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Introduction

Hydrology and ecology have in common an almost
complete lack of fundamental theory unique to those
fields. That is, there are few theorems which are
aways given pre-eminence where conflicts arise
among modelling constraints (sensu Dooge 1992).
Therefore where the potentia exists to identify and
express basic, novel principles in either of these
sciences, it should spawn general interest and debate.
The purpose of this essay is to review and discuss a
theory that bridges both ecology and hydrology, but
has had apparently little impact on those fields since
its publication more than 13 years ago. Given chang-
ing perceptions of where these sciences are heading,
in this essay we argue that thistheory offers powerful,
useful and credible paradigms for both of these fields
of research, and perhaps an apotheosis for the emer-
gent field of ecohydrology.

Although increasingly quantitative, ecology
remains largely descriptive and empirical, with the
development of theory till at a stage of defining con-
cepts and relationships. Pomeroy, Hargrove & Alberts
(1988) noted that those few general principles emerg-
ing from ecology (e.g. successional theory, Liebig's
‘law’ or the stability—diversity relationship) are still
contentious. Even the much-touted hierarchy theory
(Allen & Starr 1982; O'Neill et al. 1986) is perhaps
better termed an analytical framework, in that it is
essentially atool for structuring mathematical models
to simulate multiscale phenomena (Shugart & Urban
1988). Formal statements of relationships exist in
ecology, but originate in the chemistry or mathemat-
ics of mass transfer, or are derived entirely from the
theory of evolution and propertiesimplicit in that the-
ory (Mclntosh 1981); it is questionable as to whether
ecology has any fundamental theory of its own
(Loucks 1981; Peters 1991). Whittaker & Levin
(1977) went so far as to assert that ecologica theory
should focus more on ‘the analysis, interpretation,
comparison and modelling of cases rather than widely
applicable generadization’. This statement perhaps
reveals a different meaning to the term theory, as used
in ecology, than in more traditional science philoso-
phy (e.g. Popper 1959).

Possibly because modern hydrology is adso a rela-
tively young scientific discipline, the development of

itstheory isin a state equivalent to that of ecology. It
isironic that Bras & Eagleson (1987) used ecological
terminology when describing the science of hydrol-
ogy as a ‘vacant niche'. Klemes (1988) argued that
modern hydrology was driven chiefly by technology
as opposed to theory. Dooge (1992) stated that while
for many years he had considered that ‘there was no
fundamental theorem in hydrology which would per-
vade the whole of hydrologic theory’, he concluded
that at least the lumped form of the continuity equa-
tion qualifies as a pre-eminent principlein hydrology.
An interesting coincidence of perspectives on this
situation has appeared in recent ecological and hydro-
logical literature, independently drawing parallels to
the need for, and development of, statistical mechan-
icsin physics. Thistheoretical strategy was developed
as a means to overcome the inherent limitations of
analytical mechanics in complex systems by instead
studying the emergent properties of aggregates of
large numbers of interacting objects. Most ecologists
recognize the infeasibility of aggregating the myriad
independent observations of organism and interaction
into an ecosystem model that reveds larger-scale
phenomena; in fact, this reductionist approach
(‘bottom-up’ sensu Caldwell et al. 1993) is often seen
asthe antithesis of ecosystem science, butisimplicitin
much of biology (Shugart & Urban 1988). While eco-
logists recognize that large-scale phenomena can be
reduced to biological and physical laws, this does not
imply the ability to start from those laws and recon-
struct an ecosystem. ‘Top-down’ approaches, linked
hierarchically to our understanding of mechanism at
finer scales, is now a dominant paradigm for the way
forward in ecology (O’ Neill et al. 1986; Levin 1993).
Philosophical and practical problems with the bot-
tom-up approach in hydrology have been discussed
for some time (Woolhiser 1971; Beven 1989; Hauhs
1990; Barnes 1993; Wheater, Jakeman & Beven
1993; Hatton, Dawes & Waker 1994). Dooge (1986)
suggested that in hydrology’s efforts to develop the-
ory for large systems, perhaps we should *attempt to
find simple equilibrium laws at the macroscale in
much the same way as in the statistical mechanics
approach’, and offered a few historica examples of
where this had been (successfully) attempted, e.g.
Horton (1945), Shreve (1966), Gupta & Waymore
(1983), Rodriguez-Iturbe & Vades (1979) and
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Ealgeson (1978s, 1982). Dooge (1988) offered amore
complete review and theoretical discussion of the use
of statistical mechanics and the concept of maximum
entropy in hydrology. Nevertheless, much of modern
hydrology is characterized by the adaptation of point
scale physical models and the transformation of
parametersto alarger scale of application.

In this context, the work of Peter Eagleson and
colleagues (Eagleson 1978a—g, 1982, 1994,
Eagleson & Tellers 1982; Diaz-Granados, Valdes &
Bras 1984; Eagleson & Segarra 1985; Arris &
Eagleson 1994; Salvucci & Entekhabi 1994ab,
1995) is particularly relevant in that it bridges eco-
logy and hydrology in a statistical—dynamic approach
which derives large-scale hydrologic behaviour
based on a hypothesized equilibrium between the
hydrological and biological components of ecosys-
tems. Using probability density functions for cli-
matic variables in combination with simplying
assumptions about hydrologic processes justified on
amechanistic basis, Eagleson (1978a—g) was able to
derive the statistical distributions of hydrologic
response on the basis of five key surface parameters
(three related to the soil and two to the vegetation).
By adding three ecological constraints to the theory
(discussed at length below), Eagleson (1982)
asserted that the space- and time-averaged hydro-
logic response could be inferred from a knowledge
of climate and the extent of the vegetation cover,
even with little direct knowledge of soil properties.
Further, aknowledge of the hydrologic response of a
system can inversely provide insight into the struc-
ture and function of the vegetation-soil system. Thus
at once we have a predictive, testable theory of rele-
vance to both ecological and hydrological systems at
scales involving levels of natural complexity which
otherwise preclude a ‘bottom-up’ approach. So why
has this theory not been adopted, tested or applied to
any significant extent outside of the group from
which it originated, while it is apparently consistent
with the research directions advocated by visionaries
separately in both ecology and hydrology?

This essay hasthree major objectives. Thefirstisto
recapitul ate Eagleson et al.” s basic ideas, commenting
on how the assumptions and implications of the the-
ory relate to other ideas in ecology, hydrology and
geomorphology. The second objectiveisto review the
impact of these ideas and to discuss why they have not
had moreinfluence. Thefinal objectiveisto assessthe
relevance and attractiveness of the theory to current
research challenges in ecology and hydrology, and to
suggest how the theory might be modified for specific
applications.

Theequilibrium water balance

The ecological optimality hypotheses are posed
within Eagleson’s statistical—-dynamic model of equi-
librium water balance (Eagleson 1978a-g), a one-

dimensional representation of soil moisture dynamics.
The model statistically aggregates over the high-fre-
quency temporal variability in climate forcing (e.g.
storm intermittency) to solve the partitioning of
annual precipitation into yield and evaporation in
terms of the temporally effective, vertically averaged
equilibrium soil moisture. Appreciation and evalua-
tion of the subsequent ecologica hypotheses
(Eagleson 1982) used to relate vegetation cover to soil
and climate depends on an understanding of the struc-
ture of the general model (Eagleson 1978a—g), which
we briefly review asfollows.

The land-surface moisture dynamics are repre-
sented by the concentration-dependent diffusion
equation (i.e. Richard’'s equation). Eagleson (1978c)
modified Philip’s (1960) solution to this equation to
incorporate a distributed vegetal root sink, and intro-
duced the Brooks & Corey (1966) model of unsatu-
rated soil hydraulic properties to express storm and
interstorm surface fluxes in terms of soil parameters
(see below), time and relative soil saturation. These
modified solutions were then averaged over the
ensemble of surface boundary conditions arising from
a Poisson arrival of rainstorms (Eagleson 1978b).
These storms, of exponentially distributed intensity
and duration, and the mean potential evaporation rate
applied during the interstorm period, form the climatic
forcing in the model. In this way, the dependence of
the expected vaue (E[]) of the surface fluxes, i.e.
stormiinfiltration (E[l;]) and interstorm bare-soil exfil-
tration (E[Eg]) on climate are found. The moisture
extracted by theroot sink istranspired at some propor-
tion, k,, of the bare-soil potential evaporation rate,
providing a simple, species- and climate-dependent
parameterization for the expected value of the inter-
storm evapotranspiration rate (E[E;]).

The soil moisture diffusion processes occurring in
the root zone are assumed to dampen the weather-
induced variation in surface boundary conditions
resulting in a steady-state lower boundary condition
representative of the expected values for the percola-
tive (v) and capillary rise (w) fluxes (Salvucci &
Entekhabi 1994b). These steady-state bottom fluxes
and the event-based surface fluxes are then trans
formed into annual means by summing the product of
the event flux and number of events with the product
of the steady flux and the mean season length.

The mean annual water balance is determined by
imposing continuity of these annual mean fluxes
through the soil column; the soil moisture value at
which this condition is satisfied is the equilibrium soil
moisture, s,. This water balance condition may be
stated:

E[Pa] =E[ET, (So, climate, soil, vegetation)]

+E[Rya (So, climate, soil)]
+ E[Raa (So, Climate, soil)]

egnl

where P, is annual precipitation (cm), ET4 is annual
total evaporation (sum of bare soil evaporation and
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transpiration, weighted by respective area fraction
covered (cm), Rea isannual infiltration excess surface
runoff (cm), Ry is annual groundwater runoff (cm)
and s, is equilibrium soil moisture concentration.

The dependence of these fluxes on climate, soil
and vegetation is expressed through the following 14
physically meaningful (and realistically obtainable)
parameters: climate, where €, is time-averaged
potential bare-soil evaporation rate (cms™), T, is
annual average temperature (°C), my, is mean time
between storms (s), m, is mean storm duration (s), k
is shape parameter of gamma distribution of storm
depths, mp, is average annual precipitation (cm) and
m. is mean length of rainy season (s); vegetation and
land surface parameters, where M is vegetated sur-
facefraction (cover); k, is potential transpiration effi-
ciency relative to bare soil evaporation and hg is sur-
face retention capacity (cm); soil parameters, where
k(1) is saturated effective intrinsic permeability
(cm?), cis pore disconnectednessindex, nis effective
medium porosity and (1) is saturated soil matrix
potential (cm).

Through comparison with detailed numerical flow
simulation under avariety of climate and soil condi-
tions, the statistical dynamical model represented by
equation 1 has been shown to provide an analytic
aternative to numerical simulation of effective
moisture flow (Salvucci & Entekhabi 1994a). The
above-water balance framework, consisting of one
equation and 14 parameters, is less useful than it
would be if some or all of the below-ground (soil)
parameters could be eliminated by invoking addi-
tional constraints (equations). The ecological opti-
mality hypotheses of Eagleson (1982) provide these
constraints.

The ecological optimality hypotheses

Eagleson (1982) proposed three ecological optimality
hypotheses regarding the expected state of vegetation
in a natural, undisturbed ecosystem in an equilibrium
state:

1. Over short time scales (say, within one or a few
generations), the vegetation canopy density (M) will
equilibrate with the climate and soil to the value at
which equilibrium soil moisture (s;) will be maxi-
mized; the value of this optimal canopy density (M)
can befound as:

O

—D _ =0,M=M,.
M Lk, climate, soil

egn 2

Provided M and k,, are independent, thisis equivalent
to minimizing evaporation and can be written:

OE[ET,]
, =0,M=M,.
M D@ climate, soil

2. Over longer time scales (afew generations), species
will be selected whose potential transpiration effi-

egn 3

ciency (k,) result in the maximum equilibrium soil
moisture. Mathematically,

%o ak =
&VDw,cnmaxe, soil ~ K=o

3. Over much longer time scales (commensurate with
landscape evolution), vegetation will alter soil physi-
cal properties toward equilibrium values at which the
optimal canopy density (M) of equation 2 isitself at a
maximum value (because at maximum M, the poten-
tia for biomass growth, assumed proportional to
canopy water use M xk, xe,, will be at a maximum).
The soil physical properties assumed to change in
accordance with this long-term optimization are the
saturated intrinsic permeability, k(1), and the soil pore
disconnectednessindex, c. Mathematically:

Mo

egn4

=0 n5
(1) D: climate &
and:
M

° egn 6

- =0
& Lk(1), climate

The long-term equilibrium canopy density for which
equations 5 and 6 hold simultaneoudly is considered
the climatic climax density My*. Simultaneous use of
equations 3-6 and the water balance equation 1
reducesthe original set of one equation and 14 param-
eters to the original equation and 10 parameters (all
but two above ground).

It is worth noting that even without the ecological
constraints on the formulation, three parameters found
amost universaly in ecohydrologica models (soil
depth, available water-holding capacity and plant
rooting depth) are avoided entirely. This is not
because of their ultimate irrelevance to process in
nature, but because of the extreme difficulty of esti-
mating these parameters across a landscape. Nor are
the parameters which are included in the model real in
any ultimate sense; they are effective parameters
which control the rates of inputs and outputs and
enable a representation of the dominant behaviour of
the system.

Relationship to other ideasin hydrology and
ecology

It is useful to ask how consistent Eagleson et al.’s
assumptions and concepts are with mainstream hydro-
logical and ecological research, and to trace the roots
of these ideas in works that predate Eagleson
(1978a) and Eagleson (1982). The basic modelling
approach to the water balance was not, in any funda
mental sense, novel to hydrology. In recognizing that
we must retain in our models the underlying (deter-
ministic) physical processes while acknowledging
uncertainty in the spatial and temporal configuration
of the system, Eagleson (1978a) proposed a frame-
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work which replaced (real) spatial complexity with an
idealized deterministic configuration of physical ele-
mentswhich preserved the essential hydrological rela-
tionships among responses. Further, the input climatic
variables are recognized as fundamentally stochastic
and are thus represented as probability distributions.
AsEagleson (1978a) noted, this approach isknown as
derived distributionsin applied statistics and as statis-
tical mechanicsin applied mathematics and thus as an
approach is well established in the modelling litera-
ture in genera (e.g. Wymore 1967) and hydrology
specifically (e.g. Eagleson 1972; Carlson & Fox 1976;
Klemes 1978; Rodriguez-Iturbe & Valdes 1979; Diaz-
Granadoset al. 1984).

The scientific credibility of such approaches to
applied hydrological problems must be assessed
against the alternatives, in particular the deterministic,
complex and dynamic numberical approaches which
currently dominate the hydrological (and ecohydro-
logical) literature and whose deficiencies have been
widely discussed. These deficiencies arise over the
impossibility of obtaining the data necessary to test
adequately or validate models with so many
unknowns in the face of natural variability (Oreskes,
Shrader-Frechette & Belitz 1994), and the great
uncertainties which arise in attempting to aggregate
numerically processesin space and time (Bevan 1989;
Wheater et al. 1993). Most predictive ecohydrological
models attempt to couple energy, water, carbon and
geochemical processesinanapriori, numerical book-
keeping fashion in which the interactions among the
diverse and complex ecosystem components are gen-
eraly constrained only by conservation and/or conti-
nuity equations, eg. the FOREST.BGC model
(Running & Coughlin 1988), TOPOG_IRM (Hatton
et al. 1992) or BATS (Dickson et al. 1986). In such
models, any assemblage of climate, landscape and
vegetation is in theory permissible, and the simulated
responses necessarily obey no overriding theory of
ecohydrological behaviour. For example, any combi-
nation of rainfall, soil hydraulic conductivity, vegeta-
tion cover and plant rooting depth may be specified,
even if such an assemblage does not (and cannot) exist
in fact. The necessarily large parameter space defined
by such models results in their questionable value for
application in the real world (Beven 1989, 1993;
Barnes 1993). Hatton et al. (1994) suggested that
much of the information required by these models,
particularly below ground, is essentially unknowable
in any direct (spatial) sense. The equilibrium frame-
work, coupled with ecological optimality constraints,
minimizes the onus of system parameterization while
retaining an underlying framework based on concepts
familiar to physicists, hydrologists and physiologists.
However, we recognize that to a certain extent, com-
plex physica models as exemplified above are per-
haps intended for different purposes and we do not
preclude the possihilities for crossfertilization of
ideas between the two approaches discussed herein.

Indeed, they share common roots in the physical for-
mulations upon which they are based and thus have
the potential to exchange and build upon their respec-
tive process representations.

Theideathat there is some natural balance between
climate, vegetation and soil is also not new. The
notion of a climax condition of vegetation at a given
site [Eagleson’s (1982) first two hypotheses express
this notion in hydrological termsonly] is at least 100
years old. Clements (1936) asserted that most of an
area in a state of nature was in the climax condition
and disturbed areas occupied a minor portion of the
regional climax because disturbances were unusual
events; if many modern ecologists see equilibrium
reached rarely (if ever), much recent ecosystems mod-
éling tacitly assumes the existence of, and trend
toward, an equilibrium. Bormann & Likens (1979),
for example, commented that their extended studies of
ecosystem development of northern hardwoods forest
at Hubbard Brook assumed the steady-state condition.
Pomeroy et al. (1988) noted that when photosynthe-
sis, respiration, assimilation and transpiration are
measured at the ecosystem level, we see remarkably
stable rates in spite of successional changes. There
seems to be an element of self-regulation in ecosys
tem process, at least until some threshold of stressis
reached and the system collapses. In general, how-
ever, there remains a dichotomy between the view of
succession as a collection of population processes
dependent on the life-history strategies of the compo-
nent species as against the concept of a sere as an
ecosystem process leading to the development and
evolution of an emergent entity (Mclntosh 1981).
From a practical point of view, however, Bazzaz
(1993) maintained that irrespective of the level of
detail required in examining ecological function, con-
ceptual aggregation is essential, because without
some aggregation the task of assessing the response of
ecosystems within the time frame required to assess
and redress human impactsisimpossible.

The ideathat the development of this climax condi-
tion of vegetation is co-dependent on the devel opment
of the soil landscape [Eagleson’s (1982) third hypoth-
esis| goes back at least to Dukuchaiev (in Glinka
1927), Higlard (1914) and Jenny (1941). It is well
accepted that biotainfluence soil and geomorphic pro-
cesses and that biological and geochemical or geo-
morphic changes do not proceed independently (Eyre
1968; Schimel, Stillwell & Woodmansee 1985; Pastor
& Post 1988; Bazzaz 1993). Eagleson (1982) argued
on the basis of work by L’vovich (1979) and Eyre
(1968) that, with time, vegetation modifies (moder-
ates) the hydraulic characteristics of parent material
toward values which maximize vegetation production
(i.e. sandy soils become richer and more water-reten-
tive; clayey soils become more porous and conduc-
tive). Clearly, land surfaces for which this criterion
might apply must have sufficient age to reflect this
moderating influence by vegetation but not so old as
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to develop severe limitations owing to limitations
other than water. A significant example of the latter
phenomenon was described by Walker et al. (1981),
in which productivity decreased with increasing age
of very old dune systems owing to a progressive loss
of nutrients from the system.

Although the hydrological equilibrium idea for
vegetation cover is attributed in recent literature (e.g.
Nemani & Running 1989; Pierce et al. 1993; Hatton
& Wu 1995) to Grier & Running (1977) or Gholz
(1982), in Australia the quantitative form of thisidea
goes back at least to Specht (1972). In this latter
paper, Specht used a simple water-balance equation
on a monthly timestep to characterize the water-use
behaviour of perennial evergreen plant communities
across a wide range of sites and climates, using as
inputs only potential evaporation, rainfall, the sail
moisture-holding capacity, and an empirically deter-
mined coefficient relating available soil water to the
ratio of actual to potential evaporation. He demon-
strated that this coefficient is linearly and closely
related to projected foliage cover of diverse
Australian evergreen plant communities ranging in
cover between 18 and 88%. Eagleson (1982) traced
the idea back to Rosenzweig (1968), who argued that
where water limits productivity, there may be some
optimal efficiency of water utilization that is
approached in both short-term succession and long-
term evolution, and to Budyko (1974) and Larcher
(1975), who independently proposed that there is
some optimum value of leaf areaindex at which vege-
tation productivity reaches its maximum with plenti-
ful water. This modelling constraint appears to be rea-
sonably well accepted among ecologists and is thus
something more than a mathematical convenience.

Eagleson’s notions of ecohydrological optimality
with respect to the balance between productivity and
water use reflects other ideas about optimal behaviour
from ecophysiology and ecology. The most relevant
and notable of these is Cowan’s (1977, 1978, 1982)
paradigm connecting photosynthesis and stomatal
conductance by hypothesizing an optimal behaviour
defined by the availability of soil water. Cowan
argued that over any given period of time, the average
assimilation of CO, (A) could not be increased with-
out increasing transpiration (T) over the same period.
There is some non-linear relationship between A and
T which defines the increasing cost to the plant in
terms of water loss as the benefits from assimilation
increase, the slope of which is equivalent to the unit
marginal cost. Optimization requires that the plant
maintain the unit margina cost uniform in al leaves
and constant in time. Although this theory is
expressed at the leaf level, Cowan (1982) anticipated
its application to the whole plant. Other paradigms of
optimal vegetation behaviour with respect to resource
availability were presented by Gutschick, Pushnik &
Swanton (1988), Hilbert (1990) and Running &
Gower (1991). If the idea of optimization in natureis

essentially phenomenological  (sensu  Reynolds,
Hilbert & Kemp 1993), it nevertheless can serve to
describe a property of the system directly at the level
of interest (e.g. ecohydrological response) while
retaining some general understanding and representa-
tion of process.

How reasonable is the generalization that plant
cover involves an equilibrium with the availability of
water only? For how much of the earth’ s land surface
does this assumption hold, as opposed to biomes in
which plant cover is controlled by nutrients, tempera-
ture or radiation as well? Clearly the theory does not
hold for the Antarctic, nor for icefields el sewhere. For
much of the earth, however, there seems to be a gen-
eral relationship between climate and vegetation
(Holdridge 1947; Mather & Y oshioka 1968) which
does not need to invoke additiona information, such
as plant nutrition or soil type. Thisin no way validates
the details of the Eagleson equilibrium framework,
but at least suggests that the lion’ s share of variancein
plant cover at the regional or globa scale can be
accounted for without invoking additional constraints
on productivity other than climate. A number of geo-
graphically local studies support this idea (Grier &
Running 1977; Eaglesoni & Segarra 1985; Nemani &
Running 1989; Pierce et al. 1993; Arris & Eagleson
1994).

In amajor review of controls on the distribution of
Eucalyptusin Australia, Adams (1995) challenged the
dominant paradigm, traced back to Beadle (1954),
that nutrients delimit vegetation types on that conti-
nent. Adams argued that nutrient recycling supplies
most of the nitrogen and phosphorus (and other nutri-
ents) required for tree growth in forest and woodlands
and therefore that water availability is the dominant
control on vegetation in geologically old landscapes.
This rather counter-intuitive notion was supported by
anumber of studies cited and by the theoretical argu-
ment that time, and its consequence for changesin cli-
mate, organisms and topographic relief, is the domi-
nant influence and parent material a lesser influence
on soil properties. This idea echoes the previously
stated ideas regarding Eagleson’s third ecological
optimality hypothesisand is consistent with assertions
by Stark (1994) regarding the diminishing influence
of parent material with time as soils age. At the land-
scape scale, patterns of species distributions and rates
of growth in a number of cited studies in Austraia
were related to landforms and landscape position (and
their conseguences to the availability of water). This
isnot to say that the equilibrium framework under dis-
cussion could not accommodate additional ecological
congtraints like nutrition, but model parsimony and
the limited availability of spatial and tempora infor-
mation on below-ground ecosystem properties argue
that such constraints must be of prime importance
before such model complications are warranted. In
this sense, the value of Eagleson’ stheory isinthe gen-
eration of an expectation of plant cover (which can be
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assessed synoptically via remote sensing, for exam-
ple); this null hypothesis is testable and where found
failing, can be a useful tool in identifying where non-
climatic climax conditions exist.

Theimpact of ecological optimality theory on
ecohydrology

The impact that Eagleson et al.’s parameterization of
hydrological equilibrium theory and ecological opti-
mization has had on the field of ecohydrology is lim-
ited. Papersciting thiswork often only refer, almost in
passing, to the principles or concepts rather than their
mathematical formalizations (e.g. Rambal 1987,
Nemani & Running 1989; Choudhury 1991; Joffre &
Rambal 1993; Pierce et al. 1993; Hatton & Wu 1995).
Research adopting the formalizations originate almost
exclusively from within the group that developed the
framework (e.g. Eagleson & Segarra 1985; Arris &
Eagleson 1994; Salvucci & Entekhabi 1994a,b, 1995).
A notable exception to thisis the SESOIL hydrologi-
cal model applied by Hetrick et al. (1986), but note
that this implementation does not include the ecologi-
cal optimality constraints. In this work, the equilib-
rium approach to modelling the soil water balance
was shown to perform as well as a much more
complex numerica hydrological model. Only
Chavez, Soorooshian & Davis (1994) employed the
optimality ideas in hydrologic parameter estimation,
but without testing their applicability.

Ecological optimality: quo vadis?

From the perspective of ecohydrology, a reading of
Eagleson (1978a-f, 1982) quickly reveals a major
impediment to adoption of this approach: the concep-
tual model is often subtle and foreign to the non-engi-
neer and the mathematical formalization is extremely
complex. The solution space is presented in a way
unfamiliar to most ecologists. We argue that this lack
of accessibility has hindered the impact of equilibrium
theory to a far greater degree than any controversy
over its assumptions or concepts.

A further impediment would appear to be the mod-
ern hydrological fashion toward complex, dynamic,
distributed-parameter numerical models such as SHE
(Abbott et al. 1986), TOPMODEL (Beven & Kirkby
1979), THALES (Grayson, Moore & McMahon
1992), TAPES-C (Moore, O’ Loughlin & Burch 1988)
and TOPOG (Vertessy et al. 1993; Dawes & Short
1994), and the tendency in ecohydrology to hybridize
(and further complicate) these models with ecophysi-
ological representations of vegetation behaviour asin
TOPOG_IRM (Hatton et al. 1992; Vertessy et al.
1996) and RHESSys (Band et al. 1991, 1993; Band
1993). Even more ambitious were Lauenroth et al.
(1993), who proposed linking a number of already
complex ecosystem models operating at different
scales. As Beven (1989) pointed out, these models

have a role to play in examining the sensitivities of
hypothetical systems, but they hardly add to the theo-
retical understanding of the real world in its true com-
plexity. Perhaps Norman (1993) was right when he
stated that ‘ examples of new paradigmsare difficult to
find because most of us are too deeply entrenched in
past successes to risk much investment in the
unknown’. Klemes (1986) was more scathing in his
consideration of most complex hydrological computer
models, suggesting less time should be spent on ‘the
unscientific concept of mindlessfitting that dominates
contemporary hydrologic modelling’ and more on
“acquiring a deeper knowledge of climatology, meteo-
rology, geology, and ecology’ (our italics). Thisrather
uncharitable point of view is perhaps unhelpful to
those faced with providing real-world answers to
complex, trans-scientific questions through the appli-
cation of complex physica models in the absence of
any practical alternatives. We restate our view that the
development of equilibrium approaches to ecohydro-
logical questionsis not mutually exclusive of the kind
of hydrological modelling exemplified above. Rather,
it iscomplementary.

The equilibrium model is explicitly scaeless; it
may apply to aplot aswell asaregion. Applicationin
practice requires a system in which inputs and outputs
can be measured, which implies a closed catchment.
This being the casg, it is vital to note that the physical
parameters employed in the model are effective ones,
in the sense that they control transfer functions at the
scale of application. For example, an intrinsic perme-
ability used (solved for) within this framework may
not be identical to values of this parameter mapped
anywhere within system (this is a general feature of
physical parameters found by the inverse method in
hydrology). Nevertheless, we know that within aslop-
ing catchment, there are systematic spatial differences
in materials related to surface erosion and deposition
(Daniels & Hammer 1992), as well as the spatialy
systematic availability of soil water (O’Loughlin
1986); in both cases, thisis owing to the lateral redis-
tribution of water within the catchment. The equilib-
rium/optimality framework of Eagleson (1982) takes
no account of these lateral processes and spatially sys-
tematic variations, and thus would predict a uniform
cover of vegetation in catchments with known ripar-
ian areas and associated distinct changesin cover. The
existing framework allows for deep drainage of soil
water (local losses from the system) but makes no
mention of the ultimate fate of this water when it dis-
charges (presumably downslope). Salvucci &
Entekhabi (1995) extended the equilibrium equations
to idealized hillslope shapes, but in the absence of
vegetation and thus without the ecological optimality
constraints. More theoretical development is required
to express the three ecological optimality hypotheses
in a (effective) three-dimensional framework.

The practica need to simulate the function and
form of ecosystems and to project changes in these
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systemsasaresult of human activity is greatly compli-
cated in most landscapes by the lack of knowledge of
what landscapes would look like in the absence of all
disturbance by people. Even discounting atmospheric
impacts, few parts of the earth’ sland surface approach
a pristine condition. Thus, we generadly have few
paradigms of how alandscape shouldfunctionin terms
of its water, carbon and geochemical cycles. We have
no gauge, no theory for the optimal functioning of such
complex systems, nor for the likely effects of perturb-
ing systems from this optimum. Eagleson’ s framework
has the potentia to provide this type of insight: for a
given climate and soil, and in the absence of signifi-
cance disturbance, the theory predicts the extent of
vegetation cover and the hydrologic water balance.
The potentia to link these ideas with the concept of
catchment healthisintriguing.

Does the theory have application in disturbed envi-
ronments? In principle, the model, once parameterized,
can be used to examine the impact of changesin vege-
tation cover or soil properties. Scenario applications,
however, have never been published using this
approach. It would be of interest to perform the kind of
predictive ecohydrology attempted by completely
deterministic spatial models as in Vertessy et al.’s
(1996) application of TOPOG_IRM to the question of
the expected changein catchment water yield following
forest harvesting and subsequent regrowth, or for that
matter simulating the responses of any other of the 94
catchment studies of vegetation change and water yield
summarized in Bosch & Hewlett (1982). In thisregard,
perhaps one direction that equilibrium theory can take
is in accommodating the rates of ecohydrological
change in systems following disturbance or climatic
variability: how quickly and closely do ecosystems
track the (current) optimum? How do we incorporate
notions of thresholds or multiple meta-stable statesinto
the theory? Can we characterize the short-term
optimum aswell asthelong-term equilibrium?

The hydrologic equilibrium and ecological opti-
mality framework offers the possibility of painting,
with abroad brush, the expected degree of land cover
in the absence of disturbance across large regions or
even globally. The applications of this predictive
capability to improved land surface parameterization
of GCMs, the identification of non-climatic climax
conditions, and the prescription of regional revegeta-
tion schemes is obvious. For instance, vegetation
cover has a profound influence on the heat and mois-
ture budgets of the land surface, but in current GCMs
it is a prescribed boundary condition. Such prescrip-
tion does not account for reaction among climate,
soil, and vegetation which in fact determines such
parameters as canopy density (Eagleson 1986).
Furthermore, the equilibrium framework at the same
time enables the quantitative and credible prediction
of local and regional hydrological behaviour, with the
potential to extend these predictionsto the hydrol ogi-
cal impacts of disturbance.

Physics continues to struggle with the issue of scal-
ing process across the hierarchy of scales toward a
unified theory of theforces of nature (Gross 1989) and
much physical experimentation and interpretation is
based on the conscious disregard of forces operating
at other scales. Over avastly more restricted range of
scales and properties, the science of hydraulics has
endeavoured, with much success, to scale fluid
behaviour in highly idealized systems. The child of
hydraulics, hydrology, has utterly failed to produce,
either through aggregation or disaggregation, atheory
that will allow prediction of the correct partitioning of
rainfall at any scale of interest. Dooge (1992) recog-
nized that the development of a corpus of hydrologic
theory was complicated by the immense range of
scales involved, and the changing appearance of phe-
nomena when viewed from different spatial and tem-
poral scale. It is unlikely that a search for a compre-
hensive scaling theory will be successful owing to the
continuing dependence of hydrological response on
the environmental and geologica history over time-
scales also involving changes in climate; these exter-
nal historical and geological forcings greatly limit the
potential for scale-invariant representation of
behaviour (Beven 1995). Adding ecological phenom-
ena to this aready complex system would seem to
prescribe utterly the recognition of scale-dependent
phenomena and their representation in scale-specific
models.

If we cannot start with fundamental laws and recon-
struct what appear as emergent properties of complex
systems, then at each level of complexity the search
for, and understanding of, new behavioursis necessary
and appropriate. Anderson (1972) asserted that such
research is as ‘fundamental’ in its nature as any other,
requiring inspiration and creativity to just as great a
degree asin lower levels of the hierarchy of complex-
ity. In attempting to characterize the emergent proper-
ties and constraints of broad-scale ecohydrological
behaviour, Eagleson and colleages pioneered a credi-
ble and quantitative approach to developing unique
insights into what may appear to be hopelessly com-
plex systems. Perhaps by pursuing, redeveloping and
extending their theory, scientists may |earn more about
the nature of the problemitself, even if not finding the
actual meansto solveit. As Anderson (1972) stated so
succinctly, ‘moreisdifferent’.

It was the intention to explore and document the
credentials, both hydrologically and ecologically, of
the concepts underlying Eagleson’s framework. We
believe that the theory in its latest statements
(Salvucci & Entekhabi 1994ab, 1995), with the
help of this manuscript, is more accessible to both
ecologists and hydrologists. Furthermore, the con-
ceptual abstractions associated with the theory are
defended on a philosophical basis as appropriate to
the analyses of complex systems, and in this sense
may prove an apotheosis to the emerging science of
ecohydrology.
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