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The present study investigated the population dynamics of Exhippolysmata oplophoroides in an area influenced by upwell-
ing, focusing on reproductive period, sex ratio, growth rate, longevity, mortality, relative growth and size of sex change. We
also tested the hypothesis that the appendices internae increased in size with sex change from the male to the simultaneous
hermaphrodite phase as possible replacements for the male appendices masculinae, which are reduced or lost at sex change.
Population structure was assessed by the distribution of size frequency in three demographic groups: male phase, hermaph-
rodite phase with, and without embryos. For relative growth analysis, the length of the following structures was measured:
carapace, second pleuron, first pereopod, second pereopod, appendices internae of the second to fifth pleopods, and appendix
masculina. Smaller size classes were composed only by male-phase individuals. The sex ratio was significantly biased towards
the simultaneous hermaphrodite phase. Reproduction was continuous in the population throughout the year. Slower growth
rates but higher maximum body sizes than those estimated at other locations in south-eastern Brazil were observed in the
population studied. Cooler temperatures and higher nutrient levels associated with upwelling may have produced this
pattern of reproduction and growth, similar to that found in more southerly austral latitudes. We also found that sex
change influences the relative growth of body structures such as the second pereopods, appendices internae, and appendix
masculina, and hypotheses on the adaptive value of such allometric growth are proposed.
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I N T R O D U C T I O N

Most decapod crustaceans have separate sexes (gonochorism),
but some caridean species exhibit sequential hermaphroditism
in which there is sexual reversal at a certain life stage (Bauer,
2000). When the individual first develops as a male and then
later changes to a female, the sexual system is termed pro-
tandry or protandric hermaphroditism (PH). For a small
group of Caridea, an even more specific type of hermaphrodit-
ism is described, i.e. protandric simultaneous hermaphroditism
(PSH, Bauer, 2000). In this sexual system, the individual
develops and reproduces initially as a male but subsequently
changes sex into a functional simultaneous hermaphrodite.
These latter individuals (female phase or FP in Bauer &
Holt, 1998; Bauer, 2000) have a primarily female phenotype,

produce and incubate embryos, but they can also mate suc-
cessfully as males. During sex change, male secondary sexual
characters such as the appendix masculina, a typical feature
of caridean males associated with spermatophore transfer
(Bauer, 1976; Berg & Sandifer, 1984), are reduced or lost.
Female external characters associated with spawning and the
incubation of embryos are developed, but the gonads are func-
tional ovotestes (Bauer & Holt, 1998; Bauer, 2006; Baeza,
2009). This sexual pattern has been confirmed for all species
of the genera Lysmata Risso, 1816 and Exhippolysmata
Stebbing, 1915 and also for Parhippolyte misticia (Clark,
1989) (Laubenheimer & Rhyne, 2008; Baeza, 2009; Braga
et al., 2009; Onaga et al., 2012).

The spiny shrimp Exhippolysmata oplophoroides (Holthuis,
1948) is part of the by-catch taken in penaeid shrimp fisheries
of high economic interest in Brazil (e.g. Xiphopenaeus kroyeri
(Heller, 1862) and Litopenaeus schmitti (Burkenroad, 1936))
(Costa et al., 2000). Significant studies on E. oplophoroides
include the Chacur & Negreiros-Fransozo (1998) study on
fecundity; the Negreiros-Fransozo et al. (2002) description

Corresponding author:
R.C. Costa
Email: rccosta@fc.unesp.br

727

Journal of the Marine Biological Association of the United Kingdom, 2018, 98(4), 727–734. # Marine Biological Association of the United Kingdom, 2017
doi:10.1017/S0025315416001880

https://doi.org/10.1017/S0025315416001880 Published online by Cambridge University Press

mailto:rccosta@fc.unesp.br
https://doi.org/10.1017/S0025315416001880


of its first larval stage; the Fransozo et al. (2005) paper on
population biology focusing on temporal distribution, size
and reproductive period; Braga et al. (2009) and
Laubenheimer & Rhyne (2008) demonstrated PSH in this
species; and Baeza et al. (2010) studied some aspects of popu-
lation biology such as sex ratio age, mortality and reproductive
period.

In this study, an E. oplophoroides population is studied for
the first time near an upwelling area in which, despite its loca-
tion at a tropical latitude (22833′S), the shallow bottom water
temperature does not exceed 218C during most of the year
(Silva et al., 2014; Pantaleão et al., 2016). In this area, the
South Atlantic Central Water (SACW) promotes nutrient
transport (N and P) from the bottom to the photic zone, dir-
ectly influencing primary productivity (Odebrecht &
Djurfeldt, 1996). This increased primary productivity can
have a great influence on both zooplankton and benthic com-
munities (Mann & Lazier, 1996). The concentration of
chlorophyll-a in the water column may reach values 10
times higher than those in the Ubatuba region (De Léo &
Pires-Vanin, 2006), where all previous studies on E. oplophor-
oides have been performed.

The energy allocation for physiological processes such as
growth and reproduction is an important aspect of an
animal’s life history (Schaffer, 1983; Lika, 2003). The alloca-
tion of resources for reproductive processes in the male or
female is defined as sex allocation, and it may influence the
population structure, affecting for example the sex ratio
(Charnov, 1982). In PH and PSH species, the sex ratio can
be biased toward the male or female (PH) or simultaneous
hermaphrodite phase (PSH) according to resource availability
(Charnov, 1982; Baeza, 2007a). The estimate of the size at
which the sex change occurs and the conditions affecting
this change are applications of sex allocation theory in the
life history of an organism (Charnov, 1982; Hardy, 2002).

Considering the abiotic and oceanographic features of
upwelling areas and the influence of these characteristics on
populations, the present study aimed to analyse the popula-
tion dynamics of E. oplophoroides, testing the hypothesis
that upwelling has a significant effect, in comparison to non-
upwelling areas, on reproductive period, sex ratio, growth rate,
longevity, mortality, relative growth and the size at which the
sex phase change occurs. Given the results of Zhang & Lin
(2004) on the role of pleopod appendices in copulatory abil-
ities of PSH individuals, we also tested the hypothesis that
growth of the appendices internae of the pleopods changed
with sex change from the male to the simultaneous hermaph-
rodite phase.

M A T E R I A L S A N D M E T H O D S

Sampling
Shrimps were collected monthly from July 2010 to June 2011
on the northern coast of Rio de Janeiro (Macaé – RJ, 22833′S
41878′W). Six locations were sampled: 3 at 5 m, 3 at 15 m.
Sampling was done using a shrimp boat equipped with
10-metre-long double-rig shrimp trawls, with 20 mm net
mesh and 18 mm cod-end mesh. Each location was trawled
over a 30 min period at a constant speed of 2.0 knots, and
�18,500 m2 were covered in each trawl sample. After sam-
pling, shrimps were bagged, stored in coolers with crushed

ice, taken to the laboratory and later preserved in 70%
ethanol, after measurements and observations were taken.

The carapace length (CL) of individuals was measured with
a digital caliper to 0.01 mm. Individuals were classified as male
or simultaneous hermaphrodite according to the developmen-
tal stage of the appendix masculina on the endopod of the
second pleopod, i.e. well developed and with spines in the
male phase and reduced and spineless in the hermaphrodite
phase (Braga et al., 2009).

Population dynamics
The population structure was assessed by the distribution of
size frequency in different demographic categories (MP:
male phase; HP: hermaphrodite phase without embryos; and
HP-E hermaphrodite phase with embryos), using size classes
with 1 mm intervals.

The reproductive period was calculated based on the fre-
quency of the hermaphrodite phase with embryos in each
month sampled. For the sex ratio, we used the Chi squared
test (x2) for goodness of fit (a ¼ 0.05) (Sokal & Rohlf, 1995)
to determine if the sex ratio was significant biased towards
MPs or HPs throughout the study period.

Growth, longevity and mortality
Considering that E. oplophoroides is a protandric simultan-
eous hermaphrodite (PSH) species, the growth analysis was
performed by grouping male and hermaphrodite phases. For
each sample month, the length (CL) frequency was distributed
in 1 mm size classes, and modes were calculated using the
software ‘PeakFit’ (PeakFit v. 4.06 SPSS Inc. for Windows
Copyright 1991–1999, AISN Software Inc.).

For estimates of growth parameters, all identified cohorts
were adjusted to the growth model of Von Bertalanffy
(1938): CLt ¼ CL1[1 2 e2k (t2t0)], where the carapace
length CLt is the estimated size at age t, CL1 is the asymptotic
size, k is the growth coefficient and t0 is the theoretical point in
time when the individual has zero length. Growth parameters
were estimated for the different cohorts with the Excel tool
‘Solver’, varying the equation parameters CL1, k and t0. The
selected cohorts were those consistent with the species’ life
history cycle, considering longevity, the growth coefficient k
and asymptotic size (CL1). Comparison of the growth
curves was performed using an F test (P ¼ 0.05) (Cerrato,
1990). Longevity was estimated by the inverse equation of
Von Bertalanffy, with modifications suggested by D’Incao &
Fonseca (1999), considering t0 ¼ 0 and CL/CL1 ¼ 0.99. The
longevity equation is given by: t ¼ (t0 2 (1/k) Ln (1 2 CLt/
CL1).

The empirical natural mortality (M) (Pauly, 1980) was cal-
culated by the Beverton & Holt (1959) method using the
FISAT II program (Food and Agriculture Organization of
the United Nations; http://www.fao.org/fishery/topic/16072/
en#3).

Relative growth and size estimate of the sex
change
For relative growth analyses, the following structures were
measured in 407 individuals: AIL2-5 length of the appendix
interna of the second to fifth pleopod; AML, length of
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appendix masculine; CL, carapace length; FPL, length of first
pereopod; PL, length of second pleuron; SPL, length of second
pleopod (Figure 1). The appendices internae link the endo-
pods of each segmental pair of pleopods; the appendix mascu-
lina is a typical structure on the endopods of the second
pleopods of caridean shrimp males (Bauer, 2004) which is
thought to be involved in copulation and sperm transfer
(Bauer, 2013).

The relative growth analysis allows for detecting possible
changes in the growth pattern of body structures as a function
of an independent variable (CL). The allometric equation y ¼
axb was used in the linearized version (log y ¼ log a + b
log x), in which y is the dependent variable (morphological
structure), x is the independent variable (CL), b is the allomet-
ric coefficient and a is where the line intersects the y-axis. The
allometric condition b for each structure was analysed (b ¼ 1:
isometry, b , 1: negative allometry, b . 1: positive allometry)
with a Student’s t-test (Ho: b ¼ 1; a ¼ 0.05) (Zar, 1996). The
angular and linear coefficients a and b, respectively, from the
male and hermaphrodite phases were subjected to an analysis
of covariance (ANCOVA) test of homogeneity of slopes for
each morphological structure in order to determine whether
the MP and HP groups could be represented by separate
linear equations.

To determine the size of sex change in the population,
the transformed data (log10) were subjected to the non-
hierarchical analysis ‘K-means clustering’. This method distri-
butes data in groups of numbers previously established by an
iterative process that minimizes variance inside groups and
maximizes the variance among them. The classification
result (K-means) was refined by applying a discriminant ana-
lysis. The size of the smallest individual classified by the dis-
criminant analysis as belonging to the hermaphrodite phase
was used as an estimated value at which the sexual change
occurs. This statistical methodology was based on Sampedro
et al. (1999).

R E S U L T S

Population dynamics
A total of 2156 individuals were collected: 630 in the male
phase (MP), 343 in the hermaphrodite phase without

embryos (HP) and 1183 in the hermaphrodite phase with
embryos (HP-E). The minimum and maximum sizes CL
(mm) were 3.80 to 12.10 (7.98 + 2.12) in the MP, 7.60 to
18.82 (9.97 + 1.99) in the HP and 6.70 at 20:18 (11:49 +
1.98) in the HP-E.

The highest frequency of individuals in the MP were
observed in the 8–9 mm size classes (CL), while individuals
in the HP had higher proportions in the 10–11 mm size
classes (CL) (Figure 2). Two peaks in the MP were observed,
one in September and another in May. Shrimp in the HP-E
were present in all sample months and almost entirely with
percentage values above 50%, indicating continuous repro-
duction throughout the year (Figure 3). There was a statistic-
ally significant difference in the sex ratio (P , 0.05) in favour
of the hermaphrodite phase in almost all sample months,
except for September 2010 (Table 1).

Growth, longevity and mortality
Five cohorts were determined for the population of
E. oplophoroides sampled in Macaé/RJ. The estimated growth para-
meters were k¼ 0.00576 mm day21 (or k¼ 0.17 mm month21),
t0 ¼ 20.24, CC ¼ 18.89 mm. The maximum longevity was
estimated to be 2.19 years (Figure 4) and the natural mortality
was 0.07 month21 (M ¼ 0.856 year21).

Relative growth and estimated size of sex
change
All relative growth equations for different morphological
structures showed statistically significant differences between
the male (MP) and hermaphrodite (HP) phases (ANCOVA
P , 0.05) (Table 2). The relationship which best represents
the sex change was AML vs CL, showing a reduction in the
male appendix after change from the MP to the HP
(Figure 5). The estimate for the size of sex change is
9.93 mm CL.

The PL vs CL relationships indicated positive allometric
growth in both phases. Growth was negatively allometric for
the relationships FPL vs CL and AML vs CL. For the relation-
ships SPL vs CL, AIL2 vs CL, AIL3 and AIL5 vs CL, negative
allometric growth in the male phase was followed by positive
allometric growth in the hermaphrodite phase. For the

Fig. 1. Exhippolysmata oplophoroides (Holthuis, 1948). Body dimensions used in the morphometric analyses. (A) hermaphrodite carrying embryos,
(B) magnification of appendix interna and masculina of the second pleopod, (C) second pleopod. AIL, length of appendix interna; AML, length of appendix
masculine; CL, carapace length; FPL, length of first pereopod; PL, length of second pleuron; SPL, length of second pleopod. (Scale bar: A ¼ 10 mm, B ¼
0.5 mm, C ¼ 2 mm).
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relationship AIL4 vs CL, negative allometric growth was
observed in the male phase followed by isometric growth. A
detailed description of each relationship can be found in
Table 3.

D I S C U S S I O N

The size distribution of the male phase (MP) and simultan-
eous hermaphroditic phase (HP) in E. oplophoroides, with a
sex change from smaller MPs to larger HPs, is concordant
with the size advantage model described by Ghiselin (1969)
and Warner (1975), as well as sex allocation models (Baeza,
2007a). For Lysmata wurdemanni (Gibbes, 1850), another
species with protandric simultaneous hermaphroditism
(PSH), it was found that even the smallest male-phase indivi-
duals are able to copulate with larger hermaphrodites. The

adaptive advantage of small male size in carideans is that
they may be more cryptic and thus less vulnerable to preda-
tors, and have lower energy needs. These are advantages if
males do not defend territory or compete agonistically for
females, i.e. a ‘pure search’ (promiscuous) mating system
(Wickler & Seibt, 1981; Bauer, 2004). Lysmata wurdemanni
(Bauer & Holt, 1998; Bauer, 2006) and presumably E. oplo-
phoroides (Laubenheimer & Rhyne, 2008) have such a
mating system. Female fecundity of the HPs in L. wurdemanni
increases with increasing size (Bauer, 2005), as in other cari-
dean shrimps (Bauer, 2004). We assume a similar relationship
of size and sex allocation in E. oplophoroides.

A continuous reproductive period was observed, with
hermaphrodite shrimp carrying embryos in all months
sampled. In carideans with this type of reproduction,
ovarian development usually occurs while embryos are
incubating (Bauer, 2004). Thus, soon after larval hatching,

Fig. 2. Exhippolysmata oplophoroides (Holthuis, 1948). Size-frequency distribution of the male phase (MP) (black bars), hermaphrodite phase without embryos
(HP) (white bars) and hermaphrodite phase with embryos (HP-E) (grey bars) (all individuals sampled: N ¼ 2156).

Fig. 3. Exhippolysmata oplophoroides (Holthuis, 1948). Monthly per cent frequency of the male phase (MP) (black bars), hermaphrodite phase without embryos
(HP) (white bars) and hermaphrodite phase with embryos (HP-E) (grey bars).
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hermaphrodites of E. oplophoroides can copulate and produce
a new brood of embryos. The ability of individuals in the
hermaphrodite phase to reproduce as males or as females
may also favour continuous reproduction.

Although the area of the present study has cooler waters
than expected at the latitude studied due to upwelling (Silva
et al., 2014; Pantaleão et al., 2016), the monthly frequency
of hermaphrodites with embryos was usually above 50%,
similar to that found by Baeza et al. (2010) for the same
species in the Ubatuba/SP region. Considering that this is a
PSH species, in which smaller individuals (new recruits) are
in the male phase, we can infer from our data that recruitment
was also continuous, but with a peak in September.

The sex ratio was biased towards hermaphrodite phase in
the present study, as found by Baeza et al. (2010) for E. oplo-
phoroides in the Ubatuba/SP region. In the absence of mating
opportunities, male-phase shrimps can accelerate their devel-
opment and change to simultaneous hermaphrodites more
quickly (Baeza & Bauer, 2004), which may explain the domin-
ance of the hermaphrodite phase. Thus, individuals increase
their reproductive potential and can act as males or as
females, according to the population structure and whether
conditions favour behaving as a male or a female.

However, in a study focusing on sex allocation in L. wurde-
manni, initial males delayed their development when there
was an increase in hermaphrodites in the population, which
can reflect a response and/or phenotypic flexibility to environ-
mental conditions (Baeza, 2007b). The results discussed above
concerning the sex ratio reinforce the phenotypic plasticity of
PSH species and their ability to change the sex ratio according
to resource availability in the environment.

Concerning the maximum body size, k and longevity of
E. oplophoroides compared with that reported by Baeza et al.
(2010), the greatest difference was with regard to age and life-
span. Longevity showed considerable differences (�2 years) in
two closely adjacent bays in the Ubatuba region (Table 4).
This large difference in longevity in the Ubatuba population
might be explained by variations in sediment characteristics
and organic content, which could affect food availability and
the presence or absence of predators. The values of k and mor-
tality might explain such differences, even though the techni-
ques employed for such calculations were different in our
study from that used in Baeza et al. (2010). There is a negative
correlation between k values and longevity. The physical fea-
tures of the Macaé region, such as lower temperatures and
higher primary productivity when compared with the
Ubatuba region (De Léo & Pires-Vanin, 2006), are probably
the main factors that influenced larger sizes and constant
growth. The natural mortality was also lower. In contrast,
the mortality rate in Mar Virado Bay was very high
(Table 4), although the k and longevity values were similar
in both regions.

As with the growth analyses, the estimated size at which the
change from the male to the simultaneous hermaphrodite
phase occurs showed higher values when compared with
those found by Baeza et al. (2010) in Ubatuba. Possible
physiological adaptations to different environmental condi-
tions could explain these differences in maximum size,

Table 1. Exhippolysmata oplophoroides (Holthuis, 1948).

Month MP HP x2 P-value MP/HP

Jul-10 43 320 211.37 ,0.0001∗ 0.12
Aug-10 9 34 14.53 0.0001∗ 0.21
Sep-10 350 276 8.74 0.0031∗ 0.56
Oct-10 140 534 230.30 ,0.0001∗ 0.21
Nov-10 17 90 49.80 ,0.0001∗ 0.16
Dec-10 52 171 63.50 ,0.0001∗ 0.23
Jan-11 5 45 32.00 ,0.0001∗ 0.10
Feb-11 1 13 – – –
Mar-11 0 3 – – –
Apr-11 2 3 – – –
May-11 2 1 – – –
Jun-11 9 36 16.20 ,0.0001∗ 0.20
Total 630 1526 372.36 ,0.0001∗ 0.29

Number of individuals in the male phase (MP) and number of individuals
in the hermaphrodite phase (HP) from July 2010 to June 2011. The devi-
ation from an equal sex ratio was tested for each month.
∗Significant difference from MP/HP ¼ 1.0.

Fig. 4. Exhippolysmata oplophoroides (Holthuis, 1948). Growth curves
estimated for the population of Macaé, Rio de Janeiro state. The middle line
is the mean and the outer lines are the 95% confidence limits.

Table 2. Exhippolysmata oplophoroides (Holthuis, 1948).

Relationship Factor (group) Par. (log) F P

a 11.795 0.000∗

PL vs CL MP vs HP b 3.251 0.072
a 14.664 0.000∗

FPL vs CL MP vs HP b 1.543 0.214
a – –

SPL vs CL MP vs HP b 14.143 0.000∗

a – –
AIL2 vs CL MP vs HP b 17.703 0.000∗

a – –
AIL3 vs CL MP vs HP b 7.646 0.000∗

a – –
AIL4 vs CL MP vs HP b 12.071 0.000∗

a – –
AIL5 vs CL MP vs HP b 10.307 0.001∗

a – –
AML vs CL MP vs HP b 38.314 0.000∗

Results of analysis of covariance (ANCOVA) tests for homogeneity of
slopes to compare relative growth of possible secondary sexual characters
between male and hermaphrodite phases.
AIL, length of appendix interna; AML, length of appendix masculine; CL,
carapace length; FPL, length of first pereopod; PL, length of second
pleuron; SPL, length of second pleopod; HP, simultaneous hermaphrodite
phase; MP, Male phase.
Par ¼ parameter, a ¼ intercept, b ¼ slope, ∗P , 0.05.
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growth rate, mortality and size at the sex change in both
regions. Different conditions of temperature and photoperiod
had an effect on the sex change of L. wurdemanni under
laboratory experiments (Bauer, 2002; Baldwin & Bauer,
2003). Besides environmental conditions, social interactions
in the population also may have a great influence on the
size of sex change (Charnov et al., 1978; Baeza & Bauer, 2004).

Both the male and hermaphrodite phases exhibited positive
allometric growth in the length of second abdominal pleura. In
caridean females, increase in the relative size of the first three
abdominal pleura is an adaptation for brooding embryos, so an
increase in the growth of this structure is one of the factors
related to reproductive success in the hermaphrodite phase
(Bauer, 2004). Thus, morphological preparation for the incu-
bation of embryos during the female (simultaneous hermaph-
rodite) phase begins during the male phase.

Negative allometric growth was found in relation to the
first pereopod length in the male and hermaphrodite phases.

However, the second pereopod showed negative allometric
growth in the male phase followed by positive allometric
growth in the hermaphrodite phase. The first two pereopods
in carideans are chelate; they are fundamental in activities
such as food searching and handling, defence, territorial dis-
putes and grooming (Bauer, 2004). Grooming behaviour
reduces debris fouling on the body surface and thus prevents
sensory and locomotion disabilities (Bauer, 1978). The posi-
tive allometry observed in the second pereopod, the grooming
appendage in hippolytid carideans, is also an advantage in
embryo incubation. In females with embryos, the chelae of
the second pereopods are used for cleaning the mass of
embryos, removing sediment and unfertilized eggs and
thereby preventing bacterial growth in fertilized eggs (Bauer,
2004). An increase in the size of this structure in the hermaph-
rodite phase, besides being an advantage in the care of
embryos, might also improve food collection, especially in a
phase with high energy demand for embryo production.

Fig. 5. Exhippolysmata oplophoroides (Holthuis, 1948). Estimated size at the change from the male to the hermaphrodite phase. The estimated size refers to the
smallest individual after the inflection point of the phase equations for the male and hermaphrodite phases.

Table 3. Exhippolysmata oplophoroides (Holthuis, 1948).

Relationship Phase N a b r2 T (b 5 1) P Allometry

PL vs CL MP 199 0.409 1.090 0.856 2.830 0.001 +
HP 208 0.462 1.161 0.926 7.318 0.001 +

FPL vs CL MP 199 0.034 0.897 0.756 2.845 0.001 2

HP 208 0.113 0.838 0.780 5.242 0.001 2

SPL vs CL MP 197 0.194 0.896 0.771 2.979 0.001 2

HP 210 0.046 1.067 0.864 2.310 0.001 +
AIL2 vs CL MP 203 0.719 0.907 0.710 2.274 0.001 2

HP 204 0.943 1.186 0.715 3.532 0.001 +
AIL3 vs CL MP 204 0.716 0.893 0.602 2.09 0.001 2

HP 203 0.873 1.096 0.707 1.920 0.001 +
AIL4 vs CL MP 207 0.702 0.799 0.635 4.750 0.001 2

HP 200 0.881 1.056 0.658 1.018 0.001 0
AIL5 vs CL MP 207 0.837 0.865 0.667 3.169 0.001 2

HP 200 1.034 1.110 0.633 1.692 0.001 +
AML vs CL MP 204 0.956 0.840 0.500 2.689 0.001 2

HP 203 0.133 20.147 0.004 5.265 0.365 2

Regression analysis of morphometric data.
AIL, length of appendix interna; AML, length of appendix masculine; CL, carapace length; FPL, length of first pereopod; PL, length of second pleuron;
SPL, length of second pleopod; HP, simultaneous hermaphrodite phase; MP, Male phase, + ¼ positive allometry, 0 ¼ isometry, 2 ¼ negative allometry.
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The hermaphrodite phase showed a reduction in the
appendix masculina with increased body size. In simultaneous
hermaphrodite shrimps, a change from the male to the herm-
aphrodite phase is accompanied by changes in some struc-
tures, including a reduction in the size of this male
appendix and the number of its spines (Bauer & Holt, 1998;
Bauer & Newman, 2004). Previous studies on caridean
shrimps have indicated that the appendix masculina is
important in transferring spermatophores from the male to
the female during copulation (Bauer, 1976; Berg & Sandifer,
1984). However, Zhang & Lin (2004) found that the second
pleopods (with appendices masculinae) are not necessary for
successful copulation in either phase in L. wurdemanni.
Thus, the appendix may be a vestigial structure in the herm-
aphrodite phase without selective pressure to maintain it
(Bauer, 2000). However, this does not explain its presence in
the male phase, given the experiments of Zhang & Lin.

The appendices internae of the second to fifth pleopods
exhibited changes in the growth pattern (allometry) between
the male and hermaphrodite phases. This pattern did not
support the hypothesis that an enlarged appendices internae
might be a substitute for the appendices masculinae, which
are reduced or lost in the hermaphrodite phase. Pleopods of
a segmental pair are linked by the cincinnuli of the appendices
internae and help in the synchronized movement of pleopods
during swimming (Bauer, 1976). One hypothesis for the posi-
tive allometry in this structure in the hermaphrodite phase is
that it may provide an increased volume of the incubation
chamber for embryos among pleopods, thus increasing the
reproductive capacity.

Local environmental features such as lower temperatures
and high primary productivity due to the Cabo Frio upwelling
influence resulted in larger sizes, slower growth rates and lower
mortality for E. oplophoroides when compared with this species
in the Ubatuba/SP region. The high primary productivity in the
study area may have also contributed to a sex ratio biased
towards HPs, since it provides the increased food and energy
needed to sustain embryo production. Thus, the environmental
conditions associated with upwelling resulted in reproduction
and growth more characteristic of higher latitudes.
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