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Abstract Size-based food-web models, which focus on
body size rather than species identity, capture the generalist
and transient feeding interactions in most marine ecosys-
tems and are well-supported by data. Here, we develop a
size-based model that incorporates dynamic interactions
between marine benthic (detritus-based) and pelagic (pri-
mary producer based) pathways to investigate how the
coupling of these pathways affects food web stability and
resilience. All model configurations produced stable steady-
state size spectra. Resilience was measured by the return
speed obtained from local stability analysis. Return times
following large perturbations away from steady-state were
also measured. Resilience varied nonlinearly with both
predator and detrital coupling, and high resilience came
from predators (1) feeding entirely in the slow benthic zone

or (2) feeding across the two energy pathways, with most
food coming from the fast pelagic pathway. When most of
the energy flowed through the pelagic pathway, resilience
was positively related to turnover rate. When most of the
energy flowed through the benthic pathway, resilience was
negatively related to turnover rate. Analysis of the effects of
large perturbations revealed that resilience for pelagic
ecosystems depended on the nature of the perturbation
and the degree of benthic–pelagic coupling. Areas with
very little or no benthic–pelagic coupling (e.g. deep seas or
highly stratified water columns) may return more quickly
following pulses of detrital fallout or primary production
but could be much less resilient to the effects of human-
induced mortality (harvesting).
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Introduction

Energy pathways bases on detritus and primary pro-
ducers are found in many ecosystems (Odum 1969). The
coupling of these energy pathways is important for
understanding ecosystem dynamics because the nutrients
that support production come from a common pool and
predators may use energy from both pathways (Vander
Zanden and Vadeboncoeur 2002; Post et al. 2000;
McCann et al. 2005). Detritus pathways typically exhibit
slower turnover than primary producer-based pathways
(Neutel et al. 2002; McCann et al. 2005; Rooney et al.
2006). It has been suggested that stability of complex
ecosystems could depend on the existence of fast (primary
producer-based) and slow (detritus) energy pathways and
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the presence of mobile predators to couple them (Moore et
al. 2004).

The dynamics and stability of coupled energy pathways
have usually been studied in food-web models with nodes
that represent species or functionally equivalent groups of
species, arranged from lower to higher trophic levels
(McCann et al. 2005; Rooney et al. 2006). Since body size
is well-known to be an important factor governing the
feeding behaviour of organisms in aquatic food webs,
average body sizes for the ‘species’ are sometimes
incorporated into these theoretical food-web models to
account for allometric metabolic demands and size-based
predator–prey relationships (Brose et al. 2006). For aquatic
ecosystems, a drawback of this view is that individual
organisms often change in body size over several orders of
magnitude within the course of their lives (Kerr and Dickie
2001; Belgrano et al. 2005), and trophic links are more
strongly dictated by an individual's body size than species
identity (Jennings et al. 2001).

An alternative approach is to consider body size at the
level of the individual (rather than species), scaling directly
to the community level and allowing individuals to grow by
feeding on others. In such models, the community is
described as a continuous distribution of density or biomass
density across a wide range of body sizes (termed the size
spectrum). Changes in the size spectrum over time are
modelled through predation-driven growth and mortality
(Silvert and Platt 1980; Benoît and Rochet 2004; Zhou and
Huntley 1997; Maury et al. 2007) and produce body mass
distributions consistent with observed community size-
abundance data (Boudreau and Dickie 1992; Bianchi et al.
2000). These approaches have focused on the pelagic
community where predation is most strongly governed by
body size.

Blanchard et al. (2009) extended size spectrum dynamics
beyond the pelagic community and considered a wider
range of trophic interactions and recycling of material that
occurs as a result of benthic–pelagic coupling in marine
ecosystems. Steady-state predictions, validated with data
from the North Sea, showed that food-web coupling and
increased primary productivity buffered the effects of
harvesting predators. Very little is known, however, about
the stability properties of dynamical size spectra and their
resilience to perturbations (Law et al. 2009).

Here, we examine the effects of different types of
coupling on the stability and resilience of size-structured
food webs for the first time. The analysis is framed in the
context of a marine ecosystem with a benthic pathway
(slow, detritus-based) and a pelagic pathway (fast,
phytoplankton-based) coupled by predators that feed in
both the pelagic and benthic zones and by detritus that
flows into the benthic zone. Since the potential coupling of
pathways will vary widely in marine ecosystems, owing to

differences in depth, stratification, nutrient supply and
seabed characteristics, knowledge on how stability and
resilience may vary systematically across systems is
required for an improved understanding of the vulnerability
of ecosystems to human-induced impacts.

Methods

Model structure

A coupled dynamic size spectrum model was used to test
the effects of predator and detritus coupling on community
dynamics. In this model, the state of the pelagic–benthic
ecosystem at time t has the following four components. (1)
Npp (m, t) is the density of pelagic planktonic primary
producers of body mass m occupying the smallest size
range [mmin, mP,min) in the model. We refer to this as the
primary producer spectrum because it is dominated by
phytoplankton and is the ultimate source of energy in the
ecosystem, although, in reality, this size range also includes
bacteria and nano- and micro-planktonic secondary pro-
ducers. (2) Np (m, t) is the density of pelagic predators,
consisting of meso- and macrozooplankton, fish and
cephalopods and is distributed across larger sizes [mP,min,
mmax] in the pelagic zone. Pelagic predators feed on smaller
pelagic organisms, including the primary producers, and
can potentially feed in the benthic zone. (3) NB (m, t) is the
density of consumers in the benthic zone comprised of
macrobenthic filter feeders and deposit feeders (dubbed the
detritivores) sharing a non-size-structured food pool and
spanning a size range [mBmin, mmax]. (4) BD (t) is the
unstructured biomass density of food comprised of sinking
phyto- and zooplankton, faeces from the pelagic predator
size spectrum and other dead organic matter from both
communities (the detritus). Although detritus can be size-
structured, the trophic level of detritivores is typically
independent of size (Maxwell and Jennings 2006) and was
not incorporated into the model. Also, for simplicity, we
assume the phytoplankton consumed by benthic detritivores
is decaying (and hence part of the detritus), but, in very
well-mixed and coastal regions, the food they share may
also include live phytoplankton (Blanchard et al. 2009).

The temporal dynamics of pelagic predators and benthic
detritivores are governed by the continuous processes of
growth G and mortality D that arise from organisms
encountering and eating available and suitable food, leading
to a partial differential equation for each size spectrum i:

@Ni

@t
¼ � @

@m
GiNið Þ � DiNi ð1Þ

The primary producer spectrum forms part of the food
supply for the pelagic predator spectrum and is a source of
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dead particles for the detritus pool. We do not explicitly model
the dynamics of the primary producer spectrum, but treat it as
constant through time: Npp(m)=cm

-1. Similar boundary
conditions are used in other dynamic size spectrum models
that are governed by predation-driven growth and mortality
(see Benoît and Rochet 2004; Maury et al. 2007; Law et al.
2009; Blanchard et al. 2009). Although many different
approaches have been developed to describe the dynamics of
size-structured phytoplankton communities (Moloney and
Field 1991; Armstrong 1999; Baird and Suthers 2007; Stock
et al. 2008), they do not use continuous-time-size equations,
often including many more discrete functional groups than
considered here. The prefactor c of the primary producer
spectrum was derived from annually averaged estimates of
plankton biomass density obtained from a validated and
detailed hydro-biogeochemical model of the North Sea (see
Blanchard et al. 2009).

The feeding rate FPi (m,t) of a given size pelagic
predator is a function of the preference for prey ωi in
spectrum i, the volume of water searched per unit time
APmaP (m-3 year-1), and the amount of suitably sized food
available in spectrum i ,

R
ϕ m=m0ð ÞNi m0; tð Þm0dm0

(Table S1). The probability of a predator of size m eating
an encountered prey of size m′ is given by the lognormal
probability density function:

ϕ m;m0ð Þ ¼ exp
� ln m=m0ð Þ � bð Þ2

2s2
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.

s
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2p
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when m>m′ and ϕ(m, m′)=0 otherwise, where β is the
logarithm of the preferred predator: prey mass ratio and σ
the width.

Benthic consumers compete for an unstructured shared
pool of food. For simplicity, we refer to benthic consumers
as ‘detritivores’ since detritus forms the bulk of the food for
most benthic invertebrate communities (although the food
of filter-feeding detritivores could be supplemented by
substantial quantities of living phytoplankton in a mixed
water column). Detritus (BD) is produced by sinking phyto-
and zooplankton, faeces from the pelagic predator size
spectrum and other dead organic matter from both
communities. The feeding rate of a given size detritivore
FB (m, t) depends on the volume of water either searched or
filtered per unit time ABmaB (m-3 year-1) and the available
biomass density of detritus BD(t) (g m-3). Because detritus
is unstructured, its dynamics were modelled as an ordinary
differential equation with fluxes into and out of the detritus
pool. Of the food consumed, only a fraction is assimilated.
Assimilated food is allocated to growth G and reproduction
r after accounting for losses associated with meeting
metabolic requirements and activity.

The overall mortality rate Di in each size spectrum i∈{P,
B} arises from feeding by predators (as described above)

and other sources of mortality (disease, senescence). Other
mortality DiO includes an intrinsic term that decreases as a
function of body size and senescent mortality that increases
with body size at the size ms.

Reproduction

We incorporate temporally dynamic reproduction into the
coupled pelagic–benthic ecosystem model as a consequence
of the food quality and the simple energy budget of
individual organisms within the size spectra (c.f. Blanchard
et al. 2009 assumed constant reproduction). A fraction (Ri)
of the assimilated food consumed is allocated to reproduc-
tion after accounting for the fraction required for growth
and losses associated with meeting metabolic requirements
and activity. We assume that lower food quality is
associated with lower assimilation efficiency and higher
metabolic costs (hence, lower conversion efficiencies to
growth and reproduction). The recruitment (renewal) of
individuals in each size spectrum i (P or B ) at the smallest
size, mi,min, as a function of time, t, is then determined by
the reproductive rates, ri(m, t), of all individuals in the size
spectrum larger than eggs, minus growth to larger sizes and
deaths (see equation S.2 in supplementary text) and is
similar to the approach adopted by Maury et al. (2007). The
smallest sizes (egg mass) in the pelagic–predator and
benthic–detritivore communities were taken to be 10-3 g
and 10-3.5 g, respectively (Boudreau and Dickie 1992;
Duplisea 1998). The reproductive investment per unit mass
of an individual declines with body mass in each
community and is consistent with cross-species patterns in
reproductive investment reported for marine teleost fishes
and bivalves (Gunderson 1997; van der Veer et al. 2006).
Further details on model structure, equations, parameters
and initial conditions are given the Electronic supplemen-
tary material (supplementary methods text, Tables S1 and
S2).

Coupling the size spectra

We tested the effects of altering the strength of two types of
pelagic–benthic coupling through: (1) detritus and (2)
pelagic predators. Detritus coupling was determined by
the fraction (S) of pelagic-derived detritus available for
benthic detritivores. When S=1, all of the pelagic-derived
detrital material reaches the benthic community. As S
decreases, due to mineralization of detritus as it sinks to
greater depths in deeper seas, the pelagic component of
detritus becomes smaller. In the absence of any other
benthic source of energy, the benthic community would die
out when S=0.

Coupling of the energy pathways by pelagic predators
depends on their preference for pelagic and benthic prey,
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ωP, ωB, respectively. We assumed that ωP and ωB are
directly related, such that the preferences of both prey types
sum to one (i.e. ωP+ωB=1). To test the effects of predator
coupling, the preference for benthic prey ωB was varied
from 0 to 1. We also contrast model results for two forms of
predator functional response: linear and hyperbolic (type II,
see Electronic supplementary material, equations S2 and
S8).

Energy throughput

Several ecosystem-level measures of energy throughput
were made at steady-state (see below for calculation of
steady-state) to determine the strength of the energy
pathways (see Electronic supplementary material for equa-
tions). Total system throughput was calculated as the total
biomass consumption (or input) rate (g m-3 year-1) by
pelagic predators, benthic detritivores and detritus taken
together. Total biomass density (g m-3) and production/
biomass (P/B) ratio were calculated for plankton, pelagic
predators, detritus and benthic detritivores to investigate
how the energy pathways were altered with increased
benthic coupling by predators. P/B ratio was assumed to
be equivalent to total mortality rate (per year) in keeping
with Allen (1971). Utilising differences in the energy flow
through the benthic and pelagic communities, we could test
whether coupling of the slow and fast energy pathways by
predators would make the overall pelagic–benthic system
more stable.

Stability and resilience

Response of the system to small perturbations was
investigated by local stability analysis of the steady state
of the entire system of equations in three steps. First,
numerical integration of the two partial differential equa-
tions and, in the case of detritus, one ordinary differential
equation (ODE), was carried out for a period of 50 years
(discretised with a daily time-step and 0.1 log10-g size
intervals), to obtain an initial condition for evaluating the
steady state. Second, the steady state was determined using
the Newton–Raphson multidimensional root-finding meth-
od (Press et al. 1992: 380). In doing so, the dynamics
describing the predator and detritivores were replaced by an
ODE for each 0.1 log size class, and the system of
equations (including the ODE for the detritus) were
linearised. Third, the steady state obtained with the
Newton–Raphson algorithm was used to evaluate the n×n
Jacobian matrix and its eigenvalues, where n equals the
number of size classes of predators plus the number of size
classes of detritivores plus one (the detritus pool). The
steady state is locally stable if the eigenvalue with largest
real part, λmax, is less than zero, indicating a return to the

original state following the perturbation. In cases where the
steady state is locally stable, −λmax has been used as a
measure of resilience, where larger resilience corresponds
to faster decays to equilibrium and where the inverse of
resilience is return time (Pimm and Lawton 1977; DeAngelis
1980; Carpenter et al. 1992).

As noted by many others, in reality, perturbations are
large and are often followed by transient dynamics
(DeAngelis 1980; DeAngelis et al. 1989; Cottingham
and Carpenter 1994). To evaluate resilience away from
steady-state, the response of the system following simu-
lated large perturbations was investigated by calculating:
(1) the subsequent trajectories of total biomass density
relative to steady-state values and (2) return time TR,
measured by integrating the magnitude of change in total
biomass density, TB(t) relative to the steady-state value,
TB0, over the entire history of the system following the
perturbation (Neubert and Caswell 1997):

TR ¼ 1

TB0j j2
Ztmax

t¼0

TBðtÞj j2dt ð3Þ

Perturbations were chosen to investigate whether top-down
and bottom-up effects led to different responses of the
communities under a range of coupling scenarios. Top-down
perturbations entailed adding extra mortality on pelagic
predators (50% decreases in density for those >10 g).
Bottom-up perturbations comprised separate pulses of primary
producers and detritus (50% density increase). Each perturba-
tion took place from steady-state starting conditions and
persisted for 30 days after which the initial speeds and return
times of the biomass trajectories were evaluated.

Results

Structure of coupled ecosystems at steady-state

Different steady-states of pelagic–benthic ecosystems are
possible given our model configurations. If the sea is deep,
only a small fraction of detritus reaches the sea floor.
Consequently, the density of benthic detritivores is low and
mainly supported by the energy recycled within the benthic
community (Fig. 1a: S=0.05, ωB=0). Alternatively, if the
sea is shallow (as in a shelf sea), a large fraction of detritus
reaches the benthic community (Fig. 1b–d), and predators
may feed on prey in the pelagic community (Fig. 1b: S=
0.5, ωP=0), both communities (Fig. 1c: S=0.5, ωP=0.5) or
the benthic community only (Fig. 1d: S=0.5, ωP=1.0). The
steady-state size spectra for both communities are consid-
erably altered when predators exclusively prefer benthic
prey. Here, at ωB=1, the benthic size spectrum is truncated
with a very steep decline in abundance with body mass due
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to heavy predation. With low food availability for large
predators, the predator size spectrum, in turn, becomes
more strongly nonlinear and truncated as well.

The model configurations investigated, based on realistic
parameter values, always settled to steady-state in the
numerical integrations. The results describing biomass and
energy throughput use these steady-state values.

Biomass and energy throughput in benthic and pelagic
pathways

Biomass in the benthic and pelagic spectra at steady-state
was largely contingent on the feeding behaviour of
pelagic predators (Fig. 2). If predators fed predominantly
in the pelagic zone (i.e. ωB small), the combined pelagic–
benthic system was dominated by biomass of benthic
detritivores, as they had no predators (Fig. 2a). If
predators fed mostly in the benthic zone (i.e ωB large),
the combined system was dominated by detritus (Fig. 2a)
because the predators kept the biomass of detritivores low.
The biomass of predators was actually greater when ωB

was large because there was less self-predation in the
predator spectrum.

Energy flow, measured by the P/B ratio, was two to six
times higher for primary producers than for the detritus
(Fig. 2b), revealing that energy moves faster through the
pelagic pathway than through the benthic pathway. How
much faster the energy moved through the pelagic pathway
depended on the feeding strategy of the predators (ωB).
When predators fed more in the benthic zone, there was
more detritus accumulation, and thus a lower rate of energy
flow through the detritus. When predators fed more in the
pelagic zone, their P/B ratios increased and the P/B ratios of
detritivores decreased. Total biomass flowed faster through
the coupled system as a whole when predators fed mostly in
the pelagic zone (Fig. 3a–c). Overall, these results show
that the pelagic zone is a relatively fast energy pathway, and
the benthic zone is a relatively slow energy pathway.

Response to small perturbations

Although the steady-state was always stable to small
perturbations, coupling of the benthic and pelagic zones
by predation ωB, and detrital input S affected the rate of
return to steady state, as given by −λmax (Fig. 3d). Consider
first the shelf-sea scenario where S=0.5 (this corresponds to

Fig. 1 Examples of steady-state
spectra for pelagic (black lines)
and benthic (grey lines) com-
munities that emerge from dif-
ferent model configurations; a
fixed plankton spectrum is
shown as a dashed line. Bdet is
the steady-state biomass density
of detritus. a Deep sea and
pelagic feeding: a small fraction
of detritus reaches the seafloor
(S=0.05) and predators do not
feed on prey at these depths. b
Shelf-sea and pelagic feeding: a
larger fraction of detritus rea-
ches the benthic community (S=
0.5) and predators feed only on
prey in the pelagic community
ωB=0. c Shelf-sea and pelagic–
benthic feeding: same as in b
except predators feed on prey in
both benthic and pelagic com-
munities ωB=0.5. Predators feed
only on prey in the pelagic
community. d Shelf-sea and
benthic feeding: same as in b
except predators feed only on
prey in the benthic community
ωB=1. When ωB is very high
∼1.0 (d) size spectra become
truncated
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the solid lines in Fig. 3). Firstly, when predators fed solely
within the pelagic zone, on primary producers and on
smaller predators (ωB=0), the return to steady state was
slowest. Secondly, as ωB increased from zero, pelagic
predators fed increasingly on prey in the benthic size
spectrum, the turnover rate increased, and the rate of return
to steady-state became faster (−λmax more positive), reach-
ing a maximum at ωB∼0.15. Beyond ωB∼0.15, at interme-
diate values, the rate of return to steady-state gradually
decreased, coinciding with the declining total throughput of
biomass and turnover rate of the community. Thirdly, at
high levels of benthic coupling, ωB>0.8, where predators
fed much more on prey in the benthic spectrum than their
own spectrum, the return to steady-state became fast again,
while the total throughput of biomass (Fig. 3b) and turnover
rate (Fig. 3c) of the community both continued to decline.

The degree of detrital coupling also affected resilience as
measured by −λmax (comparison of upper and lower dashed
lines relative to the solid lines in Fig. 3). Across the range
of predator coupling from ωB=0 to 0.7, lowering the
fraction of sinking detritus to S=0.25 (black dashed lines)
resulted in slower return speeds following small perturba-
tions and increasing the level of sinking detritus to S=1
corresponded to higher resilience, higher energy throughput
but lower turnover rates (Fig. 3). When predators coupled

the benthic community more strongly than ωB=0.7, the
pattern reversed and lower levels of S resulted in higher
turnover rates and higher resilience. At the other extreme,
when predators fed only on pelagic prey (ωB=0) most of
the energy was in the pelagic pathway and altering S had no
effect on return rate even though total throughputs, and
turnover rates were affected.

The sensitivity of the local stability results to realistic
changes in other parameters was also investigated. Increasing
the intercept of the primary producer spectrum resulted in a
similar pattern as that described for detrital input (Fig. S1).
Changing the mean and standard deviation of the preferred
predator–prey mass ratio function had large effects on
resilience in spite of having very little effect on total turnover
rate (Fig. S2). Wider prey size-selection resulted in faster
returns to equilibrium as did smaller mean preferred
predator–prey mass ratios (i.e. preference for relatively larger
prey). Assuming a type II functional response resulted in
only marginally different results and did not affect the above
findings (see Electronic supplementary material text).

Response to large perturbations

The effects of large bottom-up and top-down perturbations
were tested in systems in which predator coupling between
the pelagic and benthic zones (ωB) could be varied, using
the scenario of a shelf-sea (S=0.5). As with the small
perturbations tested above, these large perturbations were
always followed by a return to steady-state.

Following the bottom-up primary producer perturbation
(30-day primary producer pulse), the total biomass density of
predators, detritivores and detritus sharply decreased towards
steady-state (Fig. 4a). Resilience as measured by 1/TR was
highest when predators had weak to intermediate preference
towards benthic prey (ωB=0.2–0.3; Fig. 4b). When the
bottom-up pulse was propagated in the detritus, resilience
was highest when predators did not feed in the benthic zone at
all (ωB=0, Fig. 4c, d). Following the top-down pulse caused
by ‘harvesting’ the density of pelagic predators, total biomass
increased towards steady-state for all levels of predator
coupling up toωB=0.9. For ωB=0.9 and ωB=1.0, the biomass
trajectories continued to decline after the pulse; but the
declines ceased and then reversed direction after a time lag
(Fig. 4e, f). The overall return rate was fastest when predators
fed exclusively on benthic prey. Following large top-down
perturbations, the nonlinear pattern between predator prefer-
ence for benthic prey and return rate mirrored the pattern of
−λmax obtained from local stability analysis (comparison of
Fig. 4f with Fig. 3d). All size spectra returned to their
respective equilibrium states by ∼55 years and were therefore
resilient to top-down perturbations in the long-term.

Differences in how the system responds to each type of
perturbation can be explained by examining the response of

Fig. 2 Biomass and production/biomass of a coupled benthic–pelagic
system in a shelf-sea (S=0.5). Predators can have a range of
preference towards benthic prey, from ωB=0 (feeding only in pelagic
zone) to ωB=1 (feeding only in benthic zone). a Total biomass
densities (g m-3) at steady-state for each component of the model:
plankton (black dashed), detritus (grey dashed), pelagic predators
(black solid) and benthic detritivores (grey solid). b Corresponding P/
B ratios (per year) of each component
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each component to the perturbations (Figs. S3, S4, and S5).
For the primary producer perturbation (Fig. S3), return rate
increased with increasing preference for benthic prey ωB for
predators and benthic detritivores but decreased with
increasing preference for benthic prey ωB for detritus. The
combination of these two patterns leads to the overall
hump-shaped response in Fig. 4b. With the predator
harvesting pulse (Fig. S4) and detritus pulse (S5), return
rate decreased with increasing preference for benthic prey
for predators and detritus, but increased for benthic
detritivores. The overall nonlinearity of the relationship
between 1/TR and predator coupling appear to be caused by
the combined responses of each component of the ecosys-
tem to the different types of perturbations.

Discussion

A striking feature of our pelagic–benthic ecosystems was
that they always returned to steady-state when small or
large perturbations were imposed. This stands in contrast to
traditional, unstructured, food-web models in which local or
global stability is often hard to achieve (May 1972) and in
which the special properties needed to achieve stability
have become the subject of much research. Non-random
trophic interactions such as weak links, heterogeneous

energy pathways and realistic predator–prey mass ratios
have been shown to promote stability in complex food
webs (de Ruiter et al. 1995; McCann et al. 1998; Rooney et
al. 2006; Brose et al. 2006). The size spectrum approach
inherently allows for many weak links because predators
may select prey over a wide range of sizes (O'Gorman and
Emmerson 2009). The assumption of a fixed plankton
spectrum will also tend to promote stability but does not
ensure a steady-state attractor because a non-equilibrium,
unstable, travelling-wave is known to be a possible attractor
when a single pelagic size spectrum is supported by a fixed
plankton spectrum (Law et al. 2009). Although coupling
distinct energy pathways altered the relative stability of our
pelagic–benthic ecosystems, the ability of individuals to
change trophic positions throughout their lifetimes and feed
across an increasingly wider range of prey sizes throughout
their lifetimes may be an important mechanism governing
the overall stability of food webs (Takimoto et al. 2003;
Armstrong 1999).

The degree of pelagic–benthic coupling affected the
resilience of the modelled ecosystems to small and large
perturbations. Our local stability analyses suggest that
resilience (−λmax) varied nonlinearly with the degree of
both predator and detrital coupling. The food-web config-
urations that returned fastest to steady-state came from
predators (1) feeding entirely in the slow benthic zone or

Fig. 3 System-level properties
as a function of predator prefer-
ence for benthic prey ωB

(X-axis) and at different levels
of detrital coupling S: black
dashed=0.25 (low), solid line=
0.5 (medium), grey dashed
lines=1 (high). a Total biomass
density (g m-3) b Total biomass
throughput (g m-3 year-1). d
Local resilience of the steady-
state measured as −λmax
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(2) feeding across the two energy pathways, with most food
coming from the fast pathway. The latter is consistent with
previous findings that weak (Rooney et al. 2006) to
intermediate (Post et al. 2000) levels of predator coupling

can be stabilising, although for much simpler and less
structured food webs than considered here. In our analysis,
the pelagic plankton-based pathway was inherently the
faster pathway, also in keeping with Rooney et al. (2006).

Fig. 4 Large perturbations: a, b Primary producer pulse, c, d Detritus
pulse and e, f predator harvesting pulse. Each row from left to right
shows: total biomass trajectories over time and corresponding
resilience as measured by the reciprocal of return time 1/TR for each
level of predator preference for benthic prey ωB. In all plots, the black

line corresponds to predators feeding only within the pelagic
community (no coupling, ωB=0). The grey lines show varying the
strengths of coupling towards the benthic pathway (the lightest line
corresponds to predators only feeding on benthic prey, ωB=1)
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However, we found a still faster return to equilibrium when
pelagic predators fed predominantly in the slow detritus
pathway, even though this feeding strategy truncated the
size structure of both communities (Fig. 1d). Increased
detrital coupling, characteristic of shallower and mixed
waters, also led to higher local resilience following small
perturbations across most of the range of predator coupling.
However, this pattern reversed when predators fed exclusively
on benthic prey and lower detrital input corresponded with
higher resilience. Evaluation of the return to steady-state
following large perturbations also revealed nonlinear relation-
ships between the degree of predator coupling and resilience
(where resilience is taken to be the inverse of return time TR
measured over the lifetime of the perturbation). The precise
relationship depended on the type of perturbation and the
component of the ecosystem most affected.

Resilience has long been hypothesised to be positively
related to the turnover rate of a limiting nutrient (DeAngelis
1980) and negatively related to food chain length (Pimm and
Lawton 1977, but see Sterner et al. 1997; Walters and Post
2008). The distribution of the interaction strengths or presence
of many weak links (McCann et al. 1998) and presence of
shorter feedback loops have also been put forth as alternative
explanations for stability and food-web resilience (Neutel et
al. 2002, 2007). However, the underlying structure of the food
web and presence of smaller stabilising modules may
contribute the most by providing a ‘stability backbone’ with
other factors ‘fine-tuning’ how quickly food webs recover
from perturbations (Allesina and Pascual 2008).

It would seem that the combination of several factors
gives rise to the nonlinear patterns in resilience reported
here. First, the extreme values of predator preference for
benthic prey (ωB=0 and ωB=1) and the intermediate values
in between give rise to three substantially different food-
web structures (Fig. 5). When there is no or little benthic
feeding, resilience was positively related to turnover rate.
At intermediate values of ωB between 0.2–0.6 (which are
the most realistic values for shelf-seas) resilience declined
with declining total system throughput and turnover rate. At
extreme levels of benthivory (ωB>0.7), resilience increased
despite declining turnover rate and throughput. In addition,
the size spectra became truncated. Since trophic level is
directly related to predator body size in our model,
truncated size-structure indicates shorter maximum food
length, which could also support stability. Our results
suggest there is more to achieving stability of size-
structured food webs than coupling strong and weak energy
pathways (McCann et al. 1998; Rooney et al. 2006). Much
depends on details of the feedbacks operating within
the energy pathways, on the behaviour of organisms in
the ecosystem and on external constraints imposed on the
ecosystem by the physical environment (i.e. depth, mixing
etc.) which may affect the structure of the food web.

The fast return to steady-state that is associated with
exclusive links to the benthic pathway (ωB=1) may be an
unlikely response in most aquatic communities, with the
exception of very shallow or coastal areas. In marine
ecosystems, most fish are opportunistic predators that feed
on any suitable prey available to them, typically 100–1,000
times smaller by mass (Barnes et al. 2008). Larger predators
can feed in a range of habitats and diets of many predatory
fish are also known to consist of fish and invertebrates from
both pelagic and benthic habitats (Pinnegar et al. 2003).

Fig. 5 A simplified caricature of the main differences in the types of
interactions that may occur in parts of a size-based food web for: a
pelagic feeding only, b feeding on both benthic and pelagic prey, c
feeding only on benthic prey. Arrows indicate a feeding link. D
represents detritus and P1 the primary producers. P2, P3, and P4 are
successively larger size classes of predators and B1, B2, B3, and B4
are successively larger size classes of benthic detritivores, both
arranged in order of declining abundance. In c, the maximum sizes
are P3 and B3 resulting in a shorter food chain
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Benthic–pelagic coupling is also an important feature of
freshwater lake communities where field studies have shown
that steeper benthic size spectrum slopes arise from higher
levels of fish predation, consistent with the results shown
here (Blumenshine et al. 2000). It is difficult, however, to
envisage an entire pelagic fish community feeding exclu-
sively on non-pelagic prey, and even fish species that spend
a great deal of the lives feeding in the benthic zone do not
feed entirely on benthic detritivores (Pinnegar et al. 2003;
Greenstreet et al. 1997). Although our globally set preference
parameter (ωB) was a simplistic and crude representation of
reality, it allowed us to investigate a wide range of predator
coupling scenarios. This could be improved by considering
how preference is constrained by the relative availability of
the different prey resources, either globally (e.g. Pitchford
and Brindley 1999; Edwards et al. 2007) or perhaps more
mechanistically by combining the model presented here with
an optimal preference model that takes into account prey
profitability and size (e.g. Petchey et al. 2008).

To establish the qualitative states of size spectra that exist
under a range of scenarios, we considered some simple cases
of detritus coupling where the sinking dead and faecal
particulate matter produced in the pelagic community enters
the benthic detritus pool entirely or fractionally, and the levels
of this input affected how quickly the system responded to
perturbations. These forms of coupling conceptually corre-
spond to a range of shallow or well-mixed areas and the very
deep sea. In reality, detritus coupling in most systems would
fall somewhere in between the extreme values and vary in
space and time. The model predicts steeper slopes of benthic
size spectra when the flux of detrital food is lower. These
findings are supported by observations of benthic size spectra
slopes becoming steeper with increasing depth in Antarctic
waters (Saiz-Salinas and Ramos 1999). In many marine
systems, the flux of pelagic material that reaches deeper
areas has been estimated from sediment traps and relates
strongly with depth (Martin et al. 1987). The size distribution
of plankton, mass of faecal pellets, association of biominerals
or ‘ballast’ with sinking material and levels of vertical and
horizontal mixing and water column circulation can also
affect sinking rates (Buesseler et al. 2007). For example,
when Buesseler et al. (2007) compared the fluxes of
particulate organic matter (POC) at two oceanic sites with
similar depths but different biophysical characteristics they
found that only 20% of the POC flux reached 500 m in a
warm, low macronutrient oligotrophic subtropical gyre
compared with the 46–55% in a highly productive subarctic
gyre. This implies that the resilience of marine food webs
can vary significantly in different regions and ecosystems,
thus influencing the relative response to biomass removal
and environmental variation and change.

Our quantitative analyses focussed on the shelf-sea
scenario where predator coupling is likely to be strongest.

We also tested the effects of deeper and shallower sea
scenarios where 25% and 100% of the detritus fallout reaches
the sea floor (Fig. 3). Return to steady-state was slowest
following small perturbations in the deeper scenario. This
suggests that, all else being equal, systems characterised by
low detritus fallout (and therefore most deep water commu-
nities) are likely to be less stable. Since we did not model
plankton dynamics, our approach did not account for the
remineralisation of sinking material (via the microbial loop
and evolution of detritus), which is an important feedback to
primary producers in real systems. Inclusion of primary
producer dynamics and remineralisation will most likely
have an effect on the way the system responds to
perturbations, and we do not know how this will affect our
present results. Future work on linking physical processes,
nutrient and plankton dynamics to the dynamics of fish and
macrobenthic size-structured communities may help to
elucidate whether or not such processes are compensatory
and improve understanding of ecosystem resilience. A size
spectrum framework linking these processes may provide a
powerful yet simple approach to understanding ecosystem
dynamics across a wide range of aquatic environments and
for explicit evaluation of human impacts.

In conclusion, the strength of benthic–pelagic coupling (via
predation and detrital input) affects the resilience of size-
structured food webs to perturbations. We suggest that
communities with very little benthic–pelagic coupling, such
as those found in ocean gyres, are potentially more vulnerable
to human impacts than strongly coupled systems. Overall, it is
too simplistic to conclude that the presence of weak
(asymmetric) links is solely responsible for stabilising the
ecosystem. The real effects of coupling are much more
intricate and point to the need for more knowledge of the
feedback mechanisms between the pelagic and benthic
communities. Managers should be aware that human impacts
leading to reduced benthic–pelagic coupling (e.g. benthic
oxygen minima) could affect the vulnerability of ecosystems
and their component populations to additional impacts.
Significant further work would be needed to establish
precautionary management measures that take this into
account.
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