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Abstract
1.	 Animal signals are dynamic traits that can undergo considerable spatial and tem-

poral changes and that are influenced by factors such as age, health condition and 
interactions with both the abiotic and biotic environment. However, much of our 
understanding of signal changes throughout an individual's lifetime stems from 
cross-sectional, often laboratory-based, studies focused on visual and auditory 
signals. Longitudinal field investigations of temporal variation in chemical signals, 
especially in vertebrates, remain rare despite chemical communication being the 
most ubiquitous form of information exchange in the natural world.

2.	 To remedy this, we conducted a unique, replicated field experiment to study 
the temporal signal dynamics in free-living lizard populations on natural islands. 
Specifically, we collected scent marks from individually marked lizards across five 
populations during the spring of two consecutive years and analysed the lipo-
philic chemical composition of these scent marks.

3.	 Our findings demonstrate that the overall scent mark composition of individual 
lizards changed over time, shifting consistently in both direction and magnitude 
from year to year among individuals and across replicate populations. Similar 
patterns were observed for the chemical richness and diversity of scent marks. 
Temporal variation in the relative proportions of three potentially socially rele-
vant signalling compounds in lizard scent marks revealed a more complex pattern: 
α-tocopherol remained stable over time, oleic acid decreased and the change in 
octadecanoic acid proportion was body size-dependent.

4.	 Together, our results provide novel insights into how individual vertebrate chemi-
cal signals may fluctuate across space and time. We discuss the potential causes 
of the observed temporal variability and its consequences for chemical signal 
evolution.
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1  |  INTRODUC TION

The bewildering diversity of animal signals, ranging from the intricate 
displays of birds of paradise to the complex calls of frogs, has long cap-
tivated scientists (Fögen, 2014). Traditionally, research has focused 
on the differences in signalling repertoire among species and among 
populations. However, recent decades have seen a shift towards 
investigating inter- and intra-individual variation in animal commu-
nication (Groot et al., 2024; Patricelli et al., 2016). This body of re-
search has highlighted that animal signals are dynamic traits that can 
undergo considerable changes throughout an individual's lifetime. 
Factors such as age, health and nutritional state, and interactions 
with both abiotic and biotic environments can trigger physiological 
or behavioural responses, producing among- and within-individual 
signal variability in populations over time. For example, studies have 
shown that the expression of ornamental white plumage in collared 
flycatchers increases with age (Evans et al., 2011), song frequency 
in field crickets decreases when infested by parasites (Beckers & 
Wagner,  2011), beak colour brightness increases in zebra finches 
feeding on carotenoid-rich seeds (McGraw & Ardia,  2003), head-
bob display in anole lizards accelerates in response to strong winds 
affecting background vegetation movement (Ord et al., 2007), and 
pheromone release in American bird grasshoppers escalates under 
crowded conditions (Stahr et  al.,  2013). Understanding the extent 
of an individual's phenotypic variation over time is crucial as this 
variation determines the temporal dynamics of phenotypic selection 
and shapes population responses to novel or changing environments 
(Fox et al., 2019; Siepielski et al., 2009).

Despite the recent surge in knowledge on signal variation among 
and within individuals, significant gaps in our understanding persist 
for several reasons. First, many studies on the topic have used a cross-
sectional design, which do not allow tracking individual changes 
over time. Longitudinal studies, though more labour-intensive, can 
offer more robust and detailed insights into the temporal dynamics 
of animal signals (Diamond, 1986). Second, much of the published 
research has been conducted in controlled, often ecologically un-
realistic laboratory settings, failing to capture the environmental 
variability and unpredictability of the natural world (Hendry, 2017). 
Third, the focus of most investigations on animal signal diversity is 
skewed towards visual and auditory signals, with chemical signals 
being relatively understudied (Symonds & Elgar,  2008). This pref-
erence may be a reflection of human's own sensory biases or the 
increased technical complexity associated with analysing chemical 
signals. Finally, research on chemical signals has primarily centred on 
insects, while studies on chemical signals in vertebrates, particularly 
reptiles, have been comparatively underrepresented in the literature 
in terms of absolute number of publications (Baeckens,  2019; De 
Pasqual et al., 2021; Symonds & Elgar, 2008).

Lizards are a promising clade for studying chemical signal vari-
ability in vertebrates (Baeckens,  2019; Martín & Lopez,  2014; 
Mason & Parker,  2010). Males of most species have specialized 
epidermal glands on the underside of their hind legs (Baeckens & 
Whiting,  2021; García-Roa, Jara, et  al.,  2017), which exude waxy 
secretions used as scent marks composed of both proteins and lip-
ids (Cole, 1966; Mangiacotti et al., 2021, 2023; Mayerl et al., 2015). 
Over the past decade, extensive behavioural assays on various liz-
ard species, coupled with studies in natural product chemistry, have 
highlighted the importance of the lipophilic chemical composition 
of these glandular secretions for intraspecific signalling (Baeckens, 
Huyghe, et  al.,  2017; Campos et  al.,  2017; Khannoon et  al.,  2011; 
MacGregor et al., 2017; Martín & López, 2000; Pruett et al., 2016; 
Romero-Diaz et al., 2020, 2021; Zozaya et al., 2019). Variations in 
the lipophilic composition or the proportions of specific lipid com-
pounds in secretions can convey individual differences in features 
such as age (Martín & López, 2006a), fluctuating asymmetry (Martín 
& López,  2000), access to quality thermal resources (Heathcote 
et al., 2014), immune response levels (López et al., 2009), parasite 
load (Martín, Civantos, et  al.,  2007), nutritional condition (Kopena 
et al., 2011, 2014) and hormone levels (Martín, López, et al., 2007). 
The temporal changes in the lipophilic chemical composition of scent 
marks in individual lizards have not been previously investigated.

In response, we set up a large-scale field experiment to track 
scent mark composition of individual lizards over time across repli-
cate island populations. Briefly, we translocated lizards (Podarcis er-
hardii) from a source population on a large Greek island to five small 
experimental islets nearby (Figure 1). Four years after translocation, 
we revisited these islets to examine scent mark composition of a 
subset of lizards in each population (Donihue et al., 2020). The same 
individuals were recaptured and re-examined the following year to 
assess potential changes in their scent mark composition. The aim 
of this study was to determine whether scent mark composition of 
lizards exhibit temporal variability. If such variability is affected by 
external conditions, we predicted that the direction and degree of 
change over time would be consistent across replicate populations. 
This unique field experiment with free-living lizards on natural is-
lands offers a rare opportunity to examine whether and how indi-
vidual vertebrate chemical signals fluctuate across space and time.

2  |  METHODS

2.1  |  Study species and system

The study species, the Aegean wall lizard (Podarcis erhardii), is 
a small-bodied lacertid lizard (Figure  1) and invertebrate gener-
alist feeder (Adamopoulou et  al.,  1999; Donihue et  al.,  2023; 

K E Y W O R D S
animal chemical communication, chemical signal evolution, island introduction experiment, 
Lacertidae, lizard ecology, Podarcis erhardii

 13652435, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14687 by N

ational M
useum

 O
f N

atural H
istory, W

iley O
nline L

ibrary on [21/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  3BAECKENS et al.

Valakos,  1986). It is widely distributed throughout the Greek 
Cyclades island group in the Aegean Sea (Lymberakis et al., 2018). 
Like all other members of the genus, P. erhardii possesses active 
follicular epidermal glands that produce secretions used for chem-
ical signalling (Brock et  al.,  2020; Donihue et  al.,  2020). In June 
2014, we opportunistically captured 100 P. erhardii lizards from 
a population on Naxos, the largest Cycladic island. We then ran-
domly assigned 12 female and 8 male lizards to each of the five ex-
perimental islets: Agios Artemios, Galiatsos, Kambana, Mavronissi 
and Petalida (Figure 1). We selected these specific islets as rep-
licate units for our experiment due their similar vegetation com-
munity (namely, Pistacia shrubs, low flowering forbs and grasses), 
weather conditions (due to their close geographical proximity) and 
surface areas (ranging from 0.002 to 0.004 km2). Notably, these 
islets lacked Podarcis lizards and predators prior to the introduc-
tion event, and they have consistently remained predator-free 
throughout the experiment, as verified by annual surveys. During 
those surveys, we also captured all the lizards on each islet until 
the capture rate decreased to one lizard per two person-hours; 
lizards were re-released after measuring. A more detailed account 
of the experimental system can be found in (Donihue et al., 2020, 
2022, 2023; Pafilis et al., 2019). This study was approved by the 
Ethics Committee of Yale University (2013-11548) and by special 

permits issued by the Greek Ministry of Environment (Permits 
ΑΔΑ: 7Θ9Ω4653Π8-0ΞΨ and Ω4534653Π8-Γ06).

2.2  |  Secretion collection and chemical analysis

Over two consecutive years, we collected and analysed gland secre-
tions from a consistent cohort of 23 adult male lizards from the five 
replicate island populations. The initial sampling took place in May 
2018, followed by a subsequent sampling in May 2019, resulting in 
a total of 46 unique samples. Each lizard could be individually iden-
tified based on subcutaneously implanted PIT tags (Loligo systems, 
#AB10320; 7 × 1.35 mm). Upon (re)capture, epidermal gland secre-
tions were collected by applying gentle pressure around the femoral 
pores. The secretions were then transferred to glass vials filled with 
glass inserts and sealed with Teflon-line lids. Subsequently, they were 
stored at −20°C before undergoing chemical analysis. Gas chromatog-
raphy–mass spectrometry (GC–MS) was used to separate and identify 
the volatile lipophilic chemical compounds present in the secretions 
and to estimate their relative abundance, following established meth-
odologies (García-Roa et  al.,  2018; Martín & López,  2006b, 2007, 
2015). We used the same analytical procedure, GC–MS equipment 
and parameters consistently over the 2 years; for detailed information 

F I G U R E  1  Study system. (a) Map showing the location of the study area within the Greek Cyclades, and the distribution of the five 
replicate experimental islets (indicated at the arrow tips) near the large islands of Paros and Naxos. (b) Oblique drone photograph of a 
representative experimental island, Petalida, with a boat, approximately 8 m long, to provide a sense of scale; photo credit: Colin Donihue. (c) 
The Aegean wall lizard (Podarcis erhardii), the study species; photo credit: Peter Oefinger.
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4  |    BAECKENS et al.

see Donihue et  al.  (2020). After the chemical analysis, we assessed 
the chemical complexity of each individual secretion sample by cal-
culating its chemical ‘richness’ and ‘diversity’ (Baeckens, García-
Roa, et al., 2017; Baeckens, Martín, García-Roa, Pafilis, et  al., 2018; 
Baeckens, Martín, García-Roa, & Van Damme, 2018). Chemical rich-
ness was determined by the total number of different lipophilic 
compounds present in each lizard secretion sample, and chemical 
diversity was quantified using the Shannon–Wiener diversity index 
(Shannon,  1948). Furthermore, each chemical compound was cat-
egorized into one of several main chemical classes, and the relative 
proportion of each class was calculated. The 10 main chemical classes 
included alcohols, aldehydes, amides, carboxylic or fatty acids, fura-
nones, ketones, steroids, terpenoids, tocopherols and waxy esters 
(Martín & Lopez, 2014; Mayerl et al., 2015).

2.3  |  Statistics

To correct for the non-independence of proportions, we first performed 
a compositional analysis which consists of a logit transformation of the 
proportion data by taking the natural logarithm of proportion divided by 
(1 − proportion) (Aebischer et al., 1993). We then used unconstrained 
multivariate statistics, here a principal component analysis (PCA) with 
all 10 main chemical classes as input variables, to assess and visualize 
patterns of temporal variation in scent mark composition across repli-
cate populations (‘prcomp’ function; no rotation). We focused on prin-
cipal components with eigenvalues greater than 1 or those explaining 
at least 10% of the variation, and we visually assessed the scree plot 
for breakpoints (Morton & Altschul,  2019) (see Figure S1). Using the 
scores of the main principal components as response variables, we then 
ran linear mixed-effect models (LMMs) to test whether the chemical 
profiles of individual lizards' scent marks have changed over time (‘lme4’ 
package, ‘lmer’ function; Bates et al., 2015) with ‘year’ (two level-factor: 
2018, 2019) as fixed effect, and ‘individual’ and ‘population’ as random 
effects. We included lizard body size (log-transformed ‘snout-to-vent 
length’, SVL) as covariate (López et al., 2006) to account for potential 
effects of changes in body size confounding temporal changes in scent 
mark composition. Next, we fitted a LMM with chemical diversity as 
response variable and a generalized LMM (‘glmer’ function; Poisson 
distribution) with chemical richness (i.e. count data) as response vari-
able; fixed and random effects were equal to the previous models. In 
the same way, we tested for temporal changes in the proportions of 
three specific compounds that have previously been suggested to be 
important for intraspecific signalling in closely related lacertid lizards: 
Octadecanoic acid (Aragón et al., 2008; Martín, Civantos, et al., 2007), 
oleic acid (Heathcote et  al.,  2014; López & Martín,  2012; Martín & 
López, 2010a) and α-tocopherol (García-Roa, Sáiz, et al., 2017; Kopena 
et  al.,  2011; Martín & López,  2010b). R-squared statistics (‘MuMln’ 
package; Bartoń, 2023) provided information on the explanatory value 
of the model predictors. In reporting the results of the (G)LMMs, we 
provide t-values (or z-values in Poisson regressions) for the predictor 
variables. In addition, we report F-values alongside their estimated de-
grees of freedom using Kenward-Roger df-approximation. All data were 

analysed in R version 4.4.0 (R Core Team, 2024). The replication state-
ment can be found in Table 1.

3  |  RESULTS

Our analysis revealed a total of 104 different lipophilic compounds 
in the secretions of lizards sampled across years. These com-
pounds included steroids (average percent of the total ion cur-
rent ± SE: 83.04 ± 1.68%), waxy esters (7.10 ± 0.94%), tocopherol 
(2.74 ± 0.34%), alcohols (1.79 ± 0.16%), fatty acids (0.64 ± 0.30%), 
aldehydes (1.48 ± 0.14%), terpenoids (1.06 ± 0.35%), amides 
(0.75 ± 0.20%), ketones (0.28 ± 0.02%) and furanones (0.12 ± 0.02%) 
(Table S1). The three most abundant compounds in both sampling 
years were cholesterol (2018: 40.93 ± 2.24%; 2019: 64.18 ± 2.06%), 
campesterol (2018: 6.62 ± 0.74%; 2019: 5.03 ± 0.38%) and cholest-
4-en-3-one (2018: 10.36 ± 1.96%; 2019: 5.19 ± 1.80%).

A PCA revealed strong temporal variability in the scent mark 
composition of lizards from five replicate experimental popula-
tions. The first two principal components (PC1 and PC2) accounted 
for 78.5% of the variation in the composition and proportions 
of chemical compounds in the secretions (PC1: 63.8%, eigen-
value = 2.41; PC2: 14.7%, eigenvalue = 0.55; Figure  2a; Figure  S1). 
The seven classes that contributed most to these axes were waxy 
esters (scores for PC1 = −0.62; scores for PC2 = +0.18), steroids 
(PC1 = +0.55; PC2 = +0.19), fatty acids (PC1 = −0.37; PC2 = +0.21), 
amides (PC1 = +0.25; PC2 = +0.05), aldehydes (PC1 = −0.22; 
PC2 = +0.07), terpenoids (PC1 = −0.20; PC2 = −0.22) and tocopher-
ols (PC1 = −0.08; PC2 = −0.90).

Time of sampling emerged as a significant factor, accounting for 
a substantial portion of the variation in PC1, but its impact was less 
pronounced for PC2. The predictor ‘year’ explained 88.4% of the 
variation in PC1, while the random effects ‘individual’ and ‘popula-
tion’ combined contributed only 2.7% (Table  2). Overall, the chemi-
cal profile of lizard scent marks shifted in the same general direction 
from 2018 to 2019, from negative to positive values on the PC1 axis 
(Figure  2a). Specifically, individual chemical profiles transitioned to 
one with a higher proportion of steroids and a lower proportion of 
waxy esters, fatty acids, amides, and aldehydes compared to those 
observed in 2018 (Figure  2a; Table  2). This temporal shift in PC1 
was consistent across replicate populations (Figure  2a; Table  S2). 
In contrast to PC1, most of the variation in PC2 was attributed to 
the random effects (38.8%), with only a minor portion explained by 
‘year’ (3.1%) (Table 2; Tables S2 and S3). Indeed, variation in PC2 ex-
pressed more nuanced differences in chemical profiles among repli-
cate populations from year to year (Figure 2; Table S3). As illustrated 

TA B L E  1  Replication statement.

Scale of inference

Scale at which 
the factor 
of interest is 
applied

Number of replicates 
at the appropriate 
scale

Individual Island population 23 individuals per year
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    |  5BAECKENS et al.

by the among-island variation in slopes (Figure 2), the proportion of 
terpenoids and tocopherols slightly increased over time in the scent 
marks of lizards from Galiatsos and Kambana (decrease in PC2 value; 

Figure 2b,d), but slightly decreased for Agios Artemios lizards (increase 
in PC2 value; Figure 2f). The values for PC2 remained stable for lizards 
from Petalida and Mavronissi (Figure 2c,e). Temporal variation in PC1 

F I G U R E  2  Temporal variation in the lipophilic chemical composition of scent marks in individual lizards across field-experimental 
populations. Biplots A to F show the output of the same principal component analysis with all ten main chemical classes as input variables. 
(a) Biplot displaying the scores of the two primary principal components (PC1 and PC2) and their seven most contributing loadings vectors 
(waxy esters, steroids, tocopherols, fatty acids, amides, terpenoids and aldehydes). Centroids of the five populations are shown for 2018 
and 2019 separately; error bars denote the 95% confidence intervals of the distribution of points around the centroids. Colour denotes 
population. (b–f) Biplots focusing on temporal shift per population. Individual lizards are identified by numbers and samples from the same 
individual, collected in different years, are paired (single quotes indicate 2018 samples). Black dots in the biplot represent data points from 
lizards belonging to the different populations. The intercept and slope of the thick-lined arrow illustrates the average temporal change 
observed in that population.

TA B L E  2  Outcome of the (generalized) linear mixed models testing for the effect of year on various features of the chemical signal profile 
of lizards.

Chemical signal profile feature

Year R2

β SE t/z F df p Marginal Conditional

PC1 (63.8%) 2.88 0.14 20.64 424.52 23.24 <0.001 0.884 0.911

PC2 (14.7%) −0.27 0.18 −1.53 2.35 23.26 0.133 0.031 0.419

Chemical richness −0.13 0.04 −3.45 11.98 21.00 <0.001 0.223 0.223

Chemical diversity −0.81 0.06 −12.66 159.51 23.18 <0.001 0.775 0.795

Oleic acid (CH24) −0.14 0.03 −4.67 21.70 23.14 <0.001 0.323 0.346

Octadecanoic acid (CH25) −1.15 0.10 −11.38 128.67 23.10 <0.001 0.746 0.746

α-tocopherol (CH62) −0.09 0.17 −0.55 0.31 23.26 0.583 0.008 0.395

Note: This table presents the estimates (β), standard errors (SE), t- or z-value, F-value, degrees of freedom (df) and p-value for the predictor variable 
‘year’. Additionally, the proportion of variance explained by the fixed effects (marginal R2) and by both the fixed and random effects (conditional 
R2) are provided. All models included ‘individual’ and ‘population’ as random effects and ‘body size’ as covariate. Statistical significance (p < 0.05) is 
denoted in bold.
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6  |    BAECKENS et al.

and PC2 was unrelated to individual changes in body size (PC1: β ± SE 
= −2.33 ± 3.48, t = −0.67, p = 0.506; PC2: β ± SE = 1.70 ± 4.43, t = 0.35, 
p = 0.704). A principal components analysis that included the 104 
single compounds instead of the 10 major chemical classes showed 
similar temporal patterns in lizard scent mark composition, that is a 
notable increase in the proportion of steroids over time across all pop-
ulations, and subtle inter-population variability in the proportions of 
terpenoids and tocopherols (data not shown).

Over the course of 2 years, chemical richness of individual liz-
ards' scent marks decreased by an average (± SE) of 12% (± 2) across 
replicate populations. Following the same trend, chemical diversity 
decreased with an average of 32% (± 2) over time and with a slight 
difference among populations (Figure 3: Table 2; Tables S4 and S5). 
Specifically, the drop in chemical diversity was more pronounced 
in lizards from Agios Artemios (mean ± SE decrease = 1.10 ± 0.12) 
compared to those from Kambana (0.58 ± 0.10) (Table S4). Overall, 
the random effects contributed minimally (<5%) to the overall ob-
served variation in chemical richness and diversity (Table 2). Similar 
to PC1 and PC2, body size did not affect temporal changes in chem-
ical richness (β ± SE = −0.26 ± 0.85, z = −0.31, p = 0.756) and diversity 
(β ± SE = −1.15 ± 1.55, t = −0.74, p = 0.462).

The temporal dynamics of the three socially relevant signalling 
compounds exhibited distinct patterns. While the proportion of α-
tocopherol remained stable across time, a significant decrease was 
observed in the proportion of oleic acid (Table 2). Neither compound 
showed a significant association with body size (α-tocopherol: β ± SE 
= −1.73 ± 4.31, t = −0.40, p = 0.690; oleic acid: β ± SE = 0.99 ± 0.71, 
t = 1.41, p = 0.167). The temporal pattern in the proportion of the 
third component, octadecanoic acid, was more complex due to its 
body size-dependence (interaction between body size and year: β ± SE 

= −12.57 ± 4.82, t = −2.61, p = 0.015; Figure  S2). Specifically, across 
populations, the proportion of octadecanoic acid increased with body 
size in 2018 (β ± SE = 0.08 ± 0.02, t = 3.28, p = 0.004), yet this rela-
tionship disappeared and became non-significant the following year 
(β ± SE = −0.01 ± 0.01, t = −0.36, p = 0.725; Figure S2). While temporal 
variation patterns were largely consistent across replicate populations 
for oleic and octadecanoic acid (with random effects explaining <3% of 
the variation), such consistency was less pronounced for α-tocopherol 
(with random effects explaining 38.7% of the variation; see Table 2).

4  |  DISCUSSION

We have tracked scent mark composition of individuals over time 
using a large-scale field experiment with free-living lizards on natu-
ral islands. Our findings reveal significant year-to-year changes in 
various features of the chemical composition of scent marks in in-
dividual P. erhardii males, demonstrating the temporal variability of 
lizard semiochemicals. Notably, these changes in scent mark com-
position exhibit largely consistent patterns both among individuals 
and across replicate populations, suggesting a deterministic mecha-
nism underlying this temporal phenotypic change. While the larger 
portion of chemical compounds shows consistent temporal trends 
across populations, a smaller subset exhibits variable shifts between 
populations; nevertheless, year-to-year changes within each popula-
tion remain stable. Below, we explore potential causes and implica-
tions of these convergent changes in scent mark composition across 
replicate populations.

Age is one potential factor explaining this temporal pattern. 
Ontogenetic changes in chemical signal profiles are well-established 

F I G U R E  3  Fluctuations in the chemical richness and diversity of lizard scent marks. Boxplots overlayed with raw data points illustrate the 
significant decrease in the chemical richness and diversity of scent marks over time across replicate lizard populations. The plots display the 
distribution of the data, with average values plotted adjacent to each box. Individual data points sampled in 2018 and 2019 are connected 
with a thin black line, providing a visual representation of individual lizard trajectories over time. Each population is distinguished by a unique 
colour.
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in lepidopterans (Nieberding et al., 2012; Umbers et al., 2015) and 
mammals (Ferkin, 2010; Müller-Schwarze, 1971; Osada et al., 2003, 
2008). In lizards, age-related variation in scent mark composition has 
been reported in two species: the lacertids Acanthodactylus erythru-
rus (López & Martín,  2005) and Psammodromus algirus (Martín & 
López, 2006a). Although these researchers compared lizards among 
age classes rather than tracking individuals over time, they observed 
that older P. algirus males exhibited lower proportions of oleic acid in 
their scent marks compared to younger males; this finding is in line 
with our longitudinal study of P. erhardii showing that individuals se-
creted lower proportions of oleic acid in 2019 compared to the year 
before. Due to its design, our study additionally provides evidence 
that age-related variation in lizard scent mark composition is not due 
to differential survival—a conclusion that could not be drawn from 
these earlier studies. Such temporal changes in scent mark compo-
sition may arise simply from the physiological or hormonal changes 
inherently associated with aging (Patnaik, 1994), such as a reduced 
immune response, increased metabolic rate, and elevated testoster-
one levels (Arslan et al., 1980; Cox et al., 2005; Massot et al., 2011; 
Plasman et al., 2019). Moreover, ontogenetic dietary shifts (Ballinger 
et  al.,  1977; Best & Pfaffenberger,  1987; Durtsche,  2000) can in-
fluence the chemical signal profiles of lizards (García-Roa, Sáiz, 
et  al.,  2017; Kopena et  al.,  2011, 2014; Martín & López,  2006c). 
Irrespective of the proximate mechanisms, age-related differences 
in chemical composition of lizard scent marks can have significant 
functional implications, as they can be detected by conspecifics and 
influence on species closely related to P. erhardii have demonstrated 
that oleic acid can elicit strong chemosensory responses (Cooper 
et  al.,  2002) and that females can discriminate between males of 
different age classes based solely on the scent of their secretions 
(Martín & López, 2013; Nisa Ramiro et al., 2019). This ability allows 
female Iberolacerta cyreni lizards to actively choose their preferred 
older mates (López et al., 2003), whose longevity attests to their vi-
ability (Kokko, 1998; Trivers, 1972). Note that López et al. (2003) did 
not account for body size in their analyses, which may conflate the 
effects of size and age. Further behavioural research is needed to 
first test whether P. erhardii can use chemosensory cues to differen-
tiate the observed temporal differences in scent mark composition, 
and second, to determine whether and how conspecifics use this 
ability for individual assessment.

An alternative explanation for the observed temporal variation 
in scent mark composition is a shift in diet, independent of ontog-
eny. In some animal species, certain components and precursors 
of their chemical signals are sequestered from their diet (Martín & 
Lopez,  2014; Wyatt,  2003). Tocopherols in lizard scent marks, for 
instance, are derived from plants and are acquired by consuming 
plant material, phytophagous arthropods, or both (García-Roa, Sáiz, 
et  al.,  2017; Kopena et  al.,  2011; Martín & López,  2015; Weldon 
et al., 2008, p. 2015). The production of these diet-derived signals 
depends on resource availability and is, therefore, susceptible to en-
vironmental influences. Consequently, temporal changes in arthro-
pod abundance on our experimental islets may have spurred dietary 
shifts in the lizards, which, in turn, altered the chemical composition 

of their scent marks from 1 year to the next. Although we lack the 
appropriate data on prey availability and lizard diet to statistically 
test this assumption, we can still reflect on the likelihood of diet-
dependent temporal changes within our study system. Generally, 
lacertid lizards are opportunistic mesopredators, so their diet typ-
ically reflects local prey availability (Arnold,  1987). As arthropod 
abundance is sensitive to climate extremes (Dalton et  al.,  2023; 
Soroye et al., 2020; Uhl et al., 2022), prey availability for lizards can 
decline during unusually warm and dry seasons. During our study 
period, the spring of 2018 in the south Aegean was significantly drier 
than that of 2019 (Figure S3), with no precipitation in April and May, 
possibly affecting the arthropod communities on our experimen-
tal islets. Since all islets experienced the same drought, the poten-
tial climatic effect on prey availability, and consequently on lizard 
diet, would be consistent across islets; if this scenario holds true, 
it could explain the consistent temporal change in overall glandu-
lar secretion composition across the replicate islets. The observed 
temporal decline in chemical richness and diversity of lizard scent 
marks suggests a decrease in diet diversity over time (Baeckens, 
García-Roa, et al., 2017). A higher diet diversity in the first year of 
sampling may have resulted from a drought-induced decrease in 
arthropod abundance, forcing lizards to expand their dietary range 
to ensure sufficient food intake. The Aegean wall lizard is known 
to adapt its feeding repertoire to environment-induced changes, 
such as preying on clumped preys during summer (Adamopoulou 
et  al.,  1999) or adopting oophagy, frugivory and even cannibal-
ism during periods of food scarcity (Brock et al., 2014; Madden & 
Brock, 2018). Conversely, if arthropod abundance increased in 2019, 
lizards may have been able to be more selective in choosing their 
preferred prey, in line with ecological theory (Roughgarden, 1972; 
Schoener, 1971), leading to a decrease in diet diversity from 2018 
to 2019. Of course, the relationship between lizard prey selectivity 
and local prey abundance is likely more complex and may involve ad-
ditional nuances (Pyke, 1984). Our observation of temporally stable 
levels of α-tocopherol suggests that there was no significant tempo-
ral change in the lizards' vitamin E-rich diet over time (García-Roa, 
Sáiz, et al., 2017; Kopena et al., 2011). Unfortunately, the biosynthe-
sis pathways of most lipophilic compounds found in the scent marks 
of lizards remain unknown, hindering a thorough assessment of the 
significance of dietary variation. Further investigation is required to 
determine whether individual signal compounds are synthesized de 
novo, or acquired through sequestration or simple chemical modi-
fication of dietary compounds. Note that not only the diversity of 
food consumed but also the amount of food eaten might influence 
scent mark composition, as food deprivation is known to affect hor-
mone levels in wild lizards (Dunlap, 1995).

Other environmental factors can alter an animal's physiological 
state and induce changes in individual scent marks, such as thermal 
habitat (Boullis et al., 2016), pathogens (Rantala et al., 2002), and inter-
actions with conspecifics (Guo et al., 2020) and predators (Verheggen 
et  al.,  2010). This is also true for lizards. First, changes in thermal 
habitat can influence the time lizards spend at optimal body tempera-
tures, affecting their average metabolic rates and the rates at which 
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chemicals are sequestered, metabolized, and secreted as scent marks 
(Heathcote et al., 2014). Although slight variations in thermal habitat 
quality among our experimental islets (Pafilis et al., 2019) may explain 
the minor differences in scent mark composition among populations, 
there is no clear indication that the thermal habitat (e.g. exposure to 
sunlight; Figure  S3) has changed over time and in a similar way on 
all islets, causing alternations in the lizards' scent mark composition. 
Second, changes in the degree of parasite infestation can alter the 
composition of lizard scent marks (Martín et al., 2008; Martín, López, 
et al., 2007), likely due to the activation of the immune system affecting 
the allocation of certain compounds to the glandular secretions. As we 
lack data on lizard ecto- and endoparasite counts for our study popu-
lations, it is uncertain whether a consistent shift in parasite infestation 
has occurred across replicate populations. Third, increases in agonistic 
interactions and predatory encounters can elevate levels of corticos-
terone and testosterone in male lizards (Knapp & Moore, 1995, 1996; 
Thaker et  al.,  2009), inducing changes to the chemical composition 
of their scent marks, such as decreased proportions of octadecanoic 
acid (Aragón et al., 2008) and cholesta-5,7-dien-3-ol (Martín, López, 
et al., 2007). Although the islets have remained predator-free through-
out the study, agonistic encounters may have fluctuated from year-to-
year due to changes in population densities. Our annual lizard capture 
efforts indicate that population densities changed on average 23% 
(range: 11%–34%) between 2018 and 2019 (Figure S4). Overall, the 
number of lizards caught decreased, but slightly increased on one of 
the islets (i.e. Mavronissi). Density-dependent changes in antagonis-
tic interactions over time may have driven temporal changes in lizard 
scent mark composition. The variability in density change across repli-
cate islets may partly explain the complex changes in the proportions 
of the three socially relevant signalling compounds.

These potential proximate mechanisms of temporal dynamics 
in scent mark composition remain speculative and require further 
research to ultimately determine whether the observed variabil-
ity is functionally significant (e.g. providing information on age 
status) or merely a nonadaptive response to environmental varia-
tion. Regardless of the mechanisms, understanding the flexibility 
of phenotypic traits, as examined in this study, is key for uncov-
ering how individuals respond to novel or changing environments 
(Merilä & Hendry, 2014). Such flexibility may promote the evolution 
of functional traits by enabling flexible individuals to colonize en-
vironments that would be inaccessible for less flexible individuals 
(Price et al., 2003). Conversely, it may slow down trait evolution by 
sparing individuals from the forces of selection, as flexibility allows 
them to express the phenotype required in given environment (Price 
et al., 2003). In addition to conducting behavioural chemosensory 
assays, we plan to continue monitoring the experimental popula-
tions to assess the long-term dynamics of lizard chemical signals and 
their social relevance within the population.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1: Scree plot visualizing the percentage of variation explained 
by each principal component.
Figure S2: Illustration of how the relationship between lizard body 
size and the proportion of octadecanoic acid in lizard chemical 
secretions changes over time.
Figure S3: Historical climate data (2016–2023) for spring from 
Paros, the large island located <1-km from the experimental islets 
(excluding Petalida, with a distance of ~5-km).
Figure S4: Lizard capture efforts.
Table S1: The ten main classes of lipophilic compounds identified in 
the femoral gland secretions of adult male Podarcis erhardii lizards, 
analyzed using gas chromatography-mass spectrometry (GC-MS).
Table S2: Statistical output of the linear mixed-effect model (LMM) 
with PC1 or PC2 as response variable and ‘year’ and ‘population’ as 
interaction fixed effect, and ‘individual’ as random effect.
Table S3: Among-population variation in temporal change in PC2.
Table S4: Statistical output of the linear mixed-effect model (LMM) 
with chemical diversity or generalized LMM with chemical richness 
as response variable and ‘year’ and ‘population’ as interaction fixed 
effect, and ‘individual’ as random effect.
Table  S5: Among-population variation in temporal change in 
chemical diversity.
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