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Modelling fishing-induced adaptations and
consequences for natural mortality

Christian Jorgensen and @yvind Fiksen

Abstract: When trade-offs involving predation and mortality are perturbed by human activities, behaviour and life histor-
ies are expected to change, with consequences for natural mortality rates. We present a general life history model for fish
in which three common relationships link natural mortality to life history traits and behaviour. First, survival increases
with body size. Second, survival declines with growth rate due to risks involved with resource acquisition and allocation.
Third, fish that invest heavily in reproduction suffer from decreased survival due to costly reproductive behaviour or mor-
phology that makes escapes from predators less successful. The model predicts increased natural mortality rate as an adap-
tive response to harvesting. This extends previous models that have shown that harvesting may cause smaller body size,
higher growth rates, and higher investment in reproduction. The predicted increase in natural mortality is roughly half the
fishing mortality over a wide range of harvest levels and parameter combinations such that fishing two fish kills three after
evolutionary adaptations have taken place.

Résumé : Lorsque les compromis entre la prédation et la mortalité sont perturbés par les activités humaines, on s’attend a
ce que les comportements et les cycles biologiques changent, ce qui affecte les taux de mortalité naturelle. Nous présen-
tons un modele général de cycle biologique dans lequel trois relations courantes relient la mortalité naturelle aux traits du
cycle biologique et au comportement. D’abord, la survie augmente en fonction de la taille corporelle. Ensuite, la survie di-
minue en fonction du taux de croissance a cause des risques reli€és a 1’acquisition et 1’allocation des ressources. Enfin, les
poissons qui investissent beaucoup dans la reproduction ont une survie réduite a cause des colits associés aux comporte-
ments reproducteurs ou a la morphologie qui réduisent le succes de 1’évitement des prédateurs. Le modele prédit un taux
de mortalité naturelle accru comme réaction adaptative a la récolte. Cela €largit les modeles antérieurs qui ont montré que
la récolte peut produire des tailles corporelles réduites, des taux de croissance plus élevés et un investissement accru dans
la reproduction. L’accroissement prédit de la mortalité naturelle correspond en gros a la moitié¢ de la mortalité due a la pé-

che sur un large éventail d’intensités de récoltes et de combinaisons de paramétres, de telle sorte que la péche de deux
poissons en élimine trois une fois que les adaptations évolutives ont eu lieu.

[Traduit par la Rédaction]

Introduction

Current fishing levels have been suggested to induce evo-
lutionary changes in fish stocks on decadal time scales (Law
and Grey 1989; Rijnsdorp 1993; Jgrgensen et al. 2007). A
reduction in age and size at maturation has been the most
widely studied response to increased fishing mortality, partly
because suitable data exist (Dieckmann and Heino 2007),
but changes in growth rate (Ricker 1981) and reproductive
investment (Yoneda and Wright 2004) have also been docu-
mented. In this paper, we turn the focus to natural mortality
rates. Many of the trade-offs that shape behaviour and life
histories involve predation risk. When fish behaviour and
life histories change, it is likely that natural mortality rates
might change too. Here we investigate the potential conse-
quences of fishing-induced adaptations for natural mortality
rates in a model with three general relationships that link
survival with life history traits and behaviour.

The first relationship describes how predation typically
declines with size in marine systems (Peterson and Wro-
blewski 1984), scaling with weight as W25 or length as
L075, The probability of encountering a predator large
enough to engulf a prey decreases with size. Theoretical ap-
proaches that combine principles of mass balance, the allo-
metric scaling of metabolic rate, and mechanics of
predation lead to emergent size spectra where predation
scales as W25 (Sheldon et al. 1972; McGurk 1986;
Andersen and Beyer 2006). When maturing at a smaller
size, fish spend more of their life under higher levels of
size-dependent predation.

Second, foraging often involves exposure to risk when
searching for food (Lima and Dill 1990). Schooling species
trade between foraging and safety through their position
within or distance from the group (Pitcher and Parrish
1993). Fish are mainly visual feeders, and seeing well nor-
mally implies increased risk of being seen. Pelagic organ-
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isms can easily modulate risk exposure by vertical migration
from well-lit surface layers to dark, deep waters, thus trad-
ing foraging success against survival (Clark and Levy
1988). Similar trade-offs between growth and survival can
also arise through physiological mechanisms. For example,
Atlantic silversides (Menidia menidia) that ingest larger
meals are poorer swimmers and experience higher rates of
predation (Billerbeck et al. 2001; Lankford et al. 2001). The
reason is that they use more of their oxygen budget for di-
gestion and therefore have less aerobic scope available for
escaping predators (Arnott et al. 2006). This cost accelerates
with growth rate (Munch and Conover 2004). Growth can
also be enhanced by allocating less resources to processes
such as immune defence (Lochmiller and Deerenberg
2000), with negative implications for survival. These diverse
growth-related costs all ultimately compromise survivorship.

The third relationship is a trade-off between reproductive
investment and survival. Reproduction often involves dis-
play behaviour that may attract predator attention (Endler
1987), mate search that may lead to more frequent predator
encounters (Kigrboe 2008), and development of large go-
nads that may reduce swimming performance (Ghalambor
et al. 2004).

Natural selection is acting on these relationships simulta-
neously so that foraging behaviour, growth strategies, sexual
maturation, and reproductive investment evolve in concert.
Because harvesting essentially is just another form of preda-
tion, fishing is expected to cause evolutionary changes in the
optimal life histories. Because all the trade-offs described
above involve mortality and predation, we expect there to
be consequences also for natural mortality. In other words,
should fish take higher risks in their foraging behaviour,
growth strategy, or reproductive effort now that their lon-
gevity is greatly reduced by fishing? Our aim is to predict
the expected change in natural mortality rates using life his-
tory theory to model fishing-induced evolution.

Materials and methods

We use a relatively simple state-dependent life history
model in which optimal life histories are found by optimiza-
tion. The central mechanisms are energy acquisition and en-
ergy allocation, with corresponding decision variables being
the risk-taking of the growth strategy (trading off growth
versus survival) and energy allocation between somatic
growth and reproduction (trading off growth versus repro-
duction and reproduction versus survival). In the following
description, capital letters such as W (weight) and L (length)
denote functions, whereas lowercase letters such as w(a) and
l(a) denote specific values that these functions take, here at
the particular age a.

Life history assumptions

We assume that available resources (R, in equivalents of
body mass (grams-year!)) increase with somatic body mass
(W, grams) as

(1) R=h-Ww°

where b (dimensionless) is an allometric scaling exponent.
The parameter h adjusts net available resources up and
down depending on the individual’s growth strategy (¢, di-
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mensionless). High ¢ may represent more risky foraging be-
haviour (Lima and Dill 1990), elevated digestion at the cost
of the ability to escape predators (Billerbeck et al. 2001;
Lankford et al. 2001), or reduced allocation to, e.g., immune
defence (Lochmiller and Deerenberg 2000). In particular, we
assume that % increases asymptotically up to /:

hmax'(p
2 h=
@) hip + ¢

Here h, (dimensionless) is the half-saturation constant.
This is analogous to a Holling type II functional response,
but where higher risk acceptance of ¢ leads to higher growth
rates through the growth coefficient % in eq. 1. It is reason-
able to parameterise increased resource availability in the
environment as a lower value for the half-saturation constant
hip so that a higher growth could be achieved at lower le-
vels of risk acceptance. Following that interpretation, the
asymptote /. would be the physiological maximum
growth rate with ad libitum food and when no trade-offs
that involve predation or mortality would constrain growth
rates. The ¢ is modelled as state-dependent, so that the opti-
mal ¢ is found independently for each age a (years) and
body length / (cm), i.e., ¢(a, D).

A second state-dependent strategy, also depending on age
a and length [, describes resource allocation «(a,!), which
divides R between somatic growth and gonads (G, grams):

3) dw/dt=(1-a)-R

(4)  dG/dr=a-R

Length (L, cm) is isometrically related to weight, W = kL3.
Gonads are interpreted in a broad sense to include, e.g., mat-
ing behaviour and spawning migrations. Growth, mortality,
and the accumulation of gonads were modelled as continu-
ous processes, whereas spawning takes place once per year
(at the year’s end). Conceptually, our approach falls within
the class of energy allocation models (e.g., Roff 1983;
Kozlowski 1991), and we separate between irreversible
structural mass and reversible reserves and gonads as done
also by, e.g., de Roos and Persson (2001) and Jones et al.
(2002). The growth model is similar to that developed by
Lester et al. (2004) and Quince et al. (2008), except that we
use an exponent b that deviates from 2/3.

Mortality is split into five categories (all with unit year!).
(i) There is a fixed base level of size-independent mortality,
Mixeq- (ii) Size-dependent predation (Peterson and Wroblew-
ski 1984; Andersen and Beyer 2006) declines with body size
as Myredation(L) = cL. (iii) The ¢ leads to increased growth-
related mortality Mowm. Having high ¢ leads to increased
predation mortality: there is thus a trade-off between net in-
gested resources and survival. We assume that this mortality
follows the same size dependence as predation,
Mrowin(9, L) = @Mpredation(L). (iv) Reproduction-related mor-
tality Mieproquction inCreases with reproductive investment and
follows the same size dependence as predation. We model
this as Mreproduction(Q’ L= Mpredation(L)'(Q/qref)p, where gt is
a reference value at which the mortality from reproduction
equals the size-dependent predation component, i.e., at
which Mieproduction = Mpredation- FOr p > 1, mortality rate ac-
celerates with increasing reproduction as, e.g., observed in
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guppies (Ghalambor et al. 2004). (v) Finally, we added fishing
mortality (F), which may depend on body length. Total mor-
tality rate (Z, year!) is then Z(¢p, Q, L) = Myixeq + Mpredation(L)
+ Morowin(@, L) + Micproquction(@> L) + F. Annual survival
probability (S) is thus found as

S

+1

(5) S(A):exp(—/ Zdi)
A

t

Optimization and implementation

As fitness measure, we used R, defined as the expected
lifetime production of gonads, i.e., the sum of G over all
ages discounted by survival probability until that age. We
used the optimization technique of dynamic programming
(Houston and McNamara 1999; Clark and Mangel 2000) to
find optimal trajectories of growth, survival, and reproduc-
tion. This is a process-based approach working from mecha-
nisms to population-level patterns, in contrast to Bayesian
and other statistical approaches that identify patterns sugges-
tive of mechanisms at work beginning with data. In our
case, these trajectories are specified by the state-dependent
strategies ¢(a,l) and a(a,l) for all combinations of ages a
(in steps of 1 year) and lengths / (in steps of 1 cm) that
maximize Ry Maximum age (an.x) was set to 30 years after
which all individuals die, and maximum length (/,,,x) was
set to 200 cm (apx and [, are technical limits in the algo-
rithm and should be well beyond the ages and sizes regu-
larly observed to avoid boundary effects).

Equations 3, 4, and 5 allow us to relate body mass at the
start of the year to body mass, gonad mass, and survival at
the end of the year. The continuous time integrals were
solved numerically by dividing each year into J discrete in-
tervals for which size, gonads, and mortality were updated,
while the strategies a(a,l) and ¢(a,l) remained fixed within
each year. In the results shown here, we used J = 24 (two
time steps per month), at which the strategies and individual
trajectories were indistinguishable from a (computationally
slow) test simulation of J = 1000 (full discrete time equa-
tions are given in Appendix A). In the current formulation
of the model, we did not include seasonal cycles.

Given w(a) and the strategies «(a,l) and ¢(a,l), we find
w(a + 1) from which length at the next age is found as

6) I'= (@) 113

As optimization criterion for fitness, we define v(a,[) as the
expected future production of gonads until a,,, of an indivi-
dual of length [ at age a. By assuming that individuals have
no future fitness at a,,,, the dynamic programming equation
shows how reproductive value (v(a,/)) at age a and length [
can be found through recursive iterations:

(1) va.1) = max{s(a)[g(a+ 1)+ v(a + 1,1)]}
@y
Because we use optimization, the predicted life histories are

evolutionary end points (examples of optimal strategies are
shown in Supplemental Fig. S13). The rest of the results
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shown are from simulations of an individual following the
optimal strategies over its lifetime (initialised at 16 cm and
1 year). In the results, we focus on traits that could be quan-
tified in empirical studies; rather than the hidden process
variable «, we therefore present reproductive investment as
the gonado-somatic index Q = G/(W + G) (dimensionless).

Parameterisation

We manually tuned the parameters for mortality so that to-
tal natural mortality without fishing was 0.2 at / = 100 cm for
an immature fish and with Mpreqaions Marowth» aNd Mieproduction
being of equal magnitude. Resulting parameter values were
b=0.7,d=0.75k=0.01, c =2, hyax = 5.5, hyp = 0.10-h 5,
Gref = 0.25, p = 2, and Mf;,eq = 0.067. The model’s sensitivity
to these values was tested varying each parameter value and
reporting the effect on the main prediction: the increase in
natural mortality as a function of the imposed harvesting
mortality. We also tested how a minimum landing size in the
fishery or constraints on maximum reproductive investment
affected the model’s predictions. The sensitivity analysis is
shown briefly herein (further details can be found in Supple-
mental Fig. S23).

Results

The model predicts that natural mortality rates increase
with increased harvesting. This result extends the standard
expectation for life history responses to fishing, namely,
that fish will mature earlier and at smaller sizes (e.g., Law
and Grey 1989). Natural mortality increases because life his-
tories evolve towards smaller size, more risky foraging, and
elevated reproduction (Figs. 1, 2).

Mortality increases most after maturation

The age-specific response suggests that the effect of these
adaptations is strongest from maturation onwards (Fig. 3) for
two reasons. First, higher reproductive investment slows
growth and fish therefore spend the remainder of their life
at a smaller size with higher size-dependent predation rates.
Second, intensified reproduction mean larger gonads, which
incur reduced survival. As maturation age declines, these ef-
fects begin earlier in life.

Fishing two fish Kkills three

Natural mortality rates increase almost proportionally
with harvest rates up to 0.5 year™! and from then on some-
what slower than proportionally (Fig. 4a). The extra mortal-
ity rate is approximately half the harvest rate. Fishing two
fish thus kills three, once life histories and behaviour have
adapted to the new harvest regime.

Trends in productivity may mask adaptation

Fishing reduces population size and may weaken density-
dependent competition for food. If food abundance increases
(in the model by lowering the value of &), fish may grow
faster and accept less risk through the mechanisms described
above, with the overall effect of reducing natural mortality
(Fig. 4b). However, optimal strategies still accept more nat-
ural mortality as harvest rates go up (moving along each line

3 Supplementary data for this article are available on the Journal web site (http://cjfas.nrc.ca).
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Fig. 1. Central assumptions of a life history model that quantifies
fisheries-induced effects on natural mortality rates. (a) Size-
dependent predation mortality declines with size, Mpredation ¢ W92
oc L7975, Symbols denote size at 12 years for the optimal strategy
under no fishing (solid circle) and when harvest rate is 0.5 year™!
(open circle). (b) The assumed trade-off between growth strategy
(¢) and the coefficient & of the net resource availability function.
The values for the half-saturation constant (4;,2) and half the
asymptotic level (0.5-hmax) are indicated with dotted lines. Symbols
(as in a) denote the optimal growth strategy of a 40 cm fish.

(c¢) The relationship between extra predation mortality and repro-
ductive investment, quantified as the gonado-somatic index (Q,
gonad mass divided by total mass). Symbols (as in a) illustrate
optimal strategy for a 12-year-old fish.
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towards the right). Thus, although natural mortality may
fluctuate depending on density dependence and environmen-
tal conditions, life history adaptations to fishing will make it
fluctuate at a higher level.

A gradual increase in food abundance may reduce natural
mortality rate as there is less need for risky foraging and the
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abundant food may allow larger body sizes. Thus, higher
food levels (a move from the broken to the continuous to
the dotted lines in Fig. 4b) could mask concurrent evolution
towards higher natural mortality rates (moving from left to
right on each line in Fig. 4b). However, if food level fell to
original levels, the new adaptations towards riskier behav-
iour and smaller size would imply rising natural mortality
rates. Furthermore, evolutionary changes in behaviour and
life histories are likely to have slower dynamics than
changes in food abundance. The evolved higher natural mor-
tality rates may therefore prevail for some time even if fish-
ing pressure were reduced. This effect is consistent with the
surprisingly slow recovery of many fish stocks that have
collapsed from overfishing (Hutchings 2000).

Sensitivity analysis

The prediction of increased natural mortality is robust to
variation in parameter values (Fig. 4c and Supplementary
data®). We checked sensitivity by letting central parameters
vary from the standard configuration. Although this may al-
ter life history traits such as age, maturation, and growth
rates considerably, the response in terms of increased natural
mortality rates was much less variable. Almost all trade-offs
in the model, and many in nature, involve mortality risk ei-
ther directly or indirectly. Under fishing, the key life history
response is to increase current reproduction (while still
alive) at the expense of future reproduction (which may
never be realised). Although this can happen through many
routes, e.g., increased acquisition, reduced size at matura-
tion, or increased reproductive investment, the common con-
sequence is that survival is sacrificed.

The model is most sensitive to variation in the parameter
p, which describes how quickly mortality increases as repro-
ductive investment increases. Especially, the model predicts
dramatic consequences for natural mortality if even a small
reproductive investment would inflict mortality costs (p = 1;
Fig. 4c). Mechanisms that scale reproduction mortality ap-
proximately linearly with reproductive investment likely in-
clude mate search, if more intense reproduction requires
more matings, and prolonged presence at the spawning
grounds, for example, in batch spawners that need to mature
batches of eggs successively (Kjesbu et al. 1996). The pa-
rameter value of p = 2 in the standard scenario leads to less
dramatic predictions and takes into account that several sur-
vival costs are initially low but accelerate with the intensity
of reproduction. Examples of such costs include hydrody-
namic drag of bulky body shapes and reduced swimming
performance due to competing metabolic needs (Ghalambor
et al. 2004; Munch and Conover 2004).

Other parameters to which the model is sensitive are as
follows. (i) If survival costs only kick in when gonads are
large, the model predicts that natural mortality will increase
less (p = 3). (i) If there is a minimum size limit in the fish-
ery, life histories may evolve to spend more time in size
windows of lower mortality. We modelled fisheries selectiv-
ity as Y(L) = [1 + exp(-u(L — Lsp))]™', with u = 0.1 (steep-
ness) and Lsy = 40 (cm) being the length at which there is
50% probability of being harvested; total fishing mortality
for a given length is then F(L) = F.xY(L), where Fp, is
the fishing mortality at sizes where the selectivity curve
Y(L) approaches 1 (further minimum size limits are reported

Published by NRC Research Press
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Fig. 2. Individual trajectories of (a and e) growth in terms of length (bold line, left axis) and weight (shaded line, right axis), (b and f)
reproduction quantified as gonad weight (bold line, left axis) and gonad-somatic index (shaded line, right axis), (¢ and g) optimized strategy
for allocation (bold line, left axis) and growth strategy (shaded line, right axis), and (d and h) acquired mortality found through forward
simulation of state-dependent life history strategies. The left column (a—d) is optimized for no harvest and the right column (e—h) represents

a harvest rate of 0.5 year'.
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in Supplemental Fig. S2 (h), available online?). (iii) If the
magnitude of adaptations are constrained by imposing limits
in the model, then the extra natural mortality may reach a
ceiling. We imposed a constraint so that the gonado-somatic
index (Q) cannot exceed a value of 0.25, which led the extra
natural mortality to level out at around 0.1 from F = 0.2 on-
wards.

Discussion

Over the last century, industrial fishing has (i) changed
the marine community composition towards smaller-sized
species at lower trophic levels (Pauly et al. 1998),
(ii) shifted population distributions towards younger and
smaller fish, and (iii) caused evolutionary change in life his-
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Fig. 3. Age-dependent life history responses to harvesting mortal-
ity. The four components of natural mortality rate are shown for

ages (a) 4, (b) 8, (c¢) 12, and (d) 16 years for optimal life history

strategies under increasing harvesting pressure F' (x axis).
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tory traits towards earlier maturation at smaller sizes (re-
viewed in, e.g., Dieckmann and Heino 2007; Jgrgensen et
al. 2007; Allendorf et al. 2008). In this paper, we focus on
the evolutionary implications and used a model to predict
that natural mortality will increase as a consequence of ear-
lier maturation at smaller size, higher risk acceptance in for-
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aging behaviour and growth strategies, and intensified
reproductive effort.

The changes predicted by our model are rather dramatic.
With no harvesting, it predicts a fish life history that ma-
tures at age 9 with a gonado-somatic index of 10%-20%
and a length at age 12 of 90 cm. In contrast, the predicted
life history adapted to a harvesting rate of 0.5 year-! matures
at age 1, the gonado-somatic index exceeds 25% already at
age 5, and the fish is only 40 cm when it is 12 years old.
This difference is comparable with that between a cod and
a herring, and it might be unlikely that an evolutionary
change of this magnitude will take place in the foreseeable
future. To interpret the model, it may therefore help to think
of the trade-offs that we assumed as representative of classes
of mechanisms. A general problem with models is that they
allow for only a few evolving traits, whereas in real species,
all traits can evolve simultaneously. In a model, the total se-
lection pressure thus needs to be absorbed by these few
traits, whereas there are more degrees of freedom for evolu-
tion in the wild. For example, we assumed that increased in-
vestment in reproduction would lead to a higher gonado-
somatic index, with increased mortality through predation
as a consequence. Translated to the wild, this does not nec-
essarily imply that fish will have larger gonads — there are
several ways in which fish can achieve higher reproductive
investment. For example, the fish may invest more in
spawning by prolonging the time used for spawning activity,
spend more time and energy migrating between feeding and
spawning areas, or engage more in display and mating be-
haviour. These kinds of changes can all have similar impli-
cations for predation rates as our assumed trade-off. An
alternative mechanism that links reproduction and survival
could be starvation after severe depletion of energy stores
due to spawning. In general, starvation tolerance increases
with size, which would require a different formulation for
the trade-off between reproduction and survival than what
we have implemented.

Survival depends on the mortality level (the rate) and the
duration of exposure to that mortality. When external mor-
tality (fishing) goes up, adaptations that shorten exposure to
that mortality will increase survival more than before, and
that extra benefit can be achieved through several trade-offs
through which fish accept higher mortality rates to repro-
duce more earlier in life.

Assumption: predation declines with size

One of our key assumptions is that predation mortality de-
clines with body length according to an allometric scaling
relationship of the type M oc L. Based on comparisons
across species covering a wide size range (Brown et al.
2004), we used a value of d = 0.75. However, these types
of scaling relationships between species are not necessarily
good descriptors of the scaling relationship within a species,
which is what we model (Tilman et al. 2004). When we
therefore tested for the sensitivity to this central parameter,
the model’s predicted increase in natural mortality rate was
more severe for higher values of d. Even with d = 0, how-
ever, the model predicted that natural mortality would in-
crease by roughly 25% of the fishing mortality. The value
d = 0 means that predation does not depend on size, which
describes the unlikely situation that a 2 m tuna has the same
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Fig. 4. Total effect on natural mortality in relation to harvest rate,
averaged over the first 20 years of life. (a) The thick continuous
line uses the standard assumption that d = 0.75 in the allometric
scaling of predation mortality with size, M oc L. Sensitivities to
this central parameter are shown with the broken (d = 0.9), dotted
(d = 0.6), dash—dotted (d = 0.3), and thin lines (d = 0); natural
mortality was kept constant for a 60 cm fish. The shaded line de-
notes 1:1. (b) Total natural mortality (fishing mortality is excluded)
when varying the half-saturation constant 41, of the growth strat-
egy — resource intake relationship from Fig. 1b. The continuous line
is for standard parameters. The dotted line has an initial slope that
is twice as steep (h12 = 0.05-hmax), representing a situation with
abundant and accessible food. Optimal strategies still have higher
natural mortality when there is harvest but less than in the standard
situation. For the broken line, the initial slope is shallower, repre-
senting food shortage (h12 = 0.20-hnax). Increasing food will reduce
mortality from broken to continuous to dotted lines. (¢) Sensitivity
analysis (more detailed figures are shown in the online supporting
information’). The extra natural mortality that results from standard
parameters is shown in thick continuous line. In many cases, pre-
dictions do not change notably when parameters are varied; this can
be seen as the cluster of thin continuous lines around the main pre-
diction (from top to bottom as their effect is at F = 0.80: hjp = 1.1;
d =0.90, hmax = 4.5, grer = 0.35, [thick line with standard para-
meters], gref = 0.15, b = 0.65, hmax = 6.5, d = 0.60, hip = 0.28, b =
0.75, d = 0.3, p = 3). Notable exceptions, discussed in the text, are
as follows: p = 1 (short-dashed line); a minimum size limit in the
fishery of 40 cm (dotted line); d = 0 (long-dashed line); and a con-
straint so that gonads the gonado-somatic index Q cannot exceed a
value of 0.25 (shaded broken line).

probability of being eaten per unit time as a 10 mm tuna lar-
vae. However, fish larvae generally have predation rates in
the range of 0.05 to 0.5 day~!, or 18 to 180 year! (McGurk
1986), compared with the standard assumption of adult mor-
tality rate of around 0.2 year-! generally used in fisheries
science (Jennings et al. 2001, p. 203). Thus, some sort of de-
cline in predation mortality seems to be supported by data.
The exact value of d changes our model’s quantitative pre-
dictions, but the qualitative pattern is persistent, namely in-
creased natural mortality rate as life histories adapt to
fishing.

Example: Canadian cod stocks

The potential implications of evolutionary changes in nat-
ural mortality rate can be illustrated with an example from
the literature. Many Canadian stocks of Atlantic cod (Gadus
morhua) were heavily harvested prior to their collapse
throughout the 1980s. A fishing moratorium was imple-
mented in the early 1990s, although some fishing continued
(Shelton et al. 2006). Despite these severe management re-
strictions, the stocks have failed to recover. Using survey
data from the southern Gulf of St Lawrence stock, Swain
and Chouinard (2008) found a temporal trend towards
higher natural mortality, with the estimate for recent years
being 0.6 year~!, three times higher than the presumed value
prior to 1980. Swain and Chouinard (2008) write that
“causes of the apparent increase in M are unknown.” Apply-
ing the insights from our model, however, it seems that sev-
eral of the mechanisms that lead to higher natural mortality
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in our model have been observed in the Canadian cod
stocks. First, the driver of change in our model is fishing
pressure, and fishing mortality rate on these stocks have typ-
ically been in the range of 0.3 to 1.0 year! for decades and,
furthermore, increasing in the years leading up to the mora-
torium (Myers et al. 1997). Second, size and age at matura-
tion have declined in most of the stocks, presumably driven
by fishing-induced evolution (Olsen et al. 2005). In our
model, high fishing mortality made it optimal to mature
early while still alive. Third, size at age has declined for
postmature fish, presumably as a response to fishing, at least
in the southern Gulf of St. Lawrence stock (Sinclair et al.
2002; Swain and Chouinard 2008). This is again consistent
with the model’s predictions: early maturation redirects re-
sources towards reproduction and will therefore decelerate
growth so that, for all ages after maturation, the fish are of
smaller body size. Increasing reproductive investment would
have similar effects in reducing size at age of postmature
fish (Heino et al. 2008). Fourth, recruitment per unit biomass
is higher in recent years than prior to the 1970s (Swain and
Chouinard 2008). This is also in accordance with our model,
which predicted that reproductive investment would go up.
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Thus, all these patterns are consistent with the fishing-
induced effects modelled in our analysis, where riskier en-
ergy acquisition, earlier maturation, and elevated reproduc-
tive investment all bring about higher natural mortality as
an adaptive response to cope with increased fishing mortal-
ity. It is important to emphasise that there are other nonex-
clusive explanations for most of these patterns. Many
elements of these Canadian ecosystems have changed, and
both size-selective fishing and density dependence have
been variable in the Gulf of St. Lawrence stock in particu-
lar (Sinclair et al. 2002; Swain et al. 2007, 2008). The
general lack of recovery of cod in the area has been attrib-
uted to, e.g., discarding of young fish (Myers et al. 1997)
and regime shifts (Petrie et al. 2009). The increased re-
cruitment in recent years may be due to released density
dependence when the spawning population is small, as is
commonly observed in many fish stocks, but there has
also been a general increase of small fish species in this
area that might reflect reduced abundance of large preda-
tors (Benoit and Swain 2008). The timing of events may
also suggest a role for other factors: for southern Gulf of
St. Lawrence cod, maturation age decreased in the 1960s
and 1970s, before the decline in size at age, which took
place in the 1970s and 1980s. It could still be that matura-
tion age changed first but that an effect of decelerated indi-
vidual growth only occurred later, in response to an increase
in reproductive investment. However, evidence suggests that
fisheries size selectivity and density-dependent growth
processes have also contributed (Sinclair et al. 2002; Swain
et al. 2007).

Our model provides new hypotheses consistent with ob-
served changes in these cod stocks, but the change may
also be explained by several alternative ecological mecha-
nisms. It will be interesting to see from future analyses the
role that the various hypotheses have played relative to
each other. Often these explanations do not exclude each
other, and probably ecological and evolutionary processes
have worked in concert to produce the final outcome.

Also, we are not aware of any studies that document in-
creased risk-taking in foraging behaviour or increased sus-
ceptibility to disease or infection for these stocks. Some
indirect evidence could be interpreted in that direction, but
the inferences that can be sustained are weak for the mo-
ment. For example, Myers et al. (1997) compared output
from virtual population analysis with survey data and found
that young fish were dying faster than could be predicted.
They homed in on discarding as a potential cause, but our
model suggests that the increased mortality could come
from increased risk-taking in foraging behaviour or by
down-regulating, e.g., immune defence. Because these fish
were young and mostly immature, it is unlikely that the
cause lies with maturation or reproduction.

Implications of increased mortality

In many ways, natural mortality is a loss term that re-
moves fish from the population so that it cannot be har-
vested (fishermen’s perspective) or its existence appreciated
(conservationist’s perspective). In most cases, natural mor-
tality implies predation. The predator that benefits may be a
“dead end” (jellyfish) or a marine mammal that is protected.
If the model’s predictions are only partly right, adaptations
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caused by fishing are likely to make mortality greater for
the fish resources we value the most.

Quantitatively, the model’s predictions were robust to pa-
rameter variation. The model predicted that natural mortality
would increase by roughly half the fishing mortality. Fishing
two fish would thus cause the death of a third one, once
adaptations in life history traits and behaviour have taken
place.

Perhaps harvest can be done differently to minimize or
even reverse the evolutionary consequences (e.g., by modi-
fying the gear’s size selectivity; Law 2007; Jgrgensen et al.
2009). Or perhaps one cannot harvest without causing such
detrimental side effects. Regardless of the long-term conse-
quences, a systemic increase in natural mortality necessitates
increased awareness among resource managers to avoid
short-term catastrophes. If an increase in natural mortality
goes unnoticed in fisheries surveys, stock assessments could
systematically overestimate stock size or the stock’s recruit-
ment. A dire consequence could be catch quotas that are
persistently set too high with an imminent risk of stock col-
lapse.

Earlier models

Links between life history traits and natural mortality
have been considered also in earlier models, but those stud-
ies have not quantified the consequences of harvest-induced
adaptations for natural mortality rates. In a model for Atlan-
tic cod, Hutchings (2005) assumed that postreproductive
mortality was higher the earlier the fish became sexually
mature. He concluded that a lower maturation age is more
likely to cause negative population growth, partly as a con-
sequence of the increased postmature mortality rate. Trade-
offs between natural mortality and growth, maturation, or re-
production have also been incorporated in several individ-
ual-based models for fish (e.g., Dunlop et al. 2007, 2009a;
Enberg et al. 2009), but predictions for natural mortality
rates have, to our knowledge, not been reported.

Ecosystem perspectives

In a wider ecological perspective, harvesting may have
cascading effects for entire ecosystems, where not only pre-
dation rates, but also productivity and food availability,
might change (Jackson et al. 2001), with potential feedback
effects on traits that evolved in the first place. In a whole-
lake experiment, harvesting of the prey (charr) relaxed its
density-dependent regulation, with the consequence that its
predator (trout) was released from stunting and subsequently
recovered (Persson et al. 2007). Likewise, harvesting a pred-
ator or a prey can bring about evolutionary trait changes in
the other (Gardmark et al. 2003; Matsuda and Abrams 2004;
Abrams and Matsuda 2005).

Because harvesting has removed many of the large fish
predators from the world’s oceans (Pauly et al. 1998), it
could be argued that this would lead to reduced natural mor-
tality on their prey. The picture is complicated by the fact
that top predators other than fish have shown variable re-
sponses. For example, while some marine mammal species
have declined, others are prospering and their impact as
predators has increased (Clapham et al. 1999; Bowen et al.
2003). In relation to the cod example, grey seals have multi-
plied in the Northwest Atlantic, and although they may keep
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cod populations down, it seems that the reduced predation
from cod on many smaller fish species is now compensated
for by increased predation from seals and whales (Savenkoff
et al. 2007).

How fast may species change?

The method we used, optimization, allows us to find ex-
pected evolutionary end points when little is known about
heritabilities or rates of change for the manifold mecha-
nisms that relate life history traits to mortality. How fast
traits will change in natural populations depends on the
type of trait. Traits that are responding directly to environ-
mental or social cues such as behaviour often respond
quickest (Lima and Dill 1990; Creel and Christianson
2008). Other traits are contingent on developmental history
or are phenotypically plastic and expressed according to the
experienced environment; their dynamics is slower but may
still change within a life time. Examples of such traits are
morphology and physiology, where alternative morphs or
acclimatisation may lead to different phenotypes in different
environments (Morita and Fukuwaka 2006). Finally, other
traits may require genetic evolution over several genera-
tions. The rate of fishing-induced evolution has not yet
been quantified directly as temporal changes in gene fre-
quencies, so in the meanwhile, we need to rely on indirect
evidence from observations on phenotypes (Dunlop et al.
2009b). Several forms of fishing-induced changes have
taken place on decadal time scales or faster (Ricker 1981;
Sharpe and Hendry 2009; see also quantification of evolu-
tionary rates in online appendix to Jgrgensen et al. 2007),
but especially for observational data from the wild, there
might be unknown factors and phenotypic plasticity that
contribute to phenotypic trends. When accounting for
known environmental trends, the rate of evolution is still
fast, often taking place within decades (Grift et al. 2003;
Kraak 2007; Swain et al. 2007). Other studies have sug-
gested that evolution may be slower, either using theoretical
arguments (Brown et al. 2008; Andersen and Brander 2009)
or by arguing that some of the change could be explained
by processes that have been omitted from the analysis
(many of the arguments were presented in the theme section
by Marshall and Browman 2007). Models that treat evolu-
tion explicitly suggest rates that are comparable with ob-
served changes (Enberg et al. 2009). At present, it is
difficult to conclude how fast fishing-induced evolutionary
changes may be. Until alternative environmental factors are
put forward that can explain the observed phenotypic trends
in many fish stocks, in our view, the most parsimonious ex-
planation is that the similar effect in widespread stocks is
at least partly caused by fishing-induced adaptations.

In some cases, life history traits and behaviour are corre-
lated and interact with the fishing activity, which can affect
the strength of selection and therefore the rate of evolution.
For example, angling removed a bold and fast-growing do-
mesticated strain more rapidly than the control in a whole-
lake experiment (Biro and Post 2008). In that experiment,
the strongest selection took place on the first day of fishing.
In addition to a direct effect on the phenotype composition
in the population, it would also have a more delayed and
persistent effect as the genes of the survivors are passed on
to future generations.
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Although many years have now passed since fishing pres-
sure on the Canadian cod stocks was greatly reduced, the
absence of fishing mortality does not necessarily imply that
reverse evolution back to the original trait distributions may
be fast (Law and Grey 1989). In an evolutionary individual-
based model that incorporated several of the same trade-offs
that we used, reverse evolution of age at maturation, growth
rate, and reproductive investment was slower by a factor of
10 or more compared with the fishing-induced evolutionary
change (Enberg et al. 2009). Whereas fast-reproducing strat-
egies (early maturation, fast growth, high reproductive in-
vestment) have a great advantage when fishing mortality is
high, they are nearly as good as the more slowly reproduc-
ing strategies when mortality is low, which leads to a char-
acteristic asymmetry in evolutionary rates (Law and Grey
1989).

Predation rarely leaves an observable trace, and time ser-
ies of fisheries and survey data that could have been used to
detect trends over time are typically burdened by temporal
variability. It is understandably tempting to focus on the
more easily quantifiable measures such as size, age, and
other characteristics of the fish that are alive and can be
caught in fisheries or surveys. Because morphology, behav-
iour, physiology, life history strategies, and intra- and inter-
specific interactions together determine natural mortality, a
cross-disciplinary effort is needed to build an understanding
of the underlying mechanisms and ecological consequences.
A large-scale increase in natural mortality rates induced by
fishing will have consequences for fish population dynamics
and fisheries productivity and raises challenges for fisheries
management and policies for sustainable harvesting. Apart
from the Canadian cod, a systematic increase in natural mor-
tality has to our knowledge not been documented. Despite
the difficulties in quantifying natural mortality, one would
expect that an increase of the magnitude that our model pre-
dicts would not go unnoticed, as it could lead to a persistent
lack of fit in population and assessment models in regular
use today.
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Appendix A. Discrete time approximations of continuous time functions

The continuous time integrals were solved numerically by subdividing each year into J shorter steps. Knowing the weight
at a given time a + j/J, weight in the next of these smaller steps, a + (j+1)/J, can be found as

w(a+ (j+ D) =w(a+ i) +[1 —a(a ()] - h-w’(a+ jiT)
By doing this for every small time step j between a and a + 1, the discrete time approximation of the continuous time integral is
a+tl ;
wa+1)=w(a)+[1 —ala l(a))]h / wl (1) dt = w(a) + [1 — a(a, I(a))] h%Zwb(a -+ ji)
t=a =1

Gonad size at the end of the year, g(a + 1), is found in an analogous way:
1<
— b ;
gla+1)=uala l(a))hj;:1 w”(a + ji)

Mortality consists of four components. In the equation below, size-independent mortality is M. Predation mortality de-
pends on size, which changes throughout the year so it needs to be updated and summed over the shorter time steps j. The
summation is thus predation mortality c/~4(a + j/J), which in addition to being a separate component of mortality is multiplied
by ¢(a, l(a)) to get the growth-related mortality and [g(a + j/J)/q.]’ to get the reproduction-related mortality. The final com-
ponent is fishing mortality, which is specified by the harvest rate F and may include a size-selectivity function Y(L) that
depends on size:

J . p
2(a) = Misea + ; > [cwd(a + i) (1 + ola I(a)) + (@) ) +Fy(i(a+ i)

J

Having found the total mortality rate over the year (z(a)), annual survival probability (s(a)) is equal to exp(—z(a)).
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Figure S2 (previous page). The thick solid line is the standard scenario and it is repeated in each
panel to make comparison easier (parameters are given in the legend to Figure 1 of the main
paper). The remaining panels are sensitivity to varying (a) the exponent d that scales predation
with size; (b) the intake exponent b; (c) the asymptote hma Of the Holling type Il equation
relating growth strategy ¢ to resource intake; (d) the half-saturation constant hy, of the same
Holling function; (e) the gonado-somatic index Qs at which reproduction mortality equals
predation mortality Mpredaiion; (f) the exponent p relating gonado-somatic index to reproduction
mortality; (g) the effect of including a constraint formulated as a max value of reproductive
investment Q; and (h) the effect of a strictly enforced minimum size limit in the fishery, where
the harvest mortality is F(L)=Fmax'Y(L), where Fnax IS maximum harvest mortality and fisheries
selectivity is modelled as Y(L)=[1+exp(—u(L-Lsg))]™* with u=0.1 (steepness) and Lso (cm) being

the length at which there is a 50% probability of being harvested.
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