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Populations of the sand crab, Emerita analoga, are well established on the Galifornia coast. However,
populations in Oregon occur sporadically and appear to be restocked by larvae drifting north from
California. Due to increased northward transport in winter during El Nifio events, we would expect
that larval recruitment to northern populations should be higher during these periods. This hypothe-
sts was lested by comparing larval abundances between non-El Niio and El Nifio years, 1997 and
1998, respectively. In 1997, larval abundances and seasonality were similar to historical data_from
1969-71. First zoeal ({1) stage larvae were present during these summers, but i low numbers,
indicating that E.analoga spawned off the coast of Oregon. In 1998, strong larval recruitment from
the south occurred, demonstrated by a large number of fifth zoeal stage (Z5) larvae collected off
Oregon in April and May. The large numbers of 1 found in summer 1998 indicate that the 5,
which arrved from Califormia earlier that spring, successfully recruited to adulthood and reproduced.
These data indicate that Oregon E.analoga populations are probably dependent on larvae travelling
JSrom California in the Davidson Current. It follows that this species could be used as an indicator

of coastal current fluctuations such as those seen during El Nifto events.

INTRODUCTION

The sand crab, Ementa analoga (Stimpson), (Anomura,
Brachyura, Hippidae) is a filter feeder found in the wash
zone of exposed sandy beaches. It is distributed along the
temperate west coast of the Americas from Kodiak Island,
Alaska to Magdalena Bay, Baja California, and from
Salavery, Peru to the Strait of Magellan and around Cape
Horn to False Bay in Argentina (Efford, 1970). The life
cycle of E. analoga consists of five planktonic zocal stages
(henceforth referred to as Z1-25) which hatch into the
megalopal stage (Johnson and Lewis, 1942). Megalopae
settle onto sandy beaches, where they moult and develop
into juveniles after a few weeks, and then into adults.
Emerita analoga reproduce in their first and second
summers, and die in the autumn of their second year
(Efford, 1976). Larvae remain planktonic for up to 4
months. According to laboratory studies, F. analoga moult
into the megalopae 130 days after hatching (Efford, 1970).
Johnson (Johnson, 1939) observed a pelagic larval stage
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lasting 120 days. The long planktonic larval phase of this
species implies a high dispersal potential, and coastal
water transport is an important factor in determining its
local and latitudinal distribution. Extended larval dura-
tion allows individuals to colonize new areas with suitable
habitats, and is a mechanism to annually restock already
existing populations (Tam et al., 1996).

Emenita analoga populations are well established along
the beaches of California. Although populations exist to
the north of California, they are less common and are
found only in patches between southern Oregon and
Vancouver Island. These northern populations are
thought to be maintained primarily by chance larval
immigration from the populations in California via the
mechanism of larval drift in the north-flowing Davidson
Current. Larval transport plays a key role in determining
this species’ distribution because the direction of the
coastal currents reverses on an interannual basis. The
coastal component of the California Current flows south-
wards in the summer (April-September) but the coastal
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current flows northwards as the Davidson Current from
October until March (Hickey, 1989). In this transport
pathway, larvae produced from eggs spawned during late
summer and early fall in California coastal waters are
transported north as pelagic zoeae. During their 4 month
period of development, these larvae could easily reach
the Oregon coast. Emerita analoga larval abundance in
waters north of California almost certainly varies by year,
and 1s probably dependent on the extent of spawning in
California, larval survival and larval recruitment. These,
in turn, are affected by physical factors such as current
speed and direction, sea surface temperatures and inter-
annual variations in upwelling strength.

In previous research off the coast of Newport, Oregon,
the zooplankton were sampled for decapod larvae from
June 1969 to April 1971 (Lough, 1975). A few E. analoga
71 were found from August to November of 1970 and
1971 (fewer than 200 per 1000 m?). Z4 and Z5 were found
only during the winter of 1969-70 (but not during winter
1970-71).

The purpose of our study was to determine how the £.
analoga larval densities in coastal waters off central
Oregon were affected by changes in oceanic conditions
during the 1990s. We compared larval numbers observed
in the late 1990s to those of Lough (Lough, 1975) from the
early 1970s. This research topic arose from the obser-
vation that a general warming of the California Current
in the 1990s resulted in northward expansions of a
number of pelagic fish species. These include the Pacific
hake (Merluccius productus), two species of mackerel (Scomber
Japonicus and  Trachurus symmetricus) and Pacific sardines
(Sardinops sagax) (McGowan et al., 1998; Emmett and
Brodeur, 2000). E. analoga were identified on northern
Oregon beaches beginning in 1992 (T. Link, Oregon
Department of Fish and Wildlife, Astoria, OR, personal
communication). Large numbers of adult E. analoga
carapaces had also been noted on the beaches of central
Oregon from at least 1996 to the present, whereas they
were rarely seen during the 1970s (W. Peterson, personal
observation). This led to the question of whether or not
individuals were reproducing and, if so, whether there
were sufficient numbers of larvae to suggest that the local
population was self-sustaining;

Our study took place during the El Nifio of 1997-98,
giving us the opportunity to examine the effects of this
event on L. analoga recruitment. The environmental effects
of El Nifio events are well-known and include elevated sea
surface heights in winter, decreased upwelling during
summer, and increased sea surface temperatures in all
seasons. In addition, the southward flow of the coastal
component of the California Current generally decreases,
whereas the northward flow of the Davidson Current
increases. The northward flow of anomalously warm

water during the 1997-98 and past El Nifios has led to
well-documented poleward shifts in the distribution of
many marine species, including exotic warm-water zoo-
plankton (Keister ¢t al., in preparation), fish (Pearcy and
Schoener, 1987; Pearcy, 2001) and birds (Mysak, 1986;
Sharp, 1992). We expected that the 1997-98 El Nifio
would cause E. analoga to experience a northward habitat
shift similar to that observed by other southern distributed
species.

METHOD

Collection of larvae

Zooplankton samples were collected at a station 5 nauti-
cal miles (9 km) off Newport, Oregon (44.65°N,
124.18°W) (Figure 1) along the Newport Hydrographic
(NH) line as part of a routine sampling programme. A
total of 41 samples were collected between 24 February
1997 and 17 December 1998, using a 1 m diameter plank-
ton net with 333 pm mesh and fitted with a TSK or
General Oceanics flowmeter. The plankton net was fished
by letting out 60 m of cable and then retrieving it while
the vessel was travelling at 2 knots. Conductivity and tem-
perature profiles were obtained using a Seabird SBE 19
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Fig. 1. Location of sampling site NHO05, 5 nautical miles (9 km) off the
coast of Newport, Oregon.
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CTD (conductivity, temperature, depth) probe. Sea
surface heights were obtained from the University of
Hawaii Sea Level Center (Kilonsky, 1999).

Processing of plankton samples

Upon retrieval, plankton samples were immediately pre-
served in a 5-10% buffered formalin solution. In the
laboratory, samples were sorted for E. analoga. In most
cases, the entire sample was sorted, however, a Folsom
splitter was used to subsample when high larval abun-
dances made this impractical. E. analoga larvae were
removed from each sample and identified to life-cycle
stage according to Johnson and Lewis (Johnson and Lewis,
1942). Larval densities (number per 1000 m?) were calcu-
lated for each sample.

RESULTS

Physical data

The 1997-98 El Nifio event began to influence local wind
and coastal circulation patterns in early May 1997. As a
result, sea surface height anomalies increased, beginning
in May 1997 and lasting through to June 1998 (Figure 2).
The El Nifio signal first appeared in late August 1997,
when water 4-6°C warmer than average arrived on the
beaches of Oregon (Figure 3). Sea surface temperatures
for 1997 were, on average, 2°C higher than the 1969-72

200

average. Warm temperatures persisted through May
1998. It was not until mid-summer and autumn 1998 that
sea surface temperatures were within normal ranges.

Larval abundances

Low densities (less than 200 per 1000 m?) of E. analoga
larvae were observed off Newport, OR in 1997 (Figure 4).
71 were found in June, October and December, but low
numbers of all stages suggest low recruitment. During the
winter and spring of 1997-98, when the El Nifio was in
full force, we found high larval densities (1-3 m~3), especi-
ally Z3 in January and Z4 and Z5 from January through
June (Figure 5). These larvae were most likely transported
north from California in the Davidson Current.

In summer 1998, densities of Z1 were more than an
order of magnitude higher than in 1997. Z1 were found
from May to September, but densities peaked in mid-July
1998. This peak indicated the production of a new
cohort that was observed later as Z2 and Z3 in Septem-
ber-October, and as Z3 and Z4 in October—
December. The time interval between peaks in Z1 and Z4
abundance was approximately 3—4 months. This is con-
sistent with previous estimates of a larval duration of 4
months (Johnson, 1939; Efford, 1970).

It is also interesting to note that no . analoga megalopae
were found in any zooplankton samples. This supports the
observations which predicted that Emerita talpoida, an East
Coast species, settle while still fifth stage zoeae (Harvey,
1993).
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Fig. 2. Monthly sea surface height anomalies at Crescent City, California, 1997-99.
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Fig. 3. Monthly sea surface temperatures 5 nautical miles (9 km) off the coast of Newport, Oregon, 1997-98, and average temperatures, 1969-72.
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Fig. 4. Densities of Emerita analoga zoeae collected 5 nautical miles (9 km) off the coast of Newport, Oregon during 1997. (Zero values for 2/24,

3/21,4/25,5/05,5/15,5/28,7/15,7/18, 7/30, 8/06 and 8/12 are not shown.)

DISCUSSION

Itis clear from our data, as well as those of Lough (Lough,
1975), that E. analoga populations off the central Oregon
coast spawn during the summer in local waters, as evi-
denced by the presence of Z1 in the summers of 1997 and
1998. These Z1 could only have originated in either
Oregon or a more northerly source because the transport
of coastal and offshore waters is southerly in the spring
and summer (Hickey, 1989). We observed pronounced

differences in Z1 densities in our 2 year study, with Z1
present from June to December in 1997, but only from
July to September in 1998. Autumn of 1997 was anomal-
ously warm due to the El Nifio, suggesting that higher sea
surface temperatures in 1997 resulted in a prolonged adult
spawning season. Ocean temperatures returned to
normal by August 1998 and this spawning season was
correspondingly short (only 3 months), suggesting that
spawning season length is temperature dependent.
Emerita analoga populations in Oregon do not appear to
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Fig. 5. Densities of Emerita analoga zoeae collected 5 nautical miles (9 km) off the coast of Newport, Oregon during 1998. (Zero values for 3/18,

5/12 and 7/14 are not shown.)

be self-sustaining owing to larval transport away from suit-
able settling habitats. They are probably maintained by
larval drift arriving from California and augmented
during El Nifio events. In 1997 there were very few Z1
seen, indicating limited local spawning However, an
extraordinarily large number of late larvae were found in
spring of 1998 due to strong northward transport during
El Nifio. We suggest that these larvae settled and matured
on the Oregon coast in June 1998, and became the adults
which, in turn, produced the high numbers of Z1 in July
1998. It remains an open question whether the central
Oregon coast E. analoga populations can persist during
non-El Nifio years. Even though these populations are
capable of reproduction, it is unclear whether their plank-
tonic progeny contribute to future generations. Thus,
northern populations probably depend almost entirely
upon recruitment from California populations.

The 1997-98 El Nifio event probably had several
effects on the local E. analoga populations. First, as noted
above, warm water that persisted through autumn 1997
may have allowed prolonged spawning. Second, enhanced
northward transport during the winter of 1997-98
carried high numbers of late-stage larvae to Oregon from
California, resulting in high settlement rates in June.
Emenita analoga were previously observed in Washington
and British Columbia during the 1957-58 El Niifio event
(Radovich, 1961) and during the 1982-83 El Nifio
(Schoener and Fluharty, 1985). The observed relationship
between F. analoga abundances in Oregon and climatic
conditions is related to their long planktonic larval stage
and dispersal in oceanic currents. Based on a pelagic
larval stage of 120 days (Johnson, 1939) and a northward

flow rate of 20 km day! for the Davidson Current (Efford,
1970), Z4 and Z5 larvae could drift upwards of 3000 km
north of the beach from which they were released. Hart
(Hart, 1962) suggested that the individuals observed north
of Oregon were a ‘temporary’ result of northward plank-
tonic drift. A similar scenario to explain the northern
spread of the European green crab (Carcinus maenas),
which appeared in Oregon, Washington and British
Columbia during the summer of 1998, has also been pre-
sented (Behrens Yamada and Hunt, 2000).

We suggest that at some northern geographic point,
perhaps off northern Oregon or Washington, £. analoga
recruitment only occurs during El Nifio events, when
northward flows are strongest. Regular monitoring of
adult E. analoga on beaches would be a useful means of
tracking the strength of El Nifio events and of wintertime
poleward flows. Years of high northward flows should
result in higher numbers of E. analoga the following
summers. Such a programme could result in a valuable
index of ocean conditions. Ior example, we learned from
T. Link (Oregon Department of Fish and Wildlife,
Astoria, OR, personal communication), who walks the
beaches of the northern Oregon coast, that E. analoga
were not found off these beaches in the late 1980s and
early 1990s. They appeared during the summer of 1992
and have persisted until the present. This appearance of
E. analoga occurred while El Nifio conditions prevailed
throughout the California Current system, zooplankton
biomass within the current was at extraordinarily low
levels (Roemmich and McGowan, 1995), and typically
southerly distributed pelagic fishes became abundant off
Oregon and Washington (Emmett and Brodeur, 2000).
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Large and persistent populations of E. analoga off the
Oregon coast appear to be indicators of weak upwelling
and low biological production in the California Current.
We suggest that E. analoga larvae and adult population
sizes are useful biological indicators of Northeast Pacific
oceanic conditions.

ACKNOWLEDGEMENTS

We extend our thanks to J. Keister for her assistance with
sample collection. We would also like to thank R. Barrell,
from the R/V ‘Sacajawea’, and the crew of the R/V
‘Wecoma’. Ship time was funded by the National Marine
Fisheries Service. This research was partially funded by a
grant from the Washington State Work-Study Program.
The research was conducted in partial fulfilment of C.
Sorte’s bachelors degree, Whitman College, Walla Walla,
Washington under the advisement of P. Yancey. Thanks
also to family and friends who supported us at all stages of
this research. This is contribution number 39 of the
Partnership for Interdisciplinary Studies of Coastal
Oceans (PISCO): A Long-Term Ecological Consortium
funded by the David and Lucile Packard Foundation.

REFERENCES

Barnes, N. B. and Wenner, A. M. (1968) Seasonal variation in the sand
crab Emenita analoga (Decapoda, Hippidae) in the Santa Barbara area
of California. Limnol. Oceanogr., 13, 465-475.

Behrens Yamada, S. and Hunt, C. (2000) The arrival and spread of the
European green crab, Carcinus maenas, in the Pacific Northwest. Drezs-
sena, 11(1), 1-7.

Efford, I. E. (1970) Recruitment to sedentary marine populations as

exemplified by the sand crab, Emerita analoga (Decapoda, Hippidae).
Crustaceana, 18, 293-308.

Efford, I. E. (1976) Distribution of the sand crabs in the genus Emerita
(Decapoda, Hippidae). Crustaceana, 30(2), 169-183.

Emmett, R. L. and Brodeur, R. D. (2000) Recent changes in the pelagic
nekton community off Oregon and Washington in relation to some
physical oceanographic conditions. North Pac. Anad. Fish Comm., Bull.
no. 2:11-20.

Hart, J. L. (1982) Crabs and their relatives of British Columbia. Handb.
40, Br. Columbia Provincial Museum, Victoria, 267 pp.

Harvey, A. W. (1993) Larval settlement and metamorphosis in the sand
crab Emerita talpoida (Crustacea: Decapoda: Anomura). Mar. Biol., 117,
575-581.

Hickey, B. M. (1989) Patterns and processes of circulation over the
Washington continental shelf and slope. In Landry, M. R. and Hickey,
B. M. (eds), Coastal Oceanography of Washington and Oregon. Elsevier
Science Publishers, Amsterdam, pp. 41-115.

Johnson, M. W. (1939) The correlation of water movements and disper-
sal of pelagic larval stages of certain littoral animals, especially the
Sand, crab, Emerita. J. Mar. Res., IL, 236-245.

Johnson, M. W. and Lewis, W. M. (1942) Pelagic larval stages of the Sand
crabs Emenita analoga (Stimpson), Blepharipoda occidentalis Randall, and
Lepidopa myops Stimpson. Biol. Bull., 83, 67-87.

Kilonsky, B. (1999) National Ocean Service data. In University of
Hawaii Sea Level Center <http://ilikai.soest.hawaii.edu:80/
uhsle/htmld/0556A.html>

Lough, R. G. (1975) Dynamics of crab larvae (Anomura, Brachyura) off
the Central Oregon Coast, 1969-1971. Ph.D. Dissertation, Oregon
State University, Corvallis, Oregon, pp. 215-216, 228.

McGowan, J. A., Cayan, D. R. and Dorman, L. M. (1998) Climate-
ocean variability and ecosystem response in the northeast Pacific.

Science, 281, 210-217.

Mysak, L. A. (1986) El Nifio, Interannual variability and fisheries in the
northeast Pacific Ocean. Can. }. Fish. Aquat. Sci., 43, 464—497.

Pearcy, W. G. (2001) Effects of the 1997-98 El Nifio on marine nekton
off Oregon. Prog. Oceanogr., in press.

Pearcy, W. G. and Schoener, A. (1987) Changes in the marine biota
coincident with the 1982—-1983 El Nifo in the northeastern subarctic
Pacific ocean. J. Geophys. Res., 92(C13), 14417-14428.

Radovich, J. (1961) Relationships of some marine organisms of the
northeast Pacific to water temperatures: particularly during 1957
through 1959. Calif Dep. Fish Game Mar. Res. Oper. Fish. Bull., 112, 62
PP-

Roemmich, D. and McGowan, J. (1995) Climatic warming and the
decline of zooplankton in the California Current. Science, 267,
1324-1326.

Schoener, A. and Fluharty, D. L. (1985) Biological anomalies off
Washington in 1982-83 and other major Nifio periods. In Wosster, W.
S. and Fluharty, D. L (eds), £I Nifio North: Nijio effects in the Eastern Sub-
arctic Pacific Ocean. University of Washington, Washington Sea Grant,
Seattle, Washington, pp. 211-225.

Sharp, G. D. (1992) Fishery catch records, El Nifio/Southern Oscilla-
tion, and longer-term climate change as inferred from fish remains in
marine sediments. In Diaz, H. . and Markgraf, V. (eds), £l Niio:
Historical and Paleoclimatic Aspects of the Southern Oscillation. Cambridge
University Press, Cambridge, pp. 379-417.

Tam, Y. K., Kornfield, I. and Ojeda, E P. (1996) Divergence and zoo-
geography of mole crabs, Emerita spp. (Decapoda: Hippidac), in the
Americas. Mar. Biol., 125, 489—497.

Received on March 23, 2000; accepted on April 3, 2001

944

20z I1udy 60 U0 3sanb Aq £816.G1/6€6/6/€2/3101e/puE|d/WO9 dNo"0lWapede//:sdRy WOl papeojumoq



