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Abstract

The present study aimed to identify the preferential habitats of spiny lobster (Panulirus argus) and associate its density, abundance and biomass
to each type of habitat, enable hence prediction of the spatial distribution of the crustacean in the whole area. It also attempted to identify the
associated size population structure at different areas of the reef. To do so, a study was undertaken at the National Park “Arrecife Alacranes” in
Yucatan, Mexico. First, with the use of geographical information systems (GIS) tools, a thematic map of submerged habitats (bottom type) of the
reef area was overlaid to lobster distribution data obtained from 157 diving transects in order to estimate lobster density, abundance and biomass by
bottom type. Uncertainty of the analyzed variables was incorporated through Monte Carlo simulation. In addition, the spatial structure of lobster
habitat was predicted by using geostatistical tools (kriging) to estimate lobster density from 420 stations sampled by diving in the same reef.
Population size structure was obtained from catch data obtained from fishers’ landings and based on records of small individual juveniles collected
by fishers. The results show a patchy distribution of lobsters throughout the entire reef, with higher densities predicted in areas of higher habitat
complexity. This study supports thus the thesis that structural complexity of habitat has an influence on lobster spatial distribution and emphasizes
the relevance of undertaking spatial analysis to study lobster populations.
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1. Introduction

Understanding spatial distribution patterns of marine pop-
ulations is considered of high importance in the assessment
of fishing resources and in defining management schemes of
commercially exploited species (Orensanz and Jamieson, 1998;
Ehrhardt, 2005; Cochrane et al., 2004). In this context, spatial
analysis and its application to fisheries assessment become even
more relevant for the understanding of the population dynamics
of many species that do not fit the classic models developed for
traditional stock assessment (Hilborn, 1986; Caddy and Defeo,
2003; Walters and Martell, 2004).

It has been recognized that spatial distribution and abundance
of important fisheries resources depend on the processes that are
inherent to their life cycle, as well as on the spatial structure of
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the habitats they prefer (Cobb and Wahle, 1994; Polovina et al.,
1994; Acosta, 1999; Butler et al., 2006). Consequently, knowl-
edge of these processes can help in predicting more accurately
distribution patterns of these resources and defining more viable
management schemes for these fisheries.

Given the diverse habitat requirements that lobsters show
throughout their life cycles (habitat selection changes during
ontogeny), they have been identified among the resources highly
dependent on shelter availability (Herrera and Ibarzabal, 1995;
Salas et al., 1996; Arce et al., 1997; Davidson et al., 2002;
Childress and Jury, 2006). It has also been observed that lob-
sters seek refuge during the day and tend to search for food at
night (Childress and Jury, 2006 and references there in). These
patterns of behaviour have also been recognized by fishers and
taken into consideration when fishing. In the present study, we
assume that the presence of lobsters in their refuges during the
day is a good indicator of habitat selection (preferential habitat).

Arrecife Alacranes, was selected for the study, given the
importance of this area for lobster fishing’ industry, fisheries
managers, and given its condition as protected area, been hence
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one of the less impacted areas by human activities in the region
up to now. It was expected that if the identified sites can be
spatially located, this information could help characterize the
most common habitats for lobster in the sampled area and hence
increase knowledge about lobster distribution patterns accord-
ing to different types of habitats, besides, it serves as important
input for the management plan for this area.

It is important to stress that spatial variation of habitat for
different organisms (as with many other processes observed in
nature) relies on correlated data—i.e., spatial arrangements and
phenomena observed in neighboring areas are more similar than
those located at further distance; and that spatial dependence is
a common phenomenon in environmental studies (Maravelias et
al., 1996). Geostatistical techniques, such as kriging, can help
analyze regionalized or spatially correlated variables (Keith,
1988). Kriging is considered a powerful tool that allows an esti-
mation of the spatial distribution of lobster habitats, starting from
observations of their attributes taken in a finite number of places,
quantifying spatial correlation, and making predictions of non-
sampled places (Cressie, 1989; Pelletier and Parma, 1994). Some
geostatistical applications in fisheries have been used to evaluate
spatial structure of populations, to estimate biomass and abun-
dance of populations, and identify cohorts in several areas and
resources (Maynou et al., 1998; Roa and Tapia, 2000; Petitgas,
2001; Rueda, 2001; Pérez-Castafieda and Defeo, 2004). Lobster
density estimates in the region have been reported by several
authors using different approaches (Liceaga et al., 1998; Rios et
al., 1998; Bello-Pineda et al., 2005b). However, to our knowl-
edge, an integrated approach that incorporates different sources
of information and several techniques for evaluating the spatial
structure of the reef and predicting suitable habitat for lobster
has not been considered.

In this study two analytical techniques are used for spa-
tial data, in order to determine the distribution and abundance
patterns of lobster population and to infer spatial structure of
preferential habitat for lobster. Specifically, the research focused
on: (a) identifying lobster habitats using a thematic map of bot-
tom types and, through the use of GIS, associating these to
the presence of lobsters and estimate density for each bottom
type; (b) predicting spatial structure of lobster preferential habi-
tat taking as attribute lobster density; and (c) describing the size
structure of lobster population in different areas throughout the
reef. In the following, we provide descriptions of the study area
and the lobster fishery in the Yucatan. Next, we describe the
methods employed and the results of the analysis. Finally, we
conclude by discussing the implications of the observed patterns
on the dynamics of the population in the region and implications
of fishing activities in the area.

2. Study area

The Arrecife Alacranes reef area is one of the largest and
most complex coral reef systems in the Gulf of Mexico, con-
tributing about 25% of lobster landings for the Yucatan State in
2005. This reef is located approximately 130 km north of Pro-
greso (a main fishing port in Yucatan), between 22°21'44” and
22°35'12” North and 89°36'30” and 89°48'00” West (Fig. 1).
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Fig. 1. Location of the National Park Arrecife Alacranes located at the North of
the Yucatan Peninsula, México.

The platform reef rises up from 50 m depth. The most conspic-
uous morphologic features include the reef shelf, the windward
barrier, the north reef ridge, the leeward reef ridge, the reef
plateau, and six small sandy islands known as Pérez, P4jaros
(Bird Island), Chica (Little Island), Muertos (Island of the
Dead), Desterrada (Shunned Island) and Desaparecida (Dis-
appeared Island). For more details on the reef features of
Alacranes reef see Ardisson et al. (1996) and Bello-Pineda et al.
(2005a).

3. The lobster fishery in Yucatan

In the Yucatan Peninsula, the spiny lobster (P. argus) con-
tributes high revenues to fishers and it is considered among the
most important fisheries in the region. This fishery was initiated
informally in the 1950s at Arrecife Alacranes, with the operation
of three sailboats of about 13 m in length. Each boat carried three
“alijos” (small boats without motor, approximately 3 m long).
Formal lobster fishery started towards the end of the 1970s with
the creation of the Fish Production Cooperative Associations
(FPCA). Today this species is caught mainly near the coastal
area and only few boats fish in Arrecife Alacranes. More than
936 fishers organized in 17 fishing cooperatives, plus another
1872 independent people benefit from the capture of the crus-
tacean in the Yucatan State. A total of 25 large boats (between
12 and 19 m long) and 420 small boats (approximately 8 m in
length with outboard motors between 40 and 75 HP) comprise
the lobster fleet. From those only few have a fishing permit to
fish around or within the protected area. Regulatory measures
include legal minimum size of 135 mm tail length (TL) which is
equivalent to 76 mm carapace length (CL), closed season (from
March to June), and prohibition to capture berried females (Salas
et al., 2005).

In 1994, Arrecife Alacranes was officially designated as pro-
tected areas, allowing access to the area only to 14 large boats,
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based on traditional fishing rights. In principle, no more boats
are allowed to enter this fishery in the State. Fishing is under-
taken using traps around the reef area and by diving within the
reef. The boats take about 10 trips during a fishing season (15
days per trip) which goes from the beginning of July to the end
of February.

Despite the existence of a management plan for the reef area
(Ardisson et al., 1996) and regulatory measures set for the lob-
ster fishery, several unregistered boats have been caught fishing
around or in the reef area. Furthermore, there is a concern on the
potential impact that this type of fishing may have on the resource
in the long term (Salas et al., 2005). The lack of knowledge
on the lobster population structure and its distribution patterns
in the area have represented limitations for the implementation
of viable management policies, especially given the high value
of these species and the potential production that many fishers
perceive as available in the zone.

4. Methods
4.1. Sources of information

Two main sources of information are used in this study: (a)
direct observations of lobsters in the area recorded between
1997 and 2000 by diving transects undertaken in 23 field sur-
veys, and (b) size frequency data obtained from the landings
of commercial boats and direct sampling in selected locations
within the reef, which were referred by fishers as lobster nursery
areas.

Regular and irregular transects were surveyed by diving to
record number of lobsters around the reef area. A total of 420
transects of the same size (100 m long and 10m wide) were
surveyed. In addition, surveys of 157 transects of different sizes
were also conducted. The sampled area at each of the irregular
transects was calculated taking into account the initial and final
position of the diver, diving time, the average speed of the diver
and the estimated visibility. In this case, data collection was
undertaken in areas where fishers operate (diver followed fishers
on their regular fishing trips). When the ground was flat, the
longitude of transects was calculated through initial and final
position of the diver. When transects were not regular, due to the
ground complexity, the transect length was calculated taking into
account the average speed of the diver (mean speed of 750 m/h)
and diving time (between 15 and 30 min). The location in the
reef area was registered using a geographical positioning system
(GPS). In both cases, the number of lobsters caught was recorded
by site.

Size frequency data used to estimate the structure of the
population in the reef was estimated sampling animals from
commercial catches. Given that in Yucatan, lobsters are landed
and sold as tails exclusively, hence length was recorded as tail
length (TL) in cm and tail weight (TW) in grams. Afterwards,
the records were transformed into total length (TotL) based on
the function reported by Zetina et al. (1996) for spiny lobster for
the Yucatan region (Eq. (1)).

TotL = 1.91 + 1.39(TL) (1

A total of 5261 lobsters obtained from the commercial land-
ings were measured during the sampling period as follows: July
(540), August (1369), September (575), October (491), Novem-
ber (117), December (626), January (579) and February (964).
In order to account for organisms smaller than commercial size
(<13.5cm TL), small lobsters were collected between the end
of the fall and the beginning of the winter (the period indicated
by fishers when small lobsters are more abundant). A total of
896 small animals were obtained (231 in November, 337 in
December and 328 in January) and measured for total length
(TotL).

4.2. Lobster density estimates

For the first part of the study, a thematic map of bottom type
in Arrecife Alacranes was used for the analysis. The map was
obtained through Landsat TM images, aerial photos in black and
white, and digitalized aerial video (for details see Bello-Pineda
et al., 2005b).

Lobster abundance and density estimates were obtained using
geo-referenced data collected during July and August (i.e., in the
beginning of the fishing season) from 1997 to 2000. The abun-
dance and density estimates were related to the bottom types
depicted in the map. The assumption here was that observations
in this period could give the best estimates given that lob-
sters have been inaccessible to fishers during the closed season
(March—June). This condition allows concentration of lobsters
in their refuges, thus a major presence of lobsters was expected,
as usually by the end of the fishing season the areas have been
swept by fishers.

A vector file was created; representing the coordinates of the
157 irregular transects sampled using the “IDRISI” software
from GIS (Eastman, 1993). The vector file was then overlaid on
top of the thematic map to show the correspondence of each site
with the respective bottom type in the map. The characteristics
of each bottom type are depicted in Table 1, which covers the
depth of different habitats ranging from 1 to 30 m and the area,
varying in size between 1 and 90 km?.

For the lobster abundance and density estimates for each
bottom type, it was necessary to estimate the total area of pref-
erential habitat for lobster in the reef. To do so, information
provided by fishers and from literature (for example, Arce et al.,
1997; Bello-Pineda et al., 2005a) were compiled. On the whole,
lobsters prefer areas that provide refuge, such as hard struc-
tures with holes and complex structure like hard coral, coral
heads, dead coral, and coral covered with algae. Hence, using
the same database employed to generate the map of bottom
type, the area corresponding to the lobster preferential habi-
tat was estimated, based on the total area for each habitat type
and the proportion of every area for the corresponding benthic
element.

As different size quadrants were sampled during the dives
performed jointly by fishers and the research team, average den-
sity (f)l), was estimated for each bottom type using Eq. (2), e.g.
based on sampling for quadrants of different size (Seber, 1982;
Krebs, 1989). The average density was estimated by dividing
the total number of observed lobsters (Xy;) by the total number
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Table 1
Characteristics of the bottom ground at the Alacranes reef

Type Habitat Depth (m)

Average coverage (%) Area (km?)

1 Seagrass beds 1-3

2 Patches of hard coral and soft 1-3
coral

3 Coral heads of hard and soft coral 1-3

4 Patches of hard and soft coral 3-8

5 Bare sustrate 1-5
6 Patches of hard and soft coral 8-15

7 Hard coral and walls 15-25

8 Bare sustrate 8-20
9 Patches of hard coral 20-30

10 Mixed substrate sand/hard coral <1
walls

11 Bare sustrate 5-8
12 Deep water >30

Macro algae and seagrass associations (80); Seagrass: 31.1
Thalassia testudinum and Syringodium filiform; Algae:

Chlorophytas, Phaeophitas and Rhodophytas

Coral associations (45); Hard coral (Hexacorals) stony 89.8
corals: (Branching corals) genus: Acropora, Tubastrea,

Porites; (Massive corals) genus: Montastraea

(cavernosa, annularis), Siderastrea, Solenastrea and

Porites; (Brain corals): genus: Diploria and Meandrina;

Soft coral: (Octocorals): genus: Gorgonia

Sand (73) coral associations (15) (Gravel, pieces of 26.1
dead corals). Hard coral (Hexacorals) stony corals:

(Brain corals): genus: Diploria and Meandrina. Soft

coral: (Octocorals): genus: Gorgonia

Coral associations (40); Hard coral (Hexacorals) stony 94.6
corals: (Branching corals) genus: Acropora, Tubastrea,

Porites, Dendrdgira, Oculina and Madracis, (Massive

corals) Montastraea (cavernosa, annularis),

Siderastrea, Solenastrea; (Brain corals): genus:

Diploria and Meandrina; (Hydrocorals) Millepora; Soft

coral: (Octocorals): genus: Gorgonia

Bare sustrate (97); (Gravel, pieces of dead coral) 11.2
Coral associations (45); Hard coral (Hexacorals) stony 3.1
corals: (Branching corals) genus: Acropora, Tubastrea,

Porites; (Massive corals) genus: Montastraea

(cavernosa, annularis), Siderastrea and Solenastrea;

(Brain corals): genus: Diploria and Meandrina; Soft

coral: (Octocorals): genus: Gorgonia, Eunicea,

Plexaura, Pseudoplexaura, Plexaurella, Muricia,

Pterogorgia, Pseudoterogorgia

Coral associations (61); Deep water of the Leeward 14.9
shelf: Hard coral (Hexacorals) stony corals: (Massive

corals) genus: Montastraea (cavernosa, annularis),

Siderastrea; (Brain corals): genus: Diploria,

Meandrina, Manicina; (leaf, plate and sheet corals)

genus: Leptoceris and Agaricia; (fleshy corals) genus:

Mpycetophyllia; Soft coral: (Octocorals): genus:

Gorgonia

Bare sustrate (98); Gravel, pieces of dead coral. 38.6
Coral associations (46); Windward: Hard coral 12.6
(Hexacorals) stony corals: (Massive corals) genus:

Montastraea (cavernosa, annularis) and Siderastrea;

(Brain corals): genus: Diploria and Meandrina. (Leaf,

plate and sheet corals) genus: Leptoceris, Agaricia;

(Fleshy corals) genus: Mycetophyllia

Coral associations (47); Gravel, pieces of dead coral; 1.4
Hard coral (Hexacorals) stony corals: (Massive corals)

genus: Montastraea (cavernosa, annularis) and

Siderastrea; (Brain corals): genus: Diploria and

Meandrina

Bare sustrate (97); Gravel, pieces of dead coral 3.0
Information not avalilable 8.1

Source: Modified from Bello-Pineda et al. (2005a). Corals identification review in Humann (1993).

of areas visited (Zw;l;p;)

Dl 2V
> wilipi
where w; is the width of the transect, /; the length of the tran-

sect and p; is the probability of detecting lobsters. The first
element was estimated (as shown in Eq. (3)) considering the

@

width of the transect reported by the diver wg and the apprecia-
tion error E, (with normal distribution, mean wg and coefficient
of variation =20%):

w; =wo + E, 3)

The length of the transect /; was obtained according to
li=Lo+E,; where Lyp=calculated length from the position
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recorded with the GPS in the transect, and Ej, =error from 0
to 50 m regarding the initial and final position of the transects
with uniform distribution.

Monte Carlo simulation was applied to obtain density esti-
mates (considering a uniform distribution) assuming uncertainty
from different sources may affect observations during the div-
ing process. Among those sources we considered: geographic
position, transect width, and the probability of detecting lob-
sters. Regarding the later, detection of animals depends highly
on divers’ skills, as this species usually are not easily located,
but by diving at the opening of the fishing season, detection was
assumed in between 80% and 99% favored by colonization of
shelters during the close season. It was also assumed that some
error could come from diving observations regarding the tran-
sect length owing to potential bias on the geographic position
of the GPS. Hence, to determine geographic position and tran-
sect length, a random error of 50 m was considered (Magellan
Systems Co.).

The biomass estimate for each bottom type resulting from
the product of the total number of organisms in the area of
interest (¥) and lobster average weight (AW) (Eq. (4)) equals
to 0.18 kg. This value was calculated from lobsters captured
on Arrecife Alacranes during the opening of the fishing season
(July—August) in the same period (1997-2000).

B=1Y¥ x AW “

Finally, the total number of organisms in each area was used to
estimate lobster average densities and their variances. Ten thou-
sand simulations were run using Visual-Basic as implemented
in EXCEL (VY5).

4.3. Spatial structure of lobster habitat

In the second part of the analysis the spatial structure of
lobster habitat was modeled using geostatistical tools. Lobster
density (D2;) was considered as the indicator variable of the
habitat for each of the 420 regular transects in the sampled sites,
defined as x[Z(x;)], where x represents the latitude and longi-
tude in two spatial dimensions. The density estimator by each
site was then defined by Eq. (5):

nj

D2 = — &)

ai
where D2, is the density in the sampled area i, n; is the number
of organisms observed in the transect, and ; is the area surveyed
by the diver.

An exploratory analysis was performed on density data
(defined as the number of lobsters per ha)—the mean, variance,
and probability density function were estimated. Modelling the
spatial structure of lobster habitat based on the presence of lob-
sters in the sites sampled in Arrecife Alacranes was performed
through variograms. These diagrams help to define the coeffi-
cients of an optimal lineal predictor (Cressie, 1989), so that it
can provide an indicator of the nature of space-dependency of
lobster density, and indicate an increase or decrease in correla-
tion between data when the lag distance between them changes.

The kriging interpolation method was used to define the coeffi-
cients. From Eq. (6), variograms for different directions (0, 45,
90 and 135°) and angles of tolerance were tested in order to
find directions of the continuity, maximum and minimum, and
to find the lag distance or more appropriate intervals that fit best
the variogram

$(h) = %media[{z(x) —z(x + )} (6)

where z(x) and z(x + h)? represent real values of lobster density
(D2;),in separated sites by & (distance lag), such that, for a group
of data z(x;), i=1, 2, . . ., calculated through Eq. (7):

m(h)

o N )
V(h)_ﬁh),;{z“’) 2(x; + h)} @)

where m(h) is the number of data pairs of the attribute value for
z separated by each & vector.

The coefficient of determination (R?) and residual sum of
squares (RSS) were defined as criteria for goodness of fit. This
model is represented by Eq. (8):

—h?
p(h) = Co+ C(1 —exp <A2> 3

0

where Cy is nugget variance, C is structural variance and A is
the range.

Ordinary kriging was used to predict the spatial structure of
lobster habitat in the reef. The values of the theoretical variogram
are coefficients of a series of lineal equations that are used to
obtain the weight (1) needed for the interpolation in the estimate
(Eq. (9)), which is unbiased (Cressie, 1989).

N
Z(x0) =) _hiz(x) ©)
i=1

where Z(xq) is a parameter predicted for a non-sampled site. The
maps generated show the spatial distribution of lobster (defined
by its density) associated with the spatial structure of the habitat
in Arrecife Alacranes. To test the goodness of fit of the model,
cross-validation was applied by excluding a sampling point and
re-estimating it by kriging (Isaaks and Srivastava, 1989). The
geostatistical analysis was implemented with GS + (V5. 1).

5. Results

5.1. Identification of preferential habitat for lobster and
estimation of lobster density, abundance and biomass

Density (D1), abundance (A) and biomass (B) estimates by
bottom type throughout the reef based on the map obtained
with GIS are depicted in Table 2. The map includes 12 bottom
types, 10 of which were identified as preferred lobster habitats.
From these, eight types had high densities (between 9.39 and
28.42 lobsters/ha). These sites are located at depths between 1
and 25m and they present some degree of common coverage
of coral reef associations, ranging from 15 to 60% (Table 1).
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Table 2

Density, abundance and biomass of lobster estimated for each type of bottom at Arrecife Alacranes. A =abundance (total number of organisms), D =density
(lobsters/Ha), B =biomass (tons), LL (lower limit at 95%), UL (upper limit at 95%), minimum and maximum (estimated values for the analyzed variable)

Type Variable Mean LL UL Minimum Maximum
A 848.00 762.00 946.00
1 D 0.60 00.59 0.61 0.54 0.67
B 0.48 0.43 0.54
A 115, 952.00 103, 409.00 129, 359.00
2 D 28.42 28.40 28.45 25.35 31.71
B 65.75 58.63 73.35
A 14, 515.00 13, 056.00 16, 182.00
3 D 12.25 12.19 12.30 11.02 13.65
B 8.23 7.40 9.17
A 57, 328.00 51, 438.00 63, 868.00
4 D 13.39 13.37 13.40 12.01 1491
B 32.51 29.17 36.21
A 1, 710.00 1,523.00 1,923.00
5 D 3.36 3.31 3.41 2.99 3.78
B 0.97 0.86 1.09
A 3,014.00 2, 586.00 3,434.00
6 D 21.38 21.28 21.48 18.34 24.36
B 1.71 1.47 1.95
A 5, 649.00 5.08 6,317.00
7 D 17.42 17.32 17.51 15.65 19.47
B 32 2.88 3.58
A 19, 624.00 17, 659.00 21, 885.00
8 D 9.39 9.37 9.42 8.45 10.47
B 11.13 10.01 12.41
9 D 0 0 0 0 0
A 724.00 606.00 809.00
10 D 11.75 11.63 11.86 9.83 13.13
B 0.41 0.35 0.46
11 D 0 0 0 0 0
A 6, 367.00 5,527.00 7, 101.00
12 D 17.57 17.53 17.61 15.25 19.59
B 3.61 3.14 4.03

Bottom types 5, 8 and 11 had a large coverage of sand (bare
substrate), but only in the first two (5 and 8) some lobsters were
spotted. These sites had some kind of crevices that offer shelter
to lobsters, including caves on the base of coral heads or some
other areas. On the other hand, bottom type 7 (with depths rang-
ing between 15 and 25m) and type 9 (between 20 and 30 m)
comprise dense coverage of coral reef associations, e.g. 61%
and 46%, respectively (Table 1). Despite similarities between
these sites, the presence of lobsters was recorded only in site 7.
It was assumed that location of the reef and its exposure to cur-
rents influenced the ability of divers to spot lobsters more than
the total absence of lobsters in the refuges. Bottom type 7 was
located leeward (west side of the reef), where currents are less
strong and the structure of the coral reef seems less complex,
while bottom type 9 was windward (east side of the reef), where
stronger currents hit the reef and the refuges present a more
complex structure making it more difficult to spot the lobsters.
In deep areas (>30m), high density of lobsters was estimated,

although it was not possible to contrast this information with
data from map for bottom type.

Mean total abundance of lobsters was estimated at
225,732 + 25,000 organisms, which corresponds to an average
total biomass of 128 £ 15t of lobsters in total weight (TotW),
equivalent to 42.7t of lobster tails weight. This value falls
between the estimated range of landings reported for this fish-
ing area during the analyzed period (between 38 and 50t, with
a mean value of 45 t of lobster tails weight).

5.2. Prediction of the spatial distribution of preferential
habitat for lobster

Results from variographic analysis show that preferential
habitat for lobster is spatially structured. From the tested models
— Gaussian, esferic, lineal and exponential — the first one fits the
data best (Fig. 2), showing a smooth variation. The variogram
parameters are:
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Fig. 2. Variogram for lobster density at Alacranes reef. Separation distance is
estimated in meters. The range Ap =2.82 km, the nugget variance Cp =32.3, the
structural variation plus a short scale variation (Co + C)=73.2.

e range (Ap), that indicates a spatial dependence of 2.82 km

e small scale variation, represented by the nugget (Cp) equal to
323

e the sill (Cp + C), that defines the structural variation plus the
short scale variation valued on 73.2.

The regression coefficient estimated in R”?=0.97 and the
residual sum of squares RSS =44.6, confirm a good fit.

Maps obtained by kriging (Fig. 3a and b), show that lobsters
are distributed around the whole reef, but patches of higher den-
sities were associated with areas of higher complexity, where
the reef structure is intricate and includes a higher number of
crevices or hidden sites for lobsters. These areas are mainly
present in the central and northeast part of the reef. From direct
observations we notice that these areas are also attractive for
other organisms like fishes, mollusks, and other crustaceans.

5.3. Lobster population structure associated to Alacranes

reef

A wide range of lobster sizes was registered in the reef
area, dominated by juveniles and sub-adults, while in the sur-
rounding deeper waters, larger animals have been reported. For
instance, lobsters obtained from commercial catches include
animals between 110 and 230 mm TL, equivalent to 170 and
350 mm of TotL and 60 and 120 mm of carapace length (CL)
(Fig. 4). It is worth mentioning that the minimal legal size in the
region is 13.5cm TL, so according to the data gathered, about
10% of animals fall below legal size.

Observations during the sampling period did not report high
abundance of mature females inside the reef. Nonetheless, high
density of large animals has been reported in deeper waters
(40-50m) and at the windward reef. For instance, Rios et al.
(2004) reported that mature females represented 38% of landed
females in February 2000. Fishers also have reported high inci-
dence of mature females at the beginning of the fishing season
(e.g. between 50% and 80% in July).

Lobsters collected independently of catches include a range
between 25 and 100 mm TotL, equivalent to 13 and 50 mm
CL (Fig. 5). The small animals were found in areas domi-
nated by seagrass and microalgae such as Thalassia testudinum,
Syringodium filiforme, and other algae (chlorophyts, phaeophits
and rhodophyts). Some animals were also found on the borders
of the internal lagoons around 7 m deep.

We recognize that there is an information gap on the popula-
tion structure between the data on juveniles collected directly in
the area and those sampled from commercial catches (animals
between 11 and 16 cm TL). However, we can assume that this
is generated more by the sampling approach rather than by the
total absence of animals in this size range.

6. Discussion

In recent years, several scientists (Orensanz and Jamieson,
1998; Freire et al., 2002; Pauly et al., 2003; Pérez-Castaneda and
Defeo, 2004; Cochrane et al., 2004) have emphasized the need to
incorporate spatial analysis into stock and fisheries assessment,
in order to understand the dynamics of natural resources in gen-
eral and fisheries in particular. Nonetheless, in practice this type
of analysis has been limited, among other things, due to the eco-
nomic and logistical costs (sampling effort) and availability of
data, especially in developing nations. This paper undertakes an
integrated spatial analysis of spiny lobster (P. argus) in a pro-
tected area, incorporating different sources of information, as
well as two analytical techniques in order to predict the lobster
distribution patterns in the reef area according to its structure
and associated to preferential habitat of this crustacean. The
participation of fishers in the collection of data was critical. It
is expected that our results can both contribute to an improved
understanding of the dynamics of this resource, and illustrate
the advantages of the employed approaches to incorporate spa-
tial analysis in the evaluation of marine resources, including
fisher’s participation in the field work.

Spatial techniques used in this research provide an integrated
view of the reef ecosystem and lobster distribution at Arrecife
Alacranes. For instance, GIS helped obtain an approximation
of the proportion of the area occupied by lobster relative to the
total area of the reef. This information can help provide better
estimates of the distribution of the resource and evaluate stock
densities (Green et al., 1996; Jones and Stoner, 1997). Kriging,
on the other hand, was used to model the spatial structure of
the most suitable habitat for lobster. The maps generated by
kriging show patches with differential density among areas in the
reef, indicating that the spatial distribution of habitats preferred
by lobster is not homogeneous. These results, when contrasted
with those obtained with GIS, showing similar patterns, e.g.
the map of different types of bottom shows high densities (D1)
in areas that correspond with those of higher lobster densities
(D2) obtained by kriging. In both cases, these sites present high
complexity within the reef area.

The use of the bottom type map and density estimates allowed
us to evaluate lobster abundance at the beginning of the fish-
ing season in a protected area. This situation give confidence
to our results, even though one of the surveys was under-
taken guided by fishers, which could have the risk of direct
the survey to areas of higher density. But, by taking informa-
tion at the opening of the fishing season, it was assumed that
lobsters were distributed according to their preferences for par-
ticular habitats, e.g. lobsters colonized the most suitable habitats
available for them in the reef area during the closed season
(without the presence of perturbations by human). Hence lob-
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Fig. 3. Lobster density map at Alacranes reef generated by kriging: (a) three-D map of lobster density by Ha distributed along the reef and (b) two dimensions map

showing contours of lobster density in the same units.

ster density estimates and abundance can be considered as good
estimates.

The biomass value obtained in this study (128t=+15) is
similar to the values estimated by Bello-Pineda et al. (2005a)
evaluated in 114 t (considering the confidence intervals), even
though the map employed by Bello-Pineda et al. (2005a) con-
sidered 10 bottom types, while in the present study, the map
was classified into 12 bottom types, in the search of higher
resolution.

The values estimated in this study, plus observed trends in
catches along each fishing season, showing a decrease towards
the end of the season (Rios et al., 1998; Bello-Pineda et al.,
2005a), suggest that, due to the fact that grounds are practi-
cally swept by fishers during the fishing season in many fishing
areas around, lobster production in the reef area is highly depen-
dent on recruitment (re-colonization) during the closed fishing
season. Hence fishing effort control in the zone is mandatory
for the resource to be viable in the long term. Special atten-
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are presented in cm.

tion is required on nursery areas and areas where spawners are
present.

Several authors have suggested that recruits in the Caribbean
area might come from different locations, while others con-
tend that eddies can contribute to retaining larvae; the presence

of counter currents can return the larvae to their source, and
in other cases that populations can contribute with their own
recruits (Yeung and Lee, 2002; Ehrhardt, 2005). Even though
no specific studies have been conducted up to now to evalu-
ate recruitment (settlement) patterns in the Arrecife Alacranes,
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the presence of small juveniles, suggest that the reef has suitable
conditions that facilitate settlement in the reef zone, contributing
to the renewal of the population every year. The presence of sea-
grass and algae beds in shallow waters help populate juveniles
close to the windward barrier. The observed patterns are consis-
tent with information referred to by several authors who have
studied post-larvae settlement patterns and habitat of marine
fauna in other areas (Marx and Herrnkind, 1986; Cruz et al.,
1987; Butler et al., 1997, 2006; Salas et al., 1996).

We contend that the complex geomorphologic characteristics
of Arrecife Alacranes and the presence of eddies (Monreal-
Gomez et al., 2004) could favor retention and settlement of
larvae in the zone. The elevated frequency of mature females
in deep areas surrounding the reef could also contribute to the
assumption of annual renewal of the population in the area.
These conditions, of course, do not disregard contribution from
other Caribbean locations, given the oceanographic conditions
prevalent in the peninsula (Ehrhardt, 2005; Cochrane et al.,
2004; Monreal-Goémez et al., 2004). Studies that contribute
to a better understanding of these processes are highly rel-
evant in order to provide managers with support to develop
management strategies to ensure sustainability of the lobster
population in this protected area, since some fishing activ-
ities in the reef are occurring, including illegal unreported
fishing.

From this study it can be concluded that, consistent with the
literature, areas with higher geomorphologic complexity pro-
vide more suitable habitat for organisms like lobsters. Lobster
densities differ according to the complexity of the habitat and
the requirements of the animals at any specific life stage. The
diversity of habitats as well as the elevated complexity found

at Arrecife Alacranes makes it a suitable zone for settlement
and development of lobster at different stages of its life cycle,
especially for postlarvae, juveniles and young adults. These con-
ditions make the reef an important nursery and growth zone that
deserves special attention to ensure sustainability of lobster for
the whole region.

We would like to highlight the importance and utility of
collecting spatial data to conduct specific studies on recruit-
ment, movement patterns, and reproduction seasonality, besides
the traditionally stock assessment undertaken currently. It is
required to improve the knowledge of the population dynam-
ics and fisheries ecology of this crustacean in the area in order
to make the corresponding adjustments to the management plan
of the reserve if a viable population is expected.
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