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" Abstract. Coastal marine ecosystems worldwide are being altered rapidly by the in-
vasion of nonindigenous species. Unlike terrestrial and freshwater systems, the impacts of
an invading species have never been quantified on multiple trophic levels for a marine food

web. We measured the impact of the nonindigenous green crab, Carcinus maenas, on a
gastal marine food web In central California and found that this predator exerted stron

Cn coniia] [ciThe abundances of several of the 20 Investal
ics monitored over a 9-yr period Densities of native clams, Nutricola_tantilla and
Nutricola confiisa, and native shore crabs, Hemigrapsus oregonensis, showed 5-fold to 10-
f31d dechimes within 3 yr of the arrival of_green crabs: Field and laborafory experiments
indicated that green crab predation caused these declings. We also tested for indirect re-
sponses of invertebrates and vertebrates to green crab predation. There were significant
increases in the abundances of two polychaete taxa, Lumbrineris sp. and Exogene sp., and
tube-building tanaid crustaceans, Leptochelia dubia, most likely due to the removal of co-
occurring green crab prey. However, we observed no changes in shorebird abundances (13 -
species) over a 9-yr period suggesting that green crabs have had no *‘boftom-up™ effect
on shorebirds, which subsist on benthic invertebrate prey. We predict that such bottom-up
controlrwill occur as the local effects and geographic range of green crabs increase. The
2-yr tempora!scale of direct and indirect responses of the invertebrates in this low energy,
soft-substrate system was also in agreement with the results of perturbation experiments
by others on rocky shores, which showed that most direct and indirect responses also occur
within a 2-yr time frame, ‘ '
Key words: Carcinus maenas; European green crab; food webs; Hemigrapsus oregonesis; indirect
effects; nonindigenous species; Nutricola spp.; predation; shorebirds; trophic levels.

INTRODUCTION where the impacts of introduced species have been

more extensively studied (Moyle et al.” 1986, Ogu-
tuohwayo 1990, Ogutuohwayo and Hecky 1991, Moyle
and Leidy 1992, D’ Antonio and Vitousek 1993, Schoe-
ner 1993, Case 1996, Maclsaac 1996, Schoener and
Spiller 1996, Simberloff and Stiling 1996, Townsend
1996, Louda et al. 1997), our knowledge of the eco-
logical impacts of introduced species in marine systems
is comparatively limited. Therefore, we are currently
unable to compare impacts among invasions in marine
habitats, or to predict changes in these systems that
might result from future invasions.

Most investigations of nonindigenous species in
coastal systems have been concerned with the difficult
and essential task of documenting the identities of in-
vading species, and only a handful of studies have
quantified any impacts of invading species on native
biotas (Race 1982, Brenchley and Carlton 1983, All-
mon and Sebens 1988, Posey 1988, Nichols et al. 1990,
Lambert et al. 1992, Posey et al. 1993, Cloern 1996).
With the exception of recent studies of Potamocorbula
amurensis in San Francisco Bay (Alpine and Cloern

Introduced or nonindigenous species can represent a
serious threat to the integrity of natural ecosystems. In
some cases, they change community structure aid eco-
system function on a large scale through the extinction
of native species, alteration of fire regimes and rainfall
patterns, changes in levels of primary production, and
altered nutrient cycling and availability (Mooney and
Drake 1986, Drake 1989, Hengeveld 1989, Vermeij
1991a, b, Groves and di Castri 1992, D’Antonio and
Vitousek 1993, Case 1996, Vitousek et al. 1996). Many
coastal estuarine and marine systems have proven par-
ticularly vulnerable to invasion, and literally hundreds
of nonindigenous species have been reported from the
most heavily invaded systems (Por 1978, Carlton 1985,
1987, 1989, 1992, Carlton and Geller 1993, Cohen and
Carlton 1996, Ruiz et al. 1997). Unfortunately, in com-
parison with terrestrial and freshwater communities,
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1992, Kimmerer et al. 1994, Cloern 1996), all previous
studies of marine and estuarine systems have limited
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their investigations of invading species to either a sin-
gle trophic level or to the benthos only. To date, no
studies have measured the impacts of a nonindigenous
species on both invertebrates and vertebrates in a fully
marine system.

The recent invasion of the European green crab, Car-
cinus maenas (henceforth green crab), on the west coast
-of North America has provided a unique opportunity
to quantify rigorously the impacts of a marine invasion
on several trophic levels simultaneously. The greer\
crab first became established along the western United
States in San Francisco Bay, California, ~1989-1990
(Cohen et al. 1995). In 1993, it first invaded our study
site at Bodega Bay Harbor, California (henceforth
BBH), on the reserve of the Bodega Marine Laboratory
of the University of California, Davis (38°20'00’ N,
123°2’30' W). Currently, this species has expanded its
range across 1600 km of western North America from
Morro Bay, California, to Grays Harbor, Washington
(Grosholz and Ruiz 1995, Grosholz 1996; E. D. Grosh-
olz, unpublished data, J. Carlton and C. Mills, personal
communication). We have collected data on the abun-
dances of >20 species of benthic invertebrates and 13
species of shorebirds annually in BBH, prior to, and

“after, the 1993 green crab invasion. These data provide
a baseline for testing broad scale changes that may
accompany the invasion of such a potentially signifi-
cant predator (see Methods for review). In this study,
we use this invasion as a novel test of theory regarding
the potential for multitrophic level impacts as well as
the relative magnitude of direct vs. indirect effects of
the green crab in BBH.

Predictions regarding the response of food webs to
novel species yield conflicting answers. Studies in
freshwater systems suggest that the introduction of a
predator frequently results in changes in the abundance
of organisms across many trophic levels, as with aquat-
ic trophic cascades (Carpenter and Kitchell 1988, 1993,
Power 1990, 1992). However, evidence from terrestrial
systems suggests these multitrophic level responses
may be less common in diverse and reticulate food
webs where omnivory, allochthonous inputs, detriti-
vory, and ontogenetic trophic shifts may dissipate mul-
titrophic level responses (Strong 1992, Polis and Hurd
1996, Polis and Strong 1996). The BBH system rep-
resents a unique opportunity to examine these divergent
predictions in a marine system.

The importance of indirect effects in structuring
communities is now widely recognized. Many studies
over the last 15 yr have documented their consequences
in a variety of communities (e.g., Davidson et al. 1984,
Dethier and Duggins 1984, Dungan 1986, Schmitt
1987, Posey and Hines 1991, Strauss 1991, Wootton
1992, 1994a, Schoener 1993, Werner and Anholt
1996). Indirect effects have also been demonstrated in
soft-sediment marine systems similar to BBH (Am-
brose 1984, Commito and Ambrose 1985, Kneib 1988,
Martin et al. 1989) where the high frequency of om-
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nivorous species may increase the likelihood of indirect
interactions among species (Schoener 1989).

More recently, interest has focused not just on the
existence of indirect effects, but rather the direction,
time scale, and the relative magnitude and variation of
both direct and indirect effects. This perspective has
been advanced primarily by theoretical exploration of
model food webs, producing a variety of predictions
(Bender et al. 1984, Abrams 1987, 1992, 1995, Yodzis
1988, Abrams and Matsuda 1996, Holt 1996). These
predictions suggest that indirect effects may potentially
occur over longer time scales than direct effects (Bend-
er et al. 1984, Yodzis 1988), and that indirect effects
may produce changes that are as large- as, or larger
than, direct effects (Bender et al. 1984, Abrams 1987,
1992).

Many of these theoretical findings are now being
tested empirically (Carpenter and Kitchell 1993,
Schoener 1993, Holt and Lawton 1994, Menge 1995,
1997). In particular, recent literature surveys by Schoe-
ner (1993) and Menge (1995, 1997) are in general
agreement about the relative timescales and magnitudes
of direct and indirect effects. Schoener (1993), in his
summary of six diverse food webs, found indirect ef-
fects were more variable in magnitude than direct ef-
fects, but found direct effects to be greater in magnitude
in some studies and equal in magnitude in others. Men-
ge (1995), in an examination of 23 rocky shore food
webs, found that the magnitude of direct and indirect
effects were generally equivalent, with each contrib-
uting ~40% of the observed response to experimental
perturbations. The time scale of direct and indirect ef-
fects was also similar between the two studies. Schoe-
ner (1993) found indirect effects concurrent with direct
effects in one of three studies, and Menge (1997) found
direct and indirect effects generally concurrent and oc-
curred within two years of the experimental pertur-
bation in nearly all of the rocky shore studies. We use
these results to examine both the time scale and mag-
nitude of direct and indirect effects in the BBH system
that may be the result of the green crab invasion.

We measured the impact of the green crab invasion
in BBH in two ways. First, we measured the impact of
green crab predation on three different functional
groups: infaunal invertebrates including suspension-
and deposit-feeding molluscs and polychaetes, epifau-
nal invertebrates including decapod crustaceans, and
vertebrate predators including wintering shorebirds.
Defining trophic levels is difficult in this system be-
cause of the high levels of omnivory. For example,
shorebirds prey on juvenile crabs, but they also share
several prey taxa with crabs, so they could be included
in the same group. In contrast, certain functional groups
such as the infaunal invertebrate assemblage may con-
tain more than one trophic level, as with tanaid crus-
taceans and some polychaetes that prey on other in-
fauna (Reise 1979). Therefore, the three functional
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groups are considered to approximate only loosely the
number of trophic levels in the BBH system. '

Second, we quantified the time scale and magnitude
of possible direct and indirect effects of predation by
green crabs on both benthic invertebrates and wintering
shorebirds in this system. This includes not only the
direct effects of the introduced predator on prey spe-
cies, but also species indirectly affected by the invader
through interaction chains and interaction modifica-
tions (Wootton 1993, 19945, Menge 1995, 1997).

To accomplish these goals, we combined long-term
data and manipulative field and laboratory experiments
to measure changes in benthic invertebrate and shore-
bird populations in BBH following the green crab in-
vasion. We examined mechanistically the impacts of
the green crab on its invertebrate prey through manip-
ulative experiments and interpreted the broader chang-
es throughout the harbor in the context of the long-
term data. Using this approach, we measured the mag-
nitude of the impact of green crab predation on dif-
ferent functional groups, as well as the time scale
required for those changes.

METHODS
Study site and natural history

Originally, the European green crab, Carcinus maen-
as (L.) (Crustacea: Portunidae) ranged from Norway
to Mauritania. Much is known about the natural history
of green crabs in their native range, as well the history
of their invasion of several other locations, including
in Australia, Japan, South Africa, and the eastern Unit-
ed States (reviewed in Cohen et al. 1995). Recent work
suggests that some of these invasions including South
Africa and Japan may include a sibling species, Car-
cinus aestuarii. However, the western United States
invasion consists only of C. maenas (Geller et al.
1997).

Several previous studies of green crab predation in
its native range have shown that the green crab may
significantly reduce the abundance of invertebrate prey
(Reise 1978, Scherer and Reise 1982, Gee et al. 1985,
Jensen and Jensen 1985, Rangeley and Thomas 1987,
Raffaelli et al. 1989). These and other studies from
native habitats have demonstrated that green crabs have
a broad diet range, but that bivalve molluscs generally
make up the largest part of their diet.

Several studies of green crabs in their introduced
ranges have suggested strong impacts on prey popu-
lations, but these effects have been coarsely quantified
(MacPhail et al. 1955, Ropes 1968, Elner 1981, Mal-
inowski and Whitlach 1983, Ropes 1988, Le Roux et
al. 1990, Griffiths et al. 1992). However, such impacts
are not unlikely, since green crabs are frequently abun-
dant in their introduced range and consume a wide
range of taxa, particularly molluscs and crustaceans
(Ropes 1968, Elner 1981, Le Roux et al. 1990, Grosh-
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Fic. 1. Map of Bodega Bay Harbor (BBH) with the main
sampling sites indicated by uppercase letters: R = Reserve,
G = Gaffney, B = Boat Ramp, Mi= Marsh, and D = Doran.
Additional sampling sites are indicated by numbers, and as-
terisks indicate sites in the harbor where no green crabs have
been found. An inset of the state of California shows the
location of BBH ~100 km north of San Francisco.

olz and Ruiz 1995, Grosholz and Ruiz 1996, G. M.
Ruiz, unpublished data).

The potential for measurable impacts of introduced
green crabs on native species has been explored in
detail at BBH (Grosholz and Ruiz 1995). In contrast
to crabs in their native distribution in Europe, green
crabs at BBH grow rapidly, reaching sexual maturity
in their first year, frequently exceeding 80 mm in car-
apace width (vs. 50-60 mm. in native populations; G.
M. Ruiz et al., unpublished data) in adult males. Our
work has also shown that, in contrast to their native
range, green crabs along western North America are
restricted primarily to low-energy, soft-substrate hab-
itats. Thus to date, they are unlikely to have impacts
on rocky shores. Additional details of the life history
of this species in western North America are contained
in Grosholz and Ruiz (1995).

BBH is a marine embayment ~2 km? in area with a
primarily sandy mud substrate (Fig. 1). The harbor re-
ceives little freshwater input and is largely flushed on
each tidal cycle excepting small channels and a central
dredged shipping channel. Consequently, the salinity
in the harbor varies little throughout the year, and tem-
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F1G. 2. Mean abundances of benthic invertebrates in core samples (10 cm diameter) at the Gaffney site from 1990 to

1996. Bar heights represent mean values (error bars = | sg) for all samples from tidal height 4 (n = 6) across years. Only
taxa with abundances >1 individual/sample are included in subsequent analyses.

peratures generally reflect the range of ocean temper-
atures, *5°C. The opening of the harbor is protected
by a jetty, so the harbor is never swept by storm waves,
nor is it ever closed off by sedimentation.

More than 20 species of benthic invertebrates are
common in the upper few centimeters of the sandy,
mudflat habitats of the Bodega Marine Laboratory re-
serve study site (Fig. 2). Among the most common are
several species of bivalve molluscs, MNutricola (= Tran-
sennella) tantilla and Nutricola confusa, various crus-
taceans including grapsid crabs, Hemigrapsus orego-
nensis, the tanaid Leprochelia dubia, gammaridean am-
phipods, as well as numerous polychaete families and
the phoronid, Phoronopsis viridis. The nonindigenous
green crabs are the largest common intertidal predators.
Larger native crabs (Cancer productus, C. antennarius,
C. magister, C. gracilis) are primarily subtidal and only
the first-year juveniles of these species are present in-
tertidally, although none are normally abundant at BBH
(<1 individual/pitfall trap, see Results).

At least 13 species of shorebirds are common
throughout BBH from early fall through late spring,
totaling as many as ten thousand birds at peak abun-
dances (Fig. 3). These include Least and Western Sand-
pipers (Calidris minutilla and C. mauri), Semipalmat-
ed, Snowy and Black-bellied Plovers (Charadrius sem-
ipalmatus, C. alexandrinus, and Pluvialis squatarola),
Dunlin (Calidris alpina), Long and Short-billed Dow-
itchers (Limnodromous griseus and L. scolopaceus),
Willets (Catoptrophorus semipalmatus), Marbled God-
wits (Limosa fedoa), Ruddy and Black Turnstones (Ar-
enaria interpres and A. melanocephala), Sanderlings
(Calidris alba), Killdeer (Charadrius vociferus), Red
Knots (Calidris canutus), and Whimbrels (Numenius
phaeopus). Most of these species leave the harbor in
late spring to breed at higher latitudes during summer
months. Previous studies quantifying the gut contents
of some of the most common species such as Willets
and Dunlin (Ruiz 1987) indicate that small, native
clams, Nutricola spp., make up a large portion of their
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FiG. 3. Abundances of wintering shorebirds in annual
counts from BBH from 1989 to 1997. Bar heights represent
mean values (error bars = 1 sE) of all counts for that year
(generally between 6 and 11). Counts do not include non-
wading birds such as ducks, gulls, and pelicans. Only species
with annual abundances >10, totalled for all species, are used
in subsequent analyses. Abbreviations are as follows: MAGO
= Marbled Godwit (Limosa fedoa), DUNL = Dunlin (Calidris
alpina), WESA = Western Sandpiper (Calidris mauri), WILL
= Willet (Catoptrophorus semipalmatus), SAND = Sander-
ling (Calidris alba), BLTU = Black Turnstone (4renaria me-
lanocephala), LESA = Least Sandpiper (Calidris minutilla),
BBPL = Black-bellied Plover (Pluvialis squatarola), DOWI
= Long and Short-billed Dowitchers (Limnodromous griseus
and L. scolopaceus), SEPL = Semipalmated Plover (Char-
adrius semipalmatus), SNPL = Snowy Plover (Charadrius
alexandrinus), RUTU = Ruddy Turnstone (Arenaria inter-
pres), KILL = Killdeer (Charadrius vociferus), REKN = Red
Knot (Calidris canutus), and WHIM = Whimbrel (Numenius
phaeopus).

diets, and thus, the diet of these birds may overlap
substantially with green crabs.

Green crab abundance

Relative density.—To estimate changes in the rela-
tive density of green crabs, abupdances of all crab spe-
cies (Carcinus maenas, Hemigrapsus oregonensis,
Cancer magister, C. productus, C. antennarius, C.

gracilis) »W_TTw_gmalmﬁnmﬂww-
cluding 1992. Each year in late May—early June, at each

of four tidal heights (+0.3 m, +0.6 m, +0.9 m, +1.2
m MLLW) at the Gaffney site, we placed three pitfall
traps (20 L polyethylene buckets, 0.35 m deep X 0.3
m diameter) at 50-m intervals along a transect parallel
to the shoreline. Traps were buried in the sandy mud
substratum with the top of the bucket flush with the
substrate surface. Buckets acted merely as passive pit-
fall traps and were not baited, thus capturing crabs as
they walked across the sediment surface. For all crabs,
we recorded carapace width in millimeters, sex, and
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reproductive status by species. The summed total of
three sampling days for each of the 12 pitfall traps
(three traps at four tidal heights) was used for each year
in subsequent statistical analyses.

Absolute density.—To estimate actual density of ac-
tively foraging green crabs, we estimated the abun-
dances of green crabs visually two to three times an-
nually from 1994-1996 at sites in BBH. Using snor-
keling gear, along each of four transects at Gaffney
(i.e., the four tidal heights as above), we recorded the
numbers of actively foraging green crabs at high tide
during the day. During each count, two observers
counted all crabs (generally H. oregonensis and C.
maenas) encountered along transects (50 m long X 1
m wide) delineated by a 1-m rod held perpendicular to
a 50-m lead-core transect line. Crab density estimates
were based on the number of crabs counted per 50-m?
transect,

The methods used were reasonably efficient for sev-
eral reasons. First, the visibility in BBH is generally
good (2-3 m) relative to the shallow water depth (<2
m) over the census area. This allowed snorkelers to
observe the larger adults that would occasionally flee
in response to approaching snorkelers. Secondly, the 1
m long rods carried by the snorkelers were pushed
along the substrate surface to flush the smaller crabs
that either attempted to bury, were already buried, or
were hidden by algae. On several occasions, we
checked these methods by swimiming transects twice
or adding additional snorkelers. These checks indicated
that our methods were reasonably efficient (>90% of
crabs collected).

At each census, most green crabs encountered were
collected, and their carapace size and sex recorded.
These counts were made on multiple days to increase
sample size. Less frequent samples were taken at the
Reserve site for comparison (Fig. 1). Day vs. night
comparisons revealed no differences in abundances
(see Results), although night counts may have been
lower due to reduced visibility.

Benthic invertebrate abundances

To estimate the impact of green crabs on benthic
invertebrates commonly found in BBH, we followed
changes in the abundances of >20 species. Invertebrate
abundances were measured annually for 9 yr between
1989 and 1998, excluding 1992. We used identical
methods to sample infaunal taxa along four permanent
transects (tidal heights +0.3, +0.6, +0.9, +1.2 m
above mean lower low water [MLLW]) on an intertidal
sandy mudflat. To assess the impact of green crabs, we
compared changes in abundances prior to 1994 with
those from 1994 and afterward. We chose 1994 because
this was the first year with an established population
of adult green crabs (resulting from the 1993 juvenile
cohort). Statistical tests for invertebrates used the ac-
tual counts (per trap or per core sample) from spatially
fixed (approximate) replicates as independent variates.
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For-each of the spatially fixed replicates, mean values
were calculated across all years within a period (before
or after 1994) to minimize temporal autocorrelation.
Heteroscedastic variances required use of nonpara-
metric methods to test for differences between means
for the periods before and after the invasion.
Nutricola tantilla, N. confusa, and other inverte-
brates—Over this same 9-yr period, the abundance
of two species of small (<6 mm) clams, Nutricola tan-
tilla and Nutricola confusa, were also followed at the
same study site (Gaffney) along the same four tidal

heights used for measuring green crab abundances. In’

April of each year, a total of six core samples (10 cm
diameter X 5 cm depth) were taken at 20-m intervals
along each of the four transects yielding 24 cores. All
samples were processed with a 0.5-mm sieve and fixed
in 10% buffered formalin and later transferred to 70%
EtOH for sorting and counting. For all taxa, counts for
each of the cores each year were used in subsequent
analyses. Statistical analyses include only taxa with
mean densities >1.0 individuals/core (Fig. 2), and taxa
with abundances below this level were generally too
rare for meaningful statistical analysis. Data for some
species are presently available only through 1996.

Harbor census.—To estimate changes in selected in-
vertebrates at other sites in BBH, we also performed
an annual count at five sites around BBH using the
same four tidal heights as the Gaffney site (see Fig. 1).
Tidal heights were carefully referenced against the pre-
existing tidal heights at the Gaffney site. At each site
five core samples were taken at 20-m intervals alon
each of the four tidal transects. Each core was pro-
cessed in the field with a larger mesh sieve (1 mm),
which retains only adult Nutricola and other larger in-
vertebrates. Our intention'was to sample only a subset
of the most common species that can be reliably count-
ed and identified in the field without a dissecting scope.
These included the two clam species mentioned above
(Nutricola tantilla and Nutricola confusa), and three
other species including another small bivalve (Gemma
gemma), a polychaete (Nephytys caecoides), and the
juvenile stages of an additional bivalve (Macoma bal-
thica). Statistical comparisons were made among years
for each combination of site and tidal height (n = 5
cores/tidal height) using ANOVA. Data are presented
for only tidal heights 1 and 2 where invertebrate abun-
dances were highest, although the same patterns were
evident at the higher tidal heights. Abundances were
log transformed to meet the assumptionis of ANOVA,
and sample heterogeneity was tested with Cochran’s C
test for sample variances (Winer et al. 1991),

Shorebird abundances

From 1989 to 1998, harbor-wide censuses were con-
" ducted to track the numbers of 13 species of wintering
shorebirds (see Study site and natural history above).
Census data were collected three times annually: an
early season period (15 August to 30 September), a
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F1G. 4. Abundances of wintering shorebirds (not includ-
ing ducks, gulls, and pelicans) at the 10 counting sites within
Bodega Bay Harbor (BBH) for annual counts from 1989 to
1997. Preinvasion means include counts for all species pooled
for years before the invasion (1994), and postinvasion means
include counts for all species from 1994 to 1997 (error bars
represent + 1 SE). Abbreviations are as follows for five sites
that are the same as those for the invertebrate abundance
census: Boat Ramp (BRP);‘V Doran (DFA, DFB), Gaffney
(GAF), Marsh (MAR), and Reserve (RES). There are four
additional sites shown here: Diekmann’s (DEK), Mason’s
(MAS), Spud Point (S§PD), and Southwest Reserve (SWR).

midseason period (15 November to 31 December), _a‘n_d_&
a late-season period (15 January to 28 February). These
sampling periods were chosen to be frequent enough
to capture the variation in bird abundances resulting
from shorebird migration, but with enough time be-
tween counts to permit some measure of independence.
During each sampling period, two to three replicate
counts were made in which the entire harbor was cen-
sused by two or three people on days of approximately
equivalent low tides (between +1.5 and -+2.5 MLLW).
Each count included estimates for all species with an-
nual mean abundances >10 (Fig. 3). Harbor-wide
counts represented the sum of counts at multiple sites
in BBH (see Fig. 4), and each census was corrected for
interharbor movement during the count by adding or
subtracting birds as needed to account for movement
between sites.

To test for changes in bird abundances before vs.
after the green crab invasion, we calculated a mean
abundance for each species for each of the three time
periods (early, mid, and late season) in each year. We
then compared these mean abundances before vs. after
1994 for each bird species and for all bird species com-
bined using methods similar to those described above
for invertebrates. Counts in different years were con-
sidered independent for this analysis, since most in-
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dividuals migrate to summer breeding grounds between
annual counts. The analyses presented are based on the
mid-season counts when shorebird abundances are
greatest. This reduced the within-year variance due to
migration and permitted a stronger test of 'differences
among years.

- We conducted a separate analysis to determine if the
feeding location of shorebirds within BBH may have
changed in response to the green crab invasion. During
the harbor wide census described above, shorebird
abundances were tallied separately for 10 sites around
BBH (Fig. 4). We used these data to test for shifts in
the use of foraging sites by shorebirds in BBH. To do
so, we calculated a rank correlation for the mean abun-
dance of all bird species at each of the ten sites before
vs. after 1994.

Predation experiments and diet analysis

A series of experiments and measurements were used
to test the hypothesis that the observed declines in the
abundances of invertebrates witnessed at BBH after the
green crab invasion were due to predation by green
crabs. These included measurements of feeding rates
in the laboratory and field, exclosure and enclosure
experiments, and diet analysis.

‘Short-term predation rates.—To estimate predation
rates of green crabs on shore crabs (Hemigrapsus or-
egonensis) in the field, we established experimental
enclosures in the field at +0.6 MLLW between June
and September 1995, Replicate enclosures were con-
structed from either inverted minnow traps or hardware
cloth cages pushed into the sediment so as to enclose
~0.3 m?. We established nine replicates of the follow-
ing four treatments within a square six by six array
(six rows and six columns to minimize distance among
enclosures, each separated by | m) by random assign-
ment of replicates to enclosures: (1) one adult green
crab (>60 mm carapace width) paired with one juvenile
green crab (<20 mm) (+LGC+SGC), (2) one adult
green crab paired with one H. oregonensis similar in
size to the juvenile green crabs (<20 mm)
(+LGC+Ho), (3) one juvenile green crab paired with
one equivalently sized H. oregonensis (+SGC+Ho),
and (4) control treatments in which one juvenile green
crab or one H. oregonensis was caged alone to evaluate
survivorship and potential for escape from experimen-
tal enclosures (either +SGC or +Ho). Once experi-
ments were established, they were allowed to run for
either 24 or 48 h. All enclosures were checked daily
for the presence of the crabs or the remains of body
parts as evidence of predation. The proportions of each
species surviving in the nine replicates of each treat-
'ment were compared with G tests with equal expected
frequencies for all treatments.

To estimate feeding rates of green crabs on Nutricola
spp., we conducted timed feeding experiments in the
laboratory using juvenile green crabs to determine the
upper limit of feeding of green crabs on these small
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clams. The bottoms of 12 replicate plastic containers
(~1 L, 12 cm diameter) were covered with ~3 cm of
sieved (0.5 mm) sediment to which Nutricola spp. were
added. We placed 150 adult Nutricola spp. into the
containers and allowed them to burrow into the sedi-
ment for a few hours prior to addition of the crabs. A
single juvenile crab (<40 mm, replicates contained ap-
proximately equal numbers of both sexes) was added
to each container and allowed to feed for 12 hr. Con-
tainers in which crabs molted soon after the experi-
ment, or refused to eat, were excluded from the anal-
ysis. Maximum consumption rates were based on the
number of clams remaining after the 12-hr feeding pe- \
riod.

Green crab preferences were tested in a factorial de-
sign using Nutricola tantilla and Nutricola confusa
(species treatment) of different size classes (size treat-
ment). Using the same containers, size class of green
crabs, and protocols as the maximum consumption rate
experiment above, this experiment involved placing
one green crab in each of 12 containers with 10 clams
from each of three size classes (small 1-2.5 mm, me-
dium 3—4 mm, large >4 mm) for both Nutricola tantilla
and N. confusa (a total of 60 clams). The crabs were
permitted to feed for 24 h, after which all remaining
individuals for each species and size class were count-
ed. The arcsine-transformed proportion of clams con-
sumed were compared by size class and clam species
with ANOVA.

Diet analysis.—Gut contents were quantified for ac-
tively foraging green crabs that we collected at high
tide while snorkeling. Crabs were collected from
throughout the tidal range, but most commonly in zones
corresponding to lower than +0.5 m MLLW at low
tide. Collected crabs were immediately placed on ice
(within 10 s of collection) in a floating ice cooler that
was towed beside collectors while snorkeling. Once
crabs were brought ashore, typically within 20-30 min,
they were immediately injected with 10% buffered for-
malin with the syringe tip inserted beneath the cara-
pace. Crabs were later transferred to 70% alcohol and
gut contents removed and identified to the nearest pos-
sible taxonomic category under a dissecting scope. Gut
contents were tallied individually for each crab; data
were the proportion of guts containing each taxon.

Path analysis

To analyze the strength of direct and indirect impacts
of green crab predation in this community, we used
path analysis on the abundance data for the BBH sys-
tem. This technique has been used in ecological studies
to partition the effects of direct and indirect effects in
multispecies systems and to chose the best among al-
ternative interaction web models of a given system
(Schemske and Horvitz 1988, Wilbur and Fauth 1990,
Mitchell 1992, Wootton 1994b). Unlike simple multi-
ple regression, path analysis allows the a priori spec-
ification of causal pathways (see Pedazur 1982), pre-
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sumably based on an understanding of the natural his-
tory of the system. Thus, path analysis allows the con-
struction of a model with causal pathways involving
several independent and dependent variables. In com-
parison, the fixed structure of multiple regression al-
lows only a single dependent variable. Also, path anal-
ysis permits the decomposition of the overall effect
coefficient, which is the sum of the direct and indirect
effects contributing to the correlation between two var-
iables, into both causal and noncausal contributions.
Once constructed, the path model allows the appor-
tioning of direct and indirect interactions among spe-
cies. For example, in the present study, a path analysis
can permit the estimation of both the direct effects of
green crab predation on their benthic invertebrate prey,
as well as the indirect effects of green crab predation
on species that are not directly consumed by green
crabs, but that might compete with green crab prey. In
contrast, multiple regression only permits the estima-
tion of the direct effects of a causal variable, and does
not permit the estimation of the indirect effects of one
species on another.

The path model was constructed by first identifying
all known or suspected causal pathways such as direct
consumption or interference among pairs of species.
Then for each causal pathway, a path coefficient was
estimated as a standardized partial regression coeffi-
*cient of the dependent variable on the independent var-
iable (see Sokal and Rohlf 1981). This path coefficient
indicates the magnitude of the direct effect of the in-
dependent variable on the dependent variable, while
holding all other independent variables constant.

The choice of variables and the identity of the causal
pathways chosen for inclusion in the path model strong-
ly affect the results of the path analysis. The species
included in the path model for the BBH system were
the same ones presented in the sampling data, and are
generally the most abundant taxa in BBH; uncommon
taxa were excluded from the model. The construction
of causal pathways was based as much as possible on
previous studies of the BBH community (Ruiz 1987),
gut content data, and manipulative experiments. Ad-
ditional inferences were based on examples from the
literature and our own natural history observations at
the site.

Because the number of taxa included in the model
determines the degrees of freedom available to estimate
the fit of the model, it was necessary to limit the number
of variables included in the final set of models. For
this reason, we grouped organisms into higher level
taxa as follows: molluscs included Nutricola tantilla
and Nutricola confusa; amphipods included Paraphox-
us sp. and Eohaustorius sp.; polychaetes included
Pseudopolydora sp., Exogene sp., and Lumbrineris sp.;
and shorebirds included the total for the 13 species
listed in Methods. These groupings were made in some
cases because of trophic similarity and/or lack of data
with which to separate species. For some shorebird
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species, such as willets and dunlin, we had diet data
from BBH (Ruiz 1987), although diets for several other
species at this site are unknown. Because path analysis
is based on multiple regression and correlation, ad-
herence to assumptions such as additivity, linearity, and
uncorrelated residuals was required. In particular, in-
clusion of variables that are highly collinear must be
avoided to reduce the sensitivity of the model to mea-
surement errors. For instance, several of the shorebird
and polychaete taxa had a high degree of collinearity
within their respective group, and so were placed to-
gether as ‘“shorebirds’’ or “‘polychaetes.”

To estimate the path coefficients for the models se-
lected for BBH, we used algorithms for structural equa-
tion analysis in SAS (Statistical Analysis Systems, Ca-
rey, North Carolina USA). This procedure, PROC
CALLIS, permitted the construction of path models with
the LINEQ option by including a line in the model for
each causal path. For each line entry in the model, a
dependent variable is included in a single equation with
the causal independent variables. Variables listed as
independent variables in one equation could also be
listed as dependent variables in another equation, but
there was only one equation for each dependent vari-
able.

The variables chosen for entry in the path analysis
could be modeled as either endogenous or exogenous.
Endogenous variables were those which were influ-
enced by other variables in the model, while exogenous
variables were influenced only by unknown variables
not made explicit in the model. Therefore, exogenous
variables were not dependent variables for other com-
ponents in the system and had no causal paths pointing
to them from other variables. All species in the BBH
system were modeled as endogenous variables in sub-
sequent analyses.

Path analysis also allowed the inclusion of residual
variables, which represented variation in a particular
variable due to unknown causes, and these were in-
cluded in the model as a term in the equation for each
dependent variable. Reciprocal causality between pairs
of variables, for example in the case where one taxon
was a causal variable for another and vice versa, could
also be included in the path model by constructing two
equations in which each species is an independent var-
iable in the equation where the other was the dependent
variable.

The data input for the model of BBH was determined
by the matrix of Pearson product moment correlations
(Table 1), which was generated with the Pearson option
using the PROC CORR procedure. These correlations
were calculated using square-root transformed abun-
dances for each taxon'from census data replicates for
each year between 1990 and 1996. For the values of
the residual variables (for each dependent variable in
the model), we used the standard error for that variable
for the entire period sampling period (1990-1996).
These data were tested for multivariate normality to
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TaBLE 1. Correlation coefficients (below main diagonal) and significance values of coefficients (above main diagonal) for
taxa used in the path analysis. See text for description of groupings.

Grouping Moll Poly Tana Phor Amph Hemi Carc Bird
Moll - 0.0001 0.0001 0.110 0.0003 0.003 0.0003 0.559
Poly -0.737 0.0001 0.172 0.0001 0.026 0.0002 0.006
Tana —-0.641 0.808 0.132 0.026 0.025 0.005 0.010
Phor 0.271 -0.232 -0.256 0.005 0.036 0.012 0.994
Amph 0.570 -0.630 -0.371 0.461 0.139 0.001 0.014
Hemi 0.483 -0.371 -0.374 0.351 0.251 0.002 0.020
Carc -0.564 0.589 0.462 -0.416 -0.516 -0.490 0.688
Bird 0.101 —-0.447 —-0.425 0.001 0.407 —-0.386 -0.069 :

Note: Moll = molluscs (Nutricola spp.), Poly = polychaetes (Pseudopolydora sp., Exogene sp., and Lumbrineris sp.), Tana
= tanaids (Leptochelia dubia), Phor = phoronids (Phoronopsis viridis), Amph = amphipods (Paraphoxus sp. and Eohaustorius
sp.), Hemi = Hemigrapsus oregonensis, Carc = Carcinus maenas, Bird = shorebirds (13 spp. total).

meet the assumptions of this method of path analysis
using the PROC UNIVARIATE module of SAS. Col-
linearity was tested using the COLLIN model option
in PROC REG in SAS.

We chose the final model from among several com-
peting models of the BBH system that differed in the
number or identity of causal paths by adding or sub-
tracting causal paths in a step-wise manner. The ad-
dition or subtraction of paths was conducted by adding
or removing a given independent variable from the
model equation for a given dependent variable. This
permitted other causal paths involving that independent
variable (with other dependent variables) to remain in
the model. We varied causal pathways that were within
the range of interactions given our understanding of
the system, but we typically did not add or subtract
interactions for which strong experimental or other ev-
idence_existed documenting that path. This was con-
tinued until all models from the initial list of probable
models had been analyzed.

The output for the path analysis produced by the
PROC CALIS model includes an estimated path co-
efficient for every combination of dependent and in-
dependent variables in the model as well as several
estimates of overall fit of the model to the data. Both
the values of these path coefficients and the fit of the
model to the data were estimated using the unrestricted
maximum likelihood option available in PROC CALIS
module. To determine the statistical significance of the
path coefficients, we used multiple regression in the
PROC REG procedure for each set of dependent and
independent variables. To choose the best fit model,
we used a combination of two statistics: the smallest
value of chi-square that describes the overall fit of the
model to the data, and the smallest value of the
Schwartz-Bayesian Criterion (SBC). This SBC crite-
rion also measures model fit, but does so as a function
of the degrees of freedom in the model. Two models
with the same fit to the data will differ in their SBC
such that the model with the smaller number of param-
eters and, therefore, degrees of freedom, will produce
a smaller value for the SBC. The final model was the

one that produced the best fit based on a combination
of these two criteria.

Environmental forcing

Many measures of environmental changes are avail-
able for the University of California Bodega Marine
Laboratory (BML), which is an official reporting sta-
tion for the National Weather Service and is adjacent
to our BBH site. Rainfall data for BML is available
from the 1960s to the present, which allowed us to
determine if changes in rainfall.and associated pro-
cesses that would accompany increased runoff, such as
increased siltation and nutrient loading, are related to
the faunal changes observed. Rainfall is likely to be
one the strongest environmental forces influencing
West Coast bays and estuaries, and in particular, the
increased rainfall associated with frequent El Nifio-
Southern Oscillation events' (Onuf 1977). Therefore,
we used rainfall as a surrogate measure for environ-
mental changes in this embayment.

To test for associations between environmental
changes as measured by rainfall and the changes in the
abundances of invertebrates and shorebirds between
1989 and 1998, we used a Spearman rank correlation
test. For each taxon, we calculated a mean value for
each year as described above, and tested for a corre-
lation with the value for total rainfall (in centimeters)
that year. We conducted the correlation separately for
several of most common invertebrate species including
the native shore crab, Hemigrapsus oregonensis, and
the native clams Nutricola spp. For shorebirds, we
pooled the abundances of all species for this analysis
because of the similarities in the temporal trends of
their abundances.

RESULTS
Green crab abundance

Relative density.—Qur measures of the relative
abundance of green crabs showed an approximately
linear increase in relative density during the first four
years (1993~1996) after their establishment (r2 = 0.96)
(Fig. 5). From 1993 to 1996, the mean number (1 SE)
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individuals/pitfall trap, solid circles) and density (number of
individuals/50 m? transect, open squares) of the introduced
European green crab, Carcinus maenas, from 1990 to 1998
in BBH. Symbols for each year represent mean values (error
bars = *1 SE).

of green crabs per pitfall trap increased by more than
5X from 0.833 * 0.424 to 5.5 * 1.25 crabs/trap (AN-
OVA, F;,, = 3.43, P = 0.025). These population in-
creases stopped in 1996 (Fig. 5), however, and green
crab abundances remained relatively constant there-
after (ANOVA, F,;, = 0.78, P = 0.46).

Absolute density.—Absolute population density of
green crabs also steadily increased from 1993 to 1996.
Pooled data for (Gaffney plus Reserve sites) indicate
that abundances of green crabs increased 4X (ANOVA,
F,; = 5.58, P < 0.05). Green crab counts did not
differ between day and night (August 1994) (ANOVA,
F,, = 0.54, P > 0.60). Diurnal differences were well
within the range of variation seen on consecutive days
at the same site. As with relative abundance estimates,
absolute density did not increase from 1996 to 1998.

Benthic invertebrate abundances

Hemigrapsus oregonensis.—The native shore crab
Hemigrapsus oregonensis declined in mean abundance

near| , @ change that was coincident with the
increase j > ] 0
(Fig. 6). Mean relative abundance of Hemigrapsus in
pitfall traps differed before (18.7 * 3.4 crabs/trap) and
after (2.04 = 0.46 crabs/trap) the green crab introduc-
_tion (Wilcoxon two-sample, Z),,, = 4.072, P =
0.0001). Not only are mean abundance values for H.
oregonensis much lower than those prior to the green
crab invasion, they remained low for four consecutive
years from 1995 to 1998. This contrasts with the wide
fluctuations observed prior to the introduction of green
crabs. In addition, absolute density estimates based on
subtidal counts also showed a 3X decline in H. ore-

crab Hemigrapsus oregonensis (solid circles) and the summed
densities of the clams Nutricola tantilla and Nutricola confusa
(open squares) from 1989 to 1998 in BBH. Symbols for each
year represent mean values (error bars = x| Sg) of Nutricola
(summed total) for the tidal height with the highest abun-
dances (+0.6 MLLW). The invasion of the green crab in 1993
is indicated by the arrow.

gonensis from 1994 to 1996 (ANOVA, F,,, = 4.73, P
< 0.05).
Nutrico illa_and Nutricola ¢ a.—Follow-

ricola tantilla_and Nutricola confiys

ing the green i ion, we obsegfved significant
declings jn tﬂe densities anaz or EEi;Eve abupdance of
including the small native clams Nutricola confusa and
N. tantilla (Fig. 6). In the first three years after the
green crab invasion in 1993, Nutricola spp. declined
nearly 5X in mean density (from 122.9 % 16.0 to 26.2
+ 4.4 clams/core) relative to years prior to the invasion
(Wilcoxon two-sample, Zs 5 = 2.803, P = 0.005). These
low densities, which have persisted for four consecu-
tive years (Fig. 6), also contrast markedly with the wide
fluctuations in previous years.

Other invertebrates—Declines were also seen in
other invertebrate taxa including gammaridean amphi-
pods (Eohaustorius sp., Paraphoxus sp.) (Fig. 7),
which declined during the period from 1994 to 1996
(Wilcoxon two-sample, Z;; = 2.647, P = 0.008. Not
all invertebrates declined, though, as several poly-
chaete taxa showed significant increases in abundance

since the green crab invasion (Fig. 8). Using tlg,same-’

core data as for bivalves above, similar nonparametric
tests showed spionids (Pseudopolydora sp., Wilcoxon
two-sample, Z;5 = —2.486, P = 0.013) and syllids
(Exogene sp., Wilcoxon two-sample, Z; =-2.803, P
= 0.005) have increased 100X and 70X, respectively,
from 1994 to 1996. Tube-building crustaceans such as
the tanaid, Leptochelia dubia, (Fig. 8) also increased
4X during the same time period (Wilcoxon two-sample,
Z,s =—2.803, P = 0.005).

o



1216
100 1
-o— Amphipods
5 BH --0-+ Phoronopsis
A
]
<
]
A=)
n
@
o
8
°
<
3
8
<<
O T T T T 1 T .’
8 = 8§ 8,3 & 8
e 2 2 242 2 2
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maridean amphipods Paraphoxus sp. and Eohaustorius (solid
circles) and the densities of the phoronid Phoronopsis viridis
(open squares) from 1990 to 1996 in BBH. Symbols for each
year represent mean values (error bars =
height with the highest abundances (+0.6 MLLW). The in-
vasion of the green crab in 1993 is indicated by the arrow.

Not all taxa showed significant changes during this
period. Although the tube-building phoronid, Phoron-
opsis viridis, tended to decline after the green crab
invasion (Fig. 7), these changes were not statistically
significant (Wilcoxon two-sample Z,,,, = 1.041, P =
0.30). Phoronids appear to be distasteful to green crabs
and in our short-term feeding attempts, we found that
starved green crabs would rarely eat them (E. D. Grosh-
olz, unpublished data).

Harbor census.—The patterns of abundance for the
clams, Nutricola spp., at the main study site were gen-
erally repeated elsewhere throughout BBH (Fig. 9).
Abundances declined at four of the five sites for both
tidal heights 1 and 2 (see tidal heights in Methods)
between 1994 to 1995 (Fig. 9). These reductions con-
tinued at three of five sites for both tidal heights in
1996, although there were obvious exceptions at the
Marsh (tidal height 2) and Doran (tidal height 1) sites,
where in some cases, abundances returned to, or ex-
ceeded, 1994 levels (see Fig. 9 for significance levels).
Observationally, these increases in 1996 appeared due
to large increases in the relative numbers of new re-
cruits into the population following the declines of
adults in 1995. The harbor census data did not include
an analysis of the distribution of clams among size
classes, so we cannot examine this possibility quanti-
tatively.

Abundances of shorebirds

Singe the green crab invasion, shoreblrd populatlons
have remained .
both for all species pooled (Wllcoxon two- sample, Zs,
= 0.122, P > 0.90), and for separate analyses of the

most abundant species such as Dunlin, Marbled God-
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FiGg. 8. Changes in the densities of two polychaetes, Pseu-

dopolydora sp. (solid triangles) and Exogene sp. (open circles)
and the tanaid Leptochelia dubia (solid squares) from 1990
to 1996 in Bodega Bay Harbor. Symbols for each year rep-
resent mean values (error bars = *1 SE) for the tidal height
with the highest abundances (+0.6 MLLW). The invasion of
the green crab in 1993 is indicated by the arrow.

wits, Western Sandpipers, and Willets (Wilcoxon two-
sample, Marbled Godwits, Z;, = 1.592, P> 0.10; Dun-
lin, Z;, =—1.347, P > 0.15; Western Sandpipers, Z;,
= 0.857, P > 0.30; Willets, Z;, = 1.837, 0.05 < P
<0.10).

To determine our ability to detect a decline in shore-
bird abundances given our sampling frequency, we cal-
culated the power of detecting a single-year 40% de-
cline from the average year with a sample size of 9 yr.
Assuming an alpha value of 0.05, we would have a
probability >80% of detecting such a decline for all
shorebirds, and a 70% chance of detecting such a de-
cline for Dunlin,

We found no evidence for changes in the abundances
of shorebirds among the 10 foraging areas within BBH
for which separate counts were available (see Fig. 4).
In a test of the ranking of the number of birds at each
of the 10 foraging sites before vs. after the invasion,
we found a strong positive correlation (Kendall rank
correlation, » = 0.95, P < 0.0001) indicating no shift
in the use of foraging sites coincident with the green
crab invasion. There was a trend of increasing use of
the Reserve site (RES) by shorebirds, while at many
other sites including Doran (DFA, DFB), Gaffney
(GAF), Marsh (MAR), there was a trend of declining
usage. However, we found no significant changes when
sites were analyzed individually (¢ test, P > 0.20 for
all tests), or when all 10 sites were used together to
test pre- vs. postinvasion counts (Wilcoxon. two-sam-
ple, Zyo,0 = 0.643, P = 0.52).

Predation experiments and diet analysis

In the field enclosures over the 24 h period of the
trials, we found higher rates of predation by large green
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F1G. 9. Changes in the abundances of Nutricola spp. sam-
pled and counted in the field at five sites (R = Reserve, G
= Gaffney, B = Boat Ramp, M = Marsh, D = Doran) around
BBH. The tidal heights 1 (TH1 = +0.3 MLLW) and 2 (TH2
= +0.6 MLLW) with the highest invertebrate densities are
. shown, Bar heights represent mean values ‘(error bars = |
sE) for each year and site combination (n = 5) for that tidal
height. Statistical significance of ANOVA (see Methods) of
differences among years for each site and tidal height com-
" bination are denoted by asterisks above bars (*P < 0.05, **P
< 0.01, ***P < 0.001).
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crabs (adults > 60 mm carapace width) on adult Hem-
igrapsus oregonensis (88.9%) than predation by large
green crabs on juvenile green crabs comparable in size
to adult H. oregonensis (22.2%) (G, = 8.69, P <
0.005) (Fig. 11). Mortality in treatments with H. ore-
gonensis and juvenile green crabs together was signif-
icantly lower (11%), and there was no mortality in
control enclosures where H. oregonensis or juvenile
green crabs were placed alone (n = 18 for these two
treatments combined).

In several repeated laboratory feeding experiments,
green crabs were able to consume up to the maximum
numbers of clams offered them, usually in <24 h. For
example, at the highest clam densities (150), juvenile
green crabs (<40 mm in carapace width) consumed
virtually all of the 150 clams offered (mean = 145) in
12 h. In the factorial experiment examining preference
of green crabs for size (small, medium, large) and spe-
cies (Nutricola tantilla, N. confusa), crabs had no pref-
erence for one clam species over the other (ANOVA,
F ¢ = 0.002, P = 0.96). However, there was a strong
preference for the larger sizes of both clam species
(ANOVA, F,4 = 29.2, P < 0.0005); there was no
species by size interaction (F¢ = 1.31, P = 0.28).

The gut content analysis showed that the ranking of
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bars = *1 Sg). The invasion of the green crab in 1993 is
indicated by the arrow.
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Fig. 11. Mortality in field enclosure experiments for
Hemigrapsus oregonensis in treatments with adult green crabs
(+LGC+Ho), and mortality of juvenile green crabs, Carcinus
maenas, in treatments with either adult green crabs
(+LGC+SGC) or with H. oregonensis of equivalent size
(+SGC+Ho). Controls (CON) indicate summed mortality of
+SGC or +Ho when alone in enclosures. See' Methods for
full explanation of experimental design.

prey items was concordant with the taxa most fre-
quently taken in field enclosures (Grosholz and Ruiz
1995), as well as with the declines seen in the long-
term census studies (Fig. 12). Pieces of bivalve shell,
most of which were identifiable as Nutricola sp., were
the largest portion of the diet (53%), other crustaceans,
including amphipods and other crabs were the next
most abundant (40%), and other taxa such as poly-
chaetes (3%) were considerably less common.

Path analysis

The path model shown in Fig. 13 provided the best
overall fit to the data based on the minimum chi-square
and SBC values (see Methods). Path coefficients that
were statistically significant are indicated with the ar-
row in bold. The model was consistent with green crabs
having a strong direct negative effect on the abun-
dances of Nutricola spp. and Hemigrapsus oregonensis.
The model also suggests that the potential indirect ef-
fects of green crabs on polychaetes and tube building
crustaceans may be mediated through the negative di-
rect effects on Nutricola spp., which negatively affect
these other species. The model is also consistent with
the idea that shorebirds did not have a strong direct
effect on Nutricola spp., although previous work has
shown that shorebirds can substantially reduce clam
abundarice (Ruiz 1987). In this case, the model suggests
that the relative strength of the direct effects of green
crabs may be substantially larger than those of the
shorebirds. Finally, the model is also consistent with
the idea that the direct impact of green crabs on Nu-
tricola spp. does not result in a measurable indirect
impact on shorebird populations. It suggests that al-
though there is a direct impact of crabs on clams, the
direct effect of clams on birds was not significant.

It is important to note that these results elucidate the
relative strengths of indirect and direct pathways, but
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are not a demonstration of the underlying mechanisms.
Instead, this model provides the basis for developing
testable hypotheses, which may be experimentally ver-
ified in the future. The model produces the testable
hypothesis that the impacts of green crabs may be act-
ing both directly on Nutricola and through the negative
impacts of Nutricola spp. on other infaunal species.
This can be experimentally investigated in future stud-
ies.

Environmental forcing

None of the observed changes for bird and inver-
tebrate populations were correlated with changes in
locally measured physical variables. Heavy rainfall,
which is associated with increased sediment loading
and nutrient levels, occurred at BBH during El Nifio
(ENSO) events such as in 1995 (compare with 1982—
1983 El Niiio, Fig. 14). However, we found no asso-
ciation between rainfall measurements between 1989
and 1997 and abundance patterns (Spearman rank cor-
relation, P > 0.15 for Hemigrapsus, P > 0.30 for Nu-
tricola spp., P > 0.60 for shorebirds). Although the
high rainfall in 1995 is coincident with the observed
declines in benthic fauna, densities of most taxa were
also véry low in 1990-1991 (see Figs. 6-8), when rain-
fall was at the lowest level since 1977.

DiscussioN

There is a clear pattern of change in the abundance
of many benthic invertebrate species, especially those
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species that were numerically dominant in BBH, and

our data consistently support the hypothesis that pre-
for many, if no ; ved changes. 1he
mmmmn

crabs on the clams Nutricola tantilla, N. confusa, and
the crab Hemigrapsus oregonensis. T, —10-fo -
Clme“‘”‘wsr__rﬂa_“le_egmﬂﬂmffnmh&mmuis
prfor to the invasion coincide temporally with the in-
vaston and increase of green crabs. Moreover, these
low™Valugs have been sustained for four years since the
green crab invasion, which represents a qualitatively
different dynamic for these populations than had been
observed in the preinvasion time series. In addition,
multiple laboratory and field measurements support the
hypothesis that this relationship between increasing
crab density and decreasing clam density was causal.
Several lines of evidence including gut contents, short-
term feeding experiments, manipulative exclosure/en-
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FiG. 14. Plot of annual rainfall for BBH as measured at
the University of California Bodega Marine Laboratory for
the National Weather Service. Each annual value is the cu-
mulative rainfall for the period from 1 July of the preceding
year to 30 June of that year.

closure experiments, and behavioral observations all
support the hypothesis that green crab predation was
responsible for the harbor-wide changes in abundance.
Although individual pieces of supporting evidence are
by themselves insufficient, for instance enclosure ex-
periments in the field and container experiments in the
lab may magnify predation effects, these results taken
together implicate green crab predation as the causal
factor in the declining abundances.

Diet analyses indicate that three species, Nutricola
tantilla, N. confusa, and Hemigrapsus oregonensis, are
important prey of green crabs in BBH, while laboratory
and field experiments suggest that the invading crabs
at current densities have the potential of causing the
observed magnitude of declines. Our feeding experi-
ments indicate that juvenile green crabs can consume
up to 150 clams per day. Although container experi-
ments may sometimes result in higher rates of preda-
tion, these results suggest that green crabs can poten-
tially consume large numbers of clams. To illustrate,
estimates using very conservative estimates of green
crab abundance (1 crab/10 m?) and consumption rate
of clams (50 clams per crab per day), and a high es-
timate of clam abundance (2000 clams/m?) indicate that
green crabs could consume the entire clam population
in ~400 d. While this calculation involves a number
of assumptions including ignoring crab and clam re-
cruitment and other prey species, it does illustrate the
potential for green crabs to reduce populations of Nu-
tricola spp. to the low levels currently observed. In
addition, green crabs are known to strongly affect bi-
valve populations in their native range (Reise 1977,
1978, Scherer and Reise 1982, Sanchez-Salazar et al.
1987), and. appear to cause substantial declines of bi-
valves and grapsid crabs at invaded sites in both eastern
North America and Australia (Ruiz et al.1997; W. Wal-
ton, personal communication). .

Although the direct effects of green crabs on the prey
species Nutricola spp. and Hemigrapsus oregonensis
appear to be strong, the mechanism(s) responsible for
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increases of other taxa is still unclear. We hypothesize
that these increases represent indirect effects associated
with the green crab invasion. At present, this is sup-
ported only by the temporal association of increasing
green crab abundance, subsequently decreasing prey
abundance, and the increasing abundance of nonprey.
Our data show that tanaids and polychaetes are not
common prey of green crabs in BBH, so direct effects
of green crabs on these species appear improbable. In-
stead, we suggest that removal of Nutricola spp. by
green crabs has allowed the non-prey species to in-
crease, perhaps due to competitive release. From depth-
specific core samples, we know that these species co-
occur near the sediment surface (1-2 cm depth) and
often achieve high densities, such that space compe-
tition may occur (Peterson 1982). No studies have in-
vestigated the mechanisms by which Nutricola may
affect non-prey species, many of which form dense
mats of tubes near the surface, but negative interactions
between mobile infauna and sessile tube builders have
been well documented elsewhere (Rhoads and Young
1970, 1971, Ronan 1975, Woodin 1979, 1981, Brench-
ley 1982). Although these studies identify a variety of
competitive mechanisms, they have demonstrated that
movement and feeding activities of mobile infauna
such as bivalves can negatively affect survivival and
recruitment of sessile tube builders, either through re-
suspension or disturbance of sediments.

We have also observed an increase in algal cover
and the proportion of silt in the surface sediments of
the Gaffney site, where the non-prey species increase
has occurred (G. M. Ruiz and E. D. Grosholz, unpub-
lished data). Although this change may be independent
of green crab effects, we hypothesize that changes in
both algal recruitment and sediment characteristics may
also result from indirect effects of Nutricola spp. An-
other alternative, that increased algae and silt contrib-
uted to the observed declines of green crab prey, appear
least likely. We measured declines of Nutricola spp. at
several sites throughout the harbor (Fig. 9), while in-
creases in algae and silt appeared to be restricted to a
few patches in the lower intertidal areas of some sites.
Furthermore, both species of Nutricola are commonly
found in sediments with high silt content. In addition,
our prior experience suggests that H. oregonensis is
often very abundant in a broad range of sandy and
muddy habitats along western North America, espe-
cially in the presence of algal cover. We view these
alternatives as hypotheses which are not mutually ex-
clusive. We are presently conducting experiments to
test the effects of Nutricola spp. density on the sur-
rounding community in order to determine whether the
hypothesized indirect effects of green crabs are in fact
operating through the direct effects of Nutricola spp.

We cannot identify any environmental change that

can adequately explain the harbor wide decline of Nu-
tricola spp. or Hemigrapsus oregonensis. Beyond the
observed changes in sediment and algal characteristics
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for a few locations at BBH, we are not aware of other
environmental changes that coincide with declines of
these prey species. Although stochastic variation in lar-
val recruitment levels can produce large variation in
adult populations (Underwood and Denley 1984), this
appears unlikely to explain observed changes for mul-
tiple reasons. First, the clams have direct development,
and therefore, lack a planktonic larval stage. Second,
the low abundance for Hemigrapsus is persistent, de-
spite our qualitative observation of abundant postlarval
crabs every spring before and after the green crab in-
vasion.

Our data are sufficient to permit detection of mod-
erate to large changes (see power analysis) in shorebird
abundances, yet shorebird abundances have not
changed since the green crab invasion at BBH. This
contrasts with an earlier study at BBH, where short-
term declines in shorebirds coincided with more rapid
and severe reductions in invertebrate prey than mea-
sured since the green crab invasion (Ruiz 1987). In
1985, larval recruitment for Dungeness crabs (Cancer
magister) was extremely high at BBH and postlarval
crabs were measured in excess of 4,000 crabs per pitfall
trap per day (Everett 1989, Ruiz 1987); in comparison,
we have measured <10/d for green crabs. The numbers
of Dungeness crabs at BBH had returned to more typ-
ical.levels within that year and have remained so ever
since with counts of less than 1 crab per pitfall trap
per day. Following this massive, short-term recruitment
event, the abundances of many invertebrates plum-
meted (e.g., <1 Nutricola per core, see Fig. 6 for com-
parison), and there was a significant decline in shore-
bird. abundances at BBH (Ruiz 1987; G. M. Ruiz, un-
published data). Shorebird declines were attributed to
food limitation, resulting from direct effects of Dun-
geness crab predation on key shorebird prey species,
and especially on Nutricola spp., which dominated the
gut contents of some species such as Dunlin and Willets
(Ruiz 1987, Ruiz et al. 1989).

In the case of the greenicrab invasion, the lack of
response of shorebirds to the substantial declines in
prey may result from any one or a combination of fac-
tors. It is instructive to compare the single trophic level
response as a result of the green crab invasion with the
multitrophic level response of the BBH system as a
result 'of the Dungeness crab recruitment event. The
increasing green crab densities from 1994 to 1996 were
closely linked to declines in both clam and shore crab
populations (Spearman rank correlation, P < 0.0005
for Nutricola spp.; Spearma'n rank correlation, P < 0.01
for Hemigrapsus). However, these declines in inver-
tebrate densities differed from declines resulting from
the Dungeness crab recruitment in two ways, 1) the
declines occurred slowly over a period of two to three
years rather than over two to three months after the
Dungeness crab recruitment, and 2) the declines were
smaller in magnitude (Ruiz 1987). This extended time
scale (years vs. weeks) and lessened magnitude of in-
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vertebrate reductions in the green crab invasion may
have allowed more time for behavioral changes, such
as prey switching or exploitation of novel habitats to
buffer changes in prey abundances. It is also possible
that direct effects of green crabs have not yet crossed
a density threshold necessary to create food limitation
in shorebird populations (Goss-Custard 1981). Alter-
natively, a gradual decline may have allowed sufficient
time for compensatory changes in biomass of inver-
tebrates coincident with reductions of preferred prey
taxa, as suggested by increases in polychaetes and tan-
aids (see Fig. 8). If shorebirds are able to adjust their
diets to incorporate other invertebrates, no overall de-
cline in food abundances may be experienced.

Although shorebird abundance has not declined, we
cannot presently assess the potential indirect effects of
green crabs on shorebird populations over larger tem-
poral or spatial scales. It is difficult to measure the
response of a local perturbation on such vagile species,
which have relatively open local populations that can
move large distances to compensate for local food re-
ductions (Ruiz et al. 1989, Warnock et al. 1995, 1997),
However, as the range of green crabs expands along
the coast of western North America, prey resources
may be reduced over a larger geographic area, thereby
increasing the chances of both local and regional ef-
fects on shorebird populations in winter. Furthermore,
effects of such food limitation may be especially acute
during spring migration, when birds rely on readily
accessible food resources for rapid energy gain to fuel
northward migration and breeding (Warnock and Bish-
op 1998). However, these effects remain to be tested.

To date, only a handful of studies have measured the
impacts of introduced species on coastal food webs on
even a single trophic level, and most of these have been
in estuarine rather than marine systems (e.g., Race
1982, Brenchley and Carlton 1983, Allmon and Sebens
1988, Posey 1988, Posey et al. 1993, see Ruiz et al.
1997 for review). Impacts at multiple trophic levels
have been demonstrated for at least one estuarine spe-
cies, the Asian clam Potamocorbula amurensis, in the
San Francisco Bay. Several studies have shown that
reduced phytoplankton production resulting from the
filtering activities of high density clams has resulted
in reduced copepod abundances with negative conse-
quences inferred for fish predators (Alpine and Cloern
1992, Kimmerer et al. 1994, Cloern 1996). Our data
examine the impacts of an exotic marine species on
multiple trophic levels, thus providing the only data
presently available to test predictions in a fully marine
(vs. estuarine) system.

The time-scale of these changes in the densities of
invertebrates in our study is consistent with changes
resulting from experimental perturbations with native
species on rocky shores (Menge 1997). The direct ef-
fects of green crab predanan_thauamlmd.m.mmd._de-
clines of invertebratgs such as Nytricola tantilla, Nu-

tricola confusa, and Hemigrapsus oregonensis, and
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presumed to be responsible for declines in other taxa
such as gammaridean amphipods, all occurred within
two years of the establishment of adult green crabs in
1994 (first juvenile recruits in 1993). Similarly on
rocky shores, most if not all direct effects of experi-
mental perturbations including predator introductions
occurred within two years (Menge 1997). Increases in
tanaids and polychaetes, which we hypothesize to be
the results of the indirect effects of green crab preda-
tion, also occurred within two years of the establish-
ment of the green crab population. This is also con-
sistent with the results from rocky shores where the
indirect effects of experimental perturbations also oc-
curred within two years of the manipulation (Menge
1997). A comparison of our results, in which both di-
rect and possible indirect effects of green crab preda-
tion have occurred within two years of the green crab
perturbation or introduction, with the one to two year
response time for direct and indirect effects in rocky
shores systems, suggests that the rapid recruitment and
life history characteristics of intertidal invertebrates,
rather than some physical feature of rocky shores, are
largely responsible for the speed and concurrence of
direct and indirect effects in these habitats. This is also
consistent with broader emerging empirical findings
that direct and indirect effects generally occur in ap-
proximately the same period of time (Schoener 1993,
Menge 1997, Strong 1997).

In conclusion, our findings contribute to the debate
surrounding the generality of multitrophic level chang-
es in natural systems. Predictions about the response
of food webs to novel species yield conflicting answers.
Current views suggest that aquatic systems frequently
display multitrophic-level responses to novel species,
and that terrestrial systems rarely do so (Carpenter and
Kitchell 1988, 1993, Power 1990, 1992, Polis and Hurd
1996, Polis and Strong 1996). At BBH, however, we
have documented that the introduction of a novel pred-
ator, the green crab, produced changes at only lower
trophic levels. Multitrophic-level responses in complex
and reticulate food webs such as the BBH system are
apparently rare, and have been documented only in
response to extreme predation associated with the Dun-
geness crab recruitment event (Ruiz 1987). Therefore,
we conclude that multitrophic level changes are ap-
parently not a universal response of diverse marine
food webs to introduced predators.
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