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Summary: Aratus pisonii is one of the most common crab species in Neotropical mangroves. It shows great plasticity in
its life history traits, which makes it an interesting subject for comparative studies. This study evaluated the morphometric
variability in five populations of A. pisonii inhabiting mangroves with different degrees of structural development under
contrasting environmental conditions. Mangrove forests located on the northwest coast of Venezuela were studied during the
rainy season in 2006. The results showed morphometric differences and interaction between sampling sites and sex (PER-
MANOVA, P=0.0001), as well as the presence of five morphological groups in males and four in females. The findings sup-
port the existence of sexual dimorphism. Females from the dwarf hypersaline mangrove showed a wide variability associated
with the chelipeds. The differences in crab morphology between sites seem to be related to a combination of environmental
factors that is unique for each habitat, leading to the formation of different morphological groups, in which the mangrove
structural development (resource availability) and salinity (which compromises the energy budget) play an important role.
The presence of more robust chelipeds in females from the dwarf hypersaline mangrove seems to reflect an adaptation to the
biomechanical properties of the leaves (sclerophylly).
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¢Las condiciones ambientales contrastantes de manglares pueden promover variabilidad morfologica en Aratus
pisonii (Crustacea: Brachyura: Sesarmidae)?

Resumen: Aratus pisonii es una de las especies de cangrejos mds comunes en manglares neotropicales, mostrando una gran
plasticidad en las caracteristicas de su historia de vida, lo cual hace a este organismo interesante para estudios comparati-
vos. Esta investigacion evalud la variabilidad morfométrica en cinco poblaciones de A. pisonii que habitan manglares con
diferentes grados de desarrollo estructural bajo condiciones ambientales contrastantes. Se estudiaron los bosques de manglar
localizados en la costa noroeste de Venezuela durante la estacién lluviosa en 2006. Los resultados indicaron diferencias
morfométricas e interaccion entre sitios de muestreo y sexos (PERMANOVA, P=0.0001), asi como la presencia de cinco
grupos morfolégicos en machos y cuatro en hembras. Los hallazgos soportan la existencia de dimorfismo sexual. Hembras
del manglar achaparrado hipersalino mostraron una amplia variabilidad asociada con los quelipedos. Las diferencias en la
morfologia de los cangrejos entre sitios parecen responder a una combinacién de factores ambientales tinicos de cada hébitat,
conllevando a la formacién de diferentes grupos morfoldgicos, donde el desarrollo estructural del manglar (el cual representa
la disponibilidad de recursos) y la salinidad (la cual compromete el presupuesto energético) juegan un papel importante. La
presencia de quelipedos mds robustos en hembras del manglar achaparrado hipersalino parece reflejar una adaptacion a las
propiedades biomecanicas de las hojas (esclerofilia).
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INTRODUCTION

The sesarmid crab Aratus pisonii (H. Milne Ed-
wards, 1837) is one of the most common species in
Neotropical mangroves (Hartnoll 1965). It is a tree-
living crab and its diet is based mainly on mangrove
leaves, although it can occasionally use other resources
present in the environment (algae, insects, molluscs,
nematodes, foraminifera and sea-grasses) (Diaz and
Conde 1988, Erickson et al. 2003, Lépez and Conde
2013). This species lives in a wide variety of habitats,
including river mouths and estuarine, marine and hy-
persaline environments, where it can be found associ-
ated with several species of mangroves, such as Rhiz-
ophora mangle, Avicennia germinans, A. schaueriana,
Laguncularia racemosa and Pelliceria rhizophorae
(Conde 1990, Feller and Chamberlain 2007).

Conde and Diaz (1992) found that the relative size
at onset of maturity (RSOM) of Aratus pisonii differs
significantly between ecologically dissimilar locations
along the Venezuelan coast, though this parameter has
been considered as a constant characteristic within
the crustacean group (Charnov 1990). Individuals of
populations living in shrub and dwarf mangroves lo-
cated in hypersaline lagoons are reduced in size and
differ significantly from individuals of populations
found in arboreal mangroves, especially those located
in estuaries and river mouths, where ovigerous females
have been found with sizes three times larger than
those living in arbustive or dwarf mangroves (Conde
and Diaz 1989a, b, Conde 1990). These results have
shown a great plasticity in some features of A. pisonii’s
life history. However, these studies only took into ac-
count the carapace width, and it is unknown how other
morphological measurements, such as those related to
chelipeds, abdomen and body height, respond to varia-
tions in habitat conditions.

Conde and Diaz (1989a) suggest a conceptual mod-
el in order to explain this broad phenotypic plasticity
that is mainly observed in the size of the crab, propos-
ing that it may be due to a response to the particular
conditions of the habitat, particularly the productivity
of the mangroves (Conde and Diaz 1989a, Conde et al.
1989, 2000). Other studies have confirmed the broad
plasticity of this species, associating it with the struc-
tural development of mangroves (Negreiros-Fransozo
2002). Recent studies confirm that the variety of re-
sources consumed by A. pisonii is closely related to the
structural development of the mangroves where they
live (Lépez and Conde 2013). Moreover, it has been
found that the reproductive performance of this species
responds to a gradient of structural complexity of the
mangroves, and that fertility and the weight of the egg
mass are correlated equally with the size of the crab,
as well as with the environmental variables (salinity
and structural development of the mangrove) (Lépez-
Séanchez and Quintero-Torres 2015).

The use of multivariate methods is recommended
for the analysis of morphological features, because
every organism is essentially multi-dimensional. Mor-
phometric studies based on multivariate tests have
been carried out in decapod crustaceans for a variety

of purposes, e.g. to study growth patterns and to deter-
mine sexual maturity (Grandjean et al. 1997, Muifio et
al. 1999, Sampedro et al. 1999, Fernandez-Vergaz et
al. 2000), as well as to study interpopulation (Garcia-
Daévila et al. 2005) and intrapopulation variations in the
same habitat (Maynou and Sarda 1997, Bas and Sarda
1998) or between habitats (Anastasiadou and Leon-
ardos 2008, Contreras et al. 2013, Deli et al. 2014).
Body shape is the main phenotypical component in an
organism, and may affect other traits, such as feeding
efficiency, locomotion, predation susceptibility and
reproductive success (Guill et al. 2003). These fea-
tures are partially determined by genes and strongly
influenced by environmental conditions (Cabral et al.
2003). A change in the species phenotype caused by
environmental conditions (phenotypic plasticity) can
provide better tolerance conditions for this species (Via
et al. 1995). Therefore, variation in body shape may be
due to the influence of environmental factors, which is
interpreted as an important adaptive strategy to chang-
ing or stressful environmental patterns (Trussell and
Smith 2000).

Given the proven high plasticity of Aratus pisonii
in its life history features, this study aims to assess the
potential morphological variation in populations of
the crab inhabiting mangroves with varying degrees
of structural development located in different environ-
ments (estuarine, marine and hypersaline), by using
traditional morphometric analysis and multivariate
methods.

MATERIALS AND METHODS
Study area

Five mangrove forests with different grades of
structural development were studied on the north-
west coast of Venezuela (Falcén State). Four of these
mangroves are located in Paraguand Peninsula and
one mangrove is on the continent, on the Ricoa River
mouth (Fig. 1). These mangroves make up a gradient
of structural complexity characterized by a progres-
sive decrease in their basal area and trunk height that
corresponds to salinity changes: from estuarine arbo-
real (EA-BR), marine arboreal (MA-TIM), hypersa-
line arboreal (HA-TIB), hypersaline arbustive (HAr-
TIA) to hypersaline dwarf mangroves (HD-TAC)
(Lopez 2010, Lépez et al. 2011). The predominant
mangrove species in this system is Rhizophora man-
gle, with the exception of the estuarine mangrove,
which is dominated by the white mangrove Lagun-
cularia racemosa (L.). The River Ricoa shows two
annual rainfall pulses (Fig. 1), while in Paraguand
Peninsula, where rainfall is the only source of fresh-
water for the mangroves, there is only a short rainy
period that usually last from October to November,
in a predominantly dry climate with a long period
of drought (Conde 1990); the rainfall is the only
source of freshwater for the mangroves of the Para-
guand Peninsula. For more details about this study
area, see Lopez et al. (2011) and Lépez-Sanchez and
Quintero-Torres (2015).
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Fig. 1. — Geographic localization of Venezuela. Relative location of Falcon State (Venezuela). Black solid dots show the sampling sites for

Aratus pisonii. Yaima (TIM: 12°03'10"N - 69°51'09"W), Laguna de Tiraya (TIB: 12°01'53"N - 69°51'15"W; TIA: 12°02'05"N - 9°50'48"W)

and Tacuato (TAC: 11°4121"N - 69°49'58"W) are located on the Paraguana Peninsula (Falcén State); Boca de Ricoa (BR: 11°30'11"N -
69°1227"W) on the continent. Inset: Monthly and annual mean precipitation (MINAMB 2004).

Sampling

Adult crabs (which could be sexed by the naked
eye) were hand-collected from September to Novem-
ber (rainy season) 2006 at the five sampling sites
mentioned above. Captured crabs were enclosed im-
mediately in individual labelled plastic bags, and fro-
zen to be further transported to the laboratory. Only
specimens with complete chelipeds and without signs
of autotomy were considered for analysis.

Morphometric measurements of Aratus pisonii

Each specimen was measured using a vernier cali-
per. Ten body measurements were considered (Fig. 2):
carapace length (CL), height of body (HB), maximum
and minimum carapace width (CW1, CW2 respective-
ly), abdomen width (AW), abdomen length (AL), right
length cheliped (RLCh), right height cheliped (RHCh),
left length cheliped (LLCh) and left height cheliped
(LHCh).

1cm

Fig. 2. — Illustration of morphological dimensions measured in Aratus pisonii. A, dorsal view of the carapace (CL, carapace length; CW1,
CW2, maximum and minimum carapace width); B, height of body (HB); C, female abdomen; D, male abdomen (AL, abdomen length; AW,
abdomen width); E, lateral view of left cheliped, length cheliped (LCh) and height cheliped (HCh).
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Table 1. — Mean values (+se) of morphometric variables (mm) of males (33" and females (9 Q) of 4. pisonii. Abbreviations: EA-BR, estuarine

arboreal mangrove of Boca de Ricoa; MA-TIM, marine arboreal mangrove of Tiraya Marina; HA-TIB, hypersaline arboreal mangrove of

Tiraya B; HAr-TIA, hypersaline arbustive mangrove of Tiraya A; and HD-TAC, hypersaline dwarf mangrove of Tacuato. Different letters

indicate groups with significant differences between sites according to pairwise comparison (PERMANOVA, P<0.05). ns=not significant, *
P<0.05, ** P<0.01 and *** P<0.001. This analysis was performed with the standardized data (except CW1).

. EA-BR MA-TIM HA-TIB HAr-TIA HD-TAC
Variable Sex 5133,5699 3943,5799 5493,5599 5933,5099 5403,4099
3 20.96+0.452 19.51+0.47° 20.40+0.5020 17.90+0.41¢ 15.02+0.284
CW1 @ 20.380.37 19.56+0.27 18.110.28b 15.9040.32¢ 15.70+0.30¢
zgns 6\:9ns 6\>9*** 6\>9*** :9“
J 20.05+0.05% 18.48+0.08° 18.61+0.09° 16.56+0.10¢ 14.70+0.024
CL Q 20.06+0.042 19.04+0.05° 17.114£0.04¢ 14.97+0.08¢ 14.69+0.04¢
C?:Qns 6\<9*** 6‘>9*** 6\>9*** 6\:9%
3 5.49+0.042 4.99+0.04> 4.75+0.04¢ 4.48+0.074 4.15+0.02¢
CW2 Q 5.92+0.032 5.72+0.04° 5.01£0.04¢ 4.47+0.054 4.27+0.05¢
C§<9*** @<9*** 3<9*** 6\:9ns $<9*
3 10.24+0.102 9.43+0.05b 9.60+0.07¢ 8.11+0.054 7.48+0.07¢
AW Q 12.200.13¢ 11.88+0.05° 10.62:0.04¢ 9.17+0.07¢ 8.26:0.15¢
6\<9*** 3<Q*** 6\<9*** 6<9*** C?<9***
3 14.12+0.06* 12.59+0.06° 13.31+0.14¢ 11.30+0.054 10.14+0.04¢
AL Q 14.62+0.06? 13.73+0.07° 12.53+0.05¢ 10.89+0.094 10.25+0.08¢
8<9*** 3<9*** 6\>9*** $>9*** 3:9ns
3 9.14+0.052 8.28+0.06° 8.93+0.05¢ 7.41£0.05¢ 6.52+0.05¢
HB Q 8.79+0.04% 8.58+0.05° 7.57+0.04¢ 6.43+0.074 6.32+0.084
8>9*** 6<9*** 6\>9*** 6>9*** 6>9*
3 11.11+0.122 10.22+0.09° 11.80+0.15¢ 9.58+0.07¢ 8.47+0.04¢
RLCh @ 8.97+0.09¢ 8.76:0.05 7.7240.04¢ 6.61+0.074 7.37+0.16¢
§>9*** g>$*** 6>9*** 3>9*** 8>9***
3 11.19+0.122 10.22+0.09° 11.64+0.13¢ 9.48+0.094 8.51+0.04¢
LLCh Q 9.06+0.092 8.70+0.04° 7.71+0.05¢ 6.42+0.07¢ 7.39+0.17¢
6\>9*** 6>9*** 6\>Q*** 3>9*** C?>9***
3 6.49+0.102 5.78+0.07° 7.19+0.08¢ 5.76£0.064 5.22+0.044
RHCh Q 4.84+0.03 4.50+0.03° 4.04+0.04¢ 3.36+0.05¢ 4.15%0.14¢
8>9*** g>9*** 6\>9*** g>9*** 3>9***
3 6.60+0.052 5.82+0.07° 7.16£0.09¢ 5.68+0.08> 5.17+0.044
LHCh Q 4.82+0.03 4.50+0.030 4.040.04 3.45+0.044 4.2140.14¢
8>9*** g>9*** 6\>9*** g>9*** 3>9***

Statistical analysis

The allometric equation Y=aX" was employed to re-
move the effect of crab size (CW1, X) on each measured
variable (Y) (Tzeng 2004). For each of the five crab pop-
ulations, allometric regressions were performed for the
nine body dimensions (CL, HB, CW2, AW, AL, RLCh,
RHCh, LLCh, LHCh) vs CW1. A consistent positive al-
lometry between variables and CW1 arose in the differ-
ent populations analysed for each sex. All variables were
standardized through equation Yi*=Yi(Xm/Xi)", where
Yi* is the morphometric standardized measure in the
it specimen, Yi is the morphometric non-standardized
measure in the i specimen, Xi is the measure of maxi-
mum carapace width in the i" specimen, Xm is the mean
maximum carapace width for each sampling site and
sex, and b is the standardized parameter obtained from
the allometric equation (Anastasiadou and Leonardos
2008, Deli et al. 2014).

The standardized morphometric measures were
averaged (+se) for each sampling site and sex. A two-
way analysis of variance (sites and sex) based on per-
mutations (PERMANOV A)—from Euclidean distance
matrix—and a posteriori test of multiple comparisons
(pairwise comparisons) was carried out to evaluate dif-
ferences between all pair levels of each factor (Ander-
son 2001).

The CW1 variable was excluded from all multivari-
ate analyses. A non-metric multi-dimensional scaling
(nMDS) was employed, set with 250 restarts, to visu-
alize patterns of dispersion in the multivariate ordina-

tion of samples. Two-way multivariatt PERMANOVA
was conducted to test whether there were differences
and significant multivariate interaction between factors
(sites and sex). PERMDISP was run to test the homoge-
neity of the multivariate dispersion of data. Components
of variation (sum of squares of the fixed effects divided
by appropriate degrees of freedom) for each term in the
model of PERMANOVA were estimated as a measure
of the magnitude effect (Anderson et al. 2008).

In addition, a canonical analysis of principal coor-
dinates (CAP) for each sex was conducted to maximize
the differences in the multivariate space, and to search
for the combination of variables that best separated the
different groups (sites) set a priori; the significance
of discrimination was obtained through the trace sta-
tistic (tr(Q_m’HQ_m)) (Anderson and Willis 2003,
Anderson et al. 2008). Finally, degree of dissimilar-
ity between discriminated crab populations from the
CAP, and the contribution (%) of each variable to the
dissimilarity among sites was determined with a SIM-
PER. The P values of all analyses were obtained from
9999 permutations, using PRIMER 6.1.13 and PER-
MANOVA 1.0.3 software (Clarke and Gorley 2006,
Anderson et al. 2008).

RESULTS

A total of 515 specimens, 257 males and 258 fe-
males, were collected and measured. CW1 of males
ranged from 10.96 mm in HD-TAC to 27.14 mm in
EA-BR. For females it ranged from 11.31 mm in HD-
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Table 2. — Two-factor multivariate PERMANOVA and PERMDISP results based on Euclidean distance measures estimated since standard-
ized morphometric variables of Aratus pisonii. NC.V.: Square root of estimates of components of variation.

PERMANOVA Unique
Source df SS MS Pseudo-F Poerm) permutations ~ VC.V. (%)
Site 4 5469.10 1367.30 561.81 0.0001 9939 3.67 (36)
Sex 1 2650.10 2650.10 1088.90 0.0001 9937 3.24 (31)
SitexSex 4 682.98 170.75 70.16 0.0001 9934 1.82 (18)
Res 505 1229.00 243 1.56 (15)
Total 514 10178.00

PERMDISP

Source dfl1 df2 F Pperm)

Site 4 510 98.810 0.0001

Sex 1 513 0.031 0.8598

Sitexsex 9 505 13.003 0.0001

TAC to 28.74 mm in EA-BR. CW1 decreased towards
hypersaline mangroves with less structural develop-
ment, where significantly lower values of this vari-
able were recorded (pairwise PERMANOVA, P<0.05)
(Table 1). Statistically significant interaction were
found between sites and sex for each standardized mor-
phometric measurement (PERMANOVA; P<0.001).
More specifically, the differences between males and
females did not show a consistent pattern across sam-
pling sites; males were larger than females (CL) at only
two sampling sites (HA-TIB, HAr-TIA), while at the
other sites there were no differences between sexes
(EA-BR, HD-TAC) or females showed higher values
(MA-TIM). Males showed a greater height and length
of both chelipeds (right and left) than females at all
sites (Table 1).

Multivariate  PERMANOVA results showed a
significant interaction between sites and sex (PER-
MANOVA, pseudo-F, 50s=70.16, P=0.0001). The sam-
pling site made the greatest contribution to components
of variation (36%) f ollowed by sex (31%) (Table 2),
clearly showing the existence of sexual dimorphism in
Aratus pisonii. This finding supports the suggestion
that female and male crabs should be considered in-
dependently for further analyses. On the other hand,
PERMDISP analyses indicated that the multivariate
dispersion of samples was significant for the sam-
pling site and the interaction (PERMDISP, Fq 50s=13,
P=0.0001) (Table 2). Therefore, PERMANOVA re-
sults should be treated with caution since this analysis

Site-Sex
v A BR-M
v BRF
TIM-M
& TIM-F
® TIB-M
+ TIB-F
x TIA-M
* TIA-F
\ TAC-M
v TAC-F

2D Stress: 0.05

Fig. 3. — Non-metric multi-dimensional scaling (MDS) based on
Euclidean distance, among defined groups by site-sex since stand-
ardized morphometric variables of Aratus pisonii.

is sensitive to differences in multivariate dispersion be-
tween groups (Anderson et al. 2008). However, in the
ordination of the samples by nMDS analyses, although
there was an effect in the multivariate dispersion of the
samples, there was also an effect of the sampling site.
First, female crabs form a distinct group from male
crabs, except in HD-TAC, where there was overlap be-
tween sexes. Second, both sexes tend to separate from
each other depending on the sampling site. Females of
arboreal mangroves (BR, TIM, TIB) are closer to each
other and set apart from those of arbustive and dwarf
mangroves, which do not differ among themselves.
Males are arranged similarly to females (Fig. 3).

The CAP ordination in males was obtained from
six main axes of coordinates (m) and three for females,
which explain 98.3% and 96.0% (respectively) of
the total variation. Four parameters (CL, AL, RLCh,
LLCh) were important for discriminating among fe-
male groups and allowed individuals to be correctly
assigned in 88.37% of the cases (228/258). In males,
however only three variables (CL, AL and HB) were
important and allowed correct classification in 95.72%
of the cases (246/247). Cross-validation of CAP shows
that males of HD-TAC were correctly classified in
100% of the cases, followed by EA-BR (98.04%) and
MA-TIM (97.44%), while for hypersaline mangroves
of Tiraya Lagoon (HA-TIB and HAr-TIA) successes
were above 90%. Alternatively, females of HA-TIB
were 100% correctly classified, followed by HAr-
TIA and MA-TIM (>90%), while the greatest miss-
classification errors occurred in EA-BR and HD-TAC
(Table 3). The strength of the association (canonical

Table 3. — Cross-validation results for canonical analysis of princi-
pal coordinates of the Aratus pisonii data.

Males (for the choice of m=6)
Original group BR TIM TIB TIA TAC Total % correct

BR 50 1 0 0 0 51 98.04
TIM 1 38 0 0 0 39 97.44
TIB 3 2 49 0 0 54 90.74
TIA 0 3 0 55 1 59 93.22
TAC 0 0 0 0 54 54 100.00

Females (for the choice of m=3)
Original group BR TIM TIB TIA TAC Total % correct

BR 50 5 1 0 0 56 89.29
TIM 4 52 1 0 0 57 91.23
TIB 0 0 55 0 0 55 100.00
TIA 0 0 1 47 2 50 94.00
TAC 0 0 0 16 24 40 60.00
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Fig. 4. — Multivariate ordination of samples on canonical analysis of principal coordinates of males (A) and females (B) of Aratus pisonii,
based on Euclidean distance. Bi-plot indicates the morphometric variables (vectors) exerting the strongest influence on the patterns in multi-
variate space (only Pearson’s correlation r>0.95 are shown).

Table 4. — Results of the SIMPER analysis showing the average squared Euclidean distance (SED) and contribution percentage of each
morphometric variable of Aratus pisonii to dissimilarity between sites for each sex. The SED that have the highest dissimilarity (>50) between
each pair of sites are placed in bold.

Sites BRandTIM BRandTIB TIMand TIB BRand TIA TIMand TIA TIB and TIA BRand AC TIM and TAC TIB and TAC TIA and TAC

Males
SED 14.06 13.23 15.82 41.04 13.31
CL 20.14 19.76 4.13 31.26 33.46
CW2 2.76 5.34 1.22 3.34 4.40
AW 8.83 8.72 2.38 12.56 14.90
AL 18.71 13.78 10.47 20.20 14.73
HB 7.17 2.28 4.14 8.00 7.58
RLCh 13.31 18.81 25.78 8.22 7.72
LLCh 14.37 14.66 20.69 10.31 10.37
RHCh 8.03 9.92 15.90 2.86 2.64
LHCh 6.69 6.70 15.30 3.24 4.20
Females
SED 5.96 25.83 12.76 77.67 53.47
CL 21.10 34.43 31.13 33.89 31.86
CWwW2 3.44 3.76 5.32 2.96 3.34
AW 21.01 13.89 14.48 13.36 14.42
AL 20.63 18.12 14.70 18.60 16.35
HB 4.54 6.40 9.47 7.57 9.27
RLCh 10.81 8.33 10.31 8.14 9.40
LLCh 11.38 9.24 9.46 9.85 10.38
RHCh 3.51 2.96 2.55 3.05 2.72
LHCh 3.57 2.87 2.59 2.58 2.27

34.14 82.52 37.14 70.46 12.21
15.00 34.87 39.17 22.27 33.02
1.28 2.28 2.07 0.66 3.33
7.64 10.15 11.27 7.13 6.51
15.29 19.48 16.70 15.80 12.95
7.51 8.64 8.98 8.57 8.41
18.94 9.44 9.36 17.64 13.07
18.03 9.77 8.96 15.41 12.52
7.60 2.62 1.54 6.15 4.54
8.72 2.75 1.94 6.37 5.67
17.46 86.01 61.45 24.96 11.02
28.60 33.78 31.24 24.29 3.88
2.88 3.38 3.76 2.96 2.46
13.82 20.16 22.92 26.03 17.20
18.34 22.59 20.52 22.22 8.86
9.05 7.56 9.00 172 4.59
9.15 4.70 4.98 4.93 16.68
11.62 5.00 4.70 5.18 20.34
3.75 1.47 1.45 3.25 13.28
2.78 1.37 1.43 3.42 12.70

correlation) between the multivariate ordination with
the hypothesis of differences among sampling sites
of the first two canonical axes was 0.98 (CAP1) and
0.72 (CAP2) in the male ordination (Fig. 4A) and 0.98
(CAP1) and 0.54 (CAP2) in the female ordination (Fig.
4B). Finally, the trace statistic showed that the differ-
ences among centroids (of sampling sites) in the mul-
tivariate space were significant for males and females
((tr (Q_m’HQ_m)=1.60 33 and 1.35 2 Q; P=0.0001).

SIMPER results complement those obtained with
the CAP (Table 4). The greatest dissimilarities (>50)
were found between crabs from arboreal mangroves
(EA-BR, HA-TIB) and crabs from HD-TAC; male crab
populations in the remaining mangroves showed lower
values of dissimilarity (+40). In females the greatest
distances (>50) also appeared between the crabs inhabit-

ing arboreal mangrove forest (EA-BR, MA-TIM) and
crabs living in hypersaline mangroves with less struc-
tural development (HAr-TIA, HD-TAC). Female crab
populations in the remaining mangroves showed lower
values of dissimilarity (<30). Morphometric variables
that contributed to these dissimilarities were those re-
lated to carapace size (CL), abdomen size (AL, AW) and
length of chelipeds (RLCh, LLCh) in both genders. Only
in males did HB also contribute to these differences, al-
though with a smaller impact than the other variables.

DISCUSSION
The present study tests the hypothesis that Aratus

pisonii populations living in five mangrove forests with
different environmental characteristics and structural
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development are separated according to differences in
body morphology. The results of the multivariate anal-
ysis show males forming five clusters, suggesting five
morphological groups in five evaluated populations; on
the other hand, females comprise four groups in five
examined populations and show a greater proximity
between them. The findings support the existence of
sexual dimorphism. The length of the carapace and
abdomen in both sexes were the characters that most
contributed to the discrimination between sites. Only
in males, was HB a character that provided separation
between sites, although with less importance. Cheliped
morphology in females also contributed to the separa-
tion between sites: particularly females from HD-TAC
showed a wide variability associated with the length
and height of the chelipeds.

Male and female body size decreases as both, the
mangrove structural development diminishes and soil
salinity increases, in consonance with a greater contri-
bution of the site factor for the variation components.
However, the interaction between site and sex indi-
cates an independent behaviour for males and females,
which seems to be governed by the characteristics of
each particular habitat. Separate analysis of the sexes
revealed that there are significant differences in re-
sponse to habitat conditions for each of them. Males
and females did not differ in body size in three of the
five mangroves; males reached a larger size at only
two sites (both under hypersaline conditions), indicat-
ing sexual dimorphism in body size for these localities.
This finding suggests a variable response of each sex
to the particular habitat conditions, showing a wide
plasticity in this morphometric measure. However, the
sexual dimorphism of chelipeds remains constant at all
sites. Coastal heterogeneous environments can have a
significant influence on phenotypic expression in crus-
taceans (Overton 1999).

It has been observed in studies carried out on man-
groves in Latin America (Venezuela and Brazil) that
the sexual dimorphism in body size (CW1) varies by
location; in some cases males reach greater size than
females (Warner 1967, Conde and Diaz 1989a, b, Leme
etal. 2014), while in others there is no difference in size
between the sexes (Conde et al. 1989, 2000, Nicolau and
Oshiro 2002). A differential growth rate could explain
the observed differences in size, as was suggested by
Warner (1967) in Jamaica, and Diaz and Conde (1989)
in Venezuela, outlining that females probably invest a
significant amount of energy for reproductive purposes
in concordance with a longer intermoult time, which
slows down their growth in comparison with males.
On the other hand, greater availability of resources
observed in mangroves with higher structural develop-
ment (Lopez and Conde 2013), combined with a more
stable environment, a constant supply of fresh water in
estuarine mangroves (Lopez 2010) and stable salinity
in marine mangroves should contribute to a constant
investment of energy for growth and reproduction in
both sexes, thereby diluting the sexual dimorphism in
size at these localities. The behaviour of the hepato-
pancreas reserves in the study area supports the above
hypothesis, remaining stable between seasons (wet vs
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dry) in estuarine and marine crabs, and suggesting a
compensation of hepatopancreas reserves as a result
of food consumed (Ldpez 2010); a situation evidenced
in other marine decapod crustaceans (Kennish 1997,
Rosa and Nunes 2003). In hypersaline mangroves with
little structural development and a lower variety of
resources (TIB, TIA, TAC), hepatopancreas reserves
suffered a decline during the rainy months coinciding
with the period of greatest reproductive activity (Lépez
2010). In hypersaline mangroves there seems to exist
a compromise between growing or reproducing: the
energy invested for growth could be limited by its
use in maintenance (osmoregulation, respiration and
temperature control). A compromise in the allocation
of energy directed to growth or reproduction has been
observed in other mangrove sesarmids when they live
in waters with high salinity (48-65), so that the energy
gained through the consumption of food is directed to-
wards excretion (osmoregulation) and breathing, nega-
tively affecting the investment in growth or reproduc-
tion (Gillikin et al. 2004). Nevertheless, the absence of
dimorphism in crabs from the hypersaline mangrove
with less structural development (TAC) is paradoxical,
although it can be interpreted as if both sexes are so
severely affected by habitat conditions that they are
equally affected with restrained investment in growth.

Females formed only four morphological groups
from five studied populations, showing an overlap in
mangrove habitats with less structural development
and increased salinity (TIA and TAC). However, these
groups of females showed differences in cheliped
morphology, displaying greater strength (larger height
and length) in the dwarf hypersaline mangrove (TAC).
Decapod chelipeds are a good example of a multifunc-
tional organ, whose main uses include taking food and
having interactions with conspecifics for food or part-
ners (in males) (Lee and Seed 1992). The significance
of the observed differences in cheliped morphology
in females could be related to food, particularly in the
biomechanical properties of the leaves of mangroves
in each habitat, which could affect the functional-
ity of this appendix when handling more leathery or
sclerophyllous leaves (Smith and Palmer 1994). Pre-
liminary results found that the leaves of HSM-TAC
are significantly more sclerophyllous than those from
HArM-TIA, HAM-TIB and MAM-TIM (289.83+4.59
gm2vs 185.71+2.53 gm2, 169.98+2.93 g m2, 178.39
+4.11 g m2 respectively; Lopez et al. unpublished
data); and have a higher C:N ratio (Lépez 2010). An
effect of the dietary manipulation on the size and
strength of the chelipeds has been found in the crab
Cancer productus, showing that its morphology is re-
lated to differential use in handling prey with different
consistency during the individual’s growth, affecting
the size and performance of the appendix (Smith and
Palmer 1994). Females from HD-TAC appear to be
subjected to higher nutritional requirements than males
due to the high energy demand in egg production and
the low quality of the food (leaves) found in this place
(Conde et al. 1995). It has been documented that crus-
tacean females invest a large proportion of their energy
in reproductive activities (gametogenesis), unlike the
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males, in which the investment of energy in sperm
production is relatively insignificant (Macintosh 1984,
Kyomo 1988, 2000). In previous studies cannibalism
involving the consumption of eggs of their fellows has
been mentioned, especially in females from HD-TAC
(Lépez and Conde 2013). Moreover, the C:N rela-
tionship in hepatopancreas reserves was significantly
lower, showing an inferior food quality in this locality
(Lépez 2010). The above findings support the idea that
the female population is subjected to harsher environ-
mental conditions.

The plasticity of the structures used for feeding
should be favoured when a) the strength of the resource
or prey in the diet varies on a space-time scale, b) the
phenotypic response directly correlates to the success in
obtaining food, and c) there is a low cost associated with
plasticity in the fitness of the individual (Stearns 1989).
In our study area we observed in previous studies a vari-
ation in the characteristics of the leaves (polyphenols,
C:N) both spatially, in gradient structural development
of mangroves (Conde et al. 1995, Lépez 2010), and ac-
cording to the season, drought or rain (Rondén and Con-
de unpublished data). Therefore, it is proposed that the
presence of females with more robust chelae is related to
an increase in the difficulty of manipulation (scraping,
cutting) of stronger sclerophyllous leaves (>polyphenols
and C:N), providing better tolerance to environmental
conditions. This is interpreted as an important adaptive
strategy to a changing or stressful environment, as has
been observed in other marine crustaceans (Via et al.
1995, Trussell and Smith 2000). However, manipulation
experiments under controlled conditions must be carried
out to confirm this statement.

Morphological features are affected by both genetic
and environmental factors (Murta 2000), so morpho-
logical variation may reflect genetic differences be-
tween populations and/or environmental differences
between localities (Tzeng 2004). The differences found
between populations of A. pisonii are not surprising,
considering the plasticity that this species has shown
in previous studies (Conde et al. 2000, Conde and Diaz
1989a, 1992, Negreiros-Fransozo 2002). Like other
mangrove crustaceans, A. pisonii has a planktonic lar-
val phase (Warner 1967, Diaz and Bevilacqua 1986,
1987). During larval dispersal at sea a high gene flow
can be expected between different populations, hinder-
ing the isolation of subpopulations that would promote
a change in their genetic makeup (Conde 1990) and
supporting the hypothesis of a post-settlement response
of larvae as a result of specific environmental condi-
tions in each mangrove (phenotypic plasticity). Previ-
ous population transplantation experiments conducted
in the mangroves under study support this hypothesis
(Conde and Diaz 1989a). However, it is possible that
in some locations (e.g. HD-TAC, which is situated near
the Paraguand Refining Centre) larval retention occurs
due to potential barriers (industrial pollution, changing
sea-current patterns) (Ramos et al. 2012), which could
lead to local higher retention rates of larvae, promoting
a long-term degree of reproductive isolation.

Our results suggest that the difference in crab mor-
phology between sites is related to a particular combi-

nation of environmental factors in each habitat, leading
to the formation of morphological groups in five males
and four females, in which the structural develop-
ment of the mangrove (representing the availability of
resources and salinity, which compromise the energy
budget and affect the quality of mangrove leaves) play
an important role. In addition, females respond differ-
entially to males to these conditions: the presence of
more robust chelipeds in females in the HD-TAC than
in females in similar environmental conditions (e.g.
HArM-TIA) seems to reflect an adaptation to the bio-
mechanical properties of the leaves, in which the ma-
nipulation of those with a higher grade of sclerophylly
could be affecting the functionality of this appendix.
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