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ABSTRACT

The large percentage of nonovigerous adult female crabs in sifu gave rise to the question of whether
egg extrusion occurs annually in Dungeness crabs in Alaskan waters as is reported for lower-
latitude populations. Accordingly, we studied seasonal variation in gonadal development for 280
male, nonovigerous female, and ovigerous female crabs, reared in flow-through tanks from Octo-
ber 1997 through October 1998. Gonadosomatic indexes (GSI) were determined monthly from March
through October 1998 for nonovigerous females, ovigerous females, and males. Oocyte area was
also measured for females over the same period. Approximately 10 crabs from each treatment
group were sampled monthly. Male GSI increased significantly over time. Nonovigerous females
had significantly higher GSI and oocyte areas than ovigerous females. The GSI in October decreased
significantly from the GSI in September among nonovigerous females in the laboratory and field,
suggesting resorption of gonads. Most mature females do not extrude eggs annually in southeastern
Alaska; however, under laboratory conditions, some females can extrude eggs in consecutive years.

Dungeness crab (Cancer magister Dana,
1852) is distributed from the Pribilof Islands,
Alaska, to Santa Barbara, California (Jensen,
1995). Mating occurs between hard-shelled
males and soft-shelled females (Snow and
Neilsen, 1966). After copulation, sperm is stored
in paired spermathecae and eggs are fertilized
as they pass by the spermathecae during extru-
sion (Jensen et al., 1996). The eggs form a
spongelike mass, adhering to the setae on the
pleopods and are brooded until hatching (Jaffe
et al., 1987). Dungeness crabs can store and uti-
lize sperm for at least 2.5 years (Hankin er al.,
1989). In southeastern Alaska, Dungeness crabs
begin mating and extruding eggs September
through November. Eggs hatch from April
through August, with most hatching occurring
in late May and early June (Shirley et al., 1987).

Dungeness crabs are generally thought to
extrude eggs annually (Wild, 1983; Jaffe et
al., 1987), but this may not be true for Dunge-
ness crabs in southeastern Alaska. Alaska is
the northern limit of the range for Dungeness
crabs, and this may affect the periodicity of
reproduction. Different populations of the
same species may vary in duration and fre-
quency of reproductive cycles in different ar-
eas of their range, especially those occurring
at higher latitudes (Sastry, 1983).

In California, ovaries of Dungeness crabs re-
sumed development soon after egg extrusion,
while the crabs were brooding their eggs (Wild,
1983). Ovigerous females in Alaska have sig-
nificantly lower feeding rates and foraging re-
sponses than nonovigerous females (Schultz
and Shirley, 1997). As a result of this greatly
reduced feeding, Dungeness crabs in Alaska
may not have sufficient energy to allocate to
gonad production until after their eggs hatch
and they resume feeding. The shorter time in-
terval between egg hatching (May—June) and
egg extrusion (September—November) may re-
sult in gonad development in alternate years.

Reproductive cycles have not been examined
for males of many crustacean species. Seasonal
changes in gonad development have been
found in some species such as the Japanese mit-
ten crab, Eriocheir japonicus de Haan, 1935
(Kobayashi and Matsuura, 1995), and Gaetice
depressus (de Haan, 1935) (Fukui, 1993). In
other species, gonad development was contin-
uous throughout the year (Sastry, 1983). No
previous study has examined seasonal changes
of gonads in male Dungeness crabs.

Efficient management of crab fisheries re-
quires knowledge of the reproduction and life
history of the exploited populations. The ob-
jectives of this study, for southeastern Alas-
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Fig. 1.

Locations where Dungeness crabs were collected. Females were collected from Bridget Cove, near Juneau,

Alaska. Male Dungeness crabs were collected from Bartlett Cove and North Beardslee Islands, which are within

Glacier Bay National Park and Preserve.

kan Dungeness crabs were to: determine
whether there is seasonal variation in gonadal
development of males; compare gonadal de-
velopment in ovigerous and nonovigerous fe-
males; and determine whether females ex-
trude eggs annually.

MATERIALS AND METHODS

The majority of female Dungeness crabs were col-
lected from Bridget Cove near Juneau, Alaska (Fig. 1) be-
tween October and November 1997, and additional fe-
males were collected from the site through October 1998.
Females were collected by SCUBA, commercial Dunge-
ness crab pots, and dip netting. Male crabs were collected
from Glacier Bay National Park and Preserve, Alaska
(Fig. 1) in October 1997 using commercial Dungeness
crab pots. All crabs collected were measured with vernier
calipers to the nearest millimeter immediately anterior
to the tenth anterolateral spine; sex and reproductive state
were recorded, and a numbered Peterson disk tag was
attached to each crab with leg bands on the right fourth
walking leg.

Crabs were held in flow-through tanks at the Juneau
Center, School of Fisheries and Ocean Sciences and the

National Marine Fisheries Service, Auke Bay Laboratory.
The tanks circulated sea water from 30-m depth in Auke
Bay. Crabs were fed ad libitum a diet of fish and squid
biweekly.

Only crabs that were assumed to be mature were used
in this study. A histological study suggested that male
Dungeness crabs are sexually mature at 109-mm carapace
width (CW), and the smallest male observed in a pre-
mating embrace in that study was 133-mm CW (Butler,
1960). Butler’s carapace widths have been converted be-
cause he measured crabs including the tenth anterolat-
eral spine, and for this study all crabs were measured ex-
cluding this spine. The equation used in the conversion
was y = 1.062x where y = carapace width including spines
and x = carapace width excluding spines (Wainwright and
Armstrong, 1993). All males in this study were greater
than or equal to 142-mm CW. In Glacier Bay National
Park and Preserve females are thought to be mature at ap-
proximately 100-mm CW, and ovigerous females were
found to be greater than or equal to 106-mm CW (Swiney,
1999). All females in our study were greater than or equal
to 106-mm CW.

Females were assigned to one of two groups based on
their reproductive status when initially collected.
Nonovigerous females at the time of collection (and that
did not extrude eggs in the following months) were referred
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to as nonovigerous in 1997. Female crabs that extruded
eggs in 1997 were considered ovigerous in 1997. Thus,
it was possible to compare gonad development between
crabs that extruded eggs in 1997 and those that did not.

Crabs were held in tanks up to one year, and approx-
imately ten crabs from each treatment group were dis-
sected each month from March 1998 through October
1998. Crabs were randomly selected and dissected
monthly. The gonads, ovaries in the females and vas def-
erens and testis in the males, were removed. The gonads
and body were dried at 60°C to constant weight.

A total of 287 crabs were sacrificed between March
1998 and October 1998. Eighty-two males, 97 nonoviger-
ous females in 1997, and 50 ovigerous females in 1997
were sacrificed from the laboratory. In addition, 18 males,
32 nonovigerous females, and 8 ovigerous females were
collected from the field and immediately sacrificed. It was
not possible to determine the recent reproductive history
of these “field” females; therefore, they could not be cat-
egorized into groups based upon reproductive activity in
1997. Comparisons could only be made based upon the
current reproductive status of these females. In general,
the sample size of males, nonovigerous females in 1997,
and ovigerous females in 1997 were 10 crabs per month
except where noted (Fig. 2).

Gonadosomatic indexes (GSI) are the simplest indi-
cator of reproductive state (Grant and Tyler, 1983a) and
are useful in examining changes in gonad size over time,
but are not a good predictor of developmental stage (West,
1990). Ovarian maturation is a complex process and
should not be described by just one parameter (Grant and
Tyler, 1983a; West, 1990). Oocyte measurements may be
the best method for examining reproductive cycles in in-
vertebrates, in part because oocyte size is independent
of the size of organisms (Grant and Tyler, 1983b). A com-
bination of gonadosomatic indexes and oocyte measure-
ments yield a more complete picture of reproductive cy-
cles, and both were used in this study.

Gonadosomatic indexes (GSI) were calculated by the
equation:

GSI = (gonad weight/body weight) - 100.

Body weight was measured after extraction of gonads,
and all weights were dry weights. If a crab was missing
an appendage, the same appendage from the other side
was dried separately and added twice to the body weight.

Oocyte areas of female crab were measured using an
image analysis program (Optimus, 1993). Preliminary
oocyte measurements suggested that a sample size of six
oocytes per crab is necessary to be 90% certain of de-
tecting a 5% difference at a 5% significance level (Sokal
and Rohlf, 1995). To be conservative, 20 oocytes per crab
were measured. Oocyte area was measured rather than
size or diameter to reduce measurement bias due to their
imperfect sphericity. Microscope slides of oocytes were
made by placing a small amount of gonad and one drop
of glycerin on a slide, and the oocytes were immediately
digitized. Preserving oocytes can change their size and
shape, and thus only fresh material was used. Oocyte ar-
eas were not measured for crabs that extruded eggs in
the laboratory, which were considered “spent” (Grant and
Tyler, 1983b).

Statistical Analysis

Statistical methods as described by Sokal and Rohlf
(1995) were used in calculations. Means, variances, and
standard errors for GSI and oocyte areas were calculated
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each month for males, nonovigerous and ovigerous fe-
males in 1997. The GSI values were not transformed prior
to analysis. Analyses of variance (ANOVA) and Scheffé’s
F test for post-hoc comparisons were computed for GSI
and oocyte areas among males, nonovigerous and oviger-
ous females in 1997 (StatView, 1996). Two-sample 7-tests
were used to detect differences between field and labo-
ratory GSI and oocyte areas for each month that field data
were available and to test for mean size differences be-
tween nonovigerous and ovigerous females in 1997
(StatView, 1996).

To determine if a significant difference occurred be-
tween nonovigerous and ovigerous females in 1997, a
general linear model, similar to a 2-factor ANOVA, was
used for both GSI and oocyte areas (SYSTAT, 1998). Be-
cause there was no reason to expect a similar trend in GSI
or oocyte areas for the two types of females, a main ef-
fect of ovigerous and nonovigerous crabs in 1997 was not
included in the model. Thus, the model contained an ef-
fect of month and tested for differences between females
that were nonovigerous and ovigerous in 1997 through
the interaction term for month and group.

The Pearson correlation coefficient (r) was used to de-
termine if there was a relationship between oocyte area
and GSI (StatView, 1996). Laboratory data were pooled
and examined separately for females that extruded eggs
in 1997 and those that did not.

RESULTS

In this study, male carapace width ranged
from 142 mm to 198 mm, female carapace
width for nonovigerous females in 1997 ranged
from 106 mm to 170 mm, and ovigerous-
female carapace width was 119 mm to 166
mm. No significant difference existed be-
tween the carapace widths of the two groups
of females (z-test, r = 0.3, P > 0.05).

Gonadosomatic Index Temporal Variation

The GSI of males from the laboratory var-
ied significantly over time (ANOVA F' = 2.7,
P =0.01). The GSI generally increased March
through June, reached a maximum in July and
slowly decreased thereafter (Fig. 2a). The
mean GSI of males from the field was sig-
nificantly lower than the laboratory GSI in
October (#-test, t = 2.1, P < 0.05), but a sig-
nificant difference was not detected in Sep-
tember (Fig. 2a).

Laboratory females that were nonovigerous
in 1997 had a significant increase in GSI
(ANOVA, F=11.5, P <0.0001, Fig. 2b). The
GSI of laboratory females in both August and
September were significantly different from
March, April, May and (in September only)
June (Scheffé’s F, P < 0.05). Significant dif-
ferences also occurred between August and
October GSI (Scheffé’s F, P < 0.01). Octo-
ber GSI decreased significantly from Sep-
tember (Scheffé’s F, P = 0.0006; Fig. 2b),



900

®)

JOURNAL OF CRUSTACEAN BIOLOGY, VOL. 21, NO. 4, 2001

(@) 0.28 24 emtpNon0vig © 09,
—@—Male Lab - - & - -Ovig \ e—g——Nonovig
0.26 21 —0——Nonovig Ext 5 08
—&—Male Field Ovig Ext { - - & - -Ovig
024 ®  Nonovig Field 0.7 l

0221

S
I
S

o
1%} —_
© 8
0.18
9
0.16 s
6 1
0.14 |
12
3
0.12
Bl -8
0.10 ol

Mar Apr May Jun Jul Aug Sep Oct

Fig. 2.

Mar Apr May Jun Jul Aug Sep Oct

Oocyte Area (mmz)

5 0
Chg
3N | .
- I o.m
Mar Apr May Jun Jul Aug Sep Oct

Gonadosomatic indexes and oocyte areas for Dungeness crab from southeastern Alaska sampled March

through October 1998. All values are means + one standard error. Sample size is 10 per month except as noted. (a)
Gonadosomatic index (GSI) of laboratory-reared and field male crabs. (b) The GSI of laboratory-reared and field fe-
male crabs. Nonovig = females that did not extrude eggs in 1997; ovig = females that extruded eggs in 1997; nonovig
ext = females that did not extrude eggs in 1997 but extruded eggs in 1998; ovig ext = females that extruded eggs in
1997 and 1998; nonovig field = nonovigerous females collected from the field. (c) Mean oocyte areas of laboratory-
reared female crabs. Nonovig = females that did not extrude eggs in 1997; ovig = females that extruded eggs in

1997. Twenty oocytes were measured per crab sacrificed.

which suggests resorption of gonads because
these females did not extrude eggs. October
GSI also decreased from September among
females from the field (z-test, t = 2.2, P <
0.05; Fig. 2b). Furthermore, the GSI of
nonovigerous females from the field were sig-
nificantly higher in the month of April than
nonovigerous females in 1997 from the lab-
oratory (t-test, t = —2.4, P < 0.05, Fig. 2b).
Alternatively, in July, the GSI of nonoviger-
ous females from the field were significantly
lower than nonovigerous laboratory females
for the same month (¢-test, t = 3.0, P < 0.01,
Fig. 2b). In both September and October, no
significant differences were detected between
nonovigerous females from the field and lab-
oratory (Fig. 2b). The recent reproductive his-
tory of the females from the field was not
known, and both females that extruded eggs
in 1997 and those that did not were probably
represented. Therefore, a comparison of field
and laboratory females is not completely
valid.

In August, 10% (5 of 50) of the nonoviger-
ous females in 1997 extruded eggs, in Sep-
tember 48% (19 of 40) of the remaining
females that were nonovigerous in 1997

extruded eggs, and in October 47% (9 of 19)
of the remaining previously nonovigerous fe-
males extruded eggs (Fig. 2b).

Laboratory females that were ovigerous in
1997 had a highly significant increase in go-
nad mass through the duration of this study
(ANOVA F = 53.7, P < 0.0001, Fig. 2b). Be-
ginning in May, there was an increase in GSI
that continued through October (Fig. 2b). The
GSI in March, April, May, June, and July
were significantly different from GSI in Sep-
tember and October (Scheffé’s F, P < 0.02).
The GSI were significantly different in Sep-
tember and October (Scheffé’s F, P = 0.02).
In October 1998, 38% (3 of 8) of the re-
maining females that were ovigerous in 1997
extruded eggs. These three females that were
ovigerous in 1997 and extruded eggs in 1998
extruded eggs at the end of September and
their GSI were calculated in October (Fig.
2b). No significant differences were found be-
tween field and laboratory ovigerous female
GSI for the months of April and October.

The temporal GSI of females that were
nonovigerous in 1997 was higher than the
GSI of females that were ovigerous in 1997
(Fig. 2b). A general linear model, which was
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Table 1. Comparison of oocyte areas between oviger-
ous and nonovigerous females from the laboratory and
field. Top values are mean oocyte area, and values in
parenthesis are standard errors. Two-sample #-test results
are considered significant when P < 0.05 (*) and highly
significant when P < 0.01 (*%).

Laboratory Field t-statistic
Ovigerous Females
April n=>5 n=>5 0.237
0.84 0.079
(0.19)  (0.014)
Nonovigerous Females
April n=7 n=3 -1475
0.206 0.335
(0.39)  (0.101)
July n=10 n=10 3.78*
0.547 0.267
(0.55)  (0.062)
Sept n=11 n=9 1.544
0.657 0.514
(0.56)  (0.091)
Oct n=10 n=10 3.643%*
0.720 0.315
(0.126)  (0.059)

a modified 2-factor ANOVA, was significant
in both the month effect (F = 20.0, P <
0.0009) and the interaction effect of month
and whether the crab was ovigerous or not
(F = 8.2, P <0.0009). In October 1998, 47%
of the remaining females that were non-
ovigerous in 1997 extruded eggs in 1998, and
38% of the remaining females were oviger-
ous in both 1997 and 1998.

Oocyte Area Temporal Variation

The average oocyte area increased over
time in laboratory females that were
nonovigerous in 1997 (ANOVA, F =174, P
< 0.0001, Fig. 2c). Mean oocyte areas in
March and April differed from oocyte areas
in June (March only), July, August, Septem-
ber and October (Scheffé’s F, P < 0.05).
Lastly, mean oocyte area in May differed
from September and October (Scheffé’s F, P
< 0.01).

Field data for nonovigerous females were
available for four months. Mean oocyte areas
of laboratory-reared, nonovigerous females
were higher than field nonovigerous females
in the months of July (z-test, t = 3.8, P < 0.01,
Table 1) and October (¢-test, t = 3.6, P < 0.01,
Table 1). No significant differences were de-
tected between oocyte areas of nonovigerous
females in either April or September.

Mean oocyte area of laboratory females
that were ovigerous in 1997 increased sig-

nificantly over time (ANOVA F = 14.6, P <
0.0001, Fig. 2c). A large and constant increase
in oocyte area began in June. Oocyte area in
both September and October differed from
March, April and May (Scheffé’s F, P <
0.05). Oocyte areas differed between the
months of March and July as well as June and
October (Scheffé’s F, P < 0.05).

Ovigerous females from the field were col-
lected in April and October. Oocyte areas
were only measured for April crabs since Oc-
tober ovigerous females were assumed to
have recently extruded eggs. In April, oocyte
areas of ovigerous laboratory and field crabs
did not differ significantly (#test, t = 0.01, P
> 0.05, Table 1).

Mean oocyte area was lower among fe-
males that were ovigerous in 1997 in com-
parison to females that were nonovigerous in
1997 (Fig. 2c). A general linear model, which
was a modified 2-factor ANOVA, was sig-
nificant with respect to month effect (F =
28.4, P < 0.0009) and had a significant in-
teraction effect of month and whether the crab
was ovigerous or not (F' = 2.2, P = 0.05).

Gonadosomatic Index and Oocyte
Measurement Comparisons

Trends in GSI and mean oocyte measure-
ments were similar for laboratory females that
were nonovigerous in 1997. Oocyte area in-
creased more constantly over time, whereas
GSI remained relatively constant March
through May and then began to increase
thereafter. The GSI decreased sharply in Oc-
tober, but oocyte area continued to increase
(Fig. 2b, c).

The GSI and oocyte area more closely
tracked each other in laboratory females that
were ovigerous in 1997. Throughout most of
the study, females that extruded eggs had low
GSI and oocyte area with low variance,
whereas females that did not extrude eggs had
higher GSI values, oocyte areas and variance
(Fig. 2b, c). The GSI and oocyte area is lin-
early correlated for all females reared in the
laboratory (r = 0.9, P < 0.0001; Fig. 3). Oc-
tober females that were nonovigerous in 1997
had decreased GSI and increased oocyte area
and were treated as outliers and not included
in the correlation.

The GSI and mean oocyte area for labora-
tory females that were nonovigerous in 1997,
excluding October data (Fig. 3), were also
correlated (r = 0.8, P < 0.0001). Likewise, the
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efficient and sample size are reported.

relationship between GSI and mean oocyte
area of ovigerous females in 1997 (Fig. 3) had
a high correlation (r = 0.9, P < 0.0001).

DiscussioN

All mature female Dungeness crabs in
Alaska do not extrude eggs annually. In our
study, a large number of mature crabs did not
produce egg clutches in 1997, and many of
these extruded eggs in 1998, thus not ex-
truding eggs in at least one year. In the lab-
oratory, some females can extrude eggs in
successive years.

Ovigerous Dungeness crabs in Alaska have
reduced feeding in the laboratory (Schultz and
Shirley, 1997). This reduced feeding behavior
may have resulted in some mature females not
extruding eggs annually. Ovigerous females
may not have enough energy intake or reserves
for vitellogenesis until after egg hatching when
they resume feeding. In this study, eggs
hatched at the end of May, and thereafter GSI
among females increased (Fig. 2b).

In our study, significant differences in GSI
and oocyte measurements between laboratory
females that were nonovigerous and oviger-
ous in 1997 strongly suggest that egg extru-

sion does not occur annually in southeastern
Alaska for individual females. Similar con-
clusions have been derived for other crab
species including the false southern king crab,
Paralomis granulosa (Jacquinot, 1852)
(Lovrich and Vinuesa, 1993); blue king crabs,
Paralithodes platypus Brandt, 1850, from the
Pribilof Islands (Somerton and MaclIntosh,
1985); blue king crabs from the western
Bering Sea (Sasakawa, 1975); and snow crab,
Chionoecetes opilio (Fabricius, 1788), from
the northwest Gulf of Saint Lawrence (Sainte-
Marie, 1993).

The results of this study are in contrast to
a study conducted on Dungeness crabs in cen-
tral and northern California, where gonad de-
velopment began immediately after egg ex-
trusion while the crabs were brooding eggs
(Wild, 1983). This was not found in our study
with Alaskan crabs. Alaskan females did not
begin developing gonads until after eggs
hatched in May (Fig. 2b). Wild (1983) sug-
gested that if gonad development does not be-
gin until after eggs hatch there will be sig-
nificant differences in ovary development,
which is what occurs in Dungeness crabs
from southeastern Alaska. In California, all
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female Dungeness crabs held in the labora-
tory extruded eggs (Wild, 1980) and were
able to reproduce annually (Wild, 1983).

Seasonal gonad development of male crus-
taceans has not been widely studied. Some
male crustaceans seem to have seasonal sper-
matogenesis activity and others appear to
have continuous activity throughout the year
(Sastry, 1983). The GSI of laboratory-reared
male Dungeness crabs increased throughout
this study (Fig. 2a). Although changes in GSI
were less than 0.15%, a near doubling of go-
nad mass was observed (Fig. 2a). Male go-
nads attained maximum biomass in July.

The significant decrease in GSI from Sep-
tember to October 1998 among nonovigerous
females in 1997 was unexpected (Fig. 2b).
The decrease could be caused by one of two
factors: resorption of gonads or an increase
in body weight. Dry gonad weight would be
expected to remain equal or increase in Oc-
tober, such as in the previous months. Com-
parisons in gonad and body weights between
September and October suggest that gonads
were indeed resorbed and that the decrease in
GSI was not the result of increased body
weight.

Resorption of gonads has not been docu-
mented in Dungeness crabs. The resorption
of gonads suggested in this study occurred
in the laboratory and for crabs in situ between
September and October (Fig. 2b). If the fe-
males are not able to fertilize eggs either by
mating or utilizing stored sperm, then gonads
may be resorbed until the next year. In the fu-
ture, a closer examination of Dungeness crab
gonads, such as a histological approach, may
detect resorption of individual oocytes.

Only mature crabs were assumed to be used
in this study, but it should be noted that sex-
ual maturity of crabs was not specifically de-
termined for the crabs utilized. The differ-
ences in gonad development in this study may
have resulted if nonovigerous females in 1997
were in fact immature and ovigerous females
in 1997 were mature. We believe that this is
highly unlikely because many researchers
provide evidence suggesting that female
Dungeness crabs mature at approximately 93-
through 100-mm CW (Butler, 1960; Orensanz
and Gallucci, 1988; Swiney, 1999) and only
females 106-mm CW and larger were used
in this study. Furthermore, if the nonoviger-
ous females in 1997 were immature, then they
should not be able to extrude eggs without
molting and mating, but many crabs among

903

this group did extrude eggs in 1998 without
molting and mating.

Managers should take into account our
findings that all mature female Dungeness
crabs are not extruding eggs annually in
southeastern Alaska. Fewer animals may be
produced annually than was previously
thought, and management agencies should
consider this in decisions. A closer examina-
tion of Dungeness crab reproductive cycles at
the northern limit of their range is necessary
for better management.
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