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abstract: Competition is a major regulatory factor in population
and community dynamics. Its effects can be either direct in interference competition or indirect in exploitative competition. The impact of exploitative competition on population dynamics has been
extensively studied from empirical and theoretical points of view,
but the consequences of interference competition remain poorly understood. Here we study the effect of different levels of intraspecific
interference competition on the dynamics of a size-structured population. We study a physiologically structured population model accounting for direct individual interactions, allowing for a gradient
from exploitative competition to interference competition. We parameterize our model with data on experimental populations of the
collembolan Folsomia candida. Our model predicts contrasting dynamics, depending on the level of interference competition. With
low interference, our model predicts juvenile-driven generation cycles, but interference competition tends to dampen these cycles. With
intermediate interference, giant individuals emerge and start dominating the population. Finally, strong interference competition
causes a novel kind of adult-driven generation cycles referred to as
interference-induced cycles. Our results shed new light on the interpretation of the size-structured dynamics of natural and experimental populations.
Keywords: exploitative competition, interference competition, sizestructured populations, generation cycles, interference-induced cycles, physiologically structured population models.

Introduction
Interference competition has been widely observed in nature either between species or within species. Dominance
in interference competition is often determined by differences in body size between competitors. The larger having
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usually superior competitive abilities (McCormick and
Weaver 2012), its outcomes hence depend on the population’s size distribution and the life-history states (i.e.,
current body size) of the individuals.
Only a few theoretical studies have assessed the effects
of interference competition on animal population and
community dynamics. Most of these theoretical studies
focus on interspecific interference competition (Case and
Gilpin 1974; Carothers et al. 1984; Vance 1984; Adler and
Mosquera 2000). An interpretation of interference competition is given in the formulation of the Arditi-Ginzburg
ratio-dependent model (Arditi and Ginzburg 1989, 2012;
Arditi et al. 1991). In this model, the yearly consumption
rate of prey by predators depends on the prey abundance
per capita of predators rather than the absolute abundance
of prey. That ratio dependence leads to different kinds of
behavior compared with the standard RosenzweigMacArthur model, in which the kill rate is limited by only
the density of prey. The paradox of enrichment is, for
instance, absent from the ratio-dependent model (Arditi
and Ginzburg 2012). In another study, Amarasekare
(2002) presents a model of exploitative and interference
competition with explicit resource dynamics to study the
possible coexistence of two competing species. The study
shows that, when interference competition is costly, the
two competing species cannot coexist, even if the species
that is dominated in exploitative competition dominates
its competitor through interference competition. In contrast, the authors show that species coexistence is possible
when exploitative inferiority balances with interference superiority and when interference competition is beneficial
for the superior competitor.
Interference competition can also be intraspecific
(Walde and Davies 1984; Crowley et al. 1987; Maddonni
and Otegui 2004; Smallegange et al. 2006). De Villemereuil
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and Lopez-Sepulcre (2011) studied different consumer
functional responses, extending existing functional response models to account for both intra- and interspecific
interference behaviors, showing in their case study that
intraspecific interference is more effective than interspecific competition in regulating population dynamics.
The sign and strength of interference competition is
usually determined by life-history differences between individuals (e.g., differences in body size, sex, strength);
therefore, modeling the population dynamics of interference competition requires a structured population approach. Several structured population models have been
developed so far, including age- and stage-structured models (Sarrazin and Legendre 2000; Marteinsdottir and Begg
2002; Coulson and Tuljapurkar 2008; Worden et al. 2010;
Robinson et al. 2013). Physiologically structured population (PSP) models are particularly well suited for studies
on intraspecific competition since they account explicitly
for the population size distribution and derive the population dynamics from the individual-level processes, such
as growth, reproduction, and mortality (Kooijman and
Metz 1984; Metz and Diekmann 1986; De Roos 1997).
Moreover, because PSP models include ontogenetic development, it is possible to account for size-dependent
competitive interactions. The theoretical framework of
PSP models has been well developed during the past 2
decades (Tucker and Zimmerman 1988; De Roos et al.
1992; De Roos 1997; Cushing 1998; Persson et al. 1998;
De Roos and Persson 2001, 2013; Diekmann et al. 2001,
2007; Ackleh and Ito 2005), and the models have been
applied to a variety of topics, such as size-dependent competition (Persson et al. 1998), size-dependent predation
(van de Wolfshaar et al. 2006), cannibalism (Claessen et
al. 2000, 2004), or the impact of temperature on population dynamics (Ohlberger et al. 2011). These studies have
led to the development of a paradigm of population and
community dynamics that takes into account the consequences of ontogenetic development (De Roos and Persson 2013). Previous studies of structured population dynamics have shown a number of possible dynamical
behaviors (De Roos and Persson 2003; De Roos et al.
2003). In particular, in a population regulated by only
exploitative competition, the competitive abilities of small
versus large individuals will determine the type of dynamics observed. For many species, size-dependent scaling is
such that exploitative competition favors small individuals
by assuring them an energetic advantage (Persson et al.
1998; Persson and De Roos 2006), in which case the competitive asymmetry in their favor leads to juvenile-driven
population cycles (also referred to as single-generation cycles; Murdoch et al. 2002), with waves of recruitment causing oscillations (De Roos and Persson 2003; De Roos et
al. 2003). A competition balance in favor of large indi-

viduals leads to adult-driven cycles, whereas with an even
balance, the dynamics converges to a fixed point with a
stable size distribution (De Roos and Persson 2003; De
Roos et al. 2003).
To date, the consequences of interference competition
in size-structured populations remain unexplored, with
cannibalism, predation, and exploitative competition being the only interactions considered so far. Here, we propose an extension of the classical Kooijman-Metz model
(Kooijman and Metz 1984; De Roos 1997) by explicitly
incorporating interference competition. We consider interference as a direct interaction between two contestants,
where the advantage is given to the largest individual, reducing the smaller one’s access to the resource. We allow
for a gradient of competition from purely exploitative
competition to almost pure interference. We aim to understand the implications of intraspecific interference
competition on population dynamics, using the wellknown effect of exploitative competition as a reference.
We use experimental populations of the collembolan
Folsomia candida, Willem, 1902, bred in small rearing
boxes, with weekly resource input (Tully and Ferrière
2008) to calibrate our model. Folsomia candida is a very
convenient model species for studying population dynamics, life-history traits, and phenotypic plasticity (Tully et
al. 2005; Tully and Ferrière 2008; Tully and Lambert 2011).
Easy to breed and manipulate (Fountain and Hopkin
2005), it allows for both fine determination of individual
rates and life-history traits as well as detailed population
surveys with individual body length and population size
structure. Our experimental populations are censused
weekly for population abundance and size structure (Mallard et al. 2012, 2013). Given their environmental conditions and the resource availability, our experimental populations exhibit size structure dynamics that classical
exploitative competition models cannot explain. In this
study, we investigate how the level of interference competition influences the dynamics predicted by the model
and whether accounting for interference competition can
predict population dynamics similar to that observed in
our experimental populations.
Methods
Individual-Level Model
Our physiologically structured model is based on the
model developed by Kooijman and Metz (1984; KM
model) and De Roos et al. (1992).
Density Dependence. We use individual length l as the individual state (i state) variable, ranging from length at birth
lb to a maximum achievable length lm for unlimited re-
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Table 1: List of individual-level equations
Equation

Description

A(t, l) p 1 ⫺

h(t, l)
hH ⫹ h(t, l)

Access to the resource

lm

h(t, l) p ∫ C(l, l) 7 n(t, l) 7 l2dl
lb

C(l, l) p max [0.01, 1 ⫹ I 7 (l ⫺ l)]
g(t, l) p g 7 (lm 7 A(t, l) ⫺ l)
b(t, l) p rm 7 A(t, l) 7 l2
⭸n(t, l) ⭸g(t, l) 7 n(t, l)
⫹
p ⫺m 7 n(t, l)
⭸t
⭸l

Experienced population density
Competition function
Growth rate
Birth rate if l ≥ lj
Population-level equation

lm

g(t, lb) 7 n(t, lb) p ∫ b(t, l) 7 n(t, l)dl
lb

sources and no competition. Instead of explicit resource
dynamics resulting in exploitative competition, we describe direct individual interactions explicitly with a function denoted by A(t, l). The function A(t, l) is referred to
as an individual’s access to the resource, which depends
on the current population density as experienced by this
individual. We assume that the experienced population
density h(t, l) depends on an individual’s own body size
l: small individuals suffer from the presence of large ones
more than the inverse. By tuning some parameters,
A(t, l) allows us to model a gradient going from purely
exploitative competition to almost purely interference
competition, as explained below. Access to the resource is
defined as follows:
A(t, l) p 1 ⫺

h(t, l)
.
hH ⫹ h(t, l)

(1)

This formulation results in a shape similar to a classical
Holling type II functional response (Holling 1965). Here
hH 1 0 is a half-saturation constant that allows for the
scaling of the population density. The experienced population density h(t, l) is a measure of how the environment
is experienced by an individual of size l at a given time t:

冕
lm

h(t, l) p

C(l, l) 7 n(t, l) 7 l2dl.

(2)

lb

The quantity h(t, l) hence depends on the size distribution
of the population at time t, n(t, l), weighted by the squared
length l2 of each individual in the population, and a competition function C(l, l). The competition function C represents the competitive superiority of an individual of size
l over another one of size l, depending on the difference
in length l ⫺ l:
C(l, l) p max [0.01; 1 ⫹ I 7 (l ⫺ l)],

(3)

Boundary conditions

where the parameter I is referred to as the interference
factor. If I p 0, then C p 1 for every combination of l
and l, meaning that there is no interference competition
but exploitative competition only. The function h then
simplifies into

冕
lm

h(t, l) p h(t) p

n(t, l) 7 l 2dl,

(4)

lb

and access A(t, l) then no longer depends on body size;
access to the resource is identical for all individuals. A
numerical investigation comparing our model using
A(t, l) with I p 0 with the original KM model with explicit
resource dynamics and a type II functional response
showed that the dynamics of these models are nearly
identical.
For any positive value of I, the access to the resource
A(t, l) becomes size dependent. If an individual a has a
length la and interacts with an individual b of length lb,
we can see from equations (2) and (3) that l b 1 la ⇒
C(la , l b) 1 1, b is competitively superior to a, and the environment h(t, la ) felt by a is more challenging than
h(t, l b), the one felt by b (see fig. E1; figs. A1–A4, B1, C1,
D1–D5, E1 available online). Moreover, the larger the I,
the steeper the competitive relationship between two individuals. Tuning the parameter I thus allows us to have
a continuous gradient of competition from purely exploitative competition for I p 0 to very strong interference
competition for high values of I.
The other individual level equations are the same as in
the studies by Kooijman and Metz (1984; KM model) and
De Roos et al. (1992). They are detailed in appendix B
(apps. A–E available online) and are summarized in table
1.
Minimum Sustainable Access to the Resource. Having the
density dependence relations and the individual rates, we
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define the minimum required accessibility A* as the minimum amount of resources an individual needs to access
to be able to maintain itself. A* is set as the access to the
resource at which growth is null:
A(l) p A*(l) ⇔ g(l) p 0,

(5)

which leads to
A*(l) p

l
lm

.

(6)

Then, for any individual, if A(l) ! A*(l), growth stops and
the individual starves until conditions improve or it dies.
That way, A* is analogous to Tilman’s R* in the sense that
it determines a minimum condition for growth (Tilman
1982), except that A* is size dependent (see also Persson
et al. 1998).
Population-level integration of the model is the same
as described by Kooijman and Metz (1984) and De Roos
(1997). Numerical simulations and analysis have been conducted using the escalator boxcar train method (De Roos
1988), with the latest available version of EBTtool
(http://staff.science.uva.nl/aroos/EBT/Software/index
.html).
Sample Dynamics
We parameterized the model for the collembolan Folsomia
candida with data collected in the laboratory during longterm population surveys. All parameters used in the model
are summarized in table 2.
Experimental data on individual-level characteristics
show that the important assumptions of the KM model
are satisfied for this species, as described in appendix A.
The major model assumptions are the following. (1) For
a constant food level, the model predicts Von Bertalanffy

growth curves, while the realized asymptotic size and the
growth rate both depend on food level (fig. A1). (2) Reproduction increases with the food level and scales with
the square of body length (fig. A2). (3) The size at birth
is independent of food conditions (fig. A3). (4) Maturation
occurs upon reaching a maturation size (fig. A4). Although
there is some variation in maturation length with food
availability, the major model assumptions are valid for F.
candida, supporting our choice for the KM model. The
KM model assumes constant background mortality as a
function of length, whereas background mortality in our
experimental populations decreases with length and increases after a certain age. We have tested that this discrepancy does not qualitatively affect the obtained results.
Several exploratory simulations were conducted for different values of interference I and background mortality
m to identify different types of dynamics. Every simulation
lasted 10,000 units of time, with the transient period lasting
at most 2,000 units of time in the longest case. In particular, we looked at the size structure of the population and
several life-history traits at the end of each simulation,
such as maximum realized length, and growth rates and
access to the resource as functions of body length. In case
of a limit cycle, we measured the amplitudes of the cycles
and their periods as well as the dynamics of the size
structure.

Bifurcation Analysis
To study more precisely how the level of interference I
and the mortality m affect the population dynamics, we
ran a series of bifurcation analyses over the parameter
space (I, m).
In our case, a bifurcation analysis consists of a series of
numerical simulations with all parameters fixed but one,

Table 2: Variables and parameters
Objects and symbols
i state variable:
l
Parameters:
lb
lj
lm
g
hH
m
rm
I

Default values

.25
.6
3.0
.015
1,000
Varied
3.0
Varied

Units

Description

mm

Individual length

mm
mm
mm
day⫺1
individuals
day⫺1
day⫺1 mm⫺2
...

Length at birth
Length at maturity
Length at infinite resources
Von Bertalanffy growth rate
Half-saturation constant
Background mortality
Reproduction rate
Level of interference

Note: Variables and parameters for the model parameterized for Folsomia candida; hH serves as a
scaling constant for the population density and is fixed arbitrarily; rm is fixed arbitrarily at a reasonable
value but does not affect qualitatively the outcome of the model. For other parameters, see appendixes
A–E, available online.
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called the bifurcation parameter. The first simulation is
run with the initial value of the bifurcation parameter until
it reaches a stable equilibrium or a limit cycle. The final
state of the population (its distribution at the end of the
run) is then used as initial conditions for a new simulation
with the same set of parameters, except for the bifurcation
parameter, which is incremented or decremented. This
process is repeated until the bifurcation parameter reaches
the last value. We performed four different sets of bifurcation runs. (1) The first set had the interference parameter
I as the bifurcation parameter, increasing from 0 to 3. The
set consists of a large number of such bifurcations runs
for fixed values of m between 0.001 and 0.02. (2) The
second set is the same as the first except that the bifurcation parameter I is from 3 to 0. Comparing results from
sets 1 and 2 along with varying initial conditions allows
us to detect alternative stable states (bistability). (3) The
third set of bifurcations has m as the bifurcation parameter,
increasing from 0.001 to 0.02, for fixed values of interference between 0 and 3. (4) The fourth set is similar to
the third one but with m decreasing from 0.02 to 0.001.
With these four sets of bifurcation runs, the parameter
space (I, m) was explored in the up direction and the down
direction.
Results
First, we studied the impact of the level of interference
competition on the individual’s maximum observed length
(fig. 1A) and on the total population dynamics (fig. 1B)
for a low value of background mortality, m p 0.0065.
Figure 1A shows a very abrupt increase of the maximum
length at a critical value of I p 1.4. Below the critical
value, the maximum achieved length in the population is
just above the length at maturity lj p 0.6 mm (l p 0.63
mm). Above the critical value, the maximum length is
close to the physiologically maximum length lm p 3 (l p
2.85 mm). Interestingly, there is no bistability around this
critical value.
Figure 1B shows three overall regions of interest: a limit
cycle at low interference, a stable equilibrium at intermediate interference, and a new limit cycle at high interference. In a small region of interference (around I p 1.8),
the latter limit cycle has a double period, and it becomes
irregular at high interference.
Juvenile-Driven Generation Cycles
Without interference (I p 0), the population converges
to a limit cycle that corresponds to the well-known
juvenile-driven generation cycles caused by exploitative
competition (De Roos et al. 1992; De Roos 1997). Figure
2 shows sample dynamics for low interference (I p 0.5;

fig. 2A–2C) corresponding to the first dotted line in figure
1. Figure 2A presents both the total population dynamics
and the dynamics of its size structure. These oscillations
correspond to successive waves of cohorts that grow until
reaching a reproductive state for a length l ≥ 0.6 mm.
Adults stop growing after reaching maturation, with a
maximum achieved size of l p 0.63 mm. This is characteristic of juvenile-driven generation cycles due to exploitative competition (De Roos et al. 1992, 2003).
Figure 2B and 2C show, respectively, the growth rate
and the access to the resource as a function of length. In
a purely exploitative competition model, the growth rate
is linearly decreasing with length, and the resource accessibility is constant. Figure 2B shows that the growth rate
is almost linearly decreasing—although curved upward for
l close to lj (0.6 mm)—and that access to the resource is
slightly increasing with body size but drops below the minimum required access A* (slanting line) for l 1 lj. The
curvature of the growth rate and the resource accessibility
is due to interference competition favoring bigger
individuals.
Stable Equilibrium with Small or Giant Adults
With intermediate interference, the dynamics tends to a
stable equilibrium (fig. 1B). The explanation is that the
size advantage of adult individuals due to interference reduces the exploitative competition inflicted by the small
ones, thus undoing the mechanism responsible for the
juvenile-driven generation cycles.
The resulting stable equilibrium can be characterized
by either a narrow or a wide population size distribution
(fig. 3). For values below the critical interference level
(I ! 1.4; fig. 1A), the curvature of the growth rate and the
resource access functions is insufficient to allow growth
beyond the size at maturation (fig. 3B, 3C). In this case,
an immigrant of sufficient body size would have a largely
positive growth rate and reach giant sizes, but the individuals born in the population cannot grow into this size
class.
Beyond the critical interference level (I 1 1.4; fig. 3D–
3F), the curvature is just strong enough for individuals to
experience a secondary acceleration of their growth rate,
eventually reaching giant sizes (fig. 3D, 3E). The population size distribution is strongly skewed, since individuals’ growth rate stalls around the maturation size. We
refer to the minimum of the growth rate function as the
growth bottleneck. The rapid increase in growth rate and
resource access beyond the growth bottleneck (l 1 0.65
mm; fig. 3F) is explained by the increased competitiveness
and by the low density of large individuals. The linear
decrease beyond l p 1.3 mm is due to the natural shape
of the Von Bertalanffy growth function (app. B; eq. [B1]).
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Maximum length (mm)

3.0

A
Fig.2−3 conditions
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2.0
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1.0

Size at Maturity
0.5
0.0
0.0

Population’s extrema

2e+05

0.5

1.0

1.5

2.0

2.5

3.0

2.0

2.5

3.0

B
Extrema
Regions of oscillations
Fig.2−3 conditions

1e+05

Maximum length
transition

5e+04

2e+04

1e+04
0.0

0.5

1.0

1.5

Interference
Figure 1: Maximum achieved length (A) and total population’s extremes (number of individuals; B) for increasing values of interference
and a low mortality rate (m p 0.0065). Dotted lines mark conditions presented in figures 2 and 3. In B, solid lines represent the population’s
extrema for each simulation of different values of I. Gray areas represent regions where the population dynamics converges toward a limit
cycle. The arrow marks the transition observed in A.

Figure 1B shows that beyond I p 1.56, interference
competition results in population cycles. Figure 2D–2F
shows the details of a sample run for I p 2.0. Figure 2D
shows that these cycles are different from the juveniledriven generation cycles (fig. 2A): the period of the cycles
is almost three times longer, and the amplitude is about
7.5 times larger. The initial increase in population size
corresponds to a birth pulse due to a cohort of individuals
reaching maturity (l ≥ lj). At this moment, the population
is multimodal and composed of a large number of immature individuals, some newly recruited adults, and a
few old giant individuals. This birth pulse is followed by

the growth of the recently matured individuals toward
giant body sizes, which decreases the resource accessibility
of the smaller individuals that temporarily stop growing
(fig. 2D). The stalled individuals form two distinct groups:
juveniles with l ! 0.35 mm and juveniles and adults with
0.5 ! l ! 0.75 mm (fig. 2D). During this period, adults
continue to reproduce, increasing the abundance of juveniles. Because of the loss of large individuals, the resource accessibility of intermediate individuals increases,
allowing them to progressively grow and reach giant sizes
themselves. The smallest group remains stalled at small
sizes and do not mature. The number of reproducing in-
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Figure 2: Sample dynamics for I p 0.5 (A–C) and I p 2.0 (D–F). A and D show the dynamics of the total population size along with
the dynamics of the structure of the population (Mallard et al. 2012). B and E represent the growth rates as a function of length. The
vertical dotted line marks the length at maturity, and the horizontal dotted line marks the 0 growth rate. Shaded gray lines show phase
lines at different times, and the thick black line is the average growth. C and F show the resource accessibility as a function of length. The
vertical dotted line marks the length at maturity. The diagonal line is the minimum required accessibility A* . In B and E, shaded gray lines
and thick black lines represent the different phase lines and the average competition, respectively. The dashed lines represent the analytical
projections of A and g over the whole length range, considering the actual state of the population.

dividuals slowly decreases because of background mortality, leading to a decrease in total population size and
interference competition. When the number of adults is

low enough, the smaller individuals can start growing
again and reach maturity, leading to a new cycle.
Figure 2E and 2F show, respectively, the growth rates
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Figure 3: Size distributions (A, D), growth rate (B, E), and accessibility (C, F) for two conditions of interference producing fixed points,
I p 1.35 (A–C) and I p 1.45 (D–F). Dotted and dashed lines are the same as in figure 2.

and the accessibility against the length, with an interference
of I p 2.0 at different moments of the cycle (thin gray
lines) and on average (thick black lines). Individuals with
a negative growth rate simply stop growing and suffer
increased mortality if they are not able to fulfill their maintenance. First, we see in figure 2E that the position of the

growth bottleneck varies on the X-axis between 0.33 and
0.55 mm, depending on the moment considered in the
cycle, but it always happens at a length smaller than the
length at maturity, causing the accumulation of immature
individuals.
The resource accessibility (fig. 2F) shows the same phe-
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Figure 4: Compiled bifurcation diagram in the mortality/interference parameter plane. Regions without hatching correspond to regions of
stability. White area, small maximum size. Gray area, giant maximum size. Hatching, type of population cycle. No bistability was observed.
Dotted line, transect in figure 1. Circles, locations of the runs in figures 2 and 3.

nomenon: while accumulating at a size smaller than lj,
individuals have an accessibility below the minimum sustainable value, which explains the negative growth rate
(growth stops and mortality is increased). In the phase of
the cycle where the number of large individuals decreases,
the resource accessibility of the smaller ones increases until
becoming sustainable again, and they start growing again.
It is the position of the growth bottleneck below 0.6 mm
that causes the cycling dynamics.
(I, m) Bifurcation
The previous examples show the behavior of the model
for a relatively low mortality (m p 0.0065). Yet mortality
is known to have a very important role in the regulation
of the dynamics of structured populations. Figure 4 shows
the results of bifurcation runs conducted in the (I, m)

parameter space. The upward and downward runs gave
identical results suggesting the absence of bistability.
First, figure 4 shows that the parameter space can be
separated in two distinct areas, characterized by either a
small (l p 0.63 mm; white area) or a giant (l p 2.85 mm;
gray area) maximum size. The critical interference level
separating these regions is relatively insensitive to the background mortality (I ∼ 1.2–1.6).
Second, conforming to the theory on exploitative competition (De Roos 1997), increasing background mortality
without interference competition (I p 0) tends to stabilize
the juvenile-driven generation cycles. With positive interference competition, the stabilization of these cycles occurs
at a lower mortality rate. Interference-induced cycles tend
to stabilize as well at very high mortality (10.02), but the
pattern differs.
At low mortality (m ! 0.005) but high interference, the
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dynamics becomes irregular, and the size structure exhibits
discontinuities. At low mortality and intermediate interference—between 1.5 and 2.0—the situation is more complex. Indeed, in this region, generation cycles continue to
exist, although adults start reaching a length close to lm.
But in this region, the generation cycles are degenerate,
and some individuals exceptionally manage to escape the
trap of reduced growth rate close to the maturation size
and manage to start growing again, but they are very isolated, and the size structure dynamics is very irregular.
Varying initial conditions for the different parameter sets
studied showed no evidence of any alternative stable state.
Discussion
We have shown that interference competition in favor of
large individuals is an interaction that counteracts the consequences of (size-dependent) exploitative competition.
Exploitative competition generally favors small individuals
because of the energetic advantage of a small body size,
which results from the size scaling of food intake and
maintenance rates (Peters 1986; Persson et al. 1998; De
Roos and Persson 2013). This is predicted for most species
by dynamic energy budget theory (Kooijman 2000) and
has been confirmed for the few species for which sufficient
empirical data are available (roach, perch, Daphnia, vendace; De Roos and Persson 2013). Across the gradient of
interference competition that we consider (fig. 1), the
overall competitive asymmetry changes gradually from superior juveniles (because of exploitative competition) to
superior adults (because of interference). In between, the
two types of competition more or less balance each other.
Dynamically, this leads to transitions from juvenile-driven
generation cycles to a stable equilibrium to adult-driven
generation cycles (fig. 1). Interestingly, this pattern is qualitatively similar to the consequences of varying the sizedependent scaling of exploitative competition in order to
give an energetic advantage to large individuals (without
interference competition), as investigated by Persson et al.
(1998) and De Roos and Persson (2003). The same transitions are found when increasing the slope of the allometric attack rate function (Persson et al. 1998) or the
adult consumption rate (De Roos and Persson 2003). The
resulting pattern of dynamics is hence similar, but the
underlying mechanisms are different. The parameter values that lead to the prediction of adult-driven cycles due
to exploitative competition are rather unrealistic for natural populations (Persson et al. 1998; De Roos and Persson

2003). Our results propose an alternative explanation of
adult-driven generation cycles (as was already speculated
by De Roos and Persson 2003), which is likely to be more
realistic, since it occurs for realistic allometric scaling
relations.
Although the interference-induced population cycles
(figs. 1, 2D) are not identical to the adult-driven generation
cycles according to the definition of De Roos and Persson
(2003), we argue that they should nevertheless be referred
to as adult-driven generation cycles. To us, the most important feature of both types of cycles is the competitive
superiority of large individuals (adults) that prevents a new
generation from becoming dominant until the current
adult generation has died out sufficiently. In that sense,
both types of cycles are essentially adult driven. It is useful
however, to distinguish between them in terms of the underlying competition being either exploitative or
interference.
When comparing our results with the effect of sizedependent cannibalism, we observe two similarities: both
interference competition and cannibalism have the potential to dampen juvenile-driven generation cycles, and both
interactions may lead to the emergence of giant individuals
(Claessen et al. 2000, 2002; this study). The explanation
of the similarities is that both interactions provide an advantage to large individuals, protecting them from exploitative competition with small individuals.
How to Detect Interference-Induced Population
Dynamics Empirically?
The similarity of predictions between interference competition on the one hand and cannibalism or exploitative
competition on the other hand implies that when comparing model predictions with observed data, one needs
to be careful in attributing effects to causes. We need specific criteria that can distinguish the role of each of these
interactions for a given system. For many species, this is
rather easy (e.g., we know that roach are not cannibalistic)
but may be difficult in particular for piscivorous fish,
which are often candidates for all three interactions (e.g.,
perch, Arctic char, pike, trout, salmon, cod). Piscivorous
fish have often served as empirical examples for models
of exploitative competition and cannibalism (Claessen et
al. 2000, 2002; Persson et al. 2003, 2004; De Roos and
Persson 2013), but the results may be influenced by interference competition as well.
Before looking into a number of empirical case studies,

Figure 5: Total population dynamics (top panels), dynamics of giants and intermediate adults (middle panels), and dynamics of the size
structure (bottom panels) for an experimental population of Folsomia candida bred with weekly resource input (A) and a model simulation
with interference set at I p 1.6 (B). Vertical dotted lines mark each cohort cycle.
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we will first establish a list of clues that could be indicative
of population dynamics caused by interference competition, on the basis of our model results. The most conspicuous model prediction is (1) the emergence of giant
individuals dominating the resource and controlling population dynamics. In itself, the presence of giants is not
conclusive, since it may be due to cannibalism (Claessen
et al. 2000; Persson et al. 2003) or the use of certain resources exclusively by large individuals. Yet in combination
with the following observations, it could be taken as a sign
of interference competition. Specifically, (2) the presence
of a bottleneck in individual growth rate (fig. 3E) may be
a sign of interference competition. In the model, in stable
equilibrium, these two items together result in (3) a highly
skewed population size distribution (fig. 3). In cycling
populations, these aspects result in a (4) bimodal or trimodal size distribution. In both stable and cycling populations, they result in so-called (5) double growth curves,
the result of the secondary growth acceleration caused by
interference competition advantage at large sizes. These
observations could be indications of interference competition, although other mechanisms could also explain
those dynamics and life-history trajectories (scaling of ingestion rate vs. metabolism, ontogenetic niche shift with
poor performance for intermediate sizes, energetic demand). Finally, the mechanism driving interferenceinduced population cycles provides a telling search image:
(6) for long periods, the population is dominated by large,
reproducing adults whose interference competition deprives juveniles of resources, resulting in an accumulation
of juveniles (and small adults). A new dominant cohort
cannot emerge before the current one has died out sufficiently. A conspicuous distinction between juveniledriven generation cycles and interference-induced generation cycles is hence the typical life history of individuals.
Whereas in the former case individuals grow fast as juveniles and are quickly outcompeted after reaching maturity, in the latter case individual growth usually stalls
before maturation (the growth bottleneck; fig. 3E), followed by secondary growth acceleration. (7) For cases
where population-level data are available but individuallevel data are not, a final clue is the ratio of the average
maturation time to the periodicity of the cycles, used by
Murdoch et al. (2002) to classify population cycles as either
single-generation cycles (ratio p 1), delayed feedback cycles (ratio between 2 and 4), or consumer-resource cycles
(ratio 1 6). For interference-induced cycles, our model
shows an average ratio of 1.43 (SD p 0.24), whereas our
juvenile-driven cycles have an average ratio of 0.88 (SD p
0.65). Generation cycles with a relatively high ratio could
hence be an indication of interference competition.
Using the list (items 1–6), we re-examine a number of

literature case studies before presenting a more detailed
laboratory experiment.
First, from the data used by Murdoch et al. (2002), a
number of species display a ratio around the value predicted
for interference competition: cod in Iceland (ratio p 1.6;
Myers et al. 1995), beaver in California (ratio p 1.6), and
black bear in Yukon (ratio p 1.5; Novak et al. 1987). These
species are known for their territoriality (Nolet and Rosell
1994; Marshall et al. 2010; Sverdrup et al. 2011) and hence
are prone to exhibit interference competition, making it a
possible explanation for the observed cycles.
Second, Claessen et al. (2002) predict that for cannibalistic species with a large gape size, such as pike, a likely
outcome of population dynamics is a stable equilibrium
with permanent piscivores. The authors suggest that this
as a possible explanation of the observation of stable populations of Arctic char with giant individuals permanently
present (Parker and Johnson 1991; Griffiths 1994;
Hammar 2000). We argue that these observations may very
well be the result of interference competition. We can forward two arguments in favor of interference competition:
(1) the cannibalistic explanation requires that the gape
width is larger than the one measured for Arctic char; (2)
the shape of the stable size distribution of the Arctic char
populations are (weakly) bimodal and hence closer to
skewed distribution based on interference competition
(fig. 3D) than the exponential one based on cannibalism.
Arctic char is a territorial species; hence, interference competition is likely to be important in this species. A closer
inspection of empirical case studies should allow us to
distinguish between the alternative hypotheses.
Third, double growth curves have been observed in fish
populations such as Arctic char and Eurasian perch (Le
Cren 1992) and have often been attributed to cannibalism.
Again, these data can be reinterpreted in the context of
interference competition. Even better would be to detect
such growth patterns in noncannibalistic species (fish or
other), but to our knowledge, in the few empirical studies
with sufficient data on individual growth patterns, this has
not been described yet (but see the collembolan example
below).
Interference-Induced Giants in a Laboratory Experiment
To our knowledge, the only case study providing sufficient
data on both the individual and population levels in order
to examine the implications of size-dependent interference
competition is our ongoing laboratory experiments on
small populations of Folsomia candida. A full description
of the experiment and analysis is given by Le Bourlot
(2014). We provide here a single time series for the purpose
of illustration.
Using image analysis (Mallard et al. 2012, 2013), we
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monitored population dynamics and size structure during
more than 800 days. Figure 5 shows both an empirical
population (fig. 5A) and a model simulation for I p 1.6
(fig. 5B), which allows for a close comparison of model
predictions and empirical observations. The comparison
demonstrates two important messages. First, our model is
far from quantitatively accurate. In terms of both absolute
and relative numbers, the model is clearly incorrect. Second, our model provides an interesting qualitative description of the population cycles and hence a plausible
explanation of the observed population dynamics. Specifically, item 6 of the clues listed above gives a good description of the empirical observations. Giant individuals—about 2 times larger than average adults in our
collembolan populations—dominate the population for
extended periods, whereas juveniles accumulate close to
the maturation size. A new dominant cohort is predicted
to emerge only when the giant size class has sufficiently
reduced in number. To test this prediction, we plotted the
number of giants and the number of recruiting adults (i.e.,
a growing cohort in the bottom panels). The model predicts that the intermediates peak when the giants are lowest. The empirical data confirm this pattern, albeit more
noisily, for the second, third, fourth, and sixth cohorts.
Also, the predicted and observed patterns of size structure
dynamics (bottom panels) are strikingly similar. A third
message from the empirical data is that this cannot be
interpreted as juvenile-driven generation cycles. Adults
reach sizes well beyond the maturation size, and the demise
of adults predates the emergence of the next dominant
cohort. Both observations are in contradiction with the
description of juvenile-driven generation cycles.
The choice of the example simulation we plotted in
figure 5B was motivated by the observation that a minority
of our experimental populations exhibit population cycles
(Le Bourlot 2014); the rest appear to be close to an equilibrium state. We interpret this observation as indicative
that the system is close to a bifurcation point; hence, the
value of I p 1.6.
We argue that the observed dynamics of F. candida provide qualitative (but not quantitative) support for the underlying mechanisms of interference-induced population
cycles. We have verified that our results do not depend on
the specific energy budget model that we have chosen. Our
model currently relies on the k rule (for details, see apps.
A–E). We developed an alternative model with a contrasting energy allocation rule, the net production model (for
details, see apps. A–E). This alternative model gives qualitatively the same results as the one based on the k rule,
showing that our model predictions do not depend on the
specific energy allocation rule.

Concluding Remarks
Our objective was to investigate the consequences of sizedependent interference competition on population dynamics, complementing the existing results on sizedependent exploitative competition and cannibalism. For
this purpose, we designed a simple, size-structured model
that captures what we believe to be the essential aspects
of size-dependent interference competition. The model is
hence not designed to specifically predict the population
dynamics of any particular species, although we have chosen to parameterize the model as much as possible to our
laboratory species Folsomia candida. Our model provides
one possible implementation of interference competition
in a size-structured population where many others can be
imagined, which could lead to different outcomes, such
as interference with an energetic cost for the contestants,
possibly depending on their relative size. Nevertheless, the
model analysis has demonstrated that with our description
of interference, interesting dynamical consequences can be
expected, some of which are akin to consequences of other
interactions. Our analysis of previous and new empirical
data has shown that there is a potential for the detection
of these dynamics in laboratory and natural populations.
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“Zoögenetes harpa Say [...] forms one of the few exceptions among land snails, in which the young are brought forth alive. They are
hatched from eggs, but the eggs are retained within the parent when this process takes place. The adult never contains more than four or
five at a time, and it is a curious sight to break open this tiny shell under a microscope, and find within several young ones, those more
advanced with little shells already formed.” From “The Land Snails of New England (Continued)” by Edward S. Morse (The American
Naturalist, 1868, 1:606–609).

This content downloaded from 129.199.74.82 on Mon, 12 Jan 2015 08:07:13 AM
All use subject to JSTOR Terms and Conditions

