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Abstract. Signal divergence and sensory preferences may lead to sexual isolation and 

eventually promote speciation between animal populations. However, few studies have 

quantified the degree of chemical signal divergence and scent-mediated sexual isolation in 

lizard populations. Geographic and ecological variation among populations of the whiptail 

lizard Aspidoscelis lineattissimus suggest that there might be chemical signal divergence 

among these populations. Here we used gas chromatography-mass spectrometry to 

characterize and compare the chemical composition of the femoral gland secretions of male 

whiptail lizards of four populations from a western region of Mexico, and through 

behavioral experiments explored the effects of lizard scents on precopulatory behaviors and 

intrasexual male-male chemical recognition among populations. Our results showed that 

males of each population contain a divergent mixture of compounds in their femoral gland 

secretions. Differential chemosensory behavior indicated that male and female lizards 

discriminated and were more attracted to scents of lizards from their same population. 

Although females also seem to discriminate male scents between populations, their 

associated preference to territories scent-marked by males of their own population is 

different between regions (eastern vs western) and not between populations. We suggest 

that between some populations of A. lineattissimus there may be partial premating isolation 

mediated by chemical signals and behavioral divergence. 
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Significance statement 

Geographic variation in sexual signals can strongly affect discrimination and recognition 

abilities among reproductive individuals from divergent populations, resulting in sexual 

isolation and speciation. Studies suggest that reproductive isolation and speciation in lizard 

systems may be mediated by chemical signals, male mate preferences and male-male 

interactions but not by female mate preferences. Using gas chromatography-mass 

spectrometry techniques and behavioral experiments, we found that chemical divergence in 

femoral gland secretions of male Aspidoscelis lineattissimus influences behavioral 

discrimination among four distinct populations. Males and females recognized and 

responded more toward lizard scents from their own population. In addition, some female 

populations were able to discriminate between territories scent marked by males from 

different populations. We suggest that chemical and behavioral differences between 

populations may influence partial premating isolation, which can be mediated by inter and 

intrasexual interactions.  

 

Keywords for indexing: chemical cues, chemosensory recognition, femoral glands, 

lizards, female preferences, premating isolation. 
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Introduction  

Speciation involves the evolution of reproductive isolation between diverging populations 

(Mayr 1963; Nosil et al. 2007; Barton and De Cara 2009). Understanding speciation thus 

requires determining which reproductive barriers initially reduced gene flow between 

populations and the evolutionary forces producing them (Coyne and Orr 2004; Sobel et al. 

2010). The evolution of premating isolation caused by divergent mating signals and 

preferences (sexual isolation, hereafter) appears to be an important component of speciation 

in many taxa (Coyne and Orr 2004; Safran et al. 2013). Many selective processes can affect 

the evolution of sexual isolation, but their relative contributions are poorly understood 

(Boughman et al. 2005; Nosil et al. 2007; Schluter 2009).  

Mating signal divergence among populations has been studied relatively more in 

visual and acoustic sensory systems than chemosensory systems (Tobias et al. 2010; 

Wilkins et al. 2013; Schaefer and Ruxton 2015). Chemical signals are widely used as 

phenotypic traits in social and reproductive communication among several animal groups 

(Müller-Schwarze 2006; Wyatt 2014). Interpopulation differences in chemical traits can be 

amplified by sexual selection, leading to differences in mate preferences and chemosensory 

recognition (Boughman 2001, 2002; Panhuis et al. 2001; Ritchie 2007). Therefore, 

chemical variations are of particular interest to understand premating reproductive isolation 

and speciation processes (Symonds and Elgar 2008; Smadja and Butlin 2009). 

In many lizards, sexual and social behaviors are partially based on the use of 

chemical cues secreted by femoral glands of males (Mason and Parker 2010; Martín and 

López 2011, 2014). These secretions are deposited on substrates and used as reliable scent 
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marks to convey information (e.g. health state, social status, and competitive ability) to 

conspecifics (Martín and López 2006, 2015). These scent marks may be important to 

intrasexual (e.g. male-male rival recognition) and intersexual relationships (e.g. potentially 

mate preference) (Olsson et al. 2003; López et al. 2006; Carazo et al. 2008; López and 

Martín 2011; Martín and López 2015). Interspecific and interpopulation chemical signal 

variation has been reported in reptile species (Cooper and Vitt 1986; Shine et al. 2002; 

Barbosa et al. 2006; Gabirot et al. 2010a, b, 2012). There are relatively few studied lizard 

systems using information of geographic variation of chemical traits affecting sexual 

isolation among divergent populations in an experimental setting (Runemark et al. 2011; 

Gabirot et al. 2012, 2013; Martín et al. 2016; MacGregor et al. 2017). Therefore, we do not 

have precise knowledge of the magnitude, causes and the relevance of sexual isolation 

mediated by chemical signals in lizard evolution (Martín and López 2015). Thus, we 

consider important for speciation research to understand how evolutionary processes 

mediated by chemical signals occur in lizard systems with early signs of species 

divergence. 

The many-lined whiptail lizard Aspidoscelis lineattissimus is a medium-sized (67-

110 mm snout-vent length) teiid lizard that inhabits open areas of tropical deciduous forest 

and xerophilous vegetation in the middle western coast of Mexico (Ramírez-Bautista et al. 

2000). Taxonomic status of A. lineattissimus species complex is uncertain and molecular 

and phylogeographic information is limited (Castiglia et al. 2010). However, Duellman and 

Wellman (1960) considered that there are currently four subspecies within this complex. 

There is some information about reproductive and thermal ecology (Ramírez-Bautista et al. 

2000; Navarro-García et al. 2008), dietary habits (Güizado-Rodríguez and Casas-Andreu 
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2011), and morphology between continental and insular populations (Walker 1970; 

Hernández-Salinas et al. 2014).  

Within the wide geographic distribution of this species there are allopatric 

populations separated by geographical barriers (e.g. ocean stretch, mountain system). These 

barriers also contribute to the existence of habitats with contrasting environmental 

characteristics (e.g. temperature, humidity, vegetation type). These features resulted in 

populations with a marked ecological and geographical isolation (Duellman and Wellman 

1960; Wang and Bradburd 2014). Additionally, there are other A. lineattissimus 

populations with broad and continuous distributions (parapatric populations) (Duellman 

and Wellman 1960).   

Chemosensory recognition is well developed in the genus Aspidoscelis and 

individuals can differentiate between chemical cues of plant food and arthropod prey 

(Cooper et al. 2000). They can also identify chemical cues of different predators, such as 

snakes and lizards (Punzo 2007, 2008). Several factors suggest that Aspidoscelis lizards 

might rely on chemicals for intraspecific communication. For example, 1) they have 

femoral glands that are the source of chemical signals in many species of lizards (Duellman 

and Wellman 1960; Martín and López 2014), 2) observations have revealed a “cloacal 

rubbing” behavior in Aspidoscelis lizards (Carpenter 1962), 3) it has been observed that 

male lizards release chemical signals (femoral secretions) onto substrates making scents 

marks (Ribeiro et al. 2011), and 4) Apidoscelis lizards display tongue flicking behavior 

when exploring substrates and conspecifics (Ribeiro et al. 2011). Tongue flicking is a 

chemoreceptive response in many reptiles (Cooper 1998; Cooper and Burghardt 1990). 



7 
 
 

These features of Aspidoscelis species and the geographic and ecological conditions 

of A. lineattissimus suggest that there might exist a chemical signal divergence among 

populations. These chemosensory differences might influence variation in the sexual 

interactions and precopulatory behaviors of A. lineattissimus. Here we explored how 

chemical signal divergence affects the initial recognition and attraction between sexes and 

female choice of male territories. To test this, 1) we analyzed the possible existence of 

chemical variation in femoral gland secretions of males from four different populations, 2) 

we evaluated the intersexual and intrasexual chemosensory recognition responses of male 

and female lizards to chemical scents of their own and different population, and 3) we 

tested if females preferred territories with chemical scents of males of their own or of 

different population. We hypothesized that chemical variation in femoral gland secretions 

could explain differences in sexual discrimination and female choice of male territories in 

populations of A. lineattissimus. These chemical and behavioral differences could affect 

reproductive isolation to future stages of secondary contact between at least the two most 

geographically isolated populations of A. lineattissimus.  

 

Materials and methods  

Study populations and animal maintenance  

During May-June 2018, we captured by noosing and pitfall traps adult male and female A. 

lineattissimus lizards from four localities in middle western Mexico (Fig. 1). Within this 

region two populations were located in the most western area and are separated by an ocean 

stretch (“Perula” and “Island” populations), two other populations were located in the most 

eastern area and were separated by the mountain system “Sierra Madre del Sur” (“Capirio”, 
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and “Maruata” populations), and two populations (“Maruata” and “Perula”) were located 

between eastern and western areas and are not separated by a geographical barrier 

(parapatric distribution). These populations (both allopatric and parapatric) show 

differences in morphology and coloration (Duellamn and Wellman 1960; Hernández-

Salinas et al. 2014; Fig. 2). In the western area, we captured 15 male and 15 female lizards 

from “Perula population” in abandoned agricultural fields and thorny scrub vegetation (Fig. 

2) in Jalisco state (19.589167° N, -105.126111° W; 10 m altitude; Fig. 1). We also captured 

17 male and 13 female lizards from “Island population” inhabiting tropical deciduous forest 

and xeric vegetation (Fig. 2) on Cocinas island from the bay of Chamela in Jalisco state 

(19.546637° N, -105.109577° W; 40 m altitude; Fig. 1). In the eastern area we captured 21 

male and 14 female lizards from “Capirio population” in gallery forest adjacent to the rivers 

in the locality of Múgica within the Balsas-Tepalcatepec Depression (Michoacán state, 

18.8500266° N, -102.1351157° W; 220 m altitude; Fig. 1).  Finally, we collected 20 male 

and 15 female lizards from “Maruata population” in the coast of Michoacán state 

(18.271944° N, -103.355556° W; 20 m altitude; Fig. 1). These lizards occupy open areas of 

tropical deciduous forest and xerophilous vegetation in the vicinity of Maruata beach (Fig. 

2).   

 To evaluate differences in sexual behavior, mediated by scent marks, lizards 

collected from the four studied populations were transported to Maruata in the coast of 

Michoacan state.  Lizards were individually housed at Centro Ecoturistico Ayult in indoor 

60 X 40 X 30 cm PVC terraria containing a coconut fiber substratum and a plywood refuge 

for cover. Every day, lizards were fed mealworm larvae (Tenebrio molitor) and crickets 
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(Acheta domesticus) and water was provided ad libitum. At the end of experiments lizards 

were returned in good health to the original capture sites. 

 

Analysis of femoral gland secretions 

Immediately after capture, femoral secretions were obtained by gently squeezing the 

femoral pores with forceps. Forceps were washed with alcohol and distilled water between 

extractions. Femoral secretions were collected with glass inserts and immediately put inside 

sterilized glass vials that were closed with Teflon-lined stoppers. New glass inserts were 

used for every sample. Vials were stored at -20°C until analysis. We also used the same 

procedure, but without collecting secretion, to obtain blank control vials that were treated 

with the same procedure to compare with the femoral secretion samples, and to be able to 

exclude contaminants from the handling procedure or from the environment, and for further 

examining impurities in the solvent.  

Solvent extraction of the solid samples was performed by adding 200 μl of 

dichloromethane (Sigma). Samples were placed in vortex for 5 min, then centrifuged for 5 

min for particle precipitated elimination (insoluble portion) and stored at -20°C. The 

solvent-extract phase was collected and transferred to appropriate vials for GC-MS 

analysis. 

The samples were analyzed by GC-FID and GC-MS (GC; Agilent 7890A, equipped 

with MSD 5975C and FID detectors; Agilent technologies), fitted with a fused-silica 

capillary column (Zebron ZB-FFAP, 30 m length X 0.25 mm ID, 0.25-µm film thickness; 

Phenomenex) with helium as the carrier gas. In splitless mode we injected 2 μl of each 

sample dissolved in dichloromethane. Sample injection was performed at splitless 
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temperature of 280 °C and FID detector temperature of 300 °C. Oven temperature was 

programed to start at 50 °C, maintained in isothermal for 5 min, then increased to 280°C at 

a rate of 10°C/min, and then isothermal 280°C for 5 min. To analyze using both the MS and 

FID detectors, at the exit of the capillary column, a continuous-flow particle separation 

(50:50) was installed. The mass spectrometer was operated at an ionization voltage of 70 

eV and with scanning between m/z 30-500 at 3.9 scans/s. Quantification was performed 

using the relative values of the peak areas in chromatograms obtained by using FID 

detector. Compounds were identified by comparison with the mass spectral library 

(NIST/EPA/NIH, ChemStation, Agilent Technologies Rev. D.04.00 2014) and standard 

compounds. The standard compounds used for GC-MS identification were acquired from 

Sigma-Aldrich, Merck or T.J. Baker, and FAME Mix C4-C24, catalog no. 18919 

(Supelco). 

The proportion of each chemical component was determined by calculating the 

relative proportion of each compound (area under the peak) with respect to the total peak 

area for all chemicals (Ibáñez et al. 2017). Then, relative areas of the peaks were 

transformed following Aitchison’s formula: [Zij = ln(Yij/g(Yj))], where Zij is the 

standardized peak area i for individual j, Yij is the peak area i for individual j, and g(Yj) is 

the geometric mean of all peaks for individual j (Aitchison 1986; Dietemann et al. 2003). 

Then, we calculated euclidean distances between every pair of individual samples to 

produce a resemblance matrix that formed the basis of the analysis. We used a single factor 

permutational multivariate analysis of variance test PERMANOVA (Anderson 2001; 

McArdle and Anderson 2001) based on the euclidean resemblance matrix using 999 

permutations to analyze whether the composition of the femoral secretions varied between 
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the four populations. All identified compounds were included in the analysis. Differences 

between populations were further investigated using canonical analysis of principal 

coordinates (CAP) (Anderson and Willis 2003). The software PRIMER V6.1.13 (Clarke 

and Gorley 2006) with the PERMANOVA V1.0.3 add-on package (Anderson et al. 2008) 

was used to determinate differences between chemical profiles.  

In addition, we assessed if there were statistical differences in the relative amount 

(area under the peak) of five major compounds and compound classes (e.g. esters, 

carboxilic acids).  among populations by fitting negative binomial GLM analysis (Gardner 

et al. 1995).  When the number of zeros (compound absence) was large in many samples, 

we adjusted GLM models to fit zero-inflated models (Heilbron 1994; Tu 2014). We 

conducted the zero inflated and negative binomial GLMs analysis using the zeroinfl 

function in pscl package (Jackman et al. 2011) in R software ver. 2.13.0 (R Core Team 

2013). For GLMs, we used χ² tests using the ANOVA function to evaluate the significance 

of terms in the model. 

   

Experimental design for behavioural discrimination 

Chemosensory recognition  

To test for chemosensory discrimination among populations, we made comparisons of 

tongue flick (TF) rate by lizards (male and female) in response to chemical stimuli (lizard 

scents) from males or females from each of the four different populations (Perula, Island, 

Capirio, and Maruata) or with deionized water (odorless control). We obtained lizard scents 

from the femoral pores of males by squeezing femoral pores with forceps (they were 

cleansed between extractions) and secretion was collected with a cotton applicator, whereas 
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female secretions were obtained by rubbing a cotton applicator moistened with distilled 

water over the cloacal area. Because Aspidoscelis lizards swiftly escape in the researcher 

presence, lizard scents were presented on small ceramic tiles (15 X 15 cm) without the 

intervention of the researcher (Cooper et al. 2000). Tiles were prepared by rubbing the 

lizard scents on them with the aid of a cotton swab (above, same swab of collection). We 

used a new applicator and tile in each trial. 

We tested each individual under three sets of chemical discrimination experiments 

to evaluate intrasexual recognition (male-male) and intersexual recognition (male-female, 

and female-male) among individuals. Each set of experiments considered the four study 

populations, all individuals were exposed to lizard scents from their own and from all 

different populations (treatments). In the three experimental sets we also tested responses to 

deionized water (odorless control), which was used to gauge baseline TF’s rates in the 

experimental situation (Cooper and Burghardt 1990). Each individual participated in one 

trial (one scent) per day consecutively until the end of each set of experiments. Trials were 

conducted in outdoor conditions in June, which coincided with the mating season of lizards 

in their original natural habitats (Ramirez-Bautista et al. 2000), and between 11:00 and 

13:00 (GMT) when lizards were fully active and container achieved a temperature of 31ºC. 

Scent treatments and individuals were assigned under a randomized block design before 

initiating an experiment. In each trial, the same person in all tests (ERG) slowly approached 

the terrarium and carefully placed the tile with the lizard scent in the center of the 

terrarium. The observer was blind respect to the lizard scents tested. Water control was first 

tested in all cases to eliminate the potential confounding effects of the presence of tile 
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within the container. The total number of TFs directed at the tile were recorded for 10 min 

beginning with the first TF.  

 

Female choice of male territories 

We performed this experiment at the end of June, coinciding with the mating season of this 

species (Ramírez-Bautista et al. 2000). We ensured that lizards were in reproductive state, 

selecting only females with developed ovarian egg follicles detectable by abdominal 

palpation (the onset of sexual activity) but had not yet mated (i.e. mating scars were 

absent). Selected males had developed blue or red breeding coloration and presented 

abundant femoral secretions. Prior to experiments, we had placed in males’ terraria several 

absorbent paper strips (25 × 10 cm) fixed to the floor, and left them there for one week to 

allow males to scent-mark the substrates. Female cages were virtually divided in three areas 

of equal surface area (20 × 40 cm each). With sterilized gloves and before the females were 

active (08:00 h, GMT), we placed two treated paper strips, one on each side of each 

female’s container; a paper strip with the male scent from of their own population and in 

the opposite side of the cage other paper strip with the male scent of different population, 

leaving a neutral intermediate zone. Therefore, two different scented papers from each male 

were used in different choice tests with different females. Testing order and paper position 

were randomized. Each female participated in one trial with scented papers from two 

different males (same vs. different population) per day consecutively until the end of the 

experiment. Each trial lasted 6 h (from 9:00 h GMT, shortly after females emerged from 

refuges and until 15:00 h GMT). Females were observed every 15 min from a hidden point 

(i.e., a total of 24 observations). If a female was located active on an area containing a 
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paper strip, she was designated as having chosen temporarily that particular area, whereas if 

she was located in the intermediate neutral area without paper strips, she was designated as 

having made no choice (Martín and López 2000, 2006; Olsson et al. 2003). We also 

registered observations in which the female was not seen active on any of the areas because 

she was hidden in the refuge. We recorded the number of times that females were observed 

active on each of the areas containing scent marked papers and in the non-choice area. At 

the end of the trials, we moved the female to another clean cage, removed the papers, and 

thoroughly rinsed the experimental cage with clean water and let it dry outdoors before 

using it in another test. We did not use commercial detergents to avoid contamination of the 

cage with artificial scents.  

 

Behavioural data and analysis  

Our analysis was focused to test the effects of scent on intra and intersexual chemosensory 

discrimination, and on female choice of male territories in different populations of A. 

lineattissimus.    

Chemosensory recognition data among individuals (intrasexual recognition: male-

male; intersexual recognition: male-female, and female-male) and female choice data (same 

territory, different territory, neutral) were analyzed as discrete variables (e.g. number of 

tongue flicks, and number of observations in each territory, respectively) by fitting 

generalized linear mixed models (GLMMs) using a negative binomial distribution (Bates et 

al. 2012). Fixed factors for chemosensory recognition were the following: i) Population (P, 

with four levels: capirio, maruata, perula, and island), ii) Scent (S, with five levels: capirio, 

maruata, perula, island, and water), and the interaction between these two factors (P:S). The 
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effect of each individual (1 | lizard id) and the nested design of repeated measures of “lizard 

id within scent” (1 | scent : lizard id) were included as a random effect (Faraway 2005; 

Pinheiro and Bates 2006; Crawley 2013). Fixed factors for female choice were the 

following: i) Population (P, with four levels: capirio, maruata, perula, and island), ii) Scent 

mark (SM, with three levels: same population, different population, and neutral), and the 

interaction between these two factors (P:SM). We included variance associated with 

“female id” nested within scent mark (SM : female id) as random effect. 

We conducted the analysis using the lme4 package (Bates et al. 2012) in R software 

ver. 2.13.0 (R Core Team 2013). Saturated models, which included the main terms and the 

two-way interactions were fitted. For GLMMs, we used the glmer.nb function and 

maximum likelihood ratio tests (for fixed effects) were obtained using the ANOVA 

function. We used this function to evaluate the significance of terms in the model. The 

reported likelihood ratio test (LRχ²), degrees of freedom, and p-values are those from the 

likelihood ratio tests (Faraway 2005; Pinheiro and Bates 2006). 

 

Results 

Chemical profiles of lizard populations 

We found 25 lipophilic compounds in femoral gland secretions of males from the four 

lizard populations (Table 1), which was constituted mainly by three carboxylic acids 

corresponding to 35.3% of total area from all found peaks, 17 esters (35.2%), squalene 

(16.6%), one steroid (9.7%) and other compounds (3.2%). The five most abundant 

chemicals, which together comprised 74.1% of the total peaks areas were methyl oleate, 

palmitic and stearic acid, dihydro-lanosterol and squalene (Table 1). 
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There were 17 chemical compounds shared by lizards from all populations and the 

presence/absence of eight compounds of which there were two exclusive compounds; 

methyl myristate and methyl margarate for Capirio and Island population, respectively 

(Table 1). The chemical profiles of the four populations were significantly different 

(PERMANOVA: pseudo F3,69= 10.66, p < 0.001). The CAP analysis classified 100 % of 

the chemical profiles into the correct population using leave-one-out cross-validation 

(Permutational test, δ1
2
= 0.98, p= 0.001, m= 2 axes) (Fig. 3). In the pairwise comparisons 

there were clear differences in chemical composition of femoral gland secretions among 

populations (p= 0.001 for all). 

Comparing the main classes of compounds among populations, there were 

differences in the relative proportions of carboxylic acids (GLM; χ² = 2.88, df= 3, p= 

0.031). Pairwise comparisons showed that Island and Perula populations differed 

significantly in possessing relatively higher proportions of carboxylic acids than Capirio 

population (p= 0.003 and p= 0.048, respectively), but other population comparisons were 

not significant (p ≥ 0.092). 

There were also significant differences in the relative proportions of esters among 

populations (GLM; χ² = 5.25, df=3, p < 0.001). Capirio population had significantly more 

esters than the Island, the Maruata and the Perula populations (p < 0.001 for all). Other 

population comparisons were not significant (p ≥ 0.099, all cases).  

When comparing the relative proportions of the five most abundant shared 

compounds, there were significant differences in squalene (GLM; χ²= 9.24, df=3, p= 0.026) 

and methyl oleate (GLM; χ²= 13.93, df= 3, p= 0.002) among populations. Capirio 

population had significantly more squalene but less methyl oleate than Perula population 
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(p= 0.008 and p < 0.001, respectively). We did not find differences in other abundant 

compounds (Table 1).  

 

Chemosensory recognition 

Males and females usually explored the tile repeatedly by tongue flicking or ignored it after 

the first TFs. In all cases, lizards directed TFs to the tile in all conditions. 

 

Male-male responses 

All males directed TFs to the scented tiles in all conditions (Fig. 4A). We found significant 

differences in overall male responses of A. lineattissimus to male scents (Table 2). There 

were significant differences in male responses to male scents among each lizard population 

(Table 2). Male-male chemical discrimination was different in all populations (Fig. 4A), 

responding with significantly higher TFs to male scents of their same population than male 

scents from different populations (Fig. 4A). 

 

Male-female responses 

All males directed TFs to the tile in all conditions (Fig. 4B). There were significant 

differences in overall male responses of A. lineattissimus to female scents (Table 2). Male 

responses to female scents were different among populations (Table 2). Males from all 

populations discriminated among different female scents (Fig. 4B). Males from Capirio and 

Island populations responded with significantly higher TFs to female scents from their own 

population than to female scents from different populations (Fig. 4B), whereas males from 

Maruata and Perula populations responded differentially to female scents of their own 
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population and female scents from Capirio population; other discriminations were not 

significant (Fig. 4B).  

 

Female-male responses  

All females directed TFs to scented tiles in all conditions (Fig. 4C). There were significant 

differences in overall female responses of A. lineattissimus to male scents (Table 2). 

Female responses to male scents were different among populations (Table 2). Females of 

all populations discriminated among different male scents (Fig. 4C). Most females 

responded with significantly higher TFs to male scents from their own population than 

male scents from different populations (Fig. 4C), except for females from Capirio 

population that did not discriminate between male scents from their ow population and 

male scents from Perula population (Fig. 4C).  

 

Female choice of male territories  

There were significant differences in female choice of chemically marked territories among 

populations (Table 3). Females from Capirio population were seen more often on territories 

scent marked by males of their own population than in territories scent marked by males 

from Maruata and Island populations, except for territories scent marked by males from 

Perula population (Fig. 5A). Females from Maruata population discriminated between 

spending more time on territories scent marked by males from their own population than in 

territories scent marked by males from different populations (Fig. 5B). Choice of male 

territories by females from Perula population did not differ between territories scent marked 

by males from their own population or territories scent marked by males from different 
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populations (Fig. 5C). Finally, females from Island population did not discriminate between 

territories scent marked by males from their own population and territories scent marked by 

males from Maruata and Perula populations, while territories scent marked by males from 

Capirio population were discriminated (Fig. 5D).  

 

Discussion  

Our results showed that male A. lineattissimus of each population contains a well-defined 

and divergent mixture of compounds in their femoral gland secretions. In general, female 

and male lizards discriminated and were more attracted to lizard scents from their own 

population than to lizard scents from different populations. In addition, although females 

also seem to discriminate male scents between populations, their associated preferences for 

territories scent-marked by males of their own population is different between regions (i.e. 

eastern vs western) and not among all populations. This clear ability of both sexes of A. 

lineattissimus to discriminate and to choose between some members of the opposite sex 

from different populations suggest the existence of a partial premating isolation (to future 

zones of secondary contact) mediated by the role of chemical signals and possible species 

divergence. 

Chemical variation 

Chemical analysis showed that, similarly to other tropical lizard species, femoral gland 

secretions of A. lineattissimus have carboxylic acids and esters as predominant components 

(Weldon et al. 2008; Martín et al. 2011, 2013; Ibáñez et al. 2017). However, compounds 

found in femoral gland secretions of male A. lineattissimus varied in composition and 

proportion among populations, and these chemical differences allowed the significant 
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allocation of secretions to their population of origin. Our results support the idea that a high 

degree of divergence in chemical signals and discriminatory behaviors could inform us 

about the speciation process and suggest that infochemicals and behavioral patterns are a 

useful trait to integrate into species delimitation in divergent populations or cryptic lineages 

(Zozaya et al. 2019). Additionally, these interpopulation differences in chemical cues could 

be due to local adaptations to environmental conditions (Alberts 1992; Martín and López 

2013; Martín et al. 2015, Baeckens et al. 2018), different diets or availability of food 

resources (García-Roa et al. 2017; Henneken et al. 2017), genetic drift (Runemark et al. 

2011) or sexual selection (Martín and López 2000, 2015), but further studies are needed to 

evaluate these conditions. 

 

Intra and inter sexual behavior  

Based on their scent alone, males were able to discriminate between rival males from all 

populations, although the response was stronger towards males from their own population.  

The importance of chemical signals for rival recognition and rival assessment between 

males has already been shown in other lizard species (López and Martín 2002, 2011; 

Carazo et al. 2007, 2008; Martín and López 2007; Heathcote et al. 2016). In some species 

(e.g. Podarcis hispanicus), these chemical signals can be even more relevant during 

agonistic relationships than visual signals (López et al. 2002). However, in other lizard 

species (e.g. Cnemaspis mysoriensis) visual cues are more relevant in the modulation of 

male-male interactions (Kabir et al. 2019).  Differential chemosensory responses male-male 

among all A. lineattissimus populations, suggested that chemical divergence of femoral 

gland secretions promotes discrimination among males of different populations. In general, 
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males were less interested in exploring male scents from other populations, suggesting that 

they may not perceive all males as potential rivals.  

Our results suggested that intersexual recognition of male-female interactions in A. 

lineattissimus is at least partially mediated by chemical signals. Both lizard sexes were 

apparently able to discriminate scents of individuals of the opposite sex from their own and 

from at least a different population. Other studies have also found that intersexual 

recognition among populations may be modulated by differences in chemical signals in 

both sexes (Gabirot et al. 2012; Martín et al. 2016). Additionally, as a by-product of 

chemical discrimination, males might choose females with certain morphological 

characters, such as larger body size. This trait might be an indicator of chemical differences 

of cloacal secretions among females (Heathcote et al. 2016; Martín et al. 2016).    

Female choice behavior 

Several studies document that lizard female choice of male territories (association 

preferences) is not affected by interpopulation variations in male chemical cues (Gabirot et 

al. 2013; Heathcote et al. 2016; Martín et al. 2016). In concordance with these studies, 

females of two allopatric, western populations (Perula and Island) of A. lineattissimus 

showed no preferences towards territories scent marked by males, regardless of the males’ 

population. However, our results also showed that in allopatric, eastern populations 

(Capirio and Maruata) there was a higher female preference for visiting territories scent 

marked by males of their own population than for territories scent marked by males from 

different populations.  

This behavioural mismatch in female choice of male territories suggests that there 

are different levels of chemical cues relevance in mate preferences. For example, females 
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A. lineattissimus from Perula and Island populations might be able to respond to the 

interindividual variation of some compounds released by the males of their own population, 

as has been reported in other lizard species (Martín et al. 2007; López et al. 2009; Gabirot 

et al. 2013). Our observations that females of Capirio and Maruata populations spent more 

time in territories scent marked by males from their own population suggest that this 

behavior might be part of an initial process of premating isolation. However, in other lizard 

species, females that have chosen territories of males from their population might mate with 

males from other populations, as a possible consequence of higher dominance levels shown 

by these males (MacGregor et al. 2017).  

Evolutionary ecology consequences 

Our study shows evidence from chemical signal analysis and behavioral experiments that 

chemical discrimination between populations of A. lineattissimus occurs and could be 

relevant for cases of secondary contact between populations by preventing population 

admixture and further strengthening sexual isolation. These results seem concordant with 

the previous description of subspecies of A. lineattissimus complex using morphological 

data (Duellman and Wellman 1960) and genetic data using mitochondrial and nuclear DNA 

(ERG unpubl. data) that showed that these populations of A. lineattissimus form a set of 

defined and divergent lineages.  It has been suggested that reproductive isolation and 

speciation in lizard populations may be mediated by male preferences and intrasexual 

relationships between males (e.g. rival recognition,) rather than by female mate choice 

(Gabirot et al. 2012; Heathcote et al. 2016; Martín et al. 2016). Contrarily, MacGregor et al. 

(2017) suggest that these sexual mechanisms are of little relevance in the evolution of 

reproductive isolation in lizards. Our results suggest than intrasexual chemosensory 
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recognition and precopulatory behaviors (intersexual chemical recognition and female 

association preferences) in A. lineattissimus are important in the process of ethological 

isolation among different populations. However, the magnitude of this process tends to be 

different depending on the particular pair of geographic populations and the precopulatory 

behaviors analyzed.          
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Figures legends: 

 

Fig. 1 Geographic locations of the four studied populations and distribution range (yellow) 

of whiptail lizard Aspidoscelis lineattissimus in a western region of Mexico 

 

Fig. 2 Habitat types and phenotypic variation observed in female and male lizards 

Aspidoscelis lineattissimus of four studied populations 

 

Fig. 3 Representation of the two first axes of the canonical analysis of principal coordinates 

(CAP) showing classification of femoral secretions of Aspidoscelis lineattissimus 

populations 

 

Fig. 4 Chemosensory recognition by males and females Aspidoscelis lineattissimus lizards 

in response to scents of different populations (x-axis represents the population of origin; 

Capirio, Maruata, Perula, and Island). (A) Tongue flicks by males of four populations in 

response to control deionized water, male scents of their same and different population 

(mean ± SE). (B) Tongue flicks by males of four populations in response to control 

deionized water, female scents of their same and different population (mean ± SE). (C) 

Tongue flicks by females of four populations in response to control deionized water, male 

scents of their same and different population (mean ± SE). Different letters above the bars 

indicate statistically significant differences among scents according to GLMMs 
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Fig. 5 Number of observations (mean ± SE) of females Aspidoscelis lineattissimus from 

(A) Capirio, (B) Maruata, (C) Perula, and (D) Island populations on territories scent marked 

by males of their own (Sa) and different population (Ca: Capirio, Ma: Maruata, Pe: Perula, 

and Is: Island) and one neutral territory (Ne). Different letters above the bars indicate 

statistically significant differences among territories according to GLMMs 
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Fig. 1 
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Fig. 4 
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Fig. 5 
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Table 1 Chemical compounds identified from femoral gland secretions of male lizards 

Aspidoscelis lineattissimus from four distinct populations (Capirio, Maruata, Perula, and Island) 

RT (min) Compound name R. Index Capirio Maruata Perula Island 

  Esters           

5.2 Isobutyl acetate 1012 6.89 ± 1.45 8.80 ± 1.89 1.02 ± 1.34 0.44 ± 1.35 

6.4 n-Butyl acetate 1074 0.02 ± 0.03 0.14 ± 1.11 0.09 ± 2.91 0.06 ± 1.59 

9.1 β-Terpenyl acetate 1622 0.07 ± 8.23 0.89 ± 1.97 4.29 ± 1.93 3.17 ± 2.13 

19.3 Methyl laurate 1804 2.89 ± 1.26 1.17 ± 1.73 nd 1.01 ± 0.69 

19.8 Isopropyl laurate 1827 1.03 ± 1.10 0.83 ± 0.74 0.37 ± 1.25 nd 

22.0 Methyl myristate 2005 19.96 ± 1.50 nd nd nd 

 22.3 Isopropyl myristate 2027 0.09 ± 7.41 0.31 ± 3.28 0.07 ± 8.22 0.07 ± 2.54 

23.3 Methyl pentadecanoate 2108 1.28 ± 1.80 0.61 ± 0.86 0.62 ± 1.87 0.59 ± 5.84 

24.5 Methyl palmitate 2208 1.20 ± 3.45 0.51 ± 1.03 0.28 ± 1.30 nd 

24.7 Methyl palmitoleate 2240 1.10 ± 0.98 1.03 ± 0.65 1.53 ± 4.88 0.20 ± 6.92 

24.9 Ethyl palmitate 2251 1.07 ± 1.11 1.04 ± 0.81 1.85 ± 6.53 1.62 ± 1.82 

25.6 Methyl margarate 2309 nd nd nd 7.54 ± 0.87 

26.7 Methyl stearate 2418 3.69 ± 0.47 0.45 ± 0.96 0.21 ± 5.34 0.10 ± 3.25 

27.0 Methyl oleate 2434 0.33 ± 3.27 23.48 ± 2.29 8.27 ± 3.67 22.22 ± 2.50 

27.5 Ethyl linoleate 2521 0.07 ± 2.34 0.22 ± 2.80 nd nd 

28.8 Methyl arachidate 2639 3.87 ± 9.66 0.05 ± 1.47 nd nd 

30.8 Methyl docosanoate  2750 0.38 ± 0.75 0.59 ± 0.63 0.95 ± 2.46 0.49 ± 1.13 

  Carboxylic acids            

14.1 Acetic acid 1449 1.50 ± 1.19 1.08 ± 0.62 1.04 ± 1.05 0.62 ± 0.74 

31.4 Palmitic acid 2931 21.14 ± 1.69 23.79 ± 2.29 20.88 ± 6.94 23.35 ± 2.54 

33.6 Stearic acid 3134 10.06 ± 1.65 9.97 ± 1.00 14.23 ± 1.19 13.49 ± 1.80 

  Others            



44 
 
 

6.78 Undecane 1100 2.06 ± 1.06 1.99 ± 0.72 2.06 ± 2.05 1.10 ± 1.50 

11.4 Trimethyl dodecane* 1320 1.01 ± 5.73 1.59 ± 0.59 1.40 ± 0.97 0.69 ± 1.07 

25.0 α-Tocopherol* 3149 0.12 ± 4.19 0.19 ± 1.49 0.26 ± 2.68 0.40 ± 3.86 

33.1 t-Squalene* 2865 20.16 ± 1.62 21.00 ± 2.31 7.10 ± 2.69 18.00 ± .2.50 

41.3 Dihydro-lanosterol* 3823 nd 0.27 ± 2.96 31.02 ± 2.93 7.32 ± 4.95 

Relative proportions of 25 compounds (mean ± SE of the percentage of the total peak areas from 

FID detector). nd, not detected compound. RT, retention time and retention index are shown. 

Compounds without standard confirmation (*) 
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Table 2 Results of the GLMM’s for the chemosensory recognition behaviors in the studied 

populations of Aspidoscelis lineattissimus. The statistics for fixed effects from the GLMM are 

shown: LRχ² (likelihood ratio Chi square), df (degrees of freedom) and p-value. The GLMM’s 

considered the nesting design as a random effect (lizard id within scent) 

 

Intrasexual chemical recognition         Intersexual chemical recognition     

  Male-Male     Male-Female     Female-Male   

Fixed factor LRχ² df p   LRχ² df P   LRχ² df p 

Population (P) 3.6 3 0.297   12.3 3 0.006   1.5 3 0.666 

Scent (S) 249.3 4 <0.001   411.3 4 <0.001   810.3 4 <0.001 

P:S 57.9 12 <0.001   61.4 12 <0.001   131.8 12 <0.001 
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Table 3 Results of the GLMM’s for the female choice of male territories in the studied 

populations of Aspidoscelis lineattissimus. The statistics for fixed effects from the GLMM are 

shown: LRχ² (likelihood ratio Chi square), df (degrees of freedom) and p-value. The GLMM’s 

considered the nesting design as a random effect (female id within scent mark) 

  Female choice of male territories 

Fixed factor LRχ² df p 

Population (P) 0.03 3 0.998 

Scent mark (SM) 176 2 <0.001 

P:SM 48.3 6 <0.001 

 

 

 

 

 

 

 


