Received 17 April 2002
Accepted 29 August 2002
Published online 31 October 2002

Sex-biased dispersal in a salmonid  sh
Jeffrey A. Hutchings* and Leah Gerber
Department of Biology, Dalhousie University, Halifax, Nova Scotia, B3H 4J1, Canada
We tested the hypothesis that dispersal is sex biased in an unexploited population of brook trout, Salvelinus
fontinalis, on Cape Race, Newfoundland, Canada. Based on the assumptions that trout are promiscuous
and that reproductive success is limited primarily by either number of mates (males) or fecundity
(females), we predicted that males would disperse greater distances than females. We also tested the
hypothesis that trout populations comprise stationary and mobile individuals, predicting that males have
greater mobility than females. Based on a mark–recapture study of 943 individually tagged  shes, 191 of
which were recaptured over 5 years, we  nd strong support for our hypothesis of male-biased dispersal
in brook trout. Averaged among all 11 resampling periods, males dispersed 2.5 times as far as females;
during the spawning period only, male dispersal exceeded that by females almost fourfold. Both sexes
were heterogeneous with respect to movement, with a lower incidence of mobility among females (29.6%)
than males (41.1%); mobile males dispersed six times further than mobile females. We conclude that this
sex bias reduces mate competition among male kin and decreases the probability that males will reproduce
with related females.
Keywords: sex-biased dispersal; brook trout; stationary and mobile individuals; Newfoundland;
Salvelinus fontinalis

1. INTRODUCTION
Dispersal is one of the most fundamental life-history
responses to spatially and temporally variable environments. Movement potentially in uences individual  tness,
population dynamics, genetic variation within populations, gene  ow among populations and the probability
of colonizing new habitats (Roff 2002). For a number of
species of birds and mammals, one sex disperses greater
distances than the other. When the  tness consequences
of acquiring and defending breeding resources differ
between males and females, Greenwood (1980, 1983)
predicted that the sex that gains more from prior ownership of a territory (males in birds, females in mammals)
would be favoured by selection to disperse less. In
addition to resource competition, sex biases in dispersal
also appear to covary with mating system. Females disperse further than males in socially monogamous birds
(Greenwood 1980; Greenwood & Harvey 1982), whereas
dispersal tends to be male biased among polygamous and
promiscuous mammals (Dobson 1982).
Patterns of sex-biased dispersal have been variously
ascribed to inbreeding avoidance, competition for mates
and competition for breeding resources (Pusey 1987;
Johnson & Gaines 1990). Based on game-theoretic models
of kin selection, Perrin & Mazalov (1999, 2000) concluded that competition among kin, on its own or in conjunction with inbreeding avoidance, can produce the
patterns of movement that are widely documented for
mammals and birds. The primary reason for this is that
competition among kin reduces inclusive  tness and
should thus be avoided.
The question of whether avoidance of kin competition
can lead to sex differences in dispersal appears to depend
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on the likelihood that males and females compete for the
same resources. This can be viewed as the difference in
relative magnitude of two types of competition among kin.
The term ‘local mate competition’ (LMC) was coined by
Hamilton (1967) to describe competition for mates by
relatives of the same sex. In polygamous mating systems,
within which male reproductive success is likely to be limited primarily by the number of females with whom they
mate, LMC is probably higher for males. By contrast,
‘local resource competition’ (LRC; Clarke 1978) among
relatives for limited breeding resources is likely to be
greater among females when males contribute little, if any,
parental investment. Perrin & Mazalov (2000) argue that
the strength of the sex bias in dispersal patterns depends
on a balance between local competition among kin for
mates (LMC) and for resources (LRC). When local competition affects males and females equally (monogamous
systems), or when female reproductive success is limited
primarily by externally derived breeding resources in polygynous or promiscuous systems, dispersal is not expected
to be sex biased. Alternatively, male-biased dispersal will
be favoured within populations for which:
(i) males and females are not monogamous;
(ii) male reproductive success is limited primarily by the
number of mating opportunities, leading to high
LMC in the absence of dispersal; and
(iii) female reproductive success is limited primarily by
her own rate of processing resources, rather than by
the resources themselves, resulting in low or negligible LRC in the absence of dispersal (Perrin &
Mazalov 2000).
There is reason to believe that these conditions for
male-biased dispersal exist in the  sh family Salmonidae
(trout, salmon and char etc.). With few exceptions (e.g.
grayling and Thymallus spp.), salmonids reproduce in
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autumn during a two to  ve week spawning period. Once
a female has selected a site for egg deposition, she is
courted by more than one male who aggressively competes
with other males for the opportunity to fertilize her eggs
(Fleming 1998; Marschall et al. 1998). Genetic studies of
individual reproductive success support the assumption
that salmonids are promiscuous (Garant et al. 2001;
Jones & Hutchings 2002), and the absence of any form of
parental care by males, including nest site preparation and
construction, is consistent with the hypothesis that a
male’s reproductive success is limited primarily by the
number of females with whom he can mate. Among  shes
for which parental care is either minimal or lacking, it is
commonly held that a female’s reproductive success is limited primarily by the number of eggs that she is able to
produce (Stearns 1992; Wootton 1998; Roff 2002).
To date, studies of sex-biased dispersal have been limited almost entirely to birds and mammals. With the possible exception of one marine species (the great white shark
Carcharodon carcharias (Pardini et al. 2001)), there is little
evidence that dispersal by females differs signi cantly from
that by males within or among natural populations of
 shes. This paucity of empirical work provided impetus
for our examination of sex-biased dispersal in a riverine
salmonid  sh endemic to eastern North America, the
brook trout (Salvelinus fontinalis). The mating system and
reproductive behaviour of this species appears to be well
described by the three conditions on which Perrin & Mazalov (2000) predicted dispersal to be male biased. Thus,
our study provided an opportunity to test their prediction.
Second, the analytical framework recently developed by
Rodriguez (2002) to model the movements of streamdwelling  shes allowed us to test the hypotheses that
brook trout populations comprise stationary and mobile
individuals, re ecting individual variation in mobility, and
that males have greater mobility than females. Following
Howard (1960), we consider dispersal to be ‘the permanent movement an individual makes from its birthsite to
the place where it reproduces or would have reproduced
had it survived and found a mate’.
2. MATERIAL AND METHODS
(a) Study population
The population of brook trout inhabiting Freshwater River
on Cape Race, southeastern Newfoundland, Canada, for which
extensive life-history data are available (Hutchings 1991, 1993,
1994, 1996), is ideally suited for ecological study. Brook trout
is the only  sh in the river and the population is not subjected
to avian forms of predation, negating the potential in uence of
interspeci c competition and predation on life history and
movement; in addition, the population is unexploited and is
otherwise unaffected by anthropogenic disturbance (Hutchings
1993, 1994, 1996). The 50 m cliff at which the river enters the
sea effectively prevents migration to other rivers, rendering the
population closed and genetically distinct (Ferguson et al. 1991).
Freshwater River is 2.2 km in length; average width and depth
measure 3.41 ± 1.98 (s.d.) m and 16.8 ± 7.3 cm, respectively.
From a life-history perspective, Freshwater River trout mature
at small sizes (80–100 mm), at young ages (2–3 years) and
experience low post-reproductive, overwinter survival (10–
15%). Females are distinguished by the production of fewer
than 100 large eggs (typically 4–5 mm diameter) and high
Proc. R. Soc. Lond. B (2002)

proportional allocation of body tissue to gonads (15–20% of
body weight).

(b) Mark–recapture experiment
Passive integrated transponder (PIT) tags (Biomark) were
used to document the movements of 943 trout in Freshwater
River. PIT tags are small (12.0 mm ´ 2.1 mm) glass cylinders
comprised of a coil and an integrated circuit, programmed to
transmit one of some billions of codes. An induction coil is used
to energize each tag, causing them to transmit their corresponding 10-digit alphanumeric code to the digital display of the
reader in which the coil is housed. The tags were inserted into
the body cavity of anaesthetized individuals through a 3 mm
long incision immediately anterior to the base of the anal  ns.
The adipose  n was marked by a  n clip to identify tagged individuals upon recapture.
Trout were initially captured by an electro sher (Smith-Root
Model 12A) from one of 38 sections of river averaging
27.5 ± 3.3(s.e.) m in length. These river sections, separated by
very short (less than 1 m) stretches of fast- owing water, were
chosen to correspond broadly to prominent features of stream
morphology. Tags were inserted into 354 individuals between
11 June and 17 June 1995, and into 589 individuals between
11 June and 13 June 1996. All  shes were returned to their
stream section of capture once they had fully recovered from the
tagging procedure. Post-tagging mortality was nil prior to the
return of  shes to the river. To sample tagged individuals, the
entire length of the 2.2 km long unobstructed section of river
upstream of the mouth was electro shed twice annually in
spring (between 26 May and 13 June) and in autumn (between
26 September and 3 October) from 1995 until 2000, when the
number of recaptures had declined to nil. During the resampling
phase of the study, the river was divided into 59 sections, averaging 33.9 ± 2.7(s.e.) m in length. The average section-length did
not differ between the tagging and recovery periods
(F1,95 = 2.21, p = 0.14). The timing of the autumn sampling periods coincided with spawning, which allowed us to sex any
tagged individuals, using external characteristics (e.g. extrusion
of milt, visible evidence of eggs beneath the body wall and sexual
differences in the shape of the urogenital opening).

(c) Statistical analyses
Differences in mean dispersal distance between the sexes were
initially examined by one-way analyses of variance; statistical signi cance was based upon 1000 randomizations of the data
(Manly 1991). We then modelled the frequency distributions of
lifetime distances travelled by individuals from the locations at
which they were originally marked. Here, we  t our movement
data to the continuous, negative exponential functions
developed by Rodriguez (2002) to describe the frequency distribution of the number (N ) of individuals recaptured between the
lower (XL ) and upper sections (XU ) of various distance classes
away from the location of original capture, i.e. N(XL , XU ).
To obtain the expected number of individuals recaptured in
a given distance class
N(XL ,XU) = N0spC(XL ,XU),

(2.1)

where N0 is the number of individuals originally marked, s is the
probability of survival during the study period, p is the probability of recapture, and C(XL , XU ) represents one of two cumulative distribution functions to describe the proportion of
marked individuals recaptured between the lower (XL ) and
upper (XU ) boundaries of each distance class. The form of the
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cumulative distribution function depends on whether the population is best described as a homogeneous group of individuals,
all of whom have similar probabilities of dispersal, or whether
the population is heterogeneous, being comprised of a relatively
stationary group and a relatively mobile group. For relatively
homogeneous populations,
2e

2 lXU

,

(2.2)

where l is the inverse of mean dispersal distance. For more heterogeneous populations,
C(XL ,XU) = p(e2lsXL 2 e2lsXU)
1 (1 2 p)(e

2 lmXL

2e

),

2 lmXU

(2.3)

where ls and lm represent the inverse of mean dispersal distances for stationary and mobile individuals, respectively, and
p is the proportion of stationary individuals in the population.
Equations (2.2) and (2.3) are referred to as the one- and twogroup models.
Treating each sex separately, the one- and two-group models
were  tted to the observed number of recaptures in 29 ´ 50 m
distance classes, ranging from 0 (those  shes recaptured in the
stream sections in which they were originally marked) to 1400 m
(those  shes recaptured 1376–1425 m from the sections in
which they were originally marked). Two parameters were estimated for the one-group model (N0sp and l) and four for the
two-group model (N0sp, p, ls, lm). Parameter estimates were
those that minimized the residual sum of squares for each
model, as determined by the nonlinear regression model function in S-Plus (Venables & Ripley 1998). (Although 943  shes
were initially marked, the number of tagged males and females
could not be ascertained because of the low con dence with
which individuals can be sexed externally in June. This is why
N0 had to be estimated in combination with the parameters s
and p.)
To determine the nonlinear function that provided the better
 t to the dispersal data for male and female trout, the Akaike
Information Criterion (AIC), corrected for small sample size
(Hurvich & Tsai 1989), was calculated for the one- and twogroup models. The model that provided the better  t to the
observed data was the model with the lower AIC.

3. RESULTS
(a) Direct estimates of dispersal
The recapture of marked individuals allowed for direct
estimation of dispersal by brook trout in Freshwater River.
Of the 943 trout marked with PIT tags, 273 (29.0%) were
recaptured at least once. Among the recaptured individuals were 94 males, 97 females and 82  shes of undetermined sex. The average number of recaptures per
recaptured individual was independent of sex, distance
from tagging location and year of tagging (F4,193 = 0.83,
p = 0.459) and averaged 1.50 ± 0.06 for all 191 sexed individuals. The maximum number of individual recaptures
was six, recorded for a male tagged in 1996, at a length
of 95 mm, and recaptured twice annually from 1997 to
1999.
There were no signi cant differences in body size at tagging between recaptured males and females within or
between years. The average lengths of recaptured females
tagged in 1995 (89.9 ± 2.7(s.e.) mm, n = 21) and in 1996
(94.0 ± 1.1 mm, n = 76) did not differ from the lengths of
Proc. R. Soc. Lond. B (2002)
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Figure 1. Dispersal distances of female (n = 97) and male
(n = 94) brook trout in Freshwater River, Cape Race,
Newfoundland. The positive values represent dispersal
upstream of an individual’s tagging location; the negative
values represent dispersal downstream of an individual’s
tagging location.

recaptured males tagged in 1995 (95.1 ± 0.9 mm, n = 24;
F1,43 = 1.74, p = 0.194) or in 1996 (94.7 mm ± 1.4, n = 70;
F3,187 = 0.92, p = 0.431), respectively. Pooling data for
 shes tagged in 1995 and 1996, the average length of
recaptured males and females was 94.1 ± 1.3 mm and
93.1 ± 1.1 mm, respectively.
Dispersal, operationally de ned here as the distance
between an individual’s last known location and its tagging location, was independent of body size. Among
females, there was no association between length at tagging and lifetime displacement from each individual’s tagging location (r = 20.05, p = 0.63). Although the negative
correlation between length and dispersal distance among
males was statistically signi cant (r = 20.21, p = 0.042),
the variation in dispersal distance explained by length was
very low (4.4%). Indeed, the exclusion of a single outlier
(a 77 mm male that had dispersed 1360 m) rendered the
correlation insigni cant (r = 20.15, p = 0.14).
Male brook trout dispersed almost 2.5 times the distance traversed by females. On average, males displaced
themselves 195.4 ± 36.5 m (n = 94) from their tagging
location compared with 81.5 ± 23.4 m (n = 97) by females
(F1,189 = 7.01, p = 0.009). Among the few (5.2%) females
that dispersed more than 250 m, these movements were
undertaken in an upstream direction from the site of initial
tagging ( gure 1). By comparison, of the 23.4% of males
that dispersed more than 250 m, roughly equal numbers
moved upstream and downstream of their tagging
location.
(b) Effects of spawning on individual movement
The differences in displacement from tagging location
between the sexes differed between the spring and autumn
recapture periods (table 1). Average dispersal by males
recaptured in autumn immediately prior to spawning was
signi cantly different from that by males recaptured during the non-spawning period and by females irrespective
of recapture period (F3,279 = 5.37, p = 0.001). Although
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Table 1. Distance between  nal recapture and tagging locations (± 1 s.e.) by male and female brook trout during non-spawning
(spring) and spawning (autumn) recapture periods in Freshwater River, Newfoundland.
distance from tagging location (m)
recapture period

sex

non-spawning

male
female
male
female

spawning

mean

median

n

91.5 ± 29.8
73.9 ± 23.9
229.5 ± 47.9
63.8 ± 21.6

0
2.0
77.5
12.0

79
85
54
65

0.63
0.54

frequency

0.45
0.36
0.27
0.18
0.09
0
0

250

500

750

1000

1250

1500

distance m)
Figure 2. Frequency distribution of dispersal distances by
male (open triangles) and female (closed triangles) brook
trout in Freshwater River, Cape Race, Newfoundland. The
lines represent the  t of the dispersal data to the two-group
model (equation (2.3)) described in § 2.

average dispersal distance during the non-spawning period
did not differ between sexes (F1,162 = 0.22, p = 0.64), the
distance travelled from the tagging location by males
recaptured during the spawning period was almost four
times greater than that of females (F1,117 = 11.14,
p = 0.001). Among females, there were no differences in
distance travelled from tagging location between the
spawning and non-spawning seasons (F1,148 = 0.09,
p = 0.763).
(c) Quantitative models of dispersal
For both males and females, the two-group model provided a better  t to the frequency distributions of dispersal
distances than the one-group model ( gure 2). Among
females, the AIC for the two-group model (residual standard error = 0.0056, p , 0.001) was 14.64 less than the
AIC for the one-group model. Similarly, among males, the
AIC for the two-group model (residual standard
error = 0.0106, p , 0.001) was 11.26 lower than that for
the one-group model. Differences in AIC of more than 7
indicate a clearly superior  t of the data to the model with
the lower AIC (Burnham & Anderson 1998). The better
 t provided by the two-group model indicates that both
sexes contain a mixture of stationary and mobile individuals, as indicated by visual inspection of  gures 1 and 2.
Based on the estimates of p for each of the two-group
Proc. R. Soc. Lond. B (2002)

models (table 2), 41.1% of the male population comprises
mobile individuals compared with 29.6% for females. The
parameter combination N0sp for the two-group models
was the same for both sexes (94.0 ± 4.0 s.e.).
Parameter estimates for ls and lm in the two-group
model provide additional support for the observation that
male trout disperse greater distances than females. Calculated as log(2)/ls (Rodriguez 2002), the median dispersal
distance of stationary individuals was similar between
sexes, being 7.5 and 10.8 m for males and females,
respectively (table 2). However, comparing the mobile
fractions of the male and female populations, the median
dispersal distance ( log(2)/lm) of males (346.6 m) was six
times greater than that of females (57.8 m).
To examine whether stationary and mobile individuals
differed phenotypically from one another, we compared
the average lengths of mobile and stationary males and
females, using the estimates of p derived from the twogroup models (table 2). Ranking individuals by dispersal
distance (from lowest to highest), we considered mobile
individuals to be represented by the upper (1 – p) fraction
of individuals within each sex, that is, the uppermost
41.1% and 29.6% of males and females, respectively.
Stationary individuals would thus represent the lowest
percentage of p of the male and female populations,
respectively. Comparing the average length at tagging,
stationary males (96.6 ± 1.7(s.e.) mm) and stationary
females (95.0 ± 1.3 mm) were signi cantly longer,
respectively, than mobile males (90.5 mm; F1,92 = 5.72,
p = 0.018)
and
mobile
females (89.0 ± 1.7 mm;
F1,95 = 7.25, p = 0.008).
4. DISCUSSION
We draw two primary conclusions from our study of
movement by marked individuals in an unexploited population of brook trout. First, we reject the null hypothesis
that dispersal does not differ between the sexes; there is
considerable evidence of male-biased dispersal in brook
trout. Second, neither males nor females can be considered homogeneous groups of individuals with respect
to movement. Rather, males and females are each represented by stationary and mobile components, a re ection of individual differences in lifetime movement within
the river. All else being equal, males dispersed almost 2.5
times as far as females throughout their lives. Comparing
the mobile components of each sex, males dispersed six
times further than females, the sex for which the incidence
of stationarity was also higher.
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Table 2. Parameter estimates for the two-group model and estimates of median dispersal (log(2)/l) by male and female brook
trout in Freshwater River, Newfoundland.
sex

population component

parameter estimate (s.e.)

male

mobile
stationary
proportion stationarity
mobile
stationary
proportion stationarity

lm = 0.002 (0.001)
ls = 0.092 (0.009)
p = 0.589 (0.039)
lm = 0.012 (0.002)
ls = 0.064 (0.005)
p = 0.704 (0.047)

female

We have interpreted the distance between an individual’s  nal recapture location and its tagging location as
being indicative of an individual’s dispersal from its
location of birth. Given that the youngest individuals
among those that were tagged were 1 or 2 years of age
(based on two length-at-age keys (Hutchings 1993;
A. J. Wilson, unpublished data)), our absolute estimates
of dispersal probably represent underestimates of the true
dispersal distances, an underestimation that will not qualitatively affect our results. Crucial to the interpretation of
our results, however, is our implicit assumption that males
and females either do not differ in dispersal prior to
attaining 70 mm in length or that female dispersal during
the  rst 1 or 2 years of life is greater than males. Although
we are unaware of any empirical basis for believing that
females disperse further than males prior to maturity, it is
an assumption that merits future testing.
To our knowledge, only one other study has documented statistically signi cant differences in withinpopulation dispersal between the sexes in  shes. Comparing the mitochondrial DNA of great white sharks off South
Africa, Australia and New Zealand, Pardini et al. (2001)
concluded that males are more likely to undertake transoceanic migrations than females. Although empirical
examinations of sex-biased dispersal in  shes are few,
there is reason to believe that male-biased dispersal may
not be uncommon, at least among those species for which
males provide no parental care and for which female
reproductive success is not limited by access to breeding
resources. Within a population of rock-dwelling cichlids
from the Pseudotropheus (Maylandia) complex, Knight et
al. (1999) based their conclusion of male-biased dispersal
on sexually divergent, albeit statistically nonsigni cant,
associations between relatedness and movement. Based on
their  nding that female guppies (Poecilia reticulata) preferentially associate with other females in spatially discrete
schools, Grif ths & Magurran (1998) proposed that males
may be more mobile than females within populations,
allowing them to move opportunistically among schools in
search of mates. Among populations, Hard & Heard
(1999) reported a male bias in the straying of hatcheryreared chinook salmon (Oncorhynchus tshawytscha) to nonnatal rivers, although it is not clear whether this difference
could be attributed to higher at-sea mortality among
females, a sex difference in survival that has been documented for other Paci c salmon (Holtby & Healey 1990).
Evidence that dispersal may not differ between sexes is
available for pink salmon (O. gorbuscha (Thedinga et al.
2000)), killi sh (Rivulus hartii (Gilliam & Fraser 2001))
and galjoen (Coracinus capensis (Attwood & Bennett
1994)).
Proc. R. Soc. Lond. B (2002)

median dispersal distance (m)
346.6
7.5
—
57.8
10.8
—

We conclude that male-biased dispersal in brook trout
provides support for the prediction of Perrin & Mazalov
(2000) that male-biased dispersal is favoured in promiscuous mating systems within which male reproductive
success is limited primarily by mating opportunities, and
female reproductive success is limited primarily by the
ability to process, rather than to compete for, resources.
Salmonids are promiscuous spawners (Fleming 1998;
Marschall et al. 1998; Garant et al. 2001; Jones &
Hutchings 2002), and the lack of parental care indicates
that male reproductive success is limited primarily by the
number of mates. The observation that distances from
tagging location were greater among males recaptured
during spawning than by males recaptured during nonspawning periods (table 1) is consistent with the hypothesis that dispersal by males is associated with mating.
Our suggestion that reproductive success in female
brook trout is limited primarily by the ability to process
resources, rather than by the resources themselves, is not
unreasonable. It is generally assumed that fecundity in
indeterminately growing organisms, which increases allometrically in most  shes (Wootton 1998), is limited primarily by a female’s ability to process food resources and to
transfer the energy gained to somatic growth and gonadal
tissue (Stearns 1992; Roff 2002). Although we do not discount the possibility that female reproductive success can
be affected by the availability of suitable spawning substrate, we are unaware of any studies that have documented density-dependent competition by salmonid
females for nest sites in the wild. Indeed, for the brook
trout inhabiting Freshwater River, considerable withinriver variation in spawning density indicates that nest sites
may not be limiting. Among 54 sections of Freshwater
River sampled annually between 1993 and 1999, the number of spawning females per square metre ranged between
0.01 and 2.90 ( J. A. Hutchings, unpublished data). Even
within the primary breeding sites in the river, spawning
densities vary three- and fourfold, indicating that spawning substrate may not typically constitute a limiting
resource.
Brook trout appear to be heterogeneous with respect to
mobility. For both males and females in Freshwater River,
some individuals could be identi ed as stationary and
others as mobile, with the percentage of mobile individuals being greater among males. Differences in mobility
have been previously documented for brook trout. In early
life, for example, short-term variation in behaviour is associated with individual differences in foraging strategy.
Some individuals are relatively sedentary (sit-and-wait
tactic), whereas others tend to be active (active search
tactic) (Biro & Ridgway 1995; McLaughlin et al. 1999),
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although body size, body shape and level of aggression
appear to be correlated with mobility (McLaughlin et al.
1994, 1999). Although mobile brook trout were statistically smaller than stationary individuals in Freshwater
River, it is not clear that the average 6 mm difference
between the two types is biologically meaningful. Based
on the  t of movement data to the one- and two-group
models described in equations (2.2) and (2.3), Rodriguez
(2002) previously concluded that brook trout populations
comprise stationary and mobile components. Indeed,
based on his analysis of 17 studies encompassing six species of salmonids, Rodriguez (2002) proposed that withinpopulation differences in mobility can often be considerable.
Until further research on sex-biased dispersal has been
conducted on salmonids, or on  shes in general, we have
no means of assessing the generality of our  ndings. However, if male-biased dispersal is not uncommon, it could
have important consequences for patterns of gene  ow
among populations and for the persistence of salmonid
populations, many of which have either been extirpated
or face increased risks of extinction (e.g. Nehlsen et al.
1991; COSEWIC 2002; NRC 2002). For example, if
males are more likely to colonize rivers following the extirpation of local populations, natural re-colonization could
be a relatively slow process because of comparatively low
dispersal by females. Another consequence of male-biased
dispersal may be that females within a population are
more related to one another than males, an observation
that has been made in river otters (Lontra canadensis) the
males of which disperse greater distances than females
(Blundell et al. 2002). Similarly, if migration rates are
male biased, estimates of effective migration rate derived
from mark–recapture studies may signi cantly overestimate the degree of genetic similarity between putative
populations given the higher variance in individual reproductive success that is typical of males.
In summary, we provide direct quantitative evidence of
male-biased dispersal in  shes. For the study population
of Newfoundland brook trout, we propose that greater dispersal by males reduces mate competition among kin and
decreases the probability that males will spawn with
related females. Given the potential consequences of sexbiased dispersal to life history,  tness, genetic variation
and conservation biology, we suggest that there is considerable merit in undertaking mark–recapture and genetic
studies of sex-biased dispersal in  shes.
The authors are grateful for the  eld assistance provided by
T. Knight, D. Methven, A. Wilson and J. Yates. They also
thank M. Rodriguez for discussions and for providing helpful
comments on an earlier version of the manuscript. Comments
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REFERENCES
Attwood, C. G. & Bennett, B. A. 1994 Variation in dispersal
of galjoen (Coracinus capensis) (Teleostei, Coracinidae) from
a marine reserve. Can. J. Fish. Aquat. Sci. 51, 1247–1257.
Biro, P. A. & Ridgway, M. S. 1995 Individual variation in foraging movements in a lake population of young-of-the-year
brook charr (Salvelinus fontinalis). Behaviour 132, 57–74.
Blundell, G. M., Ben-David, M., Groves, P., Bowyers, R. T. &
Proc. R. Soc. Lond. B (2002)

Geffen, E. 2002 Characteristics of sex-biased dispersal in
coastal river otters: implications for natural recolonization of
extirpated populations. Mol. Ecol. 11, 289–303.
Burnham, K. P. & Anderson, D. R. 1998 Model selection and
inference. New York: Springer.
Clarke, A. B. 1978 Sex ratio and local resource competition in
a prosimian primate. Science 201, 163–165.
COSEWIC (Committee on the Status of Endangered Wildlife
in Canada) 2002 Canadian species at risk. Ottawa: Canadian
Wildlife Service, Environment Canada.
Dobson, F. S. 1982 Competition for mates and predominant
juvenile dispersal in mammals. Anim. Behav. 30, 1183–
1192.
Ferguson, M. M., Danzmann, R. G. & Hutchings, J. A. 1991
Incongruent estimates of population differentiation among
brook charr, Salvelinus fontinalis, from Cape Race, Newfoundland, Canada, based upon allozyme and mitochondrial
DNA variation. J. Fish Biol. 39, 79–85.
Fleming, I. A. 1998 Pattern and variability in the breeding system of Atlantic salmon (Salmo salar) comparisons to other
salmonids. Can. J. Fish. Aquat. Sci. 55(Suppl. A), 59–76.
Garant, D., Dodson, J. J. & Bernatchez, L. 2001 A genetic
evaluation of mating system and determinants of individuals
reproductive success in Atlantic salmon (Salmo salar L.).
J. Hered. 92, 137–145.
Gilliam, J. F. & Fraser, D. F. 2001 Movement in corridors:
enhancement by predation threat, disturbance, and habitat
structure. Ecology 82, 258–273.
Greenwood, P. J. 1980 Mating systems, philopatry and dispersal in birds and mammals. Anim. Behav. 28, 1140–1162.
Greenwood, P. J. 1983 Mating systems and the evolutionary
consequences of dispersal. In The ecology of animal movement
(ed. I. R. Swingland & P. J. Greenwood), pp. 116–131.
Oxford: Clarendon.
Greenwood, P. J. & Harvey, P. H. 1982 The natal and breeding dispersal of birds. A. Rev. Ecol. Syst. 13, 1–21.
Grif ths, S. W. & Magurran, A. E. 1998 Sex and schooling
behaviour in the Trinidadian guppy. Anim. Behav. 56,
689–693.
Hamilton, W. D. 1967 Extraordinary sex ratios. Science 156,
477–488.
Hard, J. J. & Heard, W. R. 1999 Analysis of straying variation
in Alaskan hatchery chinook salmon (Oncorhynchus
tshawytscha) following transplantation. Can. J. Fish. Aquat.
Sci. 56, 578–589.
Holtby, L. B. & Healey, M. C. 1990 Sex-speci c life history
tactics and risk-taking in coho salmon. Ecology 71, 678–690.
Howard, W. E. 1960 Innate and environmental dispersal of
individual vertebrates. Am. Midl. Nat. 63, 152–161.
Hurvich, C. M. & Tsai, C.-L. 1989 Regression and time series
model selection in small samples. Biometrika 76, 297–307.
Hutchings, J. A. 1991 Fitness consequences of variation in egg
size and food abundance in brook trout, Salvelinus fontinalis.
Evolution 45, 1162–1168.
Hutchings, J. A. 1993 Adaptive life histories effected by agespeci c survival and growth rate. Ecology 74, 673–684.
Hutchings, J. A. 1994 Age- and size-speci c costs of reproduction within populations of brook trout, Salvelinus
fontinalis. Oikos 70, 12–20.
Hutchings, J. A. 1996 Adaptive phenotypic plasticity in brook
trout, Salvelinus fontinalis, life histories. Ecoscience 3, 25–32.
Johnson, M. L. & Gaines, M. S. 1990 Evolution of dispersal:
theoretical models and empirical tests using birds and mammals. A. Rev. Ecol. Syst. 21, 449–480.
Jones, M. W. & Hutchings, J. A. 2002 Individual variation in
Atlantic salmon fertilization success: implications for effective population size. Ecol. Appl. 12, 184–193.
Knight, M. E., Van Oppen, M. J. H., Smith, H. L., Rico, C.,
Hewitt, G. M. & Turner, G. F. 1999 Evidence of male-

Sex-biased dispersal in a salmonid  sh J. A. Hutchings and L. Gerber
biased dispersal in Lake Malawi cichlids from microsatellites. Mol. Ecol. 8, 1521–1527.
McLaughlin, R. L., Grant, J. W. A. & Kramer, D. L. 1994
Foraging movements in relation to morphology, water column-use, and diet for recently emerged brook trout
(Salvelinus fontinalis) in still-water pools. Can. J. Fish. Aquat.
Sci. 51, 268–279.
McLaughlin, R. L., Ferguson, M. M. & Noakes, D. L. 1999
Adaptive peaks and alternative foraging tactics in brook
charr: evidence of short-term divergent selection for sittingand-waiting and actively searching. Behav. Ecol. Sociobiol.
45, 386–395.
Manly, B. F. J. 1991 Randomization and Monte Carlo methods
in biology. London: Chapman & Hall.
Marschall, E. A., Quinn, T. P., Roff, D. A., Hutchings, J. A.,
Metcalfe, N. B., Bakke, T. A., Saunders, R. L. & Poff, N. L.
1998 A framework for understanding Atlantic salmon (Salmo
salar) life history. Can. J. Fish. Aquat. Sci. 55(Suppl. A),
48–58.
Nehlsen, W., Williams, J. E. & Lichatowich, J. A. 1991 Paci c
salmon at the crossroads at risk from California, Oregon,
Idaho, and Washington. Fisheries 16, 4–21.
NRC (National Research Council) 2002 Genetic status of Atlantic salmon in Maine: interim report. Washington, DC: National
Academy of Sciences.
Pardini, A. T. (and 11 others) 2001 Sex-biased dispersal of
great white sharks. Nature 412, 139–140.

Proc. R. Soc. Lond. B (2002)

2493

Perrin, N. & Mazalov, V. 1999 Dispersal and inbreeding avoidance. Am. Nat. 154, 282–292.
Perrin, N. & Mazalov, V. 2000 Local competition, inbreeding,
and the evolution of sex-biased dispersal. Am. Nat. 155,
116–127.
Pusey, A. E. 1987 Sex-biased dispersal and inbreeding avoidance in birds and mammals. Trends Ecol. Evol. 2, 295–299.
Rodriguez, M. A. 2002 Restricted movement in stream  sh:
the paradigm is incomplete, not lost. Ecology 83, 1–13.
Roff, D. A. 2002 Life history evolution. Sunderland, MA:
Sinauer Associates.
Stearns, S. C. 1992 The evolution of life histories. Oxford University Press.
Thedinga, J. F., Wertheimer, A. C., Heintz, R. A., Maselko,
J. M. & Rice, S. D. 2000 Effects of stock, coded-wire tagging, and transplant on straying of pink salmon
(Oncorhynchus gorbuscha) in southeastern Alaska. Can. J.
Fish. Aquat. Sci. 57, 2076–2085.
Venables, W. N. & Ripley, B. D. 1998 Modern applied statistics
with S-Plus. New York: Springer.
Wootton, R. J. 1998 The ecology of teleost  shes. New York:
Chapman & Hall.

As this paper exceeds the maximum length normally permitted, the
authors have agreed to contribute to production costs.

