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Resource allocation theory predicts a disproportionately large allocation of resources to defensive structures during
early ontogeny in organisms that are subject to more intense predation at smaller than at larger body sizes. We
tested this prediction on the Caribbean spiny lobster Panulirus argus, which exhibits a negative relationship
between predation risk and body size with a high natural mortality of smaller individuals. Independent allometric
growth analyses demonstrated that numerous defensive structures (e.g. orbital horns, segments supporting the
antenna, the tail fan) display negative allometric growth throughout ontogeny. We interpret these findings as
lobsters investing disproportionately more resources to defensive structures when small to improve survivorship.
Similarly, we observed an ontogenetic shift in lobster colour pattern; small individuals (< 23 mm carapace length)
that inhabit nursery grounds (preferably among red algae) displayed a disruptive pattern (camouflage), whereas
larger juveniles displayed a bicolour pigmentation typical of adult lobsters. This shift in colour pattern further
suggests that small lobsters employ cryptic coloration throughout their asocial algal stage. However, this cryptic
coloration offers no advantage when lobsters grow larger and start dwelling in crevices. Other structures linked
to reproduction (e.g. female pleopods and male pereopods) experienced either isometric or positive allometric
growth throughout ontogeny. Our results support one of the main predictions of resource allocation theory and
demonstrate ontogenetic shifts in defensive structures and coloration concomitantly with changes in lobster
mortality risk mediated by size-dependent predation risk. © 2012 The Linnean Society of London, Biological
Journal of the Linnean Society, 2013, 108, 87–98.

ADDITIONAL KEYWORDS: crustacea – defence – marine – predation – size-dependent.

INTRODUCTION

‘If under changed conditions of life a structure, before useful,
becomes less useful, its diminution will be favoured, for it will
profit the individual not to have its nutriment wasted in
building up a useless structure’ (Darwin, 1872).

The concept of resource allocation is at the core
of evolutionary theory (Pianka, 1976; Charnov, 1982;
Van Noordwijk & Jong, 1986; Boggs, 1992). It pre-
dicts the optimal allocation of resources to particular
functions (e.g. growth, reproduction, foraging and
defence) along with shifts in resource distribution
depending upon varying intrinsic (e.g. age and size) or
extrinsic (e.g. environmental and social) conditions*Corresponding author. E-mail: baezaa@si.edu
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(Roff, 1992; Stearns, 1992). Organisms that exhibit
ontogenetic shifts in habitat preference and experi-
ence differing ecological pressures (e.g. predation)
during their lifetime are well-suited for exploring the
principles of optimal resource allocation.

Predation is one of the most important sources of
mortality that affects prey behaviour (Werner et al.,
1983; Lima & Lawrence, 1990), morphology (Pigliucci,
2001; Relyea, 2005), and physiology (Appleton &
Palmer, 1988; Stibor, 1992; Leong & Pawlik, 2010).
Several empirical studies have provided examples of
impressive strategies for coping with predation risk.
For example, marine sponges increase the production
of chemical deterrents when under a high risk of
predation (Leong & Pawlik, 2010). Freshwater crus-
taceans (Daphnia hyalina) are known to speed up
sexual maturity in environments with intense preda-
tory cues (Stibor, 1992). Lastly, many species are
capable of mimicking the colour characteristics (e.g.
cryptic camouflage) of their surrounding habitat in
the presence of potential predators (Stuart-Fox &
Moussalli, 2009). Each of these strategies includes
shifts in resource allocation.

The intensity of predation may also change through-
out the life of the organism. A commonly reported
pattern for both marine and terrestrial invertebrates
is a decrease in predation risk with increasing body
size (Herrnkind & Butler, 1986; Persson et al., 1996).
In situations where predation risk decreases through
ontogeny, individuals are expected to allocate more
resources to defensive structures and behaviours when
small and to diminish resource allocation to defence
with increasing body size. This lifetime shift in
resource allocation to defensive strategies is expected
to increase survivorship (Pigliucci, 2001; Relyea,
2005), and various studies in marine invertebrate
support this principle by reporting ontogenetic
changes in body proportions or coloration during
ontogeny (Hartnoll, 1965, 1974; Palma & Steneck,
2001; Berke & Woodin, 2008; Baeza & Asorey, 2012).
Importantly, most work on the relationship between
resource allocation and predation risk has been con-
ducted on short-term inducible defences (Stibor, 1992;
Leong & Pawlik, 2010). In turn, although the notion
that resource allocation to defensive strategies should
be the greatest during early life is widely accepted, it
has rarely been explored empirically. Indeed, ontoge-
netic shifts in morphological traits that diminish pre-
dation risk is one of the least explored aspects of
predator-induced defences (Relyea, 2005).

Concomitantly with diminished allocation to
defence, individuals are expected to increase
resources devoted to body structures related to repro-
duction with increasing body size. Theoretically, body
structures relevant for searching, guarding or choos-
ing sexual partners should become positively allom-

etric, and possibly sexually dimorphic, at the onset of
sexual maturity (Crawford & De Smidt, 1922; Lipcius
et al., 1983). The exaggeration of body parts relevant
for reproduction immediately before or at the onset
of sexual maturity is considered an adaptation for
increasing reproductive output (e.g. in females) or
mating success (e.g. in males) allowing individuals to
optimize fitness over their lifetime (Dean, 1981;
Stearns, 1992).

The Caribbean spiny lobster Panulirus argus
(Latreille, 1804) is an ideal model for testing size-
dependent resource allocation to defensive and repro-
ductive structures (Smith & Herrnkind, 1992; Booth
& Phillips, 1994; Herrnkind et al., 1997). A diverse
suite of predators has been recognized for this species,
including sharks (Smith & Herrnkind, 1992; Mintz
et al., 1994), rays (Eggleston et al., 1990; Smith &
Herrnkind, 1992), teleost fishes (Mintz et al., 1994;
Briones-Fourzán, Pérez-Ortiz & Lozano-Álvarez,
2006), and invertebrates (Smith & Herrnkind, 1992;
Mintz et al., 1994; Berger & Butler, 2001). These
predators typically target juveniles up to approxi-
mately 60 mm carapace length (CL) (Herrnkind
& Butler, 1986), although the smallest juveniles
(< 35 mm CL) are most vulnerable (Eggleston et al.,
1990), clearly indicating a size-dependent predation
risk for P. argus. To maximize fitness, P. argus indi-
viduals are expected to invest heavily in features that
serve in defence (i.e. coloration, body parts, behav-
iours) when they are small and decrease this alloca-
tion as body size increases and predation rate
decreases. Importantly, the main antipredator mecha-
nism of spiny lobsters is probably overall body size
because, as body size increases, gape limitation
reduces the number of possible predators (Persson
et al., 1996; Nilsson & Bronmark, 2000). Experiments
have demonstrated that survivorship of small juve-
niles (5–15 mm CL) increased when tethered apart
from one another (Butler, Herrnkind & Hunt, 1997),
animals of intermediate body size (30–35 mm CL)
experience equal predation when tethered together
or alone (Childress & Herrnkind, 2001), although
animals > 45 mm CL experience reduced predation
when paired with other conspecifics (Eggleston et al.,
1990; Eggleston, Lipcius & Miller, 1992; Butler, Mac-
Diarmid & Booth, 1999). This suggests that lobsters
should allocate considerable energy to defence at body
sizes < 40 mm CL because increases in body size and
group living do not translate to survival benefits (i.e.
decreased predation) until individuals become larger
than approximately 40 mm CL (Zimmer-Faust &
Spanier, 1987; Smith & Herrnkind, 1992).

Some defensive mechanisms that could be para-
mount to the survival of P. argus juveniles include the
development of body structures for detecting preda-
tors (antennules: Zimmer-Faust, Tyre & Case, 1985;
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Berger & Butler, 2001), for deterring predators
(antennae and spines: Zimmer-Faust et al., 1985;
Briones-Fourzán et al., 2006), and for escaping preda-
tors (abdomen musculature and tail fan: Nauen &
Shadwick, 2001). All these defensive structures
should experience negative allometry in lobsters as
they decrease in vulnerability with increasing body
size. Furthermore, with the reduction in allocation to
defence, lobsters are expected to augment allocation
to body structures relevant for reproduction with
increasing body size. Body structures such as pleo-
pods in females (i.e. that help protecting embryos
from abrasion; Crawford & De Smidt, 1922) and the
second pereopods in males (i.e. that might help males
to grasp females during mating; Lipcius et al., 1983;
D. C. Behringer, pers. observ.) should display positive
allometric growth in P. argus.

In the present study, we test the hypothesis that
traits under strong natural selection by predators
should be negatively allometric in the spiny lobster
P. argus because small individuals are at greater risk
than large conspecifics. In turn, traits that are under
strong sexual selection should be positively allometric
at approximately the size of sexual maturity in
P. argus. To test our predictions, a series of measure-
ments were taken from the Caribbean spiny lobster:
(1) to determine relative growth of several defensive
and reproductive structures across a broad range of
lobster sizes (10–130 mm CL) and (2) to explore the
existence of different ontogenetic phases character-
ized by differing allometric scaling of body parts and
shifts in coloration.

MATERIAL AND METHODS
COLLECTION AND MEASUREMENT OF SPECIMENS

Specimens of P. argus were collected between July
and November 2010 near Long Key, Florida, USA
(N24°49′26″; W80°48′48″). Juveniles < 14 mm CL
were captured from benthic recruitment collectors
deployed within Florida Bay (for habitat description,
see Behringer & Butler, 2006). Individuals > 14 mm
CL were collected by hand from natural lobster dens
(e.g. sponges, small coral heads, and substrate crev-
ices) in hard-bottom habitat or from patch reefs on
the ocean side of Long Key. The largest specimens
(> 90 mm CL) were retrieved from commercial fishers
who captured them in Florida Bay and the ocean side
of Long Key. After field collection, lobsters were proc-
essed alive on board research vessels, dockside from
commercial fishers, or at the Goshen College Marine
Laboratory on Long Key.

Male and female lobsters were distinguished by the
presence (males) or absence (females) of gonopores on
the coxae of the fifth pereopods. Subsequently, the

measurements taken from each lobster were: cara-
pace length (measured dorsally from the midpoint of
the eyestalks to the distal carapace margin), abdomen
length (AbL) and abdomen width (AbW, measured at
the level of the first abdominal segment), antenna
width (AW, at the base) and antenna length (AL),
external flagellum of the right antennule length
(AnnL), third right antennal segment width (A3W)
and length (A3L), right eye horn basal width (HW)
and horn length (HL), second walking leg (pereopod)
total length (2PL) and width (2PW, at the base of the
merus), and telson width (TW) and length (TL)
(Fig. 1). Only intact antennae were measured. Almost
invariably, the length of the right antenna was meas-
ured unless it was missing or broken, in which case
the length of the left antenna was measured. Speci-
mens < 14 mm CL were measured using a graduated
ocular micrometer on a stereomicroscope (precision =
0.025 mm), whereas specimens > 14 mm CL were
measured using a SPI 2000 series dial calliper (Swiss
Precision Instruments) (precision = 0.1 mm). One of
three distinct colour patterns was recorded for each
lobster; disruptive, intermediate, and bicolour (see
below).

ALLOMETRIC GROWTH AND COLOUR

PATTERN IN P. ARGUS

We determined whether the morphological structures
measured grew proportionally (linearly) with a unit of
increase in body size in male and female P. argus. All
of the dimensions studied were unidimensional; thus,
the relationship between body size (CL) and the
length or width of each structure of interest was
evaluated using the allometric model y = axb (Hart-
noll, 1978). The slope b of the log-log least-squares
linear regression represents positive allometric (b > 1)
or negative allometric (b < 1) growth of the structure
relative to body size (Hartnoll, 1978). To assess devia-
tions from linearity, a t-test was used to determine
whether the observed slope b deviated significantly
from the expected slope of unity (b = 1).

Visual examination of the relationship between
body size to second pereopod width, antennule
length, and antenna length in the two sexes sug-
gested ontogenetic shifts in growth rate (two differing
growth rates), which has been demonstrated in
several crustaceans (Hartnoll, 1965). To confirm that
these shifts were occurring in only these anatomical
features, a modified analysis similar to that described
by Sampedro et al. (1999) and Baeza & Asorey (2012)
was performed using SAS software (SAS Institute).
First, a principal components analysis (PCA; using
PROC PRINCOMP) between variable pairs was con-
ducted to determine the number of ontogenetic
phases. Subsequently, a clustering analysis (K-means;
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using PROC FASTCLUS) was performed to assign
growth phases to the different groups predetermined
by the PCA. For this analysis, the maximum number
of clusters was set at 2 based on the results of the
PCA (Nclusters = 2). Finally, a bivariate linear discrimi-
nant analysis (using PROC DISCRIM) was conducted
to cross-validate our results. This analysis permitted
us to classify each lobster into a discrete ontogenetic
phase previously identified by the PCA and cluster-
ing analyses, with CL treated as the independent
variable.

If the above analyses indicated strong ontogenetic
shifts in resource allocation, denoted by discontinui-
ties (transitional point) between differing slopes, then
this discontinuity was calculated using the protocol
developed by Lovett & Felder (1989). In brief, the
data were visually divided into two subsets by their
differing slopes, with the hypothesized transitional
point bisecting the subsets. Two separate regressions

(using PROC REG) were used for each subset (with
CL always the independent variable) repetitively,
with the transitional point shifting by 0.5 mm CL
between each run of the two regressions. The transi-
tional point was defined as the resulting lowest com-
bined sum of square residuals (SSR) of the two subset
regressions. This transitional point was the midpoint
of the size range over which resource allocation shifts
with ontogenetic phase (Lovett & Felder, 1989).
Second pereopod width, antennule length, and
antenna length in males and females were analysed
in this fashion because they appeared to have a
distinct transition point between two growth rates
(see results).

Lastly, we observed three distinct colour patterns
(see above) that appeared to shift with ontogeny and
estimated the size at which the colour pattern
changed using a logistic regression analysis in
SYSTAT (2002). The shift from one ontogenetic

Figure 1. Measurements used during the experiment. A, dorsal view of measurements: antenna width (AW), antenna
length (AL), antenna third segment length (A3L), antenna third segment width (A3W), antennule length (AnnL), telson
width (TW), telson length (TL), abdominal width (AbW), abdominal length (AbL), second pereopod length (2PL), and
second pereopod width (2PW). B, lateral view of the horn length (HL) and horn width (HW) measurements. C, ventral
view of pleopod width (PW) and pleopod length (PL) measurements.
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pigmentation phase to another was defined as the size
(CL) at which the probability of an individual exhib-
iting a bicolour pattern was 0.5 (Wilson & Hardy,
2002).

RESULTS

A total of 74 males and 77 females were used for the
analysis of allometric growth. A positive correlation
between body size (CL) and the length and width of
numerous structures was detected in the two sexes
(Table 1). These structures differed in the extent of
allometry, with a few exceptions. In both sexes, telson
width and length, antenna width, third antennal
segment width and length, post-orbital horn width
and length, and abdomen width and length all expe-
rienced negative allometric growth; the slope of the
relationship between CL and each of these structures
was significantly < 1 (P < 0.0001 in all cases) (Fig. 2A,
B, C, D, E, F, Table 1). One anatomical feature that
differed in allometric status between males and
females was the first pleopod, both in terms of length
and width. In males, pleopod length was isometric
(b = 1.03, P = 0.0627) (Fig. 2F) and width was nega-
tively allometric (b = 0.93, P < 0.0001) (Fig. 2E).
By contrast, pleopod length (b = 1.20, P < 0.0001)

(Fig. 2F) and width (b = 1.09, P < 0.0001) (Fig. 2E)
were positively allometric in females. The length of
the second pereopod was the only anatomical feature
to be positively allometric in both males (b = 1.12,
P < 0.0001) and females (b = 1.06, P < 0.0001)
(Table 1).

Both males and females displayed a constant growth
rate relationship with CL in all the above measure-
ments. By contrast, PCA and clustering analyses dem-
onstrated the existence of a relationship between CL
and second pereopod width, antennule length, and
antenna length in the two sexes that included two
growth phases separated by a small transitional CL
range (Figs 3, 4). For the second pereopod width, the
transitional point between ontogenetic phases
occurred at 27.80 mm CL in males (Fig. 3C) and
25.5 mm CL in females (Fig. 4C). During the first
ontogenetic phase, all lobsters exhibited negative
allometric growth of the second pereopod width
(both sexes: P < 0.0001). However, growth became
isometric during the second growth phase (both
sexes: P < 0.05). During the first ontogenetic phase,
lobsters of the two sexes exhibited positive allome-
tric growth of antennule length (females b = 1.45,
P < 0.0001: males b = 1.43, P < 0.0001), although the
same structure was negatively allometric during the

Table 1. Relative growth of selected structures in male and female Panulirus argus

Males Females

r2 b (SEs) P r2 b (SEs) P

Negative allometry
Antennae width 0.985 0.77 (0.011) < 0.0001 Antennae width 0.980 0.77 (0.013) < 0.0001
Third segment length 0.991 0.83 (0.010) < 0.0001 Third segment length 0.990 0.82 (0.009) < 0.0001
Third segment width 0.994 0.77 (0.007) < 0.0001 Third segment width 0.991 0.78 (0.009) < 0.0001
Horn length 0.981 0.90 (0.015) < 0.0001 Horn length 0.973 0.90 (0.017) < 0.0001
Horn width 0.973 0.78 (0.017) < 0.0001 Horn width 0.974 0.79 (0.015) < 0.0001
Telson width 0.958 0.92 (0.023) 0.0004 Telson width 0.997 0.92 (0.006) < 0.0001
Telson length 0.992 0.82 (0.009) 0.0004 Telson length 0.992 0.88 (0.009) < 0.0001
Abdomen width 0.995 0.95 (0.008) < 0.0001 Abdomen width 0.995 0.94 (0.007) < 0.0001
Abdomen length 0.995 0.97 (0.008) 0.0001 Abdomen length 0.995 0.95 (0.008) < 0.0001
Pleopod width 0.981 0.93 (0.016) < 0.0001

Isometry
Pleopod length 0.984 1.03 (0.015) 0.0627 – – – –

Positive allometry
Second pereopod

length
0.993 1.12 (0.012) < 0.0001 Pleopod width 0.983 1.09 (0.017) < 0.0001

Pleopod length 0.990 1.20 (0.014) < 0.0001
Second pereopod

length
0.993 1.06 (0.010) < 0.0001

The regression equations for each structure dimension versus CL (using log10 – log10 transformed data) and associated
coefficients of determination (r2), slope (b) along with standard error of the slopes (SEs), allometric status, and P-values
used to test for significant departures from isometry are shown. Significant P-values are shown in bold.
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second ontogenetic stage both in males and females
(bfemales = 0.68, P < 0.0001: bmales = 0.86, P < 0.0001).
Total SSR was minimized for antennule length when
the transitional point was 27.80 mm CL in males
(Fig. 3B) and 35.30 mm CL in females (Fig. 4B). Total
SSR was minimized for antenna length when the
transitional point was 26.85 mm CL in females and
63.95 mm CL in males. In males, antenna length
before the transitional point displayed negative allo-
metric growth (b = 0.96, P < 0.0001), after which no
correlation between CL and antenna length existed
(b = 0.13, P = 0.1608) (Fig. 3A). In turn, female
antenna length before the transitional point displayed
positive allometric growth (b = 1.35, P < 0.0001), after

which growth was negatively allometric (b = 0.61,
P < 0.0001) (Fig. 4A).

Three different colour patterns were observed in
lobsters of both sexes (Fig. 5). Small lobsters (7.6–
17.4 mm CL) displayed a combination of an apparent
disruptive coloration and camouflage characterized by
alternating white and red–brown bands on the pere-
opods along with a pale yellow medial band running
dorsally down the length of the body, which was
otherwise dark brown or green in coloration (Fig. 5).
Lobsters as small as 17.2 mm CL (but often larger
than 24.2 mm CL) displayed a second ‘bicolour’
pattern typically observed in large juveniles and
adults, characterized by alternating longitudinal

Figure 2. Allometric growth of different morphological traits featuring a single ontogenetic growth phase in both sexes
of the spiny lobster Panulirus argus. The different graphs show the log10 of the antenna width (A), orbital horn length
(B), telson length (C), abdomen length (D), pleopod width (E), and pleopod length (F) as a function of the log10 of the
carapace length. Black (•) and white (�) circles denote males and females along with their corresponding slope (b).
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stripes of yellow and turquoise on the pereopods, a
red or rust coloured carapace and abdomen that
blended with white or pale yellow on the lateral
surfaces, and also featuring distinctive and well

defined dorsal whitish spots on the abdomen (Fig. 5).
The third ‘intermediate’ colour pattern, observed in
lobsters 10.4–24.2 mm CL, represented a blend of the
coloration typically observed in the smallest lobsters
and the ‘bicolour’ pattern typical of the large lobsters.
The magnitude of blending between the two colour
patterns was typically size-dependent (Fig. 5). These
are general patterns with natural variability in the
precise colours. Logistic regressions indicated that
the CL at which 50% of lobsters shifted from the
first colour pattern (disruptive) to the ‘bicolour’
pattern was 22.86 mm for males (95% confidence
interval = 18.43–27.39 mm CL) and 22.33 mm for
females (95% confidence interval = 17.24–27.19 mm
CL) (Fig. 5).

DISCUSSION

The present study demonstrates that several defen-
sive structures in P. argus experience negative allom-
etric growth, which agrees with the theoretical
considerations and predictions (Roff, 1992; Stearns,
1992) suggesting that, at their smallest and most
vulnerable stage, lobsters should devote resources
disproportionately to structures that improve their
defensive capabilities. In turn, with increasing body
size and a diminishing suite of potential predators,
fewer resources are allocated to the development of
defensive structures. Concomitant with a decreased
allocation to defensive structures, lobsters appear
to allocate additional resources to traits relevant
for reproduction (e.g. pleopod width and length in
females, second pereopod length in males) with
increasing body size. Our results support predic-
tions central to resource allocation and life-history
theory indicating that ontogenetic shifts in resource
allocation (i.e. to defensive and reproductive struc-
tures) represent an adaptation in organisms inhabit-
ing environments in which conditions (e.g. predation
risk) change during lifetime.

Although the majority of traits examined in the
present study (12 of 15) displayed a single growth
phase through ontogeny, other structures (e.g. anten-
nules and antenna) experienced substantial shifts in
relative growth. These shifts occurred over a narrow
body size range indicating the existence of more
than a single ontogenetic phase in P. argus. Shifts
in resource allocation during ontogeny are well-
documented around the onset of sexual maturity in
other crustaceans (Hartnoll, 1965, 1974; Baeza &
Asorey, 2012), such as in various spider crabs (family
Majidae) for which morphometric analyses of second-
ary sexual characteristics have identified two or three
ontogenetic stages (Hartnoll, 1965, 1974; Finney &
Abele, 1981; Berke & Woodin, 2008). In these species,
males display a greater positive allometric growth of

Figure 3. Allometric growth plots for three morphological
structures in male Panulirus argus. Log10 antenna length
(A), antennule length (B), and second walking leg width
(C) as a function of log10 of the carapace length are shown.
First growth phase (◊) and second growth phase (•) along
with their corresponding slope (b) are shown. The bold line
is the combined sum of squared residuals of the regres-
sions depicting the two separate data point clusters. The
red arrow indicates the lowest combined sum of square of
residuals; the inflection point separating the two different
growth phases (corresponding CL noted).
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their chelipeds (claws) relative to body size after the
pubertal moult compared to before the pubertal molt
(Hartnoll, 1974; Finney & Abele, 1981). Similarly, in
the male squat lobster Munida rugosa, allometric

growth of the chelipeds is greater after the pubertal
moult, whereas females experience an increase in the
relative growth of the abdomen after the pubertal
moult (Claverie & Smith, 2009).

However, the body size at which P. argus shifts
from one ontogenetic stage to another did not corre-
late with the onset of maturity, estimated at 76.2 mm
CL in the Florida Keys (Crawford & De Smidt, 1922).
Our results indicated ontogenetic shifts in the growth
rate at 35.30 mm CL in females and 27.80 mm CL in
males for antennules; 26.85 mm CL in females and
63.95 mm CL in males for antenna length; and at
25.5 mm CL in females and 27.80 mm CL in males for
the second pereopod width. Unlike maturity esti-
mates, most of these transitional points correlate
more closely with a shift from the asocial algae-
dwelling stage to a gregarious crevice-dwelling stage
in P. argus, previously reported at 17–25 mm CL
(Marx & Herrnkind, 1985; Childress & Herrnkind,
1996). Thus, although the emergence of the juveniles
from algae occurs at approximately 17–25 mm CL,
the actual benefits of increased body size and sociality
are not realized until > 45 mm CL (Eggleston et al.,
1990, 1992). This shift in ontogenetic phase at small
body size agrees with the notion that lobster should
allocate considerable resources to defensive struc-
tures during this early vulnerable life period in which
defensive structures are crucial for survival. In turn,
when the body size of lobsters approaches 45 mm CL,
larger defensive structures (e.g. antenna) may be
unnecessary as predation risk decreases. At this
point, allocation of resources to defence diminishes
and lobsters invest more in reproductive traits to
prepare for sexual maturity.

In addition to changes in body structures, the col-
oration of P. argus also varied through ontogeny.
Ontogenetic shifts in camouflage/crypsis have been
reported for a few other marine crustaceans (Palma &
Steneck, 2001; Berke & Woodin, 2008; Hultgren &
Stachowicz, 2009). Small lobsters exhibited a rusty-
red colour pattern with a light dorsal medial band
spanning the length of the carapace and abdomen
making them more difficult to distinguish from red
algae (Laurencia spp.), comprising their preferred
nursery habitat (Marx & Herrnkind, 1985; Behringer
et al., 2009). Medial bands (or spots) similar to those
observed on small algal-dwelling P. argus visually
obscure the body form of other marine inverte-
brates (e.g. breaking down their bilateral symmetry),
decreasing the likelihood of visual detection by poten-
tial predators (Merilaita, 1998; Cuthill et al., 2005).
By contrast, lobsters larger than 24.2 mm CL invari-
ably displayed the typical bicolour pattern known for
larger P. argus (Crawford & De Smidt, 1922; Humann
& DeLoach, 2002). This shift in coloration also corre-
sponds well to the size (17–25 mm CL) at which early

Figure 4. Allometric growth plots for three morphological
structures in female Panulirus argus. Log10 antenna length
(A), antennule length (B), and second walking leg width (C)
as a function of log10 of the carapace length are shown. First
growth phase (◊) and second growth phase (•) along with
their corresponding slope (b) are shown. The bold line is the
combined sum of squared residual of the two regressions
depicting the two separate data point clusters, with the red
arrow indicating the lowest combined residual sum of
squares; the inflection point separating the two different
growth phases (corresponding CL noted).
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benthic juvenile lobsters emerge from their nursery
habitat (Marx & Herrnkind, 1985; Childress & Her-
rnkind, 1996). Our results suggests that disruptive
coloration no longer results in benefits to lobsters
after they reach 17–28 mm CL, emerge from their
algae microhabitat, and begin to use crevice dwell-
ings. Similarly, Smith & Herrnkind (1992) found that
relative predation considerably decreased with size
for the smallest lobsters (5–16 mm CL) but was rela-
tively constant and unrelated to size for transitional
lobsters (17–35 mm CL). Nonetheless, whether or not
this coloration observed in small lobsters truly
decreases predator detection during the algal stage
remains to be tested experimentally.

Although many body structures that appear to
function in defence experienced negative allometric
growth, those relevant to reproduction exhibited posi-
tive allometry, which is also in agreement with theo-
retical considerations (Crawford & De Smidt, 1922;
Lipcius et al., 1983). Specifically, the width of the
pleopods in females and length of the second pere-
opods in males increased proportionally more with
increasing body size. The positive allometric growth
of the pleopods presumably facilitates larger clutch
sizes in females (Crawford & De Smidt, 1922) and the
greater positive growth of the pereopods in males
(b = 1.12) compared to females (b = 1.06) might
improve reproductive competitive ability by giving

Figure 5. The relationship between carapace length and the probability of change from the disruptive coloration
phase (�) to the bicolour phase (�) in females (A) and males (B) of Panulirus argus. White squares (�) denote the
disruptive colour pattern and black squares (�) denote the intermediate and ‘bicolour’ colour pattern. C, the three
different colour pattern observed in P. argus. From left to right: disruptive, intermediate, and ‘bicolour’ colour patterns.
Scale bars = 10 mm.
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them larger, stouter legs to grasp reproductive part-
ners (Lipcius et al., 1983). Positive allometric growth
of both structures is probably only essential after
puberty but, to be advantageous at maturity, their
size must increase before the onset of sexual matu-
rity. Other studies have shown that, to maximize
fitness, a greater proportion of resources are allocated
to reproductive features upon or before the animal
attaining maturity to achieve the highest possible
reproductive output (Snell & King, 1977; Dean, 1981;
Stearns, 1992).

Although the present study aimed to test resource
allocation theory as an explanation for the differences
in the growth patterns of defensive and reproductive
structures in the Caribbean spiny lobster, we recog-
nize that there could be other potential explanations
for the observed shifts in resource allocation that
remain unaddressed. For example, habitat character-
istics or restrictions could have a role in driving these
allometric growth patterns. The ability to move
through the structurally complex red algae might
select for a certain body form that might include a
streamlined abdomen in algal-dwelling lobsters. Also,
the allometric growth of the antenna length was not
negative, in disagreement with theoretical expecta-
tions. This structure that serves for deterring preda-
tors (Zimmer-Faust et al., 1985; Briones-Fourzán
et al., 2006) exhibited positive allometric growth
during the first ontogenetic phase. This unexpected
increase in allocation to this defensive structure
during the ontogeny of P. argus is not well understood
and should be addressed experimentally. Although
alternative explanations for our observations are pos-
sible and more experimental work could be carried
out, these findings offer a strong explanation for the
relative growth patterns observed in P. argus.

Panulirus argus has a life history that exposes
individuals to a changing suite of habitats, preda-
tors, and reproductive challenges. Thus, it is not
unexpected that they experience marked shifts in
resource allocation through ontogeny. This size-
dependent resource allocation should maximize early
survival and supports the notion that individuals
allocate resources differentially during ontogeny so
to optimize lifetime fitness. Trade-offs in resource
distribution among sexually-selected (e.g. reproduc-
tive) and naturally-selected (e.g. defensive) traits
might very well play a pivotal role in the complex
life history of P. argus, and many other marine
invertebrates.
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