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INTRODUCTION
Abiotic factors, such as temperature or the dimensionality of space within
which organisms live, move, and search for food, directly impact ecological
systems at the level of metabolic rate (rate of energy use) of individual organisms. Individual metabolic rate sets the “pace of life” for populations
through generation time and maximal growth rate, rmax (Brown et al., 2004;
Savage et al., 2004), which also scales up to influence coupled ecological and
evolutionary dynamics. Therefore, understanding how environmental factors
constrain individual metabolic rate, and how these individual-level constraints influence population dynamics of the whole interacting community,
is key for understanding ecosystems (Figure 1). Indeed, there is now
increasing consensus that individual physiology is fundamental for predicting how global climate change affects the eco-evolutionary dynamics of
ecosystems (Manila et al., 1990; Allen et al., 2005; Lavergne et al., 2010;
Yvon-Durocher et al., 2011; Dell et al., 2011; Thuiller et al., 2013).
Furthermore, understanding how these dynamics differ between aquatic and
terrestrial ecosystems is an interesting and important problem (Cohen and
Fenchel, 1994; Shurin et al., 2006).
The last two decades have heralded a golden age for research on physiological ecology. This new surge of research has led to the publication of key
conceptual syntheses that on one front have advanced thermal biology and
adaptation (Huey and Berrigan, 2001; Angilletta, 2009; Kingsolver, 2009;
Dell et al., 2011; Schulte et al., 2011; Pörtner et al., 2012), and on another have
Aquatic Functional Biodiversity. http://dx.doi.org/10.1016/B978-0-12-417015-5.00001-3
Copyright © 2015 Elsevier Inc. All rights reserved.
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FIGURE 1 The study of coupled ecological and evolutionary dynamics is inherently hierarchical,
each level (individuals, interactions, and interaction networks) comprising a system with distinct
measurable dynamics. Note that although we deal mostly with consumer-resource (or trophic)
interactions in this paper, we use the more general term “interaction” because many of the principles we discuss also apply to, or involve, other types of interactions such as intraspecific interactions. The bidirectional arrows connecting levels indicate that ecological (e.g., changes in
abundance) and evolutionary (e.g., changes in trait distributions) feedback from one level can
influence the system structure and dynamics in another. We include population dynamics and mean
fitness as systemic properties of interactions, because no population grows or evolves in isolation
from other populations in nature. Also note that community stability embodies the coupled dynamics of multiple populations, and that community-level traits, under our definition, consist of
distributions of individual-level or interaction-level traits across species.

advanced the connections between metabolic traits and body size (West et al.,
1997; Kooijman, 2000; Gillooly et al., 2001, 2002; Belgrano et al., 2002;
Brown et al., 2004; Savage et al., 2004; West and Brown, 2005; Amarasekare
and Savage, 2012; Pawar et al., 2012). All these research has been built up
on seminal studies on thermal biology and metabolic scaling that culminated
in several books (Kleiber, 1961; Johnson et al., 1974; Damuth, 1981;
Schmidt-Nielsen, 1984; Peters, 1986). These were followed by more than a
decade with little work or progress toward understanding the metabolic basis
of species interactions. One exception to this period of relative dormancy was
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a paper by Yodzis and Innes (1992) that used allometric relationships between
body size and life history, as well as interaction parameters, to develop a
theory for metabolically driven consumereresource (trophic) dynamics. This
paper was ahead of its time, and little subsequent work was done until about
10 years ago, when a rapidly growing number of studies focused on the
metabolic and biomechanical basis of consumereresource interactions
(Vasseur and McCann, 2005; McGill and Mittelbach, 2006; Weitz and Levin,
2006; Vucic-Pestic et al., 2010; O’Connor et al., 2011; DeLong and Vasseur,
2012; Pawar et al., 2012; Rall et al., 2012; Kalinkat et al., 2013; Dell et al.,
2014) as well as community-level (food-web) dynamics (Jonsson and
Ebenman, 1998; Emmerson and Raffaelli, 2004; Loeuille and Loreau, 2005;
Brose et al., 2006b; Otto et al., 2007; Cohen, 2008; O’Connor et al., 2009;
Petchey et al., 2010; Stegen et al., 2012a; Tang et al., 2014).
A logical and important outcome has been the beginning of the development of a unified “metabolic theory of ecology” (MTE) that combines both
size and temperature effects (Brown et al., 2004). Such a theoretical unification of two fundamental aspects of individual-level metabolic constraints is
necessary for understanding the effects of thermal physiology on size evolution, and in turn the effect of body size on thermal adaptation in ecoevolutionary dynamics. In this chapter, we draw from this new and exciting
body of research to highlight recent theoretical and empirical advances, and
describe important challenges to the inherently systems-oriented goal of
scaling up individual physiology to whole communities (Figure 1), with a
particular focus on aquatic ecosystems. We will consider each of the three
levelsdindividuals, trophic interactions, and community/ecosystemdpaying
close attention to the integration between these levels and the coupling of
ecological and evolutionary dynamics within them. Most of the interactions
we consider will be of the consumereresource (or trophic) variety. This focus
is partly because trophic interactions dominate energy flows in ecosystems,
and partly because theory and data on the metabolic basis of other interactions
such as competition and mutualism are as yet rare.
Throughout the chapter, we refer to any empirical or theoretical
approach that explains higher levels by going at least one level beneath as
“mechanistic”dfor instance, explaining ecosystems through models of interaction rates, interactions through models of individual rates, and individual rates
through models of within-individual thermal and vascular biology as well as
cellular metabolism (West and Brown, 2005) (Figure 1). Also, mechanistic
approaches in ecology are often inherently “trait-based,” because traits such as
body size and rate of response to temperature change set limits both on the
baseline physiological rates of individuals (such as respiration or photosynthesis
rate), and on how these rates respond to a changing physical environment
(Gibert et al., 2015; Enquist et al., 2015). A consideration of traits is important
in any eco-evolutionary study, because traits that govern metabolic rate also
affect fitness and are thus prime targets of evolution by selection. For example,
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because body size is a major determinant of differences in rmax (Brown et al.,
2004; Savage et al., 2004) across species, the distribution of body sizes within a
species’ population may change due to natural selection to achieve higher or
lower population growth rates (fitness) (Brown et al., 1993; Chown and Gaston,
1997; Allen et al., 2006). Finally, note that we use the terms “physiology” and
“metabolism” interchangeably throughout this chapter.

INDIVIDUAL METABOLIC RATE, BIOMECHANICS,
AND FITNESS
The Size-and-Temperature Dependence of Metabolic Rate
A model capturing the dominant factors that determine whole-individual
metabolic rate P (J$se1) is
E

P ¼ P0 mb e" kT lðTÞ

(1)

where P0 is a taxon-and-metabolic-state-dependent normalization constant
(J$(s$kgb)e1), m is body mass (kg), b is a scaling exponent (dimensionless), E is
average activation energy (eV) of rate-limiting steps in underlying biochemical
reactions (1 eV ¼ 96.49 kJ$mol"1), k is the Boltzmann constant
(8.62 % 10"5 eV$K"1), T is temperature (in kelvin), and l(T) is a function that
captures the decrease in metabolic rates at higher-than-optimal temperatures
(beyond the physiological temperature range (PTR); see Figure 2). The BoltzmanneArrhenius factor exp(eE/kT) in Eqn (1) can also be expressed in terms of
the familiar Q10 coefficient favored by many experimentalists (Gillooly et al.,
2001).
The size-scaling component of metabolic rate in Eqn (1), when measured
across species, is allometric with b w 0.75 for multicellular eukaryotes
(Peters, 1986; Gillooly et al., 2001; Brown et al., 2004; Nagy 2005), but has
been shown to vary across the major domains of life. In particular, according to
a meta-analysis of DeLong et al. (2010), it may be steeper (b > 0.75 or even
b > 1 (superlinear)) in unicellular protists and prokaryotes. This is important
to consider because protists and prokaryotes form an important part of most
aquatic food webs. This steeper scaling of metabolic rate in protists may also
be linked to the superlinear scaling of consumption rate recently reported by
Pawar et al. (2012) in three-dimensional environments such as pelagic zones
(also see Giacomini et al., 2013; Pawar et al., 2013; and section ‘From individual metabolism and biomechanics to interactions’ in this chapter).
Assuming that the decrease in metabolic rate at higher temperatures is mainly
due to changes in the kinetics of rate-limiting enzymes, we can use the
Johnson and Lewin (1946) model for the l(T) component of Eqn (1):
1

lðTÞ ¼
1
" kT

1þe
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FIGURE 2 The effect of temperature on individual physiology is unimodal and strongly constrained by the thermodynamics of biochemical reactions (here modeled by the JohnsoneLewin
model; Eqn (2)). The three panels show different feasible scenarios of adaptation or acclimation of
thermal responses: (a) In a “hotter is better” scenario, biochemical constraints dominate, and
adaptation (or acclimation) to a different environmental temperature can only occur by moving
peak performance of an intraspecific thermal response along a universal, across-species (interspecific) exponential curve representing BoltzmanneArrhenius reaction kinetics (numerator of
Eqn (2)). The result is that the peak rates (Ppks) of different species adapted to their respective
thermal environment themselves fall on a single “interspecific” curve; (b) In a “hotter is not better”
scenario, complete adaptation can take place by equalization of peak rates across environments;
and (c) An intermediate scenario of partial biochemical adaptation. Note that whole-organism
metabolic rate also scales with body mass (Eqn (1))dtherefore, thermal adaptation can in principle be achieved by a change in body size (which would shift the intercept of these unimodal
curves). We define the thermal zone below Tpk to be the “physiological temperature range” (PTR)
within which organisms typically operate.
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where Tpk is the temperature at which metabolic rate reaches its peak value,
and ED can be interpreted as the average energy constant at which proteins
denature, therefore controlling the steepness of decline beyond Tpk (Johnson
et al., 1974; Hochachka and Somero, 1984; Ratkowsky et al., 2005; Corkrey
et al., 2012). As such, Eqn (2) is the simplest among a class of thermodynamic models, and can be replaced by more elaborate equations that
account for deviations from standard enzyme kinetics at physiologically
stressful low and high temperatures, at the cost of additional parameters
(Sharpe and DeMichele, 1977; Farquhar et al., 1980; Schoolfield et al., 1981;
Ratkowsky et al., 2005; Corkrey et al., 2014). Figure 2 illustrates the
thermal response component (Eqn (2)) of the full metabolic rate model
(Eqn (1)).
Decreases in metabolic rates at temperatures beyond Tpk may be attributable
to mechanisms and factors that are additional to protein denaturation, including
behavioral thermoregulationdand in the case of aquatic environments, the
nonlinear decrease in solubility of gases (O2 for respiration or CO2 for
photosynthesis) in water that occurs with increasing temperature within biologically relevant temperature ranges (Pörtner and Knust, 2007; Schulte et al.,
2011). In such cases, the l(T) model in Eqn (2) may be replaced by a
phenomenological one that affords more flexibility to the shape of the
decline (Martin and Huey, 2008; Angilletta, 2009; Amarasekare and Savage,
2012).
In all this, it is important to note that most organisms live within their
PTRda range of ambient temperatures with a maximum that lies somewhat
below the temperature for peak performance (Tpk) (Savage et al., 2004;
Deutsch et al., 2008; Martin and Huey, 2008; Huey and Kingsolver, 2011).
Thus, understanding thermal responses within the PTR is particularly important, because the increase in environmental temperatures of up to w4 ' C
projected to take place by the end of this century (IPCC, 2007) should impact
most organisms by shifting the operational temperatures up within the PTR.
Therefore, in the rest of this chapter we will mainly focus on the PTR, which
can be modeled by
E

PPTR ¼ P0 mb e" kT

(3)

where we have ignored the l(T) component of Eqn (1).

From Metabolic Rate to Fitness
The dependence of individual metabolic rate on size and temperature means
that a fundamental measure for fitnessdi.e., the population’s average intrinsic
growth rate or the Malthusian parameter (rmax)dis also dependent upon body
size and temperature (Savage et al., 2004; Deutsch et al., 2008; Amarasekare
and Savage, 2012). There are multiple ways to link metabolic rate to rmax
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(Kooijman, 2000; Savage et al., 2004). All of them, however, must include the
principle that rmax is the result of how, on average, individuals in a population
allocate their metabolic rate between the mass-specific power needed for individual growth and maintenance and that needed to produce new individuals.
In aquatic ecosystems, most primary producers and a large proportion of
primary and secondary consumers have simple life cyclesdthis includes most
unicellular protists and all prokaryotes. In such organisms, the metabolic
dependence of rmax is simply proportional to the difference between the
population-averaged rate of mass-specific energy sequestration and energy loss
to respiration, without any strong dependence upon life-stage specific allocation. In particular, for phytoplankton (unicellular algae and cyanobacteria),
which account for the majority of primary production in most aquatic ecosystems, rmax can be expressed as
rmax fNet production ¼ Gross photosynthesis rate " Respiration rate
where the rates are mass-specific (Yvon-Durocher et al., 2012; Yvon-Durocher
and Allen, 2012). For organisms with overlapping generations, Savage et al.
(2004) have derived the prediction that the general relationship between size,
temperature, and rmax should be
E

rmax ¼ r0 mb " 1 e" kT lðTÞ

(4)

where r0 is a normalization constant (which includes P0), and the original
model derived by Savage et al. (2004) has been modified to include unimodality in thermal response through l(T) (e.g., in the form of Eqn (2)).
Savage et al. (2004) also show that this model is well supported across a
wide range of species including protists and algae. In particular, when
corrected for body mass rmax measured across species close to the respective
Tpk (Figure 2), it is well fitted by a BoltzmanneArrhenius response,
implicitly supporting a “hotter is better” scenario (see below and Figure 2).
However, within-species (see Figure 2) tests for the temperature dependence
of Eqn (4) that include data across a wide range of species are still
lacking.
As such, the simplicity of Savage et al.’s (2004) model (Eqn (4)) partly stems
from the assumption that the thermal dependencies of energy sequestration, use,
and allocation are the samedthat is, they follow the BoltzmanneArrhenius
equation with identical activation energies. However, while scaling up individual metabolic rates to rmax in autotrophs, it is important to note that the
temperature dependences of photosynthesis and respiration are different due to
the fundamental differences in their biochemical pathways and rate-limiting
enzymes (Allen et al., 2005; López-Urrutia et al., 2006; Yvon-Durocher
et al., 2012; Yvon-Durocher and Allen, 2012). Specifically, at light-saturating
conditions, the temperature dependence of photosynthetic rate is determined
mainly by the net difference between the Rubisco enzyme-catalyzed carboxylation (CO2 fixation) and photorespiration (O2 fixation). It has been argued that
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because photorespiration tends to increase faster with temperature than
carboxylation, it results in a relatively low overall activation energy of lightsaturated photosynthesis in the region of E w 0.35 eV (Coleman and Colman,
1980; Bernacchi et al., 2001; Allen et al., 2005; Walker et al., 2013). However,
clear evidence to support this is still missing. In contrast, the activation energy
of respiration due to the temperature dependence of ATP synthesis in respiratory
complexes is high (between 0.6 and 1.0 eV) (Allen et al., 2005; Beke-Somfai
et al., 2010). As a result, over a temperature range of 0e30 ' C, respiration
may increase by up to 67-fold, whereas photosynthesis may increase by
only fourfold. Hence, warming may change the balance of photosynthetic
carbon sequestration and heterotrophic carbon production globally (Allen
et al., 2005; López-Urrutia et al., 2006; Yvon-Durocher et al., 2012;
Yvon-Durocher and Allen, 2012), accentuated by the increase in heterotrophy in
mixotrophic organisms faced with metabolic deficits (Chen et al., 2012; Wilken
et al., 2013).
Along with temperature, the effect of body size in aquatic ecosystems is
also important. For example, at the trophic level of primary producers, the
small size of phytoplankton means that they have higher mass-specific
metabolic rates (Eqn (4)) and therefore higher biomass turnover rates than
higher plants (Allen et al., 2005; Schramski et al., 2015). Indeed this is the
primary reason why oceanic phytoplankton contribute w50% of global net
primary productivity, although they comprise only w0.2% of global plant
biomass (López-Urrutia et al., 2006).

Evolution of Metabolic Rates and Thermal Physiology
Using rmax as a measure of fitness, a few studies have begun to investigate
whether biochemical constraints on thermal responses of individual metabolism
can be overcome by adaptation (Frazier et al., 2006; Knies et al., 2009;
Angilletta et al., 2010), or whether hotter is typically better (Figure 2). These
preliminary studies suggest that evolution cannot fully overcome biochemical
constraints. Indeed, at least over short timescales, thermal acclimation is expected to follow biochemical constraints, leading to a hotter-is-better pattern.
However, evidence for a universal hotter-is-better pattern is far from conclusive. In particular, our recent work (Pawar et al., in press) shows that compared
with terrestrial organisms, aquatic organisms may in fact show a stronger
pattern of thermal adaptation (Figure 2(b) and (c)), likely because of differences in thermal environment between terrestrial and aquatic environments. For
example, aquatic habitats typically provide fewer opportunities for thermal
refuges and have smaller temporal fluctuations in temperature than terrestrial
habitats, making it less possible for individuals to control their temperature by
moving to different regions in space or modifying their period of activity. This
emphasizes the importance of the physical environment in the physiological
responses of individuals. The question of whether organisms can acclimate and
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adapt to new thermal environments is particularly important due to global
climate change, especially because ongoing shifts in species’ ranges and phenologies are resulting in physiologically mismatched species coming into
contact (Parmesan and Yohe, 2003; Dell et al., 2014). This issue will be
considered in more detail in the following section.

FROM INDIVIDUAL METABOLISM AND BIOMECHANICS
TO INTERACTIONS
At trophic levels above primary producers (autotrophs), consumption rate
and fitness are determined by metabolic and biomechanical constraints on
traits that govern the interactions between consumer and resource individuals
(Figure 3) (Domenici, 2001; McGill and Mittelbach, 2006; Pawar et al.,
2012). Indeed, even in the case of the autotrophs discussed above, “topdown” control from primary consumers often plays a major role in determining fitness. Because metabolic rate creates energy demands and also
provides the power for consumers to search, attack, and ingest resources to
satisfy these energy demands (Figure 3), understanding the metabolic basis
of components of consumereresource interactions is crucial (Peters, 1986;
Blake and Domenici, 2000; Domenici, 2001; Pawar et al., 2012; Dell et al.,
2014), and is the first step toward a truly general theory for organismal fitness
(rmax). Decades after Holling’s influential work on the “components of
predation” (Holling, 1959a,b, 1966), a mechanistic, empirically grounded
Subjugation
& Ingestion
Attack
(vA, vE)

Searching
(vR, vC)

h

vC
vR

d

vθ,C
3D detection (d)

d

vR

2D Detection

v : Foraging velocity; vθ : Turning velocity; h : Handling time;
d : Detection distance; vA : Attack velocity; vE : Escape velocity

FIGURE 3 The components of species interactions, most of which are driven by individual level
metabolic rate. Note that foraging velocity refers to the velocity before detection both of the
consumer and of the resources moving in the landscape (active foraging), which together determine relative velocity. For fish eating the cladoceran, the interaction is 3D because the consumer
searches and detects the resource in a volume, while for fish eating shrimp the interaction is 2D
because search and detection occurs on a surface. Also, note that the velocity of the shrimp is much
smaller than the fish’s (vR ( vC), effectively making this a grazing interaction.
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theory for the metabolic and biomechanical bases of consumereresource
interactions is beginning to emerge (McGill and Mittelbach, 2006; Brose
et al., 2008; Pawar et al., 2012; Dell et al., 2014). We will outline this theory
here, with due emphasis on issues that need further empirical and theoretical
work.

A Metabolic Theory for Species Interactions
In general, encounter and consumption rates depend upon various metabolic
and biomechanical traits that constrain the sequence of search, detection,
attack, pursuit, capture, subjugation, and ingestion (Figure 3). A general
formulation of per-capita biomass consumption rate c (mass$time"1) that
includes these components is (Pawar et al., 2012; Dell et al., 2014)
c ¼ aAf ðxR Þ

(5)

Here, xR is resource biomass density (mass$area"1 or volume"1), a is
search rate (area or volume$time"1), A is probability of attack success (conditional on attack), and f(xR) is the prey risk function that determines shape of
the consumer’s functional response. The search rate (a) of a consumer,
throughout the landscape, governs the number of potential attacks a consumer
can make and is partly determined by relative velocity vr (units of distance/
time), which is the population average for how fast a consumer and a resource,
with velocities vC and vR, respectively, move across the physical landscape
toward each other (Figure 3). When both consumer and resource individuals
move randomly prior to detection (“active-capture” interaction), relative
velocity can be shown to be proportional to the root-mean-square of the average
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
velocities of the consumer (vC) and resource (vR)di.e., vr ¼ v2C þ v2R

(Okubo, 1980). The assumption of random movement might appear an oversimplification, but animal foraging in nature often follows diffusion-like
movement (distance scaling with square root of time) more than directional
(distance scaling linearly with time) (Skellam, 1958; Okubo and Levin, 2001;
Viswanathan et al., 2011). Furthermore, many of our conclusions are
not sensitive to movement patterns that include a directional component.
By assuming that the power devoted to locomotion is a constant proportion of
whole-body metabolic rate and that consumereresource interactions typically
take place within the PTR (Eqn (3)), we obtain
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2EC
2E
2pv " kT R
v " kT
R
C þ m
(6)
vr ¼ v0 m2p
R e
C e

where v0 is a constant that depends on locomotory mode and physical medium
(Schmidt-Nielsen, 1972, 1984; Hein et al., 2012; Pawar et al., 2012), with
maximum speeds, resistance, and energy expended being notably different in
aquatic than in terrestrial habitats. The metabolic scaling constant P0 (Eqn (1))
and the exponent pv also depend upon details of the locomotory mode and
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physical medium. Note that Eqn (6) has a common v0 and pv for both consumer and resource velocities, because we assume pairs of interacting species
have a similar locomotory mode and interaction medium. Equation (6) predicts
that for a given resource density, warmer temperatures (within the PTR) and
larger-sized consumereresource pairs will result in faster convergence in
space. Furthermore, when the consumer moves with a velocity much faster
than the resource (Figure 3), or the resource is sessile, relative velocity is well
approximated by the velocity of the consumer and we have a “grazing”
EC

interaction where vr wvC ¼ v0 mpCv e" kT : In contrast, when the resource moves
much faster than the consumer, or the consumer is sessile, relative velocity is
well approximated by resource velocity and we have a “sit-and-wait” foraging
ER

interaction where vr wvR ¼ v0 mpRv e" kT :
Upon convergence in space, an encounter occurs when the consumer detects
the resource or vice versa (Figure 3), which depends on the maximum distance
(reaction distance, d) at which the consumer and resource can sense and react to
each other as well as the shape of their detection region. For a homogeneous
habitat, consumers will search some portion of a D-dimensional volume
independent of detection modality. Assuming that the detection region is a
D-dimensional sphere SD ¼ (p(D " 1)/2/G(D þ 1)/2)dD " 1, where G($) is the
gamma function (Abramowitz and Stegun, 1964); that is,
SD ¼ 2d when D ¼ 2ði:e:; 2DÞ and SD ¼ pd2 when D ¼ 3ði:e:; 3DÞ (7)
Because a 1D search space is rare in both aquatic and terrestrial environments, we will consider only 2D and 3D. Thus, the detection region is classified as 2D when both consumer and resource move in 2D (e.g., both are
benthic) or if a consumer moves in 3D and a resource in 2D (e.g., pelagic
consumer on benthic resource). The detection region is classified as 3D when
both consumer and resource move in 3D (e.g., both pelagic) or if the consumer
moves in 2D and resource in 3D (e.g., benthic consumer and pelagic resource)
(Figure 3). That is, the movement space of the resource defines the search
space of the consumer. For consumers that search for resources visually, d is
expected to depend on properties of the eye, height of the eye above the
foraging surface, and the size of the prey (Kirschfeld, 1976; Kiltie, 2000;
Pawar et al., 2012). Because none of these are known to depend on temperature directly (Dell et al., 2014), d is expected to vary with size only and can be
shown to scale as (Pawar et al., 2012)
d ¼ d0 ðmR mC Þpd

(8)

where d0 depends upon the detection medium (e.g., water vs air) and the
exponent pd. Equation (8) predicts that d should increase with both consumer
and resource size because larger individuals have a higher vantage point and a
longer line of sight, and are easier to resolve at greater distances. For sensory
modalities such as hearing, smell, or touch, the temperature dependence of d is
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also expected to be weak. For example, smell and hearing may vary as a square
root due to temperature influences diffusion (for smell) and the density of the
environmental medium through which sound waves travel (for hearing).
Because of the mathematical form of this dependence, these effects are
expected to be much weaker than the exponential (BoltzmanneArrhenius-like;
Eqn (1)) initial thermal dependencies of other traits. Thus, after substituting
Eqn (8) into Eqn (7), we get
SD ¼ 2d0 ðmR mC Þpd in 2D and SD ¼ pd02 ðmR mC Þ2pd in 3D

(9)

Multiplying vr by SD gives search rate adthat is, a ¼ 2vr d (units of area/
time) when the consumer searches for resources in 2D, and a ¼ pvr d2 (units of
volume/time) in 3D (Figure 3). Then, upon substituting the biomechanical and
metabolic dependencies (Eqns (6) and (9)) and simplifying we get (Pawar
et al., 2012; Dell et al., 2014)
E pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
" C
a ¼ a0 mpCv þ 2pd Ipd e kTC 1 þ I2pv D2 in 2D and
(10)
E pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
" C
a ¼ a0 mpCv þ 4pd I2pd e kTC 1 þ I2pv D2 in 3D
where the constant a0 ¼ 2v0d0 in 2D and pv0 d02 in 3D,

I h mR =mC ðsize ratio; or size mismatchÞ;

(11)

and
Dhe

"1k

!

ER
TR

"

EC
TC

"

ðBoltzmanneArrhenius factor ratio; or
thermal sensitivity mismatchÞ

(12)

Equation (10) is for active foraging (Figure 3), but it is straightforward to
derive similar equations for grazing and sit-and-wait foraging interactions
(Pawar et al., 2012; Dell et al., 2014). Equation (10) for a is a generalization
of Holling’s (1959a,b) “attack coefficient” to include effects of foraging
strategy, interaction dimensionality, body size, and thermal physiology.
It predicts that search rate increases with consumer size, temperature, and
mismatches both of size and of thermal sensitivity. Substituting Eqns (10)
into (5), we get
E pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
" C
c ¼ a0 mpCv þ 2pd Ipd e kTC 1 þ I2pv D2 Af ðRÞ in 2D and
(13)
E pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
" C
c ¼ a0 mpCv þ 4pd I2pd e kTC 1 þ I2pv D2 Af ðRÞ in 3D

This means that consumption rate can potentially scale with size and vary
with temperature like search rate does. This is a potential relationship
because we have not yet accounted for the biomechanical and metabolic
basis of attack success A, or the functional response f(R), as illustrated in
Figure 3. That is, upon detection, if the consumer decides to attack, attack
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success (A) depends upon consumer and resource attack and escape velocities
(vA and vE, respectively) and turning velocities (vq,C and vq,R) in pursuite
escape maneuvers. Along with attack success, handling time (h)dthe total
time taken from detection up to subjugation and ingestion of the resource
(conclusion of a successful attack)dis also important. This delay between
encounter and completion of ingestion prevents consumers from exploiting
resources in direct proportion to their availability, resulting in the commonly
observed saturating Type II functional response (Holling, 1959a; Jeschke
et al., 2004)
xR
(14)
f ðxR Þ ¼
1 þ ahxR

Deriving a general mechanistic model for A and h is difficult, because the
relative importance of attack velocity, acceleration, and body maneuverability
during attack or escape, all of which can determine A and h, varies greatly with
organism and foraging strategy (Alexander and Goldspink, 1977; Blake and
Domenici, 2000; Domenici, 2001; Higham, 2007). For example, the success of
a dragonfly nymph preying on a tadpole depends mainly on its burst speed and
maneuverability, with endurance playing almost no role, whereas the success
of orcas hunting a sperm whale depends on endurance during long chases as
well as their burst speed and maneuverability during attack. Indeed, this
remains a poorly developed area in metabolic theory for species interactions.
However, there is accumulating empirical evidence that A declines and h
increases at extreme size ratios (as resources get very large relative to consumer size, or mR [ mC), both as power laws (McArdle and Lawton, 1979;
Persson et al., 1998; Aljetlawi et al., 2004; Weitz and Levin, 2006; VucicPestic et al., 2010; Pawar et al., 2012; Rall et al., 2012). One general model
for h, which accounts for uncertainties in the scaling exponents and effects of
size ratio, was proposed by Rall et al. (2012):
EC

"ð0:66 to 1Þ

h ¼ h0 e kT mC

ð0 to 1Þ

mR

(15)

where h0 is a metabolic-state dependent constant, and as above we have
considered only the thermal response within the PTR. A more specific version
of this was used by Pawar et al. (2012) and Dell et al. (2014):
EC

h ¼ h0 e kT mC"0:75 mR

(16)

Both Eqns (15) and (16) predict that resource mass-specific handling time
declines with consumer mass to some exponent (of resting metabolic rate scaling
0.75 in the case of Eqn (16)) as well as consumer body temperature. Clearly, these
models (McArdle and Lawton, 1979; Persson et al., 1998), and indeed most such
models (see Aljetlawi et al., 2004; Weitz and Levin, 2006; Vucic-Pestic et al.,
2010; Rall et al., 2012), do not decline at high size ratios and are therefore relevant
to only certain size ratios. Nor do they capture the potential effects of differences in
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Trait performance (biological rate)

(a)

Sensitivity mismatch (Δ)

(b) Magnitude mismatch

(c)

Optimum mismatch

Environmental temperature
FIGURE 4 Mismatches between species in thermal responses of traits (physiological mismatches)
affect the components of consumereresource interactions (Figure 3), and can therefore influence
ecological and evolutionary dynamics of ecosystems: (a) Mismatch in rates of response (either within
the PTR or during the fall after Tpk), with an extreme case being when one species responds to
environmental temperature and the other practically does not (i.e., endotherm, such as a dolphin; red
line (gray in print versions)); (b) Mismatch due to difference in baseline performance, which can
arise from the scaling effect of body size on metabolic rate (Eqn (1)) or differences in thermal
adaptation and acclimation (Dell et al., 2011, 2014; Pawar et al., 2012); and (c) Mismatch in temperature for peak performance (Tpk). Different mismatches are here illustrated in different trophic
levels because they can be observed in all types of consumereresource interactions.

the thermal responses of traits underlying h, which can lead to physiological
mismatches at particular temperatures (Figure 4).

Empirical Support
But how useful is this mechanistic theoretical framework? That is, can it
actually predict observed consumption rates across a wide suite of organisms
and interactions by scaling up individual metabolism to species interactions?
Recent work suggests that the answer is yes, with both the size and the temperature components of consumption rate matching predictions well (Dell
et al., 2011, 2014; Pawar et al., 2012; Rall et al., 2012). In particular, by
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focusing on the size component of the scaling of consumption ratedthat is, by
correcting for the effects of temperaturedPawar et al. (2012) have shown that
consumption rates across a wide range of interactions and organisms, and
across both terrestrial and aquatic environments, do indeed scale with size and
size ratio as predicted by Eqn (13) (also see DeLong and Vasseur, 2012)
(Figure 5). In particular, Pawar et al. (2012) found that the scaling exponent of
consumption and search rates, as expected, was much steeper in 3D (due to the
amplification of the detection region) than in 2D, and that both 2D and 3D
scaling exponents are steeper than the canonical value for the scaling exponent
of metabolic rate (0.75) (Peters, 1986; Brown et al., 2004). Also, Pawar et al.
(2012) have shown that not only is the scaling of consumption rate steeper in
3D, but the baseline consumption rate itself is much higher. For example, a
1 kg organism is expected to have a 10 times higher consumption rate in a 3D
environment such as a pelagic zone than in a 2D environment such as on land
(5.00 ) 3.01 vs 0.50 ) 0.24 mg$s"1) (Pawar et al., 2012). Subsequent work
has shown that these results hold across ontogenic life stages as well
(Giacomini et al., 2013; Pawar et al., 2013).
Similarly, recent work has shown that after controlling for size effects, the
temperature dependence of consumption rate within the PTR is well fitted
by the BoltzmanneArrhenius model (Eqn (3)) (Dell et al., 2011, 2014;
0

3D

-5

Log10 (Consumption Rate)

-10
y = 1.05x - 5.2
R2 = 0.84

-15
-10
0
2D

-5

0

-5

-10

-15
-10

y = 0.90x - 5.9
R2 = 0.65

-5
0
Log 10 (Consumer mass)

FIGURE 5 Scaling of per-capita consumption rate (kg$s"1) with consumer body mass (kg) in
aquatic organisms. Solid black lines were fitted using OLS regression (Pawar et al., 2012). The 3D
scaling exponent (1.05 ) 0.06, N ¼ 129) is steeper than the 2D exponent (0.90 ) 0.09, N ¼ 59),
and both are steeper than the canonical value for the scaling exponent of metabolic rate (0.75). Note
that as explained in Pawar et al. (2012), these are directly measured consumption rates and not those
obtained by fitting functional response models (Vucic-Pestic et al., 2010; Rall et al., 2012).
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Rall et al., 2012). However, the potentially important issue of physiological
mismatches (see next section) that emerges from the above theory (Vasseur
et al., 2014; Dell et al., 2014) still needs to be quantified empirically. In
particular, it would be enlightening to calculate “standing” levels of physiological mismatches between coexisting species within local communities
that interact with each other.

FROM INTERACTIONS TO CONSUMEReRESOURCE
DYNAMICS
We now consider what implications this new, mechanistic (and increasingly,
empirically grounded) theoretical framework has for eco-evolutionary dynamics
of consumereresource pairs. To this end, we will use a general model for a
community of S species of consumers and resources (including inorganic substrate), biomass density of the ith species (xi units of mass$area"1 or volume"1)
given by
2
3
X
X
dxi
¼ gi ð$Þ þ xi 4
eki cki "
cij " aii xi " zi 5; i ¼ 1; 2; .; S
dt
k˛resðiÞ
j˛conðiÞ
That is, from Eqn (5),
2
3
X
X
$ %
dxi
¼ gi ð$Þ þ xi 4
eki aki Aki fki ðxk Þ "
aij Aij fij xj " aii xi " zi 5;
dt
k˛resðiÞ
j˛conðiÞ
i ¼ 1; 2; .; S

(17)

Here, for the ith population, the function gi($) is the intrinsic biomass
production rate (mass$time"1$area"1 or volume"1), res(i) and con(i) are sets
of its resources and consumers, respectively, aii is a coefficient (area or
volume$mass"1$time"1) for biomass loss rate due to intraspecific interference,
aij is mass-specific search rate (Eqn (10)) of consumer j for resource i (area or
volume$mass"1$time"1), zi (time"1) is intrinsic biomass loss rate due to
respiration and mortality, eij (a proportion) is conversion efficiency of resource
to consumer biomass, and f($) is the prey risk function (e.g., Eqn (14)) that
determines the functional response. We propose Eqn (17) as a general model
because different specifications of its parameters yield particular models,
including LotkaeVolterra (for g($) ¼ rmax xi and f($) ¼ 1) (May 1974; Pawar,
2009; Tang et al., 2014), RosenzweigeMacArthur (g($) ¼ rmax xi, aii ¼ 0 and
f($) ¼ Type II functional response) (Yodzis and Innes, 1992; Weitz and
Levin, 2006; Pawar et al., 2012), the recent family of “bio-energetic”
models (f($) ¼ multispecies functional response) (Brose et al., 2006b;
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Otto et al., 2007) or Monod-like (g($) ¼ dilution rate-dependent substrate flux,
aii ¼ 0 and f($) ¼ saturating uptake function) (Tilman, 1977).
As the first step toward studying community-level dynamics, one can study
the effects of biomechanical and metabolic constraints on dynamics of
consumereresource pairs (Yodzis and Innes, 1992; Persson et al., 1998;
Aljetlawi et al., 2004; Vasseur and McCann, 2005; Weitz and Levin, 2006;
Vucic-Pestic et al., 2010; Pawar et al., 2012; Dell et al., 2014). To this end, we
can specify Eqn (17) such that g1($) ¼ rx1(1 " x1/K) for the resource (say a
producer, which we will call “sp. 1”), g2($) ¼ 0 for the consumer (say a primary
consumer, “sp. 2”), a22 ¼ 0 and f($) ¼ x1/(1 þ ahx1) Type II functional
response (Eqn (14)), which gives the following pair of RosenzweigeMacArthur
type equations:
'
&
dx1
x1
aAx1 x2
dx2
eaAx1 x2
¼ rx1 1 "
"
¼
and
" z1 x 2
(18)
dt
K
1 þ ahx1
dt
1 þ ahx1

where r is sp. 1’s intrinsic (primary) biomass production rate (rmax, time"1), K
is the resource carrying capacity (mass, area, or volume), and h is handling
time. Then, by substituting the size and temperature dependencies of the
parameters of Eqn (18), we can study ecological and evolutionary dynamics
of the consumereresource pair. This includes the size and temperature
dependences of a (Eqn (10)) and h (Eqns (15) and (16)), as well as the
lifeehistory parameters r, z, and K (Savage et al., 2004). In addition, we assume
that attack success probability A declines at high size ratios as a power law
(Pawar et al., in preparation):
A¼

1
1 þ Ig

(19)

where g governs decrease in attack success as resources get very large relative
to consumer size (mR [ mC).

Ecological ConsumereResource Dynamics
Assuming a fixed temperature, we can obtain temperature-normalized versions
of Eqns (10), (15), and (16) to study the effects of body size and size ratio
alone. Using this approach, Pawar et al. (2012) have shown that due to their
steeper scaling as well as higher baseline consumption rates (Eqn (10)),
3D interactions (such as in pelagic zones) are more likely to: (a) allow coexistence at more extreme size ratios (wider range of consumereresource size
combinations feasible), (b) show persistent and larger cycles (boom-bust dynamics) (Figure 6), and (c) show steeper scaling of numerical abundance with
body size across species (Pawar et al., 2012). All of these suggest fundamental
differences in ecosystem functioning and eco-evolutionary dynamics between
aquatic and terrestrial habitats. Pelagic habitats may be inherently unstable
relative to more 2D benthic or terrestrial habitats, which may be offset by the
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FIGURE 6 Effect of interaction dimensionality on size-driven consumereresource population
dynamics. Note that 3D interactions (c,d) show persistent cycles and larger amplitude booms and
busts, while 2D interactions converge on a stable fixed point (a,b). All of these results are for a
fixed temperature (15 ' C). Varying the temperature realistically (e.g., periodically) would typically
result in more complex dynamics.

wider range of feasible size ratios. This result is consistent with empirical
observations that pelagic communities appear less stable than terrestrial communities (Rip and McCann, 2011), yet show a wider range of and more extreme
size ratios (Pawar et al., in preparation; Brose et al., 2006a).
The stronger 3D consumption rates for a wide range of body sizes also
suggest that pelagic ecosystems may experience more frequent top-down
regulation than 2D terrestrial or benthic ones (Chase, 2000; Shurin et al.,
2006). That the scaling of numerical abundance at equilibrium may be steeper
in pelagic environments relative to benthic or terrestrial ones (Pawar et al.,
2012) means that only 2D abundance scaling exponents are predicted to be
close to Damuth’s e3/4 rule, which was indeed derived from data on terrestrial
mammals (2D consumers) (Damuth, 1981; Savage et al., 2004). The 3D
ecosystems may show much steeper, superlinear (<"1) exponents (Pawar
et al., 2012). This may help explain deviations from energetic equivalence
(e3/4 power mass-abundance scaling) in local communities (Damuth, 1981;
Cyr et al., 1997a,b; Leaper et al., 1999; Reuman et al., 2009).
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What about the effects of temperature? By assuming a fixed consumer size
and resourceeconsumer size ratio, we can study the effect of changes in
temperature and the effect of variation in parameters of the thermal response
(E as well as the normalization constant). By using this approach, recent work
(Vasseur and McCann, 2005; Dell et al., 2014) suggests that mismatches between consumer and resource activation energies E (the factor D; Eqn (12),
also see Figure 4) can have nontrivial effects on consumereresource dynamics
and equilibrium abundances. For example, in activeecapture interactions,
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
equilibrium biomass of the resource is predicted to be x^1 ¼ 1= 1 þ aD2 , and
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
for consumers it is predicted to be x^2 ¼ 1= 1 þ aD2 ¼ D= 1 þ aD2 :
Then, for a mismatch wherein the resource and consumer activation energies
(E1 and E2) can range between (E w 0.2e1.2 eV), resource equilibrium
biomass x^1 can be anywhere between 1.24 % 10"17 (for E1 ¼ 0.2,
E2 ¼ 1.2 eV) and 1 (for E1 ¼ 1.2, E2 ¼ 0.2 eV), and consumer equilibrium
biomass x^2 can be anywhere between 1.6 % 10"34 and 8.0 % 1016, an
astounding 50 orders of magnitude difference. This highlights not just the
potential importance of physiological mismatches themselves, but also the
need for further research on the typical levels of mismatches seen between
species that are likely to interact with each.
Along with commonly observed differences in activation energies between
consumers and resources (D) (Dell et al., 2011, 2014), differences in thermy
(e.g., ectotherm vs endotherm), or thermoregulation (e.g., two ectotherms with
different body temperatures) are common in food webs. For example, across
most temperatures ectotherms will likely be relatively slower at low temperatures, and endothermic consumers feeding on these ectothermic resources will
therefore have higher success rates for capture and attack at these lower temperatures (Christian and Tracy, 1981). Also when both consumer and resource
are ectothermic, escapes and failed attacks may be more common at low
temperatures because escape body velocity typically remains close to peak
levels and is thus higher than attack body velocity (Dell et al., 2011). Indeed,
each of the mismatch scenarios in Figure 4 will become more likely as species
change their geographic and temporal niches in response to climate change. It is
now well established that warm-adapted species are moving into regions that
were previously too cold, and that climate change is altering the phenology of
many plants (including phytoplankton) and animals (Kareiva et al., 1993;
Parmesan and Yohe, 2003; Reid et al., 2007; Hallegraeff, 2010; Chen et al.,
2011; Saikkonen et al., 2012). Climate change could elicit such shifts when
warming cues occur earlier in the year, while other cues, such as seasonal light
conditions, remain constant. These differences in environmental drivers could
potentially cause matched species interactions to become uncoordinated
(Pörtner and Farrell, 2008) and new combinations of interacting species to arise.
Finally, the effects of physiological mismatches on consumereresource
dynamics may be amplified because aquatic environments in general, and
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pelagic zones in particular, show stronger size and size-difference scaling than
terrestrial ones (Pawar et al., 2012) (Figure 5). Thus overall, the issue of
physiological mismatches introduces an important new perspective on the
effects of temperature and climate change on consumer resources and therefore community food web and ecosystem dynamics (see section on community
and ecosystem dynamics below). This perspective is important because conditions promoting mismatches in the response of traits relevant to trophic
interactions will exist in virtually all ecosystems including aquatic ones, and
mismatches are likely to be a major factor driving invasion and community
assembly dynamics.

Eco-Evolutionary ConsumereResource Dynamics
Clearly, ecological and evolutionary mechanisms do not operate in isolation,
and integration of these processes is necessary for a general theory for the
metabolic and biomechanical bases of consumereresource, community food
web, and ecosystem dynamics (Matthews et al., 2011; Thuiller et al., 2013).
This is particularly important considering the fact that unlike terrestrial ecosystems, most aquatic ecosystems are built upon a small-sized primary producer base (the phytoplankton), which means that they have short generation
times and high mass-specific metabolic rates and therefore potentially rapid
acclimation and adaptation rates. As a first step toward studying coupled ecoevolutionary dynamics, we can ask, given a species pair that can stably coexist
above threshold abundances, what size or thermal performance curve is
evolutionarily optimal for the consumer and the resource? The optimum size
ratio will likely differ depending on whether the optimization is from the
perspective of the consumer or the resource. To answer these questions, one
can calculate conditions under which a stable consumereresource pair cannot
be invaded by a novel (mutant or immigrant) consumer (or resource) with a
body size or thermal performance (e.g., activation energy E) different than that
of the resident (Marrow et al., 1996; Geritz et al., 1997; Weitz and Levin,
2006; Reuman et al., 2014)dthe first step toward an evolutionary change in
the resident consumer (resource) population.
As an illustration, consider again the consumereresource system governed by Eqn (18), in which we assume temperature is fixed and into which a
mutant consumer arises that differs from the resident consumer in size.
A size-mutant consumer’s population dynamics are governed by (cf. dx2/dt
part of Eqn (18) above)
dx2;u
ea2;u x2;u x^1
¼
" zu x2;u
dt
1 þ a2;u hu x^1

(20)

where subscript u indicates a parameter linked to the mutant. We assume that
the resident resource population is at biomass equilibrium ð^
x1 Þ and the mutant’s
and resident’s conversion efficiencies are the same (e). Then, by solving for
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positive growth of the invader population, we find that the evolutionarily stable
strategy (ESS) is the one that maximizes the quantity (a/mC)(e " zhmC)/z
(Pawar et al., in preparation). That is, the consumer mutant with size that best
exploits resources though its search rate is the one that cannot be invaded by any
other mutant (has an ESS). Then, upon substituting the size scaling of a (Eqn
(10)), h (Eqn (16)), and z (Savage et al., 2004), we can determine what optimal
consumer sizes and consumereresource size ratios this ESS translates to.
Similarly, the fate of a rare resource mutant’s population (x1,u) is governed by
the equation (cf. dx1/dt part of Eqn (18) above)
&
'
dx1;u
x1;u
au x^2 x1;u
¼ ru x1;u 1 "
"
(21)
dt
Ku
1 þ au hu x1;u
where the consumer’s search rate and handling time have been subscripted
with u because both are partly governed by the consumereresource size ratio
(Eqns (10), (15), and (16)). Here again, as in the case of the consumer, we can
solve for positive population growth of the mutant resource to derive the
condition for successful invasion, and then substitute size scaling of parameters in the quantities needed (or that must be maximized) to achieve an ESS
(Pawar et al., in preparation). Specifically, to make the analyses more relevant
to aquatic ecosystems, let us substitute 3D size scaling of search rate a (Eqn
(10)). Figure 7 shows the resulting invasion fitness landscapes of consumer as
well as resource size mutants. Clearly, there is an inherent conflict in the
fitness landscapes and ESS’ of consumers versus resources. That is, for a fixed
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FIGURE 7 Effect of body size and size mismatch (size ratio, I) on consumer and resource fitness
(of invasion of a rare mutant, given by the contours) within the feasible coexistence region of
ecological coexistence (dashed lines). The ESS lies at the center of each set of contours. For a fixed
consumer (or resource) size, consumer invasion fitness is maximized at minimal size ratios (size
mismatch) (along the dotted diagonal I ¼ 1 line) where its search rate is maximal. In contrast,
resource fitness is maximized at extreme size mismatch, where consumers have low search rates.
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consumer (or resource) size, consumer invasion fitness is maximized at intermediate size ratios where its search rate is maximal, while the resource
fitness landscape has two peaks at extreme body size ratios. This means that
resources can evolve to escape consumption by a consumer of fixed size by
becoming much larger than the consumer if they start above the I ¼ 1 line, or
much smaller if they start below the I ¼ 1 line. This suggests a mechanism for
evolutionary size diversification in consumereresource interactions in aquatic
ecosystems.
Analogous analyses can be performed by considering consumer or resource
fitness when thermal response parameters can evolve. Indeed, recent empirical
evidence and preliminary theoretical studies suggest that natural selection
through consumer resource interactions may play an important role in
driving the evolution of activation energies (E) (Angilletta, 2009; Dell et al.,
2011). In particular, Dell et al. (2011) have suggested a thermal life-dinner
principledstronger selection pressure on prey to escape capture and death
results in maintenance of better performance across a range of temperatures,
which means that prey escape traits are expected to show lower thermal
sensitivity (lower E) than predator attack traits do. Of course, this selection has
to be strong enough to overcome the energetic cost of maximizing metabolic
effort at low temperatures. Note that the resulting difference between consumer and resource activation energies is by definition one of the thermal
response mismatches (D) discussed above.
Furthermore, it is possible to use evolutionary invasion analysis to study
the effect of warming on size evolution or the effect of size difference on
evolution of thermal responses. Reuman et al. (2014) have performed such a
study to examine the effect of warming on phytoplankton size evolution.
They find that warming is likely to result in the prevalence of smaller
phytoplankton at higher temperatures due to increased invasibility of smaller
cells due to their higher nutrient uptake and growth. All these results clearly
demonstrate the potential importance of coupled eco-evolutionary dynamics
in driving the dynamics and function of aquatic ecosystems. Further work in
this area would need to include adaptive dynamics to obtain a more complete
and nuanced picture of such eco-evolutionary dynamics. Another, more
explicitly evolutionary approach is to use a quantitative trait modeling
approach (Abrams, 2000, 2001) wherein the evolutionary parameters of
interest (e.g., E, Tpk, and body size) are allowed to evolve while ecological
dynamics are taking place.

FROM CONSUMEReRESOURCE PAIRS TO COMMUNITY
AND ECOSYSTEM DYNAMICS
Studying direct consumereresource interactions in isolated pairings is a first,
important step and empirical hurdle in understanding effects at the level of
aquatic community food webs and ecosystems (Laska and Wootton, 1998).
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The next step is to study more complex consumereresource interactions
including indirect competition between consumers and polyphagyda consumer eating multiple types of resources. Future work using multitrophic food
web models that are generalizations of the above mechanistic theoretical
framework should reveal deeper insights into how eco-evolutionary dynamics
constrain ecosystem functioning.
Some work in this direction has already been done, essentially by
combining multiple species using the model presented in Eqn (17). For
example, recent simulations using such models have posited that observed
body sizes in communities allow stable coexistence of consumers and resources
within local communities without any necessary optimization of consumption
rates (Jonsson and Ebenman, 1998; Emmerson et al., 2005; Brose et al., 2006b;
Otto et al., 2007; Tang et al., 2014). The mechanism being invoked
(often implicitly) by these studies is species sorting, where destabilizing
consumereresource size combinations are “filtered out” through immigratione
extinction dynamics during community assembly and maintenance (Bastolla
et al., 2005; Pawar, 2009; Fahimipour and Hein, 2014; Pawar, 2015). However,
all of these studies still use a 3/4 power scaling for consumption and a 1/4 power
scaling for production rate. Future work should include better updated models
of the biomechanical basis, such as the one we have presented above, to get
deeper and more accurate insights. Given our results about differences in size
ratios of 2D and 3D interactions, the dynamics of food web models in aquatic
ecosystems that can have either dimensionality should be intriguing, and
coupled 2D and 3D subcommunities should be interesting as well.
Moving beyond purely ecological models with interactions that respond in
a fixed way to size and temperature, a few studies have also taken a multispecies evolutionary dynamics approach (Loeuille et al., 2002; Loeuille and
Loreau, 2005, 2006; Stegen et al., 2012a,b). These studies have yielded
interesting insights, but their simulation results are necessarily more complex
than those for the purely ecological network models described above, and are
much less amenable to analytical insights about the link between environmental change (such as climatic warming) and ecosystem dynamics, and
function through metabolic and biomechanical constraints. More tractable
alternatives for the study of coupled eco-evolutionary dynamics leading to
changes in ecosystem functioning are trait-based modeling approaches
(Norberg, 2004; Savage et al., 2007; Enquist et al., 2015) that can be used to
directly link metabolic traits distributions to ecosystem functioning metrics. In
this approach, the effect of functional trait variation across species’ populations on ecosystem processes can be studied using the general model
dxy
¼ f ðT; xtot ; R; yÞxy þ wy
dt

(22)

Here y is a functional trait, xy is biomass abundance of the (functional)
group carrying the trait y, T is environmental temperature, xtot is the total
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abundance across all trait variants (standing biomass), R is a limiting resource,
and wy determines immigration (or emigration) of trait variants into the local
patch (which can be modeled as either density dependent or density independent). Alternatively, wy can be used to model upregulated or downregulated
(i.e., density-dependent or density-independent) gene expression. The advantage of this framework is that one can directly include biomechanical and
metabolic constraints on traits. For example, by using Eqn (13) (for consumption rate) to specify f($), we can map temperature and body size directly
onto system dynamics, in which case y could be either E or body mass m. One
technique that can simplify subsequent analysis is to Taylor-expand the
function f($) around the average trait value y to predict how system dynamics
will change as a function of temperature for a given size class, including the
effects of (1) total immigration (or up/downregulation) across all trait variants,
(2) rate of change and static values at temporal snapshots of trait mean ðyÞ,
(3) rate of change and static values at temporal snapshots of trait variance, and
(4) total trait ecosystem standing biomass xtot as well as its rate of change. This
framework can also be extended to simultaneous changes in multiple traits
(e.g., y1 ¼ E and y2 ¼ m) to ascertain the importance of functional trait
redundancy and complementarity for maintaining ecosystem functioning
(Savage et al., 2007). Multispecies, multitrait modeling is particularly
important for aquatic ecosystems, because recent empirical studies have
revealed a number of coupled systematic changes in body size structure and
the temperature dependence of ecosystems functioning in freshwater as well as
marine environments (Yvon-Durocher et al., 2011; O’Gorman and Emmerson,
2011; Dossena et al., 2012; Yvon-Durocher and Allen, 2012).
Thus, irrespective of the multispecies ecosystem level of model that is
used, the mechanistic theory for pairwise trophic interactions we have outlined
above is key to building a truly predictive theory for aquatic ecosystem dynamics and functioning. In particular, because this framework makes explicit
the role of parameters such as body size, foraging strategy, shape of the
thermal response, and mismatches in thermal responses of interacting species,
it has the potential to allow a delineation of potentially important functional
organismal and trait groups in complex ecosystems and to gradually build up
the dynamics of consumereresource pairs to whole networks of interactions.

CONCLUSIONS
We have sought to demonstrate how a general theoretical framework for the
metabolic and biomechanical bases of trophic interactions has the potential to
yield general predictions about the effects of individual-level metabolic and
biomechanical constraints on the eco-evolutionary dynamics and functioning
of aquatic ecosystems. In particular, by assuming that ectotherm body temperature is equivalent or proportional to ambient temperature, this theoretical
framework can be used to make predictions about how consumereresource
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interactions, and eventually how whole ecosystem dynamics, will be affected
by climate change. This theory also has the potential to be applied to other
types of ecological interactions that rely on metabolism and biomechanics,
such as pollination, parasitism, and competitive interactions. At the same time,
a number of important challenges exist in the ongoing development of the
theory that need to be met in order to make it truly general and robust:
1. Although we have shown above that a random movement assumption
(Eqn (6)) performs quite well in predicting search and consumption rates,
the effect of more complex, nonrandom movement strategies (such as Levy
flights combined with neighborhood searching) merits thorough investigation (Cantrell et al., 2006; Chen et al., 2008; Smouse et al., 2010;
Viswanathan et al., 2011; Hein and McKinley, 2012).
2. A more continuous definition of spatial dimensionality (e.g., fractal-like)
may be needed to better predict consumption rates in the field, especially if resources are immobile (i.e., in grazing interactions) and dispersed
nonrandomly (Ritchie, 2009).
3. While the current theory uses a visual detection model, other sensory
modalities including auditory, olfactory, and chemosensory need to be
considered (e.g., Dusenbery and Snell, 1995 and Blake and Domenici,
2000). In particular, our speculation above that these other sensory
modalities will also yield a scaling relationship of reaction distance with
size needs to be tested theoretically and empirically. Also, while visual
acuity is largely independent of temperature, other modes of detection are
not. For example, chemosensory detection is important in aquatic environments (Atema, 1995; Brönmark and Hansson, 2007; Ferland-Raymond
et al., 2010) and depends on turbulence and the 3D diffusion of signal
molecules. At small spatial scales relevant to small organisms, diffusion is
likely more important, and rates of diffusion depend upon the square root
of temperature (Gainer, 1970; Krynicki et al., 1978). In addition, the
biological mechanisms for detection (such as signal transduction pathways)
may themselves be temperature dependent (Pantazelou and Dames, 1995).
4. The biomechanics of attack, escape, subjugation, and ingestion (Blake and
Domenici, 2000; Domenici, 2001, 2002, 2010) need to be incorporated to
derive truly mechanistic models of handling time and attack success. At the
most fundamental level, such models should be able to explain why
handling times and attack success probability tends to be unimodal with
respect to body size ratio (Persson et al., 1998; Aljetlawi et al., 2004;
Vucic-Pestic et al., 2010; Rall et al., 2012). In particular, this theory will
need to incorporate the scaling of acceleration and angular velocity during
attackeescape maneuvers (Figure 3).
5. The effect of ontogenic changes in the metabolic and biomechanical
constraints on population consumption rates needs to be considered
(Amarasekare and Savage, 2012; Giacomini et al., 2013; Pawar et al.,
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2013). In particular, the timescale differences between biomass consumption, allocation, and production need to be reconciled. This should
help explain the apparent difference in scaling of consumption rate (rate of
energy intake) and metabolic rate (rate of energy use) that we report above.
One way to reconcile it may be by considering differences in basal and
active metabolic rates.
As these issues are addressed, concurrently incorporating them into
interaction and interaction-network levels of ecosystem organization
(Figure 1) will be important to produce incrementally robust and accurate
predictions that can be confronted with the burgeoning data on aquatic
ecosystem functioning in the face of environmental change.

ABBREVIATIONS AND MATHEMATICAL SYMBOLS
(Subscript i refers to a parameter for the ith species)
D BoltzmanneArrhenius factor ratio, or thermal sensitivity mismatch (Eqn (12))
a Consumereresource search rate (area or volume$timee1)
A Probability of attack success (conditional on attack)
a0 Normalization constant for scaling of search rate with body mass
b Scaling exponent of metabolic rate (unitless)
c Biomass consumption rate (mass$timee1)
d Reaction distancedmaximum distance at which the consumer and resource can sense and
react to each other
D Euclidean dimension of consumereresource interaction space (¼ 1, 2, or 3 for biological
interactions)
d0 Normalization constant for scaling of reaction distance with body mass
e Conversion efficiency of resource to consumer biomass (unitless)
E Average activation energy (eV) of rate-limiting steps in biochemical reactions
(1 eV ¼ 96.49 kJ$mole1)
ED The average energy constant at which proteins denature (deactivation energy), or more
phenomenologically, a parameter that controls steepness of decline of metabolic rate
beyond Tpk
f(xR) Prey risk function
h Handling time, or the total time taken from detection up to subjugation and ingestion of
the resource by a unit consumer
h0 Normalization constant for the size-and-temperature dependence of handling time (h)
I Size ratio, or size mismatch (Eqn (11))
k The Boltzmann constant (8.62 % 10e5 eV$Ke1)
m Average individual body mass (kg)
P Whole-organism (individual) metabolic rate (units of J$se1), which may be resting, active,
or field
P0 A body mass- and temperature-independent normalization constant for metabolic rate
pd Exponent of the scaling of reaction distance with body mass
PTR (physiological temperature range) The environmental temperature range over which
organisms typically operate, here defined to lie below Tpk (Figure 2)
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pv Exponent of the scaling of velocity with body mass
r0 Normalization constant for the size and temperature dependence of rmax
rmax Malthusian parameter or maximal growth rate (also known as intrinsic growth rate)
(units of timee1), equivalent to gi($) in certain consumereresource model specifications
(Eqn (17))
SD Consumereresource detection region (lengthD " 1, where D is euclidean dimension)
T Body temperature (' C or K)
Tpk Temperature (' C or K) for peak performance, at which metabolic rate or a functional
trait value reaches its peak (Ppk)
v Whole-organism body velocity (length$timee1)
v0 Normalization constant for the size-and-temperature dependence of body velocity v
vr Average relative velocity (length$timee1) between individuals of two species
wy Immigration (or emigration) of functional trait variants into a local patch (or alternatively, upregulation or downregulation of gene expression)
x Population biomass density (mass$areae1 or volumee1)
y Value of a functional trait (e.g., m or E)
z Intrinsic biomass loss rate due to respiration and mortality (timee1)
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