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An eco-genetic model tuned on a population of marble trout Salmo marmoratus subject to periodic
flood events was used to explore how the evolution of growth rates interacting with density-dependent
processes can modify size at age and population structure and in turn influence the resilience of popu-
lations. Fish with greater growth potential were assumed to have higher mortality rates. The results of
simulations were compared between two scenarios, one in which populations may evolve growth rates
and the other one in which the distribution of growth rates within a population is kept fixed. Evolving
populations had a greater proportion of age 1 year individuals in the population, greater median length
at age 3 years (the typical age at sexual maturity for S. marmoratus) and lower population sizes. The
slightly smaller population sizes did not affect realized extinction risk. Resilience, defined as the num-
ber of years necessary to rebound from flood-induced population collapse, was on average from 2 to 3
years in both scenarios, with no significant difference between them. Moderate heritability of growth,
relaxation of density-dependent processes at low densities and rapid recovery to a safe population size
combine to limit the capacity to evolve faster recovery after flood-induced population collapses via
changing growth rates.
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INTRODUCTION

Life-history traits, such as body size and growth rates, fecundity, maturation sched-
ules and iteroparity or semelparity, are important contributors to population dynamics.
Also, they largely determine the extent to which populations can persist in the face of
catastrophic disturbances (i.e. sudden and unusually severe reductions in population
size; Mangel & Tier, 1993) and how quickly they can recover from them. For instance,
opportunistic life histories in fish species are predicted to increase the probability of a
population persisting after a collapse, as low generation times and high reproductive
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effort in general yield higher intrinsic rates of population increase than longer genera-
tion times and a lower annual reproductive effort (Winemiller, 2005). The ability of a
population to persist in the face of severe disturbances has often been considered as a
measure of stability, which can be further differentiated into resilience and resistance.
Resilience of a population [analogous with Holling’s (1996) ‘engineering resilience’]
is the degree to which population is able to recover from disturbance without major
persistent changes in structure, as well as the time to return to equilibrium or steady
state in population size, age and size structure (Gunderson, 2000). On the other hand,
resistance is often defined as the amount of disturbance a system can absorb without
undergoing a fundamental change (Grimm & Wissel, 1997).

The focus of this work is resilience of populations, which is the ability of a population
to recover after a catastrophic disturbance, as well as the eco-evolutionary dynam-
ics associated with catastrophic disturbances. Eco-evolutionary dynamics have been
widely investigated in recent years (Ghalambor et al., 2007; Einum et al., 2008; Kin-
nison et al., 2008, 2011; Coulson et al., 2010; Waples et al., 2010; Carlson et al., 2011)
and may be broadly defined as reciprocal, and possibly cyclical, interaction between
ecology and evolution, where ecological factors (e.g. density dependence) drive or cre-
ate the conditions for evolutionary change in phenotypes that in turn alter ecological
interactions (Post & Palkovacs, 2009).

For fishes, the interplay between population collapses, recoveries and life histories
has been mostly studied in marine systems (Hutchings & Reynolds, 2004; Perry et al.,
2010; Hidalgo et al., 2011), in particular in the context of fishing-induced evolution of
life histories (Ernande et al., 2004; Enberg et al., 2009, 2012). Predicting the rebuild-
ing of a depleted stock requires a good understanding of the factors that influence both
recovery dynamics and the associated time scales. Changes in harvested populations
(i.e. life span of fishes, population growth rate, life histories like age at sexual matura-
tion, egg production and egg size) can substantially modify the resistance and resilience
of fish populations to climatic fluctuations and the additional exploitation of the stock
(Hutchings & Reynolds, 2004; Walsh et al., 2006; Perry et al., 2010; Planque et al.,
2010).

Results from simulation analyses showed that fisheries-induced evolution might not
always have easily predictable consequences on recovery rates. Kuparinen & Hutch-
ings (2012) simulated the demographic and evolutionary dynamics of a Atlantic cod
Gadus Morhua L. 1758 population subject to a 100 year period of size-selective har-
vesting, then followed by a 300 year recovery period with no harvesting. They sim-
ulated the demographic and evolutionary dynamics either by allowing life histories
to evolve during and after the fishing period or by assuming that fisheries-induced
evolution was absent. They found that despite the evolution of different life histories
between the evolutionary and non-evolutionary simulations, recovery rates were not
different between the two scenarios. Their conclusion was that in the absence of fish-
ing, the fitness (i.e. cumulative reproductive output) of the different life histories was
very similar.

The present work focuses on unselective catastrophic disturbances, i.e. distur-
bances that induce massive mortalities, but due to their effect and rarity, there are
no phenotypes in the population having more chances to survive the disturbance
than others. Hurricanes, floods, oil spills, hypoxic events, harmful algal blooms and
coral bleaching are examples of disturbances with massive, but largely unselective,
consequences. The strong reduction in population size following the event, however,
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creates new habitat and population conditions (e.g. low density) that may confer higher
fitness to faster life histories.

Faster life histories following a catastrophic disturbance may arise through pheno-
typic plasticity or natural selection, which in turn may affect population-level traits
like age-structure through eco-evolutionary dynamics and feedbacks (Post & Palko-
vacs, 2009; Waples et al., 2010; Carlson et al., 2011). Rapid growth is often favoured
when there are time constraints for reaching a minimum size, an opportunistic strat-
egy usually found under high disturbance (Arendt, 1997), and it may increase fitness
in populations going through boom-and-bust cycles, such as populations periodically
affected by flood-induced high mortalities. Rapid growth often comes at a cost, usually
in the form of higher risk of mortality (Arendt, 1997; Billerbeck et al., 2001; Lankford
et al., 2001; Enberg et al., 2012).

Freshwater salmonids are an ideal model system for investigating the eco-evolutionary
effects of unselective catastrophic disturbances, as severe and unpredictable extreme
flow events such as flash floods and debris flows (i.e. when there is extensive erosion
on steep, debris-mantled slopes) often induce massive mortalities without selecting
directly for particular phenotypes. Extreme flows can be classified as extreme climatic
events, as extremity is coupled climatically and ecologically (Smith, 2011). When
the habitat after a catastrophic event is still suitable, abundance and density can
quickly rebound to pre-event levels or beyond in just a few years (Lamberti et al.,
1991; Thorpe, 1994). Some studies have shown that adult and juvenile salmonids
displaced downstream by floods have returned upstream after the flood recedes; also,
recolonization by unaffected sub-populations living nearby can be quick (Dedual &
Jowett, 1999; Ortlepp & Murle, 2003).

If the population has not been completely extirpated, a few survivors can rapidly
increase population size to pre-event population levels due to intrinsic processes.
Vincenzi et al. (2008a) used a simulation analysis to conclude that relaxation of
density-dependent pressure at low densities may increase the resilience of salmonid
populations to catastrophic floods through an increase in growth. Since body size is
positively related to the number of eggs produced by a female, low densities following
episodes of massive mortalities allow for an increase in growth rates (Elwood &
Waters, 1969; Jenkins et al., 1999; Roghair et al., 2002) that carry over to an increased
reproductive output in the years immediately following the extreme event. In addition,
Vincenzi et al. (2012a) showed that in stream-dwelling marble trout Salmo marmora-
tus Cuvier 1829, massive mortalities caused by extreme flows can substantially reduce
variability in growth rates (i.e. coefficient K of the von Bertalanffy growth model)
with respect to populations not subject to periodic heavy losses.

Variation in timing, predictability, frequency and severity of catastrophic flood
events makes it difficult to predict the contribution of the evolution of a trait-like
growth to the resilience of populations. To do so, it is necessary to couple trait
dynamics with individual dynamics (Bjorklund et al., 2009; Vincenzi et al., 2012b).
For example, while rapid growth may be advantageous under high disturbance, in the
presence of a trade-off between growth and survival populations may be trapped at low
densities (Botsford, 1981), thus increasing the risk of extinction following subsequent
massive mortality events. In addition, the substantial variations in population density
often observed in stream-dwelling populations, even in the absence of catastrophic
events, and the well-described density dependence of growth and size at age, make it
particularly challenging to observe intrinsic differences in growth rates across years
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as well as to tease apart the relative contribution of density and intrinsic growth rates
on the realized growth of individuals. As density-dependent processes are also likely
to shape life histories (Engen et al., 2005; Bonenfant ez al., 2009), it is important to
capture those processes.

In this work, an eco-genetic model (Dunlop et al., 2009) was used to explore how
the evolution of growth rates in a salmonid population subject to catastrophic events
and its interplay with density-dependent processes can modify size at age, population
structure and in turn influence the resilience of populations to catastrophic flood events.
Model parameters were tuned on data from a population of S. marmoratus living in a
Slovenian stream, for which autumnal flash floods and debris flows are a major threat
to viability (Vincenzi et al., 2008a, b, 2010, 2012a).

MATERIALS AND METHODS

MODEL SYSTEM

Salmo marmoratus is a stream-dwelling salmonid endemic to the Po River basin of Italy and
Adriatic basin of Slovenia with non-hybrid populations currently restricted to secluded head-
water streams in northern Italy and Slovenia, although S. marmoratus haplotypes have been
found in Switzerland, the Adriatic basin of Italy and Albania (Crivelli et al., 2000). Ten popula-
tions of S. marmoratus have been monitored in Slovenia within the Soca, Idrijca and Baca River
basins by annual or bi-annual sampling starting from 1996 within a conservation project for
the genetic rehabilitation and conservation of the species (Crivelli et al., 2000; Vincenzi et al.,
2012c). Salmo marmoratus show a high plasticity in body size; hybrid fish weighing up to 25 kg
have been found in the lower reaches of the Soca River (Fumagalli et al., 2002), while in the
headwater streams, the maximum recorded mass and total length (L) were 650 g and 400 mm.
In the monitored streams, the maximum observed age was 10 years, but very few individuals
were older than 6 years. Salmo marmoratus feed generally on bottom-dwelling organisms and
on aquatic invertebrates. Cannibalism by adults on juveniles has been observed, although the
extent of cannibalism and conditions leading to it are still not clear and deserve further investi-
gation. Spawning takes place in November to December, eggs hatch generally in March, with
emergence occurring in May to June. Data from fish farm and from natural populations show
evidence of iteroparity (Meldgaard et al., 2007).

FLOODS IN THE STUDY AREA

The dramatic effect of severe flood events on S. marmoratus populations became evident in
October 2004, when flash floods and debris flows occurred in several streams within the Soca,
Idrijca and Baca River basins and caused a substantial reduction in population size in all mon-
itored populations. The reductions in population size ranged from 31 to 78%, but most of the
populations quickly recovered to pre-event numbers (Vincenzi et al., 2012¢). Such catastrophic
events have a presumed recurrence interval of 50—100 years, but their frequency appears to be
increasing (Vincenzi et al., 2012c¢). Flash floods in November 2007 and 2009 caused a dras-
tic reduction in population size in several populations, with the populations of Zakojska and
Lipovesck reduced to < 10 individuals each and still facing a high risk of extinction, although a
large number of age 1 and O year fish were sampled 2—-3 years after the floods (A. J. Crivelli,
unpubl. data).

MODEL OF POPULATION DYNAMICS

The eco-genetic model used here is an extension of the model of population dynamics of
S. marmoratus by Vincenzi et al. (2012a) (Fig. 1). The model is used to explore how the dis-
tribution of individual growth rates in a population of the stream-dwelling salmonid evolves
with the occurrence of flood events and whether the evolution of growth rates contributes to
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FiG. 1. (a) Schematic representation of the model of population dynamics for Salmo marmoratus. (b) Evolution of
growth rates in the scenarios FL-FIX and FL-EVO. Growth rates evolve in the first 150 years in the absence
of flood events in both scenarios. Then, flood events were introduced for the next 150 years. In scenario
FL-EVO, offspring inherit growth parameter (¢). In scenario FL-FIX, at each time step, each offspring
draws a growth parameter randomly from the normal distribution fitted on the pooled distribution of growth
potentials in the last 5 years before the introduction of floods. For the scenario FL-FIX, at year 300, the
distribution of ¢ is the same as the one at year 150. Sj, survival of juveniles; Sy, survival of immature fish;

Sa. survival of adults; Sy, survival probability in the case of flood event.
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population persistence as well as population-level traits like population size, age and size struc-
ture. In this model, a common baseline is established by allowing simulated populations of S.
marmoratus to evolve in a fluctuating environment without floods and to reach a quasi-stable
distribution in population-level traits (age and size structure, population size and growth rates).
Then, extreme rainfall that may induce flash floods and debris flows causing sudden and mas-
sive mortality is added to the simulations (FL). Floods affect the population before spawning
(Vincenzi et al., 2012¢. The distribution of growth rates can evolve (FL-EVO) or remain fixed
(FL-FIX) during this subsequent simulation period (Fig. 1). Only females were modelled. Each
fish is characterized by a multiplier of growth ¢ (growth potential) that affects both its survival
and growth. Individuals in their first year of life (from zero to one winter) are referred to as
juveniles, and fish older than age 1 year but not reproductively active as immature. After sex-
ual maturity, fish are defined as adults. The model was parameterized with reference to the S.
marmoratus population of Zakojska (Slovenia; Vincenzi et al., 2008b, 2012c).

GROWTH

In S. marmoratus, density conditions experienced during the first year of life have a
long-lasting influence on the growth of the fish (Vincenzi et al., 2008¢), and the same process
has also been observed in brook trout Salvelinus fontinalis (Mitchill 1814) (Letcher et al.,
2011). Length at age is modelled as von Bertalanffy growth with asymptotic size set by density
experienced in the first year of life [Fig. 2(a)]. Thus, for an individual of age a, Brody’s growth
rate K, theoretical age at which length is 0 a,, density of S. marmoratus > age 1 year during
its first year of life (density as underyearling, Dy, individuals m~2), asymptotic length when
Dy approaches 0 L, growth potential ¢, expression parameter ¢ and strength of density
dependence y and Length at age is:

L(alDy.y, ¢,e) =L, (l+y DU)_1 (1-eKeelama) (D

Parameter names and values are summarized in Table I. Model parameters were estimated
by non-linear least-squares regression using data in Vincenzi et al. (2008a, b). For simplicity,
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FiG. 2. (a) Growth trajectories and (b) survival curves for Salmo marmoratus with growth potential ¢ 0-5 (——),

T(——o), -5 (e )and 2-5 (—._). The density of fish > age 1 year in the first growth period D, the density
of juveniles Dj and the density of fish > age 1 D, were set to 0-5. Survival to age zero was normalized to 1.
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TaBLE 1. Variables and parameter values for the model of Salmo marmoratus population
dynamics

Parameter or

Model variable  Estimates Source
Parent Py - -
Offspring 0 - -
Growth potential 1) - -
Mortality rate in case of My - -
flood event
Annual survival for adults Sa - -
Annual survival of St - -
immature fish
Survival of juveniles S; - -
Survival probability in case Sp - -
of flood events
Eggs E - -
Density of fish > age lyear D, - -
in the first growth period
Density of juveniles D, - -
Density of fish > age 1 years D, - -
Gene expression parameter € - -
Age A - -
Density-dependent  Strength of 4 0-1  Data from
growth density-dependent growth Vincenzi et al.
Asymptotic length in the vB L, 380 (2012a)
model
Brody’s growth rate in the K 0-34
vB model
Theoretical age at which a, 0-34
length is 0 in the vB
model
Reproduction s.D. of the normal o, 0-1  Vincenzi et al.
distribution for (2008b, 2012a)
transmission of growth
potential from parent to
offspring
Terms describing ag =750
length-dependent egg
production B 3.8
Mortality Mortality as densities M 0-48  Data from
approach 0 Vincenzi et al.
Strength of o 3 (2012a) and S.
density-dependent Vincenzi & A.
mortality for juveniles J. Crivelli,
Strength of [N 1-2 unpubl_ data

density-dependent
mortality for immature
fish
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TABLE I. Continued

Parameter or

Model variable  Estimates Source
Cost (increased mortality) % 2
of reproduction
S.D. of gene expression o, 0-3
parameter
Floods Mean and s.D. on the Up 298  Data from
arithmetic scale of the Vincenzi et al.
distribution of rainfall 6 F 327 (2008a)
Terms describing ag 1.7
flood-dependent
mortality Br 0-0018
Maximum mortality rate in M, .. 2-8

case of flood

density at later years was not considered in the model of growth, as it seems to have only a
minor role in determining growth trajectories (Vincenzi et al., 2007a). The growth parameter
¢ is a multiplier of growth rate K and is equal to 1-1-5 (with e =1) for the population of S.
marmoratus (base case) upon which the model parameters were tuned. The parameter € repre-
sents stochasticity due to gene expression. In the model, L, and y were fixed population-level
parameters, while ¢ and e were individual-specific parameters.

REPRODUCTION

In salmonids, a positive relationship linking female length to sexual maturity and egg pro-
duction is often observed (Jonsson & Jonsson, 2011). For S. marmoratus, the number of eggs
produced E was related to body length L of female by the linear relationship:

E=a,+pL 2)

||

where a; <0, >0 and e is length at sexual maturation (Vincenzi et al., 2007b) (Table I).

Based on equation 2, lengthEat maturity does not depend on growth rates, and thus age at matu-
rity depends on both ¢ and density. Length at maturity is insensitive to variation in density in
many fish populations, although the corresponding age at maturity can change substantially as a
result of density dependence in growth (Mangel & Abrahams, 2001; Lorenzen, 2005). A num-
ber of studies on salmonid species have reported a general correlation between rapid growth
and early sexual maturation (Hutchings & Jones, 1998; Utrilla & Lobon-Cervia, 1999), with
slowly growing fishes delaying sexual maturation in order to reach the minimum size required
for gonadal development.

Fish are assumed to spawn annually from maturity until death (Meldgaard et al., 2007; A. J.
Crivelli & D. Desensek, unpubl. data). In the wild, approximately one quarter to half of mature
females reproduce successfully each year (Meldgaard et al., 2007; A. J. Crivelli, unpubl. data).
In the model, Bernoulli trials (P,; =0-35) were used to determine if eggs produced by each
female each year are viable and thus included in the egg pool.

INHERITANCE OF GROWTH PARAMETER ¢

The methodology of Dunlop et al. (2009) and Enberg et al. (2009) for eco-genetic models
was used to model inheritance and expression of growth parameter, although there are some
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differences between their approach and the one presented in this work both in the modelling of
growth and the inclusion of either sex. Stochasticity was introduced in the correlation between
genotypes and phenotypes to broadly represent different processes as: (1) inheritance of trait
and (2) phenotypic expression of trait.

Two parameters were thus introduced: (1) 7, which is added to ¢ and represents stochasticity
due to mutation—segregation—recombination processes. The value of 7 is randomly drawn from
N(0, ,) (Table I). The growth parameter of the offspring ¢, depends on the growth parameter
of the parent (female) ¢, and the parameter z;

bo =y + T 3)

and (2) e, which represents stochasticity due to gene expression (equation 1). € is derived once
from N(1,0,) for each individual and kept for its entire life.

The parameter o, was chosen following a pattern-oriented modelling strategy (Grimm et al.,
2005). Simulations were performed using the model of population dynamics by varying ¢, and
looking for values of heritability 4> of body size at age 1 year in the range 0-2—0-4 (Funk et al.,
2005; Carlson & Seamons, 2008). As only one sex was modelled, selected values for the param-
eter o, were those leading to the slope of parent—offspring relationship of 0-1-0-2 (i.e. half of
the h> when mid-parent values are considered) (Falconer & Mackay, 1996).

SURVIVAL

Egg to age 0 year survival (Si) was assumed to be density independent and constant across ¢ in
the absence of floods. For older life stages, survival probabilities are specific for each individual,
as they depend on ¢ and e, as described below.

Juvenile (from age 0 year to one winter) survival S; was density dependent:

Sj (M, (Oj,Dj,d)) = e_M(1+ijJ)¢€ (4)

where M is the annual mortality when densities approach zero, D, is the density of juveniles
(individuals m~2) and o; describes the strength of density dependence for juvenile survival (Vin-
cenzi et al., 2007b, 2008a). Vincenzi et al. (2008a) did not find any evidence for size-selective
mortality in S. marmoratus so that ; is independent of size.

The growth-mortality trade-off for the individual is determined by the growth parameter ¢
and the expression parameter € [Fig. 2(b)]. As S. marmoratus have no predators in the moun-
tain streams where they live, growth-mortality trade-off should be considered as emerging from
reduced allocation of resources to other functions (e.g. maintenance, repair and development of
the immune system) when growth rates are maximal. For simplicity, and in absence of empir-
ically validated models for S. marmoratus, a multiplicative effect of ¢p¢ on instantaneous mor-
tality rate was assumed.

Annual survival S; for sexually immature fish was:

SI (M’Q)A,DA’(]S’ V) — e—M<l+wADA >¢€ (5)

where D, is the population density of fish > age 1 year (individuals m~2) and w, characterizes
the strength of density dependence for survival. Parameters of equation (5) were estimated from
mark-recapture data (Vincenzi et al., 2012c).

For sexually mature fish, equation (5) was modified to account for spawning mortality:

Sy (M., Dy, ,v) = e—M<1+wADA )¢ev ©
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where v characterizes the cost of reproduction. The value of v was obtained from experiments
performed in a fish farm (S. Vincenzi & A. J. Crivelli, unpubl. data) [Fig. 2(b)].
Survival probability Sy in case of flood events, applied equally juveniles, immature and adult
fish, was modelled as:
Sp = e M® (7)

where M(R) is the mortality induced by the flood event, depending on monthly rainfall R. In
case of R > 400 mm (Vincenzi et al., 2008a), mortality is assumed to be independent of growth
parameter ¢, density and age, and thus S, substitutes for the respective age-class. The relation-
ship was developed between the intensity of a flood event and mortality My using empirical
data and expert knowledge, with autumnal rainfall recorded in the study area used as a proxy
for flood event. For R > 400 mm:

My (R) = min (aF + PR, Mmax) )

where R was monthly rainfall in November (mm). Rainfall > 1000 mm (for which My(R) =
M,,..x) has a recurrence time of c. 20 years. Floods were assumed to be unpredictable and thus
to have no selective consequences on timing of spawning, morphology or behaviour of fish.

SIMULATION SCENARIOS

The model was run for 250 replicates for each scenario. Each simulation was started with 300
age 1 year individuals, each individual having a randomly assigned growth parameter ¢ from a
uniform distribution bounded between 1 and 1-5 and a length defined as in equation (1) fora = 1.
In all scenarios, (1) demographic stochasticity was implicitly included and (2) environmental
stochasticity was modelled by randomly drawing values of model parameters at each time step
(common to all fish for that time step) of the simulation from the uniform distribution [0-95 Py,
1-05 Py], where Py, is the parameter value (Vincenzi et al., 2012a).

In all scenarios, for each replicate, the simulation was run for 150 years with only stochasticity
(i.e. no floods) and with inheritance of growth rates in order to obtain a quasi-stable distribution
of growth rates at year 150 (¢;s,). The appropriateness of 150 years as sufficient simulation
time to obtain a quasi-stable population size, age and size structure was tested with preliminary
simulations. In particular, it was observed that from year 140 to year 150, the c.v. of the variables
of interest was consistently and largely < 0-2.

For the remaining 150 years, catastrophic flows were modelled by randomly drawing at each
time step (i.e. year) a value from the log-normal probability distribution fitted to autumn rainfall
data recorded in the study area from 1961 to 2007 (ur = 300 mm, o =328, both parameters
are on the arithmetic scale) (Vincenzi et al., 2008b). If monthly rainfall was > 400 mm, a catas-
trophic event occurred and survival of fish was modified.

Values of model parameters are provided in Table I. Densities were computed at each time
step by dividing twice the number of individuals of the appropriate age class (assuming a 1:1
sex ratio, as only females were modelled) by stream surface area.

Floods affect the population before spawning (Vincenzi et al., 2012c¢). In the evolutionary
scenario FL-EVO, offspring then inherit growth parameters, while in scenario FL-FIX, at each
time step, each offspring draws a growth parameter randomly from the normal distribution fitted
on the pooled distribution of growth potentials in the last 5 years before the introduction of
floods. Re-sampling from the empirical pooled distribution of growth potentials in the last 5
years before the introduction of floods did not change model results.

Although flash floods and debris flows can substantially modify stream habitat (alterations of
biotic communities and physical structure of streams, creation or loss of habitat), their conse-
quences are largely unpredictable. In some cases, in-stream habitat can improve, as the coars-
ening of the substratum may provide better habitats for fishes (Jenkins, 1969; Bjornn, 1971;
Moyle & Marchetti, 2006). In other cases, spawning grounds can be severely reduced in size
or the gravel made unstable, and pools and riffles filled with sands and debris. Accordingly,
the surface area of the stream was assumed to be constant over time and equal to 900 m?, and
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random variation in vital rates incorporated the effects of floods on habitat. Population size and
distribution of individual growth rates were computed in the autumn, before spawning and after
the potential occurrence of floods. At each time step, Bernoulli trials defined survival of each
individual. In the model, eggs were spawned in the autumn and age O year fish emerged in the
following year in late spring to early summer.

Each simulation lasted 300 years (i.e. finished 150 years after reaching the quasi-stable distri-
bution) and persistence or quasi-extinction of the population was recorded. The quasi-extinction
thresholds ¢, used ranged from one to 20 fish present in the population. If a population went
below ¢, at any time during the simulation the population was considered quasi-extinct.

When analysing model results as reported below, populations with no females older than age
0 years were considered as extinct, and further analyses were carried out only for populations
that persisted up to the end of simulation time. For each replicate of each scenario, the median
population size in the last 50 years of the simulation and the mean, maximum and range
of the final distribution of ¢ (¢;,,) were computed, and the means of the descriptors of
growth potential in the populations and population size were compared using #-tests. In order
to test for faster life histories with the evolution of growth rates, proportion of age 1 year
individuals in the populations, prop(age-1), was computed in either scenario (FL-EVO and
FL-FIX), and linear regression models were fitted for both the FL-EVO and FL-FIX scenarios
for prop(age-1) on simulation year 7 in the form prop (age — Ding = @proprend + Pprop.tendls
where a positive slope parameter f,,,, describes an increase in proportlon of age 1 year fish
through time. A sample of time series was visually checked for serious violations of assump-
tions of the linear model. Subsequently, a 7-test was used to test for significant differences
in mean f,,, between the two scenarios. Both significant and non-significant (at the 0-05
level) ﬁ were used for the t-test. In addition, a #-test was used to test for differences in
median prop(age 1) in the last 50 years of simulation time (i.e. from year 250 to 300) between
scenarios.

In order to test whether the evolution of growth rates and their interplay with density led to
increased realized size at age, linear regression models were fitted for both the FL-EVO and
FL-FIX scenarios for median size at age 3 years at year ¢, Ly, (i.e. the typical age at sexual
maturity, from now on the subscript 7 is skipped to simplify notation) on simulation year # in
the form L g = @1 reng + Py enq?- The time series upon which the models were developed start
for each replicate at year 150 and end at year #,4. ?.,g =200 and 7., =300 were used in order
to account for the possibility that the introduction of floods may induce evolution toward a new
quasi-steady state, but as this state is approached, evolution may slow down and a linear relation-
ship may not be apparent over the course of the entire simulation. A positive slope parameter f3,
describes an increase in median size of age-3 year (L3 tend) fish through time. Also in this case,
a sample of time series was visually checked for serious violations of assumptions of the linear
model. A ¢-test was then used to test for significant differences in mean f; 5o and f; 509 between
the two scenarios. Both significant and non-significant fi; 549 and fi; 399 Were used for the -test.
In addition, a t-test was used to test for differences between scenarios in mean across replicates
of mean L3 in the last 50 years of simulation time.

Resilience was defined as the number of years #; necessary for populations to recovery
to 50 individuals after being reduced below population size f (= 10 or 20 individu-
als). In order to avoid penalizing populations that by chance suffered additional massive
mortalities within a few years, recoveries when another flood event occurred within 5
years of the previous event (not the entire replicate) were excluded from the analyses of
resilience.

SENSITIVITY ANALYSIS

The robustness of model results to alternative assumptions regarding the shape of the initial
distribution of ¢ (uniform, beta and log normal) and the number of individuals (ranging from
300 to 500) in the first year of the simulation was assessed. The interval of uniform distribution
was widened to [0-9 Py, 1-1 Py;] of estimates of model parameters (Table I) to test whether
higher stochasticity changed simulation results. A more comprehensive sensitivity analysis can
be found in Vincenzi et al. (2012a).
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RESULTS

At the end of the 150 years without flood events, the simulated populations were
similar to the Zakojska S. marmoratus population in terms of age and size structure and

population size (empirical data from Zakojska, mean + s.D. Z3 =214-35+24-72 mm,
median number of females given a 1:1 ratio= 135). The simulated populations had

c. 150 females at the end of the period with no flood events (Fig. 3) and Z3 =
213-70 + 11-60 mm. Then, flood events were introduced and the populations periodi-
cally collapsed (Fig. 3), showing a spike of age 1 year fish one or two years following
the catastrophic event due to the relaxation of density-dependent processes (Fig. 4).
Fairly strong fluctuations of median body length of age 3 year fish L; driven by the
catastrophic floods were observed (Fig. 5). In the case of the scenario with evolving
growth rates, L, tended to increase linearly over time, while the same increase with
the fixed growth rate scenario was not observed [Figs 5 and 6(b), (e)]. A t-test on
p; revealed a statistically significant large mean slope f§; for the FL-EVO scenario
both at year 200 and year 300 (z-test, d.f. = 351-159 and d.f. = 437-346 for year
200 and 300, P <0-01 for both year 200 and year 300) and greater mean L, in the

last 50 years of the simulation (#-test, d.f. = 375-477, P <0-01, mean +S.D. 233
FL-EVO =232-8 + 6-20 mm; FL-FIX=213-70+ 11-60 mm) [Fig. 7(a)]. In addition,
Br200 Was significantly greater than f; 5, in scenario FL-EVO (z-test, d.f. = 199-34,
P <0-01, mean +5.D. f; 500 = 0-18 £0-27 mm year™"; f; 300 =0-07 £ 0-07 mm year™).

The proportion of young fish increased over time in the FL-EVO scenario, while it did
not show an increase over time for the FL-FIX scenario [Figs 4 and 6(a), (d)]. A -test
on prop(age-1) found statistically significant larger mean slope f,,, for the FL-EVO
scenario both at year 200 and year 300 (z-test, d.f. =494-931 and d.f. =472-091 for year
200 and 300, P < 0-01 for both year 200 and year 300) and greater median prop(age-1)
in the last 50 years of the simulation (P <0-01, mean + s.D. of median prop(age-1):
FL-EVO =0-61 +0:02; FL-FIX = 0-54 + 0-04) [Fig. 7(b)].

The median population size in the first 50 years after the introduction of floods
and in the last 50 years of simulation time was larger for scenario FL-FIX (#-test,
d.f. = 428-384 and d.f. = 461-516 for first and last 50 years, P<0-01 for both

first and last 50 years, N + s.p.: FL-EVO=124-45+17-69 and 114-23 +16-72
females for first and last 50 years; FL-FIX=138-60+11-77 and 130-73 + 14-49
females) [Fig. 6(c), (f)]. The maximum ¢ at the end of simulation time was
significantly greater in the FL-EVO scenario (t-test, d.f. = 452-346, P<0-01,
mean + $.D. of maximum ¢: FL-EVO =2:63 +0-19; FL-FIX=2-55+0-24) as well
as the minimum ¢ (¢-test, d.f. = 457-505, P<0-01, mean +s.D. of minimum ¢
FL-EVO =0-92 +0-19; FL-FIX =0-57 +0-24), while range of ¢ was significantly
greater in the FL-FIX scenario (¢-test, d.f. = 444-521, P <0-01, mean + 8.D. of range
of ¢: FL-EVO =1-71 £ 0-28; FL-FIX=1-97 + 0-37) (Fig. 8).

The risk of quasi-extinction was similar for both scenarios across quasi-extinction
thresholds ranging from one to 20 females (Fig. 9). Resilience from relatively less
severe reductions in population size following flood events (i.e. time to rebound to
50 individuals after collapsing below 20 fish, 1,,) was not different between scenar-
ios (Mann—Whitney U-test, W =280056, P > 0-05) with mean + s.D. 220 =2-07+0-36
and 2-07 +0-33 years for FL-EVO and FL-FIX. Resilience from the most severe flood
events (rebound from collapsing below 10 fish, #;,) was not significantly different

© 2014 The Fisheries Society of the British Isles, Journal of Fish Biology 2014, doi:10.1111/jfb.12382
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FiG. 3. Examples of individual trajectories with 10 year moving averages (—) for the scenarios (a) and (c)
with evolution of Salmo marmoratus growth rates (FL-EVO), and (b) and (d) with no evolution of growth
rates after year 150 (FL-FIX). (e) Ten random replicates for scenario FL-EVO and (f) 10 random replicates
for FL-FIX. Only environmental and demographic stochasticity are included in the first 150 years of the
simulation (_____ ), then also flood events are included and populations suffer massive mortality events.

between scenarios either (Mann—Whitney U-test, W =25931.5, P > 0-05), although a
slightly faster rebound was found in scenario FL-EVO (mean +8.D. 7, = 242 + 0-35)
than in scenario FL-FIX (7,, = 2-47 +0-39).

Simulations performed with moderately stronger environmental stochasticity yielded
essentially the same results.

DISCUSSION

The current understanding of how the interplay between density-dependent processes
and endogenous disturbances, in particular strong disturbances causing massive mor-
talities, influences population dynamics and evolutionary processes of small popula-
tions is still very limited. It is expected that individuals will be adapted to the range of
climate variability that they have experienced in the past, but this is clearly dependent

© 2014 The Fisheries Society of the British Isles, Journal of Fish Biology 2014, doi:10.1111/jfb.12382
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Proportion of age 1 year fish
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Year of simulation

FiG. 4. Proportion of age 1 year fish in the Salmo marmoratus population prop(age-1) through simulation time
for the same (a)—(d) populations as in Figs 3 and 5. Ten year moving averages are represented as — . In
the scenario with evolution of growth rates (FL-EVO), after reaching a quasi-stable population size, age-
and size-distribution (_____ ) prop(age-1) tends to increase through time, while it tends to remain stable or
decrease in the scenario with no evolution of growth rates (FL-FIX).

on the selective intensity of climate variability, as well as by its spatial and tempo-
ral properties. In particular, the eco-evolutionary dynamics of fishes in general and
salmonids in particular associated with an increase in the occurrence of massive mor-
talities induced by weather and climate extremes are largely unexplored.

The present work has shown how episodes of massive mortality affecting S. mar-
moratus populations have evolutionary consequences by selecting for faster-growing
fish, which in turn affects population dynamics and, when averaged over time,
population-level properties such as age and size distribution. While such demographi-
cally relevant changes might be expected to affect resilience as well, substantial effects
on the resilience of the simulated populations were not observed.

Historically, research on eco-evolutionary dynamics has focused on the eco-to-evo
pathways (e.g. density dependence), but the implications of the evolution of traits for
the dynamics of the population have been much less investigated (Carlson et al., 2011).
This work offers some novel insights into the operation of the evo-to-eco pathway in
populations affected by catastrophic disturbances.

In the scenario with evolution of growth rates, in the eco-to-evo pathway,
phenotypes of fish (i.e. growth and body size) are shaped by selection deriving
from density-dependent processes, in which faster-growing fish are favoured at low
densities, as after severe flood events, while at higher densities a continuum of
slow-to-fast growing fish may coexist in the population (Mangel & Stamps, 2001).
Those selected phenotypes at low densities can then modify population dynamics (i.e.
evo-to-eco pathway). As a trade-off between growth and mortality was assumed, fish
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FiG. 5. Median length at age 3 years (Z3) through simulation time for the same Salmo marmoratus populations
(a)—(d) as in Figs 3 and 4. —_, 10 year moving averages, while gaps in time series are due to absence in
that year of age 3 year fish. In scenario with evolving growth rates (FL-EVO), after reaching a quasi-stable
distribution in population size, age and size distribution at year 150 (____. ), Z3 tends to increase through
time in the FL-EVO scenario, while it tends to remain stable or decrease in the scenario with no evolution
of growth rates after year 150 (FL-FIX).

growing faster (larger ¢) are more likely to die younger than fish growing slower,
and this shifts the age-structure of the population towards younger fish as well as
decreasing population size. The greatest increase in median length at age 3 years was
observed in the first 50 years after the introduction of floods and then tended to level
off as the population approached a new quasi-stable equilibrium in terms of age and
size structure and population size.

The selection for faster life histories (i.e. earlier reproduction, faster growth and
higher mortality risk due to a growth-mortality trade-off) did not increase the resilience
of populations (i.e. time to recover from a critical population size to a safe population
size) with respect to populations that did not evolve faster life histories, and in both
cases (i.e. with or without evolution of growth rates), the number of extinctions was
very low (Fig. 9). As previously shown (Vincenzi et al., 2008a, 2010), this is likely to
be ascribed to the relaxation of density-dependent limitations on early mortality and
growth at low population densities. Although this result may seem counterintuitive, the
lack of greater resilience to flood-induced massive mortalities of populations evolving
faster life histories may be explained by (1) moderate heritability of growth rates, (2)
the speed of recovery to a safe population size with respect to the evolution of faster
life histories and (3) the contrasting demographic effects of massive mortality-induced
evolution towards faster growth rates, but fewer old (and therefore potentially larger)
spawners.

© 2014 The Fisheries Society of the British Isles, Journal of Fish Biology 2014, doi:10.1111/jfb.12382
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FiG. 6. Boxplots for (a) slope B 200 Of the regression of proportion of age-1 Salmo marmoratus prop(age-1)
on simulation time from year 150 to 200 for the scenario with no evolution of growth rates (FL-FIX) and
with evolution of growth rates (FL-EVO), (b) slope f; 5 of the regression of median length at age 3 year
Z3 on simulation time from year 150 to 200, and (c) median population size from year 175 to year 200
years of simulation time, (d) slope By, 300 Of the regression of prop(age-1) on simulation time from year
150 to 300, (e) slope fi; 309 of the regression of 23 on simulation time from year 150 to 300 and (f) median
population size from year 275 to year 300 of simulation time. For all boxplots, median=___, 25th to 75th
quantile =1, 2:5-97-5% quantile =+---4, outliers =o.

When > 10-20 years elapse between floods, slower growing fish are progressively
introduced back in the population since heritability of body size at age is within 0-2—0-4
and the fitness landscape changes with population density, favouring slower-growing
longer-living fish at high population densities (Vincenzi et al., 2012a). This limits the
potentially faster rebound to pre-event population size level with respect to the scenario
without evolution of growth rates. In other words, the differences between the two
scenarios in terms of age-structure and growth potential, albeit maintained over time
as shown by the positive slopes of the linear models for proportion of young fish and
median length at age 3 years, are mostly in the few years following the flood. Moreover,
recovery to a safe population size of 50 females happens in 2—3 years depending on
the severity of collapse and therefore recovery is usually faster than the selection for
faster life histories.

In addition, while median length of age 3 year fish is greater for evolving populations,
but only slightly, on the order of 2—5% greater median length than in non-evolving
populations [Fig. 7(a)], non-evolving populations tend to include a greater proportion
of older females given the presence of a growth-mortality trade-off. Thus, as in the
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FiG. 7. Boxplot of (a) median length at age 3 years 23 and (b) proportion of age 1 year female Salmo marmoratus
prop(age-1) in the last 50 years of simulation time for scenario with evolution (FL-EVO) or no evolution
(FL-FIX) of growth rates. Median=___, 25—75th quantile =3, 2-:5-97-5% quantile =+---1, outliers =o.

simulation flood events did not directly (i.e. in terms of different survival probabili-
ties for individuals with different phenotypes) select for body size and growth rates,
non-evolving populations are more likely to include older and larger females among
the ones surviving the flood than evolving populations, with potentially higher egg
production immediately after the catastrophic event for the non-evolving populations.

In both scenarios, the relaxation of density dependence increases growth and
decreases early mortality and possibly age at sexual maturity (Vincenzi et al., 2008a,
2012a), and given the relatively high egg production of S. marmoratus at low densities
with respect to the number of fish needed to reach a safe population size, a few females
may be sufficient in either scenario for a fast recovery to a safe population size in a few
years (Vincenzi et al., 2008a). Thus, there may be limited potential to evolve further
resilience, in particular given the functional form of the growth-mortality trade-off
that was used in the model.

Although the evolutionary response to floods led to slightly smaller population sizes
over simulation time for evolving populations, this did not affect the realized extinction
risk. This seems to reflect population sizes in the absence of floods generally large
enough to be safe from the effects stochastic fluctuations, combined with the rapid
recovery from floods made possible by the relaxation of density dependence at very low
densities. With mass mortality events, population size after a flood was only loosely
correlated with population size before the flood.

Studies have investigated traits conferring greater resilience to exploited marine
and anadromous fish populations. Hutchings & Reynolds (2004) found for fishes
that the ability to buffer the effects of external forces is largely due to the popula-
tion’s age-structure and the species’ life-history traits. For example, populations with
multiple age-classes spawning are more likely to resist, and recover from, prolonged
periods of adverse conditions for reproduction than species with a limited window
for reproduction [e.g. sardine Sardina pilchardus (Walbaum 1792)] (Hidalgo et al.,
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FiG. 8. Histograms representing the distribution across replicates of (a), (d) maximum, (b), (¢) minimum and
range (c), (f) of Salmo marmoratus growth potential ¢ in the scenario with (a), (b), (c) evolution (FL-EVO)
or (d), (e), (f) no evolution (FL-FIX) of growth rates at the end of simulation time.

2011). In addition, Greene et al. (2010) found for nine Bristol Bay sockeye salmon
Oncorhynchus nerka (Walbaum 1792) populations that life-history diversity can both
increase production and buffer population fluctuations. Great differences exist between
exploited marine and anadromous populations and unexploited stream-dwelling pop-
ulations in terms of population size, additive genetic variance (typically increasing
with population size), spatial extension of habitat, movement and selective pressures
(e.g. preferential human exploitation of fast-growing fishes in exploited marine
populations). Thus, the role of evolutionary processes in the resilience of exploited
marine and anadromous populations is difficult to compare with that of unexploited
stream-dwelling populations.

Other studies are needed before ruling out the possibility that evolution of life
histories may increase population resilience to catastrophic and unselective distur-
bances. In the present work, for simplicity, only floods occurring before spawning
were considered. This prevents any flood-induced loss of eggs. While floods have
historically occurred in the region where S. marmoratus live in October to early
November, thus before spawning, in the last decade spring floods began to occur. Field
observations for S. marmoratus (Pujolar et al., 2011) and a wealth of studies for other
salmonid species (Hanson & Waters, 1974; Hoopes, 1975; Pearsons et al., 1992; Pert
& Erman, 1994) suggest that both eggs and young fish are more vulnerable to floods
than adults and that there might be zero recruitment when floods occur after spawning.
In addition, consecutive floods have recently occurred in a very short period of time in
the Slovenian streams where S. marmoratus live (Pujolar et al., 2011; Vincenzi et al.,
2012¢). For example, S. marmoratus living in the Lipovscek Stream successfully
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F1G. 9. Proportion of Salmo marmoratus populations going quasi-extinct for quasi-extinction thresholds ranging
from one to 20 females in the population. Only four and nine replicates went extinct (number of adults = 0)
in scenario with evolution (FL-EVO; _ _ _) and no evolution (FL-FIX; ) of growth rates.

recovered after a flood in 2004, but in September 2007, a new severe flood caused
a 90% reduction in population size. After a new flash flood in 2009 and a moderate
flood in 2010, the population has been reduced to <10 individuals. Thus, interesting
questions are whether the evolution towards faster life histories may increase resilience
when floods occur with increased frequency, as expected with climate change (IPCC,
2007), and with reduction or complete loss of eggs due to their occurrence in spring.

In the model presented in this work, S. marmoratus growth depended on individual
growth potential and population density during the first year of life, but additional
processes are likely to contribute to growth dynamics, and they might be relevant
for population resilience to catastrophic floods. The importance of early growth for
lifetime growth and size at age has also been recently shown for S. fontinalis living in
West Brook (MA, U.S.A.) (Letcher et al., 2011), but compensatory growth, although
not observed so far in S. marmoratus population, may also evolve (Mangel & Munch,
2005). In addition, although salmonid growth and life histories have been studied
in a variety of species, most of the studies have focused on single factors affecting
growth, like temperature, flow or density, and only a few studies have investigated the
effects on growth of the interaction between them (Cunjak et al., 1998; Rand et al.,
2006; Stradmeyer et al., 2008). Recently, it has been found in juvenile Atlantic salmon
Salmo salar L. 1758 that effects of population density are substantially weaker than
effects of discharge and temperature across all seasons (Davidson et al., 2010). This is
particularly important, because climate change-induced increased frequency, intensity
and altered timing of floods event are likely to be accompanied by an increase in
water temperature and a modification of the prey base. Thus, further investigations
are needed to understand the interplay between plastic growth responses and selective
processes in a changing climate.
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DATA

Data and code to reproduce the analyses presented in this work can be downloaded
at:  http:/figshare.com/articles/Data_for_the_ms_Evolution_of_growth_rates_and_
resilience_to_massive_mortality_events_/747616
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International Outgoing Fellowship for the project RAPIDEVO on the rapid evolution of life
history traits in response to climate and environmental change.

References

Arendt, J. A. (1997). Adaptive intrinsic growth rates: an integration across taxa. The Quarterly
Review of Biology 72, 149-1717.

Billerbeck, J. M., Lankford, T. E. & Conover, D. O. (2001). Evolution of intrinsic growth and
energy acquisition rates. I. Trade-offs with swimming performance in Menidia menidia.
Evolution 55, 1863—-1872.

Bjorklund, M., Ranta, E., Kaitala, V., Bach, L. A., Lundberg, P. & Stenseth, N. C. (2009). Quan-
titative trait evolution and environmental change. PLoS One 4, e4521.

Bjornn, T. C. (1971). Trout and salmon movements in two Idaho streams as related to tem-
perature, food, stream flow, cover, and population density. Transactions of the American
Fisheries Society 100, 423 -438.

Bonenfant, C., Gaillard, J., Coulson, T., Festa-Bianchet, M., Loison, A., Garel, M., Loe, L. E.,
Blanchard, P., Pettorelli, N., Owen-Smith, N., Toit, J. D. & Duncan, P. (2009). Empirical
evidence of density-dependence in populations of large herbivores. Advances in Ecolog-
ical Research 41,313-357.

Botsford, L. W. (1981). The effects of increased individual growth rates on depressed population
size. American Naturalist 117, 38—63.

Carlson, S. M. & Seamons, T. R. (2008). A review of quantitative genetic components of fitness
in salmonids: implications for adaptation to future change. Evolutionary Applications 1,
222-238.

Carlson, S. M., Quinn, T. P. & Hendry, A. P. (2011). Eco-evolutionary dynamics in Pacific
salmon. Heredity 106, 438—-447.

Coulson, T., Tuljapurkar, S. & Childs, D. Z. (2010). Using evolutionary demography to link life
history theory, quantitative genetics and population ecology. Journal of Animal Ecology
79, 1226-1240.

Crivelli, A. J., Poizat, G., Berrebi, P., Jesensek, D. & Rubin, J.-F. (2000). Conservation biol-
ogy applied to fish: the example of a project for rehabilitating the marble trout (Salmo
marmoratus) in Slovenia. Cybium 24, 211-230.

Cunjak, R. A., Prowse, T. D. & Parrish, D. L. (1998). Atlantic salmon (Salmo salar) in winter:
“the season of parr discontent”? Canadian Journal of Fisheries and Aquatic Sciences 5SS,
161-180.

Davidson, R. S., Letcher, B. H. & Nislow, K. H. (2010). Drivers of growth variation in juvenile
Atlantic salmon (Salmo salar): an elasticity analysis approach. The Journal of Animal
Ecology 79, 1113-1121.

Dedual, M. & Jowett, I. G. (1999). Movement of rainbow trout (Oncorhynchus mykiss) during
the spawning migration in the Tongariro River, New Zealand. New Zealand Journal of
Marine and Freshwater Research 33, 107—117.

Dunlop, E. S., Heino, M. & Dieckmann, U. (2009). Eco-genetic modeling of contemporary
life-history evolution. Ecological Applications 19, 1815—1834.

Einum, S., Robertsen, G. & Fleming, I. A. (2008). Adaptive landscapes and density-dependent
selection in declining salmonid populations: going beyond numerical responses to human
disturbance. Evolutionary Applications 1,239-251.

Elwood, J. W. & Waters, T. F. (1969). Effects of floods on food consumption and production
rates of a stream brook trout population. Transactions of the American Fisheries Society
98, 253-262.

© 2014 The Fisheries Society of the British Isles, Journal of Fish Biology 2014, doi:10.1111/jfb.12382



ECO-EVOLUTION AND RESILIENCE 21

Enberg, K., Jgrgensen, C., Dunlop, E. S., Heino, M. & Dieckmann, U. (2009). Implications of
fisheries-induced evolution for stock rebuilding and recovery. Evolutionary Applications
2,394-414.

Enberg, K., Jgrgensen, C., Dunlop, E. S., Varpe, @., Boukal, D. S., Baulier, L., Eliassen, S. &
Heino, M. (2012). Fishing-induced evolution of growth: concepts, mechanisms and the
empirical evidence. Marine Ecology 33, 1-25.

Engen, S., Lande, R., S@ther, B.-E. & Weimerskirch, H. (2005). Extinction in relation to demo-
graphic and environmental stochasticity in age-structured models. Mathematical Bio-
sciences 195,210-227.

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

Falconer, D. S. & Mackay, T. F. C. (1996). Introduction to Quantitative Genetics. New York,
NY: Prentice Hall.

Fumagalli, L., Snoj, A., Jesensek, D., Balloux, F., Jug, T., Duron, O., Brossier, F., Crivelli, A. J.
& Berrebi, P. (2002). Extreme genetic differentiation among the remnant populations of
marble trout (Salmo marmoratus) in Slovenia. Molecular Ecology 11,2711-2716.

Funk, W. C., Tyburczy, J. A., Knudsen, K. L., Lindner, K. R. & Allendorf, F. W. (2005). Genetic
basis of variation in morphological and life-history traits of a wild population of pink
salmon. The Journal of Heredity 96, 24—31.

Ghalambor, C. K., McKAY, J. K., Carroll, S. P. & Reznick, D. N. (2007). Adaptive versus
non-adaptive phenotypic plasticity and the potential for contemporary adaptation in new
environments. Functional Ecology 21, 394-407.

Greene, C. M., Hall, J. E., Guilbault, K. R. & Quinn, T. P. (2010). Improved viability of popu-
lations with diverse life-history portfolios. Biology Letters 6, 382—386.

Grimm, V. & Wissel, C. (1997). Babel, or the ecological stability discussions: an inventory and
analysis of terminology and a guide for avoiding confusion. Oecologia 109, 323-334.

Grimm, V., Revilla, E., Berger, U., Jeltsch, F., Mooij, W. M., Railsback, S. F., Thulke, H.-H.,
Weiner, J., Wiegand, T. & DeAngelis, D. L. (2005). Pattern-oriented modeling of
agent-based complex systems: Lessons from Ecology. Science 310, 987-991.

Gunderson, L. H. (2000). Ecological Resilience - in theory and application. Annual Review of
Ecology and Systematics 31, 425-439.

Hanson, D. L. & Waters, T. F. (1974). Recovery of standing crop and production rate of a brook
trout population in a flood-damaged stream. Transactions of the American Fisheries Soci-
ety 103, 431-439.

Hidalgo, M., Rouyer, T., Molinero, J., Massuti, E., Moranta, J., Guijarro, B. & Stenseth, N.
(2011). Synergistic effects of fishing-induced demographic changes and climate variation
on fish population dynamics. Marine Ecology Progress Series 426, 1—12.

Holling, C. S. (1996). Engineering resilience versus ecological resilience. In Engineering
within Ecological Constraints (Schultze, P., ed), pp. 32—44. Washington, DC: National
Academy.

Hoopes, R. L. (1975). Flooding as the result of Hurricane Agnes, and its effect on a native brook
trout population, in an infertile headwater stream in central Pennsylvania. Transactions
of the American Fisheries Society 104, 96—99.

Hutchings, J. A. & Jones, M. E. (1998). Life history variation and growth rate thresholds for
maturity in Atlantic salmon, Salmo salar. Canadian Journal of Fisheries and Aquatic
Sciences 55,22-47.

Hutchings, J. A. & Reynolds, J. D. (2004). Marine fish population collapses: consequences for
recovery and extinction risk. BioScience 54,297-309.

IPCC, 2007. Climate Change 2007. Synthesis Report. Contribution of Working Groups I, Il &
111 to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change.
Geneva.

Jenkins, T. M. (1969). Social structure, position choice and microdistribution of two trout
species (Salmo trutta and Salmo gairdneri) resident in mountain streams. Animal
Behavior Monographs 2, 56—123.

Jenkins, T. M., Diehl, S., Kratz, K. W. & Cooper, S. D. (1999). Effects of population density on
individual growth of brown trout in streams. Ecology 80, 941-956.

© 2014 The Fisheries Society of the British Isles, Journal of Fish Biology 2014, doi:10.1111/jfb.12382



22 S. VINCENZI ET AL.

Jonsson, B. & Jonsson, N. (2011). Ecology of Atlantic Salmon and Brown Trout: Habitat as a
Template for Life Histories. Dordrecht: Springer.

Kinnison, M. T., Unwin, M. J. & Quinn, T. P. (2008). Eco-evolutionary vs. habitat contribu-
tions to invasion in salmon: experimental evaluation in the wild. Molecular Ecology 17,
405-414.

Kinnison, M. T., Quinn, T. P. & Unwin, M. J. (2011). Correlated contemporary evolution of
life history traits in New Zealand Chinook salmon, Oncorhynchus tshawytscha. Heredity
106, 448—-459.

Kuparinen, A. & Hutchings, J. A. (2012). Consequences of fisheries-induced evolution for pop-
ulation productivity and recovery potential. Proceedings of the Royal Society B 279,
2571-2579.

Lamberti, G. A., Gregory, S. V., Ashkenas, L. R., Wildman, R. C. & Moore, K. M. S. (1991).
Stream ecosystem recovery following a catastrophic debris flow. Canadian Journal of
Fisheries and Aquatic Sciences 48, 196-208.

Lankford, T. E., Billerbeck, J. M. & Conover, D. O. (2001). Evolution of intrinsic growth and
energy acquisition rates. II. Trade-offs with vulnerability to predation in Menidia meni-
dia. Evolution 55, 1873—1881.

Letcher, B. H., Coombs, J. A. & Nislow, K. H. (2011). Maintenance of phenotypic variation:
repeatability, heritability and size-dependent processes in a wild brook trout population.
Evolutionary Applications 4, 602—615.

Lorenzen, K. (2005). Population dynamics and potential of fisheries stock enhancement: prac-
tical theory for assessment and policy analysis. Philosophical Transactions of the Royal
Society of London B 360, 171-189.

Mangel, M. & Abrahams, M. V. (2001). Age and longevity in fish, with consideration of the
ferox trout. Experimental Gerontology 36, 765—790.

Mangel, M. & Munch, S. B. (2005). A life-history perspective on short- and long-term conse-
quences of compensatory growth. The American Naturalist 166, E155-E176.

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

Mangel, M. & Tier, C. (1993). A simple direct method for finding persistence times of popula-
tions and application to conservation problems. Proceedings of the National Academy of
Sciences of the United States of America 90, 1083—1086.

Meldgaard, T., Crivelli, A. J., Jesensek, D., Poizat, G., Rubin, J.-F. & Berrebi, P. (2007).
Hybridization mechanisms between the endangered marble trout (Salmo marmoratus)
and the brown trout (Salmo trutta) as revealed by in-stream experiments. Biological
Conservation 136, 602—-611.

Moyle, P. B. & Marchetti, M. P. (2006). Predicting invasion success: freshwater fishes in Cali-
fornia as a model. BioScience 56,515-524.

Ortlepp, J. & Murle, U. (2003). Effects of experimental flooding on brown trout (Salmo trutta
fario L.): the River Spol, Swiss National Park. Aquatic Sciences 65,232-238.

Pearsons, T. N., Li, H. W. & Lamberti, G. A. (1992). Influence of habitat complexity on resis-
tance to flooding and resilience of stream fish assemblages. Transactions of the American
Fisheries Society 121, 37-41.

Perry, R. L., Cury, P., Brander, K., Jennings, S., Méllmann, C. & Planque, B. (2010). Sensitivity
of marine systems to climate and fishing: concepts, issues and management responses.
Journal of Marine Systems 79, 427—-435.

Pert, E. J. & Erman, D. C. (1994). Habitat use by adult rainbow trout under moderate
artificial fluctuations in flow. Transactions of the American Fisheries Society 123,
913-923.

Planque, B., Fromentin, J.-M., Cury, P. & Drinkwater, K. F. (2010). How does fishing alter
marine populations and ecosystems sensitivity to climate? Journal of Marine Systems
79,403-417.

Post, D. M. & Palkovacs, E. P. (2009). Eco-evolutionary feedbacks in community and ecosystem
ecology: interactions between the ecological theatre and the evolutionary play. Philo-
sophical Transactions of the Royal Society of London B 364, 1629—1640.

© 2014 The Fisheries Society of the British Isles, Journal of Fish Biology 2014, doi:10.1111/jfb.12382



ECO-EVOLUTION AND RESILIENCE 23

Pujolar, J. M., Vincenzi, S., Zane, L., Jesensek, D., De Leo, G. A. & Crivelli, A. J. (2011). The
effect of recurrent floods on genetic composition of marble trout populations. PLoS One
6, €23822.

Rand, P. S., Hinch, S. G., Morrison, J., Foreman, M. G. G., MacNutt, M. J., Macdonald, J.
S., Healey, M. C., Farrell, A. P. & Higgs, D. A. (2006). Effects of river discharge,
temperature, and future climates on energetics and mortality of adult migrating
Fraser River sockeye salmon. Transactions of the American Fisheries Society 135,
655-667.

Roghair, C. N., Dolloff, C. A. & Underwood, M. K. (2002). Response of a brook trout population
and instream habitat to a catastrophic flood and debris flow. Transactions of the American
Fisheries Society 131, 718-730.

Smith, M. D. (2011). The ecological role of climate extremes: current understanding and future
prospects. Journal of Ecology 99, 651-655.

Stradmeyer, L., Hojesjo, J., Griffiths, S. W., Gilvear, D. J. & Armstrong, J. D. (2008). Com-
petition between brown trout and Atlantic salmon parr over pool refuges during rapid
dewatering. Journal of Fish Biology 72, 848—860.

Thorpe, J. E. (1994). Salmonid flexibility: responses to environmental extremes. Transactions
of the American Fisheries Society 123, 606—612.

Utrilla, C. G. & Lobon-Cervia, J. (1999). Life-history patterns in a southern population of
Atlantic salmon. Journal of Fish Biology 55, 68—83.

Vincenzi, S., Crivelli, A. J., Jesensek, D., Rubin, J.-F. & De Leo, G. A. (2007a). Density-
dependent individual growth of marble trout (Salmo marmoratus) in the Soca and Idrijca
river basins, Slovenia. Hydrobiologia 583, 57—68.

Vincenzi, S., Crivelli, A. J., Jesensek, D., Rubin, J.-FE. & De Leo, G. A. (2007b). Early sur-
vival of marble trout Salmo marmoratus: evidence for density dependence? Ecology of
Freshwater Fish 16, 116—123.

Vincenzi, S., Crivelli, A.J., Jesensek, D. & De Leo, G. A. (2008a). The role of density-dependent
individual growth in the persistence of freshwater salmonid populations. Oecologia 156,
523-534.

Vincenzi, S., Crivelli, A. J., Jesensek, D., Rubin, J.-F., Poizat, G. & De Leo, G. A. (2008b).
Potential factors controlling the population viability of newly introduced endangered
marble trout populations. Biological Conservation 141, 198—210.

Vincenzi, S., Crivelli, A. J., Jesensek, D. & De Leo, G. A. (2008c). Total population density
during the first year of life as a major determinant of lifetime body-length trajectory in
marble trout. Ecology of Freshwater Fish 17,515-519.

Vincenzi, S., Crivelli, A. J., Jesensek, D. & De Leo, G. A. (2010). Individual growth and its
implications for the recruitment dynamics of stream-dwelling marble trout (Salmo mar-
moratus). Ecology of Freshwater Fish 19, 477-486.

Vincenzi, S., Crivelli, A. J., Giske, J., Satterthwaite, W. H. & Mangel, M. (2012a). Selective
consequences of catastrophes for growth rates in a stream-dwelling salmonid. Oecologia
168, 393-404.

Vincenzi, S., De Leo, G. A. & Bellingeri, M. (2012b). Consequences of extreme events on
population persistence and evolution of a quantitative trait. Ecological Informatics 8,
20-28.

Vincenzi, S., Crivelli, A. J., Jesensek, D. & De Leo, G. A. (2012c¢). Translocation of
stream-dwelling salmonids in headwaters: insights from a 15-year reintroduction
experience. Reviews in Fish Biology and Fisheries 22, 437—455.

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

Waples, R. S., Jensen, D. W. & McClure, M. (2010). Eco-evolutionary dynamics: fluctuations
in population growth rate reduce effective population size in Chinook salmon. Ecology
91, 902-914.

Winemiller, K. O. (2005). Life history strategies, population regulation, and implications
for fisheries management. Canadian Journal of Fisheries and Aquatic Sciences 885,
872-885.

© 2014 The Fisheries Society of the British Isles, Journal of Fish Biology 2014, doi:10.1111/jfb.12382



