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Abstract
For spiny lobsters (Palinuridae), the co-occurrence of final-stage larvae (phyllosomata) and postlarvae

(pueruli) in sampling stations over oceanic waters is indicative of metamorphosis zones, some of which have
been found in boundary currents. We hypothesized that metamorphosis of Panulirus argus and P. guttatus off
the Mexican Caribbean coast, which has a very narrow shelf, occurs in the swift Yucatan Current (YC). During
two cruises conducted in autumn 2012 and spring 2013, a mid-water trawl and a neuston net were simulta-
neously towed in night samplings along transects up to ~ 100 km across the YC. Hydrographic and current
fields were derived from Conductivity, Temperature and Depth, and altimetry data. Metamorphosis occurred
mainly within the YC core. However, velocity and distance to the coast of the YC varied with cruise, and fea-
tures that may favor retention (a persistent coastal eddy and a countercurrent) were detected. Despite differences
in size and condition of pueruli between cruises, their energy stores did not appear to decline during the shore-
ward migration, suggesting that metamorphosing within strong boundary currents may increase the chances of
pueruli arriving more quickly to a shore. Based on previously reported current features and swimming speeds,
pueruli metamorphosing up to 12 km offshore are more likely to reach the Mexican Caribbean coast without
much loss of energetic reserves. This could also occur for some pueruli metamorphosing up to 30 km offshore if
encountering the features favoring retention. In contrast, pueruli metamorphosing > 30 km offshore are more
likely to be carried into the Gulf of Mexico and elsewhere.

Spiny lobsters (Crustacea: Decapoda: Achelata: Palinuridae)
are an important component of tropical and subtropical benthic
communities and constitute valuable fishing resources wherever
they occur (Briones-Fourz�an and Lozano-�Alvarez 2013). These
lobsters have a peculiar type of planktotrophic larva, known as
“phyllosoma” (from the Greek “leaf-shaped body”), which
develops in oceanic waters over an exceptionally long period
(> 5 months). The lengthy larval duration confers these lobsters
a great potential for dispersal (Phillips et al. 2006a). The final
phyllosoma undergoes a complete metamorphosis into the

postlarva, known as “puerulus,” which is morphologically like
an adult lobster but is completely transparent. Importantly,
pueruli do not feed (Lemmens 1994), that is, they constitute a
secondary lecithotrophic phase in the life cycle of spiny lobsters
(McWilliam and Phillips 1997). After metamorphosis, the
puerulus actively swims toward the shore, where it settles in
shallow coastal habitats and begins its benthic life.

The Caribbean spiny lobster Panulirus argus (Latreille, 1804)
and the spotted spiny lobster Panulirus guttatus (Latreille,
1804) co-occur throughout the wider Caribbean region. The
former sustains valuable fisheries across the region, whereas
the latter is a much less important resource due to its smaller
size and habitat specialization. Although both species repro-
duce year-round, P. argus exhibits a major reproductive peak
in spring and a minor peak in autumn (Padilla-Ramos and
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Briones-Fourz�an 1997), whereas P. guttatus shows a decrease in
reproductive activity during late summer (Briones-Fourz�an
et al. 2013). The larval phase of P. argus comprises 10 phyl-
losoma stages, with an estimated duration of 5–9 months
(Goldstein et al. 2008), and the puerulus of this species is
rather small (~ 6 mm carapace length [CL] on average)
(Martínez-Calder�on et al. 2018). Upon reaching the shore, the
pueruli of P. argus settle in shallow marine vegetated habitats
in reef lagoons or shallow bays, where the juveniles remain
for several months before migrating to the subadult/adult hab-
itats (coral reefs). In P. guttatus, Baisre and Alfonso (1994)
described phyllosoma stages VI to X from wild-caught speci-
mens and considered stage X to be the penultimate stage.
Goldstein et al. (2019) cultured P. guttatus larvae from eggs
and although they failed to obtain the final phyllosoma
(which they considered to be the stage X), they estimated the
duration of the complete larval phase in slightly over 1 yr.
Compared to P. argus, pueruli of P. guttatus are much larger
(~ 10 mm CL, Briones-Fourz�an and McWilliam 1997) and set-
tle directly in the coral reef habitat, where individuals remain
for the duration of their benthic life (Briones-Fourz�an and
Lozano-�Alvarez 2013).

Because the nonfeeding pueruli have limited energetic
reserves (Fitzgibbon et al. 2014), the probability of a puerulus
to arrive to the coastal settlement habitats could depend to a
great extent on the distance to the coast where it metamor-
phosed as well as on the local hydrography. Therefore, there
has been much debate as to where metamorphosis of spiny
lobsters takes place (reviews in Phillips et al. 2006a; Phillips
and McWilliam 2009). Catches of phyllosomata metamor-
phosing into pueruli undoubtedly indicate the location of
metamorphosis zones, but such catches are very rare
(Yoshimura et al. 1999) because the entire metamorphosis
molt takes about 10 min on average (Murakami et al. 2007).
Therefore, in general, sea regions in which final phyllosomata
and pueruli are found together in the same individual sam-
pling stations have been considered metamorphosis zones.
Based on this criterion, several palinurids species have been
found to metamorphose in oceanic waters beyond the shelf
break (Phillips and McWilliam 2009). Metamorphosis of Pan-
ulirus cygnus appears to be related with the Leeuwin Current—
an anomalous eastern boundary current of warm, low-salinity
water that flows southward along the coast of Western
Australia (Griffin et al. 2001; Waite et al. 2007)—but also with
the internal margins of anticyclonic eddies, which are frontal
zones rich in potential food for phyllosomata (Phillips and
McWilliam 2009; Wang et al. 2014). In New Zealand, the dis-
tribution of newly metamorphosed pueruli of Jasus edwardsii
followed the inshore margins of the Wairarapa eddy fields
(Jeffs et al. 2001), adjacent to the stronger southward flow of
the East Cape Current (Chiswell and Booth 2005), whereas in
Japan, metamorphosis of Panulirus japonicus mainly occurred
within the Kuroshio Current, a strong western boundary cur-
rent (Yoshimura et al. 1999; Sekiguchi and Inoue 2002; Inoue

and Sekiguchi 2009). This information strongly suggests that
metamorphosis of palinurids is associated with strong bound-
ary currents.

To our knowledge, no studies have attempted to determine
the oceanic zones where metamorphosis of P. argus or
P. guttatus occurs. In general, previous studies on the distribu-
tion of phyllosomata in the wider Caribbean region have been
based on samples obtained in plankton nets of relatively small
dimensions (mouth aperture: ≤ 1 m2 and/or mesh size: 0.33–
1 mm) towed at rather low speeds (≤ 0.5 m s�1) (Richards and
Pothoff 1981; Manzanilla-Domínguez and Gasca 2004; Canto-
García et al. 2016). Such nets filter a relatively small volume of
water and hence are not adequate to sample late-stage
phyllosomata or pueruli, which are highly dispersed in oce-
anic waters (Phillips et al. 2006a). Also, pueruli are fast swim-
mers and can avoid slow-moving nets (Phillips and
Olsen 1975; Calinski and Lyons 1983; Jeffs et al. 2005). Appropri-
ate sampling of these organisms requires filtering larger volumes
of water, for example, using nets of greater dimensions and larger
mesh sizes to be towed at faster speeds (> 1 m s�1) (Yoshimura
et al. 1999; Dennis et al. 2001; Jeffs et al. 2001). Obtaining hydro-
graphic data at the same time as larval sampling can provide fur-
ther insight into the zones of metamorphosis (Chiswell and
Booth 2005; Phillips and McWilliam 2009).

In the western Caribbean Sea, the Yucatan Current (YC) is
a dominant oceanic feature. It is one of the strongest and
most dynamically active western boundary currents in the
world, with an average velocity of 1 m s�1 and magnitudes of
up to 3 m s�1 prior to its passage through the Yucatan strait.
This current variability appears to be strongly influenced by
the passage of eddies through the region (Candela et al. 2003;
Cetina et al. 2006; Carrillo et al. 2015). In the present study,
we tested the hypothesis that metamorphosis of P. argus and
P. guttatus occurs within the YC. For this, we conducted an
intensive sampling of late stage phyllosomata and pueruli
using nets with large mesh sizes and obtained hydrographic
data to determine the location of the current, the cross-section
geostrophic flow velocities, and the surface geostrophic cur-
rent field. For P. argus pueruli, we also quantified several bio-
chemical variables to test for a potential decrease in energy
reserves during their shoreward migration.

Materials and methods
Study area

The study area covered ~ 30,500 km2 of oceanic waters off
the eastern coast of the Yucatan Peninsula, between the
Yucatan channel to the north and the Bays of Ascensi�on and
Espíritu Santo to the south (Fig. 1). This area, located in the
western Caribbean Sea, is characterized by the YC, which
flows parallel to the shore in a SW–NE direction, and an
abrupt bathymetry with depths rapidly falling below 200 m a
few kilometers from the shore (Cetina et al. 2006; Carrillo
et al. 2015). According to Phillips and McWilliam (2009),
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metamorphosis of palinurids probably occurs within ~ 100–
150 km of the shelf break; therefore, we established an array
of sampling stations following transects perpendicular to the
shelf break. Distance of sampling stations to the shore varied
from 2 to 100 km over depths ranging between 35 and
2700 m; however, given that the continental shelf is very nar-
row (< 3 km) along a great part of the coast (Briones-Fourz�an
et al. 2008), virtually all stations were beyond the shelf break,
that is, over depths greater than 200 m (Fig. 1).

Collection of organisms
Based on the interannual seasonal settlement pattern of

P. argus pueruli which shows a major settlement peak in
autumn and a secondary, smaller peak in spring (Briones-
Fourz�an et al. 2008), we conducted two oceanographic cruises
using UNAM’s R/V Justo Sierra: one in the autumn of 2012
(14–24 November) and the other one in the spring of 2013
(10–20 April). Hereafter, these cruises will be referred to as the
autumn 2012 cruise and the spring 2013 cruise, respectively.
In the coastal habitats, settlement of pueruli peaks around the
dark phase of the moon (Briones-Fourz�an 1994), whereas at
sea, late stage phyllosomata and pueruli rise closer to the
ocean surface in dark nights (Ritz 1972; Phillips et al. 1978;
Bradford et al. 2005). Therefore, both cruises were planned to
be carried out during the dark moon phase (i.e., between the
dates of the last and first quarters, including the new moon).
This was accomplished in the spring cruise, but the autumn
cruise was delayed 1 week for reasons beyond our control

(a delay in the ship’s maintenance schedule) and had to be
conducted between the dates of the new moon and the
full moon.

Two nets were simultaneously used in each sampling sta-
tion: a large mid-water Tucker trawl (effective mouth area:
9 m2; length: 12 m; mesh size: 10 mm) and a smaller neuston
net (mouth area: 1.5 m2; length: 3 m; mesh size: 3 mm)
(Lozano-�Alvarez et al. 2015). 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 approxi-
mately mid-ship, within the uppermost meter of the water
column. To increase the chances of catching larvae, all larval
samplings were done during the hours of darkness (between
1 h after sunset and 1 h before sunrise). The nets were towed
against the prevailing current at an average speed of 2.5 knots
(1.3 m s�1) for 30–35 min to reduce the chances of the fast-
swimming pueruli (7–10 cm s�1, Calinski and Lyons 1983)
avoiding the nets.

Upon retrieving the nets, the cod-end was removed and
the fresh plankton was immediately examined for
phyllosomata and pueruli. The nets were also examined
for tangled larvae. The neuston net occasionally collected
large masses of floating Sargassum algae; these algal masses
were transferred into a large container and thoroughly
examined for phyllosomata and pueruli. For P. argus, larvae
and postlarvae were identified and staged based on Gold-
stein et al. (2008). For P. guttatus, phyllosomata were

Fig 1. Study area, showing location of plankton sampling stations (black dots) during (a) the autumn 2012 cruise and (b) the spring 2013 cruise. The
red squares denote the coastal locations where recently settled pueruli of Panulirus argus were obtained from artificial subsurface collectors in the same
seasons and years.
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identified and staged based on Baisre and Alfonso (1994),
and pueruli were identified based on Briones-Fourz�an and
McWilliam (1997). To test for seasonal variations in size of
pueruli (Martínez-Calder�on et al. 2018), all pueruli were
individually photographed next to a reference measure
under a stereoscopic microscope to estimate their CL using
image processing software (ImageJ v.1.49) (Rasband 2015).
For each species, CL of pueruli was compared between
cruises with a one-way ANOVA using a General Linear
Model approach (Rutherford 2001).

Hydrographic conditions and geostrophic flow velocities
To determine the hydrographic conditions and the loca-

tion of the core of the YC, water temperature (�C) and salin-
ity were measured (to a depth of 500 m) using a Sea-Bird®

SBE9/11Plus CTD system. For operational reasons, CTD pro-
files were carried out during the day along the same tran-
sects in which larval sampling took place during the night,
but not necessarily the same stations (Fig. 2). The data
processing was based on the standard routines and proce-
dures proposed by the Sea-Bird Electronic Company using
the software SEASOFT Win-32. Cross-section geostrophic
flow velocities were obtained using hydrographic data

referred to the isopycnal sigma-t 27.0 kg m�3 as in Carrillo
et al. (2016).

Surface geostrophic current fields
The surface geostrophic current field was derived from

satellite-obtained sea surface dynamic altimetry data obtained
from the Archiving, Validation, and Interpretation of Satellite
Oceanographic data (AVISO) for the periods during which the
cruises were conducted. Since currents in areas close to
the coast cannot be well resolved using dynamic altimetry
data, satellite observations were complemented with direct
current observations for filling in the coastal gap where the
satellite product is deficient, as well as to validate the satellite-
derived current product in places further away from the coast.
Direct current observations at ~ 60 m depth were obtained
from Acoustic Doppler Current Profilers moored at four points
along the YC: two of them close to the coast (~ 15 km) in
Chinchorro Channel to the south and Cozumel Channel to
the north, and two at a distance of ~ 50 km from the coast,
one to the east of Banco Chinchorro in the south and the
other north-eastward of Cozumel Island (black stars in Fig. 2).
Even though the direct currents are measured at 60 m depth,
the good relationship with satellite derived products

Fig 2. Location of CTD sampling stations (red dots) during (a) the autumn 2012 cruise and (b) the spring 2013 cruise. The green lines denote the tran-
sects used to analyze the cross-sectional distribution of temperature, salinity, and geostrophic flow velocity at the northern, central, and southern sections
of the study area. The black stars denote the location of the four moored ADCPs current profilers for direct current observations.
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(especially at the two locations distant to the coast) is indica-
tive of the intensity of the current in the upper water column
even at appreciable depths.

Estimation of larval and postlarval densities
Larval counts were standardized to larval density (number

per 1000 m3). The nets were initially fitted with flow meters;
however, the flow meters fitted to the midwater trawl were
lost early in the autumn cruise. Also, the presence of Sargas-
sum in surface waters occasionally resulted in entanglement of
the algae in the rotor of the flow meter fitted to the neuston
net, precluding its use to calculate the volume of water sam-
pled. Therefore, we discontinued the use of flow meters and
estimated the filtered volume (V) with the equation
V = D � A, where D is distance traveled, 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 the mid-water
trawl, 1 m2 for the neuston net because approximately one-
third of the mouth of the neuston net remained above the
ocean surface during the tows. For each species, we consid-
ered as potential metamorphosis zones those sea areas in
which final phyllosomata and postlarvae were found
together in the same individual sampling stations (Phillips
and McWilliam 2009).

Analyses of energy reserves in pueruli of P. argus
To test for a potential decrease in energy reserves of pueruli

across the full range of distances to the coast of our sampling
stations (Phillips et al. 2006b), we subjected 52 pueruli of
P. argus from the autumn cruise and 25 from the spring cruise
to biochemical analyses. These pueruli were selected from col-
lections obtained in stations spanning the full range of dis-
tances, that is, between 99.3 and 2.1 km from the shore. For
these analyses, we also included a few transparent pueruli (six
in autumn and four in spring) obtained in artificial subsurface
collectors deployed about 300 m from the shore (see Fig. 1), to
have data from pueruli already settled after having completed
their migration from offshore waters. The pueruli were freeze-
dried immediately after collection. Sample processing was as
in Espinosa-Magaña et al. (2018). Briefly, pueruli were lyophi-
lized and weighed (dry weight [DW] in mg) at the laboratory.
Total lipid (TL) was determined by gravimetry from each
lyophilized puerulus using the chloroform/methanol/water
extraction technique of Folch et al. (1957), modified by Bligh
and Dyer (1959) for small organisms (Jeffs et al. 2001). Total
protein (TP) was determined by spectrophotometry using the
Micro BCA Protein Assay kit and the Multiskan Spectrum plate
reader (Thermo Scientific) based on the bicinchoninic acid
determination method for protein (Walker 1994). For all indi-
viduals examined, we obtained DW, TL, and TP (the absolute
amount of lipid [or protein], in mg, determined for each indi-
vidual); TL (or TP) percentage (the percentage of lipid
[or protein] relative to the DW of each individual), and
DW/CL (a morphometric condition factor) (Espinosa-Magaña

et al. 2018). We used analyses of covariance (ANCOVAs) to
compare each variable between cruises (categorical factor with
two levels: autumn and spring), considering the distance to
the shore as a continuous covariate.

Results
Hydrographic conditions and geostrophic flow velocities

Temperature and salinity fields for both cruises were ana-
lyzed along three transects, one at the northern section (close
to the Yucatan Channel), one at the central section (south of
Cozumel Island), and one at the southern section of the sam-
pling area (Bahía Espíritu Santo) (Fig. 2). The hydrographic
profiles show the upper water masses as defined by Carrillo
et al. (2016): Caribbean Surface Water (CSW), North Atlantic
Subtropical Underwater (SUW), and Tropical Atlantic Central
Water (TACW).

The shape of isotherms and isohalines differed along the
coast and between cruises (Figs. 3, 4, respectively). Upwelling
in the northern section was observed, as there was uplifting of
the thermocline (Fig. 3a,d), with the SUW reaching a depth
of 25 m in autumn 2012 and 20 m in spring 2013. Deeper
waters also showed a deeper location of the thermocline at
about 100 m. The warmer waters of the CSW were deeper in
the central (Fig. 3b,e) and southern sections (Fig. 3c,f) than in
the northern section, particularly in the spring cruise. However,
in the autumn cruise, the central and southern profiles showed
a dome-like shape of the isotherms (Fig. 3c,e), indicating
a shallower thermocline (50–75 m). The isohalines (Fig. 4) had
a similar shape as the isotherms. In both cruises, the salinity
field showed the maximum salinity (> 36.5) in the SUW, with a
maximum core offshore, whereas the upper CSW showed some
patchiness, with values < 36.1. There was also a reduction in
salinity below the SUW, corresponding to the TACW (Fig. 4).

Estimates of geostrophic flow velocity of cross-sections showed
that the YC extended to a depth of 200–250 m in both cruises
(Fig. 5), but the location of the YC core was considered to be
where the maximum speed was observed, with estimated values
of 1.4 m s�1 near the surface (the upper 100 m). The YC core was
well defined in both cruises. However, there were clear differences
between cruises, such as the relative closeness to the coast of the
YC coast and the presence of a coastal countercurrent (CC). Also,
the location, depth, width, and speed of the YC core and CC var-
ied between cruises and along the coast. In both cruises, the YC
core was closer to the coast in the northern section than in the
central and southern sections, but in the northern and southern
sections it was closer to the coast in the autumn cruise (Fig. 5a,c)
than in the spring cruise (Fig. 5d,f). However, during the autumn
cruise the southern section (Fig. 5c) was shorter by ~ 20 km from
the one in the spring cruise (Fig. 5f) and could be missing the YC
core that appeared to be further offshore based on altimetry (see
Fig. 6a–c). If this was the case, then the intense current feature
close to the coast along this southern section (Fig. 5c) could be
interpreted as a small cyclonic eddy (~ 50 km in diameter), which
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is also supported by the domed shaped temperature and salinity
distributions along this section (see Figs. 3c, 4c). This feature was
also present, but with minor intensity and size, during the spring
cruise, when the YC core was slightly divided into two in the
northern section.

In both cruises, a CC appeared south of Cozumel in the
central section (Fig. 5b,e). The CC was more evident in
the autumn cruise, when it reached 120 m in depth and
25 km in width, and an estimated speed of up to 0.6 m s�1. In
the southern section, the velocity fields differed between

Fig 3. Cross-sectional distribution of temperature (�C) between the surface and 500 m at the northern (a, d), central (b, e), and southern (c, f) sections
of the study area during the autumn 2012 cruise (left column) and the spring 2013 cruise (right column). The stations are marked at the top. The thick
black lines delineate water masses: CSW, SUW, and TACW.
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cruises. In the autumn cruise (Fig. 5c), there was a CC within
the first 10 km from the coast and the YC core presented
higher speeds (1 m s�1) than during the spring cruise
(0.5 m s�1) (Fig. 5f).

Geostrophic current fields from altimetry measurements
Throughout each cruise, the conditions of the current field

remained quite constant; therefore, the central date of each
cruise was chosen to visualize the current field during that

Fig 4. Cross-sectional distribution of salinity between the surface and 500 m at the northern (a, d), central (b, e), and southern (c, f) sections of the
study area during the autumn 2012 cruise (left column) and the spring 2013 cruise (right column). The stations are marked at the top. The thick black
lines delineate water masses: CSW, SUW, and TACW.
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cruise. During the autumn cruise (Fig. 6a–c), there was an anti-
cyclonic eddy to the east of the YC and the velocity of the
geostrophic currents off the Yucatan Peninsula increased
northward. However, of the four ADCPs, the one moored in
the Cozumel channel measured the strongest velocities, at
slightly over 1 m s�1, consistent with the YC core being closer

to the coast during the autumn cruise (see Fig. 5a–c). The pres-
ence of the countercurrent south of Cozumel obtained with
the geostrophic calculations from the CTD survey (see Fig. 5c)
is not registered on this altimetry-deduced flow field, mainly
because the CC was close to the coast, where altimetry mea-
surements are not reliable. However, the general pattern of

Fig 5. Cross-sectional distribution of geostrophic flow velocity (m s�1) between the surface and 500 m at the northern (a, d), central (b, e), and south-
ern (c, f) sections of the study area during the autumn 2012 cruise (left column) and the spring 2013 cruise (right column). The derived geostrophic
velocity is perpendicular to the transect and referred to the isopycnal of 27 kg m�3. YC Core, Yucatan Current Core.
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Fig 6. Panulirus argus. Distribution and density of (a, d) final stage phyllosomata (stage X) and (b, e) pueruli, and (c, f) stations with co-occurring final
phyllosomata and pueruli during the autumn 2012 cruise (left column) and the spring 2013 cruise (right column). Note that, for clarity purposes, the
density scales differ between stages. Density symbols are superimposed on the surface current field of each cruise. Red arrows are current velocities mea-
sured by the four moored ADCPs.
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the YC core being separated from the coast south of Cozumel
and closer to shore toward the north is consistent in both dat-
a sets and direct current observations (red arrows in Fig. 6a–c).

During the spring cruise (Fig. 6d–f), a large anticyclonic/
cyclonic eddy system occurred also to the east of our study
area, south of Cuba. Differences in sea surface height were

Fig 7. Panulirus guttatus. Distribution and density of (a, d) final stage phyllosomata (stage X) and (b, e) pueruli, and (c, f) stations with co-occurring final
phyllosomata and pueruli during the autumn 2012 cruise (left column) and the spring 2013 cruise (right column). Note that the density scales differ between
stages. Density symbols are superimposed on the surface current field of each cruise. Red arrows are current velocities measured by the four moored ADCPs.
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more pronounced during the spring cruise than during the
autumn cruise, resulting in stronger geostrophic currents.
The ADCP moored off NE Cozumel measured the stronger
velocities (~ 1.5 m s�1), consistent with the YC core being far-
ther from the coast during the spring cruise than during the
autumn cruise.

Density and distribution of final phyllosomata and pueruli
In total, we caught 191 final (gilled) stage phyllosomata

and 1170 pueruli in both cruises, mostly belonging to

P. argus (96.3% of all final phyllosomata and 94.9% of all
pueruli). Most phyllosomata were caught in the autumn
cruise, whereas most pueruli were caught in the spring
cruise. Also, virtually all pueruli (95.7% of P. argus and
100% of P. guttatus) were caught in the neuston net,
whereas virtually all phyllosomata (96.7% of P. argus and
100% of P. guttatus) were caught in the mid-water trawl.
Larval and postlarval densities of each lobster species per
cruise are visualized superimposed on the current field of
each cruise (Figs. 6, 7).

Fig 8. Panulirus argus. Comparison of (a) dry weight (mg), (b) condition factor (dry weight/carapace length), (c) percentage of total lipids, (d) total lipid
(mg), (e) % total proteins, and (f) total proteins (mg) between pueruli collected in sampling stations along a range of distances to the coast (100 to
0.3 km) in the autumn 2012 cruise (blue dots) and in the spring 2013 cruise (red dots).
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Panulirus argus
In the autumn cruise, we collected 123 final phyllosomata

(stage X) and 127 pueruli of P. argus. Of the 63 sampling stations
in this cruise, final phyllosomata were caught in 37 stations
(58.7%) throughout the study area, but the highest densities
(~ 0.4 larvae per 1000 m3) were obtained in several stations close
to the coast, especially south of Cozumel Island (Fig. 6a). Pueruli
of P. argus occurred in 28 of the stations (44.4%), usually at
greater densities than phyllosomata, but the highest densities of
pueruli (between 2 and 13 postlarvae per 1000 m3) were obtained
in stations located in the Yucatan Channel area (Fig. 6b). Both
final phyllosomata and pueruli of P. argus co-occurred in 15 of
the 63 sampling stations (23.8%) (Fig. 6c). Most of these stations
were located very close to the coast in an area south of Cozumel
and off Bahía de la Ascensi�on (~ 20�N), but a few were located
farther from the coast in the Yucatan Channel area.

In the spring cruise, we caught 61 final phyllosomata and
982 pueruli of P. argus. Final phyllosomata appeared in 14 of
the 34 sampling stations in this cruise (41.2%), with most
individuals concentrated in two offshore stations to the east
and south of Cozumel at densities of 0.6 and 1.6 larvae per
1000 m3, respectively (Fig. 6d). Pueruli were so abundant in
this cruise that they occurred in 33 of the 34 stations (97%) at
densities ranging from 0.5 to 37.8 postlarvae per 1000 m3,
with the highest densities in stations relatively far from the
coast (Fig. 6e). Final phyllosomata and pueruli were caught
together in 11 of the 34 stations (32.3%), located farther from
the coast than in the autumn cruise (Fig. 6f).

Panulirus guttatus
For P. guttatus, catches of final phyllosomata and pueruli

were far lower than for P. argus. Prior to our study, the final
stage of P. guttatus had not been captured and remained
undescribed. Because the P. guttatus larvae were staged based
on Baisre and Alfonso (1994), we refer to the final stage as the
phyllosoma XI. In the autumn cruise, we caught five final-
stage phyllosomata in four of the 63 sampling stations (6.3%);
therefore, the densities were quite low (≤ 0.1 larvae per
1000 m3) (Fig. 7a). Twenty-two pueruli of P. guttatus occurred
in nine stations (14.3%), with most of the catch (1.3–2.4
postlarvae per 1000 m3) concentrated in three stations close to
the Yucatan channel (Fig. 7b). Only two stations yielded both
final phyllosomata and pueruli of P. guttatus (Fig. 7c). In the
spring cruise, two final phyllosomata of P. guttatus were cau-
ght in two of the 34 stations (5.9%) at very low densities
(≤ 0.05 larvae per 1000 m3) (Fig. 7d), whereas 38 pueruli were
present in 14 stations (41.2%) located mostly south of Cozu-
mel, at densities ranging from 0.5 to 2.1 postlarvae per
1000 m3 (Fig. 7e). Only two stations with final phyllosomata
also yielded pueruli (Fig. 7f).

Size distribution of pueruli
The size range of pueruli of both species was broad

(P. argus: 4.33–7.55 mm CL; P. guttatus: 7.52–11.0 mm CL). In

P. argus, size of pueruli differed significantly between cruises
(F1,1093 = 52.019, p < 0.0001), with a smaller value in autumn
(mean � SD: 5.62 � 0.35 mm CL, n = 114) than in spring
(6.01 � 0.56 mm CL, n = 981). The size of pueruli of
P. guttatus varied significantly with cruise as well
(F1,56 = 79.495, p < 0.0001), also showing a smaller value in
autumn (mean � SD: 8.34 � 0.48 mm CL, n = 20) than in
spring (9.68 � 0.57 mm CL, n = 38).

Energy reserves of pueruli of P. argus
No trend was evident for any of the six biochemical vari-

ables measured for pueruli of P. argus across the range of dis-
tances to the coast of sampling stations in either cruise
(Fig. 8). This was confirmed by results of ANCOVAs, which
revealed no significant effect of distance to the coast for any
of the six variables (range in p values: 0.174–0.924). However,
all six variables differed significantly between cruises. Interest-
ingly, except for percent TP, the mean value of all variables
was significantly higher for pueruli collected in the spring
cruise (Table 1).

Discussion
This is the first study addressing the question of where

metamorphosis of P. argus and P. guttatus occurs, and the first
to obtain the final, still undescribed phyllosoma stage of
P. guttatus. We found an important presence of final stage
phyllosomata and pueruli of P. argus and, to a lesser extent, of
P. guttatus, in oceanic waters along the Mexican Caribbean up
to ~ 100 km from the shore (the maximum distance to the
shore of our transects), but our results confirmed that meta-
morphosis of both species occurs mainly associated with the
YC core.

Table 1. Panulirus argus. Comparison of mean dry weight, total
lipid (mg), total protein (mg), total lipid and protein as a percent-
age of dry weight, and a condition factor (dry weight/carapace
length) in pueruli collected in the autumn 2012 and the spring
2013 cruise. Numbers in parentheses are standard deviations.
p values are derived from separate ANCOVAs comparing each
variable between cruises and along distances to the shore (0.3–
100 km). The effect of distance to the shore was not significant
(p values: 0.174–0.924).

Autumn 2012 Spring 2013 p value

Dry weight (mg) 22.46 (3.06) 26.46 (3.66) <0.0001

Total lipid (mg) 3.69 (0.91) 5.53 (1.54) <0.0001

% Total lipid 16.42 (3.35) 20.72 (4.55) <0.0001

Total protein (mg) 9.54 (1.36) 10.49 (1.53) 0.0039

% Total protein 42.49 (2.32) 39.74 (3.21) <0.0001

Dry weight/CL 3.88 (0.40) 4.15 (0.42) 0.0056

N 58 29
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Our sampling design was based on the interannual seasonal
pattern of postlarval settlement of P. argus, which shows a
major peak in autumn and a minor peak in spring (Briones-
Fourz�an et al. 2008); therefore, we expected to obtain more
final larvae and postlarvae of P. argus in the autumn 2012
cruise than in the spring 2013 cruise. Most final phyllosomata
were indeed caught in the former, but far more pueruli were
caught in the latter. To our knowledge, the 982 pueruli of
P. argus caught in our spring cruise is the largest number of
pueruli of any spiny lobster species caught in any one cruise.
The majority of pueruli were caught in the neuston net,
underlining their tendency to swim in the first few centime-
ters of the water column in dark nights (Phillips and
Olsen 1975; Calinski and Lyons 1983). Therefore, our results
may simply reflect the differing moonlight intensity between
both cruises, with more brightly moonlit nights in the
autumn cruise (conducted between the dates of new moon
and full moon) and more dark nights in the spring cruise
(conducted between the dates of the last and first lunar quar-
ters). Indeed, the mid-water trawl caught 26% of the
127 pueruli of P. argus obtained in the autumn cruise, but
only 4% of the 982 obtained in the spring cruise.

In other species, most pueruli have also been caught within
the first meter of the water column in dark nights (P. cygnus:
Phillips et al. 1978; Panulirus ornatus and Panulirus penicillatus:
Dennis et al. 2001), but at greater depths in nights with higher
illuminance (Phillips et al. 1978; Pearce et al. 1992). Also,
rough sea conditions, which further appear to favor the con-
centration of pueruli in surface waters (Ritz 1972; Phillips
et al. 1978), prevailed in both of our cruises, but particularly
in the spring cruise. In contrast with P. argus, all pueruli of
P. guttatus were caught in the neuston net. Whether this
occurrence reflects a difference in behavior between pueruli of
P. argus and P. guttatus or the large difference in the catches of
pueruli of both species is unknown.

Unlike pueruli, most final phyllosomata were caught in the
mid-water trawl. Only 2 of the 123 final phyllosomata of
P. argus from the autumn cruise (1.6%) and 4 of the 63 from
the spring cruise (6.4%), but none of the final phyllosomata of
P. guttatus, were caught in the neuston net. These results sug-
gest that, even in dark nights, phyllosomata are more dispersed
in the water column than pueruli are. Although vertical migra-
tions of phyllosomata, which descend in the water column dur-
ing the day and ascend at night, potentially modulate their
advection (Rimmer and Phillips 1979; Bradford et al. 2005),
their eye structure suggests that they spend most of their plank-
tonic life in reasonably well-illuminated regions of the ocean
(Mishra et al. 2006). There is no information on how deep the
vertical migrations of P. guttatus can go, but in the case of
P. argus, few phyllosomata have been found at depths > 100 m,
even during the day (Alfonso et al. 1999; Butler et al. 2011),
and late stages have been caught mainly in the first 25 m of
the water column in dark nights (Austin 1972; Alfonso
et al. 1995; Canto-García et al. 2016). Also, phyllosomata of

P. argus do not appear to go below the 24�C isotherm (Yeung
and McGowan 1991; Alfonso et al. 1999), which in our cruises
was generally well above the 100 m isobath. Therefore, for
those phyllosomata that are entrained by the swift YC, which
is coherent within at least the upper 130 m of the water col-
umn (Cetina et al. 2006; the present study), vertical migration
is unlikely to modulate their advection.

The superposition of the sampling stations with co-
occurring final phyllosomata and pueruli on the current fields
supports our hypothesis that metamorphosis occurs within
the YC and is mainly associated with the YC core. In the
autumn 2012 cruise, these stations were mostly located south
of Cozumel Island and closer to the shore, whereas in the
spring 2013 cruise they were mostly located farther from
the shore. It is important to underline that the location of the
YC core does not follow a fixed seasonal pattern but is rather
related with temporal shifts in the latitude of impingement of
the Cayman current on the eastern coast of the Yucatan Pen-
insula, which depends on the size and intensity of mesoscale
eddies (both cyclonic and anticyclonic) flowing with the cur-
rent (Cetina et al. 2006; Carrillo et al. 2015). During both our
cruises, interesting circulation features included the CC in the
central-southern sections of our study area, which had been
inferred by Merino (1986) from information provided by drift
cards, and the presence of a cyclonic eddy south of Cozumel
Island. This eddy appears to be a persistent feature since it was
also observed in June 2000 during a shipboard ADCP survey
of the region (Ch�avez et al. 2003), and during two oceano-
graphic cruises conducted in March 2006 and January 2007
(Carrillo et al. 2015). The coastal eddy and the CC may aid in
the local retention of phyllosomata and the shoreward migra-
tion of pueruli (Yeung et al. 2001), as suggested by the loca-
tion over these features of several sampling stations with both
final phyllosomata and pueruli of P. argus in the autumn
cruise, and with many pueruli in the spring cruise.

Relative to the autumn cruise, pueruli of both species were
larger in the spring cruise, and those of P. argus were also in a
better nutritional condition, as suggested by their higher
values of DW, condition index, and TL content. The size and
condition of pueruli are known to vary temporally (Yeung
et al. 2001; Martínez-Calder�on et al. 2018), possibly related to
variation in the water temperature throughout the larval
development (Matsuda and Yamakawa 1997). Espinosa-Mag-
aña et al. (2018) compared the TL content between a subsam-
ple of the final phyllosomata and nektonic pueruli of P. argus
collected in our cruises, and the ensuing benthic stages (trans-
parent benthic pueruli, pigmented pueruli, and first juveniles),
collected in the shore during the same seasons. They found
that the greatest decline in TL occurred between final
phyllosomata and nektonic pueruli in autumn, when surface
temperatures were significantly higher than in spring,
suggesting a greater energy cost of metamorphosis at warmer
temperatures, but between nektonic and benthic pueruli in
spring, when the YC was stronger, potentially increasing the

Briones-Fourz�an et al. Spiny lobster metamorphosis in the Yucatan Current

3433



energy cost of shoreward swimming (Espinosa-Magaña
et al. 2018). Differences in size and condition could also reflect
variations in the quality and quantity of food. Phyllosomata
are omnivorous but prefer gelatinous zooplankton (O’Rorke
et al. 2015 and references therein), which tends to be more
abundant offshore near shelf breaks (Luo et al. 2014; Greer
et al. 2020). Gelatinous zooplankton can accumulate dispersed
microbial nutrients and make them available as larger prey for
late stage phyllosomata, as suggested by analyses of fatty acids
(Wang et al. 2014; Briones-Fourz�an et al. 2019). A better nutri-
tional condition could influence the subsequent settlement of
pueruli (Wang et al. 2014), but whether survival rates differ
between large and small pueruli of a given species has not
been determined.

Irrespective of their size at metamorphosis, the nonfeeding
pueruli must use the lipid reserves accumulated as
phyllosomata to swim toward the shore (Wilkin and
Jeffs 2011). A depletion of the energy stores used to fuel the
shoreward migration has been found in pueruli captured
inshore compared to those captured offshore in J. edwardsii in
New Zealand (Jeffs et al. 1999, 2001) and P. cygnus in Australia
(Phillips et al. 2006b; Limbourn et al. 2009). We hypothesized
that this would also happen in P. argus but, contrary to our
expectations, none of the biochemical variables considered for
pueruli of P. argus declined during the shoreward migration in
either cruise. Briones-Fourz�an et al. (2019) also did not find
significant differences in the fatty acid profiles between nek-
tonic pueruli of P. argus from our autumn 2012 cruise and
recently settled pueruli obtained in coastal collectors.
Together, these results suggest that, although metamorphosis
can occur over the entire range of distances to the shore
spanned by our sampling stations, only those pueruli meta-
morphosing within a portion of that range may make it to the
Mexican Caribbean coast.

Swimming distances and the potential success of the shore-
ward migration by pueruli are greatly influenced by oceanic
forces (Phillips et al. 2006b; Limbourn et al. 2009); therefore,
it has been proposed that metamorphosis must occur offshore
but close to the shelf break for the pueruli to be able to reach
the shore, which would be unlikely if metamorphosis occurs
much further offshore (Phillips and McWilliam 2009). In the
permanently strong YC (1 m s�1 on average), an embedded
particle could be advected 200 km in only 55.5 h; conse-
quently, the passage of these larvae through the region would
be expected to be relatively short (~ 2 d). However, based on
data from drift cards released along the Mexican Caribbean,
Merino (1986) concluded that although particles in superficial
waters at distances ≥ 15 km from the coast would indeed drift
along with the swift YC, those at distances ≤ 10 km would
tend to drift toward the coast. Moreover, pueruli are not
merely drifting particles, but strong swimmers able to swim
into or along ocean currents (Phillips and Olsen 1975; Kough
et al. 2014). Pueruli of J. edwardsii experimentally swum in a
kreisel for 2, 3, or 5 d, alternated between extended periods of

swimming at the speed of the current and drifting with the
water flow. Interestingly, the TL of pueruli swum for 2 d did
not differ significantly from that of a control group, whereas
the TL of pueruli swum for 3 and 5 d was significantly lower
(García-Echauri and Jeffs 2018).

Pueruli of P. argus swimming in circular floating arenas
deployed in the sea off the Florida coast (U.S.A.) were observed
to swim directionally day and night. They swam with the cur-
rent, which ran parallel to the coast (as the YC does), but ori-
ented relative to the tide flow and the wind in such a way as
to place them on a shoreward trajectory (Kough et al. 2014).
This orientation ability, while swimming at a speed of 7–
10 cm s�1 (as measured by Calinski and Lyons 1983), could
allow pueruli of P. argus metamorphosing within ~ 12 km
from the eastern Yucatan coast to reach the settlement habi-
tats in a few hours to less than 2 d without a significant loss of
energy reserves (García-Echauri and Jeffs 2018), as found in
our study. Even some pueruli metamorphosing farther than
12 km from the coast may be helped in their shoreward migra-
tion if encountering favorable flow features, such as the persis-
tent coastal eddy south of Cozumel, which extends to around
20 km from the coast (Carrillo et al. 2015), as well as the CC
in the central and southern sections of our study area, which
extended to 30 km from the coast in our autumn cruise. The
onshore transport of pueruli can be further enhanced by
the dominant trade winds, which blow toward the coast, and
by large waves generated by extreme weather events (Caputi
and Brown 1993; Briones-Fourz�an et al. 2008). In contrast,
pueruli metamorphosing farther away than 30 km from this
coast or closer to the Yucatan Channel are more likely to be
carried by the swift YC into the Gulf of Mexico, riding on the
Loop Current, and potentially settle elsewhere, for example,
along the Florida Keys or the Cuban coast (Merino 1986;
Lara-Hern�andez et al. 2019; Segura-García et al. 2019). Others
might enter the eddy system east of the YC, eventually
reaching the southern coast of Cuba or recirculating within
the eddies (Martín et al. 2017), and others would undoubtedly
be lost due to exhausted energetic reserves and a declining
swimming response with increasing pueruli age (Wilkin and
Jeffs 2011; Fitzgibbon et al. 2014).

Building upon earlier studies on different spiny lobster
species, our study increased insight into the oceanic zones
where metamorphosis of spiny lobsters may occur. Our results
suggest that metamorphosing within strong boundary cur-
rents, which by definition are determined by the presence of a
coastline, may increase the chances of pueruli arriving more
quickly to a shore. However, settlement of pueruli in the
coastal habitats is known to vary broadly in time (reviewed in
Phillips et al. 2006a). In the case of the Mexican Caribbean
coast, our results further suggest that the intra- and inter-
annual variation in settlement of P. argus postlarvae (Briones-
Fourz�an et al. 2008) may be partially underlain by the
variability in the velocity and location of the YC core, the
associated CC, and the coastal eddy.
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