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Goal

To develop a model for evaluating the ecological and evolutionary consequences of
size-selective fishing in sexually reproducing populations exhibiting female mate
preferences.

Background and motivation

Harvesting is increasingly recognized as a major selective force driving the evolution
of life history traits (Stokes et a. 1993; Ashley et a. 2003). In particular, accumulat-
ing evidence suggests a role for commercial fishing in the evolution of fish popula-
tions towards maturation at younger ages and smaller sizes (Grift et al. 2003; Olsen et
al. 2004; Olsen et al. 2005). By targeting the largest, oldest, and fastest-growing indi-
viduals, fisheries create intense directional selection favoring the survival of smaller,
younger, and slower-growing phenotypes (Walsh et a. 2006). Consequently, size and
age show truncated distributions towards smaller and younger individuals (Conover
and Munch 2002), and proportions of individuals maturing at younger ages and
smaller sizes are increasing (Olsen et al. 2004; Olsen et al. 2005). In fish populations,
the magnitude and the size-selective nature of fishing mortality (Myers and Hoenig
1997), in conjunction with observations of rapid evolution of life history traits in natu-
ral populations (Reznick et al. 1990; Rijnsdorp 1993; Haugen and Vollestad 2001;
Reznick and Ghalambor 2005) render this concern particularly important (Munch et
al. 2005).

The rapid evolution under fishing-induced selection of traits such as adult size,
growth rate, age and size at maturation has been discussed in a number of recent pub-
lications (Ratner and Lande 2001; Conover and Munch 2002; Grift et a. 2003;
Ernande et a. 2004; Olsen et a. 2004; Olsen et al. 2005). Recent studies have found
selective harvesting on large fish to result in indirect changes in additional traits such
as fecundity (Walsh et al. 2006) and in traits expressed earlier in life such as larval
growth and viability. All these characters are known to influence recruitment success
(Berkeley et al. 2004a; Berkeley et a. 2004b; Munch et a. 2005).

Y e, little attention has been paid to the effect of harvesting on patterns of sexual
selection, despite the potential impact of sexua selection on population growth rates
(Cété 2003) and its importance for conservation biology (Legendre et a. 1999;
Wedekind 2002; C6té 2003; Wedekind 2003). Among the variety of explanations for
the evolution of female reproductive strategies or inter-sexual selection, the “good-
genes’ models of sexual selection have gained particular attention. These models are
based on the prediction that inter-sexual selection improves the average genetic qual-
ity and hence the survival of the progeny (Neff and Pitcher 2005). Increased offspring
survival might in particular result from a preference for mates with relatively high
heritable viability over those with low heritable viability (Howard and Lively 2004):
in such a case, mate preferences are expected to be uniform.
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Harvesting inevitably restrains the pool of mates available for female choice. A
sufficiently strong reduction in male density might result in an “Allee effect”, through
the reduction in mating efficiency at low densities (Stephens and Sutherland 1999)
caused by the inability of females to find a suitable mate (Bessa-Gomes et a. 2003).
Additionally, selective harvesting might affect female reproductive success by acting
on those traits on which inter-sexual selection relies. In particular, selective harvesting
on size might directly interfere with female reproductive success because size is a
commonly used criterion for mate choice. Female mating preferences for large males
can be attributed to superior genes inherited by offspring (Williams 1966; Williams
1975; Beacham and Murray 1988b) and to a variety of direct benefits, such as in-
creased sperm quality and/or quantity and better paternal care (Trivers 1972; Williams
1975; Cote and Hunte 1989). Additionally, differences in growth rates are often inter-
preted as variations in individual quality (Mangel and Stamps 2001). Examples of fe-
mal e preferences for large-sized males are found in several fish species (Beacham and
Murray 1988a; Foote 1989; Blanchfield and Ridgway 1999), including numerous
poeciliid species (Basolo 2004) and blenniidae (Cote and Hunte 1989; Neat and Loca-
tello 2002). Other teleosts such as Atlantic cod, Gadus morhua (Hutchings et al. 1999;
Rakitin et a. 2001) or salmonine fish such as brook trout, Salvelinus fontinalis
(Blanchfield and Ridgway 1999), sockeye salmon, Oncorhynchus nerka, (Hanson and
Smith 1967; Foote and Larkin 1988; Blanchfield and Ridgway 1999; Blanchfield et
al. 2003), dolly varden, Salvelinus malma: (Maekawa et a. 1993) or Japanese char,
Salvelinus leucomaenis (Maekawa et a. 1994) show a preference for males of similar
size (size-assortative mating). Thus, by selectively removing individuals based on
their size, fisheries might disrupt female preferences for particular individuals, leading
to maladapted female preferences and favoring the evolution of alternative female
preferences.

Research questions
The three questions at the core of my research project are as follows:

1. Can the maladaptation of female preferences reduce the yield, stability, or recov-
ery potential of exploited stocks?

2. Should size-selective fishing be expected to cause evolutionary changes in the
mating strategies adopted by females?

3. How do trajectories and outcomes of female preference evolution depend on har-
vesting regimes, natural ecological conditions, life history traits and the initial
preference of females?

Methods and work plan

Eco-genetic model

To determine the ecologica and evolutionary effects of size-selective fishing on
stocks with female mating preferences, | intend to develop an individual-based eco-
genetic ssimulation model. This model will describe an iteroparous species in which
mate choice and harvesting are size-dependent.

Individuals will be characterized by their age, size, sex, intrinsic growth rate, and
maturation status and females will additionally be characterized by their mate prefer-
ence. The traits likely to evolve under harvesting will be growth, maturation reaction
norms and the female preference, i.e. the decay constant of the exponential distribu-
tion describing female preference for males of increasing size (see bellow), and the
mean and standard deviation of the normal distribution describing female preference
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for size-assorted males (see bellow). A quantitative genetic approach will be used to
express heritability in the evolving traits. Population dynamics will be based on an-
nual time steps for maturation, reproduction, growth, and mortality.

Growth will be smulated with the bi-phasic somatic growth model (Roff 1983;
Lester et al. 2004), which assumes growth to be linear prior to maturation and to fol-
low the von Bertalanffy growth model after maturation. This allows taking into ac-
count the cost of reproductive investment at the adult stage. Intrinsic growth rates will
be alowed to vary between years and individuals, to account for environmental sto-
chasticity and micro-environmental variation.

Probabilistic maturation reaction norms will be used to describe changes in an in-
dividua’s maturation status. These reaction norms will be linear and modeled with a
constant width and evolving intercept and slope. Maturation reaction norms describe
the maturation schedule of a genotype under different growth conditions (Stearns and
Koella 1986). The probabilistic extension of this approach (Heino et a. 2002) de-
scribes the maturation process based on the probability that individuals of given age
and size will mature in the next season. This overcomes the confounding effects of
growth and mortality by estimating maturation probabilities conditional on individuals
having reached a given age and size (Heino et al. 2002; Olsen et a. 2004; Olsen et al.
2005). While phenotypic plasticity in response to variations in growth only displaces
expressed phenotypes along the reaction norm, selection acting on age and size-
specific maturation probabilities will shift the reaction norm away from its original
position (Haugen 2000; Heino et a. 2002; Olsen et al. 2004; Olsen et a. 2005). Thus,
probabilistic maturation reaction norms are an efficient tool for detecting evidence
suggestive of fishing-induced evolution.

Preference traits and mating

Size will be used as preference trait. Thus, it will be under sexual selection through
female preferences and under natural selection through size-dependent vital rates. Ini-
tial female preferences will be of two kinds: (i) preference for overall large males and
(i) preference for size-assorted males. In the first scenario, size will be under direc-
tional selection, implying preference to increase with the size of males. The prefer-
ence trait will therefore follow an exponentia distribution. In the second scenario,
females will prefer males of similar size. In this case the favored male will not be the
same for all females. The strength of the preference will be at its maximum for amale
to female sizeratio close to one. The preference trait will follow anormal distribution.
Considering these two types of female preference will help elucidating the importance
of female preference for a stock’s ecologica and evolutionary responses to size-
selective harvesting.

Harvesting regimes

Two different harvesting strategies will be adopted: one corresponding to a manage-
ment policy prescribing a minimum size limit (i.e., all fish above a given size thresh-
old may be caught) and the second corresponding to asize slot or permissive ot limit
(i.e., only individuals within a given size window may be caught).

Work plan

First, I will investigate how structuring populations according to sex and considering
different female mating preferences will affect their demographic response to the on-
set of fishing. Here | will focus on analyzing how this response is influenced by the
type and strength of female mating preferences. This first step aims only at revealing
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the ecological effects of sex structure and mating preference and will not yet involve
an evolutionary perspective.

Second, | will alow female preferences to evolve and evauate how the outcomes
of evolution in mating preferences depend on the ecological conditions characterizing
the stock. In particular, | will try to understand how varying the strength of harvesting
will affect the evolutionary outcomes of preference evolution, without afocus on evo-
lutionary transients.

Finally, armed with an understanding of the ecological consequences of mating
preferences and of the evolutionary outcomes of preference evolution, | will charac-
terize evolutionary transients and allow life-history traits and preference traits to
evolve jointly. The predicted pace of evolution in female preference will be particu-
larly important for characterizing these transients. slow preference evolution com-
pared with faster life-history evolution and even faster changes in fishing pressure
might result in time lags that cause preferences to be maladaptive under the current
conditions.

Relevance and link to EEP’s research plan

This project aims to evauate the ecological and evolutionary effects of size-selective
fishing on stocks with mating preferences and is therefore directly linked to EEP's
focus on evolutionary fisheries management. Additionally, studying fisheries-induced
evolution in sex-structured populations exhibiting female mating preferences is a
novel contribution to existing applications of individual-based eco-genetic models.

Expected output and publications

Thiswork will be included as a chapter in my PhD thesis and is intended for publica-
tion as a co-authored research article.

References

Ashley, M.V., Willson, M.F., Pergams, O.R.W., O'Dowd, D.J., Gende, SM. and
Brown, J.S. (2003). Evolutionarily enlightened management. Biological Con-
servation, 111:115-123.

Basolo, A.L. (2004). Variation between and within the sexes in body size preferences.
Animal Behaviour, 68:75-82.

Beacham, T.D. and Murray, C.B. (1988a). A genetic analysis of body size in pink
salmon (Oncorhynchus gorbuscha). Genome, 30:31-35.

Beacham, T.D. and Murray, C.B. (1988b). Genetic analysis of growth and maturity in
pink salmon (Oncorhynchus gorbuscha). Genome, 30:529-535.

Berkeley, S.A., Chapman, C. and Sogard, S.M. (2004a). Maternal age as a determi-
nant of larval growth and survival in amarine fish, Sebastes melanops. Ecology,
85:1258-1264.

Berkeley, SA., Hixon, M.A., Larson, R.J. and Love, M.S. (2004b). Fisheries sustain-
ability via protection of age structure and spatial distribution of fish populations.
Fisheries, 29:23-32.

Bessa-Gomes, C., Danek-Gontard, M., Cassey, P., Moller, A.P., Legendre, S. and
Clobert, J. (2003). Mating behaviour influences extinction risk: insights from
demographic modelling and comparative analysis of avian extinction risk. An-
nales Zoologici Fennici, 40:231-245.

20



Blanchfield, P.J. and Ridgway, M.S. (1999). The cost of peripheral males in a brook
trout mating system. Animal Behaviour, 57:537-544.

Blanchfield, P.J., Ridgway, M.S. and Wilson, C.C. (2003). Breeding success of male
brook trout (Salvelinus fontinalis) in the wild. Molecular Ecology, 12:2417-
2428.

Conover, D.O. and Munch, S.B. (2002). Sustaining fisheries yields over evolutionary
time scales. Science, 297:94-96.

Coté, 1. (2003). Knowledge of reproductive behavior contributes to conservation pro-
grams. In: Festa-Bianchet, M.A.M. (ed.) Animal behavior and wildlife conser-
vation. Island Press, pp 77-92.

Cote, .M. and Hunte, W. (1989). Mae and female mate choice in the redlip blenny -
why bigger is better. Animal Behaviour, 38:78-88.

Ernande, B., Dieckmann, U. and Heino, M. (2004). Adaptive changes in harvested
populations: plasticity and evolution of age and size at maturation. Proceedings
of the Royal Society of London Series B-Biological Sciences, 271:415-423.

Foote, C.J. (1989). Femae mate preference in Pacific salmon. Animal Behaviour,
38:721-723.

Foote, C.J. and Larkin, P.A. (1988). The role of male choice in the assortative mating
of anadromous and non-anadromous sockeye salmon (Oncorhynchus nerka).
Behaviour, 106:43-62.

Grift, R.E., Rijnsdorp, A.D., Barot, S., Heino, M. and Dieckmann, U. (2003). Fisher-
ies-induced trends in reaction norms for maturation in North Sea plaice. Marine
Ecology-Progress Series, 257:247-257.

Hanson, A.J. and Smith, H.D. (1967). Mate selection in a population of sockeye
salmon (Oncorhynchus nerka) of mixed age-aroups. Journal of the Fisheries Re-
search Board of Canada, 24:1955-1977.

Haugen, T.O. (2000). Growth and survival effects on maturation pattern in popula-
tions of grayling with recent common ancestors. Oikos, 90:107-118.

Haugen, T.O. and Vollestad, L.A. (2001). A century of life-history evolution in gray-
ling. Genetica, 112:475-491.

Heino, M., Dieckmann, U. and Godo, O.R. (2002). Measuring probabilistic reaction
norms for age and size at maturation. Evolution, 56:669-678.

Howard, R.S. and Lively, C.M. (2004). Good vs complementary genes for parasite
resistance and the evolution of mate choice. BMC Evolutionary Biology, 4:48-
55.

Hutchings, J.A., Bishop, T.D. and McGregor-Shaw, C.R. (1999). Spawning behaviour
of Atlantic cod, Gadus morhua: evidence of malte competition and mate choice
in a broadcast spawner. Canadian Journal of Fisheries and Aquatic Sciences,
56:97-104.

Legendre, S., Clobert, J., Moller, A.P. and Sorci, G. (1999). Demographic stochastic-
ity and social mating system in the process of extinction of small populations:

The case of passerines introduced to New Zealand. American Naturalist,
153:449-463.

Lester, N.P., Shuter, B.J. and Abrams, P.A. (2004). Interpreting the von Bertalanffy
model of somatic growth in fishes: the cost of reproduction. Proceedings of the
Royal Society of London Series B-Biological Sciences, 271:1625-1631.

21



Maekawa, K., Hino, T., Nakano, S. and Smoker, W.W. (1993). Mate preference in
anadromous and landlocked Dolly varden (Salvelinus malma) females in 2
Alaskan streams. Canadian Journal of Fisheries and Aquatic Sciences, 50:2375-
2379.

Maekawa, K., Nakano, S. and Yamamoto, S. (1994). Spawning behavior and size-
assortative mating of Japanese charr in an artificial lake-inlet stream system.
Environmental Biology of Fishes, 39:109-117.

Mangel, M. and Stamps, J. (2001). Trade-offs between growth and mortality and the
maintenance of individual variation in growth. Evolutionary Ecology Research,
3:583-593.

Munch, S.B., Walsh, M.R. and Conover, D.O. (2005). Harvest selection, genetic cor-
relations, and evolutionary changes in recruitment: one less thing to worry
about? Canadian Journal of Fisheries and Aquatic Sciences, 62:802-810.

Myers, R.A. and Hoenig, J.M. (1997). Direct estimates of gear selectivity from multi-
ple tagging experiments. Canadian Journa of Fisheries and Aquatic Sciences,
54:1-9.

Neat, F.C. and Locatello, L. (2002). No reason to sneak: why males of all sizes can
breed in the hole-nesting blenny, Aidablennius sphinx. Behavioral Ecology and
Sociobiology, 52:66-73.

Neff, B.D. and Pitcher, T.E. (2005). Genetic quality and sexua selection: an inte-
grated framework for good genes and compatible genes. Molecular Ecology,
14:19-38.

Olsen, E., Lilly, G.R., Heino, M., Morgan, M.J., Brattey, J. and Dieckmann, U.
(2005). Assessing changes in age and size at maturation in collapsing popula-
tions of Atlantic cod (Gadus morhua). Canadian Journal of Fisheries and
Aquatic Sciences, 62:811-823.

Olsen, E.M., Heino, M., Lilly, G.R., Morgan, M.J,, Brattey, J., Ernande, B. and
Dieckmann, U. (2004). Maturation trends indicative of rapid evolution preceded
the collapse of northern cod. Nature, 428:932-935.

Rakitin, A., Ferguson, M.M. and Trippel, E.A. (2001). Male reproductive success and
body size in Atlantic cod Gadus morhua L. Marine Biology, 138:1077-1085.

Ratner, S. and Lande, R. (2001). Demographic and evolutionary responses to selective
harvesting in populations with discrete generations. Ecology, 82:3093-3104.

Reznick, D.A., Bryga, H. and Endler, J.A. (1990). Experimentally induced life-history
evolution in a natural population. Nature, 346:357-359.

Reznick, D.N. and Ghalambor, C.K. (2005). Can commercial fishing cause evolution?
Answers from guppies (Poecilia reticulata). Canadian Journal of Fisheries and
Aquatic Sciences, 62:791-801.

Rijnsdorp, A.D. (1993). Fisheries as a large-scale experiment on life-history evolution
- disentangling phenotypic and genetic effects in changes in maturation and re-
production of North-sea plaice, Pleuronectes platessa L. Oecologia, 96:391-401.

Roff, D.A. (1983). An alocation model of growth and reproduction in fish. Canadian
Journal of Fisheries and Aquatic Sciences, 40:1395-1404.

Stearns, S.C. and Koella, J.C. (1986). The evolution of phenotypic plasticity in life-
history traits - predictions of reaction norms for age and size at maturity. Evolu-
tion, 40:893-913.

22



Stephens, P.A. and Sutherland, W.J. (1999). Consequences of the Allee effect for be-
haviour, ecology and conservation. Trendsin Ecology & Evolution, 14:401-405.

Stokes, T.K., McGlade, JM. and Law, R. (eds) (1993). The exploitation of evolving
resources. Springer-Verlag, Berlin.

Trivers, R.L. (1972). Parental investment and sexual selection. In: Campbell, B. (ed.)
Sexual selection and the descent of man, 1871-1971. Aldine Publishing Com-
pany, Chicago, pp 136-179.

Walsh, M.R., Munch, S.B., Chiba, S. and Conover, D.O. (2006). Maladaptive changes
in multiple traits caused by fishing: impediments to population recovery. Ecol-
ogy Letters, 9:142-148.

Wedekind, C. (2002). Sexual selection and life-history decisions. implications for
supportive breeding and the management of captive populations. Conservation
Biology, 16:1204-1211.

Wedekind, C. (2003). Pathogen-driven sexua selection for "good genes' versus ge-
netic variability in small populations. In: Festa-Bianchet, M.A.M. (ed.) Animal
behavior and wildlife conservation. Island Press, pp 229-242.

Williams, G.C. (1966). Adaptation and natural selection. Princeton University Press,
Princeton, USA.

Williams, G.C. (1975). Sex and evolution. Princeton University Press, Princeton,
USA.

23





