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Understanding constraints on consumer-resource body size-ratios is fundamentally

important from both ecological and evolutionary perspectives. By analyzing data

on 4,685 consumer-resource interactions from nine ecological communities, we

show that in spatially complex environments—where consumers can forage in

both two (2D, e.g., benthic zones) and three (3D, e.g., pelagic zones) spatial

dimensions—the resource-to-consumer body size-ratio distribution tends toward

bimodality, with different median 2D and 3D peaks. Specifically, we find that median

size-ratio in 3D is consistently smaller than in 2D both within and across communities.

Furthermore, 2D and 3D size (not size-ratio) distributions within any community are

generally indistinguishable statistically, indicating that the bimodality in size-ratios is not

driven simply by a priori size-segregation of species (and therefore, interactions) by

dimensionality, but due to other factors. We develop theory that correctly predicts the

direction and magnitude of these differences between 2D and 3D size-ratio distributions.

Our theory suggests that community-level size-ratio bimodality emerges from the

stronger scaling of consumption rate with size in 3D interactions than in 2D which both,

maximizes consumer fitness, and allows coexistence, across a larger range of size-ratios

in 3D. We also find that consumer gape-limitation can amplify differences between 2D

and 3D size-ratios, and that for either dimensionality, higher carrying capacity allows

coexistence of a wider range of size-ratios. Our results reveal new and general insights

into the size structure of ecological communities, and show that spatial complexity of the

environment can have far reaching effects on community structure and dynamics across

scales of organization.

Keywords: body size, consumer-resource dynamics, interaction dimensionality, metabolic scaling, consumption
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INTRODUCTION

For at least a century, biologists have wondered why “Spiders
do not catch elephants in their webs, nor do water scorpions prey
on geese” (Elton, 1927; Riede et al., 2011). That is, why does
only a subset of all possible resource-consumer body size ratios
exist in nature? Answering this question is important because
it could reveal general principles underlying the ecological and
evolutionary dynamics of communities (Yodzis and Innes, 1992;
Cohen et al., 1993; Brose et al., 2006a,b; Tang et al., 2014;
Pawar et al., 2015). Indeed, a prominent hypothesis for why size-
ratio distributions show strong central tendencies within and
across communities is that only certain size combinations permit
species coexistence (Emmerson et al., 2005; Brose et al., 2006a;
Otto et al., 2007; Tang et al., 2014). Also, size-ratio distributions
exhibit multiple peaks within and across communities; for
example, predators tend to be much larger than their prey in
water than on land, invertebrate predators tend to be closer in
relative size to their prey than vertebrate predators, filter feeders
may be amillion times larger than their resources, and parasitoids
and ectoparasites can be 10 or down to 1 million times smaller
than their hosts (Peters, 1986; Cohen et al., 1993; Brose et al.,
2005, 2006a). These different peaks likely reflect different regions
of feasible coexistence, population stability, or fitness, influenced
by both abiotic (e.g., spatial habitat complexity) and biotic (e.g.,
foraging strategy) factors (Brose et al., 2006a; Cohen, 2008).

Several studies have developed mathematical models to
understand how body size determines the feasibility of
consumer-resource size-ratios in specific taxa and trophic
interaction types (e.g., McArdle and Lawton, 1979; Persson
et al., 1998; Aljetlawi et al., 2004). Others have generalized such
models by incorporating metabolic scaling (Schmidt-Nielsen,
1984; Peters, 1986; Brown et al., 2004; Savage et al., 2004) into
consumer-resource interaction and life history models (Brose
et al., 2005; Weitz and Levin, 2006; Williams et al., 2007; Riede
et al., 2011; Kalinkat et al., 2013; Carbone et al., 2014). However,
studies thus far have failed to yield systematic predictions about
central tendencies or the shapes of community-level size-ratio
distributions (Brose et al., 2006a).

Arguably, the key to a more nuanced understanding of

variation in community size-ratios is to incorporate community-

and environment-specific biomechanical constraints into models
of consumer-resource interactions (Vucic-Pestic et al., 2010;
Dell et al., 2011; Pawar et al., 2012, 2015; Portalier et al.,
2019). In this paper, we investigate this possibility by including
biomechanical and physiological constraints on the components
of consumption rate—search, detection, and handling (attack,
pursuit, subjugation, and ingestion) (Figure 1). In particular,
we focus on whether interaction dimensionality combined
with other biomechanical (velocity, handling) and physiological
(metabolic rate) constraints affect consumer-resource size-ratios
in local ecological communities. Recent work suggests that the
dimensionality of trophic interactions—Euclidean dimension of
the space in which the consumer searches for resources (2D vs.
3D)—is a ubiquitous and important factor that strongly affects
consumer-resource interactions via encounter rates (McGill and
Mittelbach, 2006; Pawar et al., 2012; Carbone et al., 2014).

FIGURE 1 | An illustration of components of consumption rate and

environmental constraints on them. The parameters shown belong to our

model for size-mediated consumer-resource dynamics. Feasible body

size-ratios depend on consumer and resource body velocities (vR and vC),

reaction distance (d), attack success probability (A) following attack and

pursuit, handling time h (sum of pursuit, attack, subjugation, and ingestion

times), and interaction dimensionality (D). Our theory predicts that 3D

interactions, by allowing an additional dimension for detection (depicted here

by the largemouth bass’ search space), can allow 3D consumers to subsist on

a wider range of resource sizes (k denotes consumer-resource size ratio; see

text after Equation 3). Thus, feasible size-ratios for the fishing eagle searching

in 2D (water surface) are expected to be more strongly constrained than the

largemouth bass searching in 3D (water column), although they are both

feeding on the same resource.

Specifically, if the chance of finding a resource is roughly the
same in all directions, then increasing either the dimensionality
of resource dispersion (Ritchie, 2009) or the consumer’s detection
region will increase encounter rates (McGill and Mittelbach,
2006; Pawar et al., 2012, 2015). This leads us to hypothesize that
the size-ratio distributions of interacting species in communities
should vary systematically with spatial complexity of the habitat.
This would be driven by variation in conditions for energetically-
feasible stable coexistence of consumer-resource species pairs
within different sub-habitats (e.g., pelagic vs. benthic zones
in aquatic ecosystems). We first derive theoretical predictions
for differences in limits to feasible size-ratios in 2D vs.
3D interactions. We then use an extensive dataset of 4,685
consumer-resource interactions from nine aquatic and terrestrial
communities to test our predictions.

METHODS

Theory
We develop a mathematical model to predict the feasibility
of community-wide resource to consumer size-ratios. To this
end, we first incorporate body size constraints on components
of consumer-resource interactions—relative velocity, detection
distance, attack success, and handling time (Figure 1)—which
altogether determine per-capita biomass consumption rate.
Consumption is a fundamental rate controlling the energy
budget of an individual (net energy gain or loss) and
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population dynamics (coupled changes in consumer and
resource population biomasses or numbers) (DeLong and
Vasseur, 2012; Pawar et al., 2012, 2015; Carbone et al., 2014).
We then derive feasible size-ratios from both energetic and
population dynamical perspectives.

We begin with a general equation for consumption rate c
(mass× time−1) (Pawar et al., 2012, 2015; Carbone et al., 2014):

c = a A xR mR f (1)

Here, xR is resource number density (individuals × m−2 or
m−3), mR is resource body mass, a is per-capita area or volume
search rate (m2 or m3

× s−1), A is probability of attack success
(conditional on an attack occurring), and f is a dimensionless
prey risk function that determines the shape of the consumer’s
functional response (Pawar et al., 2012; Dell et al., 2014). In
principle, f can be of any form, but we focus on the commonly
observed Type II form

f =
1

1+ a A h xR
(2)

where h is consumer’s handling time (s). If h is instantaneous (→
0), Equation (2) reduces to the linear Type I functional response
(f = 1). Our subsequent results about feasible size-ratios from
both energetic and population dynamical perspectives remain
qualitatively unchanged if we use a Type III functional response
(Appendix 3; Figure S2).

We now define size-dependence of the components of c. In
Appendix 3 we show that our results are robust to considerable
variation in parameterizations of the following scaling equations.
The parameterizations are listed in Table S3. First, for search rate
we use an empirically well-supported scaling model (Pawar et al.,
2012; Dell et al., 2014; Rizzuto et al., 2018):

a = a0m
pv+2pd(D−1)
C kpd(D−1) . (3)

Here, a0 is a constant that includes effects of temperature and
dimensionality, pv is the scaling exponent for consumer body
velocity, pd is the scaling exponent for reaction distance between
consumer and resource, D is interaction dimensionality defined
by the space in which the consumer can search for and detect
a resource (2D or 3D; Figure 1), and k = mR/mC is body size-
ratio. We emphasize that this simple definition of interaction
dimensionality arises because resource detection typically occurs
in Euclidean space, regardless of which sensory modality is
used. Later, we discuss how our model can be extended to
more complex definitions of dimensionality by considering non-
sensory components (such as relative velocity) of consumer-
resource interactions. As such, Equation (3) is a scaling model
for grazing (i.e., consumer searching for sessile resources) but
also well-approximates the scaling of search rate in active-capture
interactions (i.e., both consumer and resource moving actively
across the landscape) when mC > mR (Appendix 3) (Pawar
et al., 2012; Dell et al., 2014). We use just the grazing model
because our dataset is dominated by grazing and active-capture
interactions with mC > mR (Appendix 1, Table S2; see also
Table S5). Furthermore, in Appendix 3 we show that relative

to dimensionality, foraging strategy is expected to have minor
effects on feasible size-ratios.

Next, for attack success probability A, we use an empirically
supported function (Appendix 1; Figure S1),

A =
(

1+ kγ
)−1

, (4)

where γ is a constant that governs the decrease in attack success
as resources get very large relative to consumer size (mR ≫

mC). The exponent γ in Equation (4) captures biomechanical
constraints that appear at upper size-ratios (McArdle and
Lawton, 1979; Persson et al., 1998; Aljetlawi et al., 2004; Weitz
and Levin, 2006). In particular, increasing γ can emulate
increasing consumer gape-limitation, which was previously
suggested to be a bigger constraint on size-ratios in aquatic
interactions relative to terrestrial ones (Hairston and Hairston,
1993). Hairston and Hairston (1993) argue that gape limitation
is stronger in aquatic interactions because the bodies and
appendages of aquatic organisms are modified for efficient
locomotion in water, and thus are of limited use for handling
resources. As a result, aquatic consumers cannot be too close to or
smaller in size than resources (relative to terrestrial consumers).
By increasing γ , we can explore the importance of gape-
limitation relative to detection dimensionality in constraining
feasible size-ratios. Similarly, by relaxing γ we can consider
interactions where attack success and therefore consumption
rate is relatively insensitive to size-ratio, such as in the case of
ecto-parasites, which are largely limited by encounter (therefore,
search) rate, and can successfully feed on wide range of resource
sizes once they are encountered.

Substituting Equations (3, 4) into (1) and rearranging to gives
the scaling of per-capita (biomass) consumption rate:

c = a0 m
pv+2pd(D−1)+1
C kpd(D−1)+1

(

1+ kγ
)−1

xR f . (5)

Note that here the resource mass termmR from Equation (1) has
been absorbed into the size-ratio term. This equation captures
four essential features of consumption rate:

(i) For a given resource size and therefore size-ratio k,
consumption rate c increases with consumer mass mC

because larger consumers have greater body velocity,
(ii) Consumption rate c increases with size-ratio k because when

mR < mC (i.e., k < 1) search rate increases with resource
mass mR due to increasing reaction distance (and for
active-capture, also increasing relative velocity;Appendix 3,
Equation S14),

(iii) When resource mass far exceeds consumer mass (k ≫

1), c declines because resources become difficult for the
consumer to attack and handle due to the (1 + kγ )−1

term. That is, the product of per-capita search rate (a
monotonically increasing function with respect to size
and size-ratio; Equation 3) and attack success probability
A (monotonically decreasing function), aA, yields an
empirically realistic unimodal (hump-shaped) function
(McArdle and Lawton, 1979; Persson et al., 1998; Aljetlawi
et al., 2004; Brose et al., 2008) (Appendix 1; Figure S5).

(iv) Consumption rate c increases faster with consumer mass
mC and size-ratio k when consumers forage in 3D (D = 3;
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e.g., pelagic zones in lakes and oceans) than 2D (D= 2; e.g.,
benthic zones) because above a threshold consumer size, 3D
search space (m−3) allows higher detection probability than
2D search space (m−2) (Pawar et al., 2012, 2015).

Finally, for handling time we use another empirically well-
supported model (Pawar et al., 2012):

h = h0m
−βh
C mR (6)

where h0 is a constant and βh is the scaling of the metabolic
rate of a consumer during pursuit, subjugation, and ingestion
of resources.

Energetically Feasible Size-Ratios
We first derive feasible ranges of size-ratios that meet consumer
energy requirements for somatic maintenance, by setting a lower
bound on energy gain from resource consumption (Carbone
et al., 2014; Rizzuto et al., 2018):

ec > BC (7)

Here, BC is the rate of the consumer’s energy use converted to
mass units (kg/s) while resting (resting metabolic rate, RMR), e
the efficiency of conversion of resource biomass into consumer
biomass (a proportion). All other parameters are as defined
in Equations (1)–(6). Conversion efficiency e is approximately
independent of body size (Peters, 1986; DeLong et al., 2010;
Lang et al., 2017), and between 0.5 and 0.85, with carnivores
having higher values than herbivores (Yodzis and Innes, 1992;
Lang et al., 2017). Our results remain qualitatively robust to a
even wider variation in e than this (Appendix 3). Convert Bc
to mass units (like the quantity ec on the left hand size) we
assume 1 kg = 7×106 J (the combustion energy content per
unit of wet biomass) (Peters, 1986). Note that the Inequality (7)
sets a lower bound on consumption rate because BC is RMR,
which is an underestimate of maintenance energy needs because
it typically does not include the energy required for somatic
growth, producing offspring, storage, and bursts of activity (such
as during foraging). These may cause significant additions to the
energy needs of adult animals in certain periods of their lifetime
(Rizzuto et al., 2018). Therefore, we expect the coexistence
bounds to be somewhat narrower than those we predict below;
but this does not change our conclusions about the differences
in coexistence due to dimensionality. Also, assuming there are
no systematic differences in conversion efficiency in 2D vs. 3D
interactions, variation in e will have negligible effect on our
subsequent results.

We already have the size scaling of a and A, but require the
scaling of BC and biomass abundance xR mR. For BC, we use
the scaling of basal or resting metabolic rate (Peters, 1986; Nagy,
1987; Brown et al., 2004; DeLong et al., 2010):

BC = B0m
β
C (8)

where B0 is a constant that includes the effect of temperature and
converts metabolic rate units (J/s) to mass use rate units, and β

is the scaling exponent of metabolic rate. For biomass abundance
we use (Peters, 1986; Brown et al., 2004):

xRmR = x0m
1−βx
R (9)

Where x0 is a normalization constant that includes the effect
of temperature, and βx is the scaling exponent of numerical
abundance. Substituting the scaling (Equations 5, 6, 8, 9) into (7)
and solving for mR gives the bounds on resource mass mR and
therefore size-ratios that guarantee a balanced energy budget. To
obtain an exact solution for this we set h = 0 [Type I f (R)] and
solve formR, which gives:

mR > c
(

m
β−pd(D−1)−pv
C

(

1+ kγ
)−1

)
1

1+pd(D−1)−βx (10)

Where c = (B0/ea0x0)
1

1−pd(D+1)−βx . In Appendix 3 we show
that our subsequent results are qualitatively unchanged if h >

0. Substituting the values of scaling exponents (Table S3) into
Inequality (10) gives

mR > m0m
0.64
C

(

1+ kγ
)−2.22

in 2D

mR > m0m
0.14
C

(

1+ kγ
)−1.54

in 3D
(11)

where m0 = (B0/ea0x0)
2.22 in 2D and (B0/ea0x0)

1.54 in 3D.
Inequalities (10) and (11) yield three important theoretical
insights and predictions (illustrated in Figure 2):

(i) The smaller mC and k exponents for 3D compared with
2D in Equation (11) imply that size constraints weaken
as dimensionality increases. Therefore, relative to 2D, a
wider range of resource sizes become feasible for larger 3D
consumers. Conversely, 3D foraging allows an increased
range of consumer sizes on a given sized resource because
for a given size-ratio, larger consumers enjoy a greater mass-
specific search rate in 3D than in 2D [a/mC ∝ m0.04

C in 3D

butm−0.34
C in 2D, from parameterized Equation (3)].

(ii) Within either 2D or 3D, feasible size-ratios for coexistence
are predicted to be constrained by baseline resource density
(x0) through the termm0. In particular, following empirical
data (Peters, 1986; Pawar et al., 2012), if we assume baseline
abundance (x0) is about two orders of magnitude higher in
3D than 2D, the widening of energetically feasible size ratios
is magnified because then the advantage of 3D detection
dimensionality is enhanced. In this context, note that
although biomass density is expressed in per-volume units
in 3D and per-area units in 2D (Table S3), what matters is
that a greater amount of resource biomass can be packed
into a 3D space, which boosts consumption rate due to
increased detection dimensionality.

(iii) The upper bound on size ratios (where mR > mC so k
> 1) is set by the scaling of A through the exponent γ .
Therefore, all these results are qualitatively robust as long
as decline in attack success at high size-ratios is strong
enough to render consumption rate (Equation 5) unimodal
with respect to k. Values of the exponents in Equation (5)
dictate that consumption rate will be unimodal with respect
to size-ratio as long as γ > 0.2 in 2D and >0.4 in 3D
(also see Figure S4). Ourmeta-analysis (Appendix 1) shows
this condition generally holds for real interactions and is
in agreement with previous studies (Aljetlawi et al., 2004;
Brose et al., 2008).
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A

B

FIGURE 2 | Predicted effects of interaction dimensionality on consumer energetic feasibility and consumer-resource coexistence (A) and population dynamics (B). In

(A) real consumer-resource pairs (dots) from nine communities have been overlaid (n = 3,055 in 2D and 1,630 in 3D; Table 1), with dashed lines delineating predicted

coexistence regions for different baseline carrying capacities x0 (because baseline abundances tend to be higher by orders of magnitude in 3D than 2D; see main

text). In (B) dashed lines delineate population stability regimes and equilibrium abundance is represented by a heat-map of log10 number density (darker means more

abundant). These results are for h0 = 104 s (Equation 6) and γ = 2 (Equation 4; cf. Table S3). When attack success declines more weakly (γ decreases) at size-ratios

mR ≫ mC, possibly due to decrease in gape-limitation, coexistence becomes possible at those extreme ratios, illustrated by the dotted γ = 1 line (at x0 = 1, with

other parameter values remaining the same) in the 2D plot in (A).

Population-Dynamically Feasible Size-Ratios
The above theory based upon the consumer’s energetic
considerations does not account for consumer-resource
population dynamics. Therefore, we consider whether
accounting for population dynamics changes our predictions
about the effect of dimensionality on feasible size-ratios.
Using a general consumer-resource model, in Appendix 2

we show that both consumer-resource coexistence and
mutual population stability yield similar predictions as above.
Specifically, coexistence is possible only if

mR > m0

(

m
β−pd(D−1)−pv
C

(

1+ kγ
)−1

)
1

1+pd(D−1)−β
(12)

where m0 =

(

B0
ea0x0

)
1

1+pd(D−1)−β
. This is same as inequality

(10), except that β (consumer’s RMR scaling exponent) replaces

resource carrying capacity scaling exponent βx. That is, the
above predictions (i)–(iv) from the energetic model also hold
for the population dynamics model. We also show that local
asymptotic stability to small perturbations around equilibrium

abundances of consumer and resource (Equations S8–S9) differs
between 2D and 3D. Figure 2 shows that regions of cycles

over the size-combination plane coincide with regions of low
abundance (along the k = 1 line). Consistent with consumer-

resource theory, as h → 0 and the functional response becomes

Type I, regions of persistent cycles are replaced by transient

cycles (Appendix 3). Furthermore, in Appendix 3, we show

that the scaling of coexistence in Equation (11) is qualitatively
similar for Type II and III functional responses. These results
and those from the energetic model above are robust even
if decline in attack success (Equation 4) is not strictly a
power-law (Figure S6).
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Theoretical Predictions
Next, we calculated community-specific predictions about the
magnitude of difference in central tendency of 2D and 3D
size-ratio distributions to compare with the empirical data (next
section) on size ratios. For this, for each community, and for
a given K and γ (which set the lower and upper bound of the
coexistence region, respectively; Figure 2), we generated 10,000
random interactions by first generating model consumer and
resource size distributions within that community’s observed
size limits. The size distributions were generated using the
beta distribution, using the method used by Pawar (2015).
This approach allows realistic, right-skewed size distributions of
different shapes to be generated. As long as the size distribution
is right-skewed, the following results remain qualitatively robust.
We then determined what subset of size-ratios in these random
interactions allowed stable population coexistence (criteria i–
ii in Appendix 2). This is equivalent to “carving out” the
general predicted coexistence region (Figure 2) into its stable
community-specific sub-regions. Differences in the median of
these feasible and stable log10-transformed 2D and 3D size-
ratios were then the predicted difference for that community.
This difference was compared with the empirically observed
difference (see data analysis below). We use the median (log10-
transformed) size ratio of each local community as a measure of
central tendency because most communities exhibit skewed and
multimodal size-ratio distributions (Figure 3). Also, we focus on
predicted differences in medians and not the absolute values of
medians themselves, because feasible size-ratios are expected to
depend on carrying capacity [Figure 2; also see text following
Inequality (11)], which is an unknown parameter in all our
community datasets.

Empirical Data
To study size-ratio distributions and test our theoretical
predictions we compiled published data on interacting
consumer-resource pairs for nine communities (four terrestrial,
five aquatic; Table S5). If average body mass for a particular
taxon was not reported in the original study, it was estimated
using methods previously described (Dell et al., 2011, 2013,
2014). Each consumer-resource interaction was assigned a 2D
or 3D search-space dimensionality by combining information
on the consumer’s movement space and foraging strategy—
sit-and-wait, active foraging, or grazing—and the resource’s
movement space (Table S1). Classification of interactions by
dimensionality in this way requires knowing the taxonomy,
feeding behavior, body size, and foraging strategy of individual
taxa (see Table S1). Although there are many communities
with data on trophic links, few have the adequate body size and
taxonomic information required for this level of classification.
These nine communities are the available datasets for which
all these pieces of information are available or could be
obtained from the literature. The final dataset comprised 4,685
interactions between 964 taxa, comprising 3,055 2D and 1,630
3D consumer-resource interactions (Table S5).

Data Analysis
We tested whether, as predicted by our theory, 2D and 3D size-
ratio distributions had significantly different central tendencies,

both within each of the nine communities as well as the overall
dataset. A parametric approach to testing this statistically is not
appropriate because size-ratios within communities are often
not independent (multiple resources may be fed upon by the
same consumer and multiple consumers often feed on the same
resource). Furthermore, the (log10) size-ratio distributions are
often right-skewedwith long tails and/ormulti-modal (Figure 2).
Therefore, we developed the following bootstrap-like test for
significance of differences in size-ratios. For each community we
separately generated 105 lists of random 2D and 3D consumer-
resource interaction pairs by independently sampling (with
replacement) the observed pairs of consumers and resources.
Each randomly generated 2D and 3D “sub-community” was
constrained to have the same number of interaction pairs as
observed in the original 2D or 3D sub-community. We then
calculated differences in median log10-transformed size-ratios
(3D or 2D) across the 105 random lists. The distribution of these
105 differences is an approximation of the sampling distribution
of differences assuming random partitioning of the community
into 2D and 3D sub-communities. Thus, the proportion of
times the observed difference between median values of log-
transformed 2D and 3D size-ratios matches or exceeds a value
in the sampling distribution can be used as an estimate of the
one-tailed p-value of the observed difference. We also compared
each community’s predicted difference in median 2D vs. 3D
size ratios (see “Theoretical predictions” above) with its sampling
distribution of random differences in medians to test whether
these also significantly matched the observed differences in
median size-ratios.

As an even more stringent test in the face of non-independent
size-ratios, we also re-analyzed the data for differences between
2D and 3D size-ratios as described above after collapsing all the
links of a single consumer to a single size ratio by taking the
geometric average of the sizes of all its resources. After doing so,
our results about significant differences in central tendencies of
2D vs. 3D size-ratio distributions remain qualitatively the same
(Appendix 3; Table S4).

Finally, to determine whether size ranges [mC ,min, mC ,max]
and [mR ,min, mR ,max] are influenced by factors independent of
dimensionality, such as oxygen limitation, physical medium for
locomotion, and phylogenetic history (Allen et al., 2006), we also
tested for differences inmedian sizes of all 2D an 3D species using
the Wilcox test after removing consumers and resources that
were in both the sets, and also tested for differences in variances
around the median values using the Brown–Forsythe test.

RESULTS

We find strong and statistically significant empirical evidence
that median 3D size-ratios are consistently lower than 2D size-
ratios across all nine communities (Figure 3), with observed
differences in median size-ratios closely matching our theoretical
predictions (Table 1). The magnitude of difference between
2D and 3D size-ratios varies with community, ranging from
the median 3D size-ratio being about four times smaller
than 2D for the Scotch Broom community to 2.29 orders of
magnitude smaller for the Eastern Weddell Sea community.
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FIGURE 3 | Effect of interaction dimensionality on species’ log10 size-ratio and size (mass, kg) distributions across communities. All pairs of 2D (red) and 3D (blue)

distributions have been normalized by respective peak frequency to allow comparison within and between communities. In all sub-plots a darker shade of red

represents the overlap between the 2D and 3D distributions. Black vertical arrows mark locations of observed median 2D and 3D interaction size-ratios, along with

their observed and predicted (in parentheses) differences. In all communities, the range and median of log10 size in 2D and 3D are similar while median 3D size-ratios

are significantly lower than 2D as predicted by our theory (Table 1). Note that there are three pure 2D and one pure 3D community. Two real interactions are shown to

illustrate extreme size-ratios: Blue Whale eating Krill (mR≪mC; k ∼ 10−10) in the Eastern Weddell Sea, and Deer Flies on Roe Deer (mR≫mC; k ∼ 106.5) in Grand

Cariçaie Marsh.

Even in the case of pure 2D communities, size-ratios tend
to be higher than 3D ratios observed in other communities.
Similarly, in the single pure 3D community (Tuesday lake), size-
ratios are generally lower than the 2D ratios from the other
communities (Figure 3; Table 1).

We also found multimodalities in 2D size-ratio distributions
(Figure 3), one at extremely small size-ratios (mR ≪ mC)
and another at extremely large ratios (mC ≪ mR). The lower

2D peak (where mR ≪ mC) found in several communities
corresponds to grazing. Scotch Broom, UK Grasslands, and
Estero de Punta Banda also each have a peak at very high
2D size-ratios (mR ≫ mC), corresponding to macroparasites,
parasitoids, herbivores, and micropredators. Indeed, these types
of interactions are why only 87.8% of 2D interactions lie
within the predicted 2D coexistence region (the γ = 2 and
high x0 case in Figure 2), while 99.9% of 3D interactions
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TABLE 1 | Differences between 2D and 3D size-ratio distributions.

Community Median log10 (Size-ratio) Median log10 (Size) Taxa Interactions 2D/3D overlap

2D 3D 3D−2D 2D 3D All 2D 3D All 2D 3D Con Res

All communities −1.07 −3.59 −2.52* (−2.60) −4.79 −4.05 964 704 463 4685 3055 1630 0.09 0.20

Eastern Weddell Sea −1.37 −3.65 −2.28* (−2.58) −2.78 −2.51 314 137 270 979 258 721 0.11 0.30

Estero de Punta Banda −2.81 −4.60 −1.79* (−1.13) −2.48 −2.73 105 102 47 1388 1086 302 0.34 0.19

Grand Cariçaie Marsh −0.34 −1.14 −0.80* (−1.36) −5.55 −5.44 88 86 45 623 460 163 0.00 0.46

Scotch Broom −0.28 −0.91 −0.63* (−1.01) −5.44 −5.28 150 147 11 362 347 15 0.00 0.22

Skipwith Pond −0.71 −3.01 −2.3* (−0.47) −4.69 −4.55 33 31 17 321 284 37 0.78 0.23

Broadstone Stream −1.09 – – −6.71 – 28 28 0 138 138 0 – –

Gearagh Woodland −0.46 – – −5.56 – 113 113 0 370 370 0 – –

UK Grasslands 0.22 – – −5.40 – 61 61 0 112 112 0 – –

The Median log10 (Size-ratio) column shows observed medians of log10 transformed size-ratios, and their observed and predicted (in parentheses) difference in medians (3D−2D). All

observed and predicted differences are significantly different from 0 (p < 0.05; flagged with an asterisk) based upon a randomization test (see main text). Note that although median

2D and 3D size-ratios are significantly different in each community, median 2D, and 3D consumer and resource sizes are not (p > 0.05; Wilcoxon–Mann–Whitney test with shared taxa

removed). The 2D/3D overlap column shows proportion of consumers in each community feeding on both 2D and 3D resources (Jaccard index) (Con), and proportion of resources

exploited by both 2D and 3D consumers (Res). If such an overlap exists, the total number of taxa (Taxa-All) within a community will be smaller than the sum of 2D and 3D taxa.

fall within the predicted 3D coexistence region. This is not
surprising because macroparasitism, parasitoidism, herbivory,
and micropredation are likely to be more limited by search
and detection than attack success. We can account for this by
decreasing the value of γ in Equation (4) and recalculating
coexistence bounds. Doing so relaxes constraints on coexistence
at high size-ratios (k ≫ 1 or mR ≫ mC) (Figure 2, Figure S4),
and helps explain deviation of these interactions from predicted
coexistence bounds. Note that, as γ → 0, the upper coexistence
bound (Figure 2) will vanish because attack success probabilityA
becomes independent of size-ratio. We chose γ = 1 to illustrate
that a weaker decline in attack success with size-ratio can explain
feasibility and coexistence of interactions at those size-ratios.
The value of γ = 1—where A declines weakly with decreasing
size-ratio (resources get very large relative to consumers)—is
necessarily arbitrary because we have practically no information
about A at those extreme size-ratios, which future work needs
to address.

Eastern Weddell Sea, Grand Cariçaie Marsh, and Scotch
Broom also show a secondary 2D peak at very small size-
ratios (mR ≪ mC) (Figure 3), mostly corresponding to large
endothermic vertebrates feeding on arthropods—effectively
grazing interactions because of the large size difference between
consumer and resource, and therefore in their body velocities
Appendix 3; (Pawar et al., 2012; Dell et al., 2014). This is
also qualitatively consistent with our theory, which predicts
a relaxation of coexistence constraints in grazing interactions
wheremR ≪mC (Figure S3).

In communities that have both interaction dimensionalities,
median body size distributions of species in 2D and 3D
interactions are statistically indistinguishable (Figure 3; Table 1).
Body size ranges of species involved in 2D and 3D interactions
also tend to be similar, with only Eastern Weddell Sea and
Estero de Punta Banda showing significant differences in
variance of sizes (p < 0.001, Brown-Forsythe test of unequal
variances). Thus, bimodality in size-ratios is not driven simply

by different 2D and 3D size distributions. Indeed, the high
overlap between 2D and 3D size distributions supports an
assumption implicit in our theory: that size ranges of consumers
or resources are set by factors extrinsic to dimensionality. The
similarity in size distributions partly stems from the fact that
although consumers forage on completely different resources
(and therefore potentially different habitat zones) in 2D and 3D
in certain communities (i.e., EasternWeddell Sea, Skipwith pond,
and Estero de Punta Banda), a relatively constant proportion
of resources are fed upon by both 2D and 3D consumers in all
communities (compare consumer and resource 2D/3D overlap
in Table 1). An example of how the same resource can be
exploited in both 2D and 3D is shown in Figure 1. Thus, 2D
and 3D components of each community are consistently coupled
through shared resources.

DISCUSSION

By combining theory with extensive empirical data, we have
shown that interaction dimensionality strongly constrains
resource-to-consumer size ratios in ecological communities.
Specifically, 3D interactions allow a lower median size-ratio as
well as a wider range of size-ratios than 2D, with the magnitude
of observed difference in most communities similar to the
difference predicted by our theory (Table 1). This emergent
difference between 3D and 2D size-ratios arises because in 3D,
the additional dimension for resource detection usually elevates
baseline encounter rates and steepens the scaling of consumption
rate with body size (Pawar et al., 2012). As a result, communities
from spatially complex environments that can support both
2D and 3D interactions show distinct size-ratio distributions
(Figure 3). For example, bimodal size-ratio distributions exist
in the Eastern Weddell Sea, which has pelagic (mostly 3D) and
benthic (mostly 2D) zones, and in the Grand Cariçaie Marsh,
which has shallow-water (mostly 2D), grassland (mostly 2D), and
tree-dominated zones (mixture of 2D and 3D). We emphasize
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that the difference in median 2D and 3D size-ratios is repeatedly
observed across communities, despite considerable variation in
habitat (e.g., aquatic vs. terrestrial), consumer foraging behaviors
(e.g., 2D benthic vs. 2D water surface foraging), and organismal
types (e.g., vertebrates vs. invertebrates).

Our results provide an explanation for three important
empirical patterns in the body size structure of communities.
First, our theory predicts that wider ranges of size-ratios
become feasible as consumer size increases in both 2D and
3D (Figure 2). This explains why smaller consumers tend to
be restricted to a narrower range of resource sizes (Cohen
et al., 1993), and therefore why invertebrate predators tend
to be closer in size to their prey than vertebrate predators
(Peters, 1986; Brose et al., 2006a). Second, our theory predicts
that the widening of coexistence bounds with consumer size
is much more pronounced in 3D than 2D, and that this
widening occurs in the direction of lower size-ratios. That is,
consumers are able to coexist with resources much smaller
than themselves in 3D in comparison to 2D. This helps
explain why pelagic predators (3D) tend to be so much larger
than their prey in comparison to terrestrial (2D) predators
(Cohen and Fenchel, 1994; Brose et al., 2006a). Similarly,
we would also expect size-ratios in other 3D interactions,
such as those for aerial predators, to be more extreme
than in terrestrial 2D interactions. Indeed, the mean size-
ratio of terrestrial 3D interactions from real communities—
all from Grand Cariçaie Marsh, Gearagh Woodland, Scotch
Broom, or UK Grasslands—is about an order of magnitude
lower than 2D interactions (0.07 in 3D vs. 0.51 in 2D).
Third, if coexistence bounds widen with body size, it follows
that if consumer size increases systematically with trophic
level then so will size-ratios. This can explain why the
traditional Eltonian paradigm (Elton, 1927) of invariance of
size-ratios with trophic level does not always, or even typically,
hold (Cohen and Fenchel, 1994; Brose, 2010; Riede et al., 2011).

Our theory also predicts that irrespective of dimensionality,
size-ratios will be smaller in magnitude (closer to k = 1) and
show less variance (i.e., be more constrained) in resource-
poor environments (with low carrying capacity; Figure 2).
Although we could not test this directly, carrying capacity
may account for additional variation in size-ratio distributions
across communities. Furthermore, abundance of resources is
particularly important to consumer-resource coexistence in 3D
because the potential advantage of stronger scaling of search
rate from the additional dimension is not realized if resources
are not sufficiently abundant. For example, the higher encounter
of resources in 3D would not be realized if resources have the
same numbers (but not densities) in 2D and 3D habitats (e.g., 1
kg/m2 and 1 kg/m3), irrespective of whether abundance was high
or low.

Hairston and Hairston (1993) suggest that size-ratios in
aquatic interactions are more constrained than in terrestrial
environments because of gape-limitation. That is, they argue that
gape-limitation is stronger in aquatic interactions because bodies
and appendages of aquatic organisms are modified for efficient
locomotion in water, and thus are of limited use for handling
resources. As a result, aquatic consumers may be larger, but not

too close to or smaller in size compared to resources. However,
we find that size-ratios exhibit 2D-3D bimodality even within
aquatic environments, suggesting that gape-limitation may not
be the primary constraint on size-ratios.

Our theory can partly explain multimodalities found in
2D size-ratio distributions (Figure 3) in terms of foraging
strategies. The 2D peak in several communities where mR ≪

mC corresponds to grazing. Our theory predicts that grazing
allows a wider range of size-ratios (Figure S3), although observed
size-ratios peak at even more extreme values than predicted.
Similarly, by decreasing γ , which determines the strength
in decline of attack success (A) as resources become much
larger than consumers (mR ≫ mC), we are able to explain
the 2D peak in size-ratios at mR ≫ mC (corresponding to
macroparasitism, parasitoidism, herbivory and micropredation)
seen in several communities. This is also consistent with the fact
that the empirical data on consumption rates we used to obtain
estimates of γ are only from predator-prey interactions, not
macroparasitism, parasitoidism, herbivory or micropredation.
At the same time, we did not find multimodalities in 3D size-
ratio distributions. This could occur because strategies, such
as macroparasitism and micropredation are less feasible in 3D
environments than in 2D (which is possible if γ itself increases
with dimensionality), or because such interactions are simply
under-sampled in 3D. In either case, further research is needed.
This is particularly important given the important role of
parasitism in food webs (Hechinger et al., 2011). For example,
the addition of parameters that account for the biomechanics
of attack and escape (which must differ with foraging strategy)
will likely help explain some of this additional variation and
multi-modalities.

Empirical biases also need to be considered while interpreting
our results. For example, the fact that no observed species pairs lie
in the predicted feasible regions at smallest and largest consumer
sizes in 2D likely reflects a lack of sampling of interactions for
the smallest (e.g., microorganisms and microinvertebrates) and
largest (e.g., large carnivores) consumers (Brose et al., 2006a).
More importantly, sampling biases are also likely to skew the
estimate of the proportion of 2D and 3D interactions in each
community—the “pure” 2D and 3D communities likely contain
interactions with both dimensionalities and only more accurate
trophic and foraging data will resolve this issue.

Our theoretical analysis assumes that the criteria for
energy balance and stable coexistence of two-species systems
approximately hold even when these pairwise interactions are
embedded in food webs. We are encouraged by the fact that
we are able to correctly predict the differences between median
2D and 3D size ratios, even without incorporating higher-
order or indirect effects. This is consistent with the result
that community stability is most strongly determined by the
strengths of the direct coupling between consumer-resource
interactions (Pawar, 2009; Tang et al., 2014). Thus, we have
shown for the first time, that a combination of environmental,
behavioral, and biomechanical constraints on species interactions
scale up to an emergent property (the community-wide size-
ratio distribution) through a combination of natural selection
(the energetics constraint; inequality 10) and species sorting
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(the coexistence constraint; inequality 12). This scaling up
and emergence effectively results in the reorganization of
communities from more spatially complex environments into
distinct compartments (in terms of food web topology), as
evidenced by the typically low overlap in 2D and 3D consumer
and resource species and interaction identities (last two columns
of Table 1). This stems from localization or specialization of
consumers as well as resources to a specific, preferred sub-
environment (2D or 3D). Nevertheless, future extensions of
our work to multispecies interactions should account for the
stability consequences of indirect interactions and polyphagy,
and these modifications may lead to more accurate predictions
about the effect of dimensionality on size-ratio distributions in
real communities. Given the apparently ubiquitous difference in
2D and 3D size-ratios within communities, food web models
with coupled 2D and 3D sub-communities should be especially
enlightening for these questions and might explain some of the
differences between predicted and observed features of size-ratio
distributions reported here. In this respect, we were intrigued
to find that 2D and 3D sub-communities are coupled, as must
be the population dynamics, through shared resources in all the
communities we analyzed.

Our classification of interactions according to dimensionality
of the search and interaction space is appealingly simple, and
necessarily so because detection typically occurs in Euclidean
space (McGill and Mittelbach, 2006; Pawar et al., 2012).
An extension of our model would be to include more
complex habitats with non-integer dimensionality by relaxing
the assumption of random movement of the consumer and/or
resource. For example, non-random searching by consumers for
resources that are dispersed or moving in fractal dimensions
(Ritchie, 2009)—amore continuousmeasure of dimensionality—
could alter how spatial complexity influences size-ratios. Testing
these additional factors would require more detailed knowledge
of foraging behavior for specific taxa and of habitat complexity in
local communities.

In conclusion, our study helps explain a number of empirical
observations in which community size structure varies with
habitat, type of consumer-resource interaction, and foraging
strategy (Elton, 1927; Cohen et al., 1993; Brose et al., 2006a,b;

Riede et al., 2011). Our theory generalizes previous models that

incorporate body size into components of consumer-resource
interactions (McArdle and Lawton, 1979; Persson et al., 1998;
Aljetlawi et al., 2004; Weitz and Levin, 2006) to multiple
foraging strategies—active-capture, sit-and-wait, or grazing—
and interaction dimensionalities. Thus, our framework can be
used to develop models for specific organisms and habitats
by relying on estimates of body sizes, foraging strategies, and
interaction dimensionalities. Ultimately, models that explicitly
incorporate biomechanical and environmental constraints on
the components of consumer-resource interactions should form
the foundation of a general theory that can explain variation
in the structure and function of ecological communities
across environments.
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