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Few models concern how environmental variables such as temperature affect community structure.
Here, we develop a model of how temperature affects food web connectance, a powerful driver of
population dynamics and community structure. We use the Arrhenius equation to add temperature
dependence of foraging traits to an existing model of food web structure. The model predicts potentially large temperature effects on connectance. Temperature-sensitive food webs exhibit slopes of
up to 0.01 units of connectance per 18C change in temperature. This corresponds to changes in
diet breadth of one resource item per 28C (assuming a food web containing 50 species). Less sensitive food webs exhibit slopes down to 0.0005, which corresponds to about one resource item per
408C. Relative sizes of the activation energies of attack rate and handling time determine whether
warming increases or decreases connectance. Differences in temperature sensitivity are explained
by differences between empirical food webs in the body size distributions of organisms. We conclude
that models of temperature effects on community structure and dynamics urgently require considerable development, and also more and better empirical data to parameterize and test them.
Keywords: body size; foraging; functional response; activation energy;
allometric diet breadth model

1. INTRODUCTION
A food web is a network of feeding interactions among
the species in a community. If each species eats many
other species, the food web contains many links and
has high connectance. If each species eats few others,
the food web has few links and low connectance.
Whether food webs have many or few links (L), relative
to the number of possible links (P), turns out to be
very important. Connectance (L/P) appears to be
one of the primary determinants of population stability
and community structure.
MacArthur (1955) suggested that a generalist consumer, i.e. one with a large number of links to
resources, would fluctuate in abundance less than a
specialist. He reasoned that the multiple pathways
for gaining energy available to a generalist make any
one pathway less influential if lost. Organisms ranging
from protists to woodpeckers provide support for this
hypothesis (Koenig & Haydock 1999; Petchey 2000).
High connectance may, however, contribute to
instability of population dynamics (Gardner & Ashby
1970; May 1972). Dynamic models of food webs
show that more connections between species lead to
a lower chance of obtaining a feasible community (all
populations with positive population size) and slower
recovery from small perturbations (Saunders & Bazin
1975). The consequences of larger perturbations,
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such as extinction, also depend on the number of connections among species, with more connected species
being less likely to remain stable after a deletion. The
loss of stability following an extinction can lead to a
cascade of secondary extinctions, the extent of which
is greatly influenced by connectance (Pimm 1980;
Borrvall et al. 2000; Dunne et al. 2002).
More recent work has demonstrated that food webs
with random or uniform population traits (e.g. respiration, consumption, growth) are unstable, whereas
food webs with a body-size structure and population
traits that follow allometric scaling relationships are
highly stable (Brose et al. 2006b; Brose 2008). This
body-size structure is characterized by consumers
that are at least 10 times larger than their resources
and allometric degree distributions (i.e. the number
of consumers and resources of a species decrease and
increase, respectively, with its body mass) (Otto et al.
2007). Interestingly, accounting for this body-size
structure yields a positive relationship between connectance and food web stability (Rall et al. 2008),
thus matching earlier concepts (MacArthur 1955).
Connectance also plays a large role in determining
the types of structures that real food webs display
(Vermaat et al. 2009). Other properties of communities, such as food chain length, are strongly
influenced by connectance. Indeed, some models of
food webs use connectance (and species richness) as
an input parameter (Cohen et al. 1990; Williams &
Martinez 2000; Cattin et al. 2004; Stouffer et al.
2005). Its pivotal role for population dynamics and
community structure has led researchers to argue for
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the importance of understanding the determinants of
connectance, and how environmental variables affect
connectance (Warren 1990, 1996).
Environmental temperature is one such variable.
Observed and predicted changes in global and regional
temperatures make understanding its effects on ecological communities a priority. Temperature
difference may also contribute towards latitudinal
and elevational changes in diversity and community
structure. Reasonably widely accepted theories and
empirical data link temperature and biological variables such as metabolic rate (Clarke 1991; Gillooly
et al. 2001; Price & Sowers 2004; Savage et al. 2004;
Apple et al. 2006), swimming speed (Olla &
Studholme 1971; Winet 1976; Podolsky & Emlet
1993; Wilson et al. 2000; Wilson 2005), feeding rate
(Bolton & Havenhand 1998; Yee & Murray 2004),
growth rate (Savage et al. 2004; Rose & Caron
2007), developmental rate (Gillooly et al. 2002),
body size (Atkinson et al. 2003) and phenology (Arft
et al. 1999; Wagner & Benndorf 2007). The same is
true for abundances (Rae & Vincent 1998; Strecker
et al. 2004; Baulch et al. 2005), population dynamics
(Yodzis & Innes 1992; Beisner et al. 1996; Vasseur &
McCann 2005), ecosystem carbon flux and storage
(Allen et al. 2005; Anderson et al. 2006) and ecosystem metabolism (Petchey et al. 1999; Baulch et al.
2005). Indeed, after accounting for size dependence,
temperature explains the largest amount of variation
in biological rates (Peters 1983) (though see for
example, Makarieva et al. 2008; Johnson et al. 2009).
Less well researched are the effects of temperature on
aspects of community structure, such as the distribution
of biomass across trophic levels, the distribution of diversity across trophic levels, or the extent and distribution of
specialism and generalism across species. There are
exceptions: evidence and predictions exist of temperature effects on the strength of interspecific interactions
(Sanford 1999; Vasseur & McCann 2005; Rall et al. in
press), biomass and production (Petchey et al.
1999; Moss et al. 2003; Brown et al. 2004; Meehan
2006; Jennings et al. 2008) and food chain length
(Arim et al. 2007). However, few models exist that are
capable of making predictions about the effects of
temperature on community structure, and we are
unaware of models capable of predicting how
connectance changes with temperature. Given the
importance of connectance, this seems to be a serious
gap in ecological theory.
This article has two aims: (i) to extend an existing
model of food web structure to be capable of making
predictions about the relationship between environmental temperature and connectance; (ii) to
understand what in the model and data determine the
predicted sensitivity of connectance to temperature
change. A test of the predictions is left for when suitable
data about food web structure across a temperature
gradient are available.

2. MATERIAL AND METHODS
(a) Modelling food web connectance
In order to make quantitative predictions about the
effects of temperature on connectance we need (i) a
Phil. Trans. R. Soc. B (2010)

quantitative model that can predict connectance and
(ii) a route for temperature to drive the parameters
and or variables of this model. We are aware of only
one modelling framework that meets these two criteria:
the diet breadth model (DBM) (Beckerman et al.
2006) and its size-based variant (the allometric diet
breadth model, ADBM) (Petchey et al. 2008). The
remainder of this section introduces the DBM and
ADBM.
Connectance results from the determinants of the
degree of specialism or generalism (i.e. diet breadth)
of a consumer (Warren 1994). Diet breadth can be
predicted by models of foraging behaviour, such as
the contingency model of optimal foraging (Emlen
1996; MacArthur & Pianka 1996). In this model,
diet breadth (specialism/generalism) is determined
by the foraging behaviour of consumers (attack rates
Aij and handling times Hij), the energetic value of
resources (1i) and the density (Ni) of resource items
in the environment. (Throughout i denotes the
resource and j the consumer.) In the contingency
model, foraging consumers spend their time either
searching for resource items or consuming a resource
item (Emlen 1966; MacArthur & Pianka 1966).
Given this, a consumer’s rate of energy intake depends
on which of the available resource types it consumes,
and there is a subset of the available resource types
(species) that, if consumed, maximize the rate of
energy intake (RoEI). This subset can be found for
consumer j by ranking resource types by decreasing
profitability (1i /Hij) and finding the diet breadth (d )
that maximizes the overall rate of energy intake
(ORoEI).
Psdj
ORoEI ¼

i¼s1

1þ

Psdj

1i lij

i¼s1

lij Hij

:

ð2:1Þ

Here, dj is the number of resource items in the consumer’s diet (i.e. diet breadth), s is the permutation that
orders the prey according to decreasing profitability, lij
is the encounter rate of consumer j on resource i, 1i is
the energetic value of resource i and Hij is the handling
time of resource i for consumer j. Encounter rate is the
product of density and attack rate: lij ¼ AijNi. The
value of dj that maximizes the value of this function
is the predicted diet breadth of the species. Connectance is the
P sum of the diet breadths of all
consumers Sj¼1 dj divided by the number of possible
links P. Here, we assume that all links, including cannibilistic ones, are possible, hence P ¼ S 2, where S is
the number of species in the food web.
Connectance in this model, therefore, results from
diet breadth, which itself results from encounter rates
and handling times. More specifically, diet breadth is
determined (all else being equal) by the product of
the mean handling time and mean encounter rate, calculated over all resources available to a consumer
 (Beckerman et al. 2006; figure 1).
 H)
(hereafter l
This prediction was known previously, for example
see Begon et al. (1990, p. 307, 2nd edn). As they put
it, ‘searchers should be generalists’ and ‘handlers
should be specialists’. The term ‘searchers’ refers to
consumers that spend little time handling and a long
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Figure 1. (a– d) Empirical relationships between temperature and handling times and (e –h ) attack rate and temperature from
four published studies. The data are plotted on log10 y-axis for clarity, while statistics and the slopes are calculated on natural
log data with models equivalent to those in equations (2.2) and (2.4). (a,e) Thompson (1978), (b, f ) Zhang et al. (1998),
(c,g) Zhang et al. (1999) and (d,h) Xia et al. (2003). In (d,h) the y-axis variables are corrected to account for variation
in prey and predator size among the data. In each plot the activation energy is given as the slope and the significance by
the p-value.

 The term ‘handlers’ refers to
 H).
time searching (low l
consumers that spend much time handling and little
 When parameterised with
 H).
time searching (high l
data about encounter rates and handling times
gathered from 121 empirical studies, the model
(abbreviated as DBM) predicts values of diet breadth
and connectance that are not significantly different
from those observed in some real food webs
(Beckerman et al. 2006).
Foraging traits such as encounter rates, handling
times and energetic value can be related to body
sizes of resources and consumers. For example,
larger resources contain more energy, but take longer
to consume and digest. Smaller resources are more
abundant (higher encounter rate), but may be less visible and so attract lower attack rates (lower encounter
rate) than larger resources. These size dependencies
create covariances between the foraging traits, and
these covariances can result in realistic predictions of
the pattern of interactions among species. When
coupled with the DBM, these allometries’ results
give what has been abbreviated as ADBM, which can
correctly predict up to 65 per cent of the links in a
real food web (Petchey et al. 2008).
(b) Temperature scaling of foraging traits
The Arrhenius equation is often used to describe the
scaling of biological rates with temperature (Brown
et al. 2004). Rates of biochemical reactions scale
with temperature according e2 E/kT where E is the activation energy, k is the Boltzmann’s constant (in units
of electron Volts eV), and T is temperature in Kelvin.
It is the activation energy that determines how metabolism scales with temperature, and values range from
0.47 to 0.74 eV (Gillooly et al. 2001; Vasseur &
McCann 2005). Relationships between temperature
and metabolic rate hold remarkably well across taxa
including microbes, ectotherms, endotherms and
plants (Gillooly et al. 2001).
Phil. Trans. R. Soc. B (2010)

Table 1. Parameters and variables in the handling time and
attack rate scaling functions
parameter or
variable
Hij
hT0
mi
hi
mj
hj
EH
b
T
T0
k
Aij
aT0
ai
aj
EA

description
handling time for prey i and predator j (s)
normalization constant for handling time at
temperature T0
mass of a prey individual of type i (g)
slope of prey mass dependence of handling
time
mass of a predator individual of type j (g)
slope of predator mass dependence of
handling time
activation energy of handling time (eV)
critical mass ratio in ratio handling time
function (equation 2.3)
environmental temperature (K)
temperature offset (293.15 K) for
regression
Boltzmann contant (eV)
attack rate or predator j on prey i (m2 s21)
normalisation constant for attack rate at
temperature T0
slope of prey mass dependence of attack
rate
slope of predator mass dependence of
attack rate
activation energy of attack rate (eV)

The activation energy of foraging traits are required
to predict how community-level properties, such as
predator– prey dynamics or community structure,
respond to temperature change (Brown et al. 2004;
Vasseur & McCann 2005). There has been relatively
little work, however, on the temperature dependence
of these traits, and even less about the mechanistic
bases for any dependencies. Rather than attempting
to derive the activation energies from first principles,
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Figure 2. Effects of temperature on food web connectance for different values of activation energies of attack rates (EA) and
handling times (EH), using the power handling time function. Colours refer to different sets of parameter values that correspond to models fitted to eight food webs in Petchey et al. (2008). In (d) the x-axis represents the imbalance between
effects of temperature on attack rates and handling times; the y-axis represents the slope of the temperature–connectance
relationship. Black, Benguela Pelagic; red, Broadstone stream; green, Coachella; dark blue, EcoWEB41; light blue, Mill
stream; pink, Sierra lakes; yellow, Small Reef; grey, Tuesday lake.

we examined empirical relationships in the literature.
To a large extent therefore, we are using the Arrhenius
equation as a phenomenological model, rather than for
its clear mechanistic basis.
Brown et al. (2004) lists estimates of the activation
energy of parasitism rate, attack rate, feeding rate
and grazing rate (0.56 –0.81 eV ). Activation energies
of ingestion rates can also be estimated from temperature dependence of digestion velocity, gastric
evacuation and flow rates in burrows (0.46 – 0.77 eV)
(Vasseur & McCann 2005). Aquatic capture rates are
temperature dependent: e.g. a 34 –67% reduction in
polychaete ingestion rate has been observed, associated with a 108C reduction in temperature (Bolton &
Havenhand 1998, 2005; Loiterton et al. 2004). This
corresponds approximately to an activation energy of
0.50. Similarly, grazing rate of a bacterivore increased
twofold from 10 – 158C (Delaney 2003), an activation
energy of about 0.97 eV.
At least four published datasets contain empirical
data suitable for estimating the activation energies
Phil. Trans. R. Soc. B (2010)

of handling time and attack rates. Each comprises
several functional responses, conducted over a range
of temperatures and in one study, also with different
sizes of predators and prey (figure 1). Thompson
(1978) recorded functional responses of dragonfly
larvae feeding on Daphnia at six temperatures, from
5 – 308C. Zhang et al. (1998) recorded functional
responses of large mites eating smaller mites at five
temperatures, from 15 to 308C. Zhang et al. (1999)
recorded functional responses of large mites eating
small mites at six temperatures, from 15 to 358C.
Xia et al. (2003) recorded functional responses of
ladybird larvae feeding on aphids at six temperature
(5 – 308C), and also prey and predator sizes. We estimated the activation energies by fitting linearized
versions of equations (2.2) and (2.4) (see below) to
the attack rates and handling times of the functional
responses. Activation energy of handling time varied
from 20.13 (p , 0.0001) to 20.71 (p , 0.05),
while that of the attack rate varied from 0.15 (n.s.)
to 0.57 (p , 0.0001) (figure 1). Note that activation
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Figure 3. Effects of temperature on food web connectance for different values of activation energies of attack rates (EA) and
handling times (EH), using the ratio handling time function. Colours refer to different sets of parameter values that correspond to models fitted to eight food webs in Petchey et al. (2008). In (d) the x-axis represents the imbalance between effects
of temperature on attack rates and handling times; the y-axis represents the slope of the temperature–connectance relationship. Black, Benguela Pelagic; red, Broadstone stream; green, Coachella; dark blue, EcoWEB41; light blue, Mill stream;
pink, Sierra lakes; yellow, Small Reef; grey, Tuesday lake.

energies technically cannot be negative. Here,
negative activation energies of handling times result
from calculations based on times rather than rates.
Though technically incorrect, we have chosen to
retain this negative sign owing to the use of handling
times in the standard formulation of the contingency
model. This choice is entirely presentational and has
no effect on any results.
(c) Adding temperature dependence
to the ADBM
To extend the ADBM (Petchey et al. 2008) to include
temperature dependence of foraging traits we added a
Boltzmann factor to the size-scaling of attack rates and
handling times. We assume that handling time is a
power function of prey size and predator size, and
that temperature dependence follows the Arrhenius
equation
h

Hij ¼ hT0 mhi i mj j eðEH ðT T0 ÞÞ=ðkTT0 Þ :
Phil. Trans. R. Soc. B (2010)

ð2:2Þ

This type of relationship was termed a power handling time function (Petchey et al. 2008). The activation
energy of handling times EH determines how handling
times scale with temperature. Mass scaling is determined by the exponents hi and hj. The parameters
and variables of this and the following equations are
described in table 1.
Another handling time scaling relationship was
termed the ratio handling time function, and was
found to better predict food web structure via the
ADBM (Petchey et al. 2008). Here handling time is
based on a ratio of prey to predator mass:
Hij ¼

hT0
eðEH ðT T0 ÞÞ=ðkTT0 Þ :
b  ðmi =mj Þ

ð2:3Þ

Or if mi/mj  b we set Hij ¼ 1.
Attack rate is a function of prey size, predator size and
temperature:
a

Aij ¼ aT0 mai i mj j eðEA ðT T0 ÞÞ=ðkTT0 Þ :

ð2:4Þ
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The activation energy of attack rates EA determines
how attack rates scale with temperature. Mass scaling
is determined by the exponents ai and aj.
(d) Investigating the temperature– connectance
relationship
We wish to know how the model parameters control
the relationship between temperature and predicted
food web connectance. Since analytical solutions of
the model are not possible, we used exploration first
of the importance of the two activation energies (one
for handling time and one for attack rate). The activation energy of handling time was explored from
20.2 to 20.8 eV; values were negative so that handling times decreased as temperature increased. The
activation energy of attack rates was explored from
0.2 to 0.8 eV; values were positive to make attack
rates increase as temperature increases. Values of all
other parameters were taken from Petchey et al.
(2008) for the eight best predicted food webs (all
greater than 40% links predicted correctly), including
the use of body size to calculate density (Ni) and
energy content (1i) of resources. This gave eight different combinations of parameters across which to
explore the effects of activation energies. It soon
became clear that parameters other than the two activation energies were important for the relationship
between temperature and connectance. Consequently,
we systematically explored effects of other parameters
and variables on the temperature – connectance
relationship. The details of this exploration should
not be required to understand the generality of the
results we found.
3. RESULTS
Whether temperature has a positive or negative
relationship with connectance depends only on the
relative size of the two activation energies (figures 2
and 3). When the activation energy of attack rate is
lower (in magnitude) than the activation of handling
time, warming causes increases in connectance
(figures 2a and 3a). This occurs because in warmer
environments consumers spend relatively more time
searching and less time handling, and therefore generalism and connectance increases. If the two activation
energies are equal in magnitude, warming has no effect
on connectance (figures 2b and 3b). Here, the relative
amount of time spent handling and searching is unaffected by temperature. Connectance decreases with
warming if the activation energy of attack rate is
larger in magnitude than that of handling time
(figures 2c and 3c). This occurs because in warmer
environments consumers spend relatively more time
handling and less time searching, they specialize
more and connectance is lower. The generality of
this result is shown for many relative values of activation energies, for both the power and ratio
handling time functions, and for all of the eight
modelled food webs (figures 2d and 3d ).
The sensitivity of connectance to temperature
change for a particular food web was determined by
the relative size of the two activation energies
(figures 2d and 3d ). Larger imbalances in activation
Phil. Trans. R. Soc. B (2010)

energies (e.g. EH ¼ 20.2 and EA ¼ 0.8) resulted in
greater sensitivity to temperature change; smaller
imbalances (e.g. EH ¼ 20.3 and EA ¼ 0.4) resulted
in lower sensitivity (figures 2 and 3). The relative magnitude of EH and EA controls sensitivity for the
following reason, and recall that diet breadth and
connectance are determined in large part by the product lH. When EH ¼ 20.2 and EA ¼ 0.8, the
change in lH is about þ1.5 log10 units. When
EH ¼ 20.8 and EA ¼ 0.2, the change in lH is about
21.5 log10 units. Activation energies that are more
similar in magnitude cause smaller changes in lH
and, therefore, smaller changes in connectance.
That is, the effect of temperature on lH is directly
controlled by the relative difference between EH and
EA (equations (2.2 – 2.4)).
Among the eight food webs the sensitivity of connectance to temperature change, measured as change
in connectance per 18C change in temperature,
varies greatly (even when values of EA and EH are
constant) (figure 2d ). For example, the Coachella
Valley model is sensitive (up to 0.01 connectance
units per 18C), whereas the Benguela pelagic model
is insensitive (up to 0.001 connectance units per
18C) (figure 2d). Furthermore, (i) the sensitivities predicted by the ratio ADBM (figure 3d) are generally
lower than those predicted by the power ADBM
(figure 2d ) and (ii) the ranking of the eight food
webs by sensitivity differs between the power and
ratio ADBM (compare the vertical ordering of colours
between figures 2d and 3d ). For example, the Broadstone food web is predicted as the most sensitive by
the ratio ADBM, but is one of the least sensitive
according to the power ADBM.
Within a model type (power or ratio) these differences in sensitivity are reflected in differences in the
relationship between diet breadth and lH (figure 4).
At 208C (0 on the x-axis in figure 4) some webs have
a very steep relationship between diet breadth and
lH, whereas others show shallower slopes. The steepness of the slopes in figure 4 correspond with the
sensitivities shown in figure 2d. That is, the models
of different real webs exhibit different sensitivities to
changes in handling times and encounter rates. The
same is true of the ratio ADBM (compare figures 5
and 3d ).
What causes these differences in sensitivity? First,
recall that whether a consumer includes the ith most
profitable resource in its diet depends on whether
the profitability of this resource (Pi ¼ 1i/Hi) is larger
or smaller than the overall profitability (P1 to i21)
of including all of the i21 most profitable resources
(Emlen 1966; MacArthur & Pianka 1966; Begon
et al. 1990). If Pi and P1 to i21 are very similar to each
other, it will take only small changes in attack rates or
handling times to switch their relative values, with the
result that the ith resources is in or out of the diet.
Larger differences between Pi and P1 to i21 mean that
larger changes in attack rates of handling times are
required to switch their relative size. In the ADBM,
larger differences in resource mass translate directly
into larger differences between Pi and P1 to i21.
For a simpler but less accurate explanation, consider a species that consumes (for some reason)
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handling time function). The x-axis is an arbitrary multiplier applied to aT0 to create variation in lH. The value of lH equivalent to 208C is shown at x value of zero (vertical dotted line). The gradient of the solid line where it crosses the dotted line
is the sensitivity of diet breadth to temperature change at 208C. These gradients match the relative sensitivities shown in
figure 2d.

Benguela pelagic

Broadstone stream

Coachella

EcoWEB41

2
Mill stream

Sierra lakes
diet breadth

diet breadth

10
8
6
4
2
−40 −20 0
20
log10(λH )

12
10
8
6
4
2

diet breadth

10
8
6
4
2

Tuesday lake
10

10

−40 −20 0
20
log10(λH)

7
6
5
4
3
2
1

Small reef
15
diet breadth

4

diet breadth

6

6
5
4
3
2
1

diet breadth

8

diet breadth

diet breadth

10

5

−40 −20 0
20
log10(λH )

8
6
4
2
−40 −20 0
20
log10(λ H)

Figure 5. Sensitivity of diet breadth in eight food webs to changes in the product of attack rates and handling times (ratio
handling time function). The x-axis is an arbitrary multiplier applied to aT0 to create variation in lH. The value of lH equivalent to 208C is shown at x value of zero (vertical dotted line). The gradient of the solid line where it crosses the dotted line
is the sensitivity of diet breadth to temperature change at 208C. These gradients match the relative sensitivities shown in
figure 3d.

resources that are larger than x grams and smaller than
y grams. If the diet range changes (for some reason) to
have an upper limit of z grams, the change in the
number of resource items in the diet is altered by the
number of items that are between y and z grams.
Clearly it is the distribution of resource sizes that
determines this number.
To confirm this reasoning, we manipulated the similarity between species’ masses by drawing masses from
log normal distributions with different standard deviation. Model food webs that were constructed from
mass distributions that resulted in small differences
Phil. Trans. R. Soc. B (2010)

between Pi and P1 to i21 (mass distributions with a low
standard deviation) were on average sensitive to changes
in lH (figure 6). In contrast, mass distributions that
resulted in larger differences between Pi and P1 to i21
were relatively insensitive to changes in lH.

4. DISCUSSION
Temperature change could have large effects on connectance. We predicted temperature-sensitive food
webs exhibiting slopes of up to 0.01 units of connectance per 18C change in temperature. This
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Figure 6. Sensitivity of diet breadth depends on the magnitude of differences in profitability. Sensitivity is measured
as change in connectance (Dconnectance) per 408C. Differences in profitability are measured as the standard deviation
of log10 profitabilities.

corresponds to changes in diet breadth of one resource
item per 28C (assuming a food web containing 50
species). The less sensitive food webs exhibited
slopes down to 0.0005, which corresponds to about
one resource item per 408C. Dynamical food web analyses suggest that these changes in connectance can
cause substantial variation in population stability and
species persistence depending on the body-size structure of the communities (Rall et al. 2008). The
importance of connectance for ecological structure
and dynamics makes improving and testing these predictions
essential
for
developing
a
better
understanding of how temperature change will affect
populations, communities and ecosystems.
Whether warming increases or decreases connectance in our model depends only on the relative sizes
of the activation energies of attack rate and handling
times (figures 2 and 3). There is an enormous
amount of available data regarding the scaling of metabolic and other vital rates with body size and
temperature. However, there is a dearth of information
about the temperature scaling of foraging traits, such
as handling times, attack rates and maximum ingestion
rates. We have no idea, for example, if activation energies of attack rates and handling times differ greatly
between taxa. This is plausible, since attack rates and
handling times have behavioural as well as biochemical
components. This appears to represent a sizeable gap
in ecological knowledge, one that limits progress
about how temperature change will affect interspecific
interactions. The limited empirical data make it difficult to give an empirically based prediction about
even whether connectance will decrease or increase
as a result of warming. Similarly, investigating how
variation in activation energies among taxa affect
model prediction would be very interesting: one
could imagine that different taxa may become more
or less connected. Such predictions would, however,
at present have no guidance from empirical studies.
Recent theoretical developments, including the one
Phil. Trans. R. Soc. B (2010)

described above, urgently counsel for more and
better empirical data to parameterize them, and
require critical testing.
The sensitivity of connectance to temperature
change differs greatly between our models of eight
real food webs. This is a result of the differences
between models in their sensitivity to changes
in encounter rates and handling times (figures 4 and
5). These differences are largely determined by the
mass distribution of the resource items (figure 6).
More similar masses result in a more sensitive model
food web, whereas greater differences between
masses result in food webs less sensitive to changes
in attack rates and handling times. This might imply
that the structure of terrestrial food webs, in which
species are more equally sized than in aquatic food
webs (Brose et al. 2006a), could be more sensitive to
environmental warming. This finding represents a
link between the body size distributions of organisms
and the sensitivity of food web structure to temperature change. Many types of environmental drivers
(e.g. enrichment, habitat simplification, exploitation)
can affect encounter rates and/or handling times,
therefore this link may be used to make predictions
about the sensitivity of the food web structure to
other aspects of environmental change.
We know of no empirical data appropriate to test
these predictions. Datasets of changes in diet breadth
or connectance with changes in temperature would
provide a first test. Such datasets could result from
observation of ‘natural experiments’, for example, ecosystems that are in close proximity but that differ in
temperature. Tests could also involve food web data
across a latitudinal or elevational temperature gradient
with few confounding factors (the eight food webs here
are too distinct and environments too different for a
meaningful analysis of this kind). If observations
included individual diets collected by gut content
analysis, as well as body sizes of consumers and their
resources, one could look for differences in diet
breadth and connectance across the temperature gradient. Attributing any observed relationships between
temperature and diet breadth to a particular mechanism would require additional measurement and
probably experimentation. Required would be measurements of activation energies of handling times and
foraging traits, abundances of organisms in the environment and changes in body size along the temperature
gradient. Manipulative experiments would be required
to unambiguously attribute changes in diet breadth
and connectance to changes in temperature, otherwise
factors confounding the natural temperature gradient
could not be ruled out.
Predictions here are made by modelling one general
pathway of temperature effect on community structure: effects of temperature on connectance via
changes in foraging rates. It seems likely that other
pathways, such as effects of temperature on energy
requirements, growth rates, death rates, dispersal and
body sizes, will probably also be important. In
addition, changes in vital and foraging rates could
affect species’ abundances, densities and dynamics
(Vasseur & McCann 2005), as well as the trophic
structure of communities (Arim et al. 2007). The
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contingency model makes no predictions about how
changes in energy requirements of consumers will
affect their diets. Changes in population density
affect encounter rates, hence temperature effects on
local population sizes are likely to have identical effects
on connectance as the temperature effects on attack
rates detailed above. Despite the importance of predicting the ecological consequences of temperature
change, and with some noteable exceptions (Brown
et al. 2004; Vasseur & McCann 2005; Meehan 2006;
Arim et al. 2007; Rall et al. in press), a great remaining
challenge for community ecology is to produce general
models of mechanistic effects of temperature change
on interspecific interactions. Only with these can we
plan for how biological communities and ecosystems
will respond to temperature change. The model presented above represents a new piece in the
theoretical jigsaw of how temperature change can
influence ecological communities.
5. CONCLUSIONS
The model presented in this article represents a first
attempt at understanding how food web connectance
might be expected to change as global and regional
temperatures rise. It predicts that the nature of temperature effects will depend on the relative activation
energies of attack rates and handling times. In
addition, body size distributions play a critical role in
determining the strength of predicted effects of temperature on connectance. The model remains untested,
assumes a potentially implausible universal activation
energy for foraging rates and does not include some
mechanisms by which temperature could affect community structure. This is largely owing to the limited
availability of empirical data about the temperature
dependence of foraging rates. Model development
and testing are essential, as are efforts to document
and analyse how temperature affects foraging.
Jose Montoya, Aaron Thierry and two reviewers helped
improve this work. Stefano Allesina helped with some of
the mathematical notation. O.L.P. is a Royal Society
University Research Fellow. This research was funded in
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Jennings, S., Mélin, F., Blanchard, J. L., Forster, R. M.,
Dulvy, N. K. & Wilson, R. W. 2008 Global-scale predictions of community and ecosystem properties from simple
ecological theory. Proc. R. Soc. B 275, 1375– 1383.
(doi:10.1098/rspb.2008.0192)
Johnson, M. D., Völker, J., Moeller, H. V., Laws, E.,
Breslauer, K. J. & Falkowski, P. G. 2009 Universal
constant for heat production in protists. Proc. Natl
Acad. Sci. USA 106, 6696–6699. (doi:10.1073/pnas.
0902005106)
Koenig, W. & Haydock, J. 1999 Oaks, acorns, and
the geographical ecology of acorn woodpeckers.
J. Biogeogr. 26, 159 –165. (doi:10.1046/j.1365-2699.
1999.00256.x)
Loiterton, B., Sundbom, M. & Vrede, T. 2004 Separating
physical and physiological effects of temperature on
zooplankton feeding rate. Aquat. Sci. 66, 123 –129.
(doi:10.1007/s00027-003-0668-3)
MacArthur, R. 1955 Fluctuations of animal populations,
and a measure of community stability. Ecology 36,
533 –536. (doi:10.2307/1929601)
MacArthur, R. & Pianka, E. 1966 On optimal use of a
patchy environment. Am. Nat. 100, 603–609. (doi:10.
1086/282454)
Makarieva, A. M. et al. 2008 Mean mass-specific metabolic
rates are strikingly similar across life’s major domains:
evidence for life’s metabolic optimum. Proc. Natl Acad.
Sci. USA 105, 16 994– 16 999.
May, R. 1972 Will a large complex system be stable? Nature
238, 413 –414. (doi:10.1038/238413a0)
Meehan, T. D. 2006 Energy use and animal abundance in litter
and soil communities. Ecology 87, 1650–1658. (doi:10.
1890/0012-9658(2006)87[1650:EUAAAI]2.0.CO;2)
Moss, B. et al. 2003 How important is climate? Effects of
warming, nutrient addition and fish on phytoplankton
in shallow lake microcosms. J. Appl. Ecol. 40, 782 –792.
(doi:10.1046/j.1365-2664.2003.00839.x)
Olla, B. & Studholme, A. 1971 The effect of temperature on
the activity of bluefish, Pomatomas saltatrixl. Biol. Bull.
141, 337 –349. (doi:10.2307/1540122)
Otto, S. B., Rall, B. C. & Brose, U. 2007 Allometric degree
distributions facilitate food-web stability. Nature 450,
1226–1230. (doi:10.1038/nature06359)
Petchey, O. 2000 Prey diversity, prey composition, and
predator population stability in experimental microcosms.
J. Anim. Ecol. 69, 874 –882. (doi:10.1046/j.1365-2656.
2000.00446.x)
Petchey, O. L., McPhearson, P. T., Casey, T. M. & Morin,
P. J. 1999 Environmental warming alters food-web structure and ecosystem function. Nature 402, 69–72. (doi:10.
1038/47023)
Petchey, O. L., Beckerman, A., Warren, P. H. & Riede, J. O.
2008 Size, foraging, and food web structure. Proc. Natl
Acad. Sci. USA 105, 4191–4196. (doi:10.1073/pnas.
0710672105)
Peters, R. 1983 The ecological implications of body size.
Cambridge, UK: Cambridge University Press.
Pimm, S. 1980 Food web design and the effect of species
deletion. Oikos 35, 139 –149. (doi:10.2307/3544422)
Podolsky, R. & Emlet, R. 1993 Separating the effects
of temperature and viscosity on swimming and water
movement by sand dollar larvae (Dendraster excentricus).
J. Exp. Biol. 176, 207 –221.
Price, P. & Sowers, T. 2004 Temperature dependence of
metabolic rates for microbial growth, maintenance, and
survival. Proc. Natl Acad. Sci. USA 101, 4631–4636.
(doi:10.1073/pnas.0400522101)
Phil. Trans. R. Soc. B (2010)

Rae, R. & Vincent, W. F. 1998 Effects of temperature and
ultraviolet radiation on microbial foodweb structure:
potential responses to global change. Freshw. Biol. 40,
747 –758. (doi:10.1046/j.1365-2427.1998.00361.x)
Rall, B. C., Guill, C. & Brose, U. 2008 Food-web connectance and predator interference dampen the paradox
of enrichment. Oikos 117, 202 –213.
Rall, B. C., Vucic-Pestic, O., Ehnes, R. B., Emmerson, M. &
Brose, U. In press. Temperature, predator– prey interaction strength and population stability. Glob. Change
Biol. (doi:10.1111/j.1365-2486.2009.02124.x)
Rose, J. & Caron, D. 2007 Does low temperature constrain
the growth rates of heterotrophic protists? Evidence and
implications for algal blooms in cold waters. Limnol.
Oceanogr. 52, 886– 895.
Sanford, E. 1999 Regulation of keystone predation by
small changes in ocean temperature. Science 283,
2095– 2097. (doi:10.1126/science.283.5410.2095)
Saunders, P. & Bazin, M. 1975 Stability of complex ecosystems. Nature 256, 120 –121. (doi:10.1038/256120a0)
Savage, V. M., Gillooly, J. F., Brown, J. H., West, G. B. &
Charnov, E. L. 2004 Effects of body size and temperature
on population growth. Am. Nat. 163, 429 –441. (doi:10.
1086/381872)
Stouffer, D. B., Camacho, J., Guimera, R., Ng, C. A. &
Amaral, L. A. N. 2005 Quantitative patterns in the
structure of model and empirical food webs. Ecology 86,
1301– 1311. (doi:10.1890/04-0957)
Strecker, A. L., Cobb, T. P. & Vinebrooke, R. D. 2004
Effects of experimental greenhouse warming on phytoplankton and zooplankton communities in fishless
alpine ponds. Limnol. Oceanogr. 49, 1182–1190.
Thompson, D. J. 1978 Towards a realistic predator—prey
model—effect of temperature on functional response
and life-history of larvae of damselfly, Ischnura elegans.
J. Anim. Ecol. 47, 757–767.
Vasseur, D. A. & McCann, K. S. 2005 A mechanistic
approach for modeling temperature-dependent consumer-resource dynamics. Am. Nat. 166, 184–198.
Vermaat, J. E., Dunne, J. A. & Gilbert, A. J. 2009 Major
dimensions in food-web structure properties. Ecology
90, 278–282. (doi:10.1890/07-0978.1)
Wagner, A. & Benndorf, J. 2007 Climate-driven warming
during spring destabilises a daphnia population: a
mechanistic food web approach. Oecologia 151,
351 –364. (doi:10.1007/s00442-006-0554-5)
Warren, P. 1990 Variation in food web structure: the
determinants of connectance. Am. Nat. 136, 689–700.
(doi:10.1086/285123)
Warren, P. 1994 Making connections in food webs. Trends
Ecol. Evol. 9, 136– 141. (doi:10.1016/0169-5347(94)
90178-3)
Warren, P. 1996 Structural constraints on food web assembly. In Aspects of the genesis and maintenance of biological
diversity (eds M. Hochberg, J. Clobert & R. Barbault),
pp. 142 –161. Oxford, UK: Oxford University Press.
Williams, R. & Martinez, N. 2000 Simple rules yield
complex food webs. Nature 404, 180 –183. (doi:10.
1038/35004572)
Wilson, R. 2005 Temperature influences the coercive mating
and swimming performance of male eastern mosquitofish. Anim. Behav. 70, 1387–1394. (doi:10.1016/j.
anbehav.2004.12.024)
Wilson, R., James, R. & Johnston, I. 2000 Thermal acclimation of locomotor performance in tadpoles and adults
of the aquatic frog Xenopus laevis. J. Comp. Physiol.
Biochem. Syst. Environ. Physiol. 170, 117 –124. (doi:10.
1007/s003600050266)
Winet, H. 1976 Cilary propulsion of objects in tubes—wall
drag on swimming Tetrahymena (ciliata) in presence of

Downloaded from http://rstb.royalsocietypublishing.org/ on April 1, 2017

Temperature and connectance
mucin and other long-chain polymers. J. Exp. Biol. 64,
283 –302.
Xia, J., Rabbinge, R. & der Wer, W. V. 2003 Multistage functional responses in a ladybeetle-aphid
system: scaling up from the laboratory to the field.
Environ. Entomol. 32, 151 –162. (doi:10.1603/0046225X-32.1.151)
Yee, E. & Murray, S. 2004 Effects of temperature on activity,
food consumption rates, and gut passage times of seaweed-eating Tegula species (Trochidae) from California.
Mar. Biol. 145, 895– 903. (doi:10.1007/s00227-0041379-6)

Phil. Trans. R. Soc. B (2010)

O. L. Petchey et al.

2091

Yodzis, P. & Innes, S. 1992 Body size and consumer-resource
dynamics. Am. Nat. 139, 1151–1175. (doi:10.1086/
285380)
Zhang, Z. L., Zhang, Z. L. & Liu, L. 1998 Predation of
Amblyseius longispinosus (Acari: Phytoseiidae) on
Aponychus corpuzae (Acari: Tetranychidae). Syst. Appl.
Acarol. 3, 53–58.
Zhang, Z. L., Zhang, Z. L. & Liu, L. 1999 Predation of
Amblyseius longispinosus (Acari: Phytoseiidae) on Schizotetranychus nanjingensis (Acari: Tetranychidae), a spider
mite injurious to bamboo in Fujian, China. Syst. Appl.
Acarol. 4, 63–68.

