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Abstract: Achelata (Palinuridae and Scyllaridae) have a flat, transparent, long-lived planktonic larva
called phyllosoma, which comprises multiple stages and has a duration from a few weeks (some
scyllarids) to >20 months (some palinurids). The larval development of many Achelata occurs in
oceanic waters, where conventional plankton nets usually collect the early- to mid-stages but not the
later stages, which remain poorly known. We examined the diversity and distribution of mid- and
late-stage phyllosomata in the oceanic waters of the Mexican Caribbean, where the swift Yucatan
Current is the dominant feature. The plankton samples were collected at night with a large mid-water
trawl in autumn 2012 (55 stations) and spring 2013 (34 stations). In total, we obtained 2599 mid- and
late-stage phyllosomata (1742 in autumn, 857 in spring) of five palinurids (Panulirus argus, Panulirus
guttatus, Panulirus laevicauda, Palinurellus gundlachi, Justitia longimana) and three scyllarids (Parribacus
antarcticus, Scyllarides aequinoctialis, Scyllarus chacei). Overall, the mid-stages were ~2.5 times as
abundant as the late stages. The palinurids far outnumbered the scyllarids, and P. argus dominated
over all the other species, followed at a distance by P. guttatus. The densities of all the species were
generally low, with no clear spatial pattern, and the phyllosomata assemblage composition greatly
overlapped between seasons. These results suggest the extensive mixing of the organisms entrained
in the strong Yucatan Current, which clearly favors the advection of the phyllosomata in this region
despite the presence of some local sub-mesoscale features that may favor short-term retention.

Keywords: decapods; spiny lobsters; slipper lobsters; phyllosoma; Caribbean Sea; Yucatan Current

1. Introduction

The decapod crustacean infraorder Achelata comprises two families: Palinuridae
(spiny lobsters) and Scyllaridae (slipper lobsters) [1,2]. Palinurids are characterized by their
long and spiny second antennae, whereas the second antennae of scyllarids are modified
as a hinged series of five flat plates. Both families share a distinctive type of planktonic,
transparent larva called “phyllosoma” (plural: phyllosomata), which differs broadly in
morphology from the benthic juveniles and adults. The term phyllosoma (“leaf body”
in Greek) refers to the extremely flattened body of this larva. The duration of the larval
phase varies with species but may encompass 4 to 22 months in Palinuridae and 30 days to
9 months in Scyllaridae [3,4].

The adaptations of phyllosomata to a long life in oceanic waters include a virtually
transparent body that helps to avoid predation and the development of long and narrow
pereopods with numerous setae and exopods that are used for flotation and to swim well
enough to catch and retain prey [3,5]. The final stage metamorphoses into a nektonic
postlarva, known as puerulus in Palinuridae and nisto in Scyllaridae, which swims back
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to the coastal benthic habitats where it settles [3,4]. Based on their size and degree of
development, phyllosomata are grouped into different stages, each of which can encompass
one or more instars [6]. The number of stages depends on the degree of morphological
differentiation and the duration of the larval phase. The early stages can be more similar
between species, but, as they grow, morphological changes are useful for identification
purposes [3,7].

In the wider Caribbean region, adult populations of 13 species of Achelata occur (five
Palinuridae and eight Scyllaridae) [8,9]. Of these species, the complete larval series is
known for six: Panulirus argus [10,11], Justitia longimana [12], Scyllarus americanus [13], Scyl-
larus depressus [14], Scyllarus chacei [15], and Scyllarus planorbis [16]. The incomplete larval
series is known for Panulirus guttatus [17,18], Panulirus laevicauda [19], Palinurellus gund-
lachi [20], Scyllarides aequinoctialis [21], Scyllarides nodifer, and Parribacus antarcticus [22,23].
There are no data regarding the larval development of Bathyarctus faxoni. One palinurid,
P. argus, is a major fisheries resource throughout the region [24], whereas P. guttatus, P. lae-
vicauda, S. aequinoctialis, P. antarcticus, and S. nodifer constitute minor fishing resources of
varying importance in different countries [8,9].

The distribution of the Achelata species is determined by factors such as their larval
duration, the survival rate of subsequent larval stages, their behavior and capacity to swim
vertically, as well as the influence of local and regional oceanic processes [3,6]. The longer
the larval duration, the greater the potential for dispersal via ocean currents [25]. However,
despite limited swimming abilities, phyllosomata can control their vertical position in
the water column, which may modulate the range of dispersion. Ontogenetic behavioral
changes of phyllosomata may result in the stratification of different larval stages [26–28].
Regardless, phyllosomata spend most of their planktonic life in reasonably well-illuminated
regions, as indicated by their eye structure [29], and they can only partially control their
dispersion, which is mainly determined by the ocean currents [3,6,30]. These currents
influence the connectivity and flow of larvae among different areas, although short- or
long-term larval retention may occur in mesoscale processes [31,32].

Larval retention and dispersion dynamics may impact the distribution and abundance
of phyllosomata [33–35], with important implications for the regional larval biodiversity.
Processes of postlarval recruitment to coastal habitats may underlie fluctuations in the
abundance of adult populations, and understanding these processes requires extensive
information on the distribution of larvae [3,36]. In the Mexican Caribbean, studies address-
ing the diversity and distribution of phyllosomata have mainly obtained information on
the early- to mid-stages, with little knowledge about the late stages [37–41]. The aim of
the present study was to investigate the diversity and distribution of the mid- to late-stage
phyllosomata of spiny and slipper lobsters along the Mexican Caribbean in two contrasting
seasons in order to increase insight into the larval dynamics and connectivity of Achelata
in the wider Caribbean region.

2. Materials and Methods
2.1. Study Area

The study area is in the NW Caribbean Sea, off the coast of the state of Quintana
Roo (Mexico), from the shelf brake to approximately 100 km offshore. Along this coast,
the continental shelf is very narrow (<10 km in general, but <3 km in many parts), and
depth increases rapidly a short distance from the shore [42]; therefore, our samplings were
conducted almost exclusively in oceanic waters (Figure 1). In the NW Caribbean Sea, the
Cayman Current flows from the Caribbean basin in an E-W direction and arrives almost
perpendicular to the coast close to the southern sector of our study area. There, it veers
north and becomes the Yucatan Current, which flows parallel to the coast and reaches its
maximum velocities (up to 3 m s−1) in the Yucatan Channel. Upon entering the Gulf of
Mexico, it turns into the Loop Current [43]. The velocity of the Yucatan Current is modu-
lated by the passage of cyclonic and anticyclonic eddies and by the latitude of impingement
of the Cayman Current [42,44,45]. Moreover, a coastal counter-current and a persistent
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sub-mesoscale eddy south of Cozumel Island have been repeatedly reported [42,46–48].
The dynamic complexity of this current system has important biological implications,
with some areas favoring larval retention and others favoring larval advection [42,48] (see
Section 3).
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Figure 1. Study area showing location of plankton sampling stations (black dots) during (a) the
autumn 2012 cruise and (b) the spring 2013 cruise.

2.2. Larval Sampling and Identification

Plankton samples were obtained during a research project addressing the location of
metamorphosis zones of P. argus and P. guttatus and the nutritional condition of P. argus
during the phyllosoma-puerulus-juvenile transition [48–51]. Sampling was conducted in
numerous stations located along several transects perpendicular to the shelf break over
oceanic waters during two oceanographic cruises in UNAM’s R/V Justo Sierra, “Metamor-
fosis 1”, conducted in autumn 2012 (13–24 November; 55 stations) and “Metamorfosis 2”,
conducted in spring 2013 (4–14 April; 38 stations). Hereafter, these cruises will be referred
to as the “autumn cruise” and the “spring cruise”, respectively (Figure 1).

Samples were obtained with two different nets used simultaneously: a larger mid-
water Tucker trawl (effective mouth area: 9 m2; length: 12 m; mesh size: 10 mm) primarily
designed to collect late-stage phyllosomata, and a smaller neuston net (mouth area: 1.5 m2;
length: 3 m; mesh size: 3 mm) primarily designed to collect swimming postlarvae of spiny
lobsters [48,49]. The Tucker trawl was towed from stern at depths of 5–15 m and was
fitted with a Sea-Bird SBE39 data logger to record time, depth, and temperature during
the tow. The neuston net was towed from starboard approximately mid-ship within the
uppermost meter of the water column. Tows were conducted against the prevailing current
for 30–35 min at an average speed of 1.3 m s−1. Samples were taken exclusively during
the hours of darkness (i.e., between 1 h after sunset and 1 h before sunrise) to increase the
chances of catching phyllosomata, which tend to concentrate in the top 25 m of the water
column in dark nights [27,52–54].

Surface geostrophic current fields during each cruise were derived from satellite-
obtained sea surface dynamic altimetry data obtained from the Archiving, Validation, and
Interpretation of Satellite Oceanographic data (AVISO). Results on hydrographic analyses
and geostrophic flow velocities obtained from CTD (Conductivity, Temperature and Depth)
profiles carried out during the day along the same transects in which larval sampling took
place during the night were reported by Briones-Fourzán et al. [48].
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Upon retrieving the nets, the fresh plankton were immediately examined for phylloso-
mata, which were preserved in 80% ethanol. In the laboratory, the larvae were identified
and staged using specialized literature for palinurids: P. argus [10,11], P. guttatus [17], P.
larvicauda [19], J. longimana [12], and P. gundlachi [20], and for scyllarids: S. americanus [13],
S. depressus [14], S. chacei [15], S. planorbis [16], S. nodifer and S. aequinoctialis [15,21], and P.
antarcticus [22,23,55,56]. To aid in phyllosomata identification and staging, the following
measurements were taken under a stereoscopic microscope: total body length (BL), from
the anterior margin of the cephalic shield between the eyestalks to the posterior end of the
pleon; cephalic length (CL), from the anterior to the posterior margin of the cephalic shield;
and cephalic width (CW), measured at the widest part of the cephalic shield [11,18]. To
distinguish between similar stages of P. argus, P. guttatus, and P. laevicauda, we also used
several ratios between these and other measurements (e.g., distance between mouth parts,
see [17]). To distinguish between similar scyllarid species, we followed the keys provided
by Robertson [15].

Earlier papers reported 11 larval stages for P. argus (e.g., [10,53]); however, Goldstein
et al. [11] obtained the complete larval development of P. argus in culture, recognizing only
10 stages prior to metamorphosis. Therefore, we followed Goldstein et al. [11] to stage
phyllosomata of P. argus. In the case of P. guttatus, Goldstein et al. [18] also obtained stages
I–IX (which they considered the subfinal stage) of P. guttatus in culture, but their article
was not available at the time our study was conducted. Instead, we followed Baisre and
Alfonso [17], who suggested 11 stages for this species.

2.3. Data Analyses

Because phyllosomata are highly diluted, individual stages of a given species may be
scarce or completely absent in some sampling stations; therefore, a common procedure
to analyze their distribution consists of grouping them into three categories: early-stage,
mid-stage, and late-stage phyllosomata [30,41,52,57,58]. We used the following criteria for
this categorization: early stages: appendages not well developed and with no exopods,
not all pereopods present, antennules longer than or equal in length to antennae; mid-
stages: exopods without setae in almost all appendages, antennae may exceed the length
of antennules, abdomen starting to segment or already segmented, pleopods and uropods
beginning to develop; late stages: appendages well developed with exopods and setae
present, all pereopods present and well developed, antennae exceed length of antennules,
abdomen well segmented, pleopods and uropods completely developed, gills (when
present) may appear as papillae, unilobed buds, or completely developed bilobed buds.
For P. gundlachi, we also considered the degree of extension of the cephalic shield over the
thorax (see [20]). These categories do not necessarily include the same stages for all species
(Table 1).

Table 1. Categorization of individual phyllosomata stages of eight Achelata species into early stages,
mid stages, and late stages.

Species Early Stages Mid Stages Late Stages

Panulirus argus I–III IV–VIII IX–X
Panulirus guttatus I–III IV–VIII IX–XI

Panulirus laevicauda I–III IV–VIII IX–XI
Palinurellus gundlachi I–V VI–VIII IX–XII

Justitia longimana I–IV V–VIII IX–X
Parribacus antarcticus I–V VI–VIII IX–XI

Scyllarides aequinoctialis I–V VI–IX X–XI
Scyllarus chacei I–III IV–V VI–VII

To examine the spatial distribution of larvae, the number of mid-and late-stage larvae
of each species was standardized to 1000 m3 of filtered water. Densities were estimated only
for samples taken with the mid-water Tucker trawl, which caught 94% of all phyllosomata.
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The filtered volume (V) was estimated with the equation V = D × A, where D is distance
travelled, derived from the ship’s speed (m s−1) during the tow × duration of the tow (s),
and A = net mouth effective area (9 m2).

For each species, the mean and standard deviation of all body dimensions were
estimated by stage [59]. Only for P. argus, which was by far the dominant species (see
Section 3) with multiple larvae of each stage in both seasons, the mean BL of each mid- and
late-stage was compared between seasons with a non-parametric Mann–Whitney test.

To characterize the biodiversity of phyllosomata along our study area, we estimated
five ecological indices for each sampling station during each cruise: species richness (S)
and abundance (N), as well as Shannon–Wiener’s diversity (H′), Pielou’s evenness (J′), and
Simpson’s dominance (λ). The latter three combine measures of richness and abundance,
hence providing greater ability to discriminate samples than S or N alone [58]. Each
ecological index was compared between seasons (cruises) with a Student’s t test after
checking for normality and homogeneity of variances.

The potential effect of season (cruise) on the assemblage composition of phyllosomata
was examined using multivariate analyses. For these analyses, we considered as separate
groups the mid- and late-stage phyllosomata of each species based on differences in age,
vertical movement range, diet, and trophic position with increasing size [60–63]. Results
were visualized with a non-metric multidimensional scaling (NMDS) ordination on the
square-root transformed abundance data using the Bray–Curtis similarity measure [64].
The significance of the observed differences was further tested with a one-way analysis of
similarity (ANOSIM). This test provides an R-value indicative of the degree of difference
between samples. R-values close to 0 are indicative of little difference, while values close to
1 are indicative of a large difference in sample composition [65]. We then did a similarity
percentage analysis (SIMPER, [64]) to identify those groups of phyllosomata responsible
for the observed similarities between seasons. The software PRIMER 6 v6.1.9 [66] and
PAST v4.05 [67] were used for these analyses.

3. Results
3.1. Surface Geostrophic Current Fields

The conditions of the altimetry-derived current fields remained fairly constant through-
out each cruise; therefore, we chose the central date of each cruise to visualize the current
field during that cruise. During the autumn cruise, an anticyclonic eddy was located south
of Cuba and the velocity of the geostrophic currents off the Yucatan Peninsula increased
northwards (Figure 2a). During the spring cruise, there was a large anticyclonic/cyclonic
eddy system also south of Cuba and to the east of our study area (Figure 2b). In this cruise,
differences in the sea surface height were greater than during the autumn cruise, resulting
in stronger geostrophic currents. During both cruises, the geostrophic calculations from
the CTD survey revealed the presence of a coastal counter-current and a submesoscale
eddy south of Cozumel [48], but these features were close to the coast where altimetry mea-
surements are not reliable. Therefore, they were not registered on the altimetry-deduced
flow field. However, it is important to mention their existence because of their potential
influence on temporal larval retention [48].

3.2. Species Abundance and Stage Composition

In total, we collected 2599 phyllosomata of both Achelata families, of which 2563
(98.6%) were identified to species. The 36 remaining larvae (1.4%) were too damaged to be
identified with certainty.
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Figure 2. Surface geostrophic current field as derived from satellite-obtained sea surface dynamic altimetry data obtained
from the Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO) for (a) 18 November 2012 and
(b) 9 April 2013.

In the autumn cruise, 53 of the 55 sampled stations (96.4%) yielded 1742 phyllosomata,
1715 (98.5%) of which were identified to species. Five species of Palinuridae accounted for
94.1% of these larvae, and three species of Scyllaridae for the remaining 4.9%. The most
abundant species was Panulirus argus (61.2% of all the larvae), followed by P. guttatus (29%),
Parribacus antarcticus (3%), Palinurellus gundlachi (2.7%), Justitia longimana (2.2%), Scyllarides
aequinoctialis (1.9%), Panulirus laevicauda and Scyllarus chacei (0.9% of all the autumn larvae
each) (Figure 2).

In the spring cruise, 29 of the 34 sampled stations (85.3%) yielded 857 phyllosomata, of
which 848 (99%) were identified to species. Palinurids accounted for 93.6% of all the spring
larvae, distributed in the five species; the rest (6.4%) corresponded to two scyllarid species.
Again, the most abundant species by far was P. argus (78.0% of all the larvae), followed
at a distance by P. guttatus (8.1%), P. gundlachi (7.2%), Scyllarus chacei (3.8%), Scyllarides
aequinoctialis (2.6%), P. laevicauda (0.2%), and J. longimana (0.1%) (Figure 3).
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As expected, the vast majority of phyllosomata were mid- and late stages (Table 2),
although a few early-stage larvae of P. gundlachi, P. antarcticus, and S. aequinoctialis were
collected in either or both cruises (Table 2). In P. argus, P. guttatus, S. aequinoctialis, and
J. longimana, mid-stage larvae outnumbered late-stage larvae in both cruises. This was also
the case for P. antarcticus in the autumn cruise, the only one in which this species occurred
(Table 2). Only one final phyllosoma of S. chacei (stage VII) and one final phyllosoma of
P. laevicauda (stage XI) were collected in the autumn cruise. In the spring cruise, late-stage
larvae outnumbered mid-stage larvae for P. gundlachi, whereas all the S. chacei larvae
were late-stage phyllosomata. In this cruise, two phyllosomata X of P. laevicauda and one
phyllosoma V of J. longimana were collected (Table 2).

Table 2. Number of phyllosomata of each species categorized into early-stage, mid-stage, and
late-stage larvae by cruise (N = total number of larvae).

Species Autumn 2012 Spring 2013

N Early Mid Late N Early Mid Late

Panulirus argus 1049 0 763 286 662 0 476 153
Panulirus guttatus 497 0 392 105 68 0 56 11

Panulirus laevicauda 1 0 0 1 2 0 0 2
Palinurellus gundlachi 46 1 9 36 61 14 12 35

Justitia longimana 38 0 25 13 1 0 1 0
Parribacus antarcticus 51 1 46 4 0 0 0 0

Scyllarides
aequinoctialis 32 1 23 8 22 1 20 1

Scyllarus chacei 1 0 0 1 32 0 0 32

The mean and standard deviation of each measurement by stage are provided for
all the palinurids (Table 3) and scyllarids (Table 4) collected. Within the palinurids, the
species with the largest larvae by stage were P. guttatus and J. longimana, and with the
smallest larvae by stage P. gundlachi (Table 3). Within the scyllarids, the largest larvae by
stage were those of S. aequinoctialis, and the smallest, by far, those of S. chacei (Table 4). In
P. argus, significant differences in size between the seasons occurred in stages V (U = 99,
n1 = 38, n2 = 16, p < 0.001), VII (U = 19,594, n1 = 233, n2 = 191, p = 0.034), VIII (U = 6997,
n1 = 214, n2 = 15, p < 0.001), and X (U = 263, n1 = 46, n2 = 18, p = 0.024) but not in stages VI
(U = 18,992, n1 = 241, n2 = 162, p = 0.645) or IX (U = 4679, n1 = 136, n2 = 73, p = 0.495).

Table 3. Number of mid- and late stage palinurid phyllosomata by species and stage (N), and
morphometric measurements: BL (total body length), CL (cephalic length), CW (cephalic width). All
measurements in mm. SD: standard deviation.

Species and Stage N BL
(Range)

BL
(Mean ± SD)

CL
(Mean ± SD)

CW
(Mean ± SD)

Panulirus argus
Stage V 54 4.3–8.1 6.0 ± 0.9 4.3 ± 0.8 2.3 ± 0.4
Stage VI 403 5.7–12.8 9.3 ± 1.4 6.8 ± 1.1 3.7 ± 0.6
Stage VII 424 9.2–17.0 13.3 ± 1.4 9.6 ± 1.1 5.4 ± 0.6
Stage VIII 319 13.4–22.6 18.4 ± 1.8 12.4 ± 1.2 7.2 ± 0.7
Stage IX 209 18.0–23.0 20.1 ± 0.9 13.3 ± 1.1 7.8 ± 0.6
Stage X 64 22.0–30.0 25.0 ± 1.3 15.1 ± 1.1 8.5 ± 0.7
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Table 3. Cont.

Species and Stage N BL
(Range)

BL
(Mean ± SD)

CL
(Mean ± SD)

CW
(Mean ± SD)

Panulirus guttatus
Stage V 28 6.9–11.0 9.2 ± 1.1 6.7 ± 0.8 3.6 ± 0.6
Stage VI 234 10.0–16.4 12.6 ± 1.4 9.4 ± 1.4 5.3 ± 0.8
Stage VII 123 11.5–21.0 16.7 ± 1.9 12.5 ± 1.8 7.3 ± 1.4
Stage VIII 64 14.5–28.5 21.7 ± 2.1 16.0 ± 1.5 9.6 ± 1.2
Stage IX 43 19.5–32.1 26.9 ± 2.7 19.1 ± 1.9 11.6 ± 1.6
Stage X 10 28.0–33.0 30.6 ± 1.4 21.0 ± 1.0 13.0 ± 0.5
Stage XI 4 37.5–42.5 39.8 ± 2.1 24.8 ± 0.9 14.9 ± 0.8

Palinurellus gundlachi
Stage V 11 5.0–6.5 5.9 ± 0.6 3.7 ± 0.9 3.8 ± 1.0
Stage VI 5 6.3–7.0 6.7 ± 0.3 5.0 ± 0.4 4.4 ± 0.4
Stage VII 3 7.4–8.5 8.0 ± 0.6 5.3 ± 0.6 5.8 ± 0.2
Stage VIII 9 8.5–11.2 9.6 ± 0.8 7.0 ± 0.7 6.3 ± 1.2
Stage IX 8 9.0–10.7 10.0 ± 0.6 6.6 ± 1.2 6.8 ± 0.4
Stage X 18 11.0–13.5 11.7 ± 0.7 8.0 ± 0.7 8.1 ± 1.2
Stage XI 14 11.3–16.0 13.0 ± 1.6 8.9 ± 1.1 8.3 ± 0.8
Stage XII 33 12.2–22.0 15.7 ± 1.1 10.4 ± 1.2 9.4 ± 0.7

Justitia longimana
Stage V 4 8.0–10.0 8.8 ± 0.9 6.8 ± 0.6 4.1 ± 0.6
Stage VI 8 11.3–16.1 13.5 ± 1.6 10.6 ± 1.2 7.0 ± 1.2
Stage VII 5 17.0–20.0 18.1 ± 1.2 13.9 ± 1.0 10.1 ± 1.4
Stage VIII 6 20.0–23.8 21.0 ± 1.4 14.8 ± 2.3 11.8 ± 0.7
Stage IX 12 24.0–28.0 26.0 ± 1.3 18.3 ± 1.0 14.4 ± 0.8
Stage X 1 35.5 22.6 16.6

Panulirus laevicauda
Stage IX 1 14.8 11.5 7.0
Stage X 1 16.5 12.5 8.0
Stage XI 1 22.5 17.0 10.5

Table 4. Number of mid- and late stage scyllarid phyllosomata by species and stage (N), and
morphometric measurements: BL (total body length), CL (cephalic length), CW (cephalic width). All
measurements in mm. SD: standard deviation.

Species and Stage N BL
(Range)

BL
(mean ± SD)

CL
(mean ± SD)

CW
(mean ± SD)

Parribacus antarcticus
Stage V 1 6.0 4.8 2.7
Stage VI 24 8.5–15.0 11.0 ± 1.7 8.9 ± 1.6 5.8 ± 1.1
Stage VII 12 13.0–17.5 15.3 ± 1.3 12.5 ± 1.0 9.3 ± 3.2
Stage VIII 9 18.8–28.3 21.3 ± 2.8 17.4 ± 2.1 13.0 ± 3.0
Stage IX 2 22.9–25.1 24.0 ± 1.6 20.0 ± 1.3 14.9 ± 1.2
Stage X 2 33.0–36.1 34.6 ± 2.2 28.3 ± 1.8 22.3 ± 1.5

Scyllarides aequinoctialis
Stage IV 2 4.0–4.4 4.2 ± 0.3 3.4 ± 0.6 1.9 ± 0.2
Stage VI 7 6.3–9.8 7.8 ± 1.1 6.0 ± 1.1 3.8 ± 0.7
Stage VII 9 7.3–10.3 9.3 ± 0.8 7.7 ± 1.8 4.5 ± 0.6
Stage VIII 13 10.3–18.4 14.4 ± 2.5 11.1 ± 2.0 7.6 ± 1.6
Stage IX 13 18.0–26.0 23.3 ± 2.7 18.6 ± 2.0 14.0 ± 2.1
Stage X 7 27.0–33.0 29.8 ± 2.3 22.2 ± 1.5 17.1 ± 1.3
Stage XI 2 38.6–41.2 39.9 ± 1.8 27.4 ± 1.5 20.1 ± 0.8
Stage XII 1 42.0 28.0 22.0

Scyllarus chacei
Stage VI 2 5.0–7.3 6.2 ± 1.6 4.2 ± 1.1 4.7 ± 0.7
Stage VII 31 9.2–11.4 10.5 ± 0.5 5.9 ± 0.5 7.1 ± 1.3
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3.3. Phyllosomata Density and Spatial Distribution

The densities of the mid- to late-stage phyllosomata (all the species combined) were
low across the study area. The values per sampling station ranged from 0 to 4.1 ind
1000 m−3 in the autumn 2012 cruise (Figure 4a), and from 0 to 9.7 ind 1000 m−3 in the
spring 2013 cruise (Figure 4b). In general, greater densities of phyllosomata occurred south
of Cozumel Island in the autumn cruise and north of Cozumel in the spring.
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The most frequent larvae were the mid- and late-stage phyllosomata of P. argus,
occurring in 89% and 87% of the 55 sampling stations in autumn, respectively, and in 70%
and 61% of the 34 stations in spring, respectively. In general, the densities of the mid-stage
larvae were lower in the autumn (range: 0–2.6 ind 1000 m−3), with greater concentrations
south of Cozumel (Figure 5a), than in the spring (range 0.1–7.0 ind 1000 m−3), when higher
values mostly occurred close to the Yucatan Channel (Figure 5b). The densities of the
late stages of P. argus were even lower (0.1–1.2 ind 1000 m−3 in autumn and 0.1–2.7 ind
1000 m−3 in the spring), with the highest values recorded in two stations in the southern
zone, very close to the coast, in the autumn cruise (Figure 5c) and in one southern station
far from the coast and another station close to the Yucatan Channel in the spring cruise
(Figure 5d).

The mid-stage phyllosomata of P. guttatus occurred in 80% of the autumn cruise
stations and 51.5% of the spring cruise stations. The maximum densities were 1.02 and
0.91 ind 1000 m−3, respectively, but there were more stations with 0.5–1 ind 1000 m−3 in
the autumn cruise (Figure 6a,c). The late stages of P. guttatus were collected in 63.3% of
the autumn cruise stations but in only 27.3% of the spring cruise stations. The maximum
densities were 0.38 and 0.15 ind 1000 m−3, respectively. Therefore, densities >0.2 ind
1000 m−3 occurred only in seven stations of the autumn cruise, distributed throughout the
study area (Figure 6b,d).
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Figure 5. Density (number of larvae per 1000 m3 of water) of phyllosomata of Panulirus argus by sampling station. (a) mid-
stage phyllosomata, autumn cruise; (b) mid-stage phyllosomata, spring cruise; (c) late-stage phyllosomata, autumn cruise;
(d) late-stage phyllosomata, spring cruise. The scale is the same for all panels.
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Palinurellus gundlachi was the third most frequent species. In the autumn cruise, the
mid- and late-stage phyllosomata of P. gundlachi appeared in 80% and 34.5% of the stations,
respectively, with densities similar to those of P. guttatus (Figure 7a,b). The maximum
values were 1.02 and 0.36 ind 1000 m−3, respectively. In the spring cruise, the mid- and late-
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stage larvae occurred in 23.5% and 38.2% of the stations, respectively, with higher densities
for late stages (1.18 ind 1000 m−3) than for mid-stages (0.47 ind 1000 m−3) (Figure 7c,d).
In the spring cruise as well, early stages appeared in 25.5% of the stations but at rather
low densities (maximum 0.3 ind 1000 m−3) (not shown). In the case of S. aequinoctialis,
the mid-stage larvae occurred in 21.8% of the autumn stations at maximum densities of
0.23 ind 1000 m−3, and in 30.3% of the spring stations at densities of up to 0.47 ind 1000 m−3

(Figure 8a,b). In contrast, the late stages were present only in the autumn (in 12.7% of the
stations) at a maximum density of 0.1 ind 1000 m−3 (Figure 8c). The late stages of S. chacei
only occurred in the spring cruise, appearing in 39.4% of the sampled stations at densities
of up to 2.12 ind 1000 m−3 (Figure 8d).

Two species, J. longimana and P. antarcticus, virtually only occurred in the autumn
cruise. The mid- and late-stage larvae of J. longimana occurred in 36.7 and 18.2% of the
stations at maximum densities of 0.15 and 0.22 ind 1000 m−3, respectively (Figure 9a,b).
As for P. antarcticus, the mid- and late-stage larvae occurred in 34.5% and only 7.3% of
the sampling stations, respectively, at maximum densities of 0.19 and 0.07 ind 1000 m−3,
respectively (Figure 10a,b).

3.4. Phyllosomata Biodiversity and Assemblage Composition

The biodiversity and assemblage composition analysis of the phyllosomata included
14 groups: the mid- and late-stage phyllosomata of P. argus, P. guttatus, P. gundlachi, J. longi-
mana, P. antarcticus, and S. aequinoctialis, and the late-stage larvae of S. chacei and P. laevicauda.
In all of the ecological indices, the variances between the cruises were homogeneous (Lev-
ene’s tests, all of the p’s > 1.0) and the data were normally distributed (Shapiro–Wilk tests,
all of the p’s > 0.1). Therefore, t-tests were used to compare all of the indices between the
cruises (Table 5). Neither S nor N varied with the cruise. Prior to estimating the three
compound indices, we removed the data from six sampling stations in the autumn cruise
and three in the spring cruise that yielded only one phyllosoma. All the compound indices
differed significantly between the cruises. H′ and J′ were higher in the autumn, whereas λ
was higher in the spring (Table 5).

The NMDS 2D-plot showed great overlap in the assemblage composition of the phyl-
losomata from both cruises. This was confirmed by the results of an ANOSIM (R = 0.143).
(Figure 11). A SIMPER (Appendix A) revealed that, within the autumn cruise, the assem-
blage composition exhibited an average similarity among the samples of 45.9%, mainly
due to the contribution of the mid-stage larvae of P. argus and P. guttatus (36.1% and 24.6%,
respectively), followed by the late-stage larvae of the same species (21.7% and 9.3%, respec-
tively). Within the spring cruise, the average similarity among the samples was 44.4%, with
the mid-stage larvae of P. argus emerging again as the main contributor (51.7%), followed
by the late-stage P. argus (18.6%) and mid-stage P. guttatus (9.4%). In the autumn cruise,
only four larval groups accounted for 90% of the observed similarity, whereas, in the spring
cruise, six groups accounted for this percentage. Between the seasons, the phyllosomata
assemblage had a mean dissimilarity of 59.7%, with eight groups accounting for nearly 90%
of this dissimilarity. The mid- and late-stage larvae of P. argus were the main contributors
to this dissimilarity between the cruises (25.3% and 15.7%, respectively), followed by the
mid- and late-stage larvae of P. guttatus (15.6 and 8.6%, respectively), and the late-stage
larvae of S. chacei (7.8%) and P. gundlachi (7.1%) (Appendix A).
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Figure 7. Density (number of larvae per 1000 m3 of water) of phyllosomata of Palinurellus gundlachi by sampling station. 
(a) mid-stage phyllosomata, autumn cruise; (b) mid-stage phyllosomata, spring cruise; (c) late-stage phyllosomata, au-
tumn cruise; (d) late-stage phyllosomata, spring cruise. The scale is the same for all panels. 

Figure 7. Density (number of larvae per 1000 m3 of water) of phyllosomata of Palinurellus gundlachi by sampling station.
(a) mid-stage phyllosomata, autumn cruise; (b) mid-stage phyllosomata, spring cruise; (c) late-stage phyllosomata, autumn
cruise; (d) late-stage phyllosomata, spring cruise. The scale is the same for all panels.



Diversity 2021, 13, 485 14 of 24
Diversity 2021, 13, 485 14 of 25 
 

 

 
Figure 8. Density (number of larvae per 1000 m3 of water) of phyllosomata by sampling station. Scyllarides aequinoctialis: 
(a) mid-stage phyllosomata, autumn cruise; (b) mid-stage phyllosomata, spring cruise; (c) late-stage phyllosomata, au-
tumn cruise. Scyllarus chacei: (d) late-stage phyllosomata, spring cruise. The scale is the same for all panels. 

Figure 8. Density (number of larvae per 1000 m3 of water) of phyllosomata by sampling station. Scyllarides aequinoctialis:
(a) mid-stage phyllosomata, autumn cruise; (b) mid-stage phyllosomata, spring cruise; (c) late-stage phyllosomata, autumn
cruise. Scyllarus chacei: (d) late-stage phyllosomata, spring cruise. The scale is the same for all panels.
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Table 5. Ecological indices for phyllosomata by cruise. Mean ± standard deviation of species
richness (S), number of individuals (N), Shannon–Wiener’s diversity (H′), Pielou’s evenness (J′), and
Simpson’s dominance (λ), and results of Student’s t-tests comparing each index between the autumn
2012 and the spring 2013 cruises.

Ecological Index Autumn 2012 Spring 2013 df t p

S 4.9 ± 0.29 4.3 ± 0.38 85 1.276 0.2056
N 29.0 ± 3.28 28.5 ± 4.97 85 0.082 0.9348
H′ 1.2396 ± 0.0425 1.0023 ± 0.0625 76 3.15 0.0050
J′ 0.7380 ± 0.0159 0.6989 ± 0.0258 76 2.888 0.0023
λ 0.3203 ± 0.0163 0.4472 ± 0.0256 76 4.303 <0.0001
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4. Discussion

This study is the first targeting the diversity and spatial distribution of mid- to late-
stage phyllosomata of Achelata in two different seasons (autumn 2012 and spring 2013)
in the oceanic waters of the western Caribbean Sea. Our sampling scheme focused on
relatively large larvae, using nets of large dimensions and mesh sizes towed at high
velocities [48]. Moreover, by sampling exclusively during the night in the top 20 m of the
water column, we were able to obtain large numbers of phyllosomata, which rise near the
surface at night and descend deeper in the water column during the day [27,28,52].

Of the 13 species of adult Achelata (five palinurids and eight scyllarids) present in the
area, we obtained the phyllosomata of eight: all five palinurids (Panulirus argus, P. guttatus,
P. laevicauda, Justitia longimana, Palinurellus gundlachi) but only three scyllarids (Scyllarides
aequinoctialis, Parribacus antarcticus, Scyllarus chacei). Previous studies [37–41] had already
reported on the phyllosomata of these species, alone or in different combinations, along
the Mexican Caribbean, although those studies collected far more early- than mid-stage
phyllosomata and very few late-stage larvae.

The density distributions of all the species confirm that mid- to late-stage phylloso-
mata, but particularly the latter, are highly diluted [68]. The mortality throughout the
larval phase has been estimated at 97.3–99.6% for several palinurid species (Panulirus
interruptus: [69], Jasus lalandii: [70], J. edwardsii: [71]); therefore, the abundance of late-stage
phyllosomata would be expected to be lower than that of early- and mid-stage phylloso-
mata [68,72].
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4.1. Palinurids

In both our cruises, the palinurid larvae far outnumbered the scyllarid larvae, which
is a common pattern in offshore oceanic waters (e.g., [41,54,73]). The overwhelming domi-
nance of P. argus phyllosomata over those of all the other species is consistent with other
studies throughout the wider Caribbean region [37,38,40,41,74,75]. Benthic populations of
P. argus occupy many different habitats—from shallow reef lagoons to deep reefs and rocky
habitats down to ~70 m in depth [76]—and sustain important fisheries [24]. Although
subtropical populations of P. argus exhibit seasonal reproduction [77], tropical populations
reproduce year-round, with females spawning up to two to four times per year depending
on their size [77–80]. These features of P. argus, in conjunction with a relatively short larval
duration (for a palinurid) of 5–7 months [11], may explain the dominance of the phyllo-
somata of this species in both our cruises. In our study area, the recruitment of P. argus
postlarvae to coastal habitats also occurs year-round [33], and the mean size of the postlar-
vae has been found to vary through time [48,81]. In our cruises, the mean size of P. argus
phyllosomata varied with the season in some stages but not in other stages. These differ-
ences may be related to variations in the individual larval histories, including temperature
regimes and variability in food availability throughout the larval development [51,63,82].

The second most abundant species in our samples was P. guttatus, particularly in the
autumn cruise. Canto-García et al. [41] reported P. guttatus as the second most abundant
species in their winter cruise but as the third most abundant in their spring cruise. These
authors used DNA barcoding to discern between the early stages of P. argus and P. guttatus,
which are morphologically very similar [15,41]. However, the size and morphological
differences between P. argus and P. guttatus become more evident in the more advanced
stages. Baisre and Alfonso [17] described phyllosomata VI to X (which they considered the
subfinal stage) of P. guttatus from plankton samples. We found several final phyllosomata
of P. guttatus (i.e., with bilobed gill buds in pereopods 1 to 4) and assigned them to stage XI
following Baisre and Alfonso [17]. More recently, Goldstein et al. [18] successfully reared
larvae of P. guttatus up to stage IX (which they considered the subfinal stage), but this paper
was not available when our study was conducted.

Numerous individuals of all the mid- and late stages of P. guttatus were obtained in our
autumn cruise but not in our spring cruise, when stages V and VIII were altogether absent
and stages IX to XI very scarce. The year-round reproduction of P. guttatus is common
in most of its geographic range [83,84], with individual females spawning three to four
times per year [85]. However, unlike P. argus, P. guttatus is a rather small lobster restricted
to the coral reef habitat throughout its benthic life and a minor fishing resource in only
a few locations [76,86,87]. Moreover, its average larval duration, estimated in culture at
410 days (~13.6 months) [18], is among the longest within the genus Panulirus. According
to Goldstein et al. [18], such a long larval duration may be a strategy to avoid sub-optimal
conditions or settlement sites before attaining larval competency. However, our results
suggest that a potential trade-off of this strategy could be a wider temporal variation in
larval abundance, especially of the late stages.

The other three palinurids present in our samples were far less abundant, and data
on their biology are also very scarce. Palinurellus gundlachi is a small, highly cryptic coral-
dwelling lobster that occurs down to about 35 m in depth [9], whereas Justitia longimana
occurs from 40 m to over 100 m in depth [88]. Larval stages II–X of J. longimana were de-
scribed from plankton samples, but the larval duration has not been determined, although
it would appear to be protracted [12]. Larval stages I–XII of P. gundlachi, with an estimated
duration of 10 months, were also described from plankton samples [20]. Interestingly, we
obtained more late- than mid-stage phyllosomata of P. gundlachi in both our cruises, and
even several early-stage larvae in the spring cruise. However, there is no information
on the reproductive activities of these two species with which to confront our findings.
Panulirus laevicauda, an abundant species in Brazil [9], rarely occurs in the wider Caribbean
region [89]. We only obtained three phyllosomata of P. laevicauda, two stage X and one that
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we ascribed to stage IX, and only four larvae of this species (in stages VI, VIII, X, and XI)
had been previously obtained in the Caribbean Sea [19,38].

4.2. Scyllarids

The family Scyllaridae has four subfamilies, of which three (Arctidinae, Ibacinae,
and Scyllarinae) occur in the Atlantic [90]. Arctidinae (e.g., Scyllarides) and Ibacinae (e.g.,
Parribacus) are large slipper lobsters associated with complex coral reef habitats [8]. Both
have long larval phases that develop in oceanic waters, much like palinurids. The complete
larval development of S. aequinoctialis and P. antarcticus (comprising 11 and 12 stages,
respectively) was described from a combination of wild and cultured larvae and was
estimated at 8–9 months and 9 months, respectively [21–23]. We obtained more mid-
than late-stage phyllosomata of S. aequinoctialis in both cruises, especially in the autumn.
Interestingly, P. antarcticus was the third most abundant species in our autumn cruise, with
mostly mid-stage larvae, but was completely absent in our samples of the spring cruise.
Unfortunately, almost nothing is known about the reproductive dynamics of these two
scyllarids [91].

Scyllarinae (e.g., Scyllarus and Bathyarctus) are small slipper lobsters with relatively
short larval phases that tend to develop in coastal and neritic waters [4]. Of the five species
of Scyllarinae occurring in the western Caribbean, we only obtained the phyllosomata of
one: Scyllarus chacei, mostly during the spring cruise and only the late stages. Early-stage
larvae tentatively ascribed to this species had been previously reported in our study area
but over shallower depths [39]. The larval duration of S. chacei has been estimated at only
44 days [15], suggesting an adaptation to enhance larval retention close to the parental
populations [3]. The adults of S. chacei have a similar bathymetric distribution as those
of S. depressus and S. planorbis (~11–300 m, [8,92,93], whereas the adults of B. faxoni occur
at even greater depths (229–457 m). Yet, we did not obtain the larvae of S. depressus or
S. planorbis in our cruises (there is no knowledge on the larvae of B. faxoni). Whether this
result reflects interspecific differences in the reproductive periods or in the horizontal or
vertical distribution patterns of the larvae remains to be studied. Larvae of S. americanus,
which were also absent in our samples, are very common in the Gulf of Mexico, with only
one report in the Mexican Caribbean [37], reflecting the distribution of adult populations
of this species from Massachusetts to the Gulf of Mexico [8].

4.3. Phyllosomata Assemblages and Oceanographic Features

Panulirus argus larvae overwhelmingly dominated the catch, but, by considering
the mid- and late stages of each species as separate groups to analyze diversity indices
and assemblage composition, interesting patterns emerged. For example, the higher
values of diversity and evenness in the autumn and dominance in the spring reflect the
proportionally greater abundance of mid-stage phyllosomata of P. argus in the spring cruise
relative to the autumn cruise, the lower abundance of mid-stage phyllosomata of P. guttatus
in the spring cruise relative to the autumn cruise, and the presence of both mid- and
late stages of J. longimana and P. antarcticus in the autumn cruise but their absence in the
spring cruise.

In contrast, the assemblage composition of phyllosomata did not vary much with
the season. A few sampling stations had particularly different compositions (e.g., stations
with few larvae but each of a different group vs. stations with many larvae of several
different groups), but, in general, there was great overlap between the cruises. This result,
in conjunction with the lack of a clear spatial pattern in the density distribution of these
and the rest of the larval groups, suggests that there is extensive mixing of organisms
upon becoming entrained in the strong Yucatan Current, which, during our cruises, had an
average velocity of 1 m s−1 (see Figure 2) and was coherent down to ~200 m in depth [48].
Oceanographic features play a significant role in the distribution of phyllosomata [68], and
the Yucatan Current is clearly the main factor influencing the dispersion of these larvae
in this region. However, although not evident in Figure 2, a coastal counter-current along
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the southern half of our study area and a persistent cyclonic sub-mesoscale eddy south of
Cozumel Island were detected in both our cruises [48], and evidence of their existence was
also found in previous studies [42,46,47]. These features may aid in the local, short-term
retention of phyllosomata, as has been found for P. argus in the Florida Keys, USA [94] and
for J. edwardsii in New Zealand [95,96], but probably cannot offset the highly advective
environment of the Yucatan Current.

Around the Kuroshio Current in the northwest Pacific region, late stages of Panulirus
japonicus have been reported at low densities of 0.1 to 0.5 ind/1000 m3 [97,98], much like the
ones reported in the present study. Both the Kuroshio Current and the Yucatan Current are
strong western boundary currents that increase the potential for the dispersion of phylloso-
mata through advection. Field studies [41,45] and biophysical modelling [28,33,34] suggest
that the potential for the dispersion of larvae is greater in the northern half of the Mexican
Caribbean area than in the Central America area, which has a more retentive oceanographic
environment. Thus, for P. argus, the levels of genetic connectivity were higher in Central
America than in the Mexican Caribbean [99]. Further north, in Florida, genetic studies
and biophysical models [32,35,46] have suggested that the local populations are highly
dependent on the larval supply from more southern and southeastern populations.

The long larval duration of Achelata lobsters makes them particularly vulnerable to en-
vironmental variations and the effects of climate change because environmental conditions
during the larval period affect the growth, survival, and dispersion of phyllosomata [68].
In the ocean, climate change involves increases in sea temperature and the intensity of
ultraviolet radiation, as well as changes in circulation patterns, which may affect phyl-
losomata directly or indirectly [100,101]. For example, in the temperate East Australia
Current, the phyllosomata of three tropical palinurid species are being transported by
warm water eddies into temperate areas well outside the geographic range of the adult
populations, providing them the opportunity to establish in such regions if environmental
conditions become conducive to settlement [102]. Therefore, more field studies are needed
to increase insight into the diversity and distribution of phyllosomata and their interaction
with oceanographic processes that may influence the connectivity of lobster populations,
and to understand how they might react to future environmental changes.
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Appendix A

Table A1. Similarity measures within and between seasons (cruises). Analysis of similarity percentage (SIMPER) for
phyllosomata assemblages within the autumn cruise and the spring cruise, and of dissimilarity percentage between cruises.
Av.Abund: average abundance; Av.Sim: average similarity; Sim/SD: similarity/standard deviation; Contrib%: contribution
in %; Cum%: cumulative contribution in %; Av.Diss: average dissimilarity; Diss/SD, dissimilarity/standard deviation.

Autumn Cruise: Average Similarity: 45.94%

Species Av.Abund Av.Sim Sim/SD Contrib% Cum.%

Panulirus argus mid-stages 3.0 16.6 1.4 36.1 36.1
Panulirus guttatus mid-stages 2.1 11.3 1.2 24.6 60.7

Panulirus argus late stages 1.8 10.0 1.3 21.7 82.5
P. guttatus late stages 1.0 4.3 0.7 9.3 91.8

Spring Cruise: Average Similarity: 44.36%

Species Av.Abund Av.Sim Sim/SD Contrib% Cum.%

Panulirus argus mid-stages 3.49 22.95 1.43 51.7 51.7
Panulirus argus late stages 1.74 8.26 0.86 18.6 70.4

Panulirus guttatus mid-stages 1.05 4.17 0.71 9.4 79.8
Scyllarus chacei late stages 0.7 3.35 0.39 7.6 87.3

Palinurellus gundlachi late stages 0.7 2.44 0.48 5.5 92.8

Autumn and Spring Cruises: Average Dissimilarity = 59.68%

Species Autumn
Av.Abund

Spring
Av.Abund Av.Diss Diss/SD Contrib% Cum.%

Panulirus argus mid-stages 3.00 3.49 14.5 1.2 24.3 24.3
Panulirus argus late stages 1.83 1.74 9.4 1.2 15.7 40.0

Panulirus guttatus mid-stages 2.12 1.05 9.3 1.2 15.6 55.6
Panulirus guttatus late stages 0.98 0.35 5.2 0.9 8.6 64.3

Scyllarus chacei late stages 0.02 0.70 4.6 0.6 7.8 72.0
Palinurellus gundlachi late stages 0.42 0.70 4.2 0.9 7.1 79.1

Scyllarides aequinoctialis mid-stages 0.29 0.52 3.6 0.7 6.1 85.2
Parribacus antarcticus mid-stages 0.52 0.00 2.7 0.6 4.5 89.7
Palinurellus gundlachi mid-stages 0.11 0.34 1.9 0.6 3.2 92.9
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