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Abstract

Many species exhibit high intraspecific color variation between sexes or ontogenetic phases due to sexual selection or sex-/
age-specific differential predation. In crabs, the function and adaptive value of carapace coloration have been investigated
mainly in aquatic and/or intertidal species, and it is poorly understood in terrestrial species (Gecarcinidae), which are exposed
to different selective pressures. Using digital photography and image analysis, we tested if the coloration of the insular land
crab Johngarthia lagostoma in Trindade Island (Brazil) varies according to individuals’ size, sex and ecological processes
related to the differential occupation of the available habitats. Three color types were observed (black, purple and yellow),
with black crabs being exclusive and predominant in the smaller size classes (carapace width <30 mm). After this size
threshold, yellow crabs dominate throughout ontogeny, while purple individuals are less frequent. Crabs of the three color
types occur in both sexes, and the frequency of each type, as well as their brightness and color metrics, was similar between
males and females. Black and purple crabs occupy mainly hill areas, but yellow crabs predominate throughout the island.
Camouflage by background matching seems to be particularly important for small black crabs at recruitment (sand of the
beaches) and resident areas (hills vegetation and soil), where individuals exhibit higher color matching. However, although
yellow and purple crabs conceal better against hill and beach backgrounds, respectively, their coloration is probably under
neutral selection and has no function for camouflage, since large J. lagostoma crabs are rarely predated in nature.

Significance statement

Intraspecific color variability is common in many animal species and can be linked to different ecological processes. In
crabs, the function of body coloration for camouflage has been studied mainly in aquatic species that are exposed to high-
predation pressure. However, land crabs also exhibit a remarkable intraspecific color variation, but are exposed to reduced
predation pressure especially on oceanic islands, and therefore, the function of coloration remains unexplained. We used
digital photography and image analysis to assess the general appearance of an insular land crab species. Our results indicate
that small individuals, which are under high predation and cannibalism risk, are black and match background color, while
large crabs are purple or yellow, but their coloration probably has no camouflage function.
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Introduction

The function and adaptive value of animal external appear-
ance have attracted many researchers of different areas
through time (Kettlewell 1955; Cuthill et al. 2017; Caro
2021), with some studies on the diversity of color patterns
being conducted since the nineteenth century (Darwin
1859; Wallace 1867). The color expressed by an animal can
be linked with many intra- (e.g., sex and group communica-
tion) and interspecific (e.g., camouflage and aposematism)
signalization processes, as well as being important for ther-
mal regulation and protection against UV radiation (Jablon-
ski and Chaplin 2000; Lindstedt et al. 2009; Stevens and
Ruxton 2012; Caro et al. 2016). Therefore, it is expected
that individual coloration is under high selection pressure
and may be adaptive life history trait (Cuthill et al. 2017).

Many animal species exhibit intraspecific color varia-
tion within the same population, both between different
ontogenetic phases (Booth 1990) and between individuals
of the same age/size (Cuthill et al. 2017). Such color diver-
sity has been observed across different taxonomic groups,
from vertebrates (Forsman and Shine 1995; Fowlie and
Kruger 2003; Majerus and Mundy 2003; Rudh et al. 2007;
Hurtado-Gonzales and Uy 2009; Calsbeek et al. 2010) to
invertebrates (Stevens et al. 2014a, b; Hegna et al. 2015;
Karpestam et al. 2016; Camacho et al. 2020; Ronki et al.
2020), being especially important for species inhabiting het-
erogeneous habitats. At these places, each color type may
appear camouflaged against specific portions of the occupied
habitat, where individuals may be under lower risk of preda-
tion (Jormalainen and Merilaita 1995; Palma and Steneck
2001; Bond and Kamil 2002; Duarte et al. 2018). Therefore,
color polymorphic species frequently exhibit broader eco-
logical niches and distribution ranges compared to species
with monomorphic populations (Gray and McKinnon 2007,
Forsman et al. 2008; McKinnon and Pierotti 2010).

To increase the level of background matching against
variable substrates, individuals of many species change
color over different timescales (Duarte et al. 2017), includ-
ing changes through ontogeny (Booth 1990; Wilson et al.
2007; Nokelainen et al. 2019). Ontogenetic color changes
were mainly described for crabs (Infraorder Brachyura)
in species occupying different habitats (Palma et al. 2003;
Todd et al. 2006; Caro 2018; Duarte et al. 2021). The plas-
ticity in crab appearance is generally related to changes in
behavior and in the use of available habitats by individu-
als as they grow (Palma and Steneck 2001). Most studies
have reported a higher chromatic variability in juvenile
crabs than adults, which are characterized by homogene-
ous and less diverse color patterns. One possible explana-
tion is that small individuals are associated with highly
heterogeneous substrates, where they can conceal against
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specific portions of the background and/or defeat search
images in visual predators (i.e., apostatic selection, see
Bond and Kamil 2002; Bond 2007), while adults tend to
migrate to less variable substrates (Palma et al. 2003; Todd
et al. 2006; Stevens et al. 2014a, b). In some species, this
change in habitat use occurs in tandem with modifications
in the behavior of the individuals, with small crabs being
less active and occupying specific portions of the habitat
where they match. However, as they grow, crabs increase
mobility and become generalists occupying more than one
habitat type, where their homogeneous coloration would
provide imperfect (i.e., compromise coloration) but adap-
tive matching against many background types (Hughes
et al. 2019; Nokelainen et al. 2019). Alternatively, adults
of some crab species may reach a size refuge from pre-
dation and, therefore, exhibiting either cryptic or con-
spicuous coloration during this phase will not affect the
probability of individuals being preyed upon (Palma and
Steneck 2001; Krause-Nehring et al. 2010).

In parallel to ontogenetic changes, some species exhibit
discrete phenotypic variation because of either genetic dif-
ferences (color polymorphism) or phenotypic plasticity (color
polyphenism), with different color types being observed in
individuals of the same ontogenetic phase coexisting in the
same geographical area (Caro et al. 2019). The mechanisms
maintaining such discrete variation in the population are like
those used to explain ontogenetic color changes (i.e., differ-
ential occupation among substrates and the result of apostatic
selection by visual predators, according to Bond and Kamil
2002; Bond 2007) but can also be a result of sexual selection
(i.e., individuals of one sex prefer to mate with a specific color
pattern of the opposite sex). However, mating preference for
particular color types is generally associated with increasing
costs or risks (e.g., increased predation risk), which allows
neglected color types to be maintained in the population
(Sinervo et al. 2001). The mechanisms and selective forces
favoring color polymorphism in natural populations have been
exhaustively studied through theoretical and experimental
approaches (Bond 2007; Forsman et al. 2008; McKinnon and
Pierotti 2010). However, for some animal groups, it is unclear
whether such intraspecific color variability has an adaptive
value or if it is a trait under selection (Caro 2021).

Color polymorphism during the adult phase has been
described for many decapod crustaceans, but most of the
studies were focused on intertidal crab species (Palma and
Steneck 2001; Krause-Nehring et al. 2010; Stevens et al.
2014a, b; Nokelainen et al. 2019; Duarte et al. 2021), with
only few reports for species occupying other environments,
such as freshwater (da Silva and Nogueira 2023) and terres-
trial habitats (Caro 2018). For example, an ontogenetic color
change was qualitatively described for the gecarcinid land
crab Cardisoma guanhumi, which inhabits environments
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adjacent to mangroves in Brazil (Silva et al. 2014). For other
gecarcinid genera, only a few records about the existence
of color diversity were cited in taxonomic and natural his-
tory studies as for Gecarcinus (G. nobilii and G. lateralis,
by Perger and Wall 2014), Johngarthia (J. cocoensis and
J. planata, by Perger et al. 2011; J. oceanica, by Perger
2019), and Tuerkayana (T. hirtipes and T. celeste, by Ng
and Shih 2014). However, actual measurements of colora-
tion using quantitative approaches in land Decapoda were
conducted only in the coconut crab Birgus latro from Tan-
zania, an anomuran species, where adult crabs show blue
and red coloration, with the first color type being rare and
exhibiting better matching against beach substrates, while
the second being more common and concealing to land sub-
strates (Nokelainen et al. 2018). However, considering the
absence of predators in most of the islands where coconut
crabs inhabit, it has been suggested that the observed color
polymorphism in the species does not have a protective func-
tion and is under a weak or neutral selection (Caro et al.
2019; Caro 2021).

In oceanic islands, crabs of the family Gecarcini-
dae exhibit one of the highest degrees of terrestriality in
Decapoda (Bliss and Mantel 1968; Burggren and McMahon
1988; Guinot et al. 2018). These animals occupy several
habitats over the islands, generally residing in vegetated
inland areas, such as hills and mountains, but migrating
seasonally to the shore for reproduction (Adamczewska and
Morris 2001; Hartnoll et al. 2009, 2010; Laidre 2018). In
general, few terrestrial predators of land crabs are estab-
lished in oceanic islands, with the higher pressure being
directed to juveniles (Paulay and Starmer 2011), mainly in
anthropized islands due to the introduction of exotic species
(e.g., rodents, dogs, and crazy ants) (Paulay and Starmer
2011; Laidre 2018; Veitch et al. 2019; Baumgartner and
Ryan 2020). Along with this scenario of exotic species, the
suppression of natural habitats in oceanic islands has been
the leading cause of the population decline of land crabs,
with some species being evaluated as endangered in many
different locations (Paulay and Starmer 2011; Pinheiro et al.
2016; Laidre 2018; Perger 2019).

The land crab Johngarthia lagostoma (H. Milne Edwards,
1837) is an endemic species from South Atlantic islands,
being found in Fernando de Noronha, Rocas Atoll, and Trin-
dade Island (Brazil), as well as in Ascension Island (UK).
Most studies to date have addressed the life history, popu-
lation, and reproductive parameters of the species mainly
in Ascension Island (Hartnoll et al. 2009, 2010) and more
recently in Trindade Island (Jodo et al. 2021, 2022). In
addition, crabs of different color patterns were qualitatively
described for a population in Ascension Island, with small
individuals being black, but adults exhibiting yellow or pur-
ple coloration (Hartnoll et al. 2009). Here, we examined

the coloration patterns of J. lagostoma in Trindade Island
(Brazil), evaluating whether this trait is correlated with
the size and sex of individuals as well as with ecological
processes related to the differential occupation of distinct
habitats by crabs. Firstly, we tested whether crabs from the
different color categories (i.e., black, purple and yellow) dif-
fered on metrics of brightness and color (i.e., saturation and
hue), as well as how these metrics varied between sexes and
along crab’s ontogeny. We predict that crabs will exhibit
an ontogenetic change in appearance, with black individu-
als being frequent only in small size classes when cryptic
coloration is expected to be adaptive due to the high pre-
dation pressure to which those individuals are exposed. In
fact, no record of predation of both juvenile and adult crabs
has been registered in Trindade Island to date, but there is
evidence of cannibalism and predation by lizards and birds
over juveniles of other Johngarthia species (Lopez-Victoria
and Werding 2008). Moreover, since the records of coupling
pairs in Trindade Island were only for yellow crabs (Jodo
et al. 2021), with no register of either mixed color pairs or
purple-purple couples, we expect sex-specific differences
in the occurrence of color types, suggesting potential use of
coloration for mate selection.

A previous study in Ascension Island presented the
hypothesis that yellow crabs would have an advantage over
purple individuals in less vegetated habitats, where a light
body color characteristic of yellow crabs could reduce the
thermal stress mainly during the reproductive migration
(Hartnoll et al. 2009). Based on that, we evaluated whether
the frequency of yellow and purple crabs differed between
sites with distinct altitude range and vegetation physiog-
nomy in Trindade Island (e.g., beaches and hills). We pre-
dict that while yellow crabs will exhibit a more generalist
distribution across the different sites on the island, purple
individuals, which are darker and potentially could retain
more heat, will be more frequent in areas less exposed to
direct sunlight (e.g., hills), where they would seek refuge in
sheltered vegetated habitats.

Finally, we tested whether crabs of different color types
exhibit contrasting degrees of background matching against
the range of substrates that individuals occupy over the gra-
dient between sand beaches and shrubby vegetated hills.
Since small crabs are presumably at a higher risk of pre-
dation than adults, we expect high background matching
of black individuals against substrates from shore habitats
(beach sand and shore vegetation) where they recruit. On
the other hand, considering negligible predation pressure
over adult crabs, we expect reduced background similarity of
purple and yellow crabs against the different substrates, with
color variation in adults being a possible result of thermal
constraints or a neutral trait without protective function as
suggested by B. latro (Caro 2021).

@ Springer
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Material and methods
Study area and sampling

We sampled individuals of Johngarthia lagostoma in Trin-
dade Island (20°51"09.4'S, 29°30"8.3'W) during an expe-
dition lasting 2 months (December 2019 to January 2020).
Trindade is located in the South Atlantic Ocean, 1200 km
from the Brazilian coast (Fig. 1(A)), being considered the
most austral point of J. lagostoma distribution (Melo 1996).
Trindade is a volcanic island with a total area of approxi-
mately 10.5 km?, and one of the emersed points of the
Vitéria-Trindade submarine chain (Clemente et al. 2018).
Despite its rugged relief, some structured plateaus and hills
are found on the island, with a maximal altitude of 612 m
(Fig. 1(B)). The human occupation is small, with a fixed
detachment of the Brazilian Navy and a reduced number
of seasonal researchers, totaling a maximum of 40 people.
J. lagostoma individuals were manually sampled at night
with the aid of red-light frontal headlamps in four sites
with distinct altitudes, being two beaches (Andradas and
Tartarugas — 0 m) and two hills (Principe — 136 m; and
Desejado — 612 m). In each site, sampling was conducted
in six horizontal transects (30 X2 m =60 m?), summing up
3600 m? of sampling area, except for Desejado Hill, where
sampling occurred in three transects, totalizing 1800 m?
due to the smaller area available. The same sampling proto-
col was repeated twice (December 2019 and January 2020)
in the same moon phase (crescent moon), with the different
sites being sampled on subsequent days. After sampling,
crabs were maintained in bags until sunrise to avoid resa-
mpling, being further sexed based on the abdominal dimor-
phism (sub-triangular in males and semi-oval in females)
and the number of pleopods (two pairs in males and four
pairs in females). While in the field, we used a mechanical
caliper (precision 0.05 mm) to measure the carapace width
(CW, largest width) and a digital camera to individually
photograph the sampled crabs (see details below).

Photography of crabs and backgrounds

We used a digital camera Canon Rebel T5i coupled with
an 18-55-mm lens to quantify the color of J. lagostoma
crabs and the backgrounds with which they were asso-
ciated. Backgrounds of each transect were photographed
from a fixed distance of 1 m to the substrate every 2 m,
totalizing 15 images per transect. Similarly, the sampled
crabs were cleaned and placed in plastic containers with
a gray background, where they were photographed from a
fixed distance (50 cm) under natural light conditions. For
both backgrounds and crabs, images were taken in RAW
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format with manual white balance and fixed aperture set-
tings to avoid overexposure (Stevens et al. 2007). All pho-
tographs included a ruler and a gray standard (reflectance
of 18%) to control for possible changes in the light levels
along the photography section, following current standard
procedures (Troscianko and Stevens 2015).

Images were analyzed through custom routines avail-
able in the “Multispectral Image Calibration and Analysis
Toolbox — MICA” implemented in the “Image]” software
(Rasband 1997; Troscianko and Stevens 2015). All images
were first linearized based on curves modeled from eight
Spectralon standards ranging from 2 to 99% of reflectance
to correct for camera non-linear responses to light intensity.
Next, linearized images were equalized for changes in light
conditions using the 18% gray standard and saved as 32-bit
multispectral images. Image channels were finally scaled to
reflectance values, with an image value of 255 on an 8-bit
scale equals 100% reflectance. At the end of this process,
crab and background images corresponded to the physical
reflectance in three parts of the spectrum (i.e., multispectral
images), as red (R), green (G), and blue (B) and could be
used for color analysis.

Measuring crab and background color

For each crab image, we defined and selected a region of
interest (ROIs) comprising the dorsal part of the entire
cephalothorax of the individual. Crabs were qualitatively
classified into three color types (black, purple and yellow
— Fig. 1(C-E)), based on the color of cephalothorax and
pereiopods (Fig. 1(C-E)), as well as according to the size
ranges observed for the different types (see “Results”). Black
crabs present black cephalothorax and yellow/orange pereio-
pods (Fig. 1(C)), while purple and yellow individuals exhibit
both structures with the same coloration (Fig. 1(D, E)).
Following the methods conducted in previous studies
with crabs (Stevens et al. 2014a, b; Stevens et al. 2014a, b;
Nokelainen et al. 2017; Duarte et al. 2021), we used normal-
ized reflectance data to calculate brightness and color (i.e.,
saturation and hue) metrics for each crab image. Brightness
is a simple achromatic measure that indicates how dark or
bright crabs are across the entire spectrum, being calculated
as [(R+G+B)/ 3] (Stevens et al. 2014a, b). Saturation indi-
cates the amount of a given color in relation to the white
light and was calculated by first transforming the propor-
tional reflectance values in the three-color channels into
x—y coordinates of a trichromatic color space (i.e., Maxwell
triangle — Kelber et al. 2003). Furthermore, saturation was
estimated as the shortest distance between the given color
point (i.e., individual coloration) to the achromatic center
of the space, where larger distances indicate higher satura-
tion (Kelber et al. 2003). Finally, to analyze hue, we first
conducted a principal component analysis (PCA) to identify
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Fig. 1 Geographic location of Trindade Island (A), including the
four sampling sites with different altitudes (B). Dorsal view of John-
garthia lagostoma crabs of the three different color types (black,
purple and yellow — C-E). Photographs representing the five main

background types occurring in the sampling sites (F-J), with the pre-
dominance of sand (F), sand hill vegetation (G), Cyperus atlanticus
shrubs (H), ground (I), and shrubs composed of many vegetal species
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the main axis of color variation for all crab color types and
define a logical color channel (see Nokelainen et al. 2019,
and references therein). The proportional reflectance values
in the color channels were used in the PCA, with hue being
defined as the ratio between the long wavelength (red) and
the sum of the medium (green) and short (blue) wavelengths
[R/(G+B)].

Background images were classified into five different cat-
egories according to the primary substrate recorded in each
sample site and occurring in each photograph (Fig. 1(F-J)),
namely, sand (SA), which is variable but is predominantly
formed by dark (volcanic) sand; sand hill vegetation (SHV),
which has a light green coloration; predominance of the
shrubby species Cyperus atlanticus (CYA), which has a
grayish-green appearance; ground (GRO), which has a dark
brown color; and shrubs composed by different vegetal spe-
cies (SHR), which are uniformly dark green in their colora-
tion. The first two substrates (SA and SHV) were exclusive
of beach sites, while the last two (GRO and SHR) were of
hill sites. However, CYA was the only substrate occurring
in all sampling sites over the island. In each background
image, we selected one ROI by drawing one square in a rep-
resentative area of the primary substrate, following the same
analytic procedures used to measure crab color.

Assessing crab background matching

To test the degree of background matching between crab
color types and the different backgrounds available in the
sampling sites, we first converted the proportional reflec-
tance values in the RGB color channels of crabs and back-
grounds into x—y coordinates of a two-dimensional color
space, where each color was expressed as a single point
(Kelber et al. 2003). Then, we calculated the Euclidean dis-
tance between each crab coordinate and the mean of x—y
coordinates of each background type, obtaining an estimate
of the degree of background matching of crab color types
against the different substrates available across the beach-
hill gradient in Trindade Island (adapted of Nokelainen et al.
2018 and Duarte et al. 2021). This procedure generates a
simple measure of background matching based on color
reflectance, regardless of any visual system, since there is
no specific information about J. lagostoma predators in Trin-
dade Island.

Statistical analyses

All statistical analyses were undertaken using the R v.4.0.0
environment (R Core Team 2021). First, we used multiple
proportion tests (Zar 2010) to assess whether the frequency
of the different crab color types differs between sexes and
the four sampling sites. Using data for all sampling sites,
we used separate two-way analysis of variance (ANOVA)
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to test whether the size of crabs (CW) and the brightness
and color metrics (saturation and hue) of the carapace differ
between sexes (male and female) and color types (black,
purple and yellow). Finally, we used a linear mixed-effects
model to test for differences in the color similarity (i.e., the
color distances) between crabs and backgrounds, consider-
ing crab color types (black, purple and yellow) and back-
ground types (SD, SHV, CYA, GRO, and SHR) as fixed
factors and crab identity as a random factor to control for
repeated measurements made on the same individual. The
model was fitted using the “Imer” function from the “Ime4”
package (Bates et al. 2015). For all analyses, the normal-
ity of residuals was visually checked by q-q plots, and the
homogeneity of variances was assessed by the Levene test.
Although in some cases variances remained heterogeneous
even after data transformation, we preferred to use raw data
and parametric analysis given our large sample size, which
makes models robust to variance heterogeneity (Underwood
1997). In the case of significant effects, Tukey’s post hoc
tests were applied to compare mean contrasts between the
different factor levels using the “emmeans” function from
the emmeans package (Lenth 2019).

Results
Sex, size, and distribution of crab color types

We collected 431 J. lagostoma individuals (269 males and
162 females) in Trindade Island, with the three color types
(black, purple, and yellow) being observed in both sexes.
Regardless of color type, the distribution of male and female
crabs in the trichromatic color space was very similar, with
a clear overlap between them (Fig. 2). Black individuals
were exclusive of small crabs, being the predominant color
type in size classes <30-mm CW, where they reach almost
90% of occurrence (Fig. 3A). However, black individuals
were the less representative color type when considering the
overall population (n =33, 7.7%). Black coloration in crabs
larger than 30-mm CW became progressively less frequent
until being no longer registered in size classes > 60-mm
CW, where the yellow color type became predominant
(Fig. 3A). Purple crabs were less frequent in the entire popu-
lation (n=72, 16.7%), with their occurrence varying from
4.2 t0 31% in all size classes (Fig. 3A). On the other hand,
yellow crabs were dominant in all size classes > 50-mm
CW, representing 73.2% of males (n=197) and 79.6% of
females (n=129) in the overall population. However, the
ratio of yellow individuals over the other color types in the
population was similar within the sexes (X2 =2.24, df=1,
P =0.523). The frequency of each color type significantly
differed among the four sampling sites (black:x2 =11.63,
df=3, P=0.009; purple: XZ =24.40, df=3, P<0.001; and
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Fig.2 Color coordinates in the x—y trichromatic color space (i.e.,
Maxwell triangle) of male (circles) and female (triangles) John-
garthia lagostoma crabs of different color types (black, purple, and
yellow) from the Trindade Island, Brazil. Coordinates were calculated
by transforming the normalized reflectance values of the carapace
across the three color channels (R, red; G, green; and B, blue) into
x—y coordinates of the color space (see “Material and methods” for
more details)

Fig.3 Occurrence of John-
garthia lagostoma color types
(black, purple and yellow) from
the Trindade Island, Brazil,
across different size classes
(CW, carapace width; A) and
sampling sites (Andradas
Beach, Tartarugas Beach, Princ-
ipe Hill and Desejado Hill; B).
Values on the top of each bar
indicate the number sampled for

>

Occurrence (%)

yellow: X2 =38.50, df=3, P<0.001) (Fig. 3B), but yellow
crabs always predominated over the others regardless of
site. Crabs from Andradas Beach and Desejado Hill were
mainly yellow (>92.5%), but the proportion of this color
type reduced to 64.2% in Tartarugas Beach and 71.6% in
Principe Hill, where we registered the highest frequencies
of purple (27.7 and 20.2%, respectively) and black (8.0 and
8.3%, respectively) individuals.

The size (CW) of J. lagostoma crabs significantly differed
between sexes and color types, but it was not affected by the
interaction between main factors (Table 1). Regardless of the
color type, males (mean +SD: 69.2 + 1.2 mm CW) were on
average larger than females (64.9+ 1.6 mm CW). Similarly,
black crabs (30.3 +2.4 mm CW) were on average smaller
than the other color types, with purple crabs (61.1 +2.0 mm
CW) being smaller than yellow crabs (72.8 +0.9 mm CW)),
which were on average the largest J. lagostoma individuals
in Trindade Island (Fig. 4A).

Variation in brightness and color metrics of crab
color types

The brightness and color (saturation and hue) of the carapace
of J. lagostoma crabs significantly differed between sexes
and/or color types (Table 1). Regarding brightness, females
exhibited lighter carapace (mean+SD: 17.5+0.6%) than
males (15.4+0.5%). However, the significance of this factor
was probably due to a large difference between the bright-
ness of male and female yellow crabs (males: 18.9+0.5%;
females: 20.4 +0.6%), since this contrast was not evident for
black (males: 6.0 +0.4%; females: 5.9+ 0.3%) and purple
individuals (males: 5.8 +0.3%; females: 5.9 +0.6). Regard-
less of sex, the brightness of the crab’s carapace significantly
differed among color types, with yellow crabs (19.5 +0.4%)
being about three times brighter than black (6.0+0.3%)
and purple individuals (5.9 +0.3%) (Fig. 4B). Yellow crabs
also exhibited more saturated carapace (0.19+0.002) and
higher hue values (0.92 +0.006) than black (saturation:
0.13+£0.008; hue: 0.77 +0.02) and purple individuals
(saturation: 0.12 £0.005; hue: 0.76 £0.01), which showed

each size class and size

Andradas
Beach

Tartarugas Principe Desejado
Beach Hill Hill

Local
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Table 1 Summary results of two-way analyses of variance testing the
effects of sex (male and female), color type (black, purple and yel-

and on the brightness and color metrics (saturation and hue) of the
carapace of Johngarthia lagostoma individuals from Trindade Island,

low), and their interaction on the size (carapace width — CW, in mm) Brazil
Source of variation df CwW Brightness Saturation Hue
MS F MS F MS F MS F
Sex 1 2474.0 9.0%* 139.5 4.4% 0.0 1.3 0.03 23
Color type 2 28,840.7 105.3%* 7360.7 230.2% 0.2 147.6%* 1.0 84.5%
Sex x Color type 2 230.3 0.8 21.0 0.7 0.005 0.04* 0.03 2.5
Residuals 425 273.9 32.0 0.002 0.01
F values followed by an asterisk (*) indicate statistical significance of the factor (p <0.05)
Fig.4 Variation in the size A Ea Male
(carapace width A), brightness S
(B), and color metrics (satura- 754 b i . &l
tion C and hue D) of the cara- ]
pace of Johngarthia lagostoma = 60 E
£
color types (black, purple, and £
yellow) of both female and male > 45 a
crabs in the Trindade Island, %
Brazil. Squares indicate mean 301 @ E
values, and whiskers represent E
the 95% confidence interval 154
around the mean. Different i
letters indicate significant dif- B 25
ferences between factor levels b b
(p<0.05) 201 E
" [
0
o
£ 154
=
o
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a a a a
5] E [ [] 5
0.25
C
b b
0.201 o o
c a
L
£ 0.15; . a E a
3 I ]
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similar color metrics between them (Fig. 4C, D). In conclu-
sion, these results indicate that yellow crabs exhibit a lighter
carapace, with a more saturated coloration, which is repre-
sented by higher reflectance in long wavelengths (i.e., red).

Background matching of crabs

The degree of background matching, measured as the color
distance between crabs and backgrounds, differed accord-
ing to the substrate type, but such difference depended on
the color type (color type X background: Fyg ,,;=278.74;
P <0.001). Black crabs were better concealed against sand,
C. atlanticus vegetation, and the ground of hills than the
other substrate types. Similarly, purple crabs were best con-
cealed against the sand substrate but were more conspicuous
against shore and hill shrubby vegetation. Finally, yellow
crabs exhibited an opposite pattern, being best concealed
against the ground of hills, but exhibiting a high color con-
trast to the sand of beaches (Fig. 5).

Discussion

Here, we show that the land crab Johngarthia lagostoma
exhibits an ontogenetic change in its general appearance. In
the population of Trindade Island (Brazil), black crabs are
observed only in small size classes (<30-mm CW), while
large individuals occur in two color types, with a predomi-
nance of yellow (81.9%) over purple individuals (18.1%).
The three color types recorded here followed the same
groups described for Ascension Island (Hartnoll et al. 2009).
However, there is no variation in the occurrence of color
types between sexes, with a similar proportion of black, pur-
ple, and yellow individuals in both male and female crabs.
The ontogenetic color change in J. lagostoma is probably
adaptive since the coloration of small black crabs highly
matches that of the sand of the beaches, where individu-
als recruit and where predation pressure is arguably more
intense. However, while purple and yellow color types con-
siderably conceal against different backgrounds along the
beach-hill gradient, the color of adult crabs probably has
no adaptive function for camouflage and is possibly under
neutral selection, since the predation pressure over those
individuals in Trindade is very low or even absent.
Although sex-specific color variation is common to dif-
ferent animal taxa (Forsman 1995; Forsman and Appelqvist
1999; Joron 2005), both the frequency (black: n =20 males
and 13 females; yellow: n=197 males and 129 females; and
purple: n=52 males and 20 females) and the general appear-
ance of color types are similar between male and female J.
lagostoma crabs. In crustaceans, there are few reports of
color sexual dimorphism, with some cases related to sexual
maturation (Pinheiro and Taddei 2000; Baldwin and Johnsen

Beach Hill
Black
0.104 .
b
0.08 1 E
a E N @
0.061 E E E
0.04 A
0.02
Purple
0.10 g
@ b []
e []
s 0.08 A c c
(]
— a
T 0.061 []
S [
o
O 0.04-
0.02
Yellow
0.101 N
[]
0.08 1 b é b
d
0.06 1 g o =
0.04 A
0.02 T T T T -
SA SHV CYA GRO SHR
Backgrounds

Fig.5 Color distance (y-axis, used as a proxy of background match-
ing) between Johngarthia lagostoma color types (black, purple, and
yellow) and the main backgrounds found along the beach-hill gradi-
ent in Trindade Island, Brazil. Backgrounds were covered mainly by
sand (SA), sand hill vegetation (SHV), Cyperus atlanticus shrubs
(CA), ground (GRO), and shrubs composed of many vegetal species
(SHR). Squares indicate mean values and whiskers represent the 95%
confidence interval around the mean. Different letters indicate signifi-
cant differences between factor levels (p <0.05)

2012) and differential patterns of habitat use and preda-
tion risk between sexes (Merilaita and Jormalainen 1997,
Jensen and Egnotovich 2015). For terrestrial crabs, there is
some evidence of sex-specific antipredator behavior (e.g.,
Epigrapsus notatus by Liu and Jeng 2005), but there is no
information on whether this correlates to sex-specific color
patterns. Alternatively, females of the semiterrestrial fiddler
crab Tubuca capricornis exhibit lighter and more variable
carapaces than males of similar size, with color used as a
visual cue during courtship (Detto et al. 2008). In this sense,
J. lagostoma couples at Trindade Island are mainly com-
posed of yellow individuals, without pre- or post-copulatory
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behavior registered to date (Jodo et al. 2021). In Ascension
Island, only one couple formed by purple and yellow crabs
was registered in a presumed courtship embrace (Hartnoll
et al. 2006), but this was not observed anymore. The pre-
dominance of reproductive pairs of yellow crabs may simply
result from the higher probability of encounters between yel-
low receptive individuals than purple crabs, which are less
frequent in the population of Trindade. Similar findings were
observed for the coconut crab Birgus latro, on which the
blue and red color types were equally distributed between
males and females (Caro and Morgan 2018; Nokelainen et al.
2018), and no pre-copulatory behavior has been observed as
well as any evidence of preference for some color in couple
formations (Helfman 2008). However, without conducting
controlled experiments, we cannot exclude a possible role of
individual coloration or brightness in the visual selection of
sexual partners on both J. lagostoma and B. latro.

The ontogenetic color change observed in J. lagostoma
reflects a differential degree of background concealment
between small and large crabs. In many crab species, the
juvenile phase is the most vulnerable period to predation
(Krause-Nehring et al. 2010); therefore, it is when a higher
selection for camouflage is expected (Caro 2018). Adults
of insular land crabs are rarely predated due to their large
size and their role as top-consumers, especially at oceanic
islands. Still, juveniles are highly exposed to predation by
other native or invasive species (Paulay and Starmer 2011),
as well as by cannibalism and aggression from large con-
specifics (Bliss et al. 1978; Lopez-Victoria and Werding
2008; Vannini et al. 2003). Our results indicate that the
black coloration restricted to small crabs may reduce pre-
dation or provide camouflage against the substrate of sand
beaches, Cyperus atlanticus vegetation, and hill ground,
where the color distance between crabs and backgrounds
was significantly smaller. In fact, after the planktonic lar-
val phase, J. lagostoma zoea metamorphoses into benthic
megalopa, which settles at the island’s beaches and searches
for specific backgrounds (e.g., sand and rocks) to recruit,
as observed for both Ascension (Hartnoll et al. 2014) and
Trindade Island (MAA Pinheiro et al. unpublished data).
On Trindade Island, the supralittoral zone of both Andra-
das and Tartarugas beaches is covered by Cyperus atlan-
ticus vegetation, forming an extensive and unique habitat
after the sand zone. Black crabs exhibited the highest color
match against sand and C. atlanticus vegetation, where pro-
tection against predation will increase. The highest density
of juvenile black crabs on Trindade Island (30%, according
to Jodo et al. 2023) is observed at Principe Hill. This site
is covered mainly by ground and C. atlanticus vegetation,
being possibly another important location on the island for
black crabs to occupy and hide from potential predators.
Therefore, C. atlanticus vegetation appears to be a crucial
habitat for crab juveniles in Trindade Island, by providing

@ Springer

effective camouflage and offering shading and humidity for
the individuals (Vannini et al. 2003).

Although many crab species exhibit a high level of back-
ground matching during the juvenile phase, most studies
to date have shown that small crabs are also more variable
than large individuals in terms of general appearance, which
would provide them differential camouflage in heterogene-
ous habitats or impair search image formation by predators
(Nokelainen et al. 2019; Duarte et al. 2021; Troscianko et al.
2021). Our data indicate the opposite for J. lagostoma since
small crabs are represented exclusively by a single color
type (black), while large crabs are more variable, represented
by yellow and purple individuals. This can be explained
because juvenile crabs are less mobile than adults, spend-
ing a long time sheltered under the vegetation and hidden
in crevices (Vannini et al. 2003; Liu and Jeng 2005), which
restrict the individuals from being exposed to different types
of substrates. In contrast, during the reproductive migration,
large J. lagostoma individuals move through many habitats
on the island (Hartnoll et al. 2009), for which a higher vari-
ability in brightness and color could be advantageous for
potential camouflage (Duarte et al. 2021). However, the
high variability in adult crab appearance may result from the
relaxation of selection pressures for individuals to maintain
a cryptic coloration (Bliard et al. 2020), especially when
color has no protective function. We believe that the second
hypothesis supports better the case of J. lagostoma adults
since the predation pressure over these crabs is practically
nonexistent in all islands they inhabit (Andrades et al. 2019).

Considering only the results generated by our study, we
do not have any evidence supporting that yellow and purple
color types of J. lagostoma are real morphotypes and a case
of color polymorphism (i.e., if they are genetically deter-
mined and fixed phenotypes) or if they arise as different sta-
ble phenotypes following an ontogenetic color change from
small black crabs. This point can only be clarified through
experiments observing the growth of black crabs. If after
molting, black individuals change mainly to purple, this
would be indicative of the purple color type being an inter-
mediate form, from which yellow crabs would originate after
other molting events. However, if black crabs change to both
color types or mainly to yellow, this would be indicative that
purple and yellow crabs are fixed phenotypes, and the higher
chance of originating a yellow individual would occur due to
the higher frequency of the allele determining this color type
in the population. Overall, large gecarcinid crabs have very
slow growth, and each molt event could occur within inter-
vals of some years (Hartnoll et al. 2006). Because of that,
performing color change experiments along the ontogeny of
J. lagostoma is challenging. The difference in the average
size between the adult color types, with purple crabs being
smaller than yellow individuals, could lead us to think about
the possibility of purple crabs working as an intermediate
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stage. Still, purple and yellow crabs are similarly frequent
in intermediate size classes (40—60 mm CW), but yellow
individuals dominate the large classes. However, this dif-
ference can be simply due to sampling and statistical bias.
Considering that the distribution of crabs’ body size follows
a normal distribution, it is expected that very large or very
small individuals are less likely to be sampled than mid-size
crabs. Those odds are even smaller for purple crabs, which
are much less frequent in the population than yellow indi-
viduals. Therefore, based on the data we have about the size
distribution and the occurrence of J. lagostoma color types
across the island, we can argue that purple and yellow crabs
arise in the population at similar size, occupy the same habi-
tats, and occur across all size classes larger than 30 mm, but
exhibit an extremely differential predominance in the island.

As observed for juvenile black crabs, adult J. lagostoma
showing both yellow and purple coloration also exhibited
different levels of color matching against backgrounds, with
yellow and purple crabs matching substrates of hill and beach
habitats, respectively. Similar results were registered for the
coconut crab B. latro on Pemba Island (Tanzania), where red
individuals predominate in the population and are concealed
against land substrates, while blue crabs are rare and bet-
ter match the coloration of beach backgrounds (Nokelainen
et al. 2018). However, in different islands inhabited by B.
latro, the two color types share the same habitat and are not
predated, suggesting that the body coloration of this species
has no protective function and can be considered neutral
traits without correlation with ecological aspects (Caro and
Morgan 2018). The color polymorphism in this species is
possibly determined by a simple Mendelian variation, with
the frequencies of both color types being maintained in bal-
ance in the population (Caro 2021). We believe that the color
variation observed in J. lagostoma adults can be similarly
explained, with color types maintained in the population by
genetic variation, since yellow and purple crabs are distrib-
uted in Trindade Island in a proportion close to 3:1 (yellow/
purple). Nonetheless, the predominance of yellow crabs in
the population of both Trindade Island and Ascension Island
(Hartnoll et al. 2009) may suggest that in case body colora-
tion is a neutral character, the high occurrence of this type
results simply from a higher allelic frequency in the popula-
tion. Considering that our study does not test all behavioral
and morphological traits that could be correlated with body
coloration, future studies are necessary to understand the
adaptive function of coloration in adult J. lagostoma and to
describe if the different color types result from discrete or
continuous color change from black crabs.

Based on the hypothesis proposed by Hartnoll and col-
leagues (2009) in Ascension Island, yellow J. lagostoma
crabs would have an advantage over purple individuals dur-
ing the reproductive migrations, since the first could be more
resistant to thermal stress due to their lighter carapace. There

is no available information about the relationship between
carapace color and heat retention of J. lagostoma color
types. Still, darker individuals of Menippe mercenaria, for
example, exhibit thicker carapaces and consequently larger
heat retention than lighter crabs (Melnick et al. 1996). Simi-
larly, fiddler crabs (Leptuca pugilator) become lighter when
exposed to high temperatures, with brightness change being
a mechanism that individuals use to control corporal tem-
perature and reduce thermal stress (Silbiger and Munguia
2008). In Trindade Island, the ratio between yellow and
purple crabs is higher in Andradas Beach, a reproductive
area, and Desejado Hill, a residential area of high altitude
(Jodo et al. 2023), suggesting that mainly yellow crabs would
participate in large displacements during migration events.
However, outside of the reproductive season, when this study
was performed, crabs remained hidden during most of the
day, exhibiting a crepuscular/nocturnal behavior with peaks
of activity concentrated during periods of low light inten-
sity. Furthermore, despite the expectation that purple crabs
might seek refuge in protected vegetated areas if they were
more susceptible to overheating, they were more commonly
found in Tartarugas Beach, an open sandy area with direct
sunlight. Based on these observations, there is currently no
supporting evidence for the thermal stress hypothesis pro-
posed by Hartnoll and colleagues (2009) in the context of
Trindade Island. However, it is advisable to conduct studies
during the reproductive season when adult crabs are more
active and exposed to direct heat (Adamczewska and Morris
2001). Future studies should investigate whether yellow and
purple J. lagostoma crabs engage in migrations and whether
their choice of open or vegetated areas on the island changes
during migration events. Additionally, direct measurements
of body heating in both color types should be carried out to
shed further light on this topic.

To date, our work is the first to quantitatively describe dif-
ferent color patterns of a land crab species. Although there is
a lack of descriptive studies for other species of the family,
it seems that the existence of color variation in adult indi-
viduals is probably a common phylogenetic trait conserved
on many gecarcinids (Ng and Shih 2014; Perger and Wall
2014; Silva et al. 2014; Perger 2019). In C. guanhumi, for
example, during ontogeny, the color variation observed is that
the small crabs present dark color patterns and large crabs
present light color patterns (Silva et al. 2014), which is like
the pattern we describe here for J. lagostoma. However, there
is no information about any sex or age-related color variation,
as well as any study about the functional significance of body
coloration for all other gecarcinid crab species, which opens
an interesting line of research to investigate in the future.
Another important gap is to compare the general appearance
of gecarcinid crabs that occupy insular and continental areas,
where they exhibit different degrees of terrestriality (Guinot
et al. 2018) and are exposed to distinct levels of predation
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pressure (Vermeij and Dudley 2000). Despite the lower risk
of predation on insular crabs, the increasing number and
diversity of exotic species in oceanic islands has added new
potential predators to these environments (Pinheiro et al.
2016), which has already impacted local crab populations
(Ascension Island Government 2015; Pinheiro et al. 2016;
Laidre 2018; Perger 2019). In this scenario, the apparent
neutral or generalist coloration of land crabs can become a
conspicuous trait and increase the chance of capture by the
new predators that may have different visual systems (Del-
hey and Peters 2017). This is of particular concern for the
conservation of insular land crabs, since many species are
already endangered, exhibit high endemism, and form iso-
lated populations (Paulay and Starmer 2011; Rodriguez-Rey
et al. 2016; Freire et al. 2021). Therefore, it is urgently nec-
essary to implement conservation strategies to quantify and
mitigate the impact of invasive species in the communities
of oceanic islands (Veitch et al. 2019).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00265-023-03394-8.
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