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A B S T R A C T

Mangroves have a relevant ecosystem function due to their efficiency in blue carbon sequestration. Autotrophic
carbon conservation in mangroves remains controversial. In this sense, autotrophic nutrient assimilation by
crabs can highlight their ecosystem function. This study aims to identify the relationship between quality sources
and food partitioning in two leaf-eating crabs, Ucides cordatus and Goniopsis cruentata. Quantification of the
litterfall biomass, analysis of the soil, the C/N ratio and stable isotopes (δ13C and δ15N) were used to evaluate
food sources and crab tissues in two mangrove forests. The litterfall and soil C contents and C/N ratios of the
Pacoti River (PR) were higher than those of the Jaguaribe River. The higher C/N ratios of the litterfall of the PR
led to higher nitrogen ingestion from complementary food sources (soil and omnivorous invertebrates). The
nutritional requirements and food partitioning behavior of both species emphasize the ecosystem functions of
leaf-eating crabs concerning the assimilation and conservation of autotrophic carbon and nitrogen in mangroves.

1. Introduction

The conservation of mangrove ecosystems is crucial for the miti-
gation of climate change due to their high primary productivity
(Bouillon et al., 2008; Kristensen et al., 2008) and efficiency in “blue
carbon” sequestration (Nellemann et al., 2009). Carbon from the at-
mosphere is mostly fixed by vegetation and stored in mangrove soils
(∼70%) (Donato et al., 2011; McLeod et al., 2011; Kauffman et al.,
2018). Autotrophic carbon retention is controversial. First, it was pos-
tulated that most of the carbon produced by mangrove forest was ex-
ported to the neighboring coastal regions (Odum and Helt, 1975).
However, recent studies have shown that most organic matter produced
by mangrove species is retained as litterfall (Kristensen et al., 2008;
Donato et al., 2011; Alongi, 2014). Although leaf litter is an important
source of organic carbon (Kristensen et al., 2008) and its cycling has
been extensively described (see Camilleri and Ribi, 1986; Alongi et al.,
1999; Dittmar and Lara, 2001; Bouillon et al., 2008; Kristensen, 2008),
there is no consensus on the fate of leaf organic matter produced in

mangroves (Bouillon et al., 2008).
Leaf-eating brachyuran mangrove crabs have important ecosystem

functions in autotrophic carbon conservation (Kristensen et al., 2008,
2017). Ucididae, Ucides cordatus (Linnaeus, 1763), and Grapsidae, Go-
niopsis cruentata (Latreille, 1803), crabs are semiterrestrial leaf-eating
species abundant in Brazilian mangroves (Coelho and Ramos, 1972).
These species are true ecosystem engineers (Araújo et al., 2012) that
play an essential role in the carbon cycle by processing litter and or-
ganic matter of plant origin (e.g., Robertson and Daniel, 1988;
Nordhaus and Wolff, 2007; Bouillon et al., 2008; Claudino et al., 2015).
The feeding habits of these crabs consist of macerating litterfall, which
accelerates decomposition processes and increases nitrogen enrichment
via feces deposition (Lee, 1997; Skov and Hartnoll, 2002). The ingestion
of litterfall and vegetal organic matter varies due to leaf palatability
(Robertson and Daniel, 1988; Christofoletti et al., 2013) and population
abundance (Kristensen et al., 2008). The leaf consumption by crabs can
favor carbon assimilation by other animal species (Kristensen, 2008; De
Lima-Gomes et al., 2011; Christofoletti et al., 2013) since the digestion
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process contributes to the degradation of cellulose (Skov and Hartnoll,
2002; Christofoletti et al., 2013).

Ucides cordatus and Goniopsis cruentata predominately feed on lit-
terfall; however, other food items, such as soil, may have high ingestion
proportions (Nordhaus and Wolff, 2007; De Lima-Gomes et al., 2011).
Stomach content studies have yielded controversial data on feeding on
soil as an actual food item or via accidental consumption (e.g., De
Lestang et al., 2000; Nordhaus et al., 2006; Nordhaus et al., 2009; De
Lima-Gomes et al., 2011). Several studies in the past 20 years on the
elucidation of nutrients for leaf-eating crabs have verified carbon and
nitrogen sources assimilated by crabs (e.g., Thimdee et al., 2001;
Bouillon et al., 2002; Moreno et al., 2010; Giarrizzo et al., 2011;
Claudino et al., 2013; Bui and Lee, 2014; Vermeiren et al., 2015;
Harada and Lee, 2016; Tewfik et al., 2016; Kristensen et al., 2017;
Kristensen et al., 2018). Currently, Kristensen et al. (2017) verified that
leaf-eating crabs are capable of supplementing their nutrient-poor leaf
diet with nitrogen from alternative sources (i.e., invertebrates and soil).
However, studies on the variability in food partitioning and on the
assimilation of complementary sources have not been conclusive
(Linton and Greenaway, 2007).

This study aims to contribute to the knowledge on the conservation
of autotrophic carbon and nitrogen by leaf-eating mangrove crabs. U.

cordatus and G. cruentata were chosen to address the aim of identifying
the relationship between quality source and food partitioning.

2. Materials and methods

2.1. Study site

This study was conducted in two mangrove forests on the Brazilian
semiarid coast, along the Pacoti (PR) and Jaguaribe (JR) rivers (Fig. 1).
According to the Köppen-Geiger climate classification (Peel et al.,
2007), the climate of the study site is Aw, a tropical savanna climate,
with two well-defined seasons (rainy and dry) and a mean annual
temperature ranging from 26 to 28 °C. The average rainfall is ∼950 mm
over the PR and ∼1400 mm over the JR (IPECE, 2016).

The PR mangrove forest (coordinates 3°49′50″S; 38°25′12″W;
Fig. 1A) covers approximately 0.3 km2 (Maia et al., 2006) and is con-
sidered a nearly pristine mangrove ecosystem (Nilin et al., 2013). The
JR mangrove forest (coordinates 4°28′45″S; 37°46′38″W) (Fig. 1B), on
the other hand, covers an area of 11.6 km2 (Maia et al., 2006) and is
highly affected by effluent discharges from the largest shrimp producer
in Brazil (Nogueira et al., 2009; Lacerda et al., 2009).

Fig. 1. Studied mangroves on the northeastern Brazilian coast and sampling site locations on the Pacoti (PR) and Jaguaribe (JR) rivers.
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2.2. Sampling procedures

Sampling was performed during low spring tides in December 2015
and March 2016. Soil, litterfall, and invertebrates for the determination
of food resources for the brachyura crab species (G. cruentata and U.
cordatus) were sampled in each mangrove forest.

In each mangrove forest, a total area of 2000 m2 was delimited for
the quantification of litterfall biomass, soil physicochemical para-
meters, sample brachyura crab species and their food resources. Crabs
were manually collected in the total sampled area of the mangrove
forest (34 specimens of G. cruentata and 39 of U. cordatus). To decrease
crab metabolism, specimens were stored immediately after collection in
a refrigerated box (4 °C) and transported to the laboratory. At the la-
boratory, animals were measured, labeled and stored in a freezer for
later analysis.

Soil, litter and invertebrate samples for the determination of food
resources were collected along ten 50-m long parallel transects, spaced
5 m apart and established 5 m from the river margin. In each transect,
six points spaced 10 m apart were marked, for a total of 60 sampling
points per area. Thirty of the 60 predefined sampling points were se-
lected for collection of litterfall and macroinvertebrates, which were
manually collected from the soil surface, within a 0.25 m2 square
(0.5 × 0.5 m). After collection, the samples were stored in plastic bags
and transported under refrigeration to the laboratory.

Four soil samples, collected 5, 10, 15, and 20 m from the river, were
drilled using PVC tubes (0.05 m in diameter and 0.5 m in length) cou-
pled to a flooded soil sampler (Nóbrega et al., 2014). After sampling,
the cores were hermetically sealed and transported at 4 °C to the la-
boratory in a vertical position, where the soil cores were sectioned at
0–10, 10–20, and 20–30 cm soil depths.

2.3. Laboratory procedures

Litterfall samples were classified by species and plant tissue (e.g.,
leaves, fruit, flowers, and stems), oven dried (60 °C) and weighted to
quantify the litterfall biomass from both studied mangroves. The in-
vertebrates were grouped according to their trophic position (herbi-
vorous and omnivorous) based on nitrogen isotopes and feeding habits
obtained from the literature (Proffitt et al., 1993; Chrintensen, 1998).
Then, the animals were removed from their shells or carapaces and
frozen for posterior isotopic analysis.

The physicochemical parameters (e.g., redox potential (Eh) and pH),
grain size composition, and soil organic matter content of the soil
samples were determined. The Eh was determined with a platinum
electrode, and the values were corrected by the addition of the potential
of the reference electrode (calomel; +244 mV). The pH was determined
with a glass electrode calibrated with pH 4.0 and 7.0 standard solu-
tions. Both parameters were measured using portable electrodes. The
grain size composition of soils was determined by the densimeter
method (Gee and Bauder, 1986) using a combination of physical
(overnight shaking) and chemical (0.015 M Na(PO4)6 + 1.0 M NaOH)
dispersal methods and 50 g of dried soil. The sand fraction
(0.053–2.00 mm) was obtained by sieving; clay fraction (< 0.002 mm),
by reading the densimeter; and silt fraction (0.002 mm–0.053), by
determining the difference in the total weight of the sample. Prior to the
grain size determination, the soil organic matter (H2O2, 30% vol.) and
soluble salts were removed (ethanol, 60%). Soil organic matter (SOM
contents were determined in dried samples by the loss on ignition (LOI;
see Nóbrega et al., 2015), whereas total organic carbon (TOC) and total
nitrogen (TN) contents were measured using the contents provided by
the isotopic analysis. For TOC quantification, dried soil samples were
pretreated with hydrochloric acid (HCl, 1 M) to remove inorganic C,
whereas TN contents were determined using untreated samples
(Howard et al., 2014).

Additionally, solid-phase Fe and P fractionation were performed
using sequential extractions. Fe fractionation was performed using a
combination of the methods proposed by Tessier et al. (1979), Huerta-
Diaz and Morse (1990), and Fortin et al. (1993), yielding six oper-
ationally distinct Fe fractions (soluble and exchangeable – FeEx, Fe as-
sociated with carbonates – FeCa, ferrihydrite Fe – FeFR, lepidocrocite Fe
– FeLP, Fe associated with crystalline oxide – FeCR, and pyrite Fe − FePY;
for further details, see Nóbrega et al., 2013; Araújo Júnior et al., 2016).
Based on the Fe fractionation, the degree of Fe pyritization [DOP = F6
x 100/(ΣFe1→Fe6)] was also determined.

Phosphorus fractionation followed the method proposed by Paludan
and Jensen (1995) and Paludan and Morris (1999), yielding six oper-
ationally distinct P fractions (P soluble and exchangeable - PEx, P bound

Fig. 2. Litterfall biomass of both mangrove forests (JR: Jaguaribe River and PR:
Pacoti River).

Fig. 3. Grain size composition at different soil depths in both mangrove forests: (A) Jaguaribe river and (B) Pacoti river.
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to Fe-oxyhydroxides - PFe, P bound to Al oxides - PAl, P bound to humic
acids - PHA, P bound to carbonates and apatite - PCa, and P bound to
refractory organic matter, i.e., humin - PRES; for further details, see
Nóbrega et al., 2014).

2.4. Isotopic analysis

Oven-dried (60 °C) samples of crab muscle tissue and potential food
sources (soil organic matter, litterfall and invertebrates, grouped by
trophic position and without carapaces or shells) were ground in an
agar mortar for isotopic characterization (δ13C and δ15N) to assess the
food preferences of G. cruentata and U. cordatus. The isotopic signatures
of the soil samples were obtained following the same pretreatment used
for TOC and TN quantification.

All samples were then placed in tin capsules and weighed
(0.8–1.2 mg for animal material and 2.4–2.7 mg for plant material).
Carbon (δ13C) and nitrogen (δ15N) stable isotope ratios and the ele-
mental contents of C and N were analyzed by continuous flow-isotope
ratio mass spectrometry (CF-IRMS) using a Carlo Erba elemental ana-
lyzer (CHN-1110) interfaced to a Delta Plus isotope ratio mass spec-
trometer in the Isotopic Ecology Laboratory (CENA) of the University of
São Paulo (Brazil). The isotopic signatures of carbon and nitrogen were
calculated by using the following equation:

δ13 C or δ15:

=N
R R

R
1000sample standard

standard

where R is the molar ratio 13C/12C or 15N/14N in the sample and
standard, expressed as delta (δ) per mil (‰) (Fry, 2006). The standards
used for nitrogen and carbon were Pee Dee Belemnite (PDB) and at-
mospheric nitrogen (AIR), respectively. The analytical error of isotope
measurements was estimated at 0.3‰ for δ13C and 0.4‰ for δ15N using
repeated measurements of an internal standard (sugarcane).

2.5. Statistical analysis

The Kolmogorov-Smirnov two-sample test was used to study data
homogeneity, and Shapiro-Wilk to test normality. Because the litter
input and litterfall composition showed a nonnormal distribution, a
Mann-Whitney test was used. One-way ANOVA was performed to assess
differences between the soil composition of mangrove forests (JR and
PR). Student's t-test was used to compare the results between

brachyuran crabs (U. cordatus and G. cruentata) and mangrove forests
(JR and PR) in terms of %C, %N, C/N ratio, δ13C, and δ15N for crab
tissues and food sources. All tests were considered statistically sig-
nificant at P < 0.05.

Bayesian mixing models were performed using Stable Isotope
Mixing Models in R (simmr) (R Core Team, 2018) (Parnell, 2016) to
estimate the contribution of possible food sources to the diets of U.
cordatus and G. cruentata in each mangrove forest. Thus, models were
run for each species and each mangrove forest. These models allow the
inclusion of isotopic signatures, element concentrations and fractiona-
tion or trophic enrichment factors. The output of Bayesian mixing
models corresponds to a range of solutions on the potential diet, given
the available sources and considering uncertainty (Parnell et al., 2010).
To use mixing models, the difference in the isotopic composition be-
tween animal tissues and diet must be represented by fractionation or a
trophic enrichment factor (TEF) (Caut et al., 2009). The most appro-
priate TEFs were obtained from the literature (Bui and Lee, 2014;
Kristensen et al., 2017) (Table A.1).

All statistical analyses (mean comparisons and Bayesian inferences)
were performed in the R packages (R Core Team, 2016) Vegan
(Oksanen et al., 2013), Redas (Maier, 2015), and simmr (Parnell, 2016),
respectively.

3. Results

3.1. Litterfall biomass

The JR and PR mangrove forests were composed of Rhizophora
mangle, Laguncularia racemosa and Avicennia germinans. R. mangle
composed 90% of the total litterfall biomass of the PR. Along the JR, R.
mangle and A. germinans made similar contributions, 45% and 40% of
the total litterfall biomass, respectively (Fig. 2).

3.2. Soil characteristics

The soils showed significant differences in their grain size compo-
sition, with coarser soil textures in the PR (mean values and standard
deviations for sand, silt, and clay of 704 ± 158, 130 ± 65, and
166 ± 95 g kg-1, respectively; Fig. 3B) than in the JR (mean values and
standard deviations for sand, silt, and clay of 200 ± 38, 462 ± 47,
and 338 ± 62 g kg-1, respectively; Fig. 3A). Soils also showed sig-
nificant differences in their pH and Eh. Slightly higher pH values were
recorded in the PR mangrove (mean and standard deviation:

Fig. 4. Depth distribution of soil pH (A) and Eh (B) measured at both study sites (JR: Jaguaribe river; PR: Pacoti river).
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7.4 ± 0.2) than in the JR (mean and standard deviation: 7.1 ± 0.3).
Regarding the redox conditions, higher Eh values were found in the JR
soils (mean and standard deviation: +445 ± 36 mV) than in the PR
soils (mean and standard deviation: +320 ± 55 mV; Fig. 4B).

The soil organic matter (SOM) contents were not significantly

different in the studied mangrove forests, with mean values ranging
from 8.6 ± 4.5% in the PR to 9.5 ± 2.7% in the JR (Fig. 5A). Sig-
nificant differences in TOC contents between mangrove forest soils
were observed (Fig. 5B), with higher contents in the PR (mean and
standard deviation: 1.4 ± 0.6%) than in the JR (mean and standard

Fig. 5. Mean values ( ± standard deviations) of (A) soil organic matter (SOM), (B) total organic carbon (TOC), (C) total nitrogen (TN), (D) the C/N ratio, (E) δ15N,
and (F) δ13C at different depths at both study sites (JR: Jaguaribe river; PR: Pacoti river).
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deviation: 0.9 ± 0.2%). The TN contents were similar in both soils
(mean and standard deviation: 0.1 ± 0.0%; Fig. 5C), whereas the C/N
ratios were significantly different (mean and standard deviation:
10.9 ± 1.1 in the JR and 14.8 ± 1.2 in the PR; Fig. 5D). The isotopic
compositions indicate a different organic matter composition in the
mangrove forests, with the JR samples more enriched in δ15N than the
PR samples (mean values and standard deviations: 8.0 ± 0.6‰ and
5.3 ± 0.6‰ for the JR and PR, respectively; Fig. 5E). Finally, the PR
samples were more enriched in δ13C than the JR samples (mean values
and standard deviations: −22.2 ± 2.2‰ and −25.6 ± 1.1‰ for the
JR and PR, respectively; Fig. 5F).

All Fe fractions, except for exchangeable Fe (FeEX), were sig-
nificantly different between the mangrove forests. Higher pseudototal
Fe contents (ΣFeEX→FePY; mean and standard deviation:
253.9 ± 41.4 μmol kg−1) and Fe-oxyhydroxide contents (mean values
and standard deviations: 24.0 ± 8.3 for FeFR, 111.2 ± 22.1 for FeLP,
and 116.4 ± 22.1 μmol kg−1 for FeCR) were recorded along the JR
than along the PR (mean values and standard deviations: 17.2 ± 10.4
for FeFR, 62.0 ± 43.9 for FeLP, 45.9 ± 30.6 for FeCR, and
143.2 ± 79.4 μmol kg−1 for pseudototal Fe). On the other hand, the
PR showed a higher pyrite content (FePY; mean and standard deviation:
17.4 ± 17.7 μmol kg−1), resulting in higher DOP levels
(14.2 ± 13.1%) than the JR (1.9 ± 1.9 μmol kg−1 for Fe6 and
0.7 ± 0.8% for DOP).

Phosphorus fractionation also showed significantly higher P con-
tents (all fractions) in the JR, except for exchangeable P. The pseudo-
total P content (sum of all fractions) in the JR was significantly higher
(mean values for all depths: 942.3 ± 127.8 mg kg−1) than that in the
PR (mean and standard deviation: 599.0 ± 208.1 mg kg−1). In the JR,
P was mostly associated with humin (PRES) (mean of all depths:
228.8 ± 35.4 mg kg−1), and PCa was the next most abundant fraction
(mean and standard deviation: 228.6 ± 26.0 mg kg−1). In the PR, the
most relevant P fraction was the P associated with Fe-oxyhydroxides
(mean and standard deviation: 135.5 ± 70.8 mg kg−1), followed by
PRES (mean and standard deviation: 134.0 ± 78.1 mg kg−1). The
pseudototal P content (sum of all fractions) in the JR was significantly
higher (mean values for all depths: 942.3 ± 127.8 mg kg−1) than that
in the PR (mean and standard deviation: 599.0 ± 208.1 mg kg−1).

3.3. Food source

The isotopic signatures of the potential food sources were grouped
into litterfall, omnivorous invertebrates, herbivorous invertebrates and
soil (Table 1). Litterfall was composed of flowers, leaves and fruit that
were available on the sampling squares. In the JR, omnivorous in-
vertebrates were composed of Melampus coffeus, as evidenced by its
high δ15N value. In the PR, omnivorous invertebrates were composed of
Neritina virginea and Cirripedia and Ostreidae organisms. Herbivorous
invertebrates were composed of one gastropod species N. virginea in the
PR and two gastropod species (M. coffeus and L. angulifera) in the JR. M.
coffeus in the JR was classified as herbivorous due to its lower δ15N
value. This species can change its feeding habits according to the
availability of resources (Mook, 1986; Proffitt et al., 1993).

The litterfall showed the highest C contents (Fig. 6A), resulting in
the highest C/N ratios. Invertebrates (herbivorous and omnivorous)
showed the highest N contents (Fig. 6B), resulting in the lowest C/N
ratios. The soil had intermediate C/N values relative to the other food
sources (Fig. 6C; Table A.2).

3.4. Crab tissue analyses

The contents of carbon (C%) and nitrogen (N%) in the crab tissues
also differed between species. U. cordatus had a higher carbon content
(mean and standard deviation: 37.43 ± 2.6%) than G. cruentata (mean
and standard deviation: 35.84 ± 2.6%) (Fig. A.3). However, G.
cruentata had higher a nitrogen content (mean and standard deviation:
11.75 ± 0.8%) than U. cordatus (mean and standard deviation:
6.16 ± 1.8%) (Fig. A.3). The P contents in crab tissues did not show
significant differences between U. cordatus (JR mean and standard de-
viation: 0.09 ± 0.08 mg g−1; PR mean and standard deviation:
0.44 ± 0.52 mg g−1) and G. cruentata (JR mean and standard devia-
tion: 0.25 ± 0.37 mg g−1; PR mean and standard deviation:
0.19 ± 0.35 mg g−1) (Table A.4).

The crab species differed in their isotopic composition (Fig. 7). G.
cruentata specimens were more enriched in δ13C (mean and standard
deviation: −20.62 ± 1.00‰) and δ15N (mean and standard deviation:
8.85 ± 1.25‰) than U. cordatus (δ13C mean and standard deviation:

Table 1
Isotopic signatures (δ1³C and δ15N) of the food sources in each mangrove forest (JR: Jaguaribe River; PR: Pacoti River).

Site Sample Taxon Food source Mean δ15N Mean δ13C

JR
Flower Rhizophora mangle Magnoliopsida: Rhizophoraceae Litterfall 5.32 −26.95
Leaf Rhizophora mangle Magnoliopsida: Rhizophoraceae Litterfall 7.31 −26.33
Fruit Avicennia germinans Magnoliopsida: Acanthaceae Litterfall 5.03 −26.05
Leaf Avicennia germinans Magnoliopsida: Acanthaceae Litterfall 7.32 −26.50
Leaf Laguncularia racemosa Magnoliopsida: Combretaceae Litterfall 5.83 −29.25
Invertebrate Melampus coffeus Mollusca: Gastropoda Omnivorous invertebrate 5.02 −19.3
Invertebrate Littoraria angulifera Mollusca: Gastropoda Herbivorous invertebrate 1.19 −24.48
Soil organic matter Soil 7.76 −21.21

PR
Flower Rhizophora mangle Magnoliopsida: Rhizophoraceae Litterfall 3.61 −28.35
Leaf Rhizophora mangle Magnoliopsida: Rhizophoraceae Litterfall 4.24 −29.65
Fruit Avicennia germinans Magnoliopsida: Acanthaceae Litterfall 4.36 −27.46
Leaf Avicennia germinans Magnoliopsida: Acanthaceae Litterfall 5.53 −29.04
Fruit Laguncularia racemosa Magnoliopsida: Combretaceae Litterfall 4.64 −25.61
Leaf Laguncularia racemosa Magnoliopsida: Combretaceae Litterfall 5.85 −27.59
Invertebrate Melampus coffeus Mollusca: Gastropoda Herbivorous invertebrate 2.48 −24.71
Invertebrate Littoraria angulifera Mollusca: Gastropoda Herbivorous invertebrate 1.1 −23.42
Invertebrate Neritina virginea Mollusca: Gastropoda Omnivorous invertebrate 8.48 −21.04
Invertebrate Cirripedia Crustacea Omnivorous invertebrate 9.33 −20.04
Invertebrate Ostreidae Mollusca: Bivalva Omnivorous invertebrate 8.39 −21.45
Soil organic matter Soil 5.39 −25.82
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−24.47 ± 0.50‰; δ15N mean and standard deviation:
6.16 ± 1.79‰). The δ15N signature of U. cordatus was significantly
different between mangrove forests (JR mean and standard deviation:
7.27 ± 0.69‰; PR mean and standard deviation: 5.0 ± 1.87‰), with
higher values detected in the JR. G. cruentata presented significant
differences between the mangrove forests in both its δ1³C (JR mean and
standard deviation: −19.92 ± 0.91; PR mean: −21.31 ± 0.48) and
δ15N (JR mean and standard deviation: 9.99 ± 0.54‰; PR mean:
7.8 ± 0.79‰) values, with the highest δ1³C and δ15N values recorded
in JR crabs.

The analysis of the contributions of food sources (simmr; Stable
Isotope Mixing Model in R) showed different results between the
mangrove forests and crab species. U. cordatus consumed litterfall in a
higher proportion in the JR (median: 0.47; Fig. 8A), followed by her-
bivorous invertebrates (median: 0.31; Fig. 8A). On the other hand, U.
cordatus in the PR consumed herbivorous invertebrates in a higher
proportion (median: 0.70; Fig. 8B) and litterfall in smaller quantities
(median: 0.17; Fig. 8B). Soil was the main food source of G. cruentata in
the JR (median: 0.82; Fig. 8C), whereas in the PR, the omnivorous in-
vertebrate was the main food source (median: 0.70; Fig. 8D), followed
by soil (median: 0.11; Fig. 8D).

4. Discussion

R. mangle composed 90% of the PR litterfall biomass. This species
showed a higher C/N ratio (58.52) than A. germinans (41.46) and L.
racemosa (37.55). It was assumed that the PR has a higher litterfall C
content than the JR (45% R. mangle litterfall biomass) due to the higher
C/N ratio of R. mangle (Claudino et al., 2015).

The mangrove soil of the PR had a higher TOC content (mean:
1.4 ± 0.6%) and C/N ratio (14.8 ± 1.2) than the JR (TOC%:
0.9 ± 0.2%; C/N: 10.9 ± 1.1). The higher PR organic carbon contents
and C/N ratios are probably also related to the high proportions of R.
mangle in the litterfall biomass. The soil C input results from the de-
composition of mangrove plant tissues such as leaves and roots
(Thimdee et al., 2001; Giarrizzo et al., 2011; Alongi, 2014).

The lower Eh recorded at the PR site corroborates the higher Fe-
pyrite and DOP values, which evidence more reduced soil conditions
and a dominance of anaerobic pathways in the decomposition of soil
organic matter (i.e., iron and sulfate reductions; Alongi, 2014). These
anaerobic pathways favor C accumulation in these soil ecosystems
(Howard et al., 2014). On the other hand, the higher Eh values at the JR
site indicate an aerobic soil environment (corroborated by the higher
Fe-oxyhydroxide contents), resulting in higher organic C oxidation rates
and thus the lower TOC soil contents. The oxic conditions observed in
the JR (Fig. 4) may result from higher burial activity, which increases
oxygen diffusion into the soil (Araújo et al., 2012; Araújo Júnior et al.,
2016).

On the other hand, the differences between sites in the soil N and P
contents can be related to anthropogenic impacts. The discharge of
shrimp farming effluent into the JR is probably associated with the
increased P contents in these mangrove soils (Nóbrega et al., 2014).
Thus, the lower TOC and higher TN contents in the soil resulted in a
lower C/N ratio at the JR site. The nutrient dynamics in mangrove soils
are mostly controlled by the flooding frequency, freshwater input,
bioturbation, and climatic conditions, which also control the physico-
chemical status of mangroves (Chapman and Wang, 2001; Laing et al.,
2007; Ferreira et al., 2010; Machado et al., 2010; Nóbrega et al., 2016).
In fact, the distinct C, Fe and P dynamics observed in the studied
mangroves can be associated with the contrasting soil physicochemical
conditions between sites.

Invertebrates presented the highest variations in δ13C and δ15N
signatures (Table 1). According to their nitrogen isotope signatures,
these organisms were grouped into different trophic positions (herbi-
vorous and omnivorous). In contrast, litterfall and soil organic matter
showed lower variations in their isotopic signatures (Table 1). The soil
isotopic signatures suggest a homogeneous composition, and an inter-
mediate C/N ratio indicates soil as the most nutritious food source.
Food sources with high nutritional value must have balanced carbon
and nitrogen contents and C/N ratios below 17 (Russell-Hunter, 1970).
The soil C/N ratio was three times lower than the litterfall ratio in the
JR and twice lower the litterfall ratio in the PR (Fig. 6), showing that
soil can have higher nutritional value than leaves. This result corro-
borates a study carried out in two mangroves on Unguja Island,

Fig. 6. Mean values of C and N ( ± standard deviation) in the food sources (soil,
plant material and invertebrates). (A) Carbon percent, (B) nitrogen percent, and
(C) C/N ratio in the two mangrove forests (JR: Jaguaribe River; PR: Pacoti
River).
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Tanzania (Skov and Hartnoll, 2002), where soil had a lower C/N value
than mangrove leaves (Skov and Hartnoll, 2002). Likewise, other au-
thors have observed ingestion of soil as a nutrient source for leaf-eating
crabs (Bouillon et al., 2002; Kristensen et al., 2017).

The carbon and nitrogen proportions in U. cordatus and G. cruentata
tissues demonstrate that these species can serve as ecosystem engineers,
involved in nutrient conservation. The higher concentration of carbon
in U. cordatus tissues (mean and standard deviation: 37.43 ± 2.60%)
than in G. cruentata tissues (mean and standard deviation:
35.84 ± 2.60%) (Fig. A.3) suggests greater carbon recycling by U.
cordatus. Litterfall consumption and high carbon assimilation demon-
strate that leaf-eating crabs have the ability to conserve ecosystem
carbon (Kristensen et al., 2008). In addition, their foraging activity
facilitates soil heterotrophic microbial activity and improves the nu-
tritional quality of detritivorous organisms (Kristensen, 2008).

However, G. cruentata showed higher nitrogen assimilation (tissue
mean and standard deviation: 11.75 ± 0.83%) (Fig. A.3). The nitrogen
demand of this species is due to its faster growth rate than that of U.
cordatus (e.g., Pinheiro et al., 2005; Reis et al., 2015, Leite et al., 2014,
De Lira et al., 2015). In animals, an investment in growth increases the
nitrogen demand during foraging (Sterner and Elser, 2002). The fora-
ging behavior of G. cruentata and soil ingestion modify microbial bio-
degradation, influencing nutrient recycling (De Lima-Gomes et al.,
2011).

The species' isotopic signatures varied between mangroves, sug-
gesting an increase in invertebrate ingestion and assimilation in the PR.
Differences in species feeding habits between the mangroves may be
related to resource availability or quality (Stephens and Krebs, 1986).
An increase in benthic invertebrate foraging can occur in habitats
where species have higher nitrogen requirements, leading to differences

in food partitioning (Zandonà et al., 2011). In the PR, U. cordatus, an
important litterfall consumer (Nordhaus et al., 2006; Christofoletti
et al., 2013), assimilated greater proportions of herbivorous in-
vertebrates, most likely due to the lower quality (> C/N ratio) of the
litterfall. Likewise, G. cruentata, classified as a generalist in stomach
content studies (De Lima-Gomes et al., 2011), assimilated high pro-
portions of omnivorous invertebrates in the PR. The difference in G.
cruentata assimilation in the two mangroves is explained by the higher
C/N ratios in PR soils. For both species, the higher C/N ratios of the
litterfall led to higher nitrogen ingestion from complementary food
sources (both soil and omnivorous invertebrates).

5. Conclusions

U. cordatus and G. cruentata assimilated higher proportions of lit-
terfall and soil organic matter, respectively, in the JR. In the PR, litterfall
and soil organic matter were assimilated in lower proportions by the two
species. Food source quality (> C/N ratios) significantly affected food
partitioning. Both species assimilated food sources of higher nutritional
quality (i.e., invertebrates) in the PR, where the litterfall and soil had
low nutritional quality. Both crab species act in carbon and nitrogen
conservation, assimilating these nutrients from different sources (i.e.,
soil, plants, and other animals) according to the source quality. In
conclusion, the nutritional requirements and food partitioning behavior
of U. cordatus and G. cruentata emphasize the ecosystem functions of
leaf-eating crabs in assimilating and conserving autotrophic carbon and
nitrogen in mangrove ecosystems.

Fig. 7. Mean ( ± standard deviation) isotopic signatures (δ13 C and δ15 N) of Brachyura species: G. cruentata (closed circles), U. cordatus (open circles), and their food
sources (omnivorous invertebrate, herbivorous invertebrate, litterfall and soil) in the studied mangrove forests: (A and C) Jaguaribe River (JR) and (B and D) Pacoti
River (PR).
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Fig. 8. Diet composition for G. cruentata and U. cordatus according to the simmr (Stable Isotope Mixing Models in R) analysis. (A) U. cordatus in the JR, (B) U. cordatus
in the PR, (C) G. cruentata in the JR, and (D) G. cruentata in the PR.
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Appendices

Table A.1
Trophical Enrichmente Factor used in the Simmer model for Ucides cordatus and Goniopsis cruentata in the two
mangrove forests (JR: Jaguaribe River; PR: Pacoti River).

Source Trophical Enrichment Factor (TEF)

Mean δ15N Mean δ13C

Ucides cordatus-JR
Omnivorous invertebrates 2.3 0.4
Herbivorous invertebrates 2.3 0.4
Litterfall 1 0.5
Soil 2.3 0.4

Ucides cordatus-PR
Omnivorous invertebrates 2.3 0.4
Herbivorous invertebrates 2.3 0.4
Litterfall 4.0 −0.3
Soil 2.3 0.4

Goniopsis cruentata-JR/PR
Omnivorous invertebrates 0.0 1.1
Herbivorous invertebrates 0.0 1.1
Litterfall 0.1 5.5
Soil 3.0 −1.9

Table A.2
Maximum and minimum values of percentage of carbon, nitrogen and C / N ratio of food sources in the two mangrove forests (JR: Jaguaribe River; PR: Pacoti River).

Site Food source C (%) N (%) C/N ratio

JR Omnivorous invertebrate 29.0–29.0 6.3–6.3 4.6–4.6
Herbivorous invertebrate 40.4–40.4 9.4–9.4 4.3–4.3
Litter fall 46.1–36.1 1.1–0.5 36.4–41.8
Soil 1.2–.5 0.1–0.05 9.3–12.2

PR Omnivorous invertebrate 29.0–29.6 6.2–7.8 3.7–4.7
Herbivorous invertebrate 24.7–34.1 5.3–8.5 3.6–5.6
Litter fall 44.5–38.1 0.5–2.2 35.5–40.8
Soil 0.5–2.6 0.04–0.2 11.1–17.5

Fig. A.3. Mean ( ± standard deviation) concentration of carbon and nitrogen percentage of Brachyura species: Ucides cordatus and Goniopsis cruentata.
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Table A.4
Mean concentration of phosphorus and mean size of Brachyura species at both study sites (JR: Jaguaribe river; PR: Pacoti river).

Brachyuran species Mangrove

JR PR

P (mg/g) Size (mm) P (mg/g) Size (mm)

Ucides cordatus 0.14 ± 0.05 61.68 ± 3.11 0.65 ± 0.49 63.34 ± 8.08
Goniopsis cruentata 0.03 ± 0.01 46.51 ± 2.70 0.04 ± 0.02 44.82 ± 3.51
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