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INTRODUCTION

Settlement of Dungeness crab Cancer magister
megalopae in inlets along the coastlines of Washing-
ton, Oregon and California has been linked to a wide
variety of larval behaviors and oceanographic trans-
port processes, but such processes have never been
examined in Alaska. Transport processes are typically
examined by comparing megalopae abundance over
depth, space or time. The behavior of adult and larval
Dungeness crabs along the coast of the contiguous
USA facilitates large-scale larval migration away
from and then back to estuarine and nearshore areas
(Lough 1976, Reilly 1983). Larvae off the Washington,
Oregon and California coasts are found at progres-
sively farther distances from shore with each larval
stage (Lough 1976, Reilly 1983, Jamieson & Phillips

1988, McConaugha 1988, Jamieson et al. 1989). Mega-
lopae in early intermolt have been observed beyond
the edge of the continental shelf, up to 170 km off the
coasts of Washington and Vancouver Island (Jamie-
son et al. 1989) and 185 km off the coast of California
(Reilly 1983). Megalopae are then transported back
into nearshore areas (Jamieson & Phillips 1993,
Eggleston & Armstrong 1995, Johnson & Shanks 2002,
Miller & Shanks 2004) where larval settlement occurs
(Carrasco et al. 1985, Jamieson & Phillips 1988, Mc-
Connaughey et al. 1992).

Behaviors maintaining Cancer magister megalopae
in surface waters facilitate transport by physical forc-
ing mechanisms (McConaugha 1988), whereas behav-
iors that maintain megalopae near the bottom facilitate
retention. Megalopae supply to specific nearshore
areas along the Pacific USA coast has been linked to
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lunar phase (Eggleston & Armstrong 1995), which is
likely to affect behaviors controlling depth distribution.
Megalopae supply is highly pulsed, and temporal vari-
ation in megalopae supply is also often related to phys-
ical forcing mechanisms, such as tide (Johnson &
Shanks 2002, Miller & Shanks 2004) and wind events
(McConnaughey et al. 1992, Jamieson & Phillips 1993,
Eggleston & Armstrong 1995, Miller & Shanks 2004).

As megalopae are transported into estuarine areas,
spatial variation is thought to result from transport pro-
cesses and local hydrodynamics (Botsford et al. 1989,
1998, Shanks & Roegner 2007). For example, spatial
variations in Cancer magister megalopae recruitment
between areas separated by less than 10 km in Grays
Harbor, Washington and Willapa Bay, Oregon, have
been attributed to wind effects (Eggleston & Arm-
strong 1995, Roegner et al. 2003). Such effects are
highly variable among locations and difficult to extrap-
olate out of the immediate area. Larger scale processes
may be responsible for more regular spatial and inter-
annual variations along an entire coastline. Shanks &
Roegner (2007) recently determined that an earlier
spring transition off the Pacific USA coast is associated
with higher supply of Dungeness crab megalopae to
nearshore areas off the Oregon and California coasts
and that interannual variation in megalopae supply is
predictive of the commercial harvest in those areas
after a 4 yr growth period.

The Dungeness crab fishery is an important part of
Alaska’s economy with an average annual value of
US $6 740 000 from 1998 to 2002 (Woodby et al. 2005).
The average annual harvest during this time period was
2050 t, 1810 t of which came from southeast Alaska
(Woodby et al. 2005). However, patterns of larval
transport have been little studied in southeast Alaska,
despite the economic importance of this fishery. The
effects of lunar cycle, tides and wind on megalopae
transport into bays along the coast of the contiguous USA
are difficult to apply to Glacier Bay. Coastal Alaska is a
highly complicated matrix of islands, bays, fjords and in-
lets which cannot be compared with the relatively
straight coastlines of Washington, Oregon and Cali-
fornia. The inside waters of southeast Alaska are most
comparable to Puget Sound and the Georgia-Rosario
Strait complex separating Washington and British Co-
lumbia, which is a known retention zone for Dungeness
crab larvae (Jamieson & Armstrong 1991). The influence
of this unique coastline geography and oceanic regime
on megalopae transport and settlement is unknown.

Larger scale processes determining interannual vari-
ation in Dungeness crab megalopae to the contiguous
USA have little relevance in Alaska because of the
very different current system along the outer coast of
Alaska. Off Vancouver Island, the eastward-flowing
Subarctic Current impinges on North America and

bifurcates into the southward-flowing California Cur-
rent and the northward-flowing Alaska Current (Sver-
drup et al. 1942). The California Current regime can be
characterized by upwelling and relaxation events
(Huyer 1983); whereas, the Alaska Current regime is
downwelling year-round (Royer 1998, Weingartner et
al. 2005). Larvae subjected to downwelling along the
outer coast may be thereby concentrated in bottom
waters at the edge of the narrow continental shelf in
the Gulf of Alaska (GOA); however, the potential
effects of oceanographic processes on larval transport
are poorly understood in this region.

Glacier Bay is a major focal point in Alaska for
oceanography (Hooge & Hooge 2002, Etherington et
al. 2004, 2007, Hill 2007) and Dungeness crab research
(i.e. O’Clair et al. 1995, 1996, Taggart et al. 2003,
2004a,b, Fisher 2005, 2006). The commercial Dunge-
ness crab fishery in Glacier Bay was closed by US Con-
gress in 1998 (Department of the Interior 1998), creat-
ing the largest (1255 km2) functional marine reserve
for Dungeness crabs throughout their range. Recent
studies suggest that Cancer magister larvae are
exported from Glacier Bay during early zoeal stages as
has been shown in estuaries along the USA Pacific
coast (Fisher 2005, G. L. Eckert unpubl. data). Fisher
(2005) found the abundance of C. magister zoeae in
Sitakaday Narrows, Glacier Bay, to decrease through-
out summer months. Plankton tows in April through
June 2002 captured stages I and II zoeae in average
densities of 10 larvae 100 m–3, whereas sampling in
July and August captured few larvae in later zoeal
stages, suggesting that early-staged C. magister zoeae
may be exported from Glacier Bay (Fisher 2005). In
comparison, high mean densities (1100 to 5200 larvae
100 m–3) of the congener Cancer oregonensis were
captured in plankton tows in all months and included
zoeae up to stage IV, suggesting that this species is
retained in Glacier Bay during summer months. Sum-
mer sampling of crab larvae throughout all of Glacier
Bay yielded similar results, with very few C. magister
zoeae but high numbers of C. oregonensis zoeae cap-
tured (G. L. Eckert unpubl. data). Despite the absence
of late-stage zoeae in the lower Bay during summer
months, high numbers of megalopae have been cap-
tured in Bartlett Cove (BC), Glacier Bay, using light
traps with fluorescent bulbs (authors’ unpubl. data).
Settlement in this area occurs during September and
October, which is much later than the settlement
season for Dungeness crabs along the coast from Cali-
fornia to British Columbia (authors’ unpubl. data).
Megalopae abundance in BC varies by an order of
magnitude interannually with maximum daily counts
up to 12 000 megalopae trap–1 in 2000 (authors’ unpubl.
data) and is highly pulsed, suggesting transport into
Glacier Bay.
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Alaska is the heart of the distribution for this species
and yet very little is known about the larval life history
of Dungeness crabs in this region. The present study is
the first to document patterns of depth, spatial and
temporal variations that indicate transport of Dunge-
ness crab megalopae into an Alaskan estuary. Trans-
port mechanisms were related to lunar cycle, tides and
wind with spatial variation in megalopae supply among
sites which may result from local hydrodynamics.

MATERIALS AND METHODS

Study area. Glacier Bay, Alaska, is located 50 km
from the GOA and connected to the GOA through Icy
Strait and Cross Sound (58.40° N, 136.02° W; Fig. 1).
Cross Sound narrowly opens to the GOA at a canyon
that slopes downward and outward through the nar-
row coastal shelf (35 km wide) to the shelf break. Glac-
ier Bay is a Y-shaped and recently deglaciated (<300 yr
ago) fjord stretching ca. 100 km from north to south.
Glacier Bay is a highly variable and dynamic area
experiencing large amounts of freshwater runoff, high
sedimentation and large semidiurnal tidal variations. It
is surrounded by mountainous terrain with many
freshwater sources including 10 tidewater glaciers in
the upper Bay. The bathymetry of Glacier Bay is highly

varied due to recent glacial recession. The main fea-
ture of the lower Bay is Sitakaday Narrows, a narrow
(4 to 8 km) constriction in the main body of the Bay
leading into the Beardslee Island complex (58.48° N,
136.02° W). Sitakaday Narrows is shallow (50 m deep)
and the water column is mixed 4 times daily during
maximum ebb and flood tides (Hooge & Hooge 2002).
The central and upper portions of Glacier Bay are
characterized by stratified basins up to 400 m deep.
Average tidal amplitudes in BC are 3.7 m and can be as
large as 7.3 m (Hooge & Hooge 2002).

Light traps. Light traps are commonly used to study
transport processes for brachyuran crabs (Reyns &
Sponaugle 1999, Johnson & Shanks 2002, Roegner et
al. 2003, Miller & Shanks 2004, Shanks 2006). Light
traps are self-sufficient, inexpensive and more efficient
at catching fast-swimming megalopae than plankton
nets (Porter et al. 2008). Light traps also sample over an
extended time frame and mitigate patchiness of mega-
lopae in surface waters (Natunewicz & Epifanio 2001,
Jones & Epifanio 2005). The light traps used in the pre-
sent study were modified from the Roegner et al.
(2003) design. Translucent 20 l rectangular containers
made of plastic were fitted on each side with trans-
parent funnels which tapered from 100 to 10 mm in
diameter. The bottom of the trap was capped with a
removable PVC tube with 250 µm mesh at the cod end.
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Fig. 1. Glacier Bay National Park, Alaska (58.40° N, 136.02° W)
and detail of sampling locations within the lower Bay indicated
numerically: (1) Bartlett Cove, (2) South Beardslee Islands, (3)
North Beardslee Islands (inside) and (4) North Beardslee Islands 

(outside). (d) replicate sampling locations. Note scale bars
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As traps were lifted from the ocean, the water inside
was expelled through the mesh, concentrating larvae
in the cod end for collection. Weights on the bottom
and foam floats on top ensured that the light trap
remained upright in the water column. Constant illu-
mination was provided by 2 Princeton Tec Attitude®

dive lights (total 6 LED lights trap–1) affixed inside each
trap. Batteries in the lights were changed every 2 d to
maintain consistent light levels.

Sampling regime. Samples were collected in sites
within the lower portion of Glacier Bay, including BC,
the South Beardslee Islands (SB) and the North
Beardslee Islands (NB). Sampling sites were positioned
along a gradient of increasing distance (8, 12 and 18 km,
respectively) from the mouth of Glacier Bay and were
separated by distances ranging from 4 to 12 km. Two
light traps were positioned on each of 3 replicate moor-
ing lines at each site with 1 light trap positioned within
1 m of the surface and the other within 1 m of the bot-
tom. Locations for the 3 mooring lines at each site were
selected randomly from adult crab pot survey sites at
10 m depth mean lower low water (MLLW) (Taggart et
al. 2004a,b). Surface traps were suspended from buoys,
and the bottom traps were fixed by an anchor so that
traps remained in their respective positions throughout
tidal cycles.

A pilot study was conducted in 2004 in which 3 pri-
mary sites (Fig. 1) were sampled at the surface on 12 d
between 19 September and 19 October (see Herter 2007
for dates). BC, which is more easily accessed, was sam-
pled on a daily basis over this time period. Bottom traps
were sampled on a subset of these dates because so few
megalopae were collected in these traps that a subset
was considered to be sufficient for depth comparisons.
Some replicate samples were lost this first year due to
gear failure and bad weather, especially in SB.

In 2005 a complete time series of daily surface
samples was collected in BC, SB, NB and the outside
NB from 17 October to 31 October, with bottom traps
sampled once again on a subset of these days. Sam-
pling prior to 16 September was not possible in the
Beardslee Islands because the area is closed by the
National Park Service to motorized vessel traffic from
1 May to 15 September.

It was thought that the island archipelago might
restrict water flow, thereby restricting megalopae sup-
ply, to the inside site. The outside site was added to
sample spatial variation over a wider area in NB and to
limit water flow as a confounding factor. This new site
was not sampled during the adult pot survey (Taggart
et al. 2004a,b) from which light trap locations were
selected for the other sites. Replicate mooring lines at
the outside NB site were positioned with similar spac-
ing to the other sites at ca. 120 m intervals along the
10 m MLLW contour line.

Sample identification. Fish and other macroscopic,
non-decapod organisms captured in light traps were
identified, recorded and released at the time of sam-
pling. The remainder of the sample was preserved in
80% ethanol for lab processing in which brachyuran
larvae were identified according to Lough (1974) and
Shanks (2001) and enumerated. Larvae of commer-
cially valuable crabs Cancer magister and Chionoecetes
bairdi were identified to species and larval stage. Lar-
vae of other crabs were identified to family (Cancridae,
Grapsidae, Xanthidae, Pinnotheridae, Paguridae and
Majidae).

Physical data. A lunar calendar was downloaded
from the US Naval Observatory Astronomical Applica-
tions Department (2005). Tide predictions were gener-
ated online by the XTide program (University of South
Carolina 2006) with BC tides used as an approximation
for all sites. Although predictions based on BC tides
may be somewhat different from actual tides in the
Beardslee Islands, BC is the only sampling site where
tidal information is collected in the lower Bay. Tidal
amplitudes for each day were estimated as the differ-
ence between the highest high and lowest low tides for
every 24 h period from noon of the previous day to
noon of the sampling day. Wind data were collected
ca. 10 miles (16 km) east of the sampling sites, at Stn
703670 (58.41° N, 135.70° W) in Gustavus, Alaska, by
the National Climatic Data Center (US Department of
Commerce 2006). Maximum sustained daily wind
speed was defined as the highest recorded daily value
from these hourly data. Since wind data were not col-
lected in the immediate sampling area, they may or
may not accurately reflect winds at our study sites.
Therefore, wind direction was not considered in this
analysis.

Statistical analysis. Data were analyzed using SAS
statistical software (version 9.1). The number of mega-
lopae in each light trap was transformed by log10

(abundance + 0.1) to reduce and normalize variance
prior to all analyses. Depth variation in megalopae
abundance was analyzed with a 2-way fixed factor
general linear model (GLM) and Tukey-Kramer post
hoc tests on least squared means for effects of location
(BC, SB and NB) and depth (surface and bottom) for
the subset of days when bottom traps were sampled.
Spatial variation in megalopae abundance was assessed
for surface traps with a 2-way fixed-factor GLM and
Tukey-Kramer post hoc tests for effects of year
(2004 and 2005) and location (BC, SB and NB). Years
were pooled in this analysis of depth effects, and only
days for which at least 2 sites were sampled were used
in this analysis. Because megalopae recruitment is sea-
sonal and periodic, autocorrelation occurs in this type
of data set (Bence 1995). Spatial variation in mega-
lopae abundance in 2005 was compared across time
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using a repeated measures GLM. Repeated measures
analysis accounts for non-independence of samples
collected from the same light traps over the study
period. Mean surface abundances of megalopae in the
inside and outside NB in 2005 were compared with a
1-tailed t-test for samples with equal variances to
assess spatial variation between those sites.

Temporal variation in megalopae abundance in 2004
and 2005 was analyzed for a relationship with physical
parameters with a 3-way fixed factor GLM and Tukey-
Kramer post hoc tests for effects of lunar period,
tidal amplitude and maximum sustained wind speed.
Qualitative lunar phase groups were created based on
the fraction of the moon illuminated as follows: new
moon = 0 to 10%; 1⁄4 moon = 11 to 34%; 1⁄2 moon = 35 to
60%; 3⁄4 moon = 61 to 89%; and full moon = 90 to 100%.
Tidal amplitude was separated into 100 cm intervals
(200 to 299, 300 to 399, 400 to 499, 500 to 599 and
600 to 699). Maximum daily wind speed values were
grouped into low, moderate and high wind categories
as follows: low, <4 m s–1; moderate, 4 to 7 m s–1; and
high, >7 m s–1. These brackets were created with the
intention to split both the number of available data
points and the range in wind values as evenly as
possible.

Time series of megalopae abundance at each site in
2005 were analyzed for autocorrelation and cross-
correlated with proxies for behavioral and physical
effects on transport, including lunar cycle, tidal ampli-
tude and maximum sustained wind speed. Periodicity
in megalopae abundance could be indicative of physi-
cal processes affecting transport (i.e. autocorrelation
with 14 d periodicity would be indicative of a tidal in-
fluence). To avoid a seasonal effect in cross-correlations,
we truncated the data set at the end of the last pulse on
29 October 2005. By examining only the relatively brief
window when megalopae were most abundant (43 d),
we avoid the effects of low numbers of available mega-
lopae early and late in the settlement season. Johnson
& Shanks (2002) and Miller & Shanks (2004) removed
the seasonal trend in megalopae abundance from their
longer data sets by subtracting a moving average to
obtain residuals; however, this transformation trun-
cates time series by the length of the moving average.
We presumed that a seasonal component would not
affect correlations with physical processes during the
peak period of larval recruitment and preserved the
length of our dataset by subtracting the mean, rather
than a moving average.

Cross-correlations compared these residuals of mega-
lopae abundance with residuals from physical para-
meters at lags of ±5 d, since cross-correlations are only
considered statistically significant for lags <10% of the
length of the time series (Emery & Thomson 1997).
Residuals for tidal amplitude and maximum sustained

wind speed were similarly calculated by subtracting
each mean seasonal value from daily values. Lunar
cycle was converted into a time series by defining the
new moon residual as 0.5 and the full moon residual
as –0.5 with other values falling in between. Cross-
correlation analyses must always be treated with cau-
tion as nonsensical correlations may occur (i.e. Love &
Westphal 1981).

RESULTS

Depth variation

High abundances of megalopae were captured at
night in surface traps while very few were captured in
bottom traps. Megalopae abundance was significantly
higher in surface than in bottom traps in BC and SB,
but not in NB where megalopae abundance was
very low (Fig. 2, Table 1). Surface traps captured
98.7% of the total megalopae collected in BC, 92.4% of
the total megalopae collected in SB and 99.1% of
megalopae in NB. The depth*location interaction
effect was significant because surface samples from
NB were not significantly different from bottom sam-
ples at BC (p = 0.7928) or SB (p = 0.6153).

Spatial variation

Megalopae abundance decreased with increasing
distance from the mouth of Glacier Bay for the sites
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sampled. The highest megalopae abundance was in
BC, followed by SB, with very few megalopae cap-
tured in NB. Patterns of spatial variation in mean
daily megalopae abundance were similar in 2004 and
2005, suggesting that distribution among these sites
may be similar from year to year. Differences in
megalopae abundance were significant among all
sites in 2005 (Fig. 3, Table 2). In 2004, megalopae
abundance in NB was significantly lower than in the
other 2 sites, but abundances in BC and SB were not
significantly different from each other. Repeated
measures analysis for the 2005 sampling season
resulted in significant variation in megalopae abun-
dances among BC, SB and NB (df = 2,134, F = 47.67,
MS = 63.28, p = 0.0002).

Few megalopae were caught at the inside or outside
NB sites, and megalopae abundances were not signifi-
cantly different between those 2 sites (NB inside/out-
side: 1-tailed t-test: df = 1,178, p = 0.298; Fig. 4). Hence-
forth, these 2 locations will be referred to collectively
as NB.

Temporal variation

Megalopae abundances at all sites were character-
ized by large pulses with over half of the megalopae
at each site collected over only 2 nights, the dates
of which varied by location (Fig. 5; surface n 2005:
BC 144, SB 144 and NB 144). Large pulses of mega-
lopae occurred at BC on 3 October (mean ± SE:
237.7 ± 80.4) and 10 October (mean ± SE: 249.7 ±
52.1). The 2 largest pulses in SB occurred on 5 Octo-
ber (mean ± SE: 293.0 ± 106.0) and 21 October
(mean ± SE: 112.0 ± 60.5). The highest megalopae
abundance in NB occurred on 26 September (mean ±
SE: 10.7 ± 1.7 megalopae) and 5 October (mean ±
SE: 10.7 ± 5.9 megalopae). These pulses represented
55.7% of the total number of megalopae collected in
BC, 52.9% of the total collected in SB and 52.9% of
the total collected in NB.

Relationships between megalopae abundance and
physical factors, or interactions between factors, dif-
fered by location (Fig. 6, Table 3). Significant physical
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Table 1. Summary of 2-way GLM with effects location
(Bartlett Cove, South Beardslee Islands or North Beardslee
Islands) and depth (surface or bottom) upon log-transformed 

daily Cancer magister megalopae abundance

Source of variation df MS F p

Location (fixed factor) 2 32.50 71.76 <0.0001
Depth (fixed factor) 1 158.55 350.02 <0.0001
Location*Depth 2 12.30 27.16 <0.0001
Error 423 0.45

Table 2. Summary of 2-way GLM with effects year (2004 or
2005) and location (Bartlett Cove, South Beardslee Islands or
North Beardslee Islands) upon log-transformed daily Cancer 

magister megalopae abundance at the surface

Source of variation df MS F p

Year (fixed factor) 1 27.09 36.45 <0.0001
Location (fixed factor) 2 60.93 81.99 <0.0001
Year*Location 2 1.08 1.46 0.2336
Error 526 0.74
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Fig. 3. Cancer magister. Spatial variation in mean (±1 SE) daily
megalopae abundance per light trap in Bartlett Cove, the South
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influences on megalopae abundance in BC were lunar
period, tidal amplitude, and the interaction between
lunar period and tides (Table 3; df = 27, MS = 3.35, F =
7.47, p < 0.0001). Low megalopae abundances were
associated with 3⁄4 to full moons (n lunar phase: new =
45, 1⁄4 = 39, 1⁄2 = 24, 3⁄4 = 27 and full = 36) and high tidal
amplitudes from 500 to 699 cm (n tidal amplitude in
cm: 200 = 21, 300 = 33, 400 = 45, 500 = 42, 600 = 30;
p lunar*tides: <0.05 in 25 of 39 possible scenarios). The
highest megalopae abundances occurred on new to 1⁄2
moons (p: 0.0188 to <0.0001; Fig. 6), and on tides with
amplitudes 300 to 499 cm (p: 0.0094 to <0.0001; Fig. 6).
Significant physical influences on megalopae abun-
dance in SB included lunar period, tidal amplitude, the
interaction between lunar period and tides and the
interaction between lunar period and wind (Table 3;
df = 27, MS = 3.07, F = 6.43, p < 0.0001). Megalopae
supply to SB was very high during new to 1⁄4 moons
(n lunar phase: new = 41, 1⁄4 = 29, 1⁄2 = 24, 3⁄4 = 27, full =
35; p lunar phase: 0.0355 to <0.0001; Fig. 6) and during
high tides of 500 to 599 cm (n tidal amplitude in cm:
200 = 21, 300 = 28, 400 = 38, 500 = 40, 600 = 29; p tidal
amplitude: 0.0034 to 0.0004; Fig. 6); with an interaction
between these effects (p lunar*tide: <0.05 in 6 of
13 possible scenarios). The highest megalopae abun-
dances also occurred on new moons with moderate
daily wind maxima of 4 to 7 m s–1 (n wind in m s–1: <4 =
43, 4 to 7 = 43, >7 = 70; p lunar*wind: <0.05 in 7 of 14

possible scenarios). In NB, megalopae supply was not
affected by any particular factor although the overall
model was significant (Table 3; df = 25, MS = 0.66, F =
1.66, p = 0.0367). Data were reanalyzed with a 1-way
GLM for the effect of lunar period only (n lunar phase:
new = 36, 1⁄4 = 35, 1⁄2 = 24, 3⁄4 = 27 and full = 33), and this
model proved a better fit for the data with significantly
lower megalopae abundances during 3⁄4 and full moon
periods (df = 4, MS = 2.12, F = 5.39, lunar phase p:
0.0493 to 0.0014; Fig. 6).

Cross-correlation analysis

Time series of megalopae lacked clear periodicity
and were autocorrelated within 1 to 3 d lags at BC, 1 to
3 d lags at SB, and 1 to 2 d lags at NB (n = 43; Fig. 7).
High numbers of megalopae in BC were associated
with lunar phases up to 3 d before and 4 d after the
new moon (n = 43, p = 0.006 to 0.04; Fig. 8). Megalopae
abundance was inversely related to tidal amplitude at
–2 d lags after and 0 to +1 d before tides (p = 0.0003 to
0.005). Megalopae abundance in BC was not corre-
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Table 3. Summary of 3-way GLM with effects lunar phase (new,
1⁄4, 1⁄2, 3⁄4 and full), tidal amplitude (200 to 299, 300 to 399, 400 to
499, 500 to 599 and 600 to 699 cm) and maximum sustained
wind speed (<4, 4–7 and >7 m s–1) at each Bartlett Cove, the
South Beardslee Islands and the North Beardslee Islands upon
log-transformed daily Cancer magister megalopae abundance

Source of variation df MS F p

Bartlett Cove
Lunar phase 4 5.33 11.89 <0.0001
Tidal amplitude 4 2.87 6.41 <0.0001
Wind speed 2 1.15 2.57 0.0798
Lunar*Tidal 4 2.07 4.62 0.0015
Lunar*Wind 5 0.74 1.65 0.1515
Tidal*Wind 4 0.31 0.69 0.6013
Lunar*Tidal*Wind 0 0
Error 146 0.45

South Beardslee Islands
Lunar phase 4 3.63 7.61 <0.0001
Tidal amplitude 4 3.08 6.46 <0.0001
Wind speed 2 3.03 6.36 0.0023
Lunar*Tidal 4 2.23 4.68 0.0015
Lunar*Wind 5 1.6 3.37 0.0068
Tidal*Wind 4 0.52 1.1 0.3614
Lunar*Tidal*Wind 0 0
Error 130 0.48

North Beardslee Islands
Lunar phase 4 0.84 2.12 0.0818
Tidal amplitude 4 0.1 0.26 0.9059
Wind speed 2 0.06 0.16 0.8506
Lunar*Tidal 4 1.01 2.55 0.0584
Lunar*Wind 5 0.24 0.6 0.6625
Tidal*Wind 4 0.4 1 0.3933
Lunar*Tidal*Wind 0 0
Error 132 0.4
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abundance in Bartlett Cove, the South Beardslee Islands and
inside of the North Beardslee Islands from 17 September to 3
November 2005. The lunar calendar is represented by dark 
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lated with maximum sustained wind speed. In SB cor-
relations between megalopae abundance and lunar
and tidal signals were not significant but did show the
relationship between high megalopae abundances
during new moon phases. Megalopae abundance was
positively correlated with wind speed at lags of +2 to
3 d before winds (n = 43, p = 0.019 to 0.031) and nega-
tively correlated with wind speed at lags of 3 d after

winds (p = 0.026). In NB, megalopae abundance was
inversely correlated with tidal amplitude at 0 to –1 d
lags before tides (n = 43, p = 0.037 to 0.040) and was
positively correlated with lunar cycle at lags of 0 to
–3 d before the new moon, although more weakly
than in BC (p = 0.027 to 0.046; Fig. 8). Mean daily
tidal amplitude from 17 September to 31 October was
447.9 ± 18 cm (±SE) and ranged from 223 to 646 cm
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(n = 45). Maximum daily wind speeds ranged from
3.6 to 17.0 m s–1 with a mean daily wind speed of 6.8 ±
0.4 m s–1 (±SE).

DISCUSSION

Surface traps captured 96.5 to 99.4% of the total
megalopae at each site, supporting the idea that Dun-
geness crab larvae are transported into Glacier Bay as
megalopae, after being exported from the Bay during
early zoeal stages (Fisher 2005). This pattern of larval
export and reinvasion has been repeatedly docu-
mented for Dungeness crab larvae along the outer
coast of the continental USA but has not been pre-
viously observed in Alaska. Megalopae in nearshore
waters off Vancouver Island, British Columbia, aggre-
gate in surface waters at night and are found progres-
sively closer to shore in later stages of intermolt (Jamie-
son & Phillips 1988). Megalopae in nearshore areas
make diurnal vertical migrations in which they are
aggregated near the surface only during the night,
sometimes showing peaks near dusk and dawn (Jamie-
son & Phillips 1988, Jamieson et al. 1989, Hobbs &
Botsford 1992, Wing et al. 1998).

Light traps are a visual stimulus and are not a good
estimate of megalopae abundance during the day.
Therefore, it is unknown whether megalopae in Glac-
ier Bay maintain their position in surface waters during
the night and day or if they descend during daytime
hours. During the day, megalopae off Vancouver
Island were found in deeper waters or were diffuse
through the top 15 m of the water column (Jamieson et
al. 1989), whereas megalopae in offshore areas remain
in surface waters during the day and night (Reilly
1983). If megalopae in Glacier Bay descend during the
day, as is common in other nearshore areas, abun-
dance in bottom traps may have been low because
megalopae were aggregated at a different depth or
were diffuse through the water column. Alternatively,
light traps could experience a lower catch in areas with
a higher sediment load in the water where light may
be attenuated. If water clarity decreases near the bot-
tom, light traps could underestimate the abundance of
larvae present at that depth. However, Fisher (2005)
observed a similar depth distribution in lower Glacier
Bay at night using plankton tows, which are not
affected by water clarity, with many megalopae present
at the surface and few near the bottom. Megalopae
may have been present closer than 1 m to the bottom,
below the position of our traps. Depth-stratified plank-
ton tows in BC during the day rarely caught mega-
lopae at any depth; however, the tows generally re-
mained several meters above the bottom (Fisher 2005).
Megalopae were once caught in a daytime plankton

tow that hit the ocean floor and brought up substrate
(J. Fisher pers. comm.). Similarities in spatial variation
in 2004 and 2005 suggest that decreased megalopae
supply with increasing distance from the mouth of
Glacier Bay may be consistent from year to year for
these sites. Upon entering Glacier Bay, megalopae
may encounter appropriate habitat in BC and SB and
settle to the benthos, reducing the number of mega-
lopae available for further up-Bay transport. An alter-
nate hypothesis is that megalopae are adapted to settle
near the mouths of estuaries as a way to avoid osmotic
stress as juveniles. First instar juvenile Dungeness
crabs are more sensitive to reduced salinity environ-
ments than other life stages and will hyperosmoregu-
late in seawater of less than 900 mOsm kg–1 (Brown &
Terwilliger 1992). Glacier Bay is characterized by a
sharp change in salinity at ca. 40 km from the Bay’s
mouth where the well-mixed waters of the shallow
(25 m) lower Bay shelf transition to the deep-stratified
waters of the middle Bay (Hooge & Hooge 2002). The
upper reaches of Glacier Bay are characterized by a
distinct freshwater layer at the surface due to runoff,
stream output and glacial melt (Hooge & Hooge 2002).
Cancer magister megalopae may therefore settle close
to the mouth of Glacier Bay as a reflection of osmotic
preference.

Either of these mechanisms could result in high
settlement in the lower Bay or a gradient of decreasing
settler abundance with increasing distance from the
mouth of the Bay. Adult Dungeness crabs are dispro-
portionately distributed in Glacier Bay with 88% of all
adults found within 40 km of the Bay’s mouth (Taggart
et al. 2003). Salinity, temperature and turbidity were
measured from the lower to the upper Bay to charac-
terize changes in habitat, but no abiotic factor was
determined that might be limiting to adult populations
where adult crabs are rare. Physical conditions may be
limiting to some earlier stage or megalopal supply may
be a limiting factor in that area. The crabs in the upper
Bay were predominantly large males, suggesting that
they were either able to tolerate extreme salinity or
temperature events that others were not or that recruit-
ment to the upper Bay is low or periodic and these indi-
viduals simply walked up from the lower Bay. Spatial
variations in late-stage larvae of the snow crab Chio-
noecetes opilio and pandalid shrimp Pandalus mon-
tagui were related to variations in adult abundance at
2 sites in a western Canadian fjord separated by only a
few kilometers (Quijon & Snelgrove 2005). Similarly,
megalopae supply may affect the spatial distribution
of adult Dungeness crabs in Glacier Bay.

Timing of megalopae supply in the lower portion of
Glacier Bay varied among sites and may result from
differences in transport processes over just a few kilo-
meters. These differences were surprising because of
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the relatively short distance between sites and similar
position of all sites on the east side of Glacier Bay.
Long-term studies of Dungeness crab recruitment in
northern California and Oregon suggest that varia-
tion in larval abundance at relatively small scales (1 to
10 km) is most greatly influenced by oceanographic
processes that affect larval transport (Botsford et al.
1989, 1998, Botsford 2001, Shanks & Roegner 2007).
Differences in local hydrodynamics may affect the
observed variations in megalopae supply to BC, SB
and NB.

Larval transport processes are often difficult to
determine, because larval behavior and hydrodynamic
processes can interact in complex ways that prohibit
generalizations (Shanks 1995, Queiroga & Blanton
2004). The main mechanism transporting megalopae
into Glacier Bay is likely an interaction between lunar
and tidal effects. Megalopae supply to SB was highest
on the new moon, whereas supply to BC and NB was
generally stretched over a wider array of lunar phases,
from new to 1⁄2 moons. Peaks in Cancer magister mega-
lopae abundance have been related to both neap tides
near 1⁄2 or 1⁄4 moons (Johnson & Shanks 2002, Miller &
Shanks 2004) and to spring tides near new and full
moons (Miller & Shanks 2004), but both of
these effects have not previously been
observed for C. magister megalopae within
such a small area.

Megalopae behavior may facilitate trans-
port into Glacier Bay during dark phases of
the moon as a predator avoidance tactic by
making vertical migrations to avoid surface
waters during the week of the full moon. Can-
cer magister megalopae are excellent swim-
mers with swimming speeds of 8.5 cm s–1 in
still water and up to 44.8 cm s–1 against cur-
rent speeds of 40 cm s–1 (Fernandez et al.
1994). During mid-amplitude tides, mega-
lopae are most likely to be pushed into BC
with surface currents, whereas megalopae
are deposited in SB during higher amplitude
tides (Fig. 9). The lack of a clear 14 d period-
icity in the autocorrelation analyses supports
the idea that tidal currents alone do not con-
trol the influx of megalopae into Glacier Bay,
but that tides may be an important mecha-
nism for transport during appropriate lunar
phases.

Our understanding of Glacier Bay hydrody-
namics has been greatly improved by a recent
2-dimensional oceanographic modeling pro-
ject which extrapolates data presented in
Etherington et al. (2004) to describe surface
tidal currents in Glacier Bay and the adjacent
Icy Strait (Hill 2007). The final products of the

present study include vector fields describing the
direction and speed of tidally driven surface currents
as well as trajectories for particle movement (i.e. mega-
lopae) in and out of the Bay with tides. Simulations fol-
lowed the trajectories of 6 particles positioned across
the Bay mouth over a 2 d period beginning on each
spring flood, spring ebb, neap flood and neap ebb tidal
conditions (4 trials each). The model may lend impor-
tant insight when considering how transport processes
might result in the small-scale differences in mega-
lopae supply observed in the present study.

Near the entrance to BC, tidal currents are among
the weakest in Glacier Bay, whereas tidal currents in
Sitakaday Narrows (leading into SB) are among the
strongest (Hill 2007). In simulations of neap flood tides,
particles from across the mouth of Glacier Bay traveled
just into the lower portion of the Bay without transport
into Sitakaday Narrows or BC (Hill 2007). Megalopae
transported into the lower Bay on flooding neap tides
may be able to maintain their position in surface
waters and utilize subsequent tides or winds for trans-
port into BC. On flooding spring tides, and during no
other conditions, tidal currents carried 5 of 6 particles
from the mouth of Glacier Bay into and through Sitaka-
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Fig. 9. Cancer magister. Time series of megalopae residuals (———)
shown with wind events greater than 10 m s–1 (arrows), tidal amplitude
(– – – –) and lunar cycle (full moon periods unshaded). Tidal amplitude
shown at lags significantly cross-correlated with megalopae supply:
Bartlett Cove = –1 d; South Beardslee Islands = –3 d and North Beardslee
Islands = –1 d. Megalopae residuals are equal to log10(abundance + 0.1)
minus the mean megalopae abundance at that site during the study period
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day Narrows and 1 to the mouth of BC (Hill 2007). Dur-
ing maximum ebb or flood on high amplitude tides,
such as when we see high numbers of megalopae in
SB, surface waters in Sitakaday Narrows have been
described as ‘a highly turbulent fast-flowing river, with
standing waves, whirlpools and roils’ (Hooge & Hooge
2002). Average tidal currents in Sitakaday Narrows
measure 2.6 and 2.7 m s–1 during ebb and flood tides,
respectively, with maximum current speeds of 4.5 m s–1

(Hooge & Hooge 2002). In this extreme environment,
megalopae may simply be swept into SB in high num-
bers on flooding spring tides.

Wind effects at low (<4 m s–1), moderate (4 to 7 m s–1)
and high (>7 m s–1) levels were difficult to interpret as
there was no direct relationship with megalopae abun-
dance at any site, and only one significant interaction
occurred, between moderate winds and lunar cycle, in
SB. Wind was also cross-correlated with megalopae
abundance at that site, but the semi-regular 12 to 14 d
periodicity in high wind events may have confounded
the effects of wind and tides. Correlations occurred
both 2 to 3 d before and after wind events, which may
be nonsensical (Fig. 9). Larval settlement for Dunge-
ness crabs in this region occurs over a relatively short
period of time, therefore the length of our time series in
both short and correlations may be affected by chance
events.

Our analysis detected no effect of high winds
(defined at >7 m s–1) on megalopae abundance at any
site; however, storm events (i.e. maximum sustained
wind speeds >10 m s–1) may have had a greater effect
on megalopae supply than high winds, especially
when lunar and tidal conditions are appropriate for
transport. Days with storm events seem to be associ-
ated with pulses in megalopae abundance (Fig. 9),
although these events were too rare to analyze as a
separate effect. During a major storm on the 1⁄2 moon of
10 October (maximum sustained wind 12.9 m s–1),
night samples were collected from surface light traps
at the dock in BC (authors’ unpubl. data). At that time,
swarms of megalopae were visible in surface waters
and covered the outside of the light traps. One mega-
lopae pulse associated with high winds in SB actually
occurred on a 3⁄4 moon, suggesting that wind-driven
mixing may be strong enough to inhibit vertical migra-
tions (Fig. 9). Storms have been shown to affect dis-
persal and spatial distribution of brachyuran crab
megalopae (McConnaughey et al. 1992, Etherington &
Eggleston 2000).

The present study presents evidence that Cancer
magister megalopae are transported into Glacier Bay
by behaviors related to lunar phase and physical forc-
ing mechanisms including tides and wind; however,
the results are difficult to extrapolate throughout the
region. The oceanography of southeast Alaska is com-

plex, and substantial variation in megalopae supply, as
well as in transport processes, exists over distances of
less than 10 km. Glacier Bay is also linked closely with
the outside waters of the GOA, and this system of
export and reinvasion of Glacier Bay by Dungeness
crab larvae may not hold throughout the inside waters
of southeast Alaska.
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