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Abstract.—Gonadal development and plasma steroid hormone concentrations of wild (N¼ 73) and captive

(N¼65) black rockfish Sebastes melanops were examined over 1 year. Seasonal variation was observed in the

concentrations of testosterone and estradiol in the plasma of wild female black rockfish, the highest

concentrations of each occurring in October. Male black rockfish exhibited the highest testosterone

concentrations during the summer (July 29–August 9). Gonadosomatic index (GSI) and estradiol

concentration were highly correlated for wild female black rockfish sampled in the fall, demonstrating the

utility of this nonlethal approach for evaluating gonadal status during this species’ vitellogenic period. No

relationship between testosterone concentrations and GSI was observed in male fish. Hormone concentrations

in captive female black rockfish were depressed throughout the year, illustrating that maintenance conditions

were not conducive to the normal progression of reproductive events for this species.

Pacific rockfish Sebastes spp. represent a diverse

group of marine teleost fishes occupying a variety of

habitats in the northern Pacific Ocean (Clay and

Kenchington 1986; Kendell 1991). Population declines

are reported for a number of rockfish species (Musick

et al. 2000), including several characterized as ‘‘at risk’’

of extinction due, in part, to their vulnerability to

commercial exploitation (Parker et al. 2000). Recent

trends of low recruitment for several rockfish stocks

(Musick et al. 2000) demonstrate a need to address

deficiencies in current management strategies. Investi-

gations into mortality attributable to fishing and other

causes, life histories, and development of workable

models for stock enhancement are therefore warranted.

Rockfish are viviparous, a life history strategy

presenting challenges to aquaculturists attempting to

control all aspects of reproduction. Stock enhancement

aquaculture has, however, been employed in Japan

where S. schlegeli produced by hatcheries have been

released into depleted habitats (Kusakari 1991; Naka-

gawa et al. 2007). In this example, fertilized female

rockfish are captured and held until parturition.

Although there have been reports of culture methods

leading to the production of offspring derived from

fertilization in hatchery tanks (Tsang et al. 2007), large-

scale production of fingerlings in this fashion is

inconsistent. The source of this difficulty is probably

a failure to identify and simulate all the environmental

cues necessary to signal the onset of normal reproduc-

tive rhythms. Moreover, current aquaculture practices

actually may be stressful to the fish, thus impairing

reproduction (reviewed by Pankhurst and Van Der

Kraak 1997).

Surveys of endocrine cycles and gonadal changes

have been used to characterize annual reproductive

rhythms in a variety of fish species (DiStefano et al.

1997; Roberts et al. 1999), including Pacific rockfish

(Nagahama et al. 1991; Yamada and Kusakari 1991;

Mori et al. 2003). This research has enabled the

classification of reproductive cycles of male and female

rockfish into broadly defined maturation periods. In

females, these periods are defined as early and late

vitellogenesis, gestation, parturition, and recovery, and

in males they are defined as spermatogonial prolifer-

ation, early and late spermatogenesis, functional

maturation, and recovery (Mori et al. 2003).

Hormonal changes are associated with the stages of

maturation of testes and ovaries in rockfish. Increased

concentrations of plasma estradiol-17b (E
2
) and

testosterone (T) correspond with vitellogenesis in

female S. schlegeli (Nagahama et al. 1991). In the

final stages of ovarian maturation and during gestation,

plasma concentrations of E
2

are reduced while plasma

concentrations of 17a,20b-dihydroxy-4-pregnen-3-one

(DHP; Mori et al. 2003) increase. Elevations of DHP

are considered important in the maintenance of the ges-

tation period. In male S. schlegeli, 11-ketotestosterone

(11-KT) and testosterone increase during spermato-
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genesis and the highest DHP concentration, observed

during late spermatogenesis, is followed by reduced

levels observed during the functional maturation period

of the testes (Mori et al. 2003).

Given the relationship between patterns of hormone

concentrations and gonadal status, analysis of plasma

steroid concentrations can be a useful and relatively

noninvasive approach for monitoring reproductive

cycles in discrete populations of captive and wild fish.

The primary objective of this study was to contrast E
2

and T concentrations in plasma from captive and wild

black rockfish S. melanops to determine the efficacy of

using plasma steroid levels as a tool to evaluate

broodstock maintenance protocols and as a predictor of

gonadal maturation.

Methods

Wild fish sampling.—At four time points between

June 2005 and January 2006 (June 14, July 29–August

9, October 13–14, January 18), a total of 73 black

rockfish (weight, 2.02 6 0.06 kg; fork length [FL],

48.23 6 0.56 cm [all measurements, mean 6 SE])

were caught by jigging artificial and natural baits in the

nearshore areas of Chiniak Bay (depth, 3–20 m)

surrounding the municipality of Kodiak, Alaska

(57.78N, 152.58W). Hooked fish were brought to the

surface with a rod and reel (,1 min) into an 8-m open

skiff. Upon landing, each fish was euthanized with a

sharp blow to the head and a blood sample was

collected from the caudal vasculature with a 3-mL

syringe attached to a 21-gauge, 3.8-cm needle. Blood

sampling was completed within 2 min of landing.

Blood was immediately transferred into 1.5-mL

polypropylene vials coated with heparin and then

stored in coolers on ice until plasma samples were

prepared. All fish and blood samples were then

transported to the Fishery Industrial Technology

Center, University of Alaska Fairbanks, where the FL

(60.5 cm) was measured, the weight (60.01 kg) was

recorded, and the wet weight (60.1 g) of ovaries or

testes was collected. A gonadosomatic index (GSI;

gonad weight : fish weight) was then calculated for

each fish.

Captive fish capture and maintenance.—During

May and June 2005, 65 black rockfish (FL, 45 6 1

cm; weight, 1.60 6 0.07 kg) were captured as

described above and transported live to the Fishery

Industrial Technology Center, University of Alaska

Fairbanks. To alleviate distress associated with baro-

trauma, a 16-gauge needle from a 25-mm syringe was

used to puncture the swim bladder of each fish directly

after landing. Fish were initially maintained in a 7-m3

tank volume under the ambient natural photoperiod.

After 3 months, the water volume of the tank was

increased to 30 m3. The smaller water volume during

the first 3 months provided a better opportunity to

observe feeding as the fish were acclimated to a

commercial diet (Bio-Diet Brood, Bio-Oregon, War-

renton, Oregon). Fish were fed to apparent satiation

once each day. Water flow to the tank was supplied by

pumps drawing fresh, unfiltered seawater from the

adjacent tidal basin at a depth of ;10 m. Flow was

maintained at a rate of 100 L/min. Water temperature

was recorded (ibKrill, Alpha Mach, Inc., Quebec,

Canada) every 2 h and ranged from 18C (January) to

138C (August) over the 12 months of maintenance.

Blood samples were collected from the entire captive

population at five time points, from June 2005 to May

2006. On June 14, the fish were individually captured

and anesthetized in a bath of 100 mg of tricaine

methanesulfonate/L of water. The weight (60.1 kg)

and FL (60.5 cm) were measured, and a blood sample

(2–3 mL) was collected with a 3-mL syringe attached

to a 21-gauge, 3.8-cm needle. A uniquely numbered

tag was then attached to the opercle to identify

individual fish throughout the year. On August 8–9,

November 1–2, and January 31–February 1, blood

samples, weights, and FLs were collected as described

above. In May 2006, a blood sample was collected

from 15 males and 15 females (length, 41–55 cm).

Plasma preparation and hormone assay.—Plasma

was separated from red blood cells by centrifugation,

transferred into 1.5-mL polypropylene tubes, and

stored frozen (�508C) until assayed for E
2

and T

concentrations. The E
2

concentrations in plasma from

females and T concentrations in plasma of both males

and females were determined by means of radioimmu-

noassays originally described by Sower and Schreck

(1982) and adapted by Feist et al. (1990). The assay

was verified for use in black rockfish (G. Feist, Oregon

State University, personal communication,). Intra-assay

and inter-assay variation were less than 5% and 10%,

respectively.

Statistics.—The GSI of wild fish were transformed

by determining the arcsine of the square root of the GSI

(Zar 1996) before any statistical analyses were

performed. Differences among seasons for GSI and

hormone concentrations were assessed by means of

one-way analysis of variance (ANOVA) performed

separately for male and female fish. When significant

differences were observed, a post hoc Duncan’s

Multiple Range test was performed to assess differences

between group means. These analyses were performed

after excluding the lower quartile values for fish length

(,45 cm) to exclude fish less likely to have reached

sexual maturity (Worton and Rosenkranz 2003).

Relationships between hormone concentrations and

GSI were defined by using linear regression analyses.
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Steroid hormone concentrations of the 30 captive

fish sampled over the entire course of all sampling

dates (15 males, 15 females; 41–55 cm fish length)

were evaluated using a one-way ANOVA to determine

if there were seasonal differences for E
2

and T

concentrations. Where appropriate, ANOVA was

followed by a post hoc Duncan’s multiple-range test

to determine specific differences between group means.

To test for an effect of time (time elapsed since the first

fish in the tank was netted) on hormone concentration,

a linear regression with sample order as the x-variable

and concentration as the y-variable was used. All

statistical analyses were performed with SAS statistical

software (SAS Institute, Cary, North Carolina), and in

all cases the threshold level of significance was

maintained at P , 0.05.

Results

The mean GSI of wild female black rockfish

increased significantly (P ¼ 0.003) from June to

October (Table 1). Only one female black rockfish

was caught in January; it was less than 45 cm, sexually

immature, and excluded from this analysis. The GSI of

wild male black rockfish also varied significantly

among seasons (P , 0.001; Table 1). The largest

average GSI was measured in the June sample and was

significantly greater than the average GSI measured in

the July–August sample. The smallest average GSI in

male black rockfish was observed in October and

January, which differed significantly from both the

August and June samples.

In wild female black rockfish, the mean concentra-

tions of plasma E
2

differed significantly (P ¼ 0.015)

among seasons and were highest in fish sampled in

October (Figure 1). In October, the mean plasma E
2

concentration (12.7 ng/mL) in wild female black

rockfish was significantly greater (P , 0.05) than that

observed in June (1.7 ng/mL). There were no

significant differences seasonally in the concentrations

of T in females (P ¼ 0.118). However, significant

seasonal variation in plasma T concentration was

observed in wild male black rockfish (P , 0.001;

Figure 2); concentrations were highest in males

sampled from July 29 to August 9 and were

significantly higher during this period than in any

other season (Figure 2).

In captive fish, significant differences in plasma

concentrations of E
2

(P ¼ 0.016) and T (P , 0.001)

were detected among the sample dates. In captive

females, mean concentrations of E
2

and T did not differ

among the June, August, or November sampling dates

(Figure 1), but a significant increase in E
2

concentra-

tions was observed in the final sample collected 1 year

after capture. Elevated concentrations of T in captive

females were observed in the January–February sample

and the subsequent May sample relative to the other

seasons (Figure 1). Captive male fish had similar

concentrations of T in plasma samples collected in June

and August. The plasma concentration of T in male fish

was significantly lower in November (Figure 2). No

significant relationship between steroid concentrations

and sampling order was observed for male or female

fish in any of the seasonal samples (P . 0.05; data not

shown).

Significant linear relationships between steroid

concentrations and GSI in wild black rockfish were

observed only in females. The E
2

concentration in

plasma from wild female black rockfish correlated

significantly with the GSI in fish sampled during July–

August (Figure 2; P ¼ 0.011, df ¼ 15, r2 ¼ 0.37) and

fish sampled in October (P¼ 0.002, df¼ 5, r2¼ 0.93).

A significant positive linear relationship was also

identified between T and GSI in female black rockfish

sampled in October (Figure 3; P¼ 0.027, df¼ 5, r2¼
0.74).

Discussion

The relationship between GSI and hormone concen-

trations illustrates that E
2

concentrations in female

black rockfish can predict GSI. However, the season in

which fish are sampled plays an important role in the

power of any prediction equation. No correlation

between E
2

and GSI was observed in the June sample,

probably reflecting a period preceding or entering

TABLE 1.—Summary of male and female black rockfish, weights (mean 6 SE), and gonadosomatic indices (GSI) captured by

hook and line in the nearshore waters of Kodiak, Alaska, in 2005 and 2006. Only fish larger than 45 cm were used in statistical

analyses (N); numbers in parentheses represent all the fish captured for the period.

Date
sampled

Males Females

N Weight (kg) GSI (%) N Weight (kg) GSI (%)

Jun 3 (7) 1.9 6 0.2 1.14 6 0.21c 7 (8) 2.3 6 0.2 0.94 6 0.10a

Jul–Aug 9 (11) 2.1 6 0.1 0.59 6 0.11b 12 (16) 2.4 6 0.2 1.93 6 0.30a

Oct 7 (8) 1.8 6 0.1 0.28 6 0.030a 6 (9) 2.3 6 0.2 5.72 6 1.38b

Jan 12 (13) 2.1 6 0.1 0.19 6 0.01a 0 (1) — —
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vitellogenesis. A positive correlation between E
2

and

GSI as fish progress through ovarian development is

not unusual in sexually mature female fish, since E
2

acts on the liver and leads to the production of

vitellogenin, an egg yolk precursor (reviewed by Yaron

and Sivan 2006). In other rockfish species, plasma E
2

concentrations increase throughout the vitellogenic

period and then decrease in circulation during gestation

(Nagahama et al. 1991; Mori et al. 2003). In this study,

the highest concentrations of E
2

in plasma were in the

fall, indicating that vitellogenesis and ovary growth is

occurring through October in wild black rockfish in the

Gulf of Alaska.

We were unable to collect female black rockfish

FIGURE 1.—Plasma estradiol and testosterone concentrations (meanþ SE) of female black rockfish sampled over 1 year from

wild and captive populations. Letters above the means of wild (a–c) and captive (x–z) indicate the results of post hoc mean

separation procedures for each population of fish. Means that share letters in common did not differ (P . 0.05).
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during their gestation and parturition periods. Parturi-

tion in black rockfish is thought to occur during the

months of January through May (Wyllie Echeverria

1987; Bobko and Berkeley 2004). Despite repeated

attempts, only one wild female black rockfish was

captured in January and the ovary showed no evidence

of sexual maturity. An inability to collect gestating

female black rockfish by jigging is not without

precedent; other sampling efforts near Kodiak between

February and September also failed to collect black rock

fish containing embryos (Worton and Rosenkranz

2003). The habitat occupied by female black rockfish

during the gestation period has not been substantiated. It

has been suggested that they migrate from the shallower

areas to deeper waters during this period (O’Connell

1987) and thus are unavailable for collection for stock

enhancement aquaculture operations.

Extremely low levels of plasma E
2

with little

seasonal variation were observed in captive black

rockfish females during their 1-year holding period

relative to their wild counterparts. The pattern of mean

concentrations of T in captive male black rockfish also

showed less variation than those in fish collected in the

wild. The chronic stressor of maintenance in a tank and

the episodic acute handling stressors associated with

blood sampling may have played a role in these results;

chronic and acute stressors are known to reduce

concentrations of gonadal steroids in fishes, which

are mediated in part by the actions of the stress

hormone cortisol (reviewed by Pankhurst and Van Der

Kraak 1997). Disturbance to the captive fish over the

course of any one blood sampling date probably led to

changes in the average amount of plasma cortisol.

Given the relationships between acute stress, cortisol,

and reduced gonadal steroid concentration, this sam-

pling strategy does have a potential for biasing the

results. However, the absence of a negative correlation

between sex steroid concentrations and sampling order

suggests that low E
2

concentrations in female fish were

not an artifact of an acute stress response associated

with sampling but, rather, a result of chronic stressors

associated with maintenance.

No association with plasma testosterone and GSI

was observed in male black rockfish. Other steroid

hormones, in particular 11-KT, have been assayed to

characterize the endocrine cycle in rockfish (Nagahama

et al. 1991; Takano et al. 1991; Moore et al. 2000; Mori

et al. 2003) but were not measured in this study. The

steroid 11-KT is considered to be a more potent

androgen than T in teleost fishes (Yaron and Sivan

2006). In other reports on rockfish, 11-KT occurs at

higher plasma concentrations than T, but the annual

profile of plasma T concentrations does mirror the

relative concentrations of 11-KT (Mori et al. 2003).

FIGURE 2.—Plasma testosterone concentrations (meanþSE) of male black rockfish sampled over 1 year from wild and captive

populations. Letters above the means of wild (a–c) and captive (x–z) indicate the results of post hoc mean separation procedures

for each population of fish. Means that share letters in common did not differ (P . 0.05).
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Although there were no gross observations of

gestating fish, evidence indicates that the copulatory

period may have commenced by the October sample.

The highest mean concentration of plasma T in wild

male black rockfish was observed in the July–August

sample. In October, plasma T in male fish was reduced

and statistically indistinguishable, and the lowest mean

was observed in January. Mean GSI in October also

was significantly reduced relative to the July–August

sample. Other evaluations of rockfish have included

the observation that peak concentrations of T and the

highest GSI correspond with the beginning of the

FIGURE 3.—Plasma concentrations of estradiol (E) and testosterone (T) of wild female black rockfish captured in the near shore

of Kodiak, Alaska, over three seasons plotted against the gonadosomatic index. Equations and lines for linear relationships

determined for individual seasons are shown when significant (P , 0.05). Note the change in scale of the x-axis.
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copulatory period and that females may store sperm for

several months as the ovaries mature (Mori et al. 2003).

It is possible that the female black rockfish sampled in

October may have been storing viable sperm, and

histological evaluation of the ovaries will be required

in future collection efforts to reveal whether this

hypothesis is true.
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