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Interaction strength is a key component in food-web dynamics being highly variable over time and space, de-
pending on biotic and abiotic conditions. Intertidal soft bottom ecosystems are essential nursery and feeding
sites for migratory shorebirds and marine fishes, which in turn affect infaunal assemblage and the food web dy-
namic. In these systems, organisms that modify the resource availability to other species (i.e. burrowing crabs)
are expected to have significant consequences on infauna distribution and the interactions among organisms.
Here we simultaneously evaluated the interaction strength of birds and fishes on infaunal prey in areas with
and without crab bioturbation. Field experiments showed weak predator–prey interactions of both predators;
however, birds exerted high impact on meiofauna inside bioturbated areas during the warm season. Moreover,
the effect of fishes differed depending on bioturbation and another factor such as climatic events (e.g. El Niño
Southern Oscillation (ENSO)). Thus, our results suggest that interaction strength of birds and fishes on prey are
context dependent, varying between different areas, tidal time exposition, ENSO episode and seasons. Also, our
results exemplify how the outcome of predator–prey interaction strength can depend on other factors such as
the activity of other species that modify the environment.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The interaction strength of species is a key component inmost food-
web dynamics and is defined as the magnitude of the effect of one spe-
cies on the abundance of other (e.g. Berlow et al., 1999; Laska and
Wootton, 1998). The distribution of interaction strength of most species
is highly skewed towards weak or no detectable effects on the abun-
dance of other species, while a few have strong effects (e.g. Fagan and
Hurd, 1994; O'Gorman et al., 2010). In addition, the strength of biologi-
cal interactions is highly variable over time and space, depending on bi-
otic and abiotic conditions (Peacor and Werner, 2004; Petraitis and
Dudgeon, 1999). For example, interaction strength might depend on
nutrient availability (Setälä et al., 1997), precipitation (Polis et al.,
1997), latitude (Pennings and Silliman, 2005), predator identity and di-
versity (Bruno and O'Connor, 2005) or population size structure (see
Harley, 2003 and references therein). Thus, given that interaction
strength is context dependent, species that are weak interactors in a
particular scenario can be strong interactors in others (Harley, 2003).
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Weak interactors are able to magnify spatiotemporal variations in
community structure (Berlow, 1999) or to promote the persistence
and stability of communities at local (e.g. Christianou and Ebenman,
2005; Emmerson and Raffaelli, 2004) and landscape level (Maser
et al., 2007). Since weak interactions are highly variable and wide-
spread, they contribute to the maintenance of community biodiversity
(Berlow, 1999; Otto et al., 2007). In two dimensional spatial habitats
(e.g. rocky shores: Menge, 1995; Menge et al., 1994; Navarrete and
Berlow, 2006) interaction strength is often strong and several times
analogous to keystone species (e.g. O'Gorman and Emmerson, 2009;
Power et al., 1996) producing dramatic trophic cascades. However, in
three dimensional habitats (e.g. lakes: Shurin et al., 2002; reefs:
Grabowski, 2004; kelp forest: Sala and Dayton, 2011; soft bottom:
O'Gorman et al., 2010) weak interactions occur more often stabilizing
communities (O'Gorman and Emmerson, 2009; O'Gorman et al., 2010)
and, in these types of environment interactions are not strong probably
because prey can use the third dimension to escape (see Jaksic, 1986).

In soft-bottom systems, despite the predominance ofweak predator–
prey interactions, strong top-down control can be exerted by predators
such as birds and fishes (e.g. Hamilton et al., 2006; Heck and Valentine,
2007). Birds are important consumers in intertidal environments and
usually strongly impact community structure due to their high energetic
requirements (Wootton, 1997). Fishes are also important predators
(Norton and Cook, 1999) and they use soft intertidal habitats as breeding
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(Green et al., 2009; Minello et al., 2003) and feeding sites (Kneib, 1997;
Platell and Freewater, 2009). Birds andfishes have different energetic re-
quirements and eat during limited periods in different moments of the
tidal cycle (i.e. fishes during high tides and birds during low tides;
Galbraith et al., 2002; Rozas, 1995). Thus predator–prey interaction of
birds and fishes is expected to be variable along the tidal cycle.

Besides the variability along tidal cycle, predation rates in soft bot-
tom intertidals can also bemodified by the presence of structurally com-
plex microhabitats (Beukers and Jones, 1997; Rozas and Zimmerman,
2000) such as those generated by bioturbation (e.g. Murray et al.,
2002). Bioturbation can affect the distribution and interactions among
infaunal organisms (Reise, 2002; Volkenborn et al., 2009). For example,
burrows and pits can concentrate food (Reise, 2002) positively affecting
infaunal prey abundance (Volkenborn et al., 2009), and consequently in-
creasing the per capita prey capture by predators inside sites with bur-
rows (e.g. the silverside fish Odontesthes argentinensis: Martinetto
et al., 2005; the two-banded Plover Charadrius falklandicus: Botto et al.,
2000). Bioturbation has also importantmacro-scale effects on the struc-
ture of sediments and on the soft-bottom assemblages (e.g. the south-
western Atlantic intertidal burrowing crabNeohelice (=Chasmagnathus)
granulata, Iribarne et al., 1997; the shrimp Callianassa kraussi, Pillay et al.,
2007; the polychaete Arenicola marina, Volkenborn and Reise, 2006) in
such a way that can affect extensive areas on estuarine and low energy
intertidal mudflats.

The south-western Atlantic estuaries are important nursery and
feeding areas for migratory and local birds (e.g. Botto et al., 1998;
Mariano-Jelicich et al., 2003) and fishes (e.g. Cousseau et al., 2001;
Valiñas et al., 2010). Particularly, the intertidal of these estuaries (from
32°S in southern Brazil to 42°S in the northern Argentinean Patagonia)
is characterized by the presence of the crab N. granulata (e.g. Iribarne
et al., 1997; Spivak et al., 1994). This important bioturbator removes
large amounts of sediment (up to 5 kg m−2 day−1; Iribarne et al.,
1997) and affects the sedimentary environment (Botto and Iribarne,
2000). Inside crab beds (i.e. large areas occupied by crabs) the sediment
softness, organic matter, and water content are larger than outside crab
beds (Escapa et al., 2004). Moreover, infauna is affected by bioturbation
in a variety ofways; for example some groups aremore abundant inside
crab beds while other groups are less abundant there (Escapa et al.,
2004). Birds (e.g. Botto et al., 1998) and fishes (e.g. Martinetto et al.,
2005) feed on infauna in these areas. Nevertheless, several bird species
avoid bioturbated areas probably because there is a decreased available
area for predation inside crab beds (i.e. due to area occupied by burrow
entrances, Escapa et al., 2004) and maximize the distance to burrows
when foraging (Iribarne et al., 2005). Therefore, the distribution of ben-
thic species and predators are strongly affected by crab bioturbation.
Thus, the outcome of predator–prey interactions may be modified be-
tween sites with and without bioturbation (see Martinetto et al.,
2005; Palomo et al., 2003).

In this context, the aim of our work was to evaluate the interaction
strength of two different predators, birds and fishes, on intertidal
soft bottom infaunal prey. Given the higher energetic requirements
of birds, we hypothesized that these will have stronger effects than
fishes. Moreover, considering that birds feed during low tide (there-
after “terrestrial predators”) and fishes during high tide (thereafter
“aquatic predators”) we evaluated the interaction strength in two
different tidal levels (lower and upper intertidal) and in two different
sites; one with crab bioturbation (thereafter “inside crab bed”) and
another without crab bioturbation (thereafter “outside crab bed”).

2. Materials and methods

2.1. Study site

The study was performed at the Mar Chiquita Coastal Lagoon (37°
40′S, 57° 23′W,Argentina; an UNESCOMan and the Biosphere Reserve),
in a tidalflat zone situated 2.5kmupstream from the lagoon inlet during
a cold (2007) and a warm (2008) season. This coastal lagoon is a
brackish water body (46 km2), permanently connected to the sea
(Reta et al., 2001) with low tidal amplitude (≤1m) and a wide salinity
range (2 to 35; Spivak et al., 1994). Mudflats are surrounded by a large
Spartina densifloramarsh area (Isacch et al., 2006). The burrowing crab
N. granulata is distributed in the S. densiflora salt marsh and the intertid-
al mudflats, where there are large burrowing beds (Spivak et al., 1994).
The present study was made in open intertidal mudflats, which are the
only habitats flooded daily by tides. Due to logistic constraints to find
more extensive areas with similar tidal heights and general environ-
mental characteristics to perform a larger experiment, we selected
two sites, one with active bioturbation by crabs (“inside crab bed”)
and a paired site without crabs (“outside crab bed”). Inside each site
we defined a lower intertidal level (regularly flooded) and an upper in-
tertidal level (sediment exposed most of the time).

2.2. Effects of terrestrial vs. aquatic predators on infaunal community

To evaluate the effects of terrestrial and aquatic predators on infau-
nal community we made exclusion experiments that were deployed si-
multaneously at the two intertidal levels (upper and lower) and in the
site with crab bioturbation and the site without crabs defined above.
The experimental design consisted in five treatments (n=10 for each
treatment): 1) terrestrial predator exclusion (mainly excluded birds
but also crabs and other occasionally predators from land during low
tide), 2) aquatic predator exclusion (excluded mainly fishes but also
crabs during high tide), 3) artifact control for terrestrial predator exclu-
sion (hereafter “terrestrial control”), 4) artifact control for aquatic pred-
ator exclusion (hereafter “aquatic control”) and 5) natural control.

Terrestrial predator exclusionswere cages (area: 1m2, height: 0.2m,
plastic mesh size: 2cm opening; see Fig. 1) with roof and without floor.
In the corners of the cages, hoops (constructedwith security seals)were
used to hold the plastic mesh to the PVC tubes (1.5m high, 0.2m buried
in sediment) maintaining the cages in the same place when tides
reached the cages. The lower borders of the cages (those borders in con-
tact with the sediment) were equipped with buoys to keep cages float-
ing during high tide but, allowing cages standing on the sediment
during low tide. This cage design allowed fishes and crabs to have access
to the sediment during high tide (i.e. cages floating) and avoided birds
and crabs to enter during low tide (i.e. cages on the sediment). Aquatic
predator exclusions were cages (area: 4 m2, height: 1.2 m, net mesh
opening size: 1 cm; see Fig. 1) without roof and without floor. Similar
to terrestrial predator exclusions, in the corner of the cages hoops
were attached and used to hold the cages to PVC tubes (following
Martinetto et al., 2005). The lower borders of the mesh walls were bur-
ied 20 cm in the sediment. The upper borders of the mesh walls were
equipped with buoys to keep the walls extended during high tide and
over the sediment during low tide. This design excluded fishes and
crabs during high tide (when mesh upper borders were floating) and
allowed birds and crabs entrance during low tide (when mesh upper
borderswere on the sediment). Artifact controls (i.e. aquatic and terres-
trial control) were made using the same materials but only with three
sides to allow animals to enter during the complete tidal cycle. Natural
controls were delimited areas (1m2) without cages. Given that bird and
fish assemblages could change depending the season, and the relative
effect can vary with the abundances of individuals, this experiment
wasmade during two periods: fromAugust to October (i.e. cold season)
and from January to March (i.e. warm season).

The experiments ran during 30days and were monitored weekly to
ensure the correct operation of all exclusions. Bird tracks were usually
observed in aquatic exclusions and never found in terrestrial exclusions,
showing that the experimentwas functioning properly. At the end of the
experimentswe quantify from samples taken from the center of each ex-
perimental unit the abundance of macrofauna (# individuals·m−2),
meiofauna (# individuals·cm−2), microalgae (microphytobenthos



Fig. 1. Photograph to show aquatic predator exclusion during high tide (A) and low tide (B); and terrestrial predator exclusion during high tide (C) and low tide (D).
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biomass as chlorophyll a concentration; μg·cm−2) and organic matter
(percentage of ash free dry weight: AFDW).

Macrofauna samples (diameter and depth: 10 cm) were sieved
trough a 500 μm mesh and the retained organisms were preserved in
formalin 5%, identified to species level and counted under binocularmi-
croscope (10×). Organisms prey foundwere the polychaetes Laeonereis
acuta, Neanthes succinea, Heteromastus similis and Nephtys fluviatilis.
L. acuta was the most abundant species, contributing with more than
60% of the total number. Considering that other polychaetes were
found in low abundances, statistical analysiswasdone adding all species
(i.e. total polychaetes).

Meiofauna was obtained by sieving a sediment sample (diameter:
10 cm; depth: 2 cm) through a 250 μm mesh. Retained material was
preserved in 4% formalin, stained with Bengal rose, identified and sepa-
rated in broad taxonomic groups (e.g. nematodes), and individualswere
counted under binocularmicroscope (40×; followingHiggins and Thiel,
1988; Valiñas et al., 2012).

Microalgal samples (twopooled samples of 2cmdiameter anddepth
per cage) were conserved in darkness and frozen (−18°C) for analysis.
Pigments were extracted with 90% acetone and measured spectropho-
tometrically before and after acidification (following Lorenzen, 1967).
Additionally, sediment samples (diameter and depth: 5 cm) to deter-
mine total organic matter content (hereafter OM) were taken, dried at
60 °C until constant weight and then incinerated (sub-sample dry
weight: 40 g; 550 °C; during 6 h). The difference in weight before and
after incineration was used to estimate OM content as AFDW.

We also estimated the habitat use of birds and fishes as abundance
of them inside and outside crab bed. The abundance of birds was esti-
mated by focal observations (n=5 per season) at low and ebbing tide
using 10×50 binoculars (following Bruschetti et al., 2009), taking into
account the species that were eating. The abundance of fishes was esti-
mated by the identification and counting of the fishes retained in a
beach seine (mesh size: 1 cm; n=5 per season) towed for 270m in a
line parallel to the shore during high tide (Martinetto et al., 2005). To
maintain a constant net opening the seine was towed by two people
handling a 10 m rope. Differences between sites (inside and outside
crab bed) in bird and fish abundances were analyzed with a t-test
(Zar, 1999), independently for each season (cold andwarm). Moreover,
to estimate habitat heterogeneity between sites, we evaluated density
of crab burrows by counting the number of active burrows inside ran-
domly distributed squares (1m2, n=10) in each season, site and tidal
level.

The null hypothesis of no differences in the density of total poly-
chaetes and meiofauna, and the null hypotheses of no differences in
the concentration of chlorophyll a and OM among treatments (i.e. ex-
clusions and controls) were analyzed with one-way ANOVA separately
for each site, tidal level and season (Zar, 1999). Then corresponding
post hoc Tukey tests (Zar, 1999) were performed when differences
were found. Hereinafter, the normality and homoscedasticity of data
were evaluated using the Shapiro–Wilk and Cochran test, respectively
(Zar, 1999) and were used to discuss other sources of variations.
When assumption could not be met, common transformations were
used. If data transformation did not solve departure from assumptions,
ANOVA test was carried out on untransformed data considering it ro-
bust to departures from the assumptions but taken into account in re-
sult interpretation (following Underwood, 1997).

2.3. Interaction strength

The interaction strength of both predators (fishes and birds) on their
prey (total polychaetes and meiofauna abundance), were calculated on
the basis of dynamics indexes (DI; Wootton, 1997) from data obtained
from the habitat use of birds and fishes, and the abundance of total
polychaetes and total meiofauna (i.e. all groups as nematodes +
ostracods+foraminiferans).

DI ¼ ln N=Dð Þð Þ=Yt

where N is the abundance of prey in natural control (i.e. where preda-
tors are present); D is the abundance of prey in terrestrial or aquatic ex-
clusion (i.e. where predators are absent); Y is the abundance of the
predator (estimated as habitat use); and t is the time interval in days
that each experiment runs (i.e. cold or warm season).

To calculate the index, each value of N and D was randomly taken
from the total of 10 replicates of each treatment (n=99 times for poly-
chaetes and meiofauna index), selecting all valid indexes for statistical



Table 1
Results of one way ANOVAs and tc-test during cold season for each variable, in different sites and intertidal levels.

Inside crab bed Outside crab bed

Lower intertidal Upper intertidal Lower intertidal Upper intertidal

Total polychaetes F4, 45= 0.19a F4, 45= 0.9 F4, 45= 1.08c F4, 45= 3.76⁎,a

Total meiofauna F4, 45= 1.57 F4, 45= 0.97b F4, 45= 1.11 F4, 45= 0.57
Nematods F4, 45= 0.19 F4, 45= 1.13b F4, 45= 0.52b F4, 45= 0.31
Ostracods F4, 45= 2.56 F4, 45= 0.25 F4, 45= 1.8 F4, 45= 1.28
Foraminiferans F4, 45= 1.15 F4, 45= 0.56a F4, 45= 0.7 F4, 45= 0.42
% Organic matter F4, 45= 0.7 F4, 43= 3.87⁎⁎,c F4, 41= 0.94 F4, 43= 0.74c

Chlorophyll a F4, 45= 2.12 F4, 44= 0.42 F4, 44= 1.91 F4, 45= 3.38⁎

DI on total meiofauna tc= 3.35⁎⁎

df=113.7
tc= 0.81
df= 115.1

tc= 9.48⁎⁎

df= 103.2
tc=−3.02⁎⁎

df=100

a Data transformed to square root (x+ 1).
b Data transformed to square root.
c Data transformation was not possible.
⁎ p b 0.05.
⁎⁎ p b 0.01.
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analysis. The Y value was the mean abundance for each species (birds
andfishes) in each season.We included those bird species thatwere ob-
served eating during focal observations and those fishes that in the bib-
liography are recognize to consume infaunal prey (followingMartinetto
et al., 2005; Valiñas et al., 2010 for fishes). The time interval t was esti-
mated as the duration of experiments minus the duration time during
ebb (for fishes) or flood (for birds) tides. We considered the period of
time in which each predator had access to the food from the intertidal
Fig. 2.Density among treatments and sites during cold season of ostracods in lower (A) and upp
lower (E) and upper tidal levels (F). In this and the following figures, symbols within the boxe
boxes are outliers and asterisks are extremes. All data are presented prior to transformations. D
levels (fishes=12h in the low intertidal and 8h in the high intertidal;
birds: 8 h in both); t indicator was calculated considering that half
of the day in which the tide is low, and the other half in which the
tide is high following tidal table of Servicio de Hidrografía Naval
(http://www.hidro.gov.ar) tidal cycles were corroborated in the field.
Given that both sites (inside and outside crab bed) were chosen with
similar conditions, tidal exposure did not change between sites. Partic-
ular cases observed in the field, such asmany days inwhich themudflat
er tidal levels (B); nematodes in lower (C) and upper tidal levels (D) and foraminiferans in
s denote the median, boxes denote 25 and 75 percentile (50% of data). Circles outside the
ifferent letters denoted differences among treatments.

http://www.hidro.gov.ar


Fig. 3.Concentration of chlorophyll a among treatments and sites during cold season in lower (A) andupper tidal levels (B); and duringwarm season in lower (C) and upper tidal levels (D).
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was flooded, were included in the fish index calculation and were
subtracted to the bird index. All these data were obtained in the field,
given that experiments were weekly controlled.

The null hypothesis of no differences between DI of predators (i.e.
birds or fishes) on their prey (i.e. total meiofauna or total polychaetes)
for each tidal level, site and seasonwas analyzedwith tc-tests (corrected
t-test for unequal variances which is equal to t-test if variances are the
same; Welch approximation; Zar, 1999).

3. Results

Results are reported for each season separately.
Fig. 4.Organicmatter percentage among treatments and both sites during cold season in lower (A
3.1. Cold season

In the lower intertidal level, the abundance of total polychaetes, total
meiofauna, nematodes, ostracods and foraminiferanswere not different
among treatments inside or outside crab bed (see Table 1; Fig. 2A, C and
E). There were no differences in chlorophyll a (hereafter chl a; Fig. 3A),
andOMcontent (Fig. 4A) between treatments inside or outside crab bed
(see Table 1).

In the upper intertidal level, differences among treatments were
found for total polychaetes outside crab bed, where density was higher
inside aquatic predator exclusion than terrestrial predator exclusion;
however there were no differences inside crab bed (see Table 1).
) andupper tidal levels (B); and duringwarm season for lower (C) and upper tidal levels (D).



Table 2
Summary of abundances of the different bird species found during the experiment period in different sites and seasons.

Season

Cold Warm

Species Inside crab bed Outside crab bed Inside crab bed Outside crab bed

Himantopus melanurus 2 201 10 41
Larus atlanticus 7 – – –

Larus maculipennis 9 43 5 –

Tringa flavipes – 45 – 112
Tringa melanoleuca 1 10 15 73
Haematopus palliatus – – 10 –

Pluvialis squatorola – – – 2
Charadrius falklandicus – 19 – 19
Limosa haemastica – – – 2
Calidris fuscicollis – – – 112
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Density of total meiofauna, ostracods, nematodes and foraminiferans
were not different between treatments inside or outside crab bed
(Table 1, Fig. 2B, D and F).

ANOVA showed no differences for concentrations of chl a inside crab
bed (see Table 1), but analysis outside crab bed showed that concentra-
tionwas higher in aquatic predator exclusion than in the natural control
(Table 1; Fig. 3B). OM showed no differences outside crab bed, but in-
side crab bed percentage of OM was higher in aquatic predator exclu-
sion than on the other treatments (see Table 1; Fig. 4B).

Abundance of birds was low (see Table 2) and birds were mainly
found outside the crab bed (square root transformed data, t =−3.4,
df=7, p b 0.05). The most frequently observed migratory birds eating
during the experimental periods were the greater yellowlegs (Tringa
melanoleuca), the lesser yellowlegs (Tringa flavipes), the two-banded
plover (Charadrius falklandicus), and local species like the Olrog's gull
(Larus atlanticus), the brown-hooded gull (Larus maculipennis), and
the South American stilt (Himantopus melanurus).

The most abundant fish species found was the silverside
(Odontesthes argentinensis, see Table 3) and there was no difference
between inside and outside crab bed (t= 0.65, df = 8, p= 0.5). Only
occasionally it was also found the flatfish (Paralichthys orbignyanus),
the gray mullet (Mugil platanus), the Brazilian menhaden (Brevoortia
aurea), the Jenyns's sprat (Rammogaster arcuata) and the River Plate
sprat (Platanichthys platana). Density of crab burrows was very low in
this season and the densities of active burrows (burrow·m−2) in the
lower intertidal level (mean (SD) inside crab bed: 0.96 (1.06); outside
crab bed: 1.12 (1.05))were higher than in the upper intertidal level (in-
side crab bed: 0.76 (0.83); outside crab bed: 0.24 (0.52)).

3.2. Warm season

Compared to the cold season, the total densities of polychaetes in-
creased 100%, although it continued to be low with respect to other
years (e.g. Palomo et al., 2003). In the lower intertidal level abundances
of total polychaetes were not different among treatments inside or
Table 3
Summary of abundances of the different fish species found during the experiment period in di

Season

Cold

Species Inside crab bed Outside

Odontesthes argentinensis 7 26
Paralichthys orbignyanus 1 –

Mugil platanus 1 –

Brevoortia aurea 1 –

Micropogonias furnieri – –

Rammogaster arcuata 1 –

Platanichthys platana 1 –

Lycengraulis grossidens – –
outside crab bed (see Table 4). ANOVAs showed no differences among
treatments for abundances of totalmeiofauna, ostracods, foraminiferans
(Table 4; Fig. 5A and E), chl a (Table 4; Fig. 3C) andOM content (Table 4;
Fig. 4C), inside or outside crab bed. Differences among treatments were
found for nematodes inside crab bed (Table 4; Fig. 5C) increasing the
density in aquatic control and aquatic predator exclusion in relation to
terrestrial predator exclusion and natural control; however no differ-
ences were found for the same group outside crab bed (Table 4; Fig. 5C).

In the upper tidal level, no differences were found among treat-
ments inside or outside crab bed for abundances of total polychaetes,
foraminiferans, chl a and OM percentage, inside or outside crab bed
(Table 4; Figs. 3D, 4D and 5F). Differences among treatments were
found for abundances of total meiofauna inside the crab bed, increasing
the abundance in aquatic predator exclusion than terrestrial control
(see Table 4). There was also difference in the abundance of nematodes
inside crab bed,with higher value in aquatic predator exclusionwith re-
spect to terrestrial control (Table 4; Fig. 5D). However, outside crab bed,
differences were found for abundance of ostracods (Table 4; Fig. 5B),
showing higher abundance in aquatic predator exclusion than all
other exclusion treatments.

Abundance of birds was similar to the cold season (see Table 2), but
there was small abundance inside crab bed compared to outside crab
bed (square root transformed data, t = −3.2, df = 7, p b 0.05). The
same species observed during cold season were found eating during
this season, although other species such as thewhite-rumped sandpiper
(Calidris fuscicollis), the Hudsonian godwit (Limosa haemastica), the
black-bellied plover (Pluvialis squatarola), and the American oyster-
catcher (Haematopus palliatus) were found. The white-rumped sand-
piper and lesser yellowlegs were the more abundant species, reaching
up to 60% of observed birds. In this season, the abundance of fishes was
more than twice larger than in the cold season being the silverside the
most abundant (Table 3), followed by the Brazilian menhaden. The fish
assemblage was similar to that found in the cold season, and only two
new fish species were caught: the white-mouth croaker (Micropogonias
furnieri) and the Atlantic sabretooth anchovy (Lycengraulis grossidens);
fferent sites and season.

Warm

crab bed Inside crab bed Outside crab bed

338 247
– –

– –

68 54
11 1
– –

– –

4 8



Table 4
Results of one way ANOVAs and tc-test during warm season for each variable, in different sites and intertidal levels.

Inside crab bed Outside crab bed

Lower intertidal Upper intertidal Lower intertidal Upper intertidal

Total polychaetes F4, 45= 0.71a F4, 45= 0.84 F4, 45= 0.58 F4, 45= 0.66c

Total meiofauna F4, 44= 2.14 F4, 45= 3.91⁎ F4, 45= 1.15 F4, 44= 1.45
Nematods F4, 44= 3.1⁎,b F4, 45= 3.23⁎ F4, 45= 0.78 F4, 44= 0.39
Ostracods F4, 44= 0.83 F4, 45= 1.7 F4, 45= 1.67 F4, 44= 8.38⁎⁎

Foraminiferans F4, 44= 1.64 F4, 45= 0.82 F4, 45= 0.34 F4, 44= 0.53
% Organic matter F4, 38= 0.12 F4, 40= 0.66b F4, 28= 1.82b F4, 38= 1.09c

Chlorophyll a F4, 45= 0.76 F4, 45= 0.71 F4, 45= 0.31 F4, 45= 1.45
DI on total meiofauna tc= 1.34

df=98
Tc=−7.77⁎⁎

df=98
tc=12.8⁎⁎

df= 142.7
tc= 0.48
df=121.1

a Data transformed to square root (x+ 1).
b Data transformed to square root.
c Data transformation was not possible.
⁎ p b 0.05.
⁎⁎ p b 0.01.
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and there were no difference between sites (t=0.31, df=8, p=0.75).
Density of crab burrows (burrow·m−2) was higher in warm than
in cold season, with higher values inside crab bed and in the lower inter-
tidal level (mean (SD)); inside crab bed, lower level: 6.55 (2.32); upper
level: 2.2 (1.85). Outside crab bed, lower level: 2 (2.05); upper level: 0.

3.3. Interaction strength

Dynamic index (DI) showed that interaction strength is mainly weak
(near zero; i.e., DI between±0.08 with some cases near to 0.1). For total
Fig. 5.Density among treatments and sites duringwarm season of ostracods in lower (A) and up
lower (E) and upper tidal level (F).
polychaetes, several replicates registered zero as prey abundances, thus
data ofDI are showngraphically (Fig. 6). ForDI of predators on total poly-
chaetes, the index of aquatic predators (i.e. fishes) was more variable
than the index of terrestrial predators (i.e. birds) during cold season in
both sites and levels, with more negative values and high variances in-
side crab bed (Cochran test in all cases p b 0.001; see Fig. 6A and B); DI
of birds on polychaeteswas near zerowith exception inside the crab bed.

During thewarm season the resultswere the opposite, showing that
DI of fishes on polychaetes was almost zero in both sites and levels;
however DI of birds on polychaetes was more variable and with high
per tidal levels (B); nematodes in lower (C) andupper tidal level (D) and foraminiferans in



Fig. 6.Dynamics index (DI) between different sites andpredators on total polychaetes during cold season to lower (A) and upper tidal levels (B); and duringwarm season for lower (C) and
upper tidal levels (D).
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variances especially inside crab bed in both levels (Cochran test in all
cases pb0.001; see Fig. 6C and D).

During the cold season, in the lower level, DI of predators on total
meiofauna showed the same pattern for both sites (inside and outside
crab bed), this being higher predation impact of fishes than birds
(see Table 1; Fig. 7A). However in the upper level DI of birds on total
meiofauna showed the lower values outside crab bed (Table 1;
Fig. 7. Dynamics indexes (DI) between different sites and predators on meiofauna during cold
upper tidal levels (D).
Fig. 7B). Moreover, DI of fishes on total meiofauna inside crab bed in
both tidal levels showed higher variances than other indexes.

In the lower level during the warm season, outside crab bed DI
showed that fishes had more negative impact on total meiofauna than
birds (Table 4; Fig. 7C), however higher variance of DI of birds was
found inside crab bed than in all other treatments (Fig. 7C). For the
upper level, inside crab bed, the DI of birds on meiofauna was lower
season in lower (A) and upper tidal levels (B); and during warm season for lower (C) and
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than the other index (Fig. 7D). Outside crab bed no differences were
found between DI of different predators (Table 4, Fig. 7D).

4. Discussion

Our results show that weak interactions prevail. During the warm
season, interaction strength of birds was highly variable for both prey
items, with large negative effects on meiofauna in the upper tidal level.
During the cold season, however, fishes exhibit broad variation in their
impact on prey, especially inside crab bed and formeiofaunal organisms.

Predation is an important source of variability inmany communities,
producing changes in prey abundance (Hidalgo et al., 2011; Navarrete,
1996), and in the species composition and diversity (Hillebrand, 2003;
Pillay et al., 2009). However, in a given spatial and temporal interval,
predation rates can change depending on factors such as seasons, time
of day (Abugov, 1982) or environmental temperature, especially when
predators are birds (e.g. Duriez et al., 2005). Several intertidal areas in
the south-western Atlantic region are stop-over sites for migratory
shorebirds that arrive to feed and rest during the warm season (e.g.
Morrison and Ross, 1989; Myers and Myers, 1979). In these intertidals,
birds use in different ways areas with and without crabs (Botto et al.,
1998, 2000; our results), where the abundances of prey and feeding be-
havior are also different (Botto and Iribarne, 1999; Palomo et al., 2003).
For example, the white-rumped sandpiper, and the greater and the
lesser yellowlegs are most frequently found outside crab beds (Botto
et al., 2000), where there is higher availability of prey items (Palomo
et al., 2004). In our work, we found similar patterns of habitat use for
predators and prey. Density of prey was high outside bioturbated
areas where the migratory birds spend more time feeding. However,
the interaction strength of birds on polychaetes and on meiofauna was
highly variable inside crab bed in both tidal levels, showing negative ef-
fects of birds in the upper intertidal level. This may be either due to the
low density of prey or to the foraging rates of several birds that change
depending on the intensity of crab bioturbation (e.g. C. falklandicus;
Botto et al., 2000). Therefore, our results show that birds, though
being in relatively low abundances, can have an impact on their prey es-
pecially at the high intertidal. This may be facilitated by crabs, because
their activity ameliorates the sediment physical harshness making the
intertidal area physicallymore homogeneous, allowing some organisms
to extend their distribution to upper levels (Escapa et al., 2004).

The interaction strength of fishes on polychaetes and on meiofauna
suggests that predation by fishes is high during the cold season. Previ-
ous works showed that fishes decrease polychaete abundances
(Martinetto et al., 2005, 2007) and consume meiofaunal groups such
as ostracods, nematodes and foraminiferans,which in some cases repre-
sent the 20% of the fish diet (Valiñas et al., 2010). Additionally, the year
in which our experiment was carried out (i.e. 2007) corresponded to El
Niño Southern Oscillations year (ENSO; see also Canepuccia et al., 2010
for a study in this region), which causes an increase in precipitation
from southern Brazil to central Argentina (Viles and Goudie, 2003), pro-
moting flooding in the pampas and coastal marshes (e.g. Alberti et al.,
2007; Canepuccia et al., 2007). During these periodsmudflats remained
mostly covered by freshwater, changing lagoon water level and salinity
(Martinetto et al., 2007). These conditions could generate system-wide
ecological changes (e.g. Lubchenco et al., 1991; Tylianakis et al., 2008).
For example, the access of fishes to intertidal mudflats (which is
controlled by tides; Rozas, 1995), and prey availability would be higher
during ENSO, when the intertidal stayed flooded for much longer time
due to intense raining in the area. In those conditions the interaction
strength of fishes on polychaetes, may result in the negative impact of
predation on meiofauna inside and outside crab bed.

Inside crab bed interaction strength (both kind of predators, seasons
and tidal levels) wasmore variably and had higher variances than areas
without bioturbation (see Results, Figs. 6 and 7). In soft bottom systems,
predator–prey interactions and predation rates can change because
of the activity of bioturbator organisms (e.g. Martinetto et al., 2005;
Palomo et al., 2003). In our work the presence of strong bioturbators
could indirectly modify predator–prey interactions, probably because
bioturbation enhances sediment structural complexity, modifying the
abundance, the behavior and the availability of prey (e.g. Botto and
Iribarne, 1999; Palomo et al., 2003). Thus, although interactions in our
work were weak but highly variable, they may also be important (e.g.
Berlow, 1999; Navarrete and Menge, 1996). Similarly, the effect of bio-
turbation organisms may be more complex than expected, affecting
predator–prey interactions with different magnitudes and directions
(e.g. Alvarez et al., 2013;Martinetto et al., 2005). In consequence, our re-
sults suggest that in intertidal systems, impact of predation can change
not only due to abundance and distribution of the involved species, but
also depending of changes in tidal cycles and presence of bioturbator
organisms.

In soft-bottom sediments,fishes can strongly reduce the abundances
of infaunal (Fleeger et al., 2008) and epifaunal prey (Posey et al., 2006),
affectmicroalgal biomass (Deegan et al., 2007), and change composition
of community by direct (e.g. Fleeger et al., 2008) or indirect interactions
(e.g. Heck and Valentine, 2007). Likewise, other predators such as snails
(Silliman and Bertness, 2002; Silliman and Zieman, 2001) or birds
(Hamilton et al., 2006; Johnson et al., 2009) can have similar effects.
However, top-down effects are often difficult to detect because infaunal
responses can be vary along environmental gradients as inundation
(Fleeger et al., 2008) and salinity (Deegan et al., 2007). Our results
show that top-down effects by top consumers (fishes and birds) were
weak (see also Johnson and Fleeger, 2009) and highly variable depend-
ing mainly on seasonality and tidal gradients. Birds affect meiofaunal
organisms and exhibit higher effects than fishes in warm season,
while fishes in the cold season have stronger effects (especially on
meiofauna). Birds can use all intertidal and their abundances increase
in summer (e.g. Botto et al., 2000; Mariano-Jelicich et al., 2003), while
fishes have the access for food limited by tidal cycle and their abun-
dances do not change along the year. Moreover both predators use in
different ways areas with and without crab bioturbation (see Botto
et al., 2000; Martinetto et al., 2005). Thus, our results suggest that top-
down effects of fishes and birds could be compensated,fishes exhibiting
strong effects in cold season and birds are the main predators in warm
seasons (see also Johnson et al., 2009).

Our results show that interaction strength of both predators, fishes
and birds, are mainly weak. However, although weak, the importance
of the different predators is determined by environmental context as
the grade of bioturbation generated by crabs, the tidal time exposition
(due to tidal cycle or ENSO episode) and seasonality, changing the
sign and magnitude of interactions. Therefore, our work, including
others (e.g., Harley, 2003; Wootton and Emmerson, 2005), exemplify
how the outcome of interaction strength between predators and prey
may result from a complex link between organisms and their habitats,
and how this outcomedepends dynamically on background community
composition and temporal–spatial scale.
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