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PRE- AND POST-SETTLEMENT DETERMINANTS OF ESTUARINE

DUNGENESS CRAB RECRUITMENT!

Davip B. EGGLESTON? aND DAVID A. ARMSTRONG
University of Washington, College of Ocean and Fishery Sciences WH-10,
Searrie, Washington 98793 LUSA

Absrract.  Abundance of early juvenile Dungeness crab (Cancer magister) is dramat-
ically higher in intertidal shell habitats compared to mud habitats in several coastal estuaries
of the Pacific Narthwest. To define the mechanisms underlying this habicat-specific pattern
in abundance, we cancurrently examined four components of recruitment to intertidal shell
and mud habitats at two locations within the Grays Harbor estuary (Washington, USA):
(L) water column supply of crab megalopae (postlarvae); (2) settlement patterns of crab
megalopae 48 h after settlement substrates were deployed; (3) density of first benthic
Juvenile instars (/1) 48 h after deployment of such substrates; and (4) density of early
Juvenile crab in shell and mud habitats over a 4-mo period. We alsa describe the physical
pracesses likely to be influencing postlarval supply within Grays Harbor, and take advantage
of natural variation in postlarval supply between twa locations, in combination with a
predatar exclusion experiment, to define the relative importance of postlarval supply vs.
post-settlement survival in regulating population size of juvenile crab in certain intertidal
habitats,

Water column postlarval supply (measured with plankton and neuston nets, and artificial
settlement substrates) in rerms of both megalopal density (number per cubic metre} and
flux (number per hour) was significantly higher in the southern part of the estuary vs. the
northern part during a week-long settlement pulse. Gur field observations and measurements
suggest that spatial variation in postlarval supply was due to local differences in wind-
driven surface currents, since tidal current speeds in the two locations were similar. More-
aver, there was no carrelation between current speed and fAux of megalopae over the bottom.
There was generally no difference in postlarval supply between shell and mud habitats.
Our experimental results further indicate that: (1) the abundance of recently settled crab
megalopae in 0.25 m? settlement trays was significantly higher in shell than in mud habitats,
irrespective of whether the trays were placed in 3-5 ha of shell vs. mud; (2) there was a
positive and significant correlation between postlarval supply and density of megalapae in
shell and mud habitats; and (3) there was a positive and significant correlation berween
postlarval supply and density of J1 instars only in habitats where specific predators were
excluded. Once the number of /[ instars at both geographic locations was reduced to similar
levels, equivalent but steadily decreasing densities persisted throughaout the summer growing
seasor. The decoupling of settlement patterns and density of J1 instars took place within
our 48-h sampling interval. Thus, future attempts to examine the carrespondence between
larval supply and post-settlement abundance of marine benthic species with planktonic
larvae should da so at extremely small temporal scales ar a critical life history phase may
be averlooked. The results from this study demonstrate that substrate selection can affect
distribution of juvenile crah, and that predation {including cannibalism) is a key factor
regulating local population size af early juvenile crabs in intertidal habitats where postlarval
supply is relatively high.

Kev wards: Cancer magister; Dungeness crab; Gravs Harbor, Washington; habitar selection:
internidal; larval choice; mitigation; plankion; pepulation regulation; predation; recruitment; sectle-
ment; surface slicks.

INTRODUCTION

A central tenet in ecology is that biotic and physical
mechanisms regulate the distribution and abundance of
organisms. Far species with complex life cycles (i.e.,

' Manuscript received 17 June 1993, revised 4 January
1994; accepted |7 May [994,
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species with =2 developmental stages requiring spa-
tially separated habitats), this knowledge of biotic and
physical processes that regulate abundance is gained
by integrating the dynamics of several phases of the
life cycle (Gaines and Roughgarden 1985, Underwaad
and Fairweather 1989, Bertness et al. 1992). Such in-
tegration is especially important in marine benthic
communities where many invertebrates and demersal
fishes have developed meroplanktonic reproductive
strategies and release pelagic larvae that spend weeks
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ta months in the water calumn, dispersing great dis-
tances and subsequently settling in spatially separate
habitats (Thorson 1950, Phillips 1981, Gaines et al.
1985).

Pastlarval settlement patterns are the consequence
of biological and physical processes operating on larval
stages during the transition from a pelagic to a beuthic
existence. The inteusity of local settlement is deter-
mined by the number of larvae or postlarvae that reach
alocation, settle, and metamarphaose. Larval supply can
be influenced by current patterns (Shanks 1983, Kings-
ford and Choat 1986, Shanks and Wright 1987, Kings-
ford et al. 1991, McConnaughey et al. 1992), whereas
settlement of weakly swimming larvae can be influ-
enced by benthic boundary layer flow processes that
may lead to passive deposition (Eckman 1983, Hannan
1984, Butman 1987, Emerson and Grant 1991), or be-
havigr to select substrate by strong swimming larvae
ar postlarvae (review by Meadows and Campbell 1972,
Crisp 1974, Botero and Atema 1932, Herrnkind and
Butler 1986, Hurlbut 1991}, Moreaver, post-settlement
mortality and movements can also affect the distribu-
tion of marine benthic species and mask initial settle-
ment patterns {Keaugh and Downes 1982, Luckenbach
1984, Connell 1985, McGuinness and Davis (989,
Rowley 1989, Holm 1990). Thus, for beuthic organisms
with strong-swimming planktonic larvae, recruitment
(sensu Keough and Downes 1982} has three major com-
ponents: (1) water column supply of larvae; (2) choices
made by the larvae at the time of settlement; and (3)
the survival of settlers to the age of initial census.

Recently, ecologists warking in marine systems have
begun to construct a new paradigm synthesizing the
rales of pre-settlement and post-settlement processes
in structuring communities of organisms with open
populations. A growing body of theory {Roughgarden
et al. 1985, Roughgarden and Iwasa 1986} and data
(Sale 1977, 1990, Connell 1985, Gaines and Rough-
garden 1983, Underwood and Fairweather 1989, Bert-
ness et al. 1992, Milicich et al. 1992, Peterson and
Summerson 1992, Doherty 1994) indicates that larval
settlement can generate significant spatial and temporal
variation in the size of open papulations, theit dynam-
ics, and community structure. A number of criteria have
been proposed for distinguishing between populations
that are recruitment-limited (sensu Daherty 1983} vs.
those regulated by post-settlement interactions such as
intra- or interspecific competition and density-depen-
dent mortality. Qne criterion for recruitment limitation
is that mortality of larvae, postlarvae, or juveniles be
density independent {i.e., population age or size struc-
ture be a direct reflection of previous settlement events)
(Doherty and Williams [988, Mapstone and Fowler
1988, Doherty 1994, see Holm 1990 for a discussion
of density-dependent mortality under conditions of re-
cruitment limitation). [n instances where larval supply
exceeds the carrying capacity of the habitat, density-
dependent mortality or emigration will destroy the re-
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lationship between larval settlement and subseguent
recruitment (Connell 1985). Density-dependent mot-
tality can also occur in habitats where resources are
not limiting but local predators (or predator guilds)
exhibit density-dependent functional responses (e.g.,
Lipcius and Hines 1986, Eggleston et al. 1992},

The relative contribution of pre-settlement and post-
settlement processes in explaining variation in recruit-
ment success is usually confounded because recruit-
ment is often measured by censusing juveniles long
after they have settled from the water column (Keough
and Dowries 1982, Bertness et al. 1992}, Maoreover, few
studies have simultaneously considered the major com-
panents of recruitmnent within an experimental frame-
work. This paper describes the results of a series of
field experiments and gbservations that examine the
mechanisms underlying recruitment success of juvenile
Dungeness crab, Cancer magister Dana, in intertidal
oyster shell and mud habitats at various spatial scales.
We describe the physical processes influencing post-
larval supply within a coastal estuary, and take advan-
tage of natural variation in postlarval supply between
two locations within the estuary, in combination with
a predator exclusion experiment, to define the relative
importance of postlarval supply vs. post-settlement
processes in regulating population size of young-of-
the-year (YOY: settlement to age 1) crab in several
intertidal hahitats.

The Dungeness crab {Crustacea: Decapoda: Caneri-
dae} is a dominant, highly maotle benthic marine in-
vertebrate of shallow coastal and estuarine habitats in
the Pacific coast of North America. Its complex life
history is characteristic of marine invertebrates with
planktonic larvae. Along the Washington coast, larvae
are released during January through mid-March and
proceed through five zoeal stages aver a period of 130-
150 d (Lough 1976). The larvae are planktonic in ocean
waters and may be transported hundreds of kilometres
{McConnaughey et al. 1992, 1994} The last larval
stage then metamorphoses into the megalops stage in
nearshore waters. The megalopa has behavior, mor-
phology, and physiclogy that is transitional between
the larval and early juvenile stages {Poole 1966, Brown
and Terwilliger 1992). Actively swimming megalopae
enter coastal ane estuarine waters primarily during
May—June (Gundersgn et al. 1990}, and metamorphose
into first instar juveniles (J1) after settlement. At least
two coharts of megalopae per settlement season have
been detected in Puget Sound {(Dinnel et al. 1993),
along the outer Washington coast (McConnaughey et
al. 1992, 1994), and in Grays Harbor (Fernandez et al.
1993a}. Throughout the summer, YOY juvenile crabs
in the estuary are found in high numbers an the tide-
flats, whereas older subadults (1+, 2+ age classes)
aoccur mainly in deeper channels (Stevens and Arm-
strong [984).

Year class strength of coastal Dungeness crab pop-
ulations has been linked through correlative analysis
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to events operative during the larval stage for the most
part {e.g., see reviews by Botsford et al. 1989, Jamiesan
and Armstrang 1991), but other studies indicate that
lst-yr survival of post-settlement juveniles probably
accounts far very strong year classes that typify peaks
in the fishery records (Gunderson et al. 1990, Mc-
Connaughey et al. 1992). The species is dependent on
nearshore {inside 50 m) refuge habitat thar 1s patchy
on the scale of tens of kilometres, and on movement
of a portion of any year class into estuaries prior to
settlement. Gundersan et al. ¢(1990) estimated that
abundance of surviving |+ juvenile Dungeness crab
was 3-8 times greater in the two major coastal estuaries
of Washington State (Grays Harbor and Willapa Bay}
compared to adjacent sections of open coast § times
larger in area. Other comparative measures of crab den-
sity, abundance, growth rate, and biomass all indicate
that estuarine populations of 0+ and 1+ equal and
usually exceed coastal cohorts. First year growth is
always faster in the estuaries than along the outer coast
(Gutermuth and Armstrong 1989), and biomass 15 a
mipimum of 10-20 times greater per hectare in the
former system. The Dungeness crab is an excellent spe-
cies for examining recruitment dynamics in estuarine
systems because they can be easily identified and col-
lected in the water column, they often exhibit predict-
able settlement pulses, and settlement and survival in
intertidal habitats is easily quantified. Moreaver, the
estuary used in this study was apparently large enough
for surface currents to respond to local wind forcing,
yet smnall enough to be tractable with small {7 m) boats.

Study system

Field observations and settlement experiments were
conducted in Grays Harbor, a drowned river estuary
characterized by expansive mudflats and a series of
intervening channels, located on the Washington coast
of North America (47° N, 124" W; Fig. 1}. Grays Harbor
is =24 km long and [§ km wide, with a water surface
area ranging from (46 km? at mean high water to 61
km? at mean low water. The estuary is well mixed with
tidally driven circulation and spring tidal currents
reaching 40 cm/s. Grays Harbor serves as an important
nursery habitat for juvenile Dungeness crab and sup-
ports a commercial fishery for adults.

[n estuarine systems, large scale production of in-
digenous or exotic oyster species can result in extensive
shell habitat in the form of living reefs ar inert shell
deposits. Previous observations in Grays Harbor and
Willapa Bay, Washington indicate that Dungeness crab
megalopae settle in oyster shell and relic deposits of
the soft-shell clam, Mya arenaria {Armstrong and Gun-
derson 1983, Jamieson and Armstrong 1991}, Shell
hahitats provided refuge for nearly 300 post-settlement
stage Dungeness crab/m?, and in excess of 20 crab/m?
3—4 mo after settlement (Fernandez et al. 19934a). These
abservations were striking in that post-settlement and
early juvenile crab densities on adjacent open mudflats
were seldom | crab/m? Hence, the general question
we initially adedress in this paper is: what is the relative
importance of megalopal supply, active substrate se-
lection, and post-settlement distribution ar mortality in.
explaining these different abundance patterns of early
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juvenile Dungeness crab in shell and mud habitars? We
then take advantage of natural variation in postlarval
supply within Grays Harbor to examine the relative
importance of postlarval supply vs. post-settlement
processes In defining local population size of YOY
crabs.

[n 1990, the Port of Grays Harbar and the U.S. Army
Corps of Engineers (COE}) dredged the main navigation
channel in Grays Harbor to widen and deepen the chan-
nel, killing an estimated (613561 2-yr-old subadult
Dungeness crabs in the pracess {(Wainwright et al.
1992). [n respanse to concerns of crab fishermen and
resource managers aover the extensive loss of subadult
crabs due to the dredging operation, the COE con-
structed 8§ ha of intertidal ayster shell habitat in 1992
in the first U.5. demonstration of this form of habitat
enhancement mitigation for a decapod fishery. During
March and April 1992, the COE constructed shell hab-
itats in two independent intertidal locations in Grays
Harbor: the so-called “Pacman’ location on the north
central side of Grays Harbor and “*South Channel™
(Fig. 1). These two locations were located =6 km apart
and offered a complete cross section ¢f intertidal hab-
itats including the COE shell mitigation area, apen
mudflats, and sparse eelgrass (Zostera marina: <)
wrions/m*). The sites were adjacent to numerous sub-
tidal channels containing high densities of older ju-
venile C. magister and several dominant piscine
predatars (Cottidae, Gadidae, Plueronectidae, Embi-
otocidae, Salmonidae) (Rogers et al. 1988, Armstrang
1991). Site selection was also hased on simitlar eriteria
of salinity, temperature, longevity of the shell (based
on previous observatons of shell sinkage), sediment
type, and density of vegetation. Extant patches of relic
M. arenaria shell deposits were located primarily in
the narthern part of the estnary.

Each intertidal location (i.e., Pacman and South
Channel} contained an experimental (shell mitigation)
and contral site (open mudflat) of =4 ha each. Thus,
this large-scale hahitat manipulation, combined with a
predicted, new-maoan pulse of Dungeness crab megal-
apae inta the estuary, allowed us to examine the joint
effects of substrate type (shell vs. mud), location (Pac-
man vs. South Channel), type of available settlement
substrate {i.e., shell v&. mud} surrounding substrate-
filled, 0.25-m? settlement trays, and specific predators
upon recruitment success of juvenile Dungeness crab.

METHGDS AND MATERIALS

Our sampling and experimental approach cancur-
rently examined four companents of recruitment in in-
tertidal shell and mud habitats at two different loca-
tions: (I} water column supply of megalopae (density
and flux aver the hattom), (2} settlement patterns of
crab megalopae after 24 h and 48 h, (3) density of fArst-
instar juveniles (J1) after 48 h, and (4) density of
young-af-year (YOY?} crabs {(J1 to =J6} in shell and
mud habitats over a 4-mo period. [nitial field sampling

Ecalogical Manographs
Vol 63, Mo 2

and settlement experiments were performed on 3-8
May [992 during a major new-maoan pulse of Dun-
geness crab megalopae into Grays Harbor. We recorded
wind speed and direction, and water temperature (in
degrees Celsius) twice daily during the study period in
May 1992, We also quantified above-bottom current
speeds {in centimetres per second) at both Pacman and
South Channel during this time. To examine the cor-
respondence between postlarval supply, initial patterns
of settlement, and subsequent papulation structure, we
measured the density of YOY crab in shell and mud
habitats at Pacman and South Channel on four separate
accasions from 15 May to 14 August 1992,

Postlarval supply: density and flux

We monitored daily water-column supply of Dun-
geness crab megalopae over the battam during the new-
maon settlement pulse in May 1992 with two tech-
niques: plankton nets mogred above the bottom and
neuston nets pushed through surface slicks (i.e., es-
tuarine water-mass fronts). Although both techniques
targeted planktenic megalapae, we differentiate be-
tween plankton nets and neuston nets bhased on net
configuration and deployment, and water depth sam-
pled. Paired plankton nets | m apart were anchored in
the middle of each 3-5 ha shell and mud site at bath
lacations {Pacman and South Channel} for | h during
the daytime mid-flood tide. The bottom of each net (0.5
mm mesh) rested just above the substrate and filtered
an area 50 ¢cm wide by 100 ¢m in height (0.5 m?). Each
net was equipped with a flowmeter (General Oceanics
madel 2030} and fished passively on three days during
the settlement pulse. Water volumes filtered per sample
varied from 12 to 124 m*. Although filtration efficiency
for plankten nets of the same design (but with [-pum
mesh) were =90% for blue crab (Callinectes sapidus)
megalopae in Chesapeake Bay {Olmi, in press), we do
not know whether or not net avoidance by strong swim-
ming Dungeness crab megalopae was a problem in this
study, nor if the plankton nets sampled in a biased way
depending upon current speeds. However, our primary
goal was to compare relative rates of postlarval supply
between two locations in Grays Harbor (Pacman and
South Channel). Since flood tide current speeds did not
differ hetween locations {see Resulrs: Environmental
conditions), we assumed that the plankton nets were
an adequate technique for measuring relative rates of
postlarval supply, and that statistical comparisons be-
tween locations were valid. Moreover, temparal and
spatial patterns of postlarval supply measured with the
plankton nets were consistent with patterns generated
by two independent techniques for quantifying post-
larval supply: neuston nets and floating, artificial set-
tlement substrates (see Results: Postlarval supply).
Dungeness crab megalopae were enumerated in the
field after retrieval of the plankten nets. Collections
were standardized as one of two response variables:
(1) megalopal density (megalopae per cubic metre per



May (995

hour), which was the daily mean number of megalopae
per cubic metre of water sampled for the paired net
samples, or (2) megalopal flux (megalopae per hour},
which was simply the daily mean number of megalopae
passing over a fixed area of bottom during 1 h of peak
flood tide. Megalopal density provides a more tradi-
tional measure of postlarval supply by describing the
concentration of megalopae passing over 2 fixed area
of hottom, whereas megalopal flux provides a measure
of the total number of megalopae passing over an area
during a fixed amount of time. Bath response variables
were correlated with settlement and abundance of first
benthic instars, and were also used in two separate
three-way mixed-model ANOVAs with Site (shell mit-
igation site vs. open tideflat) and Location (Pacman vs.
South Channel) as fixed factors, and sampling Date (4
May, & May, and 7 May) as the random factor. Location
and Site were respectively treated as a fixed factors
since the U.S. Army Corps of Engineers established
only two shell mitigation sites in Grays Harbor, and
each shell site was located adjacent to an open tideflat.
Hence Locations and Sites were established a prion
and our inferences are specific to the levels within each
treatment {i.e., Pacman and South Channel; shell mit-
igation sites vs. adjacent apen tideflats). Conversely,
Date was treated as a random factor since postlarval
supply was sampled on three of five days during which
high densities of megalopae were recruiting into Grays
Harbor. [n this case we were interested in the effects
of Location and Site averaged aver a random sample
af Dates. Megalapal densities were transformed as nat-
ural log of (x + 1) to standardize variances.
Strang-swimming planktonic animals often form
dense accumnulations in zones along oceanic fronts
(e.g., Zeldis and Jillett 1982, Epifanio 1987} because
they are not under the influence of ambient vertical
flow velocities (Franks 1992 and references therein).
Histarically, we have observed swarms of Dungeness
crab megalopae, which are strong swimmers (see be-
low), concentrated along convergent zones of tidal in-
trusion and axial convergent fronts, and wind-driven
Langmuir cells in Grays Harbor during late spring new-
maoon, daytime flood tides (Eggleston, unpublished
dara). We sampled Dungeness crab megalopae during
flood tide in fronts that bisected shell and mud sites at
bath Pacman and South Channel. Megalopae in the
surface were sampled from a small boat (6 m) by hald-
ing adip net (36 cm X 36 cm * 2-mm-mesh; equivalent
to a neuston net} just below the water surface and push-
ing it thraugh the center of a front for 2.5 min 2t idle
speed. Four dip-net samples were taken at each location
an three different days during the 7 d study periad. As
ahove, dip nets were equipped with a flowmeter, water
volumes filtered per sample ranged from 13 to 52 m?*
Daily collections were standardized as the mean num-
ber of megalopae per cubic metre. We examined wheth-
er or not megalopal density in the surface was different
between Pacman and South Channel, and over time,
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with a two-way mixed-model ANOVA with Location
(fixed levels: Pacman vs. South Channel) and Date
(random levels: 4 May, 6 May, and 7 May) as factors.
Date and Location were treated as random and fixed
factors as outlined above. Megalapal density was trans-
formed as natural log of {x + 1} to standardize vari-
ances.

Pastlarval settlement and density af
Jfirst instars

We used two techniques to measure settlement of
crab megalopae during the new moon settlement pulse:
floating, artificial settlement substrates and benthic
mud and shell substrates.

Artificial substrates.—Artificial settlement substrates
have been used successfully to examine settlement pat-
terns of numerous decapod crustaceans (Witham et al.
1968, Phillips 1972, Beninger et al. 1986, van Mant-
frans et al. 1990). We examined megalopal settlement
an artificial substrates hecause it provided another mea-
sure of settlement that was independent of the substrate
types being tested, and that could be caorrelated with
postlarval density and flux, and settlement on natural
substrates. Three floating artificial settlement substrates
were moored 5 m apart and adjacent to settlement trays
at each Site ¢(shell mitigation site and open tideflat)
within a Location (Pacman and South Channel). Each
artificial settlement substrate consisted of synthetic fi-
ber air-conditioning filter material wrapped as a ring
around an 80-cm section of 22 em diameter PVC (poly-
vinyl chloride) pipe. Artificial substrates were sus-
pended with floats attached to the inside of the PVC
pipe and weighted at the bottom to maintain vertical
position in the water column. Artificial substrates were
deployed during the maorning low tide and remained
submerged through two high tides and a weak, evening
low tide. These substrates were then recovered and the
filter rings changed the following morning 24 h later
as the tide was receding. This procedure was repeated
5 times during the new-moon settlement pulse (4-8
May 1992). The daily mean number of megalopae per
substrate served ag the response variable in a three-
way fAxed-factor ANOVA model with Site (shell mit-
igation site vs. apen tideflat), Location (Pacman and
South Channel}, and sampling Date (4, 5, 6, 7, and 8
May) as factars. [n this case, Date was treated as a
fixed factor since sampling dates encompassed all pos-
sible sampling dates during the megalopal recruitment
pulse into Grays Harbor

Benthic substrates—Settlement on  benthic sub-
strates was maonitored by placing shell- or mud-filled
square, plastic trays (0.25 m? X 9 c¢m height and lined
with 1-mm mesh to cover the perforated bottom) on
the sediment surface for two separate 48-h periods. The
trays provided a convenient way of manipulating sub-
strate type in the different intertidal habitats. Trays
were filled to the top (9 cm deep) with oyster shells
that had heen air dried, or with mud removed from
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below a depth of 20 ¢m at the control site (open tide-
flat), and hand sifted to remove larger fauna. The sub-
strate surface in these trays stood 9 ¢m above the sur-
raunding sediment surface. Elevation of settlement
substrates above the tideflat surface presumably served
two functions. First, it prevented passive bed load
transport of sediments and animals into the trays (e.g.,
Levin 1984); thus settlement in trays was interpreted
as the result of entry of animals from the water column
(see Results: Tray effects). Second, it served as a partial
barrier to immigration by predatory J2 conspecifics
{Fernandez et al. 19934) after settlement (see Results:
Tray effects). The settlement experiment with plastic
trays examined five treatments in relation to natural
variation in postlarval supply: (1} Substrate (oyster
shell vs. mud), (2} Site (intertidal shell mitigation site
vs. apen tideflat), (3} Location (Pacman vs. South
Channel), Cage (predator exclusion cage vs. no cage},
and sampling Date {experiment |: 3-5 May vs. exper-
iment 2: 6-8 May).

We used 12-mm mesh galvanized wire cages to as-
certain whether or not exclusion of benthic predators
would enhance settlement success of crabs in shell and
mud substrates over 48 h. A mesh size of 12 mm was
large enough to allow megalopae to pass through it,
yet small enough to exclude the smallest staghorn seul-
pin (Leprocorus armaus; =70 mm total length [TL]),
a dominant piscine predator of early juvenile Dunge-
ness crab (Armstrong [991), capable of preying on me-
galopae (70 mm TL minimum based on sculpin gape
limitation when preying an megalopae; see Armstrong
1981). The 12-mm mesh did not exclude f1 and f2
crab, which can cannibalize newly settled recruits (Fer-
nandez et al. 1993a).

The presence of predator exclusion cages may have
altered hydrodynamics in the settlement substrates. For
example, the cage and stakes holding it in place could
have caused small-scale turbulence around the struc-
tures during tidal flows, therehy reducing water mave-
ment that in turn could produce positive or negative
effects upon settlement (see Butman 1987 and refer-
ences therein). Moreover, the increased above-bottom
surface area provided hy cages could enhance encoun-
ter rates with megalopae. However, given the strong
swimming behavior of Dungeness crab megalopae (for-
ward movement against a flow of 40 em/s and 12 em/s
in still water, Ferpandez et al. [994), and the lack of
a significant cage effect with megalopae (see Results:
Megalopal settlement . . first instars: Benthic sub-
strates), we conclude that reduced current regimes (l.e.,
haffling effects) and enhanced encounter rates were nat
important in determining patterns of settlement in this
study.

We included the Stte treatment to test the hypothesis
that settlement on a small (0.25 m?) area of substrate
type (shell vs. mud) was naot influenced by the sur-
rounding 3-5 ha substrate type {e.g., oyster shell in
0.25-m? settlement trays positioned within 3-3 ha of
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ayster shell vs. trays with shell being placed in =4 ha
of open mud). This treatment also served as a control
for the Substrate comparison in the event that larval
supply differed between sites. The Locatian treatment
allowed us to assess the other treatment effects at both
a north and south point in the estuary, where postlarval
supply would likely vary due to the effect of wind-
driven surface transport of megalopae. Previous oh-
servations of surface drifters indicated that wind di-
rection had a significant effect on the direction that
surface drifters moved (D. Eggleston, wunpublished
data). The Date treatments accounted for potential vari-
ation in postlarval supply and settlement between the
first and second experiments. The Dates of the first and
second expeniments were determined a priort and en-
compassed all logistically possible 48-h sampling pe-
riods during the recruitment pulse inte Grays Harbor
The experimental design was arthogonal.

The experimental procedure invelved placing twa
replicate settlement trays of each of four systematically
interspersed (sensu Hurlbert 1984) treatment comhbi-
nations (Substrate, Site, Location, Cage) on the ex-
posed tideflats during the morning low tide of 3 May
1992, and retrieving trays 48 h after deployment at low
tide. Samples were sieved through a |-mm mesh screen
and live sorted. Crabs were classified as megalapae, JI
benthic instars (5-8 mm carapace width [CW]}, or f2
(9—12 mm CW). This experiment was performed a sec-
ond time on 6-8 May 1992. The number of megalopae
and first benthic instars per 0.25 m? per 48 h served as
individual response variables in two separate five-way
fixed-factor ANOVA models with Substrate, Location,
Site, Cage, and Date as factors. We used natural log of
{(x + |} transformations when variances were heter-
oscedastic. When data transformations were unsuc-
cessful in achieving homoscedasticity and data were
distributed normally (normality tested with a Kolma-
gorov-Smirnov goodness of fit test), hypotheses were
rejected at alpha values lower than the P values of
Cochran’s € test for homageneity of variance (Under-
wood 1981:535).

Tray effects —To evaluate patential biases associ-
ated with the use of plastic settlement trays and pred-
ator exclusion cages, we monitored settlement an shell
and mud that was flush with the tideflat surface, but
placed on top of a I-mm mesh screen buried 7 em below
the substrate surface. Within a particular Site (shell
mitigation site vs. open tideflat) during each 48-h set-
tlement experiment, we deployed four of these benthic
substrates flush with the substrate surface; two had
predator exclusion cages and two were open. The
“flush substrates™ were recovered at low tide 48 h after
deployment by pulling up the 1-mm mesh screen and
placing the enclased substrate in a large plastic bag.
Samples were processed and data recorded as described
above. In this case, flush substrates were the same as
the surrounding substrate type (i.e., shell in shell, mud
in mud). The flush cage and no cage treatments were
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interspersed with the four treatment combinations de-
scribed aboave {i.e., Substrate, Site, Location, Cage).
Thus, there were two replicates of each of three or-
thogonal treatment combinations: Tray (plastic sectle-
ment tray present or absent), Cage (predator exclusion
cage present or absent), and Location (Pacman vs,
South Channel). This experiment was repeated on 6-8
May 1992. The number of megalopae and second ben-
thic instars in shell or mud within a particular Site (e.g.,
oyster shell substrate in the shell mitigation site, and
mud substrate in the open tideflat) were analyzed as
separate response variables in a four-way fixed-factor
ANOVA model with Date, Tray, Cage, and Location
ay factors. We included only megalopae and second
instars as response variables for two reasons. First, me-
galopae served as a response for how the plastic trays
may have influenced settlement. Second, the relative
abundance of J2 was the measure of immigration of
this potential predator into the tray. First instars were
not included since they so quickly metamorphose from
megalopae (=6-12 h post-settlement) and thereby con-
found settlement and migration.

Relationship between postlarval supply,
settlement, and density of
Jirst benthic instars

We examined the statistical relationship between our
two indices of postlarval supply {plankton nets and dip
nets) and settlement on artificial substrates, with linear
least-squares regression madels. In this case, measures
of postlarval density or flux at both geographic loca-
tions (independent variable} were related to settlement
on artificial substrates the next day {dependent vari-
able). For example, mean megalopal densities mea-
sured in the plankton on the afternoon of 4 May ac
Pacman and South Channel were compared with mean
megalopal settlement on artificial substrates at these
same locations the morning of 3 May. Fisher’s trans-
formation {(Zar 1984) indicated that exponential or
power transformations did not significantly improve the
fit of the plankton and settlement data aver linear func-
tians (all £ > 0.39).

We then examined the relation between megalopal
supply and settlement on natural substrates with an
analysis of covariance {ANCOVA). [n this case, each
measure of postlarval supply (plankton nets and dip
nets} or settlement on artificial substrates served as
separate covariates, substrate type was the independent
variahle, and the number of megalopae occupying mud-
and shell-filled settlement trays served as the dependent
variable. We then employed a similar approach to ex-
amine the relationship between postlarval supply and
density of J1 in shell and mud. However, in this case,
we performed a separate test depending upon whether
a predator exclusion cage was present or ahsent. This
criterion was hased on our observation of significantly
higher numbers of first instars beneath predator exclu-
sian cages at South Channel compared to Pacman (see
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Results: Megalopal seittement and density of first in-
stars). Qur goal here was to define the relative impor-
tance of postlarval supply on subsequent relative den-
sity of J1 in the absence of predation. The assumption
of equal slopes (Underwood [981) was met in all data
sets, as evidenced by the lack of significant interaction
between substrate and larval supply on /1 density. As
above, Fisher's transformation (Zar [984} indjcated
that exponential and power functions did not signifi-
cantly improve the fit of the megalopal or first instar
data over linear functions {all P = 0.21; except for the
relationship between settlement an artificial substrates
and density of first instars, which was best fit by a
hyperbolic, secand-arder polynomial: Fig. 9F).

Population structure

We quantified the dengity of recruits in each study
site during the summer of 1992, This allowed us to
assess the relative impartance of postlarval supply and
initial patterns of settlement as determinants of distri-
bution and abundance of YOY crabs in these intertidal
habitats at the end of the summer growing season. To-
wards the end of the summer, intertidal YOY crabs
gradually maove to subtidal habitats (Gunderson et al.
1990) where they are able to avoid most predators by
virtue of their greater size (25 mm CW,; Armstrong
1991). Thus, the majority of early juvenile crahs remain
in the intertidal until they reach a relative refuge in
size from predation. Therefore, we assumed that any
significant reduction in the numbers of YOY crab dur-
ing the summer at Pacman and South Channe] was due
primarily to predation rather than emigratian.

Crabs in the shell habitat were sampled by hand ex-
cavating all shells within a 30 ¢m X 30 cm area and
5 cm into the substrate beyond the shell-sediment in-
terface. Shell material was washed in a bucket con-
taining estuarine water, and the elutriate filtered
through a [-mm mesh-size screen. Additional samples
were taken similarly from apen tideflat areas. We quan-
tified the density of YOY crab at each site on 4 separate
occasions: 14-16 May, [3-15 June, 12-14 July, and
I1-13 August. Six to fifteen replicate 30 em X 30 cm
quadrats were taken at each Site (shell mitigation site
vs. open tideflat) within a Location {Pacman vs. South
Channel}. The density of 0+ crab (crabs/0. | m?) served
as the response variable in a three-way fixed-factor
ANOVA model with Site, Lacation, and Time (May,
June, July, August) as factors.

RESULTS
Enviranmental conditions

On 3-4 May 1992, at the beginning of our water
column sampling and field settlement experiments in
Grays Harbor, the wind was blowing from the west-
northwest WNW:; (=300") at =13-13 m/s (25-30
knots). From 5-6 May, although the wind continued to
blow from the WNW (=2807), there was an appreciable
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Effects of sampling date (4, 6, and 7 May), site (apen tideflat vs. shell mitigation site), and [ocation {Pacman vs.

South Channel) upon three megalopal water column supply response variables: (1) log-transformed (x + [} megalapal
densities (measured as no. per cubic metre per hour) collected with plankton nets moared above the battom; (2) flux of
megalopae over a fixed area of bottam with moored planktan nets: and {3) megalopal densities collected with neustan nets
in surface slicks. Analysis was by a three-way ANOVA maodel [[[. NA = not applicatle.

Megalopal densities

Megalopal flux
{plankton nets}

Megalapal densities
{rneuston nets in slicks)

(planktan nets) {no./h) {fno.fmy
Source of variation df F P df F P df F P
Date (random factor} 2.12 Q.07 0.93 2,12 218 0.32 2,18 0.54 .54
Site (fixed factar) [, 12 .60 .45 1,12 714 (.02 NA NA NA
Location (fixed factor) 1,12 [1.31 .01 1,12 34.57 0.01 [, I8 20,15 .01
Date X Site 212 0.32 .73 2,12 (.50 0.62 NA NA NA
Date x Location 2,12 0.22 0.80 2,12 7.36 0.a1 2,18 7.19 0.0]
Site x Location 1,12 0.01 .93 1,12 1.14 0.31 NA NA NA
Date x Site ¥ Lacation 2,12 1.42 0.28 2,12 24 Q.15 NA NA NA

drop in wind speed from 13-15 m/s to 5-8 m/s. To-
wards the end of the tide series on 7-8 May, wind speed
increased from 5-8 m/s to 13—15 m/s. During the study
period surface salinity was 17 g/kg and temperature
averaged 14°C at both lacations. There was no signif-
icant difference in above-bottom current speed, as mea-
sured by the flowmeters, between Pacman (13.3 cm/s)
and South Channel {12.5 em/s; ¢ test: ¢ = 0.26, df =
22, P = 0.80) when averaged over the three plankton
net sampling dates.

Postlarval supply

Megalapae in the water column were 2.5 ta 6 times
maore abundant at South Channel than at Pacman, re-
gardless of the technique used ta measure larval supply.
The plankton nets moored just ahove the bottom in-
dicated megalapal density was significancly higher at
South Channel than at Pacman (Table |, Fig. 2A.B).
Megalapal densities did not differ between the shell
mitigation sites and open tideflats, nor amaong the three
sampling dates (Table 1, Fig. 2A,B}. None of the in-
teraction effects were significant (Table |). However,
the plankton nets indicated that megalopal flux across
a fixed area of bottom was significantly higher over the
open tideflats compared to the shell mitigation sites
(Table 1, Fig. 2C.D), and varied significantly according
to sampling date (Table ). However, a significant date
> location interaction effect precluded contrasts across
the location main effect (Underwood 1981}, The in-
teraction effect was due ta significantly higher numbers
of megalopae at South Channel compared to Pacman
an 4 May and 7 May, compared to no difference be-
tween locations on 6 May (P < (.05, Ryan's @ test,
Fig. 2C}.

The use of a hand-held dip net and small boat al-
lowed us to sample directly along the center of a surface
slick regardless of the degree to which the slick me-
andered. Megalopal density in surface slicks varted sig-
nificantly according to location {Table [}; however, a
significant date X lgcation interaction effect precluded
contrasts across the location main effect. The inter-
action effect was similar to that abserved for megalopal

flux: significantly higher megalopal density on 4 and
7 May compared to no difference between locations on
6 May (P <2 0.05, Ryan’s O test;, Fig. 2E). Megalopal
density in the neuston averaged | individual/m* at both
locations, but was 6 individuals/m* at South Channel
early in the tide series of the May new moon (Fig. 2E).

Megalopal settlement and density of
first instars

The initial patterns of settlement by megalopae an
floating, artificial substrates and benthic substrates
tended to mirror those observed in the plankton.

Artificial substrares.—The mean number of megal-
opae that settled on artificial substrates was signifi-
cantly higher at South Channel than at Pacman {three-
way ANOVA: df = [, 38, F=26.63, P =001}, and
significantly higher on 4 and 5 May, compared to later
dates during the new-moon sampling period (three-way
ANOVA: df = 4,38, F = 1209, P = 0.0L; Ryan’s 0
multiple comparison test, Fig. 3A, B). On average, me-
galopal settlement was twice as high at South Channel
compared to Pacman (Fig. 3). Settlement also de-
creased 75% from an average of 4 to | megalopae per
substrate per day going from 4 May ta 7 May, respec-
tively {Fig. 3). There were no significant differences
in megalapal settlement between the shell mitigation
sites and open tideflats (three-way ANOVA: df = |,
38, F = 294, P = 0.09, Fig. 3A, B), nor were there
any significant interaction effects {all £ > 0.08).

Benthic substrates.—The mean number of megalo-
pae that settled on natural substrates in plastic trays
way significantly higher in oyster shell than mud (five-
way ANOVA: df = [, 32, F = 41.2, P = 0.0001;
generally 8 ta 10 umes higher, Fig. 4), significantly
higher during the first experiment compared ta the sec-
ond experiment (five-way ANOVA: df = [, 32 F =
10.2, P = 0.003; Fig. 4A), and significantly higher at
South Channel compared to Pacman {five-way ANO-
VA df = 1,32, F =158 P = 0.001; Fig. 4B). Me-
galopal settlement did naot differ according ta whether
the trays were located in the open tideflat or shell mit-
igation sites (five-way ANOVA. df = |, 32, F = 1.6,
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P = 0.21, Fig. 4C}, nor whether a predator exclusion ran’s € test rejected homogeneous variances at P <
cage was present or absent (five-way ANOVA: df = 0.004).

I, 32, F = 032, P = 0.58; Fig. 4D). None of the We quantified the density of J1 instars in the settle-
interaction effects were significant {all 2 > (.04, Coch- ment experiment to examine the correspondence be-
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tween initial patterns of megalopal settlement, and sub-
sequent densities of crabs during a 48-h period.
Because J1 are matile, their density after 48 h not only
reflects megalopal settlement, but also includes migra-
tion as well as losses due to natural mortality. The mean
number of /1 in settlement trays was significantly high-
er in shell vs. mud substrates (Fig. 5, Table 2), reflecting
the substrate-specific trend in settlement ohserved far
megalopae (compare Figs. 4 and 5). There was no sig-
nificant difference in the numbers of first instars oc-
cupying substrate-filled trays in the open tideflats vs.
shell mitigation sites (Fig. 5C, Table 2), and in general
J1 were about 3.5 times mere dense in shell than mud
after 48 h. This trend was alsa consistent with the pre-
vious result of nonsignificant differences in megalopal
settlement between the shell mitigation sites and open
tideflats. The number of JI varied significantly ac-
cording to sampling date (first experiment vs. second

D. B. EGGLESTON AND D. A. ARMSTRONG

Ecological Monographs
Wol, 65, No. 2

experiment), location (Pacman vs. South Channel) al-
though this difference was slight, and whether a pred-
ator exclusion cage was present or absent (Fig. 5, Table
2). However, there were significant substrate % date
and location X cage interaction effects, which pre-
cluded contrasts across main effects upon which the
interactions were based (Underwood 1981). The sig-
nificant substrate X date interaction effect was due to
significantly higher numbers of /I in shell during the
first experiment compared to the secand, whereas there
was no significant difference between the first and sec-
ond experiments in mud (£ <X 0.05, Ryan’s @ test; Fig.
5B). The significant cage X location effect was due 1o
significantly higher numbers of J1 beneath predator
exclusion cages compared to apen plats at South Chan-
nel, whereas no such difference was found at Pacman
(P < 0.05, Ryan’s Q test; Fig. 5E). All remaining in-
teraction effects were not significant (Table 2).

Tray effects.—We compared megalopal settlement in
substrate-filled plastic trays with settlement on sub-
strates that were flush with the sediment surface to
assess potential positive or negative effects these trays
may have had upon settlement. There was no significant
difference between the number of megalopae that set-
tled in oyster shell placed in plastic trays abave the
sediment surface at the shell mitigation site and set-
tlement in shell that was flush with the sediment surface
(Fig. 6; four-way ANOVA: df = 1,16, F = 00l, P =
0.93). However, significantly more megalopae settled
in shell at South Channel than at Pacman (=7 times as
many; four-way ANOVA: df = 1, 16, F = 3934, P =
0.01), similar o the trend observed for settlement in
plastic trays only (compare Figs. 4B and 6B). The pres-
ence or absence of predator exclusion cages had no
significant effect upon the numbers of megalopae in
shell substrates (Fig. 6C; four-way ANOVA: df = [,
16, £ = 0.01, P = 0.93). Although there was a slg-
nificant date main effect (four-way ANOVA: df = |,
16, F = 26.02, P = 0.01), a significant date X location
interaction effect (four-way ANOVA: df = |, 16, F =
1679, P = 0.01) precluded contrasts acrass the date
main effect. The date X location interaction was due
to significantly higher densities of megalopae during
the first experiment compared to the second at South
Channel, whereas there was no difference in abundance
of megalopae across experiments at Pacman (Fig. 6A;
Ryan’s ¢ multiple comparisen test). All ather inter-
action effects were nonsignificant (all £ > 0.37). We
were unable to evaluate potential biases associated with
using plastic trays to measure settlement in mud be-
cause of the paucity of settlement on that substrate.

We compared the density of J2 in substrate-filled
plastic trays with the density of crabs in plots that were
flush with the sediment surface (inverted mesh buried
in sediment and filled with shell or mud) to assess any
pasitive or negative effects these trays may have had
upon crab immigration. For shell substrates placed in
the shell-mitigation site, there were significantly maore
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J2 in shell which was flush with the sediment surface
compared to the shell-filled plastic trays (Fig. 7; four-
way ANOVA: df = [, 16, F = 17.19, P = 0.01), sig-
nificantly more f2 at Pacman compared ta South Chan-
nel (Fig. 7C; four-way ANOVA:df = [, 16, F = 31.37,
P = 0.01), and significantly mare J2 during the second
experiment compared to the first experiment (Fig. 7A,;
four-way ANOVA: df = 1,16, F = 1270, P = 0.01).
The presence or absence of predator exclusion cages
had no significant effect upon the numbers of J2 in
shell substrates (Fig. 7E,; four-way ANOVA: df = 1,
16, F = 3.03, £ = 0.10). None of the interaction effects
were significant (all P = 0.07).

For mud substrates placed in the open tideflats, there
were significantly more second instars in mud-filled
plastic trays compared to mud that was flush with the
sediment surface (Fig. 7; four-way ANOVA: df = 1,
13, F = 851, P = (.01), opposite to the pattern ob-
served in shell (compare parts A, C, Eand B, D, F of
Fig. 7). There were also significantly more J2 at Pac-
man than at South Channel (Fig. 7D, four-way ANO-
Va:df = 1, 13, F = 922, P = (.01), similar to the
trend ohserved for 2 in shell (compare parts C and D

of Fig. 7). There was no significant effect of either the
predatar exclusion cage or date upon the density of 2
in mud (Fig. 7B, F; four-way ANOVA: cage effect: df
= 1,13, F =029, P = 0.60; date effect: df = 1, 13,
F = 2.58, P = 0.13). None of the interaction effects
were significant (all P = 0.09).

Relationship berween postlarval supply, seitfement,
and density of first benthic instars

Megalopal settlement an artificial substrates reflect-
ed postlarval supply as measured in the water column
{moored plankton nets) and in surface slicks (neustan
nets). There was a positive and significant relationship
hetween both the density of megalopae in the water
column and flux of megalopae past a given point, as
measured by moored plankton nets, and megalopal set-
tlement an artificial settlement substrates (Fig. 8A, B).
Similarly, there was a positive and significant rela-
tionship between density of megalopae in surface
slicks, as measured by neuston nets, and megalopal
settlement on artificial substrates (Fig. 8C).

Megalapal settlement on natural substrates also re-
flected water column postlarval supply. For example,



204 D. B. EGGLESTON AND D. A. ARMSTRONG Erological Managraphs

A
50 7
40 1 I m
= W shel
@ 301
i}
z
= 20 -
8
=
101
a
First Exparimant Second Exparimant
Date
[
50 4
40 1
o
E
~- 301
a
B
£ 201
B
0
a
Opsan Tidaefiat Shell Mitigation
Sita
E
501
7
404 Na Caga
~ Cai
= 3o
.
a 30 -
] 4
2
£ o5
é
[T
10
0
Pacman Sauth Channal
Locatian

Val. 63, No. 2

=
54 1

First Instars ¢ m?

109

Pacman South Channal

Lacation

807

40

304

20 9

First Instars / m*

107

Na Cage Cage
Cage

FiG. 5. Density of first benthic instar Dungeness crab (/1, carapace width 5-8 mm) in 1992 in shell- or mud-filled plastic
trays placed on the tideflat surface, as a function of (A) sampling Date (first experiment [3-3 May] vs. second experiment
[6-8 May]); (B) geographie Locatian (Pacman vs. South Channel); (C) Site (shell mitigation sites vs. apen tideflaty); and
(D} presence vs. absence of a predator exclusion Cage. Graph E illustrates a significant Cage ® Location interaction effect
(see Table 2 for significance levels). Data were paoled for graphical purposes. Graphs shaw means and | sE.

there was a positive relationship between megalopal
settlement in mud- and shell-filled plastic trays, and
both the density and Aux of megalopae (Fig. 9A, B)
above these substrates as measured with moored plank-
ton nets (Table 3). There were also significantly higher
numbers of megalopae in shell-filled trays vs. mud-

filled trays (Fig. 4, Table 3). Similarly, there was a
positive relationship between megalopal settlement in
substrate-filled plastic trays and density of megalopae
in surface slicks (measured by neustan nets) within the
vicinity of the settlement trays (Fig. 9C, D, Table 3).
There were significantly more megalopae in shell vs.
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TaBLE 2. Effects of substrate type (oyster-shell vs. mud;
sampling date (first experiment: 3-3 May 1992 vs. second
experiment: 6-8 May 1992); site (open tideRat vs. shell
mitigation site); location {Paeman vs. South Channel); and
presence ar absence of a predator exclusion cage; upon the
number of fArst benthic instars (f1} residing in substrate-
filled, plastic trays (0.25 m?) placed an the tideflat surface
for 48 h. Analysis was by a five-way ANOVA model [

Saurce of

variation MS df F P
Substrate 812.25 1 6840 0.01
Date 105.06 | 88.47 .01
Site 1.06 | a.as NS
Lacation 5.06 I 4.26 .04
Cage 64.00 1 53.89 0.0k
Substrate > Date 44.00 | 41.24 0.01
Location x Cage 4225 i 35.58 a.at
Errar* 1.19 32

* All ather interactions were nonsignificant (all # = 0.18).

mud substrates (Fig. 4, Table 3), and there was a pos-
itive relationship between settiement on artificial sub-
strates and settlement in mud- and shell-filled plastic
trays (Fig. 9E, F, Table 3). Thus, settlement on artificial
substrates appears to provide a useful index and con-
venient means of measuring both water column supply
and magnitude of megalopal settlement.

In general, there was a significant positive correla-
tion between postlarval supply and the density of ben-
thic fI only when predators were excluded from the
settlement trays. For example, there wag no carrelation
between postlarval density or flux, as measured by
plankton nets, and density of J1 in mud- and shell-
filled trays when a predator exclusion cage was absent
(Tahle 3). However, when a predator exclusion cage
was present, there was a pesitive correlation between
bath postlarval density and flux (Fig. 10A, B), and the
density of J1 (Table 3). Similarly, there was a positive
correlation between postiarval density, as measured
with neuston nets, and the density of J1 in mud and
shell only in the presence of predator exclusion cages
(Figs. 10C, D, Tahle 3). This pattern held for the cor-
relation between megalopal settlement on floating, ar-
tificial substrates and the density of J1 as well (Fig.
10E, F, Table 3}. In all cases, there were significantly
higher numbers of megalopae and J1 in shell vs. mud
substrates (Fig. 10, Table 3).

Population structure

Early juvenile Dungeness crab inhabiting intertidal
habitats within the vicinity of Pacman and South Chan-
nel were primarily in shell habitat. During the summer
af 1992 using the excavation technique, we found a
mean density of 35.8 = 3.5 YOY crabs/m* (mean *
| se; N = 115 excavation samples) in the shell miti-
gation sites, compared 0 0.4 = 0.3 YOY crabs/m* (N
= 0| excavation samples) in the open tideflats. These
crabs comprised a mixture of /1 to J5 crabs (see below},
reflecting a molt interval of =2-3 wk. Hence, we re-
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stricted our statistical contrasts to crab density mea-
surements in shell,

To examine the correspondence between Lacation
differences in settlement by megalopae and subsequent
abundance of S1 in the shell mitigation sites, we quan-
tified the density of J1 7 d after the new-maon settle-
ment pulse in May 1992. In this case, significantly mare
first instars were found at Pacman (mean £ 1 SE =
62.0 £ 11 J1/m2 N = 14 excavation samples} than at
South Channel (49.0 = 6.0 J1/m? N = 15 excavation
samples; two-tailed variance-ratio test: F = 29.5, df =
27, P = 0.05). Although this result is of borderline
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purpases. Graphs show means and [ sE.
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significance {i.e., P = 0.05), we conclude that it is
biologically meaningful given that the statistical power
of the test (see Zar 1984:137) was low {=0.55). This
geographic trend in abundance was exactly opposite to
that observed for megalopae (Fig. 4B). During the sum-
mer growing season, early juvenile crabs ranged in size
from a mean JfI size (carapace width) of 5.8 mm in
May ta 23.7 mm as J5 instar in August. The density
of early juvenile crab in the two intertidal shell mit-
gation sites decreased significantly during the summer
{Date: two-way ANOVA; F = 2327 df = 3, 107, P
= 0.0001), with significantly higher densities in May
and June compared to July and August (Fig. L1, Ryan’s
¢ multiple comparison test). There was no significant
difference in the density of YOY crabs between Pac-
man and South Channel (Fig. ||, Location: two-way
ANOVA; F = 1.05 df = |, 107, P = 0.31), nor was
there a significant interacton effect (Drate X Location:
F=173,df =3, 107, P = 0.17).

DiscussionN

Although most animals have complex life cycles
(e.g., frogs, salamanders, fish, holometabolous insects,
and most marine organisms), the relative contribution
of spatally separated life history phases to ultimate
patterns of juvenile and adult distributien and abun-
dance are seldom known. In marine systems, spatially
separated life history phases such as planktanic larvae
and henthic juveniles are often linked by physical trans-
port mechanisms such as wind-driven surface currents
or tidal transport. The linkage between physical trans-
port processes and local or regional variation in larval
supply is of fundamental interest to ecologists working
in marine systems.

Postlarval supply, substrate selection behavior, and
post-settlement survival jointly explained the observed
distribution and abundance patterns of early juvenile
Dungeness crab in two intertidal locations in Grays
Harbor, Washington duting this study. Our ability to
partition the relative importance of these components
to recruitment success of Dungeness crab was greatly
facilitated by our capacity to anticipate the arrival of
swarms of megalopae into the estuary, and the ease
with which these large postlarvae (3 mm diameter)
could be quantified in the water column and in intertidal
settlement substrates. Mareover, the shell mitigation
project conducted by the .S, Army Corps of Engi-
neers, at a cost of nearly $10°, allowed us to assess
substrate selection behavior at two dramatically dif-
ferent spatial scales (0.25 m? vs. 4 ha). By using plank-
ton nets moored aver shell and mud habitats, and dip
nets to sample neuston where megalopae are concen-
trated in surface slicks, we identified significantly high-

DETERMINANTS OF ESTUARINE CRAB RECRUITMENT

207

er numbers of megalopae in the water column at the
southern portion of the estuary (South Channel) cam-
pared to the northern portion (Pacman). We attributed
this difference to a buildup of megalopae in the south
due to wind-driven surface currents flowing from the
northwest to the southeast, since tidal current speeds
were similar between |ocations. Moreover, there was
ne significant correlation between current speed above
the bottormn and flux of megalopae as measured by the
plankton nets (¢ = 0.27, N = 24, P = Ns).

The use of mud- and shell-filled plastic settlement
trays and predator exclusion cages placed in the shell
mitigation sites and open tideflats allowed us to ex-
amine the interactive effects of substrate type, type of
substrate surrounding shell and mud settlement habi-
tats, and predation upon patterns of settlement and sur-
vival. Megalopae actively chose to settle in oyster shell
vs. mud habitats, irrespective of the scale at which these
substrates were avajlable (i.e., 0.25 m? vs. 3-5 ha). This
inference stems from the findings of significantly high-
er numbers of megalopae in settlement trays containing
shell, whether placed on the open tideflat or within
large shell mitigation sites, compared to trays filled
with mud. Exclusion of predators, as. well as plastic
settlement trays elevated 9 cm above the tideflat, had
no effect on these initial patterns of settlement. Settle-
ment patterns in both shell and mud also reflected the
high supply of megalopae measured at South Channel.
Settlement patterns on floating, synthetic-fiber sub-
strates corroborated our measures of higher postlarval
supply and settlement at South Channel compared to
Pacman, and the lack of observed differences in these
measures between the shell mitigation sites and open
tideflats. Moreover, there was a positive correlation be-
tween settlement on floating artificial substrates, and
postlarval supply (measured with plankton nets) and
settlement on benthic substrates. Thus, megalopal set-
tlement on artificial substrates appears to provide a
useful index of natural postlarval supply and relative
post-settlement density of megalopae.

Differences in megalopal settlement berween South
Channel and Pacman disappeared when we focused on
recruitment success of J1 instars. In this case, past-
settlement mortality at South Channel reduced f1 den-
sities to levels similar to those observed at Pacman
where postlarval supply was low. This predation in-
ference stems from the findings of significandy higher
numbers of J1 beneath predator exclusion cages at
South Channel compared to Pacman where there was
no significant cage effect. Moreover, there was a sig-
nificant correlation between postlarval supply and den-
sity of J1 instars only when predators were excluded.
If density-dependent emigration was the primary mech-

—

shell or {D) mud; and presence vs. ahsence of a predator exclusion Cage using (E) oyster-shell or (F) mud. Note larger
scale on y-axis far graphs A, C, and E. Data show means and 1 sE.
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anism respansible for decoupling postlarval supply and
density of JI instars, then there should have been no
correlation between postlarval supply and density of
J1 instars whether a predator exclusion cage was pres-
ent ar absent. Thus, although Dungeness crab megal-
opae actively select to settle in structurally complex
shell habitats where survival is presumably enhanced,
post-settlement mortality due to predation appears to
conceal any recruitment patterns that may be related
to high postlarval supply.

Wind-driven surface currents and
postlarval supply

Strang flood tidal currents associated with spring
tides during new-moaon cycles seem the process where-
by megalopae move from the outer coast into the mouth
of the estuary. But, wind-driven surface currents appear
to be a key factor controlling local (kilometre-scale)
rates of Dungeness crab larval supply within Grays
Harbor. Localized oceanographic features in shelf apd
estuarine waters can greatly influence the distributian
and abundance af benthic larvae (Alldredge and Ham-
ner 1980, Kingsford and Choat 1986, Oliver and Willis
1987, Clancy and Epifanio [989). Specific oceano-
graphic features such as surface slicks formed by tidal
intrusion fronts, internal waves, or Langmuir circula-
tiops can also influence the direction of larval transport
(Shanks 1983, Hamner and Schneider 986, Kingsford
and Choar 1986, Kingsford et al. 1991). However, the
averall importance of these oceanographic features rel-
ative to adjacent water masses in determining larval
delivery rates to the benthos remains unclear.

During settlement pulses in Grays Harbor in 1992,
surface slicks contained ane order of magnitude higher
density of megalopae than occurred in adjacent water
masses (D. Eggleston, unpublished data). Additional
observations indicated that surface drifters dropped
seaward of frontal zoues were quickly entrained in
these features and were rapidly wransported along the
axis of a front during flood tide (D. Egglestan, uapub-
lished data). Wind direction had a dramatic effect upon
the path drifters tracked during Aooding tides. For ex-
ample, on days when the wind was blowing from the
west-narthwest (WNW), drifters consistently moved
from the entrance of Grays Harbor to the extreme
southern portion of South Bay (Fig. 1) during a single
flood tide (D. Eggleston, unpublished data). These ob-
servations, combined with our field measurements of
steang winds {(13-15 m/s) blowing from the WNW an
days corresponding to the settlement experiment (4 and
7 May), and no difference in above-bottom current
speeds between locations during this time, are consis-
tent with the notion that wind-driven surface currents
were facilitating the accumulation of megalopae in sur-
face slicks, resulting in higher postlarval supply to our
South Channel location compared to Pacman (Fig. [},
An unequivocal test of this hypothesis would require
concurrent measures of wind speed and direction, sur-
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TaBLE 3. Results from the analysis of covariance of postlarval supply (covariate) and substrate type (mud vs. shell} on the
numbers of megalopae {transformed as log[x + 1]) or first benthic instars in substrate-filled settlement trays.

Regression against

Benthic response postlarval supply

Substrate X postlarval

Substrate effects supply interaction

variahle df M3 F df MS F df M5 F

A) Postlarval density measured with plankton nets

Megalopae 1,60 3.45 10.69% 1, 60 10.21 31.68% [, 60 083 256 mNs

First instars: No cage 1,28 13.68 1.00 Ns I, 28 457.53 100.474 1,28 025 0.05 NS

First instars: Cage 1,28 2222 6.45% 1,28  357.78 103,863 1,28 351 0.15nus
B) Postlarval flux measured with plankeon nets

Megalopae 1,60 6.51 25.25¢ 1,60 10.21 39 a4t L, 60 [.65  6.41 ns*

First instars; No cage 1,28 4.82 1.23 ns I, 28 357.78 a1 44% 1,28 4 82 1.23 ns

First instars: Cage 1,28 40,02 [1.53¢ 1,28 457.53 131.86% 1, 28 4,27 1.23 Nsv
C} Postlarval density measured with dip nets

Megalopae 1, 60 157 31.79% 1,60 10.21 42 887 1,60 1.75  7.36 Nsf

First instars: No cage 1,28 1.86 0.46 NS 1,28 35778 £89.53¢ 1,28 5.44 1.36 NS

First instars: Cage 1,28 47,22 15163 1,28 457 .53 146 85% 1,28 6.98 214 NS
D) Postlarval supply measured with artificial settlement substrates

Megalopae l,a3 1G58  55.93% 1,60 10.21 54.02% 1,60 1.70  §.99 wsv

First instars: No cage 1,28 0.15 0.40 N3 1,28 35778 92.52% [, 28 10.76 2178 ns

First instars: Cage 1,28  51.01 17.97% [,28 45753 161.18% 1,28 1094 3.85ws

Ns: P =005 1P <0017, £ P < Q.0002.

Ns P = 0.007 (Cochran’s C test rejected homogeneous variances at P < 0.007).
NsY P = L0004 (Cochran’s C test rejected homogeneous variances at P < (0.004).

face and abave-bottom current speed and direction, and
postlarval supply under varying wind regimes. Thus,
future attempts to integrate the dynamics of postlarval
and Juvenile survival in understanding recruitment
variation in local populations of Dungeness crab should
incorporate oceanographic processes that madify post-
larval supply rates.

Mechanisms underlying habitar-specific
abundance of crabs

Megalopal abundance was generally 3-4 tirmes high-
er in shell habitats vs. mud, irrespective of the partie-
ular treatment combination considered (e.g., Tray,
Cage, Site, Location, Date; Figs. 4 and 6). These mea-
surements are consistent with our previous ohserva-
tions in Grays Harbor (Gunderson et al. 1990, Jamieson
and Armstrong 1991). There are four possible expla-
natians for this pattern, which are not mutually exclu-
sive: (1) enhanced passive deposition of megalopae in
shell habitat due to an increase in benthic houndary
layer shear stress leading to reduced current speeds
{e.g., Butman 1987, Wright et al. 1991); (2) higher
postlarval supply over shell hahitats than mud; (3) en-
hanced post-settlement survival in shell due to its ref-
uge capacity; and {4) active selection for shell by me-
galopae (e.g., Fernandez et al. 1993h).

We argue against the passive deposition hypothesis
- as a mechanism explaining the high settlement patterns
in shell based on several lines of evidence. First, recent
labaratory experiments indicate that Dungeness crab
megalapae prefer to settle on oyster shell instead of
mud (Fernandez et al. 19935), and can easily swim and
maneuver in turbulent boundary layers encountered
abave oyster shell, even at the highest current velocities

(10-40 em/s) found in CGrays Harbor during tidal ex-
change (Fernandez et al. 1994). Second, we presumed
that If passive deposition was responsible for the high
settlernent patterns observed in shell, this effect would
be most apparent for substrates placed in the large, 3-5
ha shell mitigation site. In this case, there was no sig-
nificant difference in megalopal settlement between the
shell mitigation site and the open tideflat, irrespective
of substrate type. Thus, passive depasition does not
appear to explain much of the variation in settlement
patterns observed in this study.

Based on the results of our plankton measurements,
we can also eliminate the second mechanism of dif-
ferential postlarval supply based on our general find-
ings of no significant difference in postlarval supply,
whether measured with plankton nets or neuston nets,
between the shell mitigation sites and open tideflats.
Additiopnal suppaort for this inference is provided by
megalopal settlement patterns on standardized artificial
substrates, which were similar between sites.

Although shell habitat probably enhances immediate
past-settlement survival of megalopae compared to
mud, it does not appear to explain much of the sub-
strate-specific variation in megalopal densities ob-
served. For example, if settlement rates, time to meta-
morphosis, and frequency of molting to J1 were similac
in mud and shell habitats, and the refuge provided by
shell was primarily respousible for the high numbers
of post-settlement megalopae in this habitat, we would
have expected to see a cage X substrate interaction
effect whereby abundance of megalopae would be en-
hanced in mud habitats containing a predator exclusion
cage. Hawever, the presence of a predator exclusian
cage did not enhance survival of megalopae in mud or
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the same x and y values, which masks numerous points in some instances. See Table 3 for additional significance levels
assaciated with the regression of first instars against postlarval supply. Note larger scale on vy axis for graphs B, D and E



212
120 1
100
O Pacman
w.  B80- # sauth Channet
g
P
® 601
&
5
g 401
204
a
May Jdune July Alqust
Sample Date
Fig. 11. Number of YOY (young-of-the-year} Dungeness

crab in intertidal shell habitats during the summer of 1992
a3 a function of geagraphic location (South Channel vs. Pac-
man). [nstar compaosition generally ranged fram J1-42 in May
to J4-43 in August. Graph shows means and | SE.

shell substrates, whereas cages increased abundance of
J1 in both substrate types. A caveat to this line of
evidence is that predator exclusion cages do not control
for substrate-specific differences in frequency of molt-
ing and time to metamorphaosis of recent settlers. Thus,
final conclusions concerning the influence of shell and
mud on frequency of molting and time to metamor-
phasis require laboratory investigations of these factors
under realistic flow conditions. However, another line
of evidence against this enhanced survival mechanism
for megalopae concerns the positive and significant re-
lationship between postlarval supply and setclement in
shell and mud substrates. This result suggests that im-
mediate post-settlement survival has very little, if any
effect on abundance patterns of megalopae in shell and
mud habitats. The time from settlement to metamar-
phosis into J1 is extremely short (=6-12 h). This short
time interval prior te molting combined with their eryp-
tic nature after settlement probably greatly reduces
their detection by predartors.

The propensity for megalopae to settle in shell and
reside at high numbers in the absence of predator ex-
clusion cages (this study), combined with the results
from recent tethering experiments in Grays Harbor
which demonstrated that survival of early juvenile crab
is significantly higher in intertidal shell vs. mud or
eelgrass habitats (Fernandez et al. 19934), suggests that
directed megalopal settlement in structurally complex
habitats such as oyster shell enhances survival of ju-
veniles more than settled megalopae. Settlement by
most marine benthic invertebrates {e.g., hydroids, as-
cidians, echinoids, molluses, barnacles) reflects habitat
requirements of the adult stage (e.g., Meadaws and
Campbell 1972). However, far invertebrates such as
decapod crustaceans with mobile adule stages, larvae
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ar postlarvae should select to settle in habitats where
Juvenile survival is high (e.g., Botero and Atema 1982,
Herrnkind and Butler 1986). Reduced predation pres-
sure in structurally complex habitats such as oyster
reefs, should produce strong selective preferences for
these habitats (e.g., Huffaker 1958, Hacker and Steneck
1990, Eggleston and Lipcius 1992),

The most parsimonious explanation for the settle-
ment patterns observed in this study is active substrate
selection by settling megalopae for shell habitats, even
though active substratum selection behavior has seldom
been demonstrated in the field (but see Hurlbut 1991
and references therein). Specific environmental cues
are believed to trigger neural or hormonal processes
that lead to settlement and metamorphosis in habitats
that offer greater survival for subsequent life stages
(Meadows and Campbell 1972). The spatial scale at
which active choice may be paossible depends on the
settling-stage characteristics of the species such as
sinking velocity, sensitivity to cues, and swimming ca-
pabilities under realized flow conditions (Boudreau et
al. 1990). A previous laboratory flume study indicated
that swimming and sheltering hehavior of Dungeness
crab megalopae in shell was unrelated to flow velocity,
even at high current speeds of 40 em/s (Fernandez et
al. 1994). Dungeness crab megalopae in this study re-
sponded similarly to oyster shell and mud placed in
0.25-m? trays irrespective of whether trays were placed
in 3-3 ha of shell or mud. Since the ayster shell used
in this study was azoic, it is likely that megalopae were
responding more to a tactile stimulus (physical and
hydrodynamic) rather than a chemical one in their
choice of shell over mud.

Recent laboratory and field experiments on habitat
selection by marine benthic invertebrates have dem-
onstrated that the sensitivity of active settlement re-
sponses ta boundary-layer flow conditions is species-
specific. Habitat selection by larvae of the hydroid
Tubularium crocea, the bryozoans Bugula rurrita and
Schizoporella unicornis, and the tube-building poly-
chete Hydroides dianthus were studied in manipulated
field flows in Great Harbor, Massachusettes, USA
{Mullineaux and Garland 1993). Although boundary
layer flows influenced settlement of all four species
examined, the bryozoan B. wmrrita settled most prom-
inently in regions of reduced shear stress, exhibiting
sertlement patterns that closely approximated predic-
tions from a model of passive particle contact (Mul-
lineaux and Garland 1993). Similarly, laboratory still-
water and flume-flow experiments demonstrated that
although near-bottom flow influenced settlement dis-
tributions of the bivalve Mufina lateralis and the poly-
chete Capitefla sp. 1, hydrodynamic effects were great-
er for M. lareralis (Snelgrove et al. 1993). Numerous
field studies have also demonstrated strang correlations
between the distribution and abundance of relatively
weak-swimming epifaunal species such as barnacles
(Wethey 1986), scyphozoans (Keen 1987), and fora-
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minifers (Mullineaux and Butman 1991), and various
components of boundary layer flows. Conversely, lar-
val settlement in decapod crustaceans is presumed to
be primarily an active response to chemical or tactile
cues (Boterg and Atema 1982, Herrnkind and Butler
1986, lensen [989). Among invertebrates, decapods
demonstrate the highest swimming speeds (e.g., Phil-
lips et al. 1978, Calinski and Lyons [983, Cobb et al.
1989, Luckenbach and Orth 1992, Fernandez et al.
1994). Thus, our use of active substrate selection be-
haviar as a mechanism for explaining distribution and
abundance patterns of Dungeness crab megalopae in
intertidal shell vs. mud habitats is consistent with other
studies of larval settlement in decapod crustaceans.

Relationship between postlarval supply, settlement,
and density of juvenile crabs

The positive correlation between postlarval supply
and settlement extended to JI instars only in habitats
where predators were excluded. These results suggest
that mortality due to predation is a key factor regulating
local population size of early juvenile Dungeness crab
in intertidal habitats where postlarval supply is rela-
tively high (perhaps in excess of local carrying capac-
ity). Megalopal abundance was significantly higher at
South Channel compared to Pacman, reflecting the
higher pastlarval supply in the southern portion of the
estuary. However, ance the number of fl instars was
reduced to similar levels at these two locations, equiv-
alent but steadily decreasing densities persisted
throughout the summer growing season. The decou-
pling of settlement patterns and density of JI in the
ahsence of predator exclusion cages took place within
our 48-h sampling interval. Recruitment studies of ma-
rine benthic ¢rganisms seldom demonstrate such a
short interval between settlement and sampling. Anal-
ogous situations where the relationship between initial
settlement and subsequent recruitment is decoupled
have been described for populations of bryozoans
(Keough and Downes 1982}, infaunal bivalves (Luck-
enbach 1984), barnacles (Connell 1985), sea urchins
(Rowley 1989), colonial ascidians (Osman et al. 1992),
and reef fishes (Jones 1990).

The effects of post-settlement competition for space,
as well as habitat-specific differences in predation pres-
sure or predator functicnal responses, probably influ-
enced recruitment success and local population size in
ghell habictats in this study, Although we did not ob-
serve the exact behavioral mechanism responsible for
decoupling settlement patterns and density of Jl in-
stars, we hypothesize that it involves a combination of
agonistic interactions and possibly cannibalism he-
tween first instars within a cohort, inter-cohart canni-
balism (Fernandez et al. 19934}, and predation by de-
mersal fishes. For example, laboratory cbservations
indicate that J1 are very agonistic towards each other,
and may exhibit cannibalism {Fernandez et al. 19934).
Maoareover, recent field abservations and manipulations
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of crab density and food availablity in small shell plots
on an open tideflat in Grays Harbar, demonstrated that
early juvenile crab at high densities are agonistic to-
wards each other and emigrate from shell plots even
under conditions where food resources were enhanced
(Iribarne et al., in press). Post-settlement competition
in shell appears to be in response to limited space rather
than food. When settlement in shell habitats is high,
density-dependent agonistic interactions between /]
could lead to increased emigration from the interstices
of the shell matrix, which could then lead to increased
encounter rates with demersal predators. Sources of
predation likely included fish such as staghorn sculpin
(Armstrong 1991} and redtail surfperch, Amphisrichus
rhadorerus (G. Williams, University of Washington,
unpublished dara), as well as cannibalism by juvenile
and adult crabs (Stevens et al. 1932} Recent caleula-
tions based an crab and sculpin population estimates,
the proportion of sculpin diet containing crah, preda-
tor—prey size relationships, and sculpin-length-based
daily cansumption estimates indicate that a significanc
proportion (64 %} of the first summer mortality of new-
ly settled intertidal crab could be due to sculpin pre-
dation {(Armstrang 1991). However, the predatory im-
pact of transitory species such as salmonids also could
be significant. Flood tide faunal surveys performed 2
wk after our study revealed significantly higher num-
bers of predatory fish and crabs at South Channel com-
pared to Pacman (G. Williams, unpublished data).
Mareover, stomachs from many of the fish collected
during this time contained high amounts of J1 and J2
Dungeness erab (G. Williams, unpublished dara). Can-
nibalism by /2 did not appear to be a major source of
maortality of /1 since there were similar numbers of 42
in shell between open plots and plots with predator
exclusion cages (Fig. 7E). Instars larger than /2 were
absent from interudal hahitats during this time. This
scenario suggests that differences in the density of J1
due to variable sertlement, cambined with habitat-spe-
cific differences in the abundance or functional re-
spanse of predators, should be incorporated into mod-
els of early juvenile crab survival in intertidal hahirats.
Previous studies have shown survival of marine benthic
invertebrates affected by differences in prey availabil-
ity caused by variable settlement (e.g., barnacles: Can-
nell 1983, Fairweather 1988; and ascidians: Osman et
al. 1992), as well as habitat-specific predation intensity
and vartable functiopal responses (infaunal bivalves:
Luckenbach 1984, Lipcius and Hines 1986, Egglestan
et al. 1992, sea urchins: Rowley [989; and ascidians:
Osman et al. 1992).

Ecolagical models of the mechanisms regulating
populations of marine benthic organisms have tradi-
tionally incorporated processes that affect growth,
movements, and mortality of settled recruits or adults
(Connell 1985, Roughgarden et al. 1985 and references
therein). The renewed nterest in incorporating the sup-
ply of recruits into these models (Gaines and Rough-
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garden 1985, Underwood and Fairweather 1989, Bert-
ness et al. 1992, Doherty [994) has contributed o our
understanding of how larval dynamics can regulate the
dynamics of juvenile and adult populations. Qur results
tar Dungeness crab suggest that active substrate selec-
tion behavior by megalopae can affect the distribution
of early juvenile crab, and that predation an /1 instars
is more important than postlarval supply in regulating
the dynamics of early juvenile crab in certain intertidal
habitats. However, we offer the following caveat: our
measures of postlarval supply, settlement, and recruit-
mernt were replicated in time (two 48-h experiments)
and space {two locations: South Channel and Pacman);
however, they were not replicated across settlement
events within a season or among years. Since it appears
that wind-driven surface currents can influence local
rates of postlarval supply, it is possible that variable
wind speeds and directions within a settlement season
could distribute megalopae throughout the estuary in
approximately equivalent densities, precluding post-
settlernent processes regulating population size. Sim-
tlarly, on an annual temporal scale, strong offshore
winds {i.e., east-southeast] during major settlement
events (e.g., new-moon, spring tides in May and June),
could effectively weaken tidal transport of megalopae
into Grays Harbaor, resulting in early juvenile dynamics
that are regulated primarily by larval supply rather than
by post-settlement events, particularly in shell habitats
where habitat carrying capacity is greater. A recent
study of Dungeness crab recruitment and alongshore
transpart (McConnaughey et al. 1992, 1994), suggests
that high storm activity and correspondingly strong
alongshore transport may deplete the larval poal from
which Washington recruits are drawn, resulting in a
poor year class and weak fishery 4 yr hence. Thus, final
conclusions regarding the relative importance of pre-
settlement vs. post-settlement processes in regulating
population dynamics of juvenile Dungeness crab in in-
tertidal habitats warrant integrating the major compo-
nents of recruitment with processes influencing hoth
intra- and interannual variation in postlarval supply.
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