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Chapter 6

Predator persistence through variability of
resource productivity

Floor H. Soudijn and André M. de Roos
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Variability increases predator persistence

Abstract

The resource availability for species at higher trophic levels depends on the flow of
energy from lower trophic levels. Productivity of species at low trophic levels is notori-
ously variable through time. Resource variability is known to affect species persistence
and coexistence strongly but has mostly been studied in systems with one or two
trophic levels. We test the effect of variability of resource productivity on a model
system of an unstructured resource, a size-structured consumer and a size-specific
predator. The model complies with the fundamental principle of mass conservation,
the size-dependence of individual level energetics and the allometry of predator-prey in-
teractions. The model analyses show that variability of resource productivity increases
predator persistence and predator biomass at high predator mortality values. In addi-
tion, the predator is less prone to suffer from a harvesting-induced catastrophic collapse
with variable resource productivity. The positive effect of variability of resource pro-
ductivity arises through increased average starvation mortality in the consumer that
releases intra-specific competition for food. The release of intra-specific competition
leads to a change in the consumer size distribution and a higher food availability for the
predator. These findings indicate that environmental variability may promote species
coexistence and can sustain species at higher trophic levels in natural ecosystems.
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Chapter 6

6.1 Introduction

The transfer of energy between different trophic layers shapes the trophic structure
of species communities. At the bottom of the trophic web, energy is generated by
basal species or primary producers. Primary productivity in natural systems varies
substantially through time. For example, productivity of phytoplankton in marine and
aquatic systems and plants in terrestrial systems show characteristic seasonal patterns
(e.g. Gebauer et al., 2002; Platt et al., 2003; Cloern and Jassby, 2008). In addition,
primary productivity may vary in response to large irregular influxes of nutrients or
rain (Ostfeld and Keesing, 2000; Yang et al., 2010). These fluctuations in productivity
permeate to species at higher trophic levels (Ostfeld and Keesing, 2000; Platt et al.,
2003; Willson and Womble, 2006; Yang et al., 2010).

The effect of resource variability on population and community dynamics has been
tested in a range of different population models (Holt, 2008). In discrete-time mod-
els, variability in the population growth rate can affect the average population growth
rate both positively and negatively (Lewontin and Cohen, 1969; Caswell, 2001; Law-
son et al., 2015). In continuous-time models, abundance often decreases (Nisbet and
Gurney, 1976; Cushing, 1986; Gouhier et al., 2010) but may also increase (Cushing,
1986) with resource variability. Resource fluctuations are known to promote com-
petitive coexistence (Armstrong and McGehee, 1976; Sommer, 1985; Chesson, 2000)
but may also reduce it (Holt, 2008). In addition, periodic variation in resources may
lead to resonance phenomena that either decrease (Nisbet and Gurney, 1976) or in-
crease the tendency of systems to cycle and display chaotic dynamics (Nisbet and
Gurney, 1976; Rinaldi et al., 1993; Hanski et al., 1993). Population cycles can, similar
to resource fluctuations, promote competitive coexistence (Armstrong and McGehee,
1976; Huisman, 1999; Chesson, 2000) but large amplitude oscillations also increase
the risk of species extinctions as densities come close to zero. Mechanisms such as
differential reaction rates of species abundances to perturbations are therefore thought
to neutralize the negative effects of resource variability in natural systems (Thébault
and Loreau, 2005; McCann and Rooney, 2009; Loreau and de Mazancourt, 2013). In
summary, resource variability can have a profound effect, whether positive or negative,
on species persistence and coexistence. Yet so far, the effect of resource variability
has mostly been studied in systems with up to two trophic levels.

The effect of resource variability on population persistence depends on the charac-
teristics of individuals in different life-stages in the population (Caswell, 2001; Hastings,
2014). Moreover, since in multi-trophic systems the consequences of resource vari-
ability are intimately linked to the trophic transfer of energy, the energy flow through
individuals, populations and between species should be consistently modeled. All this
can be done using so-called size-structured population models that have a long record
of use in population and community dynamics (Metz and Diekmann, 1986; de Roos
and Persson, 2002, 2013). These size-structured population models are typically for-
mulated on the basis of a dynamic model for the individual energy budget. The
intake and use of energy at the individual level leads to body-size and food-dependent
functions for growth, reproduction and mortality in the population. Size-structured
population models furthermore allow for size-dependent feeding interactions between
predator and prey that are generally considered important for trophic energy transfer
(Peters, 1983; Ebenman and Persson, 1988; de Roos and Persson, 2002; Brose et al.,
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Variability increases predator persistence

2006). Following this size-structured approach results in a consistent description of
the flow of energy through the population and a model system that complies with the
fundamental principle of mass conservation, the size-dependence of individual level
energetics and the allometry of predator-prey interactions.

In this study, we test the effect of variability in resource productivity on trophic
transfer efficiency using a model system with three trophic layers, including an un-
structured resource, a size-structured consumer and a size-specific predator. We im-
plement a periodic (sinusoid) productivity term in the resource. Our results show that
with increasing variability, the consumer population increasingly suffers from starva-
tion mortality. As a result of this mortality, consumer biomass increases in certain
size ranges, i.e., the consumer size distribution changes. The predator benefits from
this effect of variability in resource productivity, such that it is able to sustain a much
higher harvesting pressure and is less prone to suffer from a catastrophic collapse with
fluctuating than with constant resource productivity.

6.2 Model description

To study the effect of variable resource productivity on predator-consumer-resource
dynamics, we use a model system with three trophic levels of an unstructured resource,
a size-structured consumer and an unstructured size-specific predator. In the main
text we focus on a model in which the consumer population is represented by a stage-
structured biomass model as earlier described by de Roos et al. (2008a). The stage-
structured biomass model has been derived as an approximation to a model accounting
for a complete size distribution of juveniles between their size at birth and their size
at maturation and a class of non-growing adult individuals (de Roos et al., 2008b).
In this model all energetic processes (resource intake, maintenance, growth in body
size and reproduction) are assumed proportional to body size, while individuals are
assumed to experience a size-independent per capita background mortality rate. The
model can account for differences in mass-specific resource ingestion or per capita
mortality rate between, but not within the juvenile and adult stage. In this paper,
we analyze a model parameterization that assumes that adults have a higher mass-
specific resource ingestion rate than juveniles. Individuals can only invest in growth or
reproduction if the energy obtained through resource ingestion exceeds the costs for
maintenance. When the resource ingestion is not sufficient to cover the maintenance
cost, no growth, maturation and reproduction takes place and starvation mortality
occurs. While juvenile consumers invest all surplus energy in growth, adults do not
grow and invest all energy in reproduction. Predator dynamics follow bioenergetic
assumptions as first described by Yodzis and Innes (1992) and discussed in more
detail in de Roos and Persson (2013, chapter 4). Since the model has been described
and extensively used before (de Roos et al., 2008a; Ohlberger et al., 2011; de Roos and
Persson, 2013) we summarized the equations in a table in the supplementary material
(section 6.A.1).

Parameterization is based on scaling relationships with average adult body size,
following the approach laid out by de Roos and Persson (2013, box 3.4 and 4.2);
default parameters can be found in table 6.A.2. The value for the parameter that
controls the competitive difference between life stages is chosen such that adults
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Chapter 6

always have a competitive advantage over juveniles. The predator is assumed to
forage on adult individuals only. For these parameters the flow of biomass from the
adult to the juvenile stage is higher than from the juvenile to the adult stage in a
system with stable resource dynamics. Biomass accumulates in the juvenile stage and
the consumer thus exhibits a bottleneck in the juvenile stage. As a consequence,
biomass overcompensation in adult biomass, i.e. an increase in adult biomass, can
occur with increasing mortality, which also gives rise to the occurrence of an emergent
Allee effect in the predator (de Roos and Persson, 2013). The techniques we used
for analysis of the model dynamics are described in section 6.A of the supplementary
information.

We test the robustness of our results to a change in model structure using the model
described in section 6.B of the supplementary information. In this model, the consumer
is represented by a continuously size-structured population model instead of a stage-
structured model. In addition, small consumers have a competitive advantage over
large consumers and the predator forages on small juveniles. The model is identical
to the model described earlier by de Roos and Persson (2002). Section 6.B of the
supplementary information contains the results based on this model.

The difference with previous studies pertains to the resource productivity function.
The resource follows semi-chemostat growth but the normally constant productivity
term is replaced with one that varies over time:

G(R) = ρ Rmax (1 + ψ sin(2π
t

Y
)) − ρ R. (6.1)

The resource growth G(R) thus follows a sinusoidal function with period Y . The
amplitude of the sinusoidal function is controlled by ψ. For ψ = 0 no fluctuations occur
and when equal to its maximum value ψ = 1 the amplitude of fluctuations in resource
growth is equal to average resource productivity ρ Rmax, the product of resource turn-
over rate ρ and the average maximum resource density Rmax. Notice that different
values of ψ do not change the time-averaged value of resource productivity.

6.3 Results

Variability of resource productivity induces changes in the consumer size distribution
(figure 6.1). The fluctuating resource productivity causes distinct resource fluctuations
for values of ψ > 0. These fluctuations result in periods of starvation for the juveniles
whenever the resource availability is too low to cover their maintenance costs. Due
to the starvation mortality the intra-specific competition is released and the surviving
juveniles mature faster, resulting in an increase of adult biomass. The temporal food-
shortages result only in juvenile starvation and not in adult starvation because adults
are better competitors for the resource than the juveniles are. Note also, that variability
of resource productivity results in a suppression of the average resource density to
slightly lower levels and a small increase of the average consumer biomass (figure
6.1).

Variability in resource productivity promotes trophic energy transfer and the re-
silience of the predator to harvesting (figures 6.2, 6.3 and 6.4). For a predator mortality
rate that does not allow predator persistence with a constant resource productivity, a
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Figure 6.1: Resource-consumer dynamics for three values of ψ (ψ = 0.0, ψ = 0.25, ψ =
0.5) in the absence of the predator. Plotted are the total consumer, juvenile, adult and
resource biomass, the mass-specific net-biomass production rate of adults (grey solid lines)
and juveniles (black solid lines) for default parameter values (table 6.A.2).
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Figure 6.2: Average values of predator biomass (top panel), total consumer biomass (middle
panel, black solid line), adult consumer biomass (middle panel, grey solid line) and the star-
vation mortality rate in juvenile stage (bottom panel) as a function of the relative amplitude
in the fluctuation of the resource productivity ψ. Average values for the consumer-resource
system in absence of the predator are also shown (dashed lines). Default parameter values
(table 6.A.2), and additional predator mortality rate µP = 0.02 were used for the calculations.

fluctuating resource productivity creates conditions that allow for growth of the preda-
tor population from low density (figure 6.2). In addition, the average biomass of the
predator throughout the season increases with increasing amplitude of the resource
productivity fluctuations. The variability benefits the adult-specialist predator because
adult consumer biomass increases with the resource variability. The increased food
availability for the predator explains the predator persistence in the system at signifi-
cantly higher predator mortality rates with varying resource productivity (figure 6.3).
Increasing the amplitude of the resource productivity fluctuations results in a shift of
the predator extinction boundary to higher predator mortality values (figure 6.3 and
6.4). Variability thus promotes predator persistence.

Variability reduces the emergent Allee effect in the predator population. With a
constant resource productivity (figure 6.3a), alternative stable equilibria occur at low
predator mortality values. Here, the system can exhibit two stable states, depending
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Figure 6.3: Average values of predator biomass (top panels), total consumer biomass (middle
panels, black), adult consumer biomass (middle panels, grey) and juvenile consumer starvation
(bottom panels) as a function of additional predator mortality for three values of ψ, (a)
ψ = 0.0, (b) ψ = 0.25 and (c) ψ = 0.5. Thick solid and thin solid lines refer to stable
and unstable dynamic patterns (attractors), respectively. Note that for ψ = 0 the stable
dynamic pattern corresponds to a stable equilibrium, while for ψ > 0 stable dynamic patterns
correspond to stable seasonal cycles. Default parameter values (table 6.A.2) were used for
the calculations, see section 6.A for a description of the continuation method that was used.
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Figure 6.4: Boundaries of parameter regions with a high and low predator density (dashed
black lines) and predator extinction (solid black line) as a function of the amplitude of resource
productivity fluctuations ψ and predator mortality rate µP . Parameter domains with high
predator density (1, light grey), low predator density (2, ivory), zero predator density (3,
dark grey) and bistability (white) are indicated in the plot. The region with alternative
stable dynamics is divided in a region of bistability between a high and zero predator density
(1./3.), below the extinction boundary of the predator, and a region of bistability between a
high and low predator density (1./2.), above the extinction boundary of the predator. Default
parameters were used for the calculations (table 6.A.2).

on initial conditions, in which the predator is either absent or present. When the
predator is present at high density, predation mortality imposed by the predator on
the adult consumers releases intra-specific competition, primarily among juveniles,
and consequently increases maturation and the adult biomass. Yet, once it has gone
extinct, the predator is unable to reinvade the system from low densities because
its food availability is too low. The alternative stable states thus arise through a
positive effect of the predator on its own food availability. Since the Allee effect is
not explicitly incorporated in the model equations it is referred to as an emergent
Allee effect (de Roos et al., 2003; de Roos and Persson, 2013). With fluctuations in
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resource productivity the range of mortality values over which the two stable patterns
of (fluctuating) dynamics can occur becomes smaller (figure 6.3b, c, figure 6.4). Note
that with fluctuating resource productivity stable and unstable dynamic patterns (or
attractors) represent regular, seasonal fluctuations with period Y . For large amplitude
fluctuations in resource productivity the range of mortality values with alternative
stable patterns of dynamics becomes marginally small (figure 6.3c, figure 6.4). The
fluctuations in the resource release the intra-specific competition through starvation
mortality, which increases maturation from the juvenile to the adult stage, and thereby
allows predator invasion where this would not be possible with constant resource
productivity (figure 6.3).

With fluctuations in resource productivity alternative stable types of dynamics at
low predator mortality values can occur with either a low or a high predator density.
On the other hand, with constant resource productivity the alternative states are char-
acterized by either a zero or a high predator equilibrium density. In addition, increasing
variability of resource productivity results in situations with decreasing top-down con-
trol of the predator in the system. A decreasing predator density and reduction in
top-down control is in fact characteristic for the predator-consumer-resource coexis-
tence dynamics that occur as a result of the fluctuating resource productivity (figure
6.4, ivory region). Variability of resource productivity thus increases predator per-
sistence and decreases the probability of predator collapse through a situation where
the bottom-up regulation by the fluctuating resource abundance completely drives the
dynamics.

In appendix 6.B we show that our results generalize to a continuously size-
structured predator-consumer-resource model. In this model consumers follow von
Bertalanffy growth in body size and predators only forage on small-sized consumers
(section 6.B). Despite the significantly different model assumptions, fluctuations in
resource productivity similarly change the consumer size distribution (figure 6.B.1).
Through this effect on the consumer size distribution, variability of resource pro-
ductivity benefits the predator by promoting persistence at high predator mortality,
decreasing the likelihood of a catastrophic collapse and reducing the emergent Allee
effect (figure 6.B.2).

6.4 Discussion

In this study we test the effect of variability in resource productivity on the transfer
of energy to higher trophic levels (trophic transfer efficiency). We do this using a
model system with three trophic layers of an unstructured resource, a size-structured
consumer and a size-specific predator and a periodic (sinusoid) productivity term in
the resource. Our results show that variability of resource productivity significantly
increases predator persistence and predator biomass at high predator harvesting values.
Fluctuations in the resource cause starvation mortality in the consumer that releases
intra-specific competition for food. The release of intra-specific competition leads
to a change in the consumer size-distribution and a higher food availability for the
predator. As a result, the biomass of the predator increases. Moreover, predator-prey
coexistence is possible for a large range of predator (harvesting) mortalities where
this would not be possible for constant resource productivity. Finally, the predator is
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less prone to suffer from a catastrophic collapse with increasing predator mortality.
With high variability of resource productivity the predator shows a gradual decline
in biomass instead of a sudden shift to a low or zero predator density. Both the
stage-structured biomass model with an adult-specialist predator and the continuously
size-structured model with a juvenile specialist predator show these effects. We thus
derived a robust prediction that trophic transfer efficiency is promoted by variability
of resource productivity.

Many examples of temporal starvation mortality due to resource fluctuations have
been reported for different kinds of species. The likelihood of surviving a seasonal
resource low is often life-stage dependent (Quinn, 1988; Clutton-Brock et al., 1997;
Sogard, 1997). This size-dependent starvation mortality can affect population size
distributions. It seems therefore reasonable to expect that the mechanism which we
show to be responsible for predator-prey coexistence also occurs in real ecosystems.
Yet, we know of no empirical or experimental study that identifies or was aimed at
finding the coexistence mechanism that we present in this study. In experiments with
protozoans feeding on bacteria, Friman and Laakso (2011) found that pulsed resource
dynamics resulted in a higher predator biomass than constant resource dynamics. They
attributed this effect to a lower frequency of prey types with a defense mechanism
against predation. In experiments with Tribolium, resource fluctuations were shown
to release intra-specific competition and increase population biomass (Jillson, 1980;
Henson and Cushing, 1997). In these experiments however, the population biomass
increase was attributed to a release of cannibalism rather than to a release of intra-
specific competition for food as in the results we report here.

The effect of variability in mortality has been studied in the light of the diversity-
stability debate using multi-trophic systems such as a nutrient-plant-herbivore model
(Thébault and Loreau, 2005) and the diamond model (resource, two consumers, one
predator Vasseur and Fox, 2007; Gouhier et al., 2010). These studies were mostly
aimed at assessing community stability, in the form of the amplitude of fluctuations
in the populations, and do not explicitly consider the effect of variability on trophic
transfer efficiency. However, the meta-community of diamond models described by
Gouhier et al. (2010) shows a decreasing predator abundance with increasing mor-
tality variability, due to an on average increased mortality in the consumers. Our
results show an opposite effect, the positive effect of variability in resource productiv-
ity emerges through increased starvation mortality in the consumer population, which
differentially affects consumers in different life stages. Also with a constant resource
productivity, increased consumer mortality can promote the trophic transfer efficiency
to higher trophic levels (see chapter 5 of this thesis) as a result of so called biomass
overcompensation (de Roos et al., 2007; Schröder et al., 2014). This positive effect
of mortality on size-specific biomass occurs because intra-specific competition, that
normally inhibits the flow of biomass through the consumer population, is released and
increases maturation rate more than reproduction rate, or vice versa. Similarly, the
change in consumer size-distribution we report comes about through a release of the
intra-specific competition in the consumer population by starvation mortality. This
positive effect of mortality only becomes apparent when both reproduction and growth
are implemented as food-dependent processes and the fact that sustaining biomass
requires energy for maintenance is accounted for (de Roos et al., 2007; Schröder
et al., 2014). The beneficial effect of variability in resource productivity on predator
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performance that we report, underlines the importance of population size-structure
and the consideration of individual level energetics for a mechanistic understanding of
population and community dynamics.

Biomass overcompensation has been shown to occur in various experimental sys-
tems (Schröder et al., 2014), but does not occur without a distinct bottleneck in either
individual development or reproduction (Reichstein et al., 2015). Such a bottleneck
results in a difference in the flow of biomass between different size classes and an
accumulation of biomass in a certain size class of the population. Our results show
that variability potentially releases bottlenecks in development or reproduction. Such
a release leads to a situation where biomass overcompensation in response to increases
in other types of mortality occurs to a lesser extent, or not at all. This is illustrated
by the disappearance of the emergent Allee effect with large variability of resource
productivity in this study. The emergent Allee effect has been presented as an expla-
nation for the lack of recovery following a population collapse of marine fish stocks,
such as occurred in Cod populations in the North West Atlantic and the Baltic Sea
(van Leeuwen et al., 2008; Gårdmark et al., 2015). Our results indicate that in systems
with seasonal fluctuations an emergent Allee effect can indeed occur, with alternative
stable dynamics characterized by a high and low predator density, respectively. Yet we
also suggest that in highly variable environments, where seasonal starvation mortality
is very high, the alternative types of dynamics are less likely to occur. This implies
that other community level effects attributed to biomass overcompensation (de Roos
and Persson, 2013), such as predator recovery after prey culling (Persson et al., 2007),
predator-to-predator facilitation (Huss and Nilsson, 2011) and pathogen-to-predator
facilitation (Ohlberger et al., 2011), might also be less likely to occur in highly variable
systems.

We considered sinusoidal fluctuations in resource productivity, but our results are
probably independent of the nature of fluctuations in the resource, as long as these
result in periodic starvation mortality in the consumer population. Simulations with
stochastically varying resource productivity presented by de Roos et al. (2008a, figure
S4, supp. info.) provide evidence to support this statement. The authors used
the same model structure for the consumer as we did and also parameter values for
which adults are competitively superior, leading to accumulation of biomass in the
juvenile stage. Their study shows that, in absence of a predator, the adult biomass is
higher in simulations with variable resource productivities than with constant resource
productivity (de Roos et al., 2008a). The mechanism behind this change in the
consumer size distribution with variability of resource productivity was not analyzed
by de Roos et al. (2008a). Our results indicate that increased consumer mortality due
to starvation may explain the observed effect of the stochastically varying resource
productivity on the consumer size distribution.

We tested the effect of variability of resource productivity with two structurally
different models to assess wether our findings are robust to a change in model struc-
ture. The stage-structured biomass model, which we describe in the main text, was
originally derived based on the assumption of a stable resource (de Roos et al., 2008b),
an assumption that is clearly violated by a fluctuating resource density. The results in
appendix 6.B show that the effect of variability of resource productivity on the trophic
transfer efficiency is not dependent on the structure of the model for consumer dynam-
ics. The model with a continuous consumer size-structure, including growing adult
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consumers, shows qualitatively similar results to the results presented in the main text.
Moreover, the parameterization of the continuously size-structured model (appendix
6.B) is totally different from the stage-structured biomass model. Parameterization
is based on a piscivorous fish that forages on a planktivorous fish, where the pisci-
vore has a preference for small consumers (de Roos and Persson, 2002). Based on
these parameters small juvenile consumers have a competitive advantage over larger
immature ones while in the model we used for the results in the main text the larger,
adult consumers are the superior competitors. For the results we present to occur, it
is crucial though that the predator forages on the part of the population that increases
in response to mortality (the competitively superior size range of consumers).

The increased trophic transfer efficiency with resource productivity variability sug-
gests that variable or seasonal environments may support communities with more
trophic levels. In previous studies both positive and negative effects of resource vari-
ability on species persistence and coexistence have been reported (Holt, 2008). Yet,
the perception of the relationship between variability and system stability and diversity
seems to be predominantly negative. This is illustrated by the fact, that the amplitude
of fluctuations in a model system is often used as a measure of community stability
(e.g. Loreau and de Mazancourt, 2013). The negative reputation of variability seem-
ingly arises from classic results, such as the negative effect of stochasticity on the
population growth rate (Lewontin and Cohen, 1969; Lawson et al., 2015) and the
increased tendency of systems to fluctuate wildly with variability (Rinaldi et al., 1993;
Hanski et al., 1993). Resource fluctuations have, however, been shown to promote
competitive coexistence of species (Armstrong and McGehee, 1976; Chesson, 2000;
Sommer, 1985). Here we show that variability of resource productivity enables and
promotes predator-prey coexistence. These findings indicate that the effects of en-
vironmental variability, especially of intermediate amplitude, are less straightforward
than previously assumed and that this variability can in fact promote species coexis-
tence and sustain species at higher trophic levels in natural ecosystems.
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6.A Model details of the stage-structured biomass model

Calculations

Time dynamics of the model with the stage-structured consumer were computed with
numerical simulations using C-based software. For all parameter values we studied,
these numerical simulations showed that dynamics converged to stable, annual cycles
(see figure 6.1 in the main text), induced by the annual fluctuations in resource pro-
ductivity. Parameter dependencies of these annual cycles were studied by continuation
of the biomass densities of resource, juvenile and adult consumer and predator at the
beginning of the annual cycle as a function of the parameters ψ and µP . While calcu-
lating the parameter dependence of the dynamics we also computed average densities
over time of the variables in relation to ψ and µP . The boundaries in parameter
space of predator persistence were computed by analyzing for which parameter val-
ues the growth rate of the predator was zero for a situation without feedback of the
predator on the prey. The location of the limit points in parameter space were de-
termined by finding the parameter values for which the tangent along the curve of
biomass densities of the variables at the beginning of the annual cycle in relation to
the parameters was vertical. Continuation of the annual biomass cycles, localization
of the predator persistence point and localization of the limit points were all per-
formed using a publicly available software package that allows for the computation
of solutions to generic systems of nonlinear equations as a function of parameters
(https://bitbucket.org/amderoos/findcurve).
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Table 6.A.1: Model equations and functions of the stage-structured biomass model. The
mass-specific net-biomass production restricted to positive values of juveniles and adults are
represented by ν

+
J (R) and ν

+
A (R) respectively.

Dynamic equations Description

dR

dt
= G(R) − ωJ (R) J − ωA(R) A

Resource biomass
dynamics

dJ

dt
= ν

+
A (R) A + νJ (R) J − γ(ν+

J , µC) J − µC J
Juvenile consumer
biomass dynamics

dA

dt
= γ(ν+

J , µC) J + (νA(R) − ν
+
A (R))A − dA(P ) A

Adult consumer biomass
dynamics

dP

dt
= (νP (A) − µP ) P

Predator biomass
dynamics

Function Expression Description

G(R) ρ Rmax (1 + ψ sin(2π
t

Y
)) − ρ R Resource growth rate

ωJ (R) (2 − q) MC R/(HC + R) Resource ingestion rate
juvenile consumers

ωA(R) q MC R/(HC + R) Resource ingestion rate
adult consumers

νJ (R) σC ωJ (R) − TC
Juvenile consumer
net-energy production rate

νA(R) σC ωA(R) − TC
Adult consumer net-energy
production rate

dA(P ) µC + MP

P

(HP + A)
Adult consumer mortality
rate

γ(ν+
J (R)) (ν+

J (R) − µC)/(1 − z
1−µC /ν+

J
(R))

Juvenile consumer
maturation rate

νP (A) σP MP

A

HP + A

− TP
Predator net-biomass
production rate
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Table 6.A.2: Parameters and their default values of the stage-structured biomass model

Symbol Unit Description Value

Resource
Rmax mg L−1 Maximum biomass density 40.0
ρ day−1 Turnover rate 0.1
Y days Period of fluctuations 10.0
ψ - Proportionality constant fluctuation amplitude 0 − 0.6

Consumer
MC day−1 Mass-specific maximum ingestion rate 1.0
HC mg L−1 Half-saturation resource density 3.0
TC day−1 Mass-specific maintenance rate 0.1
σC - Assimilation efficiency 0.5
µC day−1 Background mortality rate 0.015
z - Ratio initial to final body size 0.5
q - Competitive difference between stages 1.5

Predator
MP day−1 Mass-specific maximum ingestion rate 0.32
HP mg L−1 Half-saturation resource density 3.0
TP day−1 Mass-specific maintenance rate 0.032
σP - Assimilation efficiency 0.5
µP day−1 Background mortality rate 0.005
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6.B Continuously size-structured model

Model description

We use the continuously size-structured consumer population model originally de-
scribed by de Roos and Persson (2002), which is based on a simple dynamic energy
budget model for individual consumers of different sizes (Kooijman and Metz, 1984).
Consumers forage on a shared resource. Resource ingestion, growth, reproduction and
mortality rates of the consumer are all functions that depend on individual body size
and resource availability. The predator follows simple Lotka-Volterra dynamics and is
assumed to forage on small juvenile consumers only. The model we use is slightly differ-
ent from the model originally described by de Roos and Persson (2002) as the dynam-
ics that we study include starvation mortality and instead follows Nisbet et al. (2015,
model code available at: https://staff.fnwi.uva.nl/a.m.deroos/EBT/Examples/ ). We
describe the model in general terms in the paragraph below, the equations are listed
in table 6.B.1.

A fixed fraction of the energy that consumers assimilate from ingestion of the
resource R is allocated to reproduction and what remains is used for growth and
maintenance. The maintenance rate is assumed proportional to length l cubed while
foraging is assumed proportional to length squared and consumer growth in length
g(R, l) therefore follows a von Bertalanffy curve with growth rate γ and ultimate
length l∞ = lm · R/(Rh + R) when resources are sufficient to cover the maintenance
(table 6.B.1). Here, R/(Rh + R) represents the (scaled) functional response, follow-
ing which individuals ingest resource, while lm is the maximum length under unlimited
food conditions. Under these circumstances, all individuals invest in reproduction but
while adults produce offspring, juveniles use the energy for the development of their
reproductive organs (consumer reproduction rate b(R, l), table 6.B.1). In contrast to
the original model (de Roos and Persson, 2002), which considers exclusively equilib-
rium conditions, the resource density may reach levels that are so low that the default
fraction of consumer intake that is allocated to growth and maintenance is not suffi-
cient to cover the maintenance costs. When this shortage occurs consumers that are
larger than the ultimate size l∞ stop investing in growth (g(R, l), table 6.B.1). In
addition, energy allocated to reproduction is reduced as maintenance costs need to be
covered first (b(R, l), table 6.B.1). When the total of ingested resources are not suf-
ficient to cover the maintenance costs individuals die of starvation mortality instantly
(l > ls = l∞/κ, table 6.B.1). When individual length is close to the length thresh-
old ls, at which instantaneous death occurs, consumers already suffer from increased
mortality (Consumer starvation mortality dC(R, l), table 6.B.1).

In contrast to earlier studies, the resource productivity term varies over time:

G(R) = ρ Rmax (1 + ψ sin(2π
t

Y
)) − ρ R. (6.B.1)

The resource growth G(R) thus follows a sinusoidal function with period Y . The
amplitude of the sinusoidal function is controlled by ψ. For ψ = 0 no fluctuations
occur and when equal to its maximum value ψ = 1 the amplitude of fluctuations in
resource growth is equal to average resource productivity ρ Rmax, the product of the
resource turn-over rate ρ and average maximum resource density Rmax.
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The parameterization of the model is based on a piscivorous fish that forages on a
planktivorous fish, where the piscivore has a preference for small consumers (de Roos
and Persson, 2002), default parameter values can be found in table 6.B.2. The costs
for maintenance increase more rapidly with the body size than the resource ingestion
rate and therefore large individuals are energetically less efficient than small individuals.
In this model, larger immature individuals are thus the inferior competitors. For the
parameter values we use, the predators exhibit an emergent Allee effect in case of a
constant resource productivity (de Roos and Persson, 2002).

Model dynamics were studied using numerical simulations. To asses parameter
dependence of the dynamics, model integrations were simulated over long time periods,
while varying a parameter value in small steps every 50,000 time units (see de Roos
and Persson, 2013, box 3.5, for an explanation of this procedure to study parameter
dependence). Average values were calculated in such bifurcation runs over the last 60
% of the 50,000 time steps.
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Table 6.B.1: Model equations and functions of the size-structured tritrophic model from
de Roos and Persson (2002). Functions are based on time t and consumer length l and length
distribution c(t, l).

Dynamic equations Description

dR

dt
= G(R) −

� lm

lb

I(R, l) c(t, l) dl
Resource biomass
dynamics

∂c(t, l)
∂t

+ ∂g(R, l) c(t, l)
∂l

= −(µ + dP (P, l) + dC(R, l)) c(t, l) Consumer size
distribution dynamics

g(R, lb) c(t, lb) =
� lm

lb

b(R, l) c(t, l) dl Population birth rate

dP

dt
= �

a B

1 + a Th B
P − δ P

Predator biomass
dynamics

Function Expression Description

G(R) ρ Rmax (1 + ψ sin(2π
t

Y
)) − ρ R Resource growth rate

I(R, l) Im l
2

R/(Rh + R) Resource ingestion rate
by consumers

g(R, l)

�
γ (lm R/(Rh + R) − l) l ≤ l∞

0 otherwise
Consumer growth rate

b(R, l)






0 l < lj

rm l
2

R/(Rh + R) lj < l ≤ l∞

rm l
2(R/(Rh + R) − κ l/lm)/(1 − κ) l > l∞

Consumer reproduction
rate

B

� lv

lb

β l
3

c(t, l) dl
Consumer biomass
vulnerable to predation

dP (P, l)

�
a P /(1 + a Th B) lb < l < lv

0 l ≥ lv

Consumer predation
mortality

dC(R, l)






0 l ≤ (1 − φ) ls + φ l∞

∞ l > ls

µs (l − (1 − φ) ls − φ l∞) otherwise

Food and length
dependent consumer
mortality

l∞ lm R/(Rh + R)
Maximum length at old
age and constant food
density

ls
lm
κ R/(Rh + R)

Length of
instanteneous
consumer starvation
mortality
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Table 6.B.2: Parameters and their default values of the size-structured consumer model,
from de Roos and Persson (2002).

Symbol Unit Description Value
Resource
Rmax g L−1 Maximum biomass density 0.0003
ρ day−1 Turnover rate 0.1
Y days Period of fluctuations 250.0
ψ - Proportionality constant amplitude of fluctuations 0 − 0.6
Consumer
lb mm Length at birth 7.0
lv mm Predation vulnerability threshold 27.0
lj mm Length at maturation 110
lm mm Maximum length 300
Im g day−1 mm−2 Proportionality constant maximum ingestion rate 1.0 · 10−4

Rh g L−1 Half-saturation constant 1.5 · 10−5

rm day−1 mm−2 Proportionality constant reproduction 0.003
γ day−1 Von Bertalanffy growth rate 0.006
µ day−1 Background mortality 0.01
β g mm−3 Length to weight proportionality constant 9.0 · 10−6

κ - Proportion invested in maintenance and growth 0.7
µs day−1 Scaling constant of starvation mortality 0.2
φ - Threshold fraction for onset starvation mortality 0.2
Predator
a L day−1 Attack rate 5000
Th day g−1 Handling time 0.032
� - Assimilation efficiency 0.5
δ day−1 Background mortality rate 0.01
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Figure 6.B.1: Small juvenile, adult and total consumer biomass (all values averaged over the
annual cycle) in the consumer-resource system without predators are plotted as a function
of ψ. Consumer dynamics display either large amplitude cycles (grey solid lines) or one of
two types of small amplitude cycles (solid thick and thin black lines) which for certain ranges
of ψ occur as alternative types of stable dynamics. Graphs are based on the model with
a continuously size-structured consumer as described in table 6.B.1, parameter values as in
table 6.B.2.

Results

Fluctuating resource productivity also benefits the juvenile specialist predator in the
model with the continuously size-structured consumer (figure 6.B.2). The predator
can persist at higher predator mortality rates with fluctuations in resource productivity.
In addition, the predator is less prone to suffer from a catastrophic collapse. These
effects come about through a mechanism similar to the one described in the main
text for the stage-structured model with an adult-specialist predator. Fluctuations in
resource productivity decrease the total consumer biomass but change the consumer
size distribution (figure 6.B.1). In contrast to the stage-structured consumer popula-
tion (results in main text, figure 6.1, but in line with the results presented by de Roos
and Persson (2002)), the continuously size-structured consumer shows an increase in
average adult and small juvenile biomass with increasing amplitude of the fluctuations.
This change in the size distribution of the consumer results in a higher food availability
for the predator that forages on small juveniles (figure 6.B.1 and 6.B.2).
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Figure 6.B.2: Predator, small juvenile consumer and total consumer biomass (all values
averaged over the annual cycle) are plotted as a function of µP for three different values of
ψ, (a) ψ = 0.0, (b) ψ = 0.25 and (c) ψ = 0.5. Plotted are stable dynamics with period Y of
predator, consumer and resource (thick solid black lines), small amplitude, consumer-resource
cycles without predators (thin solid black lines) and large amplitude cycles with or without
predators (grey solid lines). Note that for ψ = 0.0, the stable dynamics are stable equilibria,
whereas for larger values of ψ stable dynamics represent seasonal fluctuations with period
Y . Predator invasions from low density were always initiated starting from large amplitude
consumer-resource cycles. The stable dynamics without predators originating from small-
amplitude consumer-resource cycles are hence not shown in this figure (see figure 6.B.3).
Graphs are based on the model with a continuously size-structured consumer as described in
table 6.B.1, parameter values as in table 6.B.2.
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Figure 6.B.3: Predator and small juvenile consumer biomass (all values averaged over the
annual cycle) are plotted as a function of µP for ψ = 0.0. Plotted are stable predator-
consumer-resource equilibria (thick solid black lines), small amplitude consumer-resource
cycles without predators (thin solid black lines) and large amplitude cycles with or without
predators present (grey solid lines). Predator invasions from low density were always initiated
starting from either small (a) or large (b) amplitude consumer-resource cycles. Graphs are
based on the model with a continuously size-structured consumer as described in table 6.B.1,
parameter values as in table 6.B.2.

Just like for the predator and the stage-structured consumer, the emergent Allee
effect in the predator with the continuously size-structured consumer is reduced under
influence of fluctuating resource productivity (figure 6.B.2 and 6.B.3, see main text
for an explanation of the emergent Allee effect). Yet, the mechanism resulting in
the disappearance of the emergent Allee effect in the model with the continuously
size-structured consumer is somewhat more complicated than for the stage-structured
biomass model. In absence of the predator and with a constant resource productivity
the consumer population displays three different types of cycles, two types of so-called
small amplitude, and large amplitude cohort cycles. When fluctuations in resource
productivity are small, the consumer population displays one type of small amplitude
and large amplitude cohort cycles (figure 6.B.1, 0 <= ψ < 0.15, see also Nisbet
et al., 2015). The predator population can not grow from low densities for the whole
range of predator mortalities when the consumer displays small amplitude cycles (figure
6.B.3a). Yet, with large amplitude consumer cycles, the predator can establish itself
from low densities for low predator mortality values (figure 6.B.3b). The fluctuations
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Figure 6.B.4: Predator, small juvenile consumer and total consumer biomass are plotted
over time for three values of the background mortality rate of the predator µP in the absence
of any fluctuations in resource productivity (ψ = 0.0). All three time series start from large
amplitude consumer-resource cycles and a very low predator density. Graphs are based on the
model with a continuously size-structured consumer as described in table 6.B.1, parameter
values as in table 6.B.2.
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in resource productivity affect the dynamics of the consumer in such a way that the
consumer always displays large amplitude cycles at higher values of ψ (figure 6.B.1).
Therefore, growth of the predator from low density is facilitated by fluctuations in
resource productivity of a sufficiently high amplitude (figure 6.B.2). Note that, while
with large amplitude population cycles small juvenile biomass is always higher than
with small amplitude population cycles, small juvenile biomass always increases with
increasing amplitude of resource productivity fluctuations (figure 6.B.1, top panel).

Also without any variability in resource productivity large amplitude cycles of the
consumer population avert the Emergent Allee effect in the predator (figure 6.B.3
and 6.B.4a). While this was not reported in the original paper on the Allee effect
by de Roos and Persson (2002) a more recent study reported the same result (Nis-
bet et al., 2015). We found yet another additional and up-to-now undisclosed result,
namely predator persistence for a region of intermediate predator mortality rates in
large-amplitude predator-consumer-resource cycles (figure 6.B.3b). However this type
of cycle and hence establishment of the predator is only possible when starting from
large amplitude consumer-resource cycles and only above a certain threshold of preda-
tor mortality (µP ≈ 0.07, figure 6.B.3b). Below this predator mortality value the
predator population can initially grow but the mortality imposed by the predator on
the consumer results in a switch of the large-amplitude consumer-resource cycles to
small amplitude cycles (figure 6.B.4b). This switch in the consumer dynamics leads to
subsequent extinction of the predator. Above the threshold of µp ≈ 0.07 the predator
population is kept at a low level and the predator imposes only low predation mortality
on the consumer. Therefore, the consumer-resource dynamics remain characterized
by large amplitude cycles and the predator can persist (figure 6.B.3b and 6.B.4c).
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