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ABSTRACT: The potential of a recently established marine protected area (MPA) in the Western
Atlantic, Brazil, as a 'seed production’ and nursery ground for Xiphopenaeus kroyeri, an inten-
sively exploited penaeid shrimp, was investigated in an attempt to reveal any future benefit of this
new MPA to adjacent populations experiencing heavy exploitation. Overall, we observed that
males and females >12 and 20 mm carapace length, respectively, contributed the most to repro-
duction in the studied population. Reproductive activity of X. kroyeri was continuous at the MPA;
2 annual reproductive peaks were recorded from March to April and from November to Decem-
ber, which were followed by recruitment events occurring from March to April 2009 and Novem-
ber 2009. Sediment, temperature, and algae and plant biomass floating near the bottom were
relevant in driving reproductive activity and recruitment in X. kroyeri. The high reproductive
potential of the studied population and the occurrence of abundant juveniles throughout the sam-
pling area, indicating the existence of a nursery ground within the region, suggest that this MPA
might provide important benefits in the near future. We argue in favor of future long-term studies
on the larval dispersion, reproductive biology and ecology of X. kroyeri in MPAs and non-MPAs
to construct a base for future management of this species and to aid stock recovery in fishing areas
that are heavily exploited.
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INTRODUCTION

The seabob shrimp Xiphopenaeus kroyeri (Heller,
1862) is largely distributed in the Western Atlantic,
from North Carolina (USA) to Santa Catarina (Brazil)
(Holthuis 1980), although there are records of its
occurrence in Virginia (USA) and Rio Grande do Sul

*Email: ariadine@ibb.unesp.br

(Brazil) (D'Incao et al. 2002). This species can reach
over 100 mm in total length and is very abundant at
depths <27 m (Holthuis 1980, Branco 2005, Costa et
al. 2007); therefore, X. kroyeriis the subject of a glob-
ally important fishery (Gillett 2008). The average
global catch of this shrimp has increased consider-
ably during the last 5 decades with captures ranging
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from 6 000 t in the 1960s to 42 787 t in the 2000s (FAO
2011). From 1960 to 2009, 513785 t (~51%) of the
total global catch (1013993 t) was extracted from the
Brazilian coast (FAO 2011).

In the northern, northeastern, southeastern and
southern regions of the Brazilian coast, which were
described by Matsuura (1995) as the major fishing
grounds, the seabob shrimp is heavily exploited by
trawl fishing boats (Vasconcellos et al. 2007, 2011).
Vasconcellos et al. (2007) collected information about
the status of stocks of Xiphopenaeus kroyeri based
on the analysis of time-series landings by artisan
fisheries during the period 1980 to 2002. These
authors categorized the status of this shrimp as
underexploited in the northern region, moderately
exploited in the northeastern region, and over-
exploited in the southeastern and southern regions of
Brazil. Furthermore, X. kroyeri is classified as over-
fished by the Brazilian government because of the
high capture rates of specimens from most or all size/
age classes throughout the range of distribution of
this species along the coast of Brazil (Ministry of the
Environment, Normative Instruction 5, 21 May 2004).

Due to overexploitation in the southeastern and
southern regions, the stocks of Xiphopenaeus kroyeri
have presented a continuous decrease in landings
since the late 1980s (Valentini et al. 1991, D'Incao et
al. 2002, IBAMA/CEPSUL 2006, Vasconcellos et al.
2007). Given the economic significance of this spe-
cies, research on its ecology, population dynamics,
and reproduction has vastly increased over the last
years (Nakagaki & Negreiros-Fransozo 1998, Costa
et al. 2000, 2007, 2011, Fransozo et al. 2000, 2002,
Branco et al. 1999, Branco 2005, Castro et al. 2005,
Castilho et al. 2008a, A. L. Castilho et al. unpubl,,
Simoes et al. 2010, Fernandes et al. 2011, Fransozo
et al. 2011, Freire et al. 2011, G. S. Heckler et al.
unpubl.). The highest abundance of X. kroyeri occurs
at temperatures >20°C and in areas where the sedi-
ment is composed of silt, clay, and fine and very fine
sand (e.g. Costa et al. 2000, 2007, 2011, Fransozo et
al. 2002, Castilho et al. 2008a, Simoes et al. 2010,
Freire et al. 2011). Previous studies have demon-
strated continuous reproduction and recruitment of
X. kroyeri throughout the year, temporal variations
in sex ratio, and differences in the size at the onset
of sexual maturity between males and females (e.g.
Nakagaki & Negreiros-Fransozo 1998, Fransozo et
al. 2000, Branco et al. 1999, Branco 2005, Castro et
al. 2005, Fernandes et al. 2011, A. L. Castilho et al.
unpubl. data, G. S. Heckler et al. unpubl. data). How-
ever, all the studies above have been conducted
in populations experiencing high fishing pressure.

Additional studies on the population dynamics and
reproductive parameters of X. kroyeri in protected
areas (with low or no fishing) are relevant to guide
management of this species throughout its range of
distribution.

The aim of this study is to describe the reproduc-
tive parameters and recruitment of Xiphopenaeus
kroyeri at Fortaleza Bay, located in a recently estab-
lished marine protected area (MPA) off the south-
eastern coast of Brazil, in an attempt to reveal any
current or future benefit of this new MPA to adjacent
populations experiencing heavy exploitation. We
studied monthly variation in size at first sexual matu-
rity, reproductive periodicity and recruitment of X.
kroyeri from November 2008 to December 2009 in
this MPA. We also analyzed the relationship between
various environmental variables and the abundance
of different demographic categories of X. kroyeri
at the study area to examine the role of environ-
mental conditions in driving reproductive activity and
recruitment in this species.

MATERIALS AND METHODS
Study site

Fortaleza Bay (23°29'30"S, 45°10'30" W) is situ-
ated in Ubatuba, on the northern coast of Sao Paulo
State, Brazil. Within Fortaleza Bay, 12 sandy beaches
are flanked by rocky shores. There is no considerable
depth variation within the bay; depths range from
1 to 12 m. Escuro and Comprido rivers, originating
from the Atlantic coastal forest (Mata Atlantica), flow
into the bay and support a diverse intertidal man-
grove ecosystem. Fortaleza Bay was established as
an MPA (Area de Protecio Ambiental Marinha do
Litoral Norte: Setor Cunhambebe) by Proclamation
No. 53525, on 8 October 2008 by the Brazilian Min-
istry of the Environment in order to prioritize the con-
servation, preservation and sustainable use of marine
resources in the region. In this MPA, fishing is only
permitted if it is necessary for the subsistence of
traditional human communities as well as amateur
and sport fishing. Commercial fishing is not allowed.
These actions attempt to protect, ensure and disci-
pline the rational use of resources in the region, pro-
moting sustainable development.

The Ubatuba region is characterized by innumer-
able spurs of the Serra do Mar mountain chain that
form an extremely indented coastline (Ab’Saber
1955). Exchange of water and sediment between the
coastal region and the adjacent shelf is very limited
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(Mahiques 19995). This region is affected by
3 water masses: coastal water (CW: tem-
perature >20°C, salinity <36 PSU), tropical 23%40°
water (TW: >20°C, >36 PSU) and South
Atlantic central water (SACW: <18°C, <36
PSU) (Castro-Filho et al. 1987, Odebrecht &
Castello 2001). During summer, the SACW  23%60’
penetrates into the bottom layer of the
coastal region and forms a thermocline
over the inner shelf located at depths of 10
to 15 m. During winter, the SACW retreats 73°g¢’
to the shelf break and is replaced by the
CW. As a result, no stratification is present
over the inner shelf during winter months
(Pires 1992, Pires-Vanin & Matsuura 1993).
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clay, and fine and very fine sand given the
low water movement within the bay and
between the bay and the adjacent conti-
nental shelf (Mahiques et al. 1998).

Shrimp sampling and description of
environmental conditions

Based on previous investigations con-
ducted in the study region (see Costa et
al. 2007, 2011), Xiphopenaeus kroyeri is
very abundant in depths <20 m. Also, the
authors suggest that juvenile individuals
are not dependent on estuarine regions,
completing their life cycle in shallow
coastal areas where both juveniles and
adults are largely caught by artisanal fish-
ing boats. Thus, the sampling described below allows
capturing all demographic categories (juveniles, adult
males and females) of X. kroyeri.

Shrimp samples were collected monthly from No-
vember 2008 to December 2009 using a fishing boat
carrying 2 rig nets (7.5 m long, 2.0 m horizontal
mouth opening, 15 and 10 mm mesh diameter at the
body and cod end of the net, respectively). A total of
7 permanent transects were established within Fort-
aleza Bay (Fig. 1) and sampled monthly. One haul per
transect and month was made throughout the sam-
pling period. Each transect was trawled for 1 km
(each haul lasted ~20 min) covering a total area of
4 km? transect™,

During trawling, bottom water samples were taken
with a Nansen bottle in each of the different transects.
Water temperature and salinity were measured with a
mercury thermometer (accuracy: 0.5°C) and an optical
refractometer (precision: 0.5 PSU), respectively.
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Fig. 1. Marine protected area (MPA) and sampling transects in Fortaleza
Bay. Dotted 50 m line is the MPA boundary; dotted 12 m line corresponds

to the depth range at Fortaleza Bay

Sediment samples were obtained during each
month and at each transect with a Van Veen grab
(0.025 m?) to analyze sediment grain size composition
and organic matter content. Sediment samples were
transported to the laboratory and oven-dried at 70°C
for 48 h. For the analysis of grain size composition,
2 subsamples of 50 g were treated with 250 ml of
NaOH solution (0.2 mol I™!) and stirred for 5 min to
release silt and clay particles. Next, the subsamples
were rinsed on a 0.063 mm sieve. Grain size cate-
gories followed the Wentworth (1922) American
standard, for which sediments were sieved at 2 mm
(for gravel retention); 2.0-1.0 (very coarse sand);
1.0-0.5 (coarse sand); 0.5-0.25 (medium sand);
0.25-0.125 (fine sand) and 0.125-0.063 mm (very
fine sand). Smaller particles were classified as silt
and clay. The 3 most quantitative important sedi-
ment grain size fractions were defined according to
Magliocca & Kutner (1965): Class A sediments in
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which gravel (G), very coarse sand (VCS), coarse
sand (CS), and medium sand (MS) account for >70 %
of the sample weight. In Class B, fine sand (FS) and
very fine sand (VFS) constitute >70 % of the sample
weight. In Class C, >70% of the sediments are silt
and clay (S+C). Measures of central tendency of the
sediment, corresponding to phi values, were calcu-
lated using the formula phi = —log,d, where d = grain
diameter (mm), in which the following scale was
obtained: -2 = phi <-1 (G); -1 = phi< 0 (VCS); 0 = phi
<1 (CS); 1 =phi<2 (MS); 2=phi< 3 (FS); 3=phi<4
(VES); and phi > 4 (S+C). From this scale, phi values
were obtained in order to determine the most fre-
quent grain size fraction in the sediment. These val-
ues were calculated from data extracted from cumu-
lative curves of sediment frequency distribution. The
values corresponding to the 16th, 50th and 84th per-
centiles were used to determine the mean diameter
(dn) using the formula d,, = phijg + phisy + phigs/3
(Suguio 1973). Finally, organic matter content of sed-
iment was estimated as the difference between initial
and final ash-free dry wt of 2 subsamples (10 g each)
incinerated in porcelain crucibles at 500°C for 3 h.

Considerable amounts of algae and plant fragments
floating near the marine floor that were retained in
the trawl nets during sampling were collected, sorted
and the biomass (total wet wt, kg) was recorded with
a balance (precision = 0.01 g)

Reproductive parameters and recruitment

We collected a total of 44 029 shrimps during the
sampling period. Logistic and time constraints did
not permit sexing and measuring each collected indi-
vidual in such a large sample. Thus, we randomly
separated a subsample of 250 g from each sample for
analysis. In samples comprising 250 g or less, all indi-
viduals were sexed (presence of petasma in males
and thelycum in females, see below) and measured
using a caliper to the nearest 0.1 mm. Carapace
length (CL, mm), measured from the orbital angle to
the posterior margin of the carapace, was recorded
for each shrimp.

Males and females were categorized as juveniles or
adults based on macroscopic observations of second-
ary sexual characters (petasma and thelycum). In
males, the endopods of the first pleopods form the
petasma. The endopods are completely separated in
juveniles but are fused in adults (Bauer 1986, 1991,
Fransozo et al. 2011). In females, the thelycum corre-
sponds to any external modification of the posterior
thoracic sternites and/or coxae. This structure stores

spermatophores transferred by males during insemi-
nation. In adult females, the thelycum is a single
smooth broad plate and bears an aperture flanked by
a transverse ridge that runs from right to left. In
immature (juvenile) females, the ridge has a space
between the plates (Bauer 1986, 1991, Fransozo et
al. 2011).

Reproductive condition of each shrimp was de-
termined by macroscopic examination of terminal
ampullae in males and ovaries in females. Terminal
ampullae were classified either as spent (Stage I) or
developed (Stage II) depending upon the absence
or presence of spermatophores contained by these
structures, respectively (as in Bauer 1991, Bauer &
Cash 1991, Nakagaki & Negreiros-Fransozo 1998,
Diaz et al. 2002). Maturity of the ovaries was deter-
mined based on color and volume of this organ
within the cephalothorax of female shrimps. Juvenile
females had very thin ovaries lacking any coloration
while adult females had thick ovaries varying in color
from opaque white to olive green. Ovaries in adult
females were also classified as spent (Stage I), if they
were opaque white in color and thicker than the
juvenile ovaries; developing (Stage II), if they were
light green; or developed (near spawning) (Stage III),
if they were green to olive green (Bauer & Rivera
Vega 1992, Nakagaki & Negreiros-Fransozo 1998,
Peixoto et al. 2003, Campos et al. 2009).

In the present study, recruitment refers to the small-
est individuals (immature stage) vulnerable to fishing
gear used. The recruitment was determined monthly
by the proportion of juveniles in relation to the total
number of adults sampled during study period.

Statistical analysis
Size at first maturity

Size at first sexual maturity (overall and per month)
in males and females was determined using the
proportion of juvenile and adult individuals in size
classes of 0.5 mm CL. The procedure used here to
estimate sexual maturity was based on fitting
the sigmoid logistic curve to the data above
(e.g. Pinheiro & Fransozo 1998). We used the equa-
tion y=1/ (1 + el (CL-CLso)ly where yis the estimated
proportion of adult shrimps, CL5, is the carapace size
at the onset of sexual maturity, and ris the coefficient
for the slope of the logistic curve. The logistic curve
was fitted by least squares to the aforementioned
proportions per size class of all the individuals and
samples using maximume-likelihood iterations. After
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adjusting the regression model, sexual maturity
(CLso) was estimated as the size at which 50 % of the
males and females reached maturity.

Factors correlating with reproduction and recruitment

We explored whether or not environmental vari-
ables correlate with reproductive activity and re-
cruitment in the studied population. Shrimps were
separated into 5 demographic categories: juveniles
(immature males and females), males with terminal
ampullae in Stage I (M-1), and Stage II (M-2), females
with ovaries in Stage I (F-1), and reproductive fe-
males (females with ovaries in Stage II and III
grouped together, F-2). The relationship between
temperature, salinity, phi organic matter content of
the sediment, algae and plant fragments floating near
the bottom and the abundance of the demographic
categories was assessed using canonical correspon-
dence analysis (CCA, a = 0.05) in the software R
v2.7.1 (R Development Core Team 2008). This analy-
sis computes a combination of scores for the data set
with maximum linear correlations, showing the high-
est explanation levels of the variance in the data set.
For interpreting this ordination technique, the canon-
ical coefficients are used, which permit relating vari-
ation in the abundance of the different demographic
categories to variation in environmental parameters
(Ter Braak 1986, Kindt & Coe 2005). The results of the
CCA were plotted in a bi-dimensional graph.

RESULTS
Reproductive parameters and recruitment

A total of 7659 individuals of Xiphopenaeus kroyeri
were analyzed from a total of 98 hauls (7 hauls mo™?)

taken throughout the sampling period. All specimens
were measured and sexed during this study; 2216
juveniles (941 males and 1275 females), 2749 adult
males, and 2694 adult females. Both juvenile and
adult specimens were caught in all transects. The
size ranges, means, and standard deviations of the
CL of the specimens analyzed are shown in Table 1.

Macroscopic observations of secondary sexual
characters and maturity stage of terminal ampullae
(in males) and ovaries (in females) indicated that the
smallest body sizes (CL) of adult males and adult
females were 11.0 and 12.9 mm, respectively. Taking
into account the total number of shrimps collected
during the entire sampling period, CLs;, was esti-
mated to be 12.8 mm CL in males and 13.2 mm CL in
females (Fig. 2). During most of the study period,
CLso was greater in females than in males, and varied
between 12.1 to 13.6 mm CL in males, and between
13.0 and 13.3 mm CL in females (Fig. 2).

Both in male and female shrimps, the degree of
maturity of the terminal ampullae and ovaries, re-
spectively, depended upon body size (Fig. 3). More
than 50 % of the males with CL <12.0 mm had termi-
nal ampullae in Stage II. The percentage of males
with terminal ampullae in Stage Il abruptly increased
from 70% in males with CL ~14.0 mm to 90% in
males with CL ~16.0 mm. Females with ovaries in
Stage II and III showed higher percentages (=50 %)
when CL was ~20 mm or greater.

The percentage of males with developed terminal
ampullae remained relatively constant and >50%
throughout the year (Fig. 3). In turn, 2 peaks of
reproductive activity during the year were identi-
fied for females considering the proportion of
females with ovaries in different stages of develop-
ment. One reproductive peak occurred from March
to April 2009 and a second peak was observed
from November to December 2009. The lowest
percentage of females with ovaries in advanced

Table 1. Xiphopenaeus kroyeri. Size of specimens based on carapace length (CL) after 14 hauls in each transect. N = number
of specimens

Transect Depth Juveniles Males Females
(m) N CL (mm) N CL (mm) N CL (mm)
mean + SD Mean + SD Range Mean + SD Range Mean + SD  Range

I 9.1+£1.0 286 10.9+2.0 54-14.0 474 17.1+£25 11.1-258 379 17.7+3.1 12.9-28.2
I 72+1.1 313 109+1.9 5.3-13.8 337 16.6 £2.8 11.1-25.3 398 18.5+3.5 129-31.3
111 7.0+0.9 349 10.2+22 4.5-14.2 418 17.2+2.7 11.6-26.6 355 18.1+34 13.0-30.6
v 56+09 301 10.6 £2.1 4.9-14.0 414 16.6+2.7 11.0-25.8 431 18.1+£3.7 12.9-354
\ 7.5+1.5 304 11.3+1.7 6.1-14.0 233 15.8+2.5 11.0-24.6 310 172+29 12.9-30.5
VI 8.0+1.1 340 10.8+1.9 5.8-144 490 16.7+23 11.0-25.0 400 17.5+2.9 13.0-32.9
VII 104 +1.6 323 11.0+1.9 4.8-14.0 383 17.2+2.8 11.0-254 421 186 +3.5 12.9-31.0
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Fig. 2. Xiphopenaeus kroyeri. Overall and monthly sizes at first sexual maturity (CLsy) for each sex. Right panel: numbers
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Fig. 3. Xiphopenaeus kroyeri. Proportion of shrimps in developmental stages of terminal ampullae in males and ovaries
in females. Numbers above bars are no. of specimens analyzed

stage of development was registered from May to
August 2009.

Juveniles were sampled in all transects at Forta-
leza Bay, in which mean (+SD) depth varied from
56 = 0.9 to 104 + 1.6 (Table 1). The highest and
lowest number of specimens were caught from the

Transects III and I, respectively (Table 1). The pres-
ence of juveniles was also recorded during all
months (Fig. 4). The highest percentages of juve-
niles (compared to the adults) in the population
were observed in November 2008, May 2009, and
December 2009 (Fig. 4). These peaks of smaller
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Fig. 4. Xiphopenaeus kroyeri. Monthly variation in the proportion of
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individuals are probably indicative of recruitment
events, occurring after the main reproductive peaks
of Xiphopenaeus kroyeri, which were registered
from March to April 2009 and November 2009. The
recruitment peak observed in November 2008 might
correspond to the previous reproduction peak, not
measured in the present study.
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showed the lowest mean bottom salinity
values (Fig. 5b).

Sediment at Fortaleza Bay was charac-
terized as silt, clay, and fine and very fine
sand during all the study period; grains with a diam-
eter smaller than 0.25 mm dominated our samples
(>90%). Monthly phi values did not vary throughout
the year and, according to the phi scale, the S+C was
the most frequent grain size fraction in the sediment
(mean + SD: 4.8 + 0.2; range: 4.5 to 5.3). The highest
mean percentage of organic matter was observed
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Fig. 5. Monthly mean values (7 hauls mo™!) of the environmental variables analyzed at Fortaleza Bay during the sampling
period. (a) Temperature and (b) salinity of bottom water; (c) granulometric classes A (G, VCS, CS, MS), B (FS, VES) and C
(S+C); phi values = measures of central tendency of the sediment; (d) mean amount (7 hauls mo™?) of algae and plant fragments
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during April 2009 (5.6%) and the lowest was
observed during January 2009 (Fig. 5c).

The total wet wt of algae and plant fragments
floating near the marine floor retained in the trawl
nets during sampling showed considerable variabil-
ity during the study (7.1 + 6.0 kg) (Fig. 5d). Consider-
ing the plant biomass and the variation of the organic
matter content and algae throughout sampling
period, there was a similar pattern between them
from August to December 2009 (Fig. 5c,d).

The CCA used to test for a relationship between
environmental variables and abundance of the
different demographic categories in Xiphopenaeus
kroyeri explained 94 % of the variance in our dataset
(Fig. 6). Temperature (CCA, p = 0.002), phi (p =
0.033) and algae and plant fragments floating near
the bottom (p = 0.009), all showed a strong correla-
tion with shrimp abundance. On the first axis of the
CCA, a positive correlation was observed between
the abundance of juveniles and algae and plant
fragments floating near the bottom (Table 2, Fig. 6).
On the second axis, the abundance of F-2 correlated
positively with temperature and phi (a measure of
sediment composition) (Table 2, Fig. 6). Overall,
the above environmental variables are relevant in
explaining abundance of juveniles and adult indi-
viduals of X. kroyeri.
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Fig. 6. Xiphopenaeus kroyeri. Canonical correspondence
analysis between environmental variables and abundance of
demographic categories. Males with terminal ampullae in
Stage I (M-1) and Stage II (M-2); females with ovaries in Stage
I (F-1) and Stage II+]III (F-2); T = bottom temperature; APF =
amount of algae and plant fragments floating near the marine
floor; phi = measure of central tendency of the sediment

Table 2. Xiphopenaeus kroyeri. Results of the Canonical
Correspondence Analysis (CCA) ordination for the first 2
canonical axes, with demographic categories and environ-
mental variables data: T = bottom temperature; S = bottom
salinity; phi = measure of central tendency of the sediment;
OM = organic matter; APF = algae and plant fragments;
males with terminal ampullae in Stage I (M-1) and Stage II
(M-2); females with ovaries in Stage I (F-1) and Stage II+III
(F-2). p = significance based on 1000 permutations (Monte
Carlo; *ou=0.05)

Canonical coefficients R? P

Axis 1 Axis 2
Environmental variables
T -0.249 -0.968 0.631 0.002*
S -0.845 -0.535 0.410 0.069
Phi 0.712 -0.703 0.487 0.033*
OM -0.993 -0.121 0.045 0.798
APF -0.963 0.270 0.609 0.009*
Demographic categories
Juvenile -0.999 -0.039 0.947 <0.001*
M-1 -0.559 0.829 0.592 0.008*
M-2 0.912 -0.411 0.307 0.166
F-1 0.261 0.965 0.782 0.001*
F-2 0.294 -0.956 0.963 <0.001*

DISCUSSION

We have described for the first time the repro-
ductive biology and recruitment of Xiphopenaeus
kroyeri in an MPA recently established in the south-
western Atlantic. In the following we discuss 3
important aspects of X. kroyeri: (1) size at first
maturity, (2) environmental variables that correlate
with reproductive peaks and juvenile recruitment,
and (3) the existence of nursery grounds in the stud-
ied region. We attempt to reveal the possible role
that this recently established MPA might play in the
management of this exploited shrimp in the near
future.

Size at first maturity

Based on the macroscopic observations of sexual
traits, CLso in Xiphopenaeus kroyeri was estimated to
be 12.8 and 13.2 mm in males and females, respec-
tively. We have reviewed previous studies reporting
CLso in X. kroyeri along the Brazilian coast and found
considerable variability in this reproductive para-
meter (e.g. Coelho & Santos 1993, Branco et al. 1999,
Branco 2005, Fernandes et al. 2011, A. L. Castilho et
al. unpubl., G. S. Heckler et al. unpubl.; Table 3). Our
estimates of CLsy are similar to those reported by
G. S. Heckler et al. (unpubl.) and considerably lower
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Table 3. Xiphopenaeus kroyeri. Reproductive parameters of different shrimp populations along the Brazilian coast. NE =

northeastern; SE = southeastern; S = southern; PE = Pernambuco; RJ = Rio de Janeiro; SP = Sao Paulo; SC = Santa Catarina;

CLs, = size at first sexual maturity; Sp = spring; Su = summer; Fa = fall; Wi = winter; na = not available. Reproductive perio-
dicity is continuous for all populations except where not available

Coordinates Region Period CLsp (mm) Reproductive Source

(State) d o} periodicity
08°45'S, 35°06'W NE (PE) May 1986-Dec 1992 na 19.8 Sp-Su Coelho & Santos (1993)
21°37'S,41°00'W  SE (RJ) Jun 2005-May 2010 12.0 22.0 Sp-Su-Wi  Fernandes et al. (2011)
23°26'S, 45°02'W SE (SP) Oct 1992—-Sep 1993 68.0°  83.2° Sp-Fa Nakagaki & Negreiros-Fransozo (1998)
23°26'S, 45°02'W  SE (SP) Sep 1995-Aug 1996 na na Sp-Fa Castro et al. (2005)
23°48'S, 45°23'W  SE (SP) Jan 1998-Jun 2003 15.6 17.9 Sp-Su A. L. Castilho et al. (unpubl.)
23°26'S, 45°02'W  SE (SP) Jul 2005-Jun 2007 13.3 13.5 Sp-Su G. S. Heckler et al. (unpubl.)
23°29'S, 45°10'W SE (SP) Nov 2008-Dec 2009 12.8>  13.2° Sp-Fa Present study

16.3¢  17.3° Sp-Fa

26°23'S, 48°36'W S (SC) Mar 1996-Feb 1997 13.9 17.1 na Branco et al. (1999)
26°47'S, 48°38'W S (SC) 1996-1997; 1999-2001 14.2 16.0 Sp-Fa Branco (2005)
aTotal length; juveniles; Pincluded/°not included in CLg, statistical analysis

than those reported by previous studies in the same
region (northern coast of Sao Paulo State) but before
the establishment of the MPA and along the Brazilian
coast (Table 3).

Importantly, various past studies have not taken
into account juveniles when estimating CL5,. Some
of these studies have (inappropriately) categorized
adult males and females with spent terminal
ampullae and ovaries, respectively, as juveniles.
This misclassification of adult males and females
as juveniles most certainly overestimates CLsq in
Xiphopenaeus kroyeri. If we had considered only
adult individuals in our calculations, the estimated
CLso would correspond to 16.3 and 17.3 mm in
males and females, respectively (Table 3); these
values are similar to those reported by previous
studies but incorrect. Overall, uncertainty in size
at maturity might have important implications for
fisheries stock assessment, including those target-
ing crustaceans (J. Anderson et al. unpubl.). Age-
structured models built to evaluate the effect
of uncertainty in CLs, on stocks of exploited crus-
taceans have shown that even with low exploitation
rates, an overestimation of such size can affect
values of the 'spawning potential ratio’ so that the
models incorrectly indicate stock overexploitation.
Alternately, an underestimation of size at maturity
can cause the failure of models to recognize stock
overexploitation when, on reality, overexploitation
is indeed taking place (J. Anderson et al. unpubl.).
We argue in favor of studies constructing age-
structured models to evaluate the effect of un-
certainty in CLj;, on population assessments of
X. kroyeri.

Factors correlating with reproduction and recruitment

Xiphopenaeus kroyeri reproduced continuously
but with dissimilar intensity throughout the year. In
this study 2 well defined annual reproductive peaks
were detected, one during late summer-early fall and
a second peak occurring in spring. This reproductive
dynamic agrees remarkably well with that reported
for other populations of X. kroyeri in the north-
eastern, southeastern and southern regions of the
Brazilian coast (e.g. Coelho & Santos 1993, Naka-
gaki & Negreiros-Fransozo 1998, Branco 2005, Cas-
tro et al. 2005, Fernandes et al. 2011, A. L. Castilho et
al. unpubl., G. S. Heckler et al. unpubl.; Table 3).
Interestingly, this similarity in reproductive sched-
ules among populations supports the notion that
continuous reproduction with dissimilar intensity
(i.e. with breeding peaks in spring and fall) is the
rule rather than the exception in Penaeoidae shrimps
from tropical and subtropical environments (see
Garcia 1988).

Our statistical analyses (CCA) demonstrated a posi-
tive correlation between temperature and the abun-
dance of reproductive females during the study pe-
riod. Importantly, changes in reproductive intensity
occurred concomitantly with changes in water tem-
perature during this study; the maximum reproductive
activity in females of Xiphopenaeus kroyeri (deter-
mined by the relative abundance of individuals with
developing and developed ovaries that were close to
spawning; Bauer & Rivera Vega 1992) occurred at a
time of the year when the maximum mean values of
temperature (>25°C) were recorded at the study site.
Thus, temperature appears to drive reproduction in
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X. kroyeri, and sudden increases in temperature
might be triggering reproduction in this species.

Temperature has been suggested to affect gonad
maturation and/or spawning in other Penaeoidea
shrimps (e.g. Sastry 1983, Garcia 1988, Dall et al.
1990, Bauer 1992, Bauer & Rivera Vega 1992, Bauer
& Lin 1994, Costa & Fransozo 2004, Castilho et al.
2007a,b, 2008b,c, 2012, A. L. Castilho et al. unpubl.).
In Xiphopenaeus kroyeri, high temperature might
speed up gametogenesis, and sudden increases in
temperature (as observed during the summer, early
fall and spring in this study) might also signal to
parental females favorable conditions in the water
column for egg production and spawning. Importantly,
the highest reproductive intensity of X. kroyeri ob-
served in this study not only occurred when tempera-
ture was high but also at a time of the year (spring and
summer) when the SACW intrudes into the continen-
tal shelf (Pires 1992). This water mass transports nutri-
ents to the studied region due to its high nitrogen to
phosphorus ratio (N:P = 16:1) that favors primary pro-
ductivity (Aidar et al. 1993, Odebrecht & Castello
2001). Food availability for larvae (e.g. primary and/or
secondary productivity) is also recognized as another
important condition affecting reproduction and spawn-
ing in marine invertebrates, including other shrimps
(Thorson 1950, Sastry 1983, Bauer 1992, Bauer &
Rivera Vega 1992). High nutrient load entering to the
system due to the intrusion of the SACW and in-
creased primary productivity (Pires-Vanin & Matsuura
1993) is expected to boost larval condition and/or sur-
vival of X. kroyeri at Fortaleza Bay.

Sediment characteristics affected the abundance of
adult individuals of Xiphopenaeus kroyeri at Fort-
aleza Bay. The positive correlation between sedi-
ment type (fine and very fine sand and silt/clay) and
abundance of X. kroyeri demonstrated by the CCA
coincides with that reported by previous studies;
shrimps mostly inhabit fine/very fine sand and/or
silt/clay along the Brazilian coast (Costa et al. 2000,
2007, 2011, Fransozo et al. 2002, Castilho et al. 2008a,
Simoes et al. 2010, Freire et al. 2011). Adults of
various other Penaeoidea shrimp usually inhabit
fine rather than coarse sediments (Dall et al. 1990).
Most probably, finer sediments facilitate burrowing
in adult shrimps by reducing energy requirements
for excavation (Dall et al. 1990, Freire et al. 2011).
Indeed, experimental studies have shown that shrimps
excavate more rapidly in sediment between 62.00 pm
and 1.00 mm (Dall et al. 1990, Freire et al. 2011). Fine
sediments might also allow adult shrimps to excavate
deeper and escape from potential predators (Dall et
al. 1990, Freire et al. 2011).

Interestingly, the abundance of juvenile shrimps
was not affected by sediment type; it correlated posi-
tively with algae and plant biomass floating near
the bottom at Fortaleza Bay. The same relationship
between juvenile abundance and such algae and
plant biomass was reported before for Xiphopenaeus
kroyeri at Ubatuba Bay, northern coast of Sao Paulo
State (e.g. Castro et al. 2005). According to previous
studies (Dall et al. 1990, Simoes et al. 2010), juvenile
shrimps are poor excavators, even in fine sediment.
Consequently, they usually settle in shallow water
environments rich in detritus, such as seagrass beds,
mangrove swamps, or floating sargassum (Garcia
1988). Herein, we propose that large amounts of
algae and plants floating near the marine floor, which
are associated with local hydrodynamic conditions
and proximity to the continent, as well as the input
from the small rivers Escuro and Comprido, might
provide a nursery ground for X. kroyeri in the study
region (see also Castro et al. 2005). Such debris could
provide protection for juvenile shrimps against
potential predators, as this material most probably
increases environmental heterogeneity in struc-
turally simple soft bottom habitats (Fransozo et al.
2009a, Almeida et al. 2012). However, additional
studies on the ecology of juveniles of X. kroyeri both
in shallow and deeper nursery grounds is warranted
as these might help to understand the early benthic
life history of this shrimp and predict adult stock
abundance along the Brazilian coast.

Reproductive biology and recruitment in an MPA

Overall, our literature review suggests that there
are no major differences in the reproductive bio-
logy and recruitment schedule of Xiphopenaeus
kroyeri between Fortaleza Bay and several other
localities along the Brazilian coast (see Table 3).
However, these similarities among different popu-
lations of X. kroyeri distributed over >1000 km of
coast—which encompasses ~10% of the distri-
bution range of this species in the south Caribbean
and southwestern Atlantic—are very important,
especially when considering the differences in
methodology among studies (e.g. fishing gear,
catching effort, and statistical analyses; see refer-
ences in Table 3). Two aspects emerging from this
comparison among populations deserve attention
as we believe they have important implications for
the future management of the species, not only in
the Brazilian coast but in the central and south-
western Atlantic.
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First, considering previously reported information
on the abundance of this shrimp throughout the
northern coast of Sao Paulo State before the estab-
lishment of the MPA, Fortaleza Bay appears to sus-
tain larger populations of Xiphopenaeus kroyeri than
adjacent areas: CPUE = 61.9 shrimp km™ in Uba-
tuba Bay (Nakagaki et al. 1995), 72.5 shrimp km™2 in
Ubatumirim, Ubatuba and Mar Virado bays (Costa
et al. 2007), 45.2 shrimp km™ in Ubatuba and
Caraguatatuba regions (Castilho et al. 2008a) versus
112.3 shrimp km2 in Fortaleza Bay (this study). The
above and the occurrence of abundant juveniles in
the studied locality suggests that Fortaleza Bay might
serve as a 'seed production’' locality and nursery
ground that might help in the future to replenish
nearby (and also far away, see below) fishing grounds
of the species during the next decades.

Second, the similarity in reproductive schedules
among populations, that in some cases are located
thousands of km apart, suggests the existence of an
open meta-population with considerable connectivity
in the southwestern Atlantic. The relative long larval
period reported for this species (~16 d; Fransozo et al.
2009b) supports the idea of considerable connectivity
among distantly located populations hundreds and
thousands of km apart. The study of meso-scale
oceanographic processes (Cowen et al. 2000) and the
phylogeography of Xiphopenaeus kroyeri along the
Brazilian coast (Voloch & Solé-Cava 2005, Gusmao et
al. 2006, Francisco et al. 2009) might help to reveal the
extent of connectivity among populations, that in turn,
will help guide the establishment of sound manage-
ment strategies in this widely distributed species.
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