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Introduction

Mangroves are highly productive biological communi-
ties that have been decreasing in extension in the last dec-
ades (Valiela et al. 2001, Lacerda 2002, Worthington and 
Spalding 2018). These forests are associated with river deltas 
and sheltered coasts, where the trees are salt stress tolerant 
inhabitants of littoral tidal soils. Mangrove stands change in 
response to the dynamic estuarine environment, which is con-
tinuously building and modifying landforms through several 
abiotic and biotic factors. Abiotic factors include rain, winds, 
tidal flooding, sea level, and sediment features (Thom 1967, 
Cintrón and Schaeffer-Novelli 1983, Woodroffe 1983, Clarke 
and Allaway 1993, Krauss et al. 2008). Biotic factors include 
tree architecture (with tree species determined by competi-
tion for light and seed herbivory, among others), soil biotur-
bation and plant-soil interactions driven by sediment micro-
biota, most notably by benthic fauna engineering (Warren and 

Underwood 1986, Lee 1999, Minchinton 2001, Cannicci et 
al. 2008, Ferreira et al. 2013, 2019). 

The composition of macrobenthic communities in terms 
of species richness and abundance can significantly influence 
forest ecological processes dependent of soil, like settlement, 
development and productivity (Smith et al. 1991, Morrisey et 
al. 2003, Chapman and Tolhurst 2004, Kristensen and Alongi 
2006). Brachyuran crabs, mainly from the superfamilies 
Ocypodoidea and Grapsoidea (Brachyura: Decapoda) (Ng 
et al. 2008) are among the most abundant and ecologically 
significant components of mangrove food webs (Koch and 
Wolff 2002). These brachyurans form a key group of ecosys-
tem engineers and play a significant role in the composition 
(grain size, chemistry) and topography of sediment due to 
their fossorial activity (Warren and Underwood 1986, Jones 
et al. 1994, Kristensen 2008; Quintero-Torres et al. 2018). 
They also influence forest development and structure, since 
through selective propagule consumption they can decrease 
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recruitment of some tree species, favoring others (Smith III 
1987a,b, Ferreira et al. 2013). 

Mutually, sediment features (highly influenced by tidal 
regime) appear as significant determinants of brachyuran dis-
tribution and abundance from early stages, since planktonic 
larvae search an appropriate littoral substrate to settle and 
dig burrows (Butman 1987, Zenone et al. 2016). Likewise, 
specific trees, in particular their root architecture, also influ-
ence crab diversity and distribution (Macintosh et al. 2002, 
Ashton et al. 2003b, Tews et al. 2004, Kristensen and Kostka 
2005, Ferreira et al. 2015, Leung et al. 2015a,b). Hence, crab 
assembly structure can differ between early stages of man-
groves in relation to microhabitat and sediment character-
istics (Aschenbroich et al. 2016), also considering changes 
induced by fast sea level rise. So, how ecological factors 
related to crabs, trees and sediment co-operate in commu-
nity assemblage at initial stages of forest development? How 
brachyuran diversity and spatial niche respond to, and influ-
ence upon, forest features related to tree richness, density and 
architecture? To gain insight about these processes it is neces-
sary to describe and discriminate the role of such factors since 
young mangrove stand settlement. For this purpose, we used 
novel techniques of multivariate statistics, which can help to 
explore data and shed light on stated questions.

In Northeastern semiarid region of Brazil, estuaries like 
the Pacoti (Ceará State) are suffering accelerated physi-
ographic changes due to increasing ocean level, extreme 
droughts and heavy rains, and human intervention like dam-
ming and cattle breeding (Ferreira and Lacerda 2016). This 
raises the concern on how these changes can affect the man-
grove biodiversity patterns and threatens habitat of species at 
risk (e.g., Ucides cordatus, Cardisoma gunahumi - Goes et 
al. 2010, Carmona-Suarez 2011). Since brachyurans can be 
used as indicators of the reestablishment of some ecosystem 
functionalities (Chen et al. 2007, Feng et al. 2014, Ferreira et 
al. 2015), this study can improve conservation and rehabilita-
tion policies of mangroves.

Methods

Study area

Pacoti river is located in the metropolitan region of the 
city of Fortaleza, state of Ceará (northeast Brazil) (3°48’-
3°52’ S/38°24’-38°26’ W – Fig. 1). Climate is tropical with 
annual mean temperature between 25°C and 27°C. Average 
annual rainfall is below 875 mm (Barreto et al. 2012), reach-
ing up to 1,200 mm in the coast, mainly from February to June 
(wet season). Until the early 1980s, the estuary harbored salt 
production ponds, established over the original mangroves in 
the 1960s, but most ponds are deactivated today. The coastal 
basin, downstream from the last artificial reservoir, covers an 
area of approximately 132 km2. Tides are semidiurnal with 
maximum tidal amplitude of about 3.1 m and a minimum of 
0.9 m.

Estuarine littoral areas of the Pacoti are currently sub-
jected to great changes due to the influence of the rising 
ocean level and human factors, such as dam construction 
upstream (Lacerda and Marins 2002, Lacerda et al. 2007). 
While some mangrove patches have disappeared, others are 
currently expanding, mostly in newly formed sediment areas 
and deactivated shrimp and saline ponds. Rhizophora man- man-
gle, Laguncularia racemosa, and Avicennia germinans are 
the predominant species. 

Sampling strategy

Littoral areas in this study were selected to explore the 
interrelation between diversity of brachyuran assemblage, 
tree species (multiple and monospecific stands), and sediment 
features in the Pacoti mangrove forest development. Initial 
survey indicated that Pacoti estuary presented a conspicu-
ous scenario of different ecophysiography and interaction 
between criteria previously mentioned. Hence, seven natural 
areas separated by at least 200 m were selected in the lower 

Figure 1. The Pacoti river 
estuary in the state of Ceará, 
Brazil. The right image shows 
the river at their left, sur-
rounded by mangroves, until 
the discharge in the Atlantic 
Ocean at the top; part of for-
est areas in the center of the 
image are semi-deciduous 
seasonal coastal forest, and 
the white areas on the left are 
dune formations. Sampled ar-
eas are indicated with black 
points and letters indicate 
mangrove trees (see text for 
details).  
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portion of the Pacoti estuary (Fiuza et al. 2010). The areas 
have young mangroves (≤ 3 years old) in development (from 
seedlings to a maximum height of 4.5 m), and different mon-
ospecific and multispecific tree compositions (Fig 1). The 
monospecific areas of R. mangle, L. racemosa, and A. ger-
minans (from now on referred to only by the generic names) 
will be called R, L, and A respectively. The mixtures of differ-
ent species were named with their corresponding letters (RL, 
AL, and RLA). The RA mixture was not found. A control area 
(C) without mangrove vegetation was also surveyed. Some 
patches of mangrove vegetation in Pacoti estuary had not 
similar sites for replication in the design proposed here. Also, 
several potential sites were disturbed by human occupation 
and therefore beyond the scope of the present study. Then 
we considered each mangrove vegetation patch surveyed as a 
representative unit, assuming that the sampled patches repre-
sent different stages of a mangrove development continuum 
at the estuary (Pickett 1989, Fukami and Wardle 2005, Chen 
et al. 2007, Alongi 2009, Leung 2015b). 
1. Forest characterization. All samples were taken at spring 
low tide, at the beginning of the wet season. We used a quad-
rat of 5 m × 5 m (Schaeffer-Novelli and Cintrón 1986) to 
survey the following parameters, or variables, in each area: 
(1) tree diversity (TDiv) (Shannon index), (2) tree dominance 
(Dom) (Simpson’s index) (Brower and Zar 1994), plant den-
sity by square meter, one measure (3) considering only seed-
lings (SeeDens) and another (4) counting all individuals from 
sapling stage to higher sizes (TDens), and (5) forest maturity 
(TM/J), such as the rate of mature trees (≥ 1.8 m) / juvenile 
(< 1.8 m) (Ferreira et al. 2015) which means more open space 
between trees, oppositely to TDens. Seedling density meas-
urements were systematized using a numerical code: 0, no 
seedlings; 1, ≤ 30; 2, 31-60; 3, > 60 seedlings per square me-
ter. The size of some forest patches, such as in RLA area, lim-
ited the survey to a single quadrat, and we standardized this 
procedure to all sites. We applied specific statistical analysis 
taking into account this problem (see Data analyses section).
2. Brachyuran surveys. In the same quadrats of forest char-
acterization, prior to brachyuran collection we 1) estimated 
the abundance of grapsoid crab Goniopsis cruentata (from 
now on referred to only by the genus) as a number of adult 
individuals (nearly ≥ 3 cm carapace width) per square meter, 
counting individuals at ≤ 10 m distance of plots (Ferreira et 
al. 2013). This wandering species is significant because of 
its predatory-herbivorous habits, broad ecological niche, and 
influence on mangrove forest structure (Ferreira et al. 2013). 
In the quadrats, the abundance of ocypodoids (UBurr) (2) was 
estimated as the number of fiddler crabs (i.e., several gen-
era previously grouped under genus “Uca” spp. – Shih et al. 
2016) and Ucides burrows per square meter, being the latter 
in general two orders of magnitude less abundant. Ocypodoid 
species inhabit individual burrows and are easily identifiable 
by size like Ucides cordatus (from now on referred to only by 
the genus), or external activity like fiddler crabs. Brachyuran 
species were collected in the quadrats at the surface and by 
excavating burrows whenever the roots allowed, by one col-
lector in one hour, and after were 3) identified and counted 
(CrbRch). We checked the presence of systems of communal 

burrows of crabs (Ferreira and Sankarankutty 2002), which 
are recognizable in general by multi-opened entrances con-
structed in mangrove sediment surface. We also 4) surveyed 
snail (Gastropoda, Mollusca) diversity (SnDiv) (Shannon in-
dex) to explore their role on mangrove community structure 
(Smith III et al. 1989, Proffitt and Devlin 2005). 
3. Soil features. Mangrove ‘soil’ is composed of sediments, 
but the use of term soil is extended (Lacerda et al. 1995, 
Donato et al. 2011, Alongi 2014, Kauffman et al. 2018) and 
we will use for practical purposes. The following soil features 
were measured and averaged from five randomly selected 
replicate sub-plots of 1 m × 1 m in each 5 m × 5 m plot: (1) 
penetrability (Pen) (i.e., substrate softness), (2) salinity (S), 
(3) percentage of organic matter (OM), and (4) percentage of 
clay+silt (Cl+Sl). Soil penetrability was measured by verti-
cally releasing a centimeter-graded steel rod 45 cm long, 1.3 
cm in diameter and 370 g in weight, from a height of 1.2 m 
(Ferreira et al. 2013).  Salinity was measured in water sam-
ples extracted 15 cm deep in the sediment using an optical re-
fractometer. Soil samples were collected from each site using 
a soil core sampler (30 cm long and 10 cm in diameter). At the 
laboratory, a fraction of sediment was used to determine the 
organic matter content using the method of weight loss on ig-
nition (Schulte and Hopkins 1996). Other sample of sediment 
was sieved to separate the sand from the clay+silt fraction 
(see Methodologies in Colares and Melo 2013).

In an area of mature R. mangle forest at the estuary, dur-
ing a spring low tide, we injected polyurethane expansible 
foam into communal burrows between roots to extract casts 
of these systems. The material expands after applied and does 
not harm the environment since it was extracted soon after 
solidifying. The sediment around the cast was carefully re-
moved at low tide to release the form. We present here the 
most complete cast, since several others were extracted in-
complete.

Data analyses

The ecological variables of soil, tree and crab assemblage 
were explored to discover the significance of their influence, 
or ‘weight’, in community shaping. The variables crab rich-
ness, abundance of Goniopsis, and abundance of ocypodoid 
crabs (respectively CrbRch, Gon and UBurr) represent the 
‘brachyuran diversity’. 

First, data were standardized by z-score procedure 
(Gotelli and Ellison 2004), inspected for the presence of out-
liers by means of a Cleveland dot plot (Cleveland 1993) for 
each variable separately, and ordinated using a correlation-
based principal component analysis (PCA) to explore their 
relationships, considering the principal components with at 
least 70% explained cumulative variation. PCA is relevant to 
interpret data variations without taking the sample classifiers 
into account and to obtain data variation without between- 
and within-variation (Joliffe 2002). 

Secondly, ecological variables were also analyzed using 
the multivariate Partial Least Square (PLS) regression tech-
nique, which generalizes and combines principal component 
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analysis and multiple regression characteristics. This tech-
nique is ideal for modeling situations when we have several 
variables but not necessarily many samples or observations 
(Höskuldsson 1988). Also, using PLS avoid collinearity and 
achieve normality of the data matrix are not necessary (Sobek 
et al. 2005). Here, PLS was used to estimate a set of depend-
ent variables, i.e., brachyuran richness, density of Goniopsis 
and fiddler crabs, and snail diversity (“fauna matrix”) from a 
set of independent variables of sediment (“soil matrix”), man-
grove trees (“flora matrix”), and a mix of soil and mangrove 
trees (“environmental matrix”) (see Abdi 2007). Moreover, 
we compared flora and soil matrices considering soil as an 
independent variable. PLS regression generates a statistic, 
the variable importance projection (VIP), which shows the 
contribution of the independent variables to the community 
assembly model. VIP values greater than 1 are considered as 
a high variable contribution to the model, values between 0.8 
and 1 are considered a relevant contribution, and values be-
low 0.8 are not relevant to the model (Wold 1995, Vale et al. 
2017). Independent variable weights were used to determine 
their influence on the projection (VIP). For each PLS model 
generated (Soil vs. Fauna, Flora vs. Fauna, Environment vs. 
Fauna, Soil vs. Flora), the variable importance projection 
(VIP) and weights of the independent variables from the first 
two relevant variance explained PLS axes were inspected. 
The PLS analysis is already used to explore several ecologi-
cal aspects (Nash et al. 2005, Sobek and Tranvik 2005, Vale 
et al. 2017).

Data were inspected, treated, and subjected to princi-ta were inspected, treated, and subjected to princi-
pal component analysis using PAST software (Hammer et 

al. 2001). PLS regression was performed using R software 
(R Development Core Team 2012) and the ‘plspm’ package 
(Sanchez & Trinchera 2012).

Results

Twelve crab species (five grapsoids, six ocypodoids, and 
one xanthoid) and four snail species were collected from the 
surveyed intertidal mangrove areas (Table 1). Areas R, RL, 
and L were the richest in brachyuran species, and communal 
burrow systems were found in R, RL, and RLA formations. 
The burrow system cast obtained (approximate dimensions: 
max. vertical axis 25 cm / max. horizontal axis 60 cm.) (Fig. 
3) shows multiple openings of different diameter to soil sur-
face, leading to a large main chamber with interconnecting 
tunnels of varied diameters at different levels. Fiddler crabs 
burrows are in general not part of the systems. In some por-
tions of the system, the foam solidified and stopped before 
reach their whole tunnels extension, so some inferior tunnels 
may be longer, and, since some portions of the cast corre-
sponding to small tunnels broke when extracted, they can be 
more branched. 

The PCA and PLS plots of analysis are shown in Figure 
2 for the measured soil, plant, and fauna variables in each 
area (Table 2). Three principal components (PCs) of PCA 
explained 70.42% of the total data variation (Table 3), show-
ing relevant associations between abiotic and biotic variables 
and the areas (Fig. 2a, b). PCs 1 and 2 (Fig. 2a) showed a 
strong positive association between R and RL areas with the 
‘brachyuran diversity’ variables (CrbRch, Gon, and UBurr), 

Table 1. Brachyura and Gastropoda species collected at Pacoti River. Areas are indicated as R (R. mangle), L (L. racemosa), A (A. 
germinans) and mixed (RL, AL, and RLA). Crab Superfamilies (Ng et al. 2008) are indicated (grapsoids, ocypodoids, and xanthoids). 
Asterisks (*) indicate the presence of communal burrows. 

Area Crab species Snail species

Grapsoids Ocypodoids Xanthoids

A Sesarma rectum Minuca rapax Littoraria angulifera  
L. flava 

R*
Goniopsis cruentata 
Aratus pisonii 
Sesarma curacaoense

Leptuca cumulanta
Minuca thayeri  
Ucides cordatus

Eurytium 
limosum

Littoraria angulifera
Melampus coffeus

L

Goniopsis cruentata 
Aratus pisonii 
Sesarma curacaoense
Pachygrapsus gracilis 

Leptuca cumulanta 
Minuca thayeri 

Eurytium 
limosum Littoraria angulifera 

RL*

Goniopsis cruentata 
Aratus pisonii
Sesarma curacaoense
Pachygrapsus gracilis 

Leptuca cumulanta
Minuca thayeri
Ucides cordatus

Eurytium 
limosum

Littoraria angulifera 
Melampus coffeus 

AL
Goniopsis cruentata
Sesarma rectum
Pachygrapsus gracilis 

Minuca rapax Eurytium 
limosum Littoraria angulifera 

RLA*
Goniopsis cruentata
Aratus pisonii
Sesarma rectum

Leptuca cumulanta
Minuca rapax
Ucides cordatus 

Littoraria angulifera 
Melampus coffeus 

C Uca maracoani 
Leptuca leptodactyla Neritina virginea 
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tree density and dominance, and with soil softness variables 
(Pen, OM, Cl+Sl). The variables tree density and ‘brachy-
uran diversity’ were more closely related to the RL area, and 
tree dominance, and soft soils to the R area. The association 
with some soil and fauna variables was positive for AL area, 
but this progressively decreased in the RLA, A, and C areas. 
RLA area was positively associated to seedling density, in 

contrast to A and R areas. The A area was the most positively 
associated with salinity, while the L area, close to the origin 
center of the biplot, showed no tendency of association with 
any variable (Fig. 2a). The PCs 1 and 3 (47.10%) showed a 
tendency similar to that observed for PCs 1 and 2, except for 
the AL area, more positively associated with the abundance 
of ocypodoids and sediments less penetrable than R (Table 3, 
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Figure 2. Biplots of Principal Components Analysis: PC1 vs. PC2 (a) and PC1 vs. PC3 (b) of abiotic and 8 
biotic variables collected in monospecific (A, R, L), multispecific (AL, RL, RLA) and Control (C) areas at the 9 
Pacoti River estuary, northeast Brazil. Plots of Partial Least Square for variables: Soil vs. Fauna (c), Flora 10 
vs. Fauna (d), Environmental (Soil + Flora) vs. Fauna (e), and Soil vs. Flora (f).  11 
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Figure 2. Biplots of Principal Components Analysis: PC1 vs. PC2 (a) and PC1 vs. PC3 (b) of abiotic and biotic variables collected in 
monospecific (A, R, L), multispecific (AL, RL, RLA) and Control (C) areas at the Pacoti River estuary, northeast Brazil. Plots of Partial 
Least Square for variables: Soil vs. Fauna (c), Flora vs. Fauna (d), Environmental (Soil + Flora) vs. Fauna (e), and Soil vs. Flora (f). 

Table 2. Soil, plant and faunal ecological variables at sampled areas in the Pacoti estuary. Values of soil parameters are averaged. Areas 
are indicated as R (R. mangle), L (L. racemosa), A (A. germinans) and mixed (LA, RL, and RLA). Asterisks (*) indicate the presence 
of communal burrows. Areas with mixed young R. mangle and A. germinans were not found. Soil variables: Pen, soil softness; S, 
salinity; OM, organic matter content; Cl+Sl, clay + silt or fine sediment content; Plant variables: TDiv, tree diversity; Dom, tree domi-
nance; SeeDens, seedling density; TDens, tree density; TM/J, forest maturity; Fauna variables: CrbRch, crab richness; Gon, number 
of subadult-adults of Goniopsis; UBurr, Ocypodoidea crabs burrows; SnDiv, snail diversity. Variables Gon, CrbRich and UBurr were 
grouped as ‘brachyuran diversity’. 

Soil Plant    Fauna 

Area Pen
(cm)

S
(ppt)

OM
(%)

Cl+Sl
(%)

TDiv Dom SeeDens
(m2)

TDens
(m2) TM/J CrbRch Gon

(m2)
UBurr
(m2) SnDiv

A 10.9 60 5.56 22.68 0 1 0 1.96 0.633 2 0 78.4 0.686

L 17.2 39 2.88 20.39 0 1 3 4 0.666 7 0.12 226.4 0

R* 19.9 43 7.73 41.49 0 1 0 3.6 0.126 7 0.32 169.6 0.686

RL* 13.7 37 8.91 42.34 0.333 0.812 1 12.28 0.085 8 0.28 421.6 0.124

AL 10.8 30 9.22 49.99 0.255 0.866 1 3.92 0.96 5 0.2 102.4 0

RLA* 6.2 40 2.35 14.26 0.935 0.446 2 7.72 0.199 6 0.32 57.6 0.358

C 7.4 37 3.11 21.98 0 0 0 0 0 2 0 193.6 0
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Fig. 2b). The RLA area was positively associated with snail 
diversity and salinity. 

The investigation of residuals of each PLS regression 
showed no outliers, so it was possible to use data from all 
surveyed areas, even those that appeared very distinct in ex-
ploratory PCA. The PLS regression for Soil vs. Fauna (Table 
4a, Fig. 2c) showed that the first two PLS factors made up 
78.51% of the variation of the Fauna data. ‘Brachyuran di-
versity’ variables showed higher weights for the first factor 
and snail diversity for the second factor. Hence, respective 
VIPs indicate that Goniopsis abundance and crab richness 
were highly relevant and ocypodoid abundance was relevant 
in their contributions to community assemblage. ‘Brachyuran 
diversity’ variables were positively correlated to all soil varia-
bles except salinity. For the PLS of Flora vs. Fauna (Table 4b, 
Fig. 2d), the first two factors accounted for 72.14%. Weights 

in the first factor were relevant to the variables Goniopsis 
abundance and crab richness, while for snail diversity showed 
relevance for factor 2. The respective VIPs of the variables 
revealed a highly relevant contribution of Goniopsis abun-
dance and crab richness in community assemblage, while oc-
ypodoid abundance had no relevant contribution. Goniopsis 
abundance and crab richness showed positive correlations 
with all variables of the Flora matrix, mainly seedling and 
tree density, but a negative correlation with open space be-
tween trees (TM/J). Despite snail diversity had a negative 
correlation with most variables, showed a high relevant con-
tribution in tree dominance and density of flora and in soil 
variables, being positively correlated to salinity and penetra-
bility, and less associated to clay + silt content comparing to 
other fauna variables.

In the PLS regression for Soil vs. Flora (Table 4c, Fig. 
2f), both PLS factors made up 51.79% of the Flora data vari-
ation. Tree diversity and mainly dominance are high relevant, 
and seedling and tree density relevant contributors in commu-
nity assemblage, while forest maturity (TM/J) did not. Higher 
weights in factor 1 were registered for the variable tree domi-
nance, and in factor 2 for seedling density. Tree dominance 
and density showed a positive correlation with soil variables 
except salinity, contrary to seedling density and tree diver-
sity, negatively correlated to soil variables. When exploring 
the environmental variables (i.e., Soil and Flora together) vs 
Fauna (Table 4d, Fig. 2e), both PLS factors made up 78.56% 

Table 3. Principal Component Analysis results of abiotic soil var-
iables and biotic variables (Flora and assemblages of brachyuran 
crabs and gastropods; see text for variables description) in differ-
ent mono, multispecific and control mangrove tree areas in the 
Pacoti River estuary, Northeast Brazil. PC, Principal Component; 
Var (%), proportion of variance; CumVar (%), cumulative vari-
ance of data. 

Proportion of Variance

PC1 PC2 PC3

Eigenvalue 4.19 2.03 1.93

Var (%) 32.22 23.32 14.88

CumVar (%) 32.22 55.54 70.42

Loadings

Pen 0.267 0.347 0.061

OM 0.306 0.319 -0.177

S -0.240 0.282 0.432

Cl+Sl 0.321 0.271 -0.292

TDiv 0.101 -0.429 0.318

Dom 0.235 0.378 0.256

SeeDens 0.151 -0.313 0.120

TM/J -0.010 0.191 -0.065

TDens 0.379 -0.210 0.179

Gon 0.384 -0.135 0.283

UBurr 0.294 -0.026 -0.272

CrbRch 0.451 -0.096 0.154

SnDiv -0.076 0.302 0.546

Scores

  A -2.493 2.129 1.134

  L 0.490 -0.307 -0.112

  R 1.272 1.966 0.859

  RL 2.974 -0.437 -0.462

  AL 0.913 0.518 -1.427

  RLA -0.369 -2.871 1.918

  C -2.706 -0.999 -1.909
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Figure 3. Common multiple entrances of a communal burrows system, close 4 
to Rhizophora roots. Individual burrows of fiddler crabs are seen around the 5 
entrances of the system.  6 
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Figure 3. Common multiple entrances of a communal burrows 
system, close to Rhizophora roots. Individual burrows of fiddler 
crabs are seen around the entrances of the system. 
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a) Soil vs. Fauna

Variables                        Coefficients                                 VIP         Weights          Variance 

Pen OM S Cl+Sl VIP1 VIP2 PLSw1 PLSw2 PLSv1 PLSv2

Gon 0.17 0.13 -0.20 0.15 1.04 0.78 0.52 -0.05 51.56% 26.95%

UBurr 0.23 0.16 -0.08 0.15 0.99 0.79 0.49 0.21     (Total variance  
          78.51%)CrbRch 0.28 0.20 -0.12 0.19 1.24 0.98 0.62 0.23

SnDiv 0.36 0.16 0.79 -0.03 0.59 1.34 -0.29 0.94

b) Flora vs. Fauna

Variables                                    Coefficients           VIP          Weights          Variance 

TDiv Dom SeeDens TM/J TDens VIP1 VIP2 PLSw1 PLSw2 PLSv1 PLSv2

Gon 0.41 0.35 1.62 -0.27 10.41 1.27 1.02 0.64 0.00 51.59% 20.55%

UBurr 0.00 0.00 0.00 0.00 0.01 0.67 0.76 0.34 -0.45 (Total variance

CrbRch 0.03 0.01 0.13 -0.01 0.63 1.38 1.11 0.69 0.11 72.14%)

SnDiv -0.28 0.47 -2.29 -0.43 0.30 0.17 1.07 -0.08 -0.89

c) Soil vs. Flora

Variables                         Coefficients                                   VIP                          Weights                               Variance

Pen OM S Cl+Sl VIP1 VIP2 PLSw1 PLSw2 PLSv1 PLSv2

TDiv -0.31 -0,13 -0.16 -0.13 1.05 1.01 -0.47 -0.38 29.36% 22.42%

Dom 0.49 0.50 0.25 0.42 1.72 1.49 0.77 0.12

SeeDens -0.20 -0,53 -0.10 -0.42 0.74 0.85 -0.33 0.50 (Total variance

TM/J 0.12 0.05 0.06 0.05 0.43 0.41 0.19 0.15 51.78%)

TDens 0.11 0.56 0.05 0.43 0.43 0.91 0.19 -0.74

d) Environmental variables vs. Fauna

Variables Coefficients

 Pen OM S Cl+Sl TDiv Dom SeeDens TM/J TDens

Gon 0.20 0.15 -0.19 0.17 0.13 0.13 0.15 -0.11 0.33

UBurr 0.20 0.14 -0.03 0.12 0.09 0.15 0.05 -0.11 0.25

CrbRch 0.24 0.18 -0.19 0.19 0.15 0.16 0.16 -0.13 0.38

SnDiv 0.33 0.16 0.80 -0.03 -0.07 0.44 -0.04 -0.22 -0.01

 VIP Weights Variance   

VIP1 VIP2 PLSw1 PLSw2 PLSv1 PLSv2

Gon 1.18 0.93   0.59 0.05 51.85% 26.71%

UBurr 0.84 0.69   0.42 0.17 (Total variance

CrbRch 1.33 1.06   0.78 0.09 78.56%)

SnDiv 0.33 1.22  -0.16 0.98    

Table 4. Coefficients, Projection and Variable Importance (VIP), weights of variables and proportion of variance of the two axes (1 and 
2) generated by Partial Least Square (PLS) analysis investigating correlations between Soil vs. Fauna (a), Flora vs. Fauna (b), Soil vs. 
Flora (c), and Environmental variables vs. Fauna (d). See text for variables description. The VIPs, Weights and variances in Table d) 
were placed below to improve visualization. VIP, Variable Importance Projection at each axis; PLSw, Weights of variables at each axis; 
PLSv, Proportion of variance at each axis. Values in black bold are variables of highly relevant contribution; gray bold values are for 
variables of relevant contribution. 
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of the Fauna data variation, exhibiting similar trends of as-
sociations, such as relevance of Goniopsis density and crab 
richness in community assemblage.

Discussion

Macrofauna and relationship with soil/flora variables 

Five grapsoids, six ocypodoids, and one xanthoid crab in-
habit the surveyed intertidal mangrove areas of Pacoti River. 
Most grapsoids are forest dwellers due to their herbivorous/
omnivorous feeding habits (Macintosh 1988, Burggren and 
McMahon 1988, Lee 1998, Cannicci et al, 2008). Similarly 
to the herbivore ocypodoid Ucides cordatus, some fiddler 
crabs species prefer habitat under canopy, like Minuca thay-
eri and Leptuca cumulanta, while others live in open habitats 
(Ferreira 1998, Bezerra et al. 2006). Most crabs are rarely 
seen outside burrows, except tree climbers such as Goniopsis, 
post-juvenile stages of Aratus pisonii, and surface deposit 
feeders like fiddler crabs. 

In newly formed sedimentary areas with soft i.e., more 
penetrable sediment, we found juvenile to adult stages of 
most grapsoids, plus Leptuca cumulanta, Minuca thayeri 
and Ucides (Ocypodoidea), while ocypodoids Minuca ra-
pax and Leptuca leptodactyla colonized coarser and/or lower 
organic sandy areas like the control, as found in other estu-
aries at regional level (Rebelo-Mochel 1997, Ferreira and 
Sankarankutty 2002). Sediment features (penetrability, grain 
composition, organic matter content), in great part deter-
mined by frequency and reach of tidal coverage, are primary 
determinants of brachyuran diversity, since most species use 
burrows for protection and vital activities from the early stag-
es (Frusher et al. 1994, Skov and Hartnoll 2002, Morrissey 
et al. 2003, Koch et al. 2005, Bezerra et al. 2006, Kristensen 
2008, Moh et al. 2015). 

The strong positive association between plant density 
and dominance, ‘brachyuran diversity’, sediment softness 
and organic content with Rhizophora (alone as well together 
with Laguncularia), confirms that red mangrove presence is 
strongly associated to increase in these variables (Cintrón and 
Schaeffer-Novelli 1983, Ferreira 1998, Ferreira et al. 2015). 
This association decreases in the absence of Rhizophora, 
being lower in Avicennia-Laguncularia and the lowest in 
monospecific Avicennia and the control area. Monospecific 
Avicennia is related to higher salinity, being dominant in up-
per littoral and hypersaline soils (Alleman and Hester 2011, 
Pascoalini et al. 2014), and high salinity limited brachyuran 
diversity in spite a relative content of sediment organic matter 
in Pacoti River. Brachyuran diversity is negatively related to 
high salinity, especially if exposed to dryness (Burggren and 
McMahon 1988).

Higher plant density and its architecture offer protection 
against predators and can determine the brachyuran commu-
nity that assembles, since vegetated areas tend to have more 
grapsoids (Ferreira and Sankarankutty 2002, Ashton et al. 
2003b, Wang et al. 2014, Van Nedervelde et al. 2015). Strong 
correlations found in our data suggest tree density can explain 

density of Goniopsis and crab richness in the young succes-
sional stages of mangrove development. We found the densi-
ty of Goniopsis strongly correlated to tree density rather than 
to tree diversity and dominance, since this species finds more 
shelter, abundant vegetal matter and small prey (fiddler crabs, 
minor grapsoids and other invertebrates) between the roots 
(Burggren and McMahon 1988, Lima-Gomes et al. 2011). 
Hence, our data support that density of Rhizophora and their 
roots, i.e., their structural heterogeneity, is a stronger factor 
in promoting brachyuran diversity than tree richness. This 
ecological condition was also found in Malaysian mangrove 
(Ashton et al. 2003b), and makes sense since grapsoids, for 
example, use the vertical dimension from tunnel systems (via 
roots and trunks) to canopy, extending space use of brachy-
urans above and belowground in the Neotropics. 

The studied areas showed low gastropod abundance and 
diversity, this latter correlated with salinity, and partially cor-
related with penetrability, tree density and dominance. Indeed, 
Melampus coffeus is by far the most present at soft sediments 
(mainly at Rhizophora), as Neritina virginea, while the oth-
ers were found mostly on roots and trunks. Interestingly, the 
positive correlation of snail diversity with salinity, was due 
by the massive presence of Littoraria flava (a high desicca-
tion resistant but not exclusive mangrove inhabitant species 
like L. angulifera – Moutinho and Alves-Costa 2000, Melo et 
al. 2012) and L. angulifera fixed to branches of Avicennia for-
ests, with predominate in sandier soils, pushing down correla-
tion of snails with fine sediment. Observations suggest a low 
significant effect of snails in mangrove community shaping at 
Pacoti River, considering yet that Melampus coffeus has a low 
effect on detritus consumption in this river when compared 
with other Neotropical mangroves (Tavares et al. (2011). We 
did not find gastropods in crab burrows. 

As expected, soil variables softness and organic con-
tent were related to tree maturity and Rhizophora domi-
nance (Cintrón and Schaeffer-Novelli 1983, Zamprogno 
et al. 2016), but not to seedling density and tree diversity, 
which are most likely regulated by propagule consumption 
by crabs, since grapsoids (mainly Goniopsis) can consume 
far more propagules of Laguncularia and Avicennia than of 
Rhizophora (Smith III 1987b, Ferreira et al. 2013). 

Interrelation of biotic and abiotic factors in community 
assemblage 

Community structure in mangroves, as in most tropical 
forests, is regulated by environmental heterogeneity and spe-
cies interactions (Diamond 1975, Terborgh et al. 1996, Clark 
et al. 1998, Potts et al. 2004, Tews et al. 2004, Vermeiren and 
Sheaves 2015). Grapsoid and ocypodoid crabs abundance 
and richness, and also Rhizophora trees presence, revealed 
high relevance in the assemblage of the studied communi-
ty, due to their ecosystem engineering capacity (Jones et al. 
1994, Cuddington et al. 2007). 

More penetrable sediments with higher organic mat-
ter content favor the establishment of a higher diversity of 
brachyurans in Pacoti River. Established brachyuran species 
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can mediate forest composition by high differential prop-
agule consumption and/or burial (Ferreira et al. 2013, 2019). 
When forest composition is dominated by Rhizophora, prop 
root structure allows construction of rich multi-specific 
brachyuran interconnected systems of burrows, proper of 
Neotropical mangroves. These complex systems (Warner 
1969, Abele 1976, Ferreira and Sankarankutty 2002) are far 
more developed among Rhizophora prop roots since dense 

subsurface cord roots of Laguncularia and Avicennia stands 
impair their existence (Ferreira 1998). 

We observed at Pacoti that opportunist massive re-
cruitments of Laguncularia seedlings can overcome initial 
Rhizophora growing if not decimated by herbivore grap-
soids, and eventually dominate intertidal areas (Soares 1999, 
Ferreira et al. 2015) trapping detritus and more crab species. 
Hence, our evidence indicates that disturbed mangroves 
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Figure 4. Stereoscopic images (from 3 different angles) of the cast of part of a communal burrow system 5 
around the roots in a Rhizophora stand. Position of cast corresponds approximately to the natural 6 
layout. Burrow openings are shown by globular expansion that material suffered on the outside (setae) 7 
while remaining rugged parts of the cast are the walls of interconnected tunnels and chambers. Some 8 
fine tertiary roots can be seen embedded in the cast. The upper portion showed in the lower image 9 
setae shows several entrances together. Since the system was in a sloping area, some entrances are on 10 
top and others lateral. In some portions of the system, the foam stopped (solidified) before reach their 11 
whole tunnels extension, so some inferior tunnels may be longer. Approximate dimensions: max. 12 
vertical axis 25 cm / max. horizontal axis 60 cm.  13 
 14 
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Figure 4. Stereoscopic images (from 3 different angles) of the cast of part of a communal burrow system around the roots in a Rhizophora 
stand. Position of cast corresponds approximately to the natural layout. Burrow openings are shown by globular expansion that material 
suffered on the outside (setae) while remaining rugged parts of the cast are the walls of interconnected tunnels and chambers. Some fine 
tertiary roots can be seen embedded in the cast. The upper portion showed in the lower image setae shows several entrances together. 
Since the system was in a sloping area, some entrances are on top and others lateral. In some portions of the system, the foam stopped 
(solidified) before reaching their whole tunnels extension, so some inferior tunnels may be longer. Approximate dimensions: max. verti-
cal axis 25 cm / max. horizontal axis 60 cm.    
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with predominance of Laguncularia could be transient res-
ervoirs of crab assemblage in new estuarine forest patches, 
such as might occur in the case of impact over low intertid-
al Rhizophora forests by sea level rise. Colpo et al. (2011) 
found a similar rich brachyuran assemblage in Laguncularia 
dominated forests in southeast Brazil, but did not report the 
existence of crab communal burrows, and it would be in-
teresting to know how brachyurans distribute spatially their 
burrows in such forests to establish comparisons. Even when 
Laguncularia forest can persist in different substrates, mud-
dier or sandier, our observations show that the associated crab 
richness tends to decrease with root development (Ferreira 
1998).

Goniopsis is a dominant species in Neotropical man-
groves, and other crabs use burrows to protect themselves 
from their predatory habits (McNaughton and Wolf 1970, 
Ferreira et al. 2013, Cannicci et al. 2018). This crab is ob-
served gnawing on the cortexes of red mangrove roots, which 
induces their sprouting (Calderon and Echeverri 1997). In ad-
dition, together with other smaller grapsoids like Sesarma cu-
racaoense, S. rectum, and Pachygrapsus gracilis, Goniopsis 
can promote the predominance of Rhizophora through pref-
erence in consumption of Laguncularia and Avicennia spp. 
propagules (Souza and Sampaio 2011, Ferreira et al. 2013). 
Thus, evidence indicates a specific relationship between grap-
soid diversity and red mangroves presence, as observed for 
sesarmid crabs elsewhere (Bosire et al. 2005). Indeed, while 
several sesarmids occupy specific soil-tree interface habitats 
in similar Indo-West Pacific mangroves (Dahdouh-Guebas et 
al. 1997, Vannini et al. 1997, Ashton et al. 2003a), Goniopsis 
is a key non-sesarmid species (Ng et al. 2008) which occupies 
an ample niche dimension of this habitat (from deep soil to 
canopy), being significant on mangrove ecosystem engineer-
ing (Jones et al. 1994, Ferreira et al. 2019). 

Communal burrows structure

The association in systems of interconnected burrows is 
a key feature found in Neotropical brachyuran assemblage 
(Fig. 4), and most littoral grapsoids and xanthoids and the 
Ocypodid Ucides cordatus inhabit these systems in their life 
cycle (Warner 1969, Abele 1976, Ferreira and Sankarankutty 
2002, Ferreira et al. 2015). These anastomosed burrows are 
more developed in the sediment among Rhizophora roots 
(Ferreira 1998). We already collected crabs excavating tun-
nels of these structures elsewhere (Ferreira 1998, Ferreira 
and Sankarankutty 2002), but the obtained cast here gives an 
insight of their real structure. Roots can be a highly signifi-
cant variable operating over the complexity of crab burrows, 
but can impair burrow depth if they are very dense (Ferreira 
1998, Wang et al. 2014). Rhizophora prop roots ramify and 
secondary roots diverge underground, potentially reaching 
1 m (Gill and Tomlinson 1977), and are among these roots 
and among neighbor roots where crabs find space to construct 
burrows, sometimes relatively deep.

We found multiple surface openings (Fig. 3) of several di-
ameters that lead to a large main chamber with interconnect-
ing tunnels of different diameters at several levels (Fig. 4). 

Adults of Ucides are most likely responsible for the construc-
tion of larger tunnels (Warner 1969, Branco 1991, Ventura et 
al. 2008). Some paths seem to be only enlarged gaps between 
oyster clumps and secondary roots. Although some small 
tunnels were preserved in the cast, we failed to capture spe-
cies responsible for these minor interconnected paths. Ucides 
juveniles and xanthoids Eurytium limosum and Panopeus 
lacustris construct horizontal burrows and are probably re-
sponsible for some medium and minor tunnels (Atkinson and 
Eastman 2015). Although all grapsoids, when threatened, 
seek immediate protection in the closer entrance, no obser-
vational data exist on digging behavior of these crabs in such 
communal systems, while some crabs of this Superfamily 
can construct complex tunnels elsewhere (Macintosh 1988, 
Morrisey et al. 1999, Thongtham and Kristensen 2003, 
Katrak et al. 2008, Wang et al. 2014, Atkinson and Eastman 
2015). Leptuca cumulanta and Minuca thayeri are in general 
not part of interconnected systems, since they construct in-
dividual and simple burrows (Atkinson and Eastman 2015). 
Some tunnels could also be primarily constructed by some 
Alpheidae (e.g., Alpheus estuariensis) or Hippolytidae (e.g., 
Merguia rhizophorae) shrimps and further enlarged by crab 
transit.

Ovigerous females and sub-adult stages of Ucides, 
Panopeus lacustris, Pachygrapsus gracilis, Sesarma cura-
caoense and S. rectum have been collected from these sys-
tems elsewhere (Ferreira 1998). Some of these crab species 
probably start their benthonic life directly by settling and de-
veloping in these systems by avoiding unprotected bare areas, 
as in the case of Ucides (Butman 1987, Schmidt and Diele 
2009), but still we ignore how different stages of this and 
other species are distributed inside them. We can hypothesize 
that the existence of several species in the systems may be 
consequence of one or several factors such as overcrowding 
and/or high predation risk in the surface, high species rich-
ness, resource(s) abundance, or low competition. These and 
other ecological interrelationships among species as well the 
real extension of burrow systems remain to be studied. 

Communal burrows existence and architecture are emer-
gent features that result from the interaction of the spatial 
niche dimension of brachyurans and trees, i.e., from their en-
gineering capacity. Whereas multispecific communal systems 
have been found elsewhere in the Neotropics, they have not 
been cited for Indo-West Pacific (IWP) mangroves, where 
several sesarmids compete on the sediment surface (Smith et 
al. 1987a, Robertson and Daniel 1989, Vannini et al. 1997, 
Ashton et al. 2003a). It would be interesting to investigate the 
architecture of brachyuran burrows in these IWP Rhizophora 
forests and if they differ from other tree specific stands. 
Complex burrows are probably limited by roots in high mul-
tispecific tree stands of this realm (Ricklefs and Latham 1993, 
Leung 2015a). 
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