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ABSTRACT ARTICLE HISTORY
Year-round continuous reproduction in tropical regions is an established paradigm in marine Received 27 September 2018
ecology. In this study, we tested this paradigm using the ghost shrimp Callichirus seilacheri from Accepted 16 November 2018
the tropical eastern Pacific as a model species. We also examined size-frequency distribution, sex KEYWORDS

ratio, and recruitment cycle to contribute to the biological knowledge of this species. To this end, Population structure; sex

a total of 456 individuals of C. seilacheri were collected during 12 months of sampling. Population ratio; reproduction; ghost
structure was symmetrical for both sexes, and the overall sex ratio did not differ from evenness. shrimp; Orton'’s rule;

Males outnumbered females in smaller size classes, though, revealing a potential sex-dependent triggering factors
mortality in small individuals. The breeding pattern followed the well-marked seasonal regime of

the region, with ovigerous females registered during the rainy season. While natural variation in

the seawater temperature had no influence on reproduction of this species, changes in water

salinity possibly triggered the appearance of egg-bearing females in the population. Recruitment

occurred throughout the year but was more intense during the dry season, following the

appearance of ovigerous females. The adaptability of the life cycle of C. seilacheri to the seasonal

climate provides further evidence that reproduction in tropical species is not always continuous.

Introduction exhibit the expected continuous reproductive pat-
tern (e.g. ophiuroids: Hendler 1979; corals:
Shlesinger and Loya 1985; sea urchins: Cameron
1986; decapods: Bauer 1992).

Although commonly related to temperate regions, sea-
sonality of environmental factors can also be observed in
tropical localities (Asnani 1993; McKnight and Hess 2000).
For instance, in the eastern tropical Pacific from El Salvador
to northern Panama, a clearly marked seasonal climate has
been reported, with a dry tropical season from December
to March/April followed by a rainy season from May to
October/November (Amador et al. 2006). During the rainy
season, the occurrence of intense rainfall decreases the
salinity (from 33.1 to 9.8) of estuarine waters along the
coast (Cortés 1997; Hernaez et al. 2012), while during the
dry season, the intensification of trade winds favors coastal
upwelling (for details, see Brenes et al. 2003; Kessler 2006).
During these upwelling events, occurring mostly from
December to March, sea surface temperature drops from
about 27-29°C to 20-22°C (Glynn et al. 1983; Jiménez
2001), with a subsequent increase in water salinity and
primary production as a consequence of the strong north-
east trade winds (Pennington et al. 2006). This suggests

Continuous (year-round) reproduction in the tropics
versus seasonal reproduction in temperate environ-
ments has been considered one of a few well-
established paradigms in marine ecology (Sastry
1983). This generalization, known as Orton’s rule
(Orton 1920), has been based on the statement
that constant and elevated seawater temperatures
characteristic of low latitude regions should
favor continuous gonadal development and embryo
production in the organisms living in these regions.
Thorson (1950) suggested that factors other than
constant temperature, such as stable plankton pro-
ductivity for larval food, should also be considered
as possible ultimate factor leading to continuous
reproduction in marine organisms. Subsequent revi-
sions of the reproductive biology of marine species
have provided support to Orton’s rule (e.g. Giese
and Pearse 1974; Sastry 1983; Pearse et al. 1991;
Clarke 1992; and references therein). There are
many exceptions, however, to this model, including
various tropical species of invertebrates that do not
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that Orton’s rule (1920) might not necessarily apply to all
tropical regions, in particular to the Pacific coast of Costa
Rica, where the climatic conditions are expected to drive
a seasonal reproductive pattern in marine invertebrates
instead of a prolonged breeding strategy.

A recent study of the breeding cycle of the intertidal
ghost shrimp Lepidophthalmus bocourti (A. Milne-
Edwards, 1870) has confirmed discontinuous (=seasonal)
reproduction of this species from the Pacific coast of Costa
Rica, with ovigerous females appearing only during the
rainy season (Herndez et al. 2012). This suggests that
different environmental factors other than temperature,
such as salinity and primary production, may play an
important role in determining reproductive activity in
tropical environments. Although this is a well-known
statement, we still need more studies on the breeding
patterns of tropical species to improve our understanding
on what conditions may drive the different reproductive
strategies in marine invertebrates.

In this study, we are particularly interested in examin-
ing the reproductive biology of Callichirus seilacheri (Bott,
1955) (Callianassidae), one of the most abundant interti-
dal ghost shrimp species along the eastern tropical Pacific
coast (Herndez et al. 2015). This species is distributed from
the southern coast of Mexico to the central Pacific coast of
Costa Rica (Aydén-Parente et al. 2014; Herndez et al. 2015),
where it forms dense aggregations in the intertidal zone
of sandy beaches (Felder 2001) and on tidal flats of estuar-
ine areas (Herndez et al. 2015). Interestingly, in Costa Rica
C. seilacheri is harvested intensely (up to 1200 shrimps
collected per day) by local fishermen and sold as bait for
recreational fishing (Herndez and Granda-Rodriguez
2015). This non-traditional fishery has intensified during
the last decade due to the lack of employment opportu-
nities for fishermen and the depletion of other traditional
resources in the Pacific region of Costa Rica (e.g. penaeid,
pandalid shrimps and coastal fish; Instituto Costarricense
de Pesca y Acuicultura (Incopesca) 2006; Wehrtmann and
Nielsen Munoz 2009).

Although having considerable economic importance in
many coastal communities in Central America, there is no
available information about basic aspects of C. seilacheri life
history, including population structure and reproductive
biology, preventing the implementation of any sustainable
management program for the conservation of this valuable
decapod species. Two previous reports have provided infor-
mation about the population biology and fecundity of
C. seilacheri from northern Chile (Herndez and Wehrtmann
2007; Hernaez et al. 2008), but a detailed morphological
comparison between specimens from the Pacific coast of
Central and South America demonstrated that the Chilean
populations of C. seilacheri actually belong to Callichirus
garthi (Retamal, 1975) (see Herndez et al. 2015).
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Here, we examined the population biology (defined
as population structure, sex ratio, breeding and recruit-
ment cycle) of the ghost shrimp C. seilacheri from the
Pacific coast of Costa Rica. Given the temporal variabil-
ity in climatic and oceanographic conditions in this
region (Amador et al. 2006), we expect a seasonal
breeding and recruitment cycle in the C seilacheri
population, following the well-marked climatic regime
of this tropical area. Additionally, we analyzed the
fecundity (number of eggs) of this species and com-
pared with data for other callianassid shrimps to better
comprehend the reproductive strategies of these
organisms. Therefore, this study provides valuable infor-
mation about the life history of C. seilacheri and will be
important to establish the baseline for future conserva-
tion protocols to regulate the stock and sustainability
use of this valuable crustacean species.

Materials and methods
Study area and shrimp sampling

Specimens of Callichirus seilacheri (Figure 1(a)) were col-
lected during monthly sampling from December 2011 to
November 2012 in the intertidal zone at ‘Mata de Limén’
(09°55°12" N, 84°42°37" W), Pacific coast of Costa Rica
(Figure 1(b)). The study site is a small and nearly flat area
(~ 4 ha) exposed during low tide and composed primarily of
fine sediment mainly originating from the Limén River
(Figure 1(c)). We first established six linear transects perpen-
dicular to the shoreline and separated by 80 m along the
intertidal zone (Figure 1(c)). Then, we inspected the total
area among transects (=4.49 ha = 0.04 km?) in search of
burrow openings, from which we collected ghost shrimps
using a hand-made ‘yabby’ pump (diameter = 55 mm,
length = 100 cm). This is an efficient method for sampling
organisms from intertidal burrows (Rodrigues 1966), and
was used to pump each burrow up to five times. To obtain
representative sample sizes for each month, we inspected
all visible burrow holes in the sampling area since shrimp
abundance at this site was relatively low (mean +
SD = 0.6 + 0.47 burrows/m?) (P. Herndez unpubl. data).
Entrances to the burrows constructed by C. seilacheri
are easy to identify at the surface of the beach because
of their typical volcano shape (Figure 1(a) insert).
Shrimp sampling was conducted in the morning when
the temperature is milder because during high-
temperature periods individuals tend to stay deeper in
the burrow and, thus, out of reach of the pumping
instrument (Herndez and Jodo in press). Once collected,
each shrimp was carefully rinsed with seawater, placed
in a plastic bag and preserved in 80% ethanol until
further examination at the laboratory. Additionally, the
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Figure 1. (a) Dorsal view of both male and female Callichirus seilacheri, scale bar = 1 cm; (b) geographic position of the study
area of the Pacific coast of Costa Rica; (c) white enclosed area showing the intertidal zone at ‘Mata de Limén’ beach from
which specimens of C. seilacheri were collected. The indented figure shows a burrow opening of C. seilacheri at the sampling
site, scale bar = 5 mm.



monthly surface seawater temperature (SWT, = 0.1°C)
and salinity (Practical Salinity Scale) at the sampling site
were recorded by a data logger (HOBO® U24-002-C).
Part of the material analyzed in this study was depos-
ited in the Museo de Zoologia, Universidad de Costa
Rica, Costa Rica (MZUCR 3337-01).

In the laboratory, each shrimp was sexed according
to the morphology of the first pair of pleopods; Bi-
segmented in males and tri-segmented in females
(Hernaez et al. 2018). Individuals were also classified
as juveniles or adults based on the presence/absence
of extremely asymmetric first chelipeds, which become
larger and more massive in adult males but not in
females or juveniles of both sexes, and the presence
of coloured ovaries in adult females (orange or dark red
ovaries, depending on the stage of development -
Herndez et al. 2015, 2018). Additionally, females were
classified as brooding or non-brooding according to the
presence or absence of embryos carried beneath the
abdomen, respectively. Developing eggs of ovigerous
females were classified into three stages: ‘stage I, char-
acterized by rounded eggs with uniform yolk and no
visible eye pigments; ‘stage II, ovoid eggs with elon-
gated and barely visible eye pigments; ‘stage III', ovoid
eggs carrying embryos with fully developed eyes and
free abdomen. We used a stereomicroscope (Olympus®
SZ 61) equipped with a graduated ocular micrometer to
measure the cephalothorax length (CL, distance from
the postorbital margin to the posterior margin of
cephalothorax).

Sexual dimorphism, population structure, and
sex-ratio

The occurrence of sexual dimorphism in C. seilacheri was
evaluated by comparing CL values between sexes using
a t-test, since distribution was normal and variances of the
two groups being compared were homogenous. To
examine the overall size frequency distribution of the
sampled population, we constructed size—frequency his-
tograms based on CL measurements for each sex, using
1 mm size classes and including the frequency of brood-
ing females. The normal components of each histogram
were separated by the Bhattacharya method and con-
firmed by NormSep routine (see FiSAT software -
Gayanilo et al. 1996), with the identification of each
modal component and the calculation of mean values
for each cohort.

Sex ratio along ontogeny was analyzed for C. seilacheri
to verify whether the ratio between sexes varied according
to shrimp size and differed from the natural ratio (1:1)
(Wenner 1972). For this purpose, sex ratio was estimated
as the number of males divided by the total number of
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individuals in each size class (1 mm) and was tested for
deviations from an expected 1:1 sex ratio using a binomial
test (Wilson and Hardy 2002). For this analysis, we consid-
ered 10 or more shrimps in each size class as an adequate
sample size to calculate accurate sex-ratios. In case this
condition was not fulfilled, shrimps were pooled into
a subsequent or preceding size class until attaining the
minimal number of individuals to ensure meaningful sta-
tistical analysis.

Breeding and recruitment pattern

The climatic regime of the Pacific coast of Costa Rica
can be divided into a dry tropical season from
December to March/April and rainy season from May
to October/November (Amador et al. 2006). Based on
this, we first divided the annual cycle into four different
periods (‘early dry season’, from December to January;
‘late dry season’, from February to April; ‘early rainy
season’, from May to July; and ‘late rainy season’, from
August to November) and estimated the proportion of
both ovigerous females and recruits of C. seilacheri for
each period. The proportion of ovigerous females was
calculated as the number of females carrying eggs
beneath the abdomen relative to the total number of
females (excluding those juveniles), whereas the pro-
portion of recruits as the number of shrimps below
7.9 mm CL relative to the total number of shrimps.
This threshold value was determined using the 10™
percentile obtained from the overall size frequency dis-
tribution. Accordingly, the proportion of juveniles and
adults in each period was also calculated. All the calcu-
lated proportions were compared separately among
periods using chi-square tests and the Marascuilo pro-
cedure (a = 0.05) to verify possible contrasts between
and within multinomial proportions (Marascuilo and
McSweeney 1977).

The average of seawater temperature and salinity
were compared among periods using a one-way
ANOVA, since there was a normal distribution and homo-
geneous variances among groups (Zar 2010). When
there was a significant difference (p < 0.05), a Tukey ‘a
posteriori’ test (Zar 2010) was used to establish the
similarity between each pair of periods. The relationship
between the surface seawater temperature (SWT) and
salinity on the breeding pattern of ghost shrimps (here
defined as the number of ovigerous females in each
monthly sample) was evaluated through a negative
binomial regression analysis, a common type of distribu-
tion used to model over-dispersed count data, in which
the number of failure events do not tend to be infinite
(Cameron and Trivedi 1998). We first performed
a negative binomial regression analysis considering
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both SWT and salinity as predictor variables. If one of the
variables did not contribute significantly to model fitting,
we reduced the model using a single predictor variable.

Reproductive parameters

A total of 30 egg-bearing females were found during
the study period, 24 of which carried embryos in the
early stage (stage I), two in Stage Il and four in Stage lll.
Since there is a considerable egg loss during the incu-
bation of embryos in decapods (Kuris 1991), only
females carrying embryos in the early stage were used
to estimate the size-specific fecundity (NE, number of
eggs) relationship in C. seilacheri. The total egg mass of
brooding females was removed from the pleopods,
counted and a random sample of 20 eggs per individual
was separated for obtaining measurements of the long
and short axis of each egg using a stereomicroscope
equipped with a calibrated ocular micrometer. Egg
volume (EV) was calculated using the formula proposed
by Turner and Lawrence (1979) based on the volume of
an ellipsoid: EV = 1/6(EL*EW*2m), where EL = egg length
and EW = egg width. The relationship between both
egg number and egg volume and female size were
assessed by regression analysis using a log-
transformed version of the power function (allometric
model: log Y =log a + b * log X, where a is the intercept
and b is the slope), with previous outliers removed by
Studentized residuals’ method. According to Somers
(1991), fecundity and body size represent two different
dimensions (volumetric vs. linear, respectively) and the
theoretical slope of a size-specific fecundity relationship
based on an allometric model should be approximately
3. Conversely, when slope values differ from 3, it is
assumed that there is a lack of a simple volumetric
relationship. Considering the above information, the
slopes of the NE x CL and EV x CL relationships were
compared with the theoretical value by independent
Student’s t-tests (Zar 2010).

Results

Sexual dimorphism, population structure, and
sex-ratio

A total of 456 individuals of Callichirus seilacheri were
collected during the study period, of which 234 (51.3%)
were males and 222 (48.7%) females. Male CL ranged
from 2.9 to 17.8 mm (mean + SD; 11.1 = 2.8 mm) and
females from 5.2 to 18.4 mm (11.7 + 2.7 mm). Females,
on average, were significantly larger than males
(t =-2.42, df = 454, p = 0.016), denoting a slight sexual
dimorphism with respect to body size. The size

structure of the overall population was symmetric
(mean = median) for both males and females, revealing
the presence of three cohorts (Figure 2(a,b)). For males,
the average CL for each cohort was 8.7, 10.7, and
13.1 mm, whereas for females the averages were, 9.0,
11.6 and 13.7 mm. Most of the individuals (73% of
males and 72% of females) were distributed between
the size classes of 8.1 and 14.0 mm CL (Figure 2(a,b)),
while the ovigerous females were between 12.2 and
17.2 mm CL (14.6 £ 1.4 mm).

The overall sex ratio did not differ significantly from
evenness (males: females = 0.92: 1.00; x¥* = 1.72, p
> 0.05). However, males were more abundant than
females in the smallest size class (< 5.0 mm) and
between 10.1 and 15.0 mm, while in intermediate
classes (between 5.1 and 10.0 mm) the sex ratio was
female-biased (Figure 2(c)).

Environmental parameters and dynamics of
reproduction and recruitment

During the dry season, the surface seawater tempera-
ture ranged from 28.1 + 0.7°C to 30.9 + 0.3°C, and
salinity between 24.5 + 1.2 psu and 33.6 £ 0.9 psu in
early and late periods, respectively. By contrast, the
variation of surface seawater temperature and salinity
during both periods of the rainy season ranged from
305 + 1.1°C and 31.0 *= 2.1°C, and between
13.7 £ 096 psu and 23.7 + 0.88 psu, respectively
(Figure 3(a)). No statistically significant differences
were detected between the average surface seawater
temperature from the different periods (one-way
ANOVA: F = 1.38, df = 3, p = 0.319), whereas salinity
showed significant differences between periods (one-
way ANOVA: F = 6.65, df = 3, p = 0.015) (Figure 3(a)).
Salinity reached a greater average value during both
periods of the dry season than during the rainy sea-
son periods (a posteriori least significant difference,
Tukey test, p < 0.05) (Figure 3(a)).

Brooding females (n = 30) were found exclusively dur-
ing the rainy season (from May to November), being more
common during the late period of the season, when they
comprised 23.5% of the adult female population
(Marascuilo test: M = 0.07, p > 0.05, Figure 3(b)). Recruits
(n = 46, of which 29 were males and 17 females) were
found throughout the study period but their proportion
was significantly lower during the early period of the rainy
season when compared to others (Marascuilo test:
p < 0.05, Figure 3(c)).

The abundance of ovigerous females in the popula-
tion was negatively correlated with the annual oscilla-
tion of salinity (model containing only salinity as
predictor variable: r? = 0.510, p = 0.001), but not with
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Figure 2. Size-frequency distribution for males (a) and females (b) of the intertidal ghost shrimp Callichirus seilacheri with the
identification of each modal component. The sample size for both sexes is shown in each histogram. Sex ratio as a function of size
of the sampled population at ‘Mata de Limén’ (c), Pacific coast of Costa Rica. In (c), the black circle indicates a deviation from a 1:1

sex ratio.

surface seawater temperature (p = 0.98) (Figure 4).
Brooding females appeared in the population when
the salinity of seawater dropped during the rainy sea-
son, being totally absent when salinity reached a value
>24 (Figure 4).

Reproductive parameters

Fecundity in C. seilacheri varied between 336 and 7725
eggs (mean + SD; 2387 + 1620 eggs) and was positively
correlated with female size (r = 0.78, p < 0.001). Female CL
explained 90% of the observed variation in C. seilacheri
fecundity (Figure 5(a)). The estimated slope for the log-
transformed size-specific fecundity values indicated posi-
tive allometry, being significantly different from three
(b =777, t = 741, p < 0.001) and emphasizing the
absence of a simple volumetric relationship between

the number of eggs and cephalothorax length. The
length of eggs in the first developmental stage (stage )
ranged from 0.54 to 0.97 mm (0.71 £ 0.098 mm), and its
volume between 0.099 and 0.194 (0.148 % 0.028 mm®).
Egg volume was positively correlated with female size
(r=0.76, p < 0.01) and female CL explained 58% of the
observed variability in egg volume (Figure 5(b)). The
estimated slope for the relationship between the egg
volume and female size indicated negative allometry,
being significantly different from the theoretical value
of 3.0 (b = 131, t = —=6.90, p < 0.001), which confirms
that female size did not limit the increase of egg volume.

Discussion

Female Callichirus seilacheri attained, on average,
a larger body size than males, which confirms the
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trend reported for other callianassid shrimps (e.g.
Biffarius filholi [A. Milne-Edwards, 1878]: Berkenbusch
and Rowden 2000; Callichirus major [Say, 1818]: Botter-
Carvalho et al. 2007; Lepidophthalmus siriboia Felder
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Figure 5. Size-specific fecundity relationships using either the
number of eggs (a) or their volume (b), based on 24 ovigerous
females of the ghost shrimp Callichirus seilacheri at ‘Mata de
Limén'. The cephalothorax length of each female was used as
a proxy of size. In (a), outliers (open circles) are included in the
graph but not considered in regression analysis. In (b), the
linear regression equation was obtained by previously log-
transforming both variables.

and Rodrigues 1993: Rosa Filho et al. 2013). The sexual
dimorphism observed in C. seilacheri might be related
to: (i) the predominance of a particular mating system
within the Callianassidae in which there is no mate
guarding of females by males before or after copula;
and/or (ii) the existence of sexual differences in the
amount of energy invested in body growth. Many stu-
dies have described the existence of a close relationship
between sexual dimorphism and the mating system in
caridean shrimps (see Correa and Thiel 2003; Bauer
2004), but such information is virtually non-existent
for callianassid shrimps. In many caridean shrimp spe-
cies in which males are smaller than their female part-
ner, copulatory behavior is brief because the male
cannot monopolize the female during mating. In
Callianassidae, there is a single study presenting experi-
mental evidence of an extremely brief (i.e. extending no
more than two minutes) pre and post-copulatory
behavior in Nihonotrypaea harmandi (Bouvier, 1901),
a species in which females are larger than males
(Tamaki et al. 1997). In addition, in many decapods,
females appear to invest more energy into somatic
growth than males to ensure high offspring production



(Andersson 1994). This assumption is supported by our
results and also by the fact that female body size mean-
ingfully explains brood size in most decapod groups
(e.g. Corey and Reid 1991; Hines 1991; Reid and Corey
1991; Herndez and Palma 2003). Finally, males of callia-
nassids are usually smaller than females probably
because they invest heavily in hypertrophied chelipeds,
which are used as armament against other potential
competitors during mating (Shimoda et al. 2005) or to
defend their territory (Rodrigues and Hold 1990).
Unfortunately, our observations do not allow further
conclusions about what reasons could explain the
observed sexual dimorphism in C. seilacheri and only
additional experiments about the mating strategies
used by shrimps would clarify such points.

The population of C. seilacheri at Mata de Limon
during the study period consisted mainly of juveniles
(55%) and adults (34%), with few recruits (11%).
Juveniles were especially abundant during both dry
season sub-periods, whereas adults predominated dur-
ing the two subsequent rainy periods, suggesting high
seasonality in the structure of the sampled population.
This can be explained probably by: (i) the entry of new
individuals into the population mainly during the dry
season, which corresponds to the larvae produced dur-
ing the breeding period occurring in the previous sea-
son; and/or (ii) be related to temporal changes in the
vertical distribution of shrimps within the gallery
(mainly adult shrimps), which would make capture by
our sampling pump difficult because individuals are
located deeper in the burrow (for further discussion
on this see Hernaez et al. 2008; Dworschak 2015).

In Mata de Limén, the overall population of
C. seilacheri had an unbiased sex ratio, without statistical
differences between the frequency of males and females.
This result agrees with the expected pattern under
Fisher's theory where natural selection favours an equal
frequency of males and females (Fisher 1930). However,
despite the absence of a significant difference in sex
ratio, males outnumbered females during the study per-
iod. This finding contradicts the general trend of female-
biased sex ratio observed in many ghost shrimp species
(Lepidophthalmus louisianensis [Schmitt, 1935]: Felder
and Lovett 1989; Sergio mirim [Rodrigues 1966]:
Pezzuto 1998; Lepidophthalmus sinuensis Lemaitre and
Rodrigues, 1991; Nates and Felder 1999; Callichirus garthi:
Herndez and Wehrtmann 2007; Trypaea australiensis
Dana, 1852: Butler et al. 2009). We speculate that the
unbiased sex ratio observed in our study may be asso-
ciated with the absence of sex-specific differences in
mortality rates along the lifespan of C. seilacheri indivi-
duals. This suggests that shrimp mortality by fishing
does not specifically affect one of the sexes, which
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indirectly will facilitate the management of C. seilacheri
as a bait resource.

Many different authors have provided support for
Orton’s rule (Orton 1920) showing for many inverte-
brates that the constant and high seawater tempera-
tures of tropical regions favor embryo production
throughout the year (e.g. Thorson 1950; Giese and
Pearse 1974; Sastry 1983; Pearse et al. 1991; Clarke
1992 and references therein). Some studies on tropical
decapods have corroborated this rule, showing that
most of them breed continuously throughout the year
or exhibit extended breeding seasons (e.g. Caridea:
Bauer 1989; Anomura: Martinelli et al. 2002;
Penaeoidea: Costa and Fransozo 2004; Brachyura:
Litulo et al. 2005) compared to species from higher
latitudes in which reproduction is restricted to short
periods of time (e.g. Brachyura: Antezana et al. 1965;
Penaeoidea: Crocos and van der Velde 1995; Caridea:
Company and Sarda 1997; Anomura: Palma and Arana
1997). Nevertheless, contrary to Orton’s rule, our results
provide evidence that reproduction in tropical species
is not always continuous. The emergence of egg bear-
ing-females in the C. seilacheri population only during
the rainy season clearly indicates that reproductive per-
iodicity in this species is seasonal and strongly corre-
lated with the climatic conditions of the eastern tropical
Pacific, as mentioned in other recent studies conducted
in the same region (Herndez et al. 2012; Herndez and
Wehrtmann 2014). Most importantly, the relative stabi-
lity of the seawater temperature in the region did not
induce constant egg production in this species, which
undoubtedly changes the importance of this parameter
as being the main driving factor regulating the repro-
duction of marine invertebrates in tropical regions. In
fact, our results suggest that oscillations in the seawater
salinity may play an important role in the activation of
reproduction in C. seilacheri.

For species breeding seasonally, reproduction is
usually triggered by an abrupt change in some environ-
mental factor (Sastry 1983). For instance, the onset of the
reproductive period in many species inhabiting tempe-
rate waters from the Chilean coast occurred when the
temperature of seawater declines during winter (e.g.
Antezana et al. 1965; Arana and Tiffou 1970;
Bahamonde et al. 1986; Wolff and Cerda 1992; Lardies
et al. 2004). Conversely, on the Pacific coast of Central
America reproduction of two tropical decapods is acti-
vated when seawater salinity (Herndez et al. 2012) or
temperature (Herndez and Wehrtmann 2014) declines
dramatically. In Mata de Limdn, the seawater surface
temperature was relatively stable throughout the year
(coefficient of variation = 6.2%), which, in our view,
indicates that temperature should not be considered
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the unique triggering factor of reproduction in
C. seilacheri. However, salinity showed a marked seasonal
change (coefficient of variation = 40.7%) and was corre-
lated with the appearance of brooding females
(r = —0.67). Therefore, salinity may be a critical factor
for the onset of reproduction in C. seilacheri, although
additional studies are necessary to test the importance
of other factors possibly regulating the reproduction of
this species.

Several past studies underline the difficulty of sam-
pling large numbers of ovigerous females of callianassid
species. In fact, the reported percentage of ovigerous
females for callianassids in the literature varies between
6 and 27% (calculated over all sampled individuals),
which is consistent with our findings for C. seilacheri
(Table 1). Several researchers have pointed out that
ovigerous females of Callianassidae tend to be located
closer to the entrance of the burrows to ventilate their
eggs and optimize offspring release, which would facil-
itate their capture by suction pumps (Rowden and
Jones 1994; Nates and Felder 1999; Rosa Filho et al.
2013). This suggests that the small proportion of ovi-
gerous females reported by us and many other authors
is not an outcome of the sampling method but might
be related to a low probability of encounters between
sexual partners due to the cryptic and solitary lifestyle
of most callianassid species, including C. seilacheri,
whose individuals solitarily inhabit their galleries
(Herndez and Granda-Rodriguez 2015).

Fecundity increased with body size in C. seilacheri as
reported for other species of ghost shrimps (Hanekom and
Erasmus 1989; Souza et al. 1998; Berkenbusch and Rowden
2000; Botter-Carvalho et al. 2007; Herndez et al. 2008; for an
exception, see, 2012). This species produced a smaller num-
ber of eggs than other Callichirus species (Table 2), which
might be explained by the smaller body size of C. seilacheri
individuals when compared to other larger callianassids,
which brood a substantially greater number of eggs. For
instance, an average-sized C. seilacheri female roughly car-
ries seven times fewer eggs than an average-sized female
of C. garthi, a species with a CL 1.5 times larger than
C. seilacheri (Table 2). These differences together with the
absence of a volumetric relationship between the number
of eggs and cephalothorax length for C. seilacheri support
the main generalization that female size is the major con-
straint for egg brooding in decapods (e.g. Corey and Reid
1991; Hines 1991; Reid and Corey 1991; Herndez and Palma
2003, among others). In addition, although the size of the
eggs carried by C. seilacheri increases with female size, this
relationship is negatively allometric because egg size is not
linearly related to cephalothorax length. Instead, egg size
increases as the physical space available to the embryo
inside the egg also increases during embryogenesis.

In conclusion, our findings confirm the observed pat-
tern for other related species of Callianassidae in that
females are often larger in body size than males. Also,
the homogeneous structure of the sampled C. seilacheri
population, characterized by a similar number of males

Table 1. Population dynamics of ghost shrimps in natural environments. Comparison of the sampling period (in months), sex ratio,
and the percentage of ovigerous females (OF) from populations of six different ghost shrimp species studied between 1998 and
2018. n.a. = the information is not indicated in the referred publication.

Species Sampling period (months) Sample size M: F = total OF (%) Reference

Callichirus garthi 12 267: 313 = 580 16.9 Hernaez and Wehrtmann (2007)
C. major 14 707: 720 = 1427 21.8 Botter-Carvalho et al. (2007)

C. seilacheri 12 234: 222 = 456 135 Present study

Lepidophthalmus bocourti 12 227: 272 = 499 6.3 Herndez et al. (2012)

L. siriboia 12 753: 515 = 1268 27.0 Rosa Filho et al. (2013)

Sergio mirim 54 739: 1020 = 1759 n.a. Pezzuto (1998)

Table 2. Reproductive aspects of American ghost shrimps. Ovigerous female size (CL, cephalothoracic length), number of eggs (NE),
egg length (EL), and the number of larval stages of eight callianassid shrimp species from the Americas. When possible, reproductive
parameters were based on females with recently extruded eggs. n.a. = Information is not available in publication.

Species CL(mm) NE(eggs) EL(mm) Number of larval stages
Callichirus garthi 1.7 17450* 0.89" 58

C. major 13.0¢ 4565°¢ 0.79 4-5°

C. seilacheri 14.6° 2387° 0.71% n.a.
Lepidophthalmus bocourti 15.3F 2002 0.87F >2F

L. louisianensis n.a. 598° 1.01" 2°

L. sinuensis n.a. 258° 1.22' 26

L. siriboia na. 825’ 1.08" 44
Neotrypaea californiensis 14- 3900 0.62" 5M

A: Herndez [date unknown]; B: Aste and Retamal (1983); C: Peir6 et al. (2014); D: Strasser and Felder (2000); E: present study; F: Herndez et al. (2012); G: Nates
et al. (1997) H: Felder and Rodrigues (1993); I: Nates and Felder (1999); J: Rosa Filho et al. (2013); K: Abrunhosa et al. (2005); L: Dumbauld et al. (1996); M:

Buncic (2010).



and females, suggests that the mortality of ghost shrimps
for fishing, as a result of constant removal of individuals
from the population by bait gatherers has not been
strong enough to affect both reproduction and recruit-
ment of the species at this site. More importantly, our
outcomes provide further evidence for the predominance
of a seasonal breeding pattern in marine invertebrates
from the tropical eastern Pacific. In fact, our evidence
constitutes the third case of seasonal reproduction for
a decapod species from the same tropical region. The
breeding cycle in C. seilacheri seems to be adapted to
the superimposition of a dry/wet season where low sali-
nity is a proximate factor of reproduction, and seasonal
productivity induced by rainy season nutrient input is an
ultimate factor for larval development. This suggests to us
that C. seilacheri also synchronizes their breeding cycle
with the seasonal climate of the Pacific coast because
environmental conditions during the wet season are
more advantageous for larval release, given flooding of
the river system with large amounts of freshwater may
favor larval dispersal more effectively than in the dry
season. This assumption is supported by the fact that
many estuarine species export their larvae to adjacent
coastal or offshore marine areas, where the conditions
for larval development are more favorable (Strathmann
1982). Therefore, the well-known paradigm about contin-
uous reproduction in tropical species should be reformu-
lated, since there are many exceptions to this model
(Bauer 2004), for marine species and decapod crusta-
ceans, including this work. In addition, future studies
should answer whether the observed reproductive pat-
tern of C. seilacheri is correlated with other environmental
factors varying with latitude or is it a phylogenetically
based trait, inherited from a common ancestor. Such
information will be essential forimproving our knowledge
about the different breeding patterns occurring in inver-
tebrates from tropical regions.

Acknowledgments

The first author is grateful to Alexandra Gamboa for her help
during some sampling activities. Part of the material
described herein was collected during the project entitled
‘Diversity of intertidal ghost shrimps (Axiidea, Callianassidae)
from Pacific coast of Costa Rica’, which was supported by the
IdeaWild Foundation. The first author thanks CAPES-Brazil
(2010-2012) and CONICYT-Chile (2012-2013) for his doctoral
fellowship. A special thanks to CNPq (National Council for
Scientific and Technological Development - # 303286/2016-
4), for the research aid towards MAAP.

Disclosure statement

No potential conflict of interest was reported by the authors.

INVERTEBRATE REPRODUCTION & DEVELOPMENT @ 97

Funding

This work was supported by the Comision Nacional de
Investigacion Cientifica 'y  Tecnolégica [CONICYT
DOCTORADO BECAS CHILE/2012 [#72130002]].

ORCID

Patricio Herndez http://orcid.org/0000-0002-3785-2050
Rafael Campos Duarte http://orcid.org/0000-0001-7059-
3129

References

Abrunhosa FA, Pires MAB, Lima JF, Coelho-Filho PA. 2005. Larval
development of Lepidophthalmus siriboia Felder & Rodrigues,
1993 (Decapoda: Thalassinidea) from the Amazon region,
reared in the laboratory. Acta Amaz. 35:77-84.

Amador JA, Alfaro EJ, Lizano OG, Magana VO. 2006.
Atmospheric forcing of the eastern tropical Pacific: a
review. Prog Oceanogr. 69:101-142.

Andersson M. 1994. Sexual selection. Princeton: Princeton
Universiy Press.

Antezana T, Fagetti E, Lopez MT. 1965. Observaciones bioeco-
logicas en decapodos comunes de Valparaiso. Rev Biol Mar.
12:1-58.

Arana P, Tiffou M. 1970. Madurez sexual, sexualidad
y fecundidad del camarén nylon (Heterocarpus reedi).
Investig Mar. 1:261-284.

Asnani GC. 1993. Tropical meteorology. 1st ed. Pashan: Indian
Institute of Tropical Meteorology.

Aste A, Retamal MA. 1983. Desarrollo larval de Callianassa
garthi Retamal, 1975 bajo condiciones de laboratorio.
Cienc y Tecnol Mar. 7:5-26.

Ayén-Parente M, Hendrickx ME, Rios-Jara E, Salgado-Barragan J.
2014. Records of mud shrimps (Crustacea: Decapoda: Axiidea
and Gebiidae) from Pacific Mexico. J Mar Biol Assoc UK.
94:369-388.

Bahamonde N, Henriquez G, Zuleta A, Bustos H, Bahamonde R.
1986. Population dynamics and fisheries of squat lobsters,
family Galatheidae, in Chile. In: Jamieson GS, Bourne N, edi-
tors. North Pacific Workshop on stock assessment and man-
agement of invertebrates. Can Spec Publ Fish Aquat Sci.
92:254-268.

Bauer RT. 1989. Continuous reproduction and episodic recruit-
ment in nine shrimp species inhabiting a tropical seagrass
meadow. J Exp Mar Biol Ecol. 127:175-187.

Bauer RT. 1992. Testing generalizations about latitudinal var-
iation in reproduction and recruitment patterns with sicyo-
niid and caridean shrimp species. Invertebr Reprod Dev.
22:193-202.

Bauer RT. 2004. Remarkable shrimps: adaptations and natural
history of the Carideans. Oklahoma: University of Oklahoma
Press.

Berkenbusch K, Rowden AA. 2000. Latitudinal variation in the
reproductive biology of the burrowing ghost shrimp
Callianassa  filholi (Decapoda: Thalassinidea). Mar Biol.
136:497-504.

Botter-Carvalho ML, Santos PJP, Carvalho PVVC. 2007.
Population dynamics of Callichirus major (Say, 1818)



98 P. HERNAEZ ET AL.

(Crustacea, Thalassinidea) on a beach in northeastern Brazil.
Estuar Coast Shelf Sci. 71:508-516.

Brenes CL, Coen JE, Chelton DB, Enfield DB, Ledén S,
Ballestero D. 2003. Wind driven upwelling in the Gulf of
Nicoya, Costa Rica. Int J Remote Sens. 24:1127-1133.

Buncic M. 2010. Interannual differences in the estuarine
ghost shrimp. Neotrypaea californiensis. San Jose State
University, USA.

Butler SN, Manieka R, Bird FL. 2009. Population biology of the
ghost shrimps, Trypaea australiensis and Biffarius arenosus
(Decapoda: thalassinidea), in Western Port, Victoria. Mem
Museum Victoria. 66:43-59.

Cameron AC, Trivedi PK. 1998. Regression analysis of count
data. New York: Cambridge University Press.

Cameron RA. 1986. Reproduction, larval occurence and
recruitment in Caribbean sea urchins. Bull Mar Sci.
39:332-346.

Clarke A. 1992. Reproduction in the cold: thorson revisited.
Invertebr Reprod Dev. 22:175-183.

Company JB, Sarda F. 1997. Reproductive patterns and popu-
lation characteristics in five deep-water pandalid shrimps in
the Western Mediterranean along a depth gradient
(150-1100 m). Mar Ecol Prog Ser. 148:49-58.

Corey S, Reid DM. 1991. Comparative fecundity of decapod
crustaceans: . The fecundity of thirty-three species of nine
families of caridean shrimp. Crustaceana. 60:270-294.

Correa C, Thiel M. 2003. Mating systems in caridean shrimp
(Decapoda: Caridea) and their evolutionary consequences
for sexual dimorphism and reproductive biology. Rev Chil
Hist Nat. 76:187-203.

Cortés J. 1997. Comunidades coralinas y arrecifes del Area de
Conservacion Guanacaste, Costa Rica. Rev Biol Trop.
44-45:623-625.

Costa RC, Fransozo A. 2004. Reproductive biology of the
shrimp Rimapenaeus constrictus (Decapoda, Penaeidae) in
the Ubatuba region of Brazil. J Crustac Biol. 24:274-281.

Crocos PJ, van der Velde TD. 1995. Seasonal, spatial and
interannual variability in the reproductive dynamics of the
grooved tiger prawn Penaeus semisulcatus in Albatross Bay,
Gulf of Carpentaria, Australia: the concept of effective
spawning. Mar Biol. 122:557-570.

de Souza JRB, Borzone CA, Brey T. 1998. Population dynamics
and secondary production of Callichirus major (Crustacea
Thalassinidea) on a southern Brazilian sandy beach. Arch
Fish Mar Res. 46:151-164.

Dumbauld BR, Armstrong DA, Feldman KL. 1996. Life-history
characteristics of two sympatric thalassinidean shrimps,
Neotrypaea californiensis and Upogebia pugettensis, with
implications for oyster culture. J Crustac Biol. 16:689-708.

Dworschak PC. 2015. Methods collecting Axiidea and Gebiidea
(Decapoda): a review. Ann des Naturhistorischen Museums
Wien, B. 117:5-21.

Felder DL. 2001. Diversity and ecological significance of
deep-burrowing macrocrustaceans in coastal tropical
waters of the Americas (Decapoda: Thalassinidea).
Interciencia. 26:440-449.

Felder DL, Lovett DL. 1989. Relative growth and sexual
maturation in the estuarine ghost shrimp Callianassa loui-
sianensis Schmitt, 1935. J Crustac Biol. 9:540-553.

Felder DL, Rodrigues SA. 1993. Reexamination of the ghost
shrimp Lepidophthalmus louisianensis (Schmitt, 1935) from
the northern gulf of Mexico and comparison to L. siriboia,

new species, from Brazil (Decapoda: thalassinidea:
callianassidae). J Crustac Biol. 13:357-376.

Fisher RA. 1930. The genetical theory of natural selection.
Oxford: Clarendon Press.

Gayanilo FC, Sparre P, Pauly D. 1996. FAO-ICLARM stock assess-
ment tools: user's guide. Rome: FAO-ICLARM. 23 pages.

Giese AC, Pearse JS. 1974. Introduction: general principles. In:
Giese AC, Pearse JS, editors. Reprod mar invertebr acoelo-
mate pseudocoelomate metazoans. New York: Academic
Press; p. 1-49.

Glynn P, Druffel E, Dunbar R. 1983. A dead Central American
coral reef tract: possible link with the little ice age. J Mar
Res. 41:605-637.

Hanekom N, Erasmus T. 1989. Determinations of the repro-
ductive output of populations of a thalassinid prawn
Upogebia africana (Ortmann) in the Swartkops estuary.
South African J Zool. 24:244-250.

Hendler G. 1979. Reproductive periodicity of ophiuroids
(Echinodermata: ophiuroidea) on the Atlantic and Pacific
coasts of Panama. In: Stancyk SE, editor. Reprod ecol mar
invertebr. Columbia: University of South Carolina Press; p.
145-156.

Herndez P, Gamboa-Gonzalez A, De Grave S. 2015. Callichirus
garthi is a valid species, distinct from C. seilacheri
(Decapoda: Axiidea: Callianassidae). Mar Biol Res.
11:990-997.

Herndez P, Granda-Rodriguez H. 2015. La comunidad de Mata
de Limon, Pacifico central de Costa Rica y la extraccién de
colonchos Callichirus seilacheri (Bott, 1955) (Decapoda: axii-
dea: callianassidae). Lat Am J Aquat Res. 43:575-580.

Herndez P, Granda-Rodriguez H, Rio JPP, Pinheiro MAA. 2018.
Morphological remarks in the ghost shrimp Callichirus sei-
lacheri (Bott, 1955) (Decapoda, Callianassidae). Bol do Inst
Pesca. 44:91-99.

Herndez P, Jodo MCA. [date unknown]. Social structure,
sexual dimorphism and relative growth in the ghost
shrimp Callichirus seilacheri (Bott, 1955) (Decapoda,
Axiidea, Callianassidae) from the tropical eastern Pacific.
Mar Biol Res. doi: 10.1080/17451000.2018.1529415)

Herndez P, Palma S. 2003. Fecundidad, volumen del huevo
y rendimiento reproductivo de cinco especies de
porceldnidos intermareales del norte de Chile (Decapoda,
Porcellanidae). Invest Mar Valparaiso. 31:35-46.

Herndez P, Palma S, Wehrtmann IS. 2008. Egg production of
the burrowing shrimp Callichirus seilacheri (Bott 1955)
(Decapoda, Callianassidae) in northern Chile. Helgol Mar
Res. 62:351-356.

Herndez P, Villegas-Jiménez E, Villalobos-Rojas F,
Wehrtmann IS. 2012. Reproductive biology of the ghost
shrimp Lepidophthalmus bocourti (A. Milne-Edwards, 1870)
(Decapoda: Axiidea: Callianassidae): a tropical species with
a seasonal reproduction. Mar Biol Res. 8:635-643.

Herndez P, Wehrtmann IS. 2007. Population biology of the
burrowing shrimp Callichirus seilacheri (Decapoda: callia-
nassidae) in northern Chile. Rev Biol Trop. 55:141-152.

Herndez P, Wehrtmann IS. 2014. Breeding cycle of the red
squat lobster Pleuroncodes monodon H. Milne Edwards,
1837 (Decapoda, Muninidae) from deepwater Pacific of
Costa Rica. Mar Ecol. 35:204-211.

Hines AH. 1991. Fecundity and reproductive output in nine
species of Cancer crabs (Crustacea, Brachyura, Cancridae).
Can J Fish Aquat Sci. 48:267-275.


https://doi.org/10.1080/17451000.2018.1529415

Instituto Costarricense de Pesca y Acuicultura (Incopesca).
2006. Memoria institucional = 2002-2006: instituto
Costarricense de Pesca y Acuicultura. San José.

Jiménez C. 2001. Seawater temperature measured at the
surface and at two depths (7 and 12 m) in one coral reef
at Culebra Bay, Gulf of Papagayo, Costa Rica. Rev Biol Trop.
49:153-161.

Kessler WS. 2006. The circulation of the eastern tropical
Pacific: a review. Prog Oceanogr. 69:181-217.

Kuris A. 1991. A review of patterns and causes of crustacean
brood mortality. In: Wenner A, Kuris A, editors. Crustac egg
prod. Rotterdam: A. A. Balkema; p. 117-141.

Lardies MA, Rojas JM, Wehrtmann IS. 2004. Breeding biology
and population structure of the intertidal crab Petrolisthes
laevigatus (Anomura: Porcellanidae) in central-southern
Chile. J Nat Hist. 38:375-388.

Litulo C, Mahanjane Y, Mantelatto FLM. 2005. Population
biology and breeding period of the sand-bubbler crab
Dotilla fenestrata (Brachyura: ocypodidae) from Southern
Mozambique. Aquatic Ecol. 39:305-313.

Marascuilo LA, McSweeney M. 1977. Nonparametric and dis-
tribution-free methods for the social sciences. Monterey
(CA): Brooks/Cole Publishing.

Martinelli JM, Mantelatto FL, Fransozo A. 2002. Population
structure and breeding season of the South Atlantic hermit
crab, Loxopagurus loxochelis (Anomura, Diogenidae) from
the Ubatuba region, Brazil. Crustaceana. 75:791-802.

McKnight TL, Hess D. 2000. Climate zones and types: the
Koppen system. Phys Geogr a Landsc appreciation. Upper
Saddle River (NJ): Prentice Hall; p. 205-211.

Nates SF, Felder DL. 1999. Growth and maturation of the
ghost shrimp Lepidophthalmus sinuensis Lemaitre and
Rodrigues, 1991 (Crustacea, Decapoda, Callianassidae),
a burrowing pest in penaeid shrimp culture ponds. Fish
Bull. 97:526-541.

Nates SF, Felder DL, Lemaitre R. 1997. Comparative larval
development in two species of the burrowing ghost shrimp
genus  Lepidophthalmus  (Decapoda: Callianassidae).
J Crustac Biol. 17:497-519.

Orton JH. 1920. Sea-temperature, breeding and distribution in
marine animals. J Mar Biol Assoc UK. 12:339-366.

Palma S, Arana P. 1997. Aspectos reproductivos del langostino
colorado (Pleuroncodes monodon H. Milne Edwards, 1837),
frente a la costa de Concepcién, Chile. Investig Mar.
25:203-221.

Pearse JS, McClintock JB, Bosch I. 1991. Reproduction of
Antarctic benthic marine invertebrates: tempos, modes
and timing. Am Zool. 31:65-80.

Peir6 DF, Wehrtmann IS, Mantelatto FL. 2014.
Reproductive strategy of the ghost shrimp Callichirus
major (Crustacea: axiidea: callianassidae) from the
southwestern Atlantic: sexual maturity of females,
fecundity, egg features, and reproductive output.
Invertebr Reprod Dev. 58:294-305.

Pennington JT, Mahoney KL, Kuwahara VS, Kolber DD, Calienes R,
Chavez FP. 2006. Primary production in the eastern tropical
Pacific: a review. Prog Oceanogr. 69:285-317.

Pezzuto PR. 1998. Population dynamics of Sergio mirim
(RODRIGUES 1971) (Decapoda : thalassinidea : Callianassidae)
in Cassino Beach, southern Brazil. Mar Ecol. 19:89-109.

INVERTEBRATE REPRODUCTION & DEVELOPMENT @ 99

Reid DM, Corey S. 1991. Comparative fecundity of decapod
crustaceans, II. The fecundity of fifteen species of anomuran
and brachyuran crabs. Crustaceana. 61:175-189.

Rodrigues SA. 1966. Estudos sobre Callianassa: sistematica,
Biologia e Anatomia [PhD Thesis]l. Sdo Paulo, Brazil:
Departamento de Zoologia, Universidade de Sao Paulo. p. 168.

Rodrigues SA, Hold W. 1990. Burrowing behaviour of
Callichirus major and C. mirim. Wissenschaftlichen Film.
41:48-58.

Rosa Filho JS, Frédou FL, Girard TC. 2013. Population dynamics
of the burrowing shrimp Lepidophthalmus siriboia Felder
and Rodrigues, 1993 (Reptantia: Axiidea: Callianassidae)
on the Amazonian coast. J Crustac Biol. 33:503-511.

Rowden AA, Jones MB. 1994. A contribution to the biology of
the burrowing mud shrimp, Callianassa subterranea
(Decapoda: Thalassinidea). J Mar Biol Assoc UK. 74:623-635.

Sastry AN. 1983. Ecological aspects of reproduction. In:
Vernberg FJ, Vernberg WB, editors. Biol crustac. Vol. 8.
New York: Academic Press; p. 179-270.

Shimoda K, Wardiatno Y, Kubo K, Tamaki A. 2005. Intraspecific
behaviors and major cheliped sexual dimorphism in three
congeneric callianassid shrimp. Mar Biol. 146:543-557.

Shlesinger Y, Loya Y. 1985. Coral community reproductive
patterns: Red Sea versus the Great Barrier Reef. Coral
Reefs. 228:1333-1335.

Somers KM. 1991. Characterizing size-specific fecundity in
crustaceans. In: Wenner A, Kuris A, editors. Crustac egg
prod. Rotterdam: A.A. Balkema; p. 357-378.

Strasser KM, Felder DL. 2000. Larval development of the ghost
shrimp Callichirus islagrande (Decapoda: thalassinidea:
Callianassidae) under laboratory conditions. J Crustac Biol.
20:100-117.

Strathmann RR. 1982. Selection for retention or export of
larvae in estuaries. In: Kennedy VS, editor. Estuarine com-
parisons. New York: Academic Press; p. 521-535.

Tamaki A, Ingole B, lkebe K, Muramatsu K, Taka M, Tanaka M.
1997. Life history of the ghost shrimp, Callianassa japonica
Ortmann (Decapoda: Thalassinidea), on an intertidal sandflat
in western Kyushu, Japan. J Exp Mar Biol Ecol. 210:223-250.

Thorson G. 1950. Reproductive and larval ecology of marine
bottom invertebrates. Biol Rev Camb Philos Soc. 25:1-45.

Turner RL, Lawrence JM. 1979. Volume and composition of
echinoderm eggs: implications for the use of egg size in
life history models. In: Stancyk SE, editor. Reprod ecol
mar invertebr. Columbia: University of South Carolina
Press; p. 25-40.

Wehrtmann IS, Nielsen Munoz V. 2009. The deep water fishery
along the Pacific coast of Costa Rica, Central America. Lat
Am J Aquat Res. 37:543-554.

Wenner AM. 1972. Sex ratio as a function of size in marine
Crustacea. Am Nat. 106:321-350.

Wilson K, Hardy ICW. 2002. Statistical analysis of sex ratios:
an introduction. In: Hardy ICW, editor. Sex ratios con-
cepts res methods. Cambridge: Cambridge University
Press; p. 48-92.

Wolff M, Cerda G. 1992. Feeding ecology of the crab Cancer
polyodon in La Herradura Bay, northern Chile. I. Feeding
chronology, food intake, and gross growth and ecological
efficiency. Mar Ecol Prog Ser. 89:213-219.

Zar JH. 2010. Biostatistical analysis. New Jersey: Prentice Hall.



	Abstract
	Introduction
	Materials and methods
	Study area and shrimp sampling
	Sexual dimorphism, population structure, and sex-ratio
	Breeding and recruitment pattern
	Reproductive parameters

	Results
	Sexual dimorphism, population structure, and sex-ratio
	Environmental parameters and dynamics of reproduction and recruitment
	Reproductive parameters

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	References



