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Abstract The seabob shrimp Xiphopenaeus kroyeri
ranks third in commercial importance among fisheries
in southeastern Brazil. An important management
question is whether the same offseason can be applied
to different regions. The population dynamics of the
seabob shrimp was compared in two regions of
southeastern Brazil: Macaé, state of Rio de Janeiro
and Ubatuba, state of Sdo Paulo. All demographic
categories of shrimp in the Macaé region were larger
than those in the Ubatuba region. Lower temperatures
and greater longevities in the Macaé region may
account for this difference in size from Ubatuba. In
Macaé, number of reproductive females and juveniles
correlated with organic-matter content. In Ubatuba,
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only chlorophyll-a showed a correlation with repro-
ductive females. The reproductive period and recruit-
ment were correlated in both populations. The
difference in environmental factors between these
regions, resulting of the Cabo Frio upwelling, although
they are located close together, directly influences the
population dynamics of X. kroyeri. The Cabo Frio
upwelling may be acting as a physical barrier,
preventing gene flow and differentiating the seabob
shrimp stocks in the two regions. These data suggest
that different offseason periods for different regions
could increase the sustainability of shrimp harvesting
along the Brazilian coast.

Keywords Decapoda - Growth - Reproduction -
Upwelling - Sustainable harvesting

Introduction

One consequence of the validation of the taxon
Xiphopenaeus riveti (Bouvier 1907) for the Pacific
Ocean by Gusmao et al. (2006) was to restrict the
known distribution of Xiphopenaeus kroyeri (Heller,
1862) to the Atlantic Ocean, from Virginia (USA) to
Rio Grande do Sul (Brazil) (Costa et al., 2003). In
Brazil, this shrimp is intensively exploited in a
multispecies fishery, mainly due to its abundance in
shallow coastal areas and its size (Costa et al., 2007).
In 2010 and 2011, the Brazilian shrimp fishery
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produced around 39,000 tons annually, of which the
seabob shrimp comprised 15,000 t IBAMA, 2011).
Including all fisheries in southeastern Brazil (from
Espirito Santo to Sdo Paulo states), X. kroyeri is the
third most-traded species, behind only the Brazilian
sardine Sardinella brasiliensis (Steindachner, 1879)
and the white croaker Micropogonias furnieri (Des-
marest, 1823) (Avila—da—Silva et al., 2005). In the state
of Sdo Paulo, this shrimp is the second most-exploited
species, according to the Report of Marine and
Estuarine Fishery Production (Instituto de Pesca,
2012). However, according to FIPERJ (2015), the
precise monitoring data in the Rio de Janeiro state are
insufficient.

Due to the commercial importance of the species,
most studies have focused on southern and southeast-
ern Brazil, mainly off Ubatuba on the northern coast of
Sdo Paulo. Studies involving X. kroyeri have treated
the biodiversity (Costa et al., 2000, 2003; Castilho
et al., 2008; Silva et al., 2014), carcino-bycatch of the
seabob shrimp fishery (Severino-Rodrigues et al.,
2002; Branco and Fracasso, 2004; Robert et al., 2007),
distributional ecology (Costa et al., 2007; Heckler
et al. 2014a, b), population dynamics (Nakagaki &
Negreiros-Fransozo, 1998; Branco et al., 1999; Castro
et al., 2005; Campos et al., 2009; Costa et al., 2011;
Fernandes et al., 2011; Heckler et al., 2013; Castilho
et al., 2015), substrate selection and daily activity
(Simdes et al., 2010; Freire et al., 2011), and
population genetics (Voloch & Sole-Cava, 2005;
Gusmao et al., 2006).

Studies comparing different regions along the
geographical distribution of X. kroyeri are still few.
Voloch & Sole-Cava (2005) compared individuals of
X. kroyeri from three locations in southeastern Brazil
(Ubatuba (SP), Cabo Frio (RJ), and Nova Almeida
(ES)). The study revealed differences in genetic
structure among the regions, and the Ubatuba popu-
lation was significantly different from the others. The
authors concluded that the Sdo Paulo population
should be considered as an independent stock from
those of Rio de Janeiro and Espirito Santo, which may
still form a single panmictic unit. The Cabo Frio
upwelling may be acting as a physical barrier,
preventing gene flow and differentiating the seabob
shrimp stocks in the two regions.

Geographical differences are another aspect that
requires investigation. Changes in the population
dynamics of a species can also be attributed to the
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“paradigm of the latitudinal effect,” which suggests
that populations tend to have shorter spans, with
smaller sizes at maturity and smaller asymptotic sizes,
and the reproductive and recruitment periods lengthen
as latitude decreases (Bauer, 1992; Bauer & Rivera-
Vega, 1992; Costa & Fransozo, 2004; Gavio &
Boschi, 2004; Castilho et al., 2007b).

In South America, the few penaeid studies address-
ing this issue and comparing geographically different
populations are limited to Artemesia longinaris
Spence Bate 1888, including temperate, subtropical,
and tropical regions (Castilho et al., 2007b; Costa
et al., 2010; Semensato & Di Beneditto, 2008). The
first two studies showed the application of the
paradigm comparing populations from the coast of
Argentina to Ubatuba, Sdo Paulo, Brazil. Semensato &
Di Beneditto (2008), however, found that in Rio de
Janeiro, a tropical region at lower latitude, but near the
upwelling area, the values of maturity, maximum
sizes, and ages increased. Although the latitudinal
pattern is evident for some penaeid shrimp species,
local variations may also strongly influence popula-
tions. The question remains as to whether the popu-
lations of X. kroyeri in regions influenced by
upwelling do or do not follow this pattern. Two
regions were selected for this study to test the
hypothesis in which local variations due to coastal
upwelling could affect the structure and population
dynamics of X. kroyeri.

The first region (Macaé, RJ) is located north of and
adjacent to the Cabo Frio upwelling. Although it is a
tropical area (22°36'S), low bottom-water tempera-
tures are recorded during most of the year, not
exceeding 21°C (Silva et al., 2014) and reaching
12°C depending on the intensity of the upwelling
(Voloch & Sole-Cava, 2005). The upwelling in this
area promotes the transport of nutrients (N and P) from
lower layers (South Atlantic Central Water, SACW) to
the photic zone. This directly influences the primary
productivity by the increase in phytoplankton, which
is composed predominantly of diatoms (Odebrecht &
Djurfeldt, 1996; Gaeta & Brandini, 2006; Lopes et al.,
2006).

The other region chosen for this study (Ubatuba,
SP) is located southwest of the Cabo Frio upwelling.
This is an oligo-mesotrophic region, with moderate
levels of primary productivity (chlorophyll-a)
throughout the year. During spring and summer, the
action of the SACW increases chlorophyll-a values
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(Castro-Filho et al., 1987). The annual mean bottom-
water temperature is above 23°C (Pantaledo et al.,
2016).

A study comparing different regions in relation to
latitude and environmental factors, particularly in
locations close to an upwelling area, could reveal
differences in the population dynamics of a species,
which is essential information for fishery managers.
Considering that the seabob shrimp is an important
fishery resource in southeastern Brazil and the same
offseason is presently imposed on the entire region, it
is needful to assess whether the present closure period
is appropriate. Overexploitation of a species alters the
population dynamics, for example, decreasing the
asymptotic size, accelerating sexual maturation, and
decreasing oocyte production (Birkeland & Dayton,
2005; Walsh et al., 2006; Fonteles-Filho, 2011).
According to the established norms published by
IBAMA/CEPSUL, the shrimp offseason, which
includes X. kroyeri, extends from March 1 to May
31 each year.

The present study tested the hypothesis that the
populations of X. kroyeri found north of and near the
Cabo Frio upwelling (Macaé-RJ) and south of the
upwelling region at a distance of about 1° latitude
(Ubatuba-SP) show different dynamics, because these
populations are in different geographic regions and
exposed to different environmental factors. We ana-
lyzed the population structure, relationship between
the species and environmental factors, growth and
longevity, reproductive periods, and recruitment of the
seabob shrimp in both regions separately. We also
discuss whether the same offseason period can be
applied in both regions off southeastern Brazil.

Materials and methods
Study areas

Samples were collected at two sites off the southeast-
ern Brazilian coast: Macaé-RJ, 22°37'S and
041°78'W; and Ubatuba, 23°27'S and 045°02'W.
The Macaé region is located off the northern coast
of Rio de Janeiro state, near the Cabo Frio upwelling
area. The region is surrounded by the Santana
archipelago, composed of Santana Island, Francés
Island, Ponta das Cavas, South Islet, and many rocks
(Brasil, 1983). Northeasterly winds predominate

during summer, and because of the orientation of the
Rio de Janeiro coastline these winds drive the coastal
water seaward, favoring the incursion and upwelling
of the cold South Atlantic Central Water (SACW),
which usually has temperatures below 20°C and high
nutrient concentrations. During the winter, westerly
winds dominate and coastal waters return to their usual
position over the continental shelf (Emilsson, 1961;
Moreira da Silva, 1977; Gonzalez-Rodriguez et al.,
1992). Although the influence of the SACW is more
intense in summer, the Macaé coastal area is strongly
influenced by this water mass throughout the year as a
result of the upwelling off Cabo Frio, resulting in low
water temperatures (Valentin, 1984). At Cabo Frio, De
Leo & Pires-Vanin (2006) found bottom-water tem-
peratures more similar to those off southern Brazil
than off the southeastern coast. Sancinetti et al. (2014)
observed a bottom-water temperature range of
17-26°C in the Macaé region over two years of
sampling.

In the Ubatuba region, the coast features tiny
isolated massifs and the terminal spurs of the Serra do
Mar, whose characteristics result in a coastline with
several semi-confined coves (Ab’Saber, 1955). This
topography includes numerous beaches and coves,
which form microenvironments with irregular internal
limits that favor the establishment and development of
the marine biota (Negreiros-Fransozo et al., 1991).
This region is influenced by three water bodies, each
with unique characteristics and different distributions
in summer and winter: Coastal Water (CW), with high
temperatures and low salinities (7 > 20°C and
S < 36); Tropical Water (TW), with both high tem-
peratures and salinities (7 > 20°C and S > 36); and
SACW, with both low temperatures and salinities
(T < 18°C and S < 36) (Castro-Filho et al., 1987).

Sampling of shrimp and environmental factors

Three different areas were analyzed in each region.
The locations of these areas and the sampling sites are
shown in Fig. 1.

Samples were collected monthly in both regions
from July 2010 through June 2011. The collection sites
were marked with a GPS (Global Positioning System),
and transects were defined from 5- to 15-m depths in
each study area.

For Macaé, a 30-min trawl was conducted
separately at 5 and 15 m, as the local trawling area
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Fig. 1 Approximate
location of the sampling
points for each study area

Above Cabo Frio upwelling

Below Cabo Frio upwelling
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&

for the seabob shrimp was not known prior to the
sampling. For Ubatuba, as the seabob shrimp
trawling areas were already known from previous
studies (Costa et al., 2007; Heckler et al., 2013), a
60-min trawl was conducted, covering a transect
from 5 to 15 m deep at each collection point. For
the analysis, the transects trawled at 5 and 15 m in
Macaé were counted for each area separately, and
thus the three different areas of each region could be
compared, with a 60-min trawl each. All fieldwork
was performed using a commercial fishing boat with
double-rig nets (5 m mouth width, mesh size 20 mm
and 18 mm at the cod end).

After each trawl, shrimp were placed in labeled
plastic bags and packed in coolers with crushed ice. In
the laboratory, the specimens were identified to
species level according to Costa et al. (2003).
Individuals of X. kroyeri were measured for carapace
length (CL), i.e., the linear distance from the postor-
bital angle to the posterior margin of the carapace,
using calipers (0.05 mm). The total biomass was
measured in a balance with 0.01 g accuracy for each
trawling point. A random 400-g subsample was taken
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and the individuals were counted. The total number of
individuals was estimated by extrapolating the sub-
sample in relation to the total biomass, for each
sampling point. When the total biomass of the sample
did not exceed 400 g, all individuals were counted and
measured.

The reproductive condition of females was deter-
mined based on macroscopic observation of the
gonads. Four stages of development were distin-
guished: IM = immature; RU = rudimentary (adults
with immature gonads); ED = developing; and
DE = developed (Castilho et al., 2007a). For males,
we examined the condition of the endopodites of the
first pair of abdominal appendages: if they were
separated, individuals were classified as juvenile or
immature (IM); if they were united, forming the
petasma, individuals were classified as adults (Boschi
& Scelzo, 1977). Adult males were also classified as
rudimentary (RU), when the terminal ampoules were
empty; developing (ED), when the terminal ampoules
were partially filled with substances; and developed
(DE), when the terminal ampoules were filled with
substances.



Hydrobiologia (2017) 795:295-311

299

Water temperature (mercury thermometer, °C) and
salinity (specific optical refractometer) were measured
at all sampling points. Samples from the surface and
bottom water were obtained with a Van Dorn bottle
(5 L).

Surface-water samples (photic zone) were also
obtained and placed in dark containers for chloro-
phyll-a quantification. The concentration of the chloro-
phyll-a in water (ug/L) was calculated following
Golterman et al. (1978). A specific water volume
(1.5 L) was filtered through a Millipore filter (AP40).
The filter containing the material was stored at —20°C
until the determination. The chlorophyll-a was
extracted in 10 mL acetone (90%), with maceration.
The 10-mL extracts were transferred to test tubes and
refrigerated in the dark for about 12 h. After this period,
samples were centrifuged for 10 min at 4900 rpm.
Then, the absorbance was measured at 663 and 750 nm,
using a FEMTO 600 plus spectrophotometer.

Sediment was sampled using a Van Veen grab (area
of 0.06 m?) in the four seasons during the study period.
Each sample was placed in plastic bags, labeled with
the sampling point and month, and frozen until the
organic-matter analysis. The organic matter was
quantified following Costa et al. (2007).

Population structure and comparisons of the size
of the seabob shrimp Xiphopenaeus kroyeri
(Heller, 1862) between regions

Specimens were measured and divided into 1-mm size
classes. Classification into size classes optimizes the
observation of cohorts in calculating the growth of
individuals. Histograms were constructed in order to
visually compare the frequency of the distribution of
individuals in size classes, for both sexes.

Homoscedasticity (Levene test) and normality
(Shapiro-Wilk test) of the data were tested. The
Mann—Whitney test was used to compare the mean
size of the individuals between the two regions in the
following categories: total males, total females, juve-
niles, and adults. The same test was used to compare
the mean size of males and females in the same region,
with a 5% probability level (Zar, 1999).

Growth of individuals and longevity

Growth was analyzed separately for males and
females. For each sampling month, the frequency of

lengths (CL) was distributed into 1-mm size classes,
and modes were calculated in the “PeakFit” software
(PeakFit v. 4.06 SPSS Inc. for Windows Copyright
1991-1999, AISN Software Inc.).

For the estimates of growth parameters, all the
chosen cohorts were adjusted to the growth model of
von Bertalanffy (1938): CC, = CC.,[1 — e % =,
where the carapace length CL; is the estimated size at
age t; CL, is the asymptotic size; k is the growth
coefficient; and 7, is equal to the theoretical age at
which the organism would have a size of zero.

Growth parameters were estimated for the different
cohorts with the “Solver” tool, varying the equation:
CL_,, k, and t,. The selected cohorts were those with a
consistent biological rhythm with respect to longevity,
growth coefficient, and asymptotic size (CL.,). The
growth curves were compared with an F test
(P = 0.05), according to Cerrato (1990). Longevity
was estimated by the inverse equation of von Berta-
lanffy, with modifications suggested by D’Incao and
Fonseca (1999), considering 7y =0 and CL/
CL, = 0.99, and the longevity equation given by
t = (to— (1/k) Ln (1 = CL/CL,)).

Reproductive period and recruitment

The reproductive period in each population was
estimated by the percentage of breeding females
(ED + DE) in relation to the total of adult females,
in each month or season (Castilho et al., 2007a).

The recruitment was estimated based on the
monthly percentage of juvenile individuals (IM) of
both sexes in relation to the total of adults. The graphs
were plotted for each study area separately.

In order to investigate a possible relationship
between the percentage of breeding females
(ED + DE) and juveniles (males and females), we
used the time-series analysis (cross-correlation Statis-
tica 7.0, StatSoft, Inc.), with a 5% significance level,
which allows one to determine late or premature
relationships (“lag”) among variables (Zar, 1996;
StatSoft, 2004).

Environmental factors versus juveniles
and reproductive females

In order to investigate a possible relationship among
environmental  factors  (temperature, salinity,
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chlorophyll-a concentration, and organic-matter per-
centage in the sediment) with the percentages of
juveniles (male and female) and reproductive females
(DE + DE) separately, we used the time-series anal-
ysis (cross-correlation Statistica 7.0, StatSoft, Inc.),
with a 5% significance level, which allows one to
determine late or premature relationships (“lag”)
among variables (Zar, 1996; StatSoft, 2004).

Results
Environmental factors

Cooler water temperatures were recorded at Macaé
(surface: 22.8 £+ 1.8°C; bottom: 20.8 + 1.8°C) than
at Ubatuba (surface: 25.0 £ 2.7°C; bottom:
23.7 + 2.8°C). Bottom-water temperatures at Macaé
ranged from 18.0 to 24.5°C throughout the year, while
at Ubatuba temperatures ranged from 19.5 to 31.0°C
(Fig. 2). By month, the lowest mean bottom-water
temperatures at Macaé were recorded in January/11
(19.5 £ 0.8°C), July/10 (19.6 £ 0.7°C), September/
10 (19.6 & 1.4°C), and February/11 (19.7 £ 1.5°C).
For Ubatuba, the lowest mean bottom-water temper-
atures were recorded in March/11 (20.0 & 0.5°C),
August/10 (21.0 £ 0.9°C), September/10
(21.3 £ 0.4°C), and June/l11 (21.5 £ 0.5°C). The
highest mean bottom-water temperatures at Macaé
were recorded in October/10 (22.9 £ 1.5°C), May/11
(22.5 £ 0.0°C), June/11 (21.7 £ 0.4°C), and April/11
(21.7 £ 2.1°C). At Ubatuba, the highest mean bot-
tom-water temperatures were recorded in February/11
(28.8 £ 2.9°C), January/11 (26.8 £ 0.8°C), Decem-
ber/10 (26.5 + 1.3°C), and April/11 (26.0 £ 0.0°C).

The smallest temperature differences between the
surface and bottom water were observed in August/10
(0.1°C), June/11 (0.3°C), May/11 (0.7°C), and Octo-
ber/10 (0.8°C) at Macaé; and in December/10 (0.2°C),
June/11 (0.2°C), September/10 (0.5°C), and July/10
(0.7°C) at Ubatuba. The largest temperature differ-
ences were observed in March/11 (4.5°C), November/
10 (3.8°C), December/10 (3.5°C), and February/11
(3.5°C) at Macaé; and in March/11 (4.5°C), January/
11 (2.5°C), February/11 (1.4°C), and November/10
(1.2°C) at Ubatuba. At both locations, three of the four
months with the largest temperature differences
coincided.
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Higher salinities of both surface and bottom water
were recorded at Macaé (mean 36.4 + 1.4), compared
to Ubatuba (mean 36.9 % 0.8), ranging from 29.0 to
39.0 at the surface and from 35.0 to 39.0 at the bottom.
For Ubatuba, the salinities of surface water ranged
from 30.0 to 35.0 and for bottom water from 29.0 to
36.0, with means of 32.7 & 1.8 and 33.5 &+ 1.8 for
surface and bottom, respectively.

The mean concentration of chlorophyll-a in Macaé
was 2.25 £ 2.67 pg/L, ranging from 0.32 to 14.80 g/
L during the year. In contrast, Ubatuba showed lower
chlorophyll-a concentrations during the year, with a
mean concentration of 0.63 £ 0.56 pg/L, ranging
from 0.03 to 2.03 pg/L. By month, the highest mean
values of chlorophyll-a at Macaé were recorded in
January/11 (6.84 £ 6.99 pg/L), September/10
(4.44 + 3.96 ng/L), February/11 (2.65 + 2.38 ng/
L), and July/10 (2.22 4+ 0.81 pg/L). For Ubatuba,
the highest mean values were recorded in March/11
(1.67 £ 0.38 pg/L), June/l1 (1.50 £+ 0.28 pg/L),
September/10 (0.80 & 0.40 pg/L), and August/10
(0.78 £ 0.32 pg/L). The highest means of chloro-
phyll-a were recorded in the same months in which the
lowest mean temperatures were recorded, for both
regions.

The mean organic-matter content in the sediment at
Macaé was 9.04 £ 3.49%, ranging from 2.53 to
14.63%. For Ubatuba, the lowest mean organic-matter
content was 2.81 &£ 3.16%, ranging from 0.74 to
11.00%.

Population structure and comparison of the size
of the seabob Xiphopenaeus kroyeri (Heller, 1862)
between regions

For the analyses, 6,780 individuals from Macaé (3,147
males and 3,633 females) and 4,015 individuals from
Ubatuba (1,799 males and 2,216 females) were
examined.

The maximum size of the individuals at Macaé was
higher than at Ubatuba (Fig. 3). The carapace length
(CL) of males at Macaé ranged from 6.9 to 32.2 mm
(18.5 &+ 4.0 mm), while at Ubatuba the CL ranged
from 8.5 to 28.1 mm (16.9 &+ 3.2 mm). For females,
the CL ranged from 6.0 to 37.9 mm (19.2 4+ 6.0 mm)
at Macaé and from 7.5 to 34.5 mm (17.5 + 4.4 mm)
at Ubatuba. The mean size (CLmm) of both sexes
differed significantly between the two regions (Mann—
Whitney Rank Sum Test, P < 0.001).
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Fig. 2 Mean monthly Macaé

27

values, standard deviation,
and minimum and
maximum values of surface
and bottom water
temperature in the regions of
Macaé and Ubatuba, from
July 2010 to June 2011

28

25

24

23

22

N
a

ol

El Surface
IR Bottom

Ubatuba

J-11 F M M J

O Mean
[l Mean+SD
T Min-Max

Temperature °C

Eln o
HI on i

[*]
l

[&] surface
Bl sottom

J-10 A s o]

When juveniles and adults were analyzed sepa-
rately, statistically significant differences were
observed between the populations (Mann—Whitney
Rank Sum Test, P < 0.001). Both populations showed
a statistically significant difference in mean size when
males and females of the same region were compared
(Mann—Whitney Rank Sum Test, P < 0.001). The
minimum and maximum sizes (CLmm) found for each
demographic class are listed in Tables 1 and 2.

At Macaé, males in the size class (CL) between
18.0 and 19.0 mm were most frequent. For females,
the class between 20.0 and 21.0 mm was most
frequent. At Ubatuba, males and females between
16.0 and 17.0 mm were most frequent (Fig. 3).

Growth of individuals and longevity

For the population of X. kroyeri at Macaé, six cohorts
were identified for males and seven for females. For

N D J11 F M A M J

the population at Ubatuba, five cohorts were identified
for males and eight for females. The growth param-
eters (£95% CL) estimated for males collected at
Macaé were k = 0.008 mm/day', 7, = —0.10,
CL = 31.62 mm; and for females, k =
0.007 mm/day_l, to = —0.53, CL = 38.24 mm. For
the population at Ubatuba, the growth parameters
(£95% CL) were k = 0.012 mm/day_l, to = —0.06,
CL = 27.44 mm, and k = 0.008 mm/day~', 7, =
—0.27, CL =29.28 mm for males and females,
respectively. Differences in growth between males
and females were observed in both areas (Macaé:
Feyo =502 > F,, = 3.10 and Ubatuba: F_,. =
10.56 > Fip = 3.13). The maximum longevity of
individuals sampled at Macaé was estimated as
1.47 years for males and 1.78 years for females
(Fig. 4). For Ubatuba, values were 1.04 years for
males and 1.50 years for females (Fig. 5).
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Fig. 3 .Xiphopenaeus 14 Males
kroyeri (Heller, 1862).
Frequency distribution of 12
the size classes (CLmm) of
males and females in Macaé 10
and Ubatuba from July 2010 s
to June 2011
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Table 1 Xiphopenaeus kroyeri (Heller, 1862). Descriptive statistics for each demographic category in Macaé/RJ. JM juvenile male,
AM adult male, RM reproductive male; JF juvenile female, AF adult female, RF reproductive female

Category demographic N Min-max (CLmm) Mean + SD
M 342 6.9-15.3 11.8 £ 1.5
AM 2805 10.0-32.2 193 £ 34
RM 1365 12.4-32.2 20.6 £+ 3.1
JF 599 6.0-14.4 108 £ 1.6
AF 3034 11.1-37.9 209 £ 5.1
RF 960 13.7-37.9 239 £+ 4.0

Reproductive period and recruitment

Reproductive males and females were captured
throughout the study period in both regions. However,
the percentage of reproductive females in relation to
the total of adult females was higher in autumn and
winter at Macaé, and in spring and summer at Ubatuba
(Fig. 6). In these seasons, the highest percentages were
observed in April/l11 and September/10 at Macaé, and
in December/10 and January/11 at Ubatuba.
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When we compare the percentage of juveniles in
the population sampled monthly, the highest recruit-
ment peaks were in winter and spring at Macaé and in
summer and autumn at Ubatuba. Considering seasons,
the reproductive period followed by recruitment is
shown in Fig. 6.

Each month, reproductive females in Macaé showed
a negative correlation with juveniles in a later month
(Time Series, P < 0.05). In Ubatuba, this correlation
occurred at time zero (Time Series, P < 0.05) (Fig. 7).
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Table 2 Xiphopenaeus kroyeri (Heller, 1862). Descriptive statistics for each demographic category in Ubatuba/SP. JM juvenile
male, AM adult male, RM reproductive male, JF juvenile female, AF adult female, RF reproductive female

Category demographic N Min-max (CLmm) Mean + SD
M 247 8.5-14.9 123 £ 1.3
AM 1552 9.7-28.1 17.6 £ 2.7
RM 1132 11.3-28.1 183 £ 2.6
JF 264 7.5-13.9 113 £12
AF 1952 9.5-34.5 18.4 £ 4.0
RF 643 10.8-34.5 21.7 £ 3.1

CL..=31.62 [1-exp 0008 (t+0.09)]

Longevity = 1.47 years
r2=0.99

CL (mm)
a
i

= o/ CL..=38.24 [1-exp 0.007¢+0.52)]
) Longevity =1.78 years
r2=1.00

Age (days)

Fig. 4 Xiphopenaeus kroyeri (Heller, 1862). Growth curves
and parameters of the von Bertalanffy equation estimated for
males and females separately, from July 2010 to June 2011 in
Macaé/RJ. The internal line is the average, and the external lines
are prediction intervals (95%)

Environmental factors vs. Juveniles/reproductive
females

At Macaé, the number of reproductive females was
negatively correlated with the mean organic-matter

CL.=27.44 [1-exp 0.012(t+0.07)]
Longevity = 1.04 years
r2=0.97

CL (mm)
i

CL..=29.28 [1-exp 0.008(t+0.27)]
Longevity = 1.50years
r2=0.98

Q

& = =

Age (days)

Fig. 5 Xiphopenaeus kroyeri (Heller, 1862). Growth curves
and parameters of the von Bertalanffy equation estimated for
males and females separately, from July 2010 to June 2011 in
Ubatuba/SP. The internal line is the average, and the external
lines are prediction intervals (95%)

content, at time zero until one month later (Time
Series, P < 0.05). For juveniles, the correlation was
negative with both the mean organic-matter content
(one to two months delayed) and mean bottom-water
salinity (two months later) (Time Series, P < 0.05). At
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Fig. 6 Xiphopenaeus
kroyeri (Heller, 1862).

Percentage of reproductive 70 4

females in relation to the °
total of adult females; and 60 - (]
percentage of juveniles in %0 /

relation to the total number
of individuals sampled
monthly in Macaé/RJ and
Ubatuba/SP separately. W
winter; P spring; S summer;
A autumn

40 -
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mmmm % Reproductive females
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10 -

mmm % Reproductive fernales

Ubatuba, only a negative correlation between repro-
ductive females and the mean chlorophyll-a was
observed, one month after time zero (Time Series,
P < 0.05) (Fig. 8).

Discussion

In a study of three shrimp species of the genus
Sicyonia, Bauer (1992) found a relationship between
increasing latitude and longevity, and also with the
increase in size at which individuals reach sexual
maturity. In the same study, Bauer observed that the
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tropical sicyonid reproduced continuously, and the
other two sicyonids (from subtropical and temperate
regions) reproduced discontinuously. The “paradigm
of the latitudinal effect,” which postulates that the
population dynamics will change with Ilatitude,
applied to these three sicyonid species. This issue
was thoroughly discussed in several studies with
penaeid shrimps (Bauer, 1992; Costa & Fransozo,
2004, Castilho et al., 2007b; Costa et al., 2010).

In the present study, we observed the opposite
pattern in relation to size (CLmm). Comparison of the
two regions showed that individuals of both sexes
from the lower-latitude Macaé reached larger sizes
and greater longevities than those from Ubatuba.



Hydrobiologia (2017) 795:295-311 305
Lag Corz. S.E. A Lag Corr. S.E B
-3 ,0477 ,3333 .“ ". -3 -,108 ,3333 .‘( % :,
-2 ,3162 i 7 ! -z -,023 ,3162 | a :
1331 315- .III :. 0z3 315- l',l _ I'
-1 ,3301 ,301% I'. //A :. -1 -,181 ,301§ (‘\ % :.
] 7 i 7 |
0o -,221 ,2887 % I'. 0o -,s67 ,2887 I 'l'l
1 -,698 ,3015 ““ 1 -,176 ,3015 :.' /% ‘\\‘
2 -,322 3162 ’,’ /////A ‘.‘ 2 -,128 ,3162 ; Z ‘.‘
3 -,045 ,3333 ] : 3 ,1473 ,3333 ! % i
0-1 05 0 05 1 0.1 0.5 0 05 1 == Cont. Limit

Fig. 7 Xiphopenaeus kroyeri (Heller, 1862). Time-series anal-
ysis from July 2010 to June 2011. Macaé/RJ: (A reproductive
and juvenile females) and Ubatuba/SP: (B reproductive and

Although the latitudinal difference between these
two regions is only approximately 1°, the environ-
mental factors in each study area proved to be very
different. The influence of the SACW is one of the
main factors producing the temperature decrease and
the increase in local primary productivity, by bringing
nutrients (such as P and N) into the photic zone
(Valentin, 1984), especially at Macaé near the Cabo
Frio (RJ) upwelling. Our results concord with this
information, as chlorophyll-a concentrations were
higher at Macaé than at Ubatuba. The paradigm of
the latitudinal effect could not be observed in this
study, due to these peculiarities of the lower-latitude
region (Macaé).

According to Bergmann’s rule, originally proposed
for endothermic (Bergmann, 1847) and subsequently
for heterothermic organisms (Lukin, 1940; Mina &
Klevezal, 1976; Cushman et al., 1993; Hawkins &
Lawton, 1995; Timofeev, 2001), temperature is
directly related to the larger body sizes of animals
from cold regions compared to animals from warm
regions (Bergmann, 1847).

Additionally to this principle, the difference in
temperature between the two regions may have
affected the maximum and mean sizes observed for
the shrimp at Macaé, compared to Ubatuba. This
difference in size probably results from the increased
growth of cell size during the development of
individuals in the Macaé region. This characteristic
was observed in heterothermic animals from cold
regions compared to animals from warm regions (Van
Voorhies, 1996). This larger size of the cells is directly

juvenile females). Lag: time; Corr correlation value, SE
standard error, Conf. Limit confidence limit

related to a larger genome, for structural reasons
(Cavalier-Smith, 1985). A positive correlation
between genome size and body size was observed
for other invertebrates, for example Aedes albopictus
(Skuse, 1894) (Ferrari & Rai, 1989).

Some studies support our results for the difference
in mean sizes of X. kroyeri between the two popula-
tions. Kumar & Rai (1990) found variations in the
DNA content (0.62—1.66 pg) for different geograph-
ical populations of A. albopictus. According to
McLaren et al. (1988), a variation in the genome size
at the intraspecific level may occur as a result of
environmental factors. In a study of fish and syngeneic
nematodes, Van Voorhies (1996) observed an increase
in cell size and consequently in body size, for
organisms grown at low temperatures. Van Voorhies
(1996) emphasized that the larger size of heterother-
mic individuals at low temperatures is directly related
to cell growth. In support of this idea, Partridge et al.
(1994) observed an increase in the wing size of
Drosophila melanogaster Meigen, 1830 grown at low
temperatures, compared to populations in higher
temperatures. The authors attributed this to the
increase in the area of the wing cells of these fruit flies.

The larger sizes and greater longevities observed
here for females than for males are directly related.
Although males and females from Macaé showed
similar growth constants, the greater longevity of
females extends the growth period, as most crus-
taceans grow throughout their lives (Vogt, 2012). This
characteristic was also observed in two species of
amphipods by Koszteyn et al. (1995). This relationship
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Fig. 8 Xiphopenaeus kroyeri (Heller, 1862). Time-series anal-
ysis from July 2010 to June 2011. Macaé/RJ: (A reproductive
females and organic matter content, B Juveniles and organic
matter content, C juvenile and bottom salinity) and Ubatuba/SP:

suggests another factor that helps to explain why the
size of shrimp differed between regions in the present
study. Individuals at Macaé, compared to those at
Ubatuba, are longer-lived and consequently reach
larger sizes, besides being in cooler waters.

Coastal oceanic upwelling is associated with
increased pelagic productivity because the nutrients,
which normally limit phytoplankton production,
become readily available, often creating phytoplank-
ton blooms despite cooler water temperatures (Reddin
et al., 2015). Then, associated productivity and
biomass can support higher trophic levels (i.e., ‘bot-
tom-up’ control) (Menge, 1992; Carr & Kearns, 2003;
Reddin et al., 2015). With increased primary produc-
tivity, the populations of herbivorous zooplankton will
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(D reproductive females and chlorophyll-a). Lag: time; Corr
correlation value, SE standard error, Conf. Limit confidence
limit

increase, promoting secondary production. Benthic
invertebrates take primary production advantage and
detritus generation in the photic zone (Largier, 1993;
Mann & Lazier, 1996). High food availability attracts
nekton organisms transferring the energy to higher
trophic levels (Acha et al., 2004).

Greater food availability may also have affected the
larger sizes of individuals at Macaé. The upwelling
regions of western America and Africa are the most
productive areas of the oceans (Smith, 1968). The
emergence of the SACW water mass in the Cabo Frio
upwelling substantially increases primary production
in the region. As primary productivity is directly
related to the increase in energy in the trophic web
(Schmiegelow, 2004), both juveniles and adults of X.
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kroyeri at Macaé had a larger food supply to support
their development, than at Ubatuba.

In the present study, this factor is apparent from the
relationship of both juveniles and reproductive
females from Macaé with the organic-matter concen-
tration in the substrate. The negative correlation
between the abundance of juveniles and the organic-
matter concentration, with a lag of one to two months,
shows the importance of this parameter for juvenile
growth; the highest concentration of juveniles prob-
ably coincided with the greatest food availability. The
negative correlation between the abundance of repro-
ductive females and the organic-matter concentration,
but with a lag of a month after this food resource
declined, is also a result of energy accumulation.
Females of X. kroyeri store energy from food to
support the development of their oocytes, as found by
Kevrekidis & Thessalou-Legaki (2006) for the
penaeid Melicertus kerathurus (Forskal, 1775).

The negative correlation, with a lag of two months,
between the abundance of juveniles and the salinity is
probably influenced by the time needed for these
juveniles to reach sexual maturity. Considering that
the juvenile phase lasted 63.5 days on average, the
period of highest salinity occurred simultaneously
with the greatest abundance of juveniles, and two
months after this event, the juveniles had matured. As
the species, however, has a life cycle totally indepen-
dent of estuaries (Castro et al., 2005; Costa et al.,
2011), adults also do not require low salinities. The
higher concentration of salts in the water helps the
juvenile integument to harden within a short time
period, considering that juveniles have shorter inter-
molt periods than adults (Vogt, 2012). Studies on
crustaceans have shown that difficulties in acquiring
calcium and organic supplements to harden a new
exoskeleton may increase the mortality rate (Adiyodi
& Adiyodi, 1970; Lima & Oshiro, 2006).

At Ubatuba, the SACW generally emerges in spring
and summer, and is one of the factors responsible for
modifying environmental features, mainly by decreas-
ing both temperature (<20°C) and salinity (<34)
(Castro-Filho et al., 1987). The area is considered an
oligo-mesotrophic region during the remainder of the
year (Costa & Fransozo, 2004). The emergence of the
SACW also contributes to increase the local primary
productivity (Valentin, 1984), being responsible for
the higher chlorophyll-a concentrations in specific
months. At Ubatuba, the negative correlation, with a

lag of one month, between the chlorophyll-a concen-
tration and reproductive females may be related to an
adjustment of the X. kroyeri population to spawn in the
most favorable period for larval survival. According to
Sastry (1983), temperature is a proximate factor, as it
affects both the beginning and the end of a reproduc-
tive season; primary production is considered a late
factor, because food availability in the larval phase is
decisive in the selection of this period by decapods
(Thorson, 1950; Sastry, 1983; Bauer & Lin, 1994;
Koeller et al., 2009).

The occurrence of reproductive individuals
throughout the year is a characteristic of continuously
reproducing organisms. The populations of X. kroyeri
analyzed here, however, showed an asynchronous
reproductive period: although the population as a
whole was reproducing throughout the year, not all
adults were actively reproducing in all periods (Bauer,
1989). The different peaks of reproductive females
during the year indicate this type of reproductions.

A negative correlation, with a lag of one month,
between decreases in the abundance of reproductive
females and increases in the abundance of juveniles
was observed for the population at Macaé. As a result,
the highest recruitment peaks in late winter and early
spring were related to higher peaks of reproductive
females in autumn and winter. The recruitment peak in
summer is probably related to an adjustment of
reproductive females, observed in late spring, to the
greater intensity of the SACW in summer. This water
mass increases the production of phytoplankton,
which serve as food for larval recruitment.

For Ubatuba, the highest recruitment peaks in late
summer and autumn were related to higher peaks of
reproductive females in spring and summer. Consid-
ering the negative correlation, with no lag, between the
decreased abundance of reproductive females and the
increased abundance of juveniles, however, the
recruitment period in this region seems to be ineffec-
tive, or other reproductive/recruitment areas may
exist. With respect to the peaks of reproductive
females in the different years of sampling
(2005-2007), Heckler et al. (2013) found similar
results for the species in this same region, which
indicates that the reproductive period of X. kroyeri
may show a consistent pattern at Ubatuba.

In both regions, the recruitment peak observed in
June is probably related to the offseason. Off south-
eastern and southern Brazil, the offseason period

@ Springer



308

Hydrobiologia (2017) 795:295-311

extends from March through May each year; this
“rest” in the exploitation of seabob shrimp results in
more effective recruitment after a spawning period.

The results found in the present study suggest that
an adjustment in the offseason period for X. kroyeri is
desirable. Local environmental factors resulted in
differences in some aspects of the dynamics of X.
kroyeri between the two areas studied. At Macaé,
although the current offseason protects a reproductive
peak, the smaller recruitment peaks are concentrated
in this period. First, adjusting the offseason to extend
between August and October would be viable for the
seabob shrimp population of Macaé. For the shrimp
Artemesia longinaris Spence Bate, 1888, another
commercially important penaeid in the area, Sanci-
netti et al. (2014) suggested an offseason between
November and January. The present data show a clear
segregation of these two species in different depths,
with X. kroyeri inhabiting shallower areas and A.
longinaris inhabiting deeper waters, over 15 m
(Sancinetti et al., 2014). Therefore, an offseason
differentiated by fishing area would be the most
suitable for both species in the Macaé region.

In Ubatuba, the current offseason protects a
recruitment peak and a small peak of reproductive
females. The inclusion of January, February (present
study and Castilho et al., 2015), and June (present
study and Costa et al., 2011) in the current offseason
would be ideal. Extending the offseason period to six
months (January to June), however, is impractical for
the fishing community. Thus, considering the results
of the present study and comparing with those of
Heckler et al. (2013) and Castilho et al. (2015), we
strongly suggest that February be included in the
current offseason period. With February included,
both the recruitment peak and a larger number of
reproductive females would be protected.

The shrimp offseason was defined in order to
protect juvenile pink shrimp (Farfantepenaeus spp.).
Considering the economic importance of seabob
shrimp, we suggest different offseason periods in the
two study areas, which will result in more sustainable
shrimp harvesting. Our study also showed the different
environmental factors between these regions, although
they are located close together. This difference in
environmental factors, a result of the Cabo Frio
upwelling, directly influences the population dynam-
ics of X. kroyeri.
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Conclusion

The influence of the tropical area upwelling in the X.
kroyeri population deconstructed the latitudinal pat-
terns of size, sexual maturity, and longevity. The two
regions’ comparison showed that individuals from the
lower-latitude Macaé reached larger sizes and greater
longevities than the individuals from Ubatuba. The
upwelling influenced the reproduction resulting in
different times of spawning.

Consequently, such facts were relevant because the
results suggest that an adjustment in the offseason
period for X. kroyeri in the Macaé region. Local
environmental factors resulted in differences in some
aspects of the dynamics of X. kroyeri between the two
areas studied. At Macaé, an adjustment of the offsea-
son between August and October would be viable for
seabob shrimp. However, at Ubatuba the period is
adequate.
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