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Abstract The burrowing activity of fiddler crabs

inhabiting intertidal flats creates visually distinct

patches within these habitats. However, differences

in the composition and abundance of shorebirds and

their macroinvertebrate prey between areas inhabited

or not by crabs are yet to be studied. Here, we compare

the macroinvertebrate and shorebird assemblages in

low and high crab density areas in the intertidal flats of

the Bijagos archipelago, Guinea-Bissau. High crab

density areas are associated with lower richness and

densities of macroinvertebrates. Shorebird assem-

blages were also less rich at high crab density areas

and the differences in species composition occurred

according to prey type preferences. Fiddler crab

density was the most important variable explaining

macroinvertebrate abundance, after accounting for the

effects of fine fraction of sediment and distance to

coast. Nonetheless, a controlled experimental setup

would be required to attribute differences found to the

engineering activity of fiddler crabs rather than other

unaccounted habitat features. Our findings suggest

that crab patches should be taken into account when

assessing the distribution and abundance of macroin-

vertebrates and shorebirds in intertidal areas. Since

low and high crab density areas differ markedly in

terms of shorebird carrying capacity, monitoring

variations in their extent will be important to interpret

past and present population trends.

Keywords Afruca tangeri � Burrowing crabs �
Shorebird ecology � Mudflat ecology � Tropical
ecology � Benthic macroinvertebrates

Introduction

Coastal areas are very important ecosystems for many

vertebrate species including birds and fishes (Wallace

et al., 1984; Burger et al., 1997). Namely, intertidal

flats are especially important for shorebird populations

during migratory and non-breeding periods, when

many species feed extensively on benthic macroin-

vertebrates at low tide (Evans et al., 1999). While the

value of these habitats for shorebirds is undisputed, the

mechanisms determining the distribution of birds

within these areas are not completely understood
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(e.g., Burger et al., 1997; Ribeiro et al., 2004; Martins

et al., 2013; Yu et al., 2020). Prey availability,

although not exclusively, has been widely considered

a key factor determining the spatial distribution of

foraging shorebirds at several spatial scales (Goss-

Custard et al., 1977; Piersma et al., 1994; Kelly, 2001;

Harrington et al., 2010). Thus, variables influencing

benthic macroinvertebrate distribution on the tidal

flats will indirectly impact the whereabouts of

shorebirds.

Intertidal flats may often seem a simple, two-

dimensional and homogenous habitat, but their struc-

ture and composition can vary greatly in space in terms

of abiotic factors, such as sediment grain size,

topography, and water content (Ribeiro et al., 2004;

Wooldridge et al., 2018) and biotic factors, such as

organic matter content (Galois et al., 2000) and

bacterial and microalgal density (Cammen & Walker,

1986; Weerman et al., 2010). This heterogeneity is

associated with other compartments of the system,

including infaunal communities. Indeed, the compo-

sition of benthic macroinvertebrates assemblages and

the densities of each species are known to be strongly

related with variables such as sediment grain size and

organic matter content (Pearson & Rosenberg, 1978;

Raffaelli & Hawkins, 1999; Ysebaert & Herman,

2002). Therefore, the heterogeneity of intertidal flats

will be associated with different macroinvertebrate

communities across space (Ysebaert & Herman, 2002;

Rodrigues et al., 2006).

The spatial variation in the structure of intertidal

flats is often rather subtle and, therefore, usually

difficult to detect without close inspection, especially

regarding sediment and microbiotic features. How-

ever, some organisms can create quite dramatic

discontinuities in these otherwise smooth gradients

of conditions. This is the case of intertidal flats

inhabited by ecosystem engineers whose presence and

action leads to the formation of sharply marked

patterns in the sediment surface. Among animals,

crabs are renowned to have a major role as habitat

modifiers, most especially in tropical environments

(Mouton & Felder, 1996; Botto & Iribarne, 2000;

Kristensen, 2008). The burrowing activity of fiddler

crabs (Subfamily: Ucinae Dana, 1851) is known to

dramatically change the topography and biogeochem-

istry of the sediment (Mouton & Felder, 1996; Botto

et al., 2000; Kristensen, 2008), turning their patches

visually very distinct from the surrounding ‘‘crab-

free’’ flats. These effects are driven by sediment

reworking that causes bioturbation, i.e., the forced

ascension of deep organic matter and sediment to the

surface, promoting changes in sediment characteris-

tics and in the growth and activity of bacteria, and

increasing carbon flow and decomposition efficiency

(Katz, 1980; Kristensen, 2008). The areas inhabited by

fiddler crabs, thus, seem to constitute a distinctive

intertidal habitat, visually different from the adjacent

areas where crab borrows are absent or occur in very

low densities. Strikingly, differences in benthic

macroinvertebrate and shorebird communities

between such contrasting areas have seldom been

investigated (but see Iribarne et al., 2005). Studies

conducted on sand prawn and ghost shrimps have

shown that the sediment reworking promoted by these

crustaceans has a negative impact on the richness and

abundance of benthic macroinvertebrate communities

(Tamaki, 1988; Pillay et al., 2007a, b).Whether fiddler

crabs can generate the same effects is yet to be

determined.

While potential disparities in the composition,

density, or availability of benthic macroinvertebrates

associated with crab presence may naturally influence

shorebird assemblages, fiddler crabs themselves are

also a common food source for several shorebird

species in many tropical intertidal flats (Zwarts, 1985;

Iribarne & Martinez, 1999; Lourenço et al., 2017).

Therefore, regardless of the differences in the remain-

ing macroinvertebrate community, the presence of

crabs may also be associated with the spatial segre-

gation among shorebirds according to their feeding

preferences.

The Bijagós archipelago, Guinea-Bissau, is an

internationally important area for shorebirds during

the non-breeding period, holding approximately 10%

(ca. 700,000) of all birds that migrate along the East

Atlantic Flyway (EAF; Delany et al., 2009). West

African fiddler crabs Afruca tangeri are an abundant

and widespread element in most of the extensive

intertidal flats of this archipelago, forming distinct

patches, and are known to be an important prey item

for shorebirds there (Zwarts, 1985; Lourenço et al.,

2017). Although the importance of this site is globally

acknowledged, many aspects of the foraging ecology

of shorebirds are still poorly understood. In particular,

the distribution of shorebirds and their prey in relation

to the presence of fiddler crabs is yet to be studied.
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In this study, we investigated the differences

between intertidal areas inhabited and free of fiddler

crabs in the Bijagós archipelago concerning the

structure of the benthic macroinvertebrate and shore-

bird communities. To achieve this, we compared (1)

species composition, abundance, total biomass, and

harvestable biomass of the benthic macroinvertebrate

community and (2) species composition and abun-

dance of the shorebird community, in areas with low

and high density of fiddler crabs. We also account for

any differences in habitat features known to influence

macroinvertebrate communities, namely sediment

type (granulometry) and distance to coast (as a proxy

for sediment exposure time).

Methods

Study area

The Bijagós archipelago (11� 120 N, 15� 530 W) lies off

the coast of Guinea-Bissau, in West Africa, and

comprises 88 islands and islets. The intertidal flat area

covers c.a. 1000 km2, often bordered by mangrove

forests, and it is mostly dominated by large areas of

soft sediment beds interspersed with smaller areas of

sandy sediments (Campredon & Catry, 2016). The

archipelago supports a remarkable biodiversity, which

has led to its classification as a Biosphere Reserve

(1996) by UNESCO and as a Ramsar Site (2014) and

has justified the establishment of three marine pro-

tected areas.

This study was conducted between February and

April 2019 in the intertidal flats of Adonga islet, in the

south of Orango National Park (Fig. 1). This area

consists of a sand cord approximately 9 km long by 0.5

km wide which, at low tide, reveals a large extension

of intertidal flats including sandy and muddy patches,

permeated by a channel network (Fig. 1). The study

area is characterized by a semi-diurnal tidal regime,

where the tidal range varies from approximately 3 m

during neap tides to approximately 4.5 m during spring

tides. Fiddler crabs occur in dense patches in ca. 50%

of the study area (authors’ unpublished data), and their

presence creates a noticeable heterogeneity in the

intertidal flat landscape, as a result of sediment

reworking (Online Resource 1). The limits between

crab areas and their surroundings are, thus, very

noticeable, and the latter show only low densities of

very small crabs (see ‘‘Results’’), with no signs of

reworked sediment.

Macroinvertebrate collection and processing

Three paired areas of low and high crab density were

selected for macroinvertebrate sampling, based on a

visual assessment of the presence of crabs (Fig. 1,

Online Resource 2). Paired areas were adjacent

(separated by less than 50 m) in order to minimize

any heterogeneity in abiotic variables between low

and high crab density related to exposure time,

sediment type, or proximity to shore and channels.

Fifteen sediment cores (86.6 cm2, ca. 20 cm deep)

were collected at random in each of the six areas of

about 10,000 m2, totaling 45 cores per type of area.

Since most small macroinvertebrates inhabit the upper

layers of the sediment (Cardoso et al., 2010), the top 5

cm of collected sediment was sieved through a 0.5 mm

mesh size and the remaining 15 cm was sieved using a

1 mmmesh size, following established protocols (e.g.,

Schneider & Harrington, 1981; Mercier & McNeil,

1994; França et al., 2009; Lourenço et al., 2017;

Herbert et al., 2018). All invertebrates were collected

from the sieves and immediately stored in ethanol 96%

until further analysis.

In the laboratory, all invertebrates were identified to

the lowest possible taxonomic level using guides for

east Atlantic polychaetes (Day, 1967; Fauchald,

1977), bivalves (Carpenter & De Angelis, 2016; Cosel

& Gofas, 2019), gastropods (Carpenter & De Angelis,

2016), and crustaceans (Carpenter & De Angelis,

2014). To determine their biomass (measured as mg of

ash-free dry weight, AFDW), each individual was

dried to constant weight (at 60�C, during 48 h) and

then incinerated in a muffle furnace (580�C, for 2 h).

The samples were weighed after drying and again after

incineration, and the biomass was calculated as the

difference between dry and ash-free weight. We

further determined the biomass of all prey that is

accessible and ingestible for shorebirds (hereafter

harvestable biomass), i.e., the macroinvertebrate

biomass in the top 5 cm of sediment excluding

invertebrates outside the size range consumed by any

shorebird species (following Lourenço et al., 2017).

Fiddler crabs are not adequately sampled using

cores because they are highly mobile and can either

escape from the areas targeted for sampling or hide

deep in their burrows far from the core sampler reach.
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Therefore, we estimated their density using video

cameras in 60 quadrats (70 9 70 cm) selected at

random within the 6 selected areas (10 quadrats filmed

per area). Quadrats were never placed less than 30 m

apart from each other. Films were 4–4.5 min long and

were shot using a Canon PowerShot SX60 HS, with

1980 9 640 pixel resolution at 25 frames per second.

The camera was set on a tripod on the side of the

quadrat and immediately after starting the filming

session the observer moved at least 50 m away from

the camera until the end of the footage, to avoid any

disturbance. Videos were analyzed using the software

VLCmedia player 3.0.6, excluding the initial and final

parts of the film (30–60 s), when the presence of the

observer disturbed the crabs. The total number of

individuals was recorded as soon as crabs resumed

their normal activity. The carapace width of all crabs

filmed was estimated using a ruler (nearest mm)

previously placed within the quadrat. The biomass of

fiddler crabs was estimated from the carapace width,

using the regression equations determined by Lour-

enço et al. (2017) and then averaged by crab density

area.

Shorebird counts

Shorebird density in low and high crab density areas

was estimated from counts performed during low tide.

Sixty-seven plots of 250 9 250 m were defined with a

set of wooden poles positioned with a GPS, in order to

cover a representative part of the study area (Fig. 1).

During a single day, five successive counts were

performed sequentially on a set of two to four plots by

one observer positioned at the middle intersection

point. This point was reached by boat during ebbing

tide to avoid disturbing foraging birds. Counts were

carried out at 1-h intervals in the period between 2 h

before until 2 h after low tide peak. This period was

selected since most of the intertidal flat is completely

available for foraging birds (i.e., without water cover)

2 to 3 h before and after low tide peak. The counts were

repeated in two additional days in 55 plots and in three

other days in 12 plots between February and April.

Counts were carried out simultaneously by three

observers using telescopes (20–60 times of magnifi-

cation). All bird species actively feeding on the

intertidal flat, including all Charadriiformes species,

egrets and the Sacred ibis Threskiornis aethiopicus

were counted. Within each plot, birds could easily be

assigned to be feeding in low and high crab density

areas and were counted separately. We visually

estimated the high crab density area coverage in each

counting plot. Overall, eight plots had 100% of high

crab density coverage, 12 plots had 0% of high crab

density coverage, and 47 plots included both low and

high crab density areas.

Fig. 1 Study area showing

the intertidal flats of Adonga

islet in the Bijagós

archipelago, Guinea-Bissau.

The intertidal flats are

shown in dark gray. White

squares represent the plots

used for shorebird counts

(each square 250 9 250 m).

Circles represent the sites

selected for

macroinvertebrate

sampling, sediment

sampling, and crab video

recordings: white circles—

low crab density areas; black

circles—high crab density

areas. Blue ellipses

represent the blocks of low

and high crab density areas

sampled
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Sediment sample collection and processing

Sediment sample collection took place in the same

areas selected for macroinvertebrate sampling. In

total, 30 samples (ca. 40 ml each) of sediment were

collected from the top 5 cm of sediment, 15 in low, and

15 in high crab density areas. Samples were air dried

after removing all visible particles of detritus. In the

laboratory, approximately 5 g of each sediment sample

was used to determine organic content (AFDW)

following the method previously described for deter-

mining the biomass of macroinvertebrates (mass loss

after ignition at 580�C). To determine the fine fraction

of sediment (i.e., particles\ 63 lm), we first deter-

mined the dry weight of each sample. Then, samples

were immersed in a sodium pyrophosphate solution

for 6 h to disperse the sediment prior to wet sieving

through a 63 lm mesh. The dry weight of the

remaining material on the mesh was measured. The

fine fraction of sediment was calculated as the

difference between the two weights divided by the

dry weight of the initial sample.

Data analysis

The study design used to compare the macroinverte-

brate community in terms of density and biomass

(both total and harvestable) between areas with

different crab densities consisted of three locations

of two paired ‘‘treatments’’ (i.e., low and high crab

density). Hence, we used a random block analysis with

three blocks (each block corresponding to one loca-

tion; Fig. 1) to test all the differences between low and

high crab density areas. We tested all pairwise

correlations in the density and biomass of different

invertebrate species, to conclude that 80% of the inter-

taxa correlations are within r = [- 0.06, 0.180];

therefore, we chose not to use a multivariate approach,

opting instead for using univariate models. The tests

were performed using generalized linear mixed mod-

els assuming a negative binomial error distribution.

Since the objective was to compare areas with low and

high crab densities within blocks and not among

blocks, blocks were used as random factors. We

included the fine fraction of sediment (sediment type)

and distance to coast (as a proxy for exposure period)

as covariates in all models, to account for any effect of

these factors on the dependent variables under anal-

ysis. Organic matter of the sediment (measured as

AFDW) was strongly correlated with its fine fraction

(Pearson correlation, r = 0.86, n = 15, P < 0.001),

and therefore, the former was not included in any

models. One model was run for each macroinverte-

brate class (Bivalvia, Polychaeta, Gastropoda, and

Malacostraca) and for fiddler crabs. Given the low

number of observations regarding Gastropoda and

Malacostraca, the models concerning these 2 macroin-

vertebrate classes were run using transformed

response variables. The transformation was achieved

by ranking the value of each observation using the

average method for ties. The ranking was performed

within each block independently of other blocks as

suggested by Conover & Iman (1981) for random

block designs. The final models were obtained by

comparing the AIC of all candidate models for each

response variable and selecting the one with the lowest

AIC value.

Bird densities (expressed as number of birds per

hectare) within each counting plot were calculated by

averaging repeated counts within the same day (± 2 h

from low tide), among days and plots. In plots where

both low and high crab density areas were present,

estimates were carried out separately for each class of

crab density. Following the approach used for inver-

tebrates, a correlation analysis of the densities of birds

of different species in the plots, revealed that 75% of

the interspecies correlations were low, within

r = [- 0.4\ r\ 0.4]. Therefore, comparisons of

the number of birds of each species between areas of

low and high crab densities were tested using gener-

alized linear models, assuming a negative binomial

error distribution. The same approach was used to

compare species richness of macroinvertebrate and

bird communities (in cores and plots, respectively)

between crab density areas.

The overall variabilities in the invertebrate and

shorebird communities between low and high crab

density areas were also explored with a multivariate

analysis. Principal component analysis (PCA) was

carried on (centered and reduced (log ? 1) - trans-

formed) values of biomass of the four macroinverte-

brate classes (Bivalvia, Polychaeta, Gastropoda and

Malacostraca), using data from 90 cores (45 in each

type of habitat). The same was done with (center and

reduced (log ? 1) - transformed) data of shorebird

densities in the 67 areas where birds were quantified

(59 and 55 in low and high crab density areas,
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respectively). All PCA were computed with prcomp

function in R and no rotation was applied.

Fiddler crab size-class differences in density

between low and high crab density areas were tested

using a generalized linear model assuming a Poisson

error distribution using crab density area as indepen-

dent variable.

We also determined the accumulation curves for the

macroinvertebrate communities in low and high crab

density areas to assess if the sampling effort was

adequate to accurately describe the macroinvertebrate

community and to investigate differences between

sampling areas (Online Resource 2).

All analysis were performed using R software (R

Core Team, 2020).

Results

Macroinvertebrate communities in low and high

fiddler crab density areas

A total of 37 macroinvertebrate taxawere found, 13 of

which were exclusive to low crab density areas.

Macroinvertebrate communities of low crab density

areas showed a significantly higher taxonomic rich-

ness (Mixed-effects model with negative binomial

distribution: effect of crab density P\ 0.001) when

compared with high crab density areas (8.3 ± 0.4 (SE)

species per core versus 2.6 ± 0.3 (SE) species per

core). These differences are evident even when

considering a small sampling effort (Online Resource

2).

Overall, all four macroinvertebrate classes showed

almost fivefold higher densities in areas with low crab

density (Fig. 2, Online Resource 3), and we found no

significant effects of the fine fraction of sediment or

distance to the coast in explaining this difference

(Table 1). Similar results were recorded for total and

harvestable invertebrate biomass (Fig. 3, Tables 2 and

3, see Online Resource 3). Unsurprisingly, the sole

taxa significantly more abundant in high crab density

areas were the fiddler crab, both in terms of density

and biomass (Figs. 2 and 3, Tables 1 and 2).

The PCA analysis on the (log ? 1) biomass of each

core in both types of habitats is represented in Fig. 4.

The first axis (ca. 45% of the variance) represents a

general gradient of biomass of all taxa (larger values

of biomass on the left-hand side), while the axis 2

(with ca. 26% of the variance) represents a distinction

between cores with higher Bivalvia and Polychaeta

biomasses versus those with higher biomass of

Gastropoda and Malacostraca. Overall, cores in low

crab density areas showed more dispersion among

themselves and higher biomass of all invertebrate

groups when compared to the high crab density areas.

The size-class structure of fiddler crabs differed

significantly between areas of low and high crab

density (GLM Poisson: effect of fiddler crab density

class P\ 0.001; interaction P\ 0.001, Online

Resource 4). Crabs measuring\ 0.5 cm comprised

less than 20% of the individuals in areas with high crab

density, while they represented ca. 42% in low crab

density areas (Online Resource 4). In the later areas,

individuals with carapace length larger than 1.5 cm

were virtually absent.

Shorebird communities in low and high fiddler

crab density areas

The shorebird community of low crab density areas

showed higher species richness when compared to

high crab density areas (GLM.nb: effect of fiddler crab

presence P\ 0.001; Theta = 0.421). Nine out of the

18 most common shorebird species studied showed

significant differences in density between the two

different crab density areas (Fig. 5, see Online

Resource 5). Among these, four species showed

significantly higher densities in low crab density areas

Fig. 2 Density (individuals/m2 ± SE) of the main macroin-

vertebrate classes sampled in low and high crab density areas

(n = 45 sediment cores in each density area). Estimates of

fiddler crab Afruca tangeri densities were obtained from video

recordings (n = 30 in each area, see ‘‘Methods’’ for details).

Note the log scale on y-axis
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Table 1 Regression parameters and associated statistics of

mixed-effects models (with negative binomial error distribu-

tion) relating density (number of individuals per m2) of

(A) Bivalvia, (B) Polychaeta, (C) Gastropoda,

(D) Malacostraca, and (E) Fiddler crabs with fine fraction of

sediment, distance to coastline (as a proxy for exposure

period), and fiddler crab density class as covariates

Full model Final model

Estimate Std. Error z P Estimate Std.

Error

z P

(A) Total number of bivalvia per m2

Intercept 6.482 1.206 5.373 < 0.001 6.587 0.274 23.966 < 0.001

Fine fraction of sediment 0.005 0.039 0.130 0.897

Distance to coastline - 4 9 10-5 0.001 - 0.038 0.969

High crab density - 1.963 0.778 - 2.524 0.012 - 1.952 0.391 - 4.988 <0.001

(Theta, AIC, random variance for

block)

(0.308, 1060, 6 9 10-13) (0.308, 1056, 0)

(B) Total number of Polychaeta per m2

Intercept 7.242 0.548 13.20 < 0.001 6.990 0.151 46.22 < 0.001

Fine fraction of sediment - 0.008 0.019 - 0.419 0.676

Distance to coastline - 2 9 10-4 - 4 9 10-4 - 0.516 0.606

High crab density - 1.697 0.365 - 4.651 < 0.001 - 1.827 0.223 - 8.581 < 0.001

(Theta, AIC, random variance for

block)

(1.021, 1241, 3 9 10-14) (1.018, 1237,

1 9 10-13)

(C) Total number of Gastropoda per m2

Intercept 2.864 0.176 16.27 < 0.001 2.859 0.047 61.29 < 0.001

Fine fraction of sediment 1 9 10-4 0.006 - 0.029 0.977

Distance to coastline - 4 9 10-4 1 9 10-4 - 0.030 0.976

High crab density - 0.249 - 0.119 - 2.095 0.036 - 0.252 0.069 - 3.673 < 0.001

(Theta, AIC, random variance for

block)

(24.649, 544, 1 9 10-13) (24.649, 540, 0)

(D) Total number of Malacostraca per m2

Intercept 3.009 0.172 17.45 < 0.001 2.861 0.046 62.23 < 0.001

Fine fraction of sediment - 0.005 - 0.006 - 0.903 0.366

Distance to coastline - 1 9 10-4 1 9 10-4 - 0.765 0.444

High crab density - 0.170 0.117 - 1.462 0.144 - 0.257 0.068 - 3.784 < 0.001

(Theta, AIC, random variance for

block)

(26.969, 557, 7 9 10-14) (26.391, 538,

5 9 10-17)

(E) Total number of Fiddler crabs per m2

Intercept 2.063 0.669 3.082 < 0.001 2.121 0.296 7.176 < 0.001

Fine fraction of sediment 0.021 0.022 0.930 0.353

Distance to coastline - 0.001 0.001 - 1.220 0.222

High crab density 1.665 0.449 3.709 < 0.001 1.932 0.276 6.999 < 0.001

(Theta, AIC, random variance for

block)

(1.001, 506, 4 9 10-12) (0.936, 504, 0.141)

Location was included as random factor. Significant effects (a B 0.05) are highlighted in bold and the shape parameter of the

negative binomial distribution (Theta), AIC and random variance for block are also presented
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(Red knotCalidris canutus, Curlew sandpiperCalidris

ferruginea, Ringed plover Charadrius hiaticula and

Sanderling Calidris alba), while five species showed

the opposite pattern (Eurasian curlew Numenius

arquata, Sacred ibis Threskiornis aethiopicus, Com-

mon redshank Tringa totanus, Common sandpiper

Actitis hypoleucus, and Whimbrel Numenius phaeo-

pus). There were no significant differences for the

remaining species. The largest differences (more than

tenfold) were found for Common sandpipers, Red

knots, and Ringed plovers (Fig. 5).

The PCA on the values of density of the 18 most

common shorebird species show that counting areas

with and without fiddler crabs are aligned according to

two perpendicular axes (Fig. 6). A good part of the

variation in areas with fiddler crabs is captured by axis

1 (ca. 27% of the variance), where species like

Common redshank, Sacred ibis, Curlew, and Whim-

brel are abundant. Axis 2 (with 20%) represents

variation associated with species typically occurring

in areas without fiddler crabs (Fig. 6), such as Ringed

plover, Sanderling, Curlew sandpiper, and Red knot.

Discussion

Areas inhabited by fiddler crabs have been almost

exclusively studied at the microhabitat level, focusing

on the impacts of bioturbation on sediment topography

and biogeochemistry, and on primary production (e.g.,

Kristensen, 2008; El-Hacen et al., 2019). Therefore,

whether habitats modified by this ecosystem-engineer

support distinct faunal assemblages, such as macroin-

vertebrates and shorebirds, remains mostly elusive.

Our results show a clear difference in the composition

and abundance of benthic macroinvertebrate and

shorebird communities between low and high crab

density areas. Areas with low crab densities showed a

significantly higher abundance and biomass of inver-

tebrates (except for the fiddler crab itself) and

shorebird assemblages occurred in each of the two

habitats mostly according to their main prey (Zwarts,

1985; Lourenço et al., 2017).

Ecosystem engineers have been more often

described as species that facilitate the colonization

by other species by promoting habitat changes

(Bouma et al., 2005; van der Zee et al., 2016) or

indirectly increasing the complexity of food webs by

raising primary productivity (Smith et al., 2009).

Nevertheless, negative effects had already been

observed with burrowing ecosystem engineers,

namely sand prawn and ghost shrimps (Tamaki,

1988; Pillay et al., 2007a, b).

We found that areas with high crab density were

significantly less rich and supported lower densities of

benthic macroinvertebrates (with several species

being two to six times less abundant in these areas)

while also being less variable among samples in terms

of its macroinvertebrate community. In all our com-

parisons between low and high crab density areas, we

accounted for variations in the fine fraction of

sediment and exposure period, two habitat features

that are reported to influence the densities or the

biomass of invertebrate taxa (Pearson & Rosenberg,

Fig. 3 Total and harvestable biomass (mg AFDW/m2 ± SE) of

the main macroinvertebrate classes sampled in both low and

high crab density areas (n = 45 sediment cores in each density

area). Fiddler crab estimates were obtained by measuring all

crabs in the video recordings (low crab density: n = 138; high

crab density: n = 919). A Total biomass estimates using all

samples collected up to a depth of 20 cm. B Estimates of

harvestable biomass for shorebirds using samples collected only

in the top 5 cm of sediment, thus excluding invertebrates outside

the size range consumed by shorebirds (based in (Lourenço

et al., 2017)). Note the log scale on y-axis
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Table 2 Regression parameters and associated statistics of

mixed-effects models (with negative binomial error distribu-

tion) relating total biomass (mg AFDW per m2) of (A) Bivalvia,

(B) Polychaeta, (C) Gastropoda, (D) Malacostraca, and

(E) Fiddler crabs with fine fraction of sediment, distance to

coastline (as a proxy for exposure period), and fiddler crab

density class as covariates

Full model Final model

Estimate Std. error z P Estimate Std.

error

z P

(A) Total Bivalvia biomass (AFDW) per m2

Intercept 5.951 1.435 4.148 < 0.001 6.873 0.399 17.23 < 0.001

Fine fraction of sediment 0.027 0.047 0.586 0.558

Distance to coastline 0.001 0.001 0.866 0.386

High crab density - 4.183 0.779 - 5.368 < 0.001 - 3.629 0.502 - 7.227 < 0.001

(Theta, AIC, random variance for

block)

(0.257, 816, 6 9 10-5) (0.260, 812, 0.045)

(B) Total polychaeta biomass (AFDW) per m2

Intercept 7.802 0.703 11.100 < 0.001 6.990 0.180 38.77 < 0.001

Fine fraction of sediment - 0.031 0.024 - 1.312 0.190

Distance to coastline - 5 9 10-4 - 6 9 10-4 - 0.861 0.389

High crab density - 2.763 0.459 - 6.014 < 0.001 - 3.207 0.259 - 12.36 < 0.001

(Theta, AIC, random variance for

block)

(0.786, 1010, 3 9 10-12) (0.769, 1008, 0)

(C) Total gastropoda biomass (AFDW) per m2

Intercept 2.854 0.177 16.157 < 0.001 2.858 0.047 60.993 < 0.001

Fine fraction of sediment 1 9 10-4 0.006 0.024 0.981

Distance to coastline 3 9 10-6 1 9 10-4 0.019 0.985

High crab density - 0.252 0.119 - 2.107 0.035 - 0.249 0.069 - 3.617 < 0.001

(Theta, AIC, random variance for

block)

(24.161, 545, 5 9 10-13) (24.161, 541, 0)

(D) Total Malacostraca biomass (AFDW) per m2

Intercept 3.019 0.173 17.49 < 0.001 2.862 0.046 62.21 < 0.001

Fine fraction of sediment - 0.006 0.006 - 0.957 0.338

Distance to coastline - 1 9 10-4 1 9 10-4 - 0.817 0.414

High crab density - 0.168 - 0.117 - 1.441 0.150 - 0.259 0.068 - 3.822 < 0.001

(Theta, AIC, random variance for

block)

(26.882, 542, 5 9 10-14) (26.245, 539, 0)

(E) Fiddler crab biomass (AFDW) per m2

Intercept - 2.599 0.556 - 4.676 < 0.001 - 2.289 0.512 - 4.470 < 0.001

Fine fraction of sediment 0.024 0.009 2.704 0.007 0.017 0.007 2.312 0.021

Distance to coastline 3 9 10-4 2 9 10-4 1.359 0.174

High crab density 3.432 0.524 6.547 < 0.001 3.579 0.510 7.011 < 0.001

(Theta, AIC, random variance for

block)

(23,416, 170, 2 9 10-13) (19,362, 166,

6 9 10-14)

Location was included as random factor. Significant effects (a B 0.05) are highlighted in bold and the shape parameter of the

negative binomial distribution (Theta), AIC, and random variance for block are also presented
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1978; Ysebaert & Herman, 2002; Lourenço et al.,

2018), and still, the density of fiddler crabs appeared as

the most important variable explaining macroinverte-

brate abundance. Although preferences of foraging

shorebirds for one habitat type were shown to be

species-specific, shorebird species richness was also

higher in low crab density areas. While our study

focused only on a limited number of taxonomic groups

(shorebirds and benthic macroinvertebrates), the

results suggest that habitats occupied and modified

by fiddler crabs may have inhibiting rather than

facilitating effects on at least some biodiversity

compartments of intertidal ecosystems.

Several previous studies demonstrated that the

activity of fiddler crabs increases carbon flow and

decomposition efficiency and changes the topography

and biogeochemistry of the sediment (Mouton &

Felder, 1996; Botto & Iribarne, 2000; Kristensen,

Table 3 Regression parameters and associated statistics of

mixed-effects models (with negative binomial error distribu-

tion) relating macroinvertebrate harvestable biomass (mg

AFDW per m2) of (A) Bivalvia, (B) Polychaeta,

(C) Gastropoda, and (D) Malacostraca with fine fraction of

sediment, distance to coastline (as a proxy for exposure

period), and fiddler crab density class as covariates

Full model Final model

Estimate Std.

Error

z P Estimate Std.

Error

z P

(A) Harvestable bivalvia biomass (AFDW) per m2

Intercept 6.213 1.465 4.240 < 0.001 6.354 0.349 18.21 < 0.001

Fine fraction of sediment - 4 9 10-4 0.047 0.010 0.992

Distance to coastline - 3 9 10-4 0.001 0.307 0.759

High crab density - 3.204 0.888 - 3.606 <0.001 - 3.056 0.488 - 6.262 <0.001

(Theta, AIC, random variance for

block)

(0.223, 778, 9 9 10-10) (0.222, 774, 0)

(B) Harvestable Polychaeta biomass (AFDW) per m2

Intercept 10.14 1.120 9.047 < 0.001 7.544 0.315 23.99 < 0.001

Fine fraction of sediment - 0.081,036 0.024 - 2.256 0.024

Distance to coastline - 0.002 0.001 - 2.247 0.025

High crab density - 2.198 0.643 - 3.420 < 0.001 - 3.052 0.425 - 7.174 < 0.001

(Theta, AIC, random variance for

block)

(0.257, 1115, 9 9 10-6) (0.246, 1113, 0.017)

(C) Harvestable Gastropoda biomass (AFDW) per m2

Intercept 2.860 0.174 16.47 < 0.001 2.849 0.046 61.77 < 0.001

Fine fraction of sediment - 3 9 10-4 0.006 - 0.059 0.953

Distance to coastline - 9 9 10-6 1 9 10-4 - 0.067 0.946

High crab density - 0.223 0.117 - 1.903 <0.001 - 0.229 0.068 - 3.381 <0.001

(Theta, AIC, random variance for

block)

(26.450, 542,

8 9 10-12)

(26.446, 538, 0)

(D) Harvestable Malacostraca biomass (AFDW) per m2

Intercept 2.857 0.127 22.50 < 0.001 2.764 0.037 74.152 < 0.001

Fine fraction of sediment - 0.003 0.004 - 0.773 0.439

Distance to coastline - 7 9 10-5 1 9 10-4 - 0.639 0.523

High crab density 0.008 0.087 0.094 0.925 - 0.0459 0.053 - 0.826 0.389

(Theta, AIC, random variance for

block)

(590,859, 487,

4 9 10-13)

(516,011, 483,

2 9 10-13)

Location was included as random factor. Significant effects (a B 0.05) are highlighted in bold and the shape parameter of the

negative binomial distribution (Theta), AIC, and random variance for block are also presented
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2008). These changes in the sediment, in particular the

direct disturbance effects caused by the burrowing

behavior of crabs, as well as trophic effects such as

predation and competition, have been proved to

impact other sediment-dwelling organisms (Hoffman

et al., 1984; Reinsel, 2004; Weis & Weis, 2004;

Iribarne et al., 2005). As fiddler crabs are reported to

feed mainly on vegetable detritus, microalgae, nema-

todes and bacteria (Kristensen & Alongi, 2006;

Kristensen, 2008), competition may reduce the abun-

dance of other macroinvertebrates in high crab density

areas. Also, by reducing habitat suitability or even

survival of mobile species such as errant polychaetes

(Tamaki, 1988) and gastropods (Pillay et al.,

2007a, b), and sessile species such as sedentary

polychaetes (Pillay et al., 2007b) and bivalves (Pillay

et al., 2007a, b), sediment reworking may also play a

role in justifying the differences observed in macroin-

vertebrate communities between low and high crab

density areas. Nevertheless, since our study focused on

a limited number of habitat variables, the causes for

observed differences are difficult to assess, and both

abiotic variables such as salinity and currents (e.g.,

van der Meer, 1991; Ysebaert et al., 2002; Compton

Fig. 4 Principal component analysis of (log ? 1 transformed)

total biomass of four invertebrate classes in areas with and

without fiddler crabs. Ninety-five percent confidence regions are

represented for core samples in both types of habitats

Fig. 5 Density (individuals/ha ± SE) of the most abundant

shorebird species recorded in low and high crab density areas.

The vertical line separates species that have higher densities in

low crab density areas from species with higher densities in high

crab density areas. Differences between low and high crab

density areas were assessed with GLM.nb’s relating bird density

with crab density class. Significant effects (a B 0.05) are

highlighted with an asterisk

Fig. 6 Principal component analysis of (log ? 1 transformed)

densities of the 18 most common species of shorebirds in areas

with and without fiddler crabs. Ninety-five percent confidence

regions are represented for counting areas in both types of

habitats. Species represented in bold show significant differ-

ences in their densities between low and high crab density areas

(while species in gray do not, see Fig. 5)
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et al., 2013), and biotic variables such as the interac-

tion with other species (e.g., Piersma, 1987; Piersma

et al., 1993; van der Zee et al., 2012) may also be

affecting benthic macroinvertebrate communities.

Thus, a controlled experiment based upon inclusion/

exclusion enclosures (e.g., Smith et al., 2009) and/or

laboratory manipulation in terrariums (e.g., Natálio

et al., 2017) would be further necessary to answer

these questions and unequivocally attribute the differ-

ences found in shorebird and benthic invertebrate

communities to the activity of fiddler crabs rather that

to other potentially unaccounted habitat features or

mechanisms.

Our results also explicitly showed that the compo-

sition of shorebird assemblages foraging in these

intertidal areas differs in relation to fiddler crab

densities. While the density of some shorebird species

was drastically different between low and high crab

density areas (up to 20-fold in some cases), prefer-

ences for one or another varied among species. Given

that areas with high densities of fiddler crabs presented

lower specific richness and biomass of har-

vestable macroinvertebrates (other than fiddler crabs)

while also having a less varied macroinvertebrate

community, these areas are likely less attractive for

most foraging shorebirds. However, trophic interac-

tions between shorebirds and fiddler crabs also play a

role in explaining shorebird distribution, since these

crabs are important prey items for several shorebird

species in the Bijagós archipelago (Zwarts, 1985;

Lourenço et al., 2017). Species such as the Whimbrel

Numenius phaeopus, Common sandpiper Actitis

hypoleucos and Common redshank Tringa totanus,

show high proportions of fiddler crabs in their diet

(Zwarts, 1985; Lourenço et al., 2017). Unsurprisingly,

these species, together with the Sacred ibis Threskior-

nis aethiopicus and the Curlew Numenius arquata,

showed significantly higher densities in high crab

density areas. Despite foraging extensively upon crabs

(Zwarts, 1985; Lourenço et al., 2017), Grey plovers

Pluvialis squatarola and Bar-tailed godwits Limosa

lapponica also showed no preference for any of the

two studied habitats, suggesting that these birds can

switch between areas according to their prey selection.

Shorebird species that feed to a lesser extent on fiddler

crabs, such as the Ringed plover Charadrius hiaticula

and the Sanderling Calidris alba, or do not consume

fiddler crabs and rely mainly upon bivalves (such as

the Red knot Calidris canutus), or polychaetes (such

as the Curlew sandpiper Calidris ferruginea; Lour-

enço et al., 2017), preferred low crab density areas.

This may be mainly due to the fact that other

macroinvertebrate prey are much scarcer in areas with

high crab density. Strikingly, the fiddler crab size

classes mainly preyed upon by these shorebird species

(0–1 cm) have higher densities in high crab density

areas and one might expect that such areas could

attract more shorebird species that feed on these small

crabs. The foraging strategies of each species may

explain these results. Birds that detect their prey by

sight and capture them with swift pecks, like the

Ringed plovers, can have their ability to detect and

capture small crabs hampered by the distracting effect

of the presence and activity of large crabs, which are

not suitable prey items. This is also true for birds that

are mainly tactile foragers and use their beaks to probe

for prey, like the Sanderlings (Zwarts, 1985; Lourenço

et al., 2017, 2018). The lack of differences in habitat

use for species that are known to prey either upon

bivalves or polychaetes, such as the Eurasian Oyster-

catcher Haematopus ostralegus, the Dunlin Calidris

alpina (Lourenço et al., 2016), and the Little stint

Calidris minuta (Bengtson & Svensson, 1968), may be

due to their low abundance in the study area. The same

probably occurs with species that have a high propor-

tion of crabs in their diet (author’s unpublished

information), such as the Kentish plover Charadrius

alexandrinus, the White-fronted plover Charadrius

marginatus and the Greenshank Tringa nebularia.

Previous studies conducted in two SW Atlantic

estuaries showed that the presence of the burrowing

crab Chasmagnathus granulatus affects the small- and

large-scale habitat use of shorebirds, while also

describing species-specific habitat selection of forag-

ing birds (Botto et al., 2000; Iribarne et al., 2005).

These studies suggest that crabs are responsible for

decreasing the habitat quality for shorebirds through a

physical decrease in habitat area and, to a lesser extent,

a decrease in prey availability (as crabs change the

vertical distribution of polychaete and thus their

availability to shorebirds), which may also be hap-

pening in our study area.

Conclusion

Our study represents an important contribution for the

overall understanding of the spatial patterns of
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foraging shorebirds and of their prey, since fiddler crab

patches are common and widespread in many tropical

intertidal habitats. These patches show very clear

differences in terms of the shorebird community

structure when compared with low crab density areas,

which suggest that predicting the density of shorebirds

and the composition of the assemblages in foraging

areas requires an adequate sampling stratification that

takes into consideration the presence of fiddler crabs

(see also Botto et al., 2000; Iribarne et al., 2005).

Therefore, the presence and the spatial extent of these

areas should be included in the set of predictors to

model shorebird distribution. These findings are also

important from a conservation perspective, as ulti-

mately, fiddler crab areas seem to have a noticeably

different carrying capacity for shorebirds, and there-

fore monitoring variations in their extent of occur-

rence is important to interpret their population trends.

Preliminary results (authors’ unpublished data and

Iribarne et al., 2005) suggest that fiddler crab patches

can be efficiently mapped using satellite imagery or

even drones. These can be essential tools to use in the

future to continuously monitor future changes in the

spatial spread distribution of fiddler crabs over time, in

order to assess whether their location and extent varies

significantly over time.

Acknowledgements We thank Instituto da Biodiversidade e
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