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Abstract We investigated the effects of eight dif-
ferent levels of salinity (0-35) on the larval develop-
ment of Upogebia vasquezi, while the abundance of
the larvae within the Marapanim estuary on the
Amazon Coast was verified through the monthly
collection of specimens between August 2006 and July
2007. This species reproduces year-round on the
Amazon Coast, which is subjected to strong seasonal
fluctuations in salinity due to the local precipitation
regime. Upogebia vasquezi larvae developed opti-
mally in salinity close to that of seawater (20-35),
while low salinities (0, 5, and 10) did not support the
survival of the larvae. Only zoeal stages I, II, and III
were captured in the field and were more abundant at
the higher end of the salinity gradient, in the areas
closest to the adjacent coastal waters. Data from both
the laboratory and the field data emphasized the low
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survival potential of the larvae in low salinities, and
increased survival and improved development in more
saline water. These results support the hypothesis that
U. vasquezi undergo development on the shelf, and
also suggest the possibility of an ontogenetic migra-
tion toward to adjacent coastal areas during early
larval stages, as observed in other decapod species
around the world.

Keywords Estuary - Life cycle - Macrotide -
Megalopa - Mud shrimp - Zoea

Introduction

The ability of a species to establish a viable population
in a given habitat depends on the capacity of each of its
developmental stages to adapt to the conditions found
in this environment. In coastal aquatic ecosystems,
salinity and temperature are among the principal
factors limiting the distribution of organisms (Costlow
et al., 1960; Charmantier, 1998). In marine inverte-
brates, the osmotic stress derived from inadequate
salinity levels may affect development rates, leading
to delays in the larval cycle, the number of stages, and
a reduction in the survival of the larvae (see Costlow
et al., 1960; Anger, 2001, 2003).

The salinity of coastal and estuarine environments
varies seasonally, regionally, and locally, exposing
resident organisms to varying levels of osmotic stress
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during their development. These conditions demand
physiological and behavior adaptations in the early
stages of development (Charmantier, 1998; Anger,
2003; Torres et al., 2011; Vuichard et al., 2013). In
decapod larvae, saline stress is reflected primarily in
delayed development, and reduced rates of survival,
feeding, growth, and behavior (Anger, 2003).

The variation in the tolerance of decapods to the
saline stress of estuarine environments during differ-
ent developmental stages is reflected in migration
patterns, which translocate the larvae to bodies of
water with optimal conditions for the physiological
needs of the organism. This influences the extent of
larval dispersal into or out of estuaries, depending on
the net movement and abundance of larvae at different
depths (O’Connor & Epifanio, 1985). The principal
processes here are the exportation from or retention of
the larvae within the estuarine environment (see
Wooldridge & Loubser, 1996; Paula et al., 2001;
Anger, 2003). Reproduction in the estuarine crabs
Ucides cordatus (Linnaeus, 1763), Uca vocator
(Herbst, 1804), and Uca rapax (Smith, 1870) on the
Amazon coast involves the exportation of the larvae
from estuarine areas and mangroves, which they
inhabit as adults, to adjacent coastal waters, with
higher salinity (Diele & Simith, 2006; Simith & Diele,
2008; Simith et al., 2012, 2014). This process ensures
the continuation of the parental populations, given that
breeding may often occur during the rainy season—in
U. cordatus, it occurs only during this period—when
salinity decreases significantly, and would be lethal for
the larvae. It also increases the possibility of reaching
adjacent mangroves and estuaries. By contrast, studies
of the larvae of the porcelain crab Petrolisthes armatus
(Gibbes, 1850) indicate the adoption of retention
mechanisms, not only in the equatorial region
(Oliveira et al., 2013) but also in the Brazilian tropics,
i.e., the southwestern Atlantic (Melo et al., 2012).

Mud shrimps of the genus Upogebia (Gebiidea) are
among the most abundant decapods found in the
intertidal and subtidal sediments of coastal environ-
ments around the world (Pires et al., 2013; Sakai &
Turkay, 2014), but especially at lower latitudes, where
the highest diversity of the Gebiidea and Axiidea can
be found (Dworschak, 2005; Dworschak et al., 2012).
The typical reproductive pattern in these organisms
appears to be the exportation of the early larval stages
from the estuary to the ocean, where the larvae
develop in seawater, before returning to the estuary as
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megalopae (Faleiro et al., 2012). For example, the
larvae of Upogebia africana (Ortmann, 1894) and U.
pusilla (Petagna, 1792) present higher survival rates in
saline conditions most similar to those of the open sea,
adopting an exportation-type strategy (Dworschak,
1988; Paula et al., 2001; Faleiro et al., 2012; Pires
et al., 2013). The larvae of U. deltaura (Leach, 1815)
are also exported from estuarine waters, remaining
primarily in the surface levels of the water column,
where there is a greater potential for dispersal to
offshore environments (Pires et al., 2013).

Experimental laboratory studies of the effects of
different saline conditions on the development of
decapod larvae provide valuable evidence on the
reproductive strategies adopted by the different
species, given that their tolerance of salinity in the
laboratory generally coincides with their distribution
along salinity gradients in the wild (Anger, 2003).
These studies have demonstrated distinct levels of
osmotic tolerance in different species, providing
evidence for the discussion of the mechanisms of
larval exportation or retention (e.g., Anger, 1991,
1996; Charmantier et al., 2002, Diele & Simith, 2006;
Anger et al., 2008; Esser & Cumberlidge, 2011;
Fowler et al., 2011; Faleiro et al., 2012; Simith et al.,
2012, 2014).

Upogebia vasquezi Ngoc-Ho, 1989 has an ample
geographic distribution, including Florida, the Baha-
mas, Mexico, Costa Rica, and Colombia, ranging as
far south as Brazil (Sakai & Turkay, 2014), including
the Amazon coast (Oliveira et al., 2012), where it is
typically found in rocky outcrops in the vicinity of
mangroves (Silva & Martinelli-Lemos, 2012). In the
laboratory, the complete development of the larvae of
U. vasquezi up until the first juvenile stage takes
approximately 16 days and includes four zoeal and
one megalopal stages (Oliveira et al., 2014). On the
Amazon coast, the species reproduces year-round,
with ovigerous females and juveniles being found
during most of the year (Oliveira et al., 2012; Silva &
Martinelli-Lemos, 2012). In the Marapanim estuary,
on the Amazon coast of northern Brazil, U. vasquezi is
the most dominant of the axiid or gebiidea species,
accounting for approximately 82% of all individuals
(Oliveira et al., 2012).

The climate of the Amazon coast is characterized
by two distinct periods—the rainy season, between
January and July, and the dry season, between August
and December, with mean salinity of approximately
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14 and 25, respectively, in the Marapanim estuary
(Silva & Martinelli-Lemos, 2012). The organisms
resident in the estuary are thus exposed to considerable
seasonal fluctuations in salinity levels, in addition to
the spatial gradient that exists between the uppermost
reaches of the estuary and its mouth, adjacent to the
Atlantic Ocean. The seasonal fluctuations in the
salinity of the estuary’s waters is one of the principal
factors determining the population and reproductive
biology of the region’s decapods (Silva & Martinelli-
Lemos, 2012; Oliveira et al., 2012, 2013).

The present study investigated the reproductive
strategy of U. vasquezi in the equatorial Amazon
region, analyzing the effects of six different levels of
salinity on the survival and inter-molt period in the
larvae of this species in the laboratory. The findings
are compared with those of samples of the zooplank-
ton taken in the estuary along the salinity gradient. The
findings are discussed and compared with those of
previous studies.

Materials and methods
Study area

The Marapanim estuary is located on the northeastern
coast of the Brazilian state of Para, in the region
known as the “Salgado” (00°32'-00°52’S, 47°28'—
47°45'W), which encompasses a number of estuaries
connected to the Atlantic Ocean. The Marapanim
estuary is located on the Amazon Macrotidal Man-
grove Coast, which corresponds to 10% of the
Brazilian coastline but encompasses more than 56%
of the country’s mangrove forests, and is thus consid-
ered to be a high priority area for conservation (Souza-
Filho, 2005; Berrédo et al., 2008).

The region’s climate is influenced primarily by the
Intertropical Convergence Zone, which is responsible
for the trade winds and rainfall cycle, which determine
the local climatic and hydrological seasons (Berrédo
et al., 2008). Total precipitation in the region of the
Marapanim estuary was 2277.2 mm between August
2006 and July 2007 (the study period), with monthly
totals ranging from 10.4 mm in August 2006 (dry
season) to 760.6 mm in February 2007 (rainy season),
with mean salinity of 13.25 £ 6.06 and 24.59 + 9.62,
respectively (Silva & Martinelli-Lemos, 2012).

Collection of ovigerous females

Three ovigerous female specimens of Upogebia
vasquezi were collected from the midlittoral zone of
the Marapanim estuary (site Al), Parda (0°38'S,
47°32'W), during the low tide on September 1st,
2012 (Fig. 1). The tunnels occupied by the specimens
were located in a rocky outcrop, formed by rocks,
sand, and mud, with salinity of 30 (measured in situ
using an Atago optical refractometer). The specimens
were retrieved manually and transferred to polyethy-
lene containers with seawater and local substrate for
transportation to the laboratory under constant aera-
tion at ambient temperature.

In the laboratory, the females were maintained
individually in glass aquaria with treated seawater at a
salinity of 30 (the same as that recorded in the natural
environment) under constant aeration, but without
provisioning, until the eggs had hatched. The larvae of
one female hatched after 2 days, whereas in the other
two, they hatched after 6 days. The total brood of each
female was not quantified.

Experimental procedures

Once hatched, the most active larvae from each brood
were chosen and pooled with those hatched on the
same day. The larvae were assigned randomly to eight
different treatments (T) with salinity ranging from 0O to
35, in steps of 5—TO0, TS, T10, T15, T20, T25, T30,
and T35—simulating the saline gradient between the
headwaters of the estuary (TO) and the open seas
(T35). Two replicates, R1 and R2, each with 60 larvae,
were considered for each treatment, the first being
derived from the larvae of the first brood, hatched on
September 3, 2012, and the other from the larvae of the
two broods that hatched on September 7, 2012. As no
significant differences were found between the two
replicates, the data were pooled for analysis, with 60
larvae per replicate, resulting in a total of 120 larvae
per treatment.

The seawater used to rear the larvae was filtered
(Eheim and Diatom Filter, 1 um) and sterilized
(ultraviolet filter: Gehaka), and stored under constant
aeration. The stock of seawater used in the laboratory
had a salinity of 35, and the water for each treatment
was obtained by diluting this seawater with freshwater
(salinity = 0).
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Fig. 1 Location of the Rio Marapanim estuary, Pard, Brazil, showing the sampling points for the collection of the Upogebia vasquezi

larvae

The larvae passed through an acclimatization
period of one and a half hours for each five units of
salinity (Faleiro et al., 2012). Once the water reached
the specific salinity for each treatment, the larvae were
distributed in 12 transparent plastic recipients each
with 10 individuals (120 larvae per treatment). As the
larvae assigned to TO and TS5 did not survive the
acclimatization period (100% mortality), these treat-
ments were not included in this experiment.

The U. vasquezi larvae were fed daily on recently
hatched Artemia sp. nauplii. The containers were kept
at a more or less constant temperature (27.5 + 1.36°C)
and standard photoperiod (12 h dark, 12 h light). The
water was changed every 2 days. The treatments
continued until the larvae reached the first juvenile
stage, and were ended as soon as the last individuals
reached the second juvenile instar or died.
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Collection of data in the field

The U. vasquezi larvae were collected from their
natural habitat using horizontal surface trawls with a
zooplankton net (200 pm mesh) at six sites within the
Marapanim estuary, Al, B1, A2, B2, A3, and B3
(Fig. 1), representing three different levels of the
salinity gradient: (A1 + B1), nearest to the open sea,
with a mean salinity of 22; (A2 4 B2), intermediate,
with a mean of salinity 20; and (A3 + B3), the
innermost portion of the estuary with lowest salinity,
15, on average. The distance between each site was
approximately 8 km, with Al and A3 being separated
by a distance of 16 km. The A sites (A1, A2, A3) were
located on the western margin of the Marapanim
River, adjacent to the town of Marapanim and the
Araticum, Aracumirim, and Alegria fisher communi-
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ties. There are no settlements on the eastern margin of
the river (sites B1, B2, B3). Adult U. vasquezi were
found at all sites except A3.

The samples were collected during the day on the ebb
tide once a month over a 1-year period (August 2006
through July 2007), providing a total of 144 samples (6
areas x 2 replicates x 12 months), with two replicates
per site. Each trawl had a duration of 3 min, at a speed of
1-1.5 knots. A calibrated Hydrobios flowmeter was
attached to the mouth of the net to calculate the volume
of water filtered through the trawl. The samples were
fixed in buffered 4% formaldehyde. The temperature
(°C), hydrogen-ionic potential (pH), and salinity of the
water were estimated using a YSI multiparameter
analyzer during the collection of the larvae.

In the laboratory, the zooplankton samples (1 1)
were divided into smaller aliquots using a Folsom
plankton splitter, and a subsample of 250 mL was used
for the analysis of the U. vasquezi larvae. The larvae
were observed under a Zeiss optical stereomicroscope
and a Leica optical microscope with a micrometric
reticle. The larvae and different developmental stages
were identified based on Oliveira et al. (2014).

Ovigerous females and larvae of Upogebia vas-
quezi (both cultured and collected from plankton)
representing the zoea I, II, III, IV, megalopa, and
juvenile I stages were deposited at the Goeldi Museum
in Belém, under catalog numbers MPEG 1133, 1135,
1136, 1137, 1138, 1139, and 1140, respectively.

Data analysis

Differences among treatments in the survival rates (%)
of the U. vasquezi zoeae up to the last larval stage
(megalopa) were analyzed wusing contingency
tables (R x C) for Chi square tests. The survival rate
(%) of the respective zoeal stages was calculated from
the number of larvae surviving from the previous
stage. The duration of the larval development (in days)
from hatching to the megalopa stage was also com-
pared among treatments. The normality and
homoscedasticity of the variances of the data were
checked a priori using the Kolmogorov—Smirnov test
and Cochran’s C-test, respectively. As some of the
data were not distributed normally or had heteroge-
neous variance, even after statistical transformations,
a nonparametric one-way ANOVA (Kruskal-Wallis’s
H-test) was employed for the analysis of the duration
of larval development.

The data on the density of the U. vasquezi larvae in
the natural environment were log (x + 1) transformed
and analyzed for normality using the Shapiro—-Wilk
test. As the assumptions for a parametric test were
satisfied, a one-way ANOVA was then conducted to
verify the significance of the differences in the larval
densities found along the salinity gradient within the
Marapanim estuary. A 95% significance level was
adopted for all analyses, which were run in BioEstat 5.0
(Ayres et al., 2007) and Statistica 7.0 (Statsoft, 2004).

Results
Rearing experiment

None of the U. vasquezi larvae survived the lowest
salinities (TO and T5), with 100% mortality being
recorded in both cases during the acclimatization period.
Survival rates from hatching to the final larval stage
varied significantly (* = 85.03, d.f. = 5, P < 0.0001)
among the other treatments, T10-T35 (Fig. 2). At
salinity 10, no larvae reached the megalopa stage,
although the zoeae were able to complete their devel-
opment at salinities of 15 and above, with a significant
tendency for higher rates of survival at higher salinities
(A = 56, 72 = 15.66, d.f. = 1, P < 0.0001), ranging
from 10% at T15 to 40% at T35 (Fig. 2).

The zoea I larvae were generally present during
only the first day of this experiment in most of the

100 Hatching to Megalopa [=] mean
90 T Mean+0.95sD
80
70
X
< 60
©
2 5
<
=1
40 _ —
30
20
10 ;
0
15 20 25 30 35
Salinity

Fig. 2 Percentage survival (mean £ 0.95 standard deviation)
of the recently hatched Upogebia vasquezi larvae to the
megalopa stage at different salinity levels (10-35)
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treatments (H = 4.40, P = 0.49), although in T10 and
T15, some of the zoea I larvae persisted into the
second day of this experiment (Fig. 3A). The zoea II
larvae had the shortest mean duration in T10 (1 day),
and the longest in T15 (5-6 days) with similar values,
of 4 or 5 days, being recorded in the other treatments
(Fig. 3B), with no significant variation among treat-
ments being found overall (H = 7.56, P = 0.18).

No zoea III larvae were observed in T10, due to the
absolute mortality of the zoea II stage. The mean
duration of this stage was 4-5 days in most treatments
(H =17.55, P = 0.18), except for T15, where it was
just 2 days (Fig. 3C). The duration of the zoea IV
larvae (Fig. 3D) and megalopae (Fig. 3E) was similar
in treatments T20 to T35, at approximately 8—10 days,
with no significant variation in either the larvae
(H =942, P =0.09) or the megalopae (H = 9.20,
P = 0.10). Juveniles survived only in salinities of 20
and above (Fig. 3F), with the lowest mean duration in
T20 (1 day) and a higher duration (approximately
3 days) in T30 and T35 (H = 9.55, P = 0.09).

Only a very small portion (1%) of the newly
hatched larvae (zoea I) reached the second stage (zoea
II) in salinity 10 (T10). However, all these individuals
had died by the third day of this experiment (Fig. 4A).
In T15, 7% of the larvae had completed development
to the megalopa stage by the 10th day of this
experiment, but none of these individuals reached
the juvenile I stage (Fig. 4B). At a salinity of 20, 21%
of the larvae had reached the megalopa stage by the
13th day of this experiment, and 3% of these
individuals successfully progressed to the juvenile I
stage, by the 18th day (Fig. 4C).

The highest percentage of individuals (33%) reach-
ing the megalopa stage was recorded in T25, by the 13th
day (Fig. 4D), while the highest percentage of individ-
uals reaching the juvenile I stage (8% by the 16th day)
was recorded in T30. The shortest larval cycle was also
recorded in T30, with the first megalopae appearing by
the 7th day of this experiment (Fig. 4E). The larvae in
T35 had the highest cumulative survival rate in all the
larval developmental stages (Fig. 4F).

Density of U. vasquezi larvae in the Marapanim
estuary

Salinity varied significantly among the sampling

points located within the Marapanim estuary
(F =243, P=0.04), with mean values of
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approximately 15.5 being recorded in the most internal
part of the estuary (sites A3 and B3), 20.0 in the
intermediate zone (A2 and B2), and 22.0 nearest its
mouth (Al and B1), with recorded values ranging
from a 3 to 35 during the study period (Fig. 5A).

Only zoea I, II, and I U. vasquezi larvae were
found in the zooplankton samples collected in the
estuary, with the first stage being the most abundant
overall. Zoea I larvae were collected in all three zones,
whereas the other stages were only found in the
intermediate zone (A2 and B2) and at the mouth of the
estuary (Al and B1). The mean density of zoea I larvae
varied significantly (F = 3.72, P = 0.003) within the
estuary, with the highest density being recorded at B2
and no larvae being collected at A3 (Fig. 5B). The
zoea Il and III larvae were much less abundant overall
(Fig. 5C, D), and were found only in the intermediate
zone and the mouth of the estuary, i.e., B1, A2, and B2,
with significant differences being found among zones
(zoea II: F =093, P = 0.46; zoea III: F = 0.80,
P = 0.55).

Discussion

The results of the present study indicate clearly that
larval stages of U. vasquezi are unable to survive at
low salinity, with absolute mortality being recorded in
the zoea I larvae in the lowest salinities (TO and T5),
and in the zoea II larvae at T10. The larvae only
completed their development at salinities of 15 or
higher, even though survival in T15 was only 7%. The
highest rates of survival (from hatching to the final
larval stage) and reaching the juvenile I stage were
recorded at the highest salinities, of 20 and above,
indicating that optimal larval development in this
species occurs at intermediate to high salinity. The
larvae of Upogebia africana and Upogebia pusilla
reach the megalopa stage at salinities of at least 25 and
35, respectively, with an optimal interval of 25-35 for
U. africana (Paula et al., 2001; Faleiro et al., 2012).
The more euryhaline condition of the U. vasquezi
larvae in comparison with other Upogebia species
appears to favor the dispersal of the larvae on the
Amazon coast, given the low to intermediate salinity
found over hundreds of kilometers of coastline,
characterized by extensive estuarine habitats (Diele
& Simith, 2006). The euryhaline and osmoconformer
characteristics of the adult Upogebia, which are amply
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distributed in estuarine ecosystems (Thompson &
Pritchard, 1969), contrast with the more stenohaline
larval stages (e.g., Paula et al., 2001; Faleiro et al.,
2012). A similar pattern was also recorded in
U. vasquezi on the Amazon coast, in the Marapanim
estuary, where the adults were significantly more
abundant during the rainy season, when mean salinity
was 13.5 & 3.7, whereas the larvae were found in the
estuary primarily during the dry season, when mean
salinity was much higher, at 28.5 £+ 4.3 (Oliveira
et al., 2012).

As in U. vasquezi, the larvae of the estuarine crab
Ucides cordatus are unable to reach the megalopa
stage in salinities of less than 10, but only at levels

above 15, although the zoea I larvae are able to tolerate
the osmotic stress of low salinities during a number of
days (Diele & Simith, 2006; Simith & Diele, 2008).
Even though only small numbers of competent
megalopae survived at a salinity of 15, this is
extremely important for the maintenance of the
parental stocks, given that this species reproduces
during the rainy season in the Amazon region, when
the salinity of coastal waters is greatly reduced (Simith
& Diele, 2008). A similar pattern has been recorded in
Uca vocator, which reaches the megalopa stage when
salinity is at least 10 (Simith et al., 2012). In the case of
Uca rapax, complete larval development occurs only
when salinity is at least 25, which indicates the more
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ample dispersal of the larvae to saline, oceanic waters,
in comparison with the region’s other estuary-dwell-
ing crabs (Simith et al., 2014).

The duration of the developmental stages of
U. vasquezi did not vary significantly among treat-
ments, despite the marked prolongation of the zoea I
stage in salinities of 10 and 15, of the zoea II larvae at
15 and the megalopae at 35. In U. pusilla, only
temperature had a significant effect on the duration of
the development of the larvae (Faleiro et al., 2012).
The increase in the duration of the early larval stages
and the consequent delay in the transition to the
subsequent stages reflects the intolerance of the larvae
to osmotic stress (Anger, 2003), even though zoea |
stage larvae may tolerate an ampler variation in
salinity, as observed in U. africana (Paula et al., 2001).
At salinities of 15-20, the final larval stage of U.
vasquezi was of a shorter duration, which may reflect
the acceleration of the developmental process at the
moment the larvae return to the parental habitat, where
they are once again exposed to the reduced salinity of
the estuarine environment. This would guarantee the
survival of the highest possible number of competent
megalopae for recruitment (Paula et al., 2001).

On the Amazon coast, as in most other tropical
littorals, temperatures are more or less constant, and
decapod larval development is thus influenced pri-
marily by salinity (e.g., Oliveira et al., 2012; Silva &
Martinelli-Lemos, 2012; Ndbrega et al., 2013), which
is itself influenced by the seasonal fluctuations in
precipitation levels, with the first 6 months of the year
accounting for approximately 70% of the annual total
(Moraes et al., 2005). The rainfall cycle associated
with the local trade winds determines the seasonal
variation in the climate and the hydrological cycle of
the local rivers, reflected ultimately in the seasonal
variation in the salinity of the estuary waters (Berrédo
et al., 2008). In the specific case of the Marapanim
estuary, monthly precipitation ranged from 10.4 mm
in the dry season to 760.6 mm in the rainy season, with
mean salinity of 28.5 + 4.3 and 13.5 & 3.7, respec-
tively (Oliveira et al., 2012; Silva & Martinelli-
Lemos, 2012).

The results of the laboratory experiment, which
indicated significantly higher survival rates of the
U. vasquezi at higher salinity, were similar to the data
obtained from the species’ natural environment in the
Marapanim estuary. Only the first larval stage (zoea I),
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which is more euryhaline, was found in the most
internal areas of the estuary, where mean salinity was
approximately 15.5. Zoeal stages II and III were much
less abundant overall and were found only in the areas
with relatively high salinity. No zoeae IV or mega-
lopae were collected. The predominance of the
intermediate stages (zoea II and III) only in the areas
nearest to the coast indicates that early larval stages of
U. vasquezi possibly undertake ontogenetic migra-
tions toward adjacent coastal waters, a hypothesis
reinforced by the absence of zoea IV larvae in the
samples collected from the estuary. The abundance of
zoea I larvae in the mouth of the estuary, adjacent to
the coast, also indicates the exportation of larvae, as
observed in U. pusilla by Faleiro et al. (2012).

Even though U. vasquezi breeds continuously
throughout the year on the Amazon coast, peaks in
breeding were observed during the rainy season
(January, June, and July) when the salinity of the
estuary was significantly lower than during other
periods, with a mean of 13.5 & 3.7 (Oliveira et al.,
2012). In this scenario, the adoption of mechanisms of
larval exportation and dispersal would be essential for
the survival of these developmental stages and the
ultimate maintenance of the parental population, as
observed previously in other decapod populations on
the Amazon coast (Diele & Simith, 2006; Simith et al.,
2014).

The abundance and distribution of decapod larvae
in natural environments have also elucidated the
patterns of larval migration (exportation or retention)
during the reproductive cycle of a number of other
species (e.g., Anger et al., 1994; Christy & Morgan,
1998; Yannicelli et al., 2006; Santos et al., 2008; Pires
et al., 2013). Upogebia africana has an obligate
marine larval phase, supported by the exportation of
the zoea I larvae to estuarine waters during the
nocturnal ebb tide and the re-invasion of the mega-
lopae during the flood tide (Wooldridge & Loubser,
1996), with optimal larval survival in the laboratory
being recorded at salinities of between 25 and 35
(Paula et al., 2001).

In the Marapanim estuary, the porcelain crab
Petrolisthes armatus reproduces continuously and is
abundant in rocky outcrops. The larval cycle of
porcellanid species includes two zoeal stages and a
megalopa (Boschi, 1981). In contrast with U. vasquezi,
ovigerous females are less abundant during the rainy
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season, and all the larval stages are found in the
estuary, with a significant increase in the abundance of
zoea I and II larvae in the estuary during the dry season
(Oliveira et al., 2013). Based on these findings, these
authors concluded that the larvae of this species are
retained in the estuary, where they remain throughout
their life cycle, which may be confirmed through
experimental studies, similar to that presented here,
which analyze systematically the effects of different
salinity levels on larval development.

The results of the present study—from both the
laboratory and the field—indicate that the larvae of the
U. vasquezi population of the Marapanim estuary
develop better at middle to high salinities than low
ones. These results support the hypothesis that
U. vasquezi undergo development on the continental
shelf and may embark on ontogenetic migrations to
adjacent coastal areas during the early larval stages, as
observed in other mud shrimp species around the
world (see Johnson & Gonor, 1982; Thessalou-
Legaki, 1990; Paula et al., 2001; Faleiro et al.,
2012). The capacity of these larvae to complete their
development in water of intermediate salinity may be
critical for their dispersal on the extensive continental
shelf of the Amazon coast, which is characterized by
marked seasonal variation in salinity, controlled by the
precipitation cycle. Further studies of the dispersal of
the larvae of this species between the Marapanim
estuary and adjacent oceanic waters, via the freshwater
plume off the mouth of the Amazon River, will be
required to better elucidate dispersal patterns in this
highly complex coastal region.
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