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ABSTRACT

Spiny lobsters have a protracted pelagic, oceanic larval phase. The final larval stage
metamorphoses into a non-feeding postlarva (puerulus) that actively swims towards the coast to
settle in shallow habitats and does not resume feeding until after the molt into the first-stage
juvenile. Therefore, the body dimensions and nutritional condition of both settled pueruli and first

juveniles are likely to vary over time, potentially playing a crucial role in the recruitment to the

benthic population. We compared, carapace length (CL), height (CH), and width (CW); total _ - { Deteted: examined changes

length (TL), and body weight (W) between pueruli and first juveniles of the Caribbean spiny \ {Deleted: in
S 777777ﬁ7\"’{Deleted:inthetransitionfrompuerulus

lobster, Panulirus argus, as well as morphometric relationships between both developmental = [

|- R { Deleted: in

stages. Except for CL, all other dimensions were larger in first juveniles, but most markedly CH N { Deloted: -
eleted: an compare

o . U L

and W. The slopes of the CH vs CL, CW vs CL, and W vs CL regressions differed significantly

the CH vs CL relationship, which showed positive allometry. These results reflect a

morphological change from the flatter, more streamlined body of the puerulus, to the heavier,

more cylindrical body of the juvenile, We also analyzed seasonal variations in CL, W, the W/CL - -| Deleted: The slopes of the TL vs CL
7777777777777777777777777777777777777777 regressions did not differ between stages
index (a morphometric condition index), and a modified W/CL index (i.e. after controlling for a but the intercepts did. In both stages, all
********************************** N log-transformed relationships showed
f o : N T : \ negative allometry, except for the CH vs
significant effect of CL),0f both stages using individuals monthly collected over 12 consecutive | ¢ ciationship, which showed isometry.

seasons (Autumn 2010-Summer 2013). In both stages, all three variables exhibited significant \\i\ . { Deleted: corrected

*********************************************************** -~

N {Deleted:,
A\

seasonal variation. For pueruli, the modified W/CL index differed from average in only (wo
Voay { Deleted: developmental
. . . . b\ N\
seasons. winter 2011 (higher) and,summer 2013 (lower), but showed great within-season_______ % " Deleted: calendar
W\ \

variation_(larger coefficients of variation, CVs), potentially reflecting variability in nutritional “\\‘\ilix \{ Deleted: For

\
\ \\\\\\\ Deleted: we found significant seasonal
\\ W\ | effects on CL, W, and W/CL

W

W
\\ \ \\\\{ Deleted: benthic
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\\ b \\\[ Deleted: mean corrected
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777777777777 \\ V) \{ Deleted: was higher than
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season variation_(smaller CVs), suggesting a combination of carry-over effects of puerulus Vo \\{ Deleted: ¢

\
\\ \ \\( Deleted: lower in summer 2011 and
.

condition and effects of local conditions (e.g. food availability and predation risk). These findings

\ \\ Deleted: that make it

warrant further investigation into factors potentially decoupling settlement from recruitment Y { Deleted: mean corrected
\
processes, { Deleted: great between
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INTRODUCTION

Spiny lobsters (family Palinuridae) are large decapod crustaceans that constitute valuable fishing
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resources wherever they occur (Holthuis, 1991). Palinurids have a protracted oceanic larval phase
that consists of multiple flattened, leaf-like larval stages (phyllosoma) morphologically very
different from the adults (Phillips et al., 2006). The final phyllosoma stage metamorphoses into a
highly transparent swimming postlarva (the puerulus), morphologically similar to the adult. This
metamorphosis has been considered the most dramatic morphological transformation in a single
molt across crustaceans (Gurney, 1942). The puerulus is a secondary lecithotrophic (i.e., non-
feeding) phase, consisting of a single stage that actively swims to the coast, where it settles in
shallow habitats (Phillips et al., 2006). After settlement, the transparent postlarvae gradually

become pigmented and the molt from puerulus to first-stage juvenile (hereafter “first juvenile”)

occurs, within days or weeks. The first juveniles resume feeding shortly after molting. - { Deleted: follows shortly

777777777777777 e S o
AN T .
During the post-settlement molt from puerulus to the first juvenile stage, the body of the DN {Deleted' .

AN \{ Deleted: After molting, t
\

Deleted: and remain in the settlement

lobster undergoes substantial changes that make it more suitable for a benthic existence. Most
habitat for a few months

papers reporting on such changes have put emphasis on the development of the mouthparts and

other external and internal structures (e.g., Lemmens & Knott, 1994: Nishida, Takahashi &

Kittaka, 1995; Abrunhosa & Kittaka, 1997; Cox, Jeffs & Davis, 2008), but changes in

morphometric dimensions and allometry have been much less explored (Grobler & Ndjaula,

2001; Groeneveld et al., 2010; Anderson et al., 2013).

The Caribbean spiny lobster, Panulirus argus (Latreille, 1804), occurs throughout the
wider Caribbean region and is by far the most heavily fished of the 24 extant species of spiny

lobsters (Phillips et al., 2013). The larval phase of P. argus comprises 10 phyllosoma stages

(Goldstein et al., 2008) and metamorphosis occurs in oceanic waters. The puerulus swims to the - { Deleted: the

coast and settles in shallow vegetated substrates (macroalgal beds, seagrass meadows, coastal { Deteted: 1 pueruts

mangroves), where the early benthic juveniles remain for a few months before shifting to coral
reef habitats (Butler & Herrnkind, 2000). Lewis, Moore & Babis (1952) described the puerulus

and first few juvenile stages of P. argus, and Anderson et al. (2013) examined allometric growth

of defensive and reproductive structures through ontogeny in P. argus, but to our knowledge the

relationships between weight and size dimensions and allometry in postlarvae and first juveniles

of this species have not been explored.

Artificial collectors mimicking the natural settlement habitats have been devised to

monitor Jong-term levels of puerulus settlement, (Phillips & Booth, 1994). In a few spiny lobster __ - { Deleted: the

. . . . . "~ { Deleted: the long t
species from temperate or cold water regions, in which reproduction and postlarval settlement are { over the ong ferm
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strongly seasonal, the settlement data have shown relationships with the commercial catch after a

lag of several years, opening the possibility of developing catch predictive models (reviewed in _ - | Deleted: e.g. P. cygnus: Phillips et al.,
7777777777 2000; P. interruptus: Arteaga-Rios et al.,
Phillips et al., 2013). However, this has not been the case for P. argus, suggesting that for 2007; Jasus edwardsii, Booth & McKenzie,
****************** —~N 2009; Linnane et al., 2014
tropical species characterized by year-long reproduction and postlarval settlement, a number of " { Deleted: (Hermkind & Butler, 1994;
. . . Briones-Fourzén, Candela & Lozano-
factors potentially mask or decouple the relationship between levels of settlement and abundance Alvarez, 2008)

of subsequent benthic phases (Herrnkind & Butler, 1994: Briones-Fourzan, Candela & Lozano-

Alvarez, 2008). These factors may include quality of settlement habitat, food availability, and

predation mortality, as well as variability in putritional condition of settling pueruli. =~ __— { Deleted: One of these factors could be the |
o {Deleted: the ]

In crustaceans, the nutritional condition is the extent to which an individual has

accumulated reserves of nutrients to allow normal physiological function and growth (Moore,

Smith & Loneragan, 2000). Nutritional condition can be an indicator of past foraging success,and __ - { Deleted: , fighting ability, )

ability to cope with environmental pressures, and can greatly affect population dynamics (Jakob,
Marshall & Uetz, 1996). Because pueruli do not feed, their post-settlement nutritional condition
will depend on the nutrient reserves accumulated prior to metamorphosis and the energetic cost
of swimming to the coastal settlement habitats (McWilliam & Phillips, 1997; Garcia-Echauri &
Jeffs, in press). If pueruli settle with a very low nutritional condition, they may die before,

during, or soon after molting into first juveniles, precluding their recruitment to the benthic

populations (Lemmens. 1994; Jeffs, Nichols & Bruce, 2001; Fitzgibbon, Jeffs & Battaglene, __ { Deleted: sefs, Chiswell & Booth, )
2014). After molting, the first juveniles need to resume feeding to replenish their energy sources, - | Deleted: Morcover, the molt from
77777777777777777777777777777777777 S puerulus to first-instar juveniles is also
but this may depend on local availability of food and predation risk (Smith & Herrnkind, 1992; energetically costly and some individuals
********************************************** S may lgck 1h§ energy to complete this molt
Weiss, Lozano-Alvarez & Briones-Fourzan, 2008), which may further reduce the nutritional | and die during the molt (Lemmens, 1994).
. . . . . . . . . \{ Deleted: factors such as J
condition of first juveniles, potentially precluding their, molt, into second-stage juveniles _—— { Deleted: m from )
(Espinosa-Magaiia, Lozano-Alvarez & Briones-Fourzan, 2017). Therefore, monitoring the levels X { Deleted: ing ]

of nutritional condition of benthic pueruli and first juveniles may provide insight into the
potential factors decoupling the relationships between the levels of settlement and the abundance
of subsequent benthic phases of P. argus.

Several studies have examined the use of nutrients (lipids, proteins, and carbohydrates)

during the transition from phyllosoma to puerulus (e.g., Jeffs, Wilmott & Wells, 1999; Limbourn - { Deleted: Jeffs, Chiswell & Booth, 2001; ]
& Nichols, 2009; Espinosa-Magafia et al., 2018), or the contents of these nutrients as biochemical - { Deleted: in press )

indicators of nutritional condition over time in settled pueruli and first juveniles (Limbourn et al.,

2009). However, this type of biochemical analyses destroys the animals and can be expensive and



170 | time-consuming, making their use impractical to monitor condition over the long term. Other

171  biochemical nutritional indices, such as blood refractive index, can be accurate but are strongly

172 affected by the molt cycle (Oliver & MacDiarmid, 2001; Lorenzon, Martins & Ferrero, 2011).

173 | Alternative morphometric techniques avoid injuring the animals and can be more practical to use - { Deleted: arc
174 | over the long term (Jakob, Marshall & Uetz, 1996). Some studies have found significant variation - - { Deleted: in the field
175 | in the size of benthic (settled) pueruli over time (e.g., Booth & Tarring, 1986; Yeung et al., 2001, - { Deleted: Cruz, 1999;

176  Groeneveld et al., 2010), but size alone is not a good reflection of nutritional condition.

177 One of the simplest morphometric indices of condition is the “ratio index”, which has

178  long been used to assess nutritional condition in fishes (Froese, 2006) and is calculated as body
179  mass divided by a linear dimension of body size. The ratio index has also been used in

180  crustaceans such as prawns and lobsters, in which this index is usually estimated as the total

181  weight of the animal (W) divided by its carapace length (CL). CL is typically preferred over total

182 | length because, unlike the highly flexible abdomen, the rigid carapace can be measured with less

183 | errog, Therefore, we herein refer to this index as the “W/CL index”. The W/CL index has been | - {Deleted: )

" { Deleted: abdomen, which is highly
flexible, the carapace is rigid and can be
measured more easily and with less error.

184  shown to reflect nutritional condition in shrimps (Araneda, Pérez & Gasca-Leyva, 2008), prawns

185  (daRocha et al., 2015), and spiny lobsters (Robertson, Butler & Dobbs, 2000; Oliver &

186  MacDiarmid, 2001; Briones-Fourzan, Baeza-Martinez & Lozano-Alvarez, 2009; Lopeztegui-
187  Castillo, Capetillo-Pinar & Betanzos-Vega, 2012). This is because unlike the blood refraction
188  index, the W/CL index is independent of the molt cycle and may be a more direct reflection of
189  nutritional health (Oliver & MacDiarmid, 2001).

190 The W/CL index is also useful for comparing, the nutritional status between groupsor - { Deleted: to
191  populations (e.g. Robertson, Butler & Dobbs, 2001), although Briones-Fourzan, Baeza-Martinez * {peleted:

192 & Lozano-Alvarez (2009) showed that its use for these purposes was only warranted when the

193 size range of the groups was similar because the W/CL index increases with size. Given that

194 | pueruli and first juveniles have a small and similar size range, the W/CL index could be useful - { Deleted: benthic
195 | for long-ferm monitoring of their condition. Therefore, the aims of the present study were = _— { Deleted: duration

196 | twofold: to compare several morphometric relationships between pueruli and first juveniles of . '\ ° \{ Deleted: nutritional

U

\\ Deleted: of these early benthic stages of

197 | argus and examine allometric changes during this ontogenetic transition, and to examine seasonal \ | spiny lobsters, but to our knowledge it has
\ | not yet been used for those purposes.
198 | variations in size, weight, and the W/CL index of recently settled pueruli and first juveniles of P. {Demed; main objective

199 | argus. We predicted that both pueruli and first juveniles would exhibit significant variation in all

200 | three variables, the former because of the varying environmental conditions during their long
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larval phase and the potential variation in the distance swum by different individuals, and the

latter because of carry-over effects (Marshall & Morgan, 2011) in conjunction with local effects

after the post-settlement molt (e.g., predation risk, changes in food availability).

MATERIALS AND METHODS

Sampling of organisms

Settled pueruli (transparent and pigmented) and first juveniles of P. argus were obtained from
GuSi-type postlarval collectors (Gutiérrez-Carbonell, Simonin-Diaz & Briones-Fourzéan, 1992)
that are used to monitor monthly postlarval settlement indices on the Caribbean coast of Mexico

(eastern coast of the Yucatan peninsula) (Briones-Fourzan, Candela & Lozano-Alvarez, 2008).

t
G\\\\\\

Deleted: was to examine seasonal
variations in size, weight, and the W/CL
index of recently settled pueruli and first
juveniles of P. argus. We predicted that
both pueruli and first juveniles would
exhibit significant variation in all three
variables, the former because of the varying
environmental conditions during their long
larval phase and the potential variation in
the distance swum by different individuals,
and the latter because of carry-over effects
(Anger, 2006) in conjunction with local
effects after the post-settlement molt. We
further measured other body dimensions to
compare several morphometric
relationships of benthic pueruli and first
juveniles of P. argus to determine the main
morphological changes occurring during the
transition between these stages, which to
the best of our knowledge have not been
examined for this species.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, N
large numbers of small invertebrates (mostly less than 5 mm long), such as isopods, amphipods, \\\“:‘:\\\\1\\:\\\\% z::::::; )(

shrimps, crabs, ostracods, harpacticoid copepods, small gastropods, nudibranchs, ophiuroids, and \\\\\“\1:\\\\\1{ Deleted: are permanently
many types of worms (Mendoza-Barrera & Cabrera, 1999), thus providing abundant natural prey \\\\\\\\\\\\{ Deleted: centered

for the first juveniles after the post-settlement molt (Marx & Herrnkind, 1985:; Lalana & Ortiz, \\:‘\\\\% z::::::: ;

1991). A permit for pueruli collection was issued by Comision Nacional de Acuacultura y Pesca ( Deleted: §

(DGOPA.06695.190612.1737). We had access to all samples taken from collectors at Puerto

Morelos between November 2010 and September 2013, but only to samples taken from collectors \\{
{ Moved (insertion) [1]

at Bahia de la Ascension between August 2012 and September 2013. Individuals were

transported in aerated seawater to the laboratory within 1 to 3 h of collection, and categorized

into transparent pueruli (which are completely transparent except for the eyes), pigmented pueruli

(with dark stripes of coloration in the new cuticle, visible below the old, transparent cuticle), first

juveniles (Fig. 1), and older juveniles. First juveniles were distinguished from older juveniles

based on morphological differences described by Lewis, Moore & Babis (1952), mainly the

length of the medial flagella (inner branch) of the antennules relative to the lateral flagella (outer

branch), the appearance of the grooves in the abdominal tergites, and the degree of development

of the pleopods. Older juveniles were not further considered in this study.

Morphometric relationships and allometry

Morphometric relationships allow testing the relationship between two variables and predicting

\\i Deleted: centered

Deleted: , which are distant from each
other by ~150 km

o 0 U U U U L
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the value of one (Y) from the other (X), whereas allometry is useful to examine how one variable
scales with another (Warton et al., 2006). To examine morphometric relationships and allometry,

we used individuals collected from both locations between August 2012 and September 2013.

For these individuals, we measured the following length dimensions: carapace length (CL, from

between the rostral horns to the posterior edge of the cephalothorax), carapace height (CH, across

the mid-point between the bases of the first pair of pereopods and the highest point in the

cephalothorax), carapace width (CW, across the widest part of the cephalothorax), and total

length (TL, from between the rostral horns to the posterior edge of the telson) with digital Vernier

calipers (£ 0.01 mm). All length dimensions were measured under a stereoscopic microscope to

reduce measurement error. We also measured total wet weight (W) of individuals with a digital

scale (£ 0.001 g) after blotting excess moist.

Exploratory analyses revealed that transparent and pigmented pueruli did not differ

significantly in any of the body dimensions that we measured (Student’s #-tests, p > 0.05 in all

cases); therefore, we pooled their data into one category (“pueruli’”) for further analyses. Prior to

regression analyses, we used separate general lineay models (GLM) to test for potential effects of

location (Puerto Morelos and Bahia de la Ascensién) and developmental stage (pueruli and first

juveniles) on each body dimension. As the effect of location was not significant (see Results), we

pooled the data from both locations and used ordinary least-squares regression (OLR) to examine
morphometric relationships (Warton et al., 2006). For each stage, CH, CW, TL, and W were

regressed against CL, For each relationship, the slopes of regressions were compared between

stages with Student’s #-tests; if the slopes did not differ significantly, we compared the elevations
(Zar, 1999). We then used the log-transformed data of all dimensions to test for allometry, which

involves testing if the slope equals a specific value (i.e., isometry: b = 1 for length-length

relationships and b = 3 for length-weight relationships) (Hartnoll, 1982). The appropriate method

to estimate slopes for this purpose is the reduced major axis regression (RMA, also known as

standardized major axis regression) (Warton et al., 2006). Slopes were then tested for departures

from isometry with Student’s #-tests.

Seasonal variation in CL, W, and W/CL index

To examine seasonal variation in size, weight, and the W/CL index, we used samples from Puerto

Morelos only, as this location was sampled uninterruptedly for three years. Given that the

monthly catch of the different stages tends to be low or even zero (Briones-Fourzan, Candela &

- {Deleted: 1

- Deleted: , which can be measured with
less error than TL.

)

| = {Deleted: exclusively the
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Lozano-Alvarez, 2008), we pooled the data by astronomical season (spring: March 20 to June 20:

summer: June 21 to September 21; autumn: September 22 to December 20; winter: December 21

to March 19) based on the day of the month when the collectors were sampled. This procedure

resulted in data from 12 consecutive seasons.

We used separate GLMs to examine the potential effects of season (12 levels) and stage

SR

(2 levels, pueruli and first juveniles) on each variable (CL, W, and W/CL). However, because the

W/CL index is affected by size (Briones-Fourzan, Baeza-Martinez & Lozano-Alvarez, 2009), the

seasonal variation in the W/CL index was further evaluated with an analysis of covariance

(ANCOVA), using CL as a covariate to control for its significant effect. Least squares means and

confidence intervals for seasonal W/CL were then computed for covariates at their means,

yielding a modified W/CL index. For each stage and season, the coefficient of variation (CV =

SD . . .
(mean) X 100) was estimated as a measure of within-seasonal variability.

Statistical analyses were done with the software Statistica v.10 (StatSoft Inc., 2011)

except for the OLS and RMA regression analyses, which were done with the software PAST

v.3.20 (Hammer, Harper & Ryan, 2001). In all cases, results were considered significant if p <

RESULTS

Size distribution, morphometric relationships, and allometry
Between August 2012 and September 2013, we obtained 606 individuals, 380 pueruli (278 from

Puerto Morelos and 102 from Bahia de la Ascensidn) and 226 first juveniles (154 from Puerto

Morelos and 72 from Bahia de la Ascension). Size ranges of pueruli and first juveniles were

5.01-6.90 mm CL and 5.31-6.98 mm CL, respectively (Fig. 2). Results from the GLMs

examining the effects of location and developmental stage on body dimensions (Table 1)
indicated that, except for CL, which did not differ significantly between pueruli and first
juveniles, all other body dimensions were significantly affected by stage, but not by location, and
the interaction term was also not significant. Therefore, the data from both locations were pooled

prior to regression analyses.

In general, morphometric relationships of pueruli exhibited a greater dispersion of data
around the OLS regression line (Fig. 3A-D), resultin

for first-stage juveniles (Table 2). In the TL vs CL relationship, the slopes of the OLS regressions

in lower coefficients of determination than

| transparent pueruli are scarce or alto{ | [1]

r N
Deleted: For these samples, we measured

CL and W in the same way as for

morphometric analyses. These dimensions

allowed for the estimation of the W/CL

L index.

Deleted: For the present study, we used
samples obtained in Puerto Morelos
between November 2010 and September
2013, and additional samples obtained in
Bahia de la Ascension between August
2012 and September 2013. Individuals were
initially categorized into transparent pueruli
(which are completely transparent except
for the eyes), pigmented pueruli (with dark
stripes of coloration in the carapace), first
juveniles (Fig. 1), and older juveniles
(Lewis, Moore & Babis, 1952). Older
juveniles were not further considered in this
study.

Moved up [1]: A permit for pueruli
collection was issued by Comision
Nacional de Acuacultura y Pesca
(DGOPA.06695.190612.1737).

Deleted: §

To examine seasonal variation in size,
weight, and the W/CL index, we used
exclusively the samples from Puerto
Morelos, which amounted to 12 consecutive
calendar seasons. For these individuals, we
measured the carapace length (CL, from
between the rostral horns to the posterior
edge of the cephalothorax) with digital
Vernier calipers (+ 0.1 mm) and the total
wet weight (W) with a digital scale (+ 1
mg) after blotting excess moist. These
dimensions allowed for the estimation of
the W/CL index. For the morphometric
relationships, we used all the samples taken
between August 2012 and September 2013,
from both Puerto Morelos and Bahia de la
Ascension. For these individuals, in
addition to CL and W, we measured
carapace height (CH, across the mid-point
between the bases of the first pair of
pereopods and the highest point in the
cephalothorax), carapace width (CW, across
the widest part of the cephalothorax), and
total length (TL, from between the rostral
horns to the posterior edge of the telson).
All length dimensions were measured under
a stereoscopic microscope to reduce
measurement error. Y

Statistical analyses

Because the main monthly settlement pulse
occurs during the dark phase of the moon
but the collectors are checked the day after
the third quarter lunar phase, the monthly
catch is typically dominated by pigmented
pueruli and first juveniles, whereas

e <
Deleted: Exploratory analyses revealed
that transparent and pigmented pueruli did
not differ significantly in any of the body
dimensions that we measured (Student’s -
tests, p > 0.05 in all cases); therefore, we
pooled their data into one category

L (“pueruli”) for further analyses.
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did not differ significantly between pueruli and first juveniles, but the elevations did (Fig. 3A. |

Table 2). The slopes of all other regressions differed significantly between both stages (Table 2).

In particular, W (Fig. 3B) and CH (Fig. 3C) increased more steeply with increasing CL in /

juveniles compared to pueruli. Results of RMA regressions revealed that for both stages, all ’

relationships with log-transformed data exhibited isometry, except for the Ln CH vs Ln CL ’

relationship in both stages and the Ln CW vs Ln CL relationship in pueruli, which showed /

positive allometry (Table 3). /

Between 20 and 45 pueruli per season, and between 12 and 35 first juveniles per season were

obtained from samples at Puerto Morelos between autumn 2010 and summer 2013. Results of

GLMs on these data showed a significant effect of both main factors (stage and season) but not of

their interaction, on CL, W and W/CL (Table 4). First juveniles had higher mean values of all

three variables than pueruli, with a similar trend for both developmental stages over the sampling

period (Fig. 4). For both stages, all three variables were low in summer 2011 and tended to

I
decrease between spring 2012 and summer 2013 (Fig. 4). Results of ANCOVA showed that, for :
each developmental stage, the effect of season on W/CL remained significant after controlling for |

the significant effect of CL (the covariate) (Table 5). However, the modified W/CL index of |
I

pueruli only differed significantly from the average value in two seasons: winter 2011 (higher), }

and summer 2013 (lower) (Fig. 5A), whereas within-season variability (seasonal CVs) ranged |

from 10.1% to 11.6%. For first juveniles, the modified W/CL index was more variable over time, !

with higher than average values in winter and spring 2011, and lower than average values in ]

autumn 2011 and winter 2012 (Fig. 5B), whereas within-season variability ranged from 6.7% to ]

1.7%. |

Y

DISCUSSION

-~

Deleted: Size distributionq

In all, we obtained 823 individuals, 641
from Puerto Morelos (98 transparent
pueruli, 311 pigmented pueruli, and 252
first juveniles) and 182 from Bahia de la
Ascension (9 transparent pueruli, 95
pigmented pueruli, and 78 first juveniles).
Considering the entire sample, the size
range of transparent pueruli, benthic
pueruli, and first juveniles was 5.46-6.90
mm CL, 5.14-6.89 mm CL, and 5.0-7.15
mm CL, respectively. Figure 2 shows the
great overlap in size range between stages.
Exploratory analyses revealed that
transparent and pigmented pueruli did not
differ significantly in any of the body
dimensions that we measured (Student’s ¢-
tests, p > 0.05 in all cases), supporting their
pooling into one category (benthic pueruli).y
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& Kittaka (1997) reported an increase in mean CL of 7.2% between the puerulus and first

juvenile of P. cygnus, and Groeneveld et al. (2010) reported an increase in mean CL of 4-16% in

Jasus lalandii. Although CW and TL were larger in first juveniles than in pueruli, the main __ { Deleted: benthic
differences between the two stages were an increase in CH and in W after the post-settlement - { Deleted: morphometric
molt. The increase in CH, reflects the change from the relatively flattened body of the puerulus, - { Deleted: carapacc height
which provides a more streamlined form for this forward-swimming stage, to the more _ - { Deleted: hydrodynamic
cylindrical body of the benthic juveniles, which lose the ability to swim forward, This __ { Deleted: after the mol
ontogenetic change was previously observed by Grobler & Ndjaula (2001) and Groeneveld et al. - - { Deleted: allomerric

) )

(2010) in J. lalandii. The increase in weight is greatly due to the uptake and incorporation of

minerals into the cuticle of the first juveniles, which becomes thicker and heavier (Lemmens, __ { Deleted: stevenson, 1985;

1995), and also potentially to the development of internal structures (Lemmens & Knot, 1994). - { Deleted: x

In the morphometric analyses, all dimensions increased linearly with CL and the slopes of

all OLS regressions differed between stages with the exception of the TL vs CL regression, in

which the intercepts differed significantly. Although the relationship W vs CL is typically

described with a power function in spiny lobsters (e.g., Zetina-Moguel, Rios-Lara & Cervera-

Cervera, 1996; Cruz et al., 2007), we used a linear function for this relationship because of the

small range in size and weight of pueruli and first juveniles. The small measured range gave rise

to wide variability in most relationships (values of 1> < 0.7), as was also the case for W vs CL

relationships in pueruli of J. lalandii (Grobler & Ndjaula, 2001; Groeneveld et al., 2010).

Because allometry was examined for each stage, we expected relationships between log-

transformed variables to be isometric. This was the case for all relationships except for Ln CH vs

Ln CL, which exhibited positive allometry in both stages, and Ln CW vs Ln CL, which exhibited

positive allometry in pueruli. These results suggest that larger pueruli emerge from

metamorphosis with a proportionally broader carapace than smaller pueruli, potentially reflecting

individual heterogeneity among phyllosomata.

Morphometric changes between the puerulus and the first juvenile could be considered as

subtle compared with the dramatic morphological change from phyllosoma to puerulus, but the

post-settlement molt does involve considerable structural and morphological changes (Lewis, __ - | Deleted: Compared with the dramatic
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during metamorphosis in other crustaceans, whereas the more dramatic phyllosoma-puerulus

morphological shift relies on a different, yet to be identified metamorphic mechanism.

cases, the authors offered as possible explanations that phyllosomata metamorphosing in that

particular season either found more favorable feeding conditions or had more time to feed and
grow, or that pueruli arriving to the settlement habitats in different seasons may have originated

from different adult populations.

study period, with the lowest values in summer 2011 and in spring-summer 2013. In pueruli of P.
argus collected between June 1997 and June 1999 in Florida, the smaller mean CL values also
occurred during the summer (Yeung et al., 2001), a result that was ascribed to variable seawater
collected nektonic pueruli of P. argus offshore of the Mexican Caribbean coast in autumn 2012
and spring 2013, and found that the pueruli were larger and contained more lipid reserves in
spring than in autumn. These differences were ascribed to a greater availability of basal food
resources (phytoplankton) across the western Caribbean between October and March than during
April to September, as reported by Melo-Gonzélez et al. (2000), and/or to the higher water
temperatures during the summer, which may reduce the metabolic efficiency and the increase in
size at molt of late-stage phyllosomata (e.g., Matsuda & Yamakawa, 1997), potentially resulting
in smaller pueruli during the summer months. Indeed, in laboratory experiments, Fitzgibbon &
Battaglene (2012) found a downward shift in the optimum temperature for late-stage

changes in feeding and energy metabolism, resulting in larger pueruli at lower temperatures.

Limbourn et al. (2009) found a significant spatial and temporal variation in total lipid
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Australia, but to the best of our knowledge, the present study is the first to examing, temporal __ - { Deleted:
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variability in a morphometric condition factor for pueruli and first juveniles of any spiny lobster
species. Robertson, Butler & Dobbs (2000) experimentally demonstrated that the W/CL index
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some of this variation, as the northern portion of the Mexican Caribbean has been identified as a

sink area potentially receiving postlarvae of P. argus from multiple Caribbean locations
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12 days and still be able to molt if they can resume feeding after this period (Espinosa-Magana,

868
869
870
871
872

Lozano-Alvarez & Briones-Fourzan, 2017). In addition to the potential effect of local conditions.

there might be a meaningful carry-over effect of the previous condition after the post-settlement

molt. This is an important issue to consider because conspecific individuals can differ widely in

their metabolic phenotype (i.e. their rate of energy metabolism) (Burton et al., 2011), and this

phenotypic variation can be more important than variation in larval supply in regulating marine

populations (Marshall & Morgan, 2011).

CONCLUSIONS

v

Pueruli and first juveniles of P. argus had a similar range in CL, but the latter were heavier and

had a greater CH than the former. As predicted, there was significant seasonal variation in CL,

W, and the W/CL index (a morphometric condition factor) of both stages. However, within-

season variation in the modified W/CL index was greater for pueruli than for first juveniles,

potentially reflecting variability in the condition of larvae prior to metamorphosis and in the

distances swum by individual pueruli to the settlement habitat, whereas between-season variation

was greater for first juveniles than for pueruli, suggesting a combination of carry-over effects and

variation in the effects of local factors (e.g. predation risk and food availability). Whether such

differences have any impact on survival of these stages of P._argus remains to be determined. For

example, validating the results of W/CL index of pueruli and first juveniles with biochemical

analyses (lipid and protein contents) would support their continued use to monitor nutritional

condition of these stages over the long term, whereas experimental studies could help determine

how the condition factor of first juveniles varies in the presence/absence of predation risk at

different levels of food availability. These and other investigations are necessary to unravel the

complexity of linkages between factors potentially decoupling settlement from recruitment

processes.

I
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FIGURE LEGENDS

Figure 1. Developmental stages of Panulirus argus considered in the present study. { Deleted: (ranspareny)
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To examine seasonal variation in size, weight, and the W/CL index, we used
exclusively the samples from Puerto Morelos, which amounted to 12 consecutive calendar
seasons. For these individuals, we measured the carapace length (CL, from between the
rostral horns to the posterior edge of the cephalothorax) with digital Vernier calipers (+ 0.1
mm) and the total wet weight (W) with a digital scale (= 1 mg) after blotting excess moist.
These dimensions allowed for the estimation of the W/CL index. For the morphometric
relationships, we used all the samples taken between August 2012 and September 2013, from
both Puerto Morelos and Bahia de la Ascension. For these individuals, in addition to CL and
W, we measured carapace height (CH, across the mid-point between the bases of the first pair
of pereopods and the highest point in the cephalothorax), carapace width (CW, across the
widest part of the cephalothorax), and total length (TL, from between the rostral horns to the
posterior edge of the telson). All length dimensions were measured under a stereoscopic
microscope to reduce measurement error.

Statistical analyses

Because the main monthly settlement pulse occurs during the dark phase of the moon
but the collectors are checked the day after the third quarter lunar phase, the monthly catch is
typically dominated by pigmented pueruli and first juveniles, whereas transparent pueruli are
scarce or altogether absent (Briones-Fourzan, 1994). However, as exploratory analyses
revealed no significant differences in body dimensions between transparent and pigmented
pueruli (see Results), the data from all pueruli were pooled as “benthic pueruli” for further
comparisons.

Seasonal variation in CL, W and the W/CL index. Because the monthly catch
from collectors tends to be rather low (e.g., some months the catch can be zero, Briones-
Fourzan, Candela & Lozano-Alvarez, 2008), we pooled the monthly data for the entire
sampling period from Puerto Morelos by calendar season to examine seasonal variation in
CL, W, and the WL index for benthic pueruli and first juveniles. These data were subjected to
factorial analyses of variance (ANOV As) with two (fixed) categorical factors: season (12
levels, from autumn 2010 to summer 2013) and developmental stage (2 levels, benthic
pueruli and first juveniles). However, because the W/CL index is affected by size (Briones-
Fourzan, Baeza-Martinez & Lozano-Alvarez, 2009), the seasonal variation in the W/CL
index was further evaluated with an analysis of covariance (ANCOVA) using CL as a

covariant, to control for its significant effect. This variable is hereafter referred as “corrected



W/CL index” In all cases, results were considered significant if p < 0.05.

Morphometric relationships. Regression analyses were used to examine
morphometric relationships with data obtained from Puerto Morelos and Bahia de la
Ascension between August 2012 and September 2013. First, we tested for a potential effect
of location (with two levels, Puerto Morelos and Bahia de la Ascension) and developmental
stage (with two levels, benthic pueruli and first-stage juveniles) on each variable (CL, CH,
CW, TL, and W) with separate factorial analyses of variance (ANOVA). As the effect of
location was not significant (see Results), the data from both locations were pooled. Then, for
each developmental stage, the variables CH, CW, TL, and W were regressed against CL, as
this variable can be measured with less error than TL. For each relationship, the slopes of
regressions were compared between developmental stages with Student’s #-tests; if the slopes
did not differ significantly, we then compared the elevations (Zar, 1999). Finally, using the
log-transformed data of all dimensions, we also tested departures from isometry (b =1 for
log-transformed length-length relationships, and b = 3 for length-weight relationships)
(Hartnoll, 1982), also with 7 -tests (Zar, 1999).
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The analyses of seasonal variation in CL, W, and the W/CL index encompassed 12

consecutive seasons, from November (autumn) 2010 to September (summer) 2013. During
this period, we obtained 329 benthic pueruli and 252 first-stage juveniles at Puerto Morelos.
Results of ANOV As showed a significant effect of both main factors (Developmental stage
and Season), but not of their interaction, on each of the three variables (Table 1). First
juveniles had higher mean values of all three variables than benthic pueruli, with a similar
trend for both developmental stages over the sampling period (Fig. 3). For both stages, all
three variables were low in summer 2011 and also tended to decrease between spring 2012
and summer 2013 (Fig. 3). However, results of ANCOVA showed that, after controlling for
the significant effect of CL (the covariant), the corrected W/CL index of benthic pueruli
varied significantly with season, with higher than average values in autumn 2010 and winter
of 2011, and lower than average values in summer 2011 and spring-summer 2013 (Fig. 4A).
The corrected W/CL index of first juveniles also varied significantly with season after
controlling for the significant effect of CL, with higher than average values in autumn 2010,
and winter-spring 2011, and lower than average values in autumn 2011 and winter 2012 (Fig.
4B).

Morphometric relationships

Results from the factorial ANOVAs examining the effects of location and



developmental stage on body dimensions (Table 2) indicated that, except for CL, which did
not differ significantly between benthic pueruli and first juveniles, all other body dimensions
were significantly affected by developmental stage, but not by location, and the interaction
term was also not significant. Therefore, the data from both locations were pooled prior to
regression analyses.

In general, compared with first juveniles, morphometric relationships of benthic
pueruli exhibited a greater dispersion of data around the regression line, resulting in lower
coefficients of determination than for first-stage juveniles (Fig. 5). In the TL vs CL
relationship, the slopes of the regressions did not differ between benthic pueruli and first
juveniles, but the elevations did (Fig. 5A, Table 3). The slopes of all other regressions
differed significantly between both developmental stages (Table 3). The most evident
morphometric changes between pueruli and first juveniles were an increase in weight (Fig.
5B) and carapace height (Fig. 5C) relative to CL in juveniles, with weight increasing more
steeply with increasing CL in juveniles. In contrast, changes in total length (Fig. 5A) and
carapace width (Fig. 5D) relative to CL, although significant as well, were less marked. For
both developmental stages, all regressions with log-transformed length dimensions exhibited
negative allometry (i.e., slope was significantly lower than 1), except for the relationship
carapace height vs CL, which exhibited isometry (Table 3). The slopes of the W vs CL
relationships also differed significantly from 3 in both stages, showing negative allometry

(Table 3).



