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Does maternal captivity of wild, migratory sockeye salmon
influence offspring performance?
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Abstract The environment females experience dur-

ing sexual maturation can have cascading effects on

offspring. For free-swimming populations of wild fish,

ecological factors including predation and competi-

tion are known to alter offspring phenotype. For wild-

caught fish targeted for stock enhancement, logistical

factors, such as the widespread practice of holding fish

in captivity/confinement, also have the potential to

modify offspring phenotype. Understanding how

maternal captivity affects offspring, in comparison to

offspring reared from fish that have matured in the

wild, is an important but relatively understudied aspect

of fish culture. We examined egg and offspring traits

for wild-caught female sockeye salmon reared in

captivity during the final stages of sexual maturation or

captured on spawning grounds following in-river mat-

uration. Compared to females that matured in-river,

captive females had smaller eggs and offspring in poorer

body condition. These same offspring did however

swim for longer durations. These results suggest that

maternal captivity prior to spawning elicits intergener-

ational phenotypic change. Whether captivity-induced

maternal effects are maladaptive/reduce offspring fit-

ness will be dependent upon the environment in which

offspring are being released into (e.g. captive or wild).

Intergenerational effects of short-term captivity of wild

fish may be a contributing mechanism mediating the

success of fisheries supplementation programmes.

Keywords Cortisol � Egg � Fish � Intergenerational
effects � Swimming � Stress

Introduction

In fish, the extent to which the maternal environment

modifies reproductive investment and offspring phe-

notype is considered to be significant. Most commonly

examined is the influence of extrinsic factors experi-

enced during adulthood on progeny. Exposure of

adult, female fish to predators (Roche et al., 2012;

Mommer & Bell, 2014), conspecific competition

(McCormick, 2006), and difficult migration condi-

tions (Braun et al., 2013; Sopinka et al., 2013) is
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known to impact egg/embryo metrics (e.g. size,

hormone concentration, gene expression) and/or off-

spring performance (e.g. survival, swimming capacity,

learning). Handling stressors associated with hus-

bandry of adult, female fish also impact egg traits (e.g.

size, Campbell et al., 1994; hormone concentration,

Stratholt et al., 1997) and offspring parameters (e.g.

aggression, Eaton et al., 2015). Short-term captivity of

wild-caught fish for experimental study or supportive

breeding programmes is another factor that could have

cross-generational effects. Forced captivity may be

especially challenging for migratory species that are

intercepted en route to their spawning grounds while

simultaneously undergoing reproductive maturation

(e.g. Pacific salmonids, Oncorhynchus spp.). Indeed,

captivity is a pervasive stressor; fish (and other

vertebrates, Baker et al., 2013) held under captive/con-

fined conditions demonstrate physiological and beha-

vioural signatures of stress (i.e. activation of the

hypothalamic–pituitary–interrenal axis; reviewed in

Portz et al., 2006). Domesticated species may demon-

strate adaptations to captivity due to selection of traits

over multiple generations (e.g. low stress reactivity in

rainbow trout Oncorhynchus mykiss [Walbaum,

1792], Pottinger & Carrick, 1999). In contrast, wild-

caught females are unfamiliar with such conditions,

potentially increasing the likelihood of effects of

maternally derived stress on offspring.

Generally, fish held in captivity demonstrate some

degree of physiological acclimation, but latent effects

on reproductive and offspring parameters are rarely

investigated tandem to non-captive fish. Concentra-

tions of traditional stress-related variables measured in

plasma (e.g. cortisol, ions) of wild-caught fish follow-

ing short-term captivity (e.g. less than a month) do

recover to pre-captivity concentrations (e.g. Pankhurst

& Sharples, 1992; Marçalo et al., 2008; Murchie et al.,

2009). Acclimation is also possible for longer-term

holdings. Titres of stress variables (e.g. whole-blood

lactate, plasma electrolytes) in spiny dogfish Squalus

acanthias (Linnaeus, 1758) held for 30 days appeared

to recover to levels measured in dogfish prior to

transfer to captivity (Mandelman & Farrington, 2007).

However, reproductive indicators of stress may not

return to resting levels and/or permanent reproductive

impairment may occur. For example, even though

cortisol levels suggested acclimation, red gurnard

Chelidonichthys kumu (G. Cuvier, 1829) females

sampled after 3 days of confinement had depressed

estradiol levels and showed signs of follicular atresia

(Clearwater & Pankhurst, 1997). Thus, depending on

the duration of captivity, in addition to other biotic and

abiotic factors (e.g. water quality, density/competi-

tion; Portz et al., 2006), holding wild-caught, sexually

maturing adults in captivity for the purposes of

enhancement (e.g. hatcheries) may have inadvertent

consequences (e.g. reduced offspring size/survival,

Faleiro & Narciso, 2013). To date, researchers have

comprehensively assessed the biological effects of

captivity within a generation, but knowledge of how

maternal exposure to a captivity stressor affects

progeny is limited.

The captive propagation of fish, in particular

salmonids, is a topic in aquatic sciences that receives

considerable attention. There is continual discussion

and debate regarding the ecological effects of hatchery

propagated fish on wild populations and the efficacy of

enhancement programmes meeting conservation and

fishery goals (Hilborn & Winton, 1993; Molony et al.,

2003; Naish et al., 2007). There is substantial literature

on how captive/hatchery rearing of juveniles generates

phenotypes not well suited for survival in the wild [e.g.

impaired foraging (Ellis et al., 2002) and predator

avoidance (Alvarez & Nicieza, 2003)], with evidence

suggesting this selection can manifest in a single

generation (Christie et al., 2012). Seldom investigated,

however, is how captivity of wild-caught broodstock

females prior to spawning may generate phenotypic

change in offspring. The Fisheries and Oceans

Canada’s Salmonid Enhancement Program operates

over a dozen hatcheries throughout British Columbia

with a primary objective to ‘‘directly provide harvest

opportunities for all sectors (commercial, recreational

and First Nations),’’ of fisheries (Fisheries and Oceans

Canada, 2015). The hatcheries are situated around

historical spawning areas to ensure capture of adults

homing back to their natal freshwater rivers to spawn

(Groot & Margolis, 1991). Common methods for

gamete collection are to sample returning adults that

have swam back to the hatcheries or collect gametes

from individuals captured streamside. In addition,

captured individuals from the river are sometimes

transported back to the hatchery and typically held in

concrete raceways for weeks to months, depending on

species, until fish are sexually mature and gametes are

collected. This latter method is less common but

geographically widespread in British Columbia and

used for 5 of the 7 species of salmonids that are
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cultured within the province. In-river capture and

subsequent holding is done for a number of reasons:

(1) access to fish once they reach spawning grounds

can be logistically difficult, especially for populations

that spawn deep in lakes, (2) capture techniques used

for spawning fish (e.g. beach seine) may disturb

spawning habitat, (3) collecting enough spawn-ready

individuals in the wild at a given time can cause undue

stress on captured individuals that are not yet mature,

and (4) captivity affords rearing adults in cooler water,

which may reduce progression of diseases associated

with premature mortality in certain systems (e.g.

Cultus Lake sockeye salmon, Oncorhynchus nerka

[Walbaum, 1792], Bradford et al., 2010). Previous

research has demonstrated that wild adult sockeye

salmon held in captivity for *30 days prior to

spawning produce offspring with lower embryonic

survival compared to sockeye salmon that matured in-

river and migrated to natal spawning grounds (Patter-

son et al., 2004a). It is thus possible that exposure of

broodstock to short-term captivity during final repro-

ductive maturation could cause maternal stress, with

ensuing effects on offspring phenotype.

We investigated how captivity of migratory sock-

eye salmon (O. nerka) during the final weeks of sexual

maturation affected gametic traits and offspring per-

formance. Egg size, embryonic survival, and offspring

body size/condition and swimming capacity were

examined for female sockeye salmon that matured in-

river, and females intercepted during late vitellogen-

esis and held in captivity for *6 weeks. We hypoth-

esized that captivity of females would be a chronic

stressor. Female fish chronically exposed to stressors

produce smaller eggs, and smaller offspring with

reduced survival (Campbell et al., 1994), as well as

offspring with impaired performance (e.g. learning,

Roche et al., 2012; Eaton et al., 2015; predator

avoidance, McGhee et al., 2012). Egg size dictates

offspring size, with larger body size endowing

survival benefits to offspring (Brooks et al., 1997).

For example, larger coho salmon Oncorhynchus

kisutch (Walbaum, 1792) fry swim faster and have

lower predation rates compared to smaller fry (Taylor

& McPhail, 1985). Burst swimming ability is an

ecologically relevant trait for hatchery propagated

salmonid offspring to be released to the wild as fry.

Among species of Pacific salmon, fry must migrate to

either freshwater or estuarine rearing areas. While

inhabiting rearing areas (for weeks to years, depending

on species) fry must forage and avoid predators in

order to grow and survive to the transitional phase of

smoltification (i.e. physiological and behavioural

changes that adapt juveniles to a saltwater environ-

ment; Groot & Margolis, 1991). Compromised swim-

ming ability could thus compromise efficient

foraging/growth and successful predator evasion of

offspring, which if widespread within a released

cohort of fry could compromise enhancement efforts.

Accordingly, we predicted that, in comparison to

females that matured in-river, gametic quality and

offspring performance would be reduced in females

held in captivity (i.e. reduced egg size, embryonic

survival, offspring body condition and swimming

capacity). Given that maternal stressor exposure

increases egg/ovarian cortisol (Stratholt et al., 1997;

McCormick, 2006; Sierra-Flores et al., 2015), we also

predicted that egg cortisol concentrations would be

higher in captive females, and that this elevated

hormonal deposition could act as a maternally derived

signal of stress mediating phenotypic change in

offspring (Meylan et al., 2012).

Methods

Adult holding and offspring rearing

For a detailed description of adult salmon collection

and holding, see Sopinka et al. (2014). Captive-held

adult salmon and their offspring described in this study

are the ‘‘Control’’ salmon and their offspring described

in Sopinka et al. (2014). Approximately 6 weeks

before historical peak spawning (which occurs mid-

November), wild, adult sockeye salmon were caught

via beach seine from the Harrison River (49�1705N,
121�54027W), a main tributary of the Fraser River in

British Columbia, Canada. Harrison River sockeye

salmon enter the Fraser River in late summer and

migrate *100 km upstream in the Fraser River prior

to entering the Harrison River. Adults then migrate up

the Harrison River and hold either in the river or

further upstream in Harrison Lake before returning

downstream to spawn in the river in mid-November

(Robinson et al., 2015). Seined adult fish were

transported 60 km to the Fisheries and Oceans Canada

(DFO) Cultus Lake Salmon Research Laboratory and

held in five 10,000 l tanks (mixed-sex groups of 26–30

fish; 14–26 females and 4–12 males). Tanks were left
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undisturbed until fish were ripe (indicated by release

of eggs/milt following application of gentle pressure

to the abdomen), which coincided with historical peak

spawning of Harrison River sockeye salmon (mid-

November). Timing of ovulation was staggered. After

37 days in captivity (November 8), n = 11 males and

n = 11 females were ripe and gametes were collected

following euthanization by cerebral percussion. After

42 days in captivity (November 13) n = 7 males and

n = 7 females were ripe and gametes were collected

as above. Female body mass and fork length were

measured to the nearest 0.01 kg and 0.1 cm, respec-

tively. Ovary mass was measured to the nearest g.

Mass per egg was measured to the nearest 0.001 g

based on three replicates of ten eggs from each female,

wet and after drying for 48 h at 60�C. Egg cortisol

concentration was also determined for each female

using enzyme immunoassay (EIA; Neogen, http://

www.neogen.com) following Sopinka et al. (2014,

2015). Gametic and morphological traits (body mass,

fork length, ovary mass) were also measured for 20

female adult sockeye salmon (November 9) that had

matured in-river and migrated to spawning areas in

the Harrison River. These salmon were collected via

beach seine at the same location in the Harrison River

from which the females that were held captive were

collected. Milt was taken from 20 male sockeye sal-

mon that had also migrated to spawning areas. All

gametes were brought to the University of British

Columbia (*2 h in transit) and following Sopinka

et al. (2014), fertilized in triplicate to produce 3

replicates of full-sibling families (i.e. each female was

paired once with a male). Per replicate, 15 g of eggs

(*80–100 eggs) from 18 captive females were fertil-

ized with sperm from captive males, and eggs from 20

natural migrant femaleswere fertilizedwith sperm from

natural migrant males. Fertilized eggs, separated by

family and replicate, were incubated in Heath

trays until emergence (full yolk-sac absorption). Daily

mean (±SD) water temperature in the Heath trays was

maintained at 8.4 ± 1.0�C. Dead eggs/embryos were

removed and stored in Stockard’s solution (5%

formaldehyde, 4%glacial acetic acid, 6%glycerin, 85%

water) to determine fertilization. At emergence, off-

spring (families pooled) reared from captive and natural

migrant females were each transferred to a 1000-l flow-

through trough supplied with local municipal water.

Laboratory photoperiod was adjusted as necessary to

mirror the natural photoperiod at latitude 49�180N.

Water temperature in rearing troughs ranged from 6 to

11�C on account of natural fluctuations in municipal

water. Offspring were fed powdered fishmeal (EWOS

Canada; http://www.ewos.com) ad libitum twice daily

until 24 h before burst swimming trials.

Offspring burst swimming capacity

For a detailed description of burst swimming trials, see

Sopinka et al. (2013, 2014). Approximately 1 month

post-emergence, fish (n = 100 offspring reared from

captive females, n = 100 offspring reared from natural

migrant females) were randomly selected from their

rearing trough and placed singly in a sectioned area of a

flume with fixed water speed of 25 cm/s which equated

to 8–8.5 fork lengths per s (mean ± SE, fork length;

2.94 ± 0.01 and 3.06 ± 0.01 cm for offspring reared

fromcaptive and naturalmigrant females, respectively).

The front of the flume was shaded and the back section

of the flume illuminated to motivate fish to swim

forward. Fish were removed from the back of the swim

flume upon exhaustion (defined as no movement

following 3 probes with a blunt instrument) and

euthanized with a lethal dose of tricaine methane-

sulphonate (MS-222, Sigma; www.sigmaaldrich.com).

Body mass was then measured to the nearest 0.001 g

and fork length to the nearest 0.01 cm. Swim trials were

recorded with a digital camera (Canon EOS Rebel T3i;

www.canon.com) and burst swimming duration was

assessed from recorded videos. Burst swimming dura-

tion was defined as the total duration (in s) a fish was

swimming forward in the sectioned area of the flume.

Failure to swim (non-swimmers) was assigned to indi-

viduals that did not initiate swimming after 3 probes

with a blunt instrument. Whether a fish swam continu-

ously prior to exhaustion (i.e. a single swimming bout)

or re-initiated swimming after falling to the back of the

flume (i.e. swam multiple bouts) was also assessed.

Statistical analyses

Adult and offspring body condition was calculated as

follows: (body mass/fork length3) 9 100%. Female

body length, bodymass and body condition, egg cortisol

concentration and offspring burst swimming duration

were normalized to meet the assumptions of normality

and homogeneity of variance required for use of

parametric statistics. To test for differences in ovary

mass, wet egg mass, and dry egg mass between captive
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and natural migrant females, linear mixed models were

used with maternal experience (captive versus natural

migrant) as a fixed effect, female ID as a random effect

and female fork length as a covariate. Linear mixed

models with maternal treatment as a fixed effect and

female ID as a random effect were used to assess

differences in fertilization success and offspring sur-

vival to emergence between captive and natural migrant

females. Student’s t-testswereused to assess differences

in adult bodymass, fork length and body condition, and

egg cortisol concentration between captive and natural

migrant females. To control for Type 1 errors, a

Bonferroni correction was applied and a significant

P value formaternal effects on the aforementioned traits

was taken to be P\ 0.01. A Student’s t-test was also

used to assess maternal-level differences in offspring

body condition. Chi-squared tests were used to deter-

mine maternal effects on swim failure and swimming

bout number. Since body condition positively correlated

with burst swimming duration (Pearson correlation,

r2 = 0.12, n = 181, P\ 0.0001), an ANCOVA was

used to examine maternal effects on burst swimming

duration with maternal experience (captive versus

natural migrant) as a fixed effect and offspring body

condition as a covariate. Non-significant interactions

(P[ 0.05) were removed from statistical models.

Results

Data reported for captive females and their offspring

have been reported previously in Sopinka et al. (2014).

Adult gametic and morphological traits

Compared to natural migrant females sampled on

spawning grounds, captive females had smaller eggs;

however, overall ovary mass did not vary between

maternal groups (Table 1). Egg cortisol concentration

did not differ between captive and natural migrant

females (Table 1). Female body mass, fork length,

body condition, fertilization success and offspring

survival to emergence also did not vary between

captive and natural migrant females (Table 1).

Offspring condition and swimming capacity

Compared to offspring reared from natural migrant

females, offspring reared from captive females were in

poorer body condition 1-month post-emergence

(Student’s t-test, t = 8.38, n = 200, P\ 0.0001,

Table 2). Offspring reared from captive females were

just as likely to fail to swim as offspring reared from

natural migrant females (Chi-squared test: v2 = 2.91,

n = 200, P = 0.09, Table 2). Offspring reared from

natural migrant females swam for less time overall

compared tooffspring reared fromcaptive females, after

controlling for body condition (ANCOVA, maternal

experience: F1,178 = 31.09, P\ 0.0001; body condi-

tion: F1,178 = 55.66, P\ 0.0001, Table 2). Thirty

percent of offspring reared from captive females (26/

87) swam one continuous bout before exhaustion

compared to 45% (42/94) of offspring reared from

natural migrants (v2 = 4.25, n = 181, P = 0.04,

Table 2). The mode number of swimming bouts was 2

and 1, for offspring reared from captive (28/87 individ-

uals swam two bouts) and natural migrant females (42/

94 individuals swam one bout), respectively.

Discussion

Variation in maternal experience of adult sockeye

salmon prior to spawning resulted in variation in

gametic and offspring traits. In line with our predic-

tions, females held in captivity for 6 weeks had

smaller eggs and produced offspring with reduced

body condition, compared to females that matured in-

river. Reductions in body size have implications with

aspects of foraging success (e.g. mouth gape, Wan-

kowski, 1979; prey size, Keeley & Grant, 2001). For

stock enhancement purposes, size differences in

juvenile fish can be mediated prior to release by ad-

justing feed quality and feeding regime. However,

higher quality feed and/or increased frequency of

feeding may result in increased operational costs.

Interestingly, and contrary to our prediction, swim-

ming endurance was superior in offspring reared from

captive females, suggesting superior predator avoid-

ance (Taylor & McPhail, 1985). Offspring that can

swim for longer durations before exhaustion may be

able to evade predation more effectively compared to

offspring that swim for shorter durations before

exhaustion. If juveniles reared from captive females

are being released into the wild for stock enhance-

ment, changes in progeny size and swimming stamina

could affect survival and thus, effectiveness of the
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programme. However, without direct (e.g. reproduc-

tive success) or indirect correlates (e.g. growth) of

fitness, the adaptive potential of longer swimming

duration remains speculative. Still, it is noteworthy to

stock enhancement practitioners that, in addition to

juvenile rearing environment altering phenotype

(Johnsson et al., 2014), holding maturing adults in

captivity for an extended duration can also alter the

phenotype of offspring.

The mechanism by which offspring in poorer

condition can swim longer durations is not known.

As fry were tested at swim speeds that would utilize

Table 1 Gametic and morphological traits of female sockeye salmon (O. nerka) held in captivity during final stages of sexual

maturation (captive/C) or collected on spawning grounds following maturation in river (natural migrant/NM)

Trait Maternal experience n Mean ± SE (range) t/F, P value

Body mass (kg) C 18 2.38 ± 0.09

(1.28–2.88)

t = 1.33,

P = 0.19

NM 20 2.54 ± 0.07

(2.12–3.38)

Fork length (cm) C 18 59.5 ± 0.7

(50.2–63.8)

t = 0.54,

P = 0.59

NM 20 60.1 ± 0.5

(54.3–63.8)

Body condition C 18 1.12 ± 0.02

(1.01–1.32)

t = -1.48

P = 0.15

NM 20 1.17 ± 0.03

(1.00–1.53)

Ovary mass (kg) C 18 0.55 ± 0.02

(0.39–0.72)

F1,35 = 0.26,

P = 0.61

NM 20 0.54 ± 0.03

(0.28–0.77)

Wet egg mass (g) C 18 0.155 ± 0.004

(0.119–0.190)

F1,35 = 32.07,

P\ 0.0001

NM 20 0.183 ± 0.004

(0.157–0.209)

Dry egg mass (g) C 18 0.063 ± 0.002

(0.050–0.072)

F1,35 = 18.74,

P = 0.0001

NM 20 0.071 ± 0.001

(0.059–0.082)

Egg cortisol (ng/g) C 17 11.6 ± 1.7

(3.2–28.3)

t = -1.42,

P = 0.16

NM 20 8.7 ± 1.4

(2.7–32.8)

Fertilization success (%) C 18 82.3 ± 4.3

(28.4–98.6)

F1,36 = 0.08,

P = 0.77

NM 20 86.2 ± 2.6

(51.5–97.0)

Offspring survival to emergence (%) C 18 76.2 ± 6.5

(8.7–97.5)

F1,36 = 2.61,

P = 0.12

NM 20 88.2 ± 4.6

(4.3–99.1)
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anaerobic metabolism (i.e.[4 body lengths/second;

Brett, 1964), variation in the activity of anaerobic

metabolic enzymes between offspring of captive and

natural migrant females could account for the

observed differences in swimming. Populations of

sockeye salmon that vary in the difficulty of the

migration fry embark on to reach rearing areas also

vary in activity of lactate dehydrogenase (LDH), an

enzyme involved in anaerobic glycolysis (Patterson

et al., 2004b). The population whereby fry swim

upstream to rearing areas had higher activity levels of

LDH compared to fry from a population that swim

downstream (Patterson et al., 2004b). Indeed, Sopinka

et al. (2013) found that sockeye salmon fry from the

upstream-migrating population swam for longer dura-

tions than the downstream-migrating population.

Linking metabolic and swimming metrics can delin-

eate mechanisms underlying performance, but what

mechanisms underlie the observed intergenerational

effects?

The mechanisms driving maternally mediated off-

spring change are generally associated with the egg for

oviparous taxa. For example, size of the egg is an

important predictor of overall offspring quality.

Indeed, smaller eggs of captive female sockeye

salmon resulted in smaller emergent offspring. How-

ever, controlling for differences in progeny body

condition between captive and natural migrant

females, swimming performance still varied. Hor-

mone titres of eggs are also coupled with the

phenotype of offspring. As we hypothesized that

captivity would be a stressor for sexually maturing,

migratory sockeye salmon, we were interested in the

concentration of glucocorticoids (cortisol) in eggs.

Experimental elevations in egg glucocorticoids are

linked with altered offspring performance in fish (e.g.

dominance/boldness, Sopinka et al., 2015), birds (e.g.

begging, Love & Williams, 2008) and reptiles (e.g.

predator avoidance, Uller & Olsson, 2006). However,

egg cortisol concentration did not vary between

captive and natural migrant female sockeye salmon.

Thus, other components of the egg such as thyroid or

sex steroid hormones (de Jesus & Hirano, 1992) or

microRNA (Ma et al., 2015) may be causing the

observed differences in offspring. Epigenetic pro-

gramming is an established mechanism of intergener-

ational change in mammals (reviewed in Dunn et al.,

2011), and emerging as a candidate mechanism in

oviparous taxa as well (Lindqvist et al., 2007; Li &

Leatherland, 2013). Continued exploration and

methodological refinement of assessing changes to

gamete and offspring epigenome in fish is warranted.

Why maternal captivity would influence offspring

swimming (and potentially anaerobic) capacity is not

clear. The females held in captivity were left undis-

turbed in the tanks they were enclosed in. Females that

were held in captivity but exposed daily to a chase

stressor produced fry with reduced swimming duration

compared to fry from the undisturbed, captive females

in this study (Sopinka et al., 2014). The differences in

fry burst swimming observed in Sopinka et al. (2014)

were also not attributable to differences in egg

cortisol. This finding suggests that maternal exposure

to an experimental stressor, while in captivity, causes a

reduction in this aspect of offspring swimming

performance, corroborating the predominant hypoth-

esis across taxa that maternal stressor exposure

compromises offspring quality. Interestingly, the

Table 2 Body and swimming performance metrics for emergent sockeye salmon (O. nerka) offspring reared from captive females

and females that naturally migrated to spawning grounds (natural migrant)

Offspring trait

Body mass (g) Body

length (cm)

Body

condition

Non-

swimmers

Swimming

duration (s)

Single,

continuous bout

Reared from captive female

n = 100

0.175 ± 0.004 2.94 ± 0.01 6.81 ± 0.07 13/100 (13%) 91.8 ± 4.6 26/87 (30%)

Reared from natural migrant

n = 100

0.223 ± 0.004 3.06 ± 0.01 7.68 ± 0.08 6/100 (6%) 53.2 ± 4.4 42/94 (45%)

Mean ± SE body mass, length and condition, and swimming duration (adjusted for body condition) are presented. Non-swimmers

were fish that failed to initiate swimming in the flume after three probes with a blunt instrument. Burst swimming duration was

defined as the total duration a fish was swimming forward in the sectioned area of the flume. Fish that swam continuously prior to

exhaustion were categorized as fish that had swam a single, continuous bout. See ‘‘Methods’’ section for further details
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mean swimming duration of fry from captive females

exposed to the stressor (controlling for body condition,

48 s) is comparable to that of fry from natural migrant

females (53 s, Table 2). This finding suggests that

female responses (i.e. maternal effects on offspring

phenotype) to extrinsic factors in the wild and a

captive environment coupled with an experimental

stressor are similar. Together, these results illustrate

that the intergenerational effects of maternal experi-

ence are complex; offspring traits vary according to

whether females mature in captivity, while exposed to

an experimental stressor, or in the wild (and theoret-

ically exposed to ecological stressors such as preda-

tion and territory competition).

Although egg size and offspring size were reduced

in captive females, embryonic survival did not vary

between captive and natural migrant females, contrary

to our prediction. Our results differ from Patterson

et al. (2004a), who did not observe reduced mass of

eggs or emergent offspring for captive females but did

observe reduced embryonic survival. Populations of

salmon differed between the studies; Patterson et al.

(2004a) intercepted Early Stuart sockeye salmon at

entry to the Fraser River mid-July; salmon from this

population migrate over 1000 km from river entry

in *30 days to reach spawning grounds. This study

intercepted Harrison River sockeye salmon mid-

September once fish had completed their *100 km

migration. Embryonic incubation conditions also

varied. Patterson et al. (2004a) incubated embryos

from captive females in Heath stacks similar to this

study but embryos from natural migrant females were

reared in the spawning ground gravel. Accordingly,

inherent variation in reproductive timing and egg size

between populations (Crossin et al., 2004), and

differences in incubation conditions could account

for the contrasting results between these two studies.

Collectively, the results of this study emphasize

that short-term captivity (i.e. less than 2 months)

during sexual maturation of wild-caught fish can affect

both gametes and progeny. Future studies incorporat-

ing multiple durations of captivity can be used to

identify intervals of time that minimize the magnitude

of intergenerational effects of captivity. Appreciating

these inherent effects of animal holding, and incorpo-

rating comparisons of both captive and wild fish into

experimental design, can enrich our understanding of

reproductive and intergenerational processes (Lam-

bert & Thorsen, 2003).
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