched using the 
squared Chi-square dissimilarity measure: 

where Yik is the proportion of diatom taxon k in sample i and dij 
is the Chi-square distance between samples i and j. The squared 
Chi-square distance has the desirable property of weighting the 
diatom proportions so as to emphasize the signal component of the 
differences between assemblages at the expense of the noise 
component (Overpeck et al. 1985). The values of squared Chi 
square distance can vary between zero and 2, with lower values 
indicating more similar assemblages. 

The fossil diatom samples from each core were grouped into zones 
of similar floristic composition using constrained cluster 
analysis (Birks & Gordon 1985). Dissimilarity values were 
calculated between every fossil and modern diatom assemblage and 
then averaged to give the mean dissimilarity between the 
stratigraphically based diatom assemblage zones and each closely 
matching modern sample. 

Critical values of the squared Chi - square distance were defined 
by taking the first and second percentiles of the squared Chi 
square distances among all modern samples. The resulting 
thresholds of 0.57 and 0.65 are taken to indicate 'very good' and 
'good' analogues respectively (cf. Bartlein & Whitlock 1993). In 
this context it is noteworthy that diatom assemblages in 
replicate core tops from the same lake usually have a squared 
Chi - square distance of approximately 0.25. 

10.5 Matching fossil and modern diatom samples 

The mean dissimilarity values between the fossil diatom 
assemblages in the two cores and selected surface sediment 
assemblages are given in Tables 10.1 and 10.2. The pre 
acidification assemblages in the Round Loch of Glenhead comprise 
zones four and five. Both zones match most closely with surface 
sediment diatoms in Loch Teanga, a lake on South Uist in the 
outer Hebrides. The squared Chi - square value is 0.44 for zone 4 
but 0.55 for zone 5. In the entire SWAP data set only Loch Teanga 
possesses a modern diatom assemblage which matches very closely 
with the Round Loch of Glenhead zone 5 diatoms. The similarity 
of match between Loch Teanga zones 4 and 5 results mainly from 
the similar proportions of Fragilaria virescens var. exigua and 
B. vitrea in each sample. Frequency of another important diatom, 
Cyclotella kuetzingiana, is relatively high in zone 5 but low in 
both zone 4 and in Loch Teanga surface sediment. Hence the match 
is less good between these latter two samples. zones 3, 2 and 1 
in the Round Loch of Glenhead core reflect assemblage composition 
resulting from progressive lake acidification as acidophilous and 
acidobiontic taxa increase in abundance. Zone 3 matches most 
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closely with Loch Laidon and Loch Macaterick and at both these 
sites T. flocculosa and E. incisa are the two most abundant taxa. 
Zone 2 is a very good match with Lochan Dubh and Frustulia 
rhomboides var. saxonica and E. incisa are the most abundant taxa 
in both samples. Zone 1 is characterised by very acid tolerant 
taxa including T. quadriseptata and T. binalis and is matched 
with other strongly acidified lakes (pre-limed Loch Fleet and 
Loch Valley) in Galloway where the same taxa are present. 

The lowest mean dissimilarity values for the zone 5 pre
acidification assemblage in the Loch Dee core are 0.52 and 0.54 
for Lough Claggan and Loch Aganive, respectively. These two lakes 
are currently dominated by the planktonic C. kuetzingiana and 
benthic A. minutissima, F. virescens var. exigua, T. flocculosa 
and B. vitrea. Zones 1-4 in this core represent a gradual shift 
in assemblage composition to species indicating lake 
acidification. The zone 4 assemblages match most closely with 
Rodlivatn in mid-Norway and Llyn Llennych in North Wales. 

Zone 3 matches most closely with Loch Caire nan Arr in western 
Scotland where benthic diatoms including T. flocculosa are most 
abundant and planktonic Cyclotella taxa are rare. Zones 2 and 1, 
representing the most acid and recent period, match most closely 
with Loch Harrow in south-west Scotland where B. vitrea is the 
most common diatom but acidophilous diatoms such as E. incisa are 
also frequent. 

10.6 Implications of matching modern and fossil samples using 
diatoms 

Diatom analyses followed by computational linking of assemblages 
indicate that good modern analogues for pre-acidification 
assemblages can be found in areas of low acid deposition as well 
as in less sensitive lakes that occur in strongly acidified 
regions. For example Loch Macaterick, also in Galloway, is a good 
analogue for pre-acidification Round Loch of Glenhead. However, 
the closest modern analogue site for the currently strongly 
acidified Round Loch of Glenhead is Loch Teanga, and the closest 
modern analogue for the less acidified Loch Dee is Lough Claggan 
in Donegal, Ireland. These two analogue sites lie in areas of low 
and moderate acid deposition respectively. It is noteworthy that 
although Lough Claggan and Loch Teanga are not significantly 
acidified they are both contaminated by atmospheric pollution, 
and Loch Teanga is contaminated by trace metals from atmospheric 
sources. So, whilst the diatom floras of these lakes are not 
significantly affected by atmospheric pollution the sites cannot 
be considered truly pristine and other communities, possibly more 
sensitive than the diatoms, could be disturbed. 

In order to evaluate fully the target potential of these two 
analogue sites, biological characteristics other than diatoms 
need to be considered. There are no modern biological data 
available for Lough Claggan but Loch Teanga has been surveyed 
briefly. Waterson & Lister (1979) listed invertebrates from this 
loch (Lymnaea peregra, Armiger crista, Hydra, bryozoans, Grynius 
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substriatus, Velia saulii and Polycentropus flavomaculatus). The 
aquatic vegetation was also surveyed by Spence et al. (1979) who 
recorded Potomogeton taxa as common in shallow areas along with 
Myriophyllum alterniflorum, Juncus bulbosus, Lobelia dortmanna, 
Li ttorella uni flora and Isoetes lacustris, the latter being 
abundant on soft sediment down to about 3 m depth (R.J. Flower 
unpublished). Today both Loch Teanga and the acidified Round Loch 
of Glenhead possess a typical oligotrophic higher plant flora of 
Lobelia-Littorella-Isoetes but in the latter site Potomogeton 
taxa are rare and Myriophyllum is absent (Raven 1985). The Round 
Loch of Glenhead is currently too acid to support molluscs but 
corixids and surface water insects are common. 

These initial observations serve to give some clues to species 
other than diatoms that are lost as a result of water 
acidification. Such information together with any historical 
documentary evidence of the pre-acidification biota such as fish 
catch records or old museum samples can all contribute 
information useful in establishing target communities for 
restoration management. 

10.7 Conclusions 

By matching pre-disturbance diatom assemblages in sediment cores 
from acidified lakes with modern surface sediment diatom 
assemblages we have identified groups of modern analogue lakes. 
Although these groups all have similar diatom assemblages they 
are in other ways quite diverse. This diversity arises from 
differences in morphometry, water chemistry and in other aspects 
of their biota. The matching technique therefore pre-selects a 
group of sites, but additional information is required before any 
particular modern site can be precisely defined. Since the 
morphometry of acidified sites is known and some aspects of water 
chemistry prior to disturbance can be inferred from F ratio 
statistics, as well as from the diatom assemblages themselves, 
the most appropriate modern analogue site can be targeted 
precisely. For the Round Loch of Glenhead the closest matched 
modern site, using diatom assemblages, is Loch Teanga. However, 
the calcium concentration in this lake is much too high for the 
Round Loch of Glenhead. In this case the nearby Loch Macaterick, 
with low calcium, is probably a better modern analogue site when 
considering abundances of more calcium-dependant organisms, such 
as fish and some invertebrates. 

How far the biota of lakes currently impacted by acid deposition 
will recover as acid stress declines is not yet known but some 
groups of organisms may have to be reintroduced artificially. 
Managing and conserving the remnants of what is often loosely 
called 'the natural environment' is imperative if acid damaged 
systems are to recover fully. The task of restoring already 
damaged or destroyed ecosystems has hardly begun on a significant 
scale and may in some cases be impossible due to species 
extinction and other irreversible changes in environmental 
quality. If sites are to be restored by manipulating site 
characteristics then modern analogue sites identified by 
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biological and chemical matching offer the best way of securing 
ecologically acceptable targets. 
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Table 10.1 Mean dissimilarity between Round Loch of Glenhead 
diatom zones and selected modern surface sediment 
samples from Scotland, Wales and Xreland. 

Diatom Zone 

1 2 3 4 5 

0-5 cm 5-11 cm 11-16 cm 16-40 cm 40-80cm 

Loch Fleet (SW ScoUand) 0.51 0.68 0.83 1.00 1.10 

Loch Valley (SW ScoUand) 0.53 0.73 0.91 0.98 1.14 

Lochan Dubh (mid Scotland) 0.54 0;47 0.62 0.81 1.06 

Loch na h'Achlaise (mid Scotland) 0.62 0.61 0.61 0.69 0.83 

Loch Macalerick (SW ScoUand) 0.70 0.53 0.49 0.5? 0.76 

Loch Laldon (mid Scotland) 0,71 0.56 0.52 0.64 0.94 

Loch Harrow (SW Scolfand) 0.73 0.57 0.57 0.56 0.84 

Loch Dee (SW Scotland) 0.91 0.72 0.64 0.58 0.83 

Lough Barra (W Ireland) 0.93 0.77 0.61 0.52 0.73 

Lough Maumwee (W Ireland) 1.05 0.89 0.66 0.51 0.67 

Loch Tinker (mid Scolland) 1.11 0.93 0.73 0.54 0.71 

Loch Coire nan Arr (NW Scotland) 1.00 0.83 0.71 0.62 0.84 

Loch Skerrow (SW Scotland) 1.13 0.99 0.81 0.61 0.70 

Lough lnshagh (W Ireland) 1.16 1.04 0.84 0.64 0.70 

Uyn Clyd (N Wales) 1.22 1.08 0.90 0.63 0.73 

Loch Minnoch (SW Scotland) 0.98 0.90 0.71 0.61 0.73 

Loch Teanga (NW Scotland) 1.02 0.87 0.62 0.44 0.55 

Lough Veagh (W Ireland) 1.17 1.02 0.84 0.71 0.64 

Lough Croanger (W Ireland) 1.35 1.22 0.97 0.72 0.64 
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Table 10.2 Mean dissimilarity between Loch Dee diatom zones and. 

r 
selected modern surface sediment samples from 
Scotland, Wales, Xreland and Norway. 

~ Diatom Zone 

1 2 3 4 5 

C 0·1 cm 1-4 cm 4-30 cm 30-42cm 42-69 cm 

Loch Laidon (mid ScoUand) 0.57 0.61 0.86 1.09 1.22 

C 
Loch Harrow (SW Scotland) 0.46 0.43 0.65 0.88 1.03 

Loch Macaterick (SW Scotland) 0.53 0.51 0.75 0.96 1.09 

Slor Gronningen (mid Norway) 0.56 0.57 0.69 0.87 0.99 

• Loch Chon (mid Scotland) 0.57 0.57 0.73 0.87 0.98 

Loch Doilel (mid Scotland) 0.61 0.59 0.73 0.87 1.00 

D Lough Barra ( W Ireland) 0.60 0.53 0.72 0.92 1.06 

Loch Tinker (mid Scotland) 0.69 0.55 0.65 0.85 0.99 

0 
Loch Finlas (SW Scotland) 0.68 0.57 0.65 o.n 0.87 

Loch Skerrow (SW Scotland) 0.70 0.58 0.66 0.82 0.96 

Loch Teanga (NW Scotland) 0.68 0.47 0.56 0.72 0.87 

D Lough Maumwee (W Ireland) 0.66 0.50 0.59 0.79 0.94 

Loch Coire nan Arr (NW Scotland) 0.65 0.47 0.47 0.57 0.73 

D Loch Minnoch (SW Scotland) 0.76 0.56 0.56 0.75 0.86 

Llyn Clyd (N Wales) 0.76 0.59 0.58 0.70 0.83 

D 
Llyn Llennych (N Wales) 0.80 0.63 0.54 0.54 0.66 

Royljoma (mid Norway) 0.75 0.67 0.60 0.63 0.72 

Langljouma (mid Norway) 0.97 0.81 0.64 0.63 0.74 

D Rodlivatn (mid Norway) 0.75 0.67 0.59 0.56 0.64 

Loch Skae (SW Scotland) 1.09 0.85 0.64 0.59 0.68 

D 
Llyn Gwynanl (N Wales) 1.16 0,99 0.71 0.58 0.69 

Lough Veagh (W Ireland) 0.74 0.65 0.71 0.64 0.60 

Risvaln (mid Norway) 0.81 0.67 0.69 0.62 0.60 

C Lough Claggan (W Ireland) 1.11 0.96 0.81 0.61 0.52 

Lough Aganive (W Ireland) 1.03 0.88 0.78 0.61 0.54 

D Loch Howie (SW Scotland) 1.30 1.16 0.98 0.69 0.56 

While Loch (SW Scotland) 1.38 1.21 1.01 0.71 0.56 

D 
Llyn Bodgynedd (N Wales) 1.48 1.35 1.20 0.84 0.56 

Lough Brockagh (W Ireland) 1.26 1.08 0.91 0.67 0.56 

Llyn y Garn 1.37 1.28 1.20 0.90 0.63 
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Chapter 11 Uncertainties and recommendations for future 
research 

This report shows how models and maps for critical loads and 
critical load exceedances for the UK have been successfully 
developed. However, the maps need to be interpreted with care, 
taking into consideration the assumptions of the models, the 
spatial and temporal limitations of the field sampling, the 
omission at this stage of N deposition, and problems of chemical 
and biological time-lags in the response of streams and lakes to 
reductions in acid deposition. 

11.1 The primary data 

All critical load and critical load exceedance maps depend first 
on the quality of the primary data, especially the initial site 
selection, the representativeness of the single sample collected, 
the accuracy of the chemical analyses and the validity of the 
assumptions used in the models. Some of these issues (e.g. sea
salt problems) are addressed in this report, others are the 
subject of current research and include: 

i how frequently the most sensitive standing water site 
within a grid square was chosen; 

ii to what extent has the choice of standing water, rather 
than stream sites, influenced the data; 

iii and, where headwater stream sites were chosen (because of 
the absence of appropriate standing water), to what extent 
are the results influenced by discharge at the time of 
sampling. 

11.2 The importance of nitrogen deposition 

Although sulphur deposition is the main acidifying agent of 
freshwaters it has become clear from the national water chemistry 
mapping programme that high nitrate concentrations occur in many 
upland waters, especially in southern Scotland, Cumbria, the 
Pennines and Wales. In these areas it is apparent that the main 
source of the nitrate is atmospheric nitrogen deposition, that 
many upland soils are leaking nitrate and that nitrate is an 
increasing cause of acidification in these waters. 

The critical load exceedance maps shown here (Chapter 7) do not 
take this source of acidity into account. However, provisional 
(unpublished) exceedance maps for S plus N deposition show that 
nitrate alone can account for critical load exceedance at some 
sites in the UK, especially in Cumbria, indicating that 
reductions in deposition of Sat such sites will be insufficient 
to meet critical load values in the future without reductions in 
N deposition. 
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The conditions leading to N breakthrough in catchments are not 
well known, and there is little understanding of the ecological 
impact of higher nitrate levels on upland streams and lakes. 
Consequently it is important to: 

i establish a programme of intensive nitrate and arnmoniwn 
monitoring to assess the spatial and temporal variability 
of Nin upland surface waters: 

11 identify the combination of deposition levels, soil/land
use characteristics and other factors that lead to N 
saturation and breakthrough in catchment soils; 

iii use these data to calibrate, validate and apply dynamic N 
models for critical load assessment; 

iv assess the biological impact of high nitrate levels on 
upland surface waters with respect to acidification, 
eutrophication and ecosystem structure using currently 
available datasets and by field experimentation; 

v re - assess the critical loads exceedance maps for the UK in 
the light of both sulphur and nitrogen deposition. 

11.3 Reversibi1ity and biological recovery 

The extent to which acidified waters will respond to decreasing 
deposition of sulphur is unclear. For any site the response will 
depend on a range of factors, including: 

i the extent to which recovery is constrained by soil and 
catchment processes, especially sulphur desorption and base 
cation generation from weathering processes; 

ii the relative importance of nitrate to the acidity of the 
water body, both at present and in the future (see 11.2, 
above); 

iii changes in land-use, especially afforestation where 
enhanced scavenging of both Sand N compounds may delay or 
offset expected improvements; and 

iv changes in climate, especially temperature increases, that 
might cause an acceleration in the mineralisation rate of 
organically bound sulphur and nitrogen compounds in 
catchment soils. 

Even in situations where improvements in water quality occur a 
major uncertainty is whether full biological recovery will 
follow. There are limits to the colonisation potential of some 
organisms, and limits to their persistence in the dis 
equilibrated conditions associated with recovery. The magnitude, 
timing and even the direction of aquatic biological change which 
is likely during deposition reduction is still far from clear. 
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An associated problem is the difficulty in assessing the success 
of any restoration strategy. Because acidification in the UK has 
occurred over a long time-scale, beginning in most cases over a 
century ago, we have no detailed records of either the structure 
or functional attributes of acidified waters prior to 
acidification. Alternative approaches {e.g. sediment records, 
space-time analogues) are needed if the success of restoration 
strategies is to be evaluated. 

Further work, therefore, is required to: 

i develop further dynamic catchment scale models that will 
allow the effects of future changes in both sulphur and 
nitrogen, land-use and climate to be explored; 

ii develop further biological models that link chemistry and 
biology and that can be used to forecast biological 
responses to predicted chemical change; 

iii analyse the fossil record of acidified lakes to establish 
pre-acidification floras and faunas; 

iv identify potential analogue sites for acidified surface 
waters in areas of low acid deposition; 

v survey the biology of non-acidified analogue sites, and use 
the data to calibrate biological models and to evaluate 
recovery rates at acidified sites. 

11.4 Monitoring 

The response of freshwaters to decreased acid deposition and 
other changes can be assessed principally by long-term monitoring 
at individual sites, and by repeating regional and national 
surveys. Such monitoring and re-survey work is essential to 
evaluate the success of abatement strategies. 

The UK Acid Waters Monitoring Network {UK AWMN) has now been in 
operation for five years and a major report is currently being 
prepared. In addition, the regional survey of acid waters in 
Wales carried out in 1984 is to be repeated in 1994/5. 

Since there has been no reduction in UK sulphur emissions in the 
last 5 years and little reduction over the last 10 years, data 
from neither the UK AWMN nor from the Welsh re-survey are likely 
to show significant improvement in water quality. 

However, as emissions will be significantly reduced during the 
late 1990s, the high quality data generated by the AWMN will form 
an excellent baseline against which any future changes can be 
evaluated. Some changes to the AWMN may be desirable, to take 
advantage of the new nationwide survey of acid waters carried out 
as part of the critical loads work, to integrate the AWMN more 
closely with other networks, and to ensure that future concerns 
identified here (especially nitrogen deposition and climate 
change) are embraced by the network design. 
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APPENDIX A Sites used for critical load mapping 

A full list of the sites used for critical load mapping can be 
obtained by request from Prof. R.W. Battarbee, Environmental 
Change Research Centre, University College London, 26 Bedford 
Way, London WClH OAP. 

An example of the format used in the listing is shown below. The 
list includes critical load values calculated according to both 
the steady-state chemistry model (CL {HEN.)) and the diatom model 
{CL (DIAT)) . Units are keq tr ha -1 yr -1 • 

GRID REF. SITE CL !HEN.! CL {DIAT) 

C 413 I 170 Derry Reservoir 14.89 13.09 
C 432,081 Stream 18.34 13. 04 
C 464,097 Edril Burn 12.83 9.93 
C 483,003 Lough Ash 14.39 10.87 
C 558,054 Tull in train Lough 1.11 .01 
C 628,164 Small Lough 1.05 .01 
C 682,237 Lough at Limavady 14.75 12.31 
C 690,367 Binevenagh Lake .65 . 68 
C 704,035 Altnahegilsh Reservoir 3.66 2 .10 
C 739,102 Brishey Burn 33.91 7.50 
C 749,185 Temain Hill Stream 59.22 29.06 
C 798,292 Ballinrees Reservoir 21.52 16.55 
C 805,306 Dinalis Reservoir 29.52 17. 72 
C 834,025 Killelagh Lough 21.91 9.83 
C 879,387 Reservoir 29.60 22.36 
C 930,124 Washing Lough 13.23 8.55 
C 932,022 Dreenan Bridge Stream 37.90 24.41 
D 004,170 Lough Naroon .26 .34 
D 122,233 Altnahinch Darn 4.58 2.90 
D 177,297 Beaghs Burn 2.46 2.10 
D 187,422 Lough Fadden 2.59 1.25 
D 211,176 Loughgarve 2.29 .79 
D 250,216 Lough Natullig 2.12 . 67 
D 290,983 Killylane Reservoir 10.36 6.95 
H 028,546 Lough Navar 2.41 2.45 
H 080,797 Loughdoo 1.05 .79 
H 144,417 Lough Nagor . 37 .40 
H 230,735 Lough Lack 2.17 1. 96 
H 251,618 Raw Lough 9.43 7.17 
H 255,760 Lough Lee 1.32 .90 
H 273,880 Burn 15.31 11. 36 
H 290,769 Lough Carr 8.28 6.94 
H 309,442 Lough Skale 7.70 7.80 
H 326,748 Drumquin Lough 21.95 16.55 
H 367,837 Pool 9.60 8.06 
H 420,943 Garrowallt Burn 8.46 6.38 
H 430,697 Fireagh Lough 25.92 22.01 
H 448,983 Moor Lough 1. 42 1. 46 
H 471,358 Carrunore Lough .61 .69 
H 499,847 Fallagharin Lough . 71 .01 
H 527,964 Glengarrow Stream 6.18 4.09 
H 548,446 Glenbower Lough 1. 79 1. 79 
H 565,775 Loughnapeast 2.74 1. 63 
H 573,783 Loughnatorpoge .09 .15 
H 582,493 Carrickavoy Lough 16.82 13.36 
H 646,926 Lough Lark .93 .01 
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APPENDIX B: Glossary of terms 

acid deposition: dry, wet and occult deposition of acid substances (sulphur 
and nitrogen compounds) to the earth's surface. The acidity may be from 
natural (e.g. volcanoes) or anthropogenic sources (e.g. the burning of fossil 
fuels). 

acid neutralising capacity: a measure of the ability of an aquatic ecosystem 
to withstand the input of acidic pollutants. 

acidophilous: a term describing organisms that grow best in acidic habitats. 

adsorption: the process by which chemical substances are held on solid 
surfaces either by physical or chemical bonds. 

alkalinity: a general term to describe the bicarbonate and carbonate content 
of water. 

analytical quality control: a series of routine procedures aimed at minimising 
analytical errors or maintaining them within acceptable limits. This usually 
involves comparison of exchange samples between laboratories and use of 
control charts for each analytical procedure. 

baetid mayfly: an insect belonging to the Baetidae family of mayflies 
( Ephemeroptera) . 

base cations: the positively charged ions derived from weathering, dissolution 
processes and atmospheric inputs, predominantly calcium and magnesium, but 
also including sodium and potassium. 

binary data: binary data contain observations that can take one of two 
possible forms, e.g. present or absent, dead or alive. 

binomial distribution: the sampling distribution describing the frequencies 
expected in random samples drawn with replacement from a two-class or binary 
population. 

biological targets: the biota affected by acid-related factors in surface 
waters. 

biota: all the living components of freshwater (in this case) ecosystems: 
bacteria, algae, fungi, plants, invertebrates, vertebrates. 

buffering: the ability of a water body to maintain a relatively constant pH 
even when acids and bases are added. 

catchment: the total land surface area from which a water body receives 
surface runoff. 

circumneutral: a term describing organisms that grow best in habitats with a 
pH close to neutral (pH 7). 

corixids: insects belonging to the Corixidae family of bugs (Heteroptera). 

count data: contain observations that can, in theory, take any non-negative 
integer value, e.g. the number of macroinvertebrates in a stream kick-sample. 

critical load: a critical load for acid deposition is the highest deposition 
of acidifying compounds that will not cause chemical changes leading to long 
term harmful effects on ecosystem structure and function. 

critical load class: critical load values are divided into five critical load 
classes (see TABLE 6.1). 

critical lead exceedance: the difference between the critical load and the 
measured or modelled acid deposition at a site or grid square (see TABLE 7 .1). 
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critical load maps: national or international maps displaying critical load 
or critical load exceedance values for individual grid squares. For colour 
maps the critical load and critical load exceedance classes are represented 
by standard colours to allow international comparisons. 

critical load value: a measure of acid deposition usually expressed as Keq H• 
ha· 1 yr· 1 • 

diatoms: microscopic algae belonging to the di vision Bacil lariophyta. They are 
single-celled, have cell walls composed of silica, and are abundant in all 
aquatic habitats. They are sensitive to changes in water chemisty and occur 
as fossils in lake sediments. 

discriminant analysis: a statistical technique used in classification to find 
a set of discriminant functions that can best discriminate between two or more 
groups of data. The discriminant functions are usually derived from a training 
dataset where group membership is known a priori, and can be used to classify 
new observations for which group membership is unknown, but which have to be 
assigned to one of the groups. 

dissociation: the process by which chemical substances break down in water to 
produce ions in solution. 

dissolved organic carbon: operationally defined as the total amount of carbon 
in freshwater, derived from the breakdown of biological matter, which is 
present in a size fraction that passes through a 0.45µrn filter. 

dynamic model: a model that accounts for time-varying inputs, processes and 
outputs. 

empirical regression model: a model describing the strength and form of the 
relationship between two sets of variables that have been derived from 
empirical field observations rather than experiment. 

epilithic diatoms: diatoms that grow on rock or stone surfaces. 

excess base cations: total base cations as defined above but excluding those 
derived from marine inputs. 

flora: all the plant species that make up the vegetation of a given area. The 
term can also be applied to assemblages of fossil plants from a geological 
sample. 

flue gas desulphurisation: a process for removing sulphur dioxide from power 
station flue-gases by chemical reactions. 

F-ratio: the proportion of sulphate (and nitrate), derived from atmospheric 
inputs, that leaches base cations into surface waters. 

gap closure: reduction of the difference (or closure of the gap) between 1990 
SOi deposition levels and the levels needed to meet the 5% European (CCE) 
critical loads, which protect 95% of ecosystem areas. 

generalised linear model: a class of linear statistical models of the form 

y = systematic component+ error component 

in which the systematic component is represented by a predictor which is 
linear in its parameters, and which is related to the responses by a link 
function that may be quite general. Simple linear regression, logistic 
regression and log-linear regression are all forms of the generalised linear 
model. 

Gran titration: a generally used acid-base titration procedure for determining 
the alkalinity of surface waters. 
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granitic geology: area of igneous or metamorphic rocks having the mineral 
composition of granite (e.g. composed principally of quartz and feldspar). 

headwater streams: the streams in the uppermost parts of river and lake 
drainage systems. 

hydropsychid caddie: an insect of the Hydropsychidae family of caddis flies 
{Trichoptera) . 

hysteresis: a time lag or non-linear response to a given change. 

ion exchange: a method of removing or separating specific ions from solution 
e.g. for determining ionic and non-ionic forms of aluminium. 

lethal toxicity: toxic effects great enough to result in death, as opposed to 
sub-lethal toxicity that results in dysfunction. 

link function: a parameter transformation which relates the linear predictor 
to the response in a generalised linear model. 

log-linear regression: a special case of the generalised linear model with a 
log link and Poisson errors suitable for modelling count data. 

logistic regression: a special case of the generalised linear model with a 
logit link and binomial errors suitable for modelling presence - absence data. 

legit link: the link function in a generalised linear model used for 
proportional data. 

lumped catchment model: a model in which the physical and chemical 
characteristics and the parameters describing physical and chemical processes 
are aggregated on a catchment scale. 

macro-crustacean: the larger crustaceans, including shrimps, crayfish etc, as 
opposed to the microscopic groups such as water fleas. 

macroinvertebrate: the larger invertebrates including insects, snails, larger 
worms, crustaceans etc., as opposed to microscopic invertebrates. 

macrophyte: macroscopic, as opposed to microscopic, plants, belonging mainly 
to flowering plant and bryophyte groups. 

mobile anion: a general description of anions (e.g. chloride and sulphate) 
that pass relatively quickly in an unchanged form through the terrestrial 
ecosystem into freshwater. 

molar ratio: the ratio of chemical concentrations expressed as moles. 

mollusc: a group of invertebrates with hard carbonate shells. 

morphometry: the measurement of shape, especially the shape of landforms. 

nitrate breakthrough: an increase and persistent loss of nitrate in streamflow 
or groundwater discharge, usually in response to a change in terrestrial 
ecosystems or a change in nitrogen deposition. 

nitrate leaching: nitrate leaving the catchment soil system in strearnflow or 
groundwater discharge. 

occult deposition: acid deposition through the direct impaction of cloud and 
mist droplets on to vegetation. 

oligotrophic: applied to waters that are poor in nutrients and have low 
productivity. 
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organically complexed: many chemical elements (e.g. aluminium) occur in 
freshwater as ions or bonded to soluble and particulate organic matter. 
Elements bonded (or complexed) with organic matter are generally considered 
to be less toxic than ionic forms. 

palaeolimnology: the study of the history and development of lakes, that uses 
sediment cores to reconstruct past changes. 

pH: pH is a measure of the hydrogen ion [H•} concentration in a solution and 
is mathematically equal to -log [H•}. A solution is considered to be neutral 
at pH= 7 when the hydrogen and hydroxyl concentrations are equal. 

Poisson distribution: a discrete distribution describing the distribution of 
random events, for example, the number of fish recorded in a Som stream 
section. 

protonation: in the context of freshwaters this term implies an increase in 
positive charge, e.g. some organic acids can consume additional acidity by 
this process. 

riparian bird: a bird living along the banks of a river, e.g. dippers, grey 
wagtails and common sandpipers. 

salmonid fish: in the context of this report this refers to salmon (Salmo 
salar L.} and brown trout (S. trutta L.). 

sediment cores: columns of sediment from the bed of a lake, retrieved using 
a coring device, that contains a record of changes in the lake through time. 

seeder-feeder scavenging: enhancement of acid deposition related to altitude 
and vegetation processes. 

Skokloster classification: a technique for deriving critical loads for soils 
based upon five soil classes, defined on the basis of their dominant 
weatherable minerals. 

standing water: an enclosed body of water, such as a pond, lake or reservoir. 

stochastic process: a process controlled by random factors. 

substrate type: the type of river or lake bed at a given location. 

sulphur deposition: dry, wet and occult deposition of sulphur compounds on to 
the earth's surface. 

surface water acidification: increases in the acidity of surface waters, e.g. 
lakes, rivers, streams and reservoirs, mainly due to the effects of acid 
deposition. 

target loads: levels of deposition of acidifying compounds set according to 
the need to protect any selected species or groups of species. 

taxa: organisms of any taxonomic rank (e.g. species or genus) . 

titration: a traditional analytical procedure whereby the strength or 
concentration of substances is determined by adding (by burette) a solution 
of known concentration to complete a required chemical reaction. 

topography: the surface features of the earth, including the relief , the 
terrain, the vegetation, and the features created by people. 

total hardness: a chemical expression of the calcium and magnesium content of 
a water sample or water body, expressed as mg 1 -1 of calcium carbonate. 

total organic carbon: the total amount of particulate and soluble carbon in 
a sample that is derived from the breakdown of biological material. 
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water bodies: includes standing (lakes, reservoirs) and running (rivers, 
streams) waters. 

weathering rates: the mass of base cations added to the freshwater soil system 
through breakdown (chemical or physical) of bedrock minerals. This is usually 
expressed as mass per unit area per year. 
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APPENDIX C: List of abbreviations used in text 

ANC Acid Neutralising Capacity 

ANOVAR Analysis of Variance 

AQC Analytical Quality Control 

AWMN Acid Waters Monitoring Network 

BC Base Cations 

CCE Coordination Centre for Effects (Netherlands) 

CLAG Critical Loads Advisory Group (DoE) 

DOC Dissolved Organic Carbon 

DOE Department of the Environment 

ECRC Environmental Change Research Centre (UCL) 

EMEP European Monitoring and Evaluation Programme 

FGD Flue Gas Desulphurisation 

GLM Generalised Linear Model 

HARM Hull Acid Rain Model 

ITE Institute of Terrestrial Ecology 

LCPD Large Combustion Plant Directive 

MADC Mapping and Data Centre (ITE) 

MAGIC Model of Acidification of Groundwaters in Catchments 

SOAFD Scottish Office Agriculture and Fisheries Department 

SWAP Surface Waters Acidification Programme 

TOC Total Organic Carbon 

TWINSPAN Two-Way-Indicators-Species-Analysis 

UCL University College London 

UKRGAR United Kingdom Review Group on Acid Rain 

UNECE United Nations Economic Commission for Europe 
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APPENDIX D Members of the CLAG Sub-group on freshwaters (May 
1994) 

R.W. Battarbee (UCL, Chairman} 1 

T.E.H. Allott (UCL}1 

K. Bull (ITE) 2 

C. Curtis (UCL) 1 

R.J. Flower (UCL) 1 

J. Hall (ITE} 2 

R. Harriman (SOAFD) 3 

A. Jenkins (IH) 4 

S. Juggins (UCL) 1 

A. Kreiser (UCL) 1 

S. Langan (MLURI) 5 

S.J. Ormerod (UWCC)6 

S.T. Patrick (UCL) 1 

N. Weatherley (NRA) 7 

1Environmental Change Research Centre 
University College London 
26 Bedford Way 
London WClH OAP 

2 Institute of Terrestrial Ecology 
Monks Wood 
Abbots Ripton 
Huntingdon PE17 2LS 

3 Freshwater Fisheries Laboratory 
Faskally 
Pitlochry 
Perthshire PH16 5LB 

4 Institute of Hydrology 
Maclean Building 
Crowmarsh Gifford 
Wallingford 
Oxfordshire OXl0 BBB 

sThe Macaulay Land Use Research Institute 
Craigiebuckler, 
Aberdeen AB9 2QJ 

6School of Pure and Applied Bi olo gy 
University of Wales 
P.O. Box 915 
Cardiff CFl 3TL 

' National Rivers Authority 
Rivers House 
St Mellons Business Park 
St Mellons 
Cardiff CF3 OEG 
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