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Abstract

Urbanisation creates novel environments, not only through (abiotic) microhabitat alterations, but also due to changes in
(biotic) inter- and intraspecific interactions. Where sheltering sites in urban habitats are limited, intra or interspecific inter-
actions may increase, resulting in increased competition and changes in predation risk in urban areas compared to natural
habitats. The Knysna Dwarf Chameleon (Bradypodion damaranum) occurs in both urban and natural settings, is extremely
ornamented, and individuals have been observed with multiple wounds and scars. We therefore hypothesised that urban
populations may have adapted to the physical features of urban habitats, and that this would be detectable through orna-
ment size and bite force, as well as the presence of scarring. We quantified these traits from urban and natural populations
from two separate localities (the towns of George and Knysna, South Africa). Our results showed that female and male B.
damaranum from urban populations had a higher number of injuries and that urban males were more likely to be injured
than males from natural habitats. Bite force was only recorded at one locality (Knysna), but both sexes in urban habitats
had higher bite force when accounting for casque height as compared to those from the natural habitats. Urban chameleons
also had less developed ornamentation but wider and/or higher heads compared to populations in natural habitats. Urban
habitats had significantly lower tree density than natural habitats, and this may be a factor in driving the morphological
differences between populations, whereby reduced ornamentation confers an advantage for remaining cryptic to predators
in the open habitat but compromises the ability for signalling conspecifics with encounters escalating to physical contests.
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Anthropogenic activities are profoundly altering ecosys-
tem processes through environmental degradation and
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et al. 2020). Urbanisation has a drastic effect on the local
environment, creating novel macro and microhabitats due
to the construction of artificial structures, manicured and
non-native vegetation and impervious substrates (Marno-
cha et al. 2011). Structural differences between urban and
natural habitats result in unique ecological challenges and
differences in selection pressures, accelerating the rate of
phenotypic change in urban areas (Hendry et al. 2008). Dif-
ferences in selective forces between urban and natural pop-
ulations can also trigger changes in inter and intraspecific
interactions leading to further changes in the direction and
intensity of selection.

While abiotic alterations to habitat are a clear challenge
for urban populations of animals, species occurring in urban
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environments also encounter a variety of unfamiliar biotic
challenges to which they must acclimatize or adapt. For
example, novel predators pose a significant threat to popu-
lations of small vertebrates (Koenig et al. 2002; Bamford
and Calver 2012; Seymour et al. 2020) and changes in pre-
dation risk have also been noted for some urban popula-
tions (Koenig et al. 2002). Other populations experience
changes in intraspecific competition (Lacy and Martins
2003; Banks et al. 2007; Anderson and Burgin 2008; French
et al. 2018; Baxter-Gilbert and Whiting 2019), and in some
cases, heightened intraspecific aggression (Lacy and Mar-
tins 2003; Banks et al. 2007; Baxter-Gilbert and Whiting
2019). The latter can be particularly relevant as populations
in urban areas are likely to rely on specific, but clumped and
possibly scarce, resources (Winchell et al. 2018). This can
lead to higher abundance of individuals per habitat patch
(e.g., Baxter-Gilbert and Whiting 2019), exacerbating local-
ised intraspecific competition. Overall, urban populations
face a number of novel biotic and abiotic conditions, the
complexity of which make it difficult to predict if and how
the populations may respond.

Nevertheless, there is mounting evidence for differences
in the direction and intensity of inter and intraspecific inter-
actions for some populations in urban habitats, and this can
lead to a higher prevalence of injuries. Past injuries can be
detectable through the presence of wounds and scars, with
individuals that have more scars presumably having had a
higher injury rate than those with fewer scars. For exam-
ple, Australian water dragons (Intellagama lesueurii) from
urban habitats had more wounds due to increased intraspe-
cific aggression (Baxter-Gilbert and Whiting 2019), and
increased predation was considered the cause of increased
tail breakages in the tropical lizard Anolis cristatellus (Tyler
etal. 2016). However, an elevated level of injury prevalence
in urban populations could also represent a lower efficiency
of predators in the urban setting — that is, injury rather than
death with removal from the population could be an expla-
nation for the suggested higher occurrence of wounded indi-
viduals in urban populations. Despite this caveat (Schoener
1979), the overall expectation is that urban populations may
be at greater risk to predation and/or have more frequent
aggressive encounters with conspecifics.

Dwarf chameleons of the genus Bradypodion are native
to South Africa and southern coastal Mozambique, and
approximately a third of the 20 described species occur in
both urban and natural habitats. They are arboreal, inhabit-
ing trees, bushes, shrubs or grasses, depending on the spe-
cies, but are capable of occasionally crossing open ground
between vegetation clumps. Many species of Bradypodion
are conspicuous, with ornamented heads and colourful
flanks, which are used for intraspecific signalling (Stuart-
Fox and Whiting 2005; Stuart-Fox et al. 2006; Stuart-Fox
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and Moussalli 2008). In urban areas, dwarf chameleons
usually inhabit parks, gardens and roadside vegetation.
However, these urban patches of vegetation probably pro-
vide fewer opportunities for shelter as vegetation in urban
areas is usually less dense than in natural areas (e.g., Pal-
amuleni and Turyahikayo 2015; Stickler and Shackleton
2015; Magidi and Ahmed 2022), and in some cases may
also be different in structure to natural vegetation, such as
having a lack of canopy and understory complexity. Some
heavily modified habitats may also be unsuitable for cha-
meleons, totally excluding populations (Tolley and Measey
2007; Hopkins and Tolley 2011). Overall, urban areas are
expected to provide much less cover than natural areas, pos-
sibly creating a situation where space is at a premium. If so,
this may result in intense intraspecific competition, but also
may engender a situation where conspicuous individuals
may be compromised by the habitat openness, being more
visible to predators.

The Knysna Dwarf Chameleon (Bradypodion damara-
num) occurs naturally in Afrotemperate forest, is allopatric to
other Bradypodion species and is arboreal, using vegetation
ranging from the low understorey to the high canopy (Tolley
and Burger 2007). However, this species is also common
in suburban gardens, parks and along road verges within
its geographic range (Tolley and Burger 2007). Given that
urbanised areas are highly transformed, we hypothesised
that chameleon populations in towns (urban) occur in less
dense habitat compared to those in natural forest. Specifi-
cally, accessibility to vegetation (e.g., trees, bushes) might
be comparatively limited, making shelter a scarce resource
in urban areas. If so, we would expect an increase in both
inter and intraspecific encounters, and that this might drive
phenotypic differences between the populations.

Dwarf chameleon populations respond to predation risk
by reducing their conspicuousness and are remarkably
effective at concealing themselves from avian predators
(Stuart-Fox and Moussalli 2008; Stuart-Fox et al. 2008).
Therefore, we expected that chameleons from urban popula-
tions would show reduced conspicuousness where the lack
of cover could make them vulnerable, particularly to avian
predators. However, in Bradypodion, intraspecific commu-
nication is achieved through display signalling (Stuart-Fox
et al. 2007). Thus, reduced conspicuousness of ornamenta-
tion could represent a trade-off between display and cryp-
sis, with less effective conspecific signalling resulting in
more frequent direct intraspecific encounters (see Stuart-
Fox 2006; Stuart-Fox et al. 2006). Direct encounters that
are not deescalated by signalling are known to escalate
into aggressive physical contests (Stuart-Fox et al. 2006).
Although teasing apart the ultimate cause of many injuries
is not possible, we suggest that injury frequency for urban
chameleons is very likely enhanced by increased aggressive
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encounters with conspecifics. Furthermore, because biting
forms an important component of aggressive encounters
in chameleons (Stuart-Fox et al. 2006), an escalation of
intraspecific encounters within urban populations could be
accompanied by selection for higher bite forces. We specu-
late that different selection pressures linked to vegetation
density could result in phenotypic changes (e.g., Kolbe and
Losos 2005; Ghalambor et al. 2007; Urban et al. 2014; Bax-
ter-Gilbert et al. 2020), either due to phenotypic plasticity
through standing genetic variation (West-Eberhard 1989;
Irschick and Meyers 2007; Stotz et al. 2021) or adaptation
arising from de novo mutations (Bomblies & Peichel 2022;
McDonnell and Hahs 2015). We tested these hypotheses
by quantifying injuries, head morphology/ornamentation,
bite force, and tree density in populations of Bradypodion

damaranum from urban and natural habitats from two inde-
pendent localities within the natural range of the species.

Methods

Bradypodion damaranum individuals were sampled dur-
ing 2020-2022 from two different local municipalities —
George and Knysna, South Africa (approximately 60 km
apart, hereafter referred to as ‘towns’), where chameleons
occur in both natural and urban habitats (hereafter referred
to as ‘populations’; Fig. 1). Modern urbanisation began just
over 200 years ago, with George established in 1811 and as
of 2021 having a population of 221,637 people with a den-
sity of 43 people/km® (Western Cape Government 2021a).

=

Fig. 1 Map of the study area for George (pink; left) and Knysna (blue; right), including images for B) urban and C) natural areas
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Knysna was established in 1825 with a human population
of 75,918 as of 2021 but a much higher human density of
68 people/km? (Western Cape Government 2021b). Urban
areas consist of highly anthropogenically-modified vegeta-
tion, including bare ground and lawns, exotic and indige-
nous trees, bushes, grasses and herbaceous plants especially
along road verges. Chameleons were sampled from private
property and municipal parks, covering an approximately
3-km radius in both towns. For both towns, the chameleon
populations were paired with natural populations 10—12 km
from the corresponding urban populations. Natural habitats
consisted of large, continuous tracts of near-pristine indig-
enous Afrotemperate forest.

To examine whether the habitat of urban and natural pop-
ulations had significantly different vegetation characteris-
tics, we used the Global Forest Cover Change (GFCC) Tree
Cover Multi-Year Global 30-m V004 (Sexton et al. 2013) to
estimate tree density for both towns as a proxy for available
habitat. To achieve this, we used two approaches: (1) Tree
density data within the same areas where we collected B.
damaranum were used to assess if there were differences
between locations where chameleons were recorded. We
spatially rarefied the geographic coordinates where chame-
leons were recorded by 300 m using the spThin package
(Aiello-Lammens et al. 2015) in R 4.2.1 (Core Team 2022)
and added a 300-m buffer around each rarefied point in
QGIS 3.22.8 (QGIS 2022). We selected 300 m as a plausible
home range size based on movement data from the conge-
ner, Bradypodion pumilum (Rebelo et al. 2022). We then
randomly selected five locality points within each 300 m
buffer and extracted the tree density measures from the
intersecting pixel in the GFCC raster layer. (2) Tree canopy
densities were estimated overall for each town to identify the
broader differences between urban and natural areas. To do
this, we drew polygons around each natural and urban area
using satellite imagery. For larger areas, we ensured that the
polygon did not extend more than 5 km away from any of
the chameleon localities recorded. We randomly selected
points within each polygon to extract tree density measures,
accounting for size differences by ensuring that one point
was generated for every 2 km?. For both approaches, Mann-
Whitney U-tests were used to identify whether differences
in tree canopy density between urban and natural areas were
significantly different per town (for George and Knysna).

To examine morphological differences between popu-
lations, adult chameleons were measured to the nearest
0.01 mm using digital callipers for the following morpho-
logical traits: snout-vent length (SVL), head width (HW),
head height (HH), casque height (CH, measured from the
bottom of parietal to tip of casque spur) (Fig. 2). For a sub-
set of individuals, the right side of each head was photo-
graphed against a background grid from which additional
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measurements were taken using ImageJ (Schneider et al.
2012): parietal height (PH: from quadrate to the bottom of
the casque spur), the length of the casque spur (CS), and the
length (GL) and area of the largest gular scale (GA) (Fig. 2).
These latter measurements were not taken using callipers
due to the potential for measurement error (Table 1).

Generalized linear mixed models (GLMMSs) were used
to assess whether ornamentation and head measurements
differed between populations (urban and natural) using
the packages: car v3.1-2, emmeans v1.8.8, Ime4 v1.1-34,
nlme v1.6, Matrix v1.6-1 and MuMin 1.47-5 (Bates et al.
2015; Fox and Weisberg 2018) within R version 4.2.1 (Core
Team 2022). The GLMM was run separately by sex for
each independent trait as a function of body size (SVL) and
population. To assess whether there was variability between
sampling sites that would not be explained by the fixed fac-
tor (population), ‘town’ (George and Knysna) was included
as a random factor with the model intercept set to 0. Both
the marginal 7° (variance explained by the fixed factor only)
and conditional /° (variance explained by fixed +random
factors) were estimated (Nakagawa and Schielzeth 2013).
Comparing the difference between the marginal and the con-
ditional 7 values allowed for an assessment as to whether
the incorporation of ‘town’ as a random factor explained
any additional variance in the dataset. Prior to running the
GLMMs, datasets were assessed for homogeneity of vari-
ance (Levene’s test) and homoscedasticity (Breusch-Pagan
test) using the R functions LeveneTest and ncvTest, respec-
tively. In cases where these assumptions were violated, data
were log-transformed. Equality of slopes was checked by
incorporating the interaction between SVL and habitat in a
GLMM, keeping town as random factor.

To quantify the occurrence of injuries (i.e., injured/not
injured) and the number of injuries found on each indi-
vidual, chameleons (females: n=101, males: n=175)
were thoroughly checked for evidence of injuries, includ-
ing scars, fresh wounds and broken/healed bones. All inju-
ries were recorded photographically for future reference.
The occurrence of all wounds and scars were quantified by
present/absent as well as the number of scars or wounds.
Many injuries were obvious conspecific bite marks, but oth-
ers were amorphous and could not be attributed to either an
inter or intraspecific encounter. Thus, the injuries were not
partitioned into types of encounter, but were amalgamated
into a single category of ‘injury’. To assess whether indi-
viduals from urban or natural populations were more likely
to be injured (i.e., injured/not injured), we ran a binary
logistic regression with the function glmmTMB in the pack-
age glmmTMB (Brooks et al. 2017) in R. Injury status was
the response variable, habitat type the predictor and town
was included as a random factor. This analysis approach
was used given that the response variable is dichotomous
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Fig. 2 Head of chameleon show-
ing measurements. Head width
(HW), head height (HH), casque
height (CH), parietal height (PH),
casque spur (CS), gular length
and gular area (GA).

(injured/not injured). Injuries can accumulate over the life-
time of an individual and therefore it was necessary to use
a covariate to account for ‘age’ of the individual. Because
actual ages of individuals were not known, body size was
used as a proxy for age by including SVL as a covariate.
This allowed for differences in injury status between chame-
leons of different sizes (‘ages’) to be accounted for.

To assess differences in the number of injuries per indi-
vidual between natural and urban populations, we used a
zero-inflated Poisson regression model using the glmmTMB
package in R. The number of injuries (count data) was set as
the response variable with habitat type as the predictor and

town as a random factor. We also included SVL as a covari-
ate. Once the injury rate model had been run, we confirmed
that a zero-inflation model was appropriate using the ‘check
zeroinflation’ function of the performance package in R
(Liidecke et al. 2021). Dispersion of the model was assessed
using ‘check dispersion’ in the same performance package
to confirm that a Poisson distribution was appropriate. All
regression analyses were run separately for each sex.

To assess if chameleons from either urban or natural pop-
ulations bite harder, the bite force of B. damaranum from
Knysna (females n=26; males n=77) was measured using
a Kistler piezoelectric force transducer (type 9203; 500 N;
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Kistler Inc., Winterthur, Switzerland) set in a custom-built
holder with two parallel plates on which the chameleons
were induced to bite (following Herrel et al. 1999). The dis-
tance between the bite plates was varied relative to head
size and gape of each chameleon, e.g., the plates being
brought closer together for smaller chameleons. The force
transducer was attached to a handheld Kistler charge ampli-
fier which recorded forces in Newtons (N). The bite force
measurements were repeated five times for each chameleon,
and the maximum force recorded was used in the analyses.
Data were analysed in SPSS v26 using an analysis of cova-
riance (ANCOVA) separately for each sex using different
covariates (SVL, HW, HH, CH, PH) to examine whether
body size or head shape may influence bite force. Bite force
measurement was conducted only at Knysna due to logisti-
cal constraints.

Results

Tree canopy density measurements from within 300 m buf-
fers of our chameleon localities were taken for 125 random
points, with 75 in George (natural =40, urban=35) and 50
in Knysna (natural =20, urban=30). For both towns, the
natural habitats had significantly higher tree canopy density
than urban habitats (George: U=5.50, p<0.001; Knysna:
U=1.00, p<0.001; Fig. 3). The polygons created to collect
tree canopy density estimates for the broader natural and
urban sites varied in size for George (natural=10.82 km?,
urban=76.45 km?) and Knysna (natural=42.68 km?,
urban=49.43 km?). The random points accounted for size
differences between the areas with five in George natu-
ral, 32 in George Urban, 20 in Knysna natural and 21 in
Knysna urban. For both towns the natural sites had signifi-
cantly higher tree canopy density than urban areas (George:
U=<0.001, p<0.001; Knysna: U=14.00, p<0.001).

For the morphological comparisons, chameleons from
the urban habitat had significantly smaller ornamentation
traits (casque height, casque spur, gular length and gular
area) than the natural populations, for both sexes (Table 1).
In contrast, the urban populations of males had significantly
larger head width and height (Table 1). Comparison of the
marginal and conditional #° values for these traits shows
that the variance can be attributed to population (i.e., urban/
natural). The inclusion of town in the model did not capture
additional variance, suggesting that sampling site/town has
little to no effect, and that the trait differences are due to
habitat (i.e., natural and urban populations). The exception
to this was for the casque spur in females, whereby approxi-
mately half the variance was due to town/site. To explore
this further, a post hoc general linear model (SVL covari-
ate) was run separately for each town with population as the

fixed factor. This showed that the females from the natural
population in Knysna has significantly larger casques spurs
than the urban population (F; ¢5)=7.74, p <0.01; Estimated
marginal means: Urban 4.45 mm, Natural 7.74 mm). The
estimated marginal mean show that the George females are
also larger for this trait (3.67 mm Urban, 3.78 mm Natural),
but the difference was not significant (F=0.63, ¢, p=ns).

Binary logistic regressions showed a significant differ-
ence in injury status (i.e., injured/not injured) between urban
or natural populations when using town as a random factor
and SVL as a covariate (Table 2), with males from urban
habitats more likely to be injured (88.1% injured) compared
to those from natural habitats (72.5% injured). There was
no significant difference for injury status in females. The
Poisson regressions showed that B. damaranum from urban
populations did have significantly more injuries than those
from natural habitats for both sexes when using town as a
random factor and SVL as a covariate (Table 2; Fig. 4). The
dataset met model assumptions of being zero-inflated and
not over-dispersed.

When casque height (CH) or parietal height (PH) were
included as covariates, bite forces were significantly different
(CH — females: F(; 15,=7.09, p<0.05; males: F{; 5;)=6.52,
p<0.01 and PH — females: F{; ;;,=8.40, p<0.01; males:
F(4 57=10.57, p<0.01), with chameleons from urban popu-
lations biting harder than those from natural populations for
both sexes (Fig. 5). Bite forces were not significantly differ-
ent between the Knysna natural and urban populations with
SVL as the covariate (females: F{; ,5,=2.05, p=ns; males:
F(176=0.13, p=ns), or with head width as the covariate
(females: F(; 17)=0.64, p=ns; males: F(; 5;=0.81, p=ns).

Discussion

Urban populations of Bradypodion damaranum had signifi-
cantly more injuries compared to populations from natural
areas, with males also being more likely to be injured. As
expected, the urban populations had less developed orna-
mentation for both sexes, and the incorporation of town
as a random factor showed that the variance was not due
to site/town and that urban populations from both towns
have converged on the same phenotype. Additionally, the
urban populations had wider and higher heads, and higher
bite force when accounting for casque height, compared to
those from the natural populations. Finally, tree cover was
significantly less dense in the urban habitats than in the nat-
ural habitats, and thus shelter might be a scarce resource
for urban chameleons. Therefore, our hypothesis that lack
of cover/shelter and with a trade-off for more frequent
intraspecific (or possibly also intraspecific) aggressive
encounters, as measured by injury, resulting in selection for
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Fig.3 Tree canopy density values from random points in natural (green) and urban (grey) habitats using (a) 300 m buffers of our chameleon locali-
ties and (b) polygons across each study area for B. damaranum
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Table 2 Results from regression models for natural and urban populations of Bradypodion damaranum from two towns (George and Knysna),
with sample sizes given in parentheses (urban/natural). Injured (i.e., injured/not injured) models used binary logistic regression while number of
injuries models used Poisson regression. Snout-vent-length (SVL) was used as a covariate in all regressions and town was used as a random factor.
Significant p-values are shown in bold

Model Sex Factor Estimate Std Error z-value p-value
Injured Females (52/49) Population 0.603 0.585 1.031 0.390
SVL 0.045 0.033 1.381 0.167
Males (84/91) Population 1.060 0.435 2.440 0.015
SVL 0.018 0.019 0.902 0.367
Number of Females (52/49) Population 0.560 0.174 3.227 0.001
Injuries SVL 0.007 0.008 0.840 0.401
Males (84/91) Population 0.324 0.118 2.734 0.006
SVL 0.012 0.005 2.330 0.020

Fig.4 Box and whisker plots for a
number of injuries between natu-

ral (green) and urban (grey) pop-

ulations of females (a) and males 6.00
(b) for Bradypodion damaranum.

Outlier values (outside the 75th

and 25th percentiles) retained in 2 T
the analyses are shown by circles. 5
Unstandardised residuals of a £ 400
regression of number of injuries 5
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able when performing a Poisson Z 200
regression analysis
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reduced ornamentation in urban areas is supported. Given  including increased predation that could impact the propor-
that ‘town’ did not show an effect for any of the analyses,  tion of scared individuals in the population. Alternatively,
chance differences between towns is a less tenable inter-  intraspecific competition and aggression could impact
pretation for the population differences. Other alternatives  overall and localised chameleon population density and/or
have yet to be explored in a hypothesis testing framework, = demand for scarce resources. Dietary differences between
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Fig.5 Residuals of bite force (covariate — casque height; N — force in Newtons) for Bradypodion damaranum in Knysna from natural (green) and

urban (grey) habitats with females (left) and males (right)

urban and natural populations could also potentially impact
bite force (Dollion et al. 2017). These hypotheses provide a
rich environment for future research.

Ornamentation in chameleons is known to be important
for communication during intraspecific encounters to indi-
cate fighting ability and for mating displays to females, with
large casques in males correlating with winning contests
through signalling and thus avoiding a final escalation to a
physical encounter (Stuart-Fox and Whiting 2005; Stuart-
Fox et al. 2006). The urban populations of B. damaranum
showed reduced head ornamentation and this could impact
their ability to avoid aggressive encounters through display,
potentially resulting in more frequent fighting. While it is not
known if ornamentation size for lizards from urban environ-
ments influence fighting frequency, some species of birds
show increased aggression with reduced ornamentation in
urban habitats (e.g., Beck et al. 2018). Similarly, observa-
tions of Bradypodion suggest that open canopy ecomorphs
have reduced ornamentation but probably more scarring
than those from closed canopy (e.g., Measey et al. 2011),
implying that escalation to aggressive encounters may occur
more often in open habitats due to diminished capacity to
signal conspecifics. While it is not currently possible to
tease apart the source of injury (conspecific or predator), we
propose that the higher number of injuries in urban dwarf
chameleons could be due to increased number of aggressive
encounters in the more open, urban habitat (e.g., Pattishall
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and Cundall 2009; Roe et al. 2011, Baxter-Gilbert and Whit-
ing 2019) with scarcer sheltering sites. This thought-provok-
ing notion could be advanced through targeted behavioural
and observational studies of Bradypodion.

Assuming that alterations in the frequency of aggressive
intraspecific encounters in urban habitats drives the adapta-
tion for some traits, this could provide a fitness advantage
to increase their performance during combat. Increased bite
force has been attributed to a greater chance of success in
contests for several lizard species (e.g., Herrel et al. 2001;
Vanhooydonck et al. 2005; McLean and Stuart-Fox 2015),
and although this has not been explicitly tested for cha-
meleons, it is likely to be the case within the Bradypodion
genus, as combat between individuals sometimes escalates
to biting (Stuart-Fox et al. 2006; Stuart-Fox and Whiting
2005; Tolley and Burger 2007), and our data shows clear bite
marks on the bodies of many individual chameleons. Bite
force differences between populations were only observed
when accounting for differences in casque height (i.e., orna-
mentation), not body or head size, with urban populations
biting harder for their casque size than natural populations.
Therefore, despite the general reduction in head ornamen-
tation for urban populations, these chameleons bite harder
than those with similarly sized casques from the natural
populations. Thus, we reasoned that the reduced ornamenta-
tion would not be an honest signal for bite force and fighting
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performance, possibly an advantage in a landscape that is
thought to drive more frequent aggressive encounters.
Although aggressive encounters likely have a bearing on
bite force, we note that other factors could drive the differ-
ences observed. That is, bite force within the Bradypodion
genus has also been linked to prey hardness, with species
consuming harder prey also having higher bite forces (Dol-
lion et al. 2017), although this does not appear to be univer-
sal across all species (e.g., da Silva et al. 2016). Invertebrates
are the primary prey of Bradypodion species (Measey et al.
2011; Carne and Measey 2013; da Silva et al. 2016; Dollion
et al. 2017) and urbanisation is known to reduce inverte-
brate species richness (Fenoglio et al. 2021), although the
effects on arthropod abundance are varied depending on
species and urban habitat (e.g., McIntyre et al. 2001; Chate-
lain et al. 2023). Whether urbanisation has a major influence
on diet composition and therefore prey hardness, is unclear
but could be assessed with detailed dietary studies allowing
for a fuller assessment of the most important factors that
contribute to differences in bite force between populations.

Conclusion

Overall, our study revealed that Bradypodion damaranum
from urban populations have more injuries than those from
natural habitats. There is also a concomitant reduction in
head ornamentation, although urban populations have wider/
higher heads and higher bite force for their ornamentation
size. These differences might be driven by the less dense
habitat in urban areas making shelter a scare resource. We
suggest that this has led to selection pressures influencing
the phenotype of chameleons to reduce conspicuousness, but
with a trade-off for diminished interspecific communication
resulting in more frequent interspecific interactions leading
to injuries. Trait differences related to behaviour, communi-
cation and morphology may have their basis within standing
genetic variation (e.g., phenotypic plasticity), or may be the
result of changes in genetic architecture (e.g., adaptation). It
is worth noting, however, the lack of evidence of develop-
mental phenotypic plasticity in other Bradypodion (Miller
and Alexander 2009). Certainly, there are many outstand-
ing questions and other avenues to explore, which could
be addressed by incorporating additional sites and other
species of Bradypodion as well as other lines of inquiry.
Our conclusions could be strengthened, or become more
nuanced, by including an assessment of chameleon and
predator abundance, behavioural differences, microhabitat
structure, dietary differences, additional reciprocal common
garden experiments, as well as genome-wide association
studies to link adaptive traits with specific mutations. The
present study can be viewed as the opening salvo to a fuller

examination as to whether urban Bradypodion populations
under similar environmental pressures show convergence
of traits, such as ornamentation and head size, and whether
such convergence might arise through standing genetic
variation or if similar solutions to a common problem are
underlain by new genetic architecture.
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