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Abstract

Recent concern about the risk to biota from acidification in upland areas, due to air pollution and land-use change (such as the planting of
coniferous forests), has generated a need to model catchment hydro-chemistry to assess environmental risk and define protection strategies.
Previous approaches have tended to concentrate on quantifying either spatial variability at a regional scale or temporal variability at a given
location. However, to protect biota from ‘acid episodes’, an assessment of both temporal and spatial variability of stream chemistry is
required at a catchment scale. In addition, quantification of temporal variability needs to represent both episodic event response and long
term variability caused by deposition and/or land-use change. Both spatial and temporal variability in streamwater chemistry are considered
in a new modelling methodology based on application to the Plynlimon catchments, central Wales. A two-component End-Member Mixing
Analysis (EMMA) is used whereby low and high flow chemistry are taken to represent ‘groundwater’ and ‘soil water’ end-mimbers.
conventional EMMA method is extended to incorporate spatial variability in the two end-members across the catchments by quantifying the
Acid Neutralisation Capacity (ANC) of each in terms of a statistical distribution. These are then input as stochastic variables to a two-
component mixing model, thereby accounting for variability of ANC both spatially and temporally. The model is coupled to a long-term
acidification model (MAGIC) to predict the evolution of the end members and, hence, the response to future scenarios. The results can be
plotted as a function of time and space, which enables better assessment of the likely effects of pollution deposition or land-use changes in
the future on the stream chemistry than current methods which use catchment average values. The model is also a useful basis for further
research into linkage between hydrochemistry and intra-catchment biological diversity.

Keywords: hydrochemistry, End-Member Mixing Analysis (EMMA), uplands, acidification

Introduction and other biological organisms (Ormerod and Jenkins, 1994).
Hydrochemical modelling of upland catchments is anln addition, afforestation in such areas has been suspected
important tool for assessing the impacts of pollutantof exacerbating the problem (Jenketsal, 1990; Harriman
deposition and land-use change on stream chemistry. Uplaret al, 1994).

areas typically have thin acidic soils and a low buffering End-Member Mixing Analysis (EMMA, Christophersen
capacity, which makes them susceptible to acidification. Thet al, 1990) is commonly used to predict episodic variability
streams also have a flashy hydrological response, which i® stream chemistry and, when coupled with the long-term
accompanied by rapid changes in stream chemistry, such &ydrochemical simulation model MAGIC (Coskey al,
increased acidity and aluminium concentrations during highl985a,b), enables prediction of future temporal changes (Neal
flows. These ‘acid episodes’ may result in the death of fishet al, 1992; Wade, 1999). Other methods of stream chemistry
' o _ prediction consider spatial variability (Billett and Cresser,
e eoeied e it 1092; Hornunget al, 1990). Indeed, at the subcaichment
2000, and published in abbreviated form in the Proceedings. Thereafter, the ~ and the small catchment (<50 ha) scale, tackling the high

aper has been revised and extended substantially in a form more suited to the . . . .
%tgmaﬁonm literature. Y heterogeneity encountered is a major task (Hill and Neal,
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1997; Neakt al, 1997a, 1998). Thus, the problem of how 1991). Located in central Wales, 24km inland from the Irish
to combine these techniques and incorporate both tempor&ea, they cover an area of 870 ha and range in altitude from
variability and spatial heterogeneity into an integrated320 to 740 m. Streams are of first to third order (Fig. 1). The
modelling strategy for catchment management purposes soils are typical of acid upland soils, consisting of peats,
of growing importance (Neal, 1997). The concept of ‘critical stagnopodzols, acid brown earths and stagnogleys, with local
loads’, applied for policy decision making purposes (e.g.drift deposits of colluvium and valley bottom alluvium. The
CLAG, 1994) has been adopted throughout Europe andeology is base-poor, with undivided mudstones, shales and
accounts for large scale spatial variability. Although MAGIC grits of upper Ordovician and Silurian age. Land-use consists
has been used to incorporate critical load time dependenad plantation forestry of Sitka Sprucdei¢ea sitchens)sand
at a site (Jenkinst al, 1997a) and has been extended toNorway SpruceRicea abieyin various phases of felling
consider the regional picture (Sefton and Jenkins, 1998)nd replanting, with semi-natural acidic moorland covering
spatial variability at the catchment level has not beerthe upper regions. The hydrological response of the streams
addressed. is ‘flashy’, responding rapidly to rainfall events, and the area
In this paper, the headwater catchments of the River Seveis also vulnerable to the effects of pollutant deposition which
at Plynlimon, Wales, are used as a case study to considbas acidified soils and waters.
both temporal and spatial variability of catchment Extensive stream chemistry data are available for these
hydrochemistry. A new modelling framework is presentedcatchments. Weekly stream chemistry has been monitored
to quantify catchment hydrochemical variability in time and at 10 sites on first to third order streams for up to 15 years by
space so that improved predictions can be made in assessmémt Centre for Ecology and Hydrology (CEH) (Reynadtls
of pollution abatement strategies. al., 1989; Neal et al.1997b) and continuous flow and pH
data are available for the larger streams (Robson, 1993;
Site inf . q hemi Hodgson and Evans, 1997). In addition, daily and three-
Ite Information and stream ¢ emlstry hourly episodic storm sampling has been undertaken at 6
data sites and one-off low flow samples during the summer of
The upper Severn catchments have been the focus dP96 at 40 sites by Imperial College and CEH working in
extensive hydrological research since 1968 (Kiebyal., partnership (Locks, 1996; Fosttral., 1997, 2001).

Grassland

|:| Forest

Seve

¢ Low and high flow samples

e Low flow samples only (IJ_5lm|00m

Fig. 1. The Plynlimon catchments: Location, land-use and low and high flow sampling sites.
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Mode”ing temporaj Variabi“ty in Neutralisation Capacity and the subscripteamwater,

: - soilwater and groundwatereach refer to those specified
streamwater ChemIStry using EMMA sources, the latter two being the identified end-members.

The change in relative contributions of water from different The following assumptions are made in application:
sources and along differing flow pathways during a storm
event is the primary factor which influences rapid stream i. Streamwater consists of two ‘end-members’, each with
hydrochemical variations at these times (Whesttal, 1990, a distinct chemical signature, which mix together.
1993; Muscutet al, 1993). Because ‘piston flow’ takes place  ii. The chemistry of the end-members changes very slowly
at Plynlimon, much of the rainwater remains in the catchment  over time (i.e. does not change during event responses).
and is rapidly affected by processes such as cation exchange,iii. The chemistry of the end-members may be estimated
only later being transferred to the stream by successive by sampling stream chemistry at extreme low and high
episodes (Robson, 1993). The rainfall signal is seen only  flows.
rarely in the stream, during very large rainfall events, and
stream chemical response is therefore generally related ®o obtain estimates of Hafren end-member chemistry, weekly
flow (Neal et al, 1997a). It is also scale-, soil- and ANC data (n=829) are ranked according to flow, and the
groundwater dependent (Chapnwtral, 1993, 1997; Neal upper and lower 5% of values are selected. The average ANC
et al, 1997a, 1998). On examination of the temporalof these two sets of values is calculated (8§ I* and 38
variability of chemistry and effects of scale within the Severnneq I* respectively), and used as soil and groundwater end-
catchments, Fostest al. (1997) found that first order member chemistry in the model.
tributaries, and also the main streams themselves during highThe stream hydrograph for 1996, represented by 15 minute
flows, may be considered as representing an ‘integrateddischarge data, is split into the two flow components using a
measure of soil water chemistry. At high flows, this acidictime series of ANC data. Although it is not possible to
soil-water is the main component of flow and, at other timesmeasure ANGn situ, measurements of pH are available at
there is a more alkaline water source, probably a deepel5 minute intervals for 1996 (except for a period of 22 days
subsurface component of stream-flow (Hill and Neal, 1997during which instrument failure occurred). Data are
Nealet al, 1997a). converted to ANC using the equation of Robson (1993):
Therefore, a conceptual model may be proposed, whereby
streamwater is thought of as consisting of two or more ‘endANC = -102 + 113(exp(—0.0043f]) + exp(-5.4H'])) (2)
members’ with different chemistries, the proportions of
which change with discharge (Wheatetr al, 1990;  Figure 2 shows the calculated continuous ANC data plotted
Christophersest al, 1990; Robson and Neal, 1990; Neal  together with the spot sampled ANC which are calculated
al., 1992). During periods of low flow, a stream is fed mainly from Eqgn. 3, wherdlk is the Gran alkalinityneg/l), DOC
by water from the lower soil horizons and deeperis in mg I and Aluminium in mg+. The continuous ANC
groundwater, which typically has a high Acid Neutralisationfit these data well (R= 0.87).
Capacity (ANC) and low acidity, due to the weathering of
base cations in the lower soil horizons and bedrock (&teal ANC = Alk + 5400C/12) - (Al/9) 3)
al., 1990). However, during a rainfall event, most flow is
derived from the upper, more acidic and aluminium-bearingBy using the calculated 15 minute ANC data and end-
soil horizons, causing the stream chemistry to altermember estimates, the groundwater flow proportion (GWP)
dramatically. for 1996 is calculated from Eqn. 1. Figure 2 shows the drop
This conceptual model underlies two-component End-in proportion of groundwater flow during high flow periods
Member Mixing Analysis (EMMA) (Neakt al, 1992), when streamwater is typically acidic. The groundwater
which is applied to the Hafren stream to model temporalproportion does not always lie between 0.0 and 1.0, since
variability. ANC is used as a measure of stream chemistrysome of the continuous ANC data lie outside of the estimated
because it is conservative, and the model may be written and-member range. These proportions are unrealistic but do

follows: not affect modelling predictions directly. Therefore, although
corrections may be made by widening the end-member range
Qgroundwater ANCstreamwaleTANCsoinaler (e H d d E 1997 th H t d t k h
h _ 1) .g. Hodgson and Evans, ) this is not undertaken here.
Q ANC _ANC The rapid increase of groundwater proportion of flow
streamwater groundwate soilwater during storm events suggests that this contribution is due to

where Q represents discharge, ANC is the Acid shallow groundwater rather than a deep, slow-responding
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Fig. 2.Continuous ANC data, flow and the calculated 1996 hydrograph split for the Hafren, specified by
groundwater proportion of flow.

component. This is consistent with the fact that the effect ofemporal responses being observed at each monitored site
forestry is seen even at low flow at Plynlimon (Fostel., (Reynoldst al, 1986, 1988; Fostet al, 1997). This implies
2001). Although fracture flow through the deeper bedrockthat although discharge is the dominant control on
could explain the rapidity of storm base-flow response andydrochemical variation at a given site, the variability of
deep groundwater flow is known to exist in the Plynlimon catchment characteristics between sites has to be considered
catchments (Hill and Neal, 1997; Neatl al, 1997), the  when modelling the whole area. This spatial dimension to
observed deep groundwater chemistry has much highehe variability may be assessed by considering the variability
alkalinity than the observed end-member. The ANC andof extreme flows, considered representative of the end-
groundwater proportion time series data are converted intmembers, at a range of sites. Low flow spot samples are
duration curves by ranking the values and plotting in termsavailable for 40 sites, and weekly chemistry for 10 (Fig. 1);
of percentage of time that a certain value is exceeded. Theske latter may be used to calculate a soilwater end-member
duration curves summarise the variability in stream ANCby averaging the top 5% of flow values, as for the Hafren.
and groundwater proportion of flow and are used as a basBlotting ANC against cumulative upstream drainage length
for representing temporal variability in the subsequentreveals the extent of this variability, with ANC ranges of —
modelling stages. 93 to 217meq I* for low flow and —114 to &eq I* for high

flow (Fig. 3). Examination of Fig. 3 reveals great

. . heterogeneity, especially for first order streams, although this
Extension of EMMA to mcorporate tends to reduce with distance downstream. At these small

spatial variability in stream chemistry scales, base-flow chemistry is found not to have a constant
Variability of soil type, bedrock mineralisation and land- or predictable composition, for example from catchment
use across the Plynlimon catchments results in differentharacteristics such as soil and land-use type (Festdy
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260 Spatial variation of Sevem ANC Stream ANC values for each simulation are calculated from
) o 1st/2nd ord low Ean. 4:
2001 o 3rdidth ord low
wl o L jandordhioh ANC, 1107 ANC 1410 GWP) + ANG, ., (1-GWP) (4)
100 “ ] The method is applied as follows:
3 s o . i. The groundwater proportion (GWP) duration curve
z 0;?°°°0 ® o ° ] calculated from the continuous data is approximated
§§ o by a cumulative distribution and represents temporal
0 o variability. It is considered representative of all sites
b o . s 50 ] across the catchments.
¢ ii. For given increments in proportion of time on the GWP
150, : - - = - duration curve (e.g. 1%) the relevant GWP value is
Cumulative upstream drainage length (km) selected.

iii. 2000 end-member pairs are randomly selected from

Fig. 3. Spatial variability in low and high flow stream ANC in the the pormal distributions approximating the spatial
Severn catchments. distribution of each, where ANG < ANCgroun wateh
iv. Selected end-members are input to Eqn. 4 to produce
2000 ANC values which are considered to represent
2001). Figure 3 also reveals that the high flow chemistry is  the spatial variability in ANC. These are ranked to show
spatially variable and that the standard deviation decreases the percentage of stream length along which ANC is
as the stream order increases. This variability must therefore  exceeded at a given time.
be incorporated into the EMMA and since deterministic
prediction at site is precluded, a way forward is to quantifyApplication of this method results in a ‘surface’ of ANC
the end-members in terms of statistical distributions and inputonsisting of a number of ANC duration curves for changing
them to the EMMA model using Monte-Carlo analysis. ~ GWP (Fig. 4). Therefore, ANC values are a function of time
An application is made to the whole Severn catchmentand ‘space’ where space is actually represented by stream
using distribution approximations of the groundwaterlength. A contour plot of this surface is shown in Fig. 5 and
proportion data and the end-member data sets. The low flomay be used to assess the current stream water quality. For
samples are extrapolated linearly between sites so that a valegample, an ANC value ofifeq I* is exceeded for 90% of
is calculated for each 25 m reach; hence, these values malye time along 10% of the catchment stream length. This
be considered to represent the groundwater end-member
variability along the stream length of the catchment. The
data approximate to a normal distribution with a calculated
mean and standard deviation of 12 and&@ ' respectively.
There are too few high flow samples to allow extrapolation, 200+
so their mean (—61) and standard deviation (41) are calculatedsso- |
for use in an assumed normal distribution representation. 1o
The time series data of groundwater proportion from 1996 ;| ...
are represented by using an exponential transformation @
the data which approximates them to a normal distributiong
The calculated mean and standard deviation of the
transformed data are then used to define the distribution.'wq M.
Because values are selected from given distributions of 190+~ ity ;
parameters at random and then run through the model, the209-la .
results represent the full range of likely scenarios given the T
variability of the input parameters. Fixed time intervals for % ime ANG I exceaded foo 100 resmiength excesded
groundwater proportion (GWP) are selected for

computational efficiency and to ensure easy plotting of _ _ _
Fig. 4 ANC surface plotted as a function of time and stream-length

results. over which each value is exceeded.

ANC Surface for the Severn catchment (present day)

ey
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ANC contours for the Severn (future scenario)
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Fig. 5. Contour plot of ANC values as a function of time and stream- Fig. 6. Future scenario contour plot using end-members ‘evolved’ in
length over which they are exceeded. MAGIC for 2041.

new methodology is thus more appropriate for assessing sulphate deposition hence result in a significant increase
catchment hydrochemistry than methods which account foin ANC for both stream and soil.

the average annual ANC representing the catchment as aEMMA is then undertaken for the future scenario using
whole, and do not incorporate either temporal or spatiathe new end-member chemistries. Two assumptions are made
variability. as a starting point for the application:

Predicting future scenarios using MAGIC i. Hydrological conditions in the catchment do not alter

Future scenarios of temporal variability may be predicted _ OVertime o _

by considering the chemical changes in the end-members !I-The standard deviation of end-members remains

with time under given pollutant deposition and forest ~ constant during the period of change

scenarios. MAGIC is used to calculate changes in an upper

and lower soil layer, the chemistry of which is considered toNormal distributions are used to characterise the ‘future’ end-

represent the two end-members. Stream chemistry data af@ember compositions using the new mean values and

not available at the Severn catchment outlet and so the modefevious standard deviations. The ground-water proportion

is calibrated to Hafren stream data. Weathering rates, nutriesiuration curve for 1996 is used to produce new ANC duration

uptake and initial soil exchangeable fractions of base cationgurves by selecting values from the two end-member

are adjusted to achieve a successful calibration, wherebgjistributions as before. The resulting ANC surface is

stream major anion and cation chemistry is matched to withigontoured and shown in Fig. 6. It can be seen that an ANC

3neq I and soil and stream ANC to withimeq I* (Foster, ~ of 0 meq I* is now exceeded for 90% of the time along

2000). By way of illustration, a future scenario is run to approximately 75% of the catchment's stream length. This

predict soil and stream chemistry in the year 2041, usings @ major improvement of water quality as a result of the

methods outlined by Jenkiret al. (1997a). It is assumed pollution abatement strategy.

that the forest trees mature and are felled at 50 years of age

without replanting, and that pollution deposition adheres to .

the Second Sulphur Protocol, whereby national S emissionB)1SCUSSION

are reduced by 70% of 1994 values by the year 2005 anBoth temporal and spatial stream-water chemistry variability

80% by 2010. within a catchment have been assessed jointly. Previously
The modelled end-member ANC values change from —6%hese have been treated almost entirely in isolattadjes

to —2meq I* for the upper layer and 39 to 1d8q I* for the  that have considered both have tended to concentrate on a

lower layer for the future date. The forest felling and decreaseegional rather than catchment scale. However, when
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considering the impact of pollution abatement strategies otMountain Research Watershed, Georgia (Hocgteal,
surface water chemistry, particularly in the context of surfacel998), where chemical changes of end-members took place
water acidification problems and protection of environmentalen routeto the stream. The riparian zone was found to be the
systems, the small scale effects are impo(@atic, 1999; dominant control on stream water chemistry and the
Jenkinset al., 1997b). Stream-water chemistry is geographical extent of the end-members was confined to this
unpredictable, being essentially random at the scale of tharea. Sampling of hillslope waters during events showed them
Plynlimon catchments (Neal and Reynolds, 1998), and th@ot to make a large contribution to streamflow. However,
method presented here is able to incorporate sucEMMA was still a useful modelling tool and stream
hydrochemical variability. chemistry reflected changes in the A-horizon end-member
Two-component mixingEnd-Member Mixing Analysis  over a four year period, generally supporting the mixing
(EMMA) has been shown to be a simple but powerful toolhypothesis. For the purposes of the current application,
for predicting future stream-water chemistry when linked toEMMA is considered an adequate representation of the
MAGIC, as illustrated previously at Plynlimon by Nestl  system, as correct representation of the stream chemistry is
al. (1992). The extension of the EMMA method in this paperthe aim, rather than an assessment of where the end-members
assesses stream ANC valaes function of time and stream- originate.
length. The modelling can predict the spatial variability of A related issue is whether the two-component model may
stream chemistry over both the long term (years) and shotie too simple to represent fully the flow-pathways, as some
term (days). However, to retain simplicity, a number of other studies have required three end-members to model the
assumptions have been made and the limitations of theystem (e.g. Generewt al, 1993) However, the relative
method rest on the validity of these. consistency of observed end-members, discussed above, and
A basic assumption is that a two-component conceptuathe associated analysis supports the validity of the two
mixing model is an adequate representation of catchmertomponent approach as a reasonable first approximation. A
response. The assumption of constant end-member chemistnyore complex model would require additional tracer data
along flow pathways and through time is challenged by somand would be extremely difficult to incorporate within the
available field data. For example, Hag@l.(2000) assessed modelling framework developed here, especially if non-
uncertainties in hydrograph separation using silica’®dd conservative behaviour has to be considered. In application,
at the Zastler catchment, Germany, which were considerethe uncertainty in the calculated end-members and modelled
to be due primarily to changes in end-member compositiorstream ANC also needs to be considered. The estimation of
during events. At Plynlimon, sampled groundwater in bothend-members depends upon the ‘cut off ’ point chosen
shallow and deep boreholes, as well as in emergent surfagerbitrarily) for end-member representation of the stream
runoff at Plynlimon is chemically dynamic, which appears chemistry data.
to invalidate a constant end-member component (Hill and In addition to the limitations of the conceptual model, errors
Neal, 1997; Neakt al, 1997a). Chemical changes along also exist within the data utilised, especially the ANC/pH
flow pathways have also been observed in a small moorlancelationship upon which the modelling reliékhough there
sub-catchment of the Wye (Chapmetnal, 1993, 1997; s a strong correlation between ANC and pH, scatter is evident
Muscuttet al, 1993). However, observed stream chemistryand, occasionally, the rainfall pH signal is observed in the
is relatively consistent at high and low flows and does nofstream during large events (Robsaral.,1993) which may
reflect the temporal variability observed in deep groundwatenot be reflected in the observed ANC. Inevitabiis leads
or the spatial variability observed in soil chemistry atto some errors. However, if the data are used to model a
Plynlimon (Foster, 2000). Therefore this assumption holdstypical’ response rather than the specifics of any event, then
to a first approximation for streamflow at the scalesthese data are adequate.
considered here. (An intensive storm event sampling Despite its limitations, the method provides a way of
programme would be required to assess further the errors onsidering the effects of catchment heterogeneity within a
hydrograph separation). modelling framework by incorporating small-scale stream
The high flow end-member may, therefore, be considere@¢hemistry variability. Using Monte-Carlo techniques enables
to represent an integrated measure of soil water chemistrgssessment of the likely variability throughout the
(Fosteret al, 1997) and the same may be considered forcatchments. Because the method is data-driven, the more
groundwater. If changes occur along flow pathways, therdata that are available, the more an accurate picture can be
the end-member may be considered as representing the watartainedThe model can also be updated easily as more data
chemistry as the end of the pathway rather than at theecome available, for example by adjusting the distributions
beginning. This is illustrated by a study at the Panolafrom which the end-members are selected.
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Prediction of stream chemistry as a function of time andhydrochemical responsEhis is supported by the success of
space has a number of advantages. It enables assessmenpi@dictions of chemistry in large catchments using catchment
what proportion of streams in the catchment may havecharacteristics as a basis (Wadel. 1999; Coopeket al,
conditions which are hostile to certain biological organisms2000). Therefore, for a large catchment application, it may
and provides a more detailed picture that may be used fdre necessary to apply the MAGIC model to different soil
biological research purposes. The ANC duration curve usetypes and then to mix the resulting end-members together as
in this methodology has been shown to be a good means dfustrated by Wade (1999Jhis is not appropriate at the
predicting the presence or absence of fish in streams (McNistmall catchment scale because of the insignificant
and Harriman, 2000). Therefore, the method is potentially aelationship between soil type and stream chemistry (Foster
powerful tool by which biological diversity both within and et al, 2001).
between catchments may be correlated with hydrochemical
variability.

Robson (1993) used a chemical speciation modelConclusion

ALCHEMI, t [ ti f - i - - I
c , {0 predict concentrations of non-conservative A method for combining the prediction of the variability of

elements using EMMA, in addition to ANThis could be . S
catchment stream chemistry in time and space has been
used to extend the method to produce surfaces of other . T .
. . o outlined. Temporal variability is modelled using EMMA,
determinands of interest, such as aluminium, pH or Ca, .. . : : o
. . . ... __which is extended to incorporate spatial variability in end-
dependent upon the data required for biological predictions.

- member chemistry using Monte Carlo analysis. Spatial
End-member standard deviation generally decreases ads L ;
Istributions of the two end-members are required; these are

stream orde.r increases (Fig. 3).; therefore the metho'd me stimated from available field data and are input to EMMA
also be applied to streams of different order, depending ogs stochastic variables. ANC duration curves, each produced
the habitat of biota that are to be protected. In addition, th? ' ' P

. . . rom a large number of input end-member pairs, are
proportion of stream-length and time that a certain ANC value g . . p' . P
) o o .. calculated for different points in time and used to produce
is transgressed under future deposition scenarios is predicted, . .
. . . . an ANC surface. From this, a percentage time and stream
This provides a potentially powerful tool for assessing the

biological impact of future deposition scenarios whichIength that a certain ANC value is exceeded may be

. L estimated.
includes a measure of episodicity. In this way, a picture is given of the catchment
Because the method links EMMA to a process-based model . ap 9

. . . . ", rochemical variability. This m to predi
that describes the relationship between acid deposition andyd oche (.:a. a ?b v S .ay be used to p ed. ct
. . catchment biodiversity and how this may change over time
end-member chemistry, the combined methodology may . o .
. . - given changes in distributions of the end-members, which
underpin future policy decisions. MAGIC has already been . .
. - i are predicted by MAGIC. The conceptual model on which
used extensively to calculate critical loads to predict the o -
- . i the modelling is based, consisting of two flow components
deposition reduction required to meet a mean stream_, . , . , . o
. of ‘soil-water’ and ‘ground-water’ flow, is a significant
chemistry ANC. For example, the method presented here. ~ = " L
. . . ._simplification of a complex system. However, the limitations
may be used to produce, by iteration, the deposition reduction

required to maintain the stream ANC above 0 for 80% of th of the method are counterbalanced by the major benefits of

. . . eing able to assess variability in both time and space.

time, as opposed to just calculating a mean annual value.” . = . i .
L ) xisting methods used as a basis for policy decisions cannot
This improvement begins to address some of the concerns . S
. i . . account for both the spatial and temporal variability, but
about current policy decision making, which do not account .
. o rather address one or other. The development of this method

for sub-catchment spatial variability.

The method has the flexibility to be applied to other's therefore. considered to be an important step forward in
. . . tre modelling of small heterogeneous catchments for
catchments or regions. The Plynlimon catchments are typica
. : management purposes.
of upland areas which are greatly heterogeneous in their
physical properties. This means that, at the small scale, the
system is highly unpredictabldowever, as scale increases,
an ‘integration’ of variability takes place. This occurs on ACknOWIedgementS
both the micro- to macropore scale as discussed above, afithis research was supported by the NERC Environmental
on the sub-catchment to regional scale. As catchment sizBiagnostics programme under grant number GST/02/1572
increases, it becomes a more valid approximation to considemd by a NERC research studentship, number GT4/96/
the catchment to consist of one or more homogeneous unit66/F awarded to H. Foster.

of a certain soil-type or land-use which will dominate the
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