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Abstract

Mud crab, Scylla serrata, is a common mangrove species in the Indian Ocean. Over the last
decades, fishing pressure has greatly increased especially in Madagascar. Therefore,
improving the knowledge of mud crab biology and ecology is crucial to guide conservation
and restoration plans. This study aimed at describing the distribution of burrows of the mud
crab in a mangrove in southwestern Madagascar. Burrows fulfill an essential functional role
by limiting the exposure of crab to environmental stress, such as desiccation during low tide,
and predation. A total of 140 burrows were observed and available conditions were described
at 168 random sampling points at low tide in three different mangrove zones, during the dry
season (July 2014). Twelve environmental factors were recorded to reflect the position within
the mangrove, the substrate composition and the surrounding floristic structure. A
multivariate ordination analysis highlighted an overall association between burrows and
specific habitat conditions. Boosted regression trees then indicated that the burrows
distribution was predominantly explained by the avoidance of hard substrates. The
occurrence of burrows was positively related to the upper intertidal zone of the mangrove
where the water level was below 100 cm. Although the tree density had a positive effect, the
occurrence of burrows was higher for low percentage of shade (<40%). These results provide
insight for identifying mangrove areas that have an essential functional role for the

conservation of mud crab populations.

Key words: mangrove crab, crustacean, habitat conditions, substratum composition, floristic

structure
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1. Introduction

Crabs populations are widespread throughout the mangroves and intertidal zones in tropical
and subtropical regions (Brown, 1993). Over the last decades, the growing interest for some
species of this resource has led to the development of commercial fisheries (e.g. Bonine et al.,
2008 ; Dumas et al., 2012) and farms (Mirera et al., 2014) throughout the Indo-Pacific region.
In addition, crabs play a key role in the food chain (Wolff et al., 2000), the plant cycle
(Schories et al., 2003), and in the bioturbation of sediment (Smith et al., 1991; Kristensen,
2008). However, the combined effect of overfishing and expanding degradation of mangrove
ecosystem can affect the sustainability of local crab populations (Le Vay et al., 2008; Cheung
et al., 2010; Mirera et al., 2013). Recently, the environmental authorities of the West-Indian
Ocean have developed conservation programs focused on the restoration of mangrove
ecosystems and regulation of crabs’ fisheries to ensure the resource sustainability (e.g. Mirera
et al. 2017a). In this context, improving knowledge of crabs’ ecology is essential to better
understand population dynamics and, in turn, to efficiently guide restoration and

preservation plans.

Burrows play a pivotal role in ecology and population dynamic of many crabs. Burrowing into
the mud reduces the risk of predation during critical stages of their life cycle such as resting,
molting and mating (e.g. Warren, 1990; Chan et al., 2006; Mirera 2017b). Burrows are also
used to store food and water at low tide (Dittmann, 1996). This crucial role suggests that
burrows are not randomly distributed in different mangrove habitats. For instance, the crabs
need to return periodically to their burrows, which probably limits the distance crabs can
move for foraging activity. Therefore, food availability should play an important role in

selecting the burrowing location (Hill, 1978). Several studies demonstrated that the
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distribution of crab and burrows is influenced by environmental factors, operating at various
spatio-temporal scales (Icely and Jones, 1978; Jones and Simons, 1981; Piou et al., 2009). For
example, different studies have associated burrow locations to sediment composition
(Frusher et al.,, 1994; Ribeiro et al.,, 2005; Pandya and Vachhrajani, 2010), soil complexity
(Ringold, 1979; Capehart and Hackney, 1989; Wang et al., 2014), and mangrove vegetation

structure (Koch et al., 2005; Li et al., 2015).

The mud crab, Scylla serrata, is a widespread species in estuarine and mangrove habitats in
the Indo-Pacific region (Le Vay, 2001). Scylla serrata juveniles and adults are observed in a
wide range of environmental conditions (Hill, 1978; Hyland et al., 1984). Hill et al. (1982)
demonstrated that juveniles (2.0-9.9 cm in carapace width) of S. serrata are resident in
mangrove forests, whereas sub-adults (10.0-14.9 cm) and adults (>15.0 cm) mostly move
with the tide between the intertidal and subtidal mud flats fringing the mangrove forest.
However, sub-adults and adults also commonly occupy permanent burrows in intertidal areas
of the mangrove forests (Le Reste et al. 1976; Brown 1993; Ewel et al. 2009). While it is still
unclear why distinct behaviors (i.e. moving with the tide or burrowing) are reported in mud
crab (Alberts-Hubatsch et al., 2016), the use of burrow can contribute to improve survival
during vulnerable periods of environmental stress (e.g. low tide period) by providing water
reserve and refuge from predators (Warren, 1990; Thongtham and Kristensen, 2003). In
Madagascar, S. serrata is an important economic resource for local communities (Lebigre,
1987) who traditionally catch them in their burrows during low tide, consequently they have
been under increasing fishing pressure for the last decades (Fondo et al., 2010). While the
biology and ecology of mud crabs have already been well studied (Alberts-Hubatsch et al,,
2016), little is known about the factors influencing the distribution of populations along

environmental gradients (Dumas et al., 2012).
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The present study aimed at describing the environmental factors influencing the burrows
distribution of S. serrata in a mangrove ecosystem in southwestern Madagascar, on the basis
of a set of 12 environmental variables, reflecting the local conditions, floristic structure and

sediment composition.

2. Materials and Methods

2.1. Study site

The studied mangrove ecosystem was close to the village of Belo-sur-Mer, southwestern
Madagascar (Fig. 1a-b). The fringing mangrove forest extends over 2400 hectares and is
predominantly subjected to marine influence (Chartier and Henry, 1997). Crabs, mainly S.
serrata, are heavily fished in this ecosystem, especially in the closest zone to the village of
Belo-Sur-Mer. The study was conducted during the dry season (July 2014) in three different
zones of approximately 19 ha each (Fig. 1c). They were selected to cover a wide range of
habitat conditions: zones #1 and #2 are small bays protected from the waves and wind with a
dominant clay-sand substrate, whereas zone #3 is more expose to wind and waves with a

dominant sand substrate.

2.2. Sampling procedure

Habitat conditions were described at low tide along transects across mangrove zones from
the 24 of July 2014 to the 31 of July 2014. Transects extended from the main channel to the
mangrove forest edge (upper tidal limit), or from the forest edge to the channel. The distance
between two successive transects was approximately 100 m (mean = 115 m, SD= 75 m) and

was chosen to capture a large range of available habitat conditions. The transect lengths
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ranged between 75 and 300 m, depending on the distances separating the channel from the

mangrove forest edge.

Two complementary sampling procedures were conducted to compare the available
environmental conditions in the mangrove with those used by S. serrata for burrowing (Fig.
2). In this approach, a difference between the two sets of conditions indicates that burrows
were not uniformly distributed in mangrove because of species preference for environmental
factors. For each sampling procedure, a total of eleven, three, and five transects were
prospected in zones #1, #2 and #3 respectively. The first sampling procedure involved a
systematic description of the diversity of habitats (available habitat) in the studied zones. The
habitat conditions were described at 20 meters intervals along each transect. The distance
between two successive points was estimated using a hip chain. The distance of the first point
from transect origin was randomly selected from 1 to 20 m based on random number tables.
In the second sampling procedure, the habitat conditions in proximity of burrows were
described to reflect the habitat used for burrowing. In this procedure, an experienced crab
fisherman followed the transects to detect the presence of S. serrata burrows. When he
spotted a burrow, habitat conditions around the burrow were described and the distance
separating the burrow from the transect was recorded. This measure aimed at evaluating the
potential bias in burrow detection by fisherman due to tree cover. When a crab was present
in the burrow, the fisherman tried to catch it during 10 minutes maximum to limit the time
spent at each burrow. The geographic coordinates (latitude and longitude) of each point of

available habitat and each burrow were recorded using a portable GPS (GPSMAP 64s).

2.3. Habitat description
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Twelve environmental variables were recorded at each point of available habitat and near
each burrow (less than one meter) to provide an accurate description of substratum

composition, hydrological conditions and floristic structure.

2.3.1. Substratum composition

Two synthetic variables were used to describe substratum composition: the dominant
substrate class and a maturity index. A minimum 20 cm of substrate was cored less than 1m
from each sampling points. Cores were split in layers of homogenous type and consistency.
The substrate class of each layer was visually classified by an experienced operator, according
to five categories (i.e. clay, silt, organic matter, sand, roots). The dominant substrate class was
defined as the one having the greatest thickness in the first 20 cm of substrate. The maturity
index was estimated according to the soil classification proposed by Pons and Zonneveld
(1965), conventionally used for thiosoils and sulfatosoils. Maturity classes were assigned to
the core layers according to the degree of maturation of the soil: 1- not mature (fluid, soft,
cannot be contained in the hand), 2- little mature (no consistency, very plastic, passes
between fingers), 3- semi-mature (very malleable, plastic, stick to the hand but escapes
between fingers), 4- almost mature (malleable, little plastic, stick to the hand, requires force
to passes between fingers), 5- mature (very consistent, resists to the pressure of the hand).
The maturity index was then estimated by averaging all the maturity classes of the first 20 cm

of substrate weighted by their thickness.

2.3.2. Hydrological conditions

The local hydrological conditions were described using two variables reflecting the extent of
flooding conditions at the sampling point. The first one was the mean water level at high tide

(m), which was estimated based on the maximum height where oysters and barnacles were
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present on the closest tree from the sampling point. The second variable was the relative
distance from the mangrove forest edge. This parameter was calculated by projecting the
geographical coordinates of the sampling points on aerial photography (WGS 84), using GIS
(Quantum GIS Brighton 2014). The relative distance from the edge of the mangrove forest

(Dedger) Was then estimated following equation (1):

Dtransect
(1) D = -
edgeR Dot

where Dransect is the distance (m) between the sampling point and the edge, and D:o the
distance (m) between the edge and main channel at low tide. The mangrove forest edge (i.e.
tan part usually naked or little vegetated) and channel were detected visually on aerial
photography. The main channel was defined as a continuous zone from the bay where the
substrate was visible (i.e. absence or low vegetal cover). In large areas without vegetation, or
in areas where the channel was not visible from aerial photographs, the limit of the channel

was confirmed during field work.

2.3.3. Floristic structure

The floristic variables around the sampling points were described using the Quarter Point
Method (Mitchell, 2010). Space was divided into four quadrants centered on the sampling
point. The first axis of the quadrants was positioned parallel to the transect and the second
axis perpendicularly to the first. In each quadrant, the closest tree from the sampling point
was spotted and five parameters were recorded: distance from the sampling point (m), tree
species, size class (i.e. <2 m, 2 to 5 m, >5 m), radius of basal area (m) and state (i.e. dead or
alive). Distances and radius were measured using a laser meter (Leica DISTO D5). The radius
of the basal area was defined as the distance from the trunk to the edge of its leaves. Trees

were considered dead when no leave was observed. Finally, four synthetic variables reflecting

8
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the floristic structure of each point were described: the dominants tree species and size class,
the presence of dead trees among the four trees and the average density of tree. The
dominant species was defined as the most abundant tree species among the four sampled
trees. In case of co-dominance, the dominant species retained was the one showing the
greatest radius of the basal area. The dominant size class was selected following the same
procedure. The mean density of trees (Duee tree.m?) was estimated using the following

equation adapted from Mitchell (2010) (2):

1

(2) Dtree = m

where Dist is the mean distance between the four closest trees and the sampling point.

Complementary variables reflecting the local ground structure were also collected. These
variables were recorded within a quadrat of one square meter centered on the sampling
point. The presence of vegetal material (tree and non-woody plant) was recorded. The
percentage of roots (%) was visually estimated by an experienced operator. The dominant
root class was classified according to four categories, i.e. knee, pneumatophore, stilt, buttress
(Tomlinson, 1986). Finally, the shading extent (%) was estimated from photographs taken
toward the sky from the sampling point using a camera (Gopro White Edition). Each picture
was transformed into a binary image (i.e. black and white), the black percentage was
calculated using Image J (Rasband, 2015). This percentage reflects the proportion of space
occupied by vegetal materials (trunk, leafs, roots) between the camera and the sky, and was

thus considered as a proxy of the shade extent.

2.4. Statistical analyses
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In a first step, an ordination analysis using the environmental variables was performed to
highlight the overall distribution of burrows within the available habitat conditions. Hill and
Smith (1976) ordination method was preferred to a normed Principal Component Analysis
because of the possibility to consider simultaneously continuous and categorical variables.
The continuous variables were normed and scaled, and then the 12 environmental variables
were simultaneously included in the ordination analysis because of their low degree of
pairwise correlation (Kendall correlation coefficient ranging from 0.03 and 0.48). The
sampling points with missing values were removed from the ordination analysis because the
method could not handle missing data. Then, a permutational multivariate analysis of
variance (permanova; Anderson, 2001) based on 999 permutations was conducted to test
difference in habitat conditions between zones and sampling procedure (available habitat vs.
burrow habitat). A significant difference suggests a non-random distribution of burrows
across the set of environmental factors. Moreover, the interaction between zones and
sampling procedure was also tested to investigate if the habitat conditions used by mud crabs

for building burrows differed between zones.

Finally, a Boosted Regression Tree (BRT) analysis was performed to investigate the relative
importance of variables and their partial effects on the distribution of burrows. BRT provides
a flexible approach to model a response variable according to mixed types of predictors:
continuous and categorical. This method is suited to identify relevant predictors from a large
set of candidate variables, does not require previous data transformation, and handles
missing data (Elith et al., 2008). In the present study, a BRT model was fitted with a logit link
function to model the presence of burrows (binary response) using the 12 environmental
variables as independent predictors. The sampling zone was also added as additional

explanatory variable to investigate whether the habitat conditions used by crabs differed

10
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between zones. The sampling points describing the available habitat conditions were used to
generate pseudo-absence data (Pearce and Boyce, 2006) that are assumed to represent true
absence (p = 0) in the model, whereas the data collected in proximity to the burrows
represented habitat used by crab for burrowing (p = 1). A first BRT model was fitted following
the standard procedure proposed by Elith et al. (2008). The learning rate was fixed at 0.005
and the tree complexity (i.e. number of nodes for each tree) was fixed at three as advised for
small size samples (250-500 lines) to combine a minimum of 1 000 trees in the final model.
The optimal number of trees was determined on the basis of AUC criteria (i.e. area under the
ROC curve) following a 10-fold cross-validation procedure (Elith et al., 2008). The relative
importance of environmental variables was evaluated using the measure proposed by
Friedman and Meulman (2003), implemented in the gbm package. This measure reflects the
relative influence of each predictor on the response variable. Finally, a simplified model was
built, keeping the variables with relative contribution above 5% only. For these most
influential variables (contribution >5%), partial dependence plots were provided to describe
the effects of environmental variables on the burrow occurrences. This procedure provides a
visualization of the fitted functions in the BRT, by showing the effect of a variable after
accounting for the average effects of all others (Elith et al., 2008). In such plots, a deviation of
fitted function values from 0 indicates a positive effect on occurrence probability (positive

deviation) or avoidance (negative deviation) for the given environmental variable.

Statistical analyses were conducted using the R v. 3.3.1 software (R Core Team, 2016)
implemented with the ‘ade4’ package (Chessel et al., 2004) for ordination analysis and the
‘gbm’ (Ridgeway and al. 2013) and ‘Dismo’ packages (Hijmans and van Etten, 2014) for BRT

analyses.
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3. Results

A total of 168 sampling points distributed along the 19 transects were described to reflect the
available habitat conditions (Table 1). No crab burrow was observed within a few meters of
these points. The experienced fisherman observed 140 burrows of S. serrata and the habitat
conditions were systematically described in proximity to the burrows (i.e. used habitat). The
rate of burrow occupancy was 55.7%, as suggested by the presence of crab prints reported by
the professional fisherman. However, only 22 crabs were captured because the fisherman
failed to extract several crabs from the burrows. All of them were S. serrata, which confirms
that the fisherman correctly identified the burrows and prints of the target species. The
carapace widths ranged between 6.5 and 13.3 cm (mean * sd : 9.5 £ 1.5 cm), indicating that
most of individuals were sub-adults. The 140 burrows were spotted at a distance from the
transect ranging from 0.1 to 11 m. This detection distance was not significantly correlated
with the tree density (Pearson correlation test, cor = -0.05, t =-0.69, n = 140, p-value = 0.48),
suggesting that the fisherman’s ability to detect burrows was not biased by the density of the
surrounding vegetation. Consequently, all the 140 burrows were considered to characterize

the environmental conditions associated with crab burrows.

3.1. Multivariate ordination

The multivariate analysis on the set of 12 environmental variables was performed using 287
sampling points (i.e. 152 points of available habitat, and 132 points of burrow habitat) as 21
were removed due to missing data. The two first axes expressed respectively 19.1% and
10.9% of the total inertia (Fig. 3a). The first axis mainly reflected association between floristic
structure and hydrologic variables (Fig. 3b-c). The relative distance from mangrove forest

edge and the water level at high tide were positively correlated to the first axis, whereas the
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shading extend, tree density, and dominant tree size were negatively related to this axis. The
second axis largely discriminated a gradient of substratum composition, as suggested by the
correlation of this axis with substrate maturity index and dominant substrate class (Fig. 3c).
Overall, the zones #1 and #3 were associated to harder substrate consistency because of the
presence of sand, whereas the zone #2 was featured by clay substrate (Table 1). The zone #3
was associated to presence of Avicennia sp., Sonneratia sp. and pneumatophores roots, which
were less common in other sites (Fig. 3). A gradient in average tree density was observed
between zones (from 0.37 to 0.70 tree.m™), but the percentage of shade remained

comparable (from 40 to 47% in average, Table 1).

The three zones were significantly segregated in the first factorial plan (permanova, n =287, F
=13.5, R? = 0.08, p-value < 0.001), which confirmed that these areas are featured by different
environmental conditions. Similarly, the habitat conditions used by crab for digging burrows
were significantly segregated from the available conditions (permanova, n = 287, F = 21.7, R?
= 0.07, p-value < 0.001). In contrast, the interaction between the zones and the sampling
procedures (available habitat or burrow habitat) was not significant (permanova, n = 287, F =
1.1, R? = 0.006, p-value = 0.359), which suggested that the conditions used by crabs for
burrowing did not differed between zones. The projections of available habitat conditions
were widely dispersed in the plan, whereas burrow-habitat conditions were more
concentrated, and often associated with negative values on the first axis and second axis (Fig.
3a). This factorial distribution suggested that burrows were usually detected in shallow areas
near to the mangrove forest edge, where the floristic structure is relatively dense and the
substrate is malleable. The presence of plant materials and roots, especially knee and buttress
roots, within the quadrat was also often associated with burrow-habitat conditions, as well as

small size of tree, and Ceriops tagal as the dominant tree species.
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3.2. BRT analyses

The complete model integrating the 12 environmental variables as predictors was fitted with
an optimal number of 1 400 trees and explained 66.4 % of the mean total deviance, as
evaluated by cross-validation. The model showed high capacity of discrimination with an AUC
value of 0.915 + 0.016. Five environmental variables showed a relative importance above 5 %.
Substrate maturity index was the most influential factor on burrows distribution (Table 2).
The shading extent, the relative distance from the edge and the water level also contributed
to explain burrows distribution in the mangrove with a relative contribution above 10 %. As
previously suggested by the ordination analysis, the burrows distribution was poorly
influenced by the sampling zone (relative importance < 0.01%; Table 2), which indicated that

the habitat conditions used for burrowing did not differed between zones.

The simplified model, including only the most influential variables (contribution above 5 %,
see Table 2), remained well adjusted and showed high discrimination capacities (explained
deviance = 61.7%; AUC = 0.914 + 0.018). The partial response for the substrate maturity index
indicated a clear avoidance of hard substratum for building burrows (Fig. 4a). The values of
fitted function were maximum for a substrate maturity index ranging between 3.0 and 3.7,
and dropped when maturity index was higher than 4.4. The partial response of shading extent
was higher for the lower percentage of shade (< 40%) and gradually decreased with higher
percentage (Fig. 4b). The low water levels (< 100 cm at high tide) positively influenced the
occurrence of burrows, whereas deeper areas did not appear suitable for burrowing (Fig. 4c).
The partial response for the relative distance from the edge gradually decreased from the

mangrove forest edge to the channel (Fig. 4d). Finally, the maximum values of fitted function

14
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were observed for a density of tree over 0.5 tree.m, which indicated an avoidance of non-

treed areas (Fig. 4e).

4. Discussion

Burrows play a determinant role in mud crab ecology by providing refuges from predators
during critical stages such as molting, mating and periods of environmental stress (Warren,
1990; Thongtham and Kristensen, 2003; Mirera 2017b). Habitat conditions around burrows
should thus provide advantageous set of environmental parameters to ensure these
ecological functions, resulting in a non-random distribution of burrows in the mangrove
ecosystem. Our results confirmed this assumption showing that the distribution of S. serrata
burrows was significantly influenced by environmental conditions. In this study, the crabs
collected in the intertidal mangrove were essentially sub-adults, because the local size-at-
maturity is 13.8 cm for females and 11.3 for males (Rasoanirina et al. 2015). For these
individuals, the most influential factor was the substratum composition, but hydrologic

conditions and floristic structure also appeared to influence the distribution of burrows.

For most benthic species, such as crabs, soil sediment proprieties are determinant in habitat
choice (e.g. Ewa-Oboho, 1993; Mokhtari et al.,, 2015; Checon and Costa, 2017). The
substratum composition can affect the density of crabs’ burrows (Li et al. 2015) because soil
consistency impacts the ability of crabs to dig and maintain the structure of burrows (Frusher
et al.,, 1994; Ribeiro et al., 2005; Mokhtari et al., 2015). Our results demonstrated that
substrate consistency (i.e. maturity index) was the most influential parameter for explaining
the spatial distribution of S. serrata burrows. The occurrence of burrows was maximum for
intermediate levels of substrate consistency but showed a sharp decrease for higher levels of

consistency (i.e. maturity index > 4.4), reflecting a clear avoidance of hard substrate for
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burrowing. Similarly, Bertness and Miller (1984) showed that hard substratum can limit the
burrowing ability of Uca pugnax in salt marshes along the coast of North America. However,
the presence of hard structural elements is required to ensure the stability of burrows, when
flooded during high tide, and to limit the maintenance costs. In another mangrove ecosystem
in Madagascar, Le Reste et al. (1976) only observed S. serrata burrows where the mud was
sufficiently compact. Our results also support this observation because the occurrence of
burrows decreased in areas with low substratum consistency (i.e. maturity index < 3.0). While
a soft substratum makes burrowing easier for crabs, an overly fluid consistency is unlikely to

protect the burrows from collapsing with tidal currents.

In mangrove forests, the shade produced by the vegetation may limit the evaporation rate
and regulate the temperature regime, which in turn can influence the habitat conditions for
crabs (Nobbs, 2003). In the upper intertidal areas that are only immerged during limited
periods of time, the canopy cover can play an important role in the regulation of soail
temperature (Nobbs and Blamires, 2015). Surprisingly, our results revealed positive influence
from low to middle shading rates with a threshold occurring at about 40%. This result is in
accordance with findings of Trivedi et al. (2012) who reported a more widespread distribution
of S. serrata in open mudflat habitats compared to others brachyuran crab species. High
levels of canopy cover has also been demonstrated to be associated with lower density of
several crab species burrows in Luoyangjiang Estuary (China) and was explained by change in
light intensity and availability of shade, which may control the activity pattern of crabs
(Nobbs, 2003; Li et al., 2015). Therefore, despite a positive influence of tree density, low
levels of canopy cover appeared more suitable for the mud crabs. In contrast, the floristic
composition was not identified as a major factor influencing the distribution of burrows. The

tree species and their size, as well as the kind of roots, did not affected the occurrence of
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burrow in the studied area, underlining the poor selectivity of mud crabs for these
parameters. Nevertheless, the tree assemblages can influence the soil structure and

consistency (e.g. Krauss et al. 2014), which are keys components for burrowing.

At low tide, intertidal areas are commonly occupied by juveniles and sub-adults that are
found under mangrove leaves or in shallow burrows (Mirera 2017b), whereas larger crabs
tend to live in sub-tidal and offshore areas (Walton et al. 2006). The burrows depicted in the
present study were essentially those of sub-adults (carapace widths between 6.5 and 13.3
cm), which can use the intertidal-flat boundary-zone for molting (Mirera 2017b). Our results
demonstrated that the occurrence of burrows was higher in shallow areas located close to
the mangrove forest edge. The suitability of the shallow upper intertidal areas may be
explained by the reduced hydraulics forces in these areas. Indeed, Kabashi and Mazda (2005)
and Mullarney et al. (2017) demonstrated that the water velocities observed in mangrove
forests during tides flows decreased when the distance from the main channel increased. As
high flow velocities are more likely to damage the burrows structures, their positions in areas
with low flow velocities (i.e. closer to the mangrove forest edge) may help limiting the

damage caused by tidal flow.

5. Conclusion

In summary, our results indicated that the distribution of S. serrata burrows in the mangrove
was more related to substratum and shade extend than to the vegetation composition. Such a
result confirms the importance of mudflats and other soft substratum areas located in the
upper mangrove areas for the mud crab settlement. Conservation plans to mitigate the
depletion and fragmentation of mangrove forest due to human activities (e.g. coastline

reshaping, dikes and dam construction) or the alteration of environmental quality (e.g.
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pollution) should thus primary focus on these critical habitats for mud crabs populations.
Nevertheless, physicochemical conditions, such as salinity, were not considered in this study,
but may significantly influence the inter-seasonal variability in mud crab burrows’ distribution.
As our study was conducted during the dry season, further studies investigating how the
influence of environmental factors on mud crabs burrows distribution varies among season

are needed to complement our findings.

Acknowledgements

This research was supported by the European Regional Development Fund, the Région
Réunion (Avenue René Cassin, BP 7190, 97719 Saint Denis, Cedex 9) and COPEFRITO (Avenue
de France Mahavatse I, BP 212 Tuléar 601 Madagascar). We gratefully acknowledge the help
of the members of Blue Venture, particularly the fishermen Toto and Solo. We are very
thankful to Anna Auré for her help during the planning of the field mission and to Dominique
Ponton for his constructive comments and suggestions concerning this manuscript. We are
also grateful to two anonymous referees for their useful comments on a previous version of

this paper.

References

Alberts-Hubatsch, H., Lee, S.Y., Meynecke, J.-O., Diele, K., Nordhaus, |., Wolff, M., 2016. Life-
history, movement, and habitat use of Scylla serrata (Decapoda, Portunidae): current
knowledge and future challenges. Hydrobiologia 763, 5-21.

Anderson, M.J., 2001. A new method for non-parametric multivariate analysis of variance.

Austral Ecol. 26, 32-46.

18



406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

Bertness, M.D., Miller, T., 1984. The distribution and dynamics of Uca pugnax (Smith) burrows
in a New England salt marsh. J. Exp. Mar. Biol. Ecol. 83, 211-237.

Bonine, K.M., Bjorkstedt, E.P., Ewel, K.C., Palik, M., 2008. Population characteristics of the
mangrove crab Scylla serrata (Decapoda: Portunidae) in Kosrae, Federated States of
Micronesia: effects of harvest and implications for management. Pac. Sci. 62, 1-19.

Brown, LW., 1993. Mangrove crabs, Nearshore marine resources of the South Pacific:
Information for fisheries management and development. Forum Fisheries Agency, Honiara,
Solomon Islands, pp. 611-642.

Capehart, A., Hackney, C.T., 1989. The potential role of roots and rhizomes in structuring salt-
marsh benthic communities. Estuaries 12, 119-122.

Chan, B.K.K., Chan, K.K.Y., Leung, P.C.M., 2006. Burrow architecture of the ghost crab Ocypode
ceratophthalma on a sandy shore in Hong Kong. Hydrobiologia 560, 43-49.

Chartier, C., Henry, P., 1997. La lagune de Belo-sur-mer: espace de vie et ressources. Milieux et
sociétés dans le Sud-Ouest de Madagascar, 121.

Checon, H.H., Costa, T.M., 2017. Fiddler crab (Crustacea: Ocypodidae) distribution and the
relationship between habitat occupancy and mouth appendages. Mar. Biol. Res. 13, 618-
629.

Chessel, D., Dufour, A.B., Thioulouse, J., 2004. The ade4 package-I-One-table methods. R News
4, 5-10.

Cheung, W.W., Lam, V.W., Sarmiento, J.L., Kearney, K., Watson, R., Zeller, D., Pauly, D., 2010.
Large-scale redistribution of maximum fisheries catch potential in the global ocean under
climate change. Glob. Chang. Biol. 16, 24-35.

Davenport, J.,, Wong, T., 1987. Responses of adult mud crabs (Scyl/la serrata)(Forskal) to salinity

and low oxygen tension. Comp. Biochem. Physiol. Part A: Physiology 86, 43-47.

19



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

Dittmann, S., 1996. Effects of macrobenthic burrows on infaunal communities in tropical tidal
flats. Mar. Ecol. Prog. Ser. 119-130.

Dumas, P., Léopold, M., Frotté, L., Peignon, C., 2012. Mud crab ecology encourages site-specific
approaches to fishery management. J. Sea. Res. 67, 1-9.

Elith, J., Leathwick, J.R., Hastie, T., 2008. A working guide to boosted regression trees. J. Anim.
Ecol. 77, 802-813.

Ewa-Oboho, 1.0., 1993. Substratum preference of the tropical estuarine crabs, Uca tangeri
Eydoux (Ocypodidae) and Ocypode cursor Linne (Ocypodidae). Hydrobiologia 271, 119-127.

Ewel, K.C., Rowe, S., McNaughton, B., Bonine, K.M., 2009. Characteristics of Scylla spp.
(Decapoda: Portunidae) and their mangrove forest habitat in Ngaremeduu Bay, Republic of
Palau. Pac. Sci. 63(1), 15-26.

Fondo, E.N., Kimani, E.N., Odongo, D.O., 2010. The status of mangrove mud crab fishery in
Kenya, East Africa. Int. J. Fish. Aquac. 2, 079-086.

Friedman, J.H., Meulman, J.J.,, 2003. Multiple additive regression trees with application in
epidemiology. Stat. Med. 22, 1365-1381.

Frusher, S.D., Giddins, R.L., Smith, T.J.,, 1994. Distribution and abundance of grapsid crabs
(Grapsidae) in a mangrove estuary: effects of sediment characteristics, salinity tolerances,
and osmoregulatory ability. Estuar. Coast. 17, 647-654.

Hannah, A., Shuhaida, S., 2017. Quantifying the relationship between habitat complexity and
crabs under varying mangrove canopy conditions in tropical mangroves. Zool. Ecol. 27,
311-319.

Hijmans, R.J., van Etten, J., 2014. raster: Geographic data analysis and modeling. R package

version 2, 15.

20



453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

Hill, B., 1978. Activity, track and speed of movement of the crab Scylla serrata in an estuary.
Mar. Biol. 47, 135-141.

Hill, M., Smith, A., 1976. Principal component analysis of taxonomic data with multi-state
discrete characters. Taxon, 249-255.

Hill, B. J., Williams, M. J., Dutton, P., 1982. Distribution of juvenile, subadult and adult Scylla
serrata (Crustacea: Portunidae) on tidal flats in Australia. Mar. Biol. 69(1), 117-120.

Hyland, S., Hill, B., Lee, C., 1984. Movement within and between different habitats by the
portunid crab Scylla serrata. Mar. Biol. 80, 57-61.

Icely, J., Jones, D., 1978. Factors affecting the distribution of the genus Uca (Crustacea:
Ocypodidae) on an East African shore. Estuar. Coast. Shelf. Sci. 6(3), 315-325.

Jones, M., Simons, M., 1981. Habitat preferences of two estuarine burrowing crabs Helice
crassa Dana (Grapsidae) and Macrophthalmus hirtipes (Jacquinot)(Ocypodidae). J. Exp.
Mar. Biol. Ecol. 56, 49-62.

Katrak, G., Dittmann, S., Seuront, L., 2008. Spatial variation in burrow morphology of the mud
shore crab Helograpsus haswellianus (Brachyura, Grapsidae) in South Australian
saltmarshes. Mar. Freshw. Res. 59, 902-911.

Kobashi, D., Mazda, Y., 2005. Tidal flow in riverine-type mangroves. Wetl. Ecol. Manag. 13(6),
615-619.

Koch, V., Wolff, M., Diele, K., 2005. Comparative population dynamics of four fiddler crabs
(Ocypodidae, genus Uca) from a North Brazilian mangrove ecosystem. Mar. Ecol. Prog. Ser.
291, 177-188.

Krauss, K. W., McKee, K. L., Lovelock, C. E., Cahoon, D. R., Saintilan, N., Reef, R., Chen, L. 2014.

How mangrove forests adjust to rising sea level. New Phytologist, 202(1), 19-34.

21



476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

Kristensen, E., 2008. Mangrove crabs as ecosystem engineers; with emphasis on sediment
processes. J. Sea Res. 59, 30-43.

Le Reste, L., Feno, L., Rameloson, A., 1976. Etat de nos connaissances sur le crabe de vase Scylla
serrata Forskal a Madagascar.

Le Vay, L., 2001. Ecology and management of mud crab Scylla spp. Asian. Fish. Sci. 14, 101-112.

Le Vay, L., Lebata, M.J.H., Walton, M., Primavera, J., Quinitio, E., Lavilla-Pitogo, C., Parado-
Estepa, F., Rodriguez, E., Ut, V.N., Nghia, T.T., 2008. Approaches to stock enhancement in
mangrove-associated crab fisheries. Rev. Fish. Sci. 16, 72-80.

Lebigre, J.-M., 1987. Les activités traditionnelles dans un espace littoral tropical: le delta de
Tsiribihina (Madagascar). Cahiers d'outre-mer 40, 343-372.

Li, W., Cui, L, Zhang, M., Wang, Y., Zhang, Y., Lei, Y., Zhao, X., 2015. Effect of mangrove
restoration on crab burrow density in Luoyangjiang Estuary, China. For. Ecosyst. 2, 1-9.

Lim, S.S., Diong, C., 2003. Burrow-morphological characters of the fiddler crab, Uca annulipes
(H. Milne Edwards, 1837) and ecological correlates in a lagoonal beach on Pulau Hantu,
Singapore. Crustaceana 76, 1055-1069.

Mirera, D., O. 2017a. Status of the mud crab fishery in Kenya: A review. Western Indian Ocean
J. Mar. Sci. 16(1), 35-45.

Mirera, D. O. 2017b. Intertidal mangrove boundary zones as nursery grounds for the mud crab
Scylla serrata. Afr. J. Aquat. Sci. 39(3), 315-325.

Mirera, D.O., Ochiewo, J., Munyi, F., 2014. Social and economic implications of small-scale mud
crab (Scylla serrata) aquaculture: the case of organised community groups. Aquacult. Int.

22,1499-1514.

22



498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

Mirera, D.O., Ochiewo, J., Munyi, F., Muriuki, T., 2013. Heredity or traditional knowledge:
Fishing tactics and dynamics of artisanal mangrove crab (Scylla serrata) fishery. Ocean
Coast. Manage. 84, 119-1209.

Mitchell, K., 2010. Quantitative analysis by the point-centered quarter method. arXiv preprint
arXiv:1010.3303.

Mokhtari, M., Ghaffar, M.A., Usup, G., Cob, Z.C., 2015. Determination of key environmental
factors responsible for distribution patterns of fiddler crabs in a tropical mangrove
ecosystem. Plos One 10, e0117467.

Mullarney, J. C., Henderson, S. M., Reyns, J. A., Norris, B. K., Bryan, K. R. 2017. Spatially varying
drag within a wave-exposed mangrove forest and on the adjacent tidal flat. Cont. Shelf Res.
147,102-113.

Nobbs, M., 2003. Effects of vegetation differ among three species of fiddler crabs (Uca spp.). J.
Exp. Mar. Biol. Ecol. 284, 41-50.

Nobbs, M., Blamires, S., 2015. Spatiotemporal distribution and abundance of mangrove
ecosystem engineers: burrowing crabs around canopy gaps. Ecosphere 6, 1-13.

Pandya, P.J.,, Vachhrajani, K.D., 2010. Spatial distribution and substratum preference of the
brachyuran crab, Macrophthalmus depressus (Decapoda, Ocypodidae) along the lower
estuarine mudflat of Mahi River, Gujarat, India. Crustaceana 83, 1055-1067.

Pearce, J.L., Boyce, M.S., 2006. Modelling distribution and abundance with presence-only data.
J. Appl. Ecol. 43, 405-412.

Piou, C., Berger, U., Feller, I.C., 2009. Spatial structure of a leaf-removing crab population in a
mangrove of North-Brazil. Wetl. Ecol. Manag. 17, 93-106.

Pons, L.J., Zonneveld, 1.S., 1965. Soil ripening and soil classification: initial soil formation of

alluvial deposits with a classification of the resulting soils= Pedogenese initiale et

23



522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

classification des sols= Initiale Bodenbildung und Bodenklassifikation= Pedogenesis initial y
clasificacion de los suelos. Veenman.

R Core Team, 2014. R: a language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing; 2012. Open access available at: http://cran. r-
project. org.

Rasoanirina E., Gough C., Zafinirina S., Teichert N., Rasolofonirina R. & England K. 2015.
Identifying a biologically appropriate minimum catch size for mud crabs Scylla serrata in
southwest Madagascar using L50. 9th WIOMSA Scientific Symposium. Wild Coast Sun,
South Africa.

Ribeiro, P.D., Iribarne, 0.0., Daleo, P., 2005. The relative importance of substratum
characteristics and recruitment in determining the spatial distribution of the fiddler crab
Uca uruguayensis Nobili. J. Exp. Mar. Biol. Ecol. 314, 99-111.

Ringold, P., 1979. Burrowing, root mat density, and the distribution of fiddler crabs in the
eastern United States. J. Exp. Mar. Biol. Ecol. 36, 11-21.

Schories, D., Bergan, A.B., Barletta, M., Krumme, U., Mehlig, U., Rademaker, V., 2003. The
keystone role of leaf-removing crabs in mangrove forests of North Brazil. Wetl. Ecol.
Manag. 11, 243-255.

Smith, T.J., Boto, K.G., Frusher, S.D., Giddins, R.L., 1991. Keystone species and mangrove forest
dynamics: the influence of burrowing by crabs on soil nutrient status and forest
productivity. Estuar. Coast. Shelf S. 33, 419-432.

Thongtham, N., Kristensen, E., 2003. Physical and chemical characteristics of mangrove crab
(Neoepisesarma versicolor) burrows in the Bangrong mangrove forest, Phuket, Thailand;
with emphasis on behavioural response to changing environmental conditions. Vie et

Milieu 53, 141-151.

24



546

547

548

549

550

551

552

553

554

555

556

557

558

559

Tomlinson, P., 1986. The botany of mangroves. Cambridge tropical biology series. Cambridge
University Press, Cambridge.

Trivedi, J., Gadhavi, M., Vachhrajani, K., 2012. Diversity and habitat preference of brachyuran
crabs in Gulf of Kutch, Gujarat, India. Arthropods 1, 13.
Walton, M.E., Le Vay, L., Ut, V.N,, 2006. Significance of mangrove—mudflat boundaries as
nursery grounds for the mud crab, Scylla paramamosain. Mar. Biol. 149(5), 1199-1207.
Wang, M., Gao, X., Wang, W., 2014. Differences in burrow morphology of crabs between
Spartina alterniflora marsh and mangrove habitats. Ecol. Eng. 69, 213-219.

Warren, J., 1990. Role of burrows as refuges from subtidal predators of temperate mangrove
crabs. Mar. Ecol. Prog. Ser., 295-299.

Wolff, M., Koch, V., Isaac, V., 2000. A trophic flow model of the Caeté mangrove estuary (North
Brazil) with considerations for the sustainable use of its resources. Estuar. Coast. Shelf S.

50, 789-803.

25



Figure 1

?ﬁ‘ ge
{
—s.‘

250 0 250 500 750 1000 m

Figure 1: Location of the study area, near the village of Belo-sur-Mer (b), Southwestern Madagascar,
Western Indian Ocean (a), and the three mangrove zones prospected for investigating burrow

distribution of mud crab, Scylla serrata (c). The gray doted shapes represent the mangrove forest areas.
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Figure 2: Conceptual view of the sampling design conducted for describing environmental conditions
associated with the presence of crab burrows. The habitat conditions were described around burrows

(habitat use) and at random locations along the transects to reflect the overall available conditions.
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Figure 3: Projections of available (white dots) and burrows (grey dots) habitat conditions on the first
factorial plan (a) of the ordination analysis performed on the 12 environmental variables (b-c). v1-v0,
presence-absence vegetal material; S1-S2-S3: tree size class; dO-d1: presence-absence dead tree; rO-ri:
presence-absence of roots; dominant roots class: kne: knee roots, pne: pneumatophores, sti: stilt roots,
but: buttress roots; dominant tree species cer: Ceriops tagal, rhi: Rhizophora sp., son: Sonneratia sp.,
avi: Avicennia sp., bru: Bruguiera sp.; dominant substrate class: om: organic matter, clay, sand; %shade:
shading extent, dens: tree density, %roots: percentage of roots, subst: substrate maturity index, dist:

relative distance to the edge, depth: water height at high tide.
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Figure 4: Partial dependence plots of the five most important variables influencing the distribution of
Scylla serrata burrows, in the Belo-sur-mer mangrove ecosystem: (a) substrate maturity index, (b)
shading extent, (c) water level at high tide, (d) distance from the edge and (e) tree density. A positive
deviation from zero (dashed lines) of fitted function indicates a positive influence, whereas a negative
deviation indicates an avoidance for the value of the environmental variable. Low values of maturity

index indicate fluid mud consistency whereas larger values reflect hard substrate.



Table 1: Summary of environmental variables used to describe the influence of environmental
conditions on Scylla serrata’s burrows occurrences. The mean (or mode for categorical
variables, *) are indicated for each environmental variable measured at 20-meters intervals
along transect (available conditions) and in proximity to the burrows (burrows conditions). The
mean carapace width of mud crabs was indicated for each zone.

) ) Available conditions Burrow conditions

Habitat variable

Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3
Dominant substrate class sand* clay* sand* clay* clay* sand*
Substrate maturity index 4.35 3.74 4.85 3.76 3.53 4.43
Water level at high tide (cm) 72.40 73.83 76.42 51.27 49.74 66.14
Relative distance from the edge 0.43 0.76 0.79 0.33 0.54 0.67
Dominant tree species ceriops* ceriops* ceriops* ceriops* ceriops*  ceriops*
Dominant tree size class (m) 2 to 5% 2 to5* 2 to 5* 2 to 5% 2 to 5% 2 to 5%
Presence of dead tree absence* absence* absence* absence* absence* absence*
Tree density (tree.m™?) 0.58 0.37 0.70 0.71 0.47 0.74
Presence of vegetal material absence* absence* presence* presence* presence* absence*
Percentage of roots (%) 17.35 24.21 13.32 15.95 20.68 24.57
Dominant root class knee* stilt* knee* knee* knee* knee*
Shading extent (%) 47.66 44,53 40.75 4351 39.94 22.86

Mean carapace width (cm) / / / 9.51 8.20 8.50




Table 2: Relative importance of the 12 environmental variables for explaining the occurrences
of Scylla serrata’s burrows, as inferred from the BRT model. The zone of sampling was added
as additional explanatory variable. The bold values identified the threshold level (5 % of relative

importance) used to simplify the model.

Habitat variable Relative importance
Substrate maturity index 28.9%
Shading extent 24.1%
Relative distance from the edge 15.8%
Water level at high tide 15.8%
Tree density 5.4%
Presence of dead tree 2.4%
Presence of vegetal material 1.8%
Dominant root class 1.5%
Percentage of roots 1.4%
Dominant substrate class 1.4%
Dominant tree species 0.8%
Dominant tree size class 0.7%

Sampling zone 0.1%






