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INTRODUCTION

The effects of scale, latitudinal, altitudinal and depth
gradients on species richness have been considered
from the perspectives of ecological and historical bio-
geography (Wiens & Donoghue 2004, Bonada et al.
2009). In terrestrial systems, for example, climate plays
important roles at large scales (Currie et al. 2004) and
productivity is also a determinant of species richness
(Field et al. 2009). At regional and local scales, patterns
of richness are influenced by factors such as dispersal,
evolutionary history and habitat variability (Blamires
et al. 2008). Recently, Marquet et al. (2004) have
argued for deconstructing biodiversity, i.e. considering
richness patterns separately for different groups of

species. For example, species may be grouped by tax-
onomic affiliation, body size, mode or mobility. Such
groups may respond differently to the environment
and exhibit contrasting patterns, which would be
obscured if only aggregate richness is considered. By
treating such species groups separately and consider-
ing their richness at different scales, a more complete
understanding of the factors driving species richness
patterns may emerge. In marine and aquatic systems,
these issues are less clear (Field et al. 2009) and all
studies on deconstructing richness to date have been
based on terrestrial systems (e.g. Blamires et al. 2008,
Terribile et al. 2009), except for a recent study on pat-
terns in southeastern Pacific benthos based on larval
development mode (Fernández et al. 2009).
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Much has been written on benthic diversity in
marine and intertidal ecosystems since the seminal
review of Sanders (1968). Nevertheless, although
sandy beaches dominate the world’s temperate and
tropical coastlines, biodiversity of their benthic macro-
fauna has received attention only quite recently.
Ocean beaches are defined by the interactions
between tides, wave energy and the sand particle size
available for sorting and transport by the tides and
waves. These interactions produce a range of beach
morphodynamic types which span a continuum from
narrow and steep  microtidal reflective beaches to
macrotidal dissipative systems, the latter being wide
and flat and grading into tidal flats under conditions of
large tides (Short 1996). Reflective beaches are coarse-
grained and have narrow surf zones, whereas dissipa-
tive beaches have finer sediments and extensive surf
zones.

The relationship between physical beach type
(slope, particle size) and intertidal macrofauna com-
munities reveals increasing species richness and abun-
dance from reflective to dissipative beaches (McLach-
lan et al. 1981, McLachlan 1990, Defeo et al. 1992,
Jaramillo et al. 1995). A recent meta-analysis of data
from 4 continents (161 beaches in 10 countries) con-
firmed that species richness increases from microtidal
reflective beaches to macrotidal dissipative beaches,
and from temperate areas to the tropics (McLachlan &
Dorvlo 2005). However, all these studies considered all
macrofauna in aggregate and did not differentiate
between taxa or other groups of species. Richness of
marine macrobenthic species on sandy beaches
increases with beach width according to a semi-log
model (McLachlan & Dorvlo 2007a), suggesting that
beaches act as isolated rather than contiguous habitats.
Further, the finding that species richness increases
more rapidly than expected in response to widening
beaches indicates that wider (dissipative) beaches pre-
sent more favourable habitats for benthic macrofauna.
Thus, tropical beaches harbour the greatest species
pool, whereas wide macrotidal dissipative beaches
harbour the greatest proportion of the species pool in
an area (Soares 2003).

Supralittoral species, i.e. those living above the drift
line or high water mark, are not normally exposed to
marine conditions and may respond quite differently to
beach type (Defeo & Gómez 2005). These forms, which
are mainly direct developers, are common on reflective
beaches, which usually have a distinct berm that is not
inundated. In contrast, intertidal forms, which mainly
display indirect development (broadcast spawning
with external fertilization and planktonic larvae), are
sparse on reflective beaches. Therefore, different com-
ponents of the community may not respond similarly to
changes in beach type. However, no studies have con-

sidered richness in relation to development mecha-
nisms or taxonomic groups. One meta-study has shown
that average body size (integrated for the whole com-
munity) tends to decrease from reflective to dissipative
beaches as community density increases (McLachlan &
Dorvlo 2007b). At the population level, evidence of
scaling of population density to body size was previ-
ously documented by Defeo & Cardoso (2004) for the
mole crab Emerita brasiliensis. As small body sizes
tend to be excluded from coarse sediments, and grain
size influences burrowing rate in a variety of sandy
beach species (coarse sand usually makes burrowing
difficult or impossible; see McLachlan & Brown 2006),
it is expected that body size would follow an inverse
pattern compared to density and would thus have an
inverse response to beach type.

From the foregoing, it can be concluded that ocean
sandy beaches are physically simple and dynamic
environments where intertidal benthic macrofauna
show fairly clear large-scale patterns of species rich-
ness and abundance in response to beach type and lat-
itude. The mechanisms underlying these patterns are
mainly related to the physical environment at larger
scales, but biological factors may become more impor-
tant on finer scales under dissipative conditions (Defeo
& McLachlan 2005). The underlying mechanisms are
poorly understood, however, and no attempt has yet
been made to deconstruct these patterns, i.e. to con-
sider various components of the macrofauna (i.e. ben-
thic fauna retained on a 0.5 mm sieve) separately. In
the present study, we deconstruct the community from
a warm temperate microtidal coast in order to better
understand richness patterns in relation to variations in
the physical beach environment. For this purpose, we
compared patterns of richness among taxonomic
groups, feeding groups, species with different devel-
opment modes and semi-terrestrial versus intertidal
forms, and we also considered relationships between
body size and population density.

MATERIALS AND METHODS

Database. We collated information from sandy
beaches along the warm temperate southwestern
Atlantic (WTSA) (Fig. 1) province of South America,
which extends from the Valdés Peninsula in Argentina
at 41°S northwards to Cabo Frio in Brazil at 23°S (Sul-
livan & Bustamante 1999). A province can be consid-
ered as a cohesive unit in ecological terms, and is
defined by the presence of common macrofaunal biota
(Spalding et al. 2007). We focused on 2 adjacent ecore-
gions among the 4 that have been defined within this
biogeographic province: Southeastern Brazil (SB) and
Rio Grande (RG). The SB ecoregion extends 3180 km
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along the Brazilian coast, between northern Cabo Frio
at 23°S and Cabo de Santa Marta Grande at 28°S,
whereas the RG ecoregion extends 1897 km from 28 to
35°S at Punta del Este in Uruguay. These 2 ecoregions
have relatively homogeneous species composition and
are fairly distinct from the other 2 ecoregions included
within the WTSA (Rio de la Plata and Uruguay-Buenos
Aires Shelf; Fig. 1) (Lercari & Defeo 2006). Indeed, the
sandy coast has broadly similar sediment, currents and
exposure regimes, uniform tidal range (microtidal, i.e.
tidal ranges <2 m), a common bathymetry and a varied
coastal geomorphology, which includes a range of
beach morphodynamic types (Defeo & de Álava 2005).
Use of beaches within these 2 ecoregions therefore
reduces latitudinal effects and eliminates effects of
varying tide range on species richness. Nevertheless,
we also tested for potential latitudinal trends in our
dataset under the null hypothesis that correlation of
species richness against latitude was zero, and we
found that residuals were not spatially autocorrelated.
Thus, we argue that the 2 ecoregions could be consid-
ered as a cohesive unit in ecological terms, and we dis-
count potential latitudinal effects in depicting trends.

The literature review involved a search of the pri-
mary literature, theses and technical reports of sandy
beach surveys performed in the SB and RG ecoregions.
Information on the number of species and relevant
physical variables was gathered. The community
descriptor used was the total number of species

recorded per survey (species richness), which was
determined as the sum of all species present in each
survey. Data on 3 key physical factors were gathered
from the respective manuscripts: (1) mean grain size,
(2) beach face slope, and (3) the compound index of
beach state, known as the dimensionless fall velocity or
Dean’s parameter (Ω), which measures how reflective
or dissipative a microtidal beach is (Short 1996):

where Hb is breaker height (m), Ws is sand fall velocity
(m s–1) and T is wave period (s). We considered Ω val-
ues <2 to characterise reflective beaches and Ω values
>5 to define dissipative beaches, with values between
2 and 5 indicating intermediate beach states. Essen-
tially, Ω is a measure of the ability of the prevalent
wave energy to erode sand, and high values charac-
terise dissipative beaches (Defeo & McLachlan 2005).

Manuscripts were assessed and, when raw data
were available, results were verified. We took into
account the following cautionary criteria: (1) only those
studies that sampled the entire beach width from the
lower swash zone up to the drift line or above were
considered; in those studies where subtidal samples
were taken, these data were not used; (2) when
monthly or seasonal surveys were present in the data
sources, information was pooled to provide a single
estimate for each beach. The final screening reduced
our dataset to 63 sandy beach surveys in 2 countries:
50 from Brazil and 13 from Uruguay (Table S1 in
the supplement at www.int-res.com/ articles/ suppl/
m433p029_supp. pdf). When information about a spe-
cific physical variable was not present in the paper, an
additional bibliographic search for each sandy beach
was performed.

Deconstruction approach: defining faunal cate-
gories. Species richness was deconstructed using 4 dif-
ferent strategies for species grouping, as well as con-
sidering individual species and overall community
body size and density, resulting in a total of 6 strategies
of analysis:

(1) Taxonomy: 4 categories were recognised: mol-
luscs, polychaetes, crustaceans and insects.

(2) Beach zone occupied: 2 zones were considered —
supralittoral and intertidal — which separate air
breathers from water breathers.

(3) Development mode: Following Brown (1983) and
Ansell (1983), we broadly classified sandy beach spe-
cies according to 2 categories of larval development
modes: (3.1) species with direct development, re -
stricted dispersal and relatively high potential for isola-
tion, including peracarids (amphipods, isopods), which
have internal fertilization, are ovoviviparous and have
no pelagic larval stages, and (3.2) species with indirect
development and planktonic larvae. The latter cate-
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Fig. 1. Study area in the warm tem-
perate southwestern Atlantic (WTSA;
southeast coast of South America).
The 4 ecoregions of the WTSA pro -
vince are shown, including those
analysed in this work (Southeastern 

Brazil and Rio Grande)
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gory was divided into: (3.2.1) broadcast spawners (e.g.
bivalves) with external fertilization, high fecundity,
and free-floating planktonic larval stages that can
remain in the plankton for variable periods ranging
from a few days to months; (3.2.2) species with limited
parental care of the eggs and planktonic larvae (e.g.
Emerita, whose females carry eggs on pleopods where
they are hatched and released as zoea larvae); and
(3.2.3) species with lecithotrophic, non-feeding larvae.
In both broadcast spawners and those with some
parental care, the planktotrophic stages (feeding lar-
vae) develop in the water column, conferring a high
dispersal potential leading to stronger gene flow
among populations and lower potential for isolation
and speciation (Fernández et al. 2009).

(4) Feeding mode: 3 broad categories were recog-
nised, namely filter (suspension) feeders, deposit (sed-
iment) feeders and scavengers/predators.

(5) Species level: We separated the effects of occu-
pied beach zone, development mode and feeding
mode at the species level by evaluating the response of
6 species (see Fig. 5) to beach type.

(6) Body size and density: Mean individual body size
(as dry mass) was estimated as the ratio between total
biomass and total abundance. This analysis was not
performed for the whole dataset because not all studies
contained estimates of abundance and/or biomass.
Moreover, abundance estimates were derived from 2
different units of measurement that are not strictly
comparable: density (ind. m–2) and abundance, ex -
pressed as individuals per strip transect or IST (ind.
m–1). To convert IST to density estimates, values of
beach width (m) for each sampling event are needed.
This was impossible to obtain for several reference
sources. Thus, only available estimates of density were
used to relate body size to density. Variations in mean
body size were related to mean grain size, beach face
slope and Ω to test the null hypothesis of absence of
differences in individual size across the range of beach
morphodynamic types. Density (ind. m–2) was also
related to beach type.

Statistical analysis. Our general starting hypothesis
was that all faunal components, as well as the whole
community, would display a trend of increasing rich-
ness and abundance from reflective towards dissipa-
tive beaches. Relationships between community de -
scriptors and physical variables or Ω were modelled by
linear or nonlinear fitting, which is more appropriate
than multiple comparison procedures through discrete
categorization (e.g. ANOVAs) of continuous variables
to depict large-scale patterns. In all cases, the model
that best explained the relationship between biological
and physical variables was selected based on r². In a
few cases, data for each beach coming from different
years were included as separate entities to perform sta-

tistical analyses, following the strategy detailed by
Defeo & Cardoso (2004, see p. 91). Analyses of covari-
ance (ANCOVA) were also used to compare the rela-
tionships between species richness and physical
descriptors, using beach face slope as the covariate,
species richness as the dependent variable, and 5 dif-
ferent strategies for species grouping as the main fac-
tors (number of treatments varied in each case). Loga-
rithmic transformations [log(x+1)] were made to fulfil
the requirements of normality, linearity and homo -
scedasticity. When significant differences were de -
tected, multiple comparisons were conducted using
Scheffe’s test (α = 0.05).

Generalized linear models (GLM; McCullagh &
Nelder 1989) were used to examine the relationship
between total species richness and beach slope, grain
size and Ω. Poisson models and a log-link function
were used for fitting. Because of potential correlations
among covariates, terms were dropped one at a time.
Additionally, collinearity was checked using the vari-
ance inflation factor (VIF; Montgomery & Peck 1992).
VIF values >5 were considered evidence of collinear-
ity, i.e. the information carried by a predictor having
such a VIF is contained in a subset of the remaining
predictors. In addition, a matrix of Pearson’s rank cor-
relation coefficients was computed for all possible
pairs of covariates. The Akaike’s Information Criterion
(AIC) was used to evaluate each model fit and parsi-
mony. Residual plots were evaluated for violations of
model assumptions.

RESULTS

Physical factors

Sand grain sizes varied between 0.13 and 1.19 mm
and beach face slopes between 0.01 and 0.15. The full
range of morphodynamic states from reflective (Ω < 2)
to dissipative (Ω > 5) was present, with the lowest and
highest values of Ω being 0.3 and 8.2, respectively. The
steepest beaches had the coarsest sediments and low-
est values of Ω, identifying them as reflective beaches,
while dissipative beaches showed opposite trends.
Relationships between these variables were best
explained by exponential models (Fig. 2).

Community patterns

The 63 beach surveys recorded a total number of 124
species (of which 35 were insects and arachnids) and
showed clear patterns of overall macrobenthic commu-
nity richness against Ω, sand particle size and beach
face slope (Fig. 3). Species richness ranged from 4 to 35
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marine species (excluding insects and arachnids) per
beach and increased exponentially (p << 0.001) with
increasing values of Ω, finer grain sizes and flattening
beach face slopes, i.e. from reflective to dissipative
beach states. Reflective beaches all harboured <10
species, whereas dissipative beaches generally har-
boured >20 species. The strongest GLM relationships
occurred between species richness and slope and Ω
(r² = 0.65, AIC = 193.68), as evidenced by the consistent
decrease in the AIC (Table 1). In decreasing order,
beach slope and Ω were the most significant predictors
(p < 0.001) of large-scale variations in species richness,
whereas grain size did not have a significant effect
when included in the whole model (p = 0.25). VIF val-
ues ranged from 2.14 to 2.85 (always <5), and Pear-
son’s rank correlation coefficients for all possible pairs
of covariates were always <0.70. Both analyses con-
firmed a lack of any multicollinearity among the
covariates that could compromise the interpretability
of the GLM results. Thus, beach face slope (a product
of the interaction among wave energy, tidal range and
particle size) was selected as the most parsimonious
variable for doing the deconstructive approach.

Taxonomic deconstruction

The benthic macrofauna of WTSA sandy beaches
included representatives of many phyla, but crus-
taceans, molluscs and polychaetes predominated,
making up 95% of marine species richness. Decon-
struction based on taxonomy indicated that these 3
taxa as well as insects followed the same exponential
pattern of increasing richness towards flat slopes
and fine sands, with richness tending to level off as
beaches became more dissipative; since there were no
significant differences in these relationships between
polychaetes and molluscs (ANCOVA: p > 0.05), a
common regression was fitted for the combined poly-
chaete and mollusc richness (Fig. 4a, Table 2A). The
species richness–beach slope relationship signifi-
cantly differed among taxa (ANCOVA: F2,163 = 36.63,
p << 0.01); for a similar beach slope, the number of
species was significantly greater for crustaceans than
for the polychaete-mollusc group and insects
(Scheffe’s test: p < 0.01), indicating that crustaceans
had the highest tolerance for coarse sands and reflec-
tive beaches.
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Deconstruction by development mode

Following the same pattern depicted by the whole
community, a decreasing exponential function be -
tween species richness, either with direct development
or with a planktonic larval stage, and physical vari-
ables was clearly depicted (Fig. 4b). The number of
species across beach types did not differ between the 2
development and dispersal modes (ANCOVA: F1,163 =
3.37, p = 0.07), indicating that both groups respond in
the same way, increasing in species richness from
coarse-grained steep (reflective) beaches to fine-
grained flat (dissipative) beaches (Table 2A).

Deconstruction by feeding guild

Deconstruction of marine species richness based on
feeding guilds (Fig. 4c) revealed significant differences
in the species richness–beach slope relationship
among groups (ANCOVA: F2,185 = 71.31, p << 0.01). For
the same beach slope, deposit feeders were the least
diverse feeding group and had the lowest richness on
reflective beaches (Scheffe’s test: p < 0.01). Scav-
engers/predators had the highest richness for any
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(a)
Variables df AIC χ²

Slope × Dean 2 193.58 177.94
Grain size × Slope × Dean 3 194.24 179.28
Grain size × Dean 2 204.32 167.20
Grain size × Slope 2 207.67 163.85
Slope 1 210.03 159.49
Dean 1 213.15 156.37
Grain size 1 249.38 120.14

(b) Estimate SE Wald statistic

Intercept 2.68486 0.16497 264.8682
Slope –7.81636 1.71346 20.8094
Dean 0.09185 0.02149 18.2771

Table 1. (a) Model building results for the generalized linear
model (GLM) for species richness, using beach slope (%),
mean grain size (mm) and Dean’s parameter (Ω) as indepen-
dent variables, a Poisson distribution function and a log-link
function. Akaike Information Criterion (AIC) and likelihood
ratio test (χ²) are given (in all cases p < 0.001). Bold italics:
best model. (b) Parameter estimates of the best model high-
lighted in (a). GLM coefficient estimates (mean and SE) are
shown together with the Wald statistic (in all cases p < 0.001).
Grain size was not significant in previous models and was

removed from the final computations

(a) Slope Grain size Ω
a b r2 a b r2 a b r2

Taxonomic groups
Crustaceans –3.69 –3.30 0.51 1.71 –3.69 0.47 3.08 0.91 0.55#

Polychaetes & molluscs –3.88 –6.45 0.63 –0.02 –4.25 0.56 1.45 1.13 0.69#

Insects –4.12 –2.41 0.25 0.82 –1.88 0.12 1.61 1.93 0.34#

Development modes
Planktonic larvae –3.69 –3.30 0.51 0.94 –3.56 0.44 2.49 1.09 0.55#

Direct development –3.88 –6.45 0.63 0.91 –4.26 0.48 1.92 0.99 0.62#

Feeding guilds
Scavengers –4.24 –3.30 0.61 1.71 –3.24 0.44 2.40 1.67 0.71#

Deposit feeders –1.66 –1.66 0.54 –1.11 –2.85 0.52 1.95 0.91 0.44#

Filter feeders –2.64 –5.56 0.60 1.22 –1.73 0.43 1.94 0.40 0.42#

Beach zone (supralittoral crustaceans)
Abundance 1.31 0.32 0.33 2.92 1.09 0.34 2.02 0.48 0.20
Proportion 4.32 0.91 0.67 0.82 0.38 0.71 0.54 –0.22 0.61

(b)
Species Model a (SE) b (SE) r²

Supralittoral
Excirolana braziliensis D = a·Gb 527 (241) 2.67 (0.63) 0.50***
Atlantorchestoidea brasiliensis IST = a + bG –69 (113) 1562 (270) 0.31***
Ocypode quadrata D = a·Gb 1.34 (0.48) 0.56 (0.31) 0.18*

Intertidal
Excirolana armata D = a·Gb 5.17 (5.52) –1.91 (0.58) 0.40***
Emerita brasiliensis D = a·Gb 210 (177) –1.75 (0.52) 0.64**
Donax hanleyanus ln (IST) = a – b·G 7.28 (0.36) –2.85 (0.89) 0.43***

Table 2. (a) Best models (p < 0.01 in all cases) fitted between species richness and beach slope (%), mean grain size (mm) and
Dean’s parameter (Ω). All models are y = a + b· ln(x), unless denoted by #y = a + bx. (b) Best models fitted between abundance

(individuals per strip transect: IST) or density (D) of 6 species and sand particle size (G). *p < 0.05, **p <0.01, ***p < 0.001
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given slope, indicating their ability to colonise all
beach types (Table 2a), with those on reflective
beaches being mainly supralittoral crustaceans (Fig.
4a,d). The regression line of filter feeders had a flatter
slope than the other 2 feeding guilds, indicating a more
even distribution of species richness of filter feeders
across the whole range of morphodynamic types
(i.e. some species being on reflective beaches, with
species richness slightly increasing towards dissipative
beaches; Table 2a).

Deconstruction by zone

Deconstruction of crustacean species richness based
on the beach zone occupied (air breathers vs. water
breathers) showed that the proportion of supralittoral
species followed the reverse of the trend found for all
other macrofaunal components, increasing sig -
nificantly towards reflective beaches (i.e. beaches
with low Ω, coarser grains and steep slopes; Fig. 4d,

Table 2A). Supralittoral species made up almost 80%
of the total crustacean species on reflective beaches,
but this proportion decreased to <10% on dissipative
beaches (Fig. 4d). At beach slopes <0.05 (Fig. 4d) and
grain sizes ≤0.20 mm, the proportion of supralittoral
crustaceans was close to 0, whereas they represented
up to 75% of the total number of crustacean species at
slopes >0.10 and grain sizes >0.60 mm. The absolute
number of supralittoral crustacean species also in -
creased with beach slope and tended to stabilize at 3
species in beaches with the steepest slopes (Fig. 4d)
and coarsest sands, i.e. reflective conditions (Table 2a).

Species level comparisons

The foregoing results suggest contrasting responses
of sandy beach crustacean species to morphodynamics
according to their location across-shore rather than
taxonomy, development mode or feeding guild:
supralittoral forms showed higher richness on reflec-
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Fig. 4. Deconstruction of marine species richness for sandy beaches located in Southeastern Brazil and Rio Grande ecoregions,
showing best models (p < 0.001) fitted for species richness against beach face slope: (a) taxonomic groups, (b) development 

modes, (c) feeding guilds, and (d) proportion and absolute number of supralittoral crustaceans
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tive beaches, which is the reverse of the pattern fol-
lowed by truly intertidal species (Table 2b). Responses
of individual species to beach type in terms of abun-
dance or density confirm this (Fig. 5). Supralittoral spe-
cies: the ubiquitous peracarids Ex ciro lana braziliensis
(Fig. 5a) and Atlant orchestoidea brasiliensis (Fig. 5b)
and the ghost crab Ocypode quadrata (Fig. 5c), which
is a top predator in the sandy beach system, all
increased in abundance from dissipative to reflective
beaches. In contrast, the abundance of 3 intertidal spe-
cies, the peracarid Excirolana armata (Fig. 5d), the
mole crab Emerita brasiliensis (Fig. 5e) and the wedge

clam Donax hanleyanus (Fig. 5f), increased from re -
flective to dissipative beaches. Thus, supralittoral and
intertidal species showed opposite responses to beach
type regardless of their taxonomic group or mode of
development  and feeding (Table 2b).

Density, body size and beach types

Density (D) ranged from 30 to >1000 ind. m–2,
increasing with finer grain size, flatter slopes and thus
from reflective to dissipative beaches. Among physical
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variables, beach face slope showed the strongest rela-
tionship with density, i.e. density decreased exponen-
tially with steeper slopes (Fig. 6a). Mean individual
body size (Md, individual dry mass) ranged between
0.4 and 119 mg, and followed the inverse pattern as
that of density, increasing exponentially from dissi -
pative to reflective beaches, i.e. with steeper slopes

(Fig. 6b). Body size and density therefore showed
inverse responses to beach type. Combining the above
patterns, an inverse relationship (r2 = 0.14; p < 0.05)
between log population density and log body size was
found, according to the model (Fig. 6c): log (D) = 1.63 –
0.29 log (Md). Thus, dissipative beaches harbour com-
munities with the highest densities and species with
the smallest mean individual body sizes. These large-
scale patterns in abundance and body weight indicate
a scaling of population density to body size in sandy
beach communities.

DISCUSSION

The strong relationships among slope, particle size
and Ω indicate that all 3 parameters can be used as
measures of beach type. Although Ω is considered to
be the least precise because of the difficulty of obtain-
ing accurate long-term average data on wave height
and period, GLM analysis showed that beach slope
and Ω were the best explanatory variables of overall
community species richness (Table 1). The aggregated
nature of both variables (Ω integrates variability in
wave climate and particle size, and beach slope results
from the interaction among wave energy, tidal range
and particle size) may indicate that overall beach state,
and not any single variable, influences macrobenthic
species richness on sandy beaches. Thus, richness in
macrobenthic communities on WTSA sandy beaches
increased as beaches became more dissipative. How-
ever, although overall community species richness
showed an exponential increase towards dissipative
beaches, subsequent analyses with various decon-
structed groups suggested that, in some specific cases,
group responses differed from the aggregate response.

Deconstruction by taxon shows that molluscs and
polychaetes followed the overall community trend of
decreasing numbers of species towards reflective
beaches. Crustaceans showed a more complex
response as they tend to separate into 2 groups: inter-
tidal and supralittoral forms. Crustaceans have the
highest number of intertidal species that are able to
colonise beaches of coarse sand and steep slopes
because they are most mobile, have better burrowing
abilities, can best cope with dynamic swash, and their
exoskeletons provide some protection from the abra-
sive effects of coarse sand. Further, supralittoral crus-
taceans were most abundant in reflective beaches,
accounting for a small pool of species that are success-
ful at this extreme beach state. However, supralittoral
insects showed a response opposite to that of supralit-
toral crustaceans. Since insect distribution extends
landwards rather than seawards unlike the other
marine groups, this trend may be part of a larger pic-

37

1.2

1.6

2.0

2.4

2.8

3.2

lo
g

10
 D

en
si

ty

0.00 0.05 0.10 0.15

Slope

–3.6

–3.2

–2.8

–2.4

–2.0

–1.6

–1.2

–0.8

lo
g

10
 B

od
y 

si
ze

 (m
g)

y = 2.74 – 7.83x
r2 = 0.33***

y = –2.49 + 6.26x
r2 = 0.12*

a

b

–3.2 –2.8 –2.4 –2.0 –1.6 –1.2 –0.8

log10 Body size (mg)

1.6

2.0

2.4

2.8

3.2

lo
g

10
 D

en
si

ty
 (i

nd
 m

–2
)

y = 1.63 – 0.29x
r2 = 0.14*

c

Fig. 6. Best linearised (log values) regression models fitted
between beach face slope and (a) body size, or (b) density, or
(c) between density and body size. (-----): 95% CIs for the 

fitted regressions. *p < 0.05, ***p < 0.001



Mar Ecol Prog Ser 433: 29–41, 201138

ture which we are missing by not sampling the dunes.
Wider sampling and further deconstruction on insects
is required to clarify this and to separate endemic
beach forms from migrants and flying from flightless
forms.

Deconstruction by development mode showed an
even split between species with planktonic larvae and
those with direct development. Both groups increased
in species numbers towards dissipative beach states,
and subsequent analysis showed this trend to be
closely correlated with feeding guilds. Filter feeders
had planktonic larvae, whereas scavengers/predators
had direct development, with few exceptions (Fig. S1
in the supplement at www.int-res. com/ articles/ suppl/
m433p029_supp. pdf). The close relationship among
feeding guilds and development modes could be
explained by the inherent characteristics of life history
traits. Indeed, scavengers/predators are highly mobile,
less dependent on larval dispersal and may thus have
direct development, whereas filter feeders are more
sedentary and thus need planktonic larvae for disper-
sal. The patterns found may also be related to the
availability and constancy of food supply, which would
be more erratic and unpredictable for scavengers/
predators.

Species richness patterns for feeding groups matched
the general trends. Deposit feeders were sparse in
general and absent towards reflective beaches, as
dynamic, well drained conditions and high permeabil-
ity in reflective beaches are not conducive to accumu-
lation of organic material in the sediment (McLachlan
& Brown 2006). The deposit feeding mode only became
prevalent in finer sands with higher organic content, as
found on dissipative beaches. Scavengers/predators
were successful on all beach types and their diversity
highlights the role of beaches as interfaces that receive
and process materials of marine origin. The flat slope of
the regression line of species richness versus beach
slope for filter feeders suggests that they can colonise
beaches of the reflective type but there is little addition
of species towards dissipative beaches; rather, a few
species can become extremely abundant, as usually
occurs on dissipative beaches (Defeo & McLachlan
2005). Filter feeders require inundation to feed and
therefore only occur in the lower half of the intertidal
zone, whereas scavengers occur throughout the inter-
tidal and dominate the supralittoral. Thus, there are
more spatial niches for scavengers than for filter feed-
ers, the latter occupying only a third of the vertical area
available to the former.

Among the marine forms, only the crustaceans
include both intertidal and supralittoral species.
Deconstruction between supralittoral and intertidal
forms, i.e. based on shore zones occupied, showed that
supralittoral crustaceans were more diverse on reflec-

tive beaches (Fig. 4d). A group of 3 supralittoral spe-
cies was able to occur even under the most reflective
conditions, which was also noted by Defeo & Gómez
(2005), Lastra et al. (2009) and Fanini et al. (2009). Fur-
ther support for a different response in supralittoral
forms comes from Incera et al. (2006), who found that
supralittoral species were less affected by beach face
slope, i.e. morphodynamic type, than intertidal species.
This reverse trend in supralittoral marine forms is not
related to development mode since it is displayed both
in forms with direct development and in those with
planktonic larvae. Indeed, consideration of individual
species showed that zone was more important than
either development or feeding modes in determining
species richness responses to beach type. Trends in
individual species abundance or density across beach
types were clear in all cases, except possibly in the
brachyuran ghost crab Ocypode quadrata. However,
Turra et al. (2005) and da Rosa & Borzone (2008) also
found Ocypode on beaches with coarse sands. Ghost
crabs may migrate back toward the dunes and burrow
there for shelter during storms (Hobbs et al. 2008).

Trends in body size and density support the findings
of an earlier global analysis by McLachlan & Dorvlo
(2007b), namely that densities increase by some orders
of magnitude from reflective to dissipative beaches as
mirrored by a decrease in mean individual body size.
They suggested that the less abrasive and less turbu-
lent conditions on dissipative beaches enable the
establishment of less robust species, which cannot tol-
erate the turbulent swash and coarse sand under
reflective conditions. Similarly, Incera et al. (2006)
noted that steeper (more reflective) beaches harboured
a significantly higher percentage of active burrowers,
especially at lower shore levels, whereas non-active
burrowers were more prevalent on flat (more dissipa-
tive) beaches. Increasing densities also provide more
scope for biological interactions that structure the com-
munity under dissipative conditions.

Several models have been proposed to explain
macroscale patterns in species richness on sandy
beaches. Because of the physically controlled nature of
beaches and the relative simplicity of the beach envi-
ronment (it can be defined in terms of sand particle
size, tidal regime and wave climate), these models
have focused on explanations revolving around physi-
cal rather than biological control. The Swash Exclusion
Hypothesis (McLachlan et al. 1993) postulated that the
harsher swash climate on reflective beaches excluded
species since the swash climate on the beach face is
closely related to beach type (McArdle & McLachlan
1991, 1992). The term ‘harsh’ is used here to denote an
environment that is dominated by extreme abiotic fac-
tors (sensu Begon et al. 2006, p. 611). In sandy beaches,
the extreme is the interaction between coarse sand and

http://www.int-res.com/articles/suppl/m433p029_supp.pdf
http://www.int-res.com/articles/suppl/m433p029_supp.pdf
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turbulent swash, which has been widely documented
through experimental and field work (reviewed by
Defeo & McLachlan 2005) to make burrowing almost
impossible, resulting in a decrease in growth, condi-
tion, survival and reproduction rates (i.e. fitness). Thus,
these factors contribute to making reflective beach
environments physically harsh for intertidal macro-
fauna (Brazeiro 2001, Papageorgiou et al. 2006). The
Habitat Harshness Hypothesis postulated that in harsh
reflective beaches, organisms must divert more energy
towards maintenance, resulting in less energy avail-
able for reproduction, with consequent higher mortal-
ity (Defeo et al. 2001, Defeo & Martínez 2003). A third
hypothesis, the Habitat Safety Hypothesis, separated
intertidal and supralittoral forms, taking into account
both swash and sand effects and differences in life his-
tories. This hypothesis suggested that supralittoral spe-
cies have higher growth, survival and reproduction
rates on microtidal reflective beaches (Defeo & Gómez
2005). The presence of a berm that is not inundated
makes reflective beaches the most stable beach type
with low backshore mobility (Short 1996), favouring
the development of supralittoral species (that are not
affected by the interaction between coarse sand and
turbulent swash) in a more stable and safer environ-
ment because their risk of immersion is substantially
lower here than on dissipative beaches. The latter
2 hypotheses are more applicable at the population
than at the community level, for which the first was
 formulated.

The results of our deconstructive meta-analysis sup-
port the theoretical framework of these hypotheses,
providing more detailed insights into causative factors

and raising new questions for further investigation.
The conceptual diagram depicted in Fig. 7 shows the
general applicability of the Autecological Hypothesis
(which states that in physically controlled environ-
ments, communities are structured by the independent
responses of individual species to the abiotic environ-
ment) across the range of beach types in the absence of
latitudinal and tidal effects, but with decreasing habi-
tat harshness towards dissipative conditions where
biological factors may become more important in struc-
turing sandy beach communities. For all categories,
groups and guilds in the intertidal, the Swash Exclu-
sion and Habitat Harshness Hypotheses, which predict
species exclusion by harsh swash and coarse sand, are
supported. The increase in species richness and abun-
dance shown by supralittoral crustaceans towards
reflective beaches in our meta-analysis supports the
Habitat Safety Hypothesis. However, predictions were
not supported for insects, on which more work is
required. Relationships among feeding, reproduction,
abundance and beach type at the species level also
need further study.

In summary, the deconstruction approach provided
insights into species richness and abundance patterns
according to life cycle characteristics and was useful 
in quantifying the relative importance of physical
 environment changes on macrofaunal components.
Changes and gradients in the physical environment
explain much of the meta-scale variation in community
structure in sandy beaches. This has been evidenced
by increases in species richness and density and
decreases in body size from harsh reflective to dissipa-
tive beaches. All sub-components of the intertidal com-
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Fig. 7. Conceptual model of species rich-
ness response to beach type. Intertidal
species richness increases from reflective
to dissipative beaches. The direction of
arrows for groups denotes increasing
patterns in species richness in response
to beach type, as determined in the
deconstructive meta-analysis presented
in this paper. The theoretical framework
for sandy beach ecology is shown,
including the general Autecological
Hypothesis and more specific hypotheses
defined for sandy beach intertidal and
supralittoral macrofauna: the Swash
Exclusion Hypothesis, the Habitat Harsh-
ness Hypothesis and the Hypothesis of
Habitat Safety (see ‘Discussion’ for full 
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munity (taxa, feeding groups and guilds) show the
same response, varying only in where they appear
along the gradient of habitat harshness, and by how
quickly they respond to decreasing harshness by in -
creasing species richness. However, the single excep-
tion (a reverse response in the case of supralittoral
crustaceans, i.e. increasing species richness and abun-
dance with increasing harshness) confirms the influ-
ence of a different suite of controlling factors (e.g.
beach stability) for air breathers above the drift line.
Finally, feeding and larval dispersal are closely cou-
pled to the nature, productivity and circulation of
inshore waters, and the links between feeding and
development modes may be an indication of this.
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