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PREFALE

The Bay of Nicoya is located on the Pacific coast of Costa Rica. It is
the location of a cooperative research project on the stock assessment and
the management of the artisanal fisheries in the bay. These fisheries are
primarily on four species of the group knovyn as corvinas. There is a
commercial, quite industrialized fishery on shrimp in the mouth of the Bay
and in the Pacific Ocean and a relatively small number of shrimp are also
caught in the gillnets set for corvina. There are, in addition, other fisheries
on molluscs and on crustacea in the Bay that are carried out entireiy
artisanally. These fisheries are soon to enter into the research sphere of
the research project.

The methods and ideas presented in this working paper are derived
primarily from Garrison Bay which is a north temperate homologue to the
Bay of Nicoya. Both bays are shallow, subjected to seasonal input of fresh
water and extremely muddy. Whereas many of the shallow parts of the Bay
of Nicoya are bordered by mangrove or mangal, large parts of Garrison Bay's
more shallow areas are covered by eel grass. Since it is well-known that
many of the energy flow pathways in tropical and temperate water
estuaries are highly dependent upon the structure and function of mangals
and eel grass environments, respectively, we are able to take advantage of
the Garrision Bay homologue.

Principle elements in the energetic pathways in both environments
are macroinvertebrates such as the crustaceans (crabs) described herein.
The methods presented in this report are not at all specific to the genus
Cancer but are widely applicable to molting invertebrates, in general. For
example, species in the genus Cancer to which we have applied the methods
include individuals where maximum carapace size is 20 mm Lo another
species whose maximum is an order of magnitude greater. Such
methodology will be a valuable guide for data collection and analysis as our
reseerch project begins to include investigations of how the benthos
contributes both in the energy pathweys and in the artisanal fisheries.
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COMPARATIVE STUDY OF POSTLARVAL LIFE-HISTORY
SCHEDULES IN FOUR SYMPATRIC SPECIES OF CANCER
(DECAPODA: BRACHYURA: CANCRIDAE)

José M. Orensanz and Vincert F. Gallucci

ABSTRACT

Size-at-instar, growth-per-molt, reproductive schedules, and morphometric allometries were

investigated in four sympatric species of Cancer (magister, the Dungeness crab, gracilis, pro-
ductus, and oregonensis) in Garrison Bay, North Puget Sound. Complementary observations
were made on mating systems. mortality, habitat utilization patterns, and feeding. Numerical
methods were successtully emploved to discriminate instars in size-frequency distributions.
Growth pattern, contrary to our expectation. was determinate in the four species. Geographic
variation in prercproductive growth rate of C. magister is attributed to environmental factors.
It is suggested that an independent stock may inhabit the Strait of Georgia-North Puget Sound
area. . -
Observations on mating behavior suggest that these polygynic species have different types of
mating systems. leaning towards resource defense in C. oregonensis, female defense in C, gracilis
{and perhaps also in C. productus), and explosive breeding assemblages in C. magister. Degree
of sexual dimorphism is consistent with this hypothesis. Adult males of C. gracilis, C. productus,
and C. oregonensis have proportionally larger chelae than females; no significant dimorphism
was detected in C. magister. Male C. gracilis and C. productus show two clear allometric phases
in the chela-carapace size relation.

Contemporary studies of diversity within decapod guilds have frequently been done with
food-resource parutioning as an explicit or implicit hypothesis. In contrast. we stress the im-
portance of habitat. mating systems. and sexual selection as primary mechanisms underlying

the diversification of this genus.

The paleontological record indicates that
the genus Cancer originated during the
Eocene, presumably in the Northeast Pa-
cific. and was well diversified in the Mio-
cene (about 15 million years ago) (Nations,
1975). Nations (1975, 1979) postulated a
radiation from this area (center of origin)
into the Northwest Pacific, the North At-
lantic. the Southeast Pacific. and then to
New Zealand. The genus is at present re-
stricted to cold temperate waters. and is
maximally diversified in the Northeast Pa-
cific, where we conducted our studiés,

Four species coexist in Garrison Bay (the
study area), a small, shallow embayment in
North Puget Sound. There are many pub-
lications dealing with one of them, Cancer
magister (the Dungeness crab), but little is
known about the other three (C. productus,
C. gracilis, and C. oregenensis). Neverthe-
less, even for C. magister there are unex-
plained discrepancies between the life-his-
tory schedules reported for different
geographic arcas. One goal of the present
study was to assemble and compare (within
and between species) such schedules for the
four species. Whenever possible we tried to
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extend the discussion to other species in the
genus, and to summarize alternative hy-
potheses that might explain regularities or
unexpected discrepancies.

A second objective was to use the com-
parative approach to look at the processes
underlying the diversification of the genus
in the past, and the coexistence of conge-
nerics in extant guilds. Many contemporary
studies of diversity within decapod guilds
have been done wirh food-resource parti-
tioning as an explicit or implicit hypothesis
(see Lawton and Elner. 1985, for Cancer).
In contrast. we stress the importance of hab-
itat. the structure of mating systems, and
sexual sclection as primary mechanisms un-
derlying the diversification of this genus.

The Study Area

Garrison Bay (Fig. 1) is a small (2 x 1|
km) and shallow (4 m maximum depth at
MLW) bay on the northwest coast of San
Juan Island. North Puget Sound. Our study
was conducted on the east coast, in the En-
glish Camp National Historical Park. Large
red algac (Gigartina) define the physiog-
nomy of the central (deepest) part. The shal-
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GARRISON Bav

Fig. 1. The study area of four sympatric species of
Cancer. A, San Juan Archipelago. North Puget Sound.
B. Garrison Bay. Squares correspond 1o the large quad-
rats,

low subtidal belt is covered by eelgrass (Zos-
tera) beds. Soft bottoms, ranging from sandy
in the north 1o muddy in the south. pre-
dominate in intertidal and shallow subtidal
zones. The flats are interrupted by occa-
sional small rocky outcrops. Water temper-
ature in the shallow subtidal zone ranges
from 4°C in winter 10 19°C in summer. Water
overlying intertidal flats reaches freezing
point during cold. nocturnal winter low tides.
Salinity ranges from 26-28%o (winter min-
imum) to around 30%o (late summer), and
can be lower in localized areas of fresh-water
runoff.

The Species Guild

The four species of Cancer coexisting in
the bay have a fossil record in the Northeast
Pacific back to the Pliocene, and closely re-
lated counterparts occur in the Miocene of
the same area (Nations, 1975, 1979). All of
them range from California to Alaska. being
distributed over the Oregonian and Aleu-
tian biogeographic provinces (Table 1). Sys-
tematics, distribution, and natural history
have been sketched by Holmes (1900), Way
(1917), Weymouth (1910), Schmitt (1921),

Rathbun (1930), Ki.udsen (1964), Ricketts
and Calvin (1968), Garth and Abbott (1980),
and Hart (1982).

Patterns of microhabitat use observed by
us in Garrison Bay are similar to those re-
ported by Knudsen (1964) and Way (1917)
in Puget Sound and by other authors (Cleav-
er, 1949; Hart, 1982; Schmitt, 1921) else-
where; C. magister is always found in sand
or muddy sand grounds, inshore and off-
shore; C. gracilis in eelgrass beds and in
muddy bottoms of sheltered environraents;
C. productus in protected rocky outcrops
and in areas of bays and estuaries where the
bottoin is composed of gravel, rocks, shells,
or hard-packed sand; C. oregonensis in
structurally complex substrates, like pro-
tected rocky areas, mussel and barnacle beds,
and algal holdfasts.

(arrison Bay functions as a “‘nursery area”™
for C. magister. Megalopae seitle in sandy
areas in the north. Early benthic instars are
restricted to intertidal and shallow subtidal
areas. During davtime and low tides thev
seek refuge under objects lving on the beach.
mostly stranded algae (a similar use of re-
fugia was reported by Armstrong and Gun-
derson, 1985, for Grays Harbor). As the
crabs grow, their range gradually expands
to the subtidal and onto muddy areas to the
south, where they overlap with C. gracilis.
The latter was always observed in shallow
subtidal muddy areas bordering the eelgrass
belt. Cancer productus and C. oregonensis
settle on spatially complex substrates (rocky
outcrops, mussel and barnacle patches. atc.).
Cancer oregonensis is restricted to these ref-
uge-rich habitats for its entire life. Cancer
productus, instead. leaves them as it grows,
shifting to open grounds or to larger hiding
places. Foraging areas of C. magister, C.
gracilis, and C. productus overlap. Adults
move into the intertidal zone during noc-
turnal high tides, feeding mostly upon poly-
chaetes and bivalves. Interspecific aggres-
sive encounters were never observed in the
field. Cancer oregonensis and juvenile C.
productus have similar habitat require-
ments. Structured substrates are in limited
supply in the bay; their artificial expansion
results in increased settlement of both
species. Interference competition for refuge
space, although not documented. is likely
to occur.

Y
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MATERIAL AND METHODS

Measurements. Terms. and Abbreviations

Abbreviations are as follows: ChH. Chela Height
{maximum height of the propodus. as in Nations. 1975,
fig. 2. A): CL, Carapace Length tmegalopae only, from
tip to :ip of the rostral and dorsal spines); CW, Cara-
pace Width (tenth anterolateral spines alwavs includ-
ed): MCS. Minimum Copulaung Size: MOS. Mini-
mum Ovigerous Size (females only); MPS. Minimum
Precopulatory embrace Size (females only); OSR. Op-
erative Sex Rauo: PW, maximum Pleon (abdomen)
Width (measured only in females); SFD. Size-Fre-
quency Distnbution: and W. total Weight (measured
only in liv2 spectmens with no missing or regenerating
appendages).

The word “instar™ alwayvs refers to crab instars, which
are numbered starting from crab instar 1. Crab instars
of C. magster are paruttoned in 2 sets to tacilitate
companson with other studies. Instars below and above
an average carapace width of 100 mm are labeled,
respectively. as ~J" (for yuventle)y and A" (for adult),
aad denoted as “instar J number™ or “instar A num-
ber.” The last "J™ instar tirrespective of its number) 1s
denoted as “instar J-." We were not able to find the
earliest crab tnstars of C. graci/is. Thetr numbening, 1n
consequence. involves back-calculaung average size-
at-instar to a hypothetical crabinstar 1. To denote this
condttional identification. such instar numbers are fol-
lowed by a " character (for example: “instar 9'").

When analysis of the relative growth of two struc-
tures reveals a change in the value of the allometre
coefficients at some size. the two resulting patterns.
groups are labeled (following adherence to the “size-
equilibnum hypothesis™ of Hartnoll. 1978b) *Phase
1" and **Phase 2" (or. equivalently, juvenile and adult
phases).

Plots of postmolt versus premolt sizes are called
“Hiatt Diagrams™ (Hiatt, 1948 Somerton. 1980a) or
“Grav-Newcombe Diagrams™ (Botstord. 1983). If the
parameters of a model fitted to a Hiatt diagram and
the size of one instar ("'anch ™) are specified, the sizes
of the other instars can be estimated. This extrapola-
tion procedure 1s called ““Hiatt-projection.”™ When a
breakpoint in the Hiatt diagram 1s 1denutied (Matenal
and Methods. Growth Incremenis). the corresponding
premoli siz¢ is abbreviated “CW=*.™

When the life history of a vear class 1s discussed,
*Year " refers to the calendur vear duning which the
megalopae settled to the bottom. Other " Years™ are
numbered subsequently. "Cohon™ and “yvear class ™ are
not used interchangeably. since some vear classes are
composed of more than one cohort.

Field Collecuons

Qualitative Collections. — Specimens were collected in
the tntertiidal and upper subtidal sones. along the east
coast of Garrison Bay, between 1981 and 1955, These
included live and dead individuals, as well as moit
casts. Deeper areas of the bay were trawled on 14 July
1984 and Y September 1985,

Addittonal collections came from other localities
around San Juan Island: Eagle Cove and False Bayv
(Juvenite Cuncer magusiery, the beach of the Friday
Harbor Laboratones (C. productus), trawhng by re-

Generalinformation on the four species of Cancer, and their clusest Miocene counterparts.
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Table 2. Dimensions of the large plots in Garrison
Bay, San Juan Archipelago, North Puget Sound
(locations shown in Fig. 1).

Area tm*)
Upper hail Lower kalf

Plot (midinterudal) (low interudal)
1 253 253

2 197 219

3 191 356

4 190 190

5 140 140

6 180 180

search boats (adult C. oregonensis and C. gracilis), and
the water supply system of the laboratory (megalopae
and juveniles of C. oregonensis and C. productus).
Measurements taken from each specimen included
CW (always recorded), ChH. PW, and W. The latter
three were sometimes omitted due to time or logistic
limitations. Also recorded were sex. missing or regen-
erated appendages. general condition of the sheil. and
(for females) presencesabsence and condition (color.
degree of extrusion and hatching) of the egg mass. Spe-
cial attention was paid in the field to the observation
of mating activiiy. Pairs found in precopulatory em-
braces were taken to the laboratorv. and kep* until the
female molted and hardened. Partners recoupled soon
after being placed in tanks with running sea water.

Quantutative Samples. — Large plots were marked in the
middle and low intertidal (Fig. 1, Table 2). Each plot
was partittoned into upper and lower halves. Plots were
scanned in low-midtide on 15 occasions between Feb-
ruary 1983 and June 1984, Crabs sampled within each
plot were taken to the laboratory measured. and re-
leased in their areas of origin. Une or two peretopodal
dactyls of ihe individuals retummed to the field were
clipped following a coded pattemn. The clip removed
half of the dactyl. and was recognizable after at least
one molt.

A different quantitative sampling routine was con-
ducted in the north sector during 1984, its purpose
being to investigate the pattern of recruntment ot ¢
magister. Only the SFDs were uttlized in this studs

Laboratory Observations

Megalopae f C. productus and C. oregonens.s were
obtuined from the water system of the Fridas Harmor
Laboratories during the summers of [958 an: ond
Part of the megalopace were preserved. and part arce
individually raised in small screen containers e+ h run.
ning sea water. When hardened. some crats n eah
instar(as well as molt casts) were stored in ™' ™ ethanol
Carapace outlines of megalopae and crab :nstary | <
were drawn with a camera lucida attached to a4 stereo-
scopic microscope, and measured.

Growth of juvenile C. magtsier was closets moni-
tored from late spring to early fall of 1982 aad
instar-specific information was obtained from several
samples brought alive from the ficld and kept under
laboratory conditions for variable penods of time. Pre-
and postmolt size and sex were recorded for cach molt-
ing episode. A detailed log of molting dates was kept
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for 2 subsamples: (a) 19 instar J1 specimens brought
from Eagle Cove in Mayv 1982. for which growth was
followed through instar J3. and (b) 76 instar J4 crabs
brought from Garrison Bay on 18 June 1982, among
which 20 reached instar J9. Both batches corresponded
1o a single cohort of the 1982 vear class: no significant
difference in size of instar J3 was found between sub-
samples from the two sites.

Crabs of the 4 specics were brought from the field
and kept in tanks with running sea water (fed with clam
meat) for variable periods of time, usually until they
molted. Precopulatory embracement aund female molt-
ing were frequently observed for all the species. Pre-
and postmolt sizes, information on mating partners,
and general ancillary information were routinely re-
corded. In total. 443 molting events were fully docu-
mented.

Data Analyses

Growth Increments. — Allocation of increment obser-
vations is summarized in Table 3. Straight lines were
fitted 1o Hiattdiagrams according te the following three

models (Somerto-. 1980a):
Y, = A + BX, ~¢ i
Y, =A ~ BX, +¢ for X, < X* 2)
Y, =C +~ DX, ~¢ for X, > X*
Y,=A - BX, ~ ¢ for X, < X* 3
Y, =Y" - D(X-X*) ~ ¢ for X, > X"
Y*=A - BX*

where X, and Y, are the i-th pair of pre- and postmolt
sizc obscrvations: ¢, is an error term assumed to be
distributed as V(0. ¢°); and A, B. C. D, and X" are free
parameters. Program HIATT (Somerton. 1978) was
used to estimate the parameters in models (1) and (3).
A statistical test was used to determine whether model
(3) fitted the data better than model (1). The test sta-
ustic (Draper and Smith. 1966: Somerton, 1978) is:

_ (RSS1-RS53)/2
RSS3/(N-3)

where RSS1 and RSS3 are the residual sum of squares
tRSS) for. respectively, models (1) and (3), and .V is
the number of data points. This statistic is distributed
as F with 2 and V-3 degrees of freedom. Model (2)
was fitted to assist in comparisons with earlier studies.

Somerton (1980a) compared model (3) with model
21 and with a hyperbolic model proposed by Mauch-
line {1976) ard concluded that model (3) is superior
to both. Botsford (1985) noted that the difference in
the yuality of the fittings is so small that it is largely
irrelevant. We made use of model (3), when appro-
pnate. for two reasons: it yields infonmation on size at
sexual matunty in females. and is easily co:nbined with
polymodal SFD dissection methods (Materal and
Methods, Size-Frequency Distributions).

Changes in Relative Growth. ~Growth of ChH (in both
seaes) and PW (in females only) relative to CW was
descnibed by the allometnic equation {Y = aX®). All the
analyses were done with log-transtormed measure-
ments [log(Y) = log(b) + a-log(X)). The analyses were
done in two steps: (a) to determine whether there is

F 4
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significant size-dependent change in the value of the
allometric coefficients (Hartnoll, 1978b). and (b) to dis-
criminate the phases and estimate the value of the
allometric coetficients in each phase (Hartnoll., 1978b:
Somerton, 1980b).

There is no recipe for the first step. The size range
over which both allometric phases overlap is estimated
in different ways depending on the tvpe of infarmation
available (Hartnoll. 1978b). We took two approaches:

(a) An algorithm simular to program HIATT (Material
and Methods, Growth [ncrements) was used to paru-
tion the data pairs into two groups. and to determine
whether two lines (one for each parution) fit the data
significantly better than a single Line. If they do. this is
a good indication of the existence of two allometnc
phases. The opposite is not true: if two lines were not
to nt the data significantly better than one (for anv
partition). it would not unequivocally establish the
presence of only one allometric phase. due to the usu-
ally high size overlap between phases. This approach
was suggested to us by Dr. D. Somerton (personal com-
munication).

(b) A second approach was used only for the [ChH:
CW] relationship. We found no evidence of multiple
allometnic phases for the chelae of the females. There-
fore. an assessment can be done by inspecting plots of’
observed male ChH residuals versus CW. using the
line fitted to female data (Results, Males: Carapace-
Chela Allomerrv). This graphical method was previ-
ously used by Weymouth and Mackay (1936. fig. 3).

When the existence of two allometric phases was
detected and a size range of overlap could be assessed.
we used program MATURE (Somerton. 1979, {980b)
to fit the allometnic model 1o the two groups and to
classify the points within the overlap zone. The pro-
gram assigns crabs to either of the two phases using
nonhterarchical cluster analysis.

Size-Frequency Distributions (SFD). —Computer pro-
grams structured along the lines suggested by Mac-
donald and Pitcher (1979) and Schaute and Fournier
(1980) were adapted or written to anals/se SFDs (see
these publications for a detailed presentation ol the
general approach). Listings of FORTR AN subroutines
and a worked example are available tfrom the authors
upon request,

It is assumed that the observed SFD 1s 4 mivture of
K normal distributions. one for each ot N nstars in
our particular case. The mean, vanance and ~elative
abundance of each component distnbution n the mix-
wure are then estimated. Data from a sampic were
grouped over M size intervals (not neceswar:. . equal
The theoreucal distribution was fitted ™ nding pa-
rameter values that minimize the discrepanas “etween
the theoretical distribution and the bsers ed Misto-
gram. Discrepancy was measured hy

M

-2n E plog(p, () P t5)

=

where p, denotes the theoretical probabiiity that an
individual belongs to the jth size inter at. 715 the total
number of individuals in the sampie. 245 the number
that fall into the jth size interval. [p = n, n] 15 the
observed relative frequency of the jth size interval. and
¢ isa R x | array of parameters. Minimization ot (5)

Table 3. Allo:ation by species and sexes of growth
increment observations in Cancer. Range of premoit
size (CW) between parentheses.

Unsexed
Species Males Females juveniles
C. masgister 77(7.80) 67(21,110) 67 (6. 50)

31(12.80) 63(26.86) -
30(7.85) 39(16. 84) -
24(8,32) 45(10, 40) -

C. gracilis
C. productus
C. oregonensis

or a chi-square criterion leads to approximately the
same estimates with the same asyvmptotic statistical
properties. The minimized value of either criterion can
be used to test the goodness-of-fit of the model. The
null distribution is asymptotically chi-squared with M ~
R~1df

All our programs alternate between iterative calcu-
lations and constrained direct-search optimization. for
which the Nelder-Mead (SIMPLEX) algorithm was
used. Three basic procedures were tried. in which the
following parameters were estimated by the direct-
search method:

{a) The means and standard deviations (Macdonald-
Pitcher's method).

(b) The two parameters of a Hiatt line. one mean. the
two parameters of a linear relationship between means
and standard deviations, and K — | proportions. This
parallels the Schnute-Fournier approach. with the dif-
ference that growth structure is introduced by means
of the Hiatt line instead of the von Bertalantfv growth
model.

(c) The means, and the two parameters of a linear
relationship between means and standard deviations.
A hybnd of the preceding two vielded the best results:
ramd convergence to meaningful parameter combi-
nauons. with relative economy of degrees of freedom.
(In(a)and (c) the direct search alternated with iterative
calculations for the estimation of the proportions.)

Assumptions of normal SFD for individual instars.
and of a linear relationship between means and stan-
dard deviauons (¢ = a + bu), were empirically sup-
ported by data from laboratory reared cohorts. Hiau
diagrams provided ancillary information to evaluate
K (the number ot'instars in the mix.ure). and to project
means and vanances (Nicholson, 1979).

Data from Other Published Studies. — CL of megalopae
were extracted from illustrations in publications deal-
ing with larval development, using the graphic scales
provided by the authors,

CW data from authors who excluded the tenth an-
terolateral spines in measurements of C. magister were
converted with the relationship:

Y = ~0.029 + 1.0715X (Butler, 1961),

where X and Y are the respective widths excluding and
including the spines.

The growth scheme for Dungeness crab in Graye
Harbor (Discussion. Intraspecific Vanation in Cancer
magistery was assembled using size-at-instar figures and
illustrations given by Cleaver (1949). Part of the data
in his fig. 4 were digitized.
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Table 4. Coefficients of linear models fitted to Hiau diagrams, and statistical comparisons.

A. Cocfficients »stimated by fitting one line {(model 1) and two lines (model 3) to female Hiatt diagrams.

Two lines fitted (model 3)

One line fitted {model 1) Lower line Upper line
Species of
Cancer Cwe v Slope Intercept N Slope Intercept hi Slope
magister 92 67 1.21 3.39 63 1.27 0.95 4 0.61
gracilis 46 64 1.04 1116 15 1.38 -2.97 49 0.93
productus 40 39 1.27 1.77 18 1.38 ~-1.43 21 1.23
oregonensts 45 23 1.08 3.11 27 1.19 1.25 18 0.97

B. Tests of whether two straight lines (model ) fit female Hiatt diagrams significantly better than a single straight line (model 1); RSSI and RSS):

residual sums of squares of, respectively, models | and 3.

Species of

Cancer N RSS! RSS3 F df. Significance
magister 67 741.5 537.5 12.15 2,64 .-
gracilis 64 2399 114.6 33.36 2,61 b
productus 39 190.0 178.5 1.16 2,36 NS
oregonensis 45 68.8 60.1 3.02 2,42 NS
C. Companson of straight lines fitted to male and prepubeny female Hiart diagrams (covanance analvses).

[nteracuons Factors
Spectes of

Cancer Groups compared F Significance F Signiticance af
magister females <93 and males 3.77 . - - 1,136
gracilis females <46 and males 1.24 NS 1.35 NS 1,43
productus females and males 1.03 NS 1.50 NS 1,65
oregonensis females and males 7.27 e - - 1,65
D. Coelficients estimated for straight lines fitted to Hiatt diagrams. modeis (1) and (2).

Species of

Cancer Group N Intercept {SE) Slope (SE)
magister males 77 1.044 (0.510) 1.273 (0.013
magister females < 93 64 1.074 (0.889) 1.270(0.019)
gracilis males and females < 49 47 1.866 (0.949) 1.239(0.023)
gracilis females > 49 43 17.264 (1.339) 0.940(0.022)
productus males and females 69 1.088 (0.851) 1.293(0.017
oregonensis males 24 0.772 (0.629) 1.195 (0.035)
oregonensis females > 10 45 3.105(0.574) 1.076 (0.025

RESULTS
Growth Increments

No evidence was found for a change in
male growth-increment patterns within the
size ranges explored. Models (2) and (3) (two
lines) did not fit the data better than a single
straight line. For C. magister the data did
not extend to the sizes where a change might
be expected, and this is probably the case
also for C. productus.

Model (3) (two lines) fitted the data sig-
nificantly better than model (1) (a single line)
for the females of C. magister and C. gracilis
(Table 4A, B). The premolt carapace width
corresponding to the intersection point of
the two lines (CW*) was 92 mm for C, ma-
gister and 46 mm for C. gracilis. The num-
ber of observations for C. magister larger

than 93 mm (premolt size) was insufficient
to estimate reliably the parameters of a hin-
ear model for the postpuberty females.

Model (3) (two lines) did not significantls
improve the fit of the data for the females
of C. oregonensis and C. productus (Table
4A) when compared with model (1) (one
line). In C. productus the lack of a break-
point cannot be explained solely by the siz¢
range explored. In C. oregonensis the size
range (10-40 mm) may be above the break-
point, as suggested by the high value of the
intercept in model (1) (Table 4D) and by
the fact that MOS = 10 mm (Results. ()h-
served MOS and MCS. and Consistency with
Morphometric Results).

Covariance analysis was used to compare
the lines fitted to males and prepuberty fe-
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Table 5. Morghometric allometries. CW': carapace width at which the partition into two groups yields the

lowest SS.

A. Male chelae: exploration ot allometnc phases with Somerion’s method.

) Lower fine Upper line .
Species of Sigmifi.
Cuncer Size range cwe Intercept Slope df Slope df F df cance
magister 8-~187 - (no significance mimmum found for the total SS, .V = 302)
gracilis =114 61 -1.80 1.08 137 1.21 186 16.48 2,323 hie
productus 7-160 76 -1.92 1.10 57 1.26 43 10.32 2,100 .-
oregonensis 812 22 -1.57 1.16 52 1.32 56 0.97 2,108 NS
B. Male chelae: results of Atung two lines (one to each allometnc phase) with program MATURE.
Lower hne Upper line .
Species of Boundanes Signtti-
Cancer (CW.in mm)  Intercept Slope RY% Intercept Slope N F df cance
gracilis 70. 85 -1.92 1.11 240 -1.67 1.07 198 41.174 2,434 b
productus 70. 87 -1.87 1.08 64 -2.00 113 39 18.688 2,99 b
C. Female pleon: expioration of allometnc phases with Somerton's method.
. Lower line Upper hne o
Species of Size Signifi-
Cancer range cw lutercept Slope d.f Slope d.f F df. cance
masister 15-181 93 -2.83 1.28 56 1.52 52 30.48 2,108 e
gracilis 26-106 44 -3.64 1.62 7 1.34 428 12.82 2,435 e
productus 16-128 43 -2.88 1.33 41 1.44 59 3.57 2,100 .
oregonensis 9-15 18 -1.73 1.07 42 1.19 81 0.51 2,123 NS

males of C. magister and C. gracilis. and 1o
males and females (all sizes) of C. productus
and C. oregonensis (Table 4C). The slopes
were significantly different between males
and prepuberty females of C. magister, and
between males and females of C. orego-
nensis. No significant difference was found

between males and prepuberty females of

C. gracilis, cr between males and females
of C. productus. Consequently. data for
males and prepuberty females ot C. gracilis,
and of male and female C. productus, were
respectively pooled. The statistically signif-
icant difference between young male and fe-
male C. magister appears to be of little bi-
ological relevance for our study.

Table 4D contains the parameters esti-
mated for models (1) and (2). Although
model (3)is formally more appropriate than
model (2), we include parameters estimated
for the lutter because it was previously used
for species of Cancer.

Size of Sexual Maturity

Males: Carapace-Chela Allometry. —No in-
dication of sexual dimorphism or allome:ric
phases was found in C. magister (Fig. 2,
Table 5A) within the size range studied,
which extends generously below and above

the size of sexual maturity inferred from
reproductive behavior.

In C. gracilis and C. productus there is
good evidence of the existence of two dis-
tinct phases (Fig. 2. Table 5A. B). These
overlap over the size rangs (70-85 mm) for
C. gracilisand (70-87 mm) for C. productis.
Table 5B contains the coefficients ot the al-
lometric equation estimated for each of the
phases. for the two species. using program
MATURE.

In C. oregonensis the graphical method
(Fig. 2) showed clear sexual dimorphism
expressed earlier than in the other species
Neither the graphical method (Fig. 2) nor
Somerton’s method (Table 5A) revealed
clear allometric phases.

Females: Carapace-Abdomen Allomerr: -
The analyses showed evidence of two phas-
es in C. magister, C. gracilis, and ¢ pro..
ductus (Table 5C). No such evidence was
found for C. oregonensis, but for this species
the size range of the females measured 4=
45 mm) is probably above the puberts molt
(MOS = 10 mm).

Observed MOS and MCS, and Convivien
with Morphometric Results. — Measured size
ranges of crabs involved in reproductive ac-
tivities are summarized in Table 6.

(\/
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Table 6. Measured size ranges of crabs involved in reproductive activities (sample sizes between parentheses).

Species of Cuncer Mating males

Females in precopula Ovigerous females

magister 135(2)

gracilis TI-111(58)
productus 64-147(11)
oregonensis 2541 (15)

107-109 (2) 151-172(3)
39-85(61)* 54-100 (242)

49-114 (9) 70-129(7)
17=35(19) 1043 (37)

® Excluding a single. outlytng (CW = 39 mm) precopulating temale C. graciiis, the remaining o0 females were larger (CW > 47 mm).

No morphological correlate of the size at
sexual maturity was found in the males of
C. magister. For C. productus and C. ore-
gonensis MCS was close to or slightly below
the lowest boundary of the range of overlap
between the two allometric phases. indicat-
ing that change in relative chela height is
related to sexual maturity.

Females of C. magister show a significant
change in both relative growth-per-molt and
abdominal width at (CW* = 93 mm). This
is the average size of instar J+ (Results.
Size-at-Instar Schedules). Observed MPS
corresponds to the next instar (Al). This
suggests that at least some females mate one
instar late with respect to the expression of
size-dependent morphological changes usu-
ally associated with the onset of sexual ma-
turity.

In females of C. gracilis MPS (47 mm).
CW* (46 mm), and the average size at which
there is an increase in relative abdominal
width (44 mm) are all verv close to each
other, suggesting that these morphological
changes are effectively associated with pu-
berty. MPS and average size of abdominal
enlargement were, respectively, 49 and 43
mm in the females of C. productus, showing
a pattern similar to that of C. gracilis. The
difference between abdominal allometric
phases, however, was less defined.

Size-at-Instar Schedules

Megalopae of C. productus and C. ore-
gonensis were similar in size (CL ~ 4,2-4.3
mm). Megalopae of C. inagister were much
larger, up to (CL = 9.3 mim). We were un-
able 10 obtain megalopae of C. gracilis.

The first column of Tables 7 and 8 sum-
marizes the size-at-instar data for labora-
tory-reared instars 1—4 of C. productus and
C. oregonensis raised from megalopae ob-
tained from the laboratory water system.

Tables 7-10 present the size-at-instar
schedules resulting from the dissection of

polymodal frequency distribution of indi-
viduals of the four species collected in Gar-
rison Bay. Goodness of fit tests led in all
cases to rejection of the hypothesis that the
differences between the observed and esti-
mated SFDs were statistically significant
(P < 0.05). Foreach size-at-instar vector we
also present the corresponding Hiatt-pro-
jected size-at-instars (Tables 7-10). Back-
calculated (extrapolated) average size-at-in-
star starting from field averages match
closely the size-at-instar from the labora-
tory reared animals. making it possible to
number the instars discriminated in the field
SFDs. Table 11 contains coefficients for
straight lines fitted 1o the (CW:W) relation-
ship using log-transformed values. These can
be used to convert size-at-instar schedules
into weight figures.

The first field of Table 9 contains size-
at-instar corresponding to laboratory-reared
C. magister of the 1982 vear class (cohort
A: Results, Cancer magister). instars J2-J6.
They ciosely match the schedule of the lab-
oratory-reared group (instars J 1-J9) and the
Hiatt-projection (Table 9). This particular
cohort went through 9 J-instars. The initial
size of the 1984 year class (cohort A) was
smaller than that of its 1982 homologue
(which also settled earlier). Size-at-instar
were consequently lower, suggesting the
possibility of some interannual variability
in the number of J-instars (9 or 10). This
also points to the risk of pooling animals of
different cohorts in SFD analyses: the mix-
ture can lead to an overestimation of the
number of instars. Nu difference was found
between males and females of the J-instars.
Size-at-instar for A-instars are summarized
in Table 12.

No specimens of the earliest instars of C.
gracilis were available for this study. The
size atinstar | can to some extent be guessed
from the literature. Table 13 summarizes
sizes of the megalopac of several species.
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Instar 1 can be expected to fall in the in-
terval (2 mm < CW < 3 mm). Average size
of the first modal group of the 1982 cohort
that could be discriminated in the SFD was
(CW ~ 30 mm). Smaller specimens were
available. but not in numbers large cnough
to estimate average instar sizes. Back-cal-
culating the size-at-instar schedule from the
Hiatt diagram. the smallest group discrim-
inated in the SFD was assumed 10 be instar
7' (Table 10). If our guess for instar | is
correct, the 1982 cohort went through 12
instars. The size estimated for male instar
11" is an underestimate. This group was
poorly represented in our samples, due to
the fact that the 1981 vear class (1o which
most of our data correspond) went through
instar 11 during the fall of 1982, a period

for which we have very few observations.
The specimens measured were obtained
during late summer, were the first to enter
the instar, and for that reason were the
smallest within it. Instar 11’ aside. males
and females started to diverge in average
size by instar 9, which corresponds to the
onset of female sexual maturity (Results.
Observed MOS and MCS, and Consistency
with Morphometric Results).

Different pieces of information allowed
the assembly of complete schedules for C.
productus and C. oregonensis (Tables 7, 8).
Male C. productus in instars 9-12 were ~4d
mm larger than their female counterparts.
The average size at instar 13 could not be
adequately assessed due to the scarcity of
large specimens in the main study area. No

5D
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Table 7. Average size-at-instar: Cancer productus. % and Hiatt-

VOL. 8, NO. 2, 1988

projections correspond to CW. Anchor for the

Hiatt-projections underlined. a and b: coefficients of linear relationship between means and standard deviations
of the component distributions in the mixture. Projection of male size-at-instar done with straight line fitted to

male data alone, Y, = 0.651 + 1.307X..

Maies Femates
Juveniles tlaboratorv-reared) Field (SFD) " Field (SFD)
Instar Ry SD ¥ 4 P pm;lencl(lxon ? P
| 3.74 0.20 98 - 3.7 -

2 5.73 0.34 30 - (5.3) -

3 8.01 0.75 15 - 7.9 -

4 11.62 1.04 5 - 10.9 -

5 - - 15.0 -

6 - - 20.2 -

7 - - 27.1 -

8 - - 36.1 -

9 - 46.0 0.24 47.7 42.0 0.39
10 - 63.0 0.30 63.1 58.7 0.28
Il - 82.0 0.17 83.1 78.1 0.13
12 - 109.9 0.03 109.3 107.3 0.07
13 - 128.8 0.26 143.5 117.8 0.13
a --0.821 -0.711
b 0.108 0.104
X: 15.3 23.9
df. 16 18
N 201 199

significant difference was found between av-
erage size-at-instar of male and female C.
oregone 1sis of instars 5-10 (Table 8); the
result o1 pooling sexes is shown in the last
column of Table 8.

Maximum known sizes for the four species
are summarized in Table 4. We report

Table 8. Average size-at-instar: Cancer oregonensts.

utilized parameters shown in Table 4D.

maximum size records for female C. ma-
gister, C. gracilis, and C. productus.

Montality

Liule information was obtained in the
field on sources of mortality for juvenile
crabs. Cannibalism occurs among young-of-

Conventions as in Table 7. Hiatt-projection of males

Males Females Pooled sexes
Juveniles (laboratorv-reared) Field (SFD) Hian Field (SFDy Field (SFD)
Instar 4 SD AY 5 P projection 2 P 2 P
1 3.41 0.18 81 - 3.9) - -
2 5.00 0.49 27 - (5.5) - -
3 7.20  0.53 16 - 7.3 - -
4 9.75 0.56 4 - 9.5 - -
5 - 1.6 0.11 12.2 12.0 0.11 11.9 0.11
6 - 15.3 0.24 15.3 16.2 0.25 15.8 0.24
7 - 19.9 u.11 19.1 20.8 0.20 20.7 0.17
8 - 24.5 0.18 23.6 26.6 0.10 25.7 0.15
9 - 30.9 0.07 28.9 30.7 0.16 33.1 0.24
10 - 35.9 0.29 354 35.4 0.18 37.5 0.09
a -0.646 -0.335 -0.340
b 0.122 0.125 0.119
x? 15.8 14.0 9.9
ar 6 7 7
N 187 206 393
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Table 9. Average stze-at-instar: Cancer magister. Conventions as in Table 7. Hiat'-projections were done with
straight lines fitted to poolzd (inales, ternaies, and unsexed juventles) data. The regression equation is Y, =

250 - 1L.235X,.

1982 Year-clasy

1984 Year-clasy

Labueators reared Frend (SFID) F.eld (SFD)
Hiat- Huate

tnstar N SD \ projection * P projection Dy P
1 7.5 0.50 19 19 - - 7.1 7.1 0.31
2 12..5 0.86 39 12.3 12.6 0.03 1. 10.5 0.15
3 178 1.3¢6 22 17.7 17.6 0.26 16.4 15.2 0.21
4 26.1 1.59 62 249 258 0.52 228 20.8 0.13
5 339 2.20 103 327 348 0.10 30.7 28.8 0.13
6 45.1 3.57 52 429 43.8 0.09 40.4 42.7 0.07
7 57.6 4.90 32 353 - - - - -
8 72.0 3.35 43 71.0 - - - - -
9 9.6 6.14 5 9.2 - - - - -
a -0.58 -0.29
b 0.09 0.10
' 28.17 15.14
d.t. 20 19
AY 501 597

the-yvear C. magister, but its importance was
not assessed. Bird predation is restricted to
interudal juveniles. and to large crabs i
poor health condition. Mass mortality of
adult C. gracilis was observed in January
1984, as a result of the combination of very
low tides and freezing temperatures.

The most important apparent source of
montality of adult C. productus and C. gra-
ctlis was senescence. Data on crabs found
dead or moribund in the field. and whose

Table 10.
in Hiatt-projection.

condition s attributable to senescence or
disease. are summanzed in Table 135.
Crabs of all species are frequently found
wounded or lacking appendages. as has been
documented also by other authors (Durkin
et al., 1984). At least part of these injuries
are attributable to partial predation by fish-
¢s. reported here for the first time. In the
fall of' 1985 we tound many legs of adult C.
gracilis and ot large juveniles of C. muagister
in the stomach contents of staghorn scul-

Average size-at-mnstar: Cancer gractlis. Conventions as in Table 7. See Table 4 tor parameters utilized

Males remales
Freld (SFID Fretd 1SFDy
Hian- Hiatt.
Instar v I projection v I3 srojection
1 - - (2.4 - - 2.3
2 - - (4. - - (4.7
3 - - (7. - - (.7
4 - - 1.7 - - (1L
S - - 16.3 - - (16.1)
6 - - 22.1 - - (21.8)
7 29.7 0.06 29.2 314 0.05 28.8
3 38.1 0.12 38.1 37.6 0.09 316
9 493 0.17 491 47.3 0.12 48.4
10 62.4 0.04 62.7 61.7 0.09 61.8
I 73.1 0.09 79.5 76.6 0.42 75.4
12 9S5.6 0.52 100.4 86.2 0.23 88.1
a -0.72 ~0.65
b 0.104 G.100
X 24.5 40.0
d.f. 32 27
N 436 824
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Table 11. Parameters of straight lines fitted to the log-transformed carapace width versus total fresh-weight
relationshin.
Species of Size range
Cancer Sex Intercept (SE) Slope (SE) N (CW, in mm}

magister male —8.41(0.068) 2.89 (0.016) 158 13, 186
magister nonovigerous female —8.31(0.060) 2.86 (0.014) 137 21,182
gracilis male —9.38 (0.084) 3.19(0.019) 213 19,115
gracilis nonovigerous female ~8.94 (0.095) 3.06 (0.022) 274 30, 105
gracilis ovigerous female —8.04 (0.295) 2.90 (0.068) 150 54,94
productus male —8.25(0.129) 2.84 (0.030) 105 8, 161
productus nonovigerous female —-8.61(0.114) 2,91 (0.029) 108 15,130
oregonensis male -7.28 (0.215) 2.79 (0.065) 65 10, 42
oregonensis nonovigerous female —7.45(0.235) 2.82(0.072) 81 11,45
oregonensis ovigerous female -8.22(0.316) 3.12(0.101) 31 10, 43

pins, Leptocottus armatus. At least in some
cases these appendages belonged to recently
molted crabs.

Postlarval Life-History Schedules

Cancer magister.—Megalopae start to ap-
pear in the bay in May, and can be found
in the area as late as August. Molting into
crab instar J1 peaks in late May or early
June. Settlement vuver the study period fol-
lowed a pattern of alternating strong and
weak years, high in 1982 and 1984, low in
1983 and 1985.

The growth of crabs settled during late
spring in 1982 was followed in the field and
in laboratory-reared animals. The growth
schedule of the laboratory stock closely
matched that observed in the field, both in
size-at-instar and timing (Results. Size-at-
Instar Schedules: Tables 9 and 16: Fig. 3).
The cohort, on the average. reached instar
J8 by November of Year I, and instar J9
by February of Year 2 (1983).

While most Year 2 crabs belong in instar
J9 at the onset of the spring, we have re-
currently observed a second group, less
abundant and smaller in size (Fig. 4). These
range between 20 and 40 mm in CW by late
April or early May. We refer to that pattern
as “*bimodal recruitment.” and designate the
two groups as cohorts A (large) and B (small).

Cohort B megalopae settie in late summer
(August). We have not followed the growth
of cohort B as closely as we did with cohort
A, but the growth of late summer settlers
was documented by Mackay and Wey-
mouth (1935) f.: Boundary Bay (southern
Strait of Georgia), 20 miies (32.2 km) from
our study site. The growth curve implicit in

their data (Fig. 3) correctly predicts the size
of cohort B at the onset of the spring of Year
2. Assuming that Mackay and Weymouths’
size-at-instar schedule applies to Garrison
Bay cohort B crabs, these reach instars J7
or J8 by the spring of Year 2. The size of
instar J1 documented by Mackay and Wey-
mouth (cohort B, ¥ = 5.2 mm) is smaller
than what we observed for cohort A (% =
7.1-=7.9 mm). Coincidently, Dungeness crab
megalopae observed in the Friday Harbor
area in late summer are smaller than those
ofthe late-spring batch. but compatible with
sizes reported by Mackay and Weymouth,

Past the spring of Year 2 we can account
only for members of cohort A. Only field
data are available beyond this point. Molt
from instar J9 to A1 took place in early-
midspring; this is the least documented step
in our data base. In this molting episode the
crabs crossed the 100-mm CW boundary,
frequently associated with the onset of sex-
ual maturity,

Molting from instar Al to A2 extended
over the late spring and summer of Year 2.
On the average, females molted before males
(molting peak in June versus July).

Males started molting to instar A3 in Au-

Table 12. Cancer magister: Estimated size-at-instar
of A-instars.
Males Females
Instar T S0 4 SD
Al 109.3 8.57 107.5 8.51
A2 131.2 10.39 1314 10.53
Al 165.5 13.26 160.5 13.00
Y 161 72
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Table 13. Size of the megalopae of various species of Cancer. T°C: temperature at which larvae were reared.

in °C.

Species CL Source Author
amphioetus 2.3 Laboratory-reared, 15°C Iwata and Konishi. 1981
antennarius 2.7 Laboratory-reared, 13.8°C Roesijadi, 1976
anthonyi 2.2 Laboratory-reared, 17.5°C Trask, 1974
anthonvi 1.8 Laboratory-reared. |8-22°C Anderson, 1978
borealis 2.1 Laboratory-reared, 20°C Sastry, 1977b
edwardsi 4.3 Chile, 13.5-14.6°C Quintana. 1983
gracilis 2.8 Laboratory-reared, 17°C Ally, 1975
irroratus 2.5 Laboratory-reared. 15°C Sastry, 1977a
magister 10.2 Laboratory-reared, 51°F Poole. 1966
magister 8.7 Oregon Waldron, 1958
magister 9.3 Northern Puget Sound This study
oregonensis 4.2 Northern Puget Sound This study
pagurus 3.3 Laboratory-reared Ingle, 1981
productus 4.0 Laboratory-reared. 11°C Trask. 1970
productus 4.3 Northern Puget Sound This study

gust of Year 3. Molting continued during
September. and presumably during Octo-
ber. Thus. molting from instar Al to A2 of
Year 2 males preceded (on the average)
molting from instar A2 to A3 of Year 3
crabs. [t is uncertain at which instar males
start leaving the bay, but no healthy indi-
viduals were found bevond instar A3 or
Year 3.

Most females entered instar A2 in May
and June of Year 2, and all those observed
were embraced by larger males. Complete
observations wer¢ made on two couples
captured in mid-June 1983. The Year 2 fe-
males molted from instar Al (CW = 107.6
and 109.2 mm) to instar A2 (CW = [26.0
and 134.2 mm), while embraced by Year 3.
instar A2 males (CW = 135 mm). The fe-
males were sacrificed in September for ob-

Table 14, Maximum known sizes (CW, in mm), by
spectes and sex. Data are from Butler (1961), Cleaver
(1949), Garth and Abbott (1980), Hankin er al. (1983),
Hart (1982), Rathbun (1930), and this study. Under-
lined figures are maximum records reported here.

servation of the gonads: both had ripe or-
ange ovaries. Most females seem to leave
the bay after mating (i.e., while in instar
A2). However, fresh casts indicated that at
least a few females molted into instar A3 in
the bay. No ovigerous females were ob-
served over the study period. Instar A3 fe-
males in poor health or recently dead (not
“ecause of predation) were found in small
numbers vear-round.

Thus. while most females leave the bay
after mating, following puberty molt (spring
of Year 2), at least a considerable number
of males stay in the bav for more than one
year, until mating (instar A2) and subse-
quently molting into instar A3 during the
late summer and early fall of Year 3. Thi,
results in a strongly biased sex ratio of sam-
ples ofadults (instar Al and larger) obtained
in the bay, especially in late summer and
fall.

Cancer gracilis.—Virtually all the results

Table 15. Size of crabs found dead or moribund in
the field. Only crabs whose condition was attributable
to senescence or diseasc are included.

Estimated
mean maxt-
Species of mum bx
Cuncer Male Female of instars
magister 254! 182 132
gracilis 115 106 12
productus 180 167 13
oregonensis 49.5 47 11

' Males Inrger than 210 mm are rarely found. This maximum size record
corresponds 1o an exceptional specimen reported by Cleaver.

! Gamson Bay (see Discussion, Intraspecitic Vanauon in Cuncer ma-
gister, and Table 22),

Approxt-

mate

Group N Size range instars
Cancer magister, males 10 127-186 A2-A3

Cancer magister, females S 144-170 Al
Cancer gracilis, males 15 80-114 11'-12’
Cancer gracilis, females 23 63-106 11I'-12
Cancer productus, males 24 91-159 12-13
Cancer productus, females 27 102-167 12-13
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mjjasondjfmamjjasond
year | year 2
Fig. 3. Cancer magister. Schematic representation of growth in Nonh Puget Sound. Cohont a (late spring

settlers), data for th
instar, and before an
data (Boundary Bay). Circles 1

e 1982 year-class: the envelo
d after ave

correspond to a single cohort that presum-
ably settled into the bay during the late sum-
mer or early fall of 1981, and was followed
from the early winter of 1982 (instar ™" §)
until it vanished during the winter of 1984,
Figure 5 is a schematic representation of the

Table 16. Growth schedul
which a detai'ed log of molt
from the sample.

ing dates was kept

pe corresponds to one SD
rage molting date. Cohort b (late summer settle
ndicate average or approximate occurrence of

e for laboraton -reared ¢ uncer magister, 1982
' See Table 9 for complete info

above and below average size-at-
rs), extracted from Mackay (1935)
molting,

postlarval life history of that particular co-
hort.

Molting into instar 9’ peaked by late
March, and into instar 10’ by late May. The
first mating season took place over the sum-
mer of Year 2. Some females mated with

year-class (cohon A, subsamples for
rmation on size-at-instar scheduje

AvErage Asw at whmn

Average ime spent

Inswr Average size (mm) mMolted 1nw aest .ngar + SD N In instar (days)
1 7.96 03701 Mav) 0.00 19 -
2 12.47 0.4211 Junes 0.01 22 18.2
3 17.80 - - - - -
4 26.09 0.56 422 Julv) 0.03 62 -
5 33.95 0.66 (28 August) 0.05 27 36.5
6 45.07 0.75 (30 September) 0.11 25 32.8
7 57.61 0.88 (17 November) 0.09 26 47.5
8 72.04 1.15 (24 February) 0.12 20 98.5
9 90.56 - - - - -

(*) In years, counted starting | January 1982 (corresponding date betwen parentheses),

W
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Fig. 3. Cuncer magister, specimens smailer than CW = 100 mm obtained from the field. Years and sexes
pooled.

older males while molting from instar 9’ to
10’, but most mated for the first time while
passing from instar 10’ 1o 11'. A tew lemales
mated early in the season and spawned in
early summer; eggs were being carned as
early as June, and hatched between Juls and
September.

During Year 3 spawning started :n carl
winter. The percentage of ovigerous temles
peaked in March and then declined oser the
year (Table 17). Females carming ewgs dur-
ing the winter of Year 3 were mostls instar
11", buta few were instar 10’ or {2 ithe last
most likely survivors of an older cohort).
Molting (mostly from instar [l to 12)and
mating was most intense over the summer
(June to August); smaller temales tended to
molt earlier in the season. The few females
carrying eggs by late summer (August,Sep-

tember) were on average larger than those
carrying eggs in the preceding winter (Fig.
6), and were mostly in instar [2’. Some fe-
males might well have had two spawnings
over Year 3 (winter and summer). This could
be achieved in two ways: (a) one spawning
before and another after mating over the
late spring or early summer. or (b) two
spawnings with sperm produced by a single
copulation in Year 2. The distribution of
ovigerous females per instar indicates that
(a) was more likely to occur.

Male molting from instar {1’ to 12’ ap-
parently peaked during the fall of Year 2 or
the early winter of Year 3. So. by the next
peak of mating activity, during the summer
of Year 3, most males were one instar ahead
(12 versus 11") of females of the same co-
hort, Unlike what happened during the first

Y
4
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Cancer gracilis, schematic representation of growth of the 1981 year-class during 1982-1984. Solid

lines = juveniles and males: dashed lines = females: hatched lines = penods over which femaies were carrying

©ggs.

mating season (summer of Year 2), when
mates were monopolized by older males.
females mated with males of their same co-
hort during the second mating season (sum-
mer of Year 3).

Density dropped in the studyv area over
1983. Figures obtained from the large plots
(Material and Methods. Quantitative Sam-
ples), giving a preliminary indication of sur-
vival, are summarized in Table 18. Instar
12" is the terminal one for most C. gracilis,

Table 17.  Cancer gracilis. Percentage of ovigerous fe-
males by month, 1983,

if not for all (Results, Size-at-Instar Sched-
ules). Senescent instar 12' females were
found dead or moribund starting in the
summer of Year 3. During the early winter
of Year 4, a combination of very low udes
and extremely cold nights resulted in mass
mortality. Few were observed afterwards.
Had the cohort survived. most females
might have had their second and last spawn-
ing scason over Year 4, while in instar |2
and males might have had a chance to mate
with females from younger cohorts. Thus.
the maximum number of spawning seasons
for a female may potentially be 3 (instars

Table 18. Cancer gracilis. Density estimates from large

"Téi'ﬂh’lfy‘" Clean plots, by season, 1983-1984.
Owvigerous hatched pleopods
Month N (%) (%) (%}
Number of )

FCbmary 91 54.9 4.4 40.7 Season C:!’.I-.:'Itl,:'d ;:unsc]ab:::::t; M(:'.‘l‘b(:fr‘v‘:'l" mn':
March 73 65.8 5.1 19.2
Apnl 29 37.9 12.5 345 Winter, 1983 104 1.078 0.0965 tu
June 7 429 4.7 14.3 Spning, 1983 124 3.190 0.0389 26
July 86 23.3 20.9 55.8 Summer, 1983 199 5,356 0.0371 M
August 104 7.7 12.5 79.8 Fall, 1983 - -
Septembzr 40 7.5 17.5 75.0 Winter, 1984 22 831 0.0265 L]
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Table 19. Sex ratios for the four species (all noa sex-
selective samples pooled).
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Table 20. Cuncer gracilis. Composition by sexes of
samples from aggregates and background areas.

Al N (malesy

Species of Cuncer WV (males) (females) ¥ (females)
magister, CW < 110 143 145 0.98
magister, CW > 110 119 46 2.59
gracilis, CW < 30 19 19 1.00
gractlis, CW > 30 257 590 0.43
productus, CW > 40 62 63 0.95
oregonensis, CW > 10 29 62 0.47

10°, 11°, 12") but may be more often 2 (in-
stars 11" and 12'), and was truncated to |
(11") for most females of the 1981 vearclass.

Cancer productus. —Settlement of megalo-
pae in the Friday Harbor area peaked be-
tween early July and early August in 1982
and 1983. The 1981 vear class was the best
represented in Garrison Bay during the study
period. Molting trom instar 9 to instar 10
was well documented in May 1982 (Year
2). This was shown to be the puberty molt
for both sexes. Instar 10 males are already
able to mate (laboratory observations). Fe-
males mate for the first time while molting
from instar 9 to 10. Thus. sexual maturnty
is reached before one vear after settlement.
Most crabs were in instars 12 and 13 during
the summer of Year 3 (1983). Many of them
werc mernbund or dving from senescence or
disease.

Matng was observed in the Friday Har-
bor arca from May to September. matching
the period reported by Knudsen (1964: June
to September). Mo ovigerous females were
observed in Garrison Bav: most of the crabs
found in winter were adult males. Mature
females presumably emigrate to deeper areas
before hatching; this s zlso suggested by
observations made bv Knudsen (1964) in
South Puget Sound. Females seem 10 emi-
grate in November-December. and return
to the shallows in Mav-June.

Cancer oregonensis.—Settlement peaks in
summer, coincidently with C. productus.
Mating was observed from April to Septem-
ber. Ovigerous females were found from

early November to April/May. The size of

the smallest bermied females indicates that
puberty is reached in the molt from instar
410 5. Thus, at least some females may mate
for the first time during the fall of Year [,
a few months after settlement.

Owvig- Non.
crous  ovig-
fe-  ecrous Females

Males males females per male

Aggregates
24 June 1982 16 12 27 24
15 September (982 6 0 13 22
8-9 July 1983 50 20 64 1.7
9 August 1983 7 7 61 9.7
Totals 79 39 165 24
Background
June-September 1982 9 7 2 1.0
June-July 1983 17 7 5 07
August-September 1983 51 S 48 1.0
Totals 77 19 55  0.96

Mating and Sex Ratio

Mating was observed in all four species.
In all of them there is a precopula (usually
lasting a few days). The copula takes place
while the female is soft. and a short postcop-
ulatorvembrace follows. Males can presum-
ably detect when a mature female is ap-
proaching molting.

Sex ratio patterns resulting from pooling
alt individuals sampled. in ways unlikely to
be sex-selective, are summarized in Table
19.

Field observation of C. gracilis over the
1982 and 1983 summers revealed that crabs
form verv dense aggregates at some umes
and locations. Detailed measurements and
observations were done on aggregates tound
on 24 June and |5 September 1982, and S~
9 July and 9 August 1983. The density in
the last (which coincided with one of the
large quadrats) was estimated at 0.4 crabs
m* (probably an underestimate). This cor-
responds to ~2.5 m* per crab, and 15 about
10 times the average density observed over
the summer (Results, Postlarval Lite-His-
tory Schedules). The density at the core ot
the aggregates (observations made in fv¥N2
and in July 1983) was of the order ot vne
crab per square meter or even higher Sex
ratios from aggregates and background areas
ace summarized in Table 20. The samples
consistently show a disproportionate abun-
dance of females within the aggregates cven
when we were likely to have biased the sam-
ples in favor of males. Most femules. par-
ticularly ovigerous ones, were buned in the

. A
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mud, and for that reason were more difficult
to locate. Ovigerous females buried in a
similar way have been reported for C. ma-
gister (Diamond and Hankin, 1985) and C.
pagurus (Howard, 1982). Most males were
active, wandering above the sediment; on a
few occasions males engaged in agonistic
contests. Some males and females were in
precopulatory embraces on all occasions.
Samples taken over background areas (low
density) over the same summers (the 1983
counts are from the sampling plots) show a
very different picture, with sexes equally
represented, or sex ratio slightly biased in
favor of males (Table 20).

No such aggregates were observed in the
other species. On several occasions, during
the summer, adults of C. productus were
found in heterosexual monogamous pairs.
This pattern is reflected in the overall ob-
served sex ratio. which does not depart sig-
nificantly from unity. Garrison Bay may be
a marginal environment for C. productus.
and the pattern observed may be atypical
for the species.

Specimens of C. oregonensis were never
observed far from their refuges. Specimens
occupying crevices or spaces under siones
in the field seem to be distributed in small
“harems.” composed of a.large male and a
few smaller females. The overall observed
sex ratio (~2 females per male on the av-
crage) reflects this pattern.

DISCUSSION
The Bonus of Discrete Growth

The lack of growth marks on exoskeletons
has hindered studies on crustacean natural
history. The discreteness of growth-by-
molts, however, offers an edge that has not
been fully exploited. Size increment-per-
molt data come in two formats: Hiatt dia-
grams and their relatives, and size-at-instar
schedules which can be derived. among oth-
er types of data, from SFDs (Hartnoll. 1982).

The usefulness of representations of ex-
pected growth increment per molt given
premolt size has been widely acknowledged.
and different models have been proposed
(Botsford, 1985). The analysis of SFDs (their
natural complement) has received, by con-
tra‘t, little attention. It is thus paradoxical
that the first analytical dissection of a poly-
modal frequency distribution (Pcarson,

JOURNAL OF CRUSTACEAN BIOLOGY. VOL. 8. M7 2, 1988

1894) was exemplified with a crab SFD!
Hartnoll (1978a. 1982, 1983) has discussed
the value of SFDs, and the circumstances
that might render them useless. We have
found only a short mention (Warner, 1985)
of the use of numerical methods in the dis-
section of crab SFDs: most studies have re-
lied on graphical techniques or ocular in-
spection. Ours is (as far as we know) the first
study to make extensive use of numerical
methods for polymodal SFD analysis in a
crustacean. and to incorporate growth struc-
ture into it. Caution, however, is advised in
the use of these techniques. Their usefulness
is maximal when the data come (as in our
case) from a single cohort whose members
grew under similar conditions. Potential
problems are of two types:

(a) Mixtures of cohorts can produce pluri-
modality for each instar, masking any pat-
tern or leading to erroneous interpretations.
(b If increments-per-molt are small and/or
standard deviations are large. modes can be
rendered indistinguishable. Environmental
heterogeneity or protracted settlement can
increase variance of size-at-instar even
within a single cohort, and erase all useful
information (Hartnoll. 1978a. 1982. 1983).

When these difficulties can be overcome.
the analysis of discrete growth facilitates
some insights. The apparent contrast in the
number of juvenile instars between estua-
rine and marine populations of Dungeness
crab (Discussion, Intraspecific Variation in
Cancer magister) constitutes an example.
This case also illustrates the use that can be
made of the decomposition of the growth
process in size increments per molt and fre-
quency of molting, since each of these two
components can be specifically affected by
different environmental factors.

Interspecific Comparisons

Early Life Historv.—Data on larval devel-
opment is now available for a number of
species (Table 13). There is wide interspe-
cific variation in the size of the megalopae.
as well as some intraspecific variation (Dis-
cussion, Intraspecific Variation in Cancer
magister). Megalopae of Cancer can be
broadly grouped into small (CL ~ 2-3 mm:
amphioetus, antennarius, anthonyi, borea-
lis, gracilis, irroratus), medium (CL ~ 4 mm:

- %
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Fig. 6. Schematic representation of postlarval fife-history schedules in the four species of Cancer siudied (males
and females). Size is in log scale. Arrows indicate MCS for males, and MOS for females. Open circles indicate

that values were interpolated or extrapolated.

productus, edwardsi, oregonensts, pagurus).
and large CL ~ 8-10 mm: magister). The
pattern is not related to biogeographic or
phvlogenetic affiliation. but may have eco-
logical correlates.

Megalopae of C. magister are the largest
in the genus. They settle onto relatively open
sandy arcas, where they are exposed to fish
predation. Large initial size may reduce the
length of the period during which these meg-
alopae are exposed to predation by the small
fishes that are abundant in Dungeness crab
nursery grounds.

We were unsuccessful in finding the ear-
liest crab instars of C. gracilis in our benthic
surveys, Weymouth (1910) and Garth and
Abbott (1980) reported the association of
these with pelagic medusae off California.
This might be also the case in North Puget
Sound; our three smallest specimens were
obtained on the north part of the Bay on 5
September 1982, coincidently with a large
stranding of jellyfishes.

Growth and Sexual Maturity. — The average
maximum number of crab instars varied
from 11 in C. oregonensis to 13 in C. ma-
gisterand C. productus (Fig. 6). The number
of instars within a species varies hecause of
environmental influences on growth rate and
size-at-settlement (Discussion, Intraspecific
Variation in Cancer magister). but the num-
ber of potentially reproductive male instars
is three in most cases. The effective number
can be contingently lower, due to mortality
from causes other than senescence. Results
tfor the females are also comparable. with
one notable exception: judging trom MOS,
8 out of 11 instars of C. oregonensis are
potentially reproductive. Females of all
species studied have the potential to spawn
more than once while in each postpuberty
instar (Knudsen, 1964; Ebert er al., 1983).

“Streiching” of the life-history schedule
(Fig. 6) involves settlement size, size-spe-
cific growth-per-molt increments, and num-
ber of instars. This last component was
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Table 2¢. Lines fitted to Hiatt diagrams, extracted from the literature.
Species of Cuncer Group Arca Intercept Slope Author
magister adult males southeast Alaska 36.6 0.953 7
magister adult females southeast Alaska 27.8 0.924 7
magister pooled sexes, <29 British Columbia 1.620 1.220 2
magister males > 83 British Columbia 19.0 1.070 2
magister females > 88 British Columbia 31.6 0.892 2
magister males < 100 central Californta 1.053 1.223 4
magister males > 100 central California 19.5 1.051 4
{rroratus pooled sexes Maine 0.566 1.274 8
irroratus males Chesapeake Bay 3.925 1.161 5
{rroratus pooled sexes, < 3§ Rhode Island —1.265 1.371 9
irroratus females > 35 Rhode Island 12.95 0.948 9
frroratus laboratory males > 35 Rhode Island -1.604 1.332 9
irroratus field males > 35 Rhode Island 11.45 1.033 9
pagurus male > 90 eastern England 8.99 1.269 6
pagurus females > 90 eastern England 19.68 1.096 6
pagurus males > 90 southwest England 9.45 1.180 l
pagurus females > 90 southwest England 24.67 1.030 1
antennarius females > 64 central California 16.02 1.001 3

(1) Bennett (1973), (2) Butler {196 1). (3) Carroll (1982), (4) Colhier 11983), (5) Hactner er al. (1975), (6) Hancock and Edwards (1967), (7) Koeneman

(1985). (8) Krouse (1976). (9) Reully and Saila (1978).

surprisingly conservative; although C. ore-
gonensis and C. magister have dramatically
different sizes (reported maximum males
sizes are, respectively, 50 and 254 mm), the
maximum average number of instars is. re-
spectively, 11 and 13 in the sympatric pop-
ulations studied by us.

Hartnoll (1985) classified crustacean pat-
terns of growth and reproduction according
1o whether growth is indeterminate or de-
terminate, to the number of postpuberty in-
stars. and to the distribution of egg-laying
among instars. He considered a single species
of Cancer, C. pagurus, which is said to have
indeterminate growth, and sometimes more
than one egg-laying per postpuberty instar
(Pearson, 1908; Hartnoll, 1985, table 1, fig.
3). In the case of indeterminate growth
molting continues indefinitely after puberty
until death, with no clear terminal anec-
dysis. The life-history schedules of the
species studied by us seem to be more de-
terminate. closer to the patterns reported for
Portunus sanguinolentus or Carcinus mae-
nas (Hartnoll, 1985).

Our study shows that in C. gracilis, C.
productus, and C. oregonensis there is a cer-
tain average size, associated with an average
terminal instar, at which crabs die of phys-
iological senescence following their last re-
productive season. This was best docu-
mented for C. gracilis and C. productus.
Hankin er al. (1985) found evidence of
physiological senescence in large females of

C. magister. The size and/or instar at which
senescence occurs seems to be part of the
life-history program of each species. There
are no obvious mechanical or environmen-
tally related constraints that might hamper
growth to a larger size in C. gracilis, con-
sidering that C. magister, sympatric and
morphologically very similar, grows to a
much larger size.

Data on life-history schedules have been
published for some other species of Cancer.
Coefficients of regressions fitted to Hiatl
diagrams in previous studies are summa-
rized in Table 21. Size-at-instar schedules
have been published for the following four
species: (1) C. magister: Butler. 1961:
Cleaver, 1949; Collier, 1983; Mackay and
Weymouth, 1935; Poole, 1967. (2) C. ir-
roratus: Reilly and Saila, 1978: Krouse.
1976. These two studies are inconsistent
with each other (Bigford. 1979): Reilly and
Saila’s instar | seems to correspond to
Krouse's 3 or 4. Krouse's data for early crab
instars seem the most complete; also. his
instar | is consistent with the size of the
megalopa published by Sastry (1977a, table
13) and with size-at-instar of laboratory-
reared crabs (Bigford. 1979). (3) C. antho-
nyi: Anderson and Ford, 1976. This study
dealt exclusively with laboratory-reared
crabs. (4) C. antennarius: Carroll, 1982.
Carroll’s schedule was not actually ob-
served, but guessed from comparison with
Butler’s (1961) data on C. magister.
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Comparisons are difficult due to the het-
erogeneity of approaches followed in differ-
ent studies. However, rough calculations
utilizing Hiatt diagram regression coefhi-
cients (Table 21). size-at-settlement (Table
13), and known maximum sizes. suggest that
postlarval life-history schedules of several
other species are very similar to those re-
ported here. This might be so even for C.
pagurus: given maximum known size (about
280 mm for males). size at sexual maturity
(MOS = 115 mm. male maturity ~ 110 mm:
Edwards. 1979). and data on size incre-
ments per molt (Table 21: Bennett, 1974;
Hancock and Edwards. 1967), the average
maximum number of postpuberty instars
may be 3, as is apparently the case for most
other species.

Reproductive Migrations and Patterns of
Habitar Utilization. —Patterns of adult re-
productive migration reported in the liter-
ature can be divided in the following broad
groups:

(A) Both sexes remain in the same area year-
round: C. gracilis and C. oregonensis (this
study): C. antennarius (Carroil. 1982: per-
sonal observation in Baja California). C. ir-
roratus from Massachusetts. Maine. and
Canada (Krouse. 1972).

(B) Males do not show secasonal migrations,
but females do: (1) Females move offshore
following the molting' mating season: larval
hatching takes place offshore: C. productus
(Knudsen. 1964; this study), C. pagurus
(Edwards, 1979: Le Foll. 1986). C. borealis
(Krouse. 1980). (2) Females move inshore
following the molting mating season; larval
hatching takes place inshore: C. irroratus
from Narrangasett Bay (Jones. 1973, p. 56).
(C) Females do not show scasonal migra-
tions, but males do: C. irroratus from New
Jersey, Delaware. and Virginia (Shotton.
1973: Haefner and van Engel. 1975: Haet-
ner. 1976: Winget ¢t a/l.. 1974). Here. males
move inshore following the mating season.
and molt (during the winter) while in shal-
low waters.

(D) Both sexes have scasonal migrations: C.
magister (Gotshall, 1978: PFMC. 1978,
Diamond and Hankin. 1985). Here both
sexes move offshore following the mating
season: males seem more motile than fe-
males: hatching takes place offshore with
respect to the mating grounds. (**Offshore™
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is used here in a relative sense. The offshore
emigration may take crabs to deeper but not
necessarily distant waters.)

Three hypotheses have been proposed to
explain these migrations:

(a) Crabs migrate following their thermo-
preferenda. This has been proposed for the
winter inshore migration of C. irroratus
(Bigtord, 1979; Haefner and van Engel.
1975).

(b) Female crabs migrate following mating
so that larvae are released in areas where
hydrography facilitates their transport to
adequate settlement habitats. This was hy-
pothesized for the postmating offshore em-
igration of C. pagurus (Edwards. 1979).

(c) Female crabs migrate inshore because
thev require the type of sandy bottoms found
in shallow areas for the adequate extrusion
of the egg masses: proposed by Diamond
and Hankin (1985) to explain the inshore
spring migration of female C. /nagister.

To these we add two more:

(d) Both sexes converge during the mating
season. a behavior selected to facilitate mat-
ing encounters. We suggest this hypothesis
for female C. productus, returning to shal-
low areas where males overwinter, and for
the late winter/spring aggregation of C. ma-
gister.

(¢) The emigration away from estuaries of
gravid female C. productus (Knudsen, 1964:
this study) and C. magister (Cleaver, 1949:
Stevens and Armstrong, 1984, 1985; this
studv) may avoid the exposure of eggs to
osmotic stress. There are no records of Can-
cer hatching in brackish waters. A similar
emigration has been observed in C. irro-
ratus. estuarine portunids (Tagatz, 1968a),
and some grapsids.

Prehatching female offshore emigration.
whatever its origin. may facilitate the uti-
lization of estuarine environments by C.
magister and C. productus. A comparison
of the latter with C. antennarius is inter-
esting. The two species are similar to each
other in microhabitat utilization pattern. and
convergent in size and shape. but differ in
migratory behavior and ability to utilize es-
tuaries. Strictly marine C. antennarius does
not osmoregulate in brackish water (Jones,
1941). Evolution of osmotolerance in C.

/
, N
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productus may have been facilitated by a
preexisting female migratory behavior. In
fact. none of the three species known to lack
reproductive migrations (group A, above) is
a successful inhabitant of estuarine areas.
This reasoning implies that estuaries were
secondarily invaded by species of Cancer,
originally marine. Studies on osmoregula-
tion support this hypothesis: C. pagurus and
C. antennarius are osmoconformers over the
entire salinity range (Jones, 1941; Krogh,
1939). Cancer magister and C. irroratus,
which are able to survive in estuarine areas,
hyperosmorecgulate in brackish water and
are partial osmoconformers in sea water
(Engelhardt and Dehnel, 1973; Hunter and
Rudy, 1975: Robinson and Potts, 1979;
Haefner and van Engel, 1975).

Mating Svstems.—Mating in species of
Cancer has been discussed by Hartnoll
(1969), Ridley (1983), and Elner et al. (1983).
Knudsen (1964) described pairingin C. gra-
cilis, C. productus, and C. oregonensis, and
several other authors in C. magister (Cleav-
er. 1949; Butler. 1960: Snow and Neilsen.
1966). Mal<s of all species of Cancer have
at least the potential for being polvgynous
(Cleaver, 1949: Butler. 1960; Snow and
Neilsen. 1966 personal observation). Em-
len and Onng (1977) assembled polygynic
mating systems into a model which takes
into account ecological correlates. Environ-
mental Potential for Polygyny (EPP) in-
creases as the temporal availability of mates
(females in this case) becomes asynchron-
ous, or as critical resources become un-
evenly distributed in space. We argue that
three of the species studied here (C. magis-
ter, C. gracilis, and C. oregonensis) diverge
in their mating systems in directions that
parallel the three types of polygyny recog-
nized by those authors: resource defense,
female defense. and male dominance (ex-
plosive breeding assemblage). These are dis-
cussed below.

Resource defense polygyny.— Males con-
trol access to females indirectly, by monop-
olizing critical rzsources. Males of C. ore-
gonensis are apparently able to control small
*“refuge” areas, more or less discrete spatial
segments in structurally complex substrates.
Distribution of crabs in the field. sex ratio
in the natural population, and laboratory
observations give credit to this hypothesis.
A similar mating system has been reported
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_for crab species in other families showing a

convergent type of habitat utilization. These
include the porcellanids Petrolisthes cinc-
tipes and P. cabrilloi (Molenock, 1975), and
the xanthid Pilumnus sayi (Lindberg, 1980).

Female defense polygyny.—Males con-
trol access to females directly, usually by
virtue of female gregariousness. Such a mat-
ing system seems to be represented in the
reproductive clusters reported here for C.
grucilis (Results, Mating and Sex Ratio).
Within these aggregates males are more ac-
tive than females: they are involved in con-
tests with other males, searching for females
approaching molting, or are mating. Many
of the females are still ovigerous, suggesting
that they may “sit and wait" for their molt-
ing/mating turn. Males that stay in the clus-
ters during the protracted mating season may
increase their chances of multiple copulas:
females within an aggregate minimize the
risk of not having a partner available during
the short receptive period. und may have
the opportunity to mate with the “best”
males (i.e., those who manage to outcom-
pete, or ‘‘cheat,” other males and remain in
the cluster). The mechanism for the gener-
ation of the aggregates is uncertain. Males
were never seen “herding” females. Sites of
aggregation are not associated with any ob-
servable peculiarity of the substrate. Be-
cause males are more mohile (and have a
presumably more transic~' iffiliation), fe-
males might be expectec . play the most
important role in generaiing and holding
together the clusters. How crabs assess the
proximity of other individuals is difficult to
explain. Pheromones have been often ad-
vocated in crustacean communication but,
while gradients of pheromonal concentra-
tion play a role in male orientation towards
females approaching a molt, a certain con-
centration cannot be maintained in the water
flowing above a congregation site. One pos-
sibility is the *‘conditioning™ of the sub-
strate by chemicals released with the feces,
as has been reporied in terrestrial isopods
(Takeda, 1984).

“*Heaps™ of the majid Maja squinado
(Carlisle, 1957; Stévéic, 1971) may be in-
terpreted as an extreme case of this type of
mating system. Heaps (which in laboratory
experiments were initiated by females) form
in shallow water during the reproductive
scason and are integrated by females ap-
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proaching their puberty molt (the most
abundant group), males in their terminal
anecdysis. and prepuberty males. Females
mate, as they molt, with one of the available
males. Large males position themselves in
the periphery of the heap. Crabs not partic-
ipating in the heaps are mostly large males.
Both St&véic and Carlisle hypothesized that
the main function of heaps was protection
of “*subordinates™ (prepuberty males and fe-
males) by "‘dominants” (large males) during
the molting season. Mating was assigned
subsidiary importance. Their interpretation
reflects the group-selectionist mood pre-
vailing at that ume. Heaps of Maja may
reflect ~» female defense polygynic mating
system, ana:ogous to the one we describe
here for C. gracilis. Prepuberty males within
the heap might ve getting protection, as sug-
gested by Stévéic, but, their maleness
masked. thev might also be cheaters. Hart-
noll (1963. p. 8) found sexually mature but
morphologically prepuberty males in other
majids.

Explosive breeding assemblages (a sub-
type of *male dominance polygyny.")— Both
sexes converge for a relatively short-lived.
synchronized mating period: synchrony
pushes the OSR towards unity. monopoly
of mates becomes less economically feasi-
ble, and sexual selection decreases. As a re-
sult, ability to search becomes proportion-
ally more important. Several authors have
reported a seasonal inshore migration be-
fore the mating season in C. magister (Dis-
cussion, Reproductive Migrations and Pat-
terns of Habitar Utilization). In this species
the period of maximum mating activity is
relatively short. and its timing predictable
as compared with other congeners.

Sexual Selection. —Pattern of sexual di-
morphism is consistent with inference on
mating systems. Dimorphism in the size of
the chelae among decapod crustaceans is
associated with sexual selection. From the
preceding discussion of mating systems it
should be expected to be minimal in C. mna-
gister; in fact. there seems to be little di-
morphism, if any at all. in this species (Re-
sults, Males: Carapace-Chela Allometry).
This is also consistent with a lack or special
action patterns related to mating in adult
males (Jacoby, 1983). Cuncer magister may
be the only species of its kind in the genus;
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judging from the systematic literature, most
(if not all) others are dimorphic.

In C. oregonensis, on the opposite end.
strong dimorphism is expressed early in life
history (Results, Males: Carapace-Chela
Allometry). This seems to be the most sed-
entary of the species studied. Early devel-
opment of large chelae in males may be re-
lated to the defense of territories that. once
gained (sometimes by a voung crab), will be
held for a long period (eventually for the
whole life-span).

In C. gracilis and C. productus there are
two clear phases. Chelae of young males are
similar in development to those of the fe-
males. but become proportionally larger af-
ter the puberty molt. Males of these two
species do not hold refuge space for long
periods. At least in C. gracilis access to fe-
males is not related 1o “‘resource (refuge)
defense’” at all. We hypothesize that sec-
ondary sexual characters become expressed
later in life, because it is only then (cheating
aside) that thev beconie a requisite for suc-
cess in the “female defense™ polygynic mat-
Ing system.

Intraspecific Variation in Cancer magister

Postlarval life history of C. magister is
the best known in the genus. Schedules have
been assembled for several shallow water
environments: Queen Charlotte Islands in
northern British Columbia (Butler. 1961).
Boundary Bay in the southern Strait of
Georgia (Mackay and Weymouth, 1935),
Garrison Bay in northern Puget Sound (this
study), Grays Harbor in Washington
(Cleaver. 1949), and San Francisco and Bo-
dega Bays in California (Poole, 1967; Col-
lier, 1983: Tasto, 1983).

Comparison of our results with previous
studies provides the best possible picture of
intraspecific variability in the genus, and
some insights in the factors behind it. It also
helps to put interspecific comparisons in
context.

Bimodal Recruitment in Garrison Bay.—
Settlement of megalopae peaks earlier at
lower latitudes, ranging from April in Cen-
tral California (Reilly, 1983) to September
in the Queen Charlotte Islands (Butler, 1960,
1961). The bimodal recruitment pattern that
we report for Garrison Bay cannot be ac-
commodated into this gradient. Cohort A
(late spring, large megalopae) fits well within

-
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Table 22. Size-at-instar schedules in natural populations of Cancer magister.

San Francisco Bodega Bay Grays Harbor Boundary Bay Queen Chariotte
Bay (Collier. {Poale, 1967) {Cleaver. 1949) Gamson Bay (Mackay and [slands
Insuar 1983} (%) *) *) (this study) Weymouth, 1935) (Butler, 1961)
J 1 7.8 7.6 (6.4) 7.9 5.2 6.9
2 11.4 12.2 9.6 12.6 7.4 10.0
3 15.2 16.9 12.8 17.6 9.7 13.8
4 19.7 225 17.1 25.8 134 18.5
5 25.2 30.3 24.0 34.8 18.2 24.2
6 32.0 39.6 30.8 43.8 240 31.1
7 40.2 50.9 37.7 57.6 31.5 39.6
8 50.3 67.9 47.7 72.0 41.0 49.9
9 62.8 91.1 60.4 90.5 52.5 62.5
10 77.8 73.2 65.7 77.9
11 96.4 90.9 80.5 96.6
12 95.8
Al 119.1 114.5 114.0 109.3 107.5 112.6 119.5 17,5
2 146.2 — 1359 - 1383 — 131.2 1314 1300 127.3 1469 136.6
3 1746 - 1628 — 1654 — 165.5 160.5 149.6 141.3 176.2 152.5
4 2045 — 1820 -— 170.8 153.5 207.5 167.6
Maximum CW - — 2400 - 254(+)170.0 186.0 182.0 170.0 165.0 218.0 171.0

(*) Onginal values transiormed to tnclude the tenth anterolateral spines. when these were excluded from CW measurements.

(+) A single, exceptional individual.

Underlined figures indicate anchors. when utilized by the author. When sexes were discnminated, males appear on the lefi, females on the nght.

the outer coast cline. while cohort B (late
summer, small megalopae) resembles the
pattern reported for the Strait of Georgia
(Mackay and Weymouth. 1935). This di-
chotomy suggests the existence oftwo stocks.
distributed respectively along the outer coast
(Central California to Alaska), and in the
Strait of Georgia. According to this hypoth-
esis, Garrison Bay (midway between the
Strait and the outer coast) would be receiv-
ing recruits from both stocks. Soule and
Tasto (1983) found homogeneity in a study
of genetic variation over a wide latitudinal
range (California to Alaska), but they did
not study samples from the Puget Sound-
Strait of Georgia. The stock structure h-
- pothesized here is similar to that reported
for the Pacific hake Merluccius produd s
(McFarlane and Beamish, 1983).

Recruitment 10 Coastal Nurseries —~( rabs
enter bays and estuaries reported as “nursy-

ery grounds™ at varying ontogenetic stages:
as megalopae in Garrison Bay and Grays
Harbor (Stevens and Armstrong, 1984,
1985: this study), at early postlarval instars
in San Francisco Bay (Tasto. 1983). and at
advanced juvenile instars (~J8) in the Co-
lumbia River estuary (Emmett and Durkin.
1986). Use of bays and estuaries as nursery
grounds seems to be contingent upon local
conditions. There is great variation even
within relatively small geographic areas, as
is the case in Washington.

Growth and Environmental Conditions. —
Reaching adulthood (instar A-1, 109-119
mm on average) may take |—1 vears follow-
ing settlement, and 9-12 J-instars (Table 22:
Figs. 7, 8). Size-at-instar may be influenced
by a number of factors, among them:

(1) Size-at-settlement: Differences between
the schedules of the 1982 and 1984 year

Table 23. Cancer magister. different juvenite populations. Reported total time and number of instars required

to reach a carapace width of 100 mm.

Area Time Instars Winter anecdysis Author
San Francisco Bay early winter. vear 1 no evidence Collier, 1983
Bodega Bay summer, year 2 9  no evidence Poole, 1967
Grays Harbor late spning, vear ) B October-Apnil Cleaver, 1949
Garrison Bay (Cohort B) spring, year 2 9~10 December-March  This study
Boundary Bay summer, year 4 12 November-May Mackay and Weymouth,

Queen Charlotte Islands spring/summer, year 3

1935

11 no data Butler, 1961

W
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classes in Garrison Bay (Table 9) are attrib-
utable to variation in average size at settle-
ment (7.9 mm in 1982 versus 7.1 in 1984).
Ebert er af. (1983) found similar levels and
effects of vear-to-vear variation in size of
the megalopae. Very small size at settlement
underlies the large number of J-instars (12)
in the Strait of Georgia stock.

(2) Temperature: Growth rate (reflected in
average age at instar A-!j and duration of
the winter anecdyses vary clinally along the
outer coast. most likely in relation to tem-
perature (Table 23). Stevens and Armstrong
(1984, 1985) found growth rates reported
for San Francisco too high. suggesting that
Tasto (1983) and Collier (1933) misinter-
preted the San Francisco Bay data. Our
study, and preliminary experimental results
by Kondzela and Shirley (1985, fig. 21).
however. suggest that environmental vari-
ability can account for the large differences
reported. Strong inshoic-offshore growth-
rate gradients (Tasto. 1983: Carrasco ef al..
1983) are also attributable to temperature.
(3) Salinity: Reported average number of
J-instars is 9-10 in Garrison Bay (cohort A)
and Bodega Bay. both marine environ-
ments. and 11 in Grays Harbor and San
Francisco Bay (Table 23. Fig. 7). The last
two are estuaries where salinity decreases in
winter to :0-20% (Tasto. 1983: Loehr and
Collias. 1981). Experimental results on oth-
er crus’aceans (Newell, 1979) indicate that
osmotic stress increases metabolic expen-
diture. competing with growth in the energy
budget when animals live off their osmo-
preferenda. Behavioral (Sugarman er ol
1983). physiological (Robinson and Potts.
1979). and field (Cleaver. 1949) studies sug-
gest that seasonal salinity minima 1n the two
estuaries are below the preterendum for ¢
n.agister. Reduced size increments .n crabs
reared off their osmopreferenda nas ¢ heen
reported for Callinectes (Tagais eesby.
Carcinus (Breteler, 1975), and R+ nr pu-
nopeus (Harmnoll, 1978a). We hspathewize
that the larger number of J-instars required
to reach adulthood in estuaries as com-
pared to shallow marine environments. re-
flects the cost of osmoregulation It should
be noted that even if the instar-specific re-
ductions in size increment are small. therr
accumulation can easily result in additional
instars to reach a given size.

(4) Shadow of an exceptional vear?: Growth
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Fig. 7. Cancer magister, comparison of published size-

at-instar schedules. (x) Garrison Bay, (3) Bodega Bay,
(&) Queen Charlotte Island. (O) San Francisco Bay, ()
Grays Harbor. (Q) Boundary Bay.

rate of the 1982 year class in Garrison Bay
is similar to that reported for Bodega Bay
(Poole. 1967), in spite of the latitudinal sep-
aration of the two sites. Latitudinal clines
may be obscured because Bodega Bay is an
open area seasonally cooled by upwelling,
while water above Garrison Bay flats is
warmed during the summer. It may be also
that the 1982 vear class was exceptional. A
strong El Nino anomaly became evident in
the Northeast Pacific by the fall of 1982
(Huyer and Smith. 1985: Tabata. 1985). The
growth rate of the 1982 year class may have
been higher than average. this being reflect-
ed in shorter-than-expected winter anec-
dvses.

Sexual Maturity. —In Garrison Bay females
mate while molting from instar Al to A2
{Year 2); males mate for the first time in
instar A2 (Year 3). Observations trom other
areas indicate some plasticity. At least some
females mature in the transition between
instars J+ and Al. judging from published
data on MOS (Hankin er al., 1983), MPS
(Cleaver, 1949: Builer, 1961), MCS in males
(Cleaver, 1949), and sexual maturity in
males (Butler, 1961; Poole, 1967). How-
ever. effective sexual maturity seems to be
reached by males at instar A-2 in, at least.
Garrison Bay (observed MCS = 135 mm)
and Queen Charlotte Islands (observed
MCS = 141 mm). Females leave the bay
after mating, and males do not stay beyond
instar A3. A comparison with Grays Harbor
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Cancer magister, schematic representation of growth in three “nursery areas.” A, Garrison Bayv rthis

study). B, San Francisco Bay (from Collier. 1983, and Tasto. 1983); C, Grays Harbor (from Cleaver. 1949y
Solid lines = juveniles and males: dashed lines = females: arrows = instar Al.

(Cleaver’s data) suggests a similar pattern.
although delayed one year. In San Francisco
Bay, in contrast, males and females leave
the bay simuitaneously, by late summer of
Year 2 (Collier, 1983), leaving the possi-
bility that crabs mate before emigrating.

Corollarv. —Genetic homogeneity can be
expected to be favored in this species by the
dispersal capability of the adult males and
the long duration of pelagic larval devel-

opment, as shown by results from electro-
phoretic studies. A separate stock mas in-
habit the Strait of Georgia/North Puget
Sound area. Phenotypic plasticity. conun-
gently determined by local/yearly environ-
mental conditions, allows parsimonious c\-
planations of variability in scttlement,
growth, and utilization of coastal nursenes
from Central California to the outer coast
of Washington and British Columbaa.

ok’
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Diversity Among the Cancridae

Comparisons of life-history schedules,
mating systems. and sexual selection con-
verge on one common theme: a number of
morphological and ecological traits of
species of Cancer can be associated with
habitat or microhabitat. Other authors came
to similar conclusions for other aspects.
including activity patterns (Jeffries. 1966)
and shape (Blake. 1985). Abele (1974)
assigned to microhabitat (substrate) diver-
sity a primary role as a determinant of deca-
pod species richness. Our results on a can-
crid guild support his view. Further. they
led us to propose that habitat selection is
the template in the assembly of alternative
evolutionary strategies in Cancer.

Lawton and Elner (1985) advocated a dif-
ferent viewpoint. in which several morpho-
logical characters were related to feeding.
The discrepancy between the two concep-
tual models is best secen in the interpretation
of patterns ot relative chela size. Species of
Cancer can be ranked according to the way
in which they perceive their habitats. from
C. magister, fine-grain extreme. to C. ore-
gonensis, coarse-grain extreme. Chelae are
proportionally smaller (less powerful) in
species living in open sandy areas (fine-grain
environment), and tend to be larger (more
powerful) in species occupying complexly
structured substrates (coarse-grain environ-
ment). Lawton and Elner interpreted the rel-
atively small chelae of C. magister and C.
gracilis as well suited to feed on the soft-
bodied. more mobile prey available on sandy
areas, and the more robust chelae of C. pa-
gurus, C. productus, and other species as an
adaptation to feed on hard-shelled. seden-
tary prey. We suggest, alternauvely, that
habitat modulated the mating systems of
species of Cancer. Rescurce defense polyg-
yny is prevalent towards the coarse-grain
extreme of the gradient. and cxplosive
breeding assemblages towards the fine-grain
extreme. Different mating svstems resulted
in varying degrees of sexual selection. de-
termining observed patterns of relative che-
la size.

While Lawton and Elner did not speculate
on the process leading to feeding special-
ization in cancrids. Vermeij (1977) sug-
gested that ““‘competition provides the eco-
logical mechanism that controls the size and
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sturdiness of prey items available to crabs."
He observed that chela size in Cancer
(among other genera) ‘‘increases as the
number of sympatric congeners or the total
number of brachyuran species in a given
region rises.” and hypothesized that geo-
graphic patterns of relative chela size result
in part from diffuse and intrageneric com-
petition. His conclusions were not support-
ed by a subsequent reexamination of the
data (Abele ¢r al., 1981).

We propose the following conceptual
model for the diversification of the genus
Cancer: (a) Species of Cuncer diverge pri-
marily in their utilization of different hab-
1tats; predation and limited availability of
refuge space may have plaved an important
role in shaping alternative strategies. (b)
Natural diets are largely determined by
availability at the selected habitats or mi-
crohabitats. (c) Habitat modulated mating
systems, and these governed by sexual se-
lection. (d) Asa corollary, the main selective
pressures that determined observed pat-
terns of size and shape include habitat se-
lection. predation. and sexual selection. with
feeding adaptations plaving a minor role. if
any at all. Figure 9 summarizes the two al-
ternative conceptual models of diversifica-
tion in the genus Cancer. In what follows
we briefly consider their main building
blocks.

Predation, Size. and Refuges.—Size and
habitat are intimately related to predation.
Predators impose a heavy toll on the sur-
vival of epibenthic Crustacea. and may have
driven the evolution of nocturnal foraging.
protective coloration. manipulation of ¢pi-
bionts. and the use of refuges. All species of
Cancer make use of structural refuges when
small. Although frequency distributions of
refuge size are difficult to obtain. “large”
refuges are unavailable or scarce (Cadds

1986, p. 2338). An alternative to the use ot
structural refuges is large size. implying a
strong energetic allocation to growth untit a
“refuge in size™ is reached. at the expense
of other competing allocations, Thus. twa
(extreme) sets of alternative strategies are

(a) refuge in size, strong commitment to
growth over a relatively large number ol
instars, delayed reproductive matunin or
{b) use of structural refuges, modest com-
mitment to growth over a relatively smuall
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Fig. 9. Schematic representation of conceptual models of diversification in the genus Cancer. A, Lawton and
Elner (1985) hypothesis: B, alternative model proposed in this study.

number of instars, early reproductive ma-
turity. These are exemplified, respectively,
by C. magister and C. oregonensis (Fig. 6).

Interference Competition for Microhabi-
tat.—We and others found that locally
coexisting species of Cancer from the
Northeast Pacific tend 1o be segregated by
microhabiiat. as Jeffries (1966) did for the
wo species that coexist in Narragansett Bay.
Several experimental studies (Fogarty, 1976:
Wang. 1982) support the hypothesis that
there is interference competition for micro-
habitat among the two Atlantic coast species
and lobsters. Daly (1981) showed similar
results for C. productus and two grapsids.
There is good evidencc of refuge space being
a resource in limited supply in many en-
vironments.

Exploitative Competition for Food.—All
species of Cancer are opportunistic carni-
vores and scavengers; their catholic diet de-
pends on availability more than preference
(Palmisano, unpublished data: personal ob-
servation). Coexisting species tend to over-
lap widely in their diet (Bernard. 1979: Law-
ton and Elner, 1985: personal observation).
and the same species will exploit diverse
resources in different areas (see Butler, 1954:
Gotshall, 1977; Bernard, 1979: and Stevens
etal., 1982, for C. magister). Within patchy
environments (such as many shallow bays)
interspecific differences in diet can be ex-
plained from patterns of habitat use, but the
opposite is not true. While there is good

evidence of interference competition for
microhabitat, there is no convincing evi-
dence of exploitative competition for food
in decapod guilds which include cancrids.

Mating Systems and Secondarv Sexual
Characters. —Lawton and Elner (1985) used
the ratio CHSIZE (ChW/CW) 10 assess rel-
ative chela size. this being “the template
upon which feeding habits and prey pref-
erences are determined.” While i' is ob-
vious that chela size will influence the range
of prey available, CHSIZE may have been
determined by selective pressures other than
foraging. The ratio is higker in C. orego-
nensis, which paradoxically has the me-
chanically weakest chela. The authors did
not include it in their comparisons under
suspicion of its role in agonistic behavior.
Forsimilar reasons C. gracilis, C. productus,
and other species should also be eliminated.
perhaps leaving C. magister alone in the
foraging-related gradient. Lawton and Elner
indicated that several species show sexual
dimorphism for morphometric ratios (in-
cluding CHSIZE), but found *‘no consistent
intrageneric pattern.” We suggest that there
is a consistent intrageneric pattern, related
to mating systems.

Lawton and Elner’s consideration of
CHSIZE requires further comments. There
are good reasons to expect that differences
in relative chela size may be influenced by
sexual selection in males (Stein, 1976).
Therefore, foraging-related evolutionary

P
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Fig. 10. Allometric relation between carapace width (CW) and chela height (ChH). Left, lines fitted to female
log-transformed data (range of lines corresponds to range of measurements). Right, “CHSIZE" (ChH/CW) as a
function of CW in males. Phases represented when appropniate. Marks on right indicate “CHSIZE" values given
by Lawton and Elner (1985). G = Cuncer gracilis. M = C. magister, O = C. oregonensis, P = C. productus.

considerations should be better addressed
with female measurements. Lawton and El-
ner. however. compared males. Relative fe-
male chela sizes of the four species studied
here are compared in Fig. 10 (left). The che-
lais proportionally higher in C. gracilis than
in C. productus. The same relationship holds
for pre- and postpuberty males (Fig. 10.
right). Lawton and Elner (their table 4) con-
cluded. however. that CHSIZE is propor-
tionally higher in C. produrctus. The average
CW of the specimens measured by them
were 75.8 mm (N = 7) for C. gracilis, and
141.0 mm v = 3) for C. productus. Their
analysis apparently involved postpuberty C.
productus and mostly prepuberty C. gracilis.
Figure 10 (right. based on several hundreds
of measurements) illustrates this point. As
Abele et al. (1981) mentioned in their dis-
cussion of Vermelj's (1977) results. caution
is advised in the analysis of crab morpho-
metric relationships for the following rea-
sons: (a) slopes of linear relationships be-
tween log-transformed measurements
frequently differ among species or sexes. (b)
ratio values are often size-dependent and
nonlinearly related to size, and (c) ailome-
tric phases are of frequent occurrence.

Shape. —Several morphological traits and
their physiological correlates have habitat-
related adaptive significance. including the
“straining device” of C. magister (Wey-

mouth, 1915), relatively long legs of ““mo-
tile™ species (Lawton and Elner, 1985), and
hydrodynamics of carapaces (Blake, 1985).
Two alternative explanations have been
proposed for the relatively long legs of crabs
living in open grounds: teeding on fast mov-
ing epifaunal prey (Lawton and Elner. 1985),
and avoidance of predators (Jefiries. 1966.
p. 480). The first is questionable. the second
is reasonable. Crabs are mostly nocturnal
foragers and localizesassess prey mostly by
chemoreception (Pearson et al.. 1979). tac-
tile cues, and vision playing complementary
roles. They are fine searchers. even fast
catchers at short range (Spencer. 1932, p.
16; Mackay, 1943, p. 262), but poor pur-
suers. The diet of C. gracilis, a species which
because of its relatively long legs was pre-
dicted to feed on motile prev. is composed
mostly of bivalves and polvchaetes. at least
in Garrison Bay.

The model proposed is compatible with
the apparent diversification of the genus
within a single biogeographic domain dur-
ing the Miocene (Nations. 1975, 1979).
Given the dispersal capability of species of
LCancer, Nations' scheme is difficult to ac-
commodate without advocating parapatric
or sympatric speciation, which may have
involved habitat selection, assortative mat-
ing for habitat. and divergence favored by
sexual selection.
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