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Abstract

Sexually dichromatic signals can identify the sex of conspecific, facilitating decisions to initiate agonistic or courtship dis-
plays at the onset of social interactions. The utility of sex-specific signals, however, may be reduced when polymorphism
evolves and these signals become variable. To explore the impact of polymorphism in the utility of sex-specific signals,
we studied Floridian and Bahamian populations of the reef gecko, Sphaerodactylus notatus, which vary in the presence of
polymorphic males (i.e., populations with monomorphic males that are sexually dichromatic from females; polymorphic
with dichromatic and female-like males; polymorphic with dichromatic and intermediate males). We staged encounters
between same-sex and different-sex pairs on opposite sides of transparent barriers to measure response to visual signals,
quantifying agonistic and courtship behavior. For geckos from the monomorphic population, opposite-sex pairs consistently
initiated courtship displays, and same-sex pairs initiated agonistic displays. In contrast, both polymorphic populations lacked
consistent sex-specific response to visual signal, and the population with dichromatic and female-like males showed similar
responses in both same-sex and opposite-sex pairings, failing to distinguish sex even when interacting with dichromatic
males. When individuals from this polymorphic population were tested with the transparent barrier removed to allow olfac-
tory signaling, we found clear courtship and agonistic responses between opposite-sex and same-sex pairs, respectively. Our
study suggests that loss of signal reliability when a trait becomes polymorphic can lead to reduction of signal utility, even
when the signal remains present in some individuals and still conveys the sex of conspecifics.

Significance

Our study examines partial loss of sex-specific signal in a divergent mainland population of the reef gecko (Sphaerodactylus
notatus). By staging encounters between same-sex and opposite-sex individuals from three populations that varied in the pres-
ence of male polymorphism, we found that clear sex-specific visual signals were associated with visual discrimination between
sexes, while unreliable sex-specific visual signal was associated with greater reliance on olfactory sex discrimination. Because
the evolution of additional male color morphs (i.e., female-like males) is likely derived in this clade, our results suggest a
switch from visual to olfactory signals in sex recognition in the polymorphic population. This presents an example of color
polymorphism leading to a reduction in signal utility, and divergence of these traits in an isolated population suggests a possible
mechanism for development of reproductive barriers and a potential contributing factor to diversity of the Sphaerodactylus clade.
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courtship or agonistic displays (reviewed by Darwin 1871;
Huxley 1938; Andersson 1994). Variation in individual
expression of these sex-specific traits may confer advan-
tages to males with exaggerated traits that advertise status
or increase attention from potential mates and competi-
tors (Peek 1972; Jenssen 1977; Borgia 1979; Andersson
1982; Newbolt et al. 2017; Romano et al. 2017; reviewed
by West-Eberhard 1983). However, sex-specific signals
may increase the visibility of signalers to predators (End-
ler 1992; Stuart-Fox et al. 2003; Moore and Martin 2018)
and/or to dominant sexual competitors (Stuart-Fox et al.
2021). As a result, selection may act to reduce signal con-
spicuousness when predation is high (Blows 2002; Moore
and Martin 2018) or intrasexual competition is very costly
(Lee and Bass 2006). The balance between different types
of selection may therefore favor the evolution of different
mating strategies among males, resulting in variation in
sex-specific signals within populations (e.g., Sinervo and
Lively 1996; Hurtado-Gonzales et al. 2011; Mank 2022).
Variable systems provide unique opportunities to study
mate recognition and, importantly, how variation in sex-
specific signals leads to the loss of their utility in social
interactions.

Sexual dimorphism, a difference in appearance between
sexes, is widespread among animals. In particular, sex-
associated differences in color and pattern (i.e., sexual
dichromatism) can serve as a visual signal for mate recog-
nition or of individual status (Andersson 1994; Dufva and
Allander 1995; Grindstaff et al. 2012; Assis et al. 2021).
Sexual dichromatism is particularly well-studied in birds,
fish, and lizards, but it exists in a diversity of animal taxa
(Hamilton 1961; Saetre and Slagsvold 1992; Kohda and Hori
1993; Burns 1998; Badyaev and Hill 2003; Stuart-Fox et al.
2021). Research on the evolution of sexual dichromatism
has focused primarily on broad-scale, comparative studies
that uncover the factors that influence the gains and losses of
sexual dichromatism (Burns 1998; Pfennig 2012; Luro and
Hauber 2021), and field studies that quantify sexual selec-
tion for specific phenotype within variable or polymorphic
species (Robinson and Gifford 2021; Stuart-Fox et al. 2021).
In birds, congeneric diversity is correlated with presence
of sexual dichromatism in Anatidae and Parulidae (Pfennig
2012), and both the presence of congeners and migratory
behavior are correlated with presence of sexual dichroma-
tism in Thrushes (Luro and Hauber 2021). Presumably,
species that lose sexual dichromatism do so because these
conspicuous signals become more costly than the benefit
they convey (Kirkpatrick 1987; Blows 2002).

Sexual dichromatism exists in some taxa in a polymor-
phic state, characterized by the presence of more than two
adult morphs within a single population (i.e., color polymor-
phic species). Such polymorphisms are found in birds (Pryke
et al. 2007; Calhim et al. 2014), fish (Hurtado-Gonzales
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et al. 2010; Ahi et al. 2020), and insects (Fincke 2015), as
well as lizards (Stuart-Fox et al. 2021). In one common
alternative mating strategy, one sex mimics the other in
order to avoid aggression from dominant competitors and/
or to attempt sneak copulations (Rohwer 1978; Saetre and
Slagsvold 1996). Within fish, for instance, female mimicry
is frequently found among smaller males until full adult size
is attained (Taborsky 1998) or as a distinct sneaker strategy
to avoid intrasexual competition (Hurtado-Gonzales et al.
2010). In birds, immature males delay the development of
adult male plumage to reduce intrasexual aggression (Chen
etal. 2019).

Lizards have evolved polymorphism within many diverse
clades including geckos, lacertids, agamas, phrynosomatids,
and liolaemids, and many of these examples include female
mimicry among male morphs (Stuart-Fox et al. 2021). In
lizards, polymorphisms have been linked to differences in
aggression, immune response, sperm production, and mat-
ing behavior (Sinervo and Lively 1996; Vercken and Clobert
2008; Yewers et al. 2016; Friesen et al. 2020), indicating
that the color morphs represent alternative mating or repro-
ductive strategies (Sinervo 2001; Galeotti et al. 2013).
Within geckos, male polymorphism in which one morph
resembles females while another is more brightly colored
has been described in Cnemaspis day geckos (Kabir et al.
2019, 2021), Sphaerodactylus dwarf geckos (Regalado
2015), and possibly Gonatodes dwarf geckos (Rivero-Blanco
2012). Geckos use olfactory and visual signals to identify
potential mates, and the relative importance of each signal
modality varies among taxonomic groups. Cnemaspis day
geckos, for instance, use both visual and olfactory signals,
but olfactory signals seem to dominate in mate recognition
(Kabir et al. 2019). Within Sphaerodactylus dwarf geckos,
visual signals are used to identify sex from a distance, while
olfactory signals are used for identification at close range
(Regalado 2012).

Because of the presence of polymorphic males within
populations, geckos present an excellent clade for studying
the consequences of male polymorphism to signal utility.
In species that rely on visual signals for mate recognition,
the loss of reliable sex-specific signals could impact both
intersexual and intrasexual communication (Stuart-Fox et al.
2021). As evolving signals lose reliability, the behavior of
receivers should change in response to the loss of sex-spe-
cific courtship or aggression response. Within Sphaerodac-
tylus geckos, the Lost Recognition Cue (LRC) model was
proposed to describe the adoption of an equivocal response
from receivers in species where visual signals evolve vari-
ability or become lost among males (Regalado 2015). The
LRC model predicts that the loss of sexual dichromatism
in a previously sexually dichromatic taxon will result in
receivers failing to distinguish sexes until alternative sig-
nals can be assessed. In the case of the partial loss of sexual
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dichromatism (e.g., male polymorphism with dichromatic
morph and female-like morph), the loss of signal reliability
is predicted to result in reduced utility of visual signals in
sex identification of ambiguously patterned conspecifics and
increased reliance on olfactory signals for confirmation of
sex. Multiple species of Sphaerodactylus possess coloration
and courtship traits that fit expectations of the LRC model,
highlighting this clade as an excellent focus for the study of
how variation in visual signals within populations can affect
mate recognition.

Sphaerodactylus geckos present opportunities for such
a study because of the multiple gains and losses of sexual
dichromatism and the presence of male polymorphism
within the clade (Regalado 2003, 2012, 2015). In sexually
dichromatic Sphaerodactylus species, individuals visually
identify potential mates and competitors, modifying their
courtship behavior according to sex (Regalado 2003). Fur-
thermore, studies comparing behavioral interactions between
individuals from monochromatic and sexually dichromatic
Sphaerodactylus species showed variation in behavior, with
individuals from the sexually dichromatic species being
more likely to court a possible mate upon contact, while
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individuals from the monochromatic species immediately
initiate ambivalent agonistic displays (Regalado 2015). In
addition to visual sex recognition, Sphaerodactylus geckos
also respond to chemical signals (Regalado 2012), suggest-
ing two sensory modes for sex identification.

Here, we focus on the reef gecko, S. notatus, a species
native to South Florida, The Bahamas, and Cuba, because
distinct subspecies vary in presence of male polymor-
phism (Fig. 1). The subspecies in Cuba and the Bahamas
(S. n. atactus, peltastes, and amaurus) are strongly sexually
dichromatic, with females (and immatures) having striped
heads, and monomorphic dichromatic males losing the
stripes when reaching maturity and instead becoming speck-
led (this population is henceforth referred to as monomor-
phic with dichromatic males, or MD) (Fig. 1). In contrast,
the subspecies in South Florida (S. n. notatus) is polymor-
phic with variation between the mainland and the Florida
Keys. Geckos found on the mainland feature dichromatic
adult males having the typical speckled heads while oth-
ers retain the immature coloration that is similar to striped
females (this population is henceforth referred to as poly-
morphic with dichromatic and female-like males, or PDF)

Sphaerodactylus notatus notatus

Sphaerodactylus notatus peltastes

o”‘; &9

Sphaerodactylus notatus amaurus
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Sphaerodactylus notatus atactus
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Fig. 1 The range of four subspecies of Sphaerodactylus notatus showing the variation in the presence of male color polymorphism and extent of
sexual dichromatism for each population. Collection sites for behavioral trials are marked with asterisks
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(Fig. 1). Geckos in the Florida Keys, in contrast, have the
typical dichromatic morph and a less common morph that
is intermediate in appearance to typical males and females
(this population is henceforth referred to as polymorphic
with dichromatic and intermediate males, or PDI). The sister
species to S. notatus, S. altavelensis (Pyron et al. 2013), is
fully sexually dichromatic, suggesting that male polymor-
phism found in the Florida Keys and mainland Florida is
likely the derived state.

We compared decisions to initiate courtship or agonis-
tic behavior in three populations of reef geckos to test how
male color polymorphism has influenced sex recognition.
We predicted that the variation in presence of polymorphism
among populations would be associated with the ability to
effectively discern sexes using only visual signals. The MD
population and, to a lesser degree, the PDI population have
visual signals that can still reliably indicate sex. In contrast,
the evolution of female-like males in the PDF population
could result in the reduction or loss of the reliability of sex-
specific signals. Furthermore, we expected two potential
outcomes for how the PDF population would respond. The
LRC model predicts that individuals from sexually dichro-
matic populations will consistently use visual signals to
recognize the sex of potential partners, while individuals
from the PDF populations will respond differently depend-
ing on whether the encountered male is a dichromatic male
morph or a female-like morph (Regalado 2015). That is, sex
recognition using visual signals is only predicted to occur
when the partner is a dichromatic male in the PDF popula-
tion. Alternatively, variability in sex-specific signals may
result in reduced receiver response to the signal and subse-
quent reliance on a different signal and/or signal modality
despite some males still displaying the typical, male-specific
visual signal. Variation in presence of polymorphism across
populations provides us with an opportunity to distinguish
between these two hypotheses. In short, our study aims to
identify whether derived variability in visual signal results
in continued receiver use of this signal when present, or,
alternatively, if receivers no longer respond to signal despite
its continued presence in some individuals.

Methods
Study system

Sphaerodactylus notatus is a ca. 5-cm-long (snout-vent
length or SVL) dwarf gecko with populations that vary in
the presence of male polymorphism (Schwartz 1965). Based
on preliminary observations of mainland Florida S. n. nota-
tus populations, we found that many males never achieve
typical male coloration and instead retain the striped pat-
tern (Fig. 1). That is, despite the presence of an escutcheon

@ Springer

(an iridescent patch of scales near the cloaca that positively
identifies males), many males retain female color patterns
and visually appear to be females. Literature descriptions
are mainly based on Florida Keys specimens, where adult-
sized males occasionally retain some female head striping
in an intermediate morph (Schwartz 1965). In contrast to
Florida, the S. n. amaurus of South Bimini exhibit clear
dichromatism with all mature males lacking head striping
(i.e., monomorphic males; Fig. 1).

Collection of geckos

We collected reef geckos from natural habitats during the
breeding season (mid-February to early May 2019 (Regalado
2006)). For our initial trials with clear barriers, we collected
20 female and 18 male S. n. amaurus from South Bimini,
14 female and 15 male S. n. notatus from Key West in the
Florida Keys, and 12 female and 16 male S. n. notatus from
Fairchild Tropical Botanical Garden in mainland Florida
(Fig. 1). An additional 12 females and 12 males were col-
lected from mainland Florida for no-barrier trials. Sampling
locations were chosen to sample natural variation in male
color polymorphism and by density of the gecko population.
For the pattern analysis, we used additional photographs
taken of S. notatus that were captured but excluded from
behavioral trials due to incompletely regrown tails, resulting
in totals of 20 males and 23 females from South Bimini, 17
males and 17 females from Key West, and 28 males and 20
females from Fairchild Tropical Botanical Garden.

We captured geckos by cupping with a hand and coax-
ing them into plastic vials for safe transport. Geckos were
often located under shelter such as rocks, logs, palm fronds,
and other debris. Alternatively, geckos were often located
by walking slowly through leaf litter while watching for
movement of active geckos. We transported geckos back to
a field laboratory and housed them in individual 355-mL
plastic containers with 20 ventilation holes (1 mm each).
All terraria were kept in approximately the same ambient
temperature as their diurnal environment within the breeding
season (24—27 °C) with a natural photoperiod. Geckos were
provided with fresh water in the cap of a vial (refilled as
needed), and native soil with leaf litter for shelter. Fruit flies
or other microinvertebrates were provided every 48 h, with
the disappearance of these invertebrates confirming feeding.
All encounter trials were performed during the breeding sea-
son within 2 weeks of capture, and near field sites except for
the Florida Keys population which was briefly transported
to Miami for trials and returned to the collection site follow-
ing conclusion of the trials. All transport from field sites to
field lab occurred within a 12-h period. At the conclusion
of our experiments, we returned geckos to their individual
capture locations using photo references to ensure correct
release placement.
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For each gecko, we took a dorsal photograph and recorded
sex. We determined sex by shining a light on the ventral side
of the gecko to reveal presence of a male-indicating escutch-
eon. Because adult females and immatures do not possess
an escutcheon, we used a lower mass limit for inclusion of
females that was 10% greater than that of the smallest sexu-
ally mature male to eliminate the possibility of misidentifica-
tion of sex. Due to size variation between populations, this
resulted in a lower mass limit of 0.24 g for Bimini and 0.30 g
for the Florida Keys and mainland Florida populations. We
recorded mass using a portable scale. Mass was chosen for
size evaluation due to the difficulty of measuring SVL in
the field, but SVL was later measured using photographic
analysis software.

Pattern analysis
We performed pattern analysis using the PAT-GEOM (Chan

et al. 2019) plugin with ImageJ (Schneider et al. 2012) to
quantify the extent of male color polymorphism within

populations and to categorize males based on morph phe-
notype. We first outlined patterns by manual selection using
high-resolution photographs of dorsal views of each gecko.
The region used for analysis was the tip of the nose to the
beginning of the neck. The Directionality of Shape analysis
was used to compare aspect ratios of pattern markings (see
Fig. 2). This analysis fits ellipses to patterns and then calcu-
lates the major axis divided by minor axis. To perform this
analysis, we selected all dark markings within the analysis
region. Females typically have striped heads, and the lines
on their heads have high aspect ratio values because they
have a greater generalized length relative to width, mean-
ing the markings are longer than they are wide. Males typi-
cally have spotted or speckled heads, and their more circular
markings have low aspect ratio values because length and
width are similar. By differentiating between these two types
of markings, this analysis was able to quantitatively plot the
variation in patterns of males and females in each popula-
tion and clearly differentiate the two male morphs in the
mainland Florida S. n. notatus population.
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Fig.2 Scatterplots showing each individual gecko’s mean aspect
ratio of patterns. White bars indicate mean for each cluster. At right,
images demonstrate methods used for analysis with “A” images show-
ing original photo, “B” images showing pattern selection, and “C”

images showing the Directionality of Shape calculation of aspect
ratio. Each set of images represents a distinct cluster within the PDF
population of the Florida mainland
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Introduction experiments

We placed the geckos in an encounter chamber for
behavioral trials. Geckos were paired for encounter trials
based on sex and mass such that geckos differed in size
by <0.05 g. Initial use of geckos in either same-sex or
opposite-sex trials was alternated to ensure equal initial
presentation. The chamber was a 20 cm X 10 cm X 10 cm
acrylic box with a dividing panel (see Fig. S1). The divid-
ing panel was a clear acrylic partition, initially covered
with an opaque panel during lizard acclimation. The lid
was hinged for access. All sides were painted a neutral
tan color other than the transparent front and top of the
chamber. Geckos were provided with a water dish and leaf
for shelter during the acclimation period. The leaf was
removed during the recorded trial.

To limit behavior associated with stress from capture,
geckos were allowed to acclimate between all transport
and prior to experiments. Geckos were left to acclimate
in a terrarium for a minimum of 24 h prior to encounter
trials. They were then allowed a minimum of a 1-h accli-
mation period when transferred to the encounter chamber
prior to removal of the opaque divider and subsequent
video recording. Encounters took place in a large opaque
box to reduce outside distraction.

After the acclimation period, we carefully opened the
encounter chamber to remove the opaque divider, leav-
ing only a transparent barrier between geckos for bar-
rier trials that presented only visual signal and remov-
ing it entirely for non-barrier trials that also allowed
olfactory cues. We removed shelters to ensure view of
the other gecko. The chamber was then closed and the
video recording began once the researcher (E.P.) disap-
peared from view of the chamber. Geckos were allowed
an additional 24 h between encounters and were assigned
a second encounter (either same-sex or opposite-sex)
depending on what the first trial was, and opposite- and
same-sex trials were performed in alternating order.
All videos were recorded with a Samsung Galaxy S7
mounted on a tripod.

Video analysis

For each trial, we recorded behaviors of each gecko indepen-
dently, but combined results to yield one final score for each
trial as a whole. Therefore, each trial quantified the behavior
of the gecko in the left and the right chambers, which was
then combined to summarize each encounter/trial. Video
analysis was performed blind when possible, but in trials
that involved sexually dichromatic males and females, the
sex of the pair was visually apparent.

We completed video analysis using the behavior-logging
program BORIS (Friard and Gambia 2016) to track the num-
ber of courtship and agonistic signals/interactions. Behav-
iors (see Table 1) were chosen based on published accounts
of Sphaerodactylidae behaviors (Leuck et al. 1990; Regalado
2012), as well as initial observations of gecko courtship and
mating behavior. Based on preliminary observations, we
found that the majority of social interactions occurred within
20 min of introducing individuals. We therefore clipped
footage to 20 min, beginning when the observer disappeared
from view. We measured the time spent by each individual
conducting the behaviors listed in Table 1. Courtship behav-
iors included time spent displaying head bob by males and
time spent displaying look back by females (Table 1). Ago-
nistic behavior for both sexes was measured as the time spent
displaying stiff behavior (Table 1). Individuals from both
sexes sometimes simultaneously used stiff + headbob, which
would be classified as an ambivalent behavior by Regalado
(2015). However, the use of this combination of behaviors
was determined to be a neutral behavior based on use in
same-sex and opposite-sex pairs for the MD population. As
such, head bob and stiff behavior was only counted as court-
ship and agonistic when used as a singular behavior, and the
combination of simultaneous stiff + headbob was counted as
a neutral behavior and not used in analysis (see Tables S2,
S3, and S4 for a summary of raw data for opposite-sex tri-
als, female-female trials, and male-male trials respectively).

Statistical analysis

Each trial represented an independent experimental unit,
and the courtship or agonistic response was summarized by

Table 1 List of behaviors measured during video analysis with description of each behavior and how it is used by male (M) and female (F)
geckos. Based on behaviors described in Regalado (2012) with additional personal observation by EAP regarding the look back behavior

Behaviors measured in barrier trials

Behavior Description Likely function
Head bob The gecko raises and lowers its head repetitively with equal rhythm Courtship (M)
Stiff The gecko straightens its body and rises above the ground Aggression (F, M)
Look back The gecko orients body facing away from the other gecko and rotates head backward Courtship (F)

toward the gecko while waving tail
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subtracting time (in seconds) spent in agonistic display from
time spent in courtship display for each gecko, then combin-
ing the values of the two geckos in each trial. As a result, a
net agonistic interaction resulted in a negative score, while
a net courtship interaction resulted in a positive score. Raw
data for each behavior was log transformed (loglO(x + 1))
to normalize data, which was right skewed. Skewed data
resulted because most interactions occurred during a small
portion of the total encounter, but a few interactions involved
much greater time spent displaying.

Encounters for opposite-sex pairs and same-sex pairs
were analyzed separately, and single-sample z-tests were
conducted to test if responses differed significantly from
zero for each population. A mean of zero indicated either
a neutral response or a net neutral response if encounters
were split between positive and negative, indicating ambi-
guity of sex. In contrast, values significantly greater or less
than zero would indicate courtship and agonistic behaviors,
respectively. To test for the potential effects of male morph
on response in the two polymorphic populations, these popu-
lations were analyzed using ANCOVA to test for interaction
between population and male morph on agonistic or court-
ship responses.

Results
Presence of visual sexual dichromatism

The results of our pattern analysis indicate significant dif-
ferences between sexes in the Bimini S. n. amaurus popula-
tion (Fig. 2). In contrast, we found a bimodal distribution of
patterns in S. n. notatus males from mainland Florida, with
some males clustering with females and others clustering
separately. Finally, we found that males and females showed
a low level of overlap in pattern aspect ratio in the Florida
Keys S. n. notatus population, indicating the presence of the
dichromatic and intermediate male morphs.

Lack of morphological sexual dimorphism

Measuring other possible dimorphic traits was important
to ensure that the observed visual differences were the only
significant signals for sex identification by geckos. We found
no significant difference between male and female geckos
for any population in body mass (see Fig. S2) (P=0.431
for Bimini geckos, P=0.948 for Keys geckos, P=0.552
for Florida mainland geckos), head width (see Fig. S3)
(P=0.185 for Bimini geckos, P=0.264 for Keys geckos,
P=0.761 for Florida mainland geckos), or SVL (see Fig. S4)
(P=0.690 for Bimini geckos, P=0.380 for Keys geckos,
P =0.905 for Florida mainland geckos). Escutcheons, when
present, may be used to positively identify sex, but these

pores are located near the cloaca and are not visible without
suspending the gecko. The lack of sexual size dimorphism in
our measurements supports that the only visible indication
of sexual differences are visual color patterns, allowing us
to rule out other obvious signals of visual mate recognition
for our encounter trials. For full details of statistical tests
performed, see Table S5.

Difference in same-sex vs opposite-sex response
varies by population

To identify the effect of polymorphic male visual signals, we
characterized each trial by measuring time spent in court-
ship or agonistic display by geckos. The agonistic display
time was subtracted from the courtship display time to yield
a summary score ranging from negative (for agonistic) to
positive (for courtship).

We found that for the opposite-sex trials (Fig. 3), geckos
from Bimini (MD) displayed significant courtship responses
(P<0.001), geckos from the Florida Keys (PDI) displayed a
non-significant trend for courtship (P =0.072), and geckos
from the Florida mainland (PDF) displayed no significant
courtship response (P=0.598). When geckos from the Flor-
ida mainland PDF population were tested in trials allowing
for olfactory communication, significant courtship response
was found (P =0.029).

For the same-sex trials, patterns of significance followed
those of the opposite-sex trials. Bimini (MD) and Florida
Keys (PDI) females (Fig. 4) displayed significant agonis-
tic responses (P =0.001, P=0.043) while those from the
Florida mainland (PDF) were insignificant (P =0.374).
Bimini (MD) and Florida Keys (PDI) males (Fig. 5) dis-
played significant agonistic responses (P =0.001, P=0.013),
while those from the Florida mainland (PDF) were not sig-
nificantly different from zero (P=0.200). However, when
geckos from the Florida mainland PDF population were
tested in trials allowing for olfactory communication, we
found significant agonistic response for both female same-
sex trials (P =0.030) and male same-sex trials (P=0.021).

The Florida mainland PDF and Florida Keys PDI popula-
tions were analyzed using ANCOVA to test for interaction
between morph and behavioral responses (see Figs. 3 and
5). For these populations, no significance was found with
respect to effect of morph on response (P =0.215). For full
details of statistical tests performed, see Table S5.

Discussion

Using a quantitative method that measured the pattern of
color patches on an individual’s head, we confirmed quan-
titatively that the S. n. amaurus population of Bimini has
monomorphic, dichromatic males, while the S. n. notatus
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Fig.3 Box plots of behavio-
ral response for opposite-sex
encounters, grouped by popula-
tion. A—C are experiments with
transparent barriers, while D

is without transparent barriers.
Boxes indicate the inter quartile
range (IQR), with the central
line depicting the median and
the whiskers extending to
1.5*IQR. Data points vis-

ible in circles superimposed

on each box. The light circles
indicate trials with female-like/
intermediate morph males,

and dark circles indicate trials
with dichromatic-morph males.
Significance values shown for
single-sample r-tests for each
group indicate single asterisk
(*) for P<0.05 and triple aster-
isk (***) for P<0.001

Fig.4 Box plots of behavioral
response for female-female
encounters, grouped by popula-
tion. A—C are experiments with
transparent barriers, while D

is without transparent barriers.
Boxes indicate the inter quartile
range (IQR), with the central
line depicting the median and
the whiskers extending to
1.5*IQR. Data points visible in
circles superimposed on each
box. Significance values shown
for single-sample #-tests for each
group indicate single asterisk
(*) for P<0.05
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Fig.5 Box plots of behavioral 2
response for male-male encoun- A
ters, grouped by population.
A—C are experiments with
transparent barriers, while D

is without transparent barriers.
Boxes indicate the inter quartile
range (IQR), with the central

*%*

>

line depicting the median and
the whiskers extending to
1.5*IQR. Data points visible in
circles superimposed on each
box. The light circles indicate
trials with two female-like/
intermediate morph males,
gray circles indicate trials

with one female-like/inter-
mediate morph male and one
dichromatic-morph male, and
dark circles indicate trials with
two dichromatic-morph males.
Significance values shown for
single-sample r-tests for each
group indicate single asterisk
(*) for P<0.05 and double
asterisk (**) for P<0.01
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populations of the Florida Keys was polymorphic with a
small number of intermediate male morphs, and mainland
Florida was polymorphic with a bimodal distribution of
dichromatic and female-like males. Importantly, the male
polymorphism in the mainland S. n. notatus population was
due to a subset of adult males resembling females, bear-
ing similarity to systems in which female mimicry or status
signaling is used (Lyon and Montgomerie 1986; Slagsvold
and Saetre 1991; 1992; Taborsky 1998; Vergara and Fargallo
2007). With this observed variation in male polymorphism
across populations, we found that geckos from the male
monomorphic S. n. amaurus population of Bimini showed
discrimination in initiating courtship responses in oppo-
site-sex trials or agonistic responses in same-sex trials. The
Florida Keys population with intermediate males showed a
non-significant trend for opposite-sex trials and significance
for same-sex trials. In contrast, geckos from the Florida
mainland S. n. notatus population with female-like males
did not consistently initiate courtship or agonistic response
when presented with only visual signals of opposite or same-
sex partners. However, when S. n. notatus individuals of
the Florida mainland were allowed to interact with access
to olfactory signals, they showed discrimination between
sexes (with significant results for both opposite and same-
sex trials). That is, when individuals from the PDF popu-
lation were able to assess olfactory signals, they initiated

Polymorphic males

Dichromatic morph
Intermediate morph

Polymorphic males
Dichromatic morph
Female-like morph

POPULATION

Polymorphic males

Dichromatic morph
Female-like morph

courtship or agonistic displays according to the sex of their
partner, indicating greater reliance on olfactory signals in
lieu of visual signals. Overall, results from our experiments
suggest that the evolution of male color polymorphism can
reduce the reliability of sex-specific signals and thus the util-
ity of visual signals, favoring a switch to different signaling
modalities.

In the presence of male color polymorphism within popu-
lations, individuals may still use the visual signal for assess-
ing potential mates and rivals when available, or completely
rely on alternative signals since sex-specific visual signals
are no longer reliable. We found evidence for the latter in
polymorphic mainland Florida populations, as neither males
nor females modified their behavior in the presence of the
dichromatic morph or the female-like male morph. Interest-
ingly, in the Florida Keys population with the intermediate
male morph, we found a trend where males and females were
more likely to respond with courtship in opposite sex, and
with agonistic behavior in same-sex pairings. That is, the
consistency of sex-specific courtship and agonistic responses
of geckos from the Florida Keys were intermediate to those
of the monomorphic Greater Bahama Bank and the poly-
morphic mainland Florida populations. The less distinct
sex-specific response of Florida Key geckos may be due to
either the ambiguity of the intermediate color patterns of the
second morph or their relatively low frequency within this
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population. Overall, geckos in the polymorphic populations
simply did not use or rely less on visual signals despite some
males still having the male-specific coloration. The results
from the Florida trials contrast with many other polymorphic
systems in which the visual signal of dichromatic males is
still assessed in the presence of female-like males (Sinervo
and Lively 1996; Taborsky 1998; Hurtado-Gonzales 2011).
However, parallels have been found in other geckos. Similar
results were observed in Crnemaspis gecko with polymor-
phic males (Kabir et al. 2019). For Cnemaspis mysoriensis
geckos, neither sex showed a difference in response to only
visual cues when encountering white-gular males, yellow-
gular males, or females; however, females did alter their
response based on chemical signals, while males altered
their response only in the presence of visual and olfactory
signals (Kabir et al. 2019). Multimodal signals therefore
seem to convey non-redundant information for C. myso-
riensis males. One possible reason for the apparent differ-
ences between S. notatus and C. mysoriensis is our use of
multiple behavioral indicators of courtship, which may more
accurately reflect sex-specific response to specific signals.
Indicators in Kabir et al. (2019, 2021) included tongue flick-
ing and movement bouts, but these are not courtship-specific
signals. In contrast, several signals of S. notatus (e.g., look
back and head bobs) are used only in courtship, giving a
more accurate indication of female and male interest. In
addition, the female-morph male of C. mysoriensis is not
entirely identical to female geckos due to sex-specific eyelid
coloration. Because of this, polymorphism in this species
may serve primarily for reliable male-male communication.
In contrast, a separate study on the sexually dichromatic
but not polymorphic C. littoralis found that neither males
nor females responded to visual signals alone (Kabir et al.
2021), with color signals only used in concert with olfactory
signals. These results are inconsistent with what we found
in the strongly sexually dichromatic S. notatus population,
where visual signals alone can be used to determine the sex
of a conspecific. Sphaerodactylus notatus presents a study
system that more readily enables analysis of female and male
interest. In our study, we avoided limitations of ambiguous
signals that indicate general interest by measuring court-
ship-specific signals which allowed us to more accurately
identify female and male interest as that of courtship or of
aggression. Although the dichromatic male morph signal in
mainland Florida seems to be unimportant in sex recogni-
tion, the color monomorphic population showed clear use
of visual signals.

The cause for the evolution of male color polymorphism
in S. notatus remains to be determined. Female mimicry
is hypothesized as a strategy to reduce intrasexual aggres-
sion and is supported in bird and fish species (Slagsvold
and Saetre 1991, 1992; Sinervo and Lively 1996; Tabor-
sky 1998; Vergara and Fargallo 2007), but this hypothesis
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has also been challenged by multiple studies showing clear
discrimination between females and female-mimic males
(Flood 1984; Hill 1989; Procter-Gray 1991; Muehter et al.
1997). In our study, we likewise failed to find support for
this hypothesis, finding that males that resembled females
were not treated differently than the typical male morph.
An alternative hypothesis, the Status Signaling Hypothesis
(Lyon and Montgomerie 1986), proposes that immature col-
oration serves as a reliable signal of subordinate status. In
the case of Cnemaspis geckos, the Status Signaling Hypoth-
esis most accurately matches findings of Kabir et al. (2019),
but in the polymorphic S. n. notatus, the potential advan-
tage of female mimicry is unclear. When limited to visual
signal, no discrimination was found between sexes or male
morphs. Finally, the loss of the dichromatic male signal in
S. n. notatus may be influenced by natural selection against
conspicuous signal rather than sexual/social selection for
alternative strategies. As the only mainland population of
the species, S. n. notatus may face unique selective pres-
sures that have impacted sexual and natural selection for
sexual dichromatism. Within guppies, male coloration var-
ies between streams and is correlated to predation pressures
(Endler 1984). Male conspicuousness within S. n. notatus
may be similarly affected by predation pressures on the
mainland due to possible increased predator diversity.
Previous work on the courtship of Sphaerodactylus
geckos compared interactions between different species
and found differences in the use of species-specific sig-
nals (Regalado 2012, 2015). For instance, courtship dis-
plays differ between species with regard to incorporation
of threatening elements like stiff posturing. These differ-
ences may be correlated with the utility of visual sexual
signals within species (Regalado 2015), suggesting that
divergence in communication systems may be a factor that
drives species diversification in this genus. Patterns of sig-
nal use within S. notatus do not follow the expectations
of the LRC model (Regalado 2015), which predicts that
geckos with ambiguous signals would receive ambivalent
responses, while dichromatic males would be approached
with either courtship (by females) or threat (by males).
Regalado’s findings suggest that ambivalent displays
would be expected toward female and female-like morphs
of male S. notatus, but our findings are inconsistent with
this prediction. All of our populations of Sphaerodactylus
notatus often incorporated an ambiguous headbob + stiff
display in both courtship and agonistic interactions while
using the individual behaviors independently for clear
courtship or agonistic intent. This cannot be explained by
use of the combined behavior as an introductory display
prior to sex determination, because geckos would often
switch from head bob displays to headbob + stiff displays
and back again. Even S. notatus females use a combina-
tion of stiff posturing and head bobbing intermittently
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during agonistic display, which cannot be interpreted as
ambivalent approach because females do not head bob
during courtship. It is unclear what the function of this
combined behavior might be, but we hypothesize that S.
notatus uses it as a neutral signaling behavior to attract
attention. Sexual dichromatism with monomorphic males
is an ancestral state for this species based on its presence
in closely related taxa (Pyron et al. 2013), but the use
of this ambiguous courtship-threat display in S. notatus
may be inherited from further ancestral relatives. Con-
tinued research and documentation of courtship behavior
for additional Sphaerodactylus species may shed light on
the origin of this behavior. Further comparison between
studies is somewhat limited because Regalado (2012,
2015) did not use transparent barriers, and thus allowed
geckos to use both olfactory and visual signals. However,
our results do mirror Regalado’s (2015) descriptions of
greater use of olfactory signal in confirmatory mate rec-
ognition for monochromatic or polymorphic species. The
polymorphic S. n. notatus population demonstrated reli-
ance on olfactory signals for confirmatory sex recognition,
as evidenced by discrimination of sex by geckos exposed
to olfactory signals.

Questions remain on how the evolution of male color
polymorphism could affect mating interactions among
subspecies upon secondary contact and mediate the evo-
lution of premating reproductive barriers. The divergence
of visual signal in S. n. notatus and resulting loss of sig-
nal utility indicates the capacity for change among iso-
lated populations that could explain the speciose clade of
Sphaerodactylus. That is, loss of reliable male signal can
cause divergence in receiver response, providing a mecha-
nism for rapid divergence among populations that could
then lead to behavioral reproductive barriers and specia-
tion. Inter-population encounters, though unlikely given
the distribution of S. notatus, may be common in other
Sphaerodactylus species and could shed light on how vari-
ations in sexual dichromatism affect reproductive isolation
in this clade. Future research will hopefully expand on
this knowledge to better explain the link between signal
divergence and speciation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00265-022-03272-9.

Acknowledgements We would like to thank Fairchild Tropical Botani-
cal Garden, particularly Educational Director Amy Padolf for her help
in accessing our Florida Mainland study site. We would also like to
thank the staff at the Key West Wildlife Center for their help in access-
ing our Florida Keys study site. In addition, we would like to thank
the Bimini Biological Field Station for their assistance with our work
on South Bimini. We are grateful for field assistance provided by
Stephanie Clements, Kasey Kiesewetter, and Benjamin Machado. We
further thank William Searcy, Christopher Austin, Barbara Whitlock,
and Christopher Searcy for their advice in the development of this
project and editing of earlier versions of this manuscript. We also have

gratitude for the two anonymous reviewers whose insightful comments
aided in revisions of this manuscript.

Funding Funding was contributed by the University of Miami through
the Kushlan Graduate Research Support Fund, the William H. Evoy
Graduate Research Support Fund, and the Jay M. Savage Graduate
Research Support Fund, as well as through the Aresty Endowment.
Funding was also awarded by the Society for the Study of Evolution
through the Lewontin Award, the Society for Integrative and Compara-
tive Biology through the Grants-In-Aid of Research program, and the
American Philosophical Society through the Lewis and Clark Fund.

Data availability All data generated or analyzed during this study are
available at the following data repository https://doi.org/10.6084/m9.
figshare.21542949

Declarations

Ethics approval This work was completed with all necessary approval
and permitting. This work was conducted under Florida Fish and Wild-
life permit LSSC-16-00013, permits from The Bahamas Environment,
Science, and Technology (BEST) Commission, and IACUC protocol
17-183. The methods used in this study adhered to the guidelines for
the treatment of animals in behavioral research and teaching set forth
by the Animal Behavior Society (ABS)/Association for the Study of
Animal Behaviour (ASAB). Great care was taken to ensure the safety
and welfare of all lizards involved in the study. The lizards were cap-
tured with minimally invasive non-contact methods and were returned
to sites of capture within two weeks. While in captivity they were
provided with appropriate natural shelter, water, and were fed regularly.
All lizards were in apparent good health until release.

Conflict of interest The authors declare no competing interests.

References

Ahi EP, Lecaudey LA, Ziegelbecker A, Steiner O, Glabonjat R,
Goessler W, Hois V, Wagner C, Lass A, Sefc KM (2020) Com-
parative transcriptomics reveals candidate carotenoid colour genes
in an East African cichlid fish. BMC Genomics 21:54. https://doi.
org/10.1186/512864-020-6473-8

Andersson M (1982) Female choice selects for extreme tail length in a
widowbird. Nature 299:818-820. https://doi.org/10.1038/29981
8a0

Andersson M (1994) Sexual selection. Princeton University Press,
Princeton, NJ

Assis BA, Avery JD, Tylan C, Engler HI, Earley RL, Langkilde T
(2021) Honest signals and sexual conflict: female lizards carry
undesirable indicators of quality. Ecol Evol 11:7647-7659. https://
doi.org/10.1002/ece3.7598

Badyaev AV, Hill GE (2003) Avian sexual dichromatism in relation to
phylogeny and ecology. Annu Rev Ecol Evol S 34:27-49. https://
doi.org/10.1146/annurev.ecolsys.34.011802.132441

Bell RC, Zamudio KR (2012) Sexual dichromatism in frogs: natural
selection, sexual selection and unexpected diversity. Proc R Soc
Lond B 279:4687-4693. https://doi.org/10.1098/rspb.2012.1609

Blows MW (2002) Interaction between natural and sexual selection
during the evolution of mate recognition. Proc R Soc Lond B
269:1113-1118. https://doi.org/10.1098/rspb.2002.2002

Borgia G (1979) Sexual selection and the evolution of mating systems.
In: Blum MS, Blum NA (eds) Sexual selection and reproductive
competition in insects. Academic Press, New York, pp 19-80

@ Springer


https://doi.org/10.1007/s00265-022-03272-9
https://doi.org/10.6084/m9.figshare.21542949
https://doi.org/10.6084/m9.figshare.21542949
https://doi.org/10.1186/s12864-020-6473-8
https://doi.org/10.1186/s12864-020-6473-8
https://doi.org/10.1038/299818a0
https://doi.org/10.1038/299818a0
https://doi.org/10.1002/ece3.7598
https://doi.org/10.1002/ece3.7598
https://doi.org/10.1146/annurev.ecolsys.34.011802.132441
https://doi.org/10.1146/annurev.ecolsys.34.011802.132441
https://doi.org/10.1098/rspb.2012.1609
https://doi.org/10.1098/rspb.2002.2002

2 Page120f 13

Behavioral Ecology and Sociobiology (2023) 77:2

Burns KJ (1998) A phylogenetic perspective on the evolution of sexual
dichromatism in tanagers (Thraupidae): the role of female versus
male plumage. Evolution 52:1219-1224. https://doi.org/10.1111/j.
1558-5646.1998.tb01849.x

Calhim S, Adamik P, Jirvisto P, Leskinen P, Torok J, Wakamatsu K,
Laaksonen T (2014) Heterospecific female mimicry in Ficedula
flycatchers. J Evol Biol 27:660-666. https://doi.org/10.1111/jeb.
12328

Chan IZ, Stevens M, Todd PA (2019) PAT-GEOM: a software package
for the analysis of animal patterns. Methods Ecol Evol 10:591—
600. https://doi.org/10.1111/2041-210X.13131

Chen G, Xia C, Dong L, Lyu N, Zhang Y (2019) Delayed plumage
maturation in green-backed flycatchers (Ficedula elisae): an evi-
dence of female mimicry. Ethology 125:64—72. https://doi.org/
10.1111/eth.12825

Darwin C (1871) The descent of man and selection in relation to sex.
Murray, London

Dufva R, Allander K (1995) Intraspecific variation in plumage colora-
tion reflects immune response in great tit (Parus major) males.
Funct Ecol 9:785-789. https://doi.org/10.2307/2390253

Endler JA (1984) Natural and sexual selection on color patterns in
poeciliid fishes. In: Zaret TM (ed) Evolutionary ecology of neo-
tropical freshwater fishes. Springer, Dordrecht, pp 95-111. https://
doi.org/10.1007/978-94-015-7682-6_7

Endler JA (1992) Signals, signal conditions, and the direction of evo-
lution. Am Nat 139:S125-S153. https://doi.org/10.1086/285308

Fincke OM (2015) Trade-offs in female signal apparency to males
offer alternative anti-harassment strategies for colour polymor-
phic females. J Evol Biol 28:931-943. https://doi.org/10.1111/
jeb.12623

Flood NJ (1984) Adaptive significance of delayed plumage maturation
in male northern orioles. Evolution 38:267-279. https://doi.org/
10.2307/2408486

Friard O, Gamba M (2016) BORIS: a free, versatile open-source event-
logging software for video/audio coding and live observations.
Methods Ecol Evol 7:1325-1330. https://doi.org/10.1111/2041-
210X.12584

Friesen CR, Kahrl AF, Olsson M (2020) Sperm competition in squa-
mate reptiles. Phil Trans R Soc B 375:20200079. https://doi.org/
10.1098/rstb.2020.0079

Galeotti P, Sacchi R, Pellitteri-Rosa D, Bellati A, Cocca W, Gentilli A,
Scali S, Fasola M (2013) Colour polymorphism and alternative
breeding strategies: effects of parent’s colour morph on fitness
traits in the common wall lizard. Evol Biol 40:385-394. https://
doi.org/10.1007/s11692-012-9222-3

Grindstaff JL, Lovern MB, Burtka JL, Hallmark-Sharber A (2012)
Structural coloration signals condition, parental investment,
and circulating hormone levels in Eastern bluebirds (Sialia sia-
lis). J Comp Physiol A 198:625-637. https://doi.org/10.1007/
$00359-012-0735-0

Hamilton TH (1961) On the functions and causes of sexual dimor-
phism in breeding plumage characters of North American species
of warblers and orioles. Am Nat 95:121-123. https://doi.org/10.
1086/282167

Hill GE (1989) Late spring arrival and dull nuptial plumage: aggression
avoidance by yearling males? Anim Behav 37:665-673. https://
doi.org/10.1016/0003-3472(89)90045-6

Hurtado-Gonzales JL, Uy JAC (2010) Intrasexual competition facili-
tates the evolution of alternative mating strategies in a colour
polymorphic fish. BMC Evol Biol 10:391. https://doi.org/10.1186/
1471-2148-10-391

Hurtado-Gonzales JL, Loew ER, Uy JAC (2014) Variation in the visual
habitat may mediate the maintenance of color polymorphism in
a poeciliid fish. PLoS One 9:¢101497. https://doi.org/10.1371/
journal.pone.0101497

@ Springer

Huxley JS (1938) Darwin’s theory of sexual selection and the data sub-
sumed by it, in the light of recent research. Am Nat 72:416-433.
https://doi.org/10.1086/280795

Jenssen TA (1977) Evolution of anoline lizard display behavior. Am
Zool 17:203-215. https://doi.org/10.1093/icb/17.1.203

Kabir MS, Thaker M (2021) Does the addition of a new signalling
trait enhance receiver responses in diurnal geckos? Behav Process
184:104322. https://doi.org/10.1016/j.beproc.2021.104322

Kabir MS, Radhika V, Thaker M (2019) Mismatch in receiver
responses to multimodal signals in a diurnal gecko. Anim Behav
147:115-123. https://doi.org/10.1016/j.anbehav.2018.11.011

Kohda M, Hori M (1993) Dichromatism in relation to the trophic biol-
ogy of predatory cichlid fishes in Lake Tanganyika, East Africa.
J Zool 229:447-455. https://doi.org/10.1111/j.1469-7998.1993.
tb02647.x

Kirkpatrick M (1987) Sexual selection by female choice in polygynous
animals. Annu Rev Ecol Evol S 18:43-70. https://www.jstor.org/
stable/2097124

Lee JS, Bass AH (2006) Dimorphic male midshipman fish: reduced
sexual selection or sexual selection for reduced characters? Behav
Ecol 17:670-675. https://doi.org/10.1093/beheco/ark015

Leuck BE, Hughes KW, Cheng HY (1990) Social displays of experi-
mentally paired dwarf geckos (Sphaerodactylus clenchi). J Her-
petol 24:416—418. https://doi.org/10.2307/1565062

Luro AB, Hauber ME (2021) Pressure for rapid and accurate mate rec-
ognition promotes avian-perceived plumage sexual dichromatism
in true thrushes (genus Turdus). bioRxiv. https://doi.org/10.1101/
2021.08.12.456147

Lyon BE, Montgomerie RD (1986) Delayed plumage maturation in
passerine birds: reliable signaling by subordinate males? Evolu-
tion 40:605-615. https://doi.org/10.1111/j.1558-5646.1986.tb005
11.x

Mank JE (2022) Sex-specific morphs: the genetics and evolution of
intra-sexual variation. Nat Rev Genet. https://doi.org/10.1038/
s41576-022-00524-2)

Moore MP, Martin RA (2018) Trade-offs between larval survival and
adult ornament development depend on predator regime in a ter-
ritorial dragonfly. Oecologia 188:97-106. https://doi.org/10.1007/
s00442-018-4171-x

Muehter VR, Greene E, Ratcliffe L (1997) Delayed plumage matura-
tion in Lazuli buntings: tests of the female mimicry and status
signalling hypotheses. Behav Ecol Sociobiol 41:281-290. https://
doi.org/10.1007/3002650050389

Newbolt CH, Acker PK, Neuman TJ, Hoffman SI, Ditchkoff SS,
Steury TD (2017) Factors influencing reproductive success in
male white-tailed deer. J] Wildlife Manage 81:206-217. https://
doi.org/10.1002/jwmg.21191

Peek FW (1972) An experimental study of the territorial function
of vocal and visual display in the male red-winged blackbird
(Agelaius phoeniceus). Anim Behav 20:112-118. https://doi.org/
10.1016/S0003-3472(72)80180-5

Pfennig KS, Hurlbert AH (2012) Heterospecific interactions and the
proliferation of sexually dimorphic traits. Curr Zool 58:453-462.
https://doi.org/10.1093/czoolo/58.3.453

Procter-Gray E (1991) Female-like plumage of subadult male Ameri-
can redstarts does not reduce aggression from other males. Auk
108:872-879. https://doi.org/10.1093/auk/108.4.872

Pryke SR, Astheimer LB, Buttemer WA, Griffith SC (2007) Frequency-
dependent physiological trade-offs between competing colour
morphs. Biol Lett 3:494-497. https://doi.org/10.1098/rsbl.2007.
0213

Pyron RA, Burbrink FT, Wiens JJ (2013) A phylogeny and revised
classification of Squamata, including 4161 species of lizards
and snakes. BMC Evol Biol 13:93. https://doi.org/10.1186/
1471-2148-13-93


https://doi.org/10.1111/j.1558-5646.1998.tb01849.x
https://doi.org/10.1111/j.1558-5646.1998.tb01849.x
https://doi.org/10.1111/jeb.12328
https://doi.org/10.1111/jeb.12328
https://doi.org/10.1111/2041-210X.13131
https://doi.org/10.1111/eth.12825
https://doi.org/10.1111/eth.12825
https://doi.org/10.2307/2390253
https://doi.org/10.1007/978-94-015-7682-6_7
https://doi.org/10.1007/978-94-015-7682-6_7
https://doi.org/10.1086/285308
https://doi.org/10.1111/jeb.12623
https://doi.org/10.1111/jeb.12623
https://doi.org/10.2307/2408486
https://doi.org/10.2307/2408486
https://doi.org/10.1111/2041-210X.12584
https://doi.org/10.1111/2041-210X.12584
https://doi.org/10.1098/rstb.2020.0079
https://doi.org/10.1098/rstb.2020.0079
https://doi.org/10.1007/s11692-012-9222-3
https://doi.org/10.1007/s11692-012-9222-3
https://doi.org/10.1007/s00359-012-0735-0
https://doi.org/10.1007/s00359-012-0735-0
https://doi.org/10.1086/282167
https://doi.org/10.1086/282167
https://doi.org/10.1016/0003-3472(89)90045-6
https://doi.org/10.1016/0003-3472(89)90045-6
https://doi.org/10.1186/1471-2148-10-391
https://doi.org/10.1186/1471-2148-10-391
https://doi.org/10.1371/journal.pone.0101497
https://doi.org/10.1371/journal.pone.0101497
https://doi.org/10.1086/280795
https://doi.org/10.1093/icb/17.1.203
https://doi.org/10.1016/j.beproc.2021.104322
https://doi.org/10.1016/j.anbehav.2018.11.011
https://doi.org/10.1111/j.1469-7998.1993.tb02647.x
https://doi.org/10.1111/j.1469-7998.1993.tb02647.x
https://www.jstor.org/stable/2097124
https://www.jstor.org/stable/2097124
https://doi.org/10.1093/beheco/ark015
https://doi.org/10.2307/1565062
https://doi.org/10.1101/2021.08.12.456147
https://doi.org/10.1101/2021.08.12.456147
https://doi.org/10.1111/j.1558-5646.1986.tb00511.x
https://doi.org/10.1111/j.1558-5646.1986.tb00511.x
https://doi.org/10.1038/s41576-022-00524-2
https://doi.org/10.1038/s41576-022-00524-2
https://doi.org/10.1007/s00442-018-4171-x
https://doi.org/10.1007/s00442-018-4171-x
https://doi.org/10.1007/s002650050389
https://doi.org/10.1007/s002650050389
https://doi.org/10.1002/jwmg.21191
https://doi.org/10.1002/jwmg.21191
https://doi.org/10.1016/S0003-3472(72)80180-5
https://doi.org/10.1016/S0003-3472(72)80180-5
https://doi.org/10.1093/czoolo/58.3.453
https://doi.org/10.1093/auk/108.4.872
https://doi.org/10.1098/rsbl.2007.0213
https://doi.org/10.1098/rsbl.2007.0213
https://doi.org/10.1186/1471-2148-13-93
https://doi.org/10.1186/1471-2148-13-93

Behavioral Ecology and Sociobiology (2023) 77:2

Page 130f 13 2

Regalado R (2003) Social behavior and sex recognition in the Puerto
Rican dwarf gecko Sphaerodactylus nicholsi. Caribb J Sci
39:77-93

Regalado R (2006) Reproduction and growth of seven species of dwarf
geckos, Sphaerodactylus (Gekkonidae), in captivity. Herpetol Rev
37:13-19

Regalado R (2012) Social behavior of dwarf geckos (Sphaerodactylus):
a comparative repertoire. Ethol Ecol Evol 24:344-366. https://doi.
org/10.1080/03949370.2012.702685

Regalado R (2015) Does dichromatism variation affect sex recognition
in dwarf geckos? Ethol Ecol Evol 27:56-73. https://doi.org/10.
1080/03949370.2014.885465

Rivero-Blanco C, Schargel WE (2012) A strikingly polychromatic new
species of Gonatodes (Squamata: Sphaerodactylidae) from north-
ern Venezuela. Zootaxa 3518:66—78. https://doi.org/10.11646/
zootaxa.3518.1.4

Robinson CD, Lance SL, Gifford ME (2021) Reproductive success,
apparent survival, and ventral blue coloration in male prairie liz-
ards (Sceloporus consobrinus). J Zool 314:245-255. https://doi.
org/10.1111/jz0.12890

Rohwer S (1978) Passerine subadult plumages and the deceptive
acquisition of resources: test of a critical assumption. Condor
80:173-179

Romano A, Costanzo A, Rubolini D, Saino N, Mgller AP (2017) Geo-
graphical and seasonal variation in the intensity of sexual selec-
tion in the barn swallow Hirundo rustica: a meta-analysis. Biol
Rev 92:1582-1600. https://doi.org/10.1111/brv.12297

Setre GP, Slagsvold T (1992) Evidence for sex recognition from
plumage colour by the pied flycatcher, Ficedula hypoleuca.
Anim Behav 44:293-299. https://doi.org/10.1016/0003-3472(92)
90035-8

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to Imagel:
25 years of image analysis. Nat Methods 9:671-675. https://doi.
org/10.1038/nmeth.2089

Schwartz A (1965) Geographic variation in Sphaerodactylus notatus
Baird. Rev Biol Trop 13:161-185

Sinervo B, Lively CM (1996) The rock—paper—scissors game and the
evolution of alternative male strategies. Nature 380:240-243.
https://doi.org/10.1038/380240a0

Sinervo B, Zamudio KR (2001) The evolution of alternative reproduc-
tive strategies: fitness differential, heritability, and genetic correla-
tion between the sexes. J Hered 92:198-205. https://doi.org/10.
1093/jhered/92.2.198

Stuart-Fox DM, Moussalli A, Marshall NJ, Owens IPF (2003) Con-
spicuous males suffer higher predation risk: visual modelling and
experimental evidence from lizards. Anim Behav 66:541-550.
https://doi.org/10.1006/anbe.2003.2235

Stuart-Fox D, Aulsebrook A, Rankin KJ, Dong CM, McLean CA
(2021) Convergence and divergence in lizard colour polymor-
phisms. Biol Rev 96:289-3009. https://doi.org/10.1111/brv.12656

Taborsky M (1998) Sperm competition in fish: bourgeois’ males and
parasitic spawning. Trends Ecol Evol 13:222-227. https://doi.org/
10.1016/S0169-5347(97)01318-9

Vercken E, Clobert J (2008) Ventral colour polymorphism correlates
with alternative behavioural patterns in female common lizards
(Lacerta vivipara). Ecoscience 15:320-326. https://doi.org/10.
2980/15-3-3135

Vergara P, Fargallo JA (2007) Delayed plumage maturation in Eura-
sian kestrels: female mimicry, subordination signalling or both?
Anim Behav 74:1505-1513. https://doi.org/10.1016/j.anbehav.
2007.03.013

West-Eberhard MJ (1983) Sexual selection, social competition, and
speciation. Q Rev Biol 58:155-183. https://doi.org/10.1086/
413215

Yewers MSC, Pryke S, Stuart-Fox D (2016) Behavioural differences
across contexts may indicate morph-specific strategies in the liz-
ard Ctenophorus decresii. Anim Behav 111:329-339. https://doi.
org/10.1016/j.anbehav.2015.10.029

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1080/03949370.2012.702685
https://doi.org/10.1080/03949370.2012.702685
https://doi.org/10.1080/03949370.2014.885465
https://doi.org/10.1080/03949370.2014.885465
https://doi.org/10.11646/zootaxa.3518.1.4
https://doi.org/10.11646/zootaxa.3518.1.4
https://doi.org/10.1111/jzo.12890
https://doi.org/10.1111/jzo.12890
https://doi.org/10.1111/brv.12297
https://doi.org/10.1016/0003-3472(92)90035-8
https://doi.org/10.1016/0003-3472(92)90035-8
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/380240a0
https://doi.org/10.1093/jhered/92.2.198
https://doi.org/10.1093/jhered/92.2.198
https://doi.org/10.1006/anbe.2003.2235
https://doi.org/10.1111/brv.12656
https://doi.org/10.1016/S0169-5347(97)01318-9
https://doi.org/10.1016/S0169-5347(97)01318-9
https://doi.org/10.2980/15-3-3135
https://doi.org/10.2980/15-3-3135
https://doi.org/10.1016/j.anbehav.2007.03.013
https://doi.org/10.1016/j.anbehav.2007.03.013
https://doi.org/10.1086/413215
https://doi.org/10.1086/413215
https://doi.org/10.1016/j.anbehav.2015.10.029
https://doi.org/10.1016/j.anbehav.2015.10.029

	Male color polymorphism in populations of reef geckos (Sphaerodactylus notatus) reduces the utility of visual signals in sex recognition
	Abstract 
	Significance
	Introduction
	Methods
	Study system
	Collection of geckos
	Pattern analysis
	Introduction experiments
	Video analysis
	Statistical analysis

	Results
	Presence of visual sexual dichromatism
	Lack of morphological sexual dimorphism
	Difference in same-sex vs opposite-sex response varies by population

	Discussion
	Acknowledgements 
	References


