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ABSTRACT
Food web studies commonly ignore individual variation within a
population and variation in the environment and assume these factors
have insignificant effects on community dynamics relative to interspecific
interactions. However, variation in body sizes within a population (size
structure) and the physical structure of habitats (habitat complexity) can
both affect interspecific interactions independently, with possible
interactive effects. Using experimental mesocosms, we examined effects
of predator size structure and habitat complexity on predation by two
common predators in fishless ponds: larval aquatic beetles (Cybister
fimbriolatus) and larval dragonflies (Anax junius). Cannibalism, intraguild
predation, and predation on shared prey were measured at two levels of
habitat complexity crossed with six size-structured pairs of predators. We
found that highly complex habitats sustain a higher prey density because
prey can take refuge from predators. Additionally, size structure had direct
(size better predicted predation rate than did species identity) and indirect
(IGP and cannibalism lowered predation rates) effects on consumptive
interactions, which changed the composition and density of the predator
guild. The identified size- and habitat-mediated mechanisms can change
the frequencies of intraguild vs. interguild predation (a balance important
in determining top–down control of predators), and therefore we argue
that these sources of heterogeneity should be included in community
ecology studies where possible.

KEYWORDS
Size structure; intraguild
predation; cannibalism;
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Introduction

A perennial challenge in ecology is to develop models that are detailed enough to describe complex
systems but general enough to apply to multiple systems. For tractability, many simple models of
species interactions treat all conspecific individuals identically and ignore environmental variation.
Models typically consider the average individual of a population and average environmental condi-
tions, but natural populations and ecosystems have heterogeneity that is critical for understanding
complex community dynamics (Bolnick et al. 2011; Gibert and Brassil 2014). It becomes important
to know which sources of heterogeneity matter and how they interact to influence community struc-
ture (Bolnick et al. 2011). Two sources of heterogeneity known to influence predator–prey interac-
tions are variation in individual body size within a population (size structure) (Crumrine 2005;
Petchey et al. 2008) and variation in vegetation density (a component of habitat complexity) (Finke
and Denno 2006; Reichstein et al. 2013). This picture is further complicated when effects of
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intraguild predation (IGP) and cannibalism are considered, because these interactions affect the
density and composition of the predator community (Polis et al. 1989; Wagner and Wise 1996).
Understanding how these sources of variation affect species interactions could help explain coexis-
tence of functionally similar organisms and guide development of models with greater explanatory
power.

Size structure within a population plays an important role in driving the consumptive interac-
tions that shape community structure (Rudolf 2012; Violle et al. 2012; Krenek and Rudolf 2014).
Food web studies commonly ignore size structure and consider each species as a uniform entity,
even though explicitly accounting for size structure in food webs can yield qualitatively different
outcomes (Miller and Rudolf 2011; Rudolf and Lafferty 2011). Traditional representations of a single
uniform species therefore often inadequately explain community dynamics (Rudolf 2012), because
different stages/sizes of individuals of the same species are considered as functionally equivalent,
when in reality they play different roles. Consideration of size structure could help clarify the persis-
tence of seemingly unstable models of coexistence, including IGP, which occurs when predators
competing for a resource prey on each other (Polis et al. 1989; Hin et al. 2011). Theoretical models
predict that IGP should be rare and that when it does occur, asymmetric IGP (where the intermedi-
ate predator does not eat the top predator) should be more common. However, IGP is ubiquitous in
nature and symmetric IGP is far more common than models predict (Polis et al. 1989; Holt and
Polis 1997; Arim and Marquet 2004; Crumrine et al. 2008). Models including size structure could
explain these deviations from theoretical predictions because larger predators typically consume
smaller predators and increasing body-size difference between predatory species can increase IGP
rates (Wissinger 1992; Armsby and Tisch 2006; Okuyama 2007; Rudolf and Armstrong 2008;
Krenek and Rudolf 2014). Additionally, if both predator populations show ample size structure,
interactions can become more symmetrical because size structure in both populations increases the
likelihood that the largest stages of an intermediate predator could consume the smallest stages of a
top predator (Werner and Gilliam 1984). In this case, top vs. intermediate predator distinctions
become meaningless because an organism’s interactions change through its ontogeny.

In addition to influencing IGP, size structure can increase cannibalism in populations because
larger individuals can eat smaller conspecifics (Fox 1975a). Cannibalism is ubiquitous, especially
among invertebrates, but its role in influencing community structure remains understudied (but see
Rudolf 2007a, 2007b, 2008). Cannibalism influences a population’s density and demography and
therefore significantly shapes the population’s functional role in the community (Claessen et al.
2000; Wise 2006). Furthermore, cannibalism can promote the persistence of many species in a com-
munity by reducing predator populations and redirecting predators’ food consumption away from
other organisms (Fox 1975b; Rudolf 2008; Crumrine 2010; Ohlberger et al. 2012). We need to
understand how these size-structured interactions in the predator guild impact the density of preda-
tors and fundamentally shape the rest of the community via top down effects and trophic cascades.
A complete community picture must consider IGP and cannibalism since their absolute and relative
frequencies significantly dictate the composition and functional role of predators (Snyder and Wise
2001; Persson et al. 2003; Claessen et al. 2004; Rudolf 2007a, 2007b).

Although the literature addressing the role of size-structured effects on predator–prey interac-
tions is growing, few studies have examined the interaction of habitat complexity and size structure
(Delclos and Rudolf 2011; Toscano and Griffen 2013; Anderson and Semlitsch 2016). Physical habi-
tat complexity (e.g. vegetation density) is an additional parameter that can influence the strength of
predator–prey interactions in two distinct ways. First, habitat complexity interacts with hunting
strategies of predators (Schmitz 2009; Yee 2010). Hunting strategies of aquatic organisms range
from sit-and-wait predation to active pursuit (Schmitz 2009), and predator responses to habitat
complexity differ throughout this continuum. Greater habitat complexity provides refuge/ambush
sites that can increase predation rates of sit-and-wait predators (Finke and Denno 2006; Janssen
et al. 2007; Yee 2010; Delclos and Rudolf 2011). In contrast, predation rates of active predators
decrease with greater habitat complexity because predators’ movements are hindered by obstacles
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(Toscano and Griffen 2013). Second, habitat complexity interacts with population size structure
because small-bodied individuals can more easily take refuge from predators in complex habitats
(Eklov and Persson 1995; Finke and Denno 2006; Reichstein et al. 2013) while large-bodied individ-
uals are exposed and cannot easily locate small prey (Toscano and Griffen 2013). Because habitat
can influence predator–prey interactions in two distinct ways (by interacting with hunting behavior
and/or size of individuals), we expect predation outcomes to be affected by identities of predators
and relative sizes of predators. Considering these two competing effect pathways, the net effects of
habitat complexity on cannibalism, IGP, and interguild predation (i.e. basic predation) are difficult
to predict. Likely, these three modes of predation are not equally affected by habitat complexity.
Therefore, realistic models must consider how each is affected because the relative frequencies of
cannibalism, IGP, and predation have important implications for the coexistence of functionally
similar species and the degree of top–down control in ecosystems (Finke and Denno 2002; Persson
et al. 2003; Rudolf 2007a). Our research addresses this gap through the following questions: (1)
How do size structure and habitat complexity independently and interactively influence relative fre-
quencies of IGP, cannibalism, and predation? (2) Do predators’ tendencies toward cannibalism or
IGP differ, and could these differences clarify seemingly unstable models of coexistence?

Materials and methods

Study species and experimental Mesocosms

Larvae of Cybister fimbriolatus (Coleoptera) and Anax junius (Odonata) are widespread in North
America and were chosen as intraguild predators for this system for several reasons. First, late
instars of both species significantly influence community structure in fishless aquatic ecosystems
(Van Buskirk 1988; McPeek 1998; Rudolf and Rasmussen 2013b). Second, both species increase in
body size (length and mass) up to 15-fold through throughout their development, making them
ideal for studying size-structured interactions (Crumrine 2005; Rudolf and Armstrong 2008; Rudolf
and Rasmussen 2013a). Throughout a season, populations can consist of a single cohort that is uni-
form in size or consist of many overlapping cohorts, making the population highly size structured.
Because diets of early instars differ from those of late instars, the ecological role of these populations
changes significantly throughout the season (Rudolf and Rasmussen 2013b). Finally, while C. fim-
briolatus and A. junius fill seemingly similar ecological roles as top predators, they differ substan-
tially in their hunting strategy (C. fimbriolatus is an active predator while A. junius is a sit-and-wait
predator) and therefore are expected to respond differently to habitat complexity (Crumrine et al.
2008). In our study system, C. fimbriolatus is generally considered the top predator and A. junius is
considered the intermediate predator (PWC, personal observation).

We focused on interactions among small (F-1 instar, length»3.0 cm, headwidth»0.2 cm) and large
(F instar, length »5.1 cm, headwidth »0.5 cm) C. fimbriolatus and small (F-3 instar, length »2.2 cm,
headwidth»0.4 cm) and large (F-1 instar, length»3.5 cm, headwidth»0.7 cm) A. junius. Cybister fim-
briolatus has three juvenile instars while A. junius has 9–13 juvenile instars. Each predator was photo-
graphed and its instar determined from head width measured using NIH ImageJ (Wissinger 1992;
Schindelin et al. 2015). F-1 instars of larval dragonfly Pachydiplax longipennis were used as shared prey
(length »2.0 cm, headwidth »0.3 cm). Pachydiplax longipennis were chosen as prey because they are
abundant, generally smaller in body size than A. junius and C. fimbriolatus, and commonly co-occur
with them in fishless ponds of eastern North America. Predation trials show that P. longipennis does
not consume A. junius or C. fimbriolatus, even when size differences are small (Crumrine 2010).

Trials were conducted in plastic mesocosms (50 cm L x 38 cm W x 18 cm D, 34 L volume) cov-
ered with fiberglass window screen mesh, and maintained at ambient temperature and light at
Blandy Experimental Farm, Boyce, VA, USA. Aquatic mesocosms are an appropriate system to test
this hypothesis because they are large enough to cultivate biologically realistic communities, but
controlled enough to manipulate experimentally and measure effects (Werner and Anholt 1996;
Relyea and Yurewicz 2002; Preston et al. 2012). Mesocosms were filled to a depth of 10 cm with
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pond water filtered through windowscreen mesh. This prevented the introduction of any unwanted
macro-invertebrates but permitted the passage of zooplankton to sustain P. longipennis. Nylon ropes
(10 cm L x 1 cm Ø) glued to the bottom of the mesocosms represented low (50 stems m¡2) and high
(280 stems m¡2) habitat complexities. These densities reflect common pondweed abundances at
shallow depths (Sheldon and Boylen 1977).

Experiment 1: effects of size structure and habitat complexity on cannibalism, IGP, and
predation

To assess the independent and interactive effects of habitat complexity and size structure on preda-
tor–prey interactions, we used a 2 (low- and high-habitat complexity) £ 6 (size-structured predator
treatments) factorial design, resulting in 12 treatments. Predator treatments included the six possible
pairs of the two size classes of each predator: small and large C. fimbriolatus, small and large A.
junius. Pairs of mixed-size conspecifics were included in the design, but pairs of equal-sized conspe-
cifics were not included. Seven replicate trials were conducted over three temporal blocks, initiated
19 June 2013 (three replicates), 28 June 2013 (two replicates), and 5 July 2013 (two replicates),
resulting in n = 84. There was no significant temporal block effect, so this was not considered in any
statistical analyses (GLM, Z = ¡0.207, P = 0.84).

Each three-day trial was initialized with ten prey and one individual of each appropriate predator
species-size class. These prey and predator densities are within the range reported in field surveys
for larval odonates and dytiscids (Yee 2010). Surviving prey and predators were counted at 9:00 am
and 4:00 pm each day. Counting twice each day gave more precise estimates on time to predation,
but counting more than twice per day was not logistically possible since each effort took 3–4 h. Pred-
ators that molted out of the appropriate instar were replaced following each count, but predators
that were eaten were not replaced. Prey were never replaced. Prey and predator survival data from
these trials were used in the following two analyses.

First, to determine if prey survival was affected by treatments, we fit generalized linear models
using the glm function in the stats package of R (R Core Team 2014). Prey survival was predicted by
habitat complexity and predator treatment as interacting fixed effects, with binomial error structure.
Post-hoc planned comparisons were performed with the glht function in the R package multcomp
(Hothorn et al. 2008).

We used a second pair of generalized linear models to test how size of the competing predator
affected a predator’s hunting success. The species of predator that consumed each prey could be deter-
mined because C. fimbriolatus and A. junius utilize different feeding modes, and the condition of prey
remains reveals the identity of the predator. Cybister fimbriolatus leaves an empty but complete exo-
skeleton (Gorb and Beutel 2000), while A. junius leaves a torn exoskeleton or nothing at all (Pritchard
1965). Because of this difference, we were able to easily identify which predator had consumed each
prey in heterospecific predator treatments. With these data, we tested whether prey consumption by a
predator was affected by the size of its competing heterospecific predator. In our models (one for A.
junius and one for C. fimbriolatus), the number of prey eaten by the predator was explained by the
interaction of that predator’s size and its competing predator’s size. Post-hoc multiple comparisons
were done with the glht function and targeted treatments comparing predation by a given predator-
size (i.e. large C. fimbriolatus) competing with small heterospecifics (i.e. small A. junius) versus large
heterospecifics (i.e. large A. junius). Interpredator interactions were summarized by frequency of pre-
dation events, since low predator densities (two per replicate) did not allow for rigorous statistics.

Experiment 2: choice for conspecific (cannibalism) vs. heterospecific (IGP) prey

A choice test was conducted in low-habitat complexity mesocosms to determine the likelihood of
cannibalism versus IGP for large A. junius and large C. fimbriolatus. One large C. fimbriolatus or
large A. junius was offered one small C. fimbriolatus and one small A. junius as prey. Mouth parts of
the prey were removed to ensure all predation was by the larger predator. Previous studies with larval
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odonates have reported little if any change in activity level by larvae after this type of manipulation
(Crumrine and Crowley 2003). Each mesocosm was monitored every 2 h until the predator had con-
sumed one prey. Time to predation was recorded. Nine replicates were performed in two temporal
blocks initiated 15 July 2013 (six replicates) and 23 July 2013 (three replicates). Binomial tests com-
pared the preferences of large C. fimbriolatus and large A. junius for conspecific or heterospecific prey.

Results

Experiment 1: effects of size structure and habitat complexity on cannibalism, IGP, and
predation

Interguild predation
The interaction term between predator treatments and habitat complexity was not significant (GLM,
Z = ¡1.32, P = 0.09). Since the inclusion of the interaction did not affect model fit, the interaction
term was dropped from the model and fixed effects were analyzed independently.

Prey consumption was 20% higher in low-habitat complexity treatments than high-habitat com-
plexity treatments. Pooled across predator treatments, average number of prey eaten (out of 10 ini-
tial prey) was 6.98 (SE = 0.31) in low-habitat complexity treatments and 5.76 (SE = 0.33) in high-
habitat complexity treatments (GLM, Z = 3.73, P = 0.0002). The trend for lower prey consumption
at high-habitat complexity was true for four of the six habitat complexity treatments (Figure 1(a)).
The large C. fimbriolatus + large A. junius and large A. junius + small A. junius treatments did not
follow this pattern, eating an equal number of prey at low- and high-habitat complexities. Consid-
ered individually, for both C. fimbriolatus and A. junius, large size classes showed a more pro-
nounced reduction in predation in high-habitat complexity than did the small size class, which ate a
similarly low number of prey in both low and high habitats (Figure 1(b)).

Prey consumption varied significantly among predator treatments (GLM, Z = 3.41, P < 0.001).
The small C. fimbriolatus + small A. junius combination was significantly different from all treat-
ments except large C. fimbriolatus + small C. fimbriolatus, which did not differ from any treatments.
Average number of prey eaten was 4.36 (SE = 0.61) for the small C. fimbriolatus + small A. junius
treatment, 45% lower than other treatments. Prey consumption was higher for large predators (4.41
§ 0.31, mean § SE) than small predators (1.89 § 0.17, mean § SE) (GLM, Z = 3.49, P << 0.001).

Figure 1. (a) A comparison of number of prey eaten by six size-structured pairs of Anax junius and Cybister fimbriolatus at low- vs.
high-habitat complexity (n = 7, points show means § SE). In each three-day mesocosm trial, ten Pachydiplax longipennis were
offered as prey without replacement. (b) A comparison of prey eaten by large (circles) and small (triangles) size classes of A. junius
and C. fimbriolatus at low- vs. high-habitat complexity (n = 8, points show means § SE). Cannibalism treatments are not included
because we were unable to determine whether the large or small predator had eaten the prey. � P < 0.05.
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There was no difference in prey consumption by C. fimbriolatus (3.27 § 0.27, mean § SE) and A.
junius (3.04 § 0.34, mean § SE) (GLM, Z = 0.52, P = 0.59). Combined, these results indicate that
predator size was more important than species identity for predicting prey consumption. Addition-
ally, predation was greater in replicates where IGP or cannibalism were uncommon, because in these
cases both predators were alive and predating during the entire experiment.

Two of the four predator classes (small C. fimbriolatus and large A. junius) ate fewer prey when
their competing predator was large vs. when it was small (Figure 2 and Table 1). Small C. fimbriola-
tus consumed significantly more prey in the presence of small A. junius (2.35 § 0.36, mean § SE)
than in the presence of large A. junius (1.71 § 0.24, mean § SE) (GLM, Z = ¡2.48, P = 0.02). Large
A. junius consumed significantly more prey in the presence of small C. fimbriolatus (5.71 § 0.67,
mean § SE) than in the presence of large C. fimbriolatus (2.93 § 0.62, mean § SE) (GLM, Z = 3.51,
P < 0.001). This pattern was not observed for small A. junius or large C. fimbriolatus. Small A.
junius ate an equal number of prey with small (2.00 § 0.44, mean § SE) and large (1.50 § 0.31,
mean § SE) C. fimbriolatus (GLM, Z = ¡0.92, P = 0.53). Large C. fimbriolatus ate an equal number
of prey in the presence of small A. junius (5.29 § 0.53, mean § SE) and large A. junius (3.71 § 0.38,
mean § SE) (GLM, Z = 1.61, P = 0.17).

Intraguild predation and cannibalism
Habitat complexity did not influence any intraguild interactions, and therefore the following analy-
ses pool habitat treatments. The top predator in this system was large C. fimbriolatus. Large C. fim-
briolatus was never consumed by another predator and ate its competing predator in 59% (25/42) of
the replicates in which it was present. By comparison, small C. fimbriolatus ate its competing preda-
tor in 21% of replicates, large A. junius in 17%, and small A. junius only in 2%. The most common

Figure 2. A comparison of prey eaten by large (circles) and small (triangles) size classes of Anax junius and Cybister fimbriolatus
when the heterospecific competing predator was small vs. when the competing predator was large (n = 8, points show means §
SE). � P < 0.05.

Table 1. Summary of statistics on prey consumption by each predator when paired with each of two size classes of competing het-
erospecific predator. For each combination of predators, n = 8.

Competing predator

Focal predator Sm C. fim Lg C. fim

Sm A. jun 2.00 § 0.44, x̄ § SE 1.50 § 0.31, x̄ § SE GLM, Z = ¡0.92, P = 0.53
Lg A. jun 5.71 § 0.67, x̄ § SE 2.93 § 0.62, x̄ § SE GLM, Z = 3.51, P < 0.001

Competing predator

Sm A. jun Lg A. jun

Sm C. fim 2.35 § 0.36, x̄ § SE 1.71 § 0.24, x̄ § SE GLM, Z = ¡2.48, P = 0.02
Lg C. fim 5.29 § 0.53, x̄ § SE 3.71 § 0.38, x̄ § SE GLM, Z = 1.61, P = 0.17
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interpredator interaction was C. fimbriolatus cannibalism – large C. fimbriolatus ate small C. fim-
briolatus in 86% (12/14) of replicates in which the two predators were together. For A. junius, 43%
of trials resulted in cannibalism. For both large predators, cannibalism was more common than
IGP. All intraguild and cannibalism interactions are summarized in Figure 3.

Experiment 2: choice for conspecific (cannibalism) vs. heterospecific (IGP) prey

When given a choice of prey types, large C. fimbriolatus consumed small C. fimbriolatus (i.e. canni-
balism) rather than small A. junius significantly more often than expected by chance (Binomial test,
P = 0.039). Likewise, large A. junius consumed small C. fimbriolatus (i.e. IGP) rather than small A.
junius significantly more frequently than expected by chance (Binomial test, P = 0.039). For both
large predators, small C. fimbriolatus was consumed first in eight of nine replicates.

Discussion

This research aimed to assess how size structure and habitat complexity interact to influence inter-
specific interactions and community structure. For parsimony, studies of food web interactions tra-
ditionally assume that variation among individuals within a population and variation in the
environment have an insignificant effect on community dynamics relative to interspecific interac-
tions (Miller and Rudolf 2011). However, we show that variation in predator size and habitat com-
plexity can qualitatively change species interactions and potentially influence top down effects of the
predator guild. We found that in highly complex habitats where small-bodied prey could take ref-
uge, predation on shared prey was much lower, potentially enabling a shift from interguild predation
(i.e. basic predation) to IGP. Additionally, size structure among predators affected community inter-
actions both directly (body size was a better predictor of predation than species identity) and indi-
rectly (some predators ate less when their competing predator was large than when it was small).
Finally, differential cannibalism between top and intermediate predators may provide a mechanism
for sustained coexistence of functionally similar intraguild predators.

Our experiment corroborated past results that high-habitat complexity promotes prey survival by
providing refuge and lowering encounter rates with predators (Crowder and Cooper 1982; Delclos
and Rudolf 2011; Toscano and Griffen 2013). To avoid larger bodied predators, P. longipennis could
simply perch on the vertical stems of artificial vegetation and hide by moving to the side opposite
the predator. This predator avoidance mechanism led to higher sustained prey abundance in high-
habitat complexity mesocosms relative to low complexity mesocosms. Since predators cannot easily
encounter and consume small-bodied, well-hidden prey in complex habitats, interguild predation
may shift toward IGP (Gismervik and Andersen 1997). Further experiments with higher predator
density sustained through multiple generations could properly explore this prediction.

Prey survival differed significantly between predator treatments, with more prey surviving in
treatments where predators were small-bodied or where IGP and cannibalism were common. Prey

Figure 3. Frequency of intraguild predation and cannibalism for each predator pair (habitat treatments pooled, n = 14). Each per-
centage reflects the proportion of replicates that resulted in a predation event – thickness of bars corresponds to the strength of
the interaction.
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survival was highest in the predator treatment including two small predators, likely because small
predators have proportionately lower energetic demands (Devries et al. 1998; Jennings et al. 2001).
Alternatively, small predators and prey were more similar in size and thus prey may have posed a
greater potential risk to injury during the predation sequence for small rather than large predators.
Other patterns in prey survival between predator treatments were better explained by size-mediated
interactions between the two predators. For example, in predator treatments where IGP or cannibal-
ism was common, more prey survived, likely because IGP or cannibalism eliminated one predator,
leaving only one predator to feed on the prey. Prey survival was lowest in predator treatments where
IGP and cannibalism were less common because two active predators remained throughout the trial.
Size structure enabled consumptive interactions that redirected predators’ diets from prey to preda-
tors (Sih et al. 1998; Finke and Denno 2002). In these cases, a shift from interguild predation to IGP
could change the composition and density of the predator guild, leading to important top–down
effects on the rest of the community (Moran et al. 1996; Holt and Polis 1997).

Our results further indicate that size structure can negate the designations of top and intermedi-
ate predators commonly used in IGP models. While C. fimbriolatus is generally considered a top
predator, we observed predation on small C. fimbriolatus by A. junius. In alignment with previous
research on communities containing size-structured populations, we found that body size better pre-
dicted predator–prey interactions than did species identity (Petchey et al. 2008; Arim et al. 2010).
This suggests that an organism’s ecological role can change through its development, and therefore
species identity may not be the best way to classify organisms in food web studies. As a consequence,
symmetric IGP is likely more common than currently reported, and designations of top vs. interme-
diate predators oversimplify dynamic predator–predator interactions. Additionally, we observed an
indirect effect of body size on predation. Two of the four predator classes (small C. fimbriolatus and
large A. junius) ate fewer prey when their competing predator was large vs. when it was small. Com-
bined, the direct and indirect effects of size structure could change the relative frequencies of intra-
guild vs. interguild consumptive interactions, which is critical in determining the predator guild’s
top down effects on the rest of the community.

The choice test experiment showed that C. fimbriolatus acts more commonly as a cannibal, and
A. junius acts more commonly as an intraguild predator. We speculate this is a consequence of
C. fimbriolatus being an active predator while A. junius is a sit-and-wait predator. Continuous
movement of active predators through their environments likely increases opportunities to feed, but
may also increase their vulnerability to predation, especially at early instars (Crumrine et al. 2008).
Active behavior increases encounter rates with predators (both conspecifics and heterospecifics),
possibly reducing recruitment from early instars to more mature instars that are better predators.
Final instar C. fimbriolatus is a strong predator on all size classes of A. junius, but our results indi-
cate that C. fimbriolatus experiences high mortality by predation before reaching the final instar. On
the other hand, the more sedentary behavior of A. junius makes it more likely to evade predators
through early development and reach late instars where it is a more effective predator (Preisser et al.
2007; Davenport et al. 2014). Given these predictions, we expect to see a higher proportion of A.
junius surviving early instars and advancing to later stages where they have a competitive advantage.
This would give A. junius a numerical advantage, which could counterbalance the per-capita com-
petitive advantage of C. fimbriolatus, and potentially lead to sustained coexistence of these two pred-
ators. We realize that given the short duration of our experiments, we are unable to fully explain
coexistence of these predators. Rather, we aimed to explore potential mechanisms for coexistence in
a short term experiment. Longer term experiments are necessary to test these mechanisms.

To conclude, we have identified several mechanisms by which habitat complexity and size struc-
ture could change interspecific interactions, particularly by changing the relative frequency of inter-
guild vs. intraguild interactions. These identified mechanisms could change the composition and
density of the predator guild, leading to trophic cascades via strong top down predator effects. Fur-
ther, we have identified one mechanism (stronger cannibalism in top predator than intermediate
predator) that could help explain coexistence of intraguild predators. Since we have shown that size
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structure and habitat complexity could be instrumental in top–down trophic cascades and coexis-
tence of functionally similar species, we suggest that these sources of heterogeneity should be more
commonly considered in community ecology research.

Acknowledgements

A word of thanks goes to Blandy Experimental Farm and its staff for accommodating summer researchers. The
authors also thank VHW Rudolf, TEX Miller and members of their labs for comments on the manuscript.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the Directorate for Biological Sciences, National Science Foundation [grant number
DBI1156796].

Notes on contributors

Shannon K. Carter was an undergraduate student in biology at Baylor University when the research was conducted.
Currently, Shannon is a PhD candidate in the Rudolf Lab at Rice University, studying how climate change-driven
shifts in phenology impact aquatic communities.

Darrell Vodopich is an emeritus professor at Baylor University in the Biology Department, with a wide range of
research interests broadly focused on aquatic biology.

Patrick W. Crumrine is an associate professor of Biology and Environmental Studies at Rowan University. During the
summer, Dr Crumrine coordinates the NSF REU Program at University of Virginia’s Blandy Experimental Farm.

ORCID

Shannon K. Carter http://orcid.org/0000-0002-2815-0727
Darrell Vodopich http://orcid.org/0000-0003-0767-1619
Patrick W. Crumrine http://orcid.org/0000-0002-5752-8231

References

Anderson TL, Semlitsch RD. 2016. Top predators and habitat complexity alter an intraguild predation module in
pond communities. J Anim Ecol. 85(2):548–558.

Arim M, Abades SR, Laufer G, Loureiro M, Marquet PA. 2010. Food web structure and body size: trophic position and
resource acquisition. Oikos. 119(1):147–153.

Arim M, Marquet PA. 2004. Intraguild predation: a widespread interaction related to species biology: intraguild pre-
dation. Ecol Lett. 7(7):557–564.

Armsby M, Tisch N. 2006. Intraguild predation and cannibalism in a size-structured community of marine amphi-
pods. J Exp Mar Biol Ecol. 333(2):286–295.

Bolnick DI, Amarasekare P, Ara�ujo MS, B€urger R, Levine JM, Novak M, Rudolf VHW, Schreiber SJ, Urban, MC, Vas-
seur DA. 2011. Why intraspecific trait variation matters in community ecology. Trends Ecol Evol. 26(4):183–192.

Claessen D, de Roos AM, Persson L. 2000. Dwarfs and giants: cannibalism and competition in size-structured popula-
tions. Am Nat. 155(2):219–237.

Claessen D, de Roos AM, Persson L. 2004. Review Paper. Population Dynamic Theory of Size-Dependent Cannibal-
ism. Proc: Biol Sci. 271(1537):333–340.

Crowder LB, Cooper WE. 1982. Habitat structural complexity and the interaction between bluegills and their prey.
Ecology. 63(6):1802–1813.

JOURNAL OF FRESHWATER ECOLOGY 247

http://orcid.org/0000-0002-2815-0727
http://orcid.org/0000-0003-0767-1619
http://orcid.org/0000-0002-5752-8231


Crumrine PW. 2005. Size structure and substitutability in an odonate intraguild predation system. Oecologia.
145(1):132–139.

Crumrine PW. 2010. Size-structured cannibalism between top predators promotes the survival of intermediate preda-
tors in an intraguild predation system. J North Am Benthol Soc. 29(2):636–646.

Crumrine PW, Crowley PH. 2003. Partitioning components of risk reduction in a dragonfly–fish intraguild predation
system. Ecology. 84(6):1588–1597.

Crumrine PW, Switzer PV, Crowley PH. 2008. Structure and dynamics of odonate communities: accessing habitat,
responding to risk, and enabling reproduction. Dragonflies and damselflies: model organisms for ecological and
evolutionary research. Oxford: Oxford University Press; p. 21–39.

Davenport JM, Hossack BR, Lowe WH. 2014. Partitioning the non-consumptive effects of predators on prey with
complex life histories. Oecologia. 176(1):149–155.

Delclos P, Rudolf VHW. 2011. Effects of size structure and habitat complexity on predator-prey interactions. Ecol
Entomol. 36(6):744–750.

Devries DR, Stein RA, Bremigan MT. 1998. Prey Selection by Larval Fishes as Influenced by Available Zooplankton
and Gape Limitation. Trans Am Fish Soc. 127(6):1040–1050.

Eklov P, Persson L. 1995. Species-specific antipredator capacities and prey refuges - interactions between Piscivorous
Perch (perca-Fluviatilis) and Juvenile Perch and Roach (rutilus-Rutilus). Behav Ecol Sociobiol. 37(3):169–178.

Finke DL, Denno RF. 2002. Intraguild predation diminished in complex-structured vegetation: implications for prey
suppression. Ecology. 83(3):643–652.

Finke DL, Denno RF. 2006. Spatial refuge from intraguild predation: implications for prey suppression and trophic
cascades. Oecologia. 149(2):265–275.

Fox LR. 1975a. Factors influencing cannibalism, a mechanism of population limitation in the predator notonecta hoff-
manni. Ecology. 56(4):933.

Fox LR. 1975b. Cannibalism in natural populations. Annu Rev Ecol Syst. 6:87–106.
Gibert JP, Brassil CE. 2014. Individual phenotypic variation reduces interaction strengths in a consumer–resource sys-

tem. Ecol Evol. 4(18):3703–3713.
Gismervik I, Andersen T. 1997. Prey switching by Acartia clausi: experimental evidence and implications of intraguild

predation assessed by a model. Mar Ecol Prog Ser. 157:247–259.
Gorb S, Beutel RG. 2000. Head-capsule design and mandible control in beetle larvae: a three-dimensional approach.

J Morphol. 244(1):1–14.
Hin V, Schellekens T, Persson L, de Roos AM, Leibold AEMA, McPeek EMA. 2011. Coexistence of predator and prey

in intraguild predation systems with ontogenetic Niche Shifts. Am Naturalist. 178(6):701–714.
Holt RD, Polis GA. 1997. A theoretical framework for intraguild predation. Am Naturalist. 149(4):745–764.
Hothorn Torsten, Bretz Frank, Westfall Peter. 2008. Simultaneous inference in general parametric models. Biometrical

J. 50(3):346–363.
Janssen A, Sabelis MW, Magalhaes S, Montserrat M, Van der Hammen T. 2007. Habitat structure affects intraguild

predation. Ecology. 88(11):2713–2719.
Jennings S, Pinnegar JK, Polunin NVC, Boon TW. 2001. Weak cross-species relationships between body size and tro-

phic level belie powerful size-based trophic structuring in fish communities. J Anim Ecol. 70(6):934–944.
Krenek L, Rudolf VHW. 2014. Allometric scaling of indirect effects: body size ratios predict non-consumptive effects

in multi-predator systems. J Anim Ecol. 83(6):1461–1468.
McPeek MA. 1998. The consequences of changing the top predator in a food web: a comparative experimental

approach. Ecol Monogr. 68(1):1–23.
Miller TEX, Rudolf VHW. 2011. Thinking inside the box: community-level consequences of stage-structured popula-

tions. Trends Ecol Evol. 26(9):457–466.
Moran MD, Rooney TP, Hurd LE. 1996. Top-down cascade from a bitrophic predator in an old-field community.

Ecology. 77(7):2219–2227.
Ohlberger J, Langangen O, Stenseth NC, Vollestad LA. 2012. Community-level consequences of cannibalism. Am

Naturalist. 180(6):791–801.
Okuyama T. 2007. Prey of two species of jumping spiders in the field. Appl Entomol Zool. 42(4):663–668.
Persson L, Roos AMD, Claessen D, Bystr€om P, L€ovgren J, Sj€ogren S, Svanb€ack R, Wahlstr€om E, Westman E. 2003.

Gigantic cannibals driving a whole-lake trophic cascade. Proc Nat Acad Sci. 100(7):4035–4039.
Petchey OL, Beckerman AP, Riede JO, Warren PH. 2008. Size, foraging, and food web structure. Proc Nat Acad Sci.

105(11):4191–4196.
Polis G, Myers C, Holt R. 1989. The ecology and evolution of intraguild predation - potential competitors that eat each

Other. Annu Rev Ecol Syst. 20:297–330.
Preisser EL, Orrock JL, Schmitz OJ. 2007. Predator hunting mode and habitat domain alter nonconsumptive effects in

predator–prey interactions. Ecology. 88(11):2744–2751.
Preston DL, Henderson JS, Johnson PTJ. 2012. Community ecology of invasions: direct and indirect effects of multiple

invasive species on aquatic communities. Ecology. 93(6):1254–1261.

248 S. K. CARTER ET AL.



Pritchard G. 1965. Prey Capture by Dragonfly Larvae (odonata; Anisoptera). Can J Zool. 43(2):271–289.
R Core Team. 2014. R: A language and environment for statistical computing. Vienna: R Foundation for Statistical

Computing.
Reichstein B, Schr€oder A, Persson L, De Roos AM. 2013. Habitat complexity does not promote coexistence in a size-

structured intraguild predation system. J Anim Ecol. 82(1):55–63.
Relyea RA, Yurewicz KL. 2002. Predicting community outcomes from pairwise interactions: integrating density- and

trait-mediated effects. Oecologia. 131(4):569–579.
Rudolf VH. 2007a. The interaction of cannibalism and omnivory: consequences for community dynamics. Ecology.

88(11):2697–2705.
Rudolf VH. 2008. The impact of cannibalism in the prey on predator-prey systems. Ecology. 89(11):3116–3127.
Rudolf VHW. 2007b. Consequences of stage-structured predators: Cannibalism, behavioral effects, and trophic cas-

cades. Ecology. 88(12):2991–3003.
Rudolf VHW. 2012. Seasonal shifts in predator body size diversity and trophic interactions in size-structured preda-

tor-prey systems: Seasonal shifts in predator body size diversity. J Anim Ecol. 81(3):524–532.
Rudolf VHW, Armstrong J. 2008. Emergent impacts of cannibalism and size refuges in prey on intraguild predation

systems. Oecologia. 157(4):675–686.
Rudolf VHW, Lafferty KD. 2011. Stage structure alters how complexity affects stability of ecological networks. Ecol

Lett. 14(1):75–79.
Rudolf VHW, Rasmussen NL. 2013a. Population structure determines functional differences among species and eco-

system processes. Nat Comms. 4:2318.
Rudolf VHW, Rasmussen NL. 2013b. Ontogenetic functional diversity: size structure of a keystone predator drives

functioning of a complex ecosystem. Ecology. 94(5):1046–1056.
Schindelin J, Rueden CT, Hiner MC, Eliceiri KW. 2015. The ImageJ ecosystem: an open platform for biomedical

image analysis. Mol Reprod Dev. 82(7–8):518–529.
Schmitz OJ. 2009. Effects of predator functional diversity on grassland ecosystem function. Ecology. 90(9):2339–2345.
Sheldon RB, Boylen CW. 1977. Maximum Depth Inhabited by Aquatic Vascular Plants. Am Midl Naturalist.

97(1):248.
Sih A, Englund G, Wooster D. 1998. Emergent impacts of multiple predators on prey. Trends Ecol Evol. 13(9):350–

355.
Snyder WE, Wise DH. 2001. Contrasting Trophic Cascades Generated by a Community of Generalist Predators. Ecol-

ogy. 82(6):1571–1583.
Toscano BJ, Griffen BD. 2013. Predator size interacts with habitat structure to determine the allometric scaling of the

functional response. Oikos. 122(3):454–462.
Van Buskirk J. 1988. Interactive Effects of Dragonfly Predation in Experimental Pond Communities. Ecology.

69(3):857–867.
Violle C, Enquist BJ, McGill BJ, Jiang L, Albert CH, Hulshof C, Jung V, Messier J. 2012. The return of the variance:

intraspecific variability in community ecology. Trends Ecol Evol. 27(4):244–252.
Wagner JD, Wise DH. 1996. Cannibalism regulates densities of Young Wolf spiders: evidence from field and labora-

tory experiments. Ecology. 77(2):639–652.
Werner EE, Anholt BR. 1996. Predator-induced behavioral indirect effects: consequences to competitive interactions

in anuran larvae. Ecology. 77(1):157–169.
Werner EE, Gilliam JF. 1984. The ontogenetic niche and species interactions in size-structured populations. Annu Rev

Ecol Syst. 15:393–425.
Wise DH. 2006. Cannibalism, food limitation, intraspecific competition, and the regulation of spider populations.

Annu Rev Entomol. 51(1):441–465.
Wissinger SA. 1992. Niche overlap and the potential for competition and intraguild predation between size-structured

populations. Ecology. 73(4):1431.
Yee DA. 2010. Behavior and aquatic plants as factors affecting predation by three species of larval predaceous diving

beetles (Coleoptera: Dytiscidae). Hydrobiologia. 637(1):33–43.

JOURNAL OF FRESHWATER ECOLOGY 249


	Abstract
	Introduction
	Materials and methods
	Study species and experimental Mesocosms
	Experiment 1: effects of size structure and habitat complexity on cannibalism, IGP, and predation
	Experiment 2: choice for conspecific (cannibalism) vs. heterospecific (IGP) prey

	Results
	Experiment 1: effects of size structure and habitat complexity on cannibalism, IGP, and predation
	Interguild predation
	Intraguild predation and cannibalism

	Experiment 2: choice for conspecific (cannibalism) vs. heterospecific (IGP) prey

	Discussion
	Acknowledgements
	Disclosure statement
	Funding
	Notes on contributors
	References



