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Abstract

The strengths of biological processes (e.g., larval settlement, competition, predation, distribution
of food resources) and physical factors (e.g., desiccation, freezing, salinity fluctuations) can be
correlated with tidal height and may contribute to the vertical zonation of many rocky intertidal
organisms. Habitat structural complexity has also been shown to influence the density and
diversity of marine organisms and could contribute to vertical zonation where the level of
complexity varies significantly with tidal height. To test the hypothesis that vertical zonation of
brachyuran crabs was related to structural complexity, shelter was experimentally manipulated at 2
heights at a rocky intertidal site in Tanabe Bay, Japan. The densities of four brachyuran species,
varying in size and life history type, were compared before and after the manipulation. Removal of
shelter negatively affected all species, regardless of tidal height. Doubling shelter positively
affected Hemigrapsus sanguineus de Haan and Leptodius exaratus Milne Edwards, especially at
the tidal heights where they were initially more abundant. Two smaller, more opportunistic
species, Gaetice depressus de Haan and Acmaeopleura parvula Stimpson, did not react positively
to shelter increases and each showed unique responses to the experimental manipulations.
Differences in the amount of structural complexity in the upper and lower intertidal may be
responsible for conflicting literature reports of the vertical distribution of Hemigrapsus sanguineus.
Information gathered about the habitat requirements of this invasive grapsid crab will be useful for
monitoring its impact and spread along the eastern coast of the United States.  2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

For decades, patterns of zonation in rocky intertidal areas have been a subject of
interest to marine ecologists (Coleman, 1933; Doty, 1946; Stephenson and Stephenson,
1961; Kensler, 1967; Connell, 1972; Paine, 1977; Grosberg, 1982; Underwood and
Denley, 1984). This body of work identifies a number of processes (e.g., predation,
competition, larval settlement, food availability, wave stress, desiccation) that vary with
tidal height and contribute to observed patterns of distribution. Differences in structural
complexity at different tidal heights have not often been invoked as a driving force
behind intertidal zonation. For organisms in rocky intertidal habitats, structural complex-
ity may significantly co-vary with other demonstrated causes of zonation and may be the
best predictor of distributions during low tide for certain species.

The degree of habitat complexity may influence availability of suitable shelter,
affecting the survival and/or fitness of intertidal organisms in several ways. First, shelter
may reduce physiological stress (e.g., heat, desiccation, freezing, osmotic fluctuations,
etc.; reviewed by Newell, 1970; Connell, 1972; Peterson, 1991). Second, animals
without appropriate shelter are probably more vulnerable to terrestrial and avian
predators during low tide and to fish and invertebrate marine predators during high tide
(Klein-Breteler, 1976; Peterson, 1991; Moksnes et al., 1998). Third, highly complex
habitats may enable some mobile species to forage independently of predators, whereas
organisms with limited shelter may face risks of predation that force them to curtail their
foraging activities (Sih, 1987; Holbrook and Schmitt, 1988). In addition to differences in
availability of shelter, complex habitats may provide a greater quantity and/or variety of
food relative to structurally simple habitats; crevices and depressions associated with
complex habitats accumulate organic detritus (Newell, 1970; Connell, 1972; Reise,
1985) and the relatively great surface area of complex habitats potentially increases
available space for prey items. Competitive interactions could also be significant among
co-occurring species, affecting their densities and distributions. For example, competi-
tively inferior individuals may not necessarily reside in their preferred habitats, but may
be relegated to more marginal habitats by competitive dominants. Since structurally
complex habitats are potentially important to fitness, certain species may compete for
them.

The upper and lower distributional limits of a species are not absolute. Conflicting
literature reports of vertical distribution can, however, lead to confusion regarding the
ecological requirements and tolerances of a species. One such example is the Asian
shore crab, Hemigrapsus sanguineus de Haan, that has been characterized as a high
intertidal crab in some studies (Kikuchi et al., 1981; Takada and Kikuchi, 1991; Lafferty
and Kuris, 1996; McDermott, 1998a,b) and as a low or mid-intertidal crab in others
(Depledge, 1984; Lohrer and Whitlatch, 1997; Saigusa and Kawagoye, 1997). Our
recent sampling in the U.S. and Japan indicates that H. sanguineus is not restricted to a
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specific tidal height. There has been interest in identifying specific habitat requirements
of H. sanguineus because, while this species is indigenous to Japan and other western
Pacific regions (Sakai, 1976), it has recently invaded the east coast of the United States
(McDermott, 1998b). It was first found in southern New Jersey in 1988 (Williams and
McDermott, 1990) and has rapidly spread north and south in the last 10 years (Grosholz,
1996; J. Carlton, personal communication). H. sanguineus is now frequently the most
abundant crab in rocky intertidal habitats throughout southern New England and it
consumes a wide variety of resident species (Lohrer and Whitlatch, 1997). Because H.
sanguineus has the potential to affect populations of species in various trophic levels
(e.g., macroalgae, grazers, filter-feeders, and carnivores), a better understanding of its
distribution is critical to predict its effects on invaded communities. Some investigators
(e.g., McDermott, 1992; Lafferty and Kuris, 1996) have suggested H. sanguineus will
have minimal impact along the U.S. coastline as a result of its ‘‘upper intertidal’’
distribution. Our findings in southern New England do not support this prediction. It
seems premature to speculate on the degree to which H. sanguineus will alter New
England’s intertidal flora and fauna (Lohrer and Whitlatch, 1997). Surprisingly little
ecological information is available on H. sanguineus in its native range (Kikuchi et al.,
1981) and none of it has been experimental.

Conflicting reports of the vertical zonation of H. sanguineus are possibly due to the
limited role of tidal height per se in controlling the distribution of this species; the
distribution of available shelter in intertidal habitats probably affects the distribution of
H. sanguineus to a greater degree. Here, we test this hypothesis experimentally by
manipulating structural complexity at two tidal heights and observing the response of
crabs to increases and decreases in shelter over a 2-week period. While the focus of the
experiment was principally directed at H. sanguineus, data were also collected on three
other co-occurring crabs in order to test the generality of the hypothesis. Different sizes
and life history strategies among the four species aid in assessing the role of habitat
structural complexity in altering the density and distribution of crabs inhabiting rocky
intertidal shorelines.

2. Methods

The study was conducted in Tanabe Bay, Japan (33.58 N, 1358 W), located near
Kyoto University’s Seto Marine Biological Laboratory. Hemigrapsus sanguineus, as
well as a number of other brachyuran and anomuran crab species, inhabit intertidal
cobble and boulder habitats throughout this region (e.g., Fukui and Wada, 1983; Fukui,
1988). A representative field site was selected on the basis of (1) a suitable abundance of
H. sanguineus, (2) a similar distribution of stones along a horizontal distance of 25–30
m at a given tidal height, and (3) a relatively low level of human disturbance. Sampling
was conducted in April 1998, when water temperatures averaged 17–208C.

Endpoints for two permanent transects at the site were marked on large boulders.
Transects were 21 m long, running parallel to the shore at two different tidal heights

2( 1 55 and 1 86 cm MLW, transects 12.5 m apart, tidal range 1.4 m). Quadrats (1 m )
along the transect line (1 to 21) were randomly assigned to one of three treatment types:
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TO (zero stone density; no stones in the quadrat following the manipulation), T1 (normal
stone density; natural density of stones following the manipulation), and T2 (double
stone density; twice the ambient density of stones in the quadrat following the
manipulation). This design provided seven replicates for each treatment type at two tidal
heights. Quadrats were placed on alternating sides of the transect lines to minimize
potential edge effects and sampling disturbance. Before each quadrat was sampled, data
were collected on (1) percent cover of four stone size categories (rocks, small cobbles,
large cobbles, and boulders (see Table 1)), (2) base sediment type (e.g., solid rock, sand,
mud, etc.), and (3) the amount of burial of stones in sediment (none, low, moderate,
high). These data allowed quantification of shelter availability.

Once stone cover data were taken, stones were removed individually in order to
capture all crabs. In the case of the T0 quadrats, stones were removed and placed into a
large tub. Following sampling, these stones were not returned to quadrats from which
they were taken. After a T2 quadrat was sampled, the stones taken from it were returned,
and stones from a T0 quadrat were also added. T1 quadrats were sampled, and stones
were returned to them. All 42 quadrats were sampled twice, once initially (before shelter
manipulation) and again 2 weeks after the manipulation. T1 quadrats served as controls
for effects of sampling disturbance since they were initially sampled without subsequent
manipulation of stone density. All brachyuran crabs within each quadrat were collected
and placed into separate buckets containing a small amount of seawater. Crabs were
identified, sexed, measured, and general condition was noted (e.g., gravid, parasitized,
missing chelae, post-molt). Crabs were returned to the same quadrat from which they
were taken. Mortality of crabs as a result of handling was very low ( , 1%). Because the
study was conducted prior to seasonal settlement from the plankton, the experiment
allowed us to assess the effects of shelter availability on adult crab habitat selection
independent of possible effects on crab recruitment. The duration of the study was
chosen because the experimental area would have been difficult to maintain for . 2
weeks due to human disturbance (foraging for macroalgae and invertebrates). Sampling
methods were identical in the initial and final surveys.

2.1. Statistical analysis

Because of the specific objectives of the study, only crabs exceeding a minimum size
were analyzed (based on determinations of Fukui, 1988). Abundance of crabs differed
by tidal height and coverage of stones differed by tidal height (see Results). To explore

Table 1
Descriptive statistics of stone size groupings at the experimental site. Stones were categorized before
measurement (n 5 25 per category), and circumference was measured (along longest axis) to the nearest
centimeter. Note overlap between the maximum and minimum sizes in some successive categories

Stone size category Mean61 S.E. Minimum Maximum

Rocks 17.360.8 11 25
Small cobbles 42.362.3 20 63
Large cobbles 100.662.6 83 124
Boulders 156.062.7 126 172
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the relationship between % cover of loose stones and crab density, each transect was
considered separately and regression analyses were performed for the four crab species.
No relationship between crab density and quadrat number (1–21) existed for any species
and random placement of quadrats along the transect line assured that data were
independent. Residuals were examined to test assumptions of normality and homo-
geneity of variance. Percent cover of stones in distinct size categories (i.e., small-sized
stones and large-sized stones, as opposed to total stones) was used to discern whether the
four crab species were associated with particular stone sizes.

For each crab species, densities were analyzed at the end of the experiment (by
ANOVA) to examine effects of the three levels of habitat complexity. It is possible that
final densities were affected not only by tidal height and shelter level (explicitly tested in
the experiment), but also by initial crab densities which naturally varied among quadrats.
Therefore, in addition to final densities, changes in crab density (density 2thi quadrat,final

density ) were analyzed for each crab species to determine effects of thethi quadrat,initial
22manipulation during the 2-week experiment. A final density of 0 crabs m (e.g., when

shelter was removed) could have reflected a significant drop in density, or could have
reflected no change whatsoever (if initial density was also 0). This case (and its
reciprocal: the same change in density can occur with widely differing final densities)
demonstrates why both types of analysis were necessary. While ANOVA seemed
appropriate for a factorial experiment (orthogonal; r 5 2, k 5 3, n 5 7), there were
serious problems of heteroscedasticity and non-normality that could not be rectified
using transformations (principally from count data with many zeros). However, analysis
of variance techniques are fairly robust to departures from assumptions in relatively
large, balanced experiments such as this (Underwood, 1997), and abandoning the
procedure (i.e., for non-parametric alternatives such as Kruskal–Wallis tests) would not
have increased our ability to interpret the data (Day and Quinn, 1989). Proceeding with
caution, 2-factor ANOVAs were used to detect simultaneous effects of tidal height and
treatment type (both fixed factors). Post-hoc comparisons were conducted using Tukey
HSD tests (Zar, 1984).

3. Results

3.1. Transect description

Coverage of small stones (i.e., rocks 1 small cobbles), large stones (i.e., large
cobbles 1 boulders), and total stones was significantly greater along the upper transect
(Fig. 1). Sand was the dominant substrate type beneath stones along the upper transect,
while the lower transect had stones sparsely distributed above a solid rock base. Even
though sand accumulated along the upper transect, stones were found piled atop each
other, and burial of stones was minimal. The solid rock substrate in the lower intertidal
had numerous small holes and crevices, and no sand or mud was present. There were no
canopy-forming macroalgal species present in either the upper or lower intertidal zone.
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Fig. 1. Mean % coverage ( 1 1 S.E.) per quadrat for four individual stone categories at two different tidal
heights at the sampling site. Statistical significance is based on unpaired t-tests after data (x) were transformed

]]
to all alleviate problems of heterogeneous variance (arcsin (x /100)) (Underwood, 1997).œ

3.2. Initial abundance and size of crabs along upper and lower transects

Nine brachyuran and at least two anomuran species were found during the experiment.
Data are only presented for the four most common brachyuran crabs: Gaetice depressus
de Haan (Grapsidae), Hemigrapsus sanguineus de Haan (Grapsidae), Leptodius exaratus
Milne Edwards (Xanthidae), and Acmaeopleura parvula Stimpson (Grapsidae) (Sakai,
1976). These four species (listed in decreasing order of abundance) represented roughly
90–95% of the brachyuran individuals at the study site (n . 1500).

G. depressus was the most abundant of the four common species and its density did
not differ between transects in the initial survey (Table 2). The other three crabs showed
significant density differences between tidal heights at this study site; H. sanguineus and
A. parvula were more abundant along the upper transect, whereas L. exaratus was more
abundant in the lower intertidal.

H. sanguineus and G. depressus were significantly larger in the lower intertidal (Table
2). H. sanguineus recruits ( , 8 mm CW) were found only in the upper transect, but size
and density differences between the two transects were significant even when crabs , 8
mm CW were excluded from the analyses. Size comparisons between transects were not
made for L. exaratus and A. parvula because of absence / rarity of these species at one of
the tidal heights. Generally, H. sanguineus and L. exaratus reach similar maximum
sizes, followed by G. depressus and A. parvula (the smallest of the four common
species) (Table 2; Sakai, 1976; Fukui, 1988).
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Table 2
aDensity and size of the four most abundant species at the study site during the initial sampling

Crab species Density split by tidal height Size split by tidal height

Mean61 S.E. Significance Mean61 S.E. (Max.) Significance
22(crabs m ) (CW mm)

Hemigrapsus Upper 4.760.5 ** Upper 15.260.5 (31.5) P,0.0001
sanguineus Lower 1.160.3 P,0.0001 Lower 26.161.3 (37.5) **

Acmaeopleura Upper 4.361.2 ** Upper 6.660.2 (10.4) NA
parvula Lower 0.060.0 P,0.0004 Lower

Gaetice Upper 11.061.5 Upper 11.560.2 (20.6) P,0.0001
depressus Lower 8.261.3 P50.1748 Lower 14.260.2 (23.9) **

Leptodius Upper 0.260.1 P,0.0001 Upper 20.663.4 (29.6)
exaratus Lower 4.560.6 ** Lower 26.760.5 (38.9) NA

a Following 2-factor ANOVAs on crab densities (treatment effects and interaction terms were insignificant
´for all species), post-hoc tests (Scheffe) were performed to assess differences with respect to tidal height. Crab

sizes were analyzed by comparing distribution shapes (Kolmogorov–Smirnov tests). Sizes of A. parvula and L.
exaratus were not analyzed (NA) because of low numbers at one of the tidal heights.

3.3. Relationship between stone cover and crab density prior to shelter manipulation

Only two species (H. sanguineus and L. exaratus) exhibited significant relationships
between % cover of total stones (i.e., coverage of all loose stones regardless of size) and
crab density (Fig. 2). Further, those relationships were only significant along transects
where these species were most abundant (upper transect for H. sanguineus; lower
transect for L. exaratus; Fig. 2). Small stone-size categories were not good indicators of
crab density; percent cover of small-sized stones (rocks 1 small cobbles) showed no
relationship to crab density for any of the four species (P . 0.1), with the exception of
G. depressus in the lower intertidal (P 5 0.0106). However, % cover of large-sized
stones (large cobbles 1 boulders) was correlated with density of both H. sanguineus and
L. exaratus at both tidal heights (P , 0.03 in all cases). Stone size may have had some
effect on crab size, as large-sized H. sanguineus were mostly found under large stones.
However, data to objectively test for such a relationship were not available since crab
sizes were not collected in conjunction with individual stones.

3.4. Response of crabs to shelter manipulation: initial versus final surveys

Prior to the manipulation of shelter, none of the crabs showed density differences with
respect to pre-assigned treatment type along either transect (2-way ANOVA, P . 0.05
for treatment and treatment 3 tidal height interaction in all cases). After shelter
manipulation, all the species except A. parvula showed significant differences among the
three treatments (Fig. 3). H. sanguineus, L. exaratus, and A. parvula were absent in T0
quadrats along both upper and lower transects, and G. depressus was absent from lower
transect T0 quadrats following shelter removal. While all four species responded
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Fig. 2. Relationships between the percent cover of total stones (rocks1small cobbles1large cobbles1boulders) and crab density for 4 brachyuran species:
Hemigrapsus sanguineus, Leptodius exaratus, Acmaeopleura parvula, and Gaetice depressus. Data were split by transect ((j)5upper transect, (s)5lower transect)
and only lines with slopes significantly different from 0 (at a 50.05) were drawn.
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22Fig. 3. Final densities of four crab species (mean m 61 S.E.) after shelter manipulation in the three
treatment types (i.e., T0, T1, and T2 quadrats). (j) upper transect, (s) lower transect. Abbreviated ANOVA
results are given in each panel (TRT5treatment, TH5tidal height, and INT5treatment3tidal height
interaction). Means sharing at least one letter (a, b, c) were not significantly different (Tukey tests, P.0.05).

similarly (negatively) to decreased shelter availability, responses to the other treatment
types varied among species.

Final densities of H. sanguineus ( . 8 mm CW) were greatest where shelter was
doubled and smallest where shelter was removed, though these differences were only
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significant in the upper transect for this species (Fig. 3). A. parvula, in contrast, had
small final densities and showed no density differences among treatments or between
tidal heights; it was absent from all except upper transect T2 quadrats in the final survey
(Fig. 3). G. depressus was abundant in T1 and T2 quadrats at both tidal heights (Fig. 3),
but increased shelter did not appear to affect G. depressus density relative to controls
(T2 vs. T1, Tukey tests, P . 0.05 in both transects). L. exaratus showed a response

Fig. 4. Mean change in crab density (density 2density )61 S.E., for each species. Seeth thi quadrat,final i quadrat,initial

previous figure legend.
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similar to that of H. sanguineus. However, while H. sanguineus showed the greatest
density differences among treatments in the upper transect, L. exaratus did so along the
lower transect (Fig. 3).

3.5. Magnitude of change in crab density

Analyses of the change in crab density reconfirmed similarities between H. san-
guineus and L. exaratus, while indicating distinct response patterns for both A. parvula
and G. depressus (Fig. 4). Responses of 3 of the 4 species to shelter manipulation were
dependent on the tidal height at which the manipulation occurred (treatment 3 tidal
height interaction, P , 0.05). Generally, at tidal heights where initial densities were
small, the responses to the shelter manipulation were less pronounced (densities below
zero are impossible, so declines in the T0 treatment were constrained by initial density).
After doubling shelter in the upper transect, density of H. sanguineus increased over
4-fold. A 50% increase in H. sanguineus density also occurred in lower transect T2
quadrats, but the trend was not statistically significant (Fig. 4). H. sanguineus densities
did not differ in control quadrats (T1 treatment) between initial and final samplings at
either tidal height (paired t-tests, P . 0.1 in both cases). The same general pattern was
exhibited by L. exaratus as well, but opposite to that of H. sanguineus, the magnitude of
change for L. exaratus was greatest in the lower transect. For A. parvula, no treatment,
even doubling available shelter, enhanced its density. The mean change in density of this
species was negative or zero in all cases. G. depressus density increased in the T2
treatment, but increases in controls (T1 treatment) were comparable in magnitude (Fig.
4). Unlike the other three species, responses of G. depressus were similar along the
upper and lower transects (i.e., no treatment 3 tidal height interaction, P 5 0.8090).

3.6. Effect of shelter manipulation on crab sizes

There was no obvious effect of shelter manipulation on the size distribution or mean
size of any of the four species analyzed (Kolmogorov–Smirnov tests, P . 0.05).
Comparisons before and after the manipulation revealed no perceptible size shift, even
when limited to a single treatment type along a single transect (e.g., double-density
quadrats in the upper intertidal). H. sanguineus and G. depressus, which showed
significant differences in size between transects prior to shelter manipulation, showed the
same patterns in the final census.

4. Discussion

Zonation in the rocky intertidal results from a complexity of processes that can vary
with tidal height, namely (1) larval settlement patterns, (2) survival under potentially
extreme conditions (e.g., temperature fluctuation, water loss, salinity imbalance, wave
stress, ultraviolet light, interruption of feeding), and (3) biotic interactions (e.g.,
predation, competition, parasitism, food limitation)(reviewed by Newell, 1970; Connell,
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1972; Underwood and Denley, 1984; and Peterson, 1991). For intertidal crabs, habitat
complexity that enhances appropriate shelter resources may mediate some or all of the
above. Though shelter may be crucial for larval settlement and survival of early instars
(Moksnes et al., 1998), shelter limitation is not restricted to these ontogenetic stages
(Beck, 1995). Mobility may enable larger crabs to actively associate with structurally
complex areas, making habitat complexity a valuable predictor of their density during
low tide. Densities of relatively large crabs were affected by the manipulation of
structural complexity in the 2-week duration of this study. The asymmetrical results
exhibited by the four crab species may have converged given a longer experimental
duration and additional recruitment from the plankton. Regardless, the experiment still
identified a potentially important habitat requirement of large individuals in these four
species of crabs.

The mechanisms responsible for changes in the density of crabs were not tested
explicitly in the present study, but manipulations of stone density (a measure of
complexity) were assumed to change the availability of appropriate shelter. Changes in
shelter resources may co-vary with changes in food availability; higher stone densities
likely result in more numerous and/or diverse prey. It should be noted, however, that all
sampling was conducted during spring low tides in the middle of the day. Intertidal crabs
are generally inactive under these conditions (e.g., Lindberg, 1980; Willason, 1981;
Batie, 1983; Depledge, 1984; Saigusa and Kawagoye, 1997). The four crab species
discussed here likely remain under stones during day-time low tides seeking shelter
(from thermal stress, desiccation, predation, etc.) rather than for an increased chance of
finding food.

After all potential shelter was removed, crabs of the four species examined were either
absent (Hemigrapsus sanguineus, Acmaeopleura parvula, Leptodius exaratus) or had
significantly declined (Gaetice depressus). The effects of this treatment were similar at
both tidal heights. The lack of stones clearly contributed to reduced abundances even for
the species that occasionally excavate and/or utilize cavities in the base substrate (A.
parvula, L. exaratus, G. depressus). Thus, removing shelter had a similar, negative effect
on all four species, and the absence of shelter at specific tidal heights could potentially
alter the vertical distribution of these intertidal crabs at certain sites.

4.1. Species similarities and differences: some possible explanations

While A. parvula was found only in the upper transect, an area of greater habitat
complexity, it showed no relationship to the percent coverage of stones (of any size)
within that transect. The effect of sampling disturbance obscured the effects of shelter
manipulation for this species; A. parvula responded negatively (decreased densities) to
the manipulation, regardless of treatment type. The relatively limited mobility of A.
parvula (Tanaka et al., 1981) may partly explain these findings.

In the lower intertidal, L. exaratus was associated with relatively great densities of
loose stones (particularly large-sized stones), and this species responded to the addition
of shelter with increases in density. However, if shelter availability were the only
predictor of L. exaratus intertidal distribution, the species would have been most
abundant in the upper intertidal where significantly more structural complexity naturally
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occurred. Other factors that vary with tidal height (e.g., desiccation, food availability,
competition from higher intertidal crabs) must also play a role in governing its intertidal
distribution.

G. depressus, distinct from the other three species, exhibited similar densities at the
two tidal heights studied. Furthermore, G. depressus density was not well correlated
with stone coverages within either transect. Doubling of ambient stone abundances
positively affected G. depressus density in both transects, but neither density increases
nor final densities rose above corresponding measurements in control plots. G. depressus
is quite capable of moving distances beyond the scale of the experiment (Tanaka et al.,
1981), so an explanation other than mobility is necessary. It is possible that the shelter
addition did not enhance the specific characteristics and dimensions of shelter that G.
depressus requires. More likely, increases in density were prevented by elevated
densities of larger, more dominant crab competitors in each transect (e.g., H. sanguineus
in the upper transect, L. exaratus in the lower transect). G. depressus can be very
abundant, but is generally smaller in size, softer-shelled, and more opportunistic than H.
sanguineus (Fukui, 1988).

4.2. Habitat requirements of Hemigrapsus sanguineus

At the study site in Tanabe Bay, H. sanguineus showed an association with areas of
greater habitat complexity in the intertidal zone even before the manipulation of stones.
H. sanguineus density was greater along the upper transect, where loose stones of all
sizes were more abundant. Additionally, positive relationships between cover of stones
and H. sanguineus density were evident along both transects. Quadrats with . 60%
cover of total stones appeared to support greater densities of H. sanguineus than
quadrats with , 60% cover, regardless of tidal height (Fig. 2). Experimental manipula-
tion revealed that H. sanguineus was affected positively by the addition of shelter,
especially in areas where this species was numerous (e.g., upper intertidal). The total
number of crabs collected at each tidal height did not significantly change during the
experiment (paired t-tests, P . 0.1). Therefore, while H. sanguineus shifted among plots
at one tidal height, the manipulations apparently did not attract crabs in from another
tidal height, nor cause outright mortality. Movement of crabs, duration of the experiment
and scale of the manipulation may all have contributed to this finding. While the spatial
and temporal extent of this study was limited, sampling at multiple sites in both Tanabe
Bay and Long Island Sound (USA, 418N, 73–71.58W) supported findings here (Lohrer
et al., in review).

In conclusion, availability of shelter and factor(s) correlated with tidal height
influenced the density of H. sanguineus. The presence of stones was, however,
undeniably required and large stones were most important to H. sanguineus at this
sampling site. In other reports, increased abundances of juvenile and adult H. sanguineus
also seem to be associated with the presence of large cobbles and boulders relative to
areas that lack these stone sizes (Kikuchi et al., 1981; Fukui and Wada, 1983; Takahashi
et al., 1985; Fukui, 1988; personal observations in the U.S. and Japan). Discrepancies in
the literature about H. sanguineus should not generate a controversy; this may be
explained by among-site differences in the distribution of suitable shelter. Thus,
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structural complexity may be more useful than tidal height for characterizing patterns of
distribution and abundance of H. sanguineus and other intertidal crabs. We predict that
H. sanguineus will flourish as it continues its invasive spread northward along the
eastern North American coast where rocky shores are common. Its southern spread and
impact may, however, be limited by the relative lack of structurally complex rocky
intertidal sites along the mid-Atlantic and southeastern coasts of the U.S.
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