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Abstract

The MAGIC (Model of Acidification of Groundwaters in Catchments) model has been calibrated to three acid sensitive regions in the UK:
Galloway, the South Pennines and Wales. These calibrations use the best available data for surface water, soil and deposition, from several

UK data bases and regional sampling programmes. The model is capable of reproducing observed base cation and acid anion concentrations
as reflected by a close match between observed and simulated acid neutralising capacity (ANC). Predictions to 2016 under currently agreed
emission reductions, the Gothenburg Protocol, show that ANC greater than zero will be achieved at 100%, 86% and 100% of sites in Galloway,
the Pennines and Wales, respectively. This indicates the potential for biological recovery and a return to ‘good status’ although chemical
conditions remain some way from simulated pre-acidification conditions. In the longer term, beyond 2036 (20 years after compliance with

the Gothenburg protocol), the model indicates that increased N leakage to surface waters may cause deterioration in the chemical status.
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Introduction

In upland areas of the UK generally, pristine water prevails
but, since the middle of the last century, there is clear
evidence of a shift towards more acidic conditions (Battarbee
et al., 1988). This problem of surface water acidification is
linked to the emission of acidic oxides of sulphur (S) and
nitrogen (N) mainly from the burning of fossil fuels as well
as reduced forms of N from agricultural production
(NEGTAP, 2001). The main concern over increased acidity
lies in its impact on aquatic biology; it has been found, to
affect fish adversely (Lien er al., 1996; Juggins,2001;
McCartney et al., 2003), invertebrates (Raddum and
Skjelkvale, 2001; Raddum and Fjellheim, 2003) and
phytoplankton (Findlay, 2003). Further, impacts on bird
populations have also been inferred (Ormerod and Tyler,
1989).

Since the peak of acidic emissions in the UK in the late
1970s, a substantial decline, particularly in S emission, has
led to recovery towards less acid conditions in many areas.
This is well documented in long term surface water
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chemistry data in the UK (Evans et al., 2001; NEGTAP
2001). This decline in S emission is a direct result of national
and international policy in the form of the Convention of
Long Range Transboundary Air Pollution and more recently
under direct EU legislation. The former has been responsible
for establishing four emission Protocols, the last of which
being the Gothenburg Protocol signed in 1999 but not yet
ratified, and the latter has established the Large Combustion
Plants Directive and is currently implementing the National
Emissions Ceilings Directive within the framework of the
Clean Air for Europe programme.

The desire to remedy the problem of surface water
acidification per se has now been bolstered by a further
policy driver, the EU Water Framework Directive. This
legislation demands that a/l surface waters should be
managed to achieve ‘good ecological’ status by 2016. Good
ecological status is defined with respect to a pristine
reference condition. Since the ecological status depends on
biological status in terms of fish, macrophytes and
phytoplankton, all of which are affected by acidification, it
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is clear that achieving the aims of the WFD depends on the
success of the existing emission reduction policies.

The Multi-Pollutant, Multi-Effect (Gothenburg) Protocol
was established on the basis of the critical loads concept
(Nilsson and Grennfelt, 1988) to reduce the level by which
S and N depositions exceed critical loads. The critical load
concept implies that once the deposition is reduced to a level
below the critical load then the ecosystem is protected.
However, this assumes no timescale in the recovery process
and the recovery in chemical conditions and biological status
may take many decades following the achievement of the
critical load. Dynamic models can quantify the timescale of
the chemical recovery in response to reduced deposition
and so have a clear role in assessing the benefits of the
existing legislation and its implications for implementing
the Water Framework Directive.

This study describes the application of MAGIC (Model
of Acidification of Groundwater In Catchments; Cosby et
al., 1985a,b, 2001) to three areas with acid sensitive waters
in the UK, with the aim of assessing their chemical,
biological and ecological status in 2016. Model simulations
are also run further into the future, to 2036, to address the
longer term responses with respect to uncertainties relating
to the description of terrestrial N dynamics within the model.

Methods

THE STUDY REGIONS

The three regions were selected for this study on the basis
of their sensitivity to acidification as indicated by their
relatively low critical load (NEGTAP, 2001), their relatively
high level of S and N deposition (Table 1) as indicated by
their current critical load exceedance (NEGTAP, 2001) and
availability of appropriate surface water and soil chemistry
data. The sensitivity of surface water to acidic deposition in
these regions is due mainly to the characteristics of their
underlying geologies. The granitic bedrock characteristic
ofthe higher elevations in Galloway in south-west Scotland
is resistant to weathering and so provides a relatively low
supply of base cations to neutralise acidic deposition (Ferrier
et al., 2001). In the Welsh region, rocks of Cambrian,
Ordovician and Silurian age tend to be base poor and so,
despite being less resistant to weathering, also provide a
small flux of base cations to buffer acidity (Sefton and
Jenkins, 1998). This is similarly true in the Pennines where
Millstone Grits of Carboniferous age are extremely low in
base cations (Evans et al., 2000).

The soils in all regions are predominantly organic in nature
with peats, peaty gleys and stagnopodzol. In Galloway,

Table 1. Site characteristics for 3 upland regions (Number of sites shown in brackets, Scottish soil classification in italics)

Galloway Wales Pennines

Number of sites 54 95 62

Geology Granite Acid-igneous and Millstone Grits
Greywackes meta-sedimentary Coal measures

bedrock

Soils Peat Peaty gley Blanket peat
Stagnohumic gley(Peaty gley) Stagnopodzol Iron pan stagnopodzol
Ferri-humic cryptopodzol Stagnohumic gley Stagnohumic gley
(Sub-alpine soil) Brown podzol Brown earth
Brown earth Ranker

Land use Moorland (23) Moorland (39) Moorland (56)
Forest (34) Forest (56) Forest (6)

Deposition 32 kg/Sha/yr" 15-30 kg/ Sha/yr” 30 kg/Sha/yr*

Critical Load™

Surface water type

33 kg/Nha/yr’

<0.2 —>2.0 keq H" ha™'yr!
Typically (0.2-0.5)

Lochs

16-24 kg/Nha/yr’

<0.2—>2.0 keq H ha! yr!
Typically (0.2-0.5)

Streams

18-30 kg/Nha/yr"

<0.2 -2.0 keq H" ha! yr!
Typically (<0.2-0.5)

Reservoirs

* Source: Monteith and Evans, 2000
“* Source: Hornung et al., 1995
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moorland vegetation occupies high elevation areas of the
Merrick Mountains (Galloway) but elsewhere large-scale
afforestation covers the landscape. A more detailed
description of typical soil types, vegetation, and forestry
practices in this region is given by Ferrier ef al. (2001) and
Helliwell et al. (2001). This pattern is similar to that found
in Wales where the region is dominated by semi-natural
moorland vegetation or coniferous forestry plantation at
higher elevation, with improved pasture in lower valleys
(Sefton and Jenkins, 1998). The Pennines differ from the
other regions in that they are mostly gently undulating
unimproved moorland, with improved grassland at lower
elevations and commercial afforestation is rare (Evans et
al., 2000).

The numbers and types of water bodies used in each region
are also different. In Galloway, the surface waters of
significant interest are naturally-formed, predominantly
shallow upland lakes (n=54). In the Pennines, the whole
area has been subjected to significant engineering works to
provide the water supply for the industrial cities of the north-
east and so man-made reservoirs provide the key surface
water bodies of interest (n=62). In Wales, on the other hand,
lakes are far less prevalent, the whole area is not engineered
for water supply and so river systems are the main water
bodies of interest, especially small first order streams (n=95).
The model for Galloway and the Pennines, therefore,
represents the entire population of lakes and reservoirs,
respectively, since all were sampled for water chemistry as
part of survey assessments. In Wales, it is clearly impossible
to survey all rivers and so the regional model represents
only a very small population of headwater streams which
are assumed to represent the wider population of streams in
the whole region.

THE MAGIC MODEL

MAGIC is a process-orientated model, developed to predict
the long-term effects of acidic deposition on soil and surface
water chemistry (Cosby et al., 1985a,b). The model consists
of: (i) soil-soil solution equilibrium equations in which the
chemical composition of the soil solution is assumed to be
governed by simultaneous reactions involving sulphate
(S8O,*) adsorption, cation exchange, dissolution and
speciation of inorganic and organic carbon; and (ii) mass
balance equations in which fluxes of major ions to and from
the soil and surface water are assumed to be governed by
atmospheric inputs, mineral weathering, net uptake by
biomass and loss in runoff. MAGIC produces long-term
reconstructions and predictions of soil and stream water
chemistry in response to scenarios of acid deposition and
land use.
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MAGIC uses a lumped parameter approach to: (i)
aggregate the complex biological and chemical processes
active at the catchment scale into a few readily described
processes; and (ii) lumped catchment characteristics to
represent the spatial heterogeneity of soil properties
throughout a catchment. Dynamic simulation of soil and
stream water chemistry is achieved by coupling the
equilibrium equations with the dynamic mass balance
equations for each of the major ions.

An earlier version of model (MAGICS5) lacked any
process-based mechanisms for N retention in soil, and first
order uptake coefficients were calibrated to represent
catchment immobilisation such that input matched output
at present day levels (Cosby et al., 1985a,b). These uptake
coefficients were then assumed constant into the future. This
model represents the ‘best case’ of N leakage because
catchments that do not currently leak N will not leak as N
deposition is reduced in the future and for those where N
does leak, the loss will be reduced in proportion to the
reduction in N deposition.

More recently, the model has been elaborated by Cosby
et al. (2001) to incorporate N dynamics (MAGIC7).
MAGIC7 embraces the N saturation concept (Stoddard,
1994) with the inclusion of dynamic equations for N cycling.
The introduction of a soil organic matter compartment
controls NO;" leakage from the soil, based conceptually on
an empirical model described by Gundersen et al. (1998).
Major processes affecting NO, and NH,* concentrations in
surface water have been represented in the model; the most
significant is nitrification (biological conversion of NH,*
to NO,") and immobilisation. Nitrification is modelled as a
first order process, and immobilisation of inorganic N into
the soil organic matter is controlled by the C/N ratio
(Gundersen et al., 1998; Jenkins et al., 2001). When the C/
N of the soil is above an upper threshold, immobilisation of
N in soil solution is 100% and, at low C/N when the ratio is
below a lower threshold, immobilisation becomes
incomplete and N leaks from the soil to the surface water.
The percentage of inorganic N immobilised is assumed to
be a linear function from 100% to 0%. This model represents
the ‘worst’ case for future N leaching since NO,~ leaching
will occur even with reduced inorganic N deposition as a
result of continued input to the soil organic N pool.

MODEL CALIBRATION

The MAGIC calibration procedure followed is that
documented by Jenkins et al. (1998) and Evans et al. (2001),
and a detailed account of the calibration with N dynamics
(MAGIC?7) is given in Cosby et al. (2001) and Jenkins et
al. (2001).
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The input data required by MAGIC includes annual
rainfall and runoff volumes, deposition chemistry, and
catchment aggregated soil physico-chemical parameters
including soil depth, bulk density, cation exchange capacity,
carbon pool and C/N ratio of the organic soil compartment.
The model is calibrated to surface water concentrations of
calcium (Ca?"), magnesium (Mg*"), sodium (Na*), and
potassium (K*), SO, CI, NO, - and NH," and soil
exchangeable fractions Ca?’, Mg?', Na*, K*.

Soil physico-chemical data were aggregated based upon
a catchment-based weighting technique (Helliwell et al.,
1998). Soil characteristics for the Galloway region were
processed from the Scottish Soils Database held at the
Macaulay Institute and data for the Pennines and Welsh
region were derived from the England and Wales soils
database held by the Soil Survey and Land Resource Centre.

Deposition data for each site in each region were derived
by overlaying the catchment outline onto the UK 19995—
97 deposition data at a 5 km x 5 km grid scale. A mean
value was calculated for each catchment by averaging the
values for the relevant squares and proportioning the
deposition from partial squares. The UK deposition data
incorporate variations in deposition resulting from
orographic enhancement (Fowler et al., 1988). Rainfall
volumes were obtained from the same database using the
same averaging methodology. Base cation deposition was
calculated from Cl~ assuming no anthropogenic contribution.

The historical trend in wet deposited non-marine SO,*
was assumed to follow the sequence described by the Warren
Springs Laboratory (1983), adjusted regionally to take
account of observations since 1980. Other ions in deposition
are assumed to remain constant throughout the simulation
unless the catchment has undergone a change in land use.
In the British uplands, large-scale commercial afforestation
is the main land management practice. Conifer plantations
significantly exacerbate the acidification status of soils and
surface waters and, given that forest uptake, dry deposition
and runoff are influenced by the age and forest cover at a
site, historical sequences and future forecasts are constructed
for the key driving variables (Harriman and Morrison, 1992).
Evapotranspiration was assumed to vary between 10% for
amoorland catchment to 20% for a fully forested catchment.
At forested sites, runoff yield is assumed to decrease linearly
with increasing area of mature canopy cover. The
enhancement of acid input through dry deposition
mechanisms increases deposition in forested catchments
(Mayer and Ulrich, 1977). Net uptake of ions in biomass
was modelled relative to the age and spatial coverage of
forest within the catchment during the historical
reconstruction and forecast simulation (Ferrier et al., 1995).

Surface water chemistry data from 54 sites in the Galloway

region have been used in this model application. Although
samples were collected in the springs of 1979, 1988, 1993,
1994, 1996, 1997 and 1998, for this model application,
‘present day’ chemistry was estimated as the average of data
for April 1996 and April 1997. The sampling methodology
and the analytical procedures are reported by Ferrier ef al.
(2001). The Pennine survey included a total of 62 reservoirs,
all of which were sampled in April 1998. Details of the
sampling and analytical methods are described by Evans et
al. (2000). In Wales, in 1995, 95 headwater streams were
sampled monthly for one year (Sefton and Jenkins, 1998).

The surveys in Galloway and the Pennines were
considered representative of acid sensitive sites because they
are above the limit of improved agricultural land, they are
underlain by acid sensitive geology/soils and the majority
of standing waters drain relatively small upland catchments.
The chemical records from these surveys accorded well with
the pattern observed in long term mean data (Evans ef al.,
2001), providing confidence that the single sample surveys
are a reasonable representation of the longer term mean
chemistry. The Pennine data were considered slightly dilute
because the survey followed wet antecedent conditions and,
in Galloway, high NO,~ concentrations in the mean data from
1996/97 were attributed to a large seasonal peak in winter/
spring. The Welsh region comprises streams sampled
monthly over a one year period; this higher intensity of
sampling took account of the temporal variability in the
stream samples. For the majority of sites in Wales, mean
chemistry was considered representative of annual
conditions. However, samples were collected from the
highest road access point and, as a result, most catchments
were large and some contained areas of improved grassland
that may reduce acid sensitivity.

Results
REGIONAL VARIATIONS IN CHEMISTRY

Differences in surface water chemistry result from a range
of regional and catchment specific factors including acidic
and sea salt deposition, geological characteristics and land
use. Similar Cl- concentrations (Table 2) suggest that the
regions, although geographically located in different parts
of Britain, are exposed to a similar input of sea salts
presumably reflecting their location towards the western
coast of the country. Median ANC and pH data show that
surface waters in Galloway, the Pennines and Wales are
either currently acidified or sensitive to acidification.
Reservoirs in the Pennine region are the most acid of the
three regions (median ANC 13 peql™, pH 5.2) and the Welsh
streams are less so (median ANC 69 peql™, pH 6.3).
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Table 2. Regional surface water chemistry statistics *

pH ANC S0; xS0} Cr NO, NH xCa®  xMg*> DoC
Galloway Minimum 4.3 -23 58 42 152 3 1 9 9
P, 4.7 -9 69 52 158 1 26 16 3
Median 5.6 55 93 71 213 22 2 71 28
P, 6.5 200 145 118 410 34 5 183 66 11
Maximum 6.9 302 219 160 571 60 9 272 88 16
Pennines  Minimum 4.0 —-152 121 107 132 16 1 18 7 1
P, 4.1 -85 164 144 175 26 1 39 24 3
Median 52 13 246 224 239 46 4 138 94 5
P, 6.6 108 355 317 472 77 9 243 157 8
Maximum 7.1 220 425 402 592 97 32 308 175 10
Wales Minimum 4.9 22 51 7 151 0 30 13 1
P, 5.6 —4 69 45 170 3 0 50 24 1
Median 6.3 69 107 84 225 12 0 98 51 2
P, 6.9 309 196 164 337 47 0 290 107 4
Maximum 7.8 1567 422 391 427 86 0 1510 481 6
"P and P, represent 10th and 90th percentiles, respectively. All concentrations are in peql™ except for pH (log) and dissolved organic

10 90

carbon (DOC (mg ). xSO,* xCa* xMg™" is the concentration of SO,*, Ca*, and Mg** from non-marine sources. ANC, acid neutralising

capacity.

Surface water chemistry in the Pennine region is
dominated by high concentrations of strong acid anions,
particularly xSO,* (median = 224 neql™) with concomitant
high concentrations of xCa?" and xMg?" (median =
138 neql™” and 94 peql—", respectively). This high value
for xSO,* is characteristic of the region and is significantly
higher than either Galloway or Wales (median = 71peql™
and 84 peql™, respectively.

The excess sulphate (xSO,*) was determined by:

x80,=S0,> — (R*CI")

where xSO,* is the non-marine concentration of SO,*, and
R is the ratio of that ion to CI in seawater (0.104 for SO,*
where concentrations are in peq 1™'). The ratio used to
calculate excess Ca*" and Mg?* is 0.04 and 0.198.
Considerable inter-regional variability in nitrogen
concentrations is evident (Table 2). Many surface waters in
the Pennines have elevated NO,~ concentrations in excess
of 40 peql™, with individual lakes reaching nearly
100 peql™. Again, this contrasts with the lower median NO,~
concentrations in the Galloway region and in Wales
(22 peql'and 12 peql™, respectively). Minimum values for
NO, also differ with no site in the Pennine region having
concentrations of <10 peql™ whereas, in the other regions,
much lower concentrations (<10 peql™) predominate. NH,*
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concentrations are zero in Wales and Galloway but, in the
Pennines, some reservoirs have significant concentrations.

MODELLING RESULTS

MAGIC was calibrated successfully to a total of 201 sites
(best case N scenario) and 161 sites (worst case N scenario)
throughout Galloway, the Pennines and Wales. In all three
regions, the simulated present day surface water ANC
matches the observations closely (Fig. 1a,b,c). This implies
that the difference between the sum of strong base cations
(Ca**, Mg*, Na’, and K*) and strong acid anions (CI", SO >
and NO,") corresponds to observed chemistry. Since the
biological targets for recovery are described in terms of
ANC, the model calibrations are acceptable.

The model indicates that surface water acidification
occurred at all sites from the mid-nineteenth century to the
late 1970s, a period representing the peak of S deposition
across the UK (Fig. 2). As a result of the increasing
deposition over this period, all sites are predicted to have
been acidified to some extent, but the magnitude of the ANC
decline is predicted to be greater for sites in the Pennines
than in Galloway and the Welsh regions. At the time of
greatest deposition, simulated median ANC, was 47 peql™,
—18 peql™, 60 peql™! for Galloway, Pennines and Wales,
respectively. This regional variation reflects the magnitude
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Fig. 1. Observed and simulated ANC concentrations for the regions;
a) Galloway, b) Wales and c) Pennines

of S deposition which was greatest in the Pennines as a result
of the proximity to significant local emission sources. In
general, the largest decrease in ANC is predicted to occur at
those sites with the lowest initial ANC and, hence, the
biggest sensitivity to acidic inputs (Fig. 2¢). Intra-regional
variability in simulated ANC is most apparent in the Welsh
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Fig. 2. Simulated trends in surface water ANC from 1860 to 2036
Sor; a) Galloway, b) Wales and c¢) Pennines (Maximum ANC
concentrations, 90" Percentile, Median, 10" Percentile and
minimum ANC concentrations)

region, where present day ANC ranges from —21peql™! to
1567 peq I'' (Fig. 2b) which reflects a large variation in
bedrock geology and land use. Despite differences in site
characteristics in the Galloway and Pennine regions, the

variability in surface water chemistry is less (Fig. 2a,c and
Table 1).
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With the implementation of international protocols in the
mid-1980s and the more recent Gothenburg Protocol,
reductions in acidic emissions are predicted to reverse
acidification processes for surface waters at most sites to
2010. Sites in the Pennine region are more responsive by
future changes in deposition and are predicted to recover
faster than sites in Galloway and Wales. (Fig. 2).

The results described above are based on the best-case N
scenario (MAGICS) where N inputs are calibrated to match
N output by incorporating a constant proportional uptake
factor linked to deposition to the site. MAGIC?7 on the other
hand (worst case scenario) allows for the potential release
of nitrate if the soil C/N declines below a specified threshold
where immobilisation is considered to be less than 100%.
MAGICT7, therefore, simulates very different future surface
water NO, concentrations (Fig. 3a,b,c). The difference in
ANC between ‘best’ and ‘worst’ cases is a result of N
leaching (Fig. 3d,e,f). The difference between NO,~ leaching
under the two N scenarios will be greater for longer term
predictions beyond 2036. Assuming that N emission
reductions are achieved in line with those agreed under the
Gothenburg Protocol, NO,” concentrations modelled using
best case scenario of N retention are predicted to be lower
in future than those currently observed in all regions. In
contrast, under the worst case scenario, NO,”concentrations

are predicted to increase at all sites by 2036 (Fig. 3a,b,c).

Under the worst case N scenario, a significant increase in
NO; concentrations is modelled at the Pennine sites, with a
regional average increase of 35 peql™. Increased leaching
of NO,~, modelled with the worst case N scenario, is also
evident in the Welsh and Galloway regions, but the
contribution of NO," to the overall acid status of surface
water is less significant (mean 10 peql™ and 13 peql™,
respectively). The Pennines currently receive significantly
higher deposition of N than the other two regions and so
signs of increasing N saturation are reflected in the higher
surface water NO,™ concentrations. Alternatively, the plant
and soil microbial communities in the Pennines may have
been significantly stressed by the high S deposition resulting
in a lowered capability to assimilate the deposited N.

Nevertheless, under the worst case N scenario, predicted
NO," contribution to the total anthropogenic acid anion
concentration in 2036 is still only 36% indicating that there
are still significant benefits from reducing S inputs in terms
of recovery from acidification. In Wales and Galloway, the
median contributions of NO, in 2036 are 53% and 43%
respectively, indicating that further recovery from
acidification is likely to require a significant decrease in N
deposition.

The assumptions made regarding N leaching in the models
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Fig. 3. Comparison of best case (MAGIC 5) and worse case (MAGIC 7) N scenario for NO, and ANC concentrationsin 2036
Sor Galloway (a,d), Wales (b,e) and the Pennines (c.f) modelled with S and N reductions imposed by the Gothenburg Protocol
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and the predicted reductions in S and N deposition, promote
a wide range of modelled ANC responses both within and
between regions (Fig. 3d,e,f). The contribution of NO,-
modelled with the worse case scenario is sufficient,
marginally, to acidify surface water by lowering the ANC
in 2036 by an average of 8.1 peql™ for all sites included in
this study. The reduction in ANC as a result of N leaching,
will increase the number of all acid sensitive sites with ANC
<20 peql™ from 12 sites under the best case N scenario to
25 sites under the worst case N scenario.

The basis for relating changes in water chemistry to effects
on fish populations was established from a UK wide survey
of biological and chemical records (Juggins et al., 2001;
McCartney et al., 2003) and a study of 1000 Norwegian
lakes (Lien et al., 1996). These studies suggested that an
ANC of zero represented a 50% probability of damage to a
brown trout population and an ANC of 20 reflected 95%
protection of the brown trout from damage (Lien et al.,
1996). As an indication of the health of the brown trout
population, therefore, it was assumed that lakes with ANC
concentrations between 0—20 peql™ were marginal for the
survival of a viable population, and those with ANC
<0 peql™ were unsuitable to maintain a viable population;
in many cases they would be without fish. Using this
categorisation, the modelled surface water quality in the mid-
nineteenth century indicates that ANC was sufficiently high
(> 20 peql™) at all sites in Galloway and Wales to support a
healthy fish population (Fig. 4a). At 8% of sites in the
Pennine region, however, MAGIC predicts ANC in the range
0-20 peql™. A possible cause of these low background ANC
concentrations is likely to be high concentrations of organic
acids or localised SO,* weathering in this acid sensitive
region. Present day surface water chemistry is more acid,
with conditions which are deleterious to salmonid
populations throughout the UK (Fig. 4b). Model predictions
to 2016, the target year for good ecological status (WFD),
indicate a recovery in the predicted fish status in Galloway
and Wales. Predictions of surface water ANC, modelled
using both the best and worst case N scenarios, indicate
that the ANC at 14% of the sites in the Pennine region
remains < 0 peql™ (Fig. 4¢,d).

Discussion and conclusions

The implementation of the Gothenburg protocol is predicted
to result in a substantial improvement in surface water ANC
in all regions. Predicted trends in surface water chemistry
from present day to 2036 indicate a considerable
improvement in water quality with c¢. 37%, 43% and 46%
recovery towards pre-acidification ANC for Galloway, the
Pennines and Welsh regions, respectively (‘recovery’ is

defined as the forecast ANC recovery to 2036 as a percent
of the net ANC decline from pre-industrial conditions to
present day i.e. [ANsz—ANCpresem day]/[ANCpresem sy
ANC ] x 100 (Evans et al., 2001). The recovery in
Galloway is slightly less than in the other regions as a result
of the low base-status of soils at high altitude sites and
extensive afforestation in lower-lying catchments. At
afforested sites, second rotation forest planting is likely to
slow, or in some cases prevent further recovery despite large
reductions in S and N deposition. A combination of base
cation uptake by the forest, enhanced deposition to the forest
canopy and decreased water yield concentrating pollutants
in surface waters may further contribute to the delayed
recovery of ANC towards reconstructed pre-industrial
conditions in the Galloway region.

With 43% of sites in the Pennines achieving background
ANC concentrations in 2036, it is evident that emission
reductions in this region are predicted to have had a positive
impact on surface water chemistry by reducing the number
of reservoirs in the most acid sensitive ANC class. Since
non-marine SO,* contributes 91% of total median SO,*
concentration in the Pennine reservoirs, the impact of large
reductions in sulphur deposition is predicted to be very large;
this reduction will influence, directly, the reversal of surface
water acidification in this region. Furthermore, reductions
in N deposition are unlikely to promote further surface water
recovery as elevated concentrations of NO,~ from the present
day to 2036 indicate that soils may be at an advanced stage
of N saturation.

Decades of acid deposition throughout the UK and large
scale afforestation in Galloway and Wales has resulted in
widespread acidification of surface waters so that 17%, 42%
and 20% of sites in Galloway, the Pennines and Wales,
respectively, are currently predicted to have an ANC
concentration which is incapable of supporting a fish
population (Fig. 4b). The situation will improve dramatically
in 2016 in response to the emission reductions agreed under
the Gothenburg Protocol.

Whilst these results are generally encouraging,
improvements in surface water ANC, modelled with and
without N dynamics, do not represent a return to pre-
acidification status. A comparison of best case versus worst
case N scenarios indicates that N leaching has a less
significant impact on predicted ANC, while the reductions
in S deposition, as predicted under the Gothenburg protocol,
are more important with regard to the reversal of surface
water acidification in 2036.

The EU Water Framework Directive (Directive 2000/60/
EC) aims to maintain and improve the quality of aquatic
ecosystems in the EU. The results of this modelling study,
therefore, have direct significance in relation to achieving
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Fig. 4. The proportion of surface water in 3 ANC categories representing the ecological status for (a) reference
conditions (1860), (b) present day, (c) 2016 (best case N scenario), and (d) 2016 (worst case N scenario).
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that target. The Directive specifies that good status must
represent the situation where only very minor changes to
the morphology, physico-chemistry and ecology of
freshwater systems have occurred. It is, therefore, important
to consider whether the adoption of the Gothenburg Protocol
has achieved an appropriate improvement in the chemical
status of the waterbodies with respect to the potential for
ecological recovery.

Predicted background ANC (Fig. 4a) indicates that
chemical conditions will exist for the survival of viable fish
populations in all regions, and this may be considered as
achieving the necessary criteria for defining a return to ‘good
ecological’ status as salmonids are a key indicator species.
It is interesting, however, to assess the magnitude of the
potential recovery against what has been modelled as
‘reference’ conditions for these systems (i.e. reconstructed
chemistry and inferred ecology for pre-acidification
conditions in 1860). In the highest ANC categories,
approximately 70% of the lakes and streams will have
returned to reference state but a number of waterbodies will
not have met those conditions in all areas. The Directive
defines reference conditions as representing those where
there have been ‘no, or only minor’ changes as a result of
human activity. This provision to accommodate minor
change is key. Water bodies, therefore, do not have to be
restored to their reference conditions; rather the ecological
status that the water bodies must achieve is defined as a
slight change from reference conditions. The standard for
reference conditions must take account of an appropriate
vision for good ecological status. In this instance, it is taken
to relate to achieving an ANC of > 20 peql™. It is clear that
any remedial management in restoring waters in UK regions
should focus on those waterbodies presently between 0 and
20 peql™ in Galloway (five sites) and Wales (three sites)
and the group of lakes with ANC less that 0 peql™ in the
Pennines (eight sites). The question of what level of
deviation of ANC away from the reconstructed reference
condition is allowable under a reference condition remains
to be quantified. Furthermore, this paper reports the
timescale of chemical recovery and does not consider the
time lags that may well occur in terms of biological recovery
(Wright and Lie, 2002). As such, the results presented
represent a best case with respect to predicted fish status.
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