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The largest perturbation on upper trophic levels of many marine ecosystems stems from fishing. The reac-
tion of the ecosystem goes beyond the trophic levels directly targeted by the fishery. This reaction has
been described either as a change in slope of the overall size spectrum or as a trophic cascade triggered
by the removal of top predators. Here we use a novel size- and trait-based model to explore how marine
ecosystems might react to perturbations from different types of fishing pressure. The model explicitly
resolves the whole life history of fish, from larvae to adults. The results show that fishing does not
change the overall slope of the size spectrum, but depletes the largest individuals and induces trophic cas-
cades. A trophic cascade can propagate both up and down in trophic levels driven by a combination of
changes in predation mortality and food limitation. The cascade is damped as it comes further away
from the perturbed trophic level. Fishing on several trophic levels leads to a disappearance of the signature
of the trophic cascade. Differences in fishing patterns among ecosystems might influence whether a
trophic cascade is observed.
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Trophic cascades are the signature of indirect effects of
changes in the abundance of individuals in one trophic
level on other trophic levels (Pace er al. 1999). Trophic
cascades can occur when the abundance of a top predator
is decreased, releasing the trophic level below from
predation. The released trophic level reacts by an increase
in abundance, which imposes an increased predation
pressure on the next lower trophic level, etc. In the case
of marine systems the outside perturbation typically
stems from fishing, which can easily exceed the ‘natural’
predation mortality. Trophic cascades had not been
thought to occur in marine systems (Steele 1998), but
recently trophic cascades have been demonstrated in sev-
eral large marine systems: the Black Sea (Daskalov er al
2007), the Baltic Sea (Casini et al. 2008; Mollmann
et al. 2008) and parts of the Northwest Atlantic
(Frank er al. 2005, 2006; Myers er al. 2007). These
trophic cascades cover up to four trophic levels and
reach all the way down to primary production. Despite
the evidence for trophic cascades in some systems, trophic
cascades appear to be absent in other systems, even though
they are heavily perturbed by fishing—in particular, the
North Sea (Reid ez al. 2000). The presence or absence
of trophic cascades can be attributed to high temperature
(which leads to faster growth rates and therefore less sen-
sitivity to fishing) or to a large diversity that stabilizes the
system (Frank er al. 2007).

Trophic cascades emanating from perturbations on top
predators have been described using simple box-type
models, with each box representing a species at a given
trophic level (May et al. 1979; Daskalov 2002). Box-type
models do not account for the special life history of fish,
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where an individual can cover several trophic levels from
the larval stage at around 1 mg to maturation at 10 g to
50 kg depending on the species (Werner & Gilliam
1984). This ontogenetic development can be resolved
either using stage-structured models (de Roos er al
2008a) or size-structured models of each species (Hall
et al. 2006; Pope et al. 2006). Here we apply a novel
size- and trait-based model that is able to account for
the change in trophic level during ontogeny and is readily
applicable to study the effects of a size-based fishing
mortality.

The model is an extension of general size- and trait-
based models of marine ecosystems (Andersen & Beyer
2006; Pope et al. 2006). The model is mathematically
complex, but based on simple ecological assumptions.
The governing principle is that large fish eat smaller fish
(Ursin 1973; Cohen et al. 1993; Jennings et al. 2002).
This rule combined with a standard bioenergetic budget
determines both the growth of individuals and the corre-
sponding predation mortality on the smaller prey. Prey
can be either fish in the community or zooplankton,
which is modelled as an external resource. Model para-
meterization is based on general size-based scalings of
search rate, ingestion, standard metabolism and mortality.
The model does not resolve specific species, but rep-
resents life-history diversity through the distribution of
individuals with a given individual and asymptotic
(maximum) size. The model is used to investigate the
effect of fishing on individuals within a given size range
or within a range of asymptotic sizes.

Three fishing scenarios are simulated: (i) a consumer
fishery targeting individuals larger than 1kg; (ii) an
industrial fishery targeting smaller forage fish species;
and (iii) a fully developed fishery targeting fish of all sizes.
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Table 1. Model equations. m is individual weight, and M is asymptotic (maximum) size.

community size spectrum N.(m)=>"; N; (M1)
size selection of food items @(Mprey/m) = exp {f(ln(ﬁmprey/m))z/(Zoz)] M2)
volumetric search rate V(m) = ym? (M3)
encountered food E(m) = V(m) | mpreyNec(Mprey) @(1prey /m) Amiprey (M4)
feeding level f(m) = E(m)/(E(m) + Cmax) (M5)
maximum consumption Crnax = hm" _10 (M6)
allocation to reproduction Y(m, M) = [1 + (nﬁM) (%)lfn (MT)
somatic growth g(m) = (1 — y(m))(af (m)Cinax — ksmi) (MB)
predation mortality My (Mprey) = [(1 = f (m)) V (m)Ne(m) @(1mprey /m) dm (M9)
background mortality (M) = o M1 (M10)
resource spectrum 8@" =rom" (K, — Ny) — Ny M11)
resource carrying capacity e (m) = km~274n (M12)

1. MODEL FORMULATION
The model is a dynamical version of the ‘charmingly
simple model’ by Pope et al. (2006), based on the prin-
ciples of classical multi-species fishery models
(Andersen & Ursin 1977) and community size spectrum
models (Benoit & Rochet 2004). The model is extended
to include food-dependent growth and a theoretical justi-
fication for the stock recruitment relation. The model is
formulated using processes at the individual level that
make it possible to estimate most parameters using the
physiology of individual fish and scaling relations with
individual size m or asymptotic (maximum) size M. The
equations in the model are given in table 1.

The two central assumptions of the model are (i) that
food is selected on the basis of the size difference between
individuals and is therefore not dependent upon species
identity, and (ii) that the most important trait of a fish
species is its asymptotic size M. The model is therefore
not a traditional food-web model where species are rep-
resented explicitly, but rather a trait-based model
(Norberg er al. 2001) with the trait being asymptotic
size. The trait dimension is split into discrete asymptotic
size classes. The result of the model is the size distribution
of each asymptotic size class N;(m) measured in units of
number per volume per mass. The number of individuals
in the size range [m, m + dm] and asymptotic size range
[M;, M;,,] is therefore N;(m)dm. The dynamics of the
spectrum of asymptotic size class 7 is governed by the con-
servation equation (McKendrick 1926; von Foerster
1959):

ON;  0gi(m)N;

ot om - mOIN:

(1.1)

where g;(m) and w,(m) are the somatic growth and the
total mortality of an individual of size m, respectively.
The central processes of growth and mortality are pre-
scribed at the level of individuals, and integrated up to
the population level using equation (1.1). In this
manner the need for explicit individual-based simulations
is bypassed.

Encounter of food (M4) is modelled by a classical for-
mulation where food is selected from the community
spectrum (M1) by a log-normal size preference function
(M2) with a fixed preferred predator—prey mass ratio 8
(Ursin 1973; Andersen & Ursin 1977). Consumption is
determined by a Holling type-II functional response (M5).

Somatic growth is modelled by a standard bioenergetic
model. Consumed food is assimilated with an efficiency «
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and used for standard metabolism k, w”. The remaining
energy is split between somatic growth and reproduction
by a function ¢)(m) that switches from 0 to 1 around the
size of maturation (M7-8; Pedersen er al. submitted).
This formulation leads to von Bertalanffy-like growth
curves when food conditions are constant and indepen-
dent of size, and a constant mass-specific allocation to
gonads once the individual is mature.

Mortality comes from predation (M9) and a back-
ground mortality accounting for mortality not arising
from predation or fishing (M10).

The resource spectrum is modelled dynamically using
a semi-chemostat growth equation with allometric scaling
of the regeneration rate (M11) and a carrying capacity
given by the theoretical equilibrium spectrum (M12;
Andersen & Beyer 2006).

Recruitment is ‘hockey-stick’ such that the number
density at the size of recruitment m is determined by
the egg production of the 7th asymptotic size class, limited
by an upper level Ny ;. The upper level is calculated using
equilibrium size spectrum theory for an unexploited
system (Andersen & Beyer 2006; appendix A).

The conservation equation (1.1) is discretized by a
standard first order in time and semi-implicit upwind
finite differences scheme (Press er al. 1992). The individ-
ual size axis is discretized with 100 size groups.
Asymptotic size is discretized with 20 asymptotic size
classes in the range 10 g to 100 kg. The time step is
0.02 years. It has been checked that the results do not
depend on the discretization of mass, time or the
number of asymptotic size classes used. After around
50 years of integration the solutions converge to a
dynamical steady state regardless of initial conditions.

2. MODEL ANALYSIS

The use of scaling based on individual and asymptotic
size make the number of governing parameters in the
model relatively small. Most are determined from basic
physiological scaling relations or cross-species analyses
of fish communities (table 2). Three related parameters
are the coefficients of maximum consumption #, search
rate y and carrying capacity of the resource spectrum
k.. Taken together these parameters determine the feed-
ing level (M6; functional response) of small individuals
who only feed from the resource spectrum. Assuming
that the resource spectrum is at the carrying capacity,
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Table 2. Parameters in the model. Time is expressed in
years, weight in grams, and biomass density in grams per
unit volume.

individual physiology

1o 0.6 assimilation efficiency®

n % exponent of max. intake®

h 30 factor for max. intake®

P % exponent of standard metabolism¢
ks 4 factor for standard metabolism®

Mo 0.6 background mortality factor®

n 0.25 size at maturation rel. to M®
individual foraging

B 100 preferred predator—prey weight ratio®
o 1.3 width of selection function'

v 526 factor for search volume’

q 0.9 exponent of search volume®
primary production

Ky 0.005 resource spectrum carrying capacity
7o 4 growth rate of resource spectrum

“Kitchell ez al. (1977).

Jobling (1994) states that %< n< %. We have used n= % to be
consistent with von Bertalanffy growth curves.

°Adjusted such that emergent growth rates are in the range of
those observed in the North Sea (figure 1).

“West et al. (1997).

°The data of Winberg (1956) indicate a standard (resting)
metabolism factor for fish of about 4 g2 yr™! at 10°C.

This has been adjusted to lead to a background mortality of the
same order as the predation mortality, but still lower than the
predation mortality.

¢Beverton (1992).

"Ursin (1973) and Jennings ez al. (2001).

Ursin (1973) finds o=1 for a single species. To account for
species diversity within an asymptotic size class, this has been
increased to o= 1.3.

'See equation (2.1).

XConsiderations on the bioenergetic budget of swimming predict a
value of ¢ between % and 1 (Andersen & Beyer 2006).

'Savage er al. (2004; temperature: 10°C).

the value of vy can be determined from % and «; as

Jfo
aeKr(l _fO) ’

where ae = v2mop 2e(A2°7/2) (Andersen & Beyer
2006) and fy =~ 0.5 is the expected average feeding level.
In this manner the effective fundamental parameters are
reduced to the prey selection parameters 8 and o together
with % and k.. The latter two parameters effectively work
as scaling parameters, scaling time and abundances. They
are therefore not important for the qualitative dynamics
of the model, only for making the dynamics occur on
the right time scale and ensuring the abundances are in
the correct order of magnitude. Getting the timescale
reasonably correct is important to compare levels of fish-
ing mortality used in the model with realistic levels, and
getting the abundances right matters for getting yield esti-
mates in the correct order of magnitude. Runs of the
model lead to growth curves roughly equal to expected
von Bertalanffy growth curves, confirming that the time
scale is in the right range (figure 1).

vy=nh (2.1)

3. RESULTS

The starting point is an unexploited system represented
by asymptotic size classes with asymptotic sizes from 4 g
to 100 kg (figure 2). Each of these spectra represents
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Figure 1. Growth curves of 10 asymptotic size classes with
varying asymptotic sizes (thin lines) together with expected
range of von Bertalanffy growth curves in the North Sea
(grey patch). The thin dashed line is the size at maturation.
Weight is normalized by the asymptotic size M and age ¢ is
normalized by the expected life time oc M'™™. The data
from the North Sea are calculated using growth curves with
von Bertalanffy growth rates KL, within + 1 s.d. of the
mean growth of the species listed in Gislason et al. (2008).

the abundance of all species with asymptotic size within
the corresponding asymptotic size class. The community
spectrum is the sum of all asymptotic size classes. The
community spectrum oscillates around the theoretically
expected spectrum, which is a straight line on a log—log
scale (Andersen & Beyer 2006). The oscillation is
induced by the largest individuals that are not affected
by predation and that therefore have a larger abundance
than expected in a theoretical, infinitely large, spectrum.
This oscillation is not crucial for the general reaction of
the system to fishing.

Fishing on large fish is the natural starting point for
exploitation of a marine system, as the largest fish typi-
cally return the highest price per kilo (figure 3a). The
fishing pressure lowers the abundance of the large fish,
but the abundance in the lower part of the fished range
actually increases. Due to the reduction in predation mor-
tality (figure 3b), the abundance of individuals in the size
range below the fished range increases substantially. That
increase in abundance leads to an increase in the preda-
tion pressure further down in the size range among the
smallest fishes and the juveniles of the larger fishes. The
increase in abundance of fish in some ranges is not only
due to a release from predation pressure, but is also due
to changes in food availability and thus growth of individ-
uals (figure 3c¢). As the increased population exerts a
larger predation pressure on its prey population, the
prey population diminishes, leading to food limitation
on the predators. Lower growth rates mean that the indi-
viduals are growing more slowly out of their size range,
and individuals therefore ‘pile up’ within the size range
with slower-than-average growth, thus further exacer-
bating the increase in abundance and the predation
pressure on their prey. The lowering of growth rates is
also the effect partly responsible for the increase in abun-
dance in the lower end of the fished range. The opposite
effect occurs among individuals in size ranges with
decreased abundance. As the abundance of their prey is
increased these individuals experience increased growth
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Figure 2. Biomass spectra of 20 asymptotic size classes in an
unexploited ecosystem (thin lines) and community spectrum
including the resource (thick line). The theoretically
expected total spectrum from equilibrium size spectrum
theory is the carrying capacity for the resource spectrum
(dashed line).

rates and are thus growing more quickly out of their size
ranges. The oscillations in the cascade are therefore cre-
ated by a combination of the changes in predation
pressure and food limitation. The end result is a trophic
cascade that extends all the way into the resource spec-
trum representing zooplankton, where it is finally
dissipated. As the oscillations are diminishing in magni-
tude the further they are away from the fished range,
the cascade is a damped trophic cascade.

If the largest fish have been removed from the system
by fishing, the fishery targets the intermediate size
range. The fishery on the intermediately sized species
might also have become more profitable due to the
increase in abundance brought about by the release
from predation by the larger species. This ‘fishing down
the food web’ goes on until fish of all asymptotic sizes
are being exploited (Pauly er al. 1998). We have used
the description of an ecosystem-wide fishing mortality
by Pope er al. (2006), inspired by the fishing pattern in
the North Sea. This fishing pattern targets individuals
larger than a fraction of their asymptotic size with a fish-
ing mortality that is slightly larger for small than for large
species. The result of the ecosystem-wide fishing is that
the trophic cascades almost disappear and the spectrum
looks like the unexploited case, except that the largest
fish are now completely removed, a state that reflects
that of the North Sea today (figure 4b).

Industrial fishing targets the small zooplanktivorous
species that are typically used for fishmeal production.
This fishing pattern is represented in the model by a fish-
ing mortality that acts only on asymptotic size classes with
small asymptotic size (figure 4a). Industrial fishing natu-
rally lowers the abundance of small fish, but not to the
same degree that large fish were lowered by the same
amount of fishing mortality. This is because predation
mortality on small fish is already high, so the relative
effect of fishing is smaller. The depletion of smaller
fishes affects the availability of food for their predators,
which, as a consequence, experience lowered growth
rates, which again leads to an increase in the abundance
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Figure 3. The unexploited system from figure 2 (dashed
lines) compared to systems with fishing mortality on fish
larger than 1kg (grey patches). Fishing mortality is
0.5 yr~ ! (grey line) and 1 yr~ ! (black line). (a) Abundance
in the fished spectrum relative to abundance in the
unexploited spectrum N (F)/N.(F = 0) for fish (solid lines)
and resource (dotted lines), (b) predation mortality and
(¢) feeding level.

of intermediate to large-sized fish. In this example, fishing
again triggered a trophic cascade, but now in both direc-
tions. The cascade upwards is driven by the lack of food
for the predators leading to smaller realized maximum
sizes. The mechanism for the cascade downwards is simi-
lar to that from fishing on large fish, namely through the
combination of predation mortality and food limitation.

The length (in mass space) and the damping of the
cascade depends on the parameters describing the prey
preference selection: preferred predator—prey mass ratio 8
and width o (figure 5). Qualitatively 8 determines the
relation between trophic level and size, while o controls
the degree of smoothing of differences between trophic
levels. The distance from the point of exploitation
(10 kg) to the next trough indeed scales roughly with S,
but the distance from the trough to the peak is apparently
independent of B. Increasing o weakens the cascade, but
does not change the wavelength.

4. DISCUSSION

The model simulations demonstrate how fishing has the
potential to trigger damped trophic cascades both up
and down in trophic levels. The downward cascades are
driven by changes in predation mortality and enhanced
by food limitation. The fluctuations in abundance
diminish with distance from the fished size range. This
means that even if the impact of fishing on the largest
fish can be seen in the plankton spectrum, the disturb-
ance is expected to be small. Trophic cascades can also
propagate upwards from industrial fishing in the middle
of the size spectrum. This increase in abundance of the
smallest fish species is expected to lead to an increase
in abundance of intermediate-sized predators, but a
decrease in productivity of the largest fish. A fully devel-
oped fishery with fishing on all trophic levels removes
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Figure 4. Comparison between the unexploited system from
figure 2 (dashed lines) and one with industrial fishing on life
histories with (@) an asymptotic size smaller than 0.5 kg,
or (b) ecosystem-wide fishing. Solid lines: normalized
size spectra: N.(F)/N.(F=0); dotted lines: resource.
Fishing mortality is 0.35 yr ' (grey lines) and 0.70 yr!
(black lines).

the oscillation that is a signature of the trophic cascade.
The dependence of the signature of the cascade on fishing
pattern may play a role in why trophic cascades are
observed in some systems but not in others (Frank er al
2005, 2007); for example, cascades have not been
found in the North Sea (Reid ez al. 2000), which has a
well-developed industrial fishery, but have been observed
in the northwest Atlantic, where fishery for fishmeal is not
allowed. The differences in growth rates between
unexploited and fished systems was remarkably small
(figure 3c¢), lending support to the use of community
models with fixed growth (Lewy & Vinther 2004; Hall
et al. 2006; Pope et al. 2006).

Empirical studies have pointed to two aspects of
marine ecosystems that may influence the potential cas-
cading effects of fishing, namely species diversity and
temperature (Frank ez al. 2007). Systems with large
species diversity are expected to have a high degree of
redundancy of ecological function between species.
Therefore if some species are depleted, either by fishing
or by increased predation pressure, other species will be
able to occupy their niche and consequently avoid or
dampen a trophic cascade. As the present size spectrum
model is trait- and not species-based, it is not able to
deal explicitly with the effects of diversity. In this respect
the model therefore represents a species-poor system (like
the Baltic Sea or the Barents Sea) or a species-rich system
where all species of a given trophic level are exploited (like
the North Sea). An examination of the influence of diver-
sity may be done by including a specific food web in the
model and performing a community viability analysis
(Ebenman er al. 2004). Describing the effects of diversity
therefore requires knowledge of the interaction matrix for
the specific system, or at least the statistical properties of
interaction matrices in marine systems. An alternative to
the explicit food web is to introduce a higher dimensional
trait space (Savage er al. 2007).

Temperature affects the system either through a corre-
lation between temperature and diversity (higher diversity
in warm than in cold systems) or through the direct
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Figure 5. The influence of (a¢) B and (b) o on the cas-
cades initiated by a fishing pressure on individuals larger
than 10 kg. The contour lines depict the log of N_(fished)/
N (unfished), with the thick line being the zero contour
line (no impact of fishing), and black and grey contour
lines being positive and negative impact respectively. The
distance between the contour lines is 0.1.

influence of temperature on physiological rates. The
latter can be implemented in the model by a scaling of
the physiological rates with temperature by a Q10 of
about 1.8 (Clarke & Johnston 1999). The most important
physiological parameter in the model is the factor for
maximum consumption rate 4. Scaling 4 with tempera-
ture effectively leads to a relation between the timescale
of the dynamics and temperature. Thus, in the model,
an increase of 10°C leads to roughly twice as large
growth rates and productivity, and consequently the abil-
ity to tolerate twice as high fishing mortality. Temperature
in itself is therefore expected to make warm systems more
resilient to a given fishing mortality than cold systems, but
the qualitative effects (e.g. cascades) remain the same.
The results of the size spectrum model suggest that
marine ecosystems possess a mechanism for damping
trophic cascades independently of the buffering effects
of species diversity. This ‘trophic damping’ is an inherent
feature of the trophic transfer of energy through predation
and food-dependent growth of individuals. The damping
was quantified as the change in the deviation of abun-
dance induced by fishing between two trophic levels.
The trophic damping was found to be about 50 per
cent per trophic level. Measuring the damping of a
trophic cascade from empirical data is difficult, as results
of absolute densities have to be compared between
different gears with different catchabilities. Existing
empirical data gives different indications about the
trophic damping. In the northwest Atlantic a halving of
cod biomass resulted in a modest increase in large zooplank-
ton, indicating a strong damping (Frank et al. 2005).
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Figure 6. Illustration of the influence of the upper size limit
meng Of data used for fitting a power law exponent to abun-
dance size spectra. (a) The size spectra of the fish
community for unexploited (dashed), large-fish fishing
(light grey; figure 3) and ecosystem-wide fishing systems
(dark grey; figure 45). (b) Fitted exponent to abundances in
the range from 10 g (approx. 10 cm) to m.,4. The dotted line
is the theoretically expected exponent.

On the other hand, analysis of data from the Baltic indi-
cates almost no damping of the trophic cascade (Casini
et al. 2008).

The degree of trophic damping depends on the par-
ameters of the prey size selection function, in particular
on the width of the size selection function ¢. Systems
dominated by species with a large trophic breadth in their
diet are expected to have strongly damped trophic cas-
cades. A systematic variation of the trophic diet breadth
with size may also influence how far a trophic cas-
cade can propagate down the size spectrum. To our
knowledge, analysis of the trophic breadth of individuals
only exists for fish larvae in particular systems (Munk
1997; Ostergaard er al. 2005), but a more systematic
analysis may be carried out using larger data compilations
(Barnes ez al. 2008).

Environmental stochasticity influencing recruitment
can be added to the stock—recruitment relationship
(appendix A). It was found that noise did not influence
the model appreciably, and, more importantly, that
noise is not able to induce different stable states, as
shown in, for example, the Baltic (Casini ez al. 2009).
The lack of different stable states is due to the use of a
stock—recruitment relationship to stabilize the model. If
recruitment is determined only by egg production, the
model system would allow for different stable states
(de Roos et al. 2008b; van Leeuwen et al. 2008), but
would have difficulties with co-existence of species
(van de Wolfshaar ez al. 2006).

A commonly used indicator for the severity of
ecosystem-wide fishing is the slope of the community
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Figure 7. Comparisons of results from the unexp-

loited system without noise (black line, solid in (a,b) and
dashed in (c)) and with stochastic recruitment, o= 1 (grey
area). (a) Community spectra normalized with the theoreti-
cally expected spectrum N.(m)w 27¢"", (b) feeding level
and (¢) N(mg) for the asymptotic size class with M =500 g
as a function of time.

size spectrum. Historical analyses of the size spectrum
of the North Sea fish community demonstrate an increase
in the slope (Rice & Gislason 1996; Daan ez al. 2005),
which has been linked to the disappearance of the largest
fish, which in turn leads to an increase in the abundance
of the smallest fish. A change in slope of the community
size spectrum appears to be at odds with the prediction
from the present model, where ecosystem-wide fishing
does not change the overall slope of the size spectrum
appreciably, but leads to the disappearance of large fish
(figure 4b). The reason for the change in slope of the
community spectrum found by data analysis may be the
relatively small size range that is accessible by trawl sur-
veys (10-100 cm). The surveys may therefore only
reveal one oscillation in a trophic cascade, which appears
as a change in the overall slope of the spectrum. If the
line that is being fitted includes points among the disap-
pearing large fish, or if the length of the oscillation
is shorter than the fitted range, the fitting of a straight
line to the size spectrum depends on details of how the
fit is done (figure 6). The power law scaling of abundance
with size in an ecosystem is a concept that is only borne
out by observations if a size range larger than the
oscillations around the ideal scaling is fitted (i.e. a size
range several times larger than ). The solution employed
in the analysis of the results from the model has been
to focus on relative changes in the size composition.
This method can be robustly employed in empirical
analysis as well (Daan er al. 2005). An alternative to
fitting a power law to determine a slope is to compare
the abundance or biomass between two fixed size ranges
(ICES 2007).
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APPENDIX A. CALCULATION OF RECRUITMENT

Here the details of the calculation of the recruitment of the
ith asymptotic size class N; (1) is given. The recruitment
is calculated using a hockey-stick function:

where R; is the egg production, N; g is the level of the flat
part of the hockey-stick curve, g;(my) is the somatic
growth of larvae and £(z) is a stochastic component.

The egg production of an individual is found from the
growth equation (MB8) as g;, (m) = ¢ (m)(a f(m)Crax —
ksm?). Integrating over the whole population gives
the total egg production and multiplying by a
combined efficiency and egg survival factor e = 0.01 gives
R;= €[ g N;(m) dm/2.

The upper limit to recruitment is found using equili-
brium size spectrum theory under the assumption that
the feeding level is a constant f; (Andersen & Beyer
2006). From this the abundance at recruitment is given
as N;(mo) = ko M?" 97 279dM,, where a= (foh)/(cafph
— k)BT @D | 1No?2, dM;oc M; is the
width of the asymptotic size class, and ko is a measure
of the abundance of the resource. The value of kg is
adjusted such that the community spectrum formed
by the spectra of the fish populations roughly forms a
continuation of the resource spectrum (figure 2).

The stochastic term £ (¢) is log-normal distributed with
a spread oy, independently for each asymptotic size class,
and the value is renewed each year. In the simulations
presented in the main text of the article there is no
noise (i.e. £€=1). This was because adding noise was
found only to induce variation of abundances and feeding
levels around the mean value of the system without noise
(figure 7).

N;(mo) = &(2) min{Ni.m (A1)
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