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Prof. Dr. Antônio Celso Wagner Zanin, s/n, Distrito de Rubi~ao Junior, 18618-689, Botucatu, SP, Brazil
c Universidade de Campinas (Unicamp) - Instituto de Biologia, Programa de P�os-Graduaç~ao em Ecologia, R. Monteiro Lobato, 255, Cidade Universit�aria,
13083-862, Campinas, SP, Brazil
d Universidade de S~ao Paulo (USP) - Instituto Oceanogr�afico, Programa de P�os-Graduaç~ao em Oceanografia Biol�ogica, Praça do Oceanogr�afico, 191, Cidade
Universit�aria, 05508-120, S~ao Paulo, SP, Brazil
a r t i c l e i n f o

Article history:
Received 3 October 2016
Accepted 3 November 2016
Available online 5 November 2016

Keywords:
Bioturbation
Burrows
Sediment transport
Estuaries
Genus Leptuca
* Corresponding author. Universidade Estadual Pa
Biociências, Programa de P�os-Graduaç~ao em Ciên
Campus de Botucatu, R. Prof. Dr. Antônio Celso W
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a b s t r a c t

Bioturbators play a key role in estuarine environments by modifying the availability of soil elements,
which in turn may affect other organisms. Despite the importance of bioturbators, few studies have
combined both field and laboratory experiments to explore the effects of bioturbators on estuarine soils.
Herein, we assessed the bioturbation potential of fiddler crabs Leptuca leptodactyla and Leptuca uru-
guayensis in laboratory and field experiments, respectively. We evaluated whether the presence of fiddler
crabs resulted in vertical transport of sediment, thereby altering organic matter (OM) distribution. Under
laboratory conditions, the burrowing activity by L. leptodactyla increased the OM content in sediment
surface. In the long-term field experiment with areas of inclusion and exclusion of L. uruguayensis,we did
not observe influence of this fiddler crab in the vertical distribution of OM. Based on our results, we
suggest that small fiddler crabs, such as the species used in these experiments, are potentially capable of
alter their environment by transporting sediment and OM but such effects may be masked by envi-
ronmental drivers and spatial heterogeneity under natural conditions. This phenomenon may be related
to the small size of these species, which affects how much sediment is transported, along with the way
OM interacts with biogeochemical and physical processes. Therefore, the net effect of these burrowing
organisms is likely to be the result of a complex interaction with other environmental factors. In this
sense, we highlight the importance of performing simultaneous field and laboratory experiments in
order to better understanding the role of burrowing animals as bioturbators.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

How organisms interact with their environment and how those
interactions modify ecosystem functioning is a central theme in
ecological studies. The important role of ecosystem engineers in
modifying the local environment has long been recognized (Jones
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.

et al., 1994). Studies have investigated how engineers change the
environment and how the intensity of those changes can modify
our understanding of ecosystem functioning (Wang et al., 2010;
Richards et al., 2011; Schaller, 2014). Bioturbators, for example,
have a significant impact on sediment biogeochemistry (Kristensen
et al., 2012). The bioturbation alters sediment matrices and the
distribution of its components (Meysman et al., 2006; Kristensen,
2008; Michaels and Zieman, 2013). Sediment texture, influx of
soil particles and interstitial transport of solutes in different eco-
systems (Meysman et al., 2006) are modified by bioturbation,
stimulating organic matter (OM) decomposition and reminerali-
zation (Kristensen, 2000; Lohrer et al., 2004; Martinez-Garcia et al.,
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2015) and enhancing nutrient flux throughout the ecosystem
(Fanjul et al., 2015). Then, the ecological consequences of bio-
turbation have been extensively investigated in many groups of
burrowing invertebrates, such as polychaetes (Giangrande et al.,
2001; Volkenborn et al., 2007), bivalves (Kanaya, 2014; Harris
et al., 2015), shrimps (Gagnon et al., 2013), crayfishes (Usio and
Townsend, 2004), and crabs (Kristensen, 2008; Pülmanns et al.,
2014).

Burrows and galleries constructed by some organisms, such as
burrowing crabs, tend to expose deep soil areas, with higher OM
contents (Michaels and Zieman, 2013), acting on both carbon
export via CO2 release, increasing decomposition and facilitating
aerobic degradation (Kristensen et al., 2008; Araújo et al., 2012;
Pülmanns et al., 2014; Martinetto et al., 2016), as well as carbon
storage, by increasing retention of nutrients in the environment
(Martinetto et al., 2016). In turn, bioturbator crabs may promote
changes in the estuarine carbon pathways, which are a relevant
issue due to the importance of mangrove soils in stored carbon and
its relation with climate change (Donato et al., 2011; Murdiyarso
et al., 2015). Consequently, these organisms profoundly modify
soil characteristics by changing biogeochemical processes (Araújo
et al., 2012; Chatterjee, 2014). However, bioturbation effects on
the carbon cycle caused by burrowing crabs are usually related to
crab density (Kristensen et al., 2008; Andreetta et al., 2014) and
size, with larger species presenting more significant effects (Araújo
et al., 2012; Pülmanns et al., 2014).

Fiddler crabs are burrowing animals broadly distributed in
tropical and subtropical estuaries (Crane, 1975). These bioturbators
are classified as biodiffusers and regenerators, according to sedi-
ment transport they perform in coastal ecosystems (see categories
in Kristensen et al., 2012). Therefore, they are key organisms in
mangrove forests (Smith III et al., 1991). Fiddler crabs are often used
as a model species to test the effects of bioturbation on the distri-
bution of soil components (e.g. OM, metals; Nielsen et al., 2003;
Kristensen and Alongi, 2006; Wang et al., 2010). High density and
wide distribution in intertidal areas facilitate the use of fiddler
crabs in laboratory experiments (Wolfrath, 1992; Thomas and
Blum, 2010; Fanjul et al., 2015). However, there are few studies
performing both laboratory and long-term field experiments with
fiddler crabs. In this study, we investigated the bioturbation po-
tential of Leptuca leptodactyla (previously Uca leptodactyla) and
Leptuca uruguayensis (previously Uca uruguayensis) on mangrove
soil at laboratory and field experiments, respectively. Experiments
were performed to evaluate fiddler crab bioturbator activity using
OM as a marker to trace sediment transport between vertical soil
layers. We hypothesized that fiddler crabs promote vertical trans-
port of sediment and OM by up-taking sediment from deeper layers
to the soil surface through burrowing.

2. Materials and methods

2.1. Study area

For the laboratory experiment, crabs and sediment were
collected at Portinho Mangrove, Praia Grande, S~ao Paulo/Brazil
(23�59011.2600S; 46�24011.8300W). Field experiment were performed
in the Itapanhaú River mangrove (25�50013.6100S; 46� 09009.4400W),
Bertioga, S~ao Paulo/Brazil. These mangroves are characterized by
typical vegetation (Rhizophora mangle, Avicennia shaueriana and
Laguncularia racemosa) and a semidiurnal tide flow (Eichler et al.,
2006). Although different crab species were used to perform lab-
oratory and field experiments, it is worth noticing that
L. leptodactyla and L. uruguayensis belong to the genera Leptuca
(Shih et al., 2016) and are similar regarding body size as well as the
bulk of sediment they are able to transport during excavation
(Machado et al., 2013). In this sense, it could be expected that both
fiddler crabs have comparable bioturbation effects in mangrove
soils.

2.2. Laboratory experiment

The bioturbation potential of L. leptodactyla on mangrove soil
was investigated by manipulating its presence in terrariums at
laboratory. This species was chosen as a model of bioturbator
because it is found at high density at Portinho mangrove (LF
Natalio, pers. obs.). Our experimental design consisted of three
treatments, two with crabs and one without them. Both treatments
with crabs were identical except for the position at which sediment
was sampled: inside the burrow or near the burrow. These treat-
ments were defined to verify the effect of crab bioturbation on OM
content resulting from the burrowing excavation (inside the
burrow) and, consequently, from the excavation pellet deposition
(near the burrow). Each treatment had eight replicates (39 cm � 22
cm � 24.5 cm terrariums), and in the treatments with crabs, eight
L. leptodactyla adult females were added per terrarium (equivalent
density reported in the field: 94 ind/m2 - LF Natalio, pers. obs.).

In order to run the laboratory experiments, 128 L. leptodactyla
adult females (carapace width larger than 4.1 mm; Cardoso and
Negreiros-Fransozo, 2004) were collected from Portinho
Mangrove. Only females were used to standardize crab effects,
since bioturbation behavior (e.g. excavation and feeding) differs
between sexes (Caravello and Cameron, 1987; Weis and Weis,
2004). In the laboratory, crabs were acclimated for 48 h at 25 �C
in terrariums with sediment moistened with estuarine water.

Sediment of high (20.09 ± 1.34% (mean ± SE)) and low
(1 ± 0.11%) OM content was collected from two different sites in
Portinho mangrove. Ten sediment samples of each site were dried
in a heater (60 �C, 72 h), and then a 10 g portion of dried sediment
was burned in a muffle (500 �C, 4 h) to obtain OM content (%) by
loss on ignition (Heiri et al., 2001). Sediment was boxed and
transported to the laboratory, where it was carefully sieved in a
2 mm mesh to remove macrofauna and organic detritus that could
overestimate organic content. Afterwards, the boxed sediment was
kept for 48 h at 25 �C to remove the excess of surface water. Thus,
we avoided the instability of high humidity sediment which may
disturb the sediment superposition. After that, to each terrarium
we added the sediment with high OM content (4 cm layer) in the
bottom and then the sediment with low OM content above it (4 cm
layer). Such vertical gradient in OM %was set up in order to test our
hypothesis: if fiddler crabs transport OM through excavation by
carrying sediment from bottom to surface, we would expect to find
an increase in OM content on the top layer at the end of experi-
ment. The 8 cm sediment layer was chosen based on the mean
maximum depth of burrows reported for L. leptodactyla
(7.3 ± 1.76 cm;Machado et al., 2013). Fiddler crabsweremaintained
for 72 h, a period we estimated necessary to construct andmaintain
burrows (based on our personal observations). Temperature (25 �C)
and photoperiod (12 h of light and 12 h of darkness) were
controlled.

Sediment sampling was performed twice: at the beginning
(before introduction of crabs in the terrariums, Ti) and after 72 h (Tf)
of experiment. In both moments we collected three sediment
samples from the top layer (4 cm depth) in each terrarium using a
corer (z3 cm in diameter). Sediment analysis were performed as
the methodology described above (Heiri et al., 2001).

2.3. Field experiment

The bioturbation potential of L. uruguayensis on mangrove soil
was investigated by manipulating its presence at field. We used
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L. uruguayensis as a model species due to its high abundance in
Bertioga mangroves and because such areas are not exposed to or
situated in tourist locations, which could lead to movement or
destruction of the experimental cages. The experiment consisted of
two treatments: inclusion and exclusion cages. For each cage, we
evaluated the vertical distribution of OM content by sampling
sediment from two depths, upper (0e4 cm) and lower (4e8 cm)
layers. In inclusion cages, we added L. uruguayensis adult females
(carapace larger than 5.9 mm; Hirose et al., 2013) proportionally to
the surrounding mangrove area (92 ind/m2).

On February 2012, we placed twelve cages avoiding forest edges
and mangrove trees (Fig. 1A). Cages were made out of polyvinyl
chloride (PVC) pipes, with a 0.25 m2 area (0.5 m� 0.5 m), and fitted
with canvas (2 mm mesh, Fig. 1B) extending from the top (70 cm
above soil surface) to the base (50 cm below soil surface). The top
and the base of cages were covered with a 1 cm mesh canvas to
prevent entry of animals and leaves, which could overestimate the
OM content. We chose a mesh size that allowed water flow. To
install the cages, sediment was removed and sieved to exclude all
macrofauna (>2 mm). Then, the sieved sediment was added into
cages. The experiment started seven months after to allow the
reestablishment of the soil matrix. We randomly selected the
treatments of inclusion (23 L. uruguayensis adult females per cage,
n ¼ 6 cages) and exclusion (n ¼ 6 cages). The experiment lasted for
109 days (September 2012 to January 2013) and cages were
checked biweekly for maintenance and removal of invading crabs.

During the experiment, we sampled sediment eight times and
assessed redox potential and dissolved oxygen, all in periods of
spring low tides. The first sampling was executed 9 days after
introducing crabs into the cages, and those following were per-
formed in 12e16-day intervals, except for the last, which was
conducted 28 days after the previous sampling. In all samplings,
we took one composite sample (hereafter “sample”) of each
experimental cage and five samples in random locations of the
mangrove to characterize the non-manipulated environment.
Each sample was composed by three corer of sediment, which
were homogenized for OM content analysis. Sediment was
collected with a corer (z3 cm in diameter) and immediately
divided in two fractions: upper (0e4 cm) and lower (4e8 cm)
layers. Sampling depth was chosen based on the mean maximum
burrow depth reported for L. uruguayensis (6.12 ± 2.04 cm;
Machado et al., 2013). Sediment samples were kept frozen for
posterior OM content analysis, using the same procedure in the
laboratory experiment (see above). Sampling of redox potential
(pHmeter PG 1400 Gehaka® with ORP SRR03 electrode) and dis-
solved oxygen (SensoDirect OXI200 Lovibond®) were performed
on soil surface water (water pools) in the cages and in the non-
manipulated environment (n ¼ 5). Measurements were not
taken until the electrode value stabilized.
Fig. 1. Itapanhaú River mangrove, Bertioga, S~ao Paulo, Brazil. (A) Mangrove overvi
2.4. Data analysis

For laboratory and field experiments, we analyzed the ratio
between final and initial OM in each experimental unit (terrarium
or cage) as a response variable. This procedure was carried out to
minimize any bias due to the different initial conditions among
replicates. For the laboratory experiment, we applied a one-way
ANOVA to evaluate the effect of treatments (three levels) on cor-
rected OM content. Field data were randomized to assure inde-
pendence of upper and lower layers; in turn, we used only one layer
(upper or lower) of sediment sampled from each cage. Thus, we
obtained three samples for each treatment and depth in each
sampling date. We applied a two-way ANOVA to evaluate corrected
OM content, considering treatment (two levels) and depth (two
levels). We could not use this approach in the non-manipulated
environment due to the collection of an odd number of samples;
instead, we presented a description of temporal variation of OM
content for each sediment depth.

For each abiotic factor (redox potential and dissolved oxygen),
we applied a one-way ANOVA to compare levels between inclusion
and exclusion cages and non-manipulated environment on the 91st
day, near the end of the experiment. It was not possible to compare
treatments and non-manipulated environment on the last day
(109th day) due to the absence of surface water in some cages.
When a factor presented an associated effect, we used Tukey's HSD
test to identify differences between groups. Variance homogeneity
was verified via Cochran's test.

3. Results

3.1. Laboratory experiment

Once experiments were finalized, we could notice visually the
vertical transport of sediment by burrowing activity of
L. leptodactyla through burrows at the terrariums' side (Fig. 2B),
plus the presence of excavation pellets from the bottom layer (high
OM content) (Fig. 2D). It was not observed in terrariums without
crabs (Fig. 2A and C). Also, OM content was affected by crab activity
since therewas an increase in the OM content in the superior layers
of sediment on treatment with crabs (one-way ANOVA, F(2,
21) ¼ 21.576, p < 0.0001; a posteriori Tukey's test, p < 0.05). In
terrariums with crabs, regardless of the position of sampled sedi-
ment, OM content showed a 1.5-fold increase in the upper layer.
Contrastingly, the control treatment did not differ in OM content
throughout the experiment (Fig. 3A).

3.2. Field experiment

There was no effect of treatment and depth on OM content after
ew with experimental cages during high tide. (B) Detail of experimental cage.



Fig. 2. Lateral and top views of the terrariums in the absence (A, C) and presence (B, D) of bioturbation activity by Leptuca leptodactyla. Burrowing pellets are the dark pellets in “D”.

Fig. 3. Corrected (mean ± SE) sedimentary organic matter content (A) in terrariums with and without Leptuca leptodactyla in the laboratory experiment (n ¼ 8), and (B) in cages
from the field experiment (n ¼ 3). Different letters indicate statistical difference between treatments (Tukey's test, p < 0.05).

Table 1
Two-way ANOVA used to evaluate the effects of treatment (inclusion and exclusion
cages) and depth (upper and lower) on corrected organic matter content (final/
initial OM ratio).

Source of variation df MS F p-value

Treatment (T) 1 0.005 0.07 0.796
Depth (D) 1 0.123 1.75 0.223
T � D 1 0.005 0.07 0.793
Residue 8 0.070
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the experimental period (Table 1, Figs. 3B, 4A and B). In the inclu-
sion treatment, OM content varied from 3.21% to 6.66% in the upper
layer and from 2.24% to 6.93% in the lower layer (Fig. 4A). As to the
exclusion treatment, OM content varied from 3.22% to 6.37% and
from 2.68% to 5.90% in the upper and lower layers, respectively
(Fig. 4B). In the surrounding non-manipulated environment, OM
content variation ranged from 2.70% to 27.21% in the upper layer
and from 2.77% to 26.17% in the lower layer, with similar mean
values in both layers. Also, we noticed a marked temporal variation
in OM content, with a maximum on the 91st day (Fig. 4C).



Fig. 4. Temporal variation of organic matter content (mean ± SE) throughout the field
experiment in the upper (0e4 cm) and lower (4e8 cm) soil layers of the Leptuca
uruguayensis inclusion (A) and exclusion treatments (n ¼ 3) (B), and non-manipulated
environment (n ¼ 5) (C).

Fig. 5. Temporal variation of redox potential (A) and dissolved oxygen (B) levels
(mean ± SE) throughout the field experiment of the Leptuca uruguayensis inclusion and
exclusion treatments and non-manipulated environment (n ¼ 4e6).
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Redox potential (Eh) and dissolved oxygen (DO) levels varied
over time, but values were similar among inclusion and exclusion
cages and non-manipulated environment along the experiment
(Fig. 5), except for DO on day 49. Eh was always observed with
positive mean values and was similar throughout the experiment
for all treatments (~180 mV, Fig. 5A). In contrast, we observed a
tendency to decreasing DO levels during the experiment inside the
cages and in the non-manipulated environment (Fig. 5A). On the
91st day, both cage treatments and non-manipulated environment
presented similar Eh (one-way ANOVA, F(2,13)¼ 0.323, p¼ 0.73) and
DO (one-way ANOVA, F(2, 13) ¼ 1.120, p ¼ 0.356) values.
4. Discussion

The experiment in laboratory showed clearly that the fiddler
crab L. leptodactyla promotes vertical transport of sediment by
reworking soil particles and organic matter (OM) along their
burrow (sediment column) and in the surrounding area (sediment
surface). Such result suggests these crabs are able to modify their
own environment via bioturbation, being well-known ecosystem
engineers (see Kristensen, 2008). However, from the field experi-
ment, we observed that the activity of a closely related species
L. uruguayensismay not be intense enough to affect OM distribution
along vertical soil layers. In this sense, we partially confirm our
hypothesis.

Due to the observed effects of burrowing found in the laboratory
experimentwith L. leptodactyla, we also expected to detect an effect
of L. uruguayensis presence on the vertical distribution of OM in the
field experiment. However, the homogeneous pattern of OM be-
tween upper and lower layers was maintained in both field inclu-
sion and exclusion treatments, with a slight tendency to OM
increase in the upper layer of the inclusion treatment. This suggests
bioturbation promoted by L. uruguayensismay not alter the vertical
distribution of sediment and associated elements, neither by
extraction of surface OM for feeding (Reinsel, 2004; Say~ao-Aguiar
et al., 2012), trapped detritus in the burrow (Botto et al., 2006),
nor by OM transportation from deeper layers. Moreover, bio-
turbator density and size correlate with the amount of burrow-
excavated sediment (Lim and Diong, 2003; De Backer et al., 2011;
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Pülmanns et al., 2014), which in turn alters the impact of bio-
turbation. Crab density is unlikely to explain the field results,
mainly since it was higher than what has been reported in other
studies of L. uruguayensis (Masunari, 2012; Machado et al., 2013).
The small size of L. uruguayensis when compared to other bur-
rowing estuarine crabs, such as other fiddler crabs, Neohelice
granulate and Ucides cordatus, may explain the absence of an effect
of this crab on OM distribution. Thus, burrowing by small crab
species, be they of the same size or smaller than ourmodel, may not
be intense enough to modify OM distribution in the soil column of
mangrove ecosystems or, at least, to generate remarkable
alterations.

However, our lab results demonstrated that even small species
of fiddler crabs (L. leptodactyla) have a great potential to transport
sediment and OM to the soil surface by burrowing. Other studies
have also reported bioturbation by fiddler crabs (mainly excavation
and feeding behavior) modifying the distribution of nutrients and
organic compounds (Botto and Iribarne, 2000; Kristensen and
Alongi, 2006; Wang et al., 2010). Then, the OM transported by
small crabs (e.g. L. uruguayensis) from lower layers to the soil sur-
face may be carried and/or modified by biogeochemical and
physical processes, masking the detection of a bioturbation effect.
Bioturbation is already known for stimulating decomposition and
remineralization of OM (Kristensen, 2000; Lohrer et al., 2004;
Martinez-Garcia et al., 2015), which is essential to nutrient
cycling (Ryther and Dunstan, 1971; Arndt et al., 2013), microbial
activity (Canfield et al., 1993) and primary production (Howarth,
1988; Kreus et al., 2015). Also, crab burrowing behavior enhances
nutrient flux in estuaries (Fanjul et al., 2011, 2015) and intensifies
atmospheric release of CO2 and H2S (Pülmanns et al., 2014; Zhao
et al., 2014). Physical processes may also be responsible for car-
rying dissolved organic carbon by leaching (Camilleri and Ribbi,
1986; Davis et al., 2006) and OM degradation (Arzayrus and
Canuel, 2004). Organic matter may be dragged by tidal water
(Tam and Wong, 1998; Tue et al., 2012; Cawley et al., 2014), since
burrowing pellets of L. uruguayensis are completely disintegrated
during high tides (Botto and Iribarne, 2000). Additionally, field data
demonstrated maintenance of positive redox potential values and,
in general, a decrease in dissolved oxygen values in puddles. A
positive redox potential represents oxidative conditions and oxy-
gen consumption, which in turn indicate remineralization pro-
cesses (Aller, 1994; Kristensen and Holmer, 2001).

Unexpectedly, soil redox values did not differ between inclusion
and exclusion treatments. Similarly, Mchenga et al. (2007) did not
find differences in redox potential on soil surface with and without
Helice formosensis, but observed variation of potential among layers
of soil with burrows. Furthermore, due to the similarity of redox
potential levels between cages and non-manipulated environment,
we assure that the cage structure did not interfere in any natural
processes that modify redox potential levels as response. On the
other hand, the apparatus may have interfered on OM content in-
side the experimental cages. The non-manipulated environment
exhibited a pattern of high values of OM in the lower layer, while
we noticed accumulation of OM in the upper layer of sediment
inside the cages. This may have been caused by the development of
biofilm (LF Natalio, pers. obs.) and/or OM surface accumulation
inside the cages, since the canvas and our monitoring prevented
entering of grazing and deposit feeders. However, this pattern was
detected in all cages, indicating a standardized influence in the
inclusion and exclusion treatments.

Experimental studies in ecology are a useful way to test hy-
pothesis and develop concepts (Underwood et al., 2000), as well as
to provide an important tool for coastal management and
ecosystem conservation (Castilla, 2000). Although the experi-
mental apparatus may have biased some environmental
parameters in this study, empirical approaches in the field are a
powerful tool to observe processes in natural conditions and are
necessary to complement laboratory experiments. In this study,
both field and laboratory experiment showed contrasting results
and allowed us to reach a more complete and interesting insight
regarding the role of fiddler crab as bioturbators. Therefore, we
suggest further studies associating field and laboratory experi-
ments in order to understand the role of bioturbators on ecosystem
functioning and their contribution to ecosystem services.

5. Conclusion

The laboratory experiment with L. leptodactyla supported the
hypothesis that fiddler crabs performvertical transport of sediment
and OM. Burrowing behavior continuously carries sediment and
associated elements from lower to upper layers and potentially
promotes OM accumulation on the soil surface. However, the field
experiment with L. uruguayensis showed a different conclusion,
suggesting other strong variables interacting with transported OM
and preventing surface accumulation. Therefore, although the
ability of fiddler crabs in transporting and redistributing sediment
and OM by burrowing, the synergy between their bioturbation and
other environmental factors may promotesmore complex effects in
OM distribution than that expected with vertical transport caused
by crabs solely.
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