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Catchments are more spatially variable than catchment models assume them to be. Does spatial
heterogeneity undermine the validity of spatially aggregated catchment geochemical models? Here we
test whether catchment spatial heterogeneity invalidates a recently proposed technique that uses the
bulk chemistry of runoff to predict how key water quality variables (e.g., titratable alkalinity and
concentrations of base cations, hydrogen ions, and inorganic aluminum) will respond to changes in
stream water in acid anion concentrations. We show that these predictions are valid for hypothetical
heterogeneous catchments, created by mathematically ‘‘mixing’’ measured runoff chemistry data from
chemically diverse streams. The chemical information in the combined runoff yields reliable acidifi-
cation predictions, without any direct information concerning either the runoff chemistries of the
individual source streams or the geochemical properties of their catchments. These results show that
catchment acid buffering can be predicted directly from runoff chemistry in spatially heterogeneous
catchments, even if the individual source regions cannot be identified and their geochemical

characteristics are unknown.

INTRODUCTION

Catchments’ hydrological and geochemical properties are
spatially heterogeneous. Does this variability have quantita-
tively important effects on model predictions of catchments’
geochemical behavior? In this paper, we present theoretical
and empirical investigations showing that although catch-
ments’ geochemical properties are spatially heterogeneous,
certain aspects of their geochemical behavior can be reliably
predicted.

Catchment geochemical and hydrological properties vary
on many spatial scales. Landforms and soil types may vary
over scales from tens of meters to kilometers; for example,
a catchment might be composed of steep glaciated hillsides
with thin, poorly developed soils, as well as deep glacial tills
or valley-bottom wetlands. At any particular location, soil
geochemistry also varies from one horizon to another. Even
at a particular location and within a particular soil horizon,
pores and macropores affect the characteristics of the soil
matrix at small scales. The chemistry of waters in the inter-
stices between soil particles, and at particle surfaces, may even
differ from that of the more mobile water flowing in larger
pores, producing chemical variability at very fine scales.

Models of catchment processes do not explicitly represent
the spatial heterogeneity of catchment hydrological and
geochemical properties on all of the scales that it is known to
occur. Even if a completely disaggregated model could be
built, collecting the required input data by measuring and
mapping the fine-scale variability of hydrological and
geochemical parameters would seem to be a practical impos-
sibility. All models of catchment processes therefore aver-
age over catchment properties at some scale.
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Some geochemical models treat the catchment as if it were
a single homogeneous unit. Other models divide the catch-
ment laterally into regions or vertically into horizons, which
again are treated as homogeneous units. However, the
distinction between spatially aggregated and disaggregated
models is one of degree, not of kind, because even the most
disaggregated models average over considerable spatial vari-
ability.

These models require appropriately aggregated measure-
ments of catchments’ geochemical and hydrological proper-
ties. Making these averaged measurements is inherently
difficult, for two reasons. First, measurements of average
hydrological and geochemical properties at one scale must
attempt to smooth over the spatial variability that exists at
finer scales. This variability will often be poorly character-
ized. Only a tiny fraction of the total volume of the catch-
ments’ geochemical and hydrological media can be sampled;
it is difficult to make this fraction representative of the
whole. For example, a granitic catchment may contain a
small region of carbonate-rich rock that makes up the bulk of
its acid-buffering potential, but that may be overlooked in a
sampling program.

Second, some regions within the catchment may affect
runoff chemistry more than others. Points through which
most of the catchment’s runoff flows, or points where runoff
has its last encounter with soils and rocks before flowing into
streams or lakes, may be particularly important in determin-
ing runoff chemistry. The most appropriate measurement of
bulk catchment properties may not be a spatially averaged
one, but instead one that weights each point by its influence
on runoff [e.g., Billett and Cresser, 1992]. Estimating such
weighted averages is difficult, because the routing of runoff is
often poorly understood even after intensive, catchment-
specific field studies. One is therefore faced with an awk-
ward choice between spatially averaged estimates, which
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may not be appropriate to the problem at hand, and runoff-
weighted spatial averages, which are difficult to estimate.

Because of obstacles like these, average catchment prop-
erties are often inferred, rather than measured, by calibrat-
ing model coefficients to match the catchment’s observed
hydrological and geochemical behavior. These calibration
exercises usually attempt to adjust the model to reconcile
time series data describing the volume and chemistry of
precipitation (as an input to the catchment, and to the model)
with time series data describing catchment runoff flux and
chemistry (as an output from both model and catchment).

The rationale for calibrating models to catchment runoff
data is straightforward and appealing. Runoff should reflect
the integrated effects of the hydrological and geochemical
components of the catchment from which it flows. More-
over, runoff should reflect the properties of the catchment’s
various components in proportion to their influence on
runoff chemistry. Runoff chemistry will not ‘‘sample’’ the
geochemical properties of regions that may be extensive but
geochemically irrelevant; conversely, it will reflect the ef-
fects of regions that may be small but disproportionately
influential.

Furthermore, runoff reflects how catchment geochemical
media behave under field conditions, rather than the labora-
tory conditions under which geochemical measurements are
often made. For example, in the laboratory exchangeable
cations are usually extracted in a concentrated salt solution;
it is unclear whether all of these cations are actually avail-
able to catchment porewaters, which are typically thousands
of times more dilute. In short, the behavior of runoff ought to
reflect the “‘effective”” geochemical properties of the catch-
ment. Properly done, model calibration should permit one to
extract useful catchment-averaged geochemical information
from observed catchment behavior.

However, proper model calibration (i.e., calibration yield-
ing coefficient values that accurately represent bulk catch-
ment properties) requires conditions that may not be met in
real life. The detailed time series data required to calibrate
typical models are unavailable for most catchments [Eshle-
man et al., 1992]. Furthermore, if two or more model
parameters have similar or offsetting effects on model be-
havior (or if the data do not display behavior that can
constrain them), they will not be individually identifiable
through model calibration. Model predictions that depend on
the values of these ‘‘unidentifiable’” parameters will be
unreliable.

Model parameters are often ill-constrained. Many catch-
ment models are ‘‘overparameterized’’; i.e., the flexibility
introduced by adjustable model parameters far exceeds the
power of typical catchment data to constrain them [Hooper
et al., 1988; Beck et al., 1990]. Where important model
parameters cannot be constrained, model predictions will be
highly uncertain [Cosby et al., 1986; Eary et al., 1989; Lee et
al., 1990]. Paradoxically, the greater the amount of uncon-
strained ‘‘slack’’ in model parameters, the better the fit of
the model to the calibration data. Because parameter tuning
can compensate for, and thus disguise, the effects of unre-
alistic model structure, successful calibration of highly pa-
rameterized models is a weak test of model validity [de
Grosbois et al., 1988; Hooper et al., 1990]. Nonetheless,
many model users regard the good fit between the calibrated
model and the field data as evidence that the model is
realistic. Thus overparameterization can inflate model users’
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confidence even while it undermines the reliability of model
results.

Catchment modelers face a dilemma: a catchment’s runoff
should reveal its aggregate geochemical and hydrological
properties, but typical runoff data are still inadequate to
constrain many catchment models. There is a need for
techniques that exploit runoff’s ability to average over
catchments’ spatial heterogeneity, without requiring more
information than runoff data can provide.

A SiMPLE AcID BUFFERING MODEL

Kirchner [1992] has recently proposed a strategy for
mechanistically predicting catchment geochemical buffering
behavior directly from runoff chemistry, without parameter
calibration and its attendant difficulties. This approach
draws a direct analytical link between the bulk chemical
composition of runoff (which is perhaps the most widely
available chemical information for catchments) and catch-
ment response to changes in stream water acid anion con-
centrations (which one would like to be able to predict for
many catchments). In a charge balance for typical acid-
sensitive waters,

2[SO;3 + [NO;1+ [CIT] + OA™ = 2[Ca™?]

+2[Mg*?] + [Na®] + [K*] + [NH/]+ [H"]
+3[AIT?] + 2 [A(OH)*?]

+ [AI(OH); ] + 2 [AIF *?]

+ [AIF,] - [HCO;1—-[OH7] = [F7] + --+ (D

the left-hand side expresses the combined effects of acid
deposition and acid anion retention or release by the catch-
ment. If the sum of acid anions in runoff (the left-hand side
of (1)) changes, how will the major ions on the right hand
side respond? Catchments that offset changes in acid anions
with compensating shifts in base cations will be resistant to
acidification. On the other hand, to the extent that the
catchment accommodates increases in acid anion concentra-
tions by raising hydrogen ion or inorganic aluminum concen-
trations, increases in acid loading could make runoff toxic to
aquatic organisms.

Kirchner [1992] hypothesized that in catchment runoff, the
major ions on the right-hand side are controlled by hetero-
geneous equilibria (equilibria between the aqueous phase
and solid, adsorbed, and gas phases, such as mineral disso-
lution, ion exchange, and carbonate equilibria). He showed
that if these equilibria obey mass action, changes in the
equivalent sum of acid anions (Sacids) on the left-hand side
of (1) will change each concentration C; on the right-hand
side by an amount that can be expressed directly in terms of
the runoff concentrations themselves:

_ dC; _
~ d3acids  n

Z Z,'ZC,'
i=1

where C; and z;, i = 1, -+, n, are the molar concentra-
tions and valences of the n ions making up the right-hand
side of (1), C; and z; are the molar concentration and valence
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of one of the n ions, whose response to Sacids is to be
predicted, f; is the predicted slope of the buffer curve
relating C; and Zacids, and & = 3z2C; is the heterogeneous
buffer term common to all the f;.

(We caution the reader that we must necessarily use the
term ‘‘heterogeneous’’ in two different senses. Heteroge-
neous reactions are chemical reactions between two or more
different phases, e.g., reactions between ions in solution and
those adsorbed to ion exchange media, and heterogeneous
equilibria are equilibria of these heterogeneous reactions.
However, this paper is also concerned with the spatially
heterogeneous geochemistry of catchments, i.e., the spatial
variation of geochemical properties and behavior from point
to point. The reader should be aware of this semantic
ambiguity.)

Equation (2) expresses how much each ion’s concentra-
tion can be expected to change under shifts in runoff acid
anion concentrations or, in other words, the slope of the
relationship between Zacids and each of the C;. Note that
heterogeneous equilibrium does not predict that ion ratios in
runoff are constant, because the various ions in (2) do not
have the same valence. Predicted f; values for individual
ions can be added, yielding acidification responses for im-
portant water quality indicators such as the sum of base
cations (SBC), the titratable acid neutralizing capacity
(ANC), and the molar sum of inorganic aluminum (Al;)
[Kirchner, 1992; Kirchner et al., 1992]. Equation (2) has
been shown to yield quantitatively accurate predictions of
how Zacids affects calcium, magnesium, inorganic alumi-
num, hydrogen ions, the sum of base cations, and titratable
acid neutralizing capacity in runoff from a variety of catch-
ments in Canada, Norway, and the United States [Kirchner,
1992; Kirchner et al., 1992]. (In addition to this ‘‘direct’
acidification by changing acid anion concentrations, *‘pro-
gressive’’ acidification from depletion of exchangeable bases
[Kirchner, 1992] can be predicted from extensions to (2), but
these extensions will not concern us here). Strictly speaking,
this approach predicts catchment response to changing acid
anion concentrations in runoff, rather than atmospheric
loading to the catchment. However, where empirical rela-
tionships or mechanistic models can be used to relate
atmospheric deposition and runoff concentrations of acid
anions, results from this analysis can be interpreted in terms
of catchment response to changes in atmospheric deposition
[Kirchner et al., this issue].

Equation (2) contains no equilibrium constants, solid
phase activities, or parameters describing the catchments’
ion exchange complex, because the equilibrium equations
have been inverted to reexpress these coefficients in terms of
the solution concentrations themselves (see Kirchner [1992]
for details). Like calibration-based modeling approaches,
this technique uses geochemical information contained in
catchment runoff chemistry, but because the geochemical
parameters have been factored out analytically, the param-
eter identifiability problems outlined above do not arise.

There remains, however, the interesting and potentially
important issue of spatial averaging. Both (2) and calibrated
catchment models use information contained in runoff that is
a mixture from geochemically diverse source regions. Each
source region may have a distinct chemical signature and a
distinct response to acidification. When flows from each of
these regions are mixed, both their chemical signatures and
their acidification responses are averaged in some way. How
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Fig. 1. A simple illustration of the error that results from
predicting average catchment behavior (y) from averaged catch-
ment properties (x) when the governing equation relating catchment
properties and catchment behavior y = g(x) is nonlinear. The
individual points y; and y, yield an average of y (middle solid
circle), but when one tries to predict y from £, the average of x, and
X7, one obtains a different value § = g(x) instead (open circle).

can we tell whether or not predictions derived from this
mixed runoff will accurately represent the mixed response to
acidification in the spatially heterogeneous catchment from
which it flows?

Kirchner [1992] showed analytically that a catchment’s
spatial variability should have little effect on its response to
changes in acid anion concentrations, as predicted by (2)
from bulk runoff chemistry. Here, we briefly review the
rationale behind this analytical result. We then test this
analytical result empirically, by mathematically ‘‘mixing”’
measured runoff chemistry from pairs of intensively moni-
tored streams, creating a series of hypothetical streams that
combine flows from geochemically diverse tributaries. We
show that even though these hypothetical streams drain
spatially heterogeneous ‘‘catchments,”’ their acid buffering
behavior is geochemically predictable from their bulk chem-

istry.

AVERAGED PARAMETERS IN NONLINEAR MODELS

In both hydrological and geochemical models, one seeks
to predict how a catchment will behave (say, how it will
respond to changes in climate or acid loading), based on
various measured or inferred catchment properties. Typi-
cally, catchment behavior (or model output) is a nonlinear
function of the catchment properties (or model inputs). A
problem arises when averaged properties are used as inputs
to these nonlinear relationships, as Figure 1 illustrates. In
general, a nonlinear function evaluated at some average
input value, shown as the open circle in Figure 1, will not
equal the true average of the function’s values at each of the
individual input values. The mean of the function is not the
function of the mean. This problem cannot be solved through
better sampling, because it results from nonlinearity in the
governing equations rather than uncertainty in the data. In
Figure 1, for example, decreasing the uncertainty in the
average catchment property ¥ would make the prediction of
catchment behavior § = ¢g(xX) more exact, but not more
accurate, because the discrepancy between 9 and the true
mean y would remain.

How greatly do these nonlinearities affect predictions of
average catchment behavior? In other words, How much
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will the predicted average behavior, derived from the aver-
aged properties, deviate from the average of the individual
predictions that would have been derived from the spatially
disaggregated properties? From Figure 1 one can see that
when nonlinear underlying relationships are used to predict
average behavior from averaged properties, the magnitude
of the resulting distortion depends on two factors: the degree
of curvature in the underlying function and the range
spanned by the individual data being averaged. Approximat-
ing the nonlinear function y = g(x) in Figure 1 by a
second-order Taylor series expansion around the mean *,
and averaging this function over various values of x, one can
show that the true mean y is approximately [Ang and Tang,
1975]

(3)

Equation (3) coincides exactly with the intuitive understand-
ing outlined above; the discrepancy between g(x) and the
true mean y is proportional to both the degree of nonlinearity
in g(x), as defined by its second derivative, and the range of
variation in x, as defined by its variance.

If, as is often the case, x is not a single variable, but
instead an m-dimensional vector of several variables x,
X3, ***, X,,, (Where the subscript refers to individual vari-
ables, rather than individual values of a scalar variable) the
simple picture outlined here becomes only slightly more
complicated. The multivariate analogue to (3) is simply [Ang
and Tang, 1975]

a%g
dx;0x

1 m m
y-zg(f)+52 >

where x; and x, are variables that make up the vector
variable x, not individual values of the scalar variable x used
in (3). The only approximation in (3) and (4) is the truncation
of the Taylor series at second order; otherwise, the equa-
tions are exact and they do not assume that the x have any
particular probability distribution.

Equation (3) or (4) allows one to estimate how much the
curvature in the governing equation g(x) affects estimates
g(x) of the true mean y. This can be done even if the
individual values of x and y that make up the means X and y
are unknown, so long as one can estimate the approximate
variance of x (or the covariances between its components, if
x is a vector). This is particularly useful in catchment
research, where one may have a general idea how much
catchment properties vary (or where a worst-case assump-
tion of this variability can be made), but where directly
measuring each of the individual x values can be quite
difficult.

4)

Cov (xj, xi)

SPATIAL VARIABILITY UNDER HETEROGENEOUS EQUILIBRIUM

We now apply the formalism described above to estimate
how spatial variability in catchment geochemical properties
affects predictions of catchment behavior derived from the
heterogeneous equilibrium hypothesis. This hypothesis is
ideal for exploring the consequences of spatial variability for
four reasons. First, the hypothesis itself is both simple and
general, and does not assume ad hoc differences in the kinds
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of processes controlling runoff chemistry in different parts of
the catchment. Second, the only required inputs for (2) are
solute concentrations in runoff, which are tangible, measur-
able quantities. Third, the predicted acidification responses
f; are simple scalar quantities that can be quantitatively
compared with one another; quantifying the differences
between two time-dependent simulations (for example, to
compare simulations for a spatially uniform catchment and a
spatially heterogeneous one) is more difficult. Finally, the
dependence of the f; on the input data (runoff concentra-
tions) is an explicit mathematical function, not an implicit
relationship hidden within various numerical simulation al-
gorithms and calibration procedures. Therefore the deriva-
tives in (4) can be determined explicitly and analytically (in
typical simulation models these derivatives could be esti-
mated numerically, but specific numerical estimates would
be difficult to generalize).

We apply the formalism above to the following conceptual
model of a spatially heterogeneous catchment. We consider
a catchment consisting of several source regions with differ-
ent geochemical characteristics. The source regions may not
be individually distinguishable, and their geochemical prop-
erties may not be known; we stipulate only that in each
source region, heterogeneous equilibrium prevails between
the runoff solution and the geochemical media. Water flow-
ing from one region through another may either pass through
without chemical alteration, or may equilibrate with the new
region. For these purposes, then, the ‘‘source region’’ for a
particular fraction of runoff is wherever it picks up its
chemical signature. (We also stipulate that the fractional
contribution of runoff from each source region remains
constant over time; in our companion paper [Kirchner et al.,
this issue] we explore the implications of relaxing this
restriction.)

If heterogeneous equilibrium prevails in each source re-
gion, runoff from each source should respond to changes in
acid anion concentrations as predicted in (2). However, will
the combined runoff of these different source regions also
respond as (2) predicts? If the runoff from each source is
acidic so that each ion in the charge balance (equation (1)) is
either conservative or negligibly small, the concentrations
C; in the combined runoff should be the average of the C;
from each source region. If the change in acid anion concen-
trations (d 2acids) is also similar in each source region, then
the acidification response of the jth ion (f;, or dC;/d 2acids)
observed in the combined runoff should be the flow-weighted
average of the individual f; values. We denote the C;, C;,
and f; of the combined whole-catchment runoff as C;, C;
and f;

(If the runoff from each source is not acidic, some of the
concentrations will not mix conservatively, and thus the
concentrations in the mixture will be a nonlinear function of
the individual source concentrations. These nonlinearities
may compound or offset those embodied in (2), but because
the respeciation of nonconservative species cannot be ex-
pressed as an explicit function, these effects are omitted
here. These effects are, however, included in our empirical
tests in the following section.)

Because (2) is nonlinear, the whole catchment average f;
for the combined runoff will not generally equal the
geochemical response estimated from the averaged concen-
trations C; and C; in that combined runoff. One can apply (4)
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to (2) to estimate the magnitude of the distortion produced
by spatial averaging [Kirchner, 1992]:

_ zC; Var (h) Cov (C;, h
Fe(y Y Cov G b
i h Ch

where the second and third terms can be interpreted as
fractional adjustments that correct for the effects of spatial
variation in h and C;. We expect both of these adjustment
terms to be small because, except for very unusual distribu-
tions of 4 and C;, on average |h — h] < kand |C; — C}| <
C;; thus the variance and covariance terms in (5) are
generally much smaller than the products of means by which
they are divided. Furthermore, we expect the covariance of
C; and h to be positive, because the various runoff concen-
trations are often positively correlated from point to point
within the catchment, and also because C ; is itself a com-
ponent of 4. Therefore the two fractional adjustments to f] in
(5) will usually tend to offset one another.

For these reasons, then, we generally expect the whole-
catchment acidification response fj to be closely approxi-
mated by z;C;/h. That is, if heterogeneous equilibrium
prevails in each of the source regions, their combined runoff
should respond to changes in acid anion concentrations
approximately as predicted by (2), using the concentrations
measured in the combined runoff itself. In other words, even
if the catchment is spatially heterogeneous its buffering
behavior should be predictable from its runoff chemistry, as
if it were spatially homogeneous. In the following section,
we conduct a numerical experiment to test the validity of this
theoretical result.

(5)

AN ExPERIMENT WITH HYPOTHETICAL RUNOFF MIXTURES

Kirchner et al. [1992] showed that the heterogeneous
equilibrium hypothesis (equation (2)) accurately predicted
the response of 18 intensively monitored catchments to large
recurrent changes in acid anion concentrations. These acid-
ification episodes (Figure 2) were triggered by acute
droughts in the summers of 1987-1990, which permitted
oxidation and mobilization of sulfur stored in catchment
soils and wetlands [Dillon and LaZerte, 1992]. In many
catchments, autumn storms following summer droughts
yielded streamflow with very high sulfate concentrations
(Figure 2). Acid anion levels remained high for months,
falling throughout the year until the next summer’s drought.
Pronounced changes in base cation, hydrogen ion, and
aluminum concentrations, as well as titratable alkalinity,
accompanied the acid anion variations (Figure 2). Kirchner
et al. [1992] tested the heterogeneous equilibrium hypothesis
by estimating the expected f; from the average runoff con-
centrations before the first drought (using (2)), then compar-
ing the predicted f; with the slope of the relationship
between C; and Zacids observed in the following 4 years.

Here, we test whether the heterogeneous equilibrium
hypothesis is similarly successful in predicting the behavior
of hypothetical mixtures of runoff from pairs of these
geochemically diverse catchments. From the 18 catchments
used by Kirchner et al. [1992], we selected pairs of streams.
We mathematically combined the runoff chemistry time
series data from the paired streams (hereafter called *‘source
streams’’) in equal amounts, forming hypothetical mixtures,
hereafter called ‘‘merged streams’’ (Figure 2, Table 1). We
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Fig. 2. Effects of summer droughts on chemistry of runoff from
catchment 1, Plastic Lake (curves), catchment 5, Harp Lake
(dashed curve), and a hypothetical merged catchment (open circles)
formed by mathematically mixing runoff from Plastic 1 and Harp 5 in
equal proportions (see text). The large data gaps indicate drought
periods. Prior to the 1987 drought, runoff chemistry fluctuated
within relatively narrow bounds. Droughts in the summers of
1987-1990 were followed by runoff with elevated concentrations of
acid anions, base cations, hydrogen ions, and inorganic aluminum,
and sharply decreased acid neutralizing capacity. For several
months after each drought ended, all of these concentrations re-
mained well outside their predrought ranges. Data are shown only
for dates when both streams were sampled.

then tested (2) against the observed behavior of the merged
streams, using the same procedure that Kirchner et al. [1992]
applied to their source streams; we predicted their response
to changes in acid anions from their average runoff concen-
trations before the first drought, then compared these pre-
dictions with their observed response over the following four
drought years.

The details of our procedure are as follows. For each
shared sampling date (each time that both source streams
were sampled on the same day or on successive days), we
combined the sampled runoff chemistries in a 1:1 ratio. We
used a 1:1 mixing ratio to make the combined runoff as
different as possible from the two source streams. We
averaged the analytical totals of all conservative chemical
measurements, including the major base cations, strong acid
anions, total inorganic aluminum, total organic aluminum,
total fluorine, dissolved inorganic carbon and dissolved
organic carbon. We then respeciated the weak acids and
bases, including hydrogen ions, bicarbonate, aluminum spe-
cies, and organic anions using the procedures described in
Table 1. We varied pH until the charge imbalance (if any) of
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TABLE 1. Mean Preepisode Runoff Concentrations Measured at Study Catchments and
Calculated for Hypothetical Runoff Mixtures

1:1 Mixture
of Harp 6A Range for 18 Range for 18
Plastic 4 Harp 6A and Plastic 4 Source Streams Merged Streams
pH 4.46 5.24 4.73 4.19-5.54 4.32-5.53
ANC —41.7 10.5 -15.6 —71.3-54.7 —55.4-36.9
N 65.5 129.1 97.3 22.9-146.2 43.6-140.5
NO3 0.7 5.6 3.2 0.1-10.1 0.5-8.4
Cl™ 18.2 10.2 14.2 7.1-30.5 7.6-24.1
Ca*? 45.0 113.9 79.4 42.5-122.1 57.9-114.6
Mg "2 28.1 52.8 40.4 21.7-64.2 24.8-56.2
Na*t 24.8 27.8 26.3 16.4-39.8 19.5-33.9
K* 10.4 5.9 8.2 1.9-13.1 4.2-9.7
NH/; 0.3 0.5 0.4 0.2-13.8 0.2-8.5
Alyyg, pmol L~! 10.8 3.2 7.0 2.3-10.5 3.1-7.5
Al;, umol L~! 6.3 0.6 3.5 0.1-6.7 0.34.9
Fz, umol L™! 3.5 1.9 2.7 2.1-4.0 2.1-3.4
Si, wmol L~! 144.7 106.6 125.7 44.7-127.8 57.9-124.5
DIC, mg L~! 2.4 2.9 2.7 0.8-5.8 1.84.6
DOC, mg L~} 16.0 7.3 11.7 2.9-18.9 6.2-18.3
Calculated speciation
+ 34.7 5.7 18.5 2.9-63.9 3.0-48.4
Al*3 8.9 0.1 3.2 0.0-9.3 0.0-5.0
AI(OH) *? 0.3 0.0 0.2 0.0-1.3 0.0-0.5
AIl(OH); 0.0 0.0 0.0 0.0-0.2 0.0-0.1
AIF 2 6.1 0.7 4.1 0.1-6.4 0.3-5.4
ATF5 0.2 0.2 0.2 0.1-0.6 0.1-0.5
HCOz 1.7 12.8 3.7 0.8-36.1 1.2-30.4
OA~ 71.0 44.3 59.3 6.2-116.6 28.6-104.7

Concentrations (in microequivalents per liter except as noted) are simple means of analytical values
for samples collected prior to 1987 drought. Concentrations for hypothetical merged streams were
calculated as described in the text. Analytical methods and quality control data are described in detail
elsewhere [Ontario Ministry of the Environment, 1983; Locke and Scott, 1986; Janhurst, 1991]. Acid
neutralizing capacity (ANC) was measured by Gran titration, and total fluoride (F7) was measured by
ion-selective electrode with TISAB buffer. Organic and inorganic aluminum (Al and Al;, respec-
tively) were measured by catechol violet colorimetry before and after ion exchange [LaZerte et al.,
1988]. Aluminum was speciated by the procedure of Schecher and Driscoll [1987]. Organic anions
(OA 7) were calculated from pH and dissolved organic carbon (DOC) by a slight modification [LaZerte
and Dillon, 1984] of Oliver et al.’s [1983] method. Bicarbonate was calculated from dissolved inorganic
carbon (DIC) and pH. Values reported here are means for matched sample dates and thus differ
slightly from values reported by Kirchner et al. [1992], which include all predrought sample dates.

the respeciated solution equalled the average charge imbal-
ance of the two source stream samples (by not enforcing
charge balance, we did not force the speciation of weak acids
and bases to correct for any charge imbalance due to errors
in chemical analyses). Calculated runoff concentrations for
nonconservative species often differ from the simple aver-
ages of the source stream concentrations (Table 1).

Figure 3 shows the observed response of three streams to
changes in acid anion concentrations, compared to the
predicted response (lines) estimated from mean predrought
runoff chemistry (large open symbols, Table 1) using (2).
Two real source streams are shown (open circles), as well as
a hypothetical merged stream (solid squares) formed by
averaging their runoff chemistry. These two particular
source streams were chosen because they are more widely
separated in Figure 3 than any other pair of streams would
be.

As Figure 3 shows, the heterogeneous equilibrium hypoth-
esis accurately predicts the acidification response of the
hypothetical merged stream, even though the two “‘tributar-
ies’’ to this stream have utterly different runoff chemistries
and acidification responses. It is not surprising that the
merged stream responds linearly to changes in Zacids,
because it is formed from the two source streams, which

themselves respond roughly linearly to Zacids. Rather, what
is significant about Figure 3 is that the slopes of the re-
sponses to Zacids in the merged stream are almost exactly
those that are predicted, even though the predictions for the
merged stream are made solely from its runoff chemistry,
without any data describing its geochemically distinct tribu-
taries.

To test the generality of the results shown in Figure 3, we
constructed similar plots for 18 hypothetical merged streams
formed from 18 pairs selected from the 18 source streams.
The 18 stream pairings were selected randomly, subject to
several constraints: (1) no pairings were used more than
once, (2) each stream was used exactly twice, and (3) each
pair had at least 40 shared sampling dates and eight pre-
drought shared sampling dates in common. The range of
runoff chemistries encompassed by these 18 merged streams
is nearly as wide as that represented by the source streams
themselves (Table 1). We repeated the mathematical merg-
ing procedure outlined above for each of these randomly
selected pairs. We then used (2) to predict how each merged
stream, and each source stream, would respond to changes
in acid anion concentrations, again using only the average
runoff chemistry from before the first drought. We compared
these acidification predictions against observed catchment
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behavior for each of the 18 actual streams and 18 hypothet-
ical merged streams. We then condensed these results by
comparing the predicted slopes (e.g., the slopes of the
predicted lines in Figure 3) with the regression slopes of the
data for each stream.

Figure 4 shows the predicted slopes and the observed
regression slopes of the acidification responses of the real
source streams (open symbols) and the hypothetical merged
streams (solid symbols). As Figure 4 shows, (2) correctly
predicts the overall magnitude of the average acidification
response by each ion across the 18 sites, and correctly
predicts the differences in response between the different
sites. Equation (2) predicts the acidification response of the
merged streams approximately as well as it predicts the
response of the individual source streams.

In a sense, this result is not at all surprising. It is likely that
the individual source streams are themselves derived from
spatially heterogeneous catchments. Spatial variability,
comparable to that generated artificially in our mixing exper-
iment, is probably present naturally in our source stream
data as well. If (2) were vulnerable to the effects of spatial
variability, its predictions would probably not be valid for
either the real source streams or the hypothetical merged
streams. However, instead, the heterogeneous equilibrium
hypothesis successfully predicts the behavior of the source
streams, despite the spatial heterogeneities that are present.
Across our 18 source streams, the predictive reliability of (2)
is not diminished as catchment size (and, by implication,
complexity) increases, even though catchment area varies
by over two orders of magnitude, from 1 to 465 ha (Figure 5).

In the numerical experiments performed above, streams
were mathematically merged in a 1:1 mixing ratio. However,
in real catchments, changes in hydrologic regime may alter
the relative amounts of runoff coming from different source
regions, and thus alter the chemistry of catchment runoff.
Here, we illustrate how the mixing ratio of two sources can
affect the chemical response to changing acid anion concen-
trations by mathematically merging the two source streams
shown in Figure 3 at three different mixing ratios. As Figure
6 shows, the merged runoff’s response to acid anion concen-
trations varies continuously with the mixing ratio. Nonethe-
less, the observed response to acid anions at each mixing
ratio agrees reasonably well with predictions made from (2)
using the predrought average runoff chemistry at that mixing
ratio (Figures 6 and 7).

Note, however, that the predrought average runoff chem-
istry at one mixing ratio is not a good predictor of acidifica-
tion response at another, very different, mixing ratio. That

Fig. 3. (Opposite) Chemical responses of a hypothetical mixed
stream (solid squares) and its two source streams (open circles) to
changes in acid anion concentrations compared to responses pre-
dicted by (2) (lines). The mixed stream has predictable chemical
behavior, even though it is formed from two source streams with
very different chemical characteristics. The lines shown are pre-
dicted relationships, not regression lines. The slopes of the pre-
dicted lines were derived from (2), using average runoff chemistry of
samples taken before onset of 1987 drought (large open circles).
Data for extremely high acid anion concentrations (Sacids > 800
wequiv L") are omitted here and omitted from regression relation-
ships in Figure 4. Only data for shared sample dates (see text) are
shown here; the source stream data therefore differ slightly from
those presented by Kirchner et al. [1992].
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Fig. 4. A comparison of predicted and observed chemical re-
sponse to acid anion changes in 18 source streams (open symbols)
and 18 hypothetical merged streams (solid symbols) for six chemical
variables. The diagonal line indicates perfect agreement between
predicted and observed buffering behavior. The chemical behavior
of the merged streams is as predictable as the chemical behavior of
the source streams. The merged streams were formed by mathemat-
ically mixing runoff from randomly selected pairs of source streams
(see text). For each stream, the predicted line and observed data (as
is shown in Figure 3) become a single point here, with the horizontal
axis indicating the slope of the predicted line and the vertical axis
indicating the slope of the observed data. Predicted slopes, like
slopes of lines in Figure 3, were derived from average predrought
streamwater concentrations using (2). Observed slopes were calcu-
lated by least squares regression, using all samples, both predrought
and postdrought. Error bars show standard errors of prediction and
standard errors of regression, where larger than plot symbols. Only
data for shared sample dates (see text) are shown here; the source
stream data therefore differ slightly from those presented by Kirch-
ner et al. [1992].
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Fig. 6. Predicted and observed chemical response to acid anion
changes in two source streams (open circles) and three hypothetical
mixtures, formed by mathematically combining the source streams
in three different mixing ratios. The predicted lines for each mixing
ratio generally describe the observed chemical response for that
ratio, but do not describe the trends observed at other mixing ratios.
The lines show relationships predicted from average predrought
stream water concentrations (large open symbols) using (2). Similar
plots are not shown for the sum of base cations (as in Figure 3)
because for these data, the different mixing ratios cannot be distin-
guished visually.

is, in Figure 6 the slope of the predicted line for one mixture
is not generally a good estimate of the acidification response
for the other mixtures. Similarly, in Figure 7 the predicted
and observed acidification slopes generally fall close to the
1:1line, but the predicted slope (x axis value) for one mixing
ratio and observed slope (y axis value) for another ratio
would cross at a point far from the line of perfect agreement.
Runoff chemistry observed during one hydrologic regime
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Fig. 7. Predicted and observed slopes of relationships between
acid anion concentrations and base cations, acid neutralizing capac-
ity, inorganic aluminum, and hydrogen ions in two source streams
(open symbols) and three hypothetical mixtures formed from them
at different mixing ratios (solid symbols). The diagonal line indicates
that the observed regression slopes coincide with those predicted by
(2). Both the predicted and observed slopes for the merged streams
form a continuum between the source stream values. For each
mixing ratio, the predicted and observed slopes coincide closely, but
slopes predicted for one mixing ratio are different from those
predicted or observed at other mixing ratios.

(and therefore one mixing ratio) can be a reliable predictor of
acidification response under those hydrologic conditions,
but it may not be a reliable predictor for other flow regimes.

In some catchments, runoff chemistry responds strongly
to changes in discharge (and, by implication, changes in the
relative proportions of flow from different source regions). In
these catchments, changes in hydrologic regime can obscure
the chemical response to changing acid anion concentra-
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tions. Imagine, for example, a single data set encompassing
a range of discharge corresponding to all of the different
mixing ratios shown in Figure 6. If all of these mixing ratios
are plotted together, the relationship between acid anions
and other chemical variables (for example, ANC, Al;, or
H*) will be indistinct. Even though Sacids has clear effects
on these variables at each mixing ratio, these effects can be
obscured when different mixing ratios are combined. In a
companion paper [Kirchner et al., this issue], we describe
ways to separate these two effects in runoff chemistry data.
Here, we simply note that if catchment runoff chemistry is
strongly dependent on discharge, the relationship between
acid anion concentrations and other chemical variables may
not be obvious in the runoff chemistry data. If heterogeneous
equilibrium holds, (2) should correctly describe the chemical
response to changing acid anion concentrations, even if a
particular data set does not show that relationship clearly.
Thus the buffering behavior of spatially heterogeneous
catchments is geochemically predictable, even if it is ob-
scured by other factors in catchment time series data.

Our results suggest that catchment spatial heterogeneity
does not necessarily invalidate predictions derived from
spatially aggregated (or ‘‘lumped’’) geochemical models.
This is not to say that such models are necessarily valid; they
may suffer from other problems (e.g., unrealistic premises,
unidentifiable parameters, or inappropriate formulations for
important catchment processes). Therefore our results
should not be interpreted as a general endorsement of
aggregated geochemical models. Our results suggest only
that the assumption of spatial uniformity, while clearly
unrealistic, does not by itself compromise geochemical pre-
dictions of one particular type: predictions of chemical
response to changes in acid anion concentrations under a
given hydrologic regime (and thus a given mixture of flows
from each source region).

Our results indicate that the chemical response of spatially
heterogeneous catchments to changes in acid anion concen-
trations is functionally equivalent to the chemical response
expected for a spatially homogeneous catchment with equiv-
alent bulk runoff chemistry. Equation (2) does not require
any direct information about either the runoff chemistries of
the individual source streams, or the geochemical properties
of the catchments that they drain; it uses only the geochem-
ical information contained in the average bulk chemistry of
the merged stream. In other words, when applied to the
merged stream, (2) does not ‘‘know,”” nor does it need to
know that its input data come from a heterogeneous catch-
ment (nor, indeed, does it need to know anything in partic-
ular about the nature of the catchment’s heterogeneities).
Some aspects of catchments’ chemical behavior can be
accurately predicted without identifying individual source
regions, characterizing their geochemical properties, and
mapping the hydrologic flow paths that connect them. This
greatly simplifies the problem of predicting the geochemical
behavior of spatially heterogeneous catchments.

CONCLUSIONS

Because catchment geochemical processes have nonlinear
governing equations, spatial heterogeneities may not simply
average out in model predictions of catchment geochemical
behavior (Figure 1). The magnitude of this effect can be
calculated (equations (3) and (4)) from estimates of the
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nonlinearity in the governing equations and estimates of the
variability in catchment geochemical properties (or measure-
ments used to infer those properties). We use geochemical
methods [Kirchner, 1992] that predict catchment acid buff-
ering directly from catchment runoff chemistry to examine
the effects of spatial heterogeneity on predictions of catch-
ment geochemical behavior. The distortions introduced by
spatial heterogeneity should be relatively small (equation
(5)), because the governing equation (equation (2)) is not
strongly nonlinear. This theoretical result is tested by math-
ematically mixing runoff chemistry data from chemically
diverse streams, and testing whether the acid buffering
behavior of this mixed runoff can be accurately predicted
from its bulk chemical composition (Figures 2 and 3).

Acid buffering in mathematically mixed runoff from 18
randomly selected pairs of chemically diverse streams is
comparable to a priori geochemical predictions derived from
the mixed runoff (Figures 3 and 4). In other words, spatially
heterogeneous catchments and spatially homogeneous
catchments with equivalent runoff chemistry have function-
ally equivalent responses to changes in acid anion concen-
trations. Equation (2) is an equally reliable predictor of
catchment acid buffering in the artificially mixed runoff, and
in the individual source streams themselves (Figure 4).
Furthermore, in the 18 actual source streams, the predictive
reliability of (2) is uncorrelated with catchment size and, by
implication, catchment spatial complexity (Figure 5). These
results show that catchment spatial heterogeneity need not,
by itself, undermine the reliability of geochemical predic-
tions of catchment buffering behavior.

In some catchments, changes in hydrologic regime will
alter the relative contributions to runoff flowing from
geochemically distinct sources, and thus affect runoff chem-
istry. Where runoff chemistry is strongly dependent on flow,
bulk runoff chemistry under a given flow regime (and thus
mix of sources) should generally be a reliable predictor of
catchment acid buffering under that flow regime, but will not
generally be an accurate predictor for other hydrologic
conditions (Figures 6 and 7). If catchment runoff chemistry
data encompass a wide range of flow conditions, changes in
discharge may obscure the catchment’s chemical response
to changing acid anion concentrations.

The chemistry of each hypothetical ‘‘merged’” stream
contains no information describing the chemical behavior of
its individual source streams or the geochemical properties
of their catchments. It nonetheless yields valid predictions of
whole-catchment response to changes in acid anion concen-
trations. Predicting the geochemical behavior of spatially
heterogeneous catchments does not necessarily require spa-
tially disaggregated geochemical data. Acid buffering can be
predicted directly from runoff chemistry in spatially hetero-
geneous catchments, even if the individual source regions
cannot be identified and their geochemical characteristics
are unknown.
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