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ABSTRACT - Patterns of coexistence among competing species exhibiting size- and 

food-dependent growth remain largely unexplored. Here we studied mechanisms 

behind coexistence and shifts in competitive dominance in a size-structured fish guild, 

representing sprat and herring stocks in the Baltic Sea, using a physiologically 

structured model of competing populations. The influence of degree of resource 

overlap and the possibility to undergo ontogenetic diet shifts were studied as functions 

of zooplankton and zoobenthos productivity. By imposing different size-dependent 

mortalities we could study the outcome of competition under contrasting 

environmental regimes representing poor and favorable growth conditions. We found 

that the identity of the dominant species shifted between low and high productivity. 

Adding a herring-exclusive benthos resource only provided a competitive advantage 

over sprat when size-dependent mortality was high enough to allow for rapid growth 

in the zooplankton niche. Hence, the importance of a bottom-up effect of varying 

productivity was dependent on a strong top-down effect. Although herring could 

depress shared resources to lower levels than sprat and also could access an exclusive 

resource, the smaller size at maturation of sprat allowed it to coexist with herring and 

in some cases exclude it. Our model system, characterized by interactions among size 

cohorts, allowed for consumer coexistence even at full resource overlap at 

intermediate productivities when size-dependent mortality was low. Observed shifts 

in community patterns were crucially dependent on the explicit consideration of size- 

and food-dependent growth. Accordingly, we argue that accounting for food-

dependent growth and size-dependent interactions is necessary to better predict 

changes in community structure and dynamics following changes in major ecosystem 

drivers such as resource productivity and mortality, which are fundamental for our 

ability to manage exploitation of living resources in e.g. fisheries. 

Introduction 

Competitive interactions fundamentally depend on body size, as body-size scaling of 

foraging capacity strongly influences competitive ability (Persson et al. 1998). In many animal 

taxa, such as fish and amphibians, intake rate of individuals, and in many cases also diet, changes 

as they grow in body size (Werner and Gilliam 1984). Such ontogenetic diet shifts may change 

the type and strength of competitive interactions with implications for overall community 

dynamics (Rudolf and Lafferty 2011). Competition theory has long relied on Lotka-Volterra 

type models, ignoring variation in body size (Gause 1934). The main body of theory dealing 
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with competition for shared resources largely suffers from the same lack of biological realism 

(Tilman 1982). Intra-specific variation in body size and size-dependent patterns of resource use 

throughout ontogeny have only recently been considered in studies of the implications of 

interspecific competition for community structure (Schellekens et al. 2010), while earlier studies 

on the implications of ontogenetic niche shifts have focused on cases when competition only 

occurs within life-stages (i.e. by habitat or resource segregation; Loreau and Ebenhoh 1994, 

McCann 1998, Moll and Brown 2008). For species exhibiting ontogenetic niche shifts, changing 

resources over ontogeny may be a way of escaping interspecific competition. For species 

without this option, an alternative life-history strategy may be to mature at a small size, hence 

allowing for a fast turnover rate (short generation time) also when feeding on a single shared 

resource. Interestingly, species that feed on the same resource throughout life often compete 

with species that shift resources over ontogeny. For example, many small pelagic fish species 

typically compete for zooplankton resources and have short life spans, but in several cases also 

include species that undergo diet shifts (Garrison and Link 2000, Casini et al. 2006).  

A major theme in ecology is how mortality and productivity influence the outcome of 

competitive interactions and hence community structure (Tilman 1982, Chesson 2000). Despite 

many theoretical studies showing a complex relationship between mortality and species 

coexistence (reviewed in Chase et al. 2002), the commonly held view is still that mortality 

promotes coexistence because it reduces the intensity of interspecific competition as consumer 

density is reduced (Gurevitch et al. 2000). The main prediction of resource competition theory is 

that the competitive ability of species for a shared resource is determined by its ability to reduce 

the density of the resource (Tilman 1982). Hence, independent of resource productivity, in 

equilibrium there cannot be more consumers than there are limiting resources. Adding 

intraspecific differences in resource use may however change this view (Schellekens et al. 2010). 

For predator-prey systems, the relative importance of competition and mortality in determining 

community patterns has been extensively explored. These studies show that mortality only has a 

major effect on community structure at high productivity whereas the influence of competition 

dominates at low productivity (Holt et al. 1994, Bohannan and Lenski 2000), but also that there 

may be an interaction between mortality and productivity effects relating to a trade-off between 

abilities to depress resources and to withstand predation (Holt et al. 1994). For pure competition 

systems, however, little is known about the importance of a mortality-productivity interaction 

for community structure. 

Here we aim to advance our mechanistic understanding of factors governing the structure 

and stability of food webs with coexisting consumers exhibiting food-dependent growth by 

studying an example of competing zooplanktivorous fish. Competitive communities of small 

pelagic fish species occur in all worlds’ oceans, and include examples like anchovy-sardine 

(Sardinops sagax-Eugraulis ringens) outside Chile and Peru and herring-sprat (Clupea harengus-

Sprattus sprattus) in the North Sea and Baltic Sea (Alheit and Niquen 2004, Casini et al. 2006). 

These fish species are commercially important and often key players in marine food webs, as 
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predators on zooplankton and as prey for top predators. We used a sprat-herring system as basis 

for developing a model within the framework of physiologically structured population models 

(Metz and Diekmann 1986, De Roos and Persson 2001), which explicitly takes food-dependent 

growth and intraspecific variation in body size into account. We used this model to address a 

number of potentially important mechanisms to explain shifts in community structure (species 

composition and size-distributions) in competition systems of small pelagic fish. The food web 

configuration used and the explicit incorporation of size-dependent feedbacks allowed us to 

study a number of novel mechanisms determining the outcome of competitive interactions (cf. 

Shellekens et al. 2010). The effects of resource overlap, the possibility to undergo an ontogenetic 

diet shift and thereby gain access to an exclusive resource, and the competitive advantage of 

early maturation on community structure were studied as functions of resource productivity. 

We show that the extent to which inclusion of an additional resource into the diet at larger 

body sizes provides a competitive advantage depends on sufficiently high resource productivity 

in the first niche. The inferior species in terms of its ability to depress shared resources could, as 

a result of its smaller size at maturation, under certain circumstances coexist with and 

sometimes even exclude the species that could best depress shared resources and furthermore 

had access to an exclusive resource. By studying the influence of size-selective mortality 

(targeting small individuals) on competitive outcomes we provide results that show a strong 

dependency on mortality level and life-history type (the possibility to undergo a diet shift) for 

productivity effects. We thereby demonstrate an interaction between top-down and bottom-up 

effects on community structure previously not accounted for in structured competition models. 

Model description 

The model studied here is a physiologically structured population model and describes the 

interaction between sprat and herring and their respective resources. It is based on an approach 

specifically designed to handle implications of size-dependent individual performance for 

population and community dynamics (Metz and Diekmann 1986, De Roos and Persson 2001). 

Using this approach we can separate the individual (i) and population (p) level states: the i-state 

represents the state of the individual in terms of physiological traits such as body size, and the p-

state is a frequency distribution over all i-states. Hence, all assumptions pertain to the individual 

level and results on the population level emerge from the individual-level processes. An 

environmental state (e-state) is also recognized, which in our model corresponds to ambient 

densities of three unstructured resources: two zooplankton and one zoobenthos resource 

(hereafter referred to as benthos). The individual-level model formulation (details in appendix 

4.1), is a mathematical description of how individual performance (growth, survival, and 

reproduction) depends on the physiological characteristics of the individual (reversible and 

irreversible mass) and the state of the environment (resource densities). 
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We explicitly considered exploitative competition by means of shared resources. Both 

sprat and herring can feed on zooplankton throughout ontogeny. In addition, herring start to 

include benthos in their diet when reaching a body length of 15cm after which they gradually 

increase their time feeding on benthos and reduce time feeding on zooplankton as they grow in 

size (see fig. A4.1). The parameter R is introduced as a measure of resource overlap (only 

zooplankton considered) between sprat and herring and is hence a proxy for the strength of 

interspecific competition. R = 0 implies no overlap in resource use and herring and sprat feed 

exclusively on their respective zooplankton resource, R = 0.5 represents full overlap such that 

both species feed on all zooplankton. Note that figures represent R as percentage niche overlap.  

We assume that in the absence of predation by fish, zooplankton and benthos grow with a 

constant productivity independent of resource density (table A4.3). The resources are assumed 

to consist of homogenously mixed populations, distributed in the whole sea volume 

(zooplankton) or over the whole bottom surface (benthos). Hence, resource densities are 

expressed as biomass per unit volume (zooplankton) and biomass per bottom surface (benthos), 

and consumer populations in number of individuals per unit volume. The volume to bottom 

ratio was set to 50, which corresponds to assuming an average depth of 50m. 

The population state and model analysis 

We model the dynamics only during the growing season (250 days), assuming that the 

remainder of the year is a period of stasis. Reproduction occurs during a spawning period at the 

start of the growing season. For computational purposes we lump individuals born within 3-day 

periods into separate cohorts of individuals. Individuals within a cohort are assumed to be 

identical at birth (in terms of irreversible, xn and reversible mass, yn, table A4.3). Furthermore, 

as individuals within cohorts experience the same environmental conditions, they all follow the 

same growth and survival trajectories throughout life. Sprat and herring populations are thus 

represented as a finite number of discrete cohorts of individuals and our model is a combination 

of a continuous system in terms of consumer growth and survival, as well as of production and 

consumption of resources, and a discrete system in terms of reproduction. Following 

reproductive events and/or extinction of cohorts, the number of cohorts changes. The dynamics 

of these cohorts are described by sets of ordinary differential equations (ODEs, table A4.3), 

which were numerically integrated using the escalator boxcar train method (De Roos et al. 

1992).  

To study effects of resource productivities on population dynamics and individual growth 

patterns, we investigated the asymptotic dynamics of the model by means of bifurcation analysis 

using long numerical integrations, in which we systematically varied one of the parameters of 

interest in small steps. For every value of the bifurcation parameter, system dynamics were 

integrated over a period of 400 years, after which the integration continued with a slightly 

increased (or decreased) parameter value. Assessment of long-term dynamics pertains only to 

the last 50 years of each integration period to discard any transient dynamics that result from 

92



COMPETITION 

the small parameter change. The results of these analyses are summarized in bifurcation 

diagrams (fig. 4.2), which represent, for the given parameter value, the state of the populations 

and resource densities at the start of the growing season. To assess regions of different sprat-

herring community states we identified the extinction and invasion boundaries. To locate 

extinction boundaries we used bifurcation analysis and subsequently monitored the persistence 

of the populations that were initially present. When the number of individuals dropped below 

1·10-9/m3 a population was considered extinct. Invasion boundaries were determined starting 

with a situation in which the invading population was not present. If the invading population 

experienced positive population growth the invasion was considered successful (see appendix 

4.1 for details on invasion calculations). Note that since the invading species invades at small 

numbers it is assumed not to affect resource densities, which prevents any feedback from the 

invader on the resident. By repeating these procedures we could construct the boundaries 

between different community states (i.e. coexistence, herring-only and sprat-only states) as a 

function of resource overlap and productivity, for two different values of the size-dependent 

mortality constant (μs) (table A4.1, eq. 21) (fig. 4.3).  

 

FIGURE 4.1. The size-dependency of the critical resource density (CRD) of sprat feeding on zooplankton and 

herring feeding on zooplankton or on benthos. 

We also constructed the boundaries between community states as a function of 

zooplankton and benthos productivity (fig. S4.1). Mortality values were chosen such that sprat 

and herring in one scenario would exhibit cohort cycles and in the other fixed-point dynamics. 

We further made sure that the dynamic behavior would be qualitatively the same for sprat and 

herring for the same value of μs (i.e. same cycle period). For all scenarios investigated, extinction 

and invasion thresholds coincided, which is why we hereafter do not differentiate between 

these types of boundaries. To identify the biological mechanisms responsible for changes in 

community structure we studied time series of consumer and resource dynamics in different 

community states (fig. 4.4, 4.5). Note that for scenarios with competitive exclusion, transient 

dynamics (i.e. population dynamics prior to exclusion of one of the consumers) are shown. 
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Critical resource demands 

In the study of competitive interactions, information on the ability of individuals to 

depress shared resources is a key factor. This can be expressed in terms of the critical resource 

density (CRD) of individuals, which is the resource density at which intake rate equals 

maintenance requirements, i.e. at which individuals neither grow nor reproduce. Since the CRD 

scales with body size (relating to the size-scaling of intake and maintenance), it determines size-

dependent competitive ability (Persson et al. 1998) and sets an upper limit to the maximum size 

that an individual can reach (equal to the size at which the CRD equals the carrying capacity of 

the resources).  

 

FIGURE 4.2. Variation in sprat (a, b) and herring (c, d) maximum body length as a function of zooplankton 

productivity (Kz) and herring body length as a function of benthos productivity (Kb) (e, f, Kz = 0.5 is assumed) for 

low (μs = 0.01, top panel) and high (μs = 0.13, bottom panel) size-dependent mortality. Figures c and d include both 

a scenario where herring only feed on zooplankton (black symbols, not visible in c as they in this case coincide 

with grey symbols) and a scenario where also benthos feeding is assumed (grey symbols, Kb = 10). For every value 

of Kb and Kz the model was run for 400 years. The figure shows the population state at the end of each year in the 

run. Hence, populations exhibiting a 4-year regular cycle (as for low μs) shows up as four points at the same 

productivity value whereas populations with fixed-point dynamics, where the population state is identical every 

year (as for high μs), shows up as only one point. 

Given our parameterization of maximum intake rate and maintenance (see appendix 4.1), 

the CRD is a monotonically increasing function with size for sprat and herring (fig. 4.1), 

implying that small individuals can sustain themselves on lower resource densities than large 

individuals, and therefore are competitively superior to larger individuals. Furthermore, our 

parameterization leads to the result that herring can be sustained on lower resource densities 
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than sprat throughout ontogeny. For an alternative scenario that relaxes the assumption of 

herring being competitively superior for all body sizes, see appendix 4.1. 

Results 

Population dynamics and growth patterns 

The dynamics and growth patterns of sprat and herring were heavily dependent on the 

level of size-dependent mortality (fig. 4.2). Increased mortality on small individuals resulted in 

stabilized population dynamics. At low size-dependent mortality both sprat and herring 

experienced cohort cycles in which a cohort of juvenile individuals dominate the population 

until they reach maturity (in this case at 4 years of age), after which they produce the next 

dominant cohort (see fig. 4.4). In the high mortality scenario, individuals matured within their 

first year of life leading to fixed-point dynamics, where the population state is identical at the 

beginning of each year (see fig. 4.5). This relates to faster growth rates because of the higher 

mortality on small cohorts and relaxed resource competition (i.e. a thinning effect), causing a 

younger age at maturation. Eventually, when mortality increases even further, populations go 

extinct. 

 

FIGURE 4.3. Regions with possible community states occurring in the sprat-herring model at different values of 

zooplankton resource overlap and zooplankton (a, c) and benthos (b, d) productivity for a low (a-b, μs = 0.01) and 

high (c-d, μs = 0.13) size-dependent mortality constant. For the left panel Kb = 10 is assumed and for the right 

panel Kz = 0.5 is assumed, all other parameter values being equal. Light grey region: resource-only equilibrium. 

Black region: sprat-only equilibrium. White region: herring-only equilibrium. Black and white region: stable 

coexistence. For figures of the corresponding time series dynamics, see indices on top left and bottom right graphs. 
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At low mortality, sprat and herring only reached sizes just above their maturation size 

thresholds, irrespective of resource productivities (fig. 4.2: top panel and fig. 4.4). At high 

mortality and relaxed resource competition both species reached larger sizes (fig. 4.2: bottom 

panel). Although there was a positive relationship between zooplankton productivity and sprat 

maximum size there was no such relationship for herring. At low productivity sprat could not 

reach large body sizes because of their relatively high CRD (fig. 4.1). Herring was instead 

already at low productivity limited by population feedbacks depressing the zooplankton 

resource. Hence, as productivity increased sprat, but not herring, could respond in body size. 

When herring also fed on benthos, its maximum size even decreased slightly as zooplankton 

productivity increased (fig. 4.2d, grey symbols). This results from reduced availability of benthos 

at high zooplankton productivity (results not shown), a consequence of an increased herring 

density (caused by the high zooplankton productivity) that depressed the benthic resource to 

low levels. The effect of benthos productivity on herring growth patterns was highly dependent 

on the level of size-dependent mortality. This relates to the threshold size for first benthos 

feeding at 15cm. Only at high mortality and relaxed intraspecific competition for the 

zooplankton resource (compare zooplankton densities in fig. 4.4c, 4.5b, representing scenarios 

with identical parameter values except for the size-dependent mortality constant) did herring 

experience fast enough growth rates to reach sizes where they could benefit energetically from 

feeding on benthos.  

Community structure 

The outcome of competition between sprat and herring for shared resources was 

dependent on both resource productivity and size-dependent mortality (fig. 4.3). At low levels 

of resource overlap stable coexistence was always possible, provided productivity was high 

enough to allow both species to persist. At high levels of resource overlap, several different 

community states were observed. As sprat can persist at a lower productivity than herring 

because of its smaller size at maturation, sprat-only systems always prevailed at low productivity 

levels (fig. 4.3, 4.4a). Also at productivity values slightly above that at which herring can reach 

maturity in absence of interspecific competition, herring was excluded at high levels of resource 

overlap. This is because sprat can mature at a younger age than herring, leading to newborn 

sprat cohorts outcompeting the larger, older, herring individuals (fig. 4.4a). Nevertheless, given 

high enough productivity of the shared zooplankton resource for herring to mature within the 

same season as sprat, a herring-only system resulted at low size-dependent mortality (fig. 4.3a-b, 

4.4c), as predicted based on the species´ relative CRDs (fig. 4.1). This was also apparent from the 

fact that, in this case, herring determined the resource level (fig. 4.4c: compare resource levels in 

the one-species systems to that in the two-species system). Accordingly, only at intermediate 

productivities was stable coexistence possible in the low mortality scenario (fig. 4.3a, S4.1). 

Given a combination of low size-dependent mortality and high productivity (i.e. fig. 4.4c) the 

first individuals (i.e. first cohort, see fig. A4.2) to hatch suffered from mortality as the season 
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proceeded, relating to a drastic drop in resource level as their smaller and more abundant 

siblings hatched and started exogenous feeding. However, this seems only to have minor effects 

on overall population dynamics. The competitive advantage of herring over sprat was weakened 

at high size-dependent mortality (fig. 4.3a, c and fig. 4.5a). 

Whereas zooplankton productivity may influence community structure irrespective of the 

level of mortality (although the community structure for a given zooplankton productivity may 

differ depending on mortality level, fig. 4.3: left panel), the influence of benthos productivity 

depends strongly on size-dependent mortality (fig. 4.3b, d). As discussed above, benthos only 

 

FIGURE 4.4. Model dynamics for low (a, Kz = 0.008), intermediate (b, Kz = 0.012) and high (c, Kz = 0.5) zooplankton 

productivity for a given benthos productivity (Kb = 10) and size-dependent mortality (μs = 0.01). Total zooplankton 

resource overlap between herring and sprat is assumed. Top panel (1st): Herring eggs (thick black dots), young-of-

the year (thick dark grey dots), juvenile (thin black dots) and adult (thin light grey dots) individuals. 2nd panel: As 

above but for sprat. 3rd panel: Zooplankton biomass. For comparison the minimum and maximum zooplankton 

biomasses in systems with only herring (dotted line) or sprat (dashed line) are shown. 4th panel: Growth curves of 

the first and last herring (grey) and sprat (black) cohort (i.e. first and last spawngroup, see fig. A4.2) born each 

year (if any). Note that for the highest productivity (c), the graphs show transient dynamics as sprat is eventually 

going extinct. At intermediate productivity (b) there is stable coexistence. 

matters energetically for herring if they can grow large in their first niche, when feeding on 

zooplankton. At low levels of mortality resource competition is intense due to the lack of a 

a b c
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thinning effect. Herring therefore only reached small sizes (fig. 4.2e) and the role of benthos for 

community structure can in such cases be ignored (fig. 4.3b). On the other hand, at high 

mortality and consequently relaxed competition, herring could grow large enough when feeding 

on zooplankton for energy gained from benthos feeding to matter for community structure (fig. 

4.3d and fig. 4.5c). The combination of high mortality and high benthos productivity allowed 

herring to outcompete sprat by depressing the shared zooplankton resource to low levels, 

meeting their maintenance requirements by feeding on the herring-exclusive benthos resource 

(fig. 4.3d and fig 4.5c). Note that although the minimum zooplankton density observed in sprat 

only dynamics is lower than with herring (fig. 4.5), the zooplankton densities were on average 

much lower when herring was present at high benthos productivity. This is also evident when 

comparing sprat growth trajectories at low and high benthos productivity (fig. 4.5: bottom 

panel). 

 

FIGURE 4.5. Model dynamics for low (a, Kb = 5), intermediate (b, Kb = 10) and high (c, Kb = 50) benthos 

productivity for a given zooplankton productivity (Kz = 0.5) and size-dependent mortality constant (μs = 0.13). 

Total zooplankton resource overlap between herring and sprat is assumed. Note that at low productivity (a) 

herring is approaching extinction and at high productivity (c) sprat is approaching extinction. For these two 

productivities the graphs show the transient dynamics toward extinction of herring and sprat, respectively. At 

intermediate productivity (b) there is stable coexistence. Symbols as in fig. 4.4. 

a b cc
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As a consequence of their exclusive resource, large herring individuals did not suffer when 

newborn sprat and herring cohorts entered, which they did at lower benthos productivity (cf. 

fig. 4.5c to fig. 4.5a- b). In contrast, at low benthos productivities a high mortality level favored 

sprat over herring (fig. 4.3d and fig. 4.5a). This occurred despite herring reaching much larger 

sizes than sprat (cf. fig. 4.2b, f). Somewhat counterintuitively, in this case it is actually the fast 

growth of herring over early ontogeny that caused them to suffer from competition with sprat. 

As the zooplankton resource drops following the emergence of newborn cohorts, old (> 1 year) 

herring individuals with large body sizes suffered as they need high resource densities to sustain 

themselves, which they cannot compensate for by extracting enough energy from feeding on 

benthos due to its low productivity (compare fig. 4.5a: zooplankton densities and body sizes to 

fig. 4.1: zooplankton densities needed for maintenance for corresponding body sizes of sprat and 

herring > 1 year old). Accordingly, sprat determines the resource level when mortality is high 

but benthos productivity low (fig. 4.5a).  

Discussion 

We have presented several results that contrast with predictions made based on classical 

competition theory: (1) We were able to show that coexistence is possible at full resource 

overlap in a system of consumers exhibiting cyclic dynamics, emerging as a result of interactions 

between different size cohorts. (2) Despite the superior ability of one species to depress shared 

resources for any given body size, shifts in competitive dominance along productivity gradients 

occurred as the other species could compensate by a smaller size at maturation. (3) An exclusive 

resource did not grant competitive dominance, but its effect was dependent on mortality level. 

These results and their mechanistic basis were only possible to obtain by explicitly taking 

population size-structure, size-dependent foraging capacities and food-dependent growth into 

account.  

Life-history variation and productivity 

Intuitively, herring has a two-fold competitive advantage over sprat; it has a more efficient 

prey-consumption and a wider diet base. Consequently, all else equal, we would predict that 

exploitation of shared zooplankton resources would lead to competitive exclusion of sprat. 

However, advantageous life-history traits of an inferior competitor, such as high reproduction 

ability, may mitigate competitive exclusion (Levine and Rees 2002). In the sprat-herring model, 

stable coexistence was accomplished by a compensatory balance between the smaller size at 

maturation of sprat and the capacity of herring to tolerate lower food levels. The likelihood for 

stable coexistence decreased as the intensity of interspecific competition increased. This is in 

line with predictions based on Lotka-Voltera type models in that coexistence is favored when 

interspecific competition is weak relative to intraspecific competition (Gause 1934). In all 

situations where competitive exclusion occurred, the dominant species controlled the resource 
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and was thus regulated by intraspecific competition whereas the inferior species, facing a 

resource environment set by the other species, experienced more intense interspecific 

competition. Still, for certain parameter combinations stable coexistence was possible even at 

full resource overlap, also without exclusive resources (see fig. S4.1). This contrasts with classical 

theory on competition for resources stating that coexistence between two consumers feeding on 

one resource is not possible (Tilman 1982). This framework has later been modified to allow for 

several consumers to persist on a limiting number of resources. For example, similar to our 

study, which accounts for a combination of continuous and discrete time processes, it has been 

shown in both continuous as well as in discrete-time models that internally generated 

oscillations may allow for coexistence on a single resource (Armstrong and McGehee 1980, 

Adler 1990, Abrams and Holt 2002). Implications of oscillatory dynamics caused by interactions 

among size cohorts have, however, so far been ignored in the context of consumer coexistence. 

Similarly, implications of ontogenetic diet shifts for competition systems have been long 

disregarded. Loreau and Ebenhoh (1994) and Moll and Brown (2008) analyzed the consequences 

of competition within and between stages for coexistence of competing species, while 

Schellekens et al. (2010) analyzed the consequences of intraspecific variation in body size and 

size-dependent patterns of resource use for the coexistence of energetically equivalent 

competitors that exploit two shared resources. Our study is hence the first to analyze the 

interplay between size-dependent life history changes and interspecific trait variation, such as 

diet shifts and size at maturation, and its effects on competitive community structure. 

The extent to which resource overlap prevented stable coexistence was strongly dependent 

on resource productivity. Generally, a high productivity favored herring and low productivity 

sprat. At low productivity sprat cope better due to their smaller size at maturation allowing 

them to reproduce before herring. However, as productivity increased a smaller size at 

maturation was no longer an advantage, leading to herring dominance due to their superior 

capacity to depress shared resources. This productivity - competitive dominance relationship 

(i.e. a shift from sprat-only via stable coexistence to herring-only systems) was obvious for both 

resource types, although the influence of benthos productivity manifested itself only at high 

mortality. Similar shifts in species composition over productivity are predicted for intraguild 

predation systems, shifting from prey only to predator-only communities as productivity 

increases (e.g. Mylius et al. 2001). However, for pure competition systems, there is a lack of 

general predictions concerning shifts in competitive dominance over productivity as a function 

of consumer life-history type. Here we showed that shifts in species dominance over 

productivity gradients can occur also in pure competition systems, when size-structure and 

food-dependent growth is accounted for. 

Size-dependent mortality and ontogenetic diet shifts 

While the presence of ontogenetic diet shifts has been long recognized (Werner and 

Gilliam 1984), their implications for competitive interactions and community structure have 
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been largely ignored. Still, the importance of niche differentiation among species for coexistence 

has been central in ecological competition theory (Levin 1970, Tilman 1982, Chesson 2000), 

although the niche concept has commonly been based on species means. Recently it was shown 

that to understand implications of interspecific competition also intraspecific trait variation may 

be important, in some cases leading to completely different predictions on patterns of 

coexistence than when the niche concept is based on species means (Schellekens et al. 2010). 

Similarly, studies on intraguild predation have shown that taking intraspecific trait variation 

and size-specific competition into account may generate different outcomes than when ignoring 

size/stage structure (Mylius et al. 2001, Rudolf 2007). Nevertheless, the consequences of 

intraspecific size variation and ontogenetic diet shifts for interspecific competitive interactions 

have hitherto not been explored in the framework of fully size-structured population models, 

which allow for a more explicit consideration of individual level processes. Also, in contrast to 

the model studied by Schellekens et al. (2010) which only considered scenarios with shared 

resources, we considered implications of size-dependent life-history traits and resource overlap 

for competitive outcomes using a food web configuration including an exclusive resource. 

Similar to what has been shown previously, using comparable size-structured population 

models (Van Kooten et al. 2007), increased mortality on small individuals resulted in stabilized 

population dynamics, relaxed competition for food and accelerated individual growth rates. 

Mortality also determined the influence of productivity, especially that of the exclusive 

resource. Depending on the combination of mortality and productivity of the herring-exclusive 

benthos resource a herring-only, a sprat-only or sprat-herring community state resulted. The 

influence of size-dependent mortality on the extent to which an exclusive resource provided a 

competitive advantage is due to the feedback between population density, food availability and 

individual growth rates. In the high mortality scenario juvenile density was heavily reduced, 

leading to higher resource availability and accelerated growth of surviving individuals. Herring 

could therefore reach large enough sizes for them to later benefit energetically from feeding on 

benthos. However, similar to many piscivorous fish species facing intense competition as 

juveniles when competing for invertebrate prey (Mittelbach and Persson 1998), the zooplankton 

niche may constitute an ontogenetic bottleneck for herring at low mortality, as they cannot 

successfully exploit benthos when competition for zooplankton is too strong. These outcomes 

are only possible if intraspecifc size-structure and food-dependent growth are taken into 

account. In an unstructured population model, the effects of size-thresholds for diet shifts 

disappear and should hence always grant the species with an exclusive resource a competitive 

advantage. Taking size-structure into account but not food-dependent growth would also not 

result in a mortality effect, as individual growth rates in the zooplankton niche would not 

respond to thinning. However, once intraspecific size structure is accounted for, a threshold size 

for first benthos feeding and food-dependent growth the advantage of an exclusive resource is 

not granted but depends on mortality level.  
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The sprat-herring system 

Large-scale eutrophication and depletion of top-predators has led to dramatic changes in 

the Baltic Sea ecosystem (Österblom et al. 2007). Following the collapse of the cod (Gadus 

morhua) stock in the early 1980s, there was a dramatic increase in sprat but a drop in herring 

biomass (ICES 2010). Hence, the system has shifted from a state with high abundances of cod 

and herring but low sprat population biomass to the complete opposite. In light of this and other 

recent predator collapses, resulting in dominance of zooplanktivorous fish, it is increasingly 

important that we understand how food webs lacking top-predators are governed (Llope et al. 

2011). For Baltic Sea sprat and herring there is increasing evidence that both intra- and 

interspecific competition for shared resources is a key to understand what governs population 

and community dynamics (Casini et al. 2010, Lindegren et al. 2011). Accordingly, concurrent 

with the increase in overall clupeid biomass, the body size and condition of both sprat and 

herring have declined (Casini et al. 2010). Using a modeling approach in which a detailed 

representation of individual-level processes, such as foraging, and an explicit consideration of 

the ecological changes that individuals go through over ontogeny (i.e. diet shifts) are embedded, 

allowed us to explicitly study how resource competition within and between species determines 

community structure in a sprat-herring model-system. It was shown that to correctly predict 

the outcome of resource competition, individual-level responses mediated via resource densities 

may be crucial. 

In the Bothnian Sea in the northern Baltic Sea there is a historically low biomass of top 

predators and the pelagic fish community is consequently naturally dominated by sprat and 

herring (ICES 2010), in this respect conforming well to our model-system. Using a statistical 

age-structured approach, Lindegren et al. (2011) provided results supporting the view that 

herring dynamics in the Bothnian Sea is determined by a combination of top-down and bottom-

up forces. Here we showed, using a mechanistic mathematical model, that the influence of 

bottom-up (productivity) and top-down (mortality) forces on community dynamics in the sprat-

herring system are not independent of each other. Our results suggest that for a bottom-up 

effect to occur, top-down control may have to be strong. One cannot, for example, by default 

assume that high benthos productivity favors herring over sprat. Herring only gained a 

competitive advantage by exploitation of a benthic resource when mortality and hence 

zooplankton density was high. We could also show that a large body size does not need to be a 

competitive advantage (see fig. 4.5a). Again, to understand this phenomenon, the interaction 

between productivity and mortality was crucial. In a situation where benthos productivity is 

low but mortality high and hence growth conditions favorable, herring may outgrow its first 

niche without the possibility to enter a second niche that can provide enough energy to cover 

the high maintenance costs associated with a large body size, leading to the ability of emerging 

cohorts of sprat to exclude herring by depressing the zooplankton resource.  

Although both the importance of body size for ecological interactions and the relationship 

between food availability and individual growth has been long recognized within the field of 
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fish biology (Brett 1979), these factors are rarely taken into account in fish population models. 

In light of our results we argue that to better be able to predict changes in community structure 

in exploited communities of competing fish, the roles of food-dependent growth and size-

dependent interactions are crucial. Likewise, the advantages of an individual and size-based 

approach hold for studies of all ecological communities with species exhibiting complex life 

cycles. 
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Supplementary figure 

 

FIGURE S4.1. Regions with possible community states occurring in the sprat-herring model at different values of 

zooplankton and benthos productivity for a low (top graph, μs = 0.01) and high (bottom graph, μs = 0.13) size-

dependent mortality constant. Total zooplankton resource overlap between herring and sprat is assumed. Light 

grey region: resource-only equilibrium. Black region: sprat-only equilibrium. White region: herring-only 

equilibrium. Black and white region: stable coexistence.   
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Appendix 4.1 

This appendix details and discusses the individual-level functions and parameters as well as 

population-level functions and analyses of the physiologically structured population model of 

sprat (Sprattus sprattus) and herring (Clupea harengus). 

Individual-level processes: formulation and parameterization 

Model equations describing the individual-level model of sprat and herring are given in 

table A4.1. Parameter values for sprat and herring i-state processes and of the e-state are 

presented in table A4.2. Generally we follow the approach outlined in Persson et al. (1998) to 

formulate individual life histories and size-dependent processes. If not otherwise stated the 

formulations are the same for sprat and herring. To allow for parameterization of individual 

processes that depend on size from data, the notion standardized mass (w) is used (Persson et 

al.1998). Standardized mass equals the mass of non-starving individuals discounting their gonads 

(table A4.1). The growing season is assumed to last 250 days. All rates discussed below are, 

however, scaled to a daily basis. For simplicity, we ignore biological activity outside the growing 

season. For more detailed descriptions on individual-level formulations we refer to Persson et al. 

(1998) and Claessen et al. (2000).  

Energy allocation and reproduction 

The physiological state of individuals is assumed to be determined by the two i-states 

irreversible (x) and reversible (y) mass. Irreversible mass consists of bones and organs that 

cannot be starved away, whereas reversible mass, including tissues such as fat and muscle, can 

be starved away when maintenance costs exceed energy intake. Consumed food is assimilated 

with a conversion efficiency (ke) assumed to be independent of diet and consumer size (for 

details on food intake, see below). Assimilated energy is first used to cover maintenance costs 

and is only thereafter used for growth in irreversible and reversible mass. Maintenance rate is 

modelled as a power function of total weight (w = x + y) and parameterized using data on 

oxygen consumption of differently sized herring measured under condition where the fish could 

swim and eat (Opalinski et al. 2004, table A4.2). Oxygen consumption was converted to mass-

specific maintenance assuming a density of 1.4 kg O2·m-3 (STP), an oxycaloric coefficient of  

13.6 kJ·g-1 O2 (Elliot and Davison 1975) and a factor 5 relating wet-weight (in gram) to energy 

(in kJ) (Arrhenius 1998, Paul and Paul 1999). 

Energy allocation rules are set such that individuals approach a maximum asymptotic value 

of the ratio y/x, hereafter denoted “condition”. It is assumed that this maximum condition is 

larger for adults (qa) than juveniles (qj), as adults in addition to fat reserves allocate energy to 

gonads. Similar to previous models (e.g. Persson et al. 1998, Claessen et al. 2000) individuals are 

assumed to allocate a larger proportion of their energy to reversible mass relative to irreversible 

mass if these ratios are below the maximum. However, to avoid a steep decrease in allocation to 
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gonads at large sizes allocation of energy to growth in reversible mass is here modified to allow a 

faster recovery in y when y/x is below the target condition compared to previous models (cf. 

Persson et al. 1998, table A4.1, eq. 18-19). qj is calculated using starvation experiments on 

juvenile herring, assuming that reversible mass is starved away down to a threshold value (qs, 

see below) before starvation mortality occurs (McGurk 1984, Mathers et al. 1994, Folkvord et al. 

2000). Note that after correcting for different fat contents of sprat and herring (Hjelm et al. 

2006), qj is higher for sprat than for herring (table A4.2). To calculate adult maximum condition, 

qa, we assumed that gonads make up 25% of standardized weight (Laine and Rajasilta 1998, 

Rajasilta et al. 2001). 

 

FIGURE A4.1. The proportion of time feeding on benthos (Bt). There is a threshold size (Lb = 15cm) for first feeding, 

after which the fraction of time spent foraging on benthos increases in a sigmoidal fashion (Si) as a function of 

body length (L), Lb, length at 50% of maximum benthos foraging (L50 = 20cm) and maximum fraction of time spent 

foraging on benthos (Bmax = 0.4) . 

Individuals mature at a certain size threshold, Lm (to be interpreted as length at first 

allocation to gonads). Spawning decision (i.e. day S when energy allocation to gonads is 

switched on) is assumed to occur immediately after winter (i.e. on the first day of the modeled 

growing season, 1 March) for herring but in late autumn for sprat (day 200) (M. Casini, Swedish 

Board of Fisheries, pers. comm.). The threshold condition for spawning (qr) is assumed to be 

equal to juvenile maximum condition (qj). At reproduction, reversible mass in excess of qjx is 

converted to eggs assuming a reproductive conversion constant (kr) taking losses to male gonads 

not contributing to egg mass and costs for converting somatic mass to gonads into account 

(Elliot 1976, Persson et al. 1998, table A4.1, eq. 20). We assume that all energy for spawning is 

irreversibly allocated to egg production at the start of the spawning season. Hence, although we 

assume that reproduction takes place during an extended time period (of length Sd) in spring, all 

eggs to be spawned are collected already at the first day of the spawning period to be gradually 

released over Sd. For both species we assume that spawning intensity is a hump-shaped function, 
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with a maximum in the middle of the spawning period. The cumulative proportion of newborn 

fish produced on different dates was consequently calculated using a sigmoidal function 

(identical to the one used for calculating time spent foraging on benthos) (see fig. A4.2 for 

details). To speed up simulations, spawned individuals were grouped into cohorts such that they 

were released only every 3 days (spawngroup, Sg = 3). Newborn individuals go through an egg 

stage and a yolk sac stage, after which they begin external feeding (see table A4.2 for differences 

in duration of the different stages).  

Foraging 

Individuals are assumed to forage according to a Holling type-II functional response. Both 

the attack rate and handling time (here equivalent to digestion time) are assumed to be size-

dependent. The attack rate on zooplankton is modeled as a hump-shaped function and is 

assumed to depend on consumer standardized mass (table A4.1, eq. 5, see Persson et al. 1998 for 

rationales why using a hump-shaped function over body size for fish). The herring attack rate 

on benthos is modeled as a power function (table A4.1, eq. 6, see Persson et al. 2004 for its 

derivation). In addition to zooplankton, herring start to include benthos (here referring also to 

necto-benthos) in their diet when reaching a body length of 15cm (Lb), after which they 

increase their time spent foraging on benthos (Bt) according to a sigmoidal function (eq. 3,  

fig. A4.1) (Casini et al. 2004, Möllman et al. 2004), and decrease their time spent foraging on 

zooplankton correspondingly. Hence, the ontogenetic niche shift from zooplankton to benthos 

is a gradual process and is expressed in terms of the proportion of time spent searching for one 

or the other resource, both being functions of body size. It proved difficult to derive species-

specific attack rates, relating to a lack of appropriate experiments on size-dependent search 

efficiencies and/or information on field estimates of food densities that could be related to size-

specific growth rates of sprat and herring (unpublished data). Therefore, as default, we decided 

to use attack rates on zooplankton derived for the planktivore roach (Rutilus rutilus), which is 

the only species similar in ecological niche for which there are good estimates of a size-

dependent attack rate function (Hjelm and Persson 2001). Similarly, we parameterized the 

herring attack rate on macroinvertebrates based on values derived in targeted experiments on 

perch (Perca fluviatilis), which also undergo a diet shift from zooplankton to benthos (Persson 

et al. 2004).  

Consumer feeding rate (I, table A4.1, eq. 12-13) is a function of prey mass encounter and 

the capacity to digest prey. The prey mass encounter is the product of the consumer’s attack rate 

and the prey biomass density (table A4.1, eq. 7-11). All resources are assumed to be equally 

digestible and the handling time of sprat and herring is assumed to decrease with size due to an 

increase in gape size and digestive capacity (see Persson et al. 1998, Claessen et al. 2000, table 

A4.1, eq. 14). Handling time was derived assuming that it equals the inverse of the maximum 

intake rate, in turn, derived from data on ingestion of differently sized herring fed to satiation 

(De Silva and Balbontin 1974).  
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Given the lack of species-specific parameter estimates relating to foraging capacity of sprat 

and herring, which are critical elements determining the competitive ability of individuals, we 

decided to study patterns of coexistence using two scenarios with different size-scaling of attack 

and digestion rates of sprat (see table A4.2). This also allowed for a comparison between 

scenarios where (1) herring was competitively superior for all body sizes but sprat matured at a 

smaller size, or (2) there was no difference in competitive ability between herring and sprat as 

juveniles (only as adults) but still a difference in size at maturation. The rationale for choosing 

the exact parameter values we did for the two alternative scenarios was to ensure relevant 

growth trajectories for sprat (i.e. we scaled foraging capacity in such a way that sprat 

experienced slower growth at old ages compared to herring and would obtain realistic maximum 

body sizes, unpublished data from the Baltic International Acoustic Survey; ICES 2010). The 

maximum possible size of sprat is hence similar in the two scenarios.  

 

FIGURE A4.2. The cumulative proportion of newborn sprat (white symbols) and herring (black symbols) produced 

over the growing season. The same sigmoidal function as described in fig. A4.1 was used for calculations but with 

F = (2/3)((day + Sg)/Sm) where Sg is spawngroup and Sm the day of maximum spawning (45 and 38 for sprat and 

herring, respectively). Sg = 3 implies that new cohorts enter the population every 3 days. To obtain the number of 

newborns produced, fractions are multiplied with the total number of eggs produced. 

In the first scenario we assume a size-scaling of the maximum intake rate (and hence 

digestion) of sprat such that their intake is much lower than that for herring at large sizes. As a 

result, herring can sustain on lower resource levels than can sprat already from a young age and 

is therefore, all else being equal, predicted to be competitively superior throughout ontogeny 

(fig. 4.1 in the main text). In the second scenario the scaling of the attack rate of sprat is changed 

such that it reaches its peak value at a much smaller size than herring. Still, as the attack rate of 

both species are close to identical up to the peak of the sprat attack rate, the CRD are similar for 

both species up to that body size (results not shown). Hence, in the second scenario herring does 

not have a competitive advantage over sprat, in terms of CRD, below the threshold size for sprat 

maturation (9cm). In summary, we investigate a default scenario where the size scaling of CRDs 

suggests herring to be competitively superior already from birth and an alternative scenario 

where this assumption is relaxed. Comparing growth patterns based upon model output to 
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detailed growth patterns of sprat and herring observed in the Baltic Sea (Arrhenius and Hansson 

1993, Arrhenius 1996), scenario 1 was found to conform best to data. In the second scenario 

herring was always excluded at high resource overlap, relating to that herring in this scenario 

could not counterbalance the advantage of a smaller size at maturation for sprat by an ability to 

better depress shared resources. Also the latter result contrasts to empirically observed patterns, 

i.e. the fact that sprat and herring in nature can coexist also at high resource overlap (e.g. Casini 

et al. 2004). Consequently, we decided only to present a full model analysis for the default 

scenario (see Results). 

Mortality 

If the reversible mass decreases below a threshold value (y/x = qstarv, table A4.1) individuals 

will start to die from starvation with a rate μstarv. Besides starvation mortality all individuals 

suffer a constant background mortality (μ0), representing death from other causes than 

starvation. In addition, selective morality targeting small individuals (μsize) is implemented as a 

decreasing function of body size. Thus, the total mortality experienced by individual fish is the 

sum of background, starvation and size-dependent mortality (table A4.1, eq. 21-23). The fact 

that small fish commonly suffer higher mortality rates than large individuals (as do most other 

marine organisms) relates to that small individuals often are more exposed to factors such as 

predation, disease and lethal abiotic conditions (Wootton 1998). Here, size-selective mortality is 

parameterized such that mainly young-of-the year individuals are affected. 

Population-level functions and analyses 

Population-level functions of the physiologically structured population model of sprat 

(Sprattus sprattus) and herring (Clupea harengus) are specified in table A4.3 and details on 

invasion analyses below.  

Invasion criteria 

For the invasion analysis in parameter space we have followed the method as described in 

De Roos et al. (2006). Below we describe how the population growth rate of herring invading a 

sprat-resource community was determined, but the same holds also for sprat invading a herring-

resource community. To determine the invasion boundary of herring into a community with 

only sprat and resources, we carried out bifurcation analysis of the sprat-resources subsystem. 

For the parameter ranges we investigated, the dynamics of the consumer populations always 

followed a periodic attractor with period n (which is a cohort cycle if n > 1). During the last 30 

years of a 400-year integration interval with constant parameters, batches of herring eggs were 

introduced into the sprat-resources subsystem in each phase of the population cycle. The 

dynamics of these introduced individuals was followed over time in the same way as when 

studying the complete system, except that we assumed that their density did not have a 
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feedback on the densities of resources. As a consequence, the life history of these individuals 

unfolded completely dependent on the environment of sprat and resources. The average, 

lifetime reproductive output per introduced individual in each of the different phases of the 

population cycle was subsequently used to construct the nxn next-generation matrix. Each 

element (i,j) of this matrix represents the expected, total number of offspring that an individual, 

which is itself introduced in phase i of the population cycle, produces in phase j of the 

population cycle. The dominant eigenvalue of this next-generation matrix equals R0, the overall 

average number of offspring produced by an introduced herring individual under the conditions 

of the ruling dynamics of sprat and resources over time (Diekmann and Heesterbeek, 2000). 

Invasion of herring is possible whenever R0 > 1. 
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TABLE A4.1. Individual-level model equations. Parameter information is given in table A4.2. x and y 

indicate irreversible and reversible mass, respectively. Superscripts indicate that the equation is valid for 

that species only (H for herring, S for sprat).*See fig. A4.1 for details. 
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TABLE A4.2. Model parameters for herring (Clupea harengus) and sprat (Sprattus sprattus) foraging on 
zooplankton and benthos. Alternative values for sprat planktivory and digestion provide scenarios with/without 
a competitive advantage for herring over sprat as juveniles.  

Symbol Value  Unit Interpretation Source  

 Herring  Sprat   

Spatial dimensions 

VB 50 50 - Volume to bottom ratio  

V 1 1 m3 Volume 

B - - m2 Bottom 

Season and spawning 

Y 250 250 days Duration of growing season  

S 0 200 day Date of spawning decision  1 

Sm 38 45 day Date of maximum spawning  2-4 

Sd 76 90 days Duration of spawning period  2-4 

Ontogeny 

wb 0.0007 0.0005 g Total weight at hatching  5 

qj 0.7 0.9 - Juvenile maximum condition  6-8  

qa 1.13 1.4 - Adult maximum condition  3, 6-8 

qr 0.7 0.9 - Threshold condition for spawning  

kr 0.5 0.5 - Gonad to offspring conversion efficiency 9 

Ed 17 6 days Duration of egg period  5, 10 

Af 25 14 days Age at first feeding  11-12 

Lm 14 9 cm Maturation length  13-14 

Length-weight relationship  

1 5.65 5.4 cm·g-2 Allometric scalar  15  

2 0.32 0.33 - Allometric exponent  15  

Planktivory 

 0.5  0.5 - Allometric exponent  16  

Amax 150  150/85 m3·day-1 Maximum attack rate  16  

Mopt 50 50/15 g Optimum consumer size  16 

Ro 0-0.5 0-0.5 - Degree of resource overlap (herring/sprat) 

Benthivory 

Lb 15 - cm Length at first benthos feeding  17-18 

L50 20 - cm Length at 50 % of max benthos foraging  17-18 

Bmax 0.4 - - Maximum time foraging on benthos  17-18 

b1 0.2 - m2·d-1·g -b2 Allometric scalar  19 

b2 0.4 - - Allometric exponent  19 

Digestion   

d1 4.8 6.7/4.8 day·g-(1+d2) Allometric scalar  20  

d2 -0.74 -0.63/-0.74 - Allometric exponent  20  
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Metabolism  

1 0.03 0.03 g(1-2)·day-1 Allometric scalar  21  

2 0.8 0.8 - Allometric exponent  21  

ke 0.5 0.5 - Food energy conversion efficiency  9  

Mortality  

μ0 0.005 0.005 - Background mortality rate  

μs variable variable day-1 Size-dependent mortality constant  

μc 0.5 0.5 g Size-dependent mortality characteristic size  

μe variable* variable* day-1 Egg mortality  

μy variable* variable* day-1 Mortality of yolk sac larvae  

qstarv 0.2 0.2 - Starvation mortality threshold   

s 0.2 0.2 day-1 Starvation rate coefficient  

Resources 

rz 0.1 0.1 day-1 Renewal rate of zooplankton 

rb 0.1 0.1 day-1 Renewal rate of benthos 

Kz variable variable g·m-3 Maximum zooplankton population density 

Kb variable - g·m-2 Maximum benthos population density 

*Mortality for egg and yolk sac larvae is set to the same value as the size-dependent mortality imposed on newborn 

individuals (table A4.1, eq. 21). 

Source: 1) M. Casini, Swedish Board of Fisheries, pers comm., 2) Krasovskaya 2002, 3) Rajasilta et al. 2001, 4) Rajasilta 

et al. 2006, 5) Arrhenius and Hansson 1993, 6) McGurk 1984, 7) Mathers et al. 1994, 8) Folkvord et al. 2000, 9) Persson 

et al. 1998, 10) Blaxter and Hempel 1963, 11) Arrhenius and Hansson 1996, 12) Daewel et al. 2008, 13) Vainikka et al. 

2009, 14) Grygiel and Wyszynski 2003, 15) unpublished data from the Baltic International Acoustic Survey; ICES 

2010, 16) Hjelm and Persson 2001, 17) Casini et al. 2004, 18) Möllman et al. 2004, 19) Persson et al. 2004, 20) De Silva 

and Balbontin 1974, 21) Opalanski et al. 2004  
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TABLE A4.3. Definition of state variables and their dynamics. The indices i and j refer to sprat and herring, 

respectively, and n to cohort number. As all equations for cohort dynamics apply to both sprat and herring 

no species indices are given. The functions for mortality (), energy balance (Eg), energy allocation (f), 
attack rates (Az, Ab), handling time (H), encounter rate (), degree of resource overlap (R) and time feeding 

on zooplankton (Zt) and benthos (Bt) are given in table A4.1. Parameter values and their references are 

given in table A4.2. 

Individual level    Symbol  Unit 

Irreversible mass    xi,n, xj,n  g 

Reversible mass     yi,n, yj,n  g 
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Density of benthos   Rb   g·m-2 

Cohort dynamics      

Cohort mortality    nnn
n Nyx

dt

dN
),(          

Cohort per capita growth in x  





0

),(),( nngnnn
yxEyxf

dt

dx
               

otherwise

0 if gE
  

Cohort per capita growth in y  




 


),(

),()),(1(
 

nng

nngnnn

yxE

yxEyxf

dt

dy

 otherwise

0 if gE
  

Resource dynamics   

Sprat zooplankton   
 







k

n
t

njznj

njnjz
zst

k

n nizni

niniz
zszszz

zs Z
xxH

NxRA
RZ

xxH

NxAR
RRKr

dt

dR

1 ,,

,,

1 ,,

,,

)()(1

)(

)()(1

)()1(
)(


   

Herring zooplankton  
 







k

n
t

njznj

njnjz
zh

k

n
t

nizni

niniz
zhzhzz

zh Z
xxH

NxAR
RZ

xxH

NxRA
RRKr

dt

dR

1 ,,

,,

1 ,,

,,

)()(1

)()1(

)()(1

)(
)(


   

Benthos              VBB
xxH

NxA
RRKr

dt

dR
t

k

n njbnj

njnjb
bbbb

b 
 


1 ,,

,,

)()(1

)(
)(



 

114




