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ABSTRACT: Ghost crabs are important sandy beach dwellers whose bioindicator potential
depends on a broader understanding of the relationship between environmental and biological
parameters. We analyzed variations in ghost crab populations both directly (abundance, size, and
sex ratio) and indirectly (burrow occupation rate and size differences between crabs and burrows)
in relation to their across-shore distribution and their relationship with beach features. Nine pris-
tine areas with distinct morphodynamics and wave exposure levels were sampled quarterly over
1 yr. Across-shore variability was recorded with larger crab sizes, lower occupation rates, and pro-
portionally more females landwards. Storm surge period was a determining factor with respect to
ghost crab populations, causing individuals to contract their distribution landwards and increases
in burrow occupation rate and mean crab size estimates. Beach features influenced population
parameters, with crab density and mean size tending to increase towards smaller grain sizes and
with steeper slopes in the crab’s range of occurrence favoring crab abundance. Burrow occupation
rate differed according to slope and crab density. Our results revealed an intrinsic variability of
ghost crab populations over time and among and within beaches that may be a source of bias in
environmental studies. Therefore, these phenomena should be considered in the design of moni-
toring strategies and impact assessment protocols. This study also emphasizes the need for a
cautionary approach in data interpretation of crab number and size based on burrow estimates.
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INTRODUCTION

Pattern recognition is central to ecology as the repe-
tition of events allows scientists to make important
predictions in time and space (MacArthur 1972). In
sandy beach ecology, beach morphodynamics is an
essential element driving such patterns. According to
the habitat harshness hypothesis, intertidal biota ben-
efits from gentler slopes and finer sand grains due to
greater water retention and larger amounts of organic
matter. Consequently, higher species richness, diver-
sity, and biomass are observed towards dissipative
conditions (Celentano & Defeo 2006, Delgado & Defeo
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2007). Backshore individuals, in contrast, have an op-
posite trend because steeper slopes and less compact,
coarser sediment on reflective beaches would offer
shelter for organisms, mainly burrowing crustaceans
that are not directly exposed to wave action, as pro-
posed by the hypothesis of habitat safety (Defeo &
Martinez 2003, Defeo & Gémez 2005). However,
knowledge of supralittoral species biology is scarcer
compared to that of intertidal organisms. Many im-
portant anthropogenic stressors on sandy beaches are
concentrated in this area, especially due to its recre-
ational use as well as to vegetation removal, shore ar-
moring, bulldozing and nourishment, mechanical
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cleaning, and excessive trampling (Brown & McLach-
lan 2002, Defeo et al. 2009). Further knowledge on the
effect of such activities on supralittoral organisms is
required to allow impact assessment and proper man-
agement of human activities on sandy beaches.

This also applies to the ecology of one of the most
conspicuous organisms on sandy beach backshores
around the globe, the ghost crab, a common name
given to individuals belonging to species of the sub-
family Ocypodinae, type genus Ocypode. These indi-
viduals build and maintain burrows across sandy
beaches in the tropics and subtropics around the
world (Sakai & Ttirkay 2013). Ecological research on
Ocypode has increased since the late 1980s, and from
then on several investigations on the distribution pat-
tern of the different species have been carried out.
Quijon et al. (2001), for example, did not find a direct
relationship between beach morphodynamics and
density of Ocypode gaudichaudii; Lucrezi (2015)
recorded higher densities on more dissipative bea-
ches, considering the burrows of 3 different species
combined (O. ceratophthalma, O. madagascariensis,
and O. ryderii); Turra et al. (2005) observed lower
densities of O. quadrata associated with very fine
and poorly to moderately sorted grains in low-energy
tide-dominated beaches. Despite these records, the
relationship between abundance and basic environ-
mental parameters, such as grain size, well known
for small-sized beach crustaceans, has not been widely
recognized for Ocypode species (Defeo & Martinez
2003, Celentano & Defeo 2006, Defeo & McLachlan
2011). This has hindered predictions of abundance
and size based on beach features, and complicated
impact assessment and monitoring programs.

The lack of patterns recognized for these species
may have several explanations. First, their inter-
actions with the environment, including resistance to
desiccation, might be very different from those of
intertidal species as well as from those of smaller
semi-terrestrial crustaceans. Second, variations in
some population aspects between beaches may be
due to greater anthropogenic impacts in the back-
shore than in the intertidal, rather than due to natural
sandy beach features, blurring eventual patterns.
Finally, difficulties in directly assessing individuals
due to their burrowing behavior may also be a source
of bias. The majority of studies on ghost crabs have
compared populations from different periods or areas
using indirect measures, i.e. burrow number or size.
Therefore, to some extent, the lack of patterns may
derive from differences in the relationship between
these 2 distinct study subjects: burrows and individu-
als. In spite of that, the use of indirect measures is

actually one of the greatest advantages in using
these species as an environmental indicator because
assessing burrows is easier, faster, and less disrup-
tive than directly assessing individuals (Barros 2001,
Neves & Bemvenuti 2006, Schlacher et al. 2016).

The occupation rate of these burrows (or, in other
words, how indirect and direct measures relate to each
other) has only been assessed recently (Pombo & Turra
2013, Silva & Calado 2013). The method of counting
burrows considering occupation signs (Wolcott 1978),
broadly used to guide the decision of whether burrows
should be considered in ghost crab assessments, has
proved to be prone to relevant biases, especially
regarding comparisons among areas (Pombo & Turra
2013). Many studies of the effects of anthropogenic
activities on ghost crab populations have been carried
out recently using burrow counts (Barros 2001, Neves
& Bemvenuti 2006, Hobbs et al. 2008, Jonah et al.
2015); therefore, understanding the potential diver-
gence between conclusions derived from data on indi-
viduals and burrows, including responses to natural
environmental features, becomes essential.

Ocypode quadrata is the only ghost crab species
that occurs throughout the Atlantic coast of the Amer-
icas, inhabiting several beach types. Here, we se-
lected 9 different pristine beaches, sampled on 4
dates over 1 yr, so as to take account of the variability
of natural environmental factors. Basic population
parameters, namely abundance, size, and sex ratio,
were directly assessed by collecting crabs. Because
one of our underlying objectives was to analyze how
information obtained through individuals and bur-
rows differed from each other, we assessed both oc-
cupation rate of burrows and estimates of individual
size based on burrows. Thus, the first general objec-
tive was to analyze how these variables were distrib-
uted across the shore, considering the different
beaches and dates sampled; the second general ob-
jective was to assess the relationships between popu-
lation parameters, measured using direct and indirect
methods, and physical beach features. Our results led
to a broad understanding of the spatial distribution of
O. quadrata and highlighted the difference in pat-
terns revealed by burrows and by individuals.

MATERIALS AND METHODS
Study areas
Nine pristine, low-use beaches were chosen to sin-

gle out the influence of natural factors on the popula-
tion parameters assessed. These beaches were dis-
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tributed along the Sao Paulo coast,
southeastern Brazil (24°30' 60" S, 47° 10’

40"W and 23°21'15"S, 44°55'60"W), -
comprising approximately 350 km of s
coastline with a great variety of sandy
beach types. Beaches were also selected

Justa (I+)
Felix (I+++)

to ensure a wide gradient of abiotic fac-
tors concerning morphodynamics and
degree of exposure to waves in a bal-
anced design (Fig. 1). To support our ;.|
choices of study sites, we referred to a
previous geological study on morpho-
dynamic characterization of local bea-
ches (Rocha 2008), while visual field as-
sessments and satellite images were
used for a preliminary beach exposure
assessment. For organization purposes,  25°

the study beaches were categorized by
morphodynamic states (dissipative [D],
intermediate [I], and reflective [R]) and
by degree of exposure within each
group (low [+], intermediate [++], high
[+++]), as follows: Costa (D+), Arpoador
(D++), and Una (D+++); Justa (I+), Brava (I++), and
Felix (I+++); Figueira (R+), Puruba (R++), and Pru-
mirim (R+++). To support this general characteriza-
tion, the granulometry, slope in the range of occur-
rence of Ocypode individuals, and exposure to waves
were systematically assessed on each beach, as de-
scribed below.

Sampling procedures and environmental
characterization

To assess environmental and biological parameters
in a 1 yr cycle, each beach was sampled once on the
central dates of each season throughout 2012 (i.e. Feb-
ruary, May, August, and November/December 2012).
All sampling procedures complied with the license
from the federal environmental agency (Ministério do
Meio Ambiente [MMA] — Instituto Chico Mendes de
Conservacao da Biodiversidade [I[CMBio] No. 31629-1;
acronyms for Ministry of the Environment — Chico
Mendes Biodiversity Conservation Institute).

For each beach, a visually homogeneous along-
shore section of ~200 m was selected to avoid the
eventual influence of adjacent rivers, headlands, or
any other possible source of disruption. In each sam-
pling event, three 2 m wide transects were randomly
placed within the section, laid perpendicular to the
water line, and assessed from the first burrow sea-
wards to the last observed burrow landwards, includ-

Fig. 1. The State of Sao Paulo coast, southeastern Brazil: the dark gray regions
(municipalities) encompass all 9 beaches studied. Beaches were selected by
morphodynamic states (dissipative: D, intermediate: I, and reflective: R) and
by degree of exposure (low: +, intermediate: ++, high: +++) within each group

ing those inside the vegetation or coastal dunes.
Transects were divided into 2 m sequential quadrats,
i.e. each with an area of 4 m?, so that their number
varied according to beach width.

The number of burrows and individuals were
counted in each quadrat, regardless of any sign of oc-
cupation, because the absence of these signs is not an
accurate indication of absence of crabs (Pombo &
Turra 2013). Burrow diameter was measured at the
bottom of the funnel-shaped portion of burrows (up-
per portion) to reduce bias derived from sediment
deformation on the sediment surface. Burrows were
then excavated to search for crabs, with the help of a
flexible steel cable to locate and guide excavation to
the bottom of the burrow (Pombo & Turra 2013). Dur-
ing excavation, probing around helped to detect oc-
casional extensions or side branches in the burrows.
All captured crabs were counted, had their width,
length, and height measured (cm), and were sexed.

The environmental factors assessed were slope in
the range of occurrence, mean grain diameter, grain
sorting coefficient, wave height, wave period, and
length of the living area, each assessed as follows: The
slope, calculated as the traditional 'rise over run’, i.e.
the tangent of the angle opposite to the leg of 1 tran-
sect, was measured at each quadrat across the range of
occurrence, in order to characterize the profile of the
area inhabited by the crabs. The range of occurrence
of individuals per transect was the across-shore length
(m) from the first to the last burrow recorded.
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Sediment was collected for each transect in the
supralittoral (backshore), upper midlittoral, and low-
er midlittoral for grain size analyses. Mean grain size
and its standard deviation (sorting coefficient), in phi
units, were obtained following the screening proce-
dure described by Day (1965).

To quantify exposure levels in each sampling, a
numerical model was applied to propagate waves
onshore according to the nearshore morphology. The
numerical model applied was Delft3D (open source
version of Deltares WAVE module), which simu-
lates the propagation and transformation of wind-
generated waves as they move over varying bottom
morphologies (Holthuijsen et al. 1994). Offshore
boundary conditions representing the dominant
wave climate (significant wave height and corres-
ponding wave period) were defined for each sam-
pling month based on the information extracted from
the global wave generation model WaveWatch III
(NCEP/NOAA; Tolman 2002), at a point close to shelf
break. After running the model for each period, wave
data were extracted in front of the sampled beaches
(at depths of about 3 to 4 m). Two main wave para-
meters were considered: wave height (H), in meters,
and wave period (T), in seconds. Wave exposure of a
beach is a key physical feature that affects biota. For
ghost crabs, wave energy may affect not only crab
population but also the relative amount of burrows
(occupation rate) because the higher the exposure,
the higher the wave's potential for closing burrows.
The first parameter, H, is strongly influenced by
wave transformation due to coastline geography, i.e.
it better represents beach exposure. The second
parameter, T, is more affected by offshore boundary
conditions, i.e. it better represents the overall tempo-
ral variation in wave climate than H. These wave
parameters were defined for every 6 h in 2012; the
mean value between the sampling day and the day
immediately after the previous sampling date was
used to characterize the period so that no occurrence
of extreme events would be disregarded.

The range of occurrence of individuals per transect
was the length (m) from the first burrow to the last
one recorded. The largest range of occurrence on
each beach was considered as the local (potential)
length of the living area and used in subsequent
density calculations.

Preliminary assessments

A common question in abundance assessments of
Ocypode quadrata is whether tide height might

influence results. Our field work was very time con-
suming, and it was not possible to limit it to a spe-
cific tidal height. Therefore, tidal influence was
assessed by correlating the ranges of occurrence of
O. quadrata to the tidal height of each transect in
each sampling event (beach and period, all noted
down during our samplings). All beach datasets
showed normal distribution patterns, which allowed
for Pearson's correlation tests. No significant corre-
lation was recorded for any beach (Costa r = —-0.27,
p = 0.43; Arpoadorr = -0.29, p = 0.37; Unar = -0.22,
p =0.49; Justar = 0.23, p = 0.4%; Bravar = 0.27, p =
0.46; Felix r = -0.16, p = 0.62; Figueirar = 0.47, p =
0.12; Puruba r = 0.11, p = 0.73; Prumirim r = -0.57, p
=0.05). On Prumirim, a marginally significant result
was identified, but its correlation coefficient was
also low. Therefore, the influence of tides was con-
sidered of no relevance in the validation of further
results.

The behavior of 2 units of abundance was primarily
investigated: the number of occurrences per strip
transect (IST; Defeo & Rueda 2002), and density (ind.
m~2). IST is usually preferred for comparisons within
an area because calculating ghost crab density for
distinct periods is more challenging and, therefore,
more subject to biases. However, density is an impor-
tant descriptor in comparisons among beaches. Here,
to calculate density, the area of the transect with the
largest range of occurrence (potential length of the
living area) was fixed as a common denominator for
all transects within a given beach. This approach
may be understood as a modification of the IST; it
accounts for the effects of agglomeration, avoids
skewing of results due to differences in width among
beaches, and does not compromise comparisons over
time within a beach (i.e. avoiding over- or under-
estimations resulting from temporal variations in
across-shore aggregation). Both variables behaved
very similarly in the exploratory analysis, but IST
showed more noticeable correlations with the across-
shore range of occurrence, as expected (Pearson's
correlation tests of range of occurrence with IST}yrows
r = 0.53, p < 0.001; ISTingiviquas T = 0.51, p < 0.001;
densitypurows I = —0.29, p = 0.002; densityingividuas T =
-0.22, p = 0.021). Hence, density, the relative meas-
ure of abundance, was used when different beaches
were compared.

The crab dimensions that showed better correla-
tion with burrow diameter were width (Pearson's r =
0.71, p < 0.01, n = 531) and length (r = 0.70, p < 0.01,
n = 531). Height did not have a strong correlation
coefficient (r = 0.09, p = 0.03, n = 531). Width was
chosen for further analyses because it is the most fre-
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quently used crab measure in literature (Burggren &
McMahon 1988).

Data analysis

The population parameters directly assessed from
crabs were abundance, size, and sex ratio. For abun-
dance and size, some related information from bur-
rows were also assessed, namely, the occupation rate
of burrows and an estimation of the size of individu-
als based on burrow size. These parameters were
assessed regarding 2 spatial approaches that define
our 2 general objectives: (1) Across-shore distribu-
tion; because this ghost crab uses the whole beach
extension it is likely that there are differences within
beaches. (2) Relationships with environmental fea-
tures, which are useful to reveal broader distribution
patterns among distinct areas.

Across-shore distribution

Our first objective was to identify across-shore
distribution patterns, considering variations among
sampling beaches and dates. This analysis was ap-
plied to abundance of individuals, occupation rate of
burrows, size of individuals, and sex ratio. To address
this first general objective, a factor was created
denoting across-shore position. Quadrats within each
transect were numbered according to their position
in relation to the terrestrial fringe, i.e. the vegetation
line. This line was defined as O (zero) for all transects.
Seaward quadrats received sequentially lower val-
ues (negative), while landward quadrats were as-
signed higher values. These quadrat values were
normalized, in order to make values equivalent for all
beaches: the upper limit of distribution within each
beach was considered as 1, and the lower was O.
Regression models (individually described below)
were used to assess the variation in each population
parameter as a function of position, considering dif-
ferent beaches and dates. A backward stepwise
model selection was performed based on Akaike
information criteria (AIC), starting with the most
complex model; when AIC differences between mod-
els were <1, model comparison based on log-likeli-
hood ratio test (LRT; for GLM) or F-test (for LM) was
used to support the decision (see the Supplement at
www.int-res.com/articles/suppl/m565p131_supp.pdf).
Final models were properly validated.

Post hoc tests were carried out whenever at least 1
of the 2 categorical factors (beach and/or date) was

significant. For simple main effects, a Tukey post hoc
test was carried out (function glht in R library mult-
comp; Hothorn et al. 2008). Should there be any sig-
nificant interactions (which in this case necessarily
included at least 1 categorical variable: beach and/or
date), contrasts were set (either to perform all pos-
sible pairwise comparisons for a categorical variable,
e.g. beach, across all levels of another variable, e.g.
date; or to compare the regression slopes if there
was interaction between a categorical variable, e.g.
beach, and a continuous variable, i.e. across-shore
position) and tested using an F test, with p-value
corrected using a Holm-Bonferroni method (func-
tion testinteractions in R library phia; de Rosario-
Martinez 2015).

For the analysis of across-shore abundance of indi-
viduals, the gross number of individuals, IST, was
modeled as a function of across-shore position and
sampling dates, using a Poisson generalized linear
model (GLM) with a logit-link function. This was per-
formed individually for each beach because differ-
ences in abundance among beaches would blur
across-shore distribution patterns (and density per
quadrat would not be different because they all have
the same area). All other parameters were modeled
as a function of across-shore position, beach, and
date using the appropriate model in each case, as fol-
lows: burrow occupation rate, the proportion of occu-
pied burrows per quadrat, was modeled using a
binomial GLM with a logit-link function (Zuur et al.
2009); for size, crab width (cm) was modeled using a
linear regression; for sex ratio, the sexual proportion
(n male/[n male + n female]) per quadrat was mod-
eled using a binomial GLM with a logit-link function
(Wilson & Hardy 2002). Sex ratio was the variable
with the lowest number of observations in this sec-
tion and the only case with a significant 3-way inter-
action because some beaches did not have enough
data to verify the across-shore sex ratio distribution
during some periods. Therefore, to avoid confusing
models due to the combination of a nominal variable
with very few points, this model selection was re-
started from the full 2-way interaction (all results are
shown in the Supplement).

Relationship with environmental factors

The second general objective was to assess the
relationship between each population parameter and
physical beach attributes. This assessment was
performed for density of individuals (ind. m~2), oc-
cupation rate of burrows, and size estimate of indi-
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viduals based on burrows (the latter is simply the
relationship analysis of crab sizes including burrow
size as a factor); this approach does not apply to sex
ratio. For these models, we used mean transect val-
ues of response variables. Explanatory variables
measured for each transect were the mean values of
slope in the range of occurrence of crabs, mean grain
size (phi), and grain sorting coefficient (phi). Because
granulometry was assessed in 3 different beach
strata and there was a naturally high collinearity
among them, a correlation and scatterplots matrix
was used to determine a suitable and common strata
to be used in all further analysis. Explanatory vari-
ables measured for each sampling event (same beach
and date) were wave height (H; m) and wave period
(T; s). The explanatory variable calculated for each
beach was length of the living area (m). Although the
latter is not a physical feature per se, it is highly
determined by beach length and has an important
biological meaning. In summary, 12 values were
plotted (4 seasons, 3 replicates) for each of the 9
beaches, totaling 108 values of each dependent vari-
able. All parameters were here modeled using an
ordinary linear regression model (LM). Similarly to
the across-shore analysis, model selection was per-
formed using a backward stepwise method, based on
AIC, provided that when AIC differences between

models were <1, a model comparison based on F-test
was used to support the decision (see Supplement);
final models were properly validated. However,
because of the number of continuous explanatory
variables here, a preliminary selection was per-
formed, starting with a full additive model with no
interactions. Significant factors were then assessed
for interaction starting with the most complex model,
and model selection and validation were repeated.

Regarding abundance, the parameter modeled was
mean ghost crab density (ind. m™2 using a fixed range
per beach). After model validation, the residuals from
the linear model were assessed for spatial autocorre-
lation using Moran's I test (with the help of the spdep
R library; Bivand et al. 2013, Bivand & Piras 2015) to
assess to what extent it might explain the variance
which was not explained by the model. For burrow
occupation rate, in addition to the above-mentioned
environmental factors, crab density was also in-
cluded as an explanatory variable. Finally, for size,
crab width was the dependent variable and burrow
diameter was included as an explanatory variable, in
order to describe the best linear model to estimate
the size of individuals based both on burrow size and
on environmental factors.

Proper models specifically applied for each popula-
tion parameter are summarized in Table 1.

Table 1. Summary of objectives and respective methods regarding population parameters of Ocypode quadrata sampled on 9
pristine beaches, comprising different morphodynamic and wave exposure levels, on 4 dates from February to November/
December 2012. Population parameters abundance, size, and sex ratio were directly assessed (from crabs) as well as the
related burrow parameter, where applicable (occupation rate and relationship with crab size). Our 2 general objectives were
to assess (1) across-shore distribution and (2) relationship with environmental factors. The corresponding tests for each com-
bination of objective and population parameter are shown. Within each general objective, the common factors (Fc) accounted
for by the models are shown. Extra (+) or non-used (-) factors are designated where appropriate using Fc ‘'name’, below the
respective method. IST: individual per strip transect; GLM: generalized linear model; LM: ordinary linear regression model

General objectives

Parameter

Method

1. Across-shore distribution
(Fc: across-shore position, beach, date)

2. Relationship with environmental factors

(Fc: slope in the range of occurrence, grain size,
grain sorting coefficient, wave height, wave period,
across-shore length of living area)

Crab abundance
(IST; for each beach separately)

Burrow occupation
(Yes or No)

Crab size (width; cm)

Sex ratio
(proportion of males)

Crab abundance
(ind. m~%; using fixed range per beach)

Burrow occupation rate
(proportion of occupied burrows)

Crab size (width; cm)

Poisson GLM
— Fc beach

Binomial GLM

LM
Binomial GLM

LM

LM
+ Fc crab density

LM
+ Fc burrow size
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RESULTS
Characterization of environmental factors

The length of the across-shore living area of Ocy-
pode quadrata ranged from 10 to 60 m. The narrow-
est ranges of occurrences were observed on Costa
and Justa beaches throughout the year, while the
broadest ranges were observed on Una and Brava
beaches (Fig. 2A). Variability within sampling events
(i.e. among transects) was generally low, but notice-
able differences were recorded over the sampling
dates. The largest areas of occurrence were gener-
ally observed during summer (February), and the
shortest ones were observed on the date in autumn
(May).

Mean slope in the range of occurrence of crabs did
not necessarily correspond to the whole beach slope
(Fig. 2B), as previously characterized by Rocha (2008).
Costa beach showed some of the steepest slopes
across the area inhabited by individuals, probably
because it is a dissipative tide-dominated beach.
Arpoador, Una (previously classified as dissipative),
and Brava (previously classified as intermediate)
showed gentler slopes, followed by Felix beach
(intermediate). Costa, Justa (intermediate), Figueira,
Puruba, and Prumirim showed the steepest slopes
across the areas inhabited by Ocypode. The mean
upper midlittoral grain size (used in further analysis;
Fig. 2C) of each beach followed the previous charac-
terization of morphodynamics, i.e. phi values de-
creased from dissipative to reflective beaches.
Among dissipative beaches, Costa had the highest
mean grain sizes and sorting coefficients (phi units).
With a few exceptions, mean phi values did not have
high standard deviations within and between sea-
sons, but dissipative beaches tended to show higher
deviations during the summer (Fig. 2D). Wave height
values (H) generally confirmed the visual choice of
beaches according to their exposure (Fig. 2E). Wave
period (T), which better reflects temporal variations,
showed less intense (shorter period) wave energy
during the summer, followed by spring, autumn, and
winter (in ascending order), with similar values for all
beaches (Fig. 2F).

Population parameters

Across-shore distribution

Abundance of crabs. Six of the 9 areas showed at
least 1 significant predictor (Table 2). Only Justa and

Puruba showed no significant effects, while Prumi-
rim only showed a significant effect for date. Across-
shore distribution patterns among beaches were
evident and similar, with higher concentration of
individuals closer to the water on the date in sum-
mer (Table 2, ASP denotes the slope on the date in
summer; all significant values were negative, which
means higher abundance towards lower across-shore
positions on these beaches) and a shift towards vege-
tation on other dates, mainly in autumn (Table 2, last
3 lines denote the slope on other dates compared to
summer slope; all significant values were positive
and tended to be higher in autumn and winter than
in spring). The influence of across-shore position on
abundance distribution and its shift over the dates
was more evident on Brava and Félix. This same
trend was also recorded on the dissipative beaches
Arpoador and Una (higher abundance towards the
waterline during summer and lower on other dates,
mainly autumn); even Costa, the beach with the
shortest range of occurrence, showed evidence of
this trend, with marginally significant values. Re-
garding differences between dates, there were
generally higher values on the date in summer, and
the lowest coefficients were observed in the autumn
(Table 2).

Burrow occupation rate. Higher values of occupa-
tion rate mean a closer correspondence between
number of burrows and individuals, i.e. the higher
this rate, the better that estimates based on burrows
correspond to effective crab abundance. Across-
shore analysis showed a significant influence of posi-
tion (GLM; %%, = 16.83, p < 0.01), beaches (GLM,; y2; =
20.43, p < 0.01), and sampling dates (GLM; x%; =
10.22, p = 0.02), with no interaction between factors
(see Table S1 in the Supplement at www.int-res.
com/articles/suppl/m565p131_supp.pdf for optimal
model selection details). The effect of across-shore
position was negative (slope z = —4.05, p < 0.01),
meaning that occupation rate decreased landwards,
while burrows closer to the waterline showed higher
chances of housing a crab; this trend was observed
on all dates and beaches (Fig. 3A: Across-shore posi-
tion effect). The highest mean (1 SE) occupation
rate was observed on Arpoador (0.57 + 0.05 ind. bur-
row™!), while a significantly lower occupation rate (z
= -4.13; p < 0.01) was observed on Figueira, with a
mean of 1 crab for each 4 burrows (0.25 = 0.04). All
other beaches showed intermediate values (Fig. 3C:
Beach effect). Occupation rate was higher on dates
corresponding to autumn, when cold front entries
begin and storm surges are more frequent and
intense (Fig. 3B). During the subsequent sampling


http://www.int-res.com/articles/suppl/m565p131_supp.pdf
http://www.int-res.com/articles/suppl/m565p131_supp.pdf

Mar Ecol Prog Ser 565: 131-147, 2017

138

yoeaq yoea urgim ajep Hurdures 1od papraoid
SeM 9N[eA 9UO AJUO }BY)} OS BaIe 9INUs Y} I0] paurrojrad sem uotniernwis ay) ‘(s) pouad () pue (w) jybay aaem (g) 10g ‘(+++y) wurunig pue ‘(++3) eqning '(+y)
eIonb1 {(+++]) XI[0 ] pue ‘(++]) eARIg ‘(+]) ®ISD[ !(+++(Q) BPUN PUe (++() Ioprodiy '(+() ©ISOD :SMOT[0] St ‘([+++] YBIY ‘[++] oeTrpomtajur ‘[+] mo1) sea1bap ainsodxs pue
([y] @anoarya1 pue ‘[1] @yerpauwiajut ‘[ (] @anyedissip) saje)s otureudpoydiow }oumnsip astudwod sayoeaq Apnig *(dg) buudg pue ‘(p) 103urpy (V) twniny ‘(ng) ewng :uos
-©as ® JO I9juad a9y} ul 9jep Hurdures yoes !g1(07 I0qUI(J/I9qUIBA0N] 0} Areniqa,] woij Ajrejrenb pardures spasuern) ¢ woij (tyd) jusiigeod buriios () pue ‘(tyd) 1910we
-1p ureib Teropiprw 1addn (D) ‘(uni 040 9sLI) 9dUa1INDID0 Jo abuer oy} ut adots (g) ‘(w) pyripenb sapodAd() Jo 90US1INIDO Jo dHuLI (V) JO 10118 pIepuR]s pue ueaA ‘g b1

dsmyng dsmyns dsmyns dsmyns dsmyns dsmyns dsmyns dsmyns dsmyng

° . . . . . ) ) o8
L . ° ° . ° ° . ° . - 6
. .. oo oo oo oo . ° ln - Ol
d
e
. * . * *. *o*. B
¢ ** * ¢ ._.** *** *: * . *mo
¢
* * * * : -0'T
a
e
* *o** ﬁo* see’
** " * t : L T0
** *o . ¢ ® }
m : ' : : ' Lzo
= |
E:_EEn___mnE:n_ __E_w:m_u___ e __ enelg __ esnp __ reun _Tonmoai_ ©)1S0D

(1yd) *Jo09 Bunios (s) pouad anem

(una Jano asu) adojs

dsmyng dsmyns dsmyns dsmyns dsmyns dsmyns dsmyns dsmyns dsmyns

. -0
. ° . . coo Ve ..o nMu
. oo- .to * ®e ﬁAU
. s T o ® FT =
* . . .
° «Q
=
E}
=4
|
11 1 1 11 1 1 11 1 1 11 1 1 11 1 1 11 1 1 11 1 1 11 1 1 “—__IO
**** ** )
¢ **** . . l.ﬂm
{ t . i %
* * ] * ° ** K m
o* L * ' e %o regs
S
0
11 1 1 11 1 1 11 1 1 11 1 1 11 1 1 11 1 1 L1 1 1 11 1 1 ____IO
¢ o*o ' mooo LI '
I .t v .*: [0¢ 5
(] * L] * * W
t -or'Q
' E}
¢ - 09
A4
E:_EEn___maE:n_ __E_m:m_u___ X1194 __ eAelg __ esnp __ eun __._oumo&,q__ ©)S0D




Pombo et al.: Ghost crab distribution drivers

139

Table 2. Coefficients of the models (in logit units) of variation in abundance (individual per strip transect [IST]) of Ocypode
quadrata according to across-shore position (ASP), sampling date (corresponding to central period of Summer, Autumn,
Winter, and Spring; Summer was the baseline condition and is given as the intercept), and interaction between these terms
(one per season). The values shown refer to the baseline condition (intercept) on each beach. Values were estimated using a
Poisson generalized linear model with logit-link function for each beach. Cell shading denotes the following significance value
intervals: light grey = 0.05 > p > 0.01; dark grey =p < 0.01

Predictor Beaches
Costa Arpoador Una Justa Brava Félix Figueira Puruba  Prumirim
Intercept 1.12 0.04 0.28 -0.01 1.01 0.63 0.09 -0.70 -0.39
ASP -1.36 -2.07 -2.24 0.38 -2.06 -3.12 —4.45 -0.06 -0.51
Autumn -1.77 -6.80 -1.79 -0.86 -0.57 -2.49 -5.11 1.55 2.86
Winter 0.13 -3.51 -1.43 -1.01 -2.12 -2.10 -3.11 -2.07 -0.94
Spring -1.28 -0.00 -0.62 0.16 -2.03 -3.50 -0.51 1.06 3.40
ASP*Autumn 2.56 9.88 3.35 1.17 0.36 5.65 10.45 -2.02 -5.09
ASP*Winter -3.30 5.46 2.97 -0.24 2.04 3.47 6.28 2.69 0.49
ASP*Spring 1.43 1.55 1.11 —4.47 2.52 5.50 3.36 -2.04 -4.06
A B
100 - oo (1] 1 00 -1
Slope: z =-4.05; p<0.01
0.75 1 : ce e : . o o 0.75 1
L] :. "ees o owe ..“ LN J ... L] a
0504 = .. 0.50 ¢
p L] . o e L] § b i
|
; ® o o cmmm e oo @ @ee o §
g 0.25 1 coem e o oo ) . 0.25 4
3 Ll * L] =
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e
£ 0.004 - - o 0.00 4
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S
= 0.754
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0.25- ¢
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Beach

Fig. 3. Significant effects of the optimum model estimated using a stepwise-selected binomial generalized linear model for the
burrow occupation rate (proportion of occupied burrows per quadrat) of Ocypode quadrata: simple effects of (A) across-shore
normalized position, (B) sampling date, and (C) sampling beach. The model accounted for these 3 factors and their interaction.
Sampling was carried out on 9 pristine beaches, comprising different morphodynamics and wave exposure levels, on 4 dates
from February to November/December 2012. Italicized text or letters denote results of (A) z-test of the slope or (B, C)
Tukey test; absence of letters denotes no significant differences from any other level
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period, winter, it was significantly lower (z = -3.10; p
= 0.01). The warmest sampling dates (summer and
spring) showed intermediate values, which were not
significantly different from any other (Fig. 3B: Date
effect).

Size. The optimum model of across-shore distribu-
tion of crab sizes had 2 significant interactions (see
Table S2 in the Supplement for optimal model se-
lection details): Across-shore position*Beach and
Beach*Date (LM; Fj4455 = 4.13, p < 0.01 Adj-r? =
0.21). Regarding the first one (LM; interaction Fg 499 =
3.25, p < 0.01), size segregation varied according to
beach; whenever it was present, the trend always
denoted larger sizes landwards (Fig. 4A: Across-
shore position*Beach). The subsequent analysis of
contrasts for Across-shore*Beach position formed 3
groups, where Figueira (with the steepest regression
slope; Fig. 4A) significantly differed from Arpoador
(F1,486 = 11.25, p = 0.03), Brava (Fj 46 = 13.59, p <
0.01), and Costa (F; 436 = 16.34, p < 0.01). The latter
also differed from Félix, which had the second steep-
est regression slope (Fy 456 = 11.66, p = 0.02).

The interaction Beach*Date was also significant
(LM; interaction F,4 48, = 2.17, p < 0.01). The temporal
trend was similar in most areas: increase in crab size
from summer to autumn, the latter with the highest
general values, and a sharp decrease in winter, fol-
lowed by an increase in spring (Fig. 4B: Beach*Date
effect). However, a few differences among beaches
regarding this general trend led to a significant inter-
action. More specifically, the post hoc analysis of
contrasts regarding dates (i.e. pairwise comparison of
dates across beaches) showed that spring signifi-
cantly differed among beaches in relation to summer
(Fs 486 = 4.37; p < 0.01) and marginally differed from
autumn (Fg 436 = 2.47; p = 0.06). In contrast, differ-
ences among beaches (across dates) were only due to
Una beach, which was significantly different from
Figueira (F; 436 = 6.15, p = 0.01) and marginally differ-
ent from Félix (F; 446 = 5.05, p = 0.06).

Sex ratio. There was a significant segregation of
individuals according to sex, which differed accord-
ing to sampling dates, resulting in an optimum model
with the interaction Across-beach position*Date
(GLM; X23 = 319.70; p = 0.03); beach effect was not
significant (but see Table S3 in the Supplement for
optimal model selection details), i.e. the trend was
homogeneous across the study beaches (GLM; Beach
effect y% = 328.64; p = 0.55). Therefore, summer sam-
ples showed the most intense sexual segregation on
all study beaches (Fig. 5), with females concentrating
landwards (summer slope z = -3.16; p < 0.01). This
trend was similar during autumn, yet not significant

(autumn slope z = -1.58; p = 0.11). The number of
females was higher during winter (significantly
higher than summer values; z = 2.93; p < 0.01), and
spatial segregation was not significant although it
showed an opposite trend to the first 2 sampling
dates (winter slope z = 0.79, p = 0.43; Fig. 5). On the
subsequent sampling date, corresponding to spring,
the trend shifted again to concentrate females land-
wards, although not significantly (spring slope z =
-0.27; p = 0.79). The post hoc analysis of date slopes
was only marginally significant between summer
and winter (x%,=6.27; p = 0.07). The significance of
Across-shore beach position*Date is ensured by the
model selection process, but the latter result indi-
cates that despite across-shore segregation, simple
effects alone were important drivers of sex ratio:
across-shore segregation was significant (x% = 6.20;
p = 0.01) and negative in general (higher proportions
of males towards the waterline), while summer had a
significant higher proportion of males than winter
(z=-2.93; p=0.01); the winter sampling was the only
one with a higher proportion of females.

Relationship with environmental factors

Abundance. The density of individuals was posi-
tively related to upper midlittoral grain diameter (in
phi units; higher densities in finer sediments), wave
period, slope in the range of occurrence, and sorting
coefficient (in phi units; higher densities in more
poorly selected sediments); the 2 latter factors inter-
acted with each other (see Table S4 in the Supple-
ment for optimum model selection details).

Results show that the smaller the grain size, the
higher the density (Table 3a), i.e. a tendency to in-
crease density towards dissipative conditions, accor-
ding to this morphodynamic descriptor (grain size).
However, the behavior of density also varied accord-
ing to the interaction of slope and sorting coefficient:
abundance of individuals increased towards poorly
selected grains when the slope in the range of occur-
rence was steeper (Fig. 6A).

This feature is likely due to the influence of dissi-
pative tide-dominated beaches. These beaches have
smaller yet more poorly selected grains and steeper
slopes in the range of occurrence of individuals
(upper-midlittoral and supralittoral), and results
indicate that this combination was favored by ghost
crabs. Exposure to waves was not retained in the
optimal density model (Table 3a), but it is possibly
reflected in this combination of dissipative beaches
with steeper back areas (sheltered). Moreover,
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Across-shore position*Date
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0.50+ 0.50 -
Fig. 5. Significant effect of the optimum
model —the interaction Across-shore po-
0.254 0.25 + sition*Date —estimated by a stepwise-
selected binomial generalized linear
0.00- eeee owmsece coe e ee 0.004 o @@mecems o o oo . model for the sexual proportion of males
! ! ! ! ! ! ! ! ! ! per quadrat (males/(males + females)) of
. . Ocypode quadrata. The model accounted
b* B
. .A‘Lig.(Wlntel:)“ . ’:‘OV. (.S.p_rl.ng)-m. veee oom o o for the factors across-shore normalized po-
1.00 1.00 sition, sampling beach, and sampling
date. Sampling was carried out on 9 pris-
0.75+ 0.754 tine beaches, comprising different mor-
phodynamics and wave exposure levels,
0.50- ‘ 0.50- o p— on 4 dates from Fepr}lary to Novgmber/
\ December 2012. Italicized superscript let-
ters denote the a posteriori comparison be-
0.254 0.254 tween regression slopes (lowercase; lines)
or dates (uppercase), with different letters
0.004 ®wowessme 0 00 0 o oo . 0.00-| e¢ @@ ce0 o o o o cee indicating significant difference; *denotes
’ . ) : ! ’ . ! ; ’ marginal significance (0.05 < p < 0.10);
1.00 0.'75 050 0.25 OZOO 100 0.'75 050 025 0.'00 absence of letters denotes no significant
Vegetation Waterline Vegetation Waterline -
P _— differences from any other level

Across-shore position

wave period was negatively related to crab den-
sity, i.e. lower crab abundance occurred on
dates with longer wave periods (higher energy).
It is worth noting that wave period reflects tem-
poral variations and was similar among areas,
with higher values corresponding to winter and
autumn. This corresponds, therefore, to the
occurrence of lower densities on these dates.
The spatial autocorrelation of residuals was not
significant (Moran's I = -0.06; z = -0.52; p =
0.70).

Occupation rate. The regression for the rela-
tionship between environmental factors and crab
density showed that occupation rate was signifi-
cantly related to crab density and slope in the
range of occurrence, both interacting with each
other (Table 3b; see Table S5 in the Supplement
for optimal model selection details). The higher
the density of individuals, the higher the occupa-
tion rate, which means fewer burrows per indi-
viduals, and the effect of population density on
burrow occupancy was less important on gentler
slopes (Fig. 6B). Thus, the proportion of occupied
burrows was influenced by temporal (date effect
in the across-shore analysis), environmental
(slope), and behavioral factors (changes accord-
ing to density).

Table 3. Relationship between environmental factors and (a) den-
sity (ind. m™2) (Fs 101 = 9.25, p < 0.01, adjusted r* = 0.28), (b) burrow
occupation rate (ind. burrow™) (F319; = 21.59, p < 0.01, Adj. 1? =
0.37) and (c) crab size (cm) (Fy 334 = 276.7, p < 0.01, Adj. r* = 0.62) of
Ocypode quadrata: the significant coefficients estimated by step-
wise-selected linear models, with the respective standard errors
and t-values, are presented. The initial model included, as factors,
the slope in the range of occurrence, grain size (phi), grain sorting
coefficient (phi), wave height (m), wave period (s), and length of
the living area (m). For (b) occupation rate, crab density (ind. m2)
was included as a factor, and for (c) crab size, burrow diameter was
included as a factor. Sampling was carried out on 9 pristine
beaches, comprising different morphodynamics and wave expo-
sure levels, on 4 dates from February to November/December 2012

Objective / Parameters Parameter estimates
Coefficient SE t-value
(a) Density
Grain size (phi) 0.03 0.01 2.64
Wave period (s) -0.02 <0.01 -3.64
Slope*Grain sorting coefficient (phi) 1.44 0.65 221
(b) Occupation rate
Intercept 0.40 0.05 8.13
Slope -1.24 0.38 -3.17
Crab density (ind. m™2) 0.62 0.48 1.30
Crab density *slope 7.11 3.52  2.02
(c) Size of individuals
Burrow diameter (cm) 0.75 0.03 22.83
Grain size (phi) 0.06 0.03 2.30
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Fig. 6. Significant interaction effect of the optimum model estimated by backward stepwise-selected linear models for (A) the

density of Ocypode quadrata (ind. m?; per transect), the interaction slope*grain sorting coefficient (phi), and (B) the burrow

occupation rate of O. quadrata (proportion of occupied burrows; per transect), the interaction ‘slope*crab density’. Sampling

was carried out on 9 pristine beaches, comprising different morphodynamics and wave exposure levels, on 4 dates from
February to November/December 2012. Full optimum model coefficients are shown in Table 3a,b

Size. Crab width, estimated as a function of physi-
cal factors and burrow diameter, was mainly influ-
enced by burrow size, as expected, and also by grain
size and wave period (see Table S6 in the Supple-
ment for optimal model selection details). No interac-
tions between factors were significant. Mean crab
size slightly increased towards finer grains (larger
phi) and with wave period, which indicates that crabs
were larger in more intense wave periods. An opti-
mum model describing the size estimate of individu-
als based on burrows and environmental factors is
summarized in Table 3c.

DISCUSSION

Several investigations of the distribution pattern of
ghost crabs have been carried out recently (Quijéon et
al. 2001, Turra et al. 2005, Rosa & Borzone 2008,
Hobbs et al. 2008, Branco et al. 2010, Lucrezi 2015),
but a relationship between abundance and basic en-
vironmental parameters has not been solidly recog-
nized, unlike many other beach species. Difficulties

in establishing patterns for ghost crabs may be partly
due to assessments of population parameters based
on burrows because most population studies on the
species are carried out using the indirect method. The
results regarding both across-shore distribution and
relationship with environmental factors are here-
inafter discussed considering population parameters
assessed based on crabs, but also considering how
these parameters were influenced by burrow counts.

One important spatial dimension for sandy beach
organisms is the across-shore extension because it is
the main direction in which changes in physical fea-
tures occur. This is not different for ghost crabs
because these individuals use the whole extension of
the upper mid- and supralittoral, thus ranging from
the waterline to dunes and vegetation. Some popula-
tion parameters of ghost crabs are known to be spa-
tially segregated across the shore, e.g. size (Alberto
& Fontoura 1999, Turra et al. 2005). Here, other fea-
tures such as abundance, sexual proportion, and
occupation rate also differed across shore, with seg-
regation intensity often varying according to beach
and/or sampling date.
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Regarding abundance, there was a higher general
concentration of individuals in lower zones during
summer, while the shift landward was more intense
on the date in autumn. Moreover, sampling in
autumn showed high mortality of individuals (lower
abundances); such periods are associated with storm
surges (Gan & Rao 1991), and this date defined
important patterns here, observed both in across-
beach distributions and in general spatio-temporal
aspects, with similar temporal patterns regardless of
beach type. Hobbs et al. (2008, p. 1457) also recorded
high mortality rates during high-energy oceano-
graphic events, stating that these autumn events
‘essentially remove all of the ghost crabs'.

An important result referred to burrow occupation
rate, primarily because it showed a positive trend
toward uppermost areas, i.e. lower occupation rates
in the upper beach levels than closer to the waterline.
Due to the acknowledged and observed size segre-
gation, with larger individuals concentrated land-
ward, larger individuals are more prone to be over-
estimated by indirect methods. More protected
burrows are probably rarely reached by the water
and last longer because they are closer to or inside
the vegetation and are thus more protected from
collapsing due to wind and substrate instability. It is
essential to consider this condition in population
ecology studies and environmental quality inferen-
ces based on population structure. Moreover, sam-
pling beaches and dates were also significant factors
affecting general occupation rate values. The highest
occupation rates during autumn were probably re-
lated to a natural reset of burrows during storm surge
events and burrows newly built by crabs seeking
shelter further back in backshore zones. In south-
eastern Brazil, where the study areas are situated,
storm surges are more frequent and intense during
autumn (higher frequencies of cyclogenesis; Gan &
Rao 1991). Accordingly, we might hypothesize that
after these harsh events, these backward burrows
become gradually abandoned and, due to their loca-
tion (which is more protected from collapsing), they
had the smallest values of occupation rate on the sub-
sequent sampling date, 3 mo later. Naturally, other
important features such as crab density itself con-
tribute to changes in occupation rate, as shown here.
These features will be discussed further.

The size segregation results observed here were
expected, with larger individuals tending to concen-
trate landwards. This known trend has already been
described for burrows (Alberto & Fontoura 1999,
Turra et al. 2005). Our results related this trend to
individuals and showed that the intensity of size seg-

regation varied according to beach, although not to
season. General spatial and temporal conditions
observed here highlighted the importance of storm
surges (threat) and dunes and vegetation (shelter) to
the species. Other studies have argued that individu-
als migrate inland into dunes for protection and that
it is essential to include individuals from these areas
in population analyses (Alberto & Fontoura 1999,
Barros 2001). The highest mean size values were also
observed on the date in autumn. This may be partly
due to the fact that smaller individuals are more
threatened (and killed) during these periods because
they occupy the beach zone closer to the waterline
and their mobility to higher areas is thus more costly
(Tullis & Andrus 2011).

Although storm surges are periods of high mortal-
ity, this may be an advantage for the purposes of
impact assessments because it would account for
those individuals that are able to survive harsh
events, i.e. the most resilient strata of the population.
The presence of ghost crabs on a given beach at a
random moment does not necessarily mean that this
is a viable population: it may also reflect a genetic
‘sink’, but not a ‘source’ population, meaning that an
area may receive individuals that will not live long
enough to reproduce and spread their genes (Dias
1996). Furthermore, during the periods after harsh
environmental conditions, when the beaches showed
their highest burrow occupation rates, abundance
estimates based on burrows would be more accurate.

Sexual segregation results are especially important
to population studies addressing reproduction. Gen-
eral sexual proportion and across-shore segregation
differed between dates and were homogeneous
across sampling beaches. Males tended to stay closer
to the waterline on warmer dates, probably due to
courtship display, since summer is an important re-
productive period (Haley 1972, Negreiros-Fransozo
et al. 2002). Our results contradict the findings of
Corréa et al. (2014), who found males concentrated
closer to the vegetation line than females, whose
number was very low. Another important factor is
that their methodology was very different from that
in this study, with active capture of crabs on the
beach surface. Sex ratio also changed over the sea-
sons. Higher relative numbers of captured females
occurred in periods of higher recruitment of young
individuals (winter). Branco et al. (2010) also ob-
served differences in the sex ratio of Ocypode
quadrata throughout 1 yr. A possible explanation is
that females have higher rates of mortality during
warmer periods. Consider, for instance, that hatching
and settlement rates would not be higher for males



Pombo et al.: Ghost crab distribution drivers 145

(although they might be for females) but that rates of
mortality would be higher for females. These would
be more fragile while incubating (jeopardized mobil-
ity) and would thus be exposed to a higher range
of predators while spawning in the water.

Specifically considering abundance, density ten-
ded to increase towards dissipative conditions (finer
grains), in contrast to other supralittoral crustaceans
and in agreement with what has been observed for
other ghost crab species (Lucrezi 2015). Furthermore,
sorting coefficient was also relevant for steeper
slopes in the range of occurrence of ghost crabs
(backshore and higher zones). This result was espe-
cially evident for Costa beach; this dissipative tide-
dominated beach tended to have higher values of
sorting coefficient and a high density of individuals.
These findings indicate that steeper slopes in the
range of occurrence provide more shelter to individ-
uals during extreme periods, while less compact
sediment may favor digging efficiency and burrow
stability. A different relationship was found for O.
gaudichaudii (Quijén et al. 2001), a species found in
the Central and South Pacific coast of America
(including the Galapagos), which showed an indirect
relationship between abundance and slope in the dry
zone. Those authors also found a direct relationship
between dry zone length and burrow density, while
here the length of the range of occurrence did not
affect density. It is important to highlight that, when
different dates within a beach are compared, the
great differences recorded for the ranges of occur-
rence across shore may have had an important and
misleading effect on density analysis. For example,
this range tended to be broader in periods of higher
abundance and during reproductive period peaks,
which occur mostly during warmer seasons (Ne-
greiros-Fransozo et al. 2002), when males also tend
to be closer to the waterline. Therefore, the approach
of fixing the widest range of occurrence per beach
(length of the living area) to calculate density is likely
to eliminate this influencial factor, enhancing the
feasibility of comparisons among beaches without
compromising differences over time.

Across-shore position and date (across-shore distri-
bution) as well as slope in the range of occurrence
and crab density (relationship with environmental
factors) were the relevant drivers of occupation rate
among beaches. Therefore, in addition to the effects
physical features have on the occupation rate of O.
quadrata burrows, the fact that crab density was also
a significant driver of occupation rate suggests a
behavioral element: when relatively larger areas are
available (i.e. smaller densities), there are more bur-

rows per crab (i.e. lower occupation rate). Converse-
ly, when density of individuals is higher, which
means smaller relative areas and more or closer
neighbors, the number of burrows per crab is lower
(occupation rate is higher). This may be due to an
intraspecific agonistic behavior displayed by ghost
crabs (Hughes 1966, Schone 1968). The indirect
method is an important tool for the assessment of
ghost crab populations and is most certainly essential
for monitoring and management purposes, but its
traditional use might hinder significant advances on
the ecology of this group, and we must take into
account that it is a potential source of biases.

The relationship between burrow size and size of
individuals has already been estimated previously
for the species (Alberto & Fontoura 1999, Turra et al.
2005, Branco et al. 2010, Oliveira et al. 2016). Mean
burrow size was also demonstrated here to be an
imperative driver for estimates of crab size (carapace
width), with carapace width generally 0.75-fold the
burrow size (intercept was not significantly different
from zero). This did not depend on physical factors,
such as grain size; however, it is worth noting that the
bottom of the funnel-shaped portion of the burrow
was measured in this study because the upper por-
tion is more prone to deformation due to grain type
and size and is thus more prone to biased crab size
estimates. Mean crab size increased towards finer
grain sizes, which also differed from the tendency
showed by other small supralittoral crustaceans (De-
feo & Martinez 2003, Defeo & Gémez 2005). Longer
wave periods were also associated with an increase
in mean crab size, reflecting the significantly larger
size of crabs during samplings in autumn and their
higher resistance to wave action. As the model was
totally additive (i.e. with no interaction between fac-
tors), these factors may all be considered independ-
ent in providing inferences on mean crab size.

This information suggests a puzzling balance be-
tween sandy beach features and population parame-
ters: finer grains, associated with dissipative condi-
tions, were associated with higher densities (and
ultimately with higher occupation rates), in contrast
to other supralittoral crustaceans and to what was ex-
pected by the habitat safety hypothesis for such indi-
viduals (Defeo & Gémez 2005). Ghost crabs probably
sense the environment much differently from other
small, semi-terrestrial crustaceans inhabiting the
supralittoral. One of the major differences is that
Ocypode has planktonic larvae, while other supra-
littoral crustaceans undergo direct development.
This feature is very important because larval settle-
ment plays an important role in defining benthic
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community, and larvae are influenced by substratum
properties while they are still in the aquatic environ-
ment (Pawlik 1992). Hence, although dissipative con-
ditions do not necessarily favor survival, they could
play a more important role during settlement. An-
other particularity of this group is that its distribution
in the supralittoral extends landwards; for insects
sharing these characteristics, higher densities have
also been found on dissipative beaches (Defeo &
McLachlan 2011). Ghost crabs are also substantially
larger than other supralittoral crustaceans, which may
imply that the resistance offered by the sediment
does not pose an important hindrance for these indi-
viduals. Conversely to the higher densities on dissi-
pative beaches, steeper slopes in the species range of
occurrence were also related to higher crab den-
sities, attributed to favorable conditions in sheltered
beaches. This feature, in turn, corroborated the
hypothesis of habitat safety for this group (Defeo &
McLachlan 2011). Therefore, although environmen-
tal drivers in the supralittoral may affect ghost crabs
and other crustaceans differently in fundamental
aspects, this pattern is much more related to safety.
In summary, across-beach distribution showed that
individuals contracted their distribution landwards
during harsh periods (e.g. storm surges), which em-
phasizes the importance of vegetated areas as a fun-
damental part of O. quadrata habitats. Crab density
and mean size tended to increase towards smaller
grain sizes; steeper slopes in the crab range of occur-
rence also favored their abundance. Burrow occupa-
tion rate differed according to several factors, includ-
ing across-shore position, where higher proportions
of empty burrows were surveyed landwards. This
pattern urges special caution in population studies.
The highest burrow occupation rates and higher
mean crab sizes were associated with harsher wave
conditions. Thus, for monitoring purposes, it is advis-
able to consider periods after high mortality events, be-
cause abandoning the indirect methodology in such
cases is not a viable option. Checking and under-
standing these parameters is of utmost importance to
refine the understanding of ghost crab populations
and might ideally lead to the development of a frame-
work for these studies from the standpoint of the eco-
logical and management importance of this group.

Acknowledgements. We thank our colleagues who assisted
in the field, especially Thayana Berenguel and Marcelo
Petracco. We also thank the State of Sao Paulo Research
Foundation (FAPESP), the Coordination for the Improve-
ment of Higher Education Personnel (CAPES), and the
National Council for Scientific and Technological Develop-
ment (CNPq) for the grant offered to M.P.

LITERATURE CITED

]gAlberto R, Fontoura N (1999) Distribuicao e estrutura etaria

de Ocypode quadrata (Fabricius, 1787) (Crustacea, De-
capoda, Ocypodidae) em praia arenosa do litoral sul do
Brasil. Rev Bras Biol 59:95-108

]\'{ Barros F (2001) Ghost crabs as a tool for rapid assessment of

human impacts on exposed sandy beaches. Biol Conserv
97:399-404

Bivand R, Piras G (2015) Comparing implementations of
estimation methods for spatial econometrics. J Stat Softw
63:1-36

HBivand RS, Hauke J, Kossowski T (2013) Computing the

Jacobian in Gaussian spatial autoregressive models: an
illustrated comparison of available methods. Geogr Anal
45:150-179

]\véBranco JO, Hillesheim JC, Fracasso HAA, Christoffersen

ML, Evangelista CL (2010) Bioecology of the ghost crab
Ocypode quadrata (Fabricius, 1787) (Crustacea: Brachy-
ura) compared with other intertidal crabs in the South-
western Atlantic. J Shellfish Res 29:503-512

A‘Brown AC, McLachlan A (2002) Sandy shore ecosystems

and the threats facing them: some predictions for the
year 2025. Environ Conserv 29:62-77

Burggren WW, McMahon BR (1988) Biology of the land
crabs. Cambridge University Press, New York, NY

]\(Celentano E, Defeo O (2006) Habitat harshness and mor-

phodynamics: life history traits of the mole crab Emerita
brasiliensis in Uruguayan sandy beaches. Mar Biol 149:
1453-1461

A¢Corréa MO, Andrade LS, Costa RC, Castilho AL, Bertini G,

Fransozo A (2014) Vertical distribution by demographic
groups of ghost crab Ocypode quadrata (Crustacea:
Brachyura). Biologia (Bratisl) 69:905-915

Day PR (1965) Particle fractionation and particle-size analy-
sis. In: Black CA, Evans DD, White JL, Ensminger LE,
Clark FE (eds) Methods of soil analysis. American Soci-
ety of Agronomy, Madison, p 545-567

]\viDefeo O, Gémez J (2005) Morphodynamics and habitat

safety in sandy beaches: life-history adaptations in a
supralittoral amphipod. Mar Ecol Prog Ser 293:
143-153

]\<Defeo O, Martinez G (2003) The habitat harshness hypo-

thesis revisited: life history of the isopod Excirolana
braziliensis in sandy beaches with contrasting morpho-
dynamics. J Mar Biol Assoc UK 83:331-340

ADefeo O, McLachlan A (2011) Coupling between macro-

fauna community structure and beach type: a decon-
structive meta-analysis. Mar Ecol Prog Ser 433:29-41

]\(Defeo O, Rueda M (2002) Spatial structure, sampling design

and abundance estimates in sandy beach macroinfauna:
some warnings and new perspectives. Mar Biol 140:
1215-1225

]\(Defeo O, McLachlan A, Schoeman DS, Schlacher TA and

others (2009) Threats to sandy beach ecosystems: a re-
view. Estuar Coast Shelf Sci 81:1-12

]\'{Delgado E, Defeo O (2007) Tisular and population level

responses to habitat harshness in sandy beaches: the
reproductive strategy of Donax hanleyanus. Mar Biol
152:919-927

] Dias PC (1996) Sources and sinks in population biology.

Trends Ecol Evol 11:326-330

]\viGan MA, Rao VB (1991) Surface cyclogenesis over South

America. Mon Weather Rev 119:1293-1302

] Haley S (1972) Reproductive cycling in the ghost crab, Ocy-


https://doi.org/10.1590/S0034-71081999000100013
https://doi.org/10.1016/S0006-3207(00)00116-6
https://doi.org/10.1111/gean.12008
https://doi.org/10.2983/035.029.0229
https://doi.org/10.1017/S037689290200005X
https://doi.org/10.1007/s00227-006-0309-1
https://doi.org/10.2478/s11756-014-0385-5
https://doi.org/10.3354/meps293143
https://doi.org/10.1017/S0025315403007161h
https://doi.org/10.3354/meps09206
https://doi.org/10.1007/s00227-002-0783-z
https://doi.org/10.1016/j.ecss.2008.09.022
https://doi.org/10.1007/s00227-007-0744-7
https://doi.org/10.1016/0169-5347(96)10037-9
https://doi.org/10.1175/1520-0493(1991)119%3C1293%3ASCOSA%3E2.0.CO%3B2
https://doi.org/10.1163/156854072X00011

Pombo et al.: Ghost crab distribution drivers

147

pode quadrata (Fabr.) (Brachyura, Ocypodidae). Crusta-
ceana 23:1-11
]\(Hobbs CH, Landry CB, Perry JE (2008) Assessing anthro-
pogenic and natural impacts on ghost crabs (Ocypode
quadrata) at Cape Hatteras National Seashore, North
Carolina. J Coast Res 246:1450-1458
Holthuijsen LH, Booij N, Ris RC (1994) A spectral wave
model for the coastal zone. In: Magoon OT, Hemsley JM
(eds) Ocean wave measurement and analysis. American
Society of Civil Engineers, New York, NY, p 630-641
Hothorn T, Bretz F, Westfall P (2008) Simultaneous infer-
ence in general parametric models. Biometrical J 50:
346-363
ﬁiHughes DA (1966) Behavioural and ecological investiga-
tions of the crab Ocypode ceratophthalmus (Crustacea:
Ocypodidae). J Zool 150:129-143
]\<J0nah FE, Agbo NW, Agbeti W, Adjei-Boateng D, Shimba
MJ (2015) The ecological effects of beach sand mining in
Ghana using ghost crabs (Ocypode species) as biological
indicators. Ocean Coast Manag 112:18-24
]%Lucrezi S (2015) Ghost crab populations respond to chang-
ing morphodynamic and habitat properties on sandy
beaches. Acta Oecol 62:18-31
MacArthur RH (1972) Geographical ecology: patterns in the
distribution of species. Harper and Row, New York, NY
ﬁiNegreiros-Fransozo M, Fransozo A, Bertini G (2002) Repro-
ductive cycle and recruitment period of Ocypode qua-
drata (Decapoda, Ocypodidae) at a sandy beach in
southeastern Brazil. J Crustac Biol 22:157-161
]\(Neves F, Bemvenuti C (2006) The ghost crab Ocypode
quadrata (Fabricius, 1787) as a potential indicator of
anthropic impact along the Rio Grande do Sul coast,
Brazil. Biol Conserv 133:431-435
Oliveira CA, Souza GN, Soares-Gomes A (2016) Measuring
burrows as a feasible non-destructive method for study-
ing the population dynamics of ghost crabs. Mar Biodiv
46:809-817
Pawlik JR (1992) Chemical ecology of the settlement of ben-
thic marine invertebrates. Oceanogr Mar Biol Annu Rev
30:273-335
ﬁiPombo M, Turra A (2013) Issues to be considered in count-
ing burrows as a measure of Atlantic ghost crab popula-
tions, an important bioindicator of sandy beaches. PLOS
ONE 8:e83792
] Quijon P, Jaramillo E, Contreras H (2001) Distribution and
habitat structure of Ocypode gaudichaudii H. Milne

Editorial responsibility: Omar Defeo,
Montevideo, Uruguay

Edwards & Lucas, 1843, in sandy beaches of Northern
Chile. Crustaceana 74:91-103
Rocha TCF (2008) Mapeamento da sensibilidade ambiental
do litoral de Ubatuba-SP a vazamentos de petréleo. 1°
Congresso Brasileiro de Avaliacao de Impacto, Associ-
acao Brasileira de Avaliacao de Impacto, 15-19 Oct,
2012, Sao Paulo, SP
A Rosa LC, Borzone CA (2008) Spatial distribution of the Ocy-
pode quadrata (Crustacea : Ocypodidae) along estuarine
environments in the Paranagud Bay Complex, southern
Brazil. Rev Bras Zool 25:383-388
Rosario-Martinez H (2015) Phia: post-hoc interaction ana-
lysis. R Foundation for Statistical Computing, available at
https://cran.r-project.org/web/packages/phia/phia.pdf
Sakai K, Tirkay M (2013) Revision of the genus Ocypode
with the description of a new genus, Hoplocypode
(Crustacea: Decapoda: Brachyura). Mem Queensl Mus
56:665-794
] Schlacher TA, Lucrezi S, Connolly RM, Peterson CH and
others (2016) Human threats to sandy beaches: a meta-
analysis of ghost crabs illustrates global anthropogenic
impacts. Estuar Coast Shelf Sci 169:56-73
,\'{ Schone H (1968) Agonistic and sexual display in aquatic and
semi-terrestrial brachyuran grabs. Am Zool 8:641-654
Silva WT, Calado TC (2013) Number of ghost crab burrows
does not correspond to population size. Cent Eur J Biol 8:
843-847
Tolman HL (2002) User manual and system documentation
of WAVEWATCH-III version 2.22. NOAA/NWS/NCEP/
OMB Tech Note 222
]\'{ Tullis A, Andrus SC (2011) The cost of incline locomotion
in ghost crabs (Ocypode quadrata) of different sizes.
J Comp Physiol B 181:873-881
]%Turra A, Gongalves M, Denadai M (2005) Spatial distribu-
tion of the ghost crab Ocypode quadrata in low-energy
tide-dominated sandy beaches. J Nat Hist 39:2163-2177
Wilson K, Hardy ICW (2002) Statistical analysis of sex ratios:
an introduction. In: Hardy ICW(ed) Sex ratios, concepts
and research methods. Cambridge University Press,
Cambridge, p 48-92
] Wolcott TG (1978) Ecological role of ghost crabs, Ocypode
quadrata (Fabricius) on an ocean beach: scavengers or
predators? J Exp Mar Biol Ecol 31:67-82
Zuur A, Ieno EN, Walker N, Saveliev AA, Smith GM (2009)
Mixed effects models and extensions in ecology with R.
Springer, New York, NY

Submitted: October 19, 2015; Accepted: November 18, 2016
Proofs received from author(s): February 2, 2017


https://doi.org/10.2112/07-0856.1
https://doi.org/10.1111/j.1469-7998.1966.tb03000.x
https://doi.org/10.1016/j.ocecoaman.2015.05.001
https://doi.org/10.1016/j.actao.2014.11.004
https://doi.org/10.1163/20021975-99990218
https://doi.org/10.1016/j.biocon.2006.04.041
https://doi.org/10.1371/journal.pone.0083792
https://doi.org/10.1163/156854001505460
https://doi.org/10.1590/S0101-81752008000300001
https://doi.org/10.1016/j.ecss.2015.11.025
https://doi.org/10.1093/icb/8.3.641
https://doi.org/10.1007/s00360-011-0582-2
https://doi.org/10.1080/00222930500060165
https://doi.org/10.1016/0022-0981(78)90137-5



