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Abstract :

This study in French Guiana evaluates the changes of crab assemblages and their bioturbation
activities between mangrove early stages (pioneer and young mangrove) and within stages by taking
their spatial heterogeneity (tidal channels, flat areas, pools) into account. The results show differences
in crab assemblage structure between and within the early stages of mangrove in relation to
microhabitat and sediment characteristics. The sediment reworking rates are a function of the biomass
or density of particular species (Ucides cordatus, Uca cumulanta) and burrower functional groups. Crab
species or functional interaction mediate changes in sediment reworking rates suggesting the need to
consider entire benthic communities rather than single species. This study suggests that the role of the
microhabitat in determining the biologically-induced sediment reworking rates depended on the age of
the mangrove. Feeding activity results in a sediment turnover of 11.7 £ 9.7 gdw m-2 day-1 and 6.8 *
3.0 gdw m-2 day-1 in the pioneer and young mangroves, respectively. Burrow maintenance excavates
40.5 £ 7.4 gdw m-2 day-1 and 251.3 = 419.7 gdw m-2 day-1 in the pioneer and young mangroves,
respectively. Upscaling to the studied area (Sinnamary estuary: 6 km2), shows that 500 tons.day-1 and
20 tons.day-1 of sediments could be excavated and pelletized, respectively, during the spring tides of
the dry season. Thus, biological sediment reworking would greatly contribute to the sedimentary
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dynamics of the Guianese mangroves under Amazonian influence.
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1. Introduction

Benthic faunal activities regulate structure and functioning of mangrove forests through
physical modification of the habitat, selective propagule predation, litter and organic matter
processing (Kristensen 2008, Lee 2008, Nagelkerken et al. 2008). Ecosystem functioning is
strongly influenced by bioturbation (biological perturbation of sediments) mostly by grapsid
and ocypodid crabs considered to be “ecosystem engineers” (Kristensen 2008). Crabs induce
sediment transport and mixing during burrow maintenance and feeding activities modifying
sediment dynamics and food resource availability for the microbial, faunal and plant
communities of mangroves and adjacent ecosystems (Botto and Iribarne, 2000; Botto et al.,
2005; Kristensen and Alongi, 2006; Escapa et al., 2007, 2008). Despite its importance, the
guantification of sediment reworking by crabs has been little studied in intertidal ecosystems,
even less in mangroves, and has been mostly related to single species (Iribarne et al. 1997,
Botto & Iribarne 2000, Amouroux & Tavares 2005, Penha-Lopes et al. 2009, Needham et al.
2010). In temperate environments, sediment reworking rates are a function of the density and
size of small macro-invertebrates (Duport et al., 2006; Gilbert et al., 2007). Abiotic factors
such as sediment grain size, cohesiveness, vegetation cover (Escapa et al. 2008, Needham et
al. 2010) and sewage releases (Bartolini et al. 2011) modify both feeding and burrow
maintenance rates of single crab species; but their species interactions may also mediate
changes in ecosystem functioning (for smaller macrofauna: Cardinale et al. 2002, Mermillod-
Blondin et al. 2005). Brachyuran crab assemblages in tropical intertidal systems vary with
vegetation structure, sediment characteristics and food availability (Nobbs, 2003; Koch et al.,
2005; Mokhtari et al., 2015). But, crab communities respond to mangrove development in
different ways depending on plant species composition and habitat heterogeneity (Macintosh
et al. 2002, Li et al. 2015). Indeed, habitat heterogeneity due to the presence of open and close

canopy area, roots and channels within mangrove stands may induce spatial or temporal
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variations in crab assemblages through the modification of sediment properties (Koch et al.,
2005; Bezerra et al., 2006; Diele et al., 2010). Organization of crab assemblages and
associated bioturbation activities are expected to change with mangrove growth and spatial
heterogeneity influencing their roles played in ecosystem functioning. These relationships
remain not well understood, and are investigated here.

The study was carried out on the French Guiana coastline, which is part of the longest muddy
coast in the world under the influence of the Amazon River sediment inputs (Anthony et al.
2010). Intensive coastal hydro-morpho-sedimentary processes promote rapid expansion of the
mangrove associated with the settlement of mud banks (Fromard et al. 1998, Anthony et al.
2010). The coastal dynamic, through the mud accretion, compromises the accessibility of the
shoreward mangroves. For this reason, coastal research in French Guiana has been mainly
based on remote sensing (e.g. Gardel & Gratiot 2005; Gardel et al., 2011; Gensac et al.,
2011). Biological and field-based mangrove studies are rather rare and mostly deal with
vegetation and sedimentary organic matter dynamics (Fromard et al., 1998, 2004; Marchand
et al., 2003); thus, the assessment of Brachyuran crab communities’ structure and bioturbation
activity in mangrove under the Amazonian influence is of valuable interest. Amouroux &
Tavares (2005) preliminary showed that in these highly resilient mangroves, the crab species
richness is lower than in other mangroves not subjected to Amazonian sediment inputs. They
propose that the short period of stability between successive processes of erosion and
accretion along the coast of French Guiana and the monotonous sedimentary bottoms
(Amazon River clay and mud discharges) may prevent the most sensitive species from
establishing themselves. The present study further hypothesizes that rapid mangrove growth
as well as spatial heterogeneity (i.e. microhabitats) affect the crab community structure and its
subsequent sediment reworking activities. Specifically, (1) surface sediment parameters and

crab structural and functional assemblages are characterized in relation with mangrove age
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and microhabitats and (2) sediment reworking rates by different crab communities are
guantified.

2. Material and methods

2.1. Study area
The pioneer and young stages of mangrove (hereafter referred as ‘sites’) targeted for this
study are located on the northeastern part of the mouth of the Sinnamary estuary in French
Guiana (5°28'39”N; 53°0'2”"W, Fig.1). For the purpose of this study, we consider a pioneer
and a young mangrove system with trees around 1m and 6m height, respectively, representing
tree age of around 6 months and 2 years and tree density around 150-300 and.i6800-
10000 ind.ha, respectively (Fig.1; Fromard et al. 2004). Sampling was carried out during a
spring tide of the dry season (3-8 November 2014). The mud bank topography over which the
forest develops parallel to the shoreline is very smooth (1:2000; Gardel & Gratiot 2005).
Pioneer and young mangroves grow on a sedimentary bed which elevation slightly varies
from 2.6-2.8 m and 2.7-2.95 above the hydrographic zero, respectively (Proisy et al. 2009).
The tide is semidiurnal with spring and neap high tide water levels up to 3.2 m and 2.5 m
respectively. The study sites were thus inundated during spring tides but not inundated for 4-5
days during neap tides.
It is important to note that the presence and considerable dynamics of local mud banks
severely compromise access and thus choice of field sites in these settings. In this light, any
data collected at such sites must be considered valuable. In particular early stages of
mangrove are located shoreward, in remote locations. They can be accessed during high tide
only reducing the number of field-based studies on these systems in French Guiana (Gardel &
Gratiot 2005). The study area can be reached with more than 2.7m water height only (i.e.
during 6 days) along a channel (arrow, Fig.1A) which drained both a pioneer stage and a

young stage of mangrove located nearby. Other early stages of mangrove development in this
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zone were not accessible due to continuous deposition of mud (e.g. at the west of the
Sinnamary estuary, Fig.1A).
The substrate is characterized by microhabitats reflecting changes in hydrological and
topographic conditions. In the pioneer mangrove, the mud flat area exhibited pools and tidal
channels whereas in the young mangrove, only flat areas and tidal channels occurred. Aerial
pictures at high spatial resolution (27cm.piyetaken in November 2013 were beforehand
digitalized with ArcGis® software in order to quantify the relative surface, density and
dimensions of each microhabitat. Tidal channels, flats and pools represented 5.2%, 89.6% and
5.1%, respectively of the pioneer mangrove surface, whereas tidal channels and flat areas
represented 5.2 and 94.8 %, respectively of the young mangrove ground surface (no pools
present). Tidal channels of 0.4-2 m width were spaced out from 4 to 40 m in both stages.
From 20 to 100 pools.Heof 0.4-5.5m diameter composed the pioneer mangrove.

2.2. Study design
Due to the spatial and temporal constraints in access to field sites previously described, only
one pioneer and one young mangrove were considered. In order to describe intra-site
variability due to spatial heterogeneity, pools, tidal channels and flat areas (hereafter referred
as “microhabitats”) were studied on the same tidal level within sites. In the pioneer mangrove,
sampling of crab species was carried out in nine 1-m?2 plots on the edge of three pools (1 plot
per pool), on the edge of three tidal channels (1 plot per channel), and on three flat areas (1
plot per flat). In the young mangrove, six 1-m? plots were investigated, on the edge of three
tidal channels (1 plot per channel) and on three flat areas (1 plot per flat), respectively (Fig.2).
At least 10 meters separated two individual sampling plots thus ensuring spatial
independence, assuming territory ranges of few square meters for adult intertidal crabs

(Cannicci et al. 1999, Nordhaus et al. 2009).

2.3. Sampling
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2.3.1. Environmental parameters

Sediment samples were collected to characterize the physical properties of surface sediments
(grain size, water content and porosity) and to quantify food resources: chloraGyll-a),
phaeopigments (phaeo) and particulate organic carbon and nitrogen (POC and PON).
Sediment pore-water was extractedsitu to measure salinity using a refractometer at a
precision of £1ppt (Practical Salinity Scale) (Marchand et al. 2004). Samples were randomly
collected in triplicates inside each plot, except for POC and PON (one replicate per plot)
(Table 1). Each replicate consisted of three 3cm-@ x1cm-depth cut-off syringe imprints (total
area: ca. 21.2cfh In order to evaluate the amount of mangrove-derived litter available as
food resource and to cue the variation in sediment structural complexity, the litter was
collected from the entire plots, and above-ground pneumatophores were cut and collected in
Y, of each plot for further biomass (litter) and density (pneumatophores) quantification.

2.3.2. Biologically reworked sediment
Black-grey-colored sediment mounds near burrow openings which were excavated by crabs
from depth during burrow maintenance were sampled (i.e. excavated sediment) (Botto &
Iribarne 2000). Feeding pellets, i.e. non-ingested particles shaped into small irregular balls
after extraction of organic matter from the substrate, were sampled separately (Miller 1961,
Botto & Iribarnes, 2000). Just before the incoming tide covered the sampling area, all
excavated sediment and feeding pellets were collected in each plot using a small steel spatula,
stored in separate vials and kept frozen until analysis.

2.3.3. Crab collection
The efficiency of various sampling strategies for mangrove crabs has been widely discussed
in the literature (Nobbs & McGuiness 1999, Skov & Hartnoll 2001; Skov et al. 2002, Ashton
et al. 2003; Kent & McGuinness 2006). These authors agree that unbiased sampling of

mangrove crabs is difficult without using intrusive and labor-intensive methods such as
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sediment excavation and sorting. Visual counts underestimate the most cautious species,
prevent species identification and biomass measurements whereas burrow counts overestimate
crab abundances during spring tides as crab burrows may have high turnover (Skov &
Hartnoll 2001, Skov et al. 2002). Traps register crab activity rather than density and are
avoided by some species (Lee 1998). In this study, both the sediment processed by crabs and
the crabs themselves had to be collected in the same plots; hand-catching was chosen for this
purpose. This alternative method is commonly used in mangroves (Macintosh et al. 2002,
Ashton et al. 2003, Amouroux & Tavares 2005, Mokhtari et al. 2015). It is less labor-
intensive, thus more replicable and more practicable than the sediment excavation-sorting
method, which is difficult to carry out in sediments that are penetrated by roots or in near-
fluid mud. In this study, pneumatophore density ranges did not impede collecting crab from
their burrows between the pneumatophores (Fig.1D). A time-based sampling method
modified from Ashton et al. (2003) was used in the present study to estimate crab community
structure and allow meaningful data comparison between plots. Although hand-catching
generates relative rather than absolute community structure estimates per unit effort, the ratio
between investigation time and sampling unit size was chosen to optimize sampling
efficiency. In order to reduce bias towards common or slow-moving crabs, the crab seeking
time was thus increased to 30 min and the sampling unit size decreased to 1 m2 (vs. 15 min
and 33 m, in Ashton et al., 2003). Each replicate represented three persons (always the same)
hand-catching crabs from burrows and sediment within 1-m2 plots during 30 min. Crabs were

stored in a 70% ethanol solution until identification, counting and biomass measurement.

2.4. Sample analysis

2.4.1. Environmental parameters
Grain size fractions were analyzed with a Malvern Mastersizer-S2000. Prior to analysis,

organic matter was removed and aggregated particles were deflocculated following Sperazza

8
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et al. (2004). Grain size fractions were quantified as clay, mud (very-fine, fine and medium
silts), coarse silt and very fine sand; median grain size was assessed. Sedimenbilerasty (
determined from the wet mass (m) of a known volume (V) of sedindem/Y{). Water
content was measured by sample weight loss after freeze-drying for 72 hours. Sediment
porosity () was estimated a$=(6xwater content)/100 (Kristensen and Alongi, 2006).
Pigments were analyzed with a protocol adapted from Lorenzen (1966) and Buffan-Dubau &
Carman (2000) Chl-a was extracted from freeze-dried sediments in 90% acetone.
Concentrations were determined on a Turner 10-AU fluorometer, using an acidification step
to separate phaeopigments from photosynthetic pigments. Phaeo:Chl-a ratio was calculated to
assess phytodetritus degradation state. Total carbon and nitrogen were analyzed by
combustion at 930°C on a CHN carbon analyzer (FLASH-2000). The inorganic fraction was
obtained from acidified (HCL, 1N) aliquots and the organic fraction from the difference
between both fractions after Hedges & Stern (1984). The pneumatophores were counted and
the litter biomass was estimated by weighing samples previously dried at 60°C until constant
weight.

2.4.2. Biologically reworked sediment
Excavated sediment and feeding pellets were freeze-dried for 72h. Previous studies on the
behavior of fiddler andUcides crabs showed that they concentrate most of their burrowing
activity in the first low tide hours (Eshky et al. 1995, Nordhaus et al. 2009). In contrast, they
feed at a consistent rate over time (Eshky et al. 1995, Bartolini et al. 2009). The quantification
of excavated sediment at the end of the low tide is assumed to represent the accumulated low
tide activity. Feeding pellets weights were linearly standardized to the total low tide activity
period. Rates of excavation and pelletization were standardized pergayi(day?).

2.4.3. Crab community description
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All crab individuals were identified to the lowest practicable taxonomic level. Since most
fiddler crabs with a carapace length less than 6mm are difficult to identify at species level
they are referred as “juveniles” (for classification purposes only). In order to define allometric
relationships, crab subsamples were used to relate individual carapace width and length to
their biomass (Bm; g). Biomass was estimated by weighing individuals dried at 60°C until
constant weight. Species were clustered per functional groups i.e. groups of species exhibiting
similar burrowing activity (bulldozer, burrower, non-burrower) based on literature data.
Primary community variables for crab community description included crab density (D;
ind.m?), species richness (S) and functional richness (F; number of group) and biomass (Bm;

Jaw- m—2) .

2.5. Data analyses
2.5.1. Speciesrichness and representativeness

In order to compare the crab species richness between sites and to estimate the
representativeness of sampling effort, rarefaction curves were used. It allows comparing the
species richness between groups despite unequal sample sizes (Gotelli & Colwell 2001) by
estimating a species’ number as a function of the accumulated number of individuals sampled.
The comparison between samples was made for the lowest total number of individuals in
common between sites or microhabitats. Extrapolated curves were drawn as a function of
sampling area to evaluate the sampling effort needed to reach an expected maximum species
richness (Colwell et al. 2012). Relationships between crab carapace size and biomass were
explored by regression analysis, and best-fit models were retained. Relationships obtained
from 205 individuals were used to estimate the biomass of the remaining 294 individuals
collected.

2.5.2. Univariate analyses

10



239 Differences of environmental and community variables between sites (pioneer, young
240 mangrove) and between the microhabitats within sites (pools, tidal channels, flat) were
241 explored by analysis of variances. To satisfy homoscedasticity and normality requirements,
242  Chl-a, % coarse silt and % very-fine sand were previously 1/x-transformed while excavation
243 and pelletization rates were log(x+1)-transformed. Parametric analyses (ANOVA) and
244  pairwise comparison tests (Tukey's HSD Post-hoc) were then applied to these variables.
245 Differences in mud content, pneumatophore density, litter biomass, POC, PON, and C:N
246 ratios between sites were tested using the non-parametric analysis of variances (Kruskal-
247  Wallis test) due to non-homoscedasticity of the data.

248 2.5.3. Multivariate analysis

249 A permutational multivariate analysis of variance based on density and biomass matrices
250 (PERMANOVA; Anderson 2001) was computed to test the multivariate response of crab
251 assemblages to the site and microhabitat factors. A co-inertia analysis was performed to
252 visualize the distribution of crab species in space and in relation to the environmental
253 variables. This two-tables ordination method correlates the structures of the biological and
254 environmental data and clusters samples, according to both their fauna and environmental
255 characteristics, when the tables have different numbers of environmental variables, species
256 and/or samples (Doledec & Chessel 1994). The relatedness of the two datasets was measured
257 by the multivariate coefficient of correlation (RV). For all multidimensional analyses, faunal
258 data were first Hellinger-transformed avoiding bias towards rare species when analyzing
259 species abundance and biomass (Legendre & Gallagher 2001).

260 2.5.4. Correlation between sediment reworking and crab community variables

261 Correlation analyses were used to explore if the sediment reworking rates were significantly
262 and positively associated with 1) the crab density, biomass, species and functional richness; 2)

263 the density or biomass of particular species that could drive the rates; and 3) the density or
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biomass of functional groups that would suggest an interactive effect of species within groups
on such process. All relationships were tested with Pearson’s multi-correlation analysis after
data homogeneity verification.

3. Results

3.1. Surface sediment characterization
Sediments are the wettest and saltiest in the young mangrove (Table 1). In the young
mangrove, sediments with the lowest water content (37%) and pore-water salinity (28.7) are
on the tidal channel edges. In contrast, sediments with the lowest water content (32%) in the
pioneer mangrove are located on the flat and associated with the highest salinity (38.3). The
pneumatophores density and litter biomass are significantly greater in the young mangrove.
Chl-a, POC and PON concentrations are significantly higher in the pioneer mangrove, where
microhabitats drive significant changes in POC and Chl-a concentration. The Phaeo:Chl-a

ratio decreases close to pools and tidal channels in both mangrove stages.

3.2. Crab community structure

3.2.1. Species and functional groups
A total of 504 crabs were collected with 11 species identified. The décaiss the most
represented with 452 individuals belonging to 5 species; 226 individuals were grolped as
spp juveniles. Adults olUca spp andUcides cordatus are herein clustered into ‘small
burrowers’ and ‘large burrowers’, respectively. They excavate sediment from burrows during
maintenance and induce a passive downward transport when they abandon their burrows
(Kristensen 2008, Nordhaus et al. 2009). Grapsids, xanthids and juvenilé=s agpp are
‘non-burrowers’ (Crane 1975, Von Hagen 197Tallinectes bocourti is a ‘bulldozer’
inducing turbulent biodiffusion when burying at the sediment surface (Bellwood 2002).

3.2.2. Speciesrichness and representativeness

12
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Considering both mangrove sites and the lowest total number of individuals between both
sites (n=130), the rarefaction curves (Fig. 3A) indicate an estimated species richness 2-fold
higher in the young mangrove {$= 8.2) than in the pioneer mangrove,{$= 4). The
extrapolated rarefaction curve (Fig. 3B) indicates that a maximum taxa richness of 24 species
would be reached in 70 m?2 of investigation. Maximum species richness (100%) is reached
from the five plots in the pioneer mangrove, whereas in the young mangrove (Fig. 3A), the 6
plots sampled account for 37.5 % of the total biodiversity. The flats and the tidal channels of
the young mangrove support the highegt/S4.5) and the lowest (5= 2.5) crab species
richness, respectively (Fig. 3C). Rarefaction curves show that on the flat and pool edges of the
pioneer mangrove the maximum estimated species richness is reached from the second
sample (Fig. 3C). The crab community is dominated by small individuals with carapace width
< 10mm and carapace length comprised between 8 and 18 mm (Fig.4); carapace length of
Uca spp is positively and significantly related to individual biomas®(001).

3.2.3. Crab-environment relationships
No significant difference exists in total crab abundance, biomass species and functional
richness, between mangrove sites and microhabitats. Mean crab density is 25.6+2.5 and
41.048.0 ind.rif on the tidal channel edges of the pioneer and young mangroves, respectively
(Fig. 5A). Mean biomass ranges from 1.5+0,5.m (pool edges of the pioneer mangrove) to
27.7+44.3 g,.m* (flat of the young mangrove; Fig. 5B).
The co-inertia analysis differentiates sites both in terms of faunal composition and
environmental parameters (Fig. 6); both matrices are significantly correlated (RV+9.72;
0.01). The pioneer mangrove samples (left cluster) differ from the young mangrove samples
(right cluster) due to variations in Phaeo:Chl-a ratios, mud content, POC, PON, pore-water
salinity and Chl-a along the F1 axis (Fig. 6A&B) which explained 84.4% of the variance.

Sites also significantly differ in crab community structure (PERMANOVA; abundgmee:

13
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0.001; biomassp= 0.007; Fig. 6A) due to significant changes@oniopsis cruentata, Uca
maracoani, Uca mordax andUca cumulanta density and biomass (ANOVAp< 0.05; Fig. 6).

Also, the small burrowers density is significantly higher in the young mangrove than in the
pioneer mangrove (ANOVA;p= 0.001). The ordination diagram (Fig. 6B) suggests
significant associations between species and sediment parameters (Table 2).

Samples within the young mangrove are separated along axis F2 but are not clustered
according to microhabitatp£ 0.4; PERMANOVA; Fig. 6). Crab assemblages are different
between microhabitats in the pioneer mangrovep£ad.058;, PERMANOVA) due to higher

Uca cumulanta density on the flat (ANOVAp< 0.05) and to theCallinectes bocourti
presence at pools and tidal channels microhabitats, in relation to the nature of the organic

matter and the salinity (F1 axis; Fig. 6).

3.3. Sediment reworking activity
Sediment reworking activity is dominated by excavation (Fig. 7). High variability in
excavation rates precludes significant difference between sites. Mean excavation rates are
251.3+419.7and 40.5+7.4 g.m“.day" in the young and pioneer mangrove, respectively. In
order to estimate excavation by small burrowers only, the plot contdildiigs cordatus is
excluded and mean excavation rate in the young mangrove becomes 9 gm.6day".
Pelletization rates are 6.8+3.0 and 11.7+Qw/ng.day" in the young and pioneer mangrove,
respectively. Sediment reworking rates were microhabitat-dependent only in the pioneer
mangrove (Fig. 7) where excavation is the lowest at the pool edges (3.78+#4.day";
Tukey’s HSD, p< 0.01) and the highest on the flat (49.91+6§,.2nF.day").
Over the study area, variations in sediment reworking rates are related to total biomass (Table
3) but not to density, species and functional richness. Excavation rates are correlated with
densities ofUcides cordatus in the young mangrové= 0.99,p< 0.001) andJca cumulanta

in the pioneer mangrove (r= 0.72; 0.029; Table 3). The sum of small burrowers species is

14
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positively correlated with the excavation rates in both the young (density and biomass; r>
0.89; p< 0.02) and pioneer (density; r= 0.7%,00016) mangroves (Table 3).
4. Discussion

4.1. Methodological considerations

4.1.1. Sudy design
In order to identify the fauna influencing the sediment reworking rates, the same plots have to
be investigated twice: for the biologically-excavated/pelletized sediment and for crab
collection. Although the investigation of large plots (Macintosh et al. 2002, Ashton et al.
2003) enables encompassing species-specific spatial variability of crab distribution, it leads to
the disturbance of the sampling area during the sediment sampling and bias the crab
community structure. Field constraints allowed the investigation of 3 replicate plots of 1 m2
per microhabitat. In similar works, the sampling designs used for crab sediment reworking
estimates are similar (6 x 0.25 m? : Needham et al. 2010; 2 x 0.25 m2 : Bartolini et al. 2011) or
are assessed targeting a specific number of burrow openings (Botto & Iribarne 2000,
Gutiérrez et al. 2006). The sampling strategy employed and the results obtained herein are
thus comparable to previous studies.

4.1.2. Spatial sampling representativeness and limits
Most of the sediment surface characteristics do not deviate more than 20 % from the mean
highlighting a low intra-microhabitat variation in our study. Results show however that the
variations in the structural complexity (pneumatophores), physical sediment characteristics
(salinity, grain size, water content) and organic matter resources are important between
pioneer and young mangroves and microhabitats, and determine crabs distribution (Table 2;
Fig. 6; cf. Bertness & Miller 1984, Kon et al. 2010, Mokhtari et al. 2015). Significant
environmental modifications between sites and microhabitats justify the habitat distinction

made for the exploration of a potential context-dependent crab effect on sediment reworking.
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The rarefaction curves show that the sampling regime employed in this study adequately
describes the crab biodiversity in the pioneer mangrove area. In contrast in the young
mangrove the species richness is not fully described. Larger sampling units are required for
the study of larger-sized species suclUagles cordatus present in low frequency (Koch &

Wolff 2002, Nordhaus et al. 2009, Ferreira et al. 2015). Size structWweao$pp, the most
abundant genus of the study site, is homogeneous over the study area, which is representative
of fiddler crab populations (Diele & Koch 201®dditional grapsids species can be expected

in the young mangroveA(atus pisonii, Pachygrapsus gracilis; Amouroux & Tavares 2005).

As non-burrowers, these species probably do not contribute to the sediment reworking (Von
Hagen 1977).

The application of rarefaction analyses is instructive in comparing biodiversity under varying
sampling size or efficiency and in optimizing further sampling design (Dittmann 1995; Huang

et al. 2012), notably after the current first study about the Guianese mangrove crab
community structure.

Despite its limitations, the study design applied herein demonstrates an increase in crab
diversity from the pioneer to the young mangrove, based on a common number of individuals.
Since all plots were investigated in the same way, they can be compared and the relationships
between particular crab assemblages and sediment reworking rates remain valid.

4.1.3. Temporal setting of the study

The geographical setting allowed spring tide investigations only. However, as most previously
published works focused on spring tides, our results are meaningfully comparable with
previous works. We consider the spring tide bioturbation rates as a maximum, with lower
rates during neap tides chiefly for two reasons (a) the phreatic water level sought by many
burrowers to maintain humidity in burrows is deeper during spring tides, which can result in

an increase in the total excavation rate up to 15-fold (Iribarne et al. 1997; Tavares unpubl),
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even if some species may dedicate less time to burrow maintenance when the sediment is
frequently flooded (Nordhaus et al. 2009); (b) during neap tides, the sediments are drier and
harder, resulting in reduced excavation and pelletization activities (Kim et al. 2004, Gutiérrez
et al. 2006). Beyond tidal cycles, bioturbation activities may slightly vary across seasons.
Precipitation runoff has been suggested to increase sediment deposition into burrows

enhancing burrow maintenance activities during neap-tides (Gutiérrez et al. 2006).
4.2. Environmental conditions in early mangrove development stages

Variation in median grain size is negligible between sites and reveals the monotonous fined-
grain habitat of the studied area as a result of the recurrent mud Amazonian inputs (Debenay
et al., 2007; Anthony et al., 2010). However, increase in pneumatophores density in the young
mangrove may cause small-scale turbulence facilitating sedimentation of fine fraction which
explains the higher mud content at this site (Kathiseran, 2003). The equatorial Amazonian
region is influenced by low coastal salinity due to high river discharge and rainfall intensity
which can result in modified benthic fauna assemblages compared to other latitudes (eg.
Bernardino et al., 2015). However, pore-water salinities and water contents exhibit significant
variations between mangrove sites. The closed canopy in the young mangrove is likely to
prevent water evaporation from the sediment, lowering soil salinity compared to the pioneer

mangrove despite salt exclusion by pneumatophores (Scholander et al., 1968).

In an earlier work, pioneer and young mangroves were differentiated from mature and
senescent mangroves in terms of sedimentary organic matter nature. It is originated by algae
in the earliest stages of mangrove and derives from vascular vegetation in the older stages as
the tidal inundation frequency decreases and the litter exportation rate decreases (Marchand et
al., 2003). However, the nature of the resources differed also between and within early stages
of mangrove development with a decrease in labile organic matter content and an increase in
the litter biomass as mangrove tree densify and the benthic sunlight exposure decreased.
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Interestingly, the microhabitats are not discriminated in the same way according to the stage
of mangrove development suggesting that impact of the morpho-sedimentary heterogeneity
on habitat conditions evolves in parallel to the mangrove growth. For instance, the tidal
channel and the pool edges in the pioneer mangrove exhibit lower pore-water salinity and
higher water content than the flat areas, contrarily to the young mangrove. In the latter site,
the tidal channels create thinning area where pore-water is likely to evaporate compared to the
flat area. Small-scale environmental variability is likely to be equally or more important in

structuring many benthic assemblages than large-scale processes (Chapman et al., 2010).

4.3. Factors regulating crab community structure

4.3.1. Sage of mangrove devel opment
While total crab abundance and biomass are comparable between pioneer and young
mangroves, results indicate clear variations in habitat characteristics contributing to changes
in crab community compositiotJca mordax and Uca cumulanta, associated with shaded
areas (Amouroux & Tavares 2005), are more abundant in the young mangrove, together with
the litter-feederUcides cordatus (Nordhaus et al. 2009). Structural supports created by the
pneumatophores in young mangroves could favor the presence of some fiddler crabs such as
U. mordax (Crane, 1975; Bertness & Miller 1984)ca maracoani is exclusive to the
sunlight-exposed and highly-saline sediments of the pioneer mangrove (Crane 1975, Koch et
al. 2005; Bezerra et al. 2006) likely due to successful larval survival and juvenile
development in such conditions (Hirose & Negreiros-Fransozo 2008). The presence of the
tree climbingGoniopsis cruentata juveniles in the pioneer mangrove stage is interesting to
note (cf. Amouroux & Tavares 2005) in contrast with its previously reported preference for
fully developed mangrove forests (Von Hagen, 1977; Diele et al., 2010). Pioneer stage may
act as recruitment areas for juveniles whose maturation and behavioral changes may parallel

the rapid evolution of the pioneer stage into a denser mangrove stand.
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4.3.1. Microhabitats
Morpho-sedimentary heterogeneity determines crab species distribution only in the pioneer
mangrove. A number of habitat specific associations for certain crab species may contribute
to these differences: (a) the presence of pools and tidal channels favors the occurrence of the
swimming predator and euryhalii@allinectes bocourti (Buchanan & Stoner 1988, Diele et
al. 2010), and (b) the comparatively drier sediment on the tidal flats may favor Uca cumulanta
occurrence reducing the burrow maintenance cost compared to more fluid matrices (Bertness
& Miller 1984). Lower Chla and higher Phaeo:Chl-a ratio simply reflect the labile organic
matter impoverishment due to U. cumulanta grazing on the flat.
In the young mangrove, crab assemblage structure is similar between microhabitats. Further
studies are required to determine if the consideration of the lacking species may change this

pattern.

4.4. Main contributors to sediment reworking
The large burrowetJcides cordatus drives the sediment excavation process in the young
mangrove in relation to its large size and biomass. However, both in the pioneer and young
mangroves, the strong correlations between the total density of the small burrowers and the
excavation rate suggest also their significant contribution to this process. Despite higher
densities in the young mangrove, small burrowers rework less sediment in the yownm(9 g
2 day") than in the pioneer mangrove (4@.g1%day"). This contrasting activity level may
result from functional variability in response to environmental factors and/or biological
interactions (Cardinale et al. 2002, Mermillod-Blondin et al. 2005): in the young mangrove, 1)
interactions betweeJca cumulanta, Uca mordax and/or Ucides cordatus may have a
negative effect on the sediment reworking performance of the small burrowers and 2) higher

density of this functional group may alter individual behavior. Crab proximity may increase
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males waving, courtship and combat duration, thus decreasing the time allocated to burrow
maintenance.

Variations in sediment reworking rates are neither related to changes in species nor in
functional richnesger se but rather depend on the presence of an individual species or a
specific burrowing behavior. These findings add weight to the recognition of the importance
of species or functional identity in controlling ecosystem processes (Mermillod-Blondin et al.

2005; Gagic et al. 2015).

4.5. Sediment reworking rates in relation to mangrove stage and microhabitat
The sediment reworking rates between sites are not significantly different because of their
high variability in the young mangrove. But the presence of ldigées cordatus, despite its
low density, enhances excavation rates in the young mangrove. This may suggest an
increasing role of the crab community for the sediment reworking function when the
ecosystem grows.
Further, our results suggest that, in the young mangrove, crab assemblages show functional
similarities in response to structural consistency between microhabitats despite environmental
differences. However, further verification of the microhabitat-dependence of the behavior of
this Ucididae is needed.
The high densityof Uca cumulanta enhances 10-fold the excavation rates on the flat
compared to those on pools and channels in the pioneer mangrove, which is consistent with
the observations by Escapa et al. (2008) in an estuarine salt-marsh. In the current study,
mostly non-burrowing species inhabit large and inactive burrows located on the tidal channel
and pool edges, which reduces sediment reworking activities. Overall, these results indicate
the habitat specificity of the biologically-induced particulate transfer in pioneer mangroves

and thus the context-specific role of microhabitats in determining ecosystem functioning.

4.6. Sediment reworking intensity in a mangrove under Amazonian influence
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Sediment reworking rates estimated in this study are lower than those found in previous
studies using similar sampling methods. Mean excavation rates in the young mangrove of
French Guiana are 2-4 times lower than rates resulting from single species in other tropical
salt-marshes and estuarine mud flats (ca. 550ng.day"; Botto & Iribarne 2000, Gutiérrez

et al. 2006; ca. 9604gm=.day’, Needham et al., 2010). On the contrary, Bartolini et al.
(2011) who summed up the reworking activity of two fiddler crab species in pristine Kenyan
mangroves found excavation rates (ca. 10-20°daw tide") similar to the excavation rates

due to the small burrowers in the present study. Also, mean pelletization rates/rI2 g

2 day") in the current study are much lower than the ones induceddcayruguayensis in
Argentinian mud flats (114.3;gm?.day"; Botto and Iribarne, 2000) or due ttza inversa
andUca annulipes in a Kenyan mangrove (ca. 16Q,gm™.low tide™, Bartolini et al. 2011).
Discrepancies in sediment rates may result from environmental variations such as tidal
exposure time, type of vegetation cover and grain size (muddy vs sandy), from specific
differences in burrow maintenance and feeding activities, and/or from species interactions.
These previous studies quantified the activity of the dominant one or two crab species only,
thus how differences in crab community structure might explain such sediment reworking
discrepancies between studies cannot be deduced.

Diminution in species or functional richness may alter the sediment reworking rates or other
ecosystem functions (Hooper et al. 2005). For instance, the variations between crab diversity
at a global scale (between Atlantic-Pacific and Indo-Pacific mangroves) may modify the
intensity of leaf consumption (Lee 2008). This study, in agreement with Amouroux & Tavares
(2005), suggests lower crab species richness in the French Guianese mangrove than in other
West-Atlantic mangroves (Diele & Koch 2010, Colpo et al. 2011), which could result in
reduced sediment reworking rates. The uniform muddy soil texture, the short period of

stability between erosion and accretion phases, and the low tree diversity due to high-
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frequency coastal dynamics along the French Guianese coast likely affect the establishment of
some crab species (Amouroux & Tavares 2005, Ellison 2008). Further temporal and spatial
surveys are however needed to fully understand lower crab diversity in French Guiana
mangroves. However, at the study site scale, the biomass and the density of the small and
large burrowers, whatever the numbers of species present are the best predictors of the
aggregated bioturbation activities. The representative size structlweacjenus observed

over the study area confers reliability of the sediment reworking rates associated with the
small burrowers. Studies relating the whole crab community to sediment reworking are
required in order to better understand the biodiversity-ecosystem function relationships under
varying biotic and abiotic interactions in mangrove ecosystems.

Assuming spatial and temporal bioturbation rates being homogeneous during spring tides,
crabs may excavate and pelletize 500 tons-dayd 20 tons.day; respectively, over the
studied pioneer and young mangrove areas (6km?, Fig. 1) during spring tides and dry seasons.
Thus, results suggest the potentially considerable contribution of the sediment reworking,
induced by crabs in the early mangrove development stages, to sediment re-distribution within
mangroves system as well as towards the adjacent estuary and open ocean (Botto and Iribarne,
2000; Botto et al., 2005; Gutiérrez et al., 2006; Escapa et al., 2008; Fanjul et al., 2014),
thereby contributing to the sedimentological and biogeochemical functioning of one of the
largest mangrove ecosystems in the Atlantic ocean.

5. Conclusions

This study highlights the links between mangrove early growth, specific and functional
composition of the crab community structure, and the impacts of bioturbation activities on
sediment reworking. The role of burrowing crab species in the sediment reworking process
tends to increase with mangrove growth. Sediment reworking activities are microhabitat-

specific in the pioneer mangrove, suggesting the role of morpho-sedimentary heterogeneity in
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determining ecosystem functioning. While the single-species bioturbation activities have
received considerable scientific attention in the past, this study suggests that an improved
understanding of the organisms’ contribution to the sedimentary reworking processes can be
gained by taking into account functional groups and species interactions. Crab-induced
sediment reworking is likely to be a key sedimentary process in ecosystem functioning of the
dynamic and resilient mangroves in French Guiana despite apparent lower crab biodiversity
than in other mangroves.
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Table captions:

Table 1: Sediment characteristics (mean + SD) in the three microhabitats (tidal channel, flat,
pool) of both mangrove stands (pioneer and young) sampled in November 2014. Results of
one-way ANOVAs (F andp-values) and of Kruskal-Wallis testg?(and p-values) using

microhabitats within each mangrove age (a: pioneer; b: young) and mangrove age (c) as fixed

factors. Only significant resultp € 0.05) are given. n: number of samples per microhabitat.

Table 2: ‘r' results and significance of Pearson’s multi-correlation analysis between selected
environmental variables(= 15), crab density (D) and biomass (Bm). ***p < 0.001, **p <
0.01, *p < 0.05, *." refers to non-significant valuespak 0.1. For readability, ‘r' values are

not shown when p > 0.1 (indicated by *-).

Table 3: Pearson’s multi-correlations between sediment reworking rates and density (D) and
biomasses (Bm) of total community and functional groups or selected specedXs).
Bulldozer: Callinectes bocourti; Non-burrowers: juveniles dfica spp, Grapsidae spp. and
Xanthidae spp.; Small burrower: adultsléfa spp.; Large burrowetJcides cordatus. Within

the small burrower grougd. cumulanta considered separately was significantly correlated

with sediment reworking rates. **p < 0.001, **p < 0.01, *p < 0.05, ns: p > 0.05.

Figure captions:

Fig. 1: Study site in the Northeastern part of the Sinnamary estuary in French Guiana
investigated in November 2014. The shorelines as they were in 2009 and 2012, drawn after
past satellite images analysis, are presented. The mud bank was colonized by pioneer trees in
the lower part of the intertidal zone (pioneer mangrove) whereas a young mangrove has

developed in the upper part. Pictures at the bottom illustrate the vegetation structure and the
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morpho-sedimentary microhabitats (pools, flat, tidal channels) identified in the pioneer and

young mangroves and investigated in this study.

Fig. 2: Study design employed for the study of the changes of crab community structure and
of their associated sediment reworking rates in relation to the stage of mangrove development
(sites) and spatial heterogeneity (microhabitats). Microhabitats (3 pools, 3 flats, 3 tidal
channels) identified in both sites (1 pioneer and 1 young mangroves) were investigated
through the sampling of 3x1m? plots in which the surface sediment parameters were

characterized.

Fig. 3: Rarefaction curves A) based on the accumulated number of individual per stage of
mangrove development, B) extrapolated and based on the sample area (m?) per stage of
mangrove development (pioneer and young mangroves) C) per microhabitats (pools, flat, tidal
channels) as a function of the number of individual sampled in each plot. Dots along the
curves mark the sampled plots. The black vertical arrow indicate the numbers of individuals

used for comparison between sites and microhabitats (A: n = 130, C: n = 37).

Fig. 4: Allometric relationships between the biomass (Bg); @nd carapace length (CL; mm)

of Uca spp. (n= 183) (p < 0.001).

Fig. 5: A) mean density (D, ind:f and B) biomass (Bm,ag m?) of crab species according
to microhabitats in the two mangrove stages (young and pioneer) classified by functional
group. Bars represent the standard deviation of the total mean density or biomass per

microhabitat.

Fig. 6: Co-inertia analysis of 15 sedimentary variables and 12 crab species from 15 sampling

plots collected in the three microhabitats (flat, pools and/or tidal channels) of the two stages
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of mangrove development (pioneer and young mangrove). (a) Ordination of samples (from 1
to 15) on co-inertia axes, using environmental variables (origin of the arrows) and crab
community composition (arrowheads) co-inertia weights. (b) Contributions of the crab
community composition (based on Hellinger-transformed abundance data; grey arrows) and
environmental variables to the canonical space (black arrows, code given below). ‘Group’
denotes four taxa clustered too close to be distinguidhesl vocator, Uca burgesi, Ucides
cordatus and Grapsidae sp2. X.spl= Xanthidae sp.l, G.sp3= Grapsidae sp.3, Pneumato =
pneumatophore density; Pha.chl.a = Phaeo:Chl-a ratio; Clay = % clay; Mud = % mud,
VF.sand = % very fine sand; C.silts = % coarse silts; Med.GS = median grain size, C.N = C:N

ratio. tc = tidal channels, ft = flat and pl= pools.

Fig.7: Mean (+ SD) sediment reworking rateg.(g.day’) due to crab activities within the

three microhabitats (tidal channels, flat, pools) in the two mangrove ages (pioneer and young).
The excavation and pelletization rates were taken into account, thus reflecting burrow
maintenance and feeding activities, respectively. Asterisk *’ refers to groups significantly

different (p < 0.01).



Table 1

Variables n Pioneer Mangrove Young Mangrove

Tidal channels Flat Pools (a) Tidal Channels Flat (b) (c)

Mean SD Mean SD Mean SD stat p Mean SD Mean SD stat P stat p
Physical parameters
Median grain size (um) 9 7.0 0.3 7202 7.4 04 - - 7.0 0.1 7203 - - - -
Clay (%) 9 223 1.2 21.7 0.8 211 1.4 - - 22.3 0.6 215 1.2 - - - -
Mud (%) 9 722 1.2 72.8 0.7 716 1.9 - - 73.1 0.4 73.2 0.5 - - x>= 7.99 0.004
Coarse silt (%) 9 3806 405 48 1.1 - - 3402 405 F= 13.59 0.002 F= 8.50 0.006
Very fine sand (%) 9 14 04 1.2 04 2212 - - 0.9 0.2 1.2 04 - - F= 9.68 0.003
Water content (%) 9 36.9 3.4 32 3.4 36.5 5.3 F=3.96 0.032 372 2.7 419 1.9 F= 18.03 0.001 F= 16.81 0.000
Porosity 9 0.5 0.1 0.5 0.1 0.6 0.1 - - 0.5 0.1 0.7 0.1 F= 12.31 0.003 - -
Salinity 6 35.7 0.7 383 1.2 36.7 2.2 - - 28.7 1.6 323 2.1 F= 856 0.022 F=95.00  0.000
Biological parameters
Pneumatophores density (.m) 3 0.0 0.0 8.0 13.8 0.0 0.0 - - 194.6 40.1 568.7 815.2 - - x>= 1194  0.001
Litter (g dw.m) 3 0.1 0.1 00 0.3 0.3 - - 423 6.2 3.6 - - x>= 10.50  0.001
POC (ug.mg™) 3 91 7.7 0.1 10 0.2 F= 11.42 0.009 760 7.8 0.1 - - x>= 4.01 0.045
PON (ug.mg™) 3 1.3 0.1 120 1502 - - 110 110 - - x>= 8.00 0.005
C:N ratio 3 8.4 0.1 8.2 04 8.8 0.6 - - 85 0.2 8.4 0.1 - - - -
Chl-a (ug.g™ 9 23.2 10.9 14.6 6.7 319 12,6 F=6.78 0.005 7.3 2.1 5.8 1.8 - - F= 111.25 0.000
Phaeo:Chl-a ratio 9 0.7 0.3 1.1 05 0.5 0.3 F=5.56 0.010 206 24 06 - - F= 93.54  0.000



http://ees.elsevier.com/ecss/download.aspx?id=406303&guid=1ac5b612-cff1-4a46-b2be-5ac434282ef8&scheme=1

Table 2

Variables

Physical parameters

Callinectes bocourti

Goniopsis cruentata

Uca cumulanta

Uca maracoani

Uca mordax

Median grain size (um)

Mud (%)

Coarse silt (%)

Very fine sand (%)

Water content (%)

Porosity

Salinity

Pneumatophores density (.m'2)

Biological parameters

Litter (g dw.m'2)
POC (ug.mg™)
PON (ug.mg™)
C:N ratio

Chl-a (ug.g™)
Phaeo:Chl-a ratio

D Bm
0.54* 0.45.
0.56* -
0.63** 0.49.
0.46. 0.66**

- 0.51*

D Bm
0.53* 0.47.
0.60* 0.57*
0.61* 0.57*

0.73*** 0.67**

D Bm
-0.57* -0.55*
0.55* -

-0.67** -0.63*
-0.70** -0.66*
-0.68*** -0.71*
-0.71%** -0.67**
-0.64** -0.63**
-0.68** -0.66**
0.65** 0.71**

D Bm

D Bm
0.69*** 0.71***
0.74*** 0.74***
0.94*** 0.90***
0.82*** 0.84***



http://ees.elsevier.com/ecss/download.aspx?id=406304&guid=e151d535-814b-4862-b206-5cf1ba9c9ff6&scheme=1

Table 3

Functional groups

Sediment reworking rates

All sites

Total community

Excavation
D Bm

0.20 "*; 0.99 ***

Pelletization
D Bm

0.39™;-0.29"™

Young Mangrove
Bulldozer

Non-burrowers
Small burrowers

Uca cumulanta (only)
Large burrower

-0.24™;0.16 ™

0.90*;0.89*
0.76 ™;0.70 "™
0.99 ***; 0.99***

0.87*; 065™
-0.42"™;-0.13"™
-0.24™;0.03™
-0.35™;-0.35"™

Pioneer Mangrove
Bulldozer
Non-burrowers
Small burrowers

Uca cumulanta (only)
Large burrower

-0.52™;-040"™

0.18™:-0.24 "™
0.77*:0.35"™
0.72*:0.68 "

0.33™;0.10"™

0.29™:0.59 "
20.31™:-051"
019" :.037™
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