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INTRODUCTION

The spatial distribution of species along ecological
gradients responds to variations in biotic and abiotic
factors. The development of regionalized variable the-
ory and its recent application in ecology has allowed
spatial analysis through geostatistical techniques

(Robertson 1987). Geostatistics nowadays constitutes
one of the most powerful tools for describing and quan-
tifying structures in spatial ecology (Robertson 1987,
Rossi et al. 1992, Petitgas 1993). This approach explic-
itly takes into account the presence of spatial autocor-
relation, i.e. the lack of spatial independence in ecolog-
ical data, which has been viewed as a problem that can
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obscure the ability to understand spatial patterns in
marine organisms. This is of utmost importance, be-
cause there is a huge amount of spatial dependence of
biotic responses that has previously been ignored or er-
roneously addressed through the use of traditional sta-
tistics that assume independence between observations
(Liebhold & Gurevitch 2002). In marine populations,
this approach has been undertaken for modeling spa-
tial structure of populations (Pelletier & Parma 1994,
Maravelias et al. 1996), estimating biomass or abun-
dance (Simard et al. 1992, Petitgas 1993, Maynou et al.
1998, Gutiérrez & Defeo 2003), identifying cohorts in
space (Roa & Tapia 2000) and evaluating sampling de-
signs (Defeo & Rueda 2002), mainly in the open sea and
in continental shelf waters. However, estuarine species
(resident and transient) have received less attention
concerning structure of ecological patterns and pro-
cesses, with only some research recently documented
on fish populations (Rueda 2001, Rueda & Defeo 2001,
2003a,b).

Estuaries are very dynamic environments, where
salinity affects habitat complexity and species distribu-
tion. Penaeid shrimps have a complex life cycle (Type 2
of Dall et al. 1990) that includes an estuarine phase,
when postlarvae enter the mouths of estuaries, dis-
perse into the inner reaches, settle and become juve-
niles, grow for several months, and subsequently
migrate to the sea as subadults. In this context, salinity
variations, together with submerged aquatic vegeta-
tion (SAV) beds, are key factors affecting their abun-
dance and distribution (Minello & Zimmerman 1991,
Kenyon et al. 1997, Loneragan et al. 1998). Moreover,
the biomass and taxonomic composition of SAV beds
usually exhibit spatial and temporal variations as a
function of salinity, which determines the availability
and extent of these vegetated habitats (Adair et al.
1994, Lirman & Cropper 2003).

Studies regarding the spatial distribution of penaeid
shrimps in estuaries have categorized habitats accord-
ing to salinity (e.g. seaward, middle, inner), substrata
(vegetated and non-vegetated areas), SAV communi-
ties (seagrasses and algae), and energy of seagrass
beds (high and low) (de Freitas 1986, Murphey & Fon-
seca 1995, Loneragan et al. 1998, Howe et al. 1999,
Pérez-Castañeda & Defeo 2001). However, studies at
finer spatial scales are rare and the simultaneous
assessment of spatial structure of environmental vari-
ables and shrimp abundance along an estuarine habi-
tat has not been undertaken.

Celestun Lagoon (Mexico) is a tropical estuarine
habitat where 4 congeneric shrimp species co-occur
(Pérez-Castañeda & Defeo 2001): Farfantepenaeus
aztecus, F. brasiliensis, F. duorarum and F. notialis. The
lagoon has a strong spatial hydrological gradient with
seasonal fluctuations, and thus analysis of the spatial

structure of shrimp abundance and the surrounding
environment over time could help to evaluate the
importance of the estuarine habitat at a finer scale than
has been done to date. The objectives of the present
study were to: (1) determine and model the spatial
structure of salinity, SAV biomass and shrimp abun-
dance in Celestun Lagoon during different seasons;
(2) evaluate spatial variations among shrimp species
and population components along the estuarine habi-
tat; and (3) assess the relative influence of environ-
mental variables on shrimp populations.

MATERIALS AND METHODS

Sampling and laboratory procedures. This study
was conducted in Celestun Lagoon (Mexico), a tropical
estuarine habitat of ca. 21 km long, in the Gulf of Mex-
ico (Fig. 1). It is a microtidal shallow lagoon with an
almost flat bottom and a mean depth of 1.2 m. The sub-
stratum is dominated by SAV beds, with inconspicuous
bare areas. A narrow tidal channel is the major bathy-
metric characteristic, with a maximum depth of 3 m
(Herrera-Silveira 1994, Herrera-Silveira et al. 1998).
Shrimps are absent from the tidal channel because of
bare substrata and high energy tidal currents. We con-
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Fig. 1. Location of sampling sites (d) along estuarine habitat of
Celestun Lagoon, Mexico. 1–18: distance (km) from mouth
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ducted 3 seasonal sampling surveys during February,
April, and September 2000, corresponding to the
‘Nortes’, ‘Dry’, and ‘Rainy’ seasons, respectively. We
selected 18 pairs of sites situated at 1 to 1.5 m depth.
Distance between consecutive pair of sites was 1 km
(Fig. 1). In order to complete each survey during one
morning, 3 teams sampled the lagoon simultaneously. 

At each sampling site, shrimps were collected using
a bottom net called a ‘triangle’, which was hand hauled
50 m by 1 person along the bottom parallel to the
water's edge. This gear has a rigid and fixed opening
mouth, and comprises 3 mangrove poles (2.45 m wide,
1.25 m high) with attached net (1.5 m length, mesh size
1.3 cm). All samplings were made under the same con-
ditions (depth, time of day, trawl velocity) in order to
minimize effects on catch efficiency associated with
sampling conditions. It has been argued that SAV den-
sity and turbidity could also differentially affect catch
efficiency of the trawling gear. Celestun Lagoon is
characterized by high and constant turbidity because
of continuous sediment resuspension and diffusion of
'tannins' from the mangroves throughout the lagoon.
Consequently, a differential effect of turbidity on net
efficiency is unlikely. Regarding SAV density, Lonera-
gan et al. (1995) found little difference in trawl net effi-
ciency for juvenile penaeids between seagrass beds
that varied up to 300% in biomass (range 54 to 204 g
m–2), a value very similar to those reported here (see
‘Results’). Thus, we assume that catch efficiency was
constant between sites and between seasons.

Samples were preserved in 70% ethyl alcohol. Each
individual shrimp was measured (carapace length, CL)
to the nearest 0.1 mm and separated by species,
according to morphological characteristics, under a
dissecting microscope (Pérez-Farfante 1970a,b). Spec-
imens <8.0 mm CL were identified only to genus level
because of the lack of distinctive characteristics below
this size. Shrimps were categorized into 3 population
components: recruits, CL <8.0 mm; juveniles, CL ≥ 8.0
and <15.0 mm; and subadults, CL ≥ 15.0 mm.

At each site, salinity was measured for the first 10 cm
of the water column. SAV collections comprised
3 replicate samples (1 m2 each) from 0, 25, and 50 m
along a transect parallel to each 50 m trawl. SAV was
bagged and placed on ice for later analyses. In the lab-
oratory, the SAV was rinsed free of sediment, sorted to
species level and oven-dried to constant weight at
70°C to determine biomass (dry weight, g m–2). Roots,
when present, were excluded from biomass estima-
tions.

Analysis of spatial structure. Geostatistics: A geosta-
tistical appraisal was performed to examine the spatial
structure and distribution of salinity, SAV biomass (total
and specific), and shrimp abundance (for each species
and each population component) along the estuarine

habitat. Geostatistics is a branch of applied statistics
that focuses on the detection, modeling, and estimation
of spatial patterns (Rossi et al. 1992) in spatially corre-
lated data. Spatial autocorrelation occurs because sam-
ples collected close to each other are often more similar
than samples collected farther apart. This particularly
occurs when the variable sampled is spatially struc-
tured (e.g. in patches). In their simplest form, geostatis-
tics involve 2 steps (Robertson 1987): (1) characterizing
the spatial structure of the variable by means of a vari-
ogram, thus defining the degree of autocorrelation
among the data points; (2) predicting values between
measured points based on the estimated degree of
autocorrelation. To this end, the variogram parameters
are used for interpolating values, using a kriging algo-
rithm that provides an error term for each value esti-
mated, giving a measure of reliability for the interpola-
tions.

In accordance with the main objective of this study,
we explicitly utilized a 1-dimensional approach. To this
end, we calculated the mean values of salinity, SAV
biomass (total and specific), and shrimp abundance (for
each species and each population component) for each
pair of sampling sites allocated at 1 km intervals along
the coastal lagoon. The 1-dimensional transects com-
prised 18 mean observations measured at a location x
defined with respect to its relative distance from the
mouth of the Celestun Lagoon (1 to 18 km).

Variogram fitting: The spatial autocorrelation of
salinity, SAV biomass and shrimp abundance was eval-
uated by semivariance analysis through variograms,
which quantify the spatial dependence of these vari-
ables. Changes in semivariance within a variogram
represent the rate of deterioration of the influence of a
given sample over increasingly remote zones in the
study area (Matheron 1963). Because variograms tend
to decompose at large lag intervals close to the maxi-
mum lag interval (Robertson 2000), the active lag dis-
tance we used in variographic analysis was close to
80% of the maximum lag. Uniform intervals ranging
from 1 to 2 km were used, depending on the variable
analyzed. A variogram γ(h) was estimated for each 1-di-
mensional transect (comprising 18 mean values of the
variable studied) using Matheron’s (1965) estimator:

where Z(xi) is the measured sample value at location xi,
Z(xi+h) is another measured sample value separated
from xi by a distance h (measured in km), and N(h) is the
number of pairs of observations separated by h. Several
theoretical models (spherical, exponential, Gaussian,
linear) were fitted to the experimental variograms, and
the model that best explained the spatial structure was
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selected according to the coefficient of determination
(r2) and the reduced sum-of-squares of the residuals
(Cressie 1991). The models provide the following para-
meters: (1) the nugget-effect (C0), which reflects the
spatial variability below the minimum lag distance that
cannot be modeled with the current sampling resolu-
tion (i.e. 1 km in this case); (2) the sill (C0 + C), which de-
fines the asymptotic value of semivariance; and (3) the
range (A0), defined as the distance over which autocor-
relation is present. These parameters allow the propor-
tion of sample variance explained by the spatially struc-
tured component C/(C0 + C) to be estimated.

Interpolation: Once spatial dependence had been
determined, we used variogram parameters to interpo-
late values on each transect for points not measured
through punctual kriging (Matheron 1965). Punctual
kriging provides an error term for each estimated
value, thus giving a measure of reliability for the inter-
polations. Afterwards, kriging values were used to val-
idate the fitted variogram through cross-validation.
This procedure is based on a systematic removal of
observations from the raw data set, one by one, which
were then estimated by kriging. In this way, a graph
was constructed of estimated (E) versus observed (O)
values, which were fitted to a linear regression of the
form O = α + βE. Departures from a 1-to-1 line through
the origin indicate model inadequacy. For this end, the
simultaneous F-test (Dent & Blackie 1979) was used to
test the null hypothesis of slope = 1 and intercept = 0.

After modeling the spatial autocorrelation and validat-
ing the fitted variogram, a transect image of the ana-
lyzed variable, including observed data, interpolations
and the variance of interpolations, was generated.

The interpolation was not carried out in cases where
spatial autocorrelation was not detected, and only the
observed data were plotted to depict any spatial trend.
In the case of salinity, an ANCOVA was also per-
formed with season as main factor, distance as covari-
ate, and log (salinity) as dependent variable. This
analysis was restricted to Km 2 to 18 in order to fulfill
ANCOVA requirements.

Relationship between shrimps and estuarine envi-
ronment. Forward stepwise multiple regression analy-
sis by season was used to assess the relative effect of
salinity, SAV biomass (specific and total) and distance
from the lagoon mouth on shrimp abundance. We
focused on (1) recruits, because these affect subse-
quent shrimp abundance in Celestun Lagoon (Pérez-
Castañeda & Defeo 2003), and (2) total shrimps, to
evaluate the response of all penaeid species combined.
This analysis was undertaken using F values of 1 and
0, chosen a priori for variable entry and removal,
respectively, until the best regression model was
obtained. Partial correlations and redundancy of inde-
pendent variables were also analyzed. When 2 signifi-
cant variables were statistically redundant, we
excluded the variable with the lower contribution to
the model.
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Variable Theoretical variogram Cross–validation
Model C0 C0 + C A0 % r2 a b r2 Bias

Nortes
Salinity none – – – – – – – – –
Halodule wrightii S 1 329 6.6 99.7 0.97 –0.73 1.04 0.74 3.5 × 10–3

Ruppia maritima S 10 3360 6.6 99.7 0.98 –0.73 1.02 0.74 5.6 × 10–5

Chara fibrosa S 10 3628 3.7 99.7 0.96 2.02 0.90 0.48 1.0 × 10–4

Total SAV S 150 6509 9.9 97.7 0.99 2.13 0.96 0.68 1.0 × 10–4

Dry
Salinity none – – – – – – – – –
Halodule wrightii S 1 367 6.1 99.7 0.98 –0.36 1.04 0.81 2.1 × 10–3

Ruppia maritima S 6 417 7.2 98.6 0.98 1.40 0.83 0.46 5.8 × 10–3

Chara fibrosa S 1 × 10–2 20 6.0 100.0 0.99 –0.27 1.27 0.80 0.74
Total SAV none – – – – – – – – –

Rainy
Salinity none – – – – – – – – –
Halodule wrightii S 1 583 8.5 99.8 0.98 –0.37 1.00 0.75 9.5 × 10–5

Ruppia maritima S 10 4578 5.9 99.8 0.98 –1.27 1.02 0.72 4.9 × 10–5

Chara fibrosa S 64 2609 5.8 97.5 0.98 0.57 0.94 0.67 1.1 × 10–4

Total SAV S 10 4399 13.8 99.8 0.97 13.80 0.79 0.51 4.9 × 10–3

Table 1. Parameters and goodness-of-fit criteria used for variographic and cross-validation analyses of punctual kriging estimates
for salinity and submerged aquatic vegation, SAV (species and total), in Celestun Lagoon. Mean values of each variable along a 
1-dimensional transect were used. S: spherical; C0: nugget effect; C0 + C: asymptotic semivariance; A0:distance (km) over which
autocorrelation occurs; see ‘Materials and methods’ for details. Bias: simultaneous F-statistic for slope = 1 and intercept = 0; in all 

cases p > 0.05
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For each season and distance from the mouth of the
lagoon, SAV was categorized into the major dominant
species (Halodule wrightii, Ruppia maritima and
Chara fibrosa: 98% of total SAV biomass), and the
influence of each of these on shrimp abundance
(ind. m–2) was evaluated through 3-way ANOVAs
using SAV species, Season and Shrimp species or
Population components as the main factors. When
significant differences were detected, multiple com-
parisons were achieved using Tukey’s test for
unequal sample size (Zar 1999). The original values
were log-transformed to fulfill ANOVA assumptions.
Additionally, the relationship between SAV biomass
and shrimp abundance (recruits and total) was evalu-
ated through nonlinear fitting. To this end, we
selected data from the Nortes season, because at this
time shrimps were most abundant and exhibited a
defined spatial structure.

RESULTS

Spatial analysis

Variographic analysis revealed that salinity was not
spatially structured, resulting in a lack of fit to the the-
oretical variogram (Table 1 & Fig. 2). Salinity exhibited
a clear spatial gradient along the estuarine habitat,
decreasing from the seaward (1 km) to the inner zone
(18 km) of the lagoon. Salinity also showed seasonal
variations ranging as follows: Nortes 9 to 36, Dry 19 to
35, Rainy 6 to 20 (Fig. 3). The spatial continuous salin-
ity (S) gradient followed a monotonically decreasing
exponential function of distance (D) from the mouth of
the lagoon (Fig. 3) of the form:

S =  ae (–bD)

where a and b are significant parameters (p < 0.01).
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Fig. 2. Theoretical variograms fitted in Nortes season for (a) biomass of sub-
merged aquatic vegetation (SAV), and (b, c) shrimp Farfantepenaeus spp.
abundance for (b) each species and (c) each population component. Spatial 
autocorrelation was not detected for salinity. Details of variogram models in
Tables 1 & 2. Mean values of each variable along the 1-dimensional transect 

were used. Full specific SAV names are given in Table 1
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The model was valid for all 3 seasons. ANCOVA, per-
formed with season as the main factor, distance (2 to
18 km) as covariate and log (salinity) as dependent
variable, showed that, for the same D, salinity was sig-
nificantly higher in the Dry than in the Nortes and
Rainy seasons (Tukey test, p < 0.01) (Fig. 3).

SAV biomass was always spatially structured, except
for total SAV in the Dry season (Table 1). The spatial
structure was best characterized by the spherical
variogram defined as:

with all parameters as defined previously.
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Fig. 3. Seasonal variations in salinity gradient along Celestun
Lagoon. Data points correspond to mean salinity over 1 to
18 km. Fitted exponential decay model is shown for each season

Fig. 4. Transect images for each season generated with punctual kriging, showing observed (h) and predicted mean (continuous
lines) ±SD (dotted lines) biomass for seagrasses Halodule wrightii and Ruppia maritima, green alga Chara fibrosa, and total SAV 

along estuarine habitat. Note different scales of Y-axes in Figs. 4, 5, 6 & 7



Pérez-Castañeda & Defeo: Spatial distribution of penaeid shrimps

Variograms revealed a very high and stable spatial
structure of SAV biomass: C/(C0 + C) ≥ 97.5%. For the
seagrass Halodule wrightii, the distance of spatial
influence A0 (interpreted as patch size) was 6.1 and
6.6 km in the Dry and Nortes seasons, respectively;
however, it was largest (8.5 km) in the Rainy season
(Table 1). The largest values of A0 for the seagrass
Ruppia maritima (7.2 km) and the alga Chara fibrosa
(6.1 km) were in the Dry season, indicating seasonal
variations in patch size of the different SAV species.

A clear spatial segregation of SAV species was con-
sistently observed in all 3 seasons, with Halodule
wrightii usually most abundant at distances ≤9 km
from the mouth of the coastal lagoon, Ruppia maritima
between 10 and 12 km, and Chara fibrosa at ≥13 km
(Fig. 4). SAV species experienced seasonal variations
in overall biomass and spatial distribution along the
coastal lagoon, especially C. fibrosa, whose biomass
was much lower in the Dry season than in the other

seasons. R. maritima exhibited ca. 50% lower biomass
during the Dry season, whereas H. wrightii did not
show important seasonal variations (Fig. 4).

Shrimp abundance presented a marked spatial
structure, particularly during the Nortes and Rainy
seasons, being best described by spherical variograms.
The 4 Farfantepenaeus species were usually most
abundant during Nortes, and major peaks were
usually registered at distances 2–9 km from the lagoon
mouth (Fig. 5). All species were spatially structured
during Nortes (Table 2 & Fig. 2), and F. aztecus and
F. duorarum were spatially structured during the Rainy
season also. Conversely, spatial structure was not
evident during the Dry season, and thus variograms
were not fitted for this period (Table 2). The proportion
of the sample variance explained by the spatially
structured component C/(C0 + C) was always ≥98.3%,
and the distance of spatial influence A0 was in the
range 3.0 to 8.4 km (Table 2).
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Fig. 5. Farfantepenaeus spp. Transect images for each season generated with punctual kriging, showing observed (h) and 
predicted mean (continuous lines) ± SD (dotted lines) abundance of the 4 species along estuarine habitat
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All shrimp population components were spatially
structured during the Nortes season, as revealed by
spherical variograms. In the Rainy season, spatial struc-
ture in shrimp abundance was evident in all population
components except subadults, whereas it was de-
tectable only in recruits and subadults during the Dry
season (Table 2 & Fig. 2). The largest distance of spatial
influence, A0, was consistently found for recruits in the
Rainy (7.3 km) and Nortes (13.4 km) seasons, usually
ending at ≤6.7 km for juveniles and subadults. Total
shrimp abundance registered A0 values between 2.4
and 7.4 km (Table 2). Recruit abundance peaked be-
tween 1 and 6 km from the mouth of the coastal lagoon
(Fig. 6). Juveniles were most abundant between 2 and 8
km from the mouth, showing a clear gradient from the
seaward (2 km) to the inner zone (18 km) in the Dry
season. Subadults peaked at 4 km from the mouth in
the Dry season, and at 9 km in the Nortes and Rainy
seasons (Fig. 6). Total shrimp abundance peaked at 3
km (Rainy) and 8 km (Nortes), remaining spatially
structured along the estuarine habitat; however, it de-
creased with increasing distance from the mouth of the
lagoon in the Dry season, indicating a gradient of abun-
dance along the lagoon (Fig. 6).

Relationship between environmental 
variables and shrimp abundance

Seagrasses and distance from the mouth of the
lagoon significantly explained the spatial variation in
abundance of recruits and total shrimps during the
Nortes season. Halodule wrightii influenced spatial
variations in recruit abundance, whereas both species
of seagrass were meaningful variables for total
shrimps (Table 3). However, distance from the mouth
was the only variable that significantly affected abun-
dance of recruits and total shrimps in the remaining
seasons. In all cases, shrimp abundance decreased
with increasing distance from the mouth of the
lagoon (Table 3).

Shrimp abundance (species and population compo-
nents) differed significantly among the main factors
(SAV species, Season, Species or Population compo-
nent) and their interactions (ANOVAs, p < 0.05),
except for the Population component × SAV species ×
Season interaction (Table 4). The significantly higher
shrimp abundance during the Dry and Rainy seasons
was usually observed in habitats dominated by Halod-
ule wrightii, followed by those dominated by Ruppia
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Variable Theoretical variogram Cross–validation
Model C0 C0 + C A0 % r2 a b r2 Bias

Nortes
F. aztecus S 0.01 7.2 8.4 99.9 0.98 0.08 0.93 0.69 0.24
F. brasiliensis S 0.10 71.0 6.3 99.9 0.90 –0.58 1.10 0.90 0.39
F. duorarum S 0.10 68.2 7.0 98.3 0.99 –0.24 1.03 0.73 0.01
F. notialis S 0.10 152.6 6.9 99.9 0.99 1.19 0.87 0.56 0.02
Recruits S 0.10 61.2 13.4 99.8 0.99 0.38 0.90 0.67 0.07
Juveniles S 1.00 812.5 6.7 99.9 0.97 –1.65 1.09 0.87 0.02
Subadults S 0.24 6.3 6.1 96.2 0.91 0.73 0.69 0.33 1.79
Total shrimps S 1.00 1243.0 7.4 99.9 0.97 –2.35 1.09 0.92 0.05

Dry
F. aztecus none – – – – – – – – –
F. brasiliensis none – – – – – – – – –
F. duorarum none – – – – – – – – –
F. notialis none – – – – – – – – –
Recruits S 1 × 10–3 2.8 6.2 100 0.98 –0.11 1.18 0.85 3.89*
Juveniles none – – – – – – – – –
Subadults S 0.31 25.7 6.9 98.8 0.99 –0.10 0.99 0.76 5.7 × 10–4

Total shrimps none – – – – – – – – –

Rainy
F. aztecus S 1 × 10–3 0.4 3.0 99.8 0.92 –0.03 1.08 0.59 1.06
F. brasiliensis none – – – – – – – – –
F. duorarum S 0.01 19.9 3.7 99.9 0.95 –0.40 1.10 0.73 0.15
F. notialis none – – – – – – – – –
Recruits S 0.01 9.0 7.3 99.9 0.99 –0.06 0.98 0.79 5.1 × 10–3

Juveniles S 3.80 83.5 2.6 95.5 0.87 –0.74 1.06 0.46 3.5 × 10–3

Subadults none – – – – – – – – –
Total shrimps S 0.10 158.3 2.4 99.9 0.87 –0.88 1.04 0.41 1.1 × 10–3

Table 2. Farfantepenaeus spp. Parameters and goodness-of-fit criteria for variographic and cross-validation analyses of punctual
kriging estimates for abundance (ind. per 122 m2) of shrimps along Celestun Lagoon for each species, each population compo-

nent, and for total shrimps. *p < 0.05; further details as in Table 1
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maritima. In the Nortes season, sea-
grass beds were also the most valuable
habitat for shrimp, although their rela-
tive importance varied among species
and population components. Recruits
and total shrimps were always more
abundant in H. wrightii beds, whereas
all species and population components
displayed the significantly lowest
abundance in algal beds (Table 4 &
Fig. 7). An asymptotic relationship was
fitted (r2 = 0.77, p < 0.05) between bio-
mass of H. wrightii and abundance of
recruits, suggesting a seagrass thresh-
old (ca. 20 g m–2) above which the num-
ber of recruits is not expected to
increase (Fig. 8). The relationship be-
tween total SAV biomass and total
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Fig. 6. Farfantepenaeus spp. Transect images for each season generated with punctual kriging, showing observed (h) and predic-
ted mean (continuous lines) ± SD (dotted lines) shrimp abundance (recruits, juveniles, subadults and total) along estuarine habitat

Variable Nortes Dry Rainy

Recruits
Intercept 8.48 (1.96)*** 3.20 (0.67)*** 6.99 (0.95)***
Halodule biomass (g m–2) 0.21 (0.06)** ns ns
Distance from mouth (km) –0.53 (0.16)** –0.23 (0.06)** –0.45 (0.09)***
R2 adjusted 0.64*** 0.44** 0.60***

Total shrimps
Intercept 11.93 (3.10)** 24.95 (2.11)*** 31.18 (5.40)***
Halodule biomass (g m–2) 1.85 (0.09)*** ns ns
Ruppia biomass (g m–2) 0.12 (0.03)** ns ns
Distance from mouth (km) –0.69 (0.25)* –1.49 (0.19)*** –1.78 (0.50)**
R2 adjusted 0.96*** 0.77*** 0.41**

Table 3. Farfantepenaeus spp. Regression coefficients (±SE) for predictor vari-
ables in forward stepwise multiple-regression analyses of shrimp abundance
(recruits and total shrimps) for each season. Only variables significant in at least
1 season are shown. ns: variable removed (not significant); * p < 0.05; 

** p < 0.01; *** p < 0.001
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shrimp abundance (N) was best fitted (r2 = 0.75, p <
0.05) by a model of the form:

N  =  4.55 SAV e (–0.0235 SAV)

This dome-shaped curve indicates a direct relation-
ship between SAV biomass and shrimp abundance at
biomass values ≤50 g m–2, after which shrimp abun-
dance decreased (Fig. 8). The ascending left-hand side

of the curve presenting the SAV–
shrimp relationship was mainly domi-
nated by Halodule wrightii (97% of
total SAV in these cases), whereas the
descending right-hand side was domi-
nated by Ruppia maritima (92% of
total SAV) (Fig. 8).

DISCUSSION

Environmental variables

The spatial structure of the estuarine
habitat was characterized by a persis-
tent salinity gradient along Celestun
Lagoon. Decreasing salinity with dis-
tance from the mouth has been docu-
mented in estuarine environments
with similar geomorphologic charac-
teristics to our study site (Blaber 1997).
The biomass of the seagrasses Halo-
dule wrightii and Ruppia maritima, the
green alga Chara fibrosa and total
SAV usually displayed a conspicuous
spatial structure. Differences in patch
size (approximated by A0) among SAV
species were noticeable: A0 was con-
sistently higher for seagrasses than for
the alga C. fibrosa, reflecting a more
restricted distribution of the algal
beds. C. fibrosa almost disappeared in
the Dry season at the highest salini-
ties, resulting in an increase in the
extent of the spatial distribution of R.
maritima at the inner areas of the
lagoon, as this species spread into the
space vacated by the alga (see Fig. 4).

The main SAV species Halodule
wrightii, Ruppia maritima and Chara
fibrosa displayed a strong and persis-
tent spatial segregation along the
lagoon in all seasons. This segregation
appears to be related to the horizontal
salinity gradient, as in other estuarine
habitats (Adair et al. 1994, Herrera-
Silveira et al. 1998, Lirman & Cropper

2003). Seagrass beds were consistently located near
the mouth of the lagoon, at the highest salinities. Algal
beds were always located far from the mouth (13 to
18 km), where salinity decreased to values down to 5
due to the influence of freshwater springs in the inner
zone. The highest biomass fluctuation was observed in
C. fibrosa, which has a lower tolerance to high salini-
ties than seagrasses. Similarly, in a tropical Australian
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Fig. 7. Farfantepenaeus spp. Mean (+SE) abundance of each shrimp species and
population component in aquatic vegetated beds. Black bars: Halodule wrightii;
cross-hatched bars: Ruppia maritima; open bars: Chara fibrosa. Within each treat-
ment of species and population component, groups with same lower-case letters

were not significantly different (p > 0.05)
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estuary, seagrass biomass did not change seasonally,
but algal beds varied significantly (Haywood et al.
1995). Salinity has been identified as an overriding fac-
tor controlling algal growth in estuaries (Martins et al.
1999).

Shrimp populations

Shrimp abundance (species and population compo-
nents) presented a marked spatial structure, mainly
during the Nortes and Rainy seasons. Spatial partition-
ing among the 4 Farfantepenaeus was not detectable.
Nevertheless, the abuncance of juveniles and sub-
adults peaked somewhat farther from the lagoon
mouth than that of recruits, suggesting the use of habi-
tats in the inner areas as the shrimps grow (see Fig. 6).
Distance from the mouth of the lagoon was the most
important explanatory factor of variations in shrimp
abundance along the lagoon. This factor was signifi-
cant in all multiple regression analyses, whereas sea-
grass biomass was a significant predictor only in the
Nortes season. Total shrimps and recruits were gener-
ally most abundant close to the lagoon mouth, decreas-
ing between 1 and 18 km (Fig. 6). Howe et al. (1999)
found significantly lower shrimp densities in oligoha-
line than in mesohaline areas, although distance from
the mouth of the estuary was not explicitly evaluated
in their study. Salinity and distance from the lagoon
mouth are obviously closely related, and arguments as
to which is the main controlling factor of shrimp distri-
bution tend to be circular. Despite the redundancy of

both variables in explaining shrimp abundance, dis-
tance from the lagoon mouth consistently explained
higher variance than salinity. Even though it cannot be
considered a purely structuring agent, it reflects the
distance from the source of shrimp postlarvae through-
out the estuarine system (see also Jenkins et al. 1998).

At local scales (i.e. patch size), abundance and type
of SAV beds were crucial factors determining the spa-
tial distribution and abundance of shrimps, as in other
penaeid species (Haywood et al. 1995, Loneragan et al.
1998). Halodule wrightii and total SAV biomass were,
respectively, adequate predictors of the abundance of
recruits and total shrimps (Fig. 8). Among the SAV spe-
cies, seagrass H. wrightii and Ruppia maritima beds
contained significantly higher numbers of shrimps
than alga Chara fibrosa beds. This could be due to the
persistent spatial segregation of SAV species along
Celestun Lagoon: postlarvae entering the lagoon settle
on the first SAV bed they encounter (Bell & Westoby
1986) which, in outer areas (i.e. 1 to 12 km), tends to be
dominated by the seagrasses H. wrightii and R. mar-
itima.  This fact, coupled with the continuous recruit-
ment throughout the year (Pérez-Castañeda & Defeo
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Source of variation df MS F

Species (1) 3 1.65 25.98***
SAV species (2) 2 4.49 70.75***
Season (3) 2 1.57 24.70***
1 × 2 6 0.31 4.92***
1 × 3 6 0.47 7.44***
2 × 3 4 0.52 8.12***
1 × 2 × 3 12 0.13 2.10*
Error 180 0.06

Population component (1) 3 3.93 41.89***
SAV species (2) 2 16.33 174.21***
Season (3) 2 2.02 21.52***
1 × 2 6 0.65 6.91***
1 × 3 6 0.49 5.22***
2 × 3 4 0.50 5.31***
1 × 2 × 3 12 0.14 1.47
Error 180 0.09

Table 4. Farfantepenaeus spp. Results of 3-way ANOVA of
shrimp abundance for each species (F. aztecus, F. brasiliensis,
F. duorarum and F. notialis) and each population component
(recruits, juveniles, subadults and total shrimps). *p < 0.05; 

***p < 0.001

Fig. 8. Farfantepenaeus spp. Relationship between (a) bio-
mass of Halodule wrightii and abundance of shrimp recruits,
and (b) total SAV biomass and total shrimp abundance, indi-
cating seagrass biomass ranges where H. wrightii and Ruppia 

maritima dominated SAV beds
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2001), could explain the consistently higher total
shrimp abundance in outer beds of H. wrightii. As
shown above, adequate assessment of the relevant
scales of analysis is critical in this case, as associations
between seagrass biomass and animal abundance may
weaken when studies shift from local to larger spatial
scales (Jackson et al. 2001).

In summary, this study represents the first effort to
explicitly deal with the spatial structure of penaeid
shrimps and environmental variables along an estuar-
ine habitat gradient. Salinity was not spatially struc-
tured, and exhibited a clear spatial gradient. Con-
versely, SAV biomass and shrimp abundance showed
different degrees of spatial structure. Although salinity
can affect the availability of suitable habitats for
shrimp, distance from the mouth of the lagoon and
availability and biomass of seagrass beds were the
most important factors influencing the spatial distribu-
tion of shrimp populations. The relative contribution of
both variables depends on the spatial scale addressed.
Finally, taking into account that larger shrimps used
habitats farther from the lagoon mouth, we hypothe-
size that both pre- and post-settlement factors operate
together to determine the spatial structure and distrib-
ution of shrimps along this lagoon.
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