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Executive summary 4

Development and application of mathematical simulation models has enabled an
assessment of the influence of commercial softwood afforestation on stream
chemistry and an assessment of episodic stream chemistry behaviour-in response
to long term changes in annual mean chemistry.

The forest model incorporates increased dry depositon to the forests as the
canopy develops, uptake of ions by the growing forest and increased
evapotranspiration as the forest matures. The model has been applied to two
upland Scottish sites to compare the relative effects of acid deposition and
afforestation on soil and surface water acidification and to assess the likely
effects of reductions in future deposition combined with future forestry
management practices. The results indicate that afforestation has exacerbated
surface water acidification in areas receiving high levels of -acidic deposition.
This is not predicted in pristine areas even though the nutrient demands of
forest growth have caused significant soil acidification.

Two methods have been developed to model short term responses over long
time periods. A deterministic statistical approach involves fitting distributions
around long term means and a mixing approach utilises the MAGIC model in
a two-layer framework. Both methods indicate that the most acute acid
episodes will be moderates if atmospheric deposition is reduced by some 60%
in the future.




1. . Summary of Research

(i) OBIECTIVES

L

The objectives of the research are many and full details are not given here
‘but can be found in the early -project documents. In summary, the objectives
-of the programme are to develop mathematical models of catchment
acidification processes and apply them to several key sites in the UK; to
extend the modelling to a regional scale; to link stream chemistty models to
an air pollution model; to link models to biological models; and, to - investigate
the effects of different emission reduction strategies on stream water quality.

More recently, the focus of acidification research has changed towards the
concept of defining critical loads for ecosystems. This will enable emission
control strategy to be negotiated on a national and international scale. As a
consequence, the objectives of this research programme have been extended to
address important issues affecting the determination of critical loads for UK
freshwater, in particular, the influence of commercial softwood afforestation on
stréam chemistry and the importance of short term episodic changes associated -
with shifts in long term mean chemistry.

The application of MAGIC to- key sites in Scotland and Wales, together with
details of the regional -model development and applications in those areas, was
detailed in interim report number one. Similarly, extensive development has
been undertaken in the linking of biological models to stream’ chemistry
‘models and this, together with details of validation and sensititivity testing of
the MAGIC model, was detailed in interim report number two. This report
.looks in detail at the way in which commercial afforestation affects stream
chemistry in the UK uplands and attempts to quantify the ‘acid’ contributions -
from both afforestation and atmospheric deposition. This study has involved
considerable refinement and re-structuring of the MAGIC model has -been
accomplished. Substantial work has also been completed on the link between
the long term changes in mean chemistry, as predicted by MAGIC, and the
associated changes in episodic chemistry. Two schemes have been developed
for linking these time scales.

(i) FORESTRY EFFECTS

A conceptnal model of the combined effects of afforestation and acidic
deposition has been applied to two forested sites in centrat Scotland.
Refinements are made to the model inputs specifically to include: increased diy
deposition to the forests (in excess of the dry deposition expected for
moorland sites) as the forest canopy develops; uptake of ions by the growing
- forests; and increased evapotranspiration (and thus decreased water yield) as
the forests mature. The model is calibrated using a fuzzy optimisation
technique which -incorporates uncertainty in target variables (stream base cation
concentrations and soil exchangeable bases) and uncertainty in selecting values
for fixed and adjustable parameters which describe the physiochemical




characteristics of the catchments. Simulated present day stream, and soil
chemistry closely match observed values at both sites. The calibrated models
indicate that while the patterns of acidification in the two catchments are
broadly similar, some differences do exist between the sites in the responses of
the soils to acidic -deposition and afforestation. ft is concluded that the
calibrated models provide a tool for; a) comparison of the relative effects of
deposition and afforestation on soil and surface water acidification; and b)
assessment of the likely effects of reductions in future deposition combined
with future forestry management practices.

The model is further used to perform a series of simulation experiments to
assess the relative effects of afforestation and acidic deposition on soil and
surface water chemistry. The experiments compare and contrast: a) the
simulated historical effects of increased 'acidic deposition and forest growth,
both individvally and in combination; and b) the simulated future effects of
various levels of reduction of deposition in combination with the forestry
strategies of harvesting with and without replanting. Results indicate that
historical acidification of surface waters in areas receiving high levels of acidic
deposition has "been exacerbated by afforestation practices. Afforestation in the
absence of acidic deposition, however, has had a lesser effect on surface water
acidification even though the nutrient demands of forest growth have caused

_ significant  soil  acidification. = Comparisons of future forest management

strategies in conjunction with likely deposition reductions indicate that, - in
sensitive areas, replanting of a felled forest without treatment of the soil by
addition of base cations, should not be undertaken even if significant
deposition reductions are realised.

(i) SHORT TERM RESPONSES

A hybrid deterministic statistical approach has been developed for modelling
extremes of water quality in catchments subjected to long-term acidification.
The approach is based on the MAGIC model describing long term variations
in mean chemistry. Superimposed on these mean projections are distributions
providing information on the extremes of water quality. “The distributions are
fitted to catchment data using maximum likelihood techniques. The approach
is general and can be applied to the prediction of other water quality variables
where samples can be regarded as belonging to a parametric probability
distribution. A simple implementation of the approach using chemical data
and a calibrated deterministic model for the Allt a Mharcaidh is used as an
illustrative method. )

An alternative approach ‘to linking short term behaviour has also been
developed using mixing concepts, whereby the flow is assumed to be 2 mix of
water from two distinct sources. Acidic water from the upper socil horizons
and well buffered water from deeper ‘groundwater’ sources are used to
represent the two endmembers and a chemical hydrograph separation technique
is used to estimate the mean proportions of mix. The MAGIC model is
calibrated in its two layer mode to these two endmember chemistries. The
model produces a good fit to observed present day stream, soil and baseflow
chemistry. Future predictions of changes in endmember chemistry are made so
as to enable future episodic response to be modelled. Under a 60% sulphate
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deposition scenario the model predicts a lowering of hydrogen ion
concentrations associated with high flows and even a marginal recovery in
baseflow pH. '

(ivy REVERSIBILITY OF ACIDIFICATION

In Sections 2 and 3, examples of reversibility in stream chemistry have been
detailed. At the afforested Scottish sites the modelling results indicate that
combined with deposition reduction of the order of 70%, a second generation
forest planted on a recently felled site would not cause . significantly greater
acidification in the stream. Soil acidification, on the other hand, would
continue to deteriorate. -

To enable a significant recovery in these areas, which constitute a significant
proportion of acid vulnerable sites in the UK, forests should not be replanted

- without considering the application of soil dressings such as limestone. Better

still, second generation planting should not be carried out. In terms of critical
load calculation, this work shows how land use- change can affect the
susceptibility of a site. Felling the forest in conjunction with a decrease in
atmospheric deposition significantly improves stream acidity and this must be
considered when ciritical loads are calculated for these sites.

The short term models demonstrate the degree to which a 60% decrease in
deposition will mitigate highly acid, high flow events. It -is encouraging that
reductions of this level will decrease the peaks of acid pulses which are
especially damaging to young fish. These . modelling techniques offer an
important step forward towards incorporating short term or episodic reversibility
into the critical load concept.



2. Modelling stream acidification in afforested
catchments




LONG TERM RECONSTRUCTIONS AT TWO SITES IN:
CENTRAL SCOTLAND

2.1







INTRODUCTION

Lakes and streams in large areas of eastern North America
and northern Europe have become increasingly acidified during the
past several decades {e.g., Likens et al., 1979; wWright, 1983;
Haines, i886). The principal cause of this acidification has
been attributed to atmospheric deposition of sulphur (Likens,
1976; Wright and Henriksen, 1979; Overrein et al., 1980; Haines,
1986), although land use changes on the acidic soils which may
dominate sensitive regions have also been held partly or ‘wholly
responsible (Krug and Frink, 1983; Rosenquist, 1980); in the
U.K., a determined land management strategy of conifer
afforestation, since the 1940s, has also been held responsible
for surface water acidification as a result. of proton fluxes
connected with plant uptake and mineralisation of organic matter
(Nilsson, 1985). Indeed, many ;tudies have reported that
compared with moorland sites, conifer afforestation enhances the
acidity of drainage waters (Harriman and Morrison, 1982; Stoner

et al., 1984; Nilsson et al., 1982).

Three mechanisms may increase the acidity of water dfaining
forested catchments; increased water losses through
evapotranspiration thereby concentrating dissolved pollutants
entering the stream; uptake of base cations by the growing
forest; and the increased ability of the forest canopy to
scavenge acidic material from the atmosphere {Law, 1956; Calder
and Newson, 1979; Millef, 1984; Grennfelt and Hultberg, 1986).
Increased scavenging includes contributions from both wet and dry

deposition (Fowler, 1984). All of these factors are interactive



and, solely on the basis of catchment input-output budgets, it is
difficult to discriminate among the effects of the deposition,

leaching, interception and vegetation uptake processes.

A modelling approach to examine the relative importance of
deposition and afforestation on surface water acidification has,
therefore, been adopted. The model used is MAGIC (Model of
Acidification of Groundwater in Catchments), an intermediate-
complexity pProcess-oriented model for soil and water
acidification. To enable the model to be used in a predictive
mode for assessing the relative acidifying effects of forest
growth and atmospheric acidic deposition, it is first necessary
to calibrate the model to forested sites. The model was applied
to two catchments, Chon and Kelty, in the Loch Ard Forest area of
central Scotland. These catchments have been subjected to similar
deposition and land management histories and have similar (but
not identical) bedrock geology. Tree species and soil types on
the catchments are,-however, different. The waters draining both
of these catchments are acidified to differing degrees. The
historical development of acidification at the two sités, as
simulated by the model, is used to interpret the relative effects

of deposition and ~afforestation on present day streamwater

chemistry.

Previous applications of MAGIC to assess forest effects
identified canopy scavenging and increased dry deposition as
important factors causing reductions in the PH of surface water

(Neal et _al., 1986; Whitehead et al., 1988a,b). Those studies,



however, were preliminary applications of the model to afforested
sites; they only included increased forest filtering and a simple
representation of increased evapotranspiration effects and made

no attempt to include wuptake of ions from the 'soll by the

* vegetation. Here a revised and more thorough application uses a

refined version of the model with time varying inputs reflecting
the dynamic effects of afforestation and forest growth. It
incorporates cation and anion uptake by the vegetation, pre-
afforestation dry deposition inputs, enhanced depositioﬁ input
(both wet and dry) through canopy filtering processes and a
continuously variable water yield factor as evapotranspiration

increases in response to forest growth.

The structure, calibration procedure and output of the
refined model are presented in this paper for the Chon and Kelty
catchments. In a companion paper (Jenkins et al., this volume),
the model calibrated for the Chon catchment ig used to perform a
series of simulation experiments. to assess thé relative effects
of afforestation and acidic deposition on soil and surface' water
chemistry. Those experiments compare and contrast: a) the
simulated historical effects of increased acidic deposition and
forest growth both individually and in combination; and b) the
simulated future effects of various levels of deposition
reduction in combination with the forestry strahegies of

harvesting with and without replanting.

STUDY AREA

As part of the Surface Water Acidification Programme {Mason




and Seip, 1985) integrated monitoring of hydrology, chemistry and
biology is being undertaken in two forested catchments, Loch Chon
(1.87 kmz) and Kelty Water (1.32 kmz), in the Queen Elizabeth
Forest Park, Loch Ard (Figure 1). This area is approximately 40
km north of Glasgow and is subject to high levels of
anthropogenic deposition (ca. 20 kg ha-1 },(r_1 sulphate S).
Rainfall volume in the area varies from approximately 1.8 to 2.4
m yr— - The entire area, including that of the two éatcﬁments,
has undergone extensive conifer afforestation with planting
initiated in 1950. The catchment of Kelty Water was planted with

Sitka spruce (Picea sitkensis) while the catchment of Loch Chon

was planted with Norway Spruce (Picea abies). The geology of both

catchments is mainly Dalradian metamorphic-igneous rocks
comprised of fine grained slates, phyllites and mica-schists
(Anderson, 1947). This is overlain by glacial till deposits.
derived from local rocks. Sampling at Loch Chon and Kelty "Water
was initiated in the autumn of 1986 (Miller et al., in preés). We

use data for calendar year 1987 in this study.

Field sampling strategies and laboratory analyses of the
precipitation and streamwater samples are described by Miller et
al. (in press) and Jenkins et al. (1988). Bulk deposition and
precipitation volumes were collected bi-weekly at both sites in
open, nipher-shieldeqd, 'funnel guages situated 6 m above the
ground 1in open areas of the forests. The volume weighted mean
bulk precipitation chemistries in 1987 are similar for both

catchments (Table 1). Streamwater was also collected bi-weekly at
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both sites using flow-proportional samplers. Despite similar

bedrock characteristics and deposition inputs to the two
catchments, the volume weighted mean streamwater chemistry for
both sites are different in some respects (Table 2). Kelty Water
has higher concentrations of aluminum, sulphate, nitrate, and
organic ions, and lower pH and calcium concentrations than does
Loch Chon. Kelty Water is no longer capable of sustaining a

viable fish population but Loch Chon maintains a reduced fish

population.

Soil physical and chemical pParameters in the two catchments
were determined by a detailed sampling and analysis strategy at
the outset of the project ( Hudson and Hipkin, 1986; Henderson
and Campbell, 1986). The soils in both catchments belong to‘ the
Strichen association and consist of peaty gleys at Kelty and
humus iron podsols at Chon. Soil parameters were measured for
individual hbrizons from a number of s0il pits within the
catchments. Individual horizon values were weighted using the
depth of each horizon to give a vertically aggregated valhe for
each soil type. These vertically aggregated values were then
weighted by percentage area of each soil type within the
catchment to give weighted mean values of tpe soil physical and

chemical characteristics for use in the model (Table 3).

MODELLING TECHNIQUES

THE MAGIC MODEL

The MAGIC model is a lumped parameter, long-term simulation




model of scil and surface water quality (Cosby et al., 1985a, b).
It consists of: (i) a soil-soil solution chemical equilibria
section in which the concentrations of major ions are assumed
governed by simultaneous reactions involving sulphate adsorption,
cation exchange, dissclution and precipitation of aluminium,
speciation of organic acids, and dissolution and speciation of
carbonic acid; and (ii) a mass balance section in which the flux
of major ions to and from the soil is assumed to be controelled by
atmospheric inputs, chemical weathering inputs, net “upéake in
biomass and losses to runoff (Figure 2). At the heart of MAGIC
is the size of the pool of exchéngeable base cations in the soil.
As the fluxes to and from this pool change over time due to
changes in atmospheric deposition and biological uptake/release,
the chemical equilibria between soil and soil solution shift to

give changes in surface water chemistry.

Sulphate adsorption is treated in the model by a ‘Langmuir
isotherm. A detailed investigation of the sulphate subsection of
the model is given by Cosby et al. (1986a). Aluminium dissolution
and prgcipitation is assumed to be controlled by equilibrium with
a solid phase of AL{OH) . Speciation of aluminium and inorganic
carbon 1is computed fiom known equilibrium equations. Cation
exchange is treated using equilibrium (Gaines-Thomas) exchange
equations. Weathering rates are assumed to be constant with time

in the model. Organic acids are modelled as diprotic acids using

equilibrium expressions for dissociation based on the pK values




of the acid. Given a description of the historical deposition and
afforestation effects at a site, the model equations are solved

numerically to give long term reconstructions of surface water

chemistry.

APPLICATION TO CHON AND KELTY

Until afforestation in 1950 both sites were under moorland
vegetation and a water yield of 90% was assumed. This figure is
consistent with other model applications to moorland sipes in
Scotland (Jenkins and Cosby, 1989). Following planting in 1950
a 15 year growth period is assumed before canopy closure, during
which time evapotranspiration increases linearly with age of the
forest. At the point of canopy closure, evapotranspiration was
assumed to be at its maximum and a water yield of 75% was chosen.

The net result of this sequence on annual streamflow volumes is

shown in Fiqure 3(a).

Historical loadings to the catchments for use in the
simulations were derived in two stages. First, the historical
loadings in the absence of growing forests and in the absence of
anthropogenic acidic deposition were estimated for both sites for
both wet and dry deposition. Second, the moorland wet and dry

loadings were modified subsequent to 1950 to reflect the effects

of afforestation.

Current (1987) mean annual precipitation input is 2.3 m at
both sites; the mean composition of the bulk rainfall is shown in
Table 1. These measurements are made in forest clearings with

bulk collectors and are taken to be approximately equal to the



wet deposition loading the in absence of enhanced scavenging by
the forest canopy. These wet loadings can be partitioned into
natural (sea salt) and anthropogenic components. Wet loadings for
sulphate, nitrate and ammonium in excess of sea =salt
contributions (anthropogenic components) were assumed to have
increased following the sequence of sulphur emissions described
by the Warren Springs Laboratory (1983, 1987) up to 1973, with a
modification based on sulphur emission data from 1973 to 1987
(Warren Springs Laboratory, unpublished data). The resulting
trajectory for wet 1loading of anthropogenic components in the
absence of a forest canopy is shown in figure 3(b). The
lhistorical wet loadings of sea salt in the absence of a forest

canopy are assumed to be constant.

Particulate or occult (dry) deposition loadings for both sea
salt and anthropogenic components were simulated by multiplying
the wet loadings by "deposition factors" to obtain total {wet
plus dry) loadings: the deposition factors for sea salt are based
on occult sea salt deposition calculations for two nearby
moorland sites in the region (Jenkins and Cosby, 1989).'These
factors . were derived by calculating the additional sea salt
necessary to give a conservative mass balance for chloride, given
the measured wet atmospheric deposition and stream export for
those moorland sites. The sea-salt deposition factors used in the
simulations prior to afforestation in 1950 were 1.10 for Chon and
1.01 for Kelty. A deposition factor of 1.24 for anthropogenic

components was used for both sites prior to 1950 to represent dry

deposition of particulate and gaseoues sulphur to moorland sites.
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This factor was derived by calculating the additional sulphate
necessary to give a conservative mass balance for sulphate, given
the measured wet atmospheric deposition and stream export for
nearby moorland sites (Jenkins and Cosby, 1989; the soils at the
sites had low sulphate adsorption capacities as do the soils at
Chon and Kelty). Because the deposition factors are multipliers
for wet deposition, the effective dry deposition of anthropogenic
components increases along the same trajectory as the wet
deposition until 1950 (Figure 3a); the effective dry deposition

of sea salt components remains constant.

The deposition factors for sea salt and anthropogenic
components were increased after 1950, to represent the increases
in both wet and dry loadings resulting from the increased
scavenging by the forest_canopieé in Chon and Kelty. For the 15-
year tree growth period between planting and canopy closure, tbe
forest filter;ng effect is assumed to produce a linear increase
in total deposition. The assumed pattern of increase in the
deposition factors due to forest effects is shown in Figure 3(c).
Deposition factors for sea salt components increased to 1:3 for
Chon and 1.1 for Kelty. The magnitudes of the increases were
calculated to give simulated streamwater chloridé concentrations
equal to observed chloride concentrations in 1987 with forests
present at both sites. Throughfall and stemflow measurements from
the two sites indicate that the different tree species in each
catchment have different-characteristics of pollutant scavenging
and canopy leaching, especially with respect to sulphate. Kelty

shows consistently higher sulphate concentrations in throughfall
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and stemflow. The deposition factor for anthropogenic components
at Kelty was increased to 1.35 after afforestation while that for
Chon was maintained at 1.24. The final deposition factors for the
anthropogenic components resulted in good agreement between

simulated and observed sulphate for the two sites (Table 2).

The estimation of net nutrient uptake by vegetation is
problematic given the difficulties of assessing processes such as
crown leaching and below-ground turnover (Miller, 19&4). A
general pattern of net uptake may, however, be estimated. ‘Miller
(1981) showed that, in even-aged forests, the greatest demand for
soil nutrients occurs early in the life of the crop, during crown
development and the rapid build-up of foliar biomass. The demand
for soil nutrients reaches a maximum well before the time of
maximum stem growth. As the forest matures, nutrients
progréssively accumulate on the forest floor as organic litter,
at a rate broadly proportional to that of tree growth rate
(Miller_ and Miller, 1976). The nutritional requirements of
maturing .trees may be much larger than that of younger trees but
a larger component is met through recycling of nutrients in
litter (Miller, 1981). Older trees recycle a greater proportion
of their annual uptake through the litter, and there is an
increasiné dependence upon nutrient cycling within the organic
horizons (Khanna and Ulrich, 1984). The resultant decrease in
rates of uptake from the soil, combined with efficient capture of
atmospheric nutrients and rapid cycling in the litter, results in
a decline in net nutrient demand from the soil as the forest

matures. This relative pattern of net nutrient uptake from the
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soil (Figure 3d) is used in simulations of forest growth. The
simulated ngt uptakes of calcium, magnesium, sodium, potassium
and sulphate in the simulations are scaled to the shape in Figure
3d using maximum uptake rates estimated from biomass

concentrations of the ions and biomass accumulation rates

(Miller and Miller, 1976).

In Scottish forest soils over three quarters of the nitrogen
uptake by trees is in the form of ammonium (Williams et al.,
1979) and therefore trees accumulate an excess of cations over
anions balanced by a reverse flux of hydrogen from the roots to
the soil. This nitrogen accumulation thus results in a net
acidification of soils by forest growth (Brand et al., 1986) and,
although rates of acidification vary with productivity of the
stands, the pattern of acidification over time remains the same
(Nilsson et al., 1982). In the simulations, uptake of nitrogen
species (NOS gnd NHZ) from the soils is modelled as a first order
process. The first order rate constént for'each catchment is
selected such that simulated streamwater concentrations of

nitrate and ammonium match observed concentrations.

CALIBRATION OF THE MODEL

The calibrations proceeded in a sequential manner. First, the
concentrations of chloride and sulphate were calibrated by
adjusﬁing occult and dry deﬁosition of sea salts and
gaseous/particulate sulphur compounds under the assumptions
outlined in the preQious section. Base cation concentrgtions

were then calibrated using an optimization procedure based on the




Rosenbrock (1960) algorithm (described next). Finally, the
organic acid concentrations in the streams were calibrated to

match the organic anionic charges observed.

The base cation calibration involved fitting the results of
long-term model simulations to currently observed water and soil
base cation data (surface water concentrations of calcium,
magnesium, sodium, and potassium; and soil exchangeable fractions
of calcium, magnesium, sodium and potassium). These "target
variables" thus comprise a vector of measured values all of which
must be reproduced by the model if a calibration is éo be
successful. The use of multiple, simultaneous targets in an

optimization procedure provides robust constraints on model

calibration (Cosby et al. 1986b).

Those physico-chemical soil and surface water
characteristics measured in the field, are considered "fixed"
parameteré in the model (Table 4). These measurements are,
howevef, subject to error and so ranges were chosen to represent
this error and the spatial heterogeneity within the catchment. A
range of wuncertainty for. each observed, weighted—meaﬁ soil
parameter was defined using the maximum and minimum vertically-
aggregated sipgle—pit values for each parameter. These estimated
uncertainties in the observed values (Table 4) were used in the
calibration procedure. For those fixed parameters for which no

direct measurements were available (i.e., 002 partial pressure

and organic acid content), single values with no range of

uncertainty were assumed.
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Base cation weathering rates and base cation exchange
selectivity coefficients for the soils are not directly
measurable and were used as "adjustable" model parameters to be
optimized in the calibration procedure. The calibrations were
performed on simulations run from 1847 to 1987. After each
historical simulation, the model variables in 1987 were compared
with observations in 1987; the adjustable parameters were
modified as necessary to improve the fit; the Thistorical
simulation. was re-run; the procedure was repeated until no

further improvement in the fit was achieved.

Because the measurements of the fixed parameters aﬁd the
target variables are subject to errors, a "fuzzy" optimization
procedure was implemented for calibrating the models. The fuzzy
optimization procedure consisted of multiple calibrations of each
model structure, using perturbations of the values of the fixed
parameters and estimated uncertainties of the target variables.
The sizes of the perturbations of the fixed parameters were based
on known measurement errors or spatial variability qf the
parameters. The wuncertainties in the target variables were
estimated as the measurment errors of the variables (5 ueg/L or
10%, whichever was the 1larger, for concentrations of surface

water variableé; 0.5% for soil base saturation variables).

Each of the multiple calibrations began with: i) a random
selection of perturbed values of the fixed parameters; ii) a
random selection of tﬁe starting values of the adjustable
parameters; and iii) specification of uncertainty in the target

variables. The adjustable parameters were then optimized using
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the Rosenbrock algorithm to achieve a minimum error fit to the
target variables. The optimization algorithm was stopped and the
calibration considered complete when the simulated values of all
target variables were within the pre-specified uncertainty limits
for the observations. This procedure was undertaken ten times for
each site. The final calibrated model for each site consists of

the mean parameter and variable values of at least 8 successful

calibrations.

Using the fuzzy optimization based on multiple calibrations,
uncertainty bands for the model simulations can be presented as
maximum and minimum values for output variables in any vyear
derived from the group of successful calibrations. These
uncertainty bands encompass the range of variable values which
were simulated, given the specified uncertainty in the fixed
parameter values and measured target variables. When examining
simulation results, the maximum and minimum values are both
plotted through time. The "true" model calibration is taken to
fall between these lines. When comparing simulation results from
two model structures, the overlap of the uncertainty 'bands

provides a measure of the degree to which the structures behave

similarly.

ORGANIC ANIONS IN THE MODEL

Organic anions in MAGIC are simulated by specifying the
total amount of a diprotic organic acid (in mmoles L 'l'of
carboxyl groups) and the two pK values (for dissociation Sf the

carboxyl groups). Thus, a total organic acid content of 10 mmol

16



L™l (as H,A) would produce 10 ueq LY of organic charge when the
first proton was totally dissociated {all acid as HA™) and 20 uegqg
L"1 of organic charge when‘tﬁe second proton was also totally
dissociated (all acid as AZ'). By selecting appropriate values
for the total organic acid content and the pK values, the total
organic charge ([HA™] + [A%”]) can be adjusted for any pH. The
ratio of total organic charge to the total dissolved organic
carbon concentration (DOC, on a weight per volume basis) is
referred to as the effective charge density of the organiq acid.
In calibrating the model, therefore, either the total organic
acid content or the effective charge density and DOC of the
organic must be specified along with the pK values. These values

are needed for both the soil and surface water compartments of

the model.

As seen from the measured ionic concentrations in the
streams of ;he two catchmenté {Table 2), organic énions comprise
a significant probortion of the total ionic charge at each'site.‘
No direct measurement of the dissolved ofganic charge was
available for either soil or stream water. The DOC was available
for the streams (Chon = 6 mg L-l; Kelty = 16 mg L ':5. These
lneasuremenfs were used, with the assumption of an effective
charge density of-approximately 10 for the'orgahic acids, and
that the organic acids in the soils were equivalent to those in
the stream, to derive the total organic acid content for the
s0il water at the two sites given in Table 4. The pK values for
the first dissociation in the two soils are also given in the

table. The pK values for the second dissociation were set te 10.5
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(thus effectively producing a monoprotic acid for the low pH of
these soils). The models were calibrated to the observed base
cation concentrations observed in the streams ({as described

above} with these values of parameters for the organic acids in

the soils and stream.

Subsequent to the calibration of the soils, the parameters
of the organic acids simulated in the stream were modified
(calibrated) to give an effective organic charge concentration
approximately equal to that calculated from the observations
{(Table 2). The calibrated stream organic acid parameters (Table
4) corresponded to an effective charge density of 3.3 for the

6 mg L1 DOC measured in Chon, and 12.5 for the 16 mg L1 DOC

measured in Kelty.

RESULTS

Simulated stream chemistry (Table 2) matches observed
chemistry closely at both Chon and Kelty. The model also
succesfully simulates present day soil chemistry (Table 6) as
soil base exchange fractions at the two sites are well m.atched
with measured data. The final values of the optimized parameters
{weathering rates and sqil exchange selectivity coefficients)
resulting in these fits to the data are given in Table 5. Values
of weathering of calcium and magnesium are higher at Chon and
this accords well with field observation of a doleritic dyke

within the catchment which affects the outflow concentrations of

these ions.
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Stream pH, hydrogen,‘alkalinityl(expressed as sum of base
cations plus ammonium minus sum of acid anions), calcium and
sulphate hindcast reconstructions for the two sites from 1847 to
1987 are shown in Figure 4. Chon shows a very low background
hydrogen concentration with an increasing trend which accelerates
in the period 1950 to 1960 to give a rapid increase in hydrogen
concentration {Figure 4). Kelty shows a similar accelerated
increase during that period but has a very high background
hydrogen concentration. This is due to the high levels of
organics in the catchment, which are assumed to be at-a constant
level throughout the simulation. The period of rapidly
increasing hydrogen coiresponds to the planting and growth of the
forest. At the time of canopy closure, 1965, both catchments are
subject to the most severe acidifying processes; (i) total load
of anthropogenic wet and dry deposition is at a high level as the
assumed deposition curve peaks at this time;_(ii) input from
canopy filtering is also at a maximum because canopy closure (and
thus, maximgm filtering by the trees) and maximum deposition
coincide; (iii) maximum cation uptake coincides with canopy
closure: and, (iv) the concentrating effect of inéreased
evapotranspiration is also at a maximum. Around 1970 stream
concentrations level off and by 1980 have started to decrease.
This is in response to the falling deposition levels in recent
years (Figure 3b) and to the decrease in uptake of base cations

as the forest matures.

The base saturation reconstruction (Figure 5) indicates a

progressive soil acidification through time as base cations are

19




leached in response to the incoming. acidity. High weathering
rates at Chon produce a high initial base saturation although
this falls steadily until 1950 and then accelerates downwards at
the onset of afforestation. At Kelty, although the apparent
initial base saturation is not as high as at Chon, the model
indicates that cation losses from the soil will result in

slightly higher percent base saturation. No recovery of base

saturation is seen at either site in response to decreased

emissions since 1970, although the rate of decrease slpws, and
this accords well with the expected slower recovery of soils as

they continue to desorb sulphate (Wright et al., 1988).

DISCUSSION

The application of the MAGIC model to these two sites
demonstrates the effect of soil properties and forest growth on
the historical acidification pattern in this area. It also
demonstrates that the two sites, in relatively close proximity,
show broadly similar responses but are quite different in
detailed comparison. Clearly, the organics in the Kelty system
have a major influence on historical pH, although sulphat; is the
dominant mobile anion affecting the historical decline in
alkalinity at both sites. A discussion of the sulphate budget
and dynamics as simulated by the model, therefore, can aid
understanding of the acidification history of these two sites and

offers an explanation for the observed differences between them.

Observed wet sulphate loading is similar at both sites

(Table 1); wunder the deposition assumptions used, the total
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sulphate (wet plus dry) was historically similar  until

afforestation in 1950 {Figure 6a). Thereafter, differences in the
effects of tree species {altering dry deposition and
interception) have enhanced the differences in total sulphate
loading between the two sites (Figure 6a). The decrease after
1970 at both sites is due to decreased emissions. The relative
difference between the two diminishes because the dry deposition
factors for the sites are applied as a constant proportion of wet
deposition. Simulated stream sulphate concentrations _closely
follow the deposition curve (Figure 6b), Kelty being consistently
higher because of its higher input andr the greater soil

adsorption at Chon (Figure 6c).

The cumulative loss of total exchangeable base cations at
the two sites demonstrates that more base cations are lost from
the exchange sites at Chon compared to Kelty and that the
relative difference in loss rates intensifies as anthropogenic
sulphate input increases over time (Figure 7). At the period of
forest plantiﬁg and growth the two curves converge as loss from
s0il exchange sites is dominated by plant uptake which exceeds
losses of base cations associated with mobile sulphate anions. At
canopy closure, uptake rates decrease and the differences between

the two sites become apparent again.

Forest growth at the two sites accelerates acidification of
the surface water from the steady pre-afforestation decline
caused by the gradual inérease of anthropogenic deposition. The
model clearly demonstrates that evapotranspiration and cation

uptake cause a significant acidification of the soil on top of
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the effect of canopy interception. This can at times cause
enhanced surface water acidification, the degree depending on the
dynamics of the mobile-anion and the base cation status of the
soil. At Kelty the increased soil acidification appears to lead
to water acidification because hydrogen is leached from the soil,
whereas at Chon, the exchange of base cations affords some

buffer to the stream acidity.

If wuptake 1is an important process affecting the -$urface
water and soil responses at these sites, the mechanisms and
processes of uptake need adequate representation in the model.
Uptake has been treated_;elatively simply, and no account is
taken of organic matter build-up in the litter layer. It is,
however, impossible to separate true vegetational uptake from
immobilisation in the organic matter accumulation. Due to the
role of the latter in nutrieﬁt cycling during growth, it is
assumed to be an inseparable component of vegetatal uptake within
the context of the model. Also, at no time in the 1ifeséan of
the forest did nutrient requirements exceed supply from the soil,
i.e. no stand fertilization was required for major elements and
no trace element deficiencies developed. Finally, it is assumed
that deposition levels of anthropogenic pollutants, in this area
of Scotland, do not have a direct effect upon tree physiology
either through direct physical damage, mineral nutrition, metal

toxicity, or increased susceptibility to biological attack.
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CONCLUSIONS

1. The use of a relatively simple model of soil/water chemistry
with inputs reflecting the effects of forest growth can provide
a conceptual basis for comparing the relative effects of

afforestation and acid deposition on surface water acidification.

2. When applied to two forested sites in Scotland, the model
successfully simulates present day chemistry at both sites and
can be used to examine current and historical differences 'in the

responses to acidification between the sites.

3. These succesful applications suggest that the coupled model
can be used in speculative simulgtion experiments to assess the
relative effects of land use changes and/or deposition reductions
on seil and surface water acidification. The results of these
experiments are presented in the companion paper by Jenkins et

al. (this volume).
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Table 1. Volume weighted mean bulk Precipitation concentrations
at Chon and Kelty for 1987. Mean annual precipitation
volume was 2.3 m at both sites.

Concentrations are given in )Jeq L1,

CHON KELTY
calt 19.1 16.8
Mg2*t 19.4 26.9
Na*t 112.4 135.5
Kt 7.5 5.5
'NHJ 16.3 25.0
S0~ 56.2 60.4
cl” 130.5 148.3
NO3 11.4 11.0
at 22.4 31.0
PH 4.6 4.5
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Table 2. vVvolume weighted annual stream concentrations observed
and simulated at Chon and Kelty for 1987.

Concentrations are given in‘Peq -1

{(Sum base cations = sum of calcium + magnesium +
sodium + potassium concentrations; sum acid anions =
sum of chloride + sulphate + nitrate concentrations;
calculated alkalinity = sum base cations rlus ammonium
minus sum acid anions).

____—...——.—-———.____—-.—_—_—_——--.-.—_————_-———_-_..-_—_..._.._..._.__—..

CHON KELTY
Observed Simulated Observed Simulated

cast 43.3 45.4 19.0 20.1

Mg2*t 48.3 46.0 36.9 "35.5

Na‘t 181.3 184.1 200.9  199.9

Kt 7.1 8.2 7.8 8.1

NH} 7.2 6.9 13.2 12.9

s0%~ 93.3 102.8 100.0 106.1

c1™ 224.5 217.7 216.5 214.7

NO3 3.0 2.9 10.2 10.1

a13t 24.4 20.0 48.8 48.2

mt 24.5 24.4 95.5 "95.2

PH 4.6 4.6 4.0 4.0

Organic . N :

Anion 15.3 14.2 95. 4 95,2
Sum Base

Cations 280.0 283.7 264.6 263.6
Sum Acid

Anions 320.8 3123.4 326.7 330.9
Calculated

Alkalinity -33.6 -32.8 -48.9 -54.4

—-—..-—_-..._—_—_4.._—_—_—-..-———-—_—_____-_———-.———_-_—_———_—_—-.—_

Observed organic anion concentrations calculated as
difference between the sum of concentrations of positively
and negatively charged ions.
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Table 3. Observed soil characteristics at Chon and Kelty.
Weighted mean values for the aggregated soils in each
catchment (see text).

CHON KELTY
Depth (m) 1.0 1.0
Cation Exchange
Capacity 1
(meq kg™ ) 204 410
Sulphate Adsorption
Maximum Capacity
(meq kg™ 1) 7.0 3.5
Sulphate Adsorption
Half Saturation 3
(meg m™ °) 1200 1200
Bulk Density
(kg m™3) 964 844
Base Saturation (%) 3.0 3.5
Exchangeable ca?t (%) 1.2 1.9
Exchangeable Mgz+ (%) 0.6 0.7
Exchangeable Nat (%) 0.5 0.6
Exchangeable Kt (%) 0.7 0.3
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Table 4. The ranges and mean values of fixed parameters used in
the optimisation procedure.

__...__.-—._.—.-—-——___..._——-——-—....__——__......__——————————-———u._—__—...

CHON KELTY
SOIL Range Mean Range Mean
Depth (m) 0.9-1.1 1.02 0.9-1.1 1.00
Bulk density (kg m~3) 864-1064 962 744-944 842
Cation Exchange
Capacity (meq kg 1) 154-254 202 360-460 410
Sulphate Adsorption
Maximum Capacity
(meq kg~1l) 5.0-9.0 7.0 2.0-5.0 - 3.4
Sulphate Adsorption
Half Saturation
(meq m™3)  1100-1300 1211 1100-1300 1190
Al solubility
coefficient (10910) 8.7-9.4 9.1 8.7-9.4 9.1
CO, partial
pressure {atm)  --——-- 6.033 —ee—— 0.033
Organic matter
content  (mmol m~3) = ~-moe- 60  ——mmmm 150
Organic matter
PKy (log,g) W -—-=---- 4.25 - 4.50
WATER
Runoff (m yr~1)  1.56-1.90 1.78 1.56-1.90 . 1.74
Al solubility
coefficient (1og10) ------ 8.6 @ —-ee—- 7.2
CO, partial
pPressure fatm) = -———--- 0.0033 - 0.0033
Organic matter 3
content (mmol m™~) = ———-ao 20 ———e-- 300
Organic matter
PKq (logyq)  —==--- 4.25 = e-eee- 4.40

-—_————_————_-—..._—_————-—_——_-——---—_——-—-—_———-..——_—-—.-.——_
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Table 5. Optimised weathering

selectivity coefficients

models.

rates and soil

for the Chon

exchange
and Kelty

Weathering rates

Calcium (meg m™% yr~
Magnesium (meq m~2 yr~1)
Sodium (meq m~ 2 yr~l)

Potassium {meq m™ 2 yr_l)

Selectivity Coefficients
Calcium  {logygq)
Magnesium (logqg)
Sodium (loglo)

Potassium (10910)

14.1

KELTY

-0.82
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Table 6. Observed and simulated soil chemistry variables. ®
_________________________________________________________ @

CHON KELTY ®

Observed Simulated Observed Simulated Py

Exchangeable cal* (3g) 1.2 1.2 1.9 1.7 °
Exchangeable Mgt (%) 0.6 0.6 0.7 0.9 °
Exchangeable Nat (%) 0.5 0.5 0.6 0.6 °
Exchangeable KV (%) 0.7 0.4 0.3 0.4 °
Base Saturation (%) 3.0 2.7 3.5 3.6 ®
_________________________________________________________ o
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

The Loch Ard study area.
Schematic representation of the MAGIC model

Variable inputs . used in the model
simulations at both sites: (a) wet deposition; (b) dry
deposition; (c) vegetation wuptake; aﬁd (d) dry
deposition due to canopy filtering processes. Wet and

dry deposition ana uptake are scaled to present day

values.

Simulated values at Chon (——) and Kelty (---) of: (a)
stream sulphate concentration; {b) alkalinity
concentration; (c) hydrogen ion concentration; (d) pH;
and (e) calcium concentration. The two curves for each
site represent the confidence limits of the simulation

as derived from the fuzzy optimisation.

)

and Kelty. The two curves for each site represent the

Simulated soil percent base saturation at Chon (
confidence limits of the simulation as derived from the
fuzzy optimisation.

Components of the sulphate budget at Chon {(—— ) and
Kelty (----): (a) total deposition loading; (b) total

stream output; and (c) soil adsorbed sulphate.

Cumulative loss of total exchangeable base cations from

the soils at Chon (——) and Kelty (---).
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AN ASSESSMENT OF THE RELATIVE EFFECIS OF

ACID DEPOSITION AND AFFORESTATION
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INTRODUCTION

In large areas of eastern North America and Europe a recent
trend toward increased acidification has been observed in lakes
and streams (e.g., Likens et al., 1979; Wright, 1983; Haines,
1986). This has occured in surface waters draining both moorland
and afforested catchments although paired catchment studies have
concluded that runoff from forested catchments is more acidic
than from moorland catchments (Harriman and Morrison, 1982;
Stoner et al., 1984). Many studies of soils in forested.areas
have demonstrated that enhanced soil acidification has occurred
and that the effect of coniferous trees themselves is stronger
than that resulting from atmospheric deposition (Troedsson,
1980}. On the other hand, in moorland areas, no clear évidence
exists as to whether acidic precipitation has enhanced the
podsolisation process (Linzon and Temple, 1980} :; yet many studies
in moorland areas demonstrate increased surface water acidity in

response to acidic deposition (Battarbee, 1988).

Empirical evidence from catchment monitoring experiﬁents is
difficult to interpret because of the synergistic nature of
afforestation and of acid deposition in causing acidification.
Recent.'modelling studies have indicated that forests promote
acidification by a combination of increased deposition, increased
evapotranspiration and increased uptake of base cations to
support tree growth (Neal et al., 1986; Whitehead et al., 1988a,
b; Cosby et al., this volume). These findings lend support to the
results of the paired catchment studies. Whether the trees

themselves, in the absence of acidic deposition, would decrease




surface water alkalinity to the same extent remains an enigma.

Considerable debate has arisen in the UK as to whether
afforestation in the wuplands should continue without due
recourse to the sensitivity of drainage waters to acidification
(Department of Environment, 1989). Nisbet (1989) and Bancroft
(1988), argue that evidence for the acidifying effect of forests
from paired catchment studies is not conclusive because of
physical and chemical differences between the study catchments
and suggest that only long-term studies can provide accéptable
data. Historical data from upland areas,- however, are
insufficient to show changes following afforestation and the
gathering of suitable data will require considerable time

(Department of Environment, 1989).

This contribution to the debate uses the MAGIC model for
long term soil and water chemistry';econstructions. The model has
previously been applied succesfully to afforested catchments in
central Scotland and performs well in capturing the major
Processes thought to be operating. These applications are” fully
described in a companion paper (Cosby et al., this volume;. Here
the calibrated model for one of the sites is subjected to a
series of hypothetical land use and deposition scenarios to
assess the relative contribution of forests and acid deposition
to soil and water acidification. The model is also run in
predictive mode to explore the recovery of so0ils and surface
.water 1in response to -planting/harvesting and to decreased

atmospheric emission strategies.
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MODELLING PROCEDURE

The MAGIC model is a lumped parameter, long-term simulation
model of soil and surface water quality {Cosby, et al., 1985a,
b, ¢). The application of a modified version of MAGIC to two
forested catchments in the Loch Ard area of central Scotland
describes in detail the calibration and parameterisation of the
model to these sites (Cosby et al., this volume). The modified
model incorporates cation and anion uptake by the growing forest,
pre-afforestation dry deposition inputs, enhanced deppsition
input through canopy filtering processes and a continuosly
variable water yield as evapotranspiration changes in response to
the water demand of the forest. For this study the calibrated
model for the Loch Chon site is chosen to manipulate input and

land use scenarios.

The Chon site was afforested in 1950. The area currently
receives an acidic deposition loading of approximately 20 kg ha~1
yr‘l sulphate-S. Surface water is acidic but relatively high
concentrations of calcium and magnesium, possibly due to the
existence of a doleritic dyke within the catchment - area,
facilitate the maintainance of a fish population. Cosby et al.
(this vblume) suggest that both soils and surface water have
undergone severe acidification since pre-industrial times and
that the rate of acidification increased markedly following the
preriod of afforestation. In the simulation experiments which
follow, the values for all fixed parameters (hydrological and

soil physical parameters) and chemical variables (weathering

rates and initial base saturations) were taken from the




previously calibrated model (Cosby et al., this volume).
Relative effects of historical acid deposition and afforestation

Three simulation scenarios were implemented to assess the
relative effects of afforestation and acid deposition on
historical changes in soil and surface water chemistry. The base
line scenario (i) consists of the model as calibrated by Cosby et
al. (this volume) with both acid deposition and afforestation
present. By modifying wet and dry deposition, runoff yie}d and
vegetation uptake sequences two further hindcast simulations are
undertaken here. These describe the historical build-up of soil
and water acidification through time for an area with identical
chemical and physical characteristics to the Chon site but with
(ii) acid deposition with no forest growth and (iii) no acid

deposition with forest growth.

(i) Acid deposition with afforestation

This represents the historical and prevailing deposition and
land use scenario at the site. Present day obéerved deposition
are increased by dry deposition of sea salts and dry depesition
of sulphate {(Cosby et al., this volume). Deposition of all ions
is assumed to be constant throughout the hindcast period except
for sulphate, nitrate and ammonium which increase as a result of
anthropogenic sources. The trajectory for those ions which
increase follows that described by the Warren Springs Laboratory
(1983, 1987) for anthropogenic emmissions with a modification
based on sulphate deposition data from 1973 (warren Sﬁrings

Laboratory, unpublished data). Background sulphate concentration



is assumed to be equal to seasalt concentration. Background

concentrations of nitrate and ammonium are assumed to be =zero.

Prior to afforestation in 1950 the Chon catchment was under
moorland vegetation and so a runoff vield factor of 90% was
assumed which is consistent with previous model calibrations to
moorland sites in Scotland (Jenkins and Cosby, 1989%). After
afforestation the trees are assumed to decrease runoff vyield,
through increased evapotranspiration, at a linear rate until the
canopy closed in 1965 when a yield of 75% is assumed. The
increased ability of the growing forest to scavenge atmospheric
pollutants is achieved by incorporating an explicit, time-varying
dry deposition factor. This increased deposition is assumed to
begin when the forest is planted and increases linearly until a
maximum is reaéhed at canopy closure; thereafter, this maximum
level of enhanced input continues for the life of the forest.
Uptake of base cations and sulphate ions from the soil in
response to the nutritional requirements of the growing forest -

are pre-specified in the model (Cosby et al., this volume).

+

(ii) Acid deposition with no forest growth.

Deposition of base cations, ammonium, and acid anions follow
the same assumptions as (i). There is no forest growth and so the
runoff yield factor remains constant at 90%. Dry deposition is
constant at the level calculated for moorland conditions (see
Cosby et al., this volume) and there is no increased deposition
from canopy scavenging. Qegetation uptake is not included -except

for the first order functions for nitrate and ammonium.




{iii) No acid deposition with forest growth.

There is no change in atmospheric deposition of any ion
throughout the hindcast simulation. That is, the deposition of
anthropogenically derived sulphate, nitrate and ammonium remain
at the background levels, while deposition of base cations and
chloride are assumed to be at present day observed concentrations
adjusted to account for sea-salt contributions. Sulphate is
assigned the relevant sea-salt fraction whilst nitrate and
ammonium are assumed to be zero to maintain consistency with (i)
and (ii} where background concentrations of these 1ibns in
rainfall are assumed to be zero. The forest uptake and runoff
vYield sequence described in (i) is followed and increased

scavenging by the forest canopy is assumed to be in ratio only to

seasalt concentrations.

Relative effects of future deposition reductions and forestry

strategies

Fifty year forecast simulations were carried out to
investigate the future course of acidification for the “three
historical situations under consideration: (1) the current'"true“
situation of afforestation with acid deposition; (ii) the
simulated situation of acid deposition with no afforestation; and
(iii) the simulated situation of afforestation with no acid
deposition. The forecasts examine a combination of future

emission scenarios and forest management options (Figure la).

Three future deposition strategies were simulated; (1)

constant deposition at 1987 levels until the year 2037; (2) a




linear decrease to 50% of 1987 levels by the year 2000 with
deposition held constant at the reduced level thereafter until
the year 2037; and, (3) a linear decrease to background seasalt
levels (i.e., no acid deposition) by the vyear 2000 with
deposition held constaht at background level thereafter until the
year 2037. For the deposition reduction scenarios, only the
anthropogenically derived components of current deposition were

reduced (Sulphate, Nitrate and ammonium).

Three future forest management options were also simulated:
(1) 1leave the existing forest in place for the 50 year

Simulation; (2) harvest the forest assuming clear felling in

.1990, leaving the site as moorland after the harvest; and, (3)

harvest the forest assuming clear fellinglin 1990, followed by
replanting the forest in 1992. For the cases of clear felling,
the simulated runoff yield, canopy enhanced dry deposition,. and
uptake all revert to the pre-éfforestation values described
above for the historical simulations. For the case of re-planting
in 1992, these model inputs follow the same temporal patterns
described above for the historical afforestation (see also

Cosby et _al., this volume).

These future 1land management and deposition scenarios
represent extreme options-in some cases (i.e., leaving a 50 year
old forest in place for a further 50 years, or complete reduction
of anthropogenic deposition) and in reality are unlikely to be
employed. However, these-assumptions were made to examime the
maximum degree of reversibility, or further deterioration, which

may be expected in the future.




Most probable forestry and emissions reduction strategies

Further 50 year forecast simulations were used to examine the
response of the hypothetical systems to deposition and land
mapagement scenarios considered most likely in the light of
currently proposed reduction strategies and forestry options
{Figure 1b). Land management practices most pertinent to upland
forestry in the UK currently consist of planting or not planting
a moorland site {(future land use for historical situation (ii),
above), and felling a forested site and rlanting or not planting
a second generation crop on the same site (future land use for
historical situation (i), above). The most probable deposition
reduction strategies are the accepted UK policy to reduce
emmissions by 30% and the recently proposed reduction to 70% of

present day levels by 2003.

RESULTS AND DISCUSSION

The effects of the various combinations of historical/future
forestry practices and deposition on stream chemistry were
examined by considering two important chemical characteristics of
surface waters: hydrogen ion concentration (H*} Peq I.'% and
alkalinity concentration (ALK, Peq L_l, defined here as the sum
of base cation concentrations plus ammonium concentration minus
the sum of acid anion concentrations). These stream variables are
measures of the acid nuetralizing capacity or acidity of stream
waters. The effects on soils were examined by consideriﬁg two

soil chemical characteristics: the soil base saturation (BS, %)
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and the total exchangeable bases in the soil (TEB, eq m -2 .
defined here as the product of base saturation times cation-
exchange capacity times bulk density of the soil times depth of
the soil). These soil variables are measures of the buffering

capacity of soils.

Relative effects of historical acid deposition and afforestation

For the case of afforestation with no acid deposition (case
iii) stream chemistry remains constant {Figure 2) until ‘it is
perturbed by afforestation. The growth of the forest is
associated with a decrease in alkalinity from a pre-afforestation
value of 76.5 Jed L™l to s59.5 ped L 1 at the end of the
simulation. This decrease in alkalinity is accompanied by only a
slight increase in hydrogen ion concentration from 1.1 to 1.6‘Peq
L™l. The net effect of afforestation on the streamwater is a loss
of alkalinity, but no significant increase in mineral acidity.

The efféct of forest growth on the solls, however, is more

'pronounced. Soil base saturation responds to the varying

nutritional requirement of the growing trees for base cations.
This requirement is assumed to be at a maximum at the time of
canopy closure whereafter it falls slowly to a constant level 20
Years after canopy closure (see'Cosby et al., this volume). In
response to this uptake sequence, the rate of decline of percent
base saturation is initially large, then decreases and begins to

level off by 1980 (Figure.3).

The interaction between increased dry deposition of sea salts

and uptake by the forest explains these observed changes in soil
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and streamwater chemistry. Both the sum of acid anions (SAA, sum
of nitrate plus chloride plus sulfate concentrations) and the sum
of base cations (SBC, sum of calcium pPlus magnesium plus sodium
plus potassium concentrations) in the stream increase after the
forest is planted (Figure 4). This effect occurs largely through
increases in chloride and sodium scavenged by the canopy and
passed through the soil to the stream. The base cations other
than sodium tend to decrease in concentration as uptake
requirements of the growing forest exceed increases in input and
the base saturation of the soil declines. The net effect is a
slower increase in SBC than SAA and a subsequent decline in
alkalinity. The model supports the hypothesis that in the absence
of acidic deposition afforestation will not lead to increases in
mineral acidity of the stream but will tend to lower the stream
alkalinity and the base status of the soil. Such declines in
soil base status under afforestation have been documeg;ed

by Hallbacken and Tamm (1986) and Falkengren-Grerup (1987).

The moorland site under acid deposition (case ii) shows a
progressive streamwater acidification as sulphate emissions
increase (Figure 2). Alkalinity drops from 76.5 to 18.6 Peq L1
and hydrogen increases from 1.1 to 7.2 Peq L1 (Table 1). These
changes in stream'water chemistry are greater than those produced
by afforestation in the absence of acid deposition. Some recovery
in alkalinity is simulated, however, after 1976 as sulphur
emissions have decreased; Soil percent base saturation declines

gradually to 4.8% at present from a background value of 8.7%

{Figure 3, Table 1), as base cations are leached in response to
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increased input of mobile sulphate ions. This decrease represents

a loss of approximately 50% of the total exchangeable bases held
on the soil (Table 1). As for the stream variables, the simulated
changes in soil variables produced by acid deposition are greater
than those produced by afforestation alone (acid deposition

results in almost twice the loss of soil base cations, Table 1}.
This pattern of acidification is characteristic of previous model
applications to moorland sites in Scotland and compares well

with palaeoecological reconstructions at those sites (Jenkins et

al., in press).

Growing a forest on a site receiving acid deposition (case
i) produces the most severe acidificatiqn response in both soils
and streamwater (Figures 2 and 3). The net result is not simply
the sum of the two previously discussed situations. The combined
system perturbagions produce enhanced ionic input, and the model
responds Dby producing - very different chemical dynamics.
Streamwater alkalinity decreases from 76.5 to -32.5 ped L1 apd
hydrogen increases from 1.1 to 24.2 Peq 1,71 (Table 1). Soil base
saturation is depleted from a background level of 8.7% to é.?% at
Present day, a loss of approximately 60% of total exchangeable
cations held on the soil (Table 1)}. Stream and soil acidification
intensifies as the increased sulphate input from canopy filtering
far exceeds the forest uptake requirement. At the same time
occult inputs of base cations are far 1lower than uptake
requirement and so the sdil must contribute an increasing amount
of base cations to support tree growth, thereby, enhancing soil-

acidification. This is reflected in the sharp decrease in percent
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base saturation following Planting (Figure 3). This simulation

corresponds to the currently observed conditions at the Site.

Relative effects of future deposition reductions and forestry

strategies

For the situation of historical afforestation with no acid
deposition (case iii), recovery was assessed for three future
forestry strategies: leave the forest, cut the forest, qnd cut
and re-plant the forest. Fifty year forecasts with the forest
left in place indicate that there will be essentially no
recovery in hydrogen ion or alkalinity concentrations of the
stream, and that total exchangeable bases in the soil will
continue to decline (Table 2). If the forest is felled and not
replanted, significant recovery is simulated for stream
alkalinity and total exchangeable bases over the fifty year
forecagt period (Table 2), although hydrogen ion concentration
changes ‘little. Replanting a forest on a clear felled site,
however, produces a further deterioration in all variables over
the fifty year future simulation (Table 2), largely due Lo the
uptake requirements of the second forest exceeding input
loadings. It must be noted, however, that the simulated changes
in all of the forecast scenarios are small (in the absence of
acid deposition) and even under the replant scenario the stream

retains a high positive alkalinity and 1low hydrogen ion

concentration.

For the situation of moorland site subjected to historical
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acid deposition (case ii) recovery was assessed under three

deposition reduction scenarios: 0%, 50% and 100% reduction. The
major effect of the fifty year simulations with no reduction of
acid deposition is a further loss of soil base cations (Table 2).
In general, little improvement in stream chemistry is found for
this scenario. A significant recovery in streamwater chemistry is
achieved by a 50% reduction in deposition although recovery of
the soil base status is markedly slow.(Table 2). Total reduction
of emissions, produces the largest simulated changes in both
stream and soil variables (Table 2). Comparing- simulated
historical changes (Table 1) with forecast changes for the fifty
year simulation (Table 2), indicates that the stream has
recovered 67% of its lost alkalinity, lost 89% of the increased
hydrogen concentration and yet the soils'recovered only 24% of

their lost exchangeable bases for this extreme deposition

- reduction.

For the situation of historical afforestation with_historical.
acid deposition (case i), fecovefy was aésessed for six future
scenarios .representing extreme combinatioﬁs of £he wvarious
forestry and deposition reduction strategies (Figure la). Effects
of three deposition reductions (0%, 50% and 100% reduction) were
assessed for the forestry strategy of leaving the forest in
Place. Because the major interaction of forest and deposition is
the increased scavenging of pollutants, leaving the forest in
place while assessing deposition reductions should -produce the
greatest effect of those redqctions. Effects of three férestry

strategies (leave the forest, cut the forest, and cut and re-
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Plant the forest) were assessed for no decrease in deposition.

If the forest is left in place for the fifty year forecast
and no deposition reductions are implemented, a slight recovery
of alkalinity and hydrogen ion is achieved with no appreciable
change in soil exchangeable base cations (Table 2). On the other
hand if the forest is felled and no deposition reductions are
implemented, significant improvements in alkalinity, hydrogen ion
and total exchangeable bases are achieved (Table 2). Replanting
on the same site with no deposition reduction causes a further

serious increase in both soil and water acidity (Table 2).

If the forest is left in place and deposition reductions are
implemented, improvements in both stream and soil variables are
realized (Table 2). As might be expected, the improvements for
100% reduction are greater than for 50% reduction, but the
recoveries are not all linear with deposition reduction. Stream
alkalinity and hydrogen ion improve by approximatgly a factor of
two for the doubling in reductions implementea, but the recovery

of the soil base cations is much slower (Table 2).

The reafforestation scenarios make no attempt to account for
soil treatment prior to replanting. Clearly, if soil
fertilisation is undertaken the effect of_the second generation
forest growth on soil and water Chemistry may be ameliorated.
However, fertilisation of these systems generally consists of an
application of nitrogen, phosphorous and potassium at
establishment of the stand with additions as prescribed.until

canopy closure and depending on soil type and tree species
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(Miller and Miller, 1987). Addition of base cations in the form
of lime is not a standard treatment and so the effect of the
fertilisation is unlikely to influence the acid status of the

soils and surface water.

Most probable forestry and emissions reduction strategies.

Given that much of northern England, Scotland and Wales
currently receives (and historically have received) high levels
of acidic deposition and that large areas of these uplands are
under pressure from commercial forestry land managemen£ options,

the most likely future scenarios have been simulated {Figure 1b).

The time sequences of hydrogen ion, alkalinity and soil base
saturation under the two probable deposition reduction strategies
at a forested site that is clear cut and not replanted all show
marked improvement (Figure 5). The relative improvement in stream
variables for the larger deposition reduction is roughly in
proportion to the relative increase in deposition reduction
(Table. 3). The effects of the clear cutting are immediately
apparent in the stream variables for both levels of depésition
reduction (Figure 5). These immediate effects are produced by the
decreased scavenging of pollutants as the forest canopy is
removed, and the increased runoff as the site reverts to a

moorland.

Changes in the 5011 base aaturatlon are much slower not
showing an 1mmed1ate response to clear cutting, but lndlcatlng

slower long-term 1mprovement for both deposition reductions if
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the forest is not replanted. Soil acidification has a much longer

recovery period than does stream acidification.

The time sequence of hydrogen ion, alkalinity and soil base
saturation under the two probable deposition reduction strategies
at a forested site that is clear cut and then replanted differ
markedly from the case where no replanting is undertaken (Figure
5). The initial responses of the stream variables to the clear
felling is similar, but the effects of the second forest growth
produce much lower alkalinity and higher hydrogen ion
concentrations (Figure 5, Table 3). Even with a 70% réduction in
deposition, replanting a forest following clear felling results
in acidic stream conditions during the growth of the second

forest. The acidic conditions persist even after the forest

growth is complete (Figure 5).

As with the case of no re-planting, there is 1little
difference in the future soil base saturation between the two
probable deposition reduction scenarios when -a second forest is
planted. Compared to the case of no replanting, however, - large
differences in base saturation occur. With replanting, thé soils
show further deterioration following replanting and recover only
slowly following forest maturation in either deposition case.
Regardless of the deposition reduction, the largest differences

in the future soil base saturation depend on whether or not the

decision to re-plant the forest is taken (Figure 5, Table 3).

Moorland sites, as previously discussed, are subject to

lower deposition loading than afforested areas and so decreases
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in deposition produce a rapid recovery in stream alkalinity if no
forest is planted (Figure 6, Table 3). Comparison of simulated
historical changes (Table 1) with forecast changes for the fifty
year simulation (Table 3), indicates that a 70% reduction in
deposition recovers 71% of stream alkalinity, allows hydrogen to
decrease by 91%, and allows the soil to recover 23% of its lost
base cations. Recoveries of this order would allow fish

populations to return to many acidified moorland areas.

On the other hand, planting a forest on these moorland
areas, despite large reductions in deposition, wili' lead to
rapid and severe acidification (Figure 6, Table 3); this will be
particularly severe in the soil, the base saturation of which has
been steadily depleted through acidic deposition for many years

prior to future afforestation {Figures 3 and 6, Tables 1 and 3).

CONCLUSYONS

This simulation analysis demonstrates that, in areas
receiving high levels of acidic deposition such as upland
Scotland, afforestation exascerbates the acidification problem in
both soils and surface waters. Afforestation per se do;s not
greatly acidfy surface waters in the absence of acidic deposition
(although there is a small salt - effect). Afforestation does,
however, lead to a significant decrease in the base status of the
soil, mainly due to the uptake requirements of the growing
forest. This decrease in the base status of the soils can render
the s0ils (and surface wéters) more sénsitive to acid deposition.
Acid deposition, on the other, can directly cause acidification

of surface waters, either in the presence or absence of
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afforestation because of the high input of acidic, mobile anions.

Clear-felling a forested site will cause a significant
reversal in stream acidification; it will also allow the soils to
begin recovering. Deposition reductions produce a similar
reversal of soil and surface water acidification. The
interactions of forestry practices and deposition reductions are
not strictly additive. In general, however, the greater emissions
reductions that can be achieved, the greater the degree of soil
and surface water recovery. Re-planting a forest on the same site
will lead to further soil and stream acidification but, provided
a reduction in acidic deposition can be simaltaneously achieved,
the stream will not deteriorate to a greater level than under the
first generation forest. Because of the slower response of soils
to decreased deposition, however, the second generation forest
will cause an enhanced soil acidification effect. This analysis
indicates that in sensitive areas replanting in the absence of
so0il- amendments (addition of bases)_should not be undertaken even

in the light of large reductions in deposition levels.

*

It should also be noted that the site chosen for this
analysis has relatively high calcium and magnesium input from
weathering due to the presence of a doleritic dyke within the
catchment area. In areas where soils are of a lower base status,
the effects demonstrated here would be enhanced and so the
absolute levels of acidity are not necessarily representative on
a wider regional scale. The relative pattern of changes-will,

however, be similar across the region if the same assumptions
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regarding deposition and afforestation effects are applied.
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Table 1.

Simulated background

(1847)

and present day (1987)

stream hydrogen ion (H) and alkalinity (ALK) concentrations, soil
percent base saturation (BS) and total exchangeable base cations
(TEB). The magnitude of the change from 1847 to 1987 is shown in

brackets.

__a-—-..—__—--_-.....-_..—__—_....—.-._———-—._—___-——.....--_——__—..-._-_______.-..-_—-——————

Hindcast
Scenario

Forest/
No Acid
Deposition

No Forest/
Acid
Deposition

Forest/
Acid
Deposition

76.5

76.5

23

17.3

17.3

_2)
1987

ALK H BS TEB

59.5 1.6 6.3 12.5

{-17) (+0.5) (-2.4) (-4.8)

18.6 7.2 4.8 9.5

(=57.9) (+6.1) (-3.9) (-7.8)

-32.5 24.2 2.7 5.4

(-109)(+23.1) (-6.0) (-11.9)



Table 2. simulated future (2037) stream hydrogen ion (H) and
alkalinity (ALK) concentration, soil percent base saturation {BS)
and total exchangeable base cations {TEB). The magnitude of the

change from 1987 to 2037 is shown in brackets. 1987 values in
Table 1.

(ALK, H = peg L™, BS =%, TEB = eq m~2)

Hindcast Deposition Forestry 2037

Scenario Reduction Option ALK H BS TEB

Forest/ 0% Leave forest 58.5 1.6 6.0 11.9

No Acid

Deposition (-1.0) (0.0) (-0.3) (~0.6)
0% Cut forest 66.9 1.3 6.7 13.4

(+7.4) (-0.3) (+0.4) {(+0.9)

0% Replant forest 44.2 2.4 4.4 8.6

(-15.3) (+0.8) (-1.9) (-3.9)

No Forest/ 0% Moorland 21.7 6.2 4.5 9.0

Acid

Deposition (+3.1) (-1.0) (-1.8) (-0.5)

50% Moorland 41.1 2.6 5.1 10.2

(+22.5) (-4.6) {+0.3) {+0.7)

100% Moorland 58.8 1.6 5.7 11.4

(+40.2) (-5.6) {+0.9) {+1.9)

Forest/ 0% Leave forest -19.2 20.7 2.7 5.4
Acid .

Deposition (+13.3) {~3.5) (0.0} (0.0)

50% Leave Forest 10.7 9.5 3.2 6.3

(+43.2) (-14.7) (40.5)  (+0.9)

100% Leave Forest 35.4 3.3 3.7 7.3
(+67.9) (-20.9) (+1.0) (+1.9)

0% Cut forest 8.2 11.2 3.5 6.9

. (+40.7) (-13.0) (+0.8) (+1.5)

0% Replant forest -46.1 27.2 1.7 3.4

(-13.6) (+4.1) (-1.0) (-2.0)
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Table 3. simulated future (2037} variables for most probable

future scenarios. Stream hydrogen ion (H) and alkalinity

(ALK)

concentration, soil percent base saturation (BS) and total
exchangeable base cations (TEB). The magnitude of the change from

1987 to 2037 is shown in brackets. 1987 values in Table 1.

(ALK, H = yeq L'}, BS =%, TEB = eq m2)

Hindcast Deposition Forestry 2037

Scenario Reduction Option ALK H BS

No Forest/ 30% Plant -7.2 17.0 2.8

Acid

Deposition (-25.8) (+9.8) (-2.0)
70% Plant 16.5 8.0 3.1

(-2.1) (+0.8) (-1.7)

30% No plant 34.0 3.5 4.9
(+15.4) (-3.7) (+0.1)
70% No plant 48.5 2.1 5.3
(+29.9) (-5.1) (+0.5)
Forest/ 30% Cut forest 21.6 6.2 . 3.7
Acid
Deposition (+54.1) (-18.0) (+1.0)
70%  Cut forest 37.2 3.0 4.1
(+69.7) (-21.2) (+1.4)
30% Replant forest ~-26.3 22.7 1.8
(+6.2) (-1.5) (-0.9)
70% Replant forest -1.1 14.9 2.1

(+#31.4) (-9.3) (-0.6)
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Figure 1. The combination of land use and deposition reduction

Figure 2.

Figure 3.

Figure 4.

scenarios adopted to assess (a) the degree of
reversibility and (b) the implications of currently
proposed emissions reduction and 1land management

strategies on stream water and soil acidification.

Simulated streamwater alkalinity (a) and hydrogen ion
concentration (b) for the three historical.scgnarios.
Forest with acid deposition i.e. past and prevailing
situation (=), no forest with acid deposition (——)

and forest with no acid deposition {--—).

Simulated soil percent base saturation for the three
historical scenarios. Forest with acid deposition i.e.
Past and prevailing situation (=), no forest with

acid deposition (———) and forest with no acid

deposition (---).

Simulated streamwater sum of acid anion concentrations,
SAA (a) and sum of base cation concentrations, éﬁc (b)
for the three historical scenarios. Forest with acid
deposition i.e. past and prevailing situation (ws), no
forest with acid deposition {——) and forest with no

acid deposition (-~--).
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Figure 5.

Figure 6.

Simulated stream alkalinity (a), hydrogen ion
concentration (b) and soil percent base saturation {(c)
for a presently forested catchment under likely future
land management and emissions reductions scenarios.

Replanting under 30% reduction {

), replanting under 70%

reduction (=), felling under 30% reduction (..... )

and felling under 70% reduction (——-).

Simulated stream hydrogen ion concentration (a),
alkalinity (b) and soil percent base saturation (c) for
a presently moorland catchment under likely future land

management and emissions reductions scenarios. Planting

under 30% reduction (—), planting under 70% reduction
(emmmem), no planting under 30% reduction {-emene ) and no
planting under 70% reduction (---).
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3. Modelling future episodic changes in stream
chemistry




G THE EXTREMES OF
OTHER WATER QUALITY

A METHOD FOR PREDICTIN
ACIDITY AND

STREAM
VARIABLES

3.1



INTRODUCTION

Mathematical models of complex environmental processes are often
only capable of reasonable prediction of long term mean values of
some quantity of interest. In the area of acidification

modelling, long term models such as MAGIC (Model of Acidification
of Groundwater In Catchments) have been developed to simulate

long term trends and have been applied to a wide range of
catchments (Cosby et al, 1985a,b, 1986; Wright et al, 1986; Jenkiﬁs
et al, 1988, 1989; Whitehead et al, 1987, 1988). Whilst MAGIC may
produce acceptable historical and future trends based on average
annual chemistry, there are difficulties in modelling
acidification at time scales of the_order of hours and days

(Neal et al, 1988). On this short time scale severe acid pulses

are associated with hydrograph events.

Predictions of the extremes of behaviour during storm periods are
difficult to abtain. Yet knowledge of the extremes is required
in order to assess the'likely bioclogical effects of increased
acidification in certain catchments or, alternatively, the -

biological recovery given reductions in acid deposition (Ormerod

et al, 1988).

Process knowledge gaps, spatial heterogeneity and the cost of
data acguisition contribute substantially to the difficulties
besetting the prediction of extremes solely from process models.
Nevertheless there are strategies at our disposal to provide
information on extremes even when the environmental processes are

very complex.



Much prior information may be obtained from statistical analysis
of the characteristics of data already accrued. There are many
examples where modellers analyse historical data to find a
prescriptive solution to their problem. Simple parameterisations
of probability density functions are fitted to sutputs of
processes for river flow méhagement {Chow, 1964) air quality
management (Jakeman and Taylor, 1989) and industrial
manufacturing (Bain, 1978). In these cases, analysis should be
undertaken to guarantee that the data being fitted are | .
sufficiently independent and identically distributed (i.i.d.) so
that the models can be used to synthesise more random samples or
to extragglate extreme values with acceptable confidence.
Anothergexample where modellers ignore physically based process
knowledge is the use of purely stochastic models. A great deal
of attention has been paid to the construction of autoregressive
moving average models for forecasting (El-Shaarawi and Esterby,

1982) and, in application, the analysis depends on the

stationarity (or absence of trend) of the data being fitted.

In the case of stream acidification the associated time series
often contain long term trends. We cannot solely appeal to
stationarity properties over the longer term to make predictions.
Furthermore, if we wish to improve understanding of the processes
associated with acidification and if we wish to assess control
strategies, then we do need a process based description which is

sensitive to, or largely determined by, the major forcing



factors.

Fortunately, it is possible to combine the advantages of
deterministic and statistically based-approaches into one that is
hybrid. This has been constructed by Jakeman et al. (1988) for
predicting extremes of air pollutant concentrations but the

approach is a generic solution to many modelling problems.

In this paper we show a deterministic model, MAGIC, that predicts
the long term trend of stream acidity wvariables in combination
with probability distribution models that characterise the
variability of the trend. These probability distributicns must
belong to some parametric family, our choice here being among two
and three parameter Weibull, gamma and lognormal forms (see
Jakeman and Taylor, 1989, for their mathematical definition). We
develop and apply this hybrid model using data from the Allt a
Mharcaidh catchment purely to illustrate the approach. It is
stressed that insufficient years of data were available to
confirm the validity of all the assumptions underlying the hybrid

apprbach.

The paper is organised as follows. The general hybrid approach
is stated in the next section. This is followed by a brief
description of MAGIC used to predict the mean annual stream
concentrations. Another section is devoted to analysis of the
characteristics of stream concentration data. The statistical
results allow us to subsequently devise a particular

implementation of the hybrid approach. Predictions of the hybrid



model are given and some analysis is reported of the sensitivity
of the method to its underlying assumptions. We illustrate the
practical use of the model by applying it to output from the
MAGIC model. The conclusions suggest how the approach could be

further explored and developed.

THE HYBRID APPROACH

The hybrid deterministic - statistical distribution approach of

Jakeman et al {1988) can be stated in four steps as:

(1) Select a deterministic or physically-based process model of
the phenomenon of interest to make predictions at the desired
intervals (eg annually as in MAGIC).

-

(2) Ideﬁiify, from a range of alternatives, the parametric form
;f the probability distribution (ie 2 or 3 parameter
Weibull, gamma or lognormal) of historical observations
within individual intervals (eg weekly) and assess its

consistency over all intervals;

(3) For each prediction interval, fit the predictions of ghe
model output in (1) to the parametric form identified in (2)
so that its parameters can be estimated;

(4) Calculate the extremes of the probability distribution
function (pdf) for each interval from a knowledge of the

estimated parameter values.

The major assumptions of the approach are:

(Al) Within an interval, the probability distribution can be




characterised by a simple parametric form;

(A2) The parametric form (but not the parameter values) of
the pdf at a fixed site remains consistent from one

interval to another;

(A3) The deterministic model vields sufficiently accurate

properties of the pdf, such as the mean, to determine the

parameter values.

In the case of stream acidification MAGIC is not presently -
capable of predicting any properties of the pdf other than the
mean. Therefore, additional assumptions related to the values of
some of the pdf parameters must be made.

The analytical tools required for the statistical component of

the hybrid approach are:

(a) parameter estimation or fitting methods for probability

density functions;

(b) identification criteria for discriminating among pdf

alternatives.
THE DETERMINISTIC MODEL MAGIC

MAGIC (Model of Acidification of Groundwater In Catchments) is
explicitly designed to perform long term simulations of change in

soilwater and streamwater chemistry in response to changes in

acidic deposition (Cosby et al, 1985a, b). The processes on

which the model is based are:

- anion retention by catchment soils (eg sulphate adsorption);



- adsorption and exchange of base cations and aluminium by soils;

- alkalinity generation by dissociation of carbonic acid (at high
Co, partial pressures in the soil) with subsequent exchange of
hydrogen ions for base cations:

- weathering of minerals in the soil to provide a source of base
cations;

- control of a13+ concentrations by an assumed equilibrium with a
solid phase of Al(OH)B.

A sequence of atmospheric deposition and mineral weathering is

assumed for MAGIC. Current deposition levels of base cations,

sulphate, nitrate and chloride are needed along with some estimate of

how these levels have varied historically. Historical deposition

variations may be scaled to emissions records (Cosby et al, 1986) or

may be tﬁien from other modelling studies of atmospheric

transport into a region (Derwent, 1987). Weathering estimates

for base cations are extremely difficult to obtain. Nonetheless,

it is the weathering process that controls the long term response

and recovery of catchments to acidic deposition, and some

estimate is required. An optimization scheme is used to

determine key parameters (Jenkins and Cosby, 1989).

The MAGIC programme has been applied extensively to a range of
catchments as mentioned previously and details of the model and its

application are presented elsewhere (see Cosby et al, 1985a,b, 1986)

The approach suggested in this paper, to investigate the extremes
of water quality behaviour, is to analyse the observed chemistry

data from a catchment and quantify the inherent variability in




such data. The data used here are taken from the Allt a
Mharcaidh catchment in the Cairngorm region of Scotland and
represent a site which is not at present chronically acidified

but is subject to severe acid pulses during high flow events.

DATA, DESCRIPTION AND PRIOR ANALYSIS

The Allt-a-Mharcaidh catchment lies on the western flank of the
Cairngorm Mountains draining an area of approximately 10km?.
Vegetation is mainly a mixture of heather and fescue grasslénd.
The soils are essentially of three main types with c60% alpine
and peaty podsols and 40% blanket peat. The site was selected as
a transitional site, that is, a catchment which is not acidified
but is thought to be at risk as regards future acidification
problems.

Two years of approximately biweekly chemistry data are available
from the catchment. For each year, two and three parameter
versions of the Weibull, gammé and lognormal distributions were
fitted and compared. These distributions are skewed shape-scale
location distributions which were felt to cover a large raﬁée of
possible shapes from which the historical data could be assumed
to be derived. The normal distribution was not fitted to the
data because it will predict negative (and hence physically
meaningless) values of concentration for its lowest extremes.
Furthermore, the three selected distributions are capable of

fitting a symmetric bell-shaped density ie near enough normal.

Table 1 lists the chemical species studied together with basic

(X



statistics (mean, standard deviation etc). Figures 1 and 2 are

time series plots of Alkalinity and Calcium over the two year

period of 1986 and 1987. For some of the measurements such as

alkalinity, pH and sulphate there appears to be a reasonably

constant trend over the two years. For most of the remaining,

there are higher levels on average in the first half of 1986
while the trend is reasonably constant but lower for the

remaining one and a half years. This category includes

conductivity, sodium, calcium, potassium, magnesium and nitrate.



TABLE 1 The Allt a Mharcaidh Catchment Chemistry Data
for 1986 and 1987

Standard
N Mean Deviation Min. Max.
1986
Alkalinity 120 46.0 21.8 3 87
Ph a0 6.0 0.4 4.7 6.5
Conductivity 97 27.3 5.2 18 45
Na 117 129.5 21.5 81 196
. Ca 117 43.3 10.3 25 70
K 117 7.4 2.0 5 .13
Mg 117 31.0 8.1 19 66
S04 114 53.8 8.7 34 83
NO3 114 1.6 2.7 0 16
1987
Alkalinity 99 51.0 14.0 17 76
Ph 97 6.0 0.3 4.8 6.4
Conductivity 95 24.5 2.5 17 29
Na 102 124.8 12.6 92 145
Ca 102 40.5 5.5 25 57
K 102 6.5 2.5 3 20
Mg 102 26.4 3.8 14 37
504 102 53.6 7.4 32 79
NO3 102 1.0 1.4 0 6

In terms of the assumptions required to fit probability

distributions to these data, two points should be made. First,

the data sets generally appear generally stationary (ie of
constant trend) in 1987, and for some of the sets, this property
also applies in 1986. Second there appears to be only a modest
level of autocorrelation in all the data. Although application
of probability distribution models to the data assumes
independent random samples, Jakeman et al (1988) point out that

quite high levels of autocorrelation can be tolerated and provide




some quantification of the errors to be expected for varying
degrees of autocorrelation. Jakeman et al (1989) also
demonstrate that non-stationarity in time series of data does not
represent a problem provided the samples can be regarded as

belonging to a well-identified probability distribution.

Table 2 shows some of the likelihood values obtained from fitting
our range of pdf models to the chemical species available for the
Allt a Mharcaidh. Various criteria which trade off model fit against
model complexity are available for using the likelihood to
discriminate among model (parametric) alternatives. The criteria
chosen should reflect the intended use of the model. A well known
criterion-fhich is biased towards overfitting is the Akaike
Information Criterion (Akaike, 1972). The AIC is defined as

AIC{m} = -2 log(likelihood) +2m
where m is the number of independent parameters. This criterion
therefore only accepts a three parameter model if its log likelihood
is more than one unit higher than a two parameter model. We have
used this criterion to indicate our preliminary choice of suﬁerior
model for each chemical species and each year in Table 2. The
results for only two years are expectedly mixed, there not being
enough years to determine if there is a consistently superior
parametric model for any particular pollutant. The same
distribution type is identified in each year for alkalinity, Na,
Ca and NO;. For S04 the two parameter gamma is the superior-one
for 1987, for 1986 this distribution is almost as good an

assumption as the two parameter lognormal. For the other

10



20UsbI2AUCD JO YOBT SI30USD ¥ ¥
(s)Topow IoTIiadns sajouap (/)

) uoT3ed0] ATTENSN .Umcﬁmuno.amumsam> Jo3oureged m>ﬂwmmmc sejousp ¥
Lt9- (/)e°9be-(/)2°Z8Z- £°502- (/)e~oge- (/)a's0¥b- ¢rege- (/)s9°L1- 0°80%- L8861
9°LET~ ¢ hov- L°96¢E- 9°8tl- z°SEy- (/)T°ves- Z'vel- ST "pG- 0'tvs- 9861 C-rUWERD
(/)6°s¢€ x ¥ £ LeT- ¥ ¥ ¥ * ¥ L86T
(/)1°662 9 "e0b- T°G8E- (/)8°G6ST- B veEV- * 1°262- * * 9867 t-¥®uMEeD
6°99- £ LbeE- L EBZ- 9°2e1- 9 1¢e- Loy~ v vee- cE'el- L"ET¥- L8861
E°veT- (/)v-eo¥- g T6t- ¢'9¢ed- T°seb- 6°%2Ss- (/)T t6C- ZE°96- 0"69G~ 9861 Z~Tewioubo]
¥ ¥ ¥ (/)6°L81- ¥ ¥ * * ¥ LBET
¥ £ eob- (/)erz8e- ¥ ¥ ¥ - CUiec- ¥ ¥ 986 T €~-TeuwIrouboT]
9°69- T°LSE- S Z8e- 0°"9te- v-lce- g 68~ (/)1G°8TZ- 29~ (/)e 66t~ LB6T
8°6¢LT- E LTV~ 9°LTh~- L°8VC- T°1vo- A YA 0'voe- (/)ov-vb- (/)9°L€G- 986T Z2-TINUTaM
9°¢ed L-ose-(/)e- 182~ 8:01¢- (/)e"6TE~ B*LIV- v'81¢C- 0L 02- ¥ L8B6T
7 682 890V~ P 68t- €°8LT- (/)9 teh~ 1°ves- AN T A X% * 986T t-TINAISM
toN Vos bu b :le] EN A3TATIONPUOD Hd AATUTTOYTVY uoT3INQTIISTJ

(86T PU® 9861 UT pPaanseasw saToads TEOTWAYD 9yl JO LuWOSs 03
SUOTINGTIISTP IUSI2IITP BUTIITI wWoIz pautelqo sonTea pooyTIaTI-b60T 7 FILAYL

..........................".f.......



chemical species, pH, conductivity, K and Mg, the distribution
identified depends upon the year. Finally for 6 of the 9
species, a two parameter assumption is preferable to a three
parameter in both years, the exceptions being K, Mg and NO;. As
will be seen, this is an advantage in constructing a hybrid model
because a two parameter model requires less information for

calibration.

Figure 3 shows the fit of the two parameter Weibull distribution

to the empirical cumulative distribution function of the
alkalinity data for the years 1986 and 1987. The agreement between
the observed and fitted distribution functions is good in both

-

cases. e

A HYBRID METHOD AND PREDICTIONS

We demonstrate one possible implementation of the hybrid approach
using the alkalinity data set only. The intention is to
illustrate the method as simply as possible rather than draw
conclusions about the extremes of acidification in the Allt’a
Mharcaidh catchment. Alkalinity is the obvious species to
select for this purpose since both the 1986 and 1987 data sets
visually conform to the i.i.d. assumption and a two-parameter
Weibull distribution is preferred for both years. However, it is
stressed that independence and stationarity of the time series of
a variable are not necessary conditions to obtain good para@etric

fits and hence hybrid model results.

In choosing a method it must first be appreciated that the

11




deterministic model MAGIC at present predicts only mean annual values
(see Jenkins et al, 1988). No variability of this mean is yet
reliably available as the model output. Because the distribution
identified for alkalinity is a 2-parameter version, two pieces of
information are needed to describe it. An obvious strategy is to
use the deterministic model to provide the mean of the

identified distribution (Weibull for alkalinity) assume a range

of values for the shape parameter of the distribution, compute the
scale parameter from the méan and shape and lock at the

sensitivity of the result to values within the shape range.

Table 3 contains the parameter values for the model fit to the
1986 and 1987 Weibull alkalinity data sets. These were two
extremely different years, in terms of snowfall. In other years
we might therefore expect the shape parameter to lie between or
nearby the 1986 and 1987 estimates. On this basis, we select a
shape parameter range of 1.5 up to 6 in an attempt to cover most

possibilities.

TABLE 3 Parameter values for Weibull model fit to alkalinity

data set
Year Shape parameter Scale parameter
1986 2.230 51.81
1987 4.341 56.17

The mean of the Weibull distribution is given by

12




mean = scale x Gamma (1 + 1 )
shape

so that knowledge of scale straightforwardly ensues from a fixed
shape. Figure 4 shows the result of calibrating the scale
parameter for a range of assumed shape parameter values, using the
known mean alkalinities from i986 and 1987 (ie we do not bother to
use our deterministic model to predict the mean, accepting that this
can be done to an acceptable accuracy). It demonstrates the
nature of the above relationship that the scale parameter-haé a

low sensitivity to changes in the value of the shape parameter

and is largely determined by the mean, especially if the mean is

large compared to the shape.

Figure 5 shows the sensitivity of percentile predictions to
errors in knowledge of the shape parameter. The observed
percentiles are indicated as are the predicted results if the
best shape parameter value was that underlying the Weibull
description of the 1986 or 1987 alkalinity data sets. Figuré 6
shows the errors in the estimated 67% and 95% percentiles. The
error is expressed as a percentage of the observed percentile

values (assumed to be correct).

The results were obtained from the Weibull cumulative
distribution function for a range of shape parameter values and
the known mean. The 67% and 95% upper percentiles were

arbitrarily chosen (5% and 33% percentiles, which in the case of

13




alkalinity would correspond to harmful extremes, could equally
well be considered). For both 1986 and 1987 the estimated 67%
upper percentile was not sensitive to the choice of shape
parameter value. However the 95% upper percentile expectedly
showed more sensitivity particularly when the shape values were
low (as was the case in 1986). With additional years of data it
should be possible to determine a realistic range for the shape
parameter and hence a range for each percentile. Even more
desirable would be an extension of the deterministic model so as
to calculate not only the mean but also accurate predicéioﬁﬁ of
percentiles close to the mean which would enable improved
estimation of the shape parameter. In any case the percentile
value for a very low shape parameter choice serves as an upper

bound on the extreme value.

In its simplest form the hybrid approach, as outlined in this
paper, may be implemented using the mean value, M, the
percentile, p, where 0O<p<l00 and the shape parameter, c, to

estimate the percentile of interest, Lp, as follows:

1/c
Lp = M | 1in (100—9) |
100 (1)
Gamma (1 + c'l)
or Lp = M x F(c,p) (2)

where F(c,p) is a shape factor

14



Table 4 lists values of the factor F(c,p) for varying values of
the percentile and the shape parameter. 1In order to implement
the hybrid approach using Table 4 all that is regquired is an
estimate, derived from the deterministic model, of M and an
estimate of the shape parameter. If no estimate of the shape
parameter is available then a middle range of ¢=2.5 could be
assumed. Then, based on the percentile for which a prediction is
required and the value of the shape parameter a value for F(c,p)
may be selected from Table 4. The estimate of the percentile

follows simply according to equation (2).

It should be noted that a bound of uncertainty could be
approximated by estimating Lp at the highly skewed c=1 and

nearly ﬁﬂékewed c=6 shape parameter values.

APPLICATION TO THE MAGIC MODEL

MAGIC has been used to predict past and future mean alkalinity
values. The hybrid approach has been applied to these
predictions and estimates of the 95% and 5% percentiles havé been
derived. The predicted means and estimated percentiles are
plotted in Figure 7. Two estimates of each percentile are
Plotted - these are based on shape parameter wvalues for the
years 1986 and 1987. The wide spreéd of behaviour reflects the
variability associated with catchment chemistry especially those
subject to snow melt and extreme hydrological events.
Nevertheless the ranges provide valuable information to

biologists to assess fishery survival in acid streams (Ormerod et
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The factor F(c,p) for the two parameter Weibull distribution calculated

over a range of percentiles and shape parameter values.

Table 4
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al, 1988)

Further years of data can bpe used to assess the general adequacy

of assumption {A2) in the hybrid approach as well as the most

likely range of shape values for the identified Parametric form.

Whenever sufficient years are available, the method then can be

used to investigate important bioleogical questions for 3

catchment of interest from more comprehensive analysis than is
illustrated here.

CONCLUSIONS

The approach is general and can be applied to the
brediction of other water quality variables where Samples ean be

regarded as belonging to a parametric Probability distribution.

Further work is required to examine the validity of our

assumption that, for a given catchment, the selected form of

distribution does not change substantially over time. Data from
long term catchment sites such as that of Birkenes in Norway
1989). The

approach also has potential use in the study of catchments where

could profitably be studied (Christophersen et al,

16



strong artificial perturbations have occurred such as at Llyn

Brianne where liming has taken place (Whitehead et al, 1988).

Finally, estimation of the extremes could be substantially

improved if the process model were to vield accurate predictions

not just of the mean but also the variance or a range of

percentiles about the mean, however narrow that range. This type T
of additional information would aid calibration of the shape

parameter value for the pdf that is assumed or statistically

identified from historic data sets.
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Figure 1.
Time series plot of Alkalinity (1986)
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Time series plot of Calcium (1986)
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Figure 3.

CUMULATIVE DISTRIBUTION FUNCTION

Fit of the two parameter Weibull distribution
to the empirical cumulative distribution function
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Figure 4.
Plot showing dependency of the scale parameter on
the shape parameter using mean values
from 1986 and 1987
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Figure G.

Upper percentiles (ueq/l)
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Figure 6.
Plot showing effect of shape on errors in the
percentiles for 1986, assuming that the
observed percentiles are correct
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Figure 7.
Predicted means from MAGIC with estimated
95% and 5% percentiles
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STREAM CHEMISTRY

32 PREDICTING FUTURE EPISODIC CHANGES IN




TNTRODUCTION

An assessment of the impact of surface water acidification on
ecosystems requires an understanding of changes in stream
chemistry over two timescales. That is, the long term build up
qf chronic acidity over periods of years and the short term acute
changes associated with storm events. These short term acidic .
pulses are superimposed on long term trends and reconciliation
of the two timescales is difficult. Hydrochemical models have
been developed to simulate either long term changés in mean
‘concentrations of water quality variables (MAGIC;Cosby ét al.
1985a: RAINS;Kamari et al. 1984), or have focused on short term
hydrologically driven responses (ILWAS;Chen et al. 1984:
TRICKLEDOWN ; Schnoor et al. 1984: BIRKENES;Christophersen et al.
1982). None of these models have proved sufficiently robust to

work across the two timescales.

The link between long term build up of acidity and the extinction
of fish populations in many surface water ecosystems is néw well
documented (Haines, 1986). It is also established that the
survival of fish in upland streams is dependant not just on mean
étream pPH but the duration and severity of acid episodes
(Turnpenny et al. 1987). Little is known, on the other hand,
about the link between mean acidity énd extreme values during
episodes. A long term decrease in mean pH could theoretically be
accompanied by two alternative episodic responses; both baseflow
and peakflow waters show a corresponding drop in pH or, baseflow
waters remain well buffered but the severity of the acid pulses

at peak flow increases. To distinguish between these




possibilities it is necessary to identify the mechanisms of flow
generation and the source areas of the flow components comprising

the flows at all discharge levels.

In this paper the link between long term and episodic response
is examined through the development of a technique for modelling
the changes important to short term stream water quality
variations under continued acid deposition. This involves, (1)
a mixing model approach to identify simple flow pafhw&&s and
components of stream flow (endmembers), (2) a two layer version
of MAGIC calibrated to present day endmember chemistry and used
to predict the changes which will occur in the endmembers under
acid deposition, and, (3) an assessment of future short term
water quality variations using the predicted endmembers. The
technique is applied to the Afon Gwy a small, moorland catchment

at Plynlimon in mid-wWales.

THE STUDY SITE

The Afon Gwy catchment forms part of the headwaters of the river
Wye. The geology consists of lower Palaeozoic mudstones, shales
and grits with locally derived glacial and postglacial drift.
Soil types 1include peats, brown earths, stagnogleys and
stagnopodzols. The vegetation is acid grassland dominated by
Nardus, Festuca and Agrostis species. Mean annual rainfall and
runoff for 1983 - 1984, 1984 -1985 was 2385 and 2111 mm/year,

respectively. Average rainfall, stream water and soil water




zhemistry is shown in Table 1 together with the stream water
composition at baseflow, that is, from samples taken during Verj
low flow periods when the water is assumed to originate from
deeper, ‘'groundwater' sources and so is characterised by low

acidity and high alkalinity.

THE MIXING APPROACH

The essence of the mixing approach is the concept that stream

‘waters are generated by the mixing of chemically distinct water

types (Christophersen et al., 1990; Hooper et al., 1990; Neal et
al., 1990). The mean composition of each of these components
(endmembers) is assumed to change only slowly and at most from
year to year. The rapid chemical changes seen in the stream, in
response to rainfall, are assumed to be the result of mixing
varying proportions of the endmeﬁbers. The quantity or proportiocn
of each endmember contributing to the stream is determined by
changing catchment flowpaths as the storm intensifiés and

recedes.

The choice of characterisic endmembers for the catchment is based
on the ion-flow relationships in the stream. Chemical response
of the Gwy is typical of many British upland streams in that
during high flow the pH falls, aluminium levels rise and base
cation concentrations decrease (UKAWRG, 1988). At times of low
flow the stream waters are well-buffered, of high pH and
relatively rich in base cations. - A simple interpretation of this

can be made. During peak flows, when the water table is high,




waters move through the acidic upper soil layers to the stream.
During low flow, waters originate from deeper sources where
weatheriﬁg reactions with the bedrock occur (Neal et al., 1985).
Only two components of flow are identified at this stage but this
helps to limit the complexity of the modelling work and fits with
observed variations (Neal et al., 1990; Robson and Neal, 1990;
Kleissen et al., 1990). The natural choice is to take soil water
as one endmember and a well buffered deep water (ground water)
as the other. The rationale for the choice of these two
components is discussed further in Neal et al. (1990). The soil
water endmember chemistry is derived from L, O, E and B horizon
soil water chemistry . The deep water component, however, has not
vet been sampled directly and the composition of these waters is

inferred from the chemistry of the baseflow waters seen in the

stream.

To calibrate the MAGIC model, a mean annual proportion of mix
between the two endmembers is required to fix the flow pathways
in the model. This proportion of mix can be calculated bé using
a conservative chemical characteristic as a tracer such as the

acid neutralising capacity (ANC). ANC is defined by:-
ANC = Sum "strong" base cations - Sum "strong acid anions"

and is determined from the chemical composition of the water, all
terms being expressed in uEq/1. The ANC distinguishes well betwen
the two chosen endmember water types and it is unaffected by CO,
degassing. Extensive deFails of the use of ANC in hydrograph

separation are given in Neal et al., (1990) and Robson and Neal,




(1990). Calculated ANC for stream water, soil water and baseflow

water is given in Table 2.

Since ANC is conserved during mixing the average proportion of

soil water can be derived;

Average proportion soil water = ANC deep water-ANC stream

ANC deep water-ANC soil water

Using this relationship, the calculated mean flow-weighted

proportion of scoil water for the Gwy was approximately 0.48.

Clearly, a number of limitations exist in the use of this mixing
approach and it is necessary to assume that, (1) streamflow is
generated by water from two sources, (2) the direct contribution
of rain to the stream is negligible, (3) a single soil endmember
is representative of the upper solls even though the soils show

heterogeneity both spatially and with depth, (4) the deep water

component has uniform composition, and, (5) the chemistry of the

endmembers remains constant during a storm.

Given the limitations 6f these assumptions and analytical error
in the chemical measurements, a perfect match between the
modelled and the observed chemical species in the stream is
unlikely. The ANC gives a good indication of the overall
comp051t10n of a water sample and whereas some deviations in

individual determinands are acceptable, it is important that the

modelled ANC is accurate.
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THE MAGIC MODEL AND APPLICATION TO THE GWY

The MAGIC model uses equilibrium equations to describe soil
processes and mass balance equations to describe catchment input-
output relationships. Detailed descriptions of the conceptual
basis of tha model and the equations on which it is based are
documented elsewhere (Cosby et al.,1985 a,b). In this application
a two layer version of MAGIC is used (Jenkins and Cosby, 1989)
enabling the simulation of two chemically distinct waﬁérs: Here,
the waters are chosen to correspond with the flow components
identified from the mixing considerations outlined earlier. That
is, the top layer representé the lumped L, O, E and B soil
horizons while the bottom layer represents the C- horizon and
deeper till layers. Similarly, the flow proportions included in
the model are those suggested by the mixing approach. That is,
all rain pésses tﬁfough the upper soils (top layer) and 42% of
that percolate contributes directly into the stream whilst the

remainder is routed via the deeper zones (bottom layer) to the

stream (Figure 1.).

Concentrations of chloride and sulphate in the rainfall and
stream were adjusted for occult and dry deposition of sea-salts
and anthropogenic sulphur compounds. Between 1844 and 1984 the
modelled rainfall inputs were varied according to the deposition

sequence outlined by the Warren Springs laboratory (1983);

The two layers in the model were conceptualised such that

different reaction mechanisms dominate each layer since they




Jenerate waters with distinct chemistries. The water from the

upper solls is acidic and aluminium rich suggesting that ionic
exchange mechanisms are the most important influence on soil
water chemistfy. Water from the deeper sources is rich in base
cations indicating that it comes from a high weathering zone. In
this application, therefore, it is assumed that ion-exchange
occurs in only the top layer and that the ion exchange capacity
of the lower soils and till layers is small enough to be
neglected. On the other hand, weathering is assumed to tak@ place
predominantly in the deeper layers. A source of base cations was
found to be essential in the upper soils, however, in order to
fit the observed ANC. This may be attributed to biological
activity or cycling. Only weathering inputs for calcium and
magnesium were necessary in the top layer. Observations of
throughfall chemistry support this: concentrations of calcium and
magnesium are 15 and 18 umol/1, respec-tively in throughfall
compared with 4 and 10 wumol/l, respectively, in rainfall,
allowing for evaporation: for sodium the throughfall
concentration (94 umol/l) is little different from rainfall (85

umol/1l) and so no extra input to the top layer is necessary.

The soil characteristics used in the model are given in Tablé 3.
The depth of the upper soil (0.4m) corresponds to the average
combined depth of the L, O, E and B horizons. An average depth
of 1m is assumed for the remainder. The bottom layer is denser
and of lower porosity. The partial pressure of carbon dioxide is
assumed to be 30 times atmospheric for both layers (Neal and
Whitehead, 1988). For the stream the pCO. was set to 3 times

atmospheric pressure (Neal, 1988 a,b). The organic acid




concentration in the two layers was calculated from the average
observed DOC concentration assuming 9 carbon atoms per molecule.
Dissociation constants were specified according to previously
used values for similar sites in Scotland and are the same for

each layer.

MODEL CALIBRATION

The model was calibrated to the chemistry of the stréam water,
the scil water and the deeper groundwater by adjusting weathering
rates, uptake rates and the initial soil base saturation. The
optimised values for the adjustable parameters are given in Table
4. Sulphate adsorption in the model is described by a Langmuir
isotherm which has two parameters (Hornberger, 1986). These are
calibrated on the assumption of a present day steady state
condition with respect to sulphate input and output. Unique
isotherms were calibrated for each layer under the assumption
that the bottom layer has a greater capacity to adsorb sulphate

than the top layer.

Nitrate and ammonia were modelled by calibrating catchment uptake
to match the difference between inputs and oufputs. Nitrate
input was further increased to account for the high nitrate
levels in the top layer resulting from a combination of dry

deposition and biologically activated nitrogen mineralization.



RESULTS

The results from the calibrated model, shown in table 5,
demonstrate a .good agreement with stream chemistry although soil
and groundwater chemistry are less well simulated. Given the
variability of soil water chemistry with depth and aerially
across the catchment, however, it is encouraging that each of the
determinands falls within the measured range of so0il water
chemistry. The chloride concentration in the bottom layer is
lower than observed in stream baseflow and is a consequence of
the assumption of chloride conservativity in the model: this
forces the chloride concentration in all of the model
compartments to be constant. As a result of the low chloride
level, simulated base cation concentrations are also lower than

observed in the bottom soil layer.

Simulated stream ANC lies within 1 ueq/l of the value calculated
from observed stream chemistry and the simulated ANC in the top
soil layer is well within the observed range for soil wateqé. The
simulated ANC for the lower box, however, is slightly higher than
for stream baseflow water, probably because at baseflow the
stream water includes a small soil water component. In this case
the "true" groundwater endmember may be characterised by a higher

ANC than that of stream baseflow.

The time trends of reconstructed s0il, ground and stream water
chemistry from 140 years ago, that is pre-acidification, up to

the present day, are shown in figure 2. The pPH (Figure 2a) of the

stream falls rapidly as deposition increases in the 1950's and




levels out in the 1980's in response to decreases in atmospheric

deposition in recent years. The PH of the two endmembers changes
similarly, but to a lesser degree, through the same pPeriod as a
fesult of the higher partial pressure of cafbon dioxide in the
two layers. As a consequence of CO. degassing, the pH of the
stream is not always bounded by the two endmember pH values,

espescially at higher pH levels.

Sulphate concentrations in ali three model compartments increase
through time (Figure 2b) in line with the assumed ihcréase in
sulphate deposition. The variation in response between the
endmembers reflects the sulphate adsorpfiqn constants chosen in
the calibration whilst the stream concentration represents a
direct mix of the two components. Calcium, magnesium (Figure 2c,
d) and aluminium concentrations also increase in response to
sulphate input whilst soil exchangeable bases (top layer)
decrease (Figure 3). Exchangeable magnesium decreases most
guickly, relative to the other exchangeable cations. This is a
direct consequence of the Gaines - Thomas expression uéed to

model ion exchange, whereby the most abundant ion is

preferentially leached.

The model has also been used to estimate changes in stream, soil
and deep water components into the future under two sulphate
deposition reduction scenarios {Figure 2a-d); a reduction to 30%

and 60% of present day levels by the year 2000 and held at a

constant level thereafter.

Stream water pH improves in response to increasing pH in both




s0il la.yers and the greatest recovery occurs in response to the
larger deposition reductions. Sulphate concentration in both
endmembers decreases and the model predicts a reversal in
sulphate concentration gradient between the upper and lower
soils. Prior to the 1970's, modelled groundwater sulphate
concentrations are lower than in the upper soils. In future
years, as a consequence of the chosen sulphate adsorption
constants sulphate concentration in groundwater takes longer to
decline than the upper soil water. By the year 2100 the sulphate
concentrations have equilibriated with the lowered linpfzt and

there is no longer a variation between the layers.

Simulated aluminium concentrations fall, in line with sulphate
reduction. The results give only a broad indication of likely
trends since the cubic equilibrium conditions assumed in MAGIC
may well not hold during episodes (Neal et al, 1989); this does
not affect hydrogen ions or other base cations to any significant
degree. The response of the base cation concentrations is more
complex (Figure 2c, d). As sulphate input is reduced,"fewer
cations are exchanged from the soils and so cation
concentrations decrease in both endmembers. The decrease is rapid
for the first 10-20 years and then slows, directly reflecting the
mobile anion input to the system. Under a 60% deposition
reduction, some 1long term recovery ‘ is predicted but a 30%
reduction is insufficient for any recovery in the model. In terms
of the catchment soils (upper box), a 60% reduction in suiphate
input produces a significant improvement in cation exchange

capacity (Figure 3).




To assess the performance of the two layer model, a basic one-

layer version of MAGIC was also calibrated to the Gwy catchment.
Where possible identical values of the fixed parameters were
chosen. The parameters for the aggregated soil layer were lumped
according to standard practice (Jenkins and Cosby, 1989). As
expected, the results show a broadly similar pattern of
behaviour. The one-layer stream water chemistry falls well within
the range spanned by the predicted endmembers from the two-layer
model (Figure 4). However, the oﬁtimised one layer- model
estimates a significantly lower weathering rate than“waé found
for the two layer version. As a consequence, the simulated
background and predicted future stream chemistries from the cne
layer model are more acidic and the one layer model is less
responsive to the variations in atmospheric deposition. The major
differences between the approaches result from the inclusion of

an additional body of well buffered water in the two-layer model.

DISCUSSION

During the next 140 years the predicted changes in endmember
chemistry will produce a significant improvement, relative to
present conditions, in the chemistry of the streamwater,
especially at high flows. For example, the model predicts that
whereas the difference in cation concentrations at high and low
flows will remain the same, relative to each other, the prédicted
recovery in the upper soil water chemistry and the assumed
dominant contribution from that source at high flows will lead

to a decrease in the peak concentrations of hydrogen and




aluminium. Concentration of both hydrogen and aluminium at

baseflow is currently low and this situation will continue.

The incorporation of short term stream chemistry dynamics into
models of long term response to changing acid deposition has
obvious benefits in determining critical loads to ecosystems. At
present, critical load estimation is based only on predictions
of mean chemistry {Nilsson and Grennfelt, 1988) and yet stream
biota can be seriously affected by short term acid pﬁlses. This
is not neccesarily a result of the peak levels of toxic épecies
reached during an event, but may also be a function of the
duration of the toxic conditions. If the critical locad is to
accurately represent the point at which bioclogical life becomes
seriously at risk then it must account for these dynamics.

Through the technique developed here short term water quality

responses can be quantified.

The two layer MAGIC model predicts enhanced recovery relative to
the one layer model. Further work is required to see if this

result holds in general as present day regional assessments may

be too pessemistic.

CONCLUSIONS

1. A simple 2-layer model structure gives a good fit to obéerved

endmember and stream water chemistry.




2. The model predicts that the chemistry of the endmembers has

changed historically. Both 50il waters and deep waters have

acidified and the cation exchange capacity of the soils shows a

large decrease.

3. YUnder reduced deposition,the model predicts that the most

significant changes in stream chemistry will occur at beak flow

with greatly reduced levels of acidity and aluminium. Baseflow

chemistry will also improve slightly. Recovery is greatly

enhanced by a 60% reduction as opposed to a 30% reduction.
4. The approach may be expanded to model dynamic storm response
using mixing pPrinciples and can Provide valuable information for

establishing an episodic basis for critical load estimation.

5. Greater recovery from reduced emission strategies are

suggested with the two layer model in comparison with the one

layer MAGIC model,
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Table 1.

Rainfall, stream water, soil water and baseflow water chemistry.

Units are uEgQ/l except Al and Si {umol/l) and PH.

Rainfall Stream

Ca 8
Mg 10
Na 85
K 2
NH, 17
Si <2
SO, 42
C1 106
NO, 12
H 21
pH 4.
HCO, <1
Al <2

36
54
143

<5
35
72
155
15

13
4.9
35

Baseflow

58
70
166

6.3
27

Soils

Oh Eag Bs
14 20 14
40 44 40
100 187 173
8 4 4
<5 <5 <5
18 42 36
68 87 71
124 209 .. 184
29 39 28
17 55 44
4.1 4.3 4.4

10 18 15




Table 2.

Stream water, soil water

Capacity. Units are uEg/1.

Stream
Sum cations 236
Sum anions 242
ANC -6

and baseflow Acid Neutralisation

Oh
162
221

=59

Soil
Eag
255
335

-80

Baseflow



Table 3.

Soil characteristics used in the two-layer MAGIC model

Units
depth m
porosity frac

bulk density kg/m?
CEC meq/kg
Organics umol/1
Eemperature =C

PCO, atm

log,o{Kazconra)

Top Layer
0.4
0.55
1060
70
56
7.6
0.009
7.8

Bottom Layer
1
0.35
1460
0.1
10
7.6
0.009

8.6




Table 4.

calibrated parameters for the two-layer

SO, Halfsat HLEg/1
SO, MAXcap BEq/1

pkl (organics)

Weathering/Uptakes

NO»
Ca
Mg

Na

Selectivity coefficients

Initial base saturation:

Top Layer
80
2
4
Top Layer
-92
0
2
14
0
0
Ca 2.7
Mg 3.27
Na -0.65
K -4.7
35.0

MAGIC model

Bottom Layer
5
9
4

Bottom Layer



Table 5.

Modelled

stream and endmember chemistry. Bracketed values are

the field measurements. A range is given for the 0-B horizons in

the soil.Units are uEqg/l except pH.

Ca
Mg

Na

H-‘—
pH
A13+

Stream
36 (36)
54 (54)
143 (143)
3.2 (3)
1.5 (<5)
72 (72)
155  (155)
16 (15)
18 (13)
4.8 (4.8)
7 (9)
-5 (-6)

Top

16
41
126
3.2
1.5
71.0
155
29

60

4.2

46

-69

Layer

{14-20)
(40-44)
(100-183)
(4-8)
(<5)
{68-87)
(124-209)
(28-39)

(44-77)
{4.1-4.4)

{28-55)

(-52 - -80)

Bottom. Layer

55 (58)
66 (72)
159 (166)
3.3 (2)
1.5 («5)
73 (74)
155 (170)
3.5 (4)
3.6 {1)
5.4 (6.3)
1.0 (5)
54 (47)




Figure Legends

Figure 1. Flow routing for the two-layer MAGIC model.

Fl

Figure 2. Modelled stream and endmember chemistry; (a) pH, (b)
sulphate, (c¢) magnesium, {(d) calcium. For a, c and 4 soli@ lines
show the predictions for 60% and the dotted lines for 30%

reduction.

Figure 3. Simulated cation exchange capacity in the top soil

layer.

Figure 4. Comparison of Acid Neutralisation Capacity for the cne
layer {line with markers) and two layer (no markers). Solid lines
show the predictions for 60% reduction and dotted lines for 30%

.

reduction.
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