bioRxiv preprint doi: https://doi.org/10.1101/068569; this version posted November 16, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

bioRxiv manuscript

Compensation masks trophic cascades in complex food webs

Ashkaan K Fahimipour - Kurt E Anderson - Richard J Williams

Abstract Ecological networks, or food webs, describe Keywords Trophic cascades - ecological networks -

the feeding relationships between interacting species
within an ecosystem. Understanding how the com-
plexity of these networks influences their response to
changing top-down control is a central challenge in
ecology. Here, we provide a model-based investigation
of trophic cascades — an oft-studied ecological phe-
nomenon that occurs when changes in the biomass of
top predators indirectly effect changes in the biomass
of primary producers — in complex food webs that
are representative of the structure of real ecosystems.
Our results reveal that strong cascades occur primar-
ily in low richness and weakly connected food webs, a
result in agreement with some prior predictions. The
primary mechanism underlying weak or absent cas-
cades was a strong compensatory response; in most
webs predators induced large population level cas-
cades that were masked by changes in the opposite
direction by other species in the same trophic guild.
Thus, the search for a general theory of trophic cas-
cades in food webs should focus on uncovering features
of real ecosystems that promote biomass compensa-
tion within functional guilds or trophic levels.
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food webs - compensatory dynamics

1 Introduction

Trophic cascades occur when changes in an ecosys-
tem’s top trophic level propagate down through the
food web and drive changes in the biomass of primary
producers (Hairston et al, 1960; Paine, 1980). Cas-
cades have now been documented in virtually every
type of ecosystem, but neither conceptual nor mathe-
matical theories have been able to explain widespread
variation in observed cascade strengths (Borer et al,
2005; Shurin et al, 2010); in some ecosystems, strong
cascades impact several lower trophic levels while in
others they diminish within a single trophic level
(Heath et al, 2014). Indeed, trophic trickles — weak
or absent cascades in response to major changes to
a food web’s top trophic level — abound in nature
(McCann et al, 1998; Mikola and Setéla, 1998; Halaj
and Wise, 2001). Given that human actions are dispro-
portionately altering biomass of top predators (Estes
et al, 2011), there is a pressing need to understand
under what circumstances such changes will or won’t
cascade through complex food webs (Terborgh et al,
2010).

Food web structure has long been predicted to reg-
ulate cascade strength (Strong, 1992; Pace et al, 1999;
Polis et al, 2000; Shurin et al, 2010) and the magni-
tudes of indirect effects in general (MacArthur, 1955;
Yodzis, 2000). Indirect tests of this hypothesis have
so far been accomplished by leveraging data on com-
munity features like functional or taxonomic diversity
(Borer et al, 2005; Frank et al, 2006), in hopes that
these proxies for web structure could provide clues to
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the features of ecological networks that influence the
magnitude of cascading top down effects. However re-
sults have been mixed, with studies reporting both
strong (Frank et al, 2006, 2007; Baum and Worm,
2009) and weak or noisy (Borer et al, 2005; Fox, 2007)
associations between diversity measures and cascade
strengths. Whether data support assertions that food
web structure regulates cascade strengths remains un-
clear, and a coherent understanding of when relatively
strong or weak trophic cascades occur is still lacking.

One impediment to progress is that extensions of
cascade theory toward species rich and topologically
complex food webs are needed to guide further empir-
ical study. To date, cascade theory has focused largely
on understanding variation in cascade strengths in
model food chains (Oksanen et al, 1981; McCann
et al, 1998; Heath et al, 2014; DeLong et al, 2015)
and although extensions of cascade theory to alter-
nate trophic modules exist (Bascompte et al, 2005;
Fahimipour and Anderson, 2015), the mechanisms un-
derlying variation in cascade strength in species rich
and complex trophic networks remain poorly under-
stood (Holt et al, 2010; Shurin et al, 2010).

Here we use a bioenergetic food web model to ex-
plicitly study the emergence of trophic cascades in
species rich webs that are representative of the struc-
ture of real ecosystems following the invasion of a
novel top generalist predator. We demonstrate that
the strongest trophic cascades occur in small and
weakly connected food webs — a result in agreement
with some prior predictions (Pace et al, 1999; Polis
et al, 2000; Fox, 2007; Shurin et al, 2010). Moreover,
our results reveal that biomass compensation within
producer and consumer functional guilds, whereby
some species increase in biomass while others decrease
proportionately, is the most common mechanism un-
derlying weak or absent trophic cascades. Thus, the
search for a general theory of trophic cascades in food
webs should focus on uncovering the abiotic and biotic
features of real ecosystems that promote or preclude
biomass compensation and compensatory dynamics
within functional guilds.

2 Methods

We implemented a modeling framework similar to that
described by Yodzis and Innes (1992) and reviewed
by Williams et al (2007). Namely, we generated mul-
titrophic level food web topologies using an ecological
niche model (Williams and Martinez, 2000) and simu-
lated the dynamics of energy flows on these generated
webs using a bioenergetic model (Yodzis and Innes,
1992; Brown et al, 2004; Brose et al, 2006b; Williams
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et al, 2007). This modeling framework was chosen be-
cause it is grounded in empirical knowledge about net-
work structure, species parameters and nonlinear in-
teraction dynamics. Previous work has shown that al-
lometric scaling of parameters and complex functional
responses are vital for modeling persistent, complex
multispecies food webs (Brose et al, 2006b; Boit et al,
2012), particularly when changes in species richness or
web topology are imposed (e.g., Dunne and Williams,
2009). Because it is trivial to study cascades in model
food webs that collapse upon predator invasion, we
take advantage of previously studied features of this
bioenergetic model (discussed below) to design more
persistent systems that permit the study of cascades
in the face of major changes to model web topology.

The niche model is discussed in detail by Williams
and Martinez (2000), but briefly a one-dimensional
niche axis on the interval [0, 1] is assumed and each
species in the web is randomly assigned a “niche
value” on this axis. Species ¢ consumes all other
species with niche values within a range on the axis,
which is assigned using a beta function to randomly
draw values from [0, 1]. This approach was used to
generate realistic food web topologies (Williams and
Martinez, 2000) for 1200 simulations in a factorial de-
sign: initial species richnesses of S = 10, 15, 20 and
25 were crossed with directed connectance C = 0.12,
0.16 and 0.2 as niche model parameters (4 richnesses
x 3 connectances x 100 iterations = 1200 webs to-
tal). These values of C' were chosen because they en-
compassed a wide range of empirically observed con-
nectance values (Vermaat et al, 2009). Webs that de-
viated from the precise C values, contained discon-
nected nodes, or consisted of disconnected subgraphs
were not considered.

Details of the energy flow model and parameters
used herein are reviewed by Williams et al (2007).
Namely, an allometrically scaled nonlinear bioener-
getic model (Yodzis and Innes, 1992) was used to
study the dynamics of species biomasses and the oc-
currence of trophic cascades in niche model webs when
they are subject to the invasion of a new predator. We
report results from a single ecologically reasonable set
of model parameters, though similar results were ob-
tained with other model parameterizations. Biomass
dynamics were represented using the governing equa-
tions,

x;y;:B; Fji(B)

eji

>

j=consumers

(1)
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dB;
o = riBitaiBi ‘ > v Fi(B)
J=resources
(2)
_ Z x;y;iB;Fji(B)
€ji ’

j=consumers

describing the dynamics of primary producers (e.g.,
plants; eq. 1) and consumers (e.g., herbivores, omni-
vores and higher trophic level predators; eq. 2). Here
B; is the biomass of species i and we use R and N
when referring to producers or consumers respectively.
All producers were assumed to have the same body
mass, Mr = 1, and time ¢’ was scaled with producer
growth rate (see Williams et al, 2007 for details). To
control for effects of varying productivity on trophic
cascade strength, we maintained constant maximum
productivity across simulations by assuming a system-
wide carrying capacity K that is shared amongst ng
producer populations according to K; = K/ng. Be-
cause of the well-documented effects of system pro-
ductivity and enrichment on cascade strengths (e.g.,
Chase, 2003) we sought to constrain total potential
productivity in all food webs, so that our results were
not confounded by variation in the number of basal
species generated by each niche model web.

In order to reduce the size of the parameter space
being explored, all species in a web were assumed to
have a constant consumer-resource body size ratio Z
so that the mass of species i was M; = ZF where P
is the length of the shortest path between species 4
and any producer at the base of the web. We report
simulations in which Z = 42, so that for instance a lin-
ear three-species food chain comprising a producer, in-
termediate consumer and top predator would contain
species with scaled body masses 1, 42 and 1764 respec-
tively. This value of Z represents the mean predator-
prey body mass ratio reported by Brose et al, 2006a,
although the results presented herein were not sensi-
tive to the choice of Z across its biologically relevant
range.

The function F)j;(B) is the normalized multi-species
functional response for consumer j and resource i,
developed by Yodzis and Innes, 1992 and extended
by others (Brose et al, 2006b; Williams et al, 2007;
Williams, 2008). To avoid the collapse of webs follow-
ing predator invasions and permit the study of cas-
cades after predator invasions, we explicitly considered
a functional response that includes processes known to
increase food web persistence in this model. These in-
cluded the addition of mild interspecific consumer in-
terference and slight relaxation of resource consump-
tion when resources are very rare (Brose et al, 2006b).
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Adding consumer interference to a multispecies non-
linear functional can be represented as

- nplt+g
wjiB;

Fi = . 3
BN+ di BBy + Y, wik By 3)

Here d; is a positive constant that sets the amount
of interference in the system and the sum in the de-
nominator is over all k resources consumed by j. We
assumed that interference was weak (d; = 0.5) and set
the shape parameter ¢ = 0.2, which slightly relaxed
consumption rates at very low resource biomasses —
features that are well within the range of empirically
observed functional responses (Brose et al, 2006b;
Williams, 2008; Boit et al, 2012). We assume passive
resource switching, so w;; = 1/n; where n; is the num-
ber of resources consumed by j.

Metabolic parameters in the bioenergetic model
(Yodzis and Innes, 1992; Brose et al, 2006b) are given
by

0.25
ar; Mg
T, = 4
’ Qr Mi ( )
a]—i
- 5
yz] aTi’ ( )

where M, is the mass of an individual of species i
and Mg is the mass of primary producers used for
normalizing the time scale. The constants ar, a, and
aj (mass®?® x time™1) were previously determined
from empirical data on the allometry of metabolism,
production and maximum consumption respectively
(Brose et al, 2006b). We assumed that all species were
invertebrates, and so a, = 1, ar = 0.314 and y;; = 8
(see Brose et al (2006b) for the derivation of these val-
ues). The metabolic parameter z; is the mass specific
metabolic rate of species i relative to the time scale
of the system and the non-dimensional constant y;; is
the ingestion rate of resource ¢ by consumer j relative
to the metabolic rate of i. The function G;(B) is the
normalized growth rate of producer ¢, which follows lo-
gistic growth, 1 — B,/ K;. The parameter By is the half
saturation density. The efficiency e;; is the fraction of
the biomass of resource ¢ consumed by consumer j,
that is assimilated. We assumed efficiency e;; = 0.45
for consumption of producers and ej; = 0.85 for con-
sumption of non-producers (Yodzis and Innes, 1992).
We report results for systems in which By = 0.25 and
the system-wide carrying capacity K = 5. The ini-
tial biomass of each species was uniformly drawn from
[0.01, 0.1] for all simulations.
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Simulations were run for 5000 model time steps at
which point a top generalist predator invaded the food
web. We assumed that the predator was an efficient
generalist, with a fixed body mass consistent with a
large secondary consumer (Mpredator = Z%%) and a
scaled attack rate twice that of other species in the
system. We note that the augmented predator attack
rate is still within the range of empirically observed
values (Peters, 1983). We used a simple rule for es-
tablishing the invading predator’s feeding links upon
invasion, where for each simulation the predator had
a probability of 0.5 of establishing a feeding link with
any consumer already present in the web. Consumers
were explicitly defined as species whose shortest path
along the network to any producer P = 1; the invader
can consume herbivores or omnivores that are already
present in the web, but not producers or other top
predators. Following the invasion, each system was run
for a further 5000 time steps. Cascade strengths were
measured as logip response ratios logioBpost/Bpre,
where B¢ and Bp,. are aggregate producer com-
munity biomasses summed over all ng producers and
averaged over the final 100 time steps after and before
predator invasions respectively. Biomasses were aver-
aged in order to measure cascades for systems with os-
cillatory behavior in the steady state, which occurred
in some of our simulations. Likewise, consumer level
effects were calculated as logig response ratios of ag-
gregate consumer biomass. To ensure predators were
not entering webs in which many species had gone
extinct prior to their arrival, we set a limit on the
maximum allowable number of extinctions prior to in-
vasions at two, using B; < 1 x 10715 as the extinction
threshold. In the event of an extinction before preda-
tor arrival, we allowed the extinct taxa to reinvade
the system at an initial biomass equal to the extinc-
tion threshold. Numerical integration of ordinary dif-
ferential equations was accomplished using the deSolve
package in R (R Core Team, 2015).

To study whether features of the initial network
structure were related to the response of systems to in-
vading predators, we calculated associations between
the cascade strengths and a suite of common network
properties (Vermaat et al, 2009) using ANOVA. The
properties we considered were connectance, species
richness, characteristic path length, the fraction of
species that are basal, intermediate and omnivorous,
clustering coefficient, mean maximum trophic similar-
ity and Clauset-Newman-Moore modularity (Clauset
et al, 2004). We note that the frequentist statistical
tests employed here were not used to assess signifi-
cance since p-values are determined by the number
of simulations. Instead, we follow the suggestion of
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White et al (2014) and use ANOVA as a framework for
partitioning effect sizes and variance in these simula-
tions and comparing effect sizes among covariates. We
refer to these effects below using the notation Byqriabie
where for instance 8¢ is the connectance effect, which
reflects the per unit impact of scaled C' on the strength
of cascades. Covariates were rescaled according to Gel-
man (2008) prior to analyses, to facilitate comparisons
of estimated effects between different predictors that
are necessarily on different scales.

Finally, we sought to understand the mechanisms
underlying weak trophic cascades, as these cascades
would be least likely detected in empirical studies.
We operationally defined weak cascades as a less than
twofold change in aggregate producer biomass after
predator invasions. Under this definition, the mean
cascade strength observed in terrestrial systems re-
ported by Shurin et al (2002) would be considered
weak (mean non-significant change by a factor of 1.1)
whereas the average cascade strength reported for
aquatic systems would be considered strong (mean
change by a factor of 4.6). One possibility is that
weak cascades are caused by diffuse predator effects
(sensu Yodzis, 2000), whereby predator consumption
is spread over multiple resources leading to overall
weak population responses. In this scenario, species
in each lower trophic level change only slightly in the
same direction, and large community level biomass re-
sponses fail to emerge. Alternatively, weak cascades
could occur in the presence of major changes to pop-
ulation biomasses if changes in strongly depressed
species are offset by compensatory changes in the op-
posite direction by others (i.e., biomass compensation;
Gonzalez and Loreau, 2009) in the producer or con-
sumer guilds. To quantitatively assess these possibil-
ities, we present a measure p that quantifies the de-
gree of biomass compensation among populations i in
a trophic guild as

_ | Zien Bi,post - Bi,pre'
Zien |Bi»POSt - Bi,pre|

where the sum is over all n species in a trophic guild
(e.g., all producers). This metric p varies from 0 to
1, with O indicating that all species within a guild
changed in the same direction (the biomass of all pop-
ulations increased or decreased) and 1 indicating per-
fect compensation. If weak trophic cascades are typ-
ically accompanied by small p values, then we con-
clude that weak cascades usually occur because top
down effects are too diffuse to effect strong changes in
individual producer populations and therefore aggre-
gate producer biomass. Conversely, if weak cascades

(6)

p=1
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are typically accompanied by large p, then we con-
clude that compensatory changes by species in the
same guild lead to a small net changes in aggregate
biomass. Herein, we refer to compensation in producer
and consumer guilds as pugr and py.

3 Results

Predator invasions had moderate effects on aggregate
producer biomass in most food webs (Fig. 1). Produc-
ers changed by a factor of 1.7 on average across all
simulations, and twofold changes in producer biomass
occurred in only 31% of webs. Predator facilitation of
producers was strongest in low richness and low con-
nectance webs (Fig. 2; 8¢ = —0.111, ¢ = —0.012).
Cascade strengths were also associated with other
topological properties used to describe web structure
(Vermaat et al, 2009). The strongest associations were
observed between producer response ratios and species
richness S, the fraction of basal species, the fraction
of intermediate species and mean maximum trophic
similarity (Table 1).

The magnitudes of consumer response ratios were
more strongly correlated with most food web prop-
erties (Table 1), suggesting that the sensitivity of a
guild’s log response ratio to initial network condi-
tions may depend on trophic position; topology ap-
pears to exhibit relatively strong associations with
changes in consumer level biomass following predator
invasions compared to lower trophic levels. Depression
of consumer biomass by the predator was strongest
in low richness and weakly connected webs (Fig. 2;
Bs = 0.741, B = 0.156) with fewer basal species and
less modular, more clustered network configurations
(Table 1).

Producer compensation pgr was negatively corre-
lated with cascade strengths across all simulations
(Fig. 3a; Pearson’s r = —0.34), suggesting that com-
pensation among producers was in part responsible
for masking cascades at the producer community scale
(e.g., compare Figs. 3b & 3c). This result is recapit-
ulated by the high frequency of simulations charac-
terized by stronger trophic cascades and almost no
producer compensation (Fig. 3a, dark shaded area).
Indeed, of the webs that exhibited weak producer
cascades (i.e., aggregate producer biomass increased
by less than a factor of 2), 90% contained at least
one producer population that more than doubled de-
spite a weak community scale cascade. Taken together
this suggests that weak cascades were in large part
caused by producer compensation, leading to a small
net changes in aggregate biomass. However, the mag-
nitude of compensation was weakly correlated with

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

other topological food web properties (Supplementary
Materials), suggesting that predicting compensation
at the scale of the trophic guild will require more de-
tailed information than simple topological descriptors
of ecological network structure.

Compensation in the consumer guild increased with
species richness S and connectance C (Fig. 4), ex-
plaining the shift in consumer effect size distributions
toward zero visible in Figs. le-h. This suggests that
two separate compensation mechanisms could explain
weak cascades in webs. The first occurred more fre-
quently in low richness webs, when strong depression
of consumers cascaded to producer populations but
failed to manifest at the guild scale because changes
in some populations were offset by others in the op-
posite direction (i.e., producer compensation). The
second occurred primarily in species rich webs (Fig.
4), when top-down predator effects immediately di-
minished within the consumer guild due to consumer
compensation. The strongest cascades occurred when
both producer and consumer compensation was weak,
which was most likely in low richness (lower S) and
weakly connected (lower C) webs.

4 Discussion

Our modeling study found that strong trophic cas-
cades at the scale of the producer community are
more likely to occur in weakly connected ecological
communities with fewer species, a result that is in
agreement with some previous interpretations of in-
direct effects and trophic cascades (MacArthur, 1955;
Pace et al, 1999; Frank et al, 2006; Shurin et al,
2010). In most webs (90% of all simulations), at least
one producer species doubled or more in biomass, yet
strong guild scale cascades occurred in only thirty per-
cent of simulations. Strong population level cascades
were often offset by an opposite biomass change in
other species so that the overall producer community
biomass wasn'’t strongly affected. Thus, restricting at-
tention to trophic cascades as measured by changes in
the overall biomass of a trophic guild makes it much
less likely that the effects of an invading species will be
detected. Strong top-down effects still occur in large
and complex ecological networks, but observing them
requires finer-grained observations than simply mea-
suring total producer biomass (Polis et al, 2000). This
is exemplified in high richness webs in particular (Figs.
1d, 1h and 2), where changes in producer biomass oc-
curred despite near-zero or slightly positive changes in
aggregate consumer biomass on average. In almost all
communities, the introduced top species had a strong
effect on both the relative biomass of species and the
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Fig. 1 Stacked histograms of producer cascade strength frequency distributions for webs of different richness (panel columns)
and connectance (green shading) values. The green dotted lines mark mean cascade strengths for reference. (e—h) Consumer
cascade strength frequency distributions for webs of different richness (panel columns) and connectance (purple shading) values.
The purple dotted lines mark mean consumer cascade strengths for reference. Density estimation was accomplished using a

Gaussian kernel.
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Fig. 2 Relationships between species richness S, con-
nectance C' and cascade strengths in the producer (green
circles) and consumer (purple squares) guilds. Points and
error bars represent mean cascade strength + 2 SEM and
lines show results of loess regression to raw simulated data.
Colors are the same as in Fig. 1. Dotted, short and long
dashed lines correspond to webs with connectance values of
0.12, 0.16 and 0.2 respectively.

dynamics of the community. Shifts in species compo-
sition due to compensation within a guild are more
common than changes in overall community biomass,
and may be a potentially potent indicator for species
invasions (Schmitz, 2006).

Weaker cascades in large highly connected webs
have been attributed to diffuse interactions among
trophic levels in these systems (Leibold et al, 1997;
Pace et al, 1999; Shurin et al, 2010). However, the
observation that compensation frequently operated in
multiple trophic guilds suggests a new hypothesis for
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the emergence of trophic cascades in complex food
webs. Namely, changes at the top of webs have some
chance of diminishing due to compensation within
each trophic guild, as they cascade down to produc-
ers. If the network is structured in a way that pre-
cludes compensation from occurring in any of these
guilds, then a strong cascade will emerge. Alterna-
tively, top-down regulation has the capacity to dimin-
ish within a single trophic level if the propensity for
compensation is high in that particular system, which
can result from particular network architectures or ex-
ogenous abiotic forcing in real ecosystems (Gonzalez
and Loreau, 2009). Notably, compensation was only
weakly correlated with a suite of common topological
food web descriptors, and thus additional research is
needed to uncover the more nuanced features of food
web architecture that drive compensatory responses
at the scale of producer and consumer guilds. Ex-
perimental tests of the hypothesis discussed herein
could be accomplished by adding conspecific generalist
predators to replicate food webs with known topolo-
gies (e.g., experimentally assembled microcosms) and
measuring them repeatedly through time. However,
replicated food web experiments with repeated mea-
sures are scant and to our knowledge no such data
exist to test the results presented here.

The present study looks at the role of increasing web
richness and structural complexity on trophic cascades
and the detection of the effects of species introduc-
tions. The model used, while more complex than those
typically used in trophic cascade studies, is still highly
idealized. The dynamics of real ecosystems often in-
clude many other non-trophic processes (Kéfi et al,
2015) which might dampen (or magnify) the cascading
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©) : w6 influence of top predators (Polis et al, 2000). One such
ol 1 |'~ w7 example is that our study was restricted to models of
5 ws  closed systems. Evidence of cross-ecosystem cascades
[\r w0 (Knight et al, 2005) and the effect of resource coloniza-
@ w0 tion rates on cascade strengths (Fahimipour and An-
§ - y\, a1 derson, 2015) suggest that extensions of our model to
i a2 open systems will be a promising enterprise for further
g a3 theoretical study. Future studies could build upon our
] awe model by exploring alternate assumptions and struc-
a5 tures — for instance, other representations of primary
ws  production like fixed species-level K (e.g., Brose et al,
a7z 2006b), heterogeneity in resource productivity and ed-
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a1 predicted by ecological network structure, complex in-
w2 direct interactions in real world ecosystems (Yodzis,
w3 2000) together with insufficient data (Shurin et al,
we 2010) and issues of scale (Polis et al, 2000) combine to
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Table 1 Results of ANOVA. 8 indicates the estimated re-
gression coefficient.

Guild Food Web Property 8

Producers
Species Richness -0.111
Connectance -0.012
Char. Path Len. 0.08
Frac. B 0.21
Frac. I -0.116
Frac. Om 0.001
Modularity 0.014
Clustering Coef. 0.009
Mean Max. Similarity -0.095

Consumers
Species Richness 0.741
Connectance 0.156
Char. Path Len. 0.002
Frac. B 0.218
Frac. I -0.084
Frac. Om 0.014
Modularity 0.077
Clustering Coef. -0.084
Mean Max. Similarity  0.038

make the development of a predictive cascade theory
of food webs a difficult problem.
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