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Abstract Few studies conducted in crustaceans have
demonstrated how habitat features could shape the mating
systems. Here, the burrow of Neohelice granulata was con-
sidered as a resource used for mating, and its architecture
was characterized in two contrasting study sites: Mar Chiq-
uita Lagoon (MCL), an estuary composed of muddy sedi-
ments, and San Antonio Oeste (SAO), a marine bay
composed of gravel sediment. Burrow features diVered
between study sites and occupant gender. Large males con-
structed burrows with a chamber in MCL and with a wid-
ened entrance in SAO, while small males constructed the
same narrow burrows as females at both study sites. Field
experiments demonstrated that burrows with chambers or
widened entries are places used for copulation, although
successful post-copulatory guarding was displayed only in
those with chambers. The intensity of the agonistic encoun-
ters and the success of males in winning resources
(burrows/females) also depend on the habitat characteris-
tics. N. granulata shows a resource defense mating system
where males employ diVerent mating strategies according
to the burrow architecture to ensure mating success.

Introduction

The mating system of a population depends on the behav-
ioral strategies used by individuals in obtaining mates, in
the context of a limited set of ecological conditions such as
the abundance and distribution of resources (Emlen and
Oring 1977). For a given species, the nature of the sexual
association between males and females is set by intrasexual
competition and mate choice. These associations vary con-
siderably creating a wide diversity of mating systems
(Thornhill and Alcock 1983). Christy (1987) classiWed the
mating systems of brachyuran crabs into three main types
based on the kind of competition between males to gain
access to females and female mate choice. Two of them
that were categorized as “female-centered competition” and
“resource-centered competition” are similar to those
already established by Emlen and Oring (1977). Addition-
ally, Christy (1987) proposed a third type that he termed
“encounter rate competition.” Mating associations corre-
sponding to those three types were reported for a number of
grapsoid crabs (see BrockerhoV and McLay 2005a and ref-
erences therein).

Regarding the resource-centered competition type, bur-
rows are resources that primarily provide shelter, initially
from predation in open-water species, and increasingly
from harsh physical conditions in the more terrestrial spe-
cies (Richardson 2007). Additionally, in many crab species,
the distribution of shelters or the type of habitat used for the
construction of burrows plays an important role in mating
as an adaptation to the particular habitat in which the indi-
vidual lives (Seiple and Salmon 1982; Salmon 1983; Wirtz
and Diesel 1983; Abele et al. 1986; Christy 1987; Lindberg
and Stanton 1989). Detailed studies describing burrow
architecture demonstrate that it varies according to the
diVerent habitat sediment composition (Morrisey et al.
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1999; Katrak et al. 2008; Li et al. 2008; Needham et al.
2010). In addition, several studies of ocypodids show that
the burrow form is diVerent between sexes, having an
enlarged terminal chamber where matings occur in male
burrows (Christy 2007). Moreover, comparison of male
burrow features indicates that burrow structure can aVect
female choice (Backwell and Passmore 1996; deRivera
2005). A few studies of grapsoids have recorded that mat-
ing occurs not only on the surface, but also inside the bur-
rows (Seiple and Salmon 1982; BrockerhoV and McLay
2005a), although neither the detailed burrow shape was
characterized nor it diVered between sexes and the particu-
lar reproductive strategy of the species.

Mating associations are the result of complex processes
in which both the reproductive strategies and the mating
behaviors displayed by mating partners play an important
role (BrockerhoV and McLay 2005b). Grapsoid crabs
exhibit a considerable diversity of reproductive strategies,
in which males actively approach and secure females
thereby promoting intrasexual competition through agonis-
tic encounters. Agonistic interactions occur when individu-
als Wght over resources such as mates, food or shelters.
Dominant individuals can obtain and maintain greater con-
trol over critical ecological resources, which can result in
more matings and higher reproductive success (Ellis 1995).
Hence, burrows could be important resources for mating
purposes, defended by males and promoting intrasexual
male competition.

In addition to typical male–male competition, males can
also compete by means of sperm competition when multi-
ple mating occurs and sperm from numerous individuals
vie for unfertilized eggs inside females seminal receptacles
(Parker 1970). Based on the connection of the ovary to the
seminal receptacle, Diesel (1991) characterized the female
brachyuran seminal receptacle into dorsal and ventral mor-
phological types. Accordingly, the Wrst or the last male to
inseminate the female is believed to have an advantage in
fertilizing the oocytes. The risk of sperm competition
within the female seminal receptacle can be reduced by
post-copulatory guarding by males (JivoV 1997). Post-
copulatory guarding has been observed in only a few
grapsoid species such as Hemigrapsus crenulatus and
H. sexdentatus, although this may be partly due to the lack
of studies (BrockerhoV and McLay 2005a). The develop-
ment of a male post-copulatory guarding behavior has been
considered as an optimal adaptive behavior, and it may be
favored when males secure females in burrows.

The burrowing and semiterrestrial crab Neohelice granu-
lata is considered a keystone species from South American
salt marshes, mud Xats and estuaries, ranging from the
northern Patagonia, Argentina (42º25�S; 64º36�W), through
Uruguay, to Rio de Janeiro, Brazil (22º57�S; 42º50�W)
(Spivak 2010). It is distributed in high densities in habitats

of varying salinity, temperature and tidal patterns, inhabit-
ing both the Spartina salt marsh and the intertidal mud Xats,
generating extensive beds of burrows (Spivak et al. 1994;
Spivak 1997). Burrows reach high densities, up to 60 bur-
rows m¡2 (Iribarne et al. 1997), and vary in size and form
depending on the habitat where they are constructed: mud
Xat or Spartina salt marsh (Olivier et al. 1972; Iribarne
et al. 1997; Escapa et al. 2007; Fanjul et al. 2008). Several
studies were conducted in N. granulata populations 800 km
apart along the Argentinean coast, occupying contrasting
habitats: one located in the Mar Chiquita Lagoon (MCL),
an oligo-polyhaline estuary, and the other in San Antonio
Bay, an eu-hyperhaline system. The Wrst habitat is com-
posed of muddy Wne sediments with high penetrability, typ-
ical of a low-energy habitat, while the latter has gravel
coarse sediment with low penetrability, typical of a high-
energy habitat. Those studies identiWed population diVer-
ences in many reproductive traits associated with the type
of habitat. The reproductive season started later and was
shorter in San Antonio; in females from Mar Chiquita, sec-
ondary vitellogenesis continues even when the reproductive
season ends and the ovaries remain fully developed
throughout the non-reproductive season and are ready to
spawn in the following spring, while females from San
Antonio do not attain a fully developed ovary during win-
ter, causing a delay in the beginning of the reproductive
period (Ituarte et al. 2006). Additionally, fecundity is
higher in females from Mar Chiquita, while egg and larvae
volume is higher in San Antonio (Bas et al. 2007, 2008).
These traits were mainly associated with the diVerent food
supply since the organic matter of muddy substrata is
higher in Mar Chiquita (Bas et al. 2005). However, the way
in which the habitat features such as the burrow architec-
ture could inXuence the mating system and the mating strat-
egies developed by both sexes has never been assessed until
now.

According to the mating system theory proposed by
Emlen and Oring (1977) and the reproductive associations
between males and females of Brachyura proposed by
Christy (1987), we hypothesized that N. granulata would
show a resource defense mating system (burrows being
valuable shelters that are controlled by males), although the
environment may constrain or favor particular mating tac-
tics via its eVect on burrow architecture. We predicted that:
(1) males and females may construct burrows of diVerent
shape, (2) burrow features would vary between study sites
according to the diVerent grain size and penetrability of the
sediment, (3) males would develop a post-copulatory
behavior involving female guarding inside the burrow to
avoid sperm competition and (4) agonistic interactions
would occur between males to defend burrows and gain
females. In this context, the objective of the present study
was to characterize the burrow architecture of N. granulata
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constructed by diVerent sexes in two habitats (mud Xat and
salt marsh), two study sites (Mar Chiquita and San Antonio
Oeste) and by relating the burrow form to the reproductive
strategies, guarding behavior and mating system.

Materials and methods

Study sites

The study was carried out in two coastal areas: one at Mar
Chiquita, which is a coastal lagoon located in Buenos Aires
Province, Argentina (37°45�S, 57°19�W), and the other one
at San Antonio Oeste (SAO), which is a bay located in the
northwest of San Matías Gulf, Río Negro Province, Argen-
tina (40°46�S, 64°50�W). Mar Chiquita is a body of brack-
ish water (46 km2) of low tidal amplitude (ca. 1 m)
permanently connected to the sea (Reta et al. 2001). The
upper intertidal zone is a mixed Spartina densiXora and
Sarcocornia perennis marsh (Isacch et al. 2006), and the
mid- and lower intertidal zones is mud Xat. Crabs occupy
the upper and mid-intertidal zones. Burrows reach more

than 70 cm depth and are connected with the water table in
both habitats (Iribarne et al. 1997; Fanjul et al. 2008)
(Fig. 1a). Sediments are Wne with low (salt marsh) or nil
(mud Xat) content of gravel and with high penetrability (salt
marsh lower than mud Xat) and organic matter content
(Table 1). By contrast, the other area, SAO, is a marsh lack-
ing freshwater input, except for the scarce rains (200 mm/
year), with a semidiurnal macrotidal (ca. 9 m) regime. The
upper intertidal is a S. perennis marsh, and the middle inter-
tidal divides into a Spartina alterniXora marsh (Isacch et al.
2006) and a mud Xat. Crab burrows occupy both the upper
and mid-intertidal zones (Bas et al. 2005). The shape of
crab burrows in this area has not been described yet; how-
ever, burrows are short and are not connected with water
table (Fig. 1b). The sediment organic matter content (salt
marsh higher than mud Xat) and penetrability (salt marsh
lower than mud Xat) are low, and content of gravel is high
(salt marsh lower than mud Xat) (Table 1). In both areas,
burrows ameliorate the harsh physical conditions when salt
marsh and mud Xat are uncovered by water by diminishing
the range of variation of temperature and/or salinity (Silva
et al. 2009; Luppi unpubl data).

Fig. 1 Schematic representa-
tion of each study site. 
a Mar Chiquita and 
b San Antonio Oeste

Table 1 Sediment features of 
salt marsh and mud Xat from 
Mar Chiquita and San Antonio 
Oeste

Mar Chiquita (1) San Antonio Oeste (2)

Salt marsh Mud Xat Salt marsh Mud Xat

Penetrability (kp/cm2) 9.5 § 1.49 1.7 § 0.48 32.3 § 4.3 26.3 § 1.1

Organic matter content (%) 3.8 § 0.56 4.1 § 0.21 1.84 § 0.03 0.9 § 0.07

Gravel content (%) (grain > 2 mm) 3 § 0.4 0 4.5 § 0.23 13.3 § 0.88
Data from (1) Spivak et al. 
(1994) and (2) Bas et al. (2005)
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Sampling

Sampling was carried out during the reproductive seasons
of 2008/2009 and 2009/2010 in MCL and 2009/2010 in
SAO. Individuals were measured with a caliper using the
carapace width (CW) as the reference variable. Only func-
tional mature crabs were considered (>19 mm CW, López
Greco and Rodríguez 1998), and according to preliminary
studies, diVerent categories of individuals were distin-
guished for both MCL and SAO, respectively: (1) oviger-
ous females (OF), 23.4–31.7 mm CW in MCL and 22.3–
27.5 mm CW in SAO; (2) non-ovigerous females (NOF),
22.1–30.9 mm CW and 21–25.6 mm CW; (3) small males
(SM), 25.9–32.6 mm CW and 21.4–27.5 mm CW and (4)
large males (LM), 34.3–36.2 mm CW and 28.1–34 mm
CW, respectively.

Characterization of burrows

Characterization of burrow architecture was assessed by
two approaches both in the Spartina salt marsh and on the
mud Xat at both study sites (MCL and SAO), which con-
sisted of: (1) sample burrows located in randomly placed
transects named “random burrows” and (2) a designed
experiment in order to associate the burrow form with the
category of crab that constructed it, named “exclusion bur-
rows.” The experiment consisted of placing a crab of each
category (OF, NOF, SM and LM) inside a single round
exclusion cage (30 cm diameter, buried 15 cm deep) con-
structed of plastic mesh (10 mm opening), on transects
located in the burrowing area in small patches without bur-
rows, allowing the crab to construct a burrow. According to
the mean burrow depth values of the randomly selected
burrows in (1), the exclusion burrows were measured daily
with a tape measure without disturbing the crab (all crabs
remained inside burrows while being measured) until they
reached similar depths with respect to the random ones.
Exclusion burrows were maintained between 1 and 2 days
in SAO and between 6 and 11 days in MCL. The cages
were then removed, and the burrows constructed were
examined. For characterization of both random and exclu-
sion burrows, the crab inside them was taken out by hand
when it was near the surface or with a piece of wire when it
was deep inside the burrow (without modifying the burrow
form), sexed and measured. In order to obtain the burrow
form, casts were made using expansible polyurethane foam,
and after a hardening time of 30 min, casts were hand-exca-
vated from the sediment and transported to the laboratory.
Maximum and minimum diameters as well as length were
recorded from the casts using a caliper. The number of
branches and entrances of each burrow cast were also regis-
tered. To recognize the presence of a widening as a cham-
ber in burrows and diVerentiate them from narrow burrows,

the diVerence between the maximum and minimum width
of the cast was considered as a dependent variable and
identiWed as “burrow width diVerentia.” Thus, large diVer-
ences in the burrow width diVerentia would indicate the
presence of a widening in the burrow, while small diVer-
ences would indicate the presence of a narrow burrow,
independently of the crab size (large or small). Generalized
linear models (GLMs) were performed in order to test
simultaneously the eVects and interactions between the
diVering independent factors: “habitat” (salt marsh and
mud Xat), “category of crab” (OF, NOF, SM and LM),
“experimental design” (random or exclusion burrows) and
“study site” (MCL and SAO), and with respect to the
dependent variable, “burrow width diVerentia.” For the
dependent variable “length of the casts,” GLMs were con-
ducted in order to test the eVect and interactions of the same
independent factors described above. Nine to 15 replicates
were obtained for each crab category, for the random and
exclusion burrows, in both the salt marsh and mud Xats, in
MCL and SAO.

A subsample of 26 and 23 exclusion burrow casts from
MCL and SAO, respectively, was used to calculate the rela-
tion between the number of days that a crab used in the
construction of a burrow and the burrow length as a mea-
surement of the crab eVort invested in its construction and
compared between study sites using a t test.

Male burrow form and mating behavior

To experimentally evaluate the relationship between male
burrow form and mating, including post-copulatory guard-
ing behavior, a crab caging exclusion experiment was per-
formed at both study sites, MCL and SAO, during the
reproductive seasons of 2009/2010 and 2010/2011. Experi-
ments included SM, LM, narrow burrows and burrows with
a widening as a chamber and arranged in four treatments:
(1) one SM placed in a narrow burrow, (2) one LM placed
in a burrow with a chamber, (3) one SM placed in a burrow
with a chamber and (4) one LM placed in a narrow burrow.
Exclusion cages (1 m2, 15 cm depth) constructed with plas-
tic mesh (10 mm opening) were located on the mud Xat. All
crabs encountered inside the burrows enclosed in cages
were removed, and according to the treatment, the type of
burrows needed was left intact, while the rest were elimi-
nated by Wlling them with sediment from surrounding areas.
Burrows were probed with a stick in order to detect either
the presence of a widening as a chamber inside them or
whether they had a narrow burrow shape. For burrows with
chambers, only those holding them in the upper part of the
burrow length were used in the experiments, since copula-
tion (if it occurred in the chamber) could be visually recog-
nized from the surface (see section “Results”). According
to the treatment, SM or LM, denoted as the “resident male,”
123
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was added to the exclusion cage and occupation of the bur-
row was registered. Then, a receptive female, recognized
by the presence of mobile opercula (Sal Moyano unpubl
data), was added. The observer was located 30 cm from the
exclusion cage, enough distance to see the crabs but to
avoid aVecting their behavior. The place where copulation
occurred (inside/outside burrows) was recorded, and the
cases in which copulation was not observed were not regis-
tered. Successful mating was considered to have occurred
when both the female and male pleons were opened and the
male gonopods inserted into the female vulvae. The number
of males that copulated inside versus outside burrows was
recorded and compared among treatments and between
each study site, MCL and SAO, through a log-linear analy-
sis (Norman and Streiner 1996; Zar 1999), considering the
null hypothesis of independence between the number of
individuals copulating inside burrows and (1) the study site,
(2) the treatments. A posterior chi-square test of indepen-
dence was conducted to analyze whether the number of
males that copulated inside versus outside burrows
depended on the type of treatment.

Once copulation ended, the existence of a post-copula-
tory guarding behavior was recorded in each experiment
during 1 h. Successful post-copulatory mate guarding was
considered to have occurred when the male retained the
female with its chela, between its pereiopods or blocked the
burrow entrance preventing female escape (when copula-
tion occurred inside burrows) until the end of the experi-
ment. The place where the post-copulatory guarding was
displayed (inside/outside burrows) was recorded. The num-
ber of males that showed post-copulatory guarding behav-
ior inside or outside burrows was compared among
treatments and between study sites through a log-linear
analysis, considering the null hypothesis of independence
between the number of individuals displaying a post-copu-
latory guarding behavior and (1) the study site, (2) the treat-
ments. A posterior G test was conducted to analyze whether
diVerences in the development of a post-copulatory guard-
ing behavior inside/outside burrows were dependent on the
type of treatment.

After the Wrst male had successfully copulated with (and
guarded) the female, a second male of similar size as the
resident male was added; this second male was denoted
“intruder” and identiWed by marking with dots of colored
nail polish. The outcome of each trial was determined as
follows: the male, resident or intruder located inside the
burrow, holding the female (inside or outside the burrow)
or both of them after 1 h, was considered the “winner” of
the encounter, while the crab anywhere outside the burrow
or not holding the female was considered the “loser” of the
encounter. Independent of the treatments, after addition of
the intruder male, the number of males (resident versus
intruder) that won the resources “burrow” or “female” was

recorded and compared between MCL and SAO using a
chi-square test of independence. If diVerences were
encountered between study sites, the observed and the
expected frequencies of resident versus intruder males win-
ning each resource were compared using a chi-square test
of adherence. Since few resident males from SAO won
both resources, which did not allow us to compare statisti-
cally the type of male (resident or intruder) that won both
resources at each study site, regardless of the type of male,
the number of males, resident and intruder that won both
resources (burrow and females) was pooled and compared
between both study sites using a chi-square test.

Number and duration of agonistic interactions between
the resident and the intruder males were recorded and com-
pared between MCL and SAO using a t test after natural
log transformation of the data. The number of agonistic
interactions refers to each time the pair of males contacted
with their chelae and separated, while duration of agonistic
interactions refers to the duration of the encounters in each
trial. Most of the agonistic interactions occurred outside or
near the surface of the burrow and could be easily quanti-
Wed. However, in a few cases and only during a few sec-
onds, both males entered deeply inside the burrow and
interactions could not be recorded. Ten replicates per treat-
ment were obtained. All trials were conducted during low
tide, on sunny or cloudy days and temperature ranged from
23 to 28 °C.

Results

Variation in the burrow form between individuals 
and study sites

Regarding the dependent variable “burrow width diVeren-
tia,” GLM showed a signiWcant eVect of the factors “cate-
gory of crab,” “experimental design” and “study site,” while
“habitat” had no eVect (Table 2). The signiWcant eVect of the
factor “category of crab” indicated that burrow form varied
between the diVering category of individuals, in the random
or exclusion burrows, at both study sites (Table 2, Fig. 2).
Thus, two types of burrow form were found at both study
sites. In MCL, burrows had a widening as a “chamber” in
the upper or middle part of the cast length, and they were
associated with LM, or burrows had a narrow tube form cor-
responding to OF, NOF and SM (Fig. 3a). In SAO, burrows
presented a widened or a narrow entrance, and they corre-
sponded to LM or OF, NOF and SM, respectively (Fig. 3b).
A size diVerence between the maximum and minimum cast
width of 18 mm or larger was considered as a chamber for
both study sites. Maximum and minimum diVerence of the
cast width was 55 mm and 1.3 mm for MCL and 29.7 and
0.1 mm for SAO, respectively. The signiWcant interaction
123
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between the factors “experimental design” and “study site”
(Table 2) was caused by LM having burrows with chambers
in MCL and widened entries in SAO, while NOF and OF
had narrow burrows at both study sites. By contrast, SM
were encountered in burrows with chambers in the random
sampling although they constructed narrow burrows at the
exclusion sites in MCL, while they constructed narrow

burrows in SAO (Fig. 2). Although no signiWcant eVect was
observed for “habitat,” the signiWcant interaction between
“habitat” and “study site,” shown in Table 2, was because in
MCL there was a small variation in burrow width diVerentia
between habitats, being larger in the salt marsh than in the
mud Xat, while in SAO no diVerences were found between
them.

Table 2 Generalized lineal 
model showing the eVect of the 
independent factors “habitat,” 
“category of crab,” “experimen-
tal design” and “study site” and 
their interactions with respect to 
the dependent variable “burrow 
width diVerentia” deWned as the 
diVerence between the maxi-
mum and minimum burrow cast 
width

EVect SS Degree of 
freedom

MS F P

Intercept 53,415.87 1 53,415.87 771.62 ***

(1) Habitat 11.15 1 11.15 0.16 ns

(2) Category of crab 16,502.09 3 5,500.70 79.46 ***

(3) Experimental design 357.15 1 357.15 5.15 **

(4) Study site 5,457.42 1 5,457.42 78.83 ***

1 £ 2 42.12 3 14.04 0.20 ns

1 £ 3 0.11 1 0.11 0.00 ns

2 £ 3 174.38 3 58.13 0.83 ns

1 £ 4 346.24 1 346.24 5.00 **

2 £ 4 373.62 3 124.54 1.79 ns

3 £ 4 364.97 1 364.97 5.27 **

1 £ 2 £ 3 52.21 3 17.40 0.25 ns

1 £ 2 £ 4 294.04 3 98.01 1.41 ns

1 £ 3 £ 4 6.34 1 6.34 0.09 ns

2 £ 3 £ 4 228.40 3 76.13 1.09 ns

1 £ 2 £ 3 £ 4 24.18 3 8.06 0.11 ns

Error 20,905.94 302 69.22
SigniWcant P values: 
** P < 0.01, *** P < 0.001

Fig. 2 Generalized lineal model 
showing the interactions 
between the independent factors: 
“category of crab” including 
ovigerous females, non-oviger-
ous females, small males and 
large males, “experimental 
design” including random or 
exclusion burrows, and “study 
site” corresponding to Mar 
Chiquita and San Antonio Oeste; 
and with respect to the depen-
dent variable, “burrow width 
diVerentia,” deWned as the diVer-
ence between the maximum and 
minimum burrow cast width
123
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Regarding the burrow length, GLM showed a signiWcant
eVect and interaction of the factors “habitat” and “study site,”
while no eVect was encountered for the “category of crab”
and “experimental design” (Table 3). DiVerences between
habitats were found in MCL: burrows were larger in the salt
marsh than in the mud Xat, while in SAO no diVerences were
found (Fig. 4). DiVerences between study sites showed that
burrow casts from MCL were much longer than the ones
from SAO. Maximum and minimum burrow length was 779

and 240 mm for MCL and 105 and 46 mm for SAO, respec-
tively. The non-signiWcant eVect of the factors “category of
crab” and “experimental design” showed that the burrow
length did not vary between the diVerent categories of indi-
viduals and the random or exclusion burrows, at both study
sites. Regarding the number of branches or entrances, some
casts from MCL presented one or two branches and in some
cases two entrances, while casts from SAO always lacked
branches and never had more than one entrance.

Fig. 3 Burrow casts of Neohelice granulata. a Burrows casts con-
structed in Mar Chiquita Lagoon. Two types of burrow form were
encountered: with a widening as a chamber in the upper or median part
of the casts length (see arrows) and without a widening, as narrow

tubes. b Burrows casts constructed in San Antonio Oeste. Two types of
burrow form were found: with a widened entrance (see arrows) and
with a narrow entrance

Table 3 Generalized lineal 
model showing the eVect of the 
independent factors “habitat,” 
“category of crab,” “experimen-
tal design” and “study site” and 
their interactions with respect to 
dependent variable “length” of 
the burrow casts

EVect SS Degree of 
freedom

MS F P

Intercept 25,821,670 1 25,821,670 3,355.629 ***

(1) Habitat 432,570 1 432,570 56.214 ***

(2) Category of crab 18,451 3 6,150 0.799 ns

(3) Experimental design 2,609 1 2,609 0.339 ns

(4) Study site 14,343,100 1 14,343,100 1,863.943 ***

1 £ 2 6,394 3 2,131 0.277 ns

1 £ 3 2,679 1 2,679 0.348 ns

2 £ 3 4,066 3 1,355 0.176 ns

1 £ 4 479,357 1 479,357 62.294 ***

2 £ 4 11,203 3 3,734 0.485 ns

3 £ 4 1,652 1 1,652 0.215 ns

1 £ 2 £ 3 7,229 3 2,410 0.313 ns

1 £ 2 £ 4 8,203 3 2,734 0.355 ns

1 £ 3 £ 4 3,581 1 3,581 0.465 ns

2 £ 3 £ 4 4,881 3 1,627 0.211 ns

1 £ 2 £ 3 £ 4 12,037 3 4,012 0.521 ns

Error 2,308,509 300 7,695
SigniWcant P values: 
*** P < 0.001
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DiVerences were found in the crab eVort (calculated as
the relation between the number of days that a crab spent in
the construction of a burrow and the burrow length)
between study sites: individuals from SAO spent more time
in building a burrow than the ones from MCL (t = 3.93,
P < 0.001; mean § SD, MCL = 0.014 § 0.007, SAO =
0.022 § 0.01).

Variation in burrow form: eVects on copulation, post-
copulatory guarding and agonistic encounters

The number of males that copulated inside versus outside
burrows was independent of the study site (�2 = 0.55,
P = 0.45), but dependent on the treatment (�2 = 46.88,
P < 0.001). Regardless of the size of males (LM or SM)
when the burrow had a chamber or a widened entrance
(treatments 2 and 3), copulation occurred inside it, while in
narrow burrows (treatments 1 and 4) copulation occurred
outside them, on the surface (MCL: �2 = 27.5, P < 0.0001;
SAO: �2 = 19.48, P < 0.001) (Fig. 5a–d; Table 4).

The number of males that showed post-copulatory
guarding was dependent on the study site (�2 = 16.36,
P < 0.001) and on treatments (�2 = 41.04, P < 0.001).
Males from MCL displayed post-copulatory guarding
behavior, while males from SAO showed no post-copula-
tory guarding (�2 = 13.22, P < 0.001). For males from
MCL, post-copulatory guarding was dependent on the type
of treatment (G = 33.06, P < 0.001). In treatments 2 and 3
where burrows had a chamber and copulation occurred
inside them, we also observed post-copulatory guarding:
males occupied the entrance of the chamber and blocked
females from running away (Fig. 5e, f; Table 4). In treat-

ments 1 and 4 where copulation occurred outside burrows
(Fig. 5g), males caged females within their legs or held
them with their chela, but rarely did they retain the female
during the entire experimental time (Table 4).

After addition of the intruder male, there were diVer-
ences in the number of males (resident versus intruder) that
won the resource “burrow” between both study sites
(�2 = 6.19, P < 0.05, Fig. 6a). In MCL, there were no diVer-
ences between the type of male that won the burrow
(�2 = 0.9, P = 0.34), while in SAO, the resident males were
more successful in defending and winning the burrows with
respect to intruders (�2 = 8.1, P < 0.05). Moreover, there
were diVerences in the number of males that won the
females between both study sites (�2 = 8.378, P < 0.05,
Fig. 6b). In MCL, there were no diVerences between the
type of male that won the female (�2 = 0.1, P = 0.75), while
in SAO, the intruder males were more successful in win-
ning the female with respect to the resident males
(�2 = 19.6, P < 0.0001). The number of males winning both
resources, burrows and females, was signiWcantly higher in
MCL than in SAO (�2 = 7.714, P < 0.05, Fig. 6c). Thus,
males from MCL more frequently obtained females and
burrows, while males from SAO obtained females or bur-
rows, but rarely both of them. The number and duration of
agonistic interaction between the resident and the intruder
male were signiWcantly higher in SAO than in MCL
(t = 4.72, P < 0.001, Fig. 7a; t = 4.37, P < 0.001, Fig. 7b;
respectively).

Discussion

The mating strategies of species depend on the ecological
and behavioral potential to monopolize mates (Emlen and
Oring 1977). The diVerent habitats and behaviors needed to
survive in them appear to play an important role in shaping
the diVerent mating systems (BrockerhoV and McLay
2005a). Here, we studied two populations of Neohelice
granulata inhabiting contrasting study sites, and we found
diVerences related to: (1) the form of burrows between
study sites and among the diVerent categories of individuals

Fig. 4 Generalized lineal model showing the interactions between the
independent factors: “habitat” including the salt marsh and the mud
Xat, and “study site” corresponding to Mar Chiquita and San Antonio
Oeste; and with respect to the dependent variable, “burrow length”

Fig. 5 Neohelice granulata male burrows and mating behavior.
a A small male (arrow) in the entrance of a narrow burrow, without a
chamber, in Mar Chiquita Lagoon (MCL). b A large male (LM) in a
burrow with a chamber in its upper part in MCL. c A exclusion cage
used for the behavioral experiments, the observer was located 30 cm
from of the exclusion cage. d A LM copulating with a female in a bur-
row chamber in MCL. e A LM with a female displaying a post-copu-
latory guarding behavior in a burrow chamber in MCL. f A LM
displaying a post-copulatory guarding behavior inside a burrow cham-
ber, holding a female with his chela and preventing her escape in MCL.
g A LM copulating with a female in the widened entrance of a burrow
in San Antonio Oeste. h A mating pair copulating outside burrows

�
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that constructed them, (2) the development of a successful
post-copulatory guarding behavior and (3) the agonistic
behavior of males, indicating that variation of mating strat-
egies may be associated with diVerent study sites. Thus, the
environment appears to constrain or favor particular mating
tactics via its eVect on burrow architecture, similar as found
for host eVects on symbiotic crustaceans (Baeza and Thiel
2007).

The diVerences in burrow form between both study sites
could be related to the diVerent texture of the sediment:
while Wne sediments of MCL allow the construction of
deep burrows, coarse sediments of SAO prevent them from
being so deep. Moreover, in MCL, chambers can be con-
structed along the length of the burrow, while in SAO
chambers may be constructed at the entrance, as widened
entries, due to their short length of the burrows. This pat-
tern of variation in the burrow form associated with habitat
characteristics as the sediment composition was also
reported for other grapsoids such as Austrohelice crassa
(Morrisey et al. 1999; Needham et al. 2010) and Helograp-
sus haswellianus (Katrak et al. 2008). Similarly, studies
conducted on thalassinidean shrimps found deeper burrows
in muddy shore habitats compared to sandy ones, indicating
that sediment type aVects the burrow features (GriYs and
Chavez 1988; Li et al. 2008). The diVerence in the length of
N. granulata burrows between habitats (mud Xat and salt
marsh) was also reported by Iribarne et al. (1997). Addi-
tionally, habitat diVerences in the inclination and entrances

Table 4 Observed frequencies of the number of individuals that cop-
ulated inside and outside burrows in Mar Chiquita Lagoon (MCL) and
San Antonio Oeste (SAO), and observed frequencies of the number of
individuals that display successful post-copulatory guarding inside and
outside burrows or not displaying it, in MCL and SAO, in treatments
1 (T1), 2 (T2), 3 (T3) and 4 (T4)

Observed frequencies of individuals T1 T2 T3 T4

MCL

Copulating inside burrows 0 9 7 0

Copulating outside burrows 10 1 3 10

SAO

Copulating inside burrows 0 7 6 0

Copulating outside burrows 10 3 4 10

MCL

Post-copulatory guarding inside burrows 0 9 8 0

Post-copulatory guarding outside burrows 3 0 1 8

Without post-copulatory guarding 7 1 1 2

SAO

Post-copulatory guarding inside burrows 0 4 3 0

Post-copulatory guarding outside burrows 1 0 0 2

Without post-copulatory guarding 9 6 7 8

Fig. 6 Neohelice granulata males. a Comparison between the number
of resident versus intruder males winning burrows in Mar Chiquita
Lagoon (MCL) and San Antonio Oeste (SAO). * SigniWcant diVer-
ences were found (�2 = 6.19, P < 0.05). b Comparison between the
number of resident versus intruder males winning females in MCL and
SAO. * SigniWcant diVerences were found (�2 = 8.378, P < 0.05).
c Comparison between the number of males that won both burrows and
females, in MCL and SAO. * SigniWcant diVerences were found
(�2 = 7.714, P < 0.05)
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of the burrow were associated with diVerent trophic modes
(Iribarne et al. 1997). It was also demonstrated that the
length and maximum width of the burrows varied between
the salt marsh and tidal creeks, promoting marsh erosion
(Escapa et al. 2007). Those studies found diVerences in the
burrow shape related to the habitat sediment characteristics,
although none of them examined whether the burrow form
may aVect behavioral strategies and mating as we shown
here for N. granulata.

The diVerences in burrow form of the diVerent catego-
ries of N. granulata individuals also aVected the mating
behavior of crabs: large males constructed burrows with a
chamber or a widened entrance where copulation with
females occurred, while small males constructed the same
narrow burrow form as females and copulation occurred at
the sediment surface. Few studies conducted on grapsoid
crabs have reported that copulation occurs inside burrows:
underground mating was observed for A. crassa (Brocker-
hoV and McLay 2005a) and probably also occurs in Ses-
arma reticulatum (see Seiple and Salmon 1982), although
copulation sites (inside or outside the burrows) were appar-
ently not related to burrow form. The case for ocypodids is
diVerent. For example, in Uca annulipes, burrow architec-
ture diVered between sexes, with male burrows being larger
than female burrows, albeit this diVerence was attributed to
the male’s spatial requirements as a consequence of its
large cheliped and body size (Lim and Diong 2003), and
not associated with mating. In Ocypode ceratophthalma,
diVerences in the burrow architecture between juvenile and
adult crabs, but not between sexes, were reported and asso-
ciated with the respiratory behavior (see Chan et al. 2006).
In the case of Uca pugilator, males create deeper burrows
with chambers during the breeding season presumably for
mating purposes (Christy 1982).

For N. granulata, we registered diVerences between
sexes and sizes of males: large or small adult males con-

struct diVerent types of burrows. Since burrows are impor-
tant resources for mating, large and small males follow
diVerent mating strategies. It is expected that small males
do not invest energy in constructing burrows with chambers
because larger males could contest and win these burrows.
It appears that large males construct and defend burrows
with chambers used for mating, while small males mate
with receptive females outside burrows, encountering them
by chance (intercept mating, sensu Christy 1987). Habitat
type is expected to inXuence a male’s strategy to maximize
his reproductive success (BrockerhoV and McLay 2005a).
In relatively permanent habitats, males may defend long-
lasting burrows as sites for mating (Seiple and Salmon
1982; Zimmerman and Felder 1991). Burrow quality could
be considered as an important criterion in female mate
choice, due to burrow structure potentially inXuencing
reproductive success (Christy 1982; Backwell and Pass-
more 1996). Although in the Wddler crab Uca annulipes no
relationship between male size and burrow quality was
encountered, it was suggested that females use at least two
independent criteria when choosing potential mates, based
on male size or burrow features (Backwell and Passmore
1996). In this study, N. granulata male size (large versus
small) was related to burrow architecture. Possibly, females
are selecting mates based on a combination of resource
quality (burrows) and male size. Burrow chambers may be
an “honest” indicator of male quality to females, indicating
that males are capable of constructing burrows with cham-
bers in which to mate.

At MCL, diVerences between random and exclusion bur-
rows were found: some random burrows of small males had
a chamber, but exclusion burrows of small males never had
a chamber. Possibly at this site, some small males occupied
burrows originally constructed by large males. The high
density of crabs that characterize that area (see Iribarne
et al. 1997; Spivak 2010) could be important in causing

Fig. 7 Agonistic interactions between Neohelice granulata males.
Mean values and standard deviation of the: a number of agonistic inter-
actions between resident and intruder males of the Mar Chiquita
Lagoon (MCL) and San Antonio Oeste (SAO): number of times that
each pair of males contacted with their chelae and separated. * SigniW-

cant diVerences were found (t = 4.72, P < 0.001) b Duration (s) of the
agonistic encounters between resident and intruder males from MCL
and SAO in each trial. * SigniWcant diVerences were found (t = 4.37,
P < 0.001)
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high mobility and interactions that occur between males to
gain burrows. Males of diVerent sizes are observed during
low and high tide getting in and out of burrows, defending
or contesting ownership. The high mobility of crabs at
MCL may be favored by the limited costs of constructing
burrows at this site, explaining the variation observed in the
burrow form and the male resident. In contrast, in SAO,
only large males were encountered in burrows with a wid-
ened entrance in both random and exclusion burrows. In
this case, large males occupants may be defending burrows
constructed by themselves, and since this involves a higher
energy cost, they defend their own burrows once they have
built them.

Moreover, the behavioral experiments showed that resi-
dent males from SAO won burrows, while the intruders
won females. This might indicate that burrow owners (resi-
dent males) defend them, being able to copulate with a
receptive female that approaches the burrow. In the pres-
ence of an intruder male, the resident males most likely
choose to defend their burrows rather than females. At
SAO, the primary function of burrows maybe related to
protection from desiccation, which can be associated with
greater exposure of crabs during low tide, rather than for
mating purposes. On the other hand, in MCL, resident or
intruder males could win either burrows or females, thus
indicating more Xexible interactions related to a lower
energy cost associated with the construction of a burrow in
this habitat.

The higher number and duration of agonistic encounters
in males from SAO compared to males from MCL also
indicate that the aggressiveness of males might be related to
site-speciWc diVerences. Contest characteristics may diVer
between populations according to (1) the conditions deter-
mining the reward for winning the contest (e.g. more favor-
able operational sex ratio or duration of the breeding
period) and (2) the Wtness costs of aggressive behavior and
the chances of winning the conXict (e.g. secondary sexual
structures) (Jormalainen et al. 2000). Investment in contest
behavior should coevolve with other characters that aVect
contest outcome (Jormalainen et al. 2000). Consequently,
contest behavior of males in the two N. granulata popula-
tions may depend on diVerent habitat characters: the longer
exposure during low tide and the greater eVort invested in
the construction of a burrow could explain the higher
aggressiveness of males from SAO.

Pre- and post-copulatory guarding are optional and
highly Xexible behaviors, the duration of which is inXu-
enced by socio-sexual context (Sainte-Marie et al. 2008). In
N. granulata, post-copulatory guarding behavior was
related to the burrow form and, consequently, to the study
site. In MCL, the existence of a closed chamber may allow
males to successfully defend and retain a receptive female
in their burrows, while in SAO the open chamber at the

entrance could be related to the lower eYciency or lack of
post-copulatory guarding behavior. The large proportion of
males (resident or intruder) from MCL winning both bur-
rows and females also indicate that the presence of a closed
chamber improves male defense of females, thus develop-
ing a successful post-copulatory guarding behavior. Pro-
longed post-copulatory guarding as an expected strategy to
increase a male�s fertilization probability was previously
reported for the varunids Hemigrapsus crenulatus and
H. sexdentatus (BrockerhoV and McLay 2005a). Post-copu-
latory mate guarding may help to ensure paternity for the
guarding male by preventing rival males from inseminating
the female, thus reducing the risk of sperm competition
(Parker 1970; Smith 1984). López Greco et al. (1999)
found that the seminal receptacle of N. granulata females
belongs to the ventral type deWned by Diesel (1991). Con-
sequently, in N. granulata, diVerences in the development
of a post-copulatory guarding behavior between popula-
tions have important implications in the mating system: in
MCL, males may be more successful in assuring paternity
of oVspring compared to males from SAO.

DiVerent populations of the same species should feature
diVerent mating systems whenever individuals in each pop-
ulation or species are experiencing dissimilar ecological
conditions; thus, shifts from one to another mating system
should depend not only on environmental conditions but
also on how Xexible a species is in terms of behavior, phys-
iology or sexual attributes (Baeza and Thiel 2007). We con-
clude that in N. granulata, since burrows constructed by
males are resources used for mating and have an eVect on
the eYciency of post-copulatory guarding, they could inXu-
ence the paternity of the brood. The intensity of agonistic
encounters and the propensity of males to Wght for
resources such as burrows, females or both not only depend
on the social environment (number and size of competi-
tors), but also on habitat characteristics. Thus, males must
employ diVerent mating strategies according to the habitat
type to ensure mating success.
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