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The environment under which fish are maintained as broodstock before 

reproduction is often stressful; however, the impact of stress on broodstock and gamete 

quality is not well known. We investigated the effects of stress over the final stages (i.e. 

the 3 months preceding ovulation) of sexual maturation of female rainbow trout, 

Oncorhynchus mykiss, on their reproductive performance and physiology and that of their 

progeny. Stress was administered over the period of early vitellogenesis (one and a half 

months), late vitellogenesis-final maturation (one and a half months), or during both 

periods (three months). Each stress treatment and control was triplicated with eight 

females in each replicate (n=24 fish per treatment). The eggs and progeny of each female 

were kept separate and observations made for four months after transfer to rearing tanks. 

Cortisol levels were measured in plasma, ovarian fluid and eggs by radioimmunoassay. 

Fish that experienced stress during final maturation and those that were under stress 

during the whole experiment spawned on average two weeks earlier than the control 

group. In contrast, fish stressed during the period of early vitellogenesis spawned at the 

same time as the controls. Absolute fecundity and fertilization were not significantly 

affected in any treatment group; however, significant differences were found in relative 
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fecundity. Stress applied early in vitellogenesis resulted in smaller eggs and swim-up fry; 

but, these differences were not found in juveniles 8 weeks after hatching. Furthermore, 

we found no differences in survival of the progeny or resistance to the fish pathogen 

Vibrio anguillarum. Circulating levels of cortisol were high at ovulation in all groups, 

but significantly less cortisol was observed in the ovarian fluid and eggs. Sex hormone 

concentrations were high in plasma; however, they were several orders of magnitude 

lower in the ovarian fluid. These differences were not as extreme as those observed for 

cortisol. Lower levels of cortisol and sex steroids in ovarian fluid and eggs compared to 

that which is available from plasma suggests that there is a mechanism by which the 

female protects the eggs from potentially deleterious effects of prolonged exposure to 

elevated concentrations of steroids. 
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Effects of Stress on the Reproductive Performance and Physiology of Rainbow Trout 
(Oncorhynchus mykiss) 

INTRODUCTION 

This master's thesis consists of two chapters. Chapter 1, entitled "Effects of 

repeated, acute stress on the reproductive performance of rainbow trout (Oncorhynchus 

mykiss)," describes the effects of stress at different times during maturation on 

broodstock and gamete quality, as well as the performance of the progeny produced by 

the experimental fish in the form of hatching time, survival, juvenile growth, and 

resistance to the bacterium Vibrio anguillarum. The effects of repeated stress on rainbow 

trout reproduction and gamete quality varied depending on when the female was stressed 

during maturation. Repeated stress significantly affected reproductive traits such as time 

of spawning, relative fecundity, egg and swim-up fry size. 

Chapter 2, entitled "Effects of stress on the concentrations of cortisol and sex 

steroids in plasma, ovarian fluid, and eggs of rainbow trout (Oncorhynchus mykiss)," 

describes concentrations of cortisol, estradiol, testosterone and 17a, 2013-dihydroxy-4

pregnen-3-one in plasma, ovarian fluid and eggs. This study showed that repeated acute 

stresses during the last months of maturation of female rainbow trout do not affect 

concentrations in the eggs of either the stress hormone cortisol nor those of the sex 

steroids. Maturing female rainbow trout were able to minimize the stress response and 

prevent the potentially harmful effects of cortisol accumulation in ovarian fluid and eggs. 
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ABSTRACT 

We investigated the effects of stress over the final stages of sexual maturation on 

the reproductive performance of female rainbow trout, Oncorhynchus mykiss. Stress was 

administered over the period of early vitellogenesis (one and a half months), late 

vitellogenesis-final maturation (one and a half months), or during both periods (three 

months). Each stress treatment and control was triplicated with eight females in each 

replicate (n=24 fish per treatment). The eggs and progeny of each female were kept 

separate and observations made for four months after transfer to rearing tanks. Fish that 

experienced stress during final maturation and those that were under stress during the 

whole experiment spawned on average two weeks earlier than the control group. In 

contrast, fish stressed during the period of early vitellogenesis spawned at the same time 

as the controls. Absolute fecundity and fertilization were not significantly affected in any 

treatment group, but significant differences were found on relative fecundity. Stress 

applied early in vitellogenesis resulted in smaller eggs and swim-up fry. No significant 

differences were found in juvenile weight 8 weeks after hatching. Furthermore, we found 

no differences in survival of the progeny or resistance to the fish pathogen Vibrio 

anguillarum. 
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INTRODUCTION
 

Successful production in aquaculture depends on high gamete quality and progeny 

performance (Bromage, 1995). Number of eggs spawned, egg size, egg mortality, size of 

fingerlings, and percent of fingerling mortality are considered attributes with high relative 

value when selecting broodstocks (Leitritz and Lewis, 1980). Despite the need for high 

quality gametes, the environment under which the broodstocks are maintained before 

reproduction is often stressful (Billard et al., 1981). Common practices in hatcheries 

such as transportation, handling, cleaning, crowding, use of chemicals, and problems with 

water quality are stressors that may negatively influence reproduction (Billard et al., 

1981; Bromage, 1995). However, little information has been generated to determine if 

this potential is realized. 

It has been suggested that chronic and acute environmental stress can adversely 

affect the reproductive system of fish (Pottinger and Pickering, 1990), and that gamete 

quality can be adversely affected by stressful conditions (Campbell et al., 1992; 1994). 

Studies on the effects of stress on the overall reproductive success of rainbow trout 

(Oncorhynchus mykiss) and brown trout (Salmo trutta) suggested that exposure to 

repeated acute stress or chronic confinement may cause a consistent reduction in egg size 

and lower survival rates (Campbell et al., 1992 and 1994). However, critical stages 

during maturation when broodstock may be more susceptible to stress have not been 

defined. 
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Successful broodstock management requires husbandry practices that optimize 

egg quality and progeny performance (Bromage, 1995). Vitellogenesis constitutes a key 

process in maturation during which females most commit vast amounts of energy to 

gamete growth (Tyler et al., 1990). Therefore, stress during part or all of vitellogenesis 

may compromise reproduction by diverting energy away from reproduction towards 

coping with the stressor. Research on the effect of stress on the reproduction of fish may 

lead to the development of culture practices that minimize adverse effects of stress and 

enhance the production of high quality gametes and progeny with the subsequent 

commercial and ecological benefits. The objective of this study was to determine if 

repeated, acute stresses applied to broodstock during exogenous vitellogenesis, final 

maturation, or throughout vitellogenesis and final maturation affect ovulation time, egg 

size, fecundity, fertilization, hatching time, larval growth rate, and juvenile disease 

resistance of rainbow trout. 

MATERIALS AND METHODS 

Fish rearing 

Studies were conducted at the Oregon State University's Fish Performance and 

Genetics Laboratory, Corvallis, Oregon. Ninety-six 2-year old rainbow trout females 

(Shasta strain) were randomly distributed among twelve 350-liter indoor fiberglass tanks 

at a density of eight fish per tank supplied with constant flow of underground water at 
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12.5 ± 1°C. One 3-year old male was randomly assigned to each tank. Fish were placed 

into the tanks two months before starting the experiment for acclimation, promotion of 

growth, and maturation. All fish were fed daily with commercial feed (Biodiet brood, 

BioproductsTM) at approximately 3% body weight divided in three rations per day. For 

individual identification, fish were individually tagged with passive integrated 

transponder (PIT) tags. 

Experimental design 

Experimental groups consisted of three replicates each with eight females and one 

male per tank (i.e., totaling 24 females per treatment). Although the focus of this study 

was on the effects of stress on eggs, males were included in the tanks to simulate hatchery 

conditions and to contribute potential chemical cues necessary for maturation. The 

timing and expected stages of egg development were selected by following the ovarian 

development chart of Bromage and Cumaranatunga (1988) and the sequential changes in 

plasma vitellogenin proposed by Bromage et al. (1982). Each group was randomly 

assigned to a particular stressful condition, as described below: 

Vitellogenic or early stress group: fish stressed during 45 days of the exogenous 

vitellogenesis process (expected egg stages 5 and 6, starting September 1); Final 

maturation or late stress group: fish stressed during 45 days of late maturation (expected 

egg stages 6 and 7, starting October 16); Whole period group: fish stressed during 90 
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days of exogenous vitellogenesis and late maturation (expected egg stages 5, 6 and 7, 

starting September 1); and Control group: fish held without stress. 

Since there was no particular interest in this study to evaluate the effect of a 

specific stressor, different stressful agents were employed to prevent habituation to a 

particular one. Crowding (two-fold increase in density by decreasing water volume in 

tank for 15 minutes), tank draining (dorsal region of the fish exposed for 5 minutes to the 

air by draining the tank), netting (fish chased with a dip net in the tank for 5 minutes), 

and noise (pipe banging against tank for 5 minutes) were randomly assigned daily for five 

days a week. The time of the day (morning, noon, and evening) was randomly selected to 

avoid acclimation to the stressor (Campbell et al., 1992). Feeding was not suspended nor 

changed during the treatment period. In each treatment all the fish in one of the replicates 

were bled at days 15, 45, and 60, for studying stress responses and sex steroids profiles 

(see chapter 2 for details). 

Gamete collection and sampling 

Fish were checked for ripeness once a week during the expected ovulation period 

beginning November 30, 1994. One assessment per week was considered to be within 

the limits for avoiding deleterious effects on the quality of the eggs caused by 

overripening (Craik and Harvey, 1984; Springate et al., 1984) and to avoid excessive 

stressful situations in the control group. Fish were anesthetized by draining 50% of the 

water in the tanks and immediately treating with 50 mg per liter of buffered 
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aminobenzoate methanesulfonate (MS - 222). Females were checked for ovulation by 

applying gentle pressure to the abdomen. Non-ovulated fish were returned to the tanks 

and kept under the respective treatment regime. Eggs and ovarian fluid were obtained by 

applying gentle pressure to abdomen of ovulated females. 

Fertilization and incubation 

To assure that significant results were attributable to the effect of stress on the 

females, eggs from individual females were fertilized with pooled sperm from stock 

males reared in large tanks. Pooled sperm (1 ml) was added and the gametes were gently 

mixed. Water was added to the gametes which were mixed, held for 2 minutes, then 

rinsed and held for an additional 5 minutes. Eggs of each female were incubated at a 

constant water temperature of 12.5 °C in compartmentalized vertical flow incubation 

trays, and kept separated from other batches of eggs. Fertilization was checked by 

clearing eggs at 5 days post-fertilization (dpf). Fry and swim-up fry weight were 

measured at 10 and 17 days post-hatching (dph), respectively. 

Juvenile growth and mortality 

The size of the eggs and swim-up fry was found to be quite variable. We wanted 

to assure that size as a variable was incorporated in the rearing design to get a better 

understanding of the effect of fry size on growth and mortality; therefore, each of the 89 

cohorts obtained was classified as being either small (<0.12 g), medium (>0.12 to 0.14 g), 
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or large (>0.14 g) based on the average egg weight. While it was possible to rear all of 

the fertilized eggs from individual females separately, we only had the hatchery facilities 

to hold 40 separate groups of resulting fry. Therefore, at 17 dph 10 cohorts from the 

early stress group (3 small, 6 medium, 1 large); 11 cohorts from the late stress group (2 

small, 7 medium, 2 large); 9 cohorts from the whole period stress group (3 small, 4 

medium, 2 large); and 10 cohorts from the control group (1 small, 5 medium, 4 large); 

were transferred to rearing tanks into 15-liter indoor fiberglass tanks supplied with 

constant flow of underground water at a density of 100 fish per tank. Which cohort was 

selected for rearing and which of the individual fish within a cohort were selected was 

determined randomly. The proportion of small, medium or large fish per treatment 

transferred to rearing tanks reflected the proportion of these sizes within each stress 

treatment. Fish were fed to satiation with commercial feed (Biodiet grower, 

BioproductTM) three times per day. Growth was monitored two months after the onset of 

exogenous feeding. 

Disease resistance. 

On May 30 (120 dph on average), the juveniles produced by females maintained 

under different stressful conditions were tested for resistance to Vibrio anguillarum at the 

Oregon State University Salmon Disease Laboratory, Corvallis, Oregon. Vibrio 

anguillarum biotype 1-LS1-74 was used for challenges. A preliminary challenge with 
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our fish determined that the fifty percent lethal dose (LD50) was 105 cells ml"' as 

calculated by the method of Reed and Mtiench (1938). 

The Vibrio challenge was conducted in a set of 5 tanks that were treated with the 

bacterium and one that remained unexposed for each of the four stress treatment groups. 

Unexposed tanks were used as controls for the bacteria challenge. From each of the forty 

cohorts reared, twenty progeny each from two females per stress treatment were 

combined and maintained in an individual challenge tank (100-liter indoor fiberglass tank 

supplied with constant water flow at 12.5 °C). The cohorts and individual fish were 

selected randomly. The water volume in the challenge tanks was reduced to 20 liters and 

fish were exposed to 105 bacteria ml-' for one hour, after which the tanks were restored to 

full volume. Mortalities were recorded daily for 14 days and samples from dead fish 

were examined for the presence of the challenge bacterium. 

Reproductive and performance parameters recorded 

Female body weight and fork length were recorded at the beginning of the 

experiment. During stripping of the eggs, body weight, fork length, weight of the eggs 

after draining ovarian fluid, and weight of the ovarian fluid were recorded for each 

female. Female somatic weight was estimated as: whole body weight (eggs + ovarian 

fluid weight). Samples of 30 to 45 eggs per female were each weighed to the nearest 0.01 

g and each egg diameter was measured to the nearest 0.01 mm. Variability in egg weight 

and diameter was estimated by using coefficients of variation. 
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Absolute somatic growth, absolute growth rate, and female condition before and 

at stripping were determined following Busacker et al. (1990). Gonadosomatic index 

(GSI) was estimated, and absolute fecundity determined using the gravimetric method 

(Crim and Glebe, 1990). Relative fecundity was estimated as the number of eggs per 

gram of body weight after stripping. The percentage of fertilized eggs was determined by 

sampling 50 eggs per female at 5 dpf. 

Mean percent of embryos hatched was calculated for each female by counting 

every 8 hours three replicated random samples of hatchlings and embryos inside a 2-inch 

PVC ring sampler. At 10 days post-hatching (dph), individual weights of 40 - 50 fry 

were recorded per female. At yolk sac absorption (17 dph), the mean wet weight of 

swim-up fry was estimated by weighing 5 samples of 20 fish per female. 

The relationship between egg size and fry size, and egg size and mortality was 

determined by correlation analysis. From the fry reared, absolute growth and absolute 

growth rates were determined at weeks 4, 6 and 8 after absorption of the yolk sac by 

individually weighing 25 fish per tank. Embryo and fry mortality in trays were 

monitored twice a week. Eggs and embryos were cleared with a solution containing 

equal parts of acetic acid, formalin, and water. Juvenile mortality was recorded daily. 
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Statistical analysis 

Data were pooled from replicate tanks, and individual fish treated as the 

experimental unit because there was no evidence of tank effects within treatments 

(Nested ANOVA or Kruskall-Wallis analysis of ranks). 

Continuous responses were analyzed using SAS
TM, release 6.10 (SAS Institute 

Inc., Cary NC, USA). A one way analysis of variance (ANOVA) was performed at the 

beginning of the experiment on weight and length to ensure randomization had resulted in 

a similar distribution of fish size throughout all tanks. This analysis showed no 

significant differences between tanks for initial weight (P=0.685) or initial fork length 

(P=0.614). Final weight, length, condition factor, GSI, fecundity, relative fecundity and 

juvenile growth were analyzed by one-way ANOVA, using the general linear models 

procedure. For pairwise comparisons, T tests (protected LSD) were used. When 

rejection of the normal distribution of residuals was obtained (coefficients of variation 

and mortality rates), data were analyzed by Kruskal-Wallis (KW) analysis of rank scores 

using the NPAR1WAY procedure. When significant differences were indicated by KW, 

subsequent pairwise comparisons were conducted using Wilcoxon (W) rank sum. An 

unbalanced two-way ANOVA using type III (adjusted) sums of squares was performed 

for analysis of juvenile growth, with treatment and size category as factors. A 

correlation analysis was performed for determining the relation between egg and fry size, 

and egg size and mortality. The relation between egg and fry size was described by linear 
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regression analysis, and differences between groups for this relation were tested by 

analysis of covariance (ANCOVA). 

Treatment effects on discrete responses (ovulation and hatching times, and fry and 

juvenile mortalities) were analyzed by Kruskal-Wallis test with Monte Carlo p-value 

estimation in StatXactTM, version 2.05 (CYTEL Software Corporation, Cambridge, MA, 

USA). For all analysis, statistically significant differences were considered when the p-

value (P) was less than 0.05. 

RESULTS 

Female condition and spawning 

Initial weight of the females used in the present study ranged from 288.9 to 

1112.3 g with a mean of 757.2 ± 179.3 g. No significant differences between treatments 

were found in female weight, fork length, or condition factor at ovulation (Table 1.1). 

Mean absolute somatic growths at the end of the experiment were -0.98 ± 21.86 for fish 

stressed early in vitellogenesis, 38.98 ± 30.00 for fish stressed late, 2.37 ± 26.20 for fish 

stressed during the whole experiment, and 73.38 ± 24.45 for the controls. These values 

suggest a pattern that was correlated with significant differences in relative fecundity 

(described below); however, somatic growth differences were not statistically significant 

(ANOVA, P = 0.157). 
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Table 1.1. Mean final weight, length and condition factor (± SEM) of female rainbow 
trout exposed to repeated stress at different times during maturation. Number of fish that 
ovulated is given in parentheses. 

Treatment Weight (g) Length (cm) Condition factor 

Early stress (24) 1060.6 ± 63.8 41.4 ± 0.94 1.45 ± 0.03 

Late stress (21) 1031.1 ± 48.9 40.7 ± 0.66 1.51 ± 0.04 

Whole period (24) 1015.5 ± 47.5 40.8 ± 0.65 1.47 ± 0.04 

Control (22) 1096.7 ± 47.4 41.7 ± 0.59 1.48 ± 0.023 
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The first ovulated female was detected on November 30, 1994 and the last one on 

January 11, 1995. Five females (3 in the early stress group and 2 in the control group) 

that did not ovulate were discarded from the analysis since they were found to be 

immature. No inter-replicate differences were found in any of the experimental groups. 

A significant effect of stress on ovulation time was observed (KW, P < 0.001). Fish 

stressed late in maturation and those stressed during the whole experiment ovulated 

earlier than the fish stressed early and the controls (W, P < 0.001 in all comparisons; Fig. 

1.1). No significant differences were found between the two groups that ovulated 

simultaneously (late stress vs. whole time or early stress vs. controls; W, P = 0.805 and 

0.764 respectively). 

Fecundity and fertilization 

The mean GSI (early stress = 20.9 ± 0.8, late stress = 19.9 ± 0.6, whole time 

stress = 21.4 ± 0.9, and controls = 19.8 ± 0.8), and the mean number of eggs produced by 

females (early stress = 2967 ± 182, late stress = 2533 ± 124, whole time = 2734 ± 149, 

and controls = 2593 ± 132) were not affected by the treatments (ANOVA, P = 0.634 and 

0.404 respectively; Fig. 1.2a and 1.2b). Fertilization rates (Fig. 1.2c) did not differ 

among experimental groups (ANOVA, P = 0.846). Mean fertilization rates obtained 

were: 82.6% ± 4.9 for fish stressed early; 79.3% ± 4.1 for fish stressed late; 83.3% ± 2.1 

for fish stressed the whole period; 79.1% ± 4.1 for the controls. 
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Figure 1.1. Effects of repeated, acute stress on ovulation time of female rainbow 
trout stressed early (ES), late (LS), both early and late (WP) during vitellogenesis 
and controls (CO). Each point represents the mean ± SE. Number of fish 
ovulated per treatment is given in parentheses. 
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Figure 1.2. Effects of repeated, acute stress applied early (ES), 
late (LS), both early and late (WP) during vitellogenesis, and 
no stress (CO) on gonadosomatic index (GSI; a), absolute 
fecundity (b), and fertilization (c). Bars represent means (± SE). 
Sample sizes are ES = 21, LS = 24, WP = 24, and CO = 22. 
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Relative fecundity (Fig. 1.3a) was significantly different between treatments 

(ANOVA, P = 0.007). Relative fecundity was higher in fish that were stressed early in 

vitellogenesis or during the whole time than the controls (t test, P = 0.002 and 0.010 

respectively). Fish stressed early had higher relative fecundity than the fish stressed late 

in maturation (t test, P = 0.018) while fish stressed during the whole time did not (t test, P 

= 0.08). The differences in relative fecundity between treatments are further reflected in 

the pattern observed in somatic growth. Although the analysis showed no significant 

differences betwen treatments in somatic growth, there is suggestive evidence that fish 

stressed early and those stressed during the whole time did not grow as much as the 

controls (t test, P = 0.051 and 0.054 respectively) (Fig. 1.3b). Similar results were 

obtained when analyzing absolute growth rates (ANOVA, P = 0.168). 

Egg and fry quality 

The quality of the eggs in terms of mean weight and diameter (Fig. 1.4a and 1.4b) 

was significantly affected when fish were stressed early in vitellogenesis. These fish had 

smaller eggs than the other experimental groups (ANOVA, P = 0.008 for weight and 

0.002 for diameter); however, no significant effects were observed in the late and whole 

time stress groups. At 10 dph, fry weight (Fig. 1.4c) was significantly different 

(ANOVA, P = 0.026). At this time, fry from the group stressed early weighed 

significantly less than those from the control group (t test, P = 0.002); fry weight from the 
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Figure 1.3. Effects of repeated, acute stress applied early (ES), late 
(LS), both early and late (WP) during vitellogenesis, and no stress 
(CO) on relative fecundity (a), and growth rate (b), of female 
rainbow trout (Mean ± SE). Sample size = 21-24 for each 
treatment. P-values (P) are for comparisons against the control 
group. 
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Figure 1.4. Effects of repeated, acute stress applied early (ES), late 
(LS), both early and late (WP) during vitellogenesis, and no stress 
(CO) on egg weight (a), egg diameter (b), fry weight (c), coefficients 
of variation (CV) of egg weight (d), egg diameter (e), and fry weight 
(f) of female rainbow trout. Circles represent means from 30-45 
eggs per female, or 40-50 swim-up fry per female for each treatment 
group (± SE). Number of females sampled are 21-22 for eggs and 
15-19 for fry. Asterisks represent means different from controls. 
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late stress and whole period groups were close to be significantly lower than those from 

the control group (t test, P = 0.062 and 0.067 respectively). 

Egg and fry quality parameters varied significantly between treatments, with the 

general trend being more variation within stressed groups than that within the controls. 

The coefficients of variation for egg weight were significantly different (KW, P = 0.001; 

Fig. 1.4d). Coefficients were larger for all the groups stressed than for the controls (W, P 

= 0.003, 0.031 and 0.029 for early stress, late stress and whole period stress, 

respectively). The coefficient of variation of egg diameter was significantly different 

(KW, P = 0.029; Fig. 1.4e). Diameter variability was larger for the fish stressed early 

(KW, P = 0.040) in comparison to those stressed the whole time and the controls. The 

variability in fry weight was significantly different (KW, P = 0.031; Fig. 1.40. Fry 

weight variability was larger for fish stressed during the whole experiment than for 

controls (W, P = 0.031), whereas no significant differences were observed when 

comparing the early (W, P = 0.213) and late stress (W, P = 0.455) groups against the 

controls. 

A correlation existed between the weight of the swim-up fry and egg weight. No 

differences in slopes or intercepts were found among treatment groups by using 

ANCOVA and GLM respectively, therefore all data were pooled (Fig. 1.5). This relation 

is described by the equation: fry weight = 0.0436 + 1.10*(egg weight), with a correlation 

coefficient of 0.81. Similar results were obtained when using diameter of the egg as the 
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Figure 1.5. Linear regression between egg and swim-up fry weight. Circles 
represent mean values of eggs and fry from individual females. Data are from all 

experimental groups since no significant differences in slope or intercept were 

found among them using ANCOVA. Model is: y = 0.0436 + 1.1(x), r = 0.81. 
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dependent variable (r = 0.80). No correlation was found between egg size and mortality 

at any stage of development, or between egg size and total mortality. 

Mortality 

Mortality was recorded through five developmental stages: eggs (including 

unfertilized eggs and early embryos), weak eyed, eyed, hatch, and fry. The analysis was 

performed by looking at mortality for each stage and at cumulative mortality for each 

stage. Differences in mortality were only found at the eyed and hatch stage (KW, P = 

0.026 and 0.043; Fig. 1.6a). By the eyed egg stage, mortality was higher in progeny from 

fish stressed late than those from early stress and controls (W, P = 0.02 and 0.004, 

respectively). At the hatching stage, mortality was higher in progeny from fish stressed 

during the whole experiment than those in the early and control groups (W, P = 0.005 and 

0.01, respectively). Despite these stage-related differences, cumulative mortality did not 

differ between experimental groups at any stage of development (KW, P = 0.07 at weak 

eyed; KW, P = 0.096 for eyed; KW, P = 0.134 for hatchlings; KW, P = 0.116 for swim-

up fry Fig. 1.6b). 

Juvenile growth 

Mean relative juvenile growth (Fig. 1.7) did not differ among the experimental 

groups after accounting for the variability in size at four (2-way ANOVA, P = 0.098) and 

eight weeks (2-way ANOVA, P = 0.089) after absorption of the yolk sac; however, 
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Figure 1.6. Mean (+ SE) cohort mortality at different stages of 
development from female rainbow trout stressed early (ES), late (LS), 
both early and late (WP) during vitellogenesis, and from controls (CO). 
Percentage of mortality (a) and cumulative mortality (b) are compared 
within each developmental stage. Values that are not different among a 
stage share common letters. Number of cohorts per treatment sampled 
are in parentheses. Note: Data are presented on logarithmic scale for 
better resolution. 
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Figure 1.7. Mean growth rate after 8 weeks of rearing (+ SE) of juvenile 
rainbow trout produced by females stressed at different times during 
maturation. Bars represent progenies from 3 size categories of eggs 
small (<0.12 g), medium (0.121 0.14 g) and large (>0.14 g). Comparisons 
are made within each experimental group (2-way ANOVA). Values that 
are not different share common letters. Number of cohorts in each size 
category per treatment are given in parentheses. 
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significant differences were found in growth rates among the 3 different size categories of 

eggs (2-way ANOVA, P = 0.0001). Juveniles from large and medium eggs tended to 

have higher growth rates than those from small eggs. 

Bacteria challenge 

There was no difference in resistance to V. anguillarum in progeny of females 

subjected to different stress treatments as assessed either by total mortality (KW, P = 

0.865; Fig. 1.8) or mean days to death (KW, P = 0.738; Table 1.2). Death could be 

attributable to the pathogen since groups challenged with the bacterium experienced 

between 50 - 78 % mortality, while uninfected fish suffered no mortality. Also, later 

analysis confirmed the presence of the pathogen in the dead fish. 

DISCUSSION 

This study demonstrated that the effects of repeated stress on rainbow trout 

reproduction and gamete quality varied depending on when the female was stressed 

during maturation. Repeated stress significantly affected reproductive traits such as time 

of spawning, relative fecundity, and egg size. 

Females stressed during the last weeks of maturation ovulated on average 2 weeks 

earlier than fish that remained unstressed during this time. Although it has been reported 

that handling stress can stimulate the spawning of several species of rabbitfish (Ayson, 
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Figure 1.8. Cumulative mortality of juvenile rainbow trout (mean ± 
SE) produced by females stressed early (ES), late (LS), both early and 
late (WP) during vitellogenesis, and controls (CO) challenged with 
Vibrio anguillarum. Each value represents the mean of 5 replicates 
of 2 cohorts each. 
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Table 1.2. Mean (± SE) values for day to death and total mortality of juvenile rainbow 
trout challenged with Vibrio anguillarum (N=5 for each group, which comprised 40 
individuals). 

Treatment Day to death Total mortality 

Early stress 5.16 ± 0.144 24.0 ± 2.72 

Late stress 5.12 ± 0.124 26.2 ± 1.54 

Whole period 5.14 ± 0.087 26.6 ± 2.11 

Control 5.32 ± 0.073 23.2 ± 3.01 
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1989), the balance of the literature suggests that repeated stressful events can delay 

ovulation. For example, Campbell et al. (1992) found that ovulation was delayed in 

rainbow trout when fish were subjected to repeated stress for 9 months prior to spawning, 

suggesting that cortisol levels may affect steroidogenesis. However, recent evidence 

provided by Pankhurst et al. (1995) suggests that the inhibitory effects of stress on fish 

reproduction may not be mediated by the action of cortisol on ovarian steroidogenesis. 

The findings of Campbell et al. (1992) may be related to the type and severity of stressor 

utilized as the stressful events were more frequently applied during active vitellogenesis 

than in the present study. It is possible that stress applied more frequently in Campbell et 

al. (1992) retarded egg development and therefore, more time was required to reach 

ovulation; however stress applied only once a day as in our case, accelerates 

reproduction. 

The fish in this study were clearly stressed by the procedures employed as 

evidenced by the rise in circulating glucose following a treatment (see chapter 2 for 

details). However, the type of stressors and periodicity used in our study can be 

considered as mild when compared with the stressors used in other studies such as: 

starvation for 6 weeks (Sumpter et al., 1991), 1 or 24-hour confinement (Pickering et al., 

1991), 1-month confinement (Pickering et al., 1987), 9 months of repeated stress 

(Campbell et al., 1992) and 2-week confinement and starvation (Campbell et al., 1994). 
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These stressors have been shown to effectively increase cortisol levels and perhaps 

interact with circulating levels of sex steroids and growth hormone. 

Our data suggest that fish stressed during the whole experimental time or during 

early vitellogenesis incorporated less energy into somatic weight than the late stress and 

control groups. Absolute fecundity and GSI did not differ between treatments; however, 

growth rate showed a tendency to be lower in fish stressed early and those stressed during 

the whole experiment in comparison to control fish. Since costs of reproduction can be 

expressed as a decrease in growth among other variables (Wootton, 1990), differences in 

somatic growth rate between treatments can be used as an indication of differences in 

reproductive costs in these groups. Most responses to stress require a considerable 

expenditure of energy (Schreck, 1982; Knights, 1985; Davis and Schreck, in press), and 

this elevation in metabolic rate implies changes in energy budgets, which may shunt 

resources from other highly energy-dependent processes such as growth and 

reproduction. 

The theory of reproductive strategies focuses on costs of reproduction or the 

trade-off between reproductive effort and growth and survival (Kaitala, 1991). These 

trade-offs imply that under adverse conditions, a female can select between energy 

allocated for maintenance and somatic growth, or energy for reproduction (Bell, 1980; 

Tuomi et al., 1983). The most common trade-offs involve fecundity and life-span length 

(Bell, 1980; Reznick, 1985; Kaitala, 1987). Bell (1980) reported that in many freshwater 
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fish species, a considerable loss of body size or growth results from reproduction. Thus, 

a trade-off between somatic and reproductive pathways may be prevalent in fish. 

Several authors have pointed out that trade-offs are not static (Bell, 1980; 

Wooton, 1984; Ware, 1984; Reznick, 1985) and may change over time and vary with 

location as a result of environmental variation (Ca low, 1985). Changes during trade-offs 

may also depend on the nature and strength of the environmental stressor (Wootton, 

1990) and parental fitness (Hutchings, 1991). In general, little information is available 

concerning trade-offs under experimental conditions; however, Reznick (1985) pointed 

out that under experimental stressful circumstances, reproductive costs may be 

manifested. 

Roff (1982) proposed the following two patterns of energy allocation during 

reproductive trade-offs: 1) fish must maintain body weight and then gamete production is 

adjusted, and 2) fish may produce a constant number of eggs and sacrifice somatic tissue 

to meet the requirements of gamete production. These strategies can be observed under 

different stressful situations. The first trade off may result when stressors compromise 

the development of the ovary during vitellogenesis which results in egg atresia and 

subsequent reabsorption. The second could happen when somatic tissue is severely 

affected during pre-spawning but number and quality of eggs remain constant. Although 

these ecological concepts have been applied to experimental conditions (Ware, 1984; 
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Maltby and Naylor, 1990; Hutchings, 1991), prudent interpretation is required because 

interactions between environmental factors and fish response can be complex. 

The differences in egg size and relative fecundity found in this study support the 

hypothesis that reproductive costs and trade-offs can be observed under hatchery or 

laboratory conditions. The fact that females stressed for 6 weeks during early 

vitellogenesis produced smaller eggs suggests that these fish selected for body 

maintenance and survival, thus compromising the size but not the number of eggs. 

Similar results have been reported for a different strain of rainbow trout (Annan strain) by 

Campbell et al. (1992; 1994). Furthermore, the data obtained by us from fish stressed 

during the whole experiment (12 weeks or more, depending on date of ovulation) with 

respect to egg size and growth suggests that these fish were able to reallocate energy into 

the reproductive process, since egg size of this group did not differ from the control 

group. Reasonable explanations to these results can be provided by acclimation, 

compensation, and energy allocation. Previous research has shown that fish under long 

periods of stress undergo acclimation and further compensation (reviewed by Schreck, 

1981). Pottinger and Pickering (1990) suggested that rainbow trout may acclimate to 

chronic stress in 2 or 4 weeks. Allocation of energy from other metabolic processes such 

as maintenance of the immune system or swimming performance can be considered an 

alternative explanation to such trade-offs. Thus, selection for reproduction against life 

span is made. 
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Relative fecundity incorporates the ratio of the two variables most commonly 

used in reproductive cost assessment: somatic weight and number of eggs. Differences in 

this ratio between groups of experimental fish, which started at similar weights, suggest 

that trade-offs were made between reproduction and growth. In this study, relative 

fecundity differences found for the whole period and early stress groups suggest that 

different strategies were employed to meet the higher reproductive costs. In the early 

stress group, the cost may be seen as a single trade-off in which females were selecting 

for fitness or survival and therefore compromised gamete size. Two trade-offs in energy 

allocation may have been involved with the group stressed during both early and late 

vitellogenesis since egg size did not differ from that of the control group. An initial 

trade-off similar to the early stress group, as indicated by the similarity in egg size 

variability resulted in smaller eggs at the midpoint of treatment. A second trade-off 

subsequently may have allowed the fish to "rebuild" eggs: namely the females diverted 

energy from somatic growth to gamete growth to compensate for the continuing stressful 

conditions. This second trade-off has been described in several species (Roff, 1982; 

Bagarinao, 1986; Wootton, 1990). Under adverse conditions, adults may allocate energy 

in the production of gametes in terms of quantity or size to select for better fitness of the 

progeny (Bagarinao, 1986). 

The use of measures of relative fecundity raises questions about its potential 

application as an indicator of reproductive cost disruption, especially when stressful 
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events occur after the number of eggs to be developed has been determined. Such a use 

for reproductive cost assessment assumes that stress occurring during vitellogenesis does 

not affect the number of eggs produced by a female, since fecundity is established early 

during the reproductive season (Tyler et al., 1990; Bromage et al., 1992). However, if 

the stress is too severe, then egg atresia could increase during vitellogenesis, resulting in a 

loss of eggs. Therefore, this model implies that similar reproductive costs should be 

shared among females from the same strain and age, and reared under similar conditions. 

Accelerated ovulation time under stressful conditions late in maturation may 

occur as a switch in tactics for reproductive strategy when environmental conditions are 

not stable (Wooton, 1984). Ovulation occurred earlier in both groups subjected to stress 

during the late stages of maturation. If maintenance of eggs shunts energy away from 

basal processes, then early ovulation may be advantageous. Since egg development has 

been completed and males mature in advance of females, this strategy is most likely not 

detrimental for the population if environmental conditions for progeny are suitable. 

Results of this study with respect to egg and fry quality agree with other studies 

which demonstrated that size of the fry is highly correlated with egg size (reviewed by 

Bagarinao, 1986; Bromage et al., 1992). We also found no relation between egg size and 

survival, which has been reported in other studies (Bromage et al., 1992, Campbell et al., 

1992; 1994). 
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We found no deleterious effect of maternal stress on survival of the progeny--a 

finding that contradicts suggestions in literature. Campbell et al. (1992; 1994) observed 

that stress had a deleterious effect on the survival of rainbow and brown trout progeny. 

However, we have considerable comfort with our conclusions because of the large sample 

size and number of replicates (3) used in our experiments. Furthermore, we isolated the 

effects of stress to the females by using unstressed males as sires. Our statistical 

decisions are based on results from 89 ovulated females, and observations from more than 

3,000 eggs, more than 3,000 swim-up fry, and 4,000 juveniles. Therefore, differences 

with early reports can be explained by the statistical power of the experiments, by the 

confounding effects of using stressed males as sires, or by the severity of the stressors 

used in other experiments which may have lead to physical injury to eggs or effects on 

egg composition, which later resulted in the observed deleterious effects. 

Stressors as applied by us to broodstock females did not affect disease resistance 

of the offspring. Mortality of the fish challenged with V anguillarum did not differ 

among progenies of different treatment groups. The hypothesis that cortisol accumulates 

in gametes if broodstock are stressed (Schreck et al. 1991) leads to speculation that 

differential cortisol accumulation could lead to differential resistance to a particular 

bacterium. However, we found that the eggs from different treatments had similar 

cortisol levels (see chapter 2 for details). Several papers have demonstrated that when 

high levels of cortisol are present, the immune response of fish may be impaired 
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(Wedemeyer, 1970; Pickering and Duston, 1983; Mau le et al., 1987; Mau le et al, 1989; 

Pickering and Pottinger, 1989). The lack of effect of maternal stress on disease resistance 

of the offspring lends support to the notion presented in chapter 2: namely, that the 

female is capable of buffering her eggs from accumulation of cortisol. 

Impairment of growth and reproduction in fish due to environmental stressors has 

been reported by several authors. Acid waters, pollutants, and resource availability are 

consistently cited as the cause of detrimental effects on fish growth and reproduction 

(Fromm, 1980; Tam et al., 1990; Weeks and Quattro, 1991; Spieler and Weber, 1991). 

However, it is difficult to elucidate the causal factors due to the multiplicity of 

interactions between stressors and fish responses (Campbell, et al., 1992). Different 

responses to stress may involve differences in developmental stage and past and present 

environment of the fish (i.e. smolting, gametogenesis, spawning, etc.) or type and 

severity of the stressor. In respect to this, Schreck (1981) pointed out in his conceptual 

model that the realized performance capacity of a fish when modified by stress is also 

molded by the individual performance capabilities. 

In conclusion, stress produced by common events in hatcheries (i.e. noise, 

crowding, chasing, and low water levels) may affect the reproductive process in rainbow 

trout. If stressful conditions are present during vitellogenesis, undesirable hatchery 

products such as small eggs and loss of homogeneity in egg and fry size may occur. 



37 

Incorporation of concepts from the theory of reproductive costs may provide a useful tool 

for the interpretation of stress effects during the reproductive process. 
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ABSTRACT
 

We investigated the effects of stress over the final stages of sexual maturation of 

female rainbow trout, Oncorhynchus mykiss, on the concentrations of cortisol and sex 

steroids in plasma, ovarian fluid, and eggs. Steroid levels were measured in plasma, 

ovarian fluid and eggs by radioimmunoassay. Circulating levels of cortisol were high at 

ovulation in all groups, but significantly less cortisol was observed in the ovarian fluid 

and eggs. Sex hormone concentrations were also several orders of magnitude higher in 

plasma than in the ovarian fluid; however these differences were not as extreme as those 

observed for cortisol. We speculate that the lower levels of cortisol in ovarian fluid and 

eggs compared to which is available from plasma, as well as the similar relationship 

observed for sex steroids results from maternal regulation of hormone contribution to the 

egg. 
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INTRODUCTION
 

Rapid changes in the plasma concentration of corticosteroids and catecholamines 

are considered the primary responses to stressful conditions in fish (Mazeaud et al., 

1977). Recent work suggests that chronic and acute environmental stress can adversely 

affect aspects of the reproductive system of fish (see Chapter 1; Pottinger and Pickering, 

1990), and that the gamete quality can be adversely affected by stressful conditions 

(Campbell et al., 1992; 1994; Chapter 1;). Schreck et al (1991) suggested that maternally 

supplied hormones such as sex steroids and the stress hormone cortisol may affect 

developmental characteristics of offspring. However, few studies have focused on the 

effects of elevated levels of cortisol on the reproductive physiology of fish and on its 

interaction with circulating sex steroids. 

High levels of cortisol have been found during the reproductive season of various 

species of fish (reviewed by Billard et al., 1981). The interpretation of these high cortisol 

levels has taken two main directions: one that considers the rise of cortisol as part of the 

reproductive event (Colombo et al., 1973; Cook et al., 1980; Pickering and Christie, 

1981) and another that relates cortisol levels to environmental stressors (Fagerlund, 

1967). Regardless, high levels of cortisol found in anadromous salmonids during 

reproductive migration (Maule et al., in press), as well as non-migratory species 

(Pickering and Christie, 1981; Campbell et al., 1992), have raised a general concern in 

terms of spawning success, gamete quality and progeny performance. 

Circulating levels of cortisol have been related to the effects of stressors on 

reproductive performance. Pottinger and Pickering (1990) found an inverse relation 

between plasma cortisol levels and the concentration of hepatic cytosol estradiol-binding 
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sites within the liver of rainbow trout (Oncorhynchus mykiss), from which they concluded 

that high cortisol levels reduced estradiol receptors thereby affecting liver capacity for 

yolk protein production during vitellogenesis. Similar conclusions were made by 

Carragher et al. (1989) who implanted cortisol-releasing pellets in both brown trout, 

Salmo trutta, and rainbow trout. Furthermore, they suggested that the levels of plasma 

cortisol were responsible for the suppression of the yolk precursor, vitellogenin, and two 

sex steroids, 17B-estradiol and testosterone. Carragher and Sumpter (1990) found that 

exposure of rainbow trout ovarian follicles to physiological levels of cortisol suppressed 

the secretion of estradiol, suggesting a possible mechanism by which stress may 

compromise vitellogenic processes. However, the information generated both in vivo and 

in vitro is inconsistent. For example, recent information generated by Pankhurst et al. 

(1995) suggested that the inhibitory effects of stress on sex steroids may not be mediated 

by the direct action of cortisol on ovarian steroidogenesis. 

These studies emphasize the need for understanding the physiological effects of 

stress on reproduction in wild and cultured fish populations, especially the role of cortisol 

in affecting reproductive mechanisms under stressful conditions. The objective of this 

study was to determine whether stress-induced changes in cortisol and steroid hormone 

levels in adult female rainbow trout would be reflected in concurrent changes in 

concentration of these hormones in their eggs and progeny. 
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MATERIALS AND METHODS
 

Fish rearing and experimental design 

The present study was conducted at the Oregon State University's Fish 

Performance and Genetics Laboratory, Corvallis, Oregon. Methods and experimental 

design have been explained in detail in Chapter 1. Briefly, 96 two-year old rainbow trout 

females (Shasta strain) were randomly distributed among twelve 350-liter indoor 

fiberglass tanks supplied with a constant flow of underground water at a density of nine 

fish per tank. One three-year old male was randomly assigned to each tank. For 

individual identification, fish were tagged with passive integrated transponder (PIT) tags 

and placed in tanks two months prior to the experiment for acclimation. Experimental 

groups consisted of three replicates for each of four treatments with eight females and one 

male in each replicate. The timing and expected stages of egg development were selected 

by following the ovarian development chart of Bromage and Cumaranatunga (1988) and 

the sequential changes in plasma vitellogenin proposed by Bromage et al. (1982). Stress 

was administered either during the early vitellogenic period, late vitellogenic-final 

maturation period, or during the entire early and late maturation period as described 

below. 

Vitellogenic or early stress group: fish stressed during 45 days of the exogenous 

vitellogenesis process (expected egg stages 5 and 6, starting September 1); Final 

maturation or late stress group: fish stressed during 45 days of late maturation (expected 

egg stages 6 and 7, starting October 16); Whole period group: fish stressed during 90 

days of exogenous vitellogenesis and late maturation (expected egg stages 5, 6 and 7, 
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starting September 1); and Control group: fish held without stress. Since there was no 

particular interest in this study to evaluate the effect of a specific stressor and to prevent 

habituation to a particular one, different stressful agents were employed. Crowding (two

fold increase in density by decreasing water volume in tank for 15 minutes), tank draining 

(dorsal region of the fish exposed to air for 5 minutes by draining the tank), netting (fish 

chased with a dip net in the tank for 5 minutes), and noise (pipe banging against tank for 

5 minutes) were randomly assigned daily for five days a week. The time of day 

(morning, noon, and evening) was randomly selected to avoid fish acclimating to the 

stress exposure (Campbell et al., 1992). Feeding was not suspended nor changed during 

the treatment period. 

Sampling 

Plasma samples were collected at 15, 45 and 60 days from all the females in one 

of the replicates of each experimental group (n=8). We sampled blood from the fish: a) 

after 15 days of stress early in vitellogenesis from the early and the whole period groups 

and 15 days without stress from the late and the control groups; b) after 45 days of stress 

from the early and whole period groups and 45 days without stress from the late and 

control groups; c) after 15 days of stress during late vitellogenesis from fish in the late 

group, 15 days of no stress in the group stressed early in vitellogenesis (after these fish 

had been stressed for 45 days), 60 days of stress in the whole period group, and 60 days 

without stress in the control; and d) at egg stripping from all the fish in the experiment. 

This sampling design is summarized in Fig. 2.1. On sampling dates, 75 minutes after 

stress was applied to the appropriate groups, fish were anesthetized by draining 50% of 
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Fig. 2.1. Experimental design and programmed sampling times for control 
group (CO), early stress group (ES), late stress group (LS), and whole 
period stress group (WP). Each of the treatments was triplicated. Blood 
was sampled from one tank (always the same over the experiment) from 
each treatment on the days indicated by the arrows. 
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the water in the tanks and adding 50 mg per liter of buffered aminobenzoate 

methanesulfonate (MS-222). Blood samples were taken from the caudal vein using 

heparinized vacutainers. At ovulation, ovarian fluid and unfertilized eggs were also 

collected. Blood and ovarian fluid samples were kept on ice before plasma was separated 

by centrifugation at 1750 g for 5 min. Samples were kept frozen at -20 0C until analysis. 

Egg samples were collected at spawning, frozen in liquid nitrogen, and kept at -80 0C 

until analysis. 

Ovulation 

During the expected period of ovulation, fish were checked once a week. Females 

that expelled eggs after gentle pressure applied to the abdomen were considered to have 

ovulated. Non-ovulated fish were returned to the tanks and kept under their respective 

stress regime. 

Stress response experiment 

After the first sampling on day 15, no significant differences in circulating cortisol 

were found between stressed and unstressed fish. To determine if the stressors used in 

the study resulted in a stress response as reflected by elevated levels of cortisol and 

glucose, a concurrent experiment was designed using females from the same strain and 

age to investigate the time course of the stress response. Using two different groups of 

fish, netting and tank draining were tested as stressors. For each test, 30 fish were 

randomly distributed at a density of five fish per tank among six 350-liter indoor 

fiberglass tanks supplied with a constant flow of underground water. Two days after 
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stocking, stress was applied to five of the tanks, and samples were collected once per tank 

at 20, 40, 60, 80, and 120 min. Unstressed fish from the remaining tank were sampled 

and considered as indicative of resting levels. 

Extractions 

Sex steroids were extracted from eggs, ovarian fluid, and plasma by using the 

techniques described by Feist et al. (1990). Briefly, samples were kept overnight in 1.0 

ml of 0.1NNaOH, sonicated for 30 sec, and extracted twice with 8 ml of diethyl ether. 

Tubes were vortexed for 30 sec after addition of ether. Samples were centrifuged for 2 

min at 20 0C at 2000 g after each ether extraction. The aqueous phase was removed by 

snap freezing in liquid nitrogen. Combined extracts were dried in a Speed Vac 

centrifuge. Cortisol was extracted from eggs in an identical manner with the exception of 

50 IA of of acetic acid added to the samples after sonication. Extraction efficiencies were 

determined for all steroids (n=6) for each sampling date by addition of tritiated steroids. 

Average extraction efficiencies ranged from 76.7 to 83.0 for plasma samples, 53.1 to 79.1 

for ovarian fluid, and 49.5 to 58.4 for eggs. No significant differences were found 

between extraction efficiencies for individual steroids. Corrections for recovery were 

made for all steroids. Extracts were resuspended in 1.0 ml of phosphate-buffered saline 

with gelatin prior to radioimmunoassay analysis. Volume assayed varied according to 

each steroid and sampling date. Variation in steroid concentration between eggs was 

checked by extracting individually 20 eggs per female (sample size = 8 females). 

Because differences of steroid concentration per gram of tissue between eggs from the 
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same female did not exceed the 5 % limit variability of the assay, all other extractions 

were made on pooled homogenized egg samples from each female. 

Assay methods 

Cortisol (F) levels in plasma and ovarian fluid were determined by 

radioimmunoassay (RIA) techniques described by Foster and Dunn (1974) and modified 

by Redding et al. (1984). Non-specific binding for both plasma and ovarian fluid were 

similar. Plasma 1713 -estradiol (E2), testosterone (T), and 17a, 2013-dihydroxy-4-pregnen

3-one (DHP) were assayed by methods from Sower and Schreck (1982) and modified by 

Fitzpatrick et al. (1986). Lower limits of detection were 2.1 pg/tube for F, T, and DHP, 

and 1.25 pg/tube for E2. These methods have been validated in our laboratory by serial 

dilutions and separation by thin-layer chromatography (Feist et al., 1990). Plasma 

glucose levels were determined by colorimetric procedure (Wedemeyer and Yasutake, 

1977). 

Statistics 

Sex steroid contents were analyzed by Kruskal-Wallis (KW) analysis of rank 

scores using the NPAR1WAY procedure in SASTM, release 6.10 (SAS Institute Inc., Cary 

NC, USA). Data collected at ovulation from replicate tanks were pooled and fish treated 

as the experimental unit because there was no evidence of tank effects. Pairwise 

comparisons were conducted using Wilcoxon (W) rank sum test. For all analysis, 

statistically significant differences were considered when the p-value (P) was less than 

0.05. 



53 

RESULTS
 

Stress response 

Similar stress responses were produced from fish stressed either by netting or 

draining the tank in terms of circulating glucose and cortisol. Thus, the data were pooled. 

Mean resting glucose level was 63.2 mg di' ± 2.3 (n=5). By 20 minutes after stress, 

circulating levels of glucose had increased significantly (P = 0.02) reaching maximum 

concentrations by 40 min after stress. Glucose levels remained elevated for at least 100 

min (Fig. 2.2a). 

Circulating cortisol had a mean resting level of 51.5 ng m1-1 ± 12.4, and reached 

its highest value (128.0 ng m1-1 ± 29.2) 20 min after application of the stress. The level 

decreased thereafter, returning to resting values by 60 min after the stress (Fig. 2.2b). 

Therefore, the blood sampling design employed in the main experiment captured 

the glucose part of the stress response, but not that for cortisol, since samples were taken 

at 75 min after the stressful experience. 

Glucose levels 

Prior to ovulation, glucose levels from stressed individuals were invariably higher 

than those from unstressed fish (Fig. 2.3). On days 15 and 45, glucose levels were 

significantly different (KW, P = 0.03 and 0.01, respectively). Fish stressed early in 

vitellogenesis and those from the whole period stress group consistently had higher 

glucose levels than those in the late group (at this point unstressed) and those in the 

control group (W, P < 0.05 in all comparisons). On day 60, glucose levels were 
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Figure 2.2. Mean plasma concentrations (± SE) of glucose (a) and cortisol 
(b) in maturing rainbow trout stressed by netting (open boxes) or tank 
draining (solid circles). Sample size is 5 for each point. Asterisks 
denotes statistically significant differences from resting levels after 
pooling data. Fish were stressed at time = 0. 
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Figure 2.3. Mean plasma glucose (mg d1-1 + SE) in female rainbow trout 
stressed at different times during maturation. Number of females 
sampled per treatment at each time is 8. Asterisks denote statistically 
significant differences between stressed and unstressed fish. 
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significantly higher (KW, P = 0.006) in plasma from fish that had been stressed that day 

(late and whole period stress groups) in comparison to unstressed fish (control and early 

stress groups; W, P < 0.05 in all comparisons). No differences were found between the 

two groups that were stressed, nor between unstressed fish at any time. Ovulated females 

had high levels of glucose; however, no significant differences were found between 

experimental groups (KW, P = 0.326). 

Cortisol profiles 

No significant differences between treatments were found except at day 45, when 

cortisol levels in the fish from the control group were higher than those from the other 

groups (KW, P = 0.01). This result was mainly driven by two fish with extremely high 

levels of cortisol (204 and 278 ng m1-1, respectively) while the others averaged 65 ng 

m1-1, which was similar to the fish in the other treatments (Fig. 2.4). A substantial 

increase in cortisol concentrations was detected at ovulation. 

Sex steroids profiles 

No significant differences were found in circulating levels of E2 between the 

experimetal groups at any sampling time (Fig. 2.5). Circulating E2 levels were stable 

during the first 60 days of the experiment and then showed a substantial decrease at 

ovulation. Mean circulating levels of T increased throughout the experiment with highest 

concentrations observed at ovulation (Fig. 2.6). No significant differences between 

experimental groups were found at any sampling time. Circulating DHP levels remained 

low during the first 60 days of the experiment and then increased at ovulation (Fig. 2.7). 

No significant differences between groups were found at any sampling time. 
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Figure 2.4. Mean plasma cortisol (ng ml -1 ± SE) in female rainbow 
trout stressed at different times during maturation. Number of females 
sampled per treatment at each time is 8. Asterisks denote statistically 
significant differences. 
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Figure 2.5. Mean plasma estradiol (ng ml -1 ± SE) in female 
rainbow trout stressed at different times during maturation. 
Number of females sampled per treatment at each time is 8. 
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Figure 2.6. Mean plasma testosterone (ng m1-1 ± SE) in female rainbow 
trout stressed at different times during maturation. Number of females 
sampled per treatment at each time is 8. 
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Figure 2.7. Mean plasma DHP (ng m1-1 ± SE) in female rainbow 
trout stressed at different times during maturation. Number of 
females sampled per treatment at each time is 8. Note: Data are 
presented on logarithmic scale for better resolution. 
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Hormone concentrations in ovarian fluid and eggs 

Concentrations of F, E2, and T in ovarian fluid were similar among all treatments 

groups. Concentrations of DHP in ovarian fluid from fish stressed during the whole 

experiment were significantly lower than those in any other treatment at the time of 

ovulation (KW, P = 0.02). However, these differences in DHP were not evident in eggs. 

For each hormone, F, E2, T, and DHP concentrations in eggs were similar in all treatment 

groups (Fig. 2.8). 

Concentrations of F, E2, T, and DHP were significantly lower in ovarian fluid and 

unfertilized eggs in comparison to plasma levels (Fig. 2.8). Concentration of the 

hormones were much lower in ovarian fluid than in plasma by 16.6-fold for F; 7.7-fold 

for E2; 11.6-fold for T; and 16.5-fold for DHP. This pattern was even more accentuated 

between the plasma to egg concentrations for F, where the differential was 30.4-fold. In 

contrast, differences between plasma and egg concentrations of E2, T and DHP were 

large but not as extreme (E = 11.5-fold, T = 6.5-fold and DHP = 3.4-fold). 

DISCUSSION 

This study shows that repeated acute stresses during the last months of maturation 

of female rainbow trout do not affect egg concentrations of either the stress hormone F 

nor those of the sex steroids E2, T, and DHP. The low levels of F and sex steroids in 

ovarian fluid and eggs compared to that which was available from the plasma suggests 

that there is a mechanism by which the female may keep concentrations of these 

hormones low in the eggs. We speculate that this would protect the eggs from potentially 



62 

IN PLASMA 0. FLUID D EGG 

F (a) E2 (b) 
10.0 

(d)DHP 

ES LS WP CO ES LS WP CO 

Treatment 

Figure 2.8. Concentrations of F (a), E2 (b) T (c) and DHP (d) in plasma 
at ovulation, ovarian fluid, and unfertilized eggs of rainbow trout 
stressed at different times during maturation. Each value represents 
the mean (+ SE) for a sample size of 17-24 for plasma and 21-24 for 
ovarian fluid and eggs for each treatment group. Note: Data are 
presented on logarithmic scale for better resolution. 
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deleterious effect of prolongued exposure to elevated levels of corticosteroids, or 

potential metabolic or developmental consequences of the sex hormones. 

It has been suggested that large reservoirs of maternally contributed hormones are 

present in mature teleostean oocytes (Feist et al., 1990; Schreck et al, 1991; Yeoh, 1993) 

and that these hormones may play an important role in regulating early developmental 

processes (Lam, 1985; Brown et al., 1989; Brown and Bern, 1989; Feist et al; 1990). 

Furthermore, since levels of thyroid hormone in the eggs of the medaka (Oryzias latipes) 

were strongly correlated to those levels in the mother (Tagawa and Hirano, 1991), 

researchers have hypothesized that this correlation could be extended to other hormones, 

such as steroids (including cortisol). Thus, stress induced elevations of cortisol during 

active vitellogenesis or late maturation may affect ovarian steroidogenesis (see Pankhurst 

et al, 1995) and performance of the progeny (Yeoh, 1993). 

To the contrary, we found no elevation in cortisol concentrations in eggs due to 

stress. In fact, we discovered that elevated levels of maternal cortisol were not associated 

with elevated concentrations in eggs. For example, females with the highest circulating 

levels of cortisol (578, 499, 470 and 424 ng m1-1) had 7.7, 8.9, 8.1 and 8.9 ng ml-1 in their 

eggs, respectively. Whereas females with the lowest values of circulating cortisol (56, 

63, 71 and 73 ng m1-1) had 7.1, 6.2, 9.0 and 10.3 ng ml-' in their eggs, respectively-

levels similar to those in eggs from the former females. 

The fish in this study were clearly stressed by the procedures employed as 

evidenced by the rise in circulating glucose following treatment. Glucose levels were 

always elevated in stressed fish compared with controls, indicating that fish in stress 

treatments exhibited a typical secondary stress response manifested as hyperglycemia. 
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Circulating levels of glucose obtained in the present study were similar to those found in 

stressed rainbow trout by Casillas and Smith (1977), and chinook salmon (0. 

tshawytscha; Barton et al., 1986). The cortisol stress response during final stages of 

maturation occurs in a short period of time as evidenced by our stress response 

experiment and returns to resting levels by 40 minutes after stress--well before the time 

plasma was sampled from fish in the main experiment. This leads us to believe that eggs 

in maturing females were exposed to pulses of cortisol after each stress. The cortisol 

increses observed in the concurrent experiment were typical for salmonids (Schreck et al, 

1976; Strange et al, 1978) 

The proportion of cortisol bound to the corticosteroid-binding protein (CBP) in 

sexually mature female rainbow trout is significantly greater than in immature females or 

males at any stage (Caldwell, et al. 1991). Thus, maternal CBP may be the mechanism 

that prevents cortisol accumulation in eggs and ovarian fluid, supporting the hypothesis 

of Caldwell et al. (1991) that CBP acts as a protector from harmful effects of 

hypercortisolism. More research, however, is required in order to fully address this 

hypothesis. 

Concentrations of sex steroids in ovarian fluid or ovulated eggs were not affected 

by stress, nor were effects observed in plasma as measured at 75 minutes after the stress. 

Levels of E2, T, and DHP showed the typical pattern described for other salmonids 

during the final stages of maturation (Fitzpatrick et al., 1986; Foster et al., 1993). 

Concentrations of steroids are dynamic during the early stages of development of 

salmonid embryos, and perhaps play an essential role in sex differentiation (Feist et al., 

1990). In the present study, levels of E2 and DHP were similar to those reported in coho 
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salmon eggs by Feist et al. (1990); however, we found T levels about 6 times lower than 

those reported by these authors. Although the concentration of sex steroids in the eggs 

were lower relative to plasma levels, these differences were not as extreme as that 

observed for cortisol. 

Levels of circulating cortisol in our fish were high in comparison with plasma 

levels reported for maturing hatchery rainbow trout (Campbell et al, 1992; 1994) and 

wild rainbow trout (Pankhurst et al, 1995). These high concentrations of circulating 

cortisol during maturation were further substantiated by sampling fish from our stock 

tanks, which showed similar values. At stripping, circulating levels of cortisol increased 

in ovulated females. A similar pattern was reported for brown trout (Pickering and 

Christie, 1981); however, the concentrations found in our study were higher than those 

reported for brown trout. 

It has been suggested that the high levels of cortisol produced by stress can be the 

cause of reproductive impairment in fish (Carragher et al., 1989; Pottinger et al., 1991; 

Campbell et al., 1992). We found no deleterious effects on gametes or progeny, at least 

as evidenced by fertilization, hatching, survival, juvenile growth, and resistance to Vibrio 

anguillarum (see Chapter 1 for details). In addition, recent evidence has shown that 

treatment of teleost follicles with cortisol had no inhibitory effect on steroid production, 

suggesting that cortisol may not be the factor that mediates stress effects on ovarian 

steroidogenesis (Pankhurst et al., 1995). We suggest that under repeated acute stress the 

cortisol response in mature females is rapidly moderated by the action of CBP, 

preventing high levels of cortisol to interact and potentially modify sex steroid 

concentrations in plasma. 
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There is also considerable regulation of maternal sex hormones contributed to 

ovarian fluid and eggs. While levels were high in plasma, they were several orders of 

magnitude lower in the ovarian fluid. If stressors applied had resulted in brief depression 

in some circulating sex hormones as suggested by Carragher et al. (1989); Pottinger et al. 

(1991); and Campbell et al. (1992), such effects were not manifested in the eggs because 

none of the treatments resulted in egg concentrations different from controls. 

In summary, the results in this study suggest that maturing female rainbow trout 

are able to minimize the stress response and prevent the potentially harmful effects of 

cortisol accumulation in ovarian fluid and eggs by minimizing the transfer of maternal 

steroids. 
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CONCLUSIONS 

In conclusion, stress produced by common events in hatcheries (i.e. noise, 

crowding, chasing, and low water levels) may affect the reproductive process in rainbow 

trout. If stressful conditions are present during vitellogenesis, undesirable hatchery 

products such as small eggs and loss of homogeneity in egg and fry size may occur. 

Results in this study suggest that maturing female rainbow trout are able to minimize the 

stress response and prevent the potentially harmful effects of cortisol accumulation in 

ovarian fluid and eggs by minimizing the transfer of maternal steroids. 
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