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Interactions between organisms are important determinants of species distributions and abundances. Due to the
high complexity of interactions between species in natural systems, the outcome of a given interaction can affect
others, finally modifying community composition. In South-Western Atlantic intertidal mudflats, the zonation of
the burrowing crabNeohelice (Chasmagnathus) granulata and the intertidal snailHeleobia australis rarely overlaps,
suggesting that both speciesmight havenegative interactions; and, given that both species have different foraging
strategies, these negative interactions can have top-down impacts on community composition. Zonation patterns
of both species showed that snails are more abundant in areas without crab burrows, and field experiments re-
vealed that snail density correlated with a reduction in crab density and that when crabs were excluded, snails
were able to colonize those higher intertidal areas. Bioturbation and not competition seems to drive that pattern,
given that crabs have no effects on microalgae, but negatively affect infaunal organisms such as copepods, flagel-
lates, nauplli larvae and snails. Conversely, snails negatively affect algal assemblages, specifically cyanobacteria,
chlorophytes, and euglenophytes, although diatoms, the most abundant group, was not modified. Our results
show that crab–snail competition disrupts snail herbivory upon microalgae by limiting the area over which
algal consumption occurs and highlight the complex web of interactions that frequently regulates community
structure in natural systems.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Predation and competition can strongly influence community struc-
ture (e.g. Schoener, 1983; Wilson, 1991) and ecosystem properties and
functions (e.g. diversity, Schmitz, 2006; invasibility, Stachowicz et al.,
2002). For instance, predation can regulate diversity, species abun-
dances and community structure in a variety of marine systems, includ-
ing salt marshes (e.g. Silliman and Bertness, 2002) and, mud and sand
flats (e.g. Armitage and Fong, 2006). Similarly, competition can regulate
the structure of communities by also changing abundances and distri-
butions of species (e.g. Schoener, 1983) and affecting individual growth
and emigration (Moksnes, 2004). In general, competition is asymmetric
and results from the differential sizes or abilities of species (see Young,
2004 and cites therein). However, besides competition and predation,
ecosystem engineers can also affect community structure directly or in-
directly by modulating the availability of resources to other species.

Thus, both, trophic and non-trophic interactions are major community
structuring forces (e.g. de Ruiter et al., 2005).

Soft bottom intertidal areas are characterized by high primary pro-
duction (e.g. Valiela et al., 2000), where benthic microalgae are often
dominated bydiatoms (Paterson andHagerthey, 2001), and are respon-
sible for up to 50% of the carbon assimilated by consumers of intertidal
estuarine sediments (Sullivan and Currin, 2000). These habitats can
provide unique ecosystem services providing essential feeding sites
for migratory shorebirds (e.g. Morrison and Ross, 1989) and nursery
grounds for fishes (Green et al., 2009).Microphytobenthos is also an es-
sential food resource for a variety of species (James-Pirri et al., 2001)
being an important link of energy in the estuarine food webs (Riera,
2010).

These soft bottom systems are frequently inhabited by herbivores
and/or bioturbators (e.g. Pillay et al., 2007) that can have profound im-
pacts on community and ecosystem dynamics (Hagerthey et al., 2002).
In fact, top-down control from grazers can be considered a major per-
turbation to estuarine mudflats diatom assemblages (Cadée, 2001). In
particular, the impacts of invertebrates like snails and crabs have been
widely documented. For example, hydrobioid snails frequently found
inhabiting coastal environments (e.g. Lillebo et al., 1999), often drasti-
cally reduce microalgal populations (Coles, 1979) and affect benthic
community structure (Kelaher et al., 2003). Moreover, due to their
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feeding strategies these snails may be considered ecosystem engineers.
Hydrobia ulvae can horizontally mix the surface sediment layer (Cadée,
2001), and Littoraria sp. snails effectively displaces another detritivore
via mucus cues and alterations in the shade canopy (Lee and Silliman,
2006) acting as an allogenic ecosystem engineer (sensu Jones et al.,
1994). Crabs can also exert strong control over benthic communities
via grazing and bioturbation. For example, grapsid crabs can strongly
affect benthic assemblages due to their feeding and burrowing activities
(e.g. Botto and Iribarne, 1999), and grazing by fiddler crabs can reduce
microalgal abundances up to 60% in surface sediments (Ribeiro and
Iribarne, 2011). Moreover, through bioturbation, crabs may also reduce
meiofaunal density and affect community composition (e.g. Uca sp.
Ólafsson and Ndaro, 1997; Carcinus sp. Schratzberger and Warwick,
1999).

In SW Atlantic estuaries (between southern Brazil and northern
Argentinean Patagonia), higher intertidal areas are occupied by
marsh plants while mudflats extend on lower intertidal areas (Isacch
et al., 2006). The burrowing crab Neohelice (formerly Chasmagnathus)
granulata is one of the most abundant intertidal macroinvertebrate
species, being an important herbivore and bioturbator (e.g. Alberti et
al., 2011; Iribarne et al., 1997). On the mudflats, this crab is mainly a
deposit feeder that builds semi-permanent burrows and removes up
to 5.9 kg m−2 d−1 of sediment (Iribarne et al., 1997) altering the
physico-chemical characteristics and dynamics of the area (see Botto
and Iribarne, 2000). Themudflats are also inhabited by the Hydrobioid
mud snail Heleobia australis (usuallyb7 mm total shell length) (De
Francesco and Isla, 2003). This is also a deposit feeder and grazer on
microphytobenthos (Falniowski, 1987) that inhabits mudflats from
Rio de Janeiro (22° 54′ 10″ S), Brazil, to the northern Argentinean Pat-
agonia (40° 84′ 59″ S) (Aguirre and Farinati, 2000).

However it is uncommon to find high crab and snail densities at the
same intertidal height. Even though crabs use the entire intertidal area,
crab burrows are rare at lower mudflat areas (Méndez Casariego et al.,
2011), where snails are most abundant. Thus, this zonation pattern
may be driven by differential tolerance to abiotic factors (e.g. crabs
build considerably less burrows in low intertidal, Iribarne et al., 2005;
snails depend on desiccation and wave exposure, Canepuccia et al.,
2007 and references therein) and not to predation pressure, given that
one species of gulls, the Olrog's gull (Larus atlanticus) mainly preys on
crabs (Copello and Favero, 2001), but given their low abundance their
impact is negligible (Favero et al., 2001). There may also be negative in-
teractions between them. In this context, we hypothesized that crabs
could be displacing snails through bioturbation (as they do with other
infaunal species; see Escapa et al., 2004) at the edge between the area
mostly occupied by crabs (highermudflat) and the onemostly occupied
by snails (lower mudflat). We believe that the upper zonation limit of
snails might be ultimately controlled by abiotic factors (such as inunda-
tion period and salinity; e.g. Fenchel, 1975), but at least on a small tem-
poral or spatial scale, crabs could be preventing snails from reaching
that upper level. Additionally, although there is no information about
H. australis foraging strategies, we hypothesized that the effects they
produce onmicroalgae are similar to the ones reported for other similar
species (i.e. Hydrobia ulvae, Hagerthey et al., 2002), mainly affecting
microalgae assemblages by foraging and horizontal sediment mixing
(Cadée, 2001).

In consequence, given that both species have different foraging and
bioturbation strategies, we expect that the single presence of one of
these two species as well as their potential interaction will produce dif-
ferent effects on the algal and infaunal assemblage. The objectives of
this work were (1) to evaluate if the burrowing crab N. granulata dis-
places the mud snail H. australis, and (2) to evaluate if this interaction
modifies the infaunal and algal assemblage and their interactions in
benthic food webs. We hypothesized that (1) N. granulata crab nega-
tively affects snail densities; and (2) that this interaction modifies the
top-down effects of snails on the benthic assemblages by changing the
composition and abundances of microalgae and infaunal organisms.

2. Materials and methods

2.1. Study site

The study was conducted at the Mar Chiquita coastal lagoon
(Argentina, 37° 32′S and 57° 19′W; a UNESCO Man and the Biosphere
Reserve) between 2010 and 2011. This is a 46 km2 shallow embay-
ment of brackish water (salinity 2 to 35) permanently connected to
the sea and affected by a microtidal regime (~1 m; Reta et al., 2001),
and characterized by mudflats irregularly flooded surrounded by
Spartina densiflora marshes (Isacch et al., 2006). Neohelice granulata
crabs are distributed in both the S. densiflora saltmarsh and the intertidal
mudflats generating large burrowing beds (Iribarne et al., 1997), while
H. australis distribution in these lagoon is restricted to mudflats of the
estuary influenced by tides (De Francesco and Isla, 2003).

In particular, our study was conducted on a tidal channel that is
connected to the outlet of the lagoon into the sea. Crab densities are
spatially and temporally variable, with very few crabs at the low
mudflat throughout the year, while the highest densities are found
on the high mudflat and the low marsh, particularly during summer
and fall (Méndez Casariego et al., 2011). Heleobia australis densities
follow an opposite pattern, being highest at the low mudflat. At inter-
mediate mudflat heights (~18 cm AMLW), there are many areas with
crabs and a few areas (separated by several meters) without crabs
that, on the contrary, respectively exhibit very low and high snail
densities. At this intertidal height, we performed our samplings and
experiments on a 400 m long and 3 m wide fringe.

2.2. Crabs and the zonation patterns of snails

To evaluate if there is a negative relationship between crab and snail
densities, we registered the number of snails in areas with and without
crab burrows, in 19 different sampling dates evenly distributed be-
tween August and February. All samples were taken at the edge be-
tween the low mudflat, dominated by snails, and the upper one,
dominated by crabs and selecting inside them areas with and without
high densities of crab burrows. On each date samples (n=7) were
obtained from areas with and without crab burrows and in two
moments: just before the tides reached the sampling area, and one
hour later (12 cm under water approximately). This was done just in
case the relationship between crabs and snails would be affected by
tidal immersion. The density of snails was registered on each sample
(20×20 cm). Then, a tc-test (corrected t-test for unequal variances
which is equal to t-test if variances are the same;Welch approximation;
Zar, 1999) was performed between plots with and without crab bur-
rows, for each sampling date and flooding condition. Moreover, to
avoid the probability of committing a Type I error, we correct the
p-value with a Bonferroni procedure (e.g. Quinn and Keough, 2002).

2.3. Effects of crabs on snail densities

Based the negative relationship between crabs and snails observed
on the results from the previous section (see Results), and considering
that there is no evidence that crabs prey on microphytobenthos
(D'Incao et al., 1990; Iribarne et al., 1997), we hypothesized that crabs
displace snails through ecosystem engineering activities and not due
to food competition. Crabs can affect snails as an indirect effect of bur-
row building and maintenance or through the disturbance generated
by their movements on the surface. A mound of sediment is frequently
found on one side of the crab burrow entrance (Iribarne et al., 1997),
which affects infaunal organisms (e.g. Botto and Iribarne, 1999); while
the opposite side of the entrance remains mostly undisturbed. To eval-
uate if crab bioturbation affects snail densities, we randomly chose
(once) 10 active crab burrows and registered the number of snails
(20 cm×20 cmplot) in themound generated by crabs and in the oppo-
site site. To evaluate if the disturbance created by crab walking (tracks)
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affects the abundance of snails, the density of snails was randomly sam-
pled once in ten 20×20 cm areaswith crab tracks (i.e. areaswith sever-
al traces of crabs) and ten adjacent areaswithout tracks. Neither of both
selected areas exhibited signs of mounds or burrows. In both cases, the
null hypotheses of no differences in snail densities between areas with
or without mounds and with or without tracks were analyzed with
t-tests for dependent samples (Zar, 1999).

2.4. Effects of crabs and snails on infaunal and microalgal assemblages,
and organic matter content

Given that crab and/or snail activities can have top-down effects on
the infaunal assemblages, an exclusion experiment was performed to
evaluate the effect produced on the infaunal community by these
two species. Six treatments (n=10 per treatment) were performed:
(1) snail exclusion (2 replicates were lost due to unwanted crab
disturbance), (2) snail-cage control, (3) crab exclusion (1 replicate
was lost due to unwanted crab disturbance), (4) crab-cage control,
(5) undisturbed control for snails, and (6) undisturbed control for
crabs. Snail exclusions were performed using plastic mesh cages
(30×30×40 cm, 2 mm mesh opening) buried 10 cm into the sedi-
ment. These cages prevented the entrance of both, snails and crabs,
and we removed all snails or crabs from the cages. Crab exclusions
were also performed using plastic mesh cages (50×50×70 cm, 1 cm
mesh opening, which inhibits crab entrance but allows free movement
of snails). Snail-cage control and crab-cage controls were similar to
their respective exclusions but with three instead of four sides allowing
freemovement of either species. Given that these two species are segre-
gated in the mudflat (snails occupy the lower level while crabs occupy
the mid-upper intertidal; see Study site), the replicates were randomly
distributed along the edge between both zonations where areas domi-
nated by one or the other species can be found. For this reason, we
established two types of open undisturbed areas (i.e. without manipu-
lation; 50×50 cm) as undisturbed controls, each type belonging to
the area dominated by one of these two species. Following Byers
(2000) we rubbed the sediment surface of each experimental unit by
hand to homogenize any initial spatial variability in epipelic algal
densities. The experiment ran for 15 days during the early autumn
(March–April), because this is the season when crabs are more active
(e.g. Méndez Casariego et al., 2011). The duration of the experiment
was decided based on the short life cycles, the high turnover rates
and the quick response after disturbance of the studied organisms
(i.e. meiofauna and microalgae) (see Coull, 1999; Pillay et al.,
2009). During the experiment, the exclusion treatments were daily
controlled and snails or crabs were manually removed each time
they were found where they should be excluded.

At the end of the experiment, one sediment sample per plot (2 cm
diameter and 2 cm depth) was taken and sieved through a 62 μm
mesh to analyze meiofauna. Organisms were preserved in formalin 5%
and stained with Rose Bengal to facilitate their visualization. Then,
they were counted under binocular microscope (40×) and identified
to the major taxa, given that there is only slight information about the
taxonomy of meiofauna in this area. Also, one sediment sample per
plot (10 cm diameter and 10 cm depth; following Botto and Iribarne,
1999) was taken and sieved through a 500 μm mesh to analyze
macrofauna. The retained organisms were identified to species level
and counted under binocular microscope (20×). The density of crabs
on each plotwas estimated by counting active burrows into each exper-
imental unit (Iribarne et al., 2005). After all samples were obtained, the
first two centimeters of the sediment were collected from each experi-
mental unit and sieved to estimate snail density. Only live organisms
were counted (those that still have the operculum) and attributed to
the only species that inhabit this area (De Francesco and Isla, 2003).

Moreover, to analyze if burrowing crabs and snails affect the
abundance and distribution of primary producers, one sediment sam-
ple per plot (2 cm diameter and 2 cm depth) was obtained and the

epipelic algal biomass was estimated as the a, b, c and total chlorophyll
concentration. Sampleswere conserved in darkness until arriving to the
laboratory, where they were frozen (−18 °C) until processed. Chloro-
phyll was determined through extraction of pigments from the sedi-
ment (using acetone 90%) and estimated with spectrophotometric
analysis (Jeffrey andHumphrey, 1975). The null hypothesis of no differ-
ence in chlorophyll concentrations (an estimator of primary produc-
tion) between treatments was performed using one-way ANOVAs
(one for each chlorophyll type; Zar, 1999). In some cases, measuring
chlorophyll concentration can underestimate the impact on the micro-
algal assemblage (e.g. Cibic et al., 2007) given that the relative abun-
dance of species or groups can change without translating into
changes in chlorophyll concentration; with important implications for
trophic webs. Then, to evaluate if snails or crabs modify microalgal as-
semblages, one sample of sediment (2 cm diameter and 1 cm depth)
was taken from half of the replicates and the abundance of different
microalgal groups (cyanobacteria, chlorophytes, euglenophytes and di-
atoms) was measured. Samples were preserved in a mixture of distilled
water, alcohol and formalin solution (6:3:1; Prescott, 1962). Algaewere
identified following commonly used keys (e.g. cyanobacteria, Guarrera
et al., 1972; Komárek and Anagnostidis, 2005; chlorophytes, Hindák,
1990; euglenophytes, Tell and Conforti, 1986; and diatoms Cox, 1996).
Algal counts were performed in a 0.5 ml Sedgwick–Rafter chamber
under an optic microscope (McAlice, 1971). Species abundances were
expressed as the number of individual cm−2, considering only those
with chloroplast remains.

To compare meiofaunal and microalgal assemblages between treat-
ments, multivariate and univariate analyses were performed. Bray–
Curtis similarity matrix using fourth root transformed data were calcu-
lated and non-metric Multidimensional Scaling (nMDS) ordinations
were used to provide visual representations of similarities between
samples (Clarke and Warwick, 2001). The differences in meiofaunal
and microalgal assemblages among treatments were evaluated using
one-way analysis of similarities (ANOSIM). The percentage contribution
of each taxon to patterns of dissimilarity was examined using SIMPER
(Clarke, 1993), and those taxa contributing at least 10% of dissimilarity
were considered important differentiators (Bulleri, 2005). nMDS,
SIMPER and ANOSIM analysis were performed using the PRIMER
software (Clarke and Gorley, 2001). The abundances of each of these
important differentiators were analyzed separately using one-way
ANOVAs, followed by Tukey's post-hoc tests (Zar, 1999). Normality
and homoscedasticity were evaluated using Shapiro–Wilk (Zar, 1999)
and Cochran tests (Underwood, 1997). Common transformations were
used when necessary.

Excavating and maintaining burrows by crabs can increase organic
matter content (Botto and Iribarne, 2000). Similarly, the foraging ac-
tivities of some mud snails could increase the sediment organic mat-
ter content (e.g. A. globulus, Pillay et al., 2009) and provide a sticky
substrate for microalgae (Edwards and Davies, 2002). Thus, to evalu-
ate if crabs and snails affect organic matter content in the sediments,
one sediment sample (5 cm diameter, 5 cm depth) was taken from
each experimental unit. Total organic matter content was estimated
as the percentage of ash free dry weight (thereafter AFDW); ashes
were obtained after incinerating samples at 550 °C for 6 h (Holme
and McIntyre, 1971). The null hypothesis of no difference in percent-
age of organic matter content between treatments was analyzed with
a one-way ANOVA.

3. Results

3.1. Crabs and the zonation patterns of snails

Even though Heleobia australis densities were highly variable (from
3500 to 30,000 individuals per square meter), tc-test always showed
higher snail densities in areas without crabs than in areas with crabs,
on those samples not covered by water (highest tc=22.18, df=12,
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pb0.001; lowest tc=5.01, df=12, pb0.001). Only one date of sampling
showed no differences in snail density between areas with and without
crabs (tc=2.99, df=12, p=0.01). Similar results were observed in
almost 85% of the dates (16 out of 19) when under water (highest
tc=27.44, df=6.33, pb0.001; lowest tc=3.95, df=6.02, pb0.001),
while there were no differences in snail abundances between areas
with and without crabs on the three remaining dates (tc=−1.27,
df=12, p=0.22; tc=−1.43, df=12, p=0.17; and tc=3.95, df=
6.02, p=0.002).

4. Effects of crabs on snail densities

Snail densities were lower on the mounds (t=−3.63, df=9,
pb0.01) than on the opposite side of crab burrow entrances, and they
were also lower in areas with than without crab tracks (t=−2.92,
df=9, pb0.05). However the highest differences in snail density were
found in areas with andwithout crabmound showing that bioturbation
is the main process that regulates snail's zonation.

4.1. Effects of crabs and snails on infaunal and microalgal assemblages,
and organic matter content

The experimental exclusion of crabs and snails worked successfully,
registering the lowest values in their respective exclusions (see Fig. 1).

Highest snail densities were observed in those treatments with lowest
crab densities (undisturbed control for snails and crab exclusion; log2
transformed; F5,50=11.73; pb0.01; Fig. 1). However, as a side effect,
Nehoelice granulata crabs made burrows within both cage controls (be-
cause they are attracted to strange objects) and therefore, highest den-
sities of active crab burrows were registered in snail- and crab-cage
controls (square root transformed; F5,51=8.96; pb0.01; Fig. 1). This re-
sult was analyzed considering that those treatments have higher crab
densities than undisturbed controls for crabs and thus, potential crab
effects could be exaggerated.

Meiofaunal organisms found during the experiment were ostra-
cods, nematodes, foraminiferans, harpactocoid copepods, nauplii lar-
vae, small Laeonereis acuta polychaete, polychaetes of the family
Ctenodrillidae, and flagellates. The analysis of similarity revealed dif-
ferences in meiofaunal assemblages between treatments (R=0.081;
pb0.05; Fig. 2). Pairwise comparisons showed effect of crabs on in-
faunal assemblages, as there were dissimilarities between treatments
with lower densities of active crab burrows (both exclusions) and
those with higher densities (cage controls and undisturbed control for
crabs; Table 1). However, there was no evident effect of snails on infau-
nal assemblages as, for example, there were no differences between
snail exclusion and undisturbed control for snails (treatmentswith con-
trasting snail densities; Table 1).

Based on SIMPER results, five groups could be explaining the
dissimilarities between treatments (nematodes, harpacticoid cope-
pods, flagellates, nauplii larvae and ostracods). Harpacticoid cope-
pods (square root transformed; F5,50=4.59; pb0.01), nauplii larvae
(square root transformed; F5,50=2.75; pb0.05), and flagellates (fourth-
root transformed; F5,50=4.57; pb0.01) showed higher densities on
those treatments with the lowest crab densities (both exclusions),
and particularly when both, snails and crabs, were excluded (Fig. 3).
For three groups mentioned, the highest variances were observed in
both exclusions. ANOVA analyses revealed no differences between
treatments for the remaining groups, nematodes (F5,50=0.64; p=
0.66) and ostracods (square root transformed; F5,50=1.06; p=0.39).
Only one macrofaunal species was found, the Laeonereis acuta poly-
chaete, which showed no differences in density between treatments
(F5,51=0.23; p=0.94).

Chlorophyll b concentration was 50% higher on snail-cage con-
trols than on snail exclusions (fourth root transformed, F 5, 51=2.93;
pb0.05; Fig. 4), the treatments with the highest and lowest crab
densities but similar and low snail densities. However, there were no
differences in chl a, c and total (respectively, F5,51=0.34; p=0.88;
F5,51=1.4; p=0.23 and F5,51=0.36; p=0.87; Fig. 4).

When we analyzed the microalgal assemblages, we found 47 differ-
ent taxa, corresponding mostly to four major groups: cyanobacteria
(4 taxa, 8.5%), chlorophytes (10 taxa, 21.3%), euglenophytes (1 taxa,
2.2%) and diatoms (32 taxa, 68%). Total algal densities (ind.cm−2) did
not respond clearly to snails or crabs as the highest densities were
found on both exclusions (lowest densities of crabs on both, but high
snail densities only in crab exclusions), and the lowest on undisturbed
controls for snails (highest densities of snails but low crab densities;
square root transformed; F5,24=4.84, pb0.01; compare Figs. 1 and 5).
Variance was higher in both cage exclusion (i.e. SE and CE) and in
areas bioturbated by crabs (i.e. UCC), showing that the absence of pred-
ators (crab and low density of snails) or heterogeneous areas (as crab
beds) could offers patches between crab burrows more favorable to
algae.

The analysis of similarity revealed differences in microalgal assem-
blages between treatments (R=0.34; pb0.01; Fig. 6), and pairwise
tests showed a larger effect of snails than crabs; snail exclusions (with-
out snails) were different from crab exclusions (intermediate snail den-
sities) and undisturbed control of snail (high snail densities); and were
only similar to undisturbed control for crabs (low snail densities). Crab
exclusions were only different from undisturbed control for snails
(highest snail densities; Table 2). SIMPER results suggest that each

Fig. 1. Density ofHeleobia australis (upper panel) and of crab burrows (lower panel) across
the different treatments. In this and the followingfigures, symbols within boxes denote the
median, boxes denote 25 and 75 percentiles (50% of data) and circles outside boxes are out-
liers. All data are presented prior to transformations. Different letters illustrate differences
between treatments: (SE) snail exclusion, (CE) crab exclusion, (CC) crab cage control,
(SC) snail cage control, (UCC) undisturbed control for crabs, (UCS) undisturbed control
for snails.
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microalgal group (cyanobacteria, chlorophytes, euglenophytes and dia-
toms) could be contributing to the dissimilarities between treatments.

The analysis of each migroalgal group separately revealed that
chlorophytes (natural logarithm transformed; F5,24=11.89 pb0.01;
Fig. 7), cyanobacteria (square root transformed; F5,24=3.99 pb0.05;
Fig. 7) and euglenophyte densities (natural logarithm transformed;
F5,24=3.06 pb0.05; Fig. 7) were affected by a combination of both
snails and crabs, but diatom densities were not (F5,24=1.49; p=0.22;
Fig. 7). Density of chlorophytes on the undisturbed control for snails
was only similar to snail exclusion, being lower than the four other
treatments. Cyanobacteria densities followed almost the same pattern
as total algae density (lowest values on undisturbed control for snails
and both cage controls). Density of euglenophytes on crab exclusions
was eight times higher than onundisturbed control for snails. Following
the similar pattern of total algae density, variances for chlorophytes,
cyanobacteria and euglenophytes were higher in areas bioturbated by
crabs, suggesting that inside crab beds the density of algae groups is
not homogenous; possibly they are growing in small zones inside a het-
erogeneous matrix of burrows, mound and bare sediment. In addition,

there were no differences in organic matter content between treat-
ments (F5,51=0.56; p=0.72).

5. Discussion

Our results showed that when they coexist, crabs (Neohelice
granulata) reduce snail (Heleobia australis) densities, and given that
crabs occupy highermudflat areas, our results suggest that crabs are ex-
cluding snails from the higher intertidal areas. The displacement by
crabs correlatedwith a reduction in snail density likely due to bioturba-
tion activity and not by food competition, given that bioturbated areas
(undisturbed controls for crabs) showed comparatively highmicroalgal
densities. This negative crab–snail interaction hasmarked effects on the
benthic community, given that each of these two species affect the in-
faunal andmicroalgal community in different ways. For example, snails
modified cyanobacteria, chlorophytes, and euglenophytes abundances
through bioturbation and/or herbivory. In addition, the presence of
both species modifies infaunal communities.

Our experimental results showed that crabs acting as key
bioturbators, negatively affect the abundances of snails, leading most
of them to occupy lower intertidal levels. Crabs displace snails, not by
food competition because crabs neither negatively affected the overall
amount of microalgae nor their assemblages. In addition, stable isotope
analysis showed that themain food resources for them are live leaves or
detritus of Spartina spp. and not themicroalgae, even for those crabs liv-
ing in themudflat (Botto et al., 2005). Other studies have shown that in-
tertidal crabs, by increasing snail burial, can effectively reduce the time
spent by snails on foraging (e.g. Armitage and Fong, 2006). In our case,
and given that a few snails were found buried, alternative mechanisms
involved in this displacement could be physico-chemical changes in the
sediment produced by crab burrows (Botto and Iribarne, 2000), reduc-
tions in the area available for foraging produced by the mounds associ-
ated with crab burrows, or the disturbance generated by crab walking
(see Results). However, crabs could also have indirect positive effects
on cyanobacteria, chlorophytes and total algae density, but only at in-
termediate densities, given that in areas moderately bioturbated by
crabs (undisturbed control for crabs), snail abundances are reduced
and those algal groups reach high abundances; in areas with highest
crab densities (cage controls), densities of those same algae were low-
est. This pattern highlights the previously mentioned characteristics of
ecosystem engineers: the same organism can benefit some species
and negatively affect others.

Fig. 2. Non-metric multidimensional scaling (nMDS) plot comparing fourth-root transformed data of meiofaunal groups between treatments.

Table 1
Pairwise of ANOSIM tests comparing meiofaunal as-
semblages between treatments. (SE) snail exclusion,
(CE) crab exclusion, (CC) crab cage control, (SC) snail
cage control, (NCC) natural control for crabs, (NCS)
natural control for snails. Global R=0.085,* pb0.05.

Groups R Statistic

SE, CE −0.047
SE, CC 0.109*
SE, SC 0.296*
SE, NCC 0.26*
SE, NCS 0.063
CE, CC 0.055
CE, SC 0.127*
CE, NCC 0.217*
CE, NCS 0.075
CC, SC −0.067
CC, NCC 0.057
CC, NCS 0.1*
SC, NCC 0.007
SC, NCS 0.107*
NCC, NCS 0.045
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Several works have shown the top-down effects of herbivorous
snails on abundances and diversity of species (e.g. Kelaher et al.,
2003; Mak andWilliams, 1999); however, few studies have examined
the impacts of bioturbators on these herbivores and whether those ef-
fects cascade down to lower trophic levels (Armitage and Fong, 2006;
Hagerthey et al., 2002). In line with other works (e.g. Armitage and
Fong, 2006), our results revealed that only specific infaunal organisms,
such as flagellates, copepods, and nauplii larvae were affected by both,
crabs and snails. Previous results revealed that the bioturbation
produced byN. granulata crabs affects themeiofaunal community struc-
ture, particularly ostracods, copepods and turbellarians (Cruz Rosa and
Bemvenuti, 2005), and even the abundances of nematodes on the
mounds around crab burrows (Botto and Iribarne, 1999). However, re-
sults from other systems showed that grazing by snails (e.g. Assiminea
globulus, Pillay et al., 2009; Terebralia palustrus, Carlen and Ólafsson,
2002) can decrease totalmeiofaunal density, especially harpacticoid co-
pepods because they are more susceptible to grazing.

Although our work shows that snails and crabs negatively affect the
density of flagellates, copepods and nauplii larvae, these results cannot

be exclusively attributed to crab and snail grazing. Both species, and
particularly crabs, actively bioturbate the sediment, and consequently,
bioturbation cannot be excluded as mechanism that modify infaunal

Fig. 4. Concentration of a, b, and c chlorophyll across the different treatments.

Fig. 5. Density (ind.cm−2) of microalgae across the different treatments.

Fig. 3. Densities of copepods, nauplii larvae and flagellates across the different treatments.
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abundances. Evenmore, given the complexity of possible interactions in
our study system, it is likely that copepods positively selected experi-
mental units with higher total algal density (snail and crab exclusions)
considering that several studies have reported that copepods actively
migrate (Hicks and Coull, 1983), are good swimmers (Palmer, 1988)
and forage on benthicmicroalgae (De Troch et al., 2008). Thus, a combi-
nation of food availability (i.e. microalgae) and safer areas (i.e. low level
of bioturbation or predation) may determine the density and diversity
of some groups.

However, the negative effects of bioturbation and predation that
snails and crabs might have on the benthic community would likely
be different based on their different foraging strategies and bioturbation
activities, as well as their different densities and sizes. Snails possibly
forage mixing the first centimeter of sediment (e.g. Hydrobia ulvae,
Cadée, 2001) affecting meiofaunal and algal assemblages (e.g. Pillay et
al., 2009; this work). Given that they are conspicuous and very abun-
dant, their effects might be important for microalgae and organisms
that prey upon them. On the other hand, crabs build large and deep bur-
rows (up to 0.33 m depth inmudflats) that strongly affect the sediment
(Iribarne et al., 1997), but between burrows the sediment is slightly bio-
turbated, generating small scale patches with and without disturbance
inside crab beds. Thus, the presence of either crabs or snails modify
the benthic assemblage in different ways, depending on the species

involved, and thus, the negative interaction between the two modifies
top-down forces. Even more, there might also be temporal variations
associated to seasonal variations in the activity of both species. For ex-
ample, the effects we found of crabs on the benthic community are like-
ly the most important given that the experiment was performed when
crabs were most active.

Microphytobenthos are the preferred food items for deposit-feeding
benthic infauna, those include mud snails, crustaceans, many poly-
chaete, and organisms of other phyla (Miller et al., 1996). For example,
diatoms are the main food source for Hydrobia totteni (Bianchi and
Levinton, 1984), and microalgae and algal filaments are significant
components of the diet of Littoraria scabra (Alfaro, 2008) and Heleobia
ulvae (Riera, 2010). Thus, our work is in line with previous studies
(e.g. Armitage et al., 2009 and cites therein)where the grazing by snails
reduces microphytobenthos abundances and affects microalgal assem-
blages. Our results show that H. australis negatively affects the total
algal density and the abundances of cyanobacteria. Although chloro-
phytes and euglenophytes were positively affected by snails, this effect
was observed only at moderate snail densities (crab exclusion). Inter-
mediate levels of grazing by herbivores may stimulate the micro-
phytobenthos production by increasing nutrient availability and depth
of the photic zone by thinning the microalgal overstory (Pinckney et
al., 2003) or by “cropping” older cells (Pillay et al., 2009); and these
have been well documented in marine and freshwater ecosystems
(e.g. Worm et al., 2002). In these ecosystems, microalgae are an impor-
tant component of primary production that support higher trophic
levels; for example benthic microalgae are an essential food source for
nematodes and polychaetes, and are also an important part of the diet
for fish (Botto et al., 2005)which transfer a significant amount of energy
outside estuaries (e.g. Kneib, 1997). In this context, our results become
highly relevant showing how the snails modify the benthic assemblage
by changing the relative species composition and abundances.

In conclusion, our sampling and experimental results show that,
through bioturbation, the crab N. granulata negatively affects snail
abundances, probably preventing them to reach higher mudflat
areas. Moreover, this work shows that the negative interaction be-
tween crabs and snails has important top-down consequences on
the infaunal and microalgal assemblages, given that crab bioturbation
limits the area over which herbivore (snail) – algae interactions
occur. Microphytobenthos play key roles in marine soft-bottom eco-
systems (Lei et al., 2010), and many of these systems are inhabited
by grazer snails that feed upon microalgae (Lever and Valiela, 2005)
as well as by bioturbators. Thus, our study highlights the importance

Fig. 6. Non-metric multidimensional scaling (nMDS) plot comparing fourth-root transformed data of microalgal groups between treatments.

Table 2
Pairwise of ANOSIM tests comparingmicroalgal assem-
blages between treatments. Global R=0.34, * pb0.05,
** pb0.01.

Groups R Statistic

NCS, SC 0.328
NCS, NCC 0.604**
NCS, CC 0.552**
NCS, SE 0.516**
NCS, CE 0.748**
NCC, SC 0.308
NCC, CC 0.22
NCC, SE 0.176
NCC, CE −0.088
SC, CC −0.024
SC, SE 0.464*
SC, CE 0.24
CC, SE 0.376*
CC, CE 0.188
SE, CE 0.572*
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of considering the role of both trophic and non-trophic interactions as
potential forces controlling the structure of microphytobenthos as-
semblages on a multi-species context.
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