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Chapter 7

General Discussion
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General Discussion

7.1 Modeling seasonal reproduction

One of the goals of this thesis was to implement seasonal reproduction in a rela-
tively simple modeling framework that allows for the analysis of multiple interacting
species and considers size-dependent interactions as well as energetic processes. As ex-
plained in chapter 1, the existing modeling framework allowing for such size-dependent,
energetics-based dynamics from an individual-level perspective as well as seasonal re-
production, so called physiologically- or size- structured population models (PSPMs),
results in vastly complex models when modeling multi-species dynamics. Chapter
2 of this thesis describes how a PSPM for a size-structured consumer population
with seasonal reproduction feeding on an unstructured resource can be approximated
by a stage-structured biomass model (SSBM). It is assumed that in the consumer
population foraging, background mortality, growth, investment in reproduction and
maturation occur throughout the year and also reproduction of the resource takes
place continuously. Consumer reproduction on the other hand is bound to a specific
season and is modeled as a pulsed event. In both models the unstructured resource is
represented by one ordinary differential equation. But while the PSPM represents the
consumer as a continuously size-structured population model with an unlimited num-
ber of cohorts, the SSBM represents the consumer as a stage-based population model
in terms of three ordinary differential equations. These ODEs describe the changes in
juvenile and adult consumer biomass and biomass stored for consumer reproduction.

The two models show similar dynamics and similar values for the average biomass
of juveniles, adults and resource for a broad range of parameters. However, for the
parameter range where large amplitude population cycles occur in the PSPM, the two
models deviate. These cycles correspond to so-called single-generation oscillations, in
which a single size cohort dominates the consumer population throughout its entire life.
The same deviation has previously been observed in the comparison of a PSPM with
a stage-structured biomass model that follows continuous time dynamics (de Roos
et al., 2008b). The difference between the two models in the tendency to display
large population cycles stems from the differences between the consumer maturation
functions of the two models. In the PSPM, maturation is a delta function of the age
of a cohort, i.e. all individuals in a cohort mature at the same time. On the other
hand, the maturation function we derived for the SSBM implies that maturation is
an exponential function of the age of the cohort (maturation varies strongly between
individuals). The simultaneous maturation of all individuals in a cohort in the PSPM
results from the assumption of deterministic growth such that all individuals in a cohort
follow the same growth trajectory.

In natural populations an absolute separation in time between adults and juveniles
within a population, which characterizes large-amplitude population cycles, is usually
not observed. Simulations with individual-based models show that individual variation
in the form of demographic stochasticity can break up large amplitude population
cycles (Nanthasubramaniam et al., 2011; Nisbet et al., 2015). It is likely that in
natural populations maturation of the individuals in a particular cohort is more spread
out over time than is assumed in the PSPM due to variation in growth trajectories
between individuals. On the other hand, the exponential maturation function of the
SSBM probably overestimates the variability in maturation time within a cohort of
individuals in natural populations. An intermediate representation of the maturation
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as a function of cohort age is achieved by a SSBM with multiple juvenile stages that we
also derive in chapter 2. This model is slightly more complex than the SSBM with four
ODEs but still relatively simple compared to a PSPM with in theory an infinite number
of cohorts. The numerical simulations of this intermediate model version in chapter
2 display dynamics that lie in between the dynamics of the PSPM and SSBM with a
single juvenile stage. Therefore, this intermediate model version possibly captures the
dynamics in natural populations better.

The model derived in chapter 2 is a consistent translation of individual-level as-
sumptions to stage-based processes at the population level. Energetic processes such
as food ingestion, maintenance, growth, investment in reproduction and storage of
reproductive energy are all accounted for within this framework. Moreover, the mix
of continuous and discrete processes allows for a continuous feedback between the
consumer and the resource.

The simple form of the modeling framework derived in chapter 2 allows for the
analysis of multiple interacting size-structured populations using one or multiple stages
for juvenile and mature individuals. A similar framework with continuous reproduction
has been used to study the cod-herring interaction in the North Sea (van Denderen and
van Kooten, 2013), the sprat-cod community in the central Baltic Sea (van Leeuwen
et al., 2008) and the sole-plaice interaction in the North Sea (van de Wolfshaar et al.,
2012). These are however all systems involving fish species that reproduce in a pulsed,
seasonal fashion. Chapter 5 of this thesis describes a model of the central Baltic Sea
based on the framework that was derived in chapter 2 to test the effect of multi-species
harvesting. The model derived in chapter 2 of this thesis can thus be used to investigate
population dynamics of interacting species ensembles while incorporating ontogenetic
development and complex life histories in combination with seasonal reproduction and
following a size-based energetics approach.

7.2 The robustness of biomass overcompensation to seasonal repro-
duction

Variation between individuals within a population affects population and community
dynamics in various ways (Bolnick et al., 2011; Rudolf and Lafferty, 2011; Schröder
et al., 2014). Recently developed ecological theory indicates that differences between
individuals due to ontogeny can result in an increase of life-stage or size-class specific
biomass with increasing mortality, a phenomenon referred to as biomass overcompen-
sation (de Roos et al., 2007; Guill, 2009; Schröder et al., 2014). In chapter 1 I explained
the mechanism through which this effect arises (section 1.2). I explained also, that
biomass overcompensation may emerge because of the dependence of somatic growth
and reproduction on individual-level energetics and the change of an individual’s en-
ergetic efficiency over ontogeny (de Roos et al., 2007; Persson and de Roos, 2013;
Schröder et al., 2014).

A size-dependent difference in energetic efficiency within species can simply result
from a difference in foraging efficiency between differently sized individuals, such as
is assumed in chapter 2. For example, intermediately sized roach (a zooplanktivorous
fish) have a higher attack rate on zooplankton than their larger conspecifics (Hjelm
and Persson, 2001). Differences in food-intake between size-classes can also result
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from differences in the diet of differently sized-individuals, due to an ontogenetic diet
shift. More subtly, the scaling of energetic characteristics with body size can cause
differences in energetic efficiency between individuals with different body sizes. Small
individuals are expected to be energetically more efficient than large individuals as
the foraging rate tends to increase slower with body size than the metabolic rate
(Peters, 1983; Kooijman, 2000; Hjelm and Persson, 2001; Byström and Andersson,
2005). Given that all these basic mechanisms may commonly occur, differences in
energetic efficiencies between different life-stages are likely to be the rule rather than
the exception in nature (Persson and de Roos, 2013).

The ubiquity of the conditions that may lead to the occurrence of biomass over-
compensation imply that a positive effect of mortality on the biomass of a part of the
population may be a common phenomenon. There is quite some experimental and
empirical evidence showing biomass overcompensation in response to increased mor-
tality (Nicholson, 1957; Cameron and Benton, 2004; Persson et al., 2007; Schröder
et al., 2009; Nilsson et al., 2010; Huss and Nilsson, 2011; Ohlberger et al., 2011;
Schröder et al., 2014). The robustness of biomass overcompensation to the intro-
duction of seasonality in reproduction shown in chapter 3 adds to the idea that the
phenomenon is likely to occur in many species. The effect of mortality on popula-
tion dynamics is key to the understanding of disturbances and trophic interactions
in ecological systems. Biomass overcompensation has been linked to a multitude of
counterintuitive community-level predictions (de Roos and Persson, 2013). Some of
these are described in detail in section 1.2 of this thesis.

Perhaps the most studied community-level consequence of biomass overcompen-
sation is the emergent Allee effect in piscivorous fish (de Roos and Persson, 2002; van
Leeuwen et al., 2008; Gårdmark et al., 2015; Persson et al., 2007). In tri-trophic mod-
els with a size-structured prey and size-specific predator, the emergent Allee effect
occurs because due to biomass overcompensation, size-specific predators positively
affect their own prey availability. When predators are present at high density they
persist. Yet, for the same conditions the predator population can not grow from low
density because the prey availability is too limited. The emergent Allee effect has
been proposed as an explanation for the lack of recovery of the collapsed Atlantic and
Baltic cod populations (van Leeuwen et al., 2008; Gårdmark et al., 2015). The theory
predicts that harvesting prey fish of cod in the Baltic sea and North-West Atlantic may
aid the recovery of cod (van Leeuwen et al., 2008). The theoretical underpinning of
this phenomenon was so far based on models with continuous reproduction, while the
Baltic sea and Atlantic ocean are clearly seasonal systems (Nakashima, 2002; Haslob
et al., 2013). Chapter 4 and 5 show the robustness of the emergent Allee effect to
seasonal reproduction.

As a consequence of the emergent Allee effect, overfishing of the piscivore results
in a collapse with increasing harvesting pressure (de Roos and Persson, 2002; van
Leeuwen et al., 2008, results in chapter 5). The prediction presented in chapter
5, that prey harvesting can prevent this fishing-induced collapse of piscivorous fish,
has not been reported before in the liturature. When piscivores are suppressed by
fishing, they impose a lower mortality on the prey fish than in unexploited situations.
Harvesting of these prey fish helps the piscivore by keeping the size distribution of
the prey in a state that is beneficial for the predator. This prediction is thus again
a consequence of the occurrence of biomass overcompensation, here in the prey fish
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population. Appendix 5.B of chapter 5 shows that the qualitative predictions regarding
the effect of multi-species harvesting in the Baltic sea are not affected by the type
of reproduction. Both the model with continuous reproduction and with seasonal
reproduction show the same trends.

In summary, chapters 3, 4 and 5 show the robustness of biomass overcompensa-
tion and the emergent Allee effect when changing from reproduction being continuous
in time to seasonal reproduction. In addition, chapter 5 describes controversial, new
theoretical predictions that depend on biomass overcompensation but not on the con-
sideration of reproduction as a seasonal process. All this indicates that community-
level predictions from models with continuous reproduction that are based on biomass
overcompensation do have relevance for seasonal systems.

The addition of seasonal variability to continuous-time size-structured population
models is an added level of realism. Based on the discussion in this section it may
seem as if adding seasonal reproduction did not change much in the dynamics. In the
next section I will focus on the novel insights that were gained from studying seasonal
variability using size-structured population models.

7.3 The effect of seasonal variability on population and community
dynamics

The previous section focusses on the robustness of the community-level consequences
of biomass overcompensation, such as the emergent Allee effect, to a change from
continuous to seasonal reproduction based on the results in chapters 4 and 5. Yet, the
analysis in chapter 6 clearly shows that with increasing seasonal variability the emer-
gent Allee effect in the predator, in the strict sense of alternative stable community
dynamics with and without predators present, disappears. This phenomenon primarily
arises because seasonal variability leads to the occurrence of stable patterns of dynam-
ics with low predator density that replaces the stable patterns of dynamics without
predators. Because this new equilibrium state can occur over large ranges of predator
mortality, seasonal variability increases the resilience of species at higher trophic levels
to harvesting (chapter 6). This positive effect of variability on the predator persistence
results from an increased trophic transfer efficiency with variability that stems from
a shift in the size distribution of the prey. Variability induces this shift in the size
distribution through a release of intra-specific competition. The results in chapter 4
show that also seasonal reproduction promotes trophic transfer efficiency through a
release of intra-specific competition in the prey.

In contrast to the increased resilience to harvesting with seasonal variability in
productivity, chapter 3 and 5 show that seasonal reproduction increases the sensitivity
of populations to mortality. This increased sensitivity to mortality is relatively easy to
explain. Seasonal reproduction effectively results in a postponement of reproductive
output to the beginning of the next growing season. Since postponement of repro-
duction generally translates into reduced population growth (Cole, 1954; Tuljapurkar,
1990; Koons et al., 2008), the populations are more sensitive to mortality. For species
at higher trophic levels, which reproduce seasonally and at the same time prey on a
seasonally reproducing prey, these two opposing effects may thus cancel each other.
In the Baltic Sea model we found that the positive effect of increased trophic transfer
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efficiency prevailed at low resource productivity. Some of the results of the model
with seasonal reproduction are obtained using a resource productivity of the clupeid
resource for which the cod population can not persist in a system with continuous
reproduction (see appendix 5.B of chapter 5). In contrast, at high resource produc-
tivity the negative effect of delayed reproduction prevailed. This can be deduced from
the observation that in the model with seasonal reproduction, cod goes extinct at
much lower levels of fishing mortality than in the model with continuous reproduction
(chapter 5 and van Leeuwen et al., 2008).

Similar to the occurrence of size-specific biomass overcompensation, the release
in competition through seasonal variability will only affect the size distribution when
intra-specific competition is asymmetric (see explanation in section 1.2 of chapter 1
and Persson and de Roos, 2013), i.e. when resources are more limiting to one size class
or life stage than to another. Under these circumstances, a release of the competition
for food will affect one size class or life stage more than another, leading to a shift in
the biomass distribution of the population. And, as I explained in the previous section
for biomass overcompensation, this so-called ontogenetic asymmetry is likely to be the
rule rather than the exception.

In summary, temporal variability was found to increase trophic transfer efficiency
by releasing intra-specific competition in size-structured populations (chapter 4 and
6). As a consequence, the resilience of species at higher trophic levels to harvesting
was found to increase with seasonality. In contrast to this positive effect across two
trophic levels, chapter 3 and 5 show that within a single population, seasonal repro-
duction increases the sensitivity of populations to mortality, as the postponement of
reproduction to the next reproductive season reduces the population growth potential.

The intricate mechanisms that cause the increase of trophic transfer efficiency with
increasing seasonal variability are all tightly linked to the consideration of population
size-structure and size-dependent energetics. The varying conditions due to seasonality
have a differential effect on individuals in the different life stages in the populations
and this causes the increased predator persistence with seasonal variability. In the
next section I will try to link the findings described in this thesis to general ecological
theory.

7.4 The ecological significance of temporal variability in population
dynamics

A theme in theoretical work regarding the effect of temporal variability on popula-
tion dynamics has been the tendency of populations to display complex dynamics (see
chapter 1). It is clear, also from the work presented here, that seasonal variability
increases the occurrence of cyclic dynamics. An exception is the occurrence of reso-
nance of periodic variability in vital rates with predator-prey cycles that may decrease
cycles compared to continuous time dynamics (Nisbet and Gurney, 1976). In addition
to the classical predator-prey cycles, structured population models may exhibit popu-
lation cycles driven by life history processes (i.e. generation cycles) (de Roos et al.,
1990; de Roos and Persson, 2013; de Roos et al., 2003). Such generation cycles are
frequently observed in natural systems (Murdoch et al., 2002). Predator-prey cycles
are seen as something destructive that lead to population densities coming dangerously
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close to zero. Generation cycles on the other hand, may entail that the density of a
certain life-stage or size-class is close to zero, while another life-stage is increasing in
abundance simultaneously.

Generation cycles thus do not necessarily lead to an increased risk of population
extinction. This is exemplified beautifully by the huge oscillations over time in the size
distribution of Antarctic Krill (Saba et al., 2014; Ross et al., 2014). Looking at the
fluctuations in abundance of age-1 krill and its recruitment, may give the impression
that the krill population is at times struggling to survive (Ross et al., 2014). Yet, the
krill density per size class shows that during low recruitment years there are actually
relatively many large individuals present. The recruitment picks up as soon as the
density of large individuals starts to subside (Ross et al., 2014), indicating that intra-
specific competition limits the recruitment. Through this unceasing alternation of
domination of the population by small and large individuals, the krill population is
steadily persisting with large amplitude cycles in total population density. Generation
cycles create a reservoir within the population, in the form of individuals in another
life stage, that ensures population persistence.

Several types of generation cycles occur, as is illustrated by appendix 6.B of chap-
ter 6 (see also de Roos and Persson, 2013). Which type of generation cycle occurs
in consumer-resource dynamics has previously been shown to affect competitive co-
existence (Huss et al., 2013). Appendix 6.B shows that the type of generation cycle
in consumer-resource dynamics may also affect the success of predator invasions from
low densities (see also Nisbet et al., 2015). Large amplitude generation cycles allow
growth from low density for a size-specific predator, because the size distribution of
the prey oscillates wildly during the cycle. This guarantees that the size-range of prey
that the predator prefers is at least sometimes available. The ubiquity of generation
cycles (Murdoch et al., 2002) and potential effects of generation cycles on community
structure indicate that generation cycles may be an important structuring process in
natural communities.

The positive effect of large amplitude generation cycles on predator establishment,
shows again that temporal variability enhances trophic transfer efficiency in struc-
tured populations. As pointed out in the previous section, chapter 4 and 6 show
that both seasonal reproduction and seasonal variability of resource productivity en-
hance trophic transfer efficiency. Predator persistence is thus promoted by temporal
variability through a set of different mechanisms. In addition, previously published re-
sults suggest that also stochastic variability in resource productivity enhances trophic
transfer efficiency through a shift in the consumer size distribution (see discussion of
chapter 6 and de Roos et al., 2008a). All this indicates that increased trophic transfer
efficiency is not restricted to seasonal variability but instead is a robust, general phe-
nomenon in size-structured population models that stems from temporal variability in
the dynamics.

A positive effect of temporal variability on predator-prey coexistence has not been
reported before. Instead, previously reported effects of variability on trophic energy
transfer are mainly negative (White et al., 1996; Ims, 1990; Gouhier et al., 2010)
although it has not been a main focus in the study of variability so far. In contrast,
both theoretical and experimental studies have shown that temporal variability reduces
inter-specific competition (Armstrong and McGehee, 1976; Huisman, 1999; Chesson,
2000; Gurney and Nisbet, 1998; Sommer, 1985). Temporal variability is therefore
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listed as a factor that promotes competitive coexistence. Since consumer diversity
may affect trophic transfer efficiency (e.g. Leibold and Wilbur, 1992), this is another
mechanism through which temporal variability may positively affect species at higher
trophic levels. Trophic transfer efficiency may thus be promoted by temporal variability
through a release of intra-specific and/or inter-specific competition.

In conclusion, the work presented in this thesis underlines once more that the
incorporation of population structure and individual energetics results in surprising,
new insights into population and community dynamics. And, that the incorporation
of these factors leads to controversial and counterintuitive predictions regarding the
management of exploited species. In particular, the results presented in this thesis
point out that the consideration of population structure and individual energetics
results in fundamentally different predictions regarding the effect of seasonal variability
and cycles on the flow of energy through food chains. For a mechanistic understanding
of ecological dynamics and balanced and well-founded ecological predictions, it is vital
to capture sufficient realism in our models. Perhaps not by adding every known piece
of realism at the same time, as this would make the model as hard to comprehend
as the real world itself. Instead I advocate an approach of adding realism step-by-
step, such that our understanding of the dynamics of natural systems, at times of
mind-blowing complexity, gradually increases.
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