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Food-Web Structure and Dynamics:
Reconciling Alternative Ecological Currencnes

James F. Gillooly
Andrew P. Allen
James H. Brown

1 INTRODUCTION

There is a longstanding history of research on trophic relationships in ecology.
Hlstorlcally, most researchers have adopted one of two distinct ecological curren- .
cies to develop theoretical foundations and test theories against data. V

Community ecologists have traditionally used the currency of abundance, :
N, to characterize the structure and dynamics of food webs. They have typlcally”"
taken single species, or small groups of ecologically similar “trophlc species,” as;:
the fundamental units of analysis. They have based their conceptual approaches .
on the theories of population dynamics, species interactions, and evolution by
latural selection. Together these theories comprise the concept of Malthusian-
Darwinian dynamics, which represents the outcome of three kinds of fundamental
individual- and population-level processes:

1. Facultative adaptive changes in performance of individuals. These are of two
basic types: (a) shifts in diet and other patterns of food acquisition by con-
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sumers, including changes in the kinds of prey items in the diet e.g., as pre-
dicted by models of optimal foraging and search images (see Krebs and Davies
1978), and changes in rates of food intake, e.g., as predicted by models of func-
tional responses and satiation (see Holling 1959); and (b) shifts in behavior of
prey to avoid predators, including such things as aggregation, microhabitat
selection, and alteration in the timing of activity.

2. Numerical responses of populations. These include the wide range of popu-
lation dynamics for coupled resource-consumer systems that have been de-
scribed empirically and modeled theoretically (e.g., MacArthur 1955; Yodzis
and Innes 1992; McCann et al. 1998; Turchin 2003).

3. Evolutionary adaptive shifts in resource-consumer interactions. These include
such things as behavioral and evolutionary adaptations of consumers to uti-
lizing new resources and increasing intake and assimilation of particular food
types, and adaptations of prey to altering exposure, apparency, palatability,
and digestability by predators.

Community ecologists have traditionally used these Malthusian-Darwinian
dynamic concepts and more explicit N-currency models to address questions
about the lengths, species diversities, and trophic structures of food chains, and
the topology and dynamical stability of species interaction networks.

Ecosystem ecologists, on the other hand, have traditionally used the cur-
rency of energy, E, to characterize trophic relationships. They have typically
considered trophic levels, dietary guilds, or functional groups—and not species
populations—as the fundamental units of analysis. They have developed theories
and models based on the physical principles of thermodynamics and mass, et-
ergy, and stoichiometric balance. They have typically addressed questions about
fates of energy and materials in ecosystems, such as how differences in abiotic
conditions and biotic composition affect the fluxes and pools of energy, water,
and nutrients and the trophic structure and dynamics of particular terrestrial,
freshwater, and marine ecosystems.

These two contrasting N- and E-currency approaches reflect longstanding
historical specializations and divisions within ecology. The theoretical founda-
tions of the N-currency approach were developed by Alfred Lotka (1925), Vito
Volterra (1926), Charles Elton (1933), and Robert MacArthur (1955), among
others. This seminal work laid the foundation for a flurry of activity in the 1970s
and 1980s in which publications by Cohen (1977; Cohen and Briand 1984), May
(1986), and Pimm and Lawton (1980; Pimm 1982; Lawton 1989) figured promi-
nently. Theoretical foundations of the E-currency approach were most clearly
articulated in Raymond Lindeman’s classic paper on the trophic-dynamic as
pect of ecology (Lindeman 1942). This approach was subsequently adopted and
elaborated in a major research effort led by Eugene Odum (1955), Howard Odum
(1957), Frank Golley (1960), Charles Kendeigh (1961), and their students. De-
spite the efforts of Lotka (1925), Elton (1933), and Hutchinson (1959), among
others, a synthesis of these two divergent perspectives has yet to materialize.
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Brown (1981) has attributed this longstanding division to the contrasting per-
spectives of Eugene Odum and Robert MacArthur, the two most influential
ecologists throughout the last half of the twentieth century. Fundamental differ- -
ences in the approaches of these two schools of ecology led to spirited, sometimes
heated debate. Each school pointed to cases where the other’s theories seemed
to conflict with empirical data and the intuition of field naturalists.

Within the last decade or so, there has been renewed interest in achieving a
more synthetic framework for trophic ecology (Yodzis and Innes 1992; Hall and
Raffaelli 1993; Polis and Winemiller 1996; Kerr and Dickie 2001; Drossel and
McKane 2003; Berlow et al. 2004; Williams and Martinez 2004). In particular,
there has been progress made in linking the N and E currencies (Yodzis and
Innes 1992; McCann et al. 1998; Kerr and Dickie 2001).

We believe recent advances toward a metabolic theory of ecology (e.g., Allen
et al. 2002; Gillooly et al. 2002; Brown et al. 2004; Savage et al. 2004; Allen et al.
2005) can build on this progress and thus provide a means of achieving greater
synthesis. In particular, metabolic theory has developed models that predict the
combined effects of three variables on metabolic rate—body size, temperature,
and stoichiometry—based on first principles of biology, physics, and chemistry
(West et al. 1997; Gillooly et al. 2001). They yield explicit, quantitative expres-
sions that directly link the ecological currencies of abundance and energy. As we
demonstrate below, extensions of these models also predict rates of population
growth and interspecific interactions because metabolic rate ultimately governs
these processes.

2 CONCEPTUAL CHALLENGES IN TROPHIC ECOLOGY

Trophic interactions are often represented as simplified abstractions referred to
as food webs. A food web depicts trophic interactions among species as a network
of connected, interacting nodes. However, there are many different definitions for.
nodes or their interactions. A node can represent a single species population or
an aggregation of multiple species that together comprise a guild, functional
group, or trophic level. o ‘
Aggregation avoids the monumental tasks of identifying all of the species
in the food web, determining their abundances, and characterizing their di- -
ets. Trophic interactions among nodes may be represented either qualitatively,
based on the presence or absence of interactions between nodes, or quantitatively.
Quantitative representations depict the magnitudes of interactions among nodes
as flows of energy or biomass, E, or as changes in numbers of individuals, N. ,
More standardized definitions and measurements in describing food webs"
would be helpful in achieving a more unified conceptual approach to trophic ecol-
ogy. Qualitative models achieve notational and computational simplicity, but at
the expense of sacrificing details necessary to ensure that Malthusian-Darwinian
dynamics and mass and energy balance are upheld. N-currency models are con-
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i er,
istent with Malthusian-Darwinian dynamics, but may violate ma}el;s Z?f(;ei:ntg
f)l:lt:rlllce For example, N-currency models do not ac.countdfOIie:n:mal ompo.
contributions to predators of prey that vary in body size asnani:1 onorey balsios
sition. E-currency models, on the other hand, enforce mass ar e
but do not account for adaptive shifts in diet with ch'ange? ;?temative orey o
of alternative prey, or for varying impacts of consumption o e illustrate both
opulation sizes and growth rates of predators. These exam[})1 e Netthor & aif
fhe strengths and weaknesses of N- and E-currency approaci cess.of oo d websin
ficient to capture all of the principles tbat govern thelg);)nar:ﬁt from integrating
nature. We therefore suggest that tro}}l)hlc ecology would ben
- ¢y and E-currency approaches. . ) ard an
ClSlir,elllloi,v are these currencies integrated? Is it possible to cmh::‘f \t)\([)zvbelieve
approach to food webs that explicitly incorp.orates both aé)gro}?el fu.l in develop-
metabolic theory offers some potential for doing so. It coul Z oy gr i1 beractions
ing models of trophic ecology that characterize the nod.es, an b orations Gl
in terms of both abundance and energy. Using metabolic th‘eor.y,.dual osgaisis,
be measured in terms of the birth, growth, and death of indivi Iy
or in terms of the production and consumption of energy ar'ld ma}ll acterization
Metabolic theory has two main components. The ﬁrs’f Isac ta ffect, the
of how three variables, body size, temperature, and stoichiome rZ,acquisitiOH
metabolic rates of individua] organisms, and hence rates of resourg Apra
and allocation (West et al. 1997; Gillooly et al. 2001). The secon: oo s
terization of how energy and materials combine to affect the PO(;)M. Savage &
of resources in organisms and their environments (Brown fet al. 2 a,ns of Link-
al. 2004; Allen et a]. 2005). Thus, metabolic theory provides a me

ials through
ing Malthusian—Darwinian dynamics to the flow of energy and mater:
food webs.

3 THEORETICAL FRAMEWORK: A SIMPLE MODEL
We illustrate a Potential application of
sentin,

ing simple formulations that desc
Mmaterials within and

metabolic theory to food webs by I;;e
ribe the storage and flux of enjr\iz,lop a
between two nodes in g food web (fig. 1). WeQ- esee also
model that builds oy the pioneering work of Yodzis and Innes (199 ,o-species
Peters 1983; Kerr and Dickie 2001). Yodzis and Innes developed a tw! etries i
consumer-resource model, which incorporated the quarter-power ?ﬂom ulation
food fequirements, energy expenditure, and population dynamics in pop

: . . incorporat-
Interaction models, We build on some of these ideas by explicitly incorP

; . en nodes
temperature and stoichiometry on interactions betwe
and then making ici

s these
jes in the
lonships between N and E currencies
trophic interactions.

. . irst, we
In developing this model, we make two simplifying assump tlonsi)fnda;lces
assume that the food web is at steady state, which implies that the a
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assimilation, offiic 3 1fand B, represent rpetabolic rates, 8; and 02 represent energy
parameter & denotz(:f}s, or no‘des 1 and 2 (1..e., prey and predators, respectively). The
Tameter 5, donato Sth e fraction of metab911c energy allocated to growth, and the pa-
the same for mpud e energy coPtent of biomass. Both parameters are assumed to be

predators and prey in our simplified formulation.

Second, we assume that
al, thus avoiding the ne-
fluxing between nodes.
gy balance, and to thus
f the community.

Giv . .
en these assumptions, the model derivation proceeds as follows. First,
f individual metabolic rate, B,

to Olll)stzitnhzxsme a.nd temperature dependence 0 .
als in indivi (Ii)ressmns f(?r the flux, turnover, and storage of energy f'md materi-
abundance ! ‘flal organisms. Second, we derive N-currency expressmns for the
Y prey ats ol prey and predators, assuming that all of the biomass produFed
Y imposi node 1 is used to fuel the metabolism of pred'ators at node. 2. ’I.‘hl'rd,
assumpt; ng m.aSS and energy balance on this system using the two sxmpht:ymg

Ptions discussed above, we derive expressions for energy flux that inte-

of
thepzzilgggitl')redatm:s remain constant through time.
cessity wr.lton of l.)1f)mass at the two nodes is identic
hese o asl e exp.hmt expressions for all the substances
explicitly | Sl{mptlf)ns allow us to impose mass and ener
y link individuals to the structure and function o

We
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'gr@t‘é: bo'tkh“kecological currencies, N and E. And finally, fourth, we quantify the
relationships between these two currencies based on the size and temperature
dependence of individual metabolic rate.

31" LINKING METABOLIC RATE TO INDIVIDUAL-LEVEL ENERGY
STORAGE AND FLUX

Metabolic rate is the fundamental biological rate. It is the rate of transformation
of energy and materials within an organism. As a consequence of mass and energy
balance, metabolic rate determines the rate of uptake of energy and materials
from the environment and the allocation of these resources to survival, growth,
and reproduction. The combined effects of body size and temperature on mass-
specific rriétabolic rate, B/M (watts/g), can be expressed as

% = boM~1/4g=a/KT (1)

where by is a normalization constant independent of body size and temperature

(watts/g3/%), and M is individual body mass (g) (Gillooly et al. 2001). The
- Boltzmann or Arrhenius factor, e~ Z=/¥T, characterizes the exponential effects of
_temperature on metabolic rate, where E, is the activation energy of heterotrophic
_metabolism (~0.65 eV), k is Boltzmann’s constant (8.62 x 10~° eV/K), and T
*is absolute temperature in kelvin degrees.
_ The amount of energy stored in an organism, S (joules), can be expressed
:as

S = soM (2)

“where sp is a normalization constant independent of body size and temperature
that characterizes the number joules of energy contained in a gram of biomass.
Energy flux in the form of biomass, F' (watts), can be expressed as

F =B = ghgM3/4eBa/}T (3)

_ where ¢ is the fraction of metabolic energy allocated to growth. Empirical data

* indicate that the parameter € is a constant independent of body size and tem-

- perature (Ernest et al. 2003). For what follows, we will assume that by, sp,¢, T,

and E, are identical for prey and predators. We will also assume that the body

~ sizes of prey and predator, M; and Ma, are identical for all organisms comprising
each of the two nodes. These assumptions can be relaxed without substantively
changing our conclusions, but yield more complicated expressions.

3.2 EXPRESSIONS FOR ABUNDANCE USING THE N-CURRENCY

For illustrative purposes, we model changes in the abundances of prey and preda-
tors, N and N4 (individuals/m?), through time, ¢ (sec), using a pair of coupled
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differential equations:

N/ , N
=i (1= (§2)) - n (@)
and iN;
2 = (V] N) ©)

where 71 is the intrinsic rate of population increase for prey (1/sec), and Nl is the
carrying capacity for prey, at steady state, when predators are absent (Nj = 0).

The functions f,(N{, N}) and fao(V], N3) can take a variety of forms depending
on the numerical and functional responses of predators to prey. Regardless of
the functional forms of fi(N{, N}) and fo(NV], N3}, the only biologically plausible
solutions to these equations are those where the steady-state abundance of prey
in the presence of predators, Vy, is less than the steady -tate abundance of prey
in the absence of predators, N} (i.e., N; < Nf). This is because f1(Ny, Na) >0
due to consumption of prey by predators

3.3 EXPRESSIONS FOR ENERGY FLUX THAT INTEGRATE THE N- AND
E-CURRENCIES

We express fluxes between nodes in terms of energy by assuming that the prey
and predator populations maintain steady-state abundances of Ny and Ny, re-
spectively, and by assuming that predators consume all of the biomass produced
by prey at node 1 (fig. 1). At node 1, total energy flux, Bfet (watts/m?), is
described by the following expression:

B;rOt =MNB; =N1(1—€)Bl+NIEBl =6,E1 (6)

where By is the metabolic rate of an individual at node 1, Ni(1 —€)B; is the
total metabolic energy allocated to maintenance, N;eB; is the total metabolic
energy allocated to growth, Fj is the energy supply rate to node 1 (watts/m?),
and §; is the dimensionless efficiency of energy assimilation by individuals at
node 1. Assuming that predator abundance is controlled by energy supply from
node 1, total energy flux at node 2, BJ°* (watts/m?), is equal to

B;I‘ot = NyBy = §5F = 52(N15B1) = §yed1 B (7)

where B, is the metabolic rate of an individual at trophic level 2, E2 = N1&B, is
the energy supply rate to node 2, and 4, is the dimensionless efficiency of energy
assimilation by individuals at node 2. Equation (6) shows that total energy flux
by prey at node 1 is equal to the sum of the individual fluxes (i.e., metabolic
rates) at that node. This sum is in turn constrained by the energy supply rat?,
Ey. Equation (7) shows that the total energy flux by predators at node 2 is
constrained by the rate of biomass production by prey at node 1, N1£B).
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3 4 LINKING THE N- AND E-CURRENCY MODELS

,Havmg defined expressions that link the flux and storage of energy in individual
‘organisms-to body size and temperature (egs. (1)—(3)), that link interactions
',between predators and prey to their abundances (eqgs. (4) and (5)), and that link
‘abundance to energy availability (egs. (6) and (7)), we can now explicitly charac-
terize how body size and temperature constrain relationships between abundance
and energy availability at a node through their effects on individual metabolic
rate. Specifically, the abundances of prey and predator nodes can respectively
be quantified by the following expressions:

N, = 4 Ey _ 01 E1 M1-—3/4eEa/kT (8)
B1 bO
‘and -
» N, = B, _ 6e0iEy _ 6yebi By M4BT 9)
B, B, bo

Equations (8) and (9) impose constraints on steady-state solutions to egs. (4)
“and (5) based on the size and temperature dependence of individual metabolic
rate (eq. (1)), and resource availability in the environment, Ej. Holding resource
ava1lab1hty constant, these equations also predict how increases in both temper-
_ature ‘and body size reduce carrying capacity at a node through their effects on

‘the energetic demands of individuals (Savage et al. 2004; Allen et al. 2005).
Usmg the equations above, we can now express biomass storage in terms
of the size and temperature dependence of individual metabolic rate. Following
egs. (2 ) (8) and (9), energy storage in the form of biomass (J/m?) is equal to

= i

M,

5'1 N1SoM; = 61Eqs0 (B
1

) = 61E1b—M1/4 eFe/kT (10)

and

SQ—NQSOM2‘52561E150<AB4 ) ~52551E1 Ml/“ E./¥T  (11)
2

~Equations (10) and (11) demonstrate the fundamental importance of mass-
"Sp‘écxﬁc" metabolic rate (B;/M;) and (B2/M;) in controlling the storage of bio-
-mass at’ nodes. More specifically, they show how storage increases allometrically
- with increasing body size, and declines exponentially with increasing tempera-
ture, due to the effects of these variables on metabolic rate (Allen et al. 2005).
Together, egs. (1)-(11) link the N and E currencies within and between the
nodes of food webs through their relationships to individual level metabolic rate,
and the primary factors controlling metabolic rate, body size and temperature.
In doing so, they provide a means of capturing both Malthusian-Darwinian dy-
namics, characterized by the currency of IV, and the laws of thermodynamics and
mass and energy balance, characterized by the currency of E.
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4 REFLECTIONS AND CONCLUSIONS

The model presented above makes a number of simplifying assumptions so as to
reduce the complexity to a bare minimum. In particular, the model derivation
assumes that the nodes are at dynamic equilibrium, in other words, steady state.
The model predicts how steady-state values of N and E will change in response to
spatial or temporal changes in abiotic environmental variables, such as resource
supply and temperature, and to shifts in biotic composition, such as changes
in body size distributions or in replacements of ectotherms by endotherms at a
node. So, for example, if the nodes are comprised of ectotherms, an increase in
environmental temperature due to global warming will exponentially increase all
rates of population change and energy flux as described by eq. (1).

However, it is important to recognize that metabolic rate, and thus body
size and temperature, also constrain parameters governing nonequilibrium dy-
namics. Specifically, the intrinsic rate of population increase (r; in eq. (4)), the
rate of individual mortality, and the rate of ontogenetic growth are all similarly
constrained by metabolic rate and, therefore, show the same size and temper-
ature dependence as in eq. (1) (West et al. 2001; Gillooly. et al. 2002; Savage
et al. 2004). So, for example, a shift in body size at a node, such as may occur
by the invasion and replacement by a smaller species, should alter both N- and
E-currency rates as given by eq. (1). It is conceptually straightforward, but com-
Putationally more complicated, to increase the model’s realism by incorporating
these more complex dynamics.

More explicitly linking the two fundamental currencies, N and E, may yield
new insights into some longstanding questions in trophic ecology. For example,
interaction strengths between nodes are often measured in terms of . However,
understanding the consequences of these interactions for energy flow through
food webs requires expressing interaction strength in terms of E. The currency
chosen to evaluate interaction strength can have profoundly different implica-
tions. So, for example, consumption of a rare prey species may be an unimpor-
tant N-currency interaction for an abundant predator species if this prey simply
supplies energy (biomass) and there are alternative prey species available. On
the other hand, consumption of this rare prey may represent an important £-
currency interaction if it provides the sole or primary supply of an essential
nutrient for the predator species.

Energy and material flow impose important structural (topological) and
dynamical constraints on attributes of entire food webs, such as the number
of trophic levels (Lindeman 1942) and size-abundance relationships within and
across trophic levels (Kerr and Dickie 2001; Jennings and Mackinson 2003; Brown
et al. 2004). So, for example, there has been an ongoing debate as to whether
food chain length is limited by attenuation of energy supply or dynamical pop-
ulation instability at higher trophic levels (Post et al. 2000). Arguments have
traditionally been made by efforts to show that one or the other phenomenon
could limit the persistence of the highest trophic level, rather than by examining
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the joint effect of N- and E-currencies and ensuring that the fundamental prin-
‘ciples of population persistence and mass and energy balance are both obeyed.
. Additionally, the body sizes of the organisms occupying different nodes or trophic
levels have enormous implications for the rates of flows and the sizes of pools for
.both N- "and E-currencies. For example, plant communities subject to similar
abiotic conditions but comprised of different-sized individuals, such as an adja-
cent forest and early successional old field, are predicted by metabolic theory
and observed empirically to have similar rates of energy flux (productivity) but
\dramatlca‘lly different energy storage pools and, hence, correspondingly differ-
ent energy turnover rates (Allen et al. 2005). For another example, the biomass
invariance observed empirically across pelagic marine food chains (e.g., Sheldon
et al. 1977; Kerr and Dickie 2001) can potentially be explained as a straightfor-
“ward consequence of the effect on energy flux of the approximately four orders
of magmtude increase in body size between successive trophic levels (Brown and
Glllooly 2003; Brown et al. 2004).
. We beheve that the approach taken here offers potential for a more syn-
’ thetxc approach to trophic ecology for two reasons. First, by explicitly linking
Malthusian-Darwinian dynamics to mass and energy balance, the structure and
dynamics of food webs can be better conceptualized theoretically and better
studied empirically. Second and more generally, this approach serves to break
ff down the specialization that has historically separated community and ecosys-
tem ecology This separation was due largely to treating the N- and E-currencies
‘as separate ‘and distinct entities. The emerging metabolic theory of ecology makes
‘explicit the linkages between N and E by quantifying the material and energetic
~:d_qmand§ Qf survival, growth, and reproduction.
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