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Adaptive phenotypic plasticity in brook trout,
Salvelinus fontinalis, life histories’

Jeffrey A. HUTCHINGS, Department of Biology, Dalhousie University, Halifax, Nova Scotia B3H 4J1, Canada.

Abstract: 1 analyzed life history data for three unexploited populations of brook trout, Salvelinus fontinalis, to explore how
environmental variation in juvenile (pre-reproductive) growth rate can generate variation in fitness (r) and to quantify the fit-
ness benefits associated with phenotypic plasticity in age at maturity. Within populations, differences in growth rate to matu-
rity are associated with significant variation in fitness through size-dependent effects on life history traits. Among popula-
tions, variation in size at maturity effected comparatively little variation in egg size and reproductive allotment (gonad
weight/body weight) but was associated with high variability in fecundity and post-reproductive, overwinter survival. The
relationship between fitness and the oft-reported negative association between growth rate and age at maturity in indetermi-
nately growing organisms is supported empirically and is shown to vary among populations. Fitness functions are consistent
with the prediction that early maturity is favoured by fast growth and delayed reproduction by slow growth. However, the fit-
ness benefits to slow growing individuals of delaying reproduction decrease with reductions in adult survival. Fitness varia-
tion within brook trout populations can be linked empirically to size-dependent differences in life history traits through envi-
ronmentally-induced variation in juvenile growth rate. The results illustrate how environmental variation can favour the
evolution of adaptive phenotypic plasticity in life history through growth-dependent effects on fitness.
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Résumé: Nous avons analysé les données biologiques de trois populations inexploitées de truite mouchetée, Salvelinus fontinalis,
dans le but d’étudier comment un changement dans le taux de croissance juvénile (avant la reproduction) peut engendrer un
changement dans la valeur adaptative (r) et de quantifier les avantages adaptatifs de la plasticité phénotypique, une fois 4
I'dge de la maturité, Les différences au sein des populations dans le taux de croissance vers la maturité s'accompagnent de
variations significatives au plan adaptatif, par le biais des effets qu’a la taille sur les caractéres biologiques. Les variations
entre les populations dans la taille & maturité engendrent relativement peu de variation dans la taille des oeufs ou I"affectation
a la fonction de reproduction (poids des gonades/poids corporel). Elles sont toutefois associées & une grande variabilité dans
la fécondité et la survie & I'hiver aprés la reproduction. Le lien entre 1'adaptation et la relation négative, souvent rapporté
entre le taux de croissance et I’ige 4 maturité chez des organismes a croissance indéterminée, est ici appuyé de facon
empirique et il varie entre les populations. Les fonctions adaptatives s’inscrivent dans la logique selon laquelle une crois-
sance rapide favorise une maturité précoce et une croissance lente entraine une reproduction différée. Toutefois, les avan-
tages adaptatifs de la reproduction différée chez les individus 4 croissance lente s’atténuent avec une diminution de la survie
chez les adultes. Les variations adaptatives au sein des populations de truite mouchetée peuvent étre reliées de maniére
empirique a des différences dans les caractéres biologiques, dépendantes de la taille, qui s"expriment a travers des change-
ments dans le taux de croissance juvénile. Ces résultats permettent d’illustrer comment des changements écologiques peu-
vent favoriser le développement d’une plasticité phénotypique adaptative par le biais des effets de la croissance sur I"adapta-
aon.,
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Introduction

typic plasticity in life history characters such as age and size
at reproduction, offspring size, and offspring number
(Houston & McNamara, 1992).

Phenotypic plasticity can be expected to evolve if

The phenotype of any organism is an expression of its
genotype, its environment, and, perhaps most importantly,
the way in which that genotype responds to environmental
change. The capacity of a genotype to respond to environ-

mental change is termed phenotypic plasticity (Bradshaw,
1965) while the systematic change with which a genotype
alters a character (behavioural, life-history, morphological)
across an environmental gradient is defined as a norm of
reaction (Schmalhausen, 1949; Via & Lande, 1985). Plasticity
can allow individuals to mitigate the effects of environmental
change by altering their physiology and behaviour, with
consequences to their age-specific patterns of mortality,
growth, and fecundity (i.e. their life history). For example,
the inability of genotypes to control the dispersal of off-
spring among spatially heterogeneous environments with
differential effects on fitness should favor adaptative pheno-
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individuals experience spatial environmental variation
randomly with respect tc genotype and if habitat signifi-
cantly influences fitness (Bradshaw, 1965; Levins, 1968;
Via & Lande, 1985; Houston & McNamara, 1992). These
conditions probably exist for many salmonid fish for which
variation in food abundance is dependent on physical
(substrate composition, water velocity and depth) and
biological (presence of potential competitors and predators)
variation in the environment. Differences in food supply
influence individual growth rate which, in turn, can affect
fitness through size- and age-dependent effects on life
history traits such as age and size at maturity (Alm, 1959;
Roff, 1984; 1992; Hutchings, 1993), fecundity (Thorpe,
Miles & Keay, 1984; Hutchings & Morris, 1985), egg size
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(Thorpe, Miles & Keay, 1984; Hutchings, 1991), and
longevity (Beverton & Holt, 1959).

Adaptive phenotypic plasticity in salmonid life history
may evolve in response to environmental heterogeneity
experienced in early life. In spring, following resorption of
the yolk sac, species such as brook trout, Salvelinus
fontinalis, and Atlantic salmon, Salmo salar, emerge from
the stream substrate in which females deposited eggs the
previous autumn. Upon emergence, juveniles are transported
downstream to small, relatively discrete areas of slow-
moving water where they spend most, occasionally all, of
the summer months (Jones, 1959; Northcote, 1984;
Hutchings, 1990). It is probable that juveniles are distributed
among these habitats at random with respect to genotype
because of the inability of first-feeding individuals to swim
against all but the weakest of water currents and because of
the significant lack of concordance in emergence times
among siblings (Field-Dodgson, 1988; Snucins, Curry &
Gunn, 1992). For adaptive phenotypic plasticity in life
history to evolve in salmonid fish, variation in growth rate
must have the potential to effect significant variation in
fitness, although no empirical studies have attempted to
quantify this variation.

The premises for arguing that plasticity can be adaptive,
i.e. resulting in a phenotype that is best suited to the
environment in which an individual develops, are: 1)
environmental variation has a significant influence on
fitness, 2) traits respond in a predictable fashion to different
environments, and 3) the phenotypic response to
environmental change (the shape of the reaction norm) has
a genetic basis and is capable of responding to natural
selection (Reznick, 1990; Scheiner, 1993). The purpose of
the present paper is to use field data on three unexploited
populations of brook trout to address the first two of these
premises. My objectives are 1) to describe individual variation
in body size among similarly aged juveniles within and
among juvenile habitats, 2) to document the progression of
body size variation to maturity, 3) to quantify variation in
several life history traits (fecundity, egg size, reproductive
allotment, post-reproductive survival) caused by variation
in growth rate, and 4) to estimate the variation in fitness (r,
the intrinsic rate of natural increase) that variation in growth
rate can produce among individuals maturing at the same
age. I then assess the fitness advantages of a reaction norm
in which increased growth rate is associated with earlier
maturity. I assume that individual differences in size at age
are indicative of individual differences in growth rate during
some period of life prior to maturity.

Methods

FIELD SAMPLES

Variation in juvenile growth rate was documented for
each of three riverine populations of brook trout on Cape
Race, southeastern Newfoundland (detailed descriptions of
Freshwater River, Cripple Cove River, and Watern Cove
River are provided by Hutchings, 1993). Age-specific variation
in body size of non-reproductive fish was determined from
a series of electrofisher collections made throughout the
lower 2 km of each river in 1988 and 1989. Fork lengths (to
the nearest 1 mm) were measured for anaesthetized fish of
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different cohorts (i.e. they were born in different years)
aged 0.75, 1.00, 1.75, and 2.75 years. Fish aged 0.75 year
were collected from the juvenile habitats on 15 July 1989,
approximately 10 weeks after emergence from egg nests.
Individuals were sampled from 15 randomly chosen,
qualitatively similar habitats within each river. The surface
areas (mean = SD) of these discrete areas of slow-moving
water did not differ significantly (Fz,42 = 0.95, p = 0.40)
among Freshwater (1.20 = 0.63 m?), Cripple Cove (0.95 =
0.32 m?), and Watern Cove (1.10 + 0.51 m?) rivers. Water
depth within each habitat ranged from 20 to 40 cm.
Individuals aged 1 year were collected between 4-16
October 1988; those aged 1.75 and 2.75 years were collected
between 2-11 June 1988. Age was determined by counting
annuli on dermal body scales magnified 40X. Ages were
calculated such that age = 0 is the time of fertilization
(October). All fish were returned to their place of capture
following recovery. Individuals of different ages are treated
as though they represented the same cohort when consider-
ing age-specific variability in body size.

LIFE HISTORY TRAITS

Life history traits were measured for female brook trout
collected by electrofisher in early October 1987, 1988,
immediately prior to reproduction. Fish were frozen shortly
after capture. Length (fork length to the nearest 1 mm) and
weight at reproduction (to the nearest 0.01 g) were measured
for each female. Gonads were removed and weighed to the
nearest (.01 g. Fecundity was measured as the absolute
number of eggs per female. Egg size was calculated to be
the mean diameter (measured to the nearest 0.01 mm, using
vernier calipers) of 10 eggs chosen at random from each
female. All eggs within a clutch were at the same develop-
mental stage. Reproductive allotment, the proportional allo-
cation of body tissue to gonads, was represented by the ratio
of gonad weight to total body weight, i.e. the gonadosomatic
index or GSI. Overwinter survival for post-reproductive
females was estimated from a late autumn-early spring
mark-recapture study (experimental protocol detailed by
Hutchings, 1994).

Life history traits of Cape Race brook trout are related
to body size by linear (fecundity, egg size, GSI) and normal
(post-reproductive survival) functions (Table I; Hutchings,
1993). I used these regressions, in combination with
observed age-specific variation in body size, to construct
frequency distributions of each trait at different ages at
maturity. Throughout the paper, age or length at maturity
refers to age or length at first reproduction.

FITNESS

Fitness was defined as r, the intrinsic rate of natural
increase, and estimated from the discrete-time version of the
Euler-Lotka equation,

=3 Lme™ [1]
where [, represents survival from the zygote to the begin-
ning of the breeding season at age x and m is the number of
female zygotes produced by a female breeding at age x. r is
an appropriate measure of fitness when differences exist in
age at maturity and generation time (Stearns, 1992; Giske,
Aksnes & Fgrland, 1993) and can be used to compare the



TaBLE I. Relationships between body size and four life history
traits for three populations of brook trout on Cape Race,
Newfoundland. Units of measure: fork length (L) in mm; egg size
(diameter) in mm; GSI (gonadosomatic index) = gonad weight
divided by total body weight; overwinter (October-April) survival
is for post-reproductive individuals only. p-value of all fitted
equations is less than 0.05. The equations relating length to over-
winter survival were those that minimized the sums of squares of
the differences between observed and predicted data (see
Hutchings, 1993, 1994 for further details)

FRESHWATER RIVER

Fecundity Y =1.18L-74.26 (n=127, r=0.81)

Egg size Y =0.012L +3.203 (n=114, r=0.57)

GSI Y =0.0006L + 0.1020 (n=111, r=0.33)
Overwinter survival Y = (0.45//m) exp (-0.5 [(L-98.6)/9.4]2) (n = 201)

CRIPPLE COVE RIVER

Fecundity Y =0.747 exp (0.031L) (n=65,r=10.84)

Egg size Y =0.007L +2.962 (n =48, r=0.39)

GSI Y =0.0006L + 0.0248 (n=48, r=0.41)
Overwinter survival Y = (1.17/m) exp (-0.5 [(L-154.0)/11.4]%) (n = 175)

WATERN COVE RIVER

Fecundity Y =1.30L - 100.14 (n=52, r=0.64)

Egg size Y =0.018L + 1.880 (n=52,r=0.77)

GSI Y = 0.0006L + 0.0467 (n=52,r=10.39)
Overwinter survival Y = (0,911"_N'1t) exp (-0.5 [(L-129. 1)/14.0]%) (n = 176)

fitness of alternative life histories within populations that
may be regulated by density (Prout, 1980). In the absence of
size-specific survival data, summer (May-September)
survival probabilities were assumed to be equal to the
estimated summer survival rates for age = 1.67 year fish.
These were 0.85, 0.81 and 0.89 for Freshwater, Cripple
Cove and Watern Cove populations, respectively
(Hutchings, 1993). Overwinter (October-April) survival
prior to reproduction was approximated by the population
mean values of 0.31, 0.58, and 0.58 for Freshwater, Cripple
Cove and Watern Cove rivers, respectively (Hutchings,
1994). The absence of size-specific survival estimates over
summer will have little effect on the results given that 80-
100% of the annual mortality in each population occurs
during winter (Hutchings, 1990). Overwinter survival for
post-reproductive fish was estimated directly from the
mark-recapture study (Hutchings, 1994). Following repro-
duction, overwinter survival depended upon body size
(Table I). Annual survival was estimated as the product of
overwinter and summer survival.

Estimates of age-specific fecundity (m,) reflect the
observations that fecundity in salmonids depends primarily
on body size and that maturation (production of competent
gametes) is associated with reduced growth rate (Wootton,
1990; references in Hutchings, 1993). Following first repro-
duction, the proportion of surplus energy allocated to
gonads was assumed to be directly related to the proportional
loss of surplus energy devoted to somatic growth (Ware,
1980). Thus, I assumed that annual growth rate was reduced
by an amount proportional to an individual’s expected GSI.
To determine the length of a mature female at age x, i.e.
L, from the length it would have been had it not matured,
L., and to incorporate size-dependent effects on GSI
(Table I), I used the general form of the linear regression
relating GSI to body length, GSI = OL,; + €, where 0 and €
are the slope and intercept, respectively. Following Hutchings
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(1993), age-specific lengths of fish following first reproduc-
tion can be estimated as

Ly=L;(1-8)/(1+6Ly) [2]
The L; values for ages following first reproduction were
calculated by multiplying length at age x by the expected
annual proportional length increase for non-reproductive
individuals between ages x and x + 1 (data from Table I in
Hutchings, 1993).

To determine how variation in length at maturity was
associated with fitness, age at maturity was set to the opti-
mum estimated for each population by Hutchings (1993) (3
years for Freshwater and Watern Cove and 4 years for
Cripple Cove). For simplicity, lengths at age = 3 years were
equal to the lengths at age = 2.75 years for Freshwater and
Watern Cove populations. To estimate lengths at age = 4
years for Cripple Cove females, I multipled their lengths at
age = 2.75 years by 1.23, the expected annual rate of
increase for immature age = 3 years individuals in Cripple
Cove River (Hutchings, 1993). To assess the hypothesis that
age at maturity represents an adaptive response to growth
rate, I estimated the fitness associated with different ages at
maturity and different rates of individual growth for female
brook trout in each Cape Race population.

Unless indicated otherwise, F-statistics reported here
were calculated from one-way analyses of variance. The
probability of obtaining the observed F-statistic in each
analysis was assessed from 1 000 data randomizations
(Manly, 1991).

Results

VARIATION IN GROWTH RATE TO MATURITY

Less than three months after the initiation of exogenous
feeding, individual body length of juvenile brook trout varied
within and among spatially discrete habitats (Figure 1).
Mean length (+ SD) at age = 0.75 year differed significantly
(Fp 044 = 8.71, P = 0.001) among Freshwater (38.1 = 3.6
mm), Cripple Cove (37.5 + 4.4 mm) and Watern Cove (34.6
+ 5.5 mm) populations. Within populations, mean length
varied significantly among habitats in Freshwater (F 444 =
2.51, P = 0.011) and Watern Cove (Fl4g3 =274, P =
0.002) rivers but not within Cripple Cove River (F ¢ =
0.56, P = 0.881). The coefficient of variation (CV =
[SD/mean] x 100) for body length differed more than two-
fold among habitats within Cripple Cove River (7.4 to 18.6)
and Watern Cove River (7.3 to 18.2) and more than 8-fold
among habitats within Freshwater River (1.7 to 13.9).

Variation in size at age persisted during the first three
years of life (length at age data for Cripple Cove females are
shown in Figure 2). Length among age = 0.75 year juveniles
differed by as much as 66%, 67%, and 100% within
Freshwater, Cripple Cove, and Watern Cove populations,
respectively (Figure 1). Variation in growth rate tended to
decline with age (comparison of CV’s of length at ages 0.75
and 2.75 years, respectively; Freshwater: 9.4 to 5.2; Cripple
Cove: 11.7 to 10.0; Watern Cove: 15.6 to 7.8). However, large
differences in body size were still evident among individuals
almost three years after fertilization; intrapopulation differ-
ences in body length at age = 2.75 years ranged from 21%
within Freshwater River to 51% within Cripple Cove River.
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