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ABSTRACT.—We evaluated the abundance and
distribution of Panulirus spp. phyllosomas collected during
two oceanographic cruises in March 2006 and January
2007 along the Mexican Caribbean coast. In total, 1138
phyllosomas were collected in 2006, and 492 were collected
in 2007, comprising three families: Palinuridae; Scyllaridae;
and Sinaxidae. The most abundant species of Panulirus for
both cruises was Panulirus argus (Latreille, 1804). DNA
barcoding methods also confirmed the identity of the
phyllosomal stages of Panulirus guttatus (Latreille, 1804).
The most abundant phyllosomal stages of P. argus in both
years were early (I–III) and mid stages (IV–VIII) mostly
found near Banco Chinchorro. The least abundant late
stages (IX–X) were widely dispersed offshore. During both
cruises, >70% of phyllosomal abundance was concentrated
in the surface layers (0–50 m). Statistical models indicated
that depth, along with year, geographical area, and time of
day, were important for early- and mid-stage phyllosoma
stages. The distribution and densities of phyllosomas off
Quintana Roo differed among years and areas, likely due to
varying environmental conditions and mediated by physical
processes and the seasonality of reproductive activity of the
local and regional spawning stock. In addition, early-stage
phyllosomas appeared to avoid surface waters during periods
of increased moonlight.

Off the coast of Quintana Roo, Mexico (i.e., Mexican Caribbean), the spiny lobster,
Panulirus argus (Latreille, 1804), is a major fishery resource, both economically and
socially (Sosa-Cordero 2003, 2011). Although a decreasing trend in annual landings
has been observed since the 1980s, it remains the second largest lobster fishery in the
Mesoamerican Reef region after Honduras (Chavez 2009, Sosa-Cordero 2011). In the
Gulf of Mexico and Caribbean Sea, three families of lobsters have been described:
Palinuridae; Scyllaridae; and Sinaxidae (Manzanilla-Dominguez and Gasca 2004).
Within these groups, three species of the genus Panulirus are most commonly found:
Caribbean spiny lobster, P. argus; spotted lobster, Panulirus guttatus (Latreille,
1804); and green lobster, Panulirus laevicauda (Latreille, 1817) (Padilla-Ramos and
Briones-Fourzán 1997).
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Like all spiny lobsters, Panuliridae have a long and complex ontogenetic development that includes five distinct phases: egg, planktonic larva (phyllosoma), postlarva
(puerulus), juvenile, and adult (Butler and Herrnkind 1997, 2000). The specialized
phyllosoma phase has a transparent, flattened, leaf-like shape, and progresses through
a series of stages (and numerous instars) that are species-specific (Phillips and Sastry
1980, Phillips and McWilliam 1986). Of the three species, the complete larval development of only P. argus has been described via laboratory-based culture by Goldstein
et al. (2008). They estimated that the mean pelagic larval duration of P. argus is approximately 6.5 mo (range = 4.5–8.0 mo), including 18–21 instars, grouped into 10
distinct stages (Lewis 1951, Goldstein et al. 2008). For P. guttatus, only the last few
phyllosomal stages have been previously described (Baisre and Alfonso 1994). A recent study characterized the complete development of P. guttatus (Goldstein et al.
unpubl data) because the early stages (being similar to P. argus) are often confused
with other species. Likewise, for P. laevicauda, only the first three stages and some
final stages have been described (Baisre and Ruiz de Quevedo 1982, Abrunhosa et al.
2004). Therefore, one of the goals for the present study was to provide better taxonomic resolution to the abundance and distribution of dominant palinurid phyllosomas in the Mexican Caribbean.
It is well known that phyllosomas express complex behaviors that modulate their
distribution in the water column both vertically and horizontally (Minami et al.
2001, Bradford et al. 2005, Ziegler et al. 2010). One such behavior, ontogenetic diurnal vertical migration (ODVM), is a stage-specific trait common in many marine
meroplanktonic larvae (Sekiguchi and Inoue 2002, Phillips et al. 2006, Ringelberg
2010). ODVM is strongly linked to a variety of abiotic factors including light intensity, depth, hydrodynamic conditions (e.g., currents, eddies), temperature, and salinity,
which influence the vertical distribution of marine larvae including phyllosomas (see
Forward 1988, Sponaugle et al. 2002 for reviews). Phyllosomal distribution is determined by their ability to disperse, and is a function of a suite of sensory and behavioral capabilities that enable them to conduct daytime vertical migrations (Minami
et al. 2001, Bradford et al. 2005, Butler et al. 2011). For example, late-stages of P. argus
phyllosomas exhibit negative phototactic behavior and concentrate at greater depths,
whereas early-stage phyllosomas tend to show positive phototactic behavior (Ziegler
et al. 2010, Butler et al. 2011). Hence, the depth distribution of phyllosomas tends to
be, for the most part, a function of their behavioral response to light at each phyllosomal stage (Butler et al. 2011). Lastly, phyllosomas can initiate and display strong
vertical movements (and lesser horizontal ones) that allow them to stratify at various
depths (Phillips and Sastry 1980, Booth and Phillips 1994, Pineda et al. 2007). Thus,
three attributes (limited swimming ability, ODVM, and a protracted larval duration)
often result in larval dispersal to wide areas due to advective processes resulting
from oceanic currents (Jeffs et al. 2005, Rudorff et al. 2009). As such, another goal of
the present study was to quantify the vertical distribution of Palinurid phyllosomas
over a spatial scale in selected areas of the Mexican Caribbean.
Although our biological and ecological knowledge for juvenile and adult P. argus
and P. guttatus is well known, studies on phyllosomal distribution and abundance is
limited (Alfonso et al. 1999, Yeung and Lee 2002, Manzanilla-Domínguez and Gasca
2004). Furthermore, it is difficult to link phyllosomal abundance to their spatiotemporal distribution in certain geographic areas. This difficulty stems from our limited
knowledge of these early stages and physical factors driving their movements coupled
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Figure 1. Study area and plankton sampling stations during the NOAA cruises aboard the R/V
Gordon Gunter in (A) March 2006 and (B) January 2007.

with a complex and protracted developmental cycle, along with the challenges associated with taxonomic identification. The study of the distribution and abundance of
the phyllosomal stages of lobsters in the waters off Quintana Roo serves to expand
our ecological knowledge of these species. It also provides potential indicators of the
recent reproductive activity of the adult stock and the imminent arrival of recruits
(pueruli) according to the presence of early- and late- phyllosomal stages (FonsecaLarios and Briones-Fourzán 1998, Sosa-Cordero 2003, Briones-Fourzán et al. 2008).
The present study seeks to improve understanding of the potential supply, abundance, and recruitment of postlarvae into coastal areas, which may aid in proper
management of the lobster resource off the coast of Quintana Roo, and throughout
the region.
Primary study goals were to determine the abundance and spatial distribution of
phyllosomas belonging to the genus Panulirus spp. off the coast of Quintana Roo.
Phyllosomas were collected during two oceanographic cruises, in March 2006 and
January 2007, to examine abundance by developmental stage as well as to determine
the influence of five factors: (1) depth; (2) geographical areas; (3) sampling time (day
vs night); (4) year or cruise (2006 vs 2007); and (5) moonlight intensity.
Methods
We collected phyllosomas over two oceanographic cruises onboard the R/V
Gordon Gunter supported by a collaborative effort by El Colegio de la Frontera
Sur (ECOSUR), the National Oceanic and Atmospheric Administration (NOAA),
and the University of Miami (UM). Our sampling efforts were conducted in the
Mesoamerican Barrier Reef System (MBRS) from 18 March to 1 April, 2006, and
from 14 to 30 January, 2007. The surveys included sampling stations from the Yucatán
channel to southern Quintana Roo, near the Mexico-Belize border (Fig. 1). Our study
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areas were divided into three zones: (1) northern region, Yucatán Channel to Puerto
Morelos; (2) central region, from Puerto Morelos to Punta Herrero; and (3) southern
region, from Punta Herrero to the Mexico-Belize border (Fig. 1). Biological samples
were collected from 56 stations during 2006 and 53 stations in 2007. Plankton tows
at each station were conducted using a MOCNESS-1 (Multiple Opening/Closing Net
and Environmental Sensing System, diameter = 1 m2; mesh = 333 μm) net system.
A digital flowmeter (General Oceanic model 2030, Miami, Florida, USA) was used
to calculate the volume of water sampled for each tow. At selected stations (n = 4,
2007), the net system was reconfigured (diameter = 10 m2, mesh = 505 μm) to allow
the collection of samples in an oblique trawling manner at depths of 0–100 m, as well
as four discrete depth intervals: 0–25, 25–50, 50–75, and 75–100 m.
All stations were sampled once during the day (06:00–18:00 hrs) and once at night
(18:01–05:59 hrs); the exact time depended on when the research vessel arrived onsite. All phyllosomal samples were fixed and preserved in 70% ethanol onboard the
vessel and stored in labeled collection vials. All specimens were brought back to the
laboratory and examined under a binocular dissecting microscope (Carl Zeiss SV6).
Phyllosomas were visually identified to the lowest taxonomic level possible and assigned to specific developmental stages according to their morphological features using a taxonomic reference library that included: Lewis (1951); Sims (1966); Robertson
(1968a,b,c, 1969a,b, 1971, 1972, 1979); Baisre (1969); Baisre and Ruiz de Quevedo
(1982); Baisre and Alfonso (1994); and Goldstein et al. (2008). For purposes of statistical analysis, phyllosomas were grouped into (A) total phyllosomas, including all the
families of lobsters collected; while the phyllosomas of the genus Panulirus, exclusively, were grouped into: (B) early phyllosomas, including the stages I–III; (C) midstage phyllosomas (stages IV–VIII); and (D) late-stage phyllosomas (stages IX–X).
Standardized phyllosoma density values were expressed as the number of phyllosomas over each taxonomically-distinct stage(s) per volume filtered for each sampling station or depth stratum. Statistical analyses considered phyllosoma density
as the response variable and the independent variables as: (1) depth, as a continuous
variable (using the mid-depth values 12.5, 36.5, 62.5, 87.5 m); (2) geographical areas
(north, central, and south); (3) time-of-day [day (06:00–18:00 hrs) and night (18:01–
05:59 hrs)]; and (4) cruise year (2006 and 2007).
Subsequently, several alternative statistical models were fit to phyllosoma density
per station, for total phyllosomas, and selected groupings of Panulirus (i.e., early-,
mid-, and late-stage phyllosomas). In each case, the patterns of variation with respect
to the aforementioned factors (1–4) were examined by fitting a series of ANCOVA
models, using the 10-step protocol of Zuur et al. (2009). This statistical method alternates the fitting methods to a generalized least squares (GLS) model and restricted
maximum likelihood (REML) method. Both these methods explicitly incorporate
variance heterogeneity, without increasing the number of parameters in the model. Thus, instead of assuming a unique and constant variance, the fitting procedure
models variance itself. This allowed an “optimal variance structure” algorithm to
be chosen using the Akaike information criteria (AIC; Burham and Anderson 2002,
Zuur et al. 2007, 2009). AIC scores were used to identify the most appropriate model with the minimum AIC value among a set of alternative models. Final models
with the absolute minimum AIC values were considered as having greater support
from the data (Burnham and Anderson 2002). However, AIC differences >2 among
alternative models are more reliable (Burnham and Anderson 2002). All statistical
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analyses were performed with the NLME package featured in the R software bundle
(R Core Team 2014).
To examine the effect of moonlight on the vertical distribution of phyllosomas,
we analyzed our data from night-only sampled stations separately for each of the
two previously defined groups of phyllosomas (early- and mid-stages). Late-stage
phyllosomas were excluded from this analysis since there were few observations.
Mean depth values (in meters) for stations corresponding to each phyllosomal
stage group were selected as the response variable (Y). Mean depth, calculated
as the weighted mean of depth for each station where each stage group occurred
along with the density of the same stage group (number/1000 m3) was treated as
weighted factor. A “moonlight index” (MI) was computed as the product of the
fraction of the moon (full = 1, new moon = 0), and moon hours over the horizon
(Polovina and Moffit 1995). Moonlight intensity values were queried from the US
Naval Observatory (see: http://aa.usno.navy.mil/data/index.php). Nearby Cozumel
Island served as a reference location for total moon hours over the horizon and was
adjusted to consider only the nighttime hours over the horizon. The lack of cloud
cover records during our survey cruises precluded any correction to the values of
MI due to this factor. Correlation analyses (Pearson´s correlation index) were used
to measure the strength and direction of the linear relationship between MI and the
mean depth occupied for each stage group. All calculations were performed in the R
software package (R Core Team 2014).
We used DNA barcoding to validate the identification of some of our phyllosomal
samples. A subset of 92 specimens collected in 2006 and three adult lobsters of P.
laevicauda from Bahia de la Ascensión were preserved in 95% ethanol. The amplification of the mitochondrial gene segment COI was processed using two primer
sets (Folmer and Folmer_t1). The amplification of PCR (polymerase chain reaction)
and purification steps were performed according to the standards of the Barcode
of Life protocol (Ivanova et al. 2006, Ivanova and Grainger 2007) at the ECOSURChetumal Barcodes Laboratory (Chetumal, Mexico). Sequencing was conducted at
the Canadian Center of DNA Barcoding (CCDB, Guelph, Ontario). For specimens
of P. laevicauda, we used adult tissue samples as reference material to compare with
any presumed phyllosomas.
Results
Abundance and Phyllosomal Stage Composition.—During 2006, we sampled at 56 stations and were able to collect phyllosomas from 49 stations (approximately 88%). Samples were taken from all strata including the oblique haul station.
Overall, 1138 phyllosomas were collected belonging to three different families:
Palinuridae (88.40%); Sinaxidae (7.47%); and Scyllaridae (4.13%). Six species were
identified, with P. argus being the most abundant (72.85%), followed by Palinurellus
gundlachi Von Martens, 1878 (8.49%), P. guttatus (5.71%), Scyllarides aequinoctialis (Lund, 1793) (1.05%), four phyllosomas of Justitia longimana (H. Milne-Edwards,
1837) (0.35%), and one phyllosoma of Parribacus antarcticus (Lund, 1793). Some
phyllosomas were badly damaged and thus difficult to identify. These could be determined only to the level of genus and included: Panulirus (n = 152, 9.49%), Scyllarus (n
= 16, 1.41%), Scyllarides (n = 12, 1.05%), and an unusual specimen which, according
to the literature, could be a Scyllarid “Q” phyllosoma (Robertson 1972).
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Table 1. Phyllosomal abundance (number) and standardized catch (number/1000 m3) by stage for Panulirus
argus and Panulirus guttatus in 2006 and 2007 (with oblique haul). Note that no larvae of Panulirus laevicauda
were found in the samples collected in 2006 and 2007.
Stage
I
II
III
IV
V
VI
VII
VIII
IX
X

P. argus 2006
Abundance Catch
201
242.5
28
35.5
99
118.1
256
293.2
153
182.8
44
52.8
20
23.1
16
19.0
8
8.8
4
4.5

P. guttatus 2006
Abundance Catch
2
2.6
1
1.0
21
22.9
17
19.5
16
18.0
4
5.0
2
1.6
0
0.0
1
1.4
1
1.3

P. argus 2007
Abundance Catch
137
174.6
16
26.1
26
37.0
98
147.7
105
153.3
19
25.8
13
17.5
10
14.0
3
5.3
2
1.8

P. guttatus 2007
Abundance Catch
0
0.0
0
0.0
0
0.0
0
0.0
2
3.5
1
2.0
1
1.0
0
0.0
0
0.0
0
0.0

During 2007, 45 stations were sampled with the Moc-1 (the regular MOCNESS
used in 2006) and 492 phyllosomas were collected and identified from three families: Palinuridae (95.12%), Scyllaridae (4.47%), and Sinaxidae (0.41%); an additional
217 phyllosomas were captured with the Moc-10 system. Our analysis considered
only data from the Moc-1 (for comparison purposes) and species were identified as
follows: P. argus (87.20%); P. guttatus (0.81%); S. aequinoctialis (0.61%); P. antarcticus (0.41%); and P. gundlachi (0.41%); and two genera were identified: 26 Panulirus
(7.11%) and 16 Scyllarus (3.46%).
The composition of collected phyllosomal stages (2006 cruise) of the genus Panulirus comprised stages I–X, with the most abundant stages as follows: I
(22.37%); IV (30.36%); and V (19.78%); while stages IX (0.90%) and X (0.50%) were the
least abundant, with only a total of 0.015 individuals/1000 m3. The composition of
Panulirus phyllosomas for the 2007 cruise also included stages I–X. The most abundant were stages I (28%), V (24.5%), and IV (22.8%); the least abundant were stages
IX (0.70%) and X (0.47%) (see Table 1). Genetic analyses identified stages I–V) of P.
guttatus and morphometric measurements were made to further validate these collected specimens (Online Appendix 1).
The overall distribution of phyllosomas showed different patterns for 2006 vs 2007
(Fig. 2). In the 2006 cruise, the greatest total abundance of early- (stages I–III) and
mid-stages (IV–VIII) were found in the southern area, near the coast and around
Xcalak, a fishing village within a national park, and Banco Chinchorro, a Biosphere
Reserve (BR). Late-stage (IX–X) phyllosomas were widely dispersed in offshore waters (Fig. 3). Unlike 2006, the total distribution of early-stage phyllosomas during the
2007 cruise was more widespread, with higher concentrations in the central zone,
close to the coasts of the Sian Ka’an Biosphere Reserve (SKBR) and Tulum. There were
moderate concentrations of phyllosomas in the south, close to the coast of Xcalak
and Banco Chinchorro BR. In particular, we found that mid-stage phyllosomas were
highly concentrated in this region. As in the 2006 cruise, late-stage phyllosomas
were widely dispersed in 2007 (Fig. 3D). Overall, the total distribution of phyllosomas showed more differences in 2007 compared with 2006 (see Online Appendix
2 for AIC model selection). The highest variation in the composition of Panulirus
stages was for P. argus, the most abundant species with early- and mid-stages in the
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Figure 2. Spatial distribution of density values for phyllosoma. Panels A and B correspond to total phyllosoma density in March 2006 and January 2007. Boxes C and D correspond to densities
of early-stage Panulirus spp. phyllosomas in March 2006 and January 2007.

southern region. However, it should be noted that in 2006, more phyllosomas were
collected than from the cruise conducted in January 2007.
DNA Barcoding.—The use of barcoding techniques to validate spiny lobster species from field-caught phyllosomas was a novel approach used in the present study.
Our genetic analysis of 95 samples provided 51 positive sequences for P. guttatus and
we identified phyllosomal stages (I–V) that were previously undescribed. These data
completed the phyllosomal description for P. guttatus and further aided in the identification of other phyllosomas from the 2007 cruise samples. We also confirmed 21
positive sequences for P. argus and three positive sequences for adult P. laevicauda
from Bahía de la Ascensión.
Abundance per Stratum and Sampling Time.—In 2006, phyllosoma concentration varied according to the depth and time (day vs night) and there were clear differences among depths. The majority of phyllosomas (75%) were collected from two
discrete surface layers: 0–25 and 25–50 m during the day, with a marked decrease
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Figure 3. Spatial distribution of density values for phyllosomas. Boxes A and B correspond to
densities of mid-stage Panulirus phyllosomas in March 2006 and January 2007. Boxes C and D
correspond to densities of late-stage Panulirus phyllosomas in March 2006 and January 2007.
“X” symbols correspond to survey stations that were absent for phyllosomas (larvae).

in abundance below 50 m (Fig. 4A). This trend was reflected in the distribution of
phyllosomal groups. Early-stage groups (I–III) were predominately collected in 0–50
m depth strata and the majority (70%) were collected during the day (Fig. 4C). Midstage phyllosomas (IV–VIII) were predominately collected in 25–75 m depth strata
(Fig. 5A). The majority of mid-stage phyllosomas (79%) were also collected during
the day. Even though the majority of late-stage phyllosomas (IX–X) were collected
during the day, predominately (90%) were distributed throughout the surface strata
to 75 m depth.
Phyllosomal concentrations also differed by depth during the 2007 sampling effort. The highest concentration of phyllosomas (74%) were collected at night from
the surface strata (0–50 m) consisting of early- (84%) and mid-stage (70%) larvae.
The highest density of phyllosomas (86%) were found late at night (approximately
23:00–03:00), within the 25–50 m depth interval. For early-stage phyllosomas, high
concentrations were recorded one night before the new moon. In addition, high
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Figure 4. Vertical distribution of phyllosomas by depth stratum and by day (D) vs night (N).
Boxes A and B correspond to total phyllosomas in March 2006 and January 2007, respectively.
Boxes C and D correspond to early-stage Panulirus phyllosomas in March 2006 and January
2007, respectively.

abundances of mid-stage phyllosomas collected before noon were recorded beyond
50 m depth, whereas in the afternoon (approximately 12:00–16:00), they were concentrated above 50 m. Mid-stage phyllosomas showed more variation in terms of
their vertical position in the water column (Fig. 6), presumably linked to changes in
vertical migration.
Our ANCOVA model (fitted by the GLS algorithm, see Methods section), was
chosen to represent the total density of phyllosomas, separated by early-, mid-, and
late-stage phyllosomas, with respect to depth (m, continuous variable), and the three
discrete factors geographical area, year, and time-of-day (day vs night). The best-fitting models, having the minimum AIC score, for total phyllosomas (AIC = 2162.78),
early stage (AIC = 3500.08), and mid stage (AIC = 5748.81, see Online Appendix 2
for more information) had an optimal structure of variance forming part of the random component (Zuur et al. 2009). In all cases, except for the late-stage, the model
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Figure 5. Vertical distribution of phyllosomas by depth stratum and by day (D) vs night (N).
Boxes A and B correspond to mid-stage Panulirus phyllosomas in March 2006 and January
2007, respectively. Boxes C and D correspond to of late-stage Panulirus phyllosomas in March
2006 and January 2007, respectively.

included 12 different variances, one for each combination of depth interval and geographical area. In contrast, for the late-stage, the optimal variance structure incorporated two factors, time-of-day and geographical area.
The most important factors included in our final model for total phyllosomal distribution were depth, geographical area, year, and the interaction depth × area (Table
2). Our model produced three regression lines, a distinct line for each geographical
area, which expresses the inverse relationship of the total larvae density with depth
and a more widespread horizontal dispersal of phyllosomas in the southern zone
(Fig. 6).
In contrast, the final model for early-stage and mid-stage phyllosomas included the
time-of-day factor (Table 2) and second order interactions associated with it. Thus,
the models for the densities of early-stage and mid-stage phyllosomas each contained
12 distinct slopes with respect to depth, due to the combination of all the factors:
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Figure 6. Results of the linear regression model for total phyllosomas for the three zones in
different depth strata. Observations of the north (circles), center (squares), and southern zone
(diamonds) are included.

time of day, year, and geographical area. On the other hand, our data for late-stage
phyllosomas contained a high proportion of zero density records (only 16 of 682 values contained non-zero values). This precluded the application of the statistical tests
used on the early- and mid-stage phyllosomas, although some alternatives were attempted. Thus, according to the final model (Online Appendix 2), there was no single
factor or variable that explained density variation of late-stage phyllosomas.
Table 2. Variables, factors, and interactions considered in the most appropriate models [based on
the minimum Akaike information criterion (AIC) scores] to explain the variation of abundance
of distinct groups of phyllosoma larvae. The AIC scores for the final model of each group are
included, alternative models for each group and their AIC values are reported in Online Appendix
2. Note that data for late-stage phyllosomas contained a high proportion of zero density records,
which precluded application of the modeling approach.
Variable/factor
Depth
Night-Day
Zones
Year
Depth*Zone
Depth*Night-Day
Night-Day*Year
Zone*Year
Depth*Zone*Year
AIC score

All stages
x
–
x
x
x
–
–
–
–
2,162.78

Early stage
x
x
x
x
x
–
x
–
x
3,500.08

Mid-stage
x
x
x
x
x
x
–
x
x
5,748.81

Late-stage

−205.38
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Figure 7. Variation of the mean depth (bars) occupied by stage groups of phyllosoma larvae
and the moonlight index (circles and solid lines). The data for each stage category and cruise
are shown separately: (A) March 2006, early stages (I–III); (B) January 2007, early stages; (C)
March 2006, mid stages (IV–VIII); (D) January 2007, mid stages. Only nighttime stations were
considered.

Moonlight Effects on Vertical Distribution of Phyllosomas.—In March
2006, the mean depth for early-stage phyllosomas was calculated for two periods. The
first series of MI observations (n = 7) corresponded to a phase of abundant moonlight
(mean = 3.9, SD 2.39). During this period, phyllosomas were found in depths ranging
from 12.5 to 87.5 m (mean = 36.9, SD 26.32 m, Fig. 6). The remaining observations (n
= 9) corresponded to a phase of lower MI values (mean = 0.58, SD 1.94). In this darker
period, early stages were found at mean depths ranging from 12.5 to 37.5 m (mean
= 23.76, SD 10.41 m; Fig. 7, Table 3). In January 2007, early-stage phyllosomas were
found at depths ranging from 16.75 to 37.5 m (mean = 28.0, SD 10.49 m; MI: mean =
3.07, SD 1.76, n =12) and depths ranging from 12.5 to 87.5 m (mean = 29.9, SD 21.37
m; MI: mean = 1.95, SD 3.09; n = 5, Fig. 7).
Table 3. Correlation analysis between the moonlight index and the mean depth where the stage
groups of phyllosoma were found in night-time stations of two cruises. Late-stage phyllosomas
were excluded from this analysis since there were few observations.
Stage group
Early stages
Early stages
Mid-stages
Mid-stages
Early stages
Mid-stages

Cruise date
March 2006
January 2007
March 2006
January 2007
2006 and 2007
2006 and 2007

Pearson’s correlation index
95% CI
n
ρ^
16
0.580
0.11, 0.83
12
−0.320 −0.75, 0.32
22
0.005 −0.42, 0.42
14
0.530 −0.01, 0.83
28
0.440
0.08, 0.70
36
−0.045 −0.37, 0.29

Significance test
ts
df
P
2.64 14
0.019
−1.05 12
0.317
0.02 20
0.980
2.15 12
0.053
2.49 26
0.019
−0.27 34
0.790
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Figure 8. Variation of mean depth occupied by (A) early- (I–III) and (B) mid-stage (IV–VIII)
phyllosoma larvae in relation to the moonlight index in two cruises: March 2006 (circles), and
January 2007 (squares).

The remaining MI analyses followed a similar pattern. In March 2006, most of the
mid-stage phyllosomas were collected during a period with low MI (mean = 1.68, SD
2.52, n = 13) at depths ranging from 12.5 to 62.5 m (mean = 29.8, SD 12.78 m). Midstage phyllosomas tended to occupy slightly shallower layers when the moonlight
intensity increased (mean = 3.02, SD 2.89, n = 9) over a depth range of 12.5–45.5 m
(mean = 26.9, SD 13.68 m; Fig. 7C). However, that pattern was unclear given the few
available observations. In January 2007, mid-stage phyllosomas were found at depths
ranging from 12.5 to 44.9 m (mean = 30.7, SD 11.15 m; MI: mean = 0.17, SD 0.24; n
= 9) and depths ranging from 12.5 to 44.9 m (mean = 46.5, SD 18.48 m; MI: mean =
0.90, SD 0.60; n = 5, Fig. 7). The observed pattern consisted of mid-stage phyllosomas
residing in deeper waters as MI increased. Overall, for mid-stage phyllosomas there
was no correlation between mean depth and moonlight (Fig. 8, Table 3)
Discussion
We examined variation in density (abundance) and distribution of Palinurid phyllosomas collected over two research cruises in two successive years along the coasts
of Quintana Roo and the Yucatán peninsula. Overall, the dominant lobster species
in all our samples was P. argus (77.2%), a result consistent with previous studies
(Olvera and Ordoñez 1988, Manzanilla-Domínguez and Gasca 2004, ManzanillaDomínguez et al. 2005). The second most abundant species was P. guttatus (4.23%),
while no phyllosomas of P. laevicauda were found despite our genetic analysis (barcoding and using adult tissue as reference material). Also of interest was our ability
to provide taxonomic resolution through DNA barcoding in discerning phyllosomas,
especially those of P. argus from P. guttatus. These identifications, coupled with our
taxonomic descriptions, serve as a taxonomic reference for future studies.
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In both cruises, sampling stations were not evenly distributed as there was a concentration around Banco Chinchorro. This was due, in part, to logistical constraints
as the research cruise was engaged in a variety of concurrent research objectives
including the collection of fish larvae and associated physical oceanographic data.
Despite this potential bias, it is clear that the most productive stations (i.e., high concentrations of phyllosomas) were near the coast of Banco Chinchorro. These findings were reflected in our statistical model results and are also similar to previous
reports for phyllosomal distributions along the coast of Quintana Roo (ManzanillaDomínguez and Gasca 2004, Manzanilla-Domínguez et al. 2005). Furthermore, regarding our sampling efforts over disparate months in 2006 and 2007, our results
appear to correspond to two different pulses in the reproductive cycle of Palinurid
adults. This pattern is likely related to the annual reproductive activity for lobsters
in Quintana Roo, with a major peak in spring-summer from March to July, and a
secondary pulse occurring in autumn from October to September (Briones-Fourzán
and Gutiérrez-Carbonell 1992, Ramírez-Estévez 1996). These results are also similar
to the findings of Alfonso et al. (1991, 1999), who reported higher concentrations of
early-stage phyllosomas near the Mexican (Yucatán) coast and decreasing abundances offshore. However, this pattern is not universal. For example, it has been reported
that for the Australian rock lobster [Panulirus cygnus (George, 1962)], phyllosomal
concentrations increased offshore and their vertical distribution was related to varying levels of moonlight (Chittleborough and Thomas 1969, Rimmer 1980). Thus, it is
important to evaluate all abiotic factors that may be influential in the spatiotemporal
distribution of phyllosomas; laboratory-based studies may be beneficial to deciphering in situ patterns of distribution.
Although the effect of moonlight was not the primary goal in our study, we were
able to examine its influence on the vertical distribution of phyllosomas. Our analyses of the stations sampled during nighttime contributed preliminary results that
we intend to build upon. In contrast, the classic work of Rimmer and Phillips (1979)
was able to accurately detect the influence of moonlight on the vertical distribution
of phyllosomas. Overall, there was one pattern clearly detected: early-stages of phyllosomas tended to occupy deeper layers at higher moonlight levels. This is consistent
with the negative phototactic behavior reported for laboratory-raised P. argus phyllosomas that were >3 mo of age (Butler et al. 2011). Our field data in March 2006 corroborates this result; however, this same pattern was not detected in January 2007
when MI was relatively limited (Fig. 7). In the case of mid-stage phyllosomas, there
was no clear pattern, although the data collected in January 2007 suggested that
mid-stage larvae tend to occupy deeper layers as moonlight intensity increases.
Our findings on the early-stages of phyllosomas of P. argus depart from the pattern
described for similar stages of P. cygnus by Rimmer and Phillips (1979). These authors
concluded that early stages (I–III) tend to occur at the surface at night regardless of
moonlight intensity. Conversely, we found that early-stages tend to avoid the surface
layers when MI values were higher. Our results regarding the mid-stages of phyllosomas were similar, given that Rimmer and Phillips (1979) reported that mid- and
late-stages were absent from the surface layers on moonlit nights. For P. argus, this
behavioral transition to negative phototaxis has been observed in phyllosomas approximatley 100 d after hatching under laboratory conditions (Butler et al. 2011).
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Patterns of Distribution with Oceanographic Features.—From our results, the highest densities of phyllosomas were observed in the south zone (Banco
Chinchorro) during March 2006, and off the coast of the central zone, in front of the
Sian Ka’an BR and south of Cozumel during January 2007. Thus, in general terms,
low concentrations of phyllosomas were observed in northern Quintana Roo and a
southward gradient of concentration for phyllosomas was recorded. Physical processes, such as transport by currents, together with behavioral-mediated traits in
phyllosomas (Pineda et al. 2007, Butler et al. 2011), likely play an important role in the
retention and subsequent distribution of phyllosomas in coastal waters off Quintana
Roo. The Yucatán current is characterized by a northeastward directional flow that
intensifies toward the Yucatán Channel (Sheinbaum et al. 2002, Centurioni and
Niiler 2003, Cetina et al. 2006, Carrillo et al. 2015). The Yucatán Current can reach
speeds up to 2.0 m s−1 near the Yucatán Channel (Sheinbaum et al. 2002, Carrillo
et al. 2015), which means that phyllosomas may be carried away and are not likely
retained in the northern zone (Briones-Fourzán et al. 2008, Carrillo et al. 2015). This
may explain the low density of phyllosomas collected in northern Quintana Roo during both sampling years.
Other studies providing oceanographic data that included the area off Quintana
Roo and in the MBRS suggest that, during 2006, the Yucatán Current was generally much weaker and variable in the region located south of Bahia de la Ascensión
compared with the northern section (Muhling et al. 2013, Carrillo et al. 2015). It has
been suggested that this difference in the transport field had an important influence
on retention, thereby concentrating higher densities of larval fishes in the southern
MBRS, which includes southern Quintana Roo (Muhling et al. 2013, Carrillo et al.
2015). The same mechanisms may apply to phyllosomal densities. However, there
were differences between the March 2006 and January 2007 cruises in phyllosomal
distributions. Seasonal and interannual variability in sub-mesoscale features occur
along the MBRS (Carrillo et al. 2015), and these likely result in different larval transport and retention outcomes.
Early-stage phyllosomas found in areas adjacent to populations of adult lobsters
during their putative reproductive period may be associated with physical retentive
processes (e.g., eddy-like features). Banco Chinchorro represents a physical barrier to
the northward flow of the currents creating an “island effect” as described by Hamner
and Haury (1981) for other regions. Sub-mesoscale eddy-like features (approximately
1–10 km) are associated with the island effect. A satellite-tracked drifter released
close to Banco Chinchorro coast was trapped in a sub-mesoscale eddy-like feature of
approximately 5 km for about 24 hrs (Carrillo et al. 2015). This suggests that fluctuating eddies around Banco Chinchorro may result in an increased physical retention of
propagules, which would explain the higher densities of early- and mid-stage phyllosomas found in this area. Muhling et al. (2013) and Carrillo et al. (2015) reported the
presence of a sub-mesoscale cyclonic eddy located south of Cozumel; this cyclonic
eddy-like structure generates a coastal countercurrent near Tulum. Both the eddylike features and the coastal countercurrent may act as a physical structure for larval
retention that may have concentrated early- and mid-stage phyllosomas in 2007 in
the central zone of Quintana Roo, particularly at stations south of Cozumel Island,
close to the coasts of Tulum and Sian Ka’an BR.
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Phyllosoma Abundance.—The high abundance of mid-stage phyllosomas in
both years may be explained by the reproductive seasonality of lobsters, which occurs on a year-round basis at least for P. guttatus and P. argus (Padilla-Ramos and
Briones-Fourzán 1997) in the Mexican Caribbean. For the congener, P. laevicauda,
little is known about their reproduction off Mexico, and data for this species continues to remain elusive. However, studies in Puerto Morelos suggest that P. laevicauda
has a limited breeding season, and only one ovigerous female has been reported to
date (Padilla-Ramos and Briones-Fourzán 1997).
In both cruises, there were low abundances and more scattered concentrations
of late-stage phyllosomas away from the coast. Moreover, the small number of latestage phyllosomas precluded a complete analysis. In addition, neither cruise provided
a clear idea of whether phyllosomas are carried offshore or if other factors (e.g., food,
water quality, depth) influence the arrival of recruits to coastal locales (Goldstein
and Butler 2009, Kough et al. 2014). Low numbers of late-stage phyllosomas were expected because, during March, there are typically low influxes of lobster postlarvae
(pueruli) along the coast of Quintana Roo (Briones-Fourzán 1994, Briones-Fourzán
et al. 2008, Olivares-Escobedo 2011). Arrival of pueruli into more shallow, coastal
Quintana Roo waters peaks in the period October to November (Briones-Fourzán et
al. 2008, Olivares-Escobedo 2011). Hence, during March 2006 and January 2007, the
reduced number of late-stage phyllosomas collected may have been expected.
Because spawning has a relatively similar seasonality in the Caribbean Sea, it is
likely that the number of late-stage phyllosomas we caught reflect the secondary
peak in reproductive activity in the period September-October (Briones-Fourzán
1994, Briones-Fourzán et al. 2008). However, the likely origin of those phyllosomas
was from elsewhere in the Caribbean (Butler et al. 2011, Kough et al. 2013). It has
been estimated, through biophysical modeling, that the dispersal trajectory for P.
argus phyllosomas show two distinct modes: the first at approximately 300 km and
the second at approximately 1000 km, from their hypothetical release points (Butler
et al. 2011). Thus, it is possible that only some of the phyllosomas we quantified were
produced by ovigerous lobsters that hatched in the waters of Quintana Roo. However,
further work, including the application of genetic markers, would provide better resolution to the sources and sinks of phyllosomas in these areas (Thorrold et al. 2002).
Highest densities of phyllosomas sampled throughout both cruises were found in
the surface layers (0–50 m) both during the day and at night: our final abundance
model suggested that time-of-day (day vs night) was not an important factor in density variation. However, it is possible that we had insufficient data to detect the influence of time of day or, perhaps our models lacked statistical power (Sokal and Rohlf
1995). Similarly, Yeung et al. (1993) found no statistical difference in the distribution
of phyllosomas between day and night, and these phyllosomas were equally distributed in high concentrations in the surface layers at all times. In contrast to our model
for total phyllosomas, the interactions between time-of-day, year, and depth were important in the model describing the distribution of early-stage phyllosomas. This was
likely a result of the vertical distribution of early-stage phyllosomas that generally
reflected higher densities in the surface layers during day and night. High densities
at night have also been reported for early-stage phyllosomas of P. cygnus (Rimmer
and Phillips 1979). Contrary to phyllosomal distributions near the surface, Alfonso
et al. (1995, 1999) found that early phyllosomal stages of P. argus displayed negative
phototropism hours after hatching, and their concentrations were highest at 50 m
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at night. Our results regarding the moonlight effect on vertical distribution of early
stage phyllosomas depart from those reported by Rimmer and Phillips (1979), and
agree with the findings of Alfonso et al. (1995, 1999).
During the 2007 cruise, the interaction between the factors depth and time-ofday for mid-stage phyllosomas emerged as important. High densities of phyllosomas
were distributed in the uppermost layer at night. This was also the case for P. cygnus
in Australia where phyllosomas began to disperse into depth strata from 6:00AM
onward (Rimmer and Phillips 1979). Besides the small number of late-stage phyllosomas collected throughout the depth strata we sampled, it is likely that we did not
collect enough phyllosomas to clearly detect these trends and additional sampling
efforts would be required to address these patterns. Yeung and McGowan (1991) reported that phyllosomas were distributed in the surface layer (0–50 m) regardless of
their stage, as was the case with our results. Butler et al. (2011) found that the last
phyllosomal stages (10–15 mm carapace length) of P. argus exhibit negative phototaxis and migrate to deeper, darker layers. In Cuban waters, Alfonso et al. (1995,
1999) observed higher concentrations of late-stage phyllosomas in depths of 10–40
m during the night and early morning. Phillips and Pearce (1997) noted that phyllosomas corresponding to mid- and late-stage of P. cygnus were distributed from 60
to 140 m during the day. Our data for March 2006 suggest a similar trend as reported
by Phillips and Pearce 1997, despite low number of phyllosomas collected. Future
sampling targeting late-stage phyllosomas as well as laboratory-based studies along
the lines of Butler et al. (2011) are warranted.
Larval dispersal and survival depend on multiple factors including spawning seasonality, pelagic larval duration, availability of prey, and predation pressure (Pineda
et al. 2007). Along with light intensity, physical processes (e.g., transport and turbulence), vertical migration, and changes in behavior during ontogenetic development
influence larval transport (Sponaugle et al. 2002, Phillips et al. 2006). It is not yet
possible to accurately predict which forces determine the spatiotemporal patterns
of phyllosomal concentrations off Quintana Roo. Further studies are needed, at both
local and regional scales, focusing on phyllosomal behavior, vertical distribution,
and diel behavior. Ultimately, we suggest that the interaction of the seasonality of
reproductive activity (spawning), along with oceanographic features (currents), and
behavioral responses (ODVM) of phyllosomas may produce a dynamic output that
favors a higher potential for larval retention off the central and southern coasts of
the Mexican Caribbean.
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