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Many fish communities are heavily exploited and rebuilding plans need to be implemented for depleted species. Within an ecosystem
approach to management, development of rebuilding plans should include consideration of the expected consequences of the rebuild-
ing of the target species on the rest of the marine community. Using size- and trait-based single-species and community models, a
general assessment is made of the direct and indirect ecological consequences of a rebuilding plan based on a reduction in fishing
mortality. If fishing mortality is sufficiently reduced, the time-scale of rebuilding is in the order of the time to reach maturation of
an individual, and the expected trajectory can be reliably predicted by a single-species model. Indirect effects of increased abundance
are a decrease in individuals in the trophic levels above and below the target species. The decrease in biomass of the neighbouring
trophic levels is expected to be much smaller than the increase in the target species and to be largest in species on the trophic level
above. We discuss which effects could be responsible when a rebuilding plan does not result in the expected increase and how our

results could be applied in a practical management situation.
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Introduction

An international commitment has been made to rebuild fished
stocks to at least a level consistent with producing maximum sus-
tainable yield (UNEP, 2002). Subsequent agreements embed this
commitment in an overall ecosystem approach to management
and sustainable use of fisheries resources (UNGA, 2006). Before
a rebuilding plan for a specific target species is implemented, the
necessary management measures and the associated time-scale
have to be established. Furthermore, an ecosystem approach to
fisheries management requires that the broader consequence of
actions targeted at improving the status of the target species is
assessed. Therefore, rebuilding plans should also describe indirect
effects on the rest of the community, and possible ecosystem con-
straints on rebuilding should be considered when developing such
plans.

We make a general assessment of the effects of a reduction in
fishing mortality (F) on one (or a group of) species. Specifically
four questions are addressed: (i) what is the expected time-scale
of the recovery of an individual species when F is reduced, (ii)
what is the trajectory of the expected increase in spawning-stock
biomass (SSB) following a reduction in F, (iii) which indirect
effects could be expected, both on smaller and on larger fish in
the community, and (iv) if the expected increase in SSB of the
target species fails to happen, what could then be the cause?

The assessment is based on a size- and trait-based framework of
fish stocks, where population dynamics are described based on
individual-level processes (Andersen and Beyer, 2006). The single-
species version of the model is a size-based version of the classical
Beverton—Holt framework (Beverton and Holt, 1957), where
growth and mortality of an individual are fixed and prescribed

using equilibrium size-based theory (Andersen et al., 2009). The
community version is based on the same equations as the single-
species model, but growth is determined by the availability of
food from smaller individuals or from zooplankton, whereas a
substantial part of the non-fishing mortality depends on the con-
sumption by predators. The community model is essentially a
dynamic version of the simple size-based model of Pope et al.
(2006), and distinguishes itself from other size-based models
(Benoit and Rochet, 2004; Hall et al., 2006; Pope et al., 2006;
Maury et al., 2007; Blanchard et al., 2009) by both resolving food-
dependent growth and describing individuals not only their
current size, but also by their asymptotic (maximum) size.
Defining species by their asymptotic size makes it possible to
take account of other life-history traits, such as investment in
reproduction and background mortality rates through the life-
history invariants (Charnov, 1993, 2008), before the explicitly
modelled influences of food supply and predator abundance are
accounted for dynamically.

The models are applied to simulate scenarios for rebuilding one
(or a group) of stocks, from a base case of a heavily exploited
system where all trait classes are exploited. Three scenarios are
explored where F is reduced selectively for large, medium-sized,
and small fish, respectively, as differentiated by their trait (asymp-
totic size). Results from the single-species and the community
models are compared, and the indirect effects are quantified.

The simulations focus on stock rebuilding driven by manage-
ment changes in F and resultant effects on trophic interactions,
leading to changes in growth and mortality. They do not consider
changes in habitat, evolutionary changes, or Allee effects
(Hutchings and Reynolds, 2004). If a population has been depleted

© 2010 International Council for the Exploration of the Sea. Published by Oxford Journals. All rights reserved.
For Permissions, please email: journals.permissions@oxfordjournals.org

20z Iudy 60 Uo 15onB Aq 01881 9/0861/6/.9/8l01HE/SWIse0l/Wo0"dNo"dlepESE/:SAY WOI) PEPEO|UMO(



Direct and indirect community effects of rebuilding plans

to a point where recovery rather than just rebuilding is necessary,
then model results are informative of recovery trajectories only to
the extent that depensation is not included. The potential influ-
ences of these effects for the models applied are discussed.

Models

Both the single-species and the community model are size- and
trait-based, with size being individual weight w and the trait
being asymptotic weight W. All basic processes are related directly
or, in the case of the stock—recruitment relationship, indirectly to
individual-level processes. The model and associated parameters
are described in Andersen and Pedersen (2009) and summarized
in the Appendix. The resulting dynamics of the size spectrum
Ni(w, t) describe the density of individuals (measured in
numbers per volume per weight) with size w and asymptotic size
W; as a function of time . Scaling from individual-level processes
of growth g; and mortality u; to the population-level size spectrum
is achieved by a numerical solution of the classical McKendrick—
von Foerster equation, which is just a mathematical formalization
of the conservation of numbers of individuals (McKendrick, 1926;
von Foerster, 1959):
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Somatic growth is described by a bioenergetic budget account-
ing for losses attributable to assimilation (specific dynamic
action), standard metabolism, and allocation to reproduction

&i(w) = (ef Whw" — kwP)(1 — i(w)), @)

where « is the assimilation efficiency, f(w) the feeding level, hw"
the maximum consumption rate, and kw’ are losses attributable
to standard metabolism and activity. The term in the first set of
brackets is the energy available after standard metabolism has
been subtracted, and ¢;(w) then determines the fraction of the
available energy allocated to reproduction.

In the single-species model, growth and predation mortality
rates are fixed, whereas these parameters in the community
model are determined by changes in the abundance of prey and
predators, such that there is balance between growth and mor-
tality. In other words, for every predator consuming a prey,
there is a corresponding mortality on that prey.

Recruitment is assumed constant in time and independent of
the SSB, which implies that the stocks are not experiencing recruit-
ment failure (i.e. SSB is above the limit reference point By;,,). The
level of recruitment is determined from the theoretically expected
abundance of larvae of that trait class in an unfished community,
which is a decreasing function of asymptotic size (Andersen and
Beyer, 2006). This assumption imposes increasing density-
dependence as a function of asymptotic size in accordance with
the experience from other community models (Pope et al,
2006) and theoretical expectations (Andersen et al., 2008;
Gislason et al., 2008).

Single-species model

In single-species calculations, growth and mortality are determined
from a community size spectrum using the equilibrium size-
spectrum theory (Andersen and Beyer, 2006). Growth is given by
Equation (2), using a constant feeding level f,. Consumption rate
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of prey by an individual with size w is then fyhw". For the commu-
nity to be in mass balance, this feeding rate implies a corresponding
predation mortality rate of w, &~ foh3' ™" "*w" " (Andersen et al.,
2009), where B is the preferred predator—prey mass ratio, A =
2+ q — n is the slope of the size spectrum, and g is the exponent
of the volumetric search rate. Using the fixed growth and mortality,
Equation (1) can be readily solved numerically for the size spec-
trum of the species N;(w).

Community model

In contrast to the single-species model, the community model
does not resolve specific species, but solves for groups of species
within a specified range of asymptotic sizes. Each asymptotic
size class i represents all species with asymptotic sizes in the
range W; to W ;. This trait-based approach combined with size-
based scaling of parameter values results in a parsimonious model
that describes generic properties of marine communities. A given
community is described essentially by two parameters: h rep-
resents the maximum consumption rate and k is the carrying
capacity of the resource spectrum (Andersen and Pedersen,
2009). The value of h determines the growth rate corresponding
to the productivity (e.g. temperature) of the fish community.
Therefore, h determines the time-scale of the dynamics in the
community: higher & (higher productivity) results in faster
biomass increase. The value can be derived from its relation to
the von Bertalanffy growth constant K as hocKL. (Andersen
et al., 2009).

Expected rebuilding

Rebuilding is simulated by reducing F on either a specific species
(in the single-species model) or a group of species falling within
a range of asymptotic sizes (in the community model). The sim-
plest way to describe the expected increase in biomass of a popu-
lation is to assume an exponential relaxation from the state before
some measure was taken (denoted by subscript “0”) to the final
state (subscript “€”). In the following, SSB is used to characterize
the population as

SSB() = SSB¢ — (SSB¢ — SSBy)e /7, 3)

where 7 is the time-scale of relaxation. The expected time-scale of
relaxation to a new steady state following a perturbation is the age
of maturation. If the exponent of standard metabolism is assumed
to be the same as the exponent of maximum consumption, i.e. p =
n, then the growth rate until maturation is afy(h — k)w". Because
size-at-maturation is a fraction n & 0.25 of the asymptotic weight
(Beverton, 1992), the age-at-maturation T, can be found by
integrating the growth equation up to the weight-at-maturation:

3(qw)' "
Tmat = 7 i~
afo(h — k)

We use T, to normalize the time-scale of stock rebuilding.

Simulations

Simulations of stock rebuilding are done from a base case of a
heavily exploited community (Figure la). All trait classes are
fished with a fishing mortality described by a logistic function of
individual size with a knee point at 0.05 W (Figure 1b; see M11
in Appendix Table 1 or Equations (4) and (5) in Pope et al.,
2006). The average fishing mortality in the community is F; =
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Figure 1. Simulations of the base case with the community model:
(a) resulting biomass spectra for ten asymptotic size classes (thin
lines), their sum (thick line), the spectrum of the resource (thick
dashed line), and the theoretically expected spectrum of an unfished
system (thin dashed line); and (b) input fishing mortalities for the
ten asymptotic size classes.

0.7 year ' (roughly corresponding to the state of the North Sea
today; Pope et al., 2006). From the base case, F is suddenly
reduced to 0.25 year™ ' either for a specific asymptotic size class
or for a range of asymptotic size classes, corresponding to either
large predatory species (cod-like: W > 15 kg), smaller consumer
species (herring-like: 0.5 < W < 4 kg), or forage fish (25g<
W <200 g). For each biomass trajectory, the exponential relax-
ation in Equation (3) is fitted to the time-series of SSB to
determine the time-scale 7 and the relative increase in SSB: R =
SSB;/SSB,.

Results

Simulations of both models demonstrate a reasonable fit to the
exponential relaxation of the SSB (Figure 2). As expected, T
increases as a function of asymptotic size and varies between
~0.5 Ty for large species and 2 T, for small species
(Figure 3a). The greater the reduction in F, the faster the increase
in SSB, the faster it reaches any specific biomass along the trajec-
tory to its new steady state, and also the longer complete rebuild-
ing takes, if rebuilding is taken as reaching the equilibrium
biomass implied by a particular F (such as Fysy). However, the
difference in rebuilding time is modest compared with the differ-
ences in the steady-state biomasses consistent with the different Fs.
The relative increase in SSB is an exponentially increasing function
of the reduction in fishing mortality AF (Figure 3b). F is a larger
contributor to the total mortality for large species than it is for
small species; therefore, the former are hit harder by a given F.
Consequently, they are also expected to achieve a greater increase
in SSB for a given relaxation of F. The differences in the final SSB
between the single-species and the community models are due to
differences in predation mortality; predation mortality in the
former is fixed as a power law function, whereas in the community
model, it is a result of the simulation and varies in an oscillatory
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Figure 2. Rebuilding of SSB of large (thick lines, W = 12 kg),
medium (medium lines, W = 0.5 kg) and small (thin lines, W = 20 g)
asymptotic size classes after suddenly reducing the maximum fishing
mortality from 0.7 to 0.25 year ' for each specific group of
asymptotic size classes (but corresponding to the logistic function
given in Figure 1b) according to the community model (black) and
the single-species model (grey). Dotted lines represent fitted
exponential relaxations.
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Figure 3. Rebuilding patterns as a function of change in the
maximum fishing mortality AF (cf. Figure 1b) simulated by the
single-species model (grey lines) and the community model (black
lines) for three target asymptotic sizes (12 g thin lines; 360 g,
medium lines; and 11 kg, thick lines): (a) time-scale of the increase in
biomass T divided by the generation time T,,,; and (b) relative
change in SSB following a complete rebuilding (log scale).

manner around the expected power law (Andersen and
Pedersen, 2009). Nevertheless, simulations with the simple single-
species model predict the results from the community model
remarkably well. The time-scale of the increase in biomass is typi-
cally a little longer in the latter, and the recovery a little greater.
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Indirect effects of the rebuilding of a range of trait classes pro-
pagate in the community model to trait classes with both smaller
and larger asymptotic sizes via a trophic cascade (Figure 4). The
decrease in SSB of trait classes with smaller asymptotic size is
~30% of the increase in SSB of the species in the target range.
Surprisingly, the influence on larger asymptotic sizes is more
severe than on smaller ones, with an expected decrease in SSB
by ~50% of the expected increase in the target species.

A closer examination of the community spectrum reveals that
the biomass of individuals within a given size range is dominated
by individuals with asymptotic sizes in the same range (Figure 5a).
The cascading effect observed on the asymptotic size classes

10
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Figure 4. Indirect effects expressed as the relative change (log scale)
in SSB of all asymptotic size classes caused by the rebuilding of small
(33-200 g, thin lines), medium (200 g-4.5 kg, medium lines), and
large (4.5-70 kg, thick lines) trait classes.
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Figure 5. Indirect effects of rebuilding trait classes with intermediate
asymptotic size (0.5 < W < 4 kg, solid lines) as a function of
individual size compared with the baseline situation (dashed lines):
(a) relative abundance of individuals of 20 trait classes (thin lines)
compared with the total spectrum; (b) predation mortality (lines)
and background plus fishing mortality of each trait class (circles:
baseline; stars: rebuilt situation); and (c) feeding level.
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therefore corresponds to a cascading effect on individual (absol-
ute) sizes. The reduced abundance of smaller asymptotic size
classes is due to increased predation pressure from the adults of
the target species (Figure 5b), whereas the larger asymptotic size
classes are also affected by increased predation pressure during
their juvenile stages. Furthermore, when the individuals of the
larger asymptotic size classes are in the same size range as the
fully grown individuals of the target groups, they experience
increased competition with the latter, which lowers their growth
rate somewhat (Figure 5c). Taken together, the increased preda-
tion pressure on juveniles and increased competition for food of
individuals in mid-range result in an even greater reduction of
the SSB of the large asymptotic size classes. Individuals of asymp-
totic size classes that are very much larger than the target groups
could benefit from the increased food availability resulting from
the increase in the target groups. This increase in food availability
for the adults could be so large that it outweighs the effects of
increased predation on their juveniles and increased competition
in their mid-range.

In the single-species model, growth and mortality are fixed and
the biomass will therefore always increase if F is reduced. However,
could intraspecific competition in the community model impede
rebuilding? In other words, what happens if a trait class comprises
more than one species and only one is subjected to a reduction in
F? To examine this question, simulations were done with the com-
munity model where one asymptotic size class contains two
species with the same asymptotic size and equal abundance.
Because these two species were identical, the simulation gave
exactly the same results as when the biomasses of the two
species were summed to give the total biomass in their asymptotic
size class. Three cases were considered: (i) F on one species
remains unchanged at 0.7 year ', whereas it was lowered from
0.7 to 0.25year ' on the other; (ii) F on both species was
lowered to 0.475 year™ ' (corresponding to dividing the reduction
in F evenly between the two species); and (iii) F on both species
was lowered to 0.25 yearf1 (Figure 6). In case 1, the total increase
in biomass was larger than when the AF was halved for both
species (case 2). Furthermore, the increase in SSB of the target

Relative change in S5B

0 5 10 15 20
Time (years)

Figure 6. Relative change in biomass of two species with the same
trait value (W = 12 kg), but subjected to different fishing mortality
regimes (base case: F = 0.7 year  '): (i) F reduced to 0.25 year ' on
one species and kept at 0.7 year™ ' on the other (solid black lines; top
and bottom, respectively); (ii) F reduced to 0.475 year ' on both
species (grey; overlapping); and (iii) F reduced to 0.25 year”~ ' on both
species (dashed; also overlapping).
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species in case 1 was slightly higher than in case 3, but its higher
final biomass was compensated for by a small reduction in the
biomass of the other species. Case 3 in fact gave exactly the same
result as the original formulation when species in the same trait
class were just treated as a single trait.

Discussion
The simulations illustrate the power and flexibility of combining
principles from life-history theory with scaling of individual-level
rates of somatic growth and mortality with size. Within the size-
spectrum framework, it is possible to construct a general single-
species model that can be used for a specific population simply
by relating the model parameters to the observed von Bertalanffy
growth parameters (K and asymptotic size) and natural mortality,
M—perhaps using an M/K relation (Andersen et al., 2009). The
same general relations can be used to parametrize a model for a
typical fish community. This community model may be tuned
towards a specific system by adjusting the free parameters in the
model to make it reproduce observable quantities, such as the
slope of the community size spectrum or yield of specific asymp-
totic size groups (Pope et al., 2006). It could be adapted to differ-
ent environmental conditions by adjusting key metabolic processes
to the characteristic temperature of the ecosystem (Pope et al.,
2009); here, we assumed a temperature of 10°C, typical of the
North Sea. This flexibility allows investigations of many different
management questions, such as potential community effects of
the rebuilding of depleted fish populations.

Simulations of rebuilding following a reduction in F with the
two models demonstrated three general effects:

(i) The expected increase in SSB of a species is reasonably
described by an exponential relaxation towards the new
steady state with a time-scale in the range of 0.5 to 2 times
the age of maturation. Rebuilding smaller species takes pro-
portionately more time (in terms of generations) than larger
species, but because larger species have longer generation
times, larger species take longer to rebuild, measured in
absolute time.

(ii) The single-species model gave results comparable with those
of the community model. Single species models are therefore
sufficient to get an approximate estimate of the expected
time-scale and extent of biomass increase for a given
reduction in F. Greater reductions in F will lead faster to
any specific target population size being reached, but it
would also take longer for a population to reach the equili-
brium population size consistent with the new mortality
and growth rate. These are straightforward results, but high-
light the importance of clearly identifying what is meant by
“rebuilding” a population.

(iii) Rebuilding a target species is expected to result in a decrease
in SSB of fish with both larger and smaller asymptotic sizes.
These indirect effects appear to be substantially smaller than
the increase in SSB of the target species. The decrease is more
pronounced for the larger fish than for the smaller fish. This
appears to be due to the larger species experiencing indirect
effects of the target species twice during life, first through an
increased mortality as juveniles and later through increased
competition with the rebuilt species. Although the
reductions in biomass caused by indirect effects are relatively
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small, they might be important if the affected populations are
currently exploited close to biologically safe limits.

The model can therefore deliver predictions of how a popu-
lation might respond to a rebuilding plan, taking account of a
species’ life history and how a community might experience indir-
ect effects of the rebuilding of one or more species.

A subtle issue concerning the use of trait-based community
models is the relation between specific species and the asymptotic
size classes. An examination of the difference between the rebuild-
ing of two identical species within one trait class demonstrated
that it is legitimate to interpret the rebuilding of an asymptotic
size class as comparable with the rebuilding of a single species, if
the trait class in practice contains more than one species and
rebuilding measures are implemented in ways that benefit all
members of the trait class. This suggests that fleet-based rebuilding
measures might provide benefits to the full suite of species har-
vested by the fishing methods of the fleet (whether as targeted
catch, bycatch, or discards), if those measures actually reduce
fishing effort rather than just redirect it at other species.

In practice, populations often fail to respond as expected to a
reduction in F (Hutchings and Reynolds, 2004). This might be
due to effects not covered by the models applied:

(i) If the population has several stable states, the fishery might
have reduced the population to a low-biomass state (or
even to extinction). The existence of two stable states has
been attributed either to an emergent Allee effect (de Roos
et al., 2003) or to cannibalism (Ricker, 1954; Claessen and
de Roos, 2003). The existence of multiple stable states has
been demonstrated experimentally in whole-lake manipu-
lation experiments (Persson et al., 2007) and is made plaus-
ible in a model of the Baltic fish community (van Leeuwen
et al., 2008). To represent the possible effects of multiple
stable states, a model should be physiologically structured
(de Roos et al., 1992), i.e. account for food-dependent
growth, maturation, and reproduction. The community
model used does account for food-dependent growth (and
consequently food-dependent maturation), but reproduc-
tion is fixed. The model therefore cannot resolve the poten-
tial effect of a population impeding rebuilding, because it is
caught in a low-biomass state, owing to depressed
recruits-per-spawner. A direct analysis of time-trends in
recruits-per-spawner should be part of any science initiative
to inform a rebuilding plan; therefore, such impediments
should be identified independently.

(ii) Evolutionary responses to fishing result in changes in growth,
size- and age-at-maturation, and allocation of energy to
reproduction (Jergensen et al., 2007). Rapid evolutionary
responses have been demonstrated for collapsing stocks
(Olsen et al., 2004), but, in general, evolutionary responses
are expected to be small compared with the direct effects of
overfishing and the direction of change in affected traits
depends on details in the imposed selection pattern by the
fishery (Andersen and Brander, 2009). Evolutionary
changes are therefore not expected to be generally responsible
for failures of stocks to rebuild, although they are expected to
slow down rates of increase in biomass (Enberg et al., 2009).

(iii) Other species with similar ecological function might have
taken over the niche of the focal species. This process is
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actually consistent with size-based and trait-based
approaches to modelling ecosystem dynamics, which
implicitly assume that species with similar life-history traits
necessarily have similar ecological niches (Shin et al., 2005;
Pope et al., 2006). However, for this process to be a major
impediment to stock rebuilding, a single species out of a
suite of species with similar traits would have been overf-
ished, whereas others would have to have increased well
above historical levels in order to play—in addition to
their own historical ecological roles—also the roles once
played by the now-depleted species. Such patterns should
also be examined as part of the science to inform develop-
ment of rebuilding plans. However, in heavily fished ecosys-
tems, community studies indicate that many populations in a
trait group seem to be depleted together and species in other
(generally smaller) trait groups are the ones increasing in
abundance (Choi et al., 2005; Daan et al., 2005).

(iv) Collapse to near-extinction (with SSB < By;,,). Many high-
profiled recovery efforts have been made for species that
have collapsed to near-extinction (Hutchings and Reynolds,
2004), which are much more susceptible to exhibiting Allee
effects, either as intrinsic population responses or caused
by the establishment of species with complementary life his-
tories in the marine ecosystem, or simply exhibit loss of
memory of spawning migrations, etc., within their popu-
lations. A recovery from a near-extinction collapse is
expected to be harder to achieve than a rebuilding trajectory
from just a depleted state. It is in this context where dis-
tinguishing between recovery/collapse and rebuilding/
depletion becomes important, because the difficulty of recov-
ery from a state of near-extinction collapse might not be
representative of the potential for rebuilding of stocks that
have been depleted by overexploitation. So far, clupeids
seem to be able to recover from near-extinctions
(Hutchings and Reynolds, 2004) and Allee effects have not
been directly demonstrated for commercially exploited
marine fish (Vergnon et al., 2008).

(v) Where overexploitation of a species has been associated with
loss of essential habitat, impaired productivity by contami-
nants, or through other causes (Powers et al., 2005; Lotze,
2007), merely reducing F might not be sufficient to ensure
rebuilding. Other mitigation measures might also be necess-
ary for rebuilding populations.

Because these effects are not covered in our models, rebuilding
might not proceed as predicted. Nevertheless, our models do
provide a baseline prediction of the expected outcome of a
rebuilding plan involving a reduction in F. Under no circum-
stances is rebuilding expected to proceed faster than predicted
by the life-history characteristics of the species. Moreover, major
effects of a species-specific rebuilding plan on species higher up
and lower down the food chain can be expected, which would
argue for a gradual reduction of all fleets, if a system as a whole
is considered overexploited. On top of the baseline prediction, a
full impact assessment of a rebuilding plan should nevertheless
include considerations of the processes not described by the
model, but which could affect the planned rebuilding.
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Appendix: model description

The community model and the set of parameters are almost iden-
tical with the one used by Andersen and Pedersen (2009), where
the results of the base case are also described in more detail. The
model equations are listed in Appendix Table 1 and the parameters
in Appendix Table 2.

The model produces the size spectrum N;(w) of each asympto-
tic size class i, where w is the weight of an individual. This spec-
trum can be used to determine the number of individuals per
volume in the size range [w: w + dw] as N;(w)dw, and is similar
to a probability distribution, except that its integral [N;(w)dw is
not one, but the total number of individuals from larvae to
adults. The size spectrum is found from a numerical solution of
the conservation equation (1) supplemented by a boundary con-
dition specifying how recruits with size w, enter the population:

3gi(wo)N; _ R.
ow

where R; is the recruitment. The core of the model comprises the

specifications of growth, mortality, and recruitment, which largely

follow the principles of “the North Sea model” (Andersen and

Ursin, 1977).

Food is either fish from the size spectra of trait classes N;(w) or
from a resource spectrum N,(w). Selection of prey size is based on
the ratio between predator and prey size w/Wwp,, and described by
the classical lognormal size-selection model (Ursin, 1973; M1).
Consumption of encountered food (M2-3) is described by a func-
tional response type II to represent satiation (M4-5). The feeding
level f(w) (M5) is the amount of consumed food relative to
maximum consumption hw".

Consumed food f(w)hw" is assimilated with an efficiency a.
Ingested food is first used for standard metabolism and activity
kw”. A fraction ¢(w) of the remaining energy is used for reproduc-
tion and the remainder 1 — ¢(w) for somatic growth. The func-
tion ¢(w) therefore plays the role of a maturation function
(M6). For a constant feeding level f, this description of growth
(M7) results in a von Bertalanffy-like growth curve with asympto-
tic size W and a von Bertalanfty growth constant
K~ ahfW"=1 /(1 — n).

Recruitment is constant at a level given by the theoretical abun-
dance at small sizes calculated from equilibrium size-spectrum
theory (M8; Andersen and Beyer, 2006). The free parameter &,
scales the abundance of all asymptotic size classes, and it is
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adjusted such that the spectra of the fish populations form a con-
tinuation of the resource spectrum.

Mortality is composed of a constant background mortality
(M9) and predation mortality (M10). The formulation of the pre-
dation mortality ensures that the model maintains a mass balance,
i.e. all consumption by predators results in a corresponding mor-
tality on its prey (Andersen and Ursin, 1977).

The smallest individuals in the model do not eat fish from the
N; spectra, but zooplankton and/or benthic production. This pro-
duction is described by a resource spectrum, where each size class

Appendix Table 1. Model equations.

1987

has semi-chemostatic growth (M12) with a fixed carrying capacity
(M13).

The model is solved numerically using standard finite-
difference techniques for partial differential equations (Press
et al., 1992). The size axis is discretized with 100 logarithmically
spaced grid points, 20 trait classes are evenly distributed in
log(W), and the time-step is 0.02 year. The results do not
depend on the discretization (e.g. the number of size and
trait classes) as long as it is not made coarser than what is used
here.

Process Equation Number
Encounter and consumption
Prey size selection M1
w o (ln(,BWprey/W))z
¢ = exp| — o
Wprey 207
Volumetric search rate Vw) = M2
Encountered food W M3
E(w) = V(w) ZJ. ‘JS( v )Ni(wprey)wpreydwprey
T Jo \Wprey
Maximum consumption rate I = hw! M4
Feeding level f) Ew) M5
E(W) + ’max
Growth and reproduction
Maturation function 4 M6
—10 1-n
bw) = 14 (= =
' nw; %
Somatic growth M7
& W) = (afW)hw" — kw?)(1 = ()
Recruitment
Recruitment R — K0W3n7473+a M8
Mortality
Background mortalit M9
& Y o = ZoW}
Predation mortality 0 M10
w
1y Worey) = Zj ¢>( )(1 — f W)VW)Ni(w)dw
T Jwe \Wprey
Fishing mortality . 1= AW — L) M11
(W) = Fo :
' *9 ¢ exp[(A/3)W] " — Aw'—1]
Resource spectrum
Growth rate M12
N, (w) _
G = oW k() — Ny () = (WIN, (W)
Carrying capacity M13

Kk(w) = K,

—2—-q+n

for w < weue
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Appendix Table 2. Parameters (units of time are in years and
weight in g).

Symbol Parameter Value
Encounter and growth

o Assimilation efficiency® 0.6

n Exponent of maximum consumptionb 2/3
h Factor of maximum consumption® 40

q Exponent of search volume® 0.9

p Exponent of standard metabolism® 3/4
k Factor of standard metabolism" 4

Y Volumetric search rate® 2552
B Preferred predator— prey mass ratio” 100
o Width of size-selection function’ 13

n Size-at-maturation relative to asymptotic size 0.25
Mortality

Z, Factor for background mortality® 3

z Exponent of background mortalityI —0.25
Resource spectrum

ro ProductivityI 4

K, Carrying capacity 0.005
Weue Cut-off size 10
Recruitment

a Physiological mortality™ 0.18
Ko Level of recruitment” 1.1
Fishing mortality

A Factor in length-weight relation® 0.01
Lo Centre length of slope parameter® 70

c Constant® 0.01

Kitchell et al. (1977).

®Jobling (1994) states that 2/3 < n < 3/4. We have used n = 2/3 to be
consistent with the von Bertalanffy growth curves.

“Adjusted such that emergent growth rates are in the range of those
observed in the North Sea.

dConsiderations on the bioenergetic budget of swimming predict a value of
q between 2/3 and 1 (Andersen and Beyer, 2006).

“West et al. (1997).

"Data of Winberg (1956) indicate a standard (resting) metabolism factor for
fish of ~4 g%° year ' at 10°C.

8Calculated from the other parameters as specified in Andersen and
Pedersen (2009).

T‘Ursin (1973) and Jennings et al. (2001).

'Ursin (1973) finds o & 1 for a single species. To account for species
diversity within trait classes, a higher value is used.

'Beverton (1992).

Adjusted to result in a background mortality of the same order (but lower)
than the predation mortality.

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

Mg~ B2"797" /e (Andersen and Beyer, 2006); see Andersen and Pedersen
(2009) for exact expression.

"Free, see text.

°Pope et al. (2006).
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