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Large-scale changes to the world’s ecosystem are resulting in the deterioration of biostructure—the com-
plex web of species interactions that make up ecological communities. A difficult, yet crucial task is to
identify food web structures, or food web motifs, that are the building blocks of this baroque network
of interactions. Once identified, these food web motifs can then be examined through experiments and
theory to provide mechanistic explanations for how structure governs ecosystem stability. Here, we syn-
thesize recent ecological research to show that generalist consumers coupling resources with different
interaction strengths, is one such motif. This motif amazingly occurs across an enormous range of spatial
scales, and so acts to distribute coupled weak and strong interactions throughout food webs. We then per-
form an experiment that illustrates the importance of this motif to ecological stability. We find that weak
interactions coupled to strong interactions by generalist consumers dampen strong interaction strengths
and increase community stability. This study takes a critical step by isolating a common food web motif
and through clear, experimental manipulation, identifies the fundamental stabilizing consequences of this
structure for ecological communities.
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1. INTRODUCTION

Knowledge of the interaction strength between species
has proven crucial to understanding the role of food
web structure in governing stability (May 1973; Yodzis
1981; McCann 2000). Although a daunting task, there
is a relatively long history of assessing patterns in the
structure and strength of real food webs (e.g. Cohen
et al. 1990; Pimm er al. 1991) with a recent extension of
these early results to include modern network theory
(e.g. Milo er al. 2002; Williams er al. 2002). From this
modern network research several empirical trends have
emerged. First, researchers have identified certain net-
work motifs (i.e. an 7 species sub-system) that are
ubiquitous in food webs regardless of ecosystem type
(Milo et al. 2002; Bascompte & Melian 2005; Stouffer
et al. 2007). Second, these complex food web networks
are known to have a hierarchical structure with some
motifs repeated at a variety of hierarchical scales (Clauset
et al. 2008). Third, estimates of interaction strength
within communities repeatedly show a distribution of
many weak interactions with only a few strong inter-
actions (Berlow er al. 1999; Neutel er al. 2002; Berlow
et al. 2004). Finally, these motifs have been shown to
effect the stability of networks (Kondoh 2008; Stouffer &
Bascompte 2009).

The bi-parallel food web motif, in particular, integrates
across all these findings (figure 1). It has been repeatedly
shown to be over-represented in the existing food web
data (Milo ez al. 2002; Bascompte & Melian 2005; Stouffer
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et al. 2007), occurs across enormous spatial scales, and
commonly displays differential interaction strengths
(McCann & Rooney 2009). For clarity, it is worth pointing
out that a motif with interaction strengths is also com-
monly referred to as a food web or community module
in the ecological literature (sensu Holt 1997). Hereafter,
in order to integrate with the more general use of the
term in network theory, we refer to these low number
sub-systems as a food web motif.

One explanation for the common existence of differen-
tial interaction strength in this motif arises from a basic
ecological trade-off between growth and edibility. In gen-
eral, resources that tend to grow fast remain less defended
than those resources that allocate significant resources to
defence (Agrawal er al. 1999). This translates into consu-
mers having high attack rates on fast growing resources
and low attack rates on well-defended resources.

At the smallest scale of a consumer with one resource
species, individual variability (e.g. arising either from phe-
notypic plasticity or genetic variation) can set up a
gradient in resource defensibility and thus interaction
strength (Spitze 1992). In addition, within a given habi-
tat, individuals consume different resource species
embodying the general growth-defence trade-off, and so
also produce a range of interaction strengths (Agrawal ez al.
1999; Kneitel & Chase 2004; figure 1 compartment A:
sub-motif occurs when consumer C consumes R; strongly
and R, weakly). Finally, at the largest spatial scale, consu-
mers capable of moving across major habitat types
differentially couple compartments occurring within and
across ecosystems—in this latter case often large size
differences between prey species from very different habi-
tats drive different interaction strength pathways
(Wootton 1997; Krause et al. 2003; Rooney et al. 2006;
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K / bi-parallel motif

compartment A

compartment B

Figure 1. Representative food web showing the fundamental
food web module of a generalist consumer coupling resources
with different interaction strengths. Compartment A shows
the module tested in the current experiment, a consumer
(C) with two resources (R). Compartment B shows an
example of the bi-parallel motif, a common structural arrange-
ment within food webs. The top predator (P) couples both
compartments together.

figure 1: motif occurs when higher order predator P con-
sumes species in two compartments, A and B). The
recurrence of differential interaction strengths between a
generalist consumer and its prey at a variety of ecological
scales sets up a powerful hierarchical structure that distri-
butes coupled strong and weak interactions throughout
food webs. This fascinating repetition across scales high-
lights the fundamental and repeated nature of this food
web motif.

It remains to examine the implications of this struc-
ture. An interesting property of the bi-parallel motif is
that it has been shown theoretically to impact the stability
of communities in two important ways: by dampening
strong species interactions and generating negative covari-
ance between the abundances of resource species
(McCann 2000). A classic theoretical observation in ecol-
ogy is that strong consumer—resource interactions tend to
be destabilizing (Rosenzweig 1971). Given that increased
interaction strengths destabilize dynamics then it is also
true that any biological mechanism capable of reducing
the strength of a potentially strong consumer—resource
interaction should play a critical role in stabilizing a com-
munity by dampening or eliminating complex and
oscillatory population dynamics (McCann er al. 1998).
One way of reducing the strength of potentially destabiliz-
ing interactions is to couple strong interactions within a
community to weaker interactions through generalist con-
sumption (McCann ez al. 1998). Again, the bi-parallel
motif and its accompanying trade-offs readily produce
this coupling of strong and weak interactions.
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In addition to reducing the strength of strong inter-
actions, generalist consumers are also capable of
generating negative covariance in the abundances of
competing resource species (McCann 2000). Negative
covariance between species can be important, as
increasing the number of negatively covarying species
within a community reduces total community variability,
thus increasing stability (Tilman 1996). By reducing
potentially destabilizing interaction strengths throughout
the web and driving negative covariance, the ubiquitous
bi-parallel motif may therefore play a critical role in the
maintenance and functioning of diverse food webs.

To experimentally examine the stabilizing role of the
bi-parallel motif we isolated a naturally occurring general-
ist consumer and two of its common resources. To our
knowledge this is the first experiment to directly test
this motif. This naturally occurring motif importantly
readily produces differential interaction strengths. We
sought to test three predictions: (i) coupling a weak inter-
action to a strong one should dampen the interaction
strength between the consumer and its resources relative
to a community where only the strong interaction is pre-
sent; (ii) consumers should generate negative covariance
between resources; and (iii) coupling a weak interaction
to a strong one should increase community stability
relative to a community where only the strong interaction
is present.

2. MATERIAL AND METHODS

Our manipulation was accomplished by setting up replicate
aquatic microcosms in three treatments, each with a different
community composition. Our aquatic microcosms were cre-
ated from natural planktonic food webs and contained
combinations of the rotifer consumer (Brachionus calyciflorus)
and two algal resources, Chlorella vulgaris and Scenedesmus
obliguus. Our first treatment contained the consumer
(B. calyciflorus) and a resource (S. obliqguus) for which it has
a strong consumer—resource interaction. Our second treat-
ment contained the consumer (B. calyciflorus) and a
resource (C. wvulgaris) for which it has a weak consumer—
resource interaction. Our third treatment contained the
consumer (B. calyciflorus) and both resources (S. obliquus
and C. oulgaris), where the consumer couples through
consumption of both a strong and a weak interaction.
Interaction strength treatments were established from
research showing that B. calyciflorus has higher growth rates
and consumption rates on larger algal species, such as
S. obliquus (mean + s.e.m. of longest linear dimension
(LLD) =11.62 + 0.34 pm, n = 25), compared with smaller
species, such as C. vulgaris (Rothhaupt 1990; Pagano 2008;
LLD =5.56 + 0.39 pm, n = 25).

Aquatic microcosms were composed of 500 ml of auto-
claved, artificial COMBO medium (Kilham ez al. 1998)
maintained in an incubator at 20°C with a 12 h light: 12 h
dark cycle. Each microcosm was randomly assigned to one
of the three different treatments, each with five replicates.
Treatments were: (i) B. calyciflorus (Florida Aqua Farms
Inc., Dade City, USA) and S. obliqguus (University of Toronto
Culture Collection (UTCC), Toronto, Canada, number
157); (i) B. calyciflorus and C. oulgaris (UTCC
number 90); (iii)) B. calyciflorus and both S. obliquus and
C. vulgaris. On day 0, each microcosm was inoculated with
an equivalent biovolume density of algae (1.4 x 107 wlml ™).
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In communities with both algal species, each species made
up 50 per cent of the total biovolume. In addition, on day
0, 20 B. calyciflorus, previously cultured on the same alga
as to be used in their treatment, were added to each micro-
cosm. In communities with both algal species, half of the
B. calyciflorus added were grown on S. obliguus and half
were grown on C. wvulgaris. On day 36 of the experiment,
an additional treatment was started to assess algal dynamics
in the absence of B. calyciflorus. These microcosms were set
up exactly as above with the exception that no rotifers were
added to the treatment.

Population dynamics were estimated every second day for
56 days. Prior to sampling, microcosms were stirred gently.
Brachionus calyciflorus populations were estimated by with-
drawing 2 ml of microcosm fluid and counting the number of
individuals under a dissecting microscope. This was repeated
until either 50 rotifers or 10 ml of fluid had been examined.
Samples were returned to their appropriate microcosm fol-
lowing sampling. Density was then converted to biovolume
by multiplying density by the mean volume (mean =+ s.e.m.
of biovolume of ellipsoid = 3.4e6 + 2.6e6 me3 (using stan-
dard geometric formula (Wetzel & Likens 1991)). In single
algal treatments, algal populations were estimated by
withdrawing 3 ml of microcosm fluid and measuring chloro-
phyll a (Chl a) using an i viwo fluorometer (AquafluorTM
handheld fluorometer, Turner Designs, Sunnyvale, USA).
Chl a was then converted to biovolume using empirically
determined regressions (C. wulgaris: biovolume (um?) =
1.76e6 x Chl a, S. obliquus: biovolume (um’) = 3.99¢6 x
Chl a). In treatments with both algal species, algal populations
were estimated by counting the number of each species in an
8-ul sample using a haemocytometer under a compound
microscope. This was repeated until either 100 cells or
4 mm? of the haemocytometer were counted. Algal cell den-
sity was then converted to biovolume by multiplying density
with the mean volume of each species (C. vulgaris: mean +
s.e.m. of biovolume of sphere = 109.8 + 16.1 wm?; S. obliquus:
mean =+ s.e.m. of biovolume of ellipsoid = 63.3 + 5.3 um’
(using standard geometric formula; Wetzel & Likens 1991)).

Interaction strength was estimated as the exponential
growth rate of B. calyciflorus over the first 10 days of the
experiment. The following formula was used: In(N;o/N,)/
ti0 — I», where N is the biovolume density of B. calyciflorus
and ¢ time in days. Day 2 was used for the initial measure-
ment as it was the first sampling date. This is a metric of
per capita interaction strength at high resource densities, esti-
mating the strength of the coupling term between the
consumers and the resource as proposed by McCann ez al.
(1998). While this is not equivalent to the interaction
strength employed in removal experiments (Wootton 1997),
it is consistent with the numerous dynamic energetics-
based interaction strength definitions of recent theory
(McCann 2000). Interaction strength was measured inde-
pendently for each treatment (e.g. for the coupled
treatment, interaction strength was measured as the rotifer
growth rate on both resources). Analysis of variance
(ANOVA) with Tukey’s HSD was used to test for differences
between experimental treatments.

Stability was measured in several ways. Temporal variabil-
ity was measured as the coefficient of variation of each time
series (for both algal species and B. calyciflorus) following
an initial transient. The transient period was determined
using a Kwiatkowski—Phillips—Schmidt—Shin (KPSS) test
for stationarity (/=0) and confirmed through analysis of
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model fits (Kwiatkowski ez al. 1992). ANOVA with Tukey’s
HSD was used to test for differences in coefficient of vari-
ation between groups. Boundedness from zero was
measured as the minimum algal density or B. calyciflorus den-
sity over the 56 days of sampling following an initial period of
growth. ANOVA with Tukey’s HSD was used to test for
differences between groups for boundedness from zero.
Periodicity was tested using an auto-correlation function for
each B. calyciflorus time series. Mathematical stability was
estimated as the maximum eigenvalue for the best-fit
model to each replicate community. The best model fit was
based on the maximum log-likelihood fit of a basic multi-
species model to the time series. The model was the
following system of three equations:

dRA R 1 RA aARAC
L _y _4)

dr A4 ky 1+ aq4hyRy4 + ashsRs’
dRS R 1 RS aSRSC
2y T2

dr ST ks 1+ aqhqRy + ashsRg
and

E — a4R4C + asRsC ~ e
dr 1+ aqhyRy + ashsRs '

We assumed basic logistic growth for both resources—
C. wvulgaris (R4) and S. obliquus (Rs), where rg was the
growth rate and kg the carrying capacity. We further assumed
a multispecies functional response between the consumer
B. calyciflorus (C) and both resources, where arp was the
attack rate, s the handling time and e the conversion
efficiency of resource to consumer. Finally, we assumed a
linear mortality term m for the consumer.

Negative covariance between algal species was cal-
culated as the correlation between C. vulgaris and S. obliqguus
in treatments where both species were present. A two-tailed,
t-test was used to compare the mean correlation in jars with
and without B. calyciflorus.

3. RESULTS

(a) Interaction strength

Estimates of interaction strength from our experimental
data matched those of previous experiments (Rothhaupt
1990; Pagano 2008). Rotifers growing on S. obliquus
showed the highest interaction strength (i.e. growth
rate; table 1). This was significantly higher than that of
the rotifer growing on C. wulgaris. As predicted by
theory, the rotifer consuming both species of resource
had an intermediate interaction strength on both species.
This shows that weak interactions when coupled to
strong ones are capable of dampening the strong
interaction.

(b) Negative covariance

As predicted, rotifers generated negative covariance
between resources. In communities where the consumer
was absent, resources were positively correlated
(figure 2). When the consumer was present, resources
were significantly more negatively correlated (figure 2).

(c) Stability

Our results on community stability were consistent with
theory on weak interactions. We adopt the approach of
using a variety of stability metrics (Grimm & Wissel
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Table 1. Estimates of interaction strength and resulting measures of stability for each experimental treatment. Here, » is the
number of replicate microcosms. Numbers presented are means + s.e. Letters (A, B, C) represent significant differences
from ANOVA (d.f. = 2, 13) with Tukey’s HSD analysis (p < 0.05). ACF, autocorrelation function.

strong interaction
(B. calyciflorus with

weak interaction
(B. calyciflorus with

coupled interactions
(B. calyciflorus with
S. obliguus and

stability metric  units S. obliquus) C. vulgaris) C. vulgaris)
interaction (In(A B. calyciflorus) day ) 0.50 + 0.04" 0.34 + 0.04" 0.43 + 0.03%B
strength
temporal (CV algal 0.74 + 0.03% 0.23 +0.018 0.55 + 0.07¢
variability biovolume ml~ ! x 10%)
(CV B. calyciflorus 1.00 + 0.06* 0.80 + 0.10% 0.49 + 0.07®
biovolume ml~! x 109
boundedness (min. algal 10.02 + 1.09% 84.34 + 10.298 17.54 + 3.844
from zero biovolume ml ™! x 10%)
(min. B. calyciflorus 0.82 +0.17% 5.67 + 1.97° 5.80 + 1.04"
biovolume ml~! x 109
periodicity max. ACF for algae where 14 day-ACF (n = 4) 20 day-ACF (n = 4) 23 day-ACF (n =2)
»<0.05
max. ACF for B. calyciflorus 10 day-ACF (n=5) 17 day-ACF (n = 3) 16 day-ACF (n=1)
where p < 0.05 20 day +ACF
(n=4)
mathematical (average model eigenvalue) —0.066 + 0.011 —1.49 +0.17 —0.19 + 0.047
stability
dynamical damped oscillations damped oscillations damped oscillations
behaviour (n=15) (n=1) stable (n = 3) stable

equilibrium (n = 4) equilibrium (n = 2)

1997; Ives & Carpenter 2007), and examine consistency
across our results. For all four of our empirical estimates
of stability (see below), the observed trends show that
communities with only a strong interaction were less
stable than those with only a weak interaction, and that
coupling a weak interaction to a strong interaction
increased the stability of the community (figure 3 and
table 1).

Our first estimate of stability was temporal variability
calculated using the coefficient of variation of both rotifer
and algal time series. Temporal variability of algal popu-
lations was significantly greater in the community with
only the strong interaction than in the community with
both interactions coupled together, which in turn was
significantly greater than the community with only the
weak interaction (table 1). Temporal variability of the
rotifer populations with only the strong interaction was
highest but not significantly different than the community
with only the weak interaction (table 1). The rotifer
populations with both interactions coupled together
were significantly more stable than both of the single
interaction communities (table 1).

A second estimate of stability was boundedness from
zero. This is an important metric, common to theoretical
studies, as populations near zero have an increased risk of
extinction owing to random perturbations. Algal popu-
lations in the community with only the strong
interaction were closest to zero, but not significantly
different than communities with both interactions
(table 1). The community with only the weak interaction
was the most well-bounded from zero, being significantly
higher than the other treatments (table 1). Rotifer
populations were significantly closer to zero in the com-
munity with only the strong interaction compared to the
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communities with the weak interaction, and with
both interactions (table 1).

A third estimate of stability was periodicity observed
in an autocorrelation function of the time series. For
the communities composed of only the strong inter-
action, there was evidence of cyclic population
dynamics since in the majority of replicates, there was
significant positive autocorrelation at 20 days for the
rotifers and a significant negative autocorrelation of 10
days for the rotifers and 14 days for the algae
(table 1). For the communities with only the weak inter-
action there was no evidence of positive autocorrelation
suggesting non-cyclic population dynamics (table 1). In
some replicates of this treatment there was significant
negative autocorrelation at 17 days for the rotifer and
20 days for the algae (table 1). This suggests some evi-
dence for half a cycle in these time series, as these
populations show an overshoot before reaching equili-
brium (figure 3). The communities with coupled
interactions showed the least evidence of periodicity
with no positive and rare negative autocorrelations.
Two algal replicates showed a 23-day negative auto-
correlation, while one rotifer population had a 16-day
negative autocorrelation (table 1).

Finally, we examined the mathematical stability of
each community by fitting time series data to a
simple consumer—resource model. We chose a well-
known model with realistic assumptions capable of gen-
erating a range of dynamical behaviour (Murdoch ez al.
2003). This allowed us to compare the eigenvalue and
qualitative dynamical behaviour across treatments.
Here, model-fits are used to describe the qualitative
dynamics (e.g. estimate eigenvalues) produced by the
best model fits. In communities with only the strong
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Figure 2. Correlation coefficients between the density of
C. vulgaris and S. obliquus in communities with and without
B. calyciflorus. Here we show mean + s.e. Communities with
B. calyciflorus are significantly more negatively correlated
than communities without B. calyciflorus (two-tailed z-test,
d.f. =38, p<0.001).

interaction, mathematical model fits were the least
stable with communities possessing eigenvalues close
to 0 (table 1). Model behaviour consistently showed
oscillations dampening to equilibrium (figure 3a). In
communities with only the weak interaction, model
fits were most stable with negative eigenvalues farthest
from O (table 1). Here, model behaviour was character-
ized by monotonic or, in one case, dampening
oscillations to a stable equilibrium (figure 36). Commu-
nities where both weak and strong interactions were
coupled together were more stable than communities
with only the strong interaction and less stable than
communities with only the weak interaction (table 1).
Model behaviour was also intermediate to the single
species communities, whereby dynamics showed dam-
pening oscillations to a stable equilibrium in three
cases, and monotonic approach to equilibrium in two
cases (figure 3c¢).

4. DISCUSSION

Major goals of ecological research are to identify and
understand the importance of biological structure. Here
we have identified a fundamental food web motif, a gen-
eralist consumer coupling resource together with different
interaction strengths, and taken the first critical step in
empirically isolating and testing the importance of this
structure for community stability. We showed that in
direct correspondence with ecological theory, weak inter-
actions serve to mute strong interactions, generate
negative covariance, and increase community stability.
Our results are consistent across a variety of stability
metrics. In addition, our results highlight the power of
small-scale experimental manipulations. While ultimately
it is of importance to experimentally test the hierarchical
implications of such nested structures, it remains that the
fundamental unit underlying this hierarchical structure
must be clearly tested. Here, we do this by extracting a
small-scale unit from a natural aquatic food web, and
show that this motif plays a potent stabilizing role in
food webs.
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Figure 3. Sample population dynamics of B. calyciflorus for
each experimental treatment. Presented are population
dynamics (solid line) and model dynamics (dotted line) for
each of the three treatments: (a) the strong consumer—
resource interaction; (b) the weak consumer—resource
interaction and (c¢) the weak and strong consumer—resource
interaction.

In our microcosms, generalist consumers drove asyn-
chrony in their resources. Increased negative covariance
between species has been important in explaining why
increased biodiversity can increase stability. Increasing
the number of species in a community that vary asynchro-
nously with each other reduces the overall variability of a
community (Tilman 1996; McCann 2000). Any structure
that increases the negative covariance between species
further serves to increase overall community stability
(Tilman 1996). Here, we have demonstrated that general-
ist consumption can act as a mechanism capable of
generating negative covariance between species, which
further reinforces the relevance of both generalist consu-
mers and this food web motif to natural ecological
communities. This result has also been seen in natural
pelagic plankton communities where crustacean con-
sumption generates negative covariance between edible
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and non-edible algae (Vasseur et al. 2005). A recent
experimental study (Jiang er al. 2009), which focused
on the role of prey diversity in a microbial food chain,
has found that weak interactions may play a role in
stabilizing food chains with multiple resources. Although
this is not an exact example of the motif we studied
here, it does importantly suggest that our results may
scale up to include prey diversity and more complex
pathways.

Our experimental community, drawn from a real natu-
ral food web, shows the importance of this structure at the
small scale of a single consumer with two resources. How-
ever, given the prevalence of this motif across a broad
range of spatial scales—from within-habitats to across
whole ecosystems (Milo er al. 2002; Rooney et al
2006)—our results may extend beyond microcosms to
wherever this motif is observed. In addition, these
motifs have been shown to comprise the building blocks
of complex empirical food webs, with important conse-
quences for stability (Bascompte er al. 2005; Kondoh
2008). It becomes critical to identify other such biostruc-
tures and address whether human modification is
deteriorating these natural building blocks or not.

J.M.K.R., K.S.M. and D.H.L. contributed to the design of
the experiment, discussion of the results, and writing of the
manuscript. J.M.K.R. and S.F. conducted the experiment.
We thank N. Rooney and J. Fryxell for their comments on
the manuscript. Research funded by a NSERC discovery
grants to K.S.M. and D.H.L. We also thank two
anonymous reviewers as their suggestions improved the
manuscript.
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