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Popular culture leads us to believe that chameleons change colour to
match their backgrounds, yet surprisingly, this ability has rarely been
demonstrated under controlled conditions. Existing research shows that
colour change is primarily used for social signalling and thermoregulation,
and that chameleons revert to a generic background-matching colour
for camouflage rather than tuning their colour to specific backgrounds.
Here, to test the background-matching abilities of flap-necked chameleons
(Chamaeleo dilepis), we placed them on backgrounds of various standardized
colours and patterns and measured their appearance over time using
models of predator vision. We found that chameleons could change their
brightness to better match black backgrounds and change colour to match
some hues, especially yellow. They did not match background patterns.
In demonstrating that flap-necked chameleons use colour and brightness
changes to facilitate camouflage, we provide further evidence supporting
this function of colour change in chameleons.

1. Introduction

Chameleons are renowned for their ability to change colour and are often
portrayed in popular culture as being able to take on the colour of their
environment for concealment. However, research has shown that their colour
change is governed by a range of ecological and behavioural factors. Colour
change can broadly be separated into physiological and morphological colour
change, the former being relatively quick and often involving changes in the
state (e.g. dispersion or aggregation) of pigment within chromatophore cells,
whereas the latter is slower and often involves more fundamental changes
in tissue structure and chromatophore cell distributions or numbers [1]. The
primary function of colour change in chameleons is thought to be conspe-
cific communication [1-5], and chameleons are well known to change colour
during the breeding season to scare off rivals and signal to potential mates
whether they wish to copulate [6,7]. Colour changes also provide thermoregu-
latory benefits [8-11].

The third proposed function of chameleon colour change is camouflage
to match their background. Background-matching colour change is known
to be highly context specific and affected by a variety of ecological factors
[12]. Rapid physiological colour change for concealment (facultative crypsis)
has been investigated as a response to a perceived predatory threat from
snakes and birds, with dwarf chameleons altering their appearance based
on perceived risk [3,4]. Despite this research, colour change for concealment
is surprisingly poorly understood in chameleons, and previous studies have
focused on whether camouflage is ‘switched on” when a predator appears.
Considering the life history of a chameleon as a slow but mobile predator
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under constant threat from its own predators [13], it seems logical that colour and pattern changes be used to remain unnoticed n

by potential threats whenever possible.

Colour change is known to be context specific in chameleons, with veiled chameleons (Chamaeleo calyptratus) more likely
to rely on colour change in closed than open habitats [14]. Additionally, individuals who possess a superior ability to match
their surroundings in the context of a bird visual model are also more likely to use it as an antipredator defence [14]. Colour-
changing abilities can vary between populations. For example, invasive Jackson’s chameleons (Trioceros jacksonii) in Hawaii, free
from the threat of predators with good colour discrimination, demonstrate reduced colour change as an antipredator response
and more conspicuous display coloration to conspecifics, compared with the Kenyan source population [15]. In common
chameleons (Chamaeleo chamaeleon), small, subordinate ‘sneaker” males switch to courtship displays more quickly than larger
males and are less likely to adopt crypsis in the presence of a female [7]. By contrast, larger males prefer to guard their mates
and adopt the colour of the background [7].

Despite the above work on chameleon colour change, the extent to which chameleons change their appearance for camou-
flage remains unclear. Beyond a limited number of controlled tests (e.g. [14]), there remains a lack of research into the colour
and pattern matching abilities of chameleons, including changes in the absence of predators (which is important as predator
visual systems are likely to have longer detection distances than their prey) and in the time taken to achieve effective colour
change. Common chameleons (C. chamaeleon) have been shown to switch between brown and green coloration when placed
on artificial bushes of those colours [7], but do not change to match off-white, yellow or blue bushes. However, these changes
were not measured over time, but the speed of change is of ecological relevance because physiological colour change can take
several minutes to occur and provides insight into how the animal uses its colour-changing ability [1]. Similarly, luminance
and hue changes were not measured separately or using models of predator vision. As different hues can have different
luminance, separating out these measures during testing is important to get an accurate understanding of what prompts
colour change. Furthermore, anti-predator camouflage abilities will have likely evolved in response to the visual abilities of
an animal’s predators, so assessing colour change from a suitable predator’s visual system is important [16]. In this case, we
used the peafowl model as this was the closest one available to a key predator of chameleons, fiscal shrikes (Lanius collaris).
The background-matching abilities of dwarf chameleons (Bradypodion taenibronchum) have previously been demonstrated in the
wild, using models of predator vision to compare chameleons to the colour of perches and leaves [3,4,7]. While effective, the
outdoor environment precludes the ability to control temperature, lighting or other factors that might influence colour change.
Both dwarf chameleons and common chameleons are capable of quickly changing the colour of body patches to present a
contrasting, patterned appearance for social signalling [7,17]. If chameleons possess this ability, their camouflage might also
involve matching the pattern of their surroundings rather than (or in addition to) hue, but this has not been investigated.

It is commonly accepted that flap-necked chameleons (Chamaeleo dilepis) have the capacity to rapidly change colour and
pattern [18]. Here, we investigated the camouflage response of flap-necked chameleons to artificial environments of varying (i)
hue, (ii) brightness, and (iii) pattern, while other environmental variables were controlled. We measured colour change using
animal vision modelling and non-intrusive methods to reduce stress-related colour change [3].

To test their colour-changing capabilities, chameleons were exposed to four uniform colour experiments (yellow, yellow-green,
orange and blue-green), three uniform greyscale experiments (black, white and grey) and six pattern experiments. Colour
treatments were uniform hues of consistent luminance (electronic supplementary material, figure S1). We selected hues that
were slightly more colourful than typical natural backgrounds to elicit a stronger response from the chameleons, while still
preserving biological plausibility. Yellow-green and blue-green colours were selected as colours which other chameleons are
able to produce [19], and orange and yellow could be of ecological relevance to flap-necked chameleons that experience
pronounced dry seasons, where leaves and grasses may change to these colours [20]. Pattern treatments were either yellow and
yellow-green, or black and white, at three different spatial scales, constituting patterns consisting of small, medium or large
patches (see electronic supplementary material for further details of pattern creation, figure S2). Individual chameleons were
placed into a 30 x 90 x 30 cm experimental arena constructed of corrugated plastic (corex) with a square perch in the centre.
We initially exposed each individual to 20 min in a control arena of uniform grey walls, floor and perch to standardize any
residual patterning or colour from their cages, during which time chameleons were photographed immediately and then after
1, 5, 10 and 20 min. The chameleon was then moved into a second experimental arena in which the walls, floor and perch were
covered in paper with the uniform colour or pattern treatment printed on it. Because chameleon colour change may happen in
a matter of seconds [3,14], chameleons were photographed immediately, after 1, 3 and then at 3 min intervals until 21 min. To
better capture the chameleons’ initial response to the change in background colour, we conducted a second trial of the colour
experiment by taking photographs at 0, 1, 3, 6 and 9 min. During trials, an effort was made to start with a different individual
each time to reduce potential ordering effects, and the order of testing was pseudorandom. Trials were terminated if chameleons
appeared distressed (see electronic supplementary material), were attempting to escape the arena, or when trials took longer
than 40 min. Chameleons could not see human observers during the trials, except when the trapdoor (just large enough for the
camera lens) was opened to take an image, the duration of which was minimized. For further details on chameleon husbandry,
colour selection and pattern creation, see electronic supplementary material. The project was approved by the Exeter CEC ethics
board.
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(b) Photographic capture and analysis

Images were captured using a full spectrum converted Nikon D7000 (Advanced Camera Services, Norfolk, UK), Coastal Optics
105 mm quartz ultraviolet (UV) lens (Coastal Optical Systems) and a UV and infrared (IR) blocking filter (Baader UV/IR
Cut filter; transmitting between 400 and 700 nm). Two Zenith diffuse sheet grey standards of 8.6 and 95.8% reflectance were
photographed in the same position and lighting conditions as the chameleons. The light was provided by two UV-emitting
lamps (Zoo Med Reptisun 5.0 UVB T5 with starter unit) suspended at a fixed distance from the chameleon subject. Photographs
were taken at an ISO of 120 with an F-stop of 8.

(c) Predator vision model

We analysed the chameleon colour and pattern data using a model of peafowl (Pavo cristatus) vision, which has a violet-sensi-
tive visual system [21]. The peafowl model was the closest representative available of the visual systems of some of the natural
avian predators of chameleons, which include fiscal shrikes [3]. Although chameleons and many of their natural predators can
see UV light, we did not focus on this aspect of their camouflage, although previous studies have [3,4] since it is practically very
challenging to print backgrounds with UV reflectance. Additionally, UV images have much longer exposure times than visible
images, and chameleons tended to move between visible and UV photos, making image alignment and measurement difficult.

(d) Luminance and hue analysis

Chameleon colours were measured using the Multispectral Image Analysis Toolbox [22]. Within each image, a region of interest
(ROI) was specified by drawing a polygon around the flank of the chameleon and a section of the background. A portion of the
chameleon’s flank was selected based on the position of the chameleon to the camera. As chameleons were mobile, this portion
varied slightly from image to image, but we avoided using the white marking found on the flank of flap-necked chameleons.
Average peafowl cone-catch quanta were measured in each ROI, and the background was compared to the chameleon colours
using the receptor noise limited model, providing ‘just noticeable differences’ for colour [23]. A trichromatic peafowl model was
used, excluding UV [1,24]. For the luminance analysis, we used values obtained from the double cones, as double cones are
thought to be responsible for achromatic vision in birds [16]. Average JNDs were calculated following Siddiqi et al. [25] using a
Weber fraction of 0.05.

(e) Pattern analysis

We tested chameleon responses to black and white, and green and yellow backgrounds of three different pattern sizes (see
electronic supplementary materials for details of pattern creation). The pattern was measured from peafowl double cone images
for each chameleon at successive time points. We analysed each ROI using a fast Fourier bandpass filtering approach [22,26].
This recorded the amount of “energy’ (the standard deviation luminance values of the filtered image) at each spatial scale (size
of pattern) present within the experimental pattern being tested against (measured on a log scale with a multiplier of 1.414
beginning at 2 pixels). In this analysis, the ‘dominant spatial scale’ is the scale represented by the most energy in the ROI from
the background treatment. We then compared the energy difference between the chameleons and the background at this scale
over time to determine the extent to which the chameleons were pattern matching the background. The largest pattern size was
724 pixels, as this value represented the length of the smallest chameleon’s flank. Images were scaled to 18 pixels mm™, and the
average flank portion was 80 + 5 mm in length.

Next, we compared the chameleon pattern spectrum to the background pattern spectrum to assess how they differed in
pattern energy across spatial scales. This is known as the ‘pattern distribution difference’, where a value close to zero denotes
no discernible difference between the chameleon and the background [27]. The ROI on each chameleon’s flank was compared to
the three backgrounds of differing spatial frequency to discern whether chameleons more closely matched the pattern they were
exposed to than the other two.

(f) Statistical analyses

Statistical analyses were undertaken in R 4.2.1 [28]. For both luminance and hue experiments, we used linear mixed effects
models (Imer) from the Ime4 package v. 1.1.30 [29] to measure the hue (comparative colour ratios of short wave, medium wave
and long wave) and luminance of the chameleons in comparison to their backgrounds over time. These models included an
interaction between time and background, e.g. Imer (chameleon colour approx. time x background colour + (1/ID)). Individual
was used as a random effect, and for the colour experiments, trial number was an additional random effect. Full pairwise
comparisons were computed using the emmeans package v. 1.11.0 [30]. The resulting p-values were adjusted for multiple testing
using Benjamini-Hochberg correction from base R [28].

For the pattern experiments, we first tested whether the chameleons increased their expression of the background dominant
spatial frequency over time using a linear mixed-effects model, with the individual as a random effect, e.g. Imer (pattern
energy approx. time x treatment + (11ID)). Finally, we used an ANOVA on the pattern distribution differences to test whether
chameleons’ patterns more closely matched the spatial frequency they were exposed to than other spatial frequencies, running
one ANOVA for green and yellow patterns and one for black and white.

VELOSZOZ *Lz W70 asyeunobioSunsigndbeposefor [l
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Figure 1. Colour discrimination (‘just noticeable difference’) values between chameleon flanks and the background arenas over time, calculated from the avian visual
model. Values of <1 would make the chameleon flank indistinguishable in colour from the background. Lines represent smoothed conditional means with 95%
confidence intervals, created using linear models applied through the geom_smooth function in the ggplot2 R package. Box widths at 0 and 1 min were reduced to
prevent overlap.

3. Results

(a) Hue matching

Chameleons differed in the rate at which they changed colour depending on the background colour they were placed on (model
comparison with interaction with time, X5 = 9.6213, p =0.022, figure 1). Estimated slopes from the linear mixed-effects models are
presented in table 1, and the results of all pairwise comparisons are in table 2. Chameleons changed colour fastest and improved
colour matching most on the yellow background (¢ = -3.935, p < 0.001), and the reduction in the difference between chameleon
and background appeared faster on yellow than both blue-green and yellow-green, although statistically borderline (yellow versus
blue-green contrast; t = —2.517, p = 0.176, yellow-green versus yellow contrast; f =2.571, p = 0.176). The rate of change did not differ
meaningfully when comparing yellow versus orange (t = —0.896, p=0.968) or yellow-green versus blue-green (¢ = —0.079, p = 0.9998).
Chameleons increased their similarity to the orange background over time (¢t = -2.701, p = 0.014), and although this appeared to
happen more quickly than on yellow-green or blue-green backgrounds, neither model suggested a significant effect (orange versus
blue-green contrast; f= —1.666, p=0.514, yellow-green versus orange contrast; t=1.675, p=0.514).

(b) Luminance matching

When placed on a black background, luminance (double cone) values from the flanks of chameleons became significantly
darker over time (t = -3.849, p < 0.001, mean luminance decrease of 23.3%, table 1, figure 1). The darkening was also more
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Table 1. Estimated slopes from the linear mixed-effects models showing changes in chameleon flank colour and brightness over time when placed on the background [ 5 |
treatments. For colour experiments, negative estimates indicate increasing chameleon similarity to the background over time due to decreasing ‘just noticeable
difference’ between chameleon and the background. For luminance experiments (grey, black and white), positive and negative estimates denote lightening and
darkening over time, respectively. Asterisks represent levels of significance from the p-values: *p < 0.05, **p < 0.01, and ***p < 0.001.

background .e. £ lower CL upper CL t-ratio p-value

yellow-green —0.005 0.013 432.965 —0.031 0.021 —0.397 0.778
yeIIow—0052 ............................... oo s o S e Coop
orange—0036 ............................... oo o o oo T e
quegreen—0004 .............................. oo o o e o
grey ................................. oot oy e S s e ha
T S oy s PR P PTT e Cogr
B o o s o e e e

Table 2. Results of the linear mixed-effects model examining the effect of time on chameleon flank similarity to the background during hue experiments. Each model
sets a different background as the reference, and all model pairs were tested. For hue experiments, changes in the ‘just noticeable difference’ between the chameleon
and the background are measured over time. For luminance experiments (grey, black and white), estimates represent a change in the double cone values, signifying
brightness. Significant interactions indicate that the slope over time differs between the experimental background and the reference background. In these cases, the
degree of similarity between the chameleon and the background changes at different rates between the test background and reference. Asterisks represent levels of
significance from the p-values: *p < 0.05, **p < 0.01, and ***p < 0.001.

contrast (test background versus reference) estimate

yellow-green versus yellow 0.047 0.018 432.000 2.571 0.176
yeIIowgreenversusorange ............................................... oo e o e e
yeIIowgreenversusquegreen ...................................... o e e o s
yeIIowversusorange ....................................................... e e o S s
yeIIowversusquegreen ................................................ e e e e e
orangeversusbluegreen ................................................ n T e e T e
greyversusblack ................................................................ oo e oo e
greyversuswhlte ............................................................ o e oo o ws
L o e oo e v

pronounced on the black than on the grey control background (t = 2.975, p = 0.014, table 2, figure 2) or white background (¢t =
-3.816, p = 0.002). When exposed to the white treatment, chameleon luminance values became lighter over time, although this
was not statistically significant (t = 1.545, p = 0.186, mean luminance increase of 20.7%, table 2, figure 2). Chameleons appeared
to lighten more quickly on white than while on the grey control background, although this was not significant (t = -0.984, p =
0.588).

(c) Pattern matching

Chameleons were unable to increase their expression of the dominant pattern size on any of the different spatial frequencies
on different patterned backgrounds nor over time (electronic supplementary material, table S1). Nor did chameleons match
the spatial frequency of the treatment they were exposed to more closely than either of the other two treatments based on the
pattern distribution differences. This was true for the black and white patterned treatments (Fq, 79 = 0.045, p = 0.833) and green
and yellow patterned treatments (Fy, 7o = 0.298, p = 0.587). It is worth noting that chameleons had a lower pattern distribution
difference when compared with the green and yellow backgrounds (range 299-736) than black and white backgrounds (range
2965-3795), suggesting they are significantly better camouflaged in yellow and green environments than black and white ones
when viewed by the avian predator.

4. Discussion

Our results demonstrate facultative crypsis in flap-necked chameleons in the absence of a predatory stimulus. Colour change
occurred against black, orange and yellow backgrounds, but against white, it was statistically borderline. Chameleons did not
change significantly to match the blue-green or yellow-green backgrounds, although they were an excellent colour match to
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Figure 2. Double cone values of chameleon flanks over time when placed on either grey, black or white arenas, calculated from the avian visual model. Double cones
mediate achromatic discrimination in birds, and a reduction or increase in the double cone value denotes the darkening and lightening of the subject, respectively [16].
Lines represent smoothed conditional means with 95% confidence intervals, created using linear models applied through the geom_smooth function in the ggplot2 R
package. Box widths at 0 and 1 min were reduced to prevent overlap.

these backgrounds already. There was no discernible alteration in their appearance to suggest an effort to match patterned
backgrounds.

The ability to change colour has likely evolved as a means for chameleons to maintain their camouflage as they move
through heterogeneous patches of habitat [31]. Flap-necked chameleons are found in areas of mixed vegetation with distinct wet
and dry seasons. These comprise grasses, bushes and trees, and chameleons also spend time on the ground [20], so an ability
to alter their appearance in accordance with their perch or substrate type would likely convey a survival advantage [11,20].
Indeed, ground and vegetation colour influence variation in the colour of chameleon flanks between populations of C. dilepis
in South Africa [18], but whether this is due to individual colour change or interpopulation variation is unclear. While it has
been suggested that flap-necked chameleons exhibit different coloration between wet and dry seasons to match green or brown
foliage [20], our study found evidence for physiological colour change over a period of minutes, allowing chameleons to swiftly
increase their similarity to the background.

Despite their famed abilities, it is unlikely that chameleons can match a wide variety of background colours. Common
chameleons turn brown or green depending on the bush they are inhabiting, but do not match off-white, yellow or blue
backgrounds [7]. Similarly, rock gobies (Gobius paganellus) can only match certain colours, and they compensate behaviourally
by choosing substrates they can match [32]. In our study, yellow, and to a lesser extent orange, may be the most biologically
relevant colours for flap-necked chameleons to match that we tested. It is also possible that because some of the colours were
already very close to the chameleon’s colour, they did not elicit a significant colour change. The discrimination values for
blue-green and yellow-green were both less than three at the beginning of trials (figure 1). Future studies should carefully
consider relevant colours for these species to try and replicate, and since there is evidence for changes to brown in both
flap-necked and common chameleons, it would represent a logical starting point for further investigation. In addition, while
the importance of colour change for communication is strongly supported, investigating when colour change is prioritized for
communication, crypsis or thermoregulation, or whether colour and patterning may change over a range of more complex
backgrounds will continue to prove fruitful. While we did not find evidence of pattern-matching in flap-necked chameleons,
it is possible that our experimental treatments did not elicit this behaviour or that pattern changes take place over longer time
periods than our 21 min trials.

Chameleons are energy-conservative animals [5,33], and it is widely assumed that there are energetic costs associated with
colour change [34]. High physiological effort may, therefore, be an explanation for chameleons not constantly matching their
background as closely as possible [4]. Other colour-changing animals will minimize energy expenditure by avoiding colour
change unless necessary [35], and it may often be more cost-effective for chameleons to move rather than match a background.
Future work should investigate the rate-dependent metabolic costs of colour change [35,36], and how the rates of colour change
link to temporal perception thresholds in predators and conspecifics. Our documentation of flap-necked chameleons using
facultative crypsis to match both hue and brightness adds to our understanding of the ecology of this charismatic group of
lizards and highlights the remaining gaps in our knowledge of colour-changing terrestrial vertebrates.
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Downloaded from https://royal societypublishing.org/ on 20 November 2025

Ethics. All work was conducted under approval from the University of Exeter ethics committee (application number: 517976).
Data accessibility. All data and code [37] and supplementary materials [38] are available online from the figshare repository.
Declaration of Al use. We have not used Al-assisted technologies in creating this article.
Authors” contributions. T.M.: data curation, formal analysis, investigation, methodology, visualization, writing—original draft, writing—review
and editing; A.C.H.: data curation, formal analysis, investigation, methodology, writing—original draft, writing—review and editing;
J.S.: conceptualization, methodology, project administration, resources, supervision, writing—review and editing; M.A.C.: investigation,
project administration, resources, writing—review and editing; M.S.: conceptualization, data curation, investigation, methodology, project
administration, supervision, writing—review and editing; J.T.: conceptualization, data curation, formal analysis, investigation, methodology,
project administration, supervision, validation, visualization, writing—original draft, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. Funding was provided by the University of Exeter and a European Research Council Consolidator Grant (grant no. 309249) to M.A.C.
Acknowledgements. We thank Adrian Watson for the use of the labs in the Environment and Sustainability Institute, Penryn. We also thank Dr Lina
Arenas, Dr Sam Smithers, Dr Emmanuelle Briolat and Dr Sara Mynott for their invaluable help with the methodology. We are also grateful for
the support of Peregrine Livefoods for providing us with subsidized food and equipment for our chameleons. Finally, we thank two anonymous
reviewers for their thorough and useful reviews.

References

1. Stevens M, Lown AE, Denton AM. 2014 Rockpool gobies change colour for camouflage. PLoS One 9, €110325. (doi:10.1371/journal.pone.0110325)

2. Kelso EC, Verrell PA. 2002 Do male veiled chameleons, Chamaeleo calyptratus, adjust their courtship displays in response to female reproductive status? Ethology 108, 495-512.
(doi:10.1046/}.1439-0310.2002.00789.x)

3. Stuart-Fox D, Whiting MJ, Moussalli A. 2006 Camouflage and colour change: antipredator responses to bird and snake predators across multiple populations in a dwarf chameleon.
Biol. J. Linn. Soc. 88, 437—-446. (doi:10.1111/j.1095-8312.2006.00631.x)

4. Stuart-Fox D, Moussalli A, Whiting MJ. 2008 Predator-specific camouflage in chameleons. Biol. Lett. 4, 326—329. (doi:10.1098/rshl.2008.0173)

5. Ligon RA, McGraw KJ. 2013 Chameleons communicate with complex colour changes during contests: different body regions convey different information. Biol. Lett. 9, 20130892.
(doi:10.1098/rshl.2013.0892)

6.  Tolley KA, Herrel A. 2014 The biology of chameleons, 1st edn. Los Angeles, CA: University of California Press.

7. Keren-Rotem T, Levy N, Wolf L, Bouskila A, Geffen E. 2016 Male preference for sexual signalling over crypsis is associated with alternative mating tactics. Anim. Behav. 117, 43—49.
(doi:10.1016/j.anbehav.2016.04.021)

8. Andrews RM. 2008 Lizards in the slow lane: thermal biology of chameleons. J. Therm. Biol. 33, 57—61. (doi:10.1016/j.jtherbio.2007.10.001)

9. Bennett AF. 2004 Thermoregulation in African chameleons. Int. Congr. Ser. 1275, 234-241. (doi:10.1016/.ics.2004.09.035)

10. Hebrard J, Reilly S, Guppy M. 1982 Thermal ecology Chamaeleo hoehnelii and Mobuya varia in the Aberdare mountains: constraints of heterothermy in an alpine habitat. J. East Afr.
Nat. Hist. Soc 176, 1-6.

11. Walton BM, Bennett AF. 1993 Temperature-dependent color change in Kenyan chameleons. Physiol. Zool. 66, 270—287. (doi:10.1086/physzool.66.2.30163690)

12.  Duarte RC, Flores AAV, Stevens M. 2017 Camouflage through colour change: mechanisms, adaptive value and ecological significance. Phil. Trans. R. Soc. B 372, 20160342. (doi:10.
1098/rsth.2016.0342)

13.  Butler MA. 2005 Foraging mode of the chameleon, Bradypodion pumilum: a challenge to the sit-and-wait versus active forager paradigm? Biol. J. Linn. Soc. 84, 797-808. (doi:10.
1111/}.1095-8312.2005.00465.x)

14.  Drown RM, Liebl AL, Anderson CV. 2022 The functional basis for variable antipredatory behavioral strategies in the chameleon Chamaeleo calyptratus. J. Exp. Biol. 225, b242955.
(doi:10.1242/jeb.242955)

15. Whiting MJ, Holland BS, Keogh JS, Noble DWA, Rankin KJ, Stuart-Fox D. 2022 Invasive chameleons released from predation display more conspicuous colors. Sci. Adv. 8, n2415. (doi:
10.1126/sciadv.abn2415)

16.  Osorio D, Vorobyev M. 2005 Photoreceptor spectral sensitivities in terrestrial animals: adaptations for luminance and colour vision. Proc. R. Soc. B. 272, 1745-1752. (doi:10.1098/
rspb.2005.3156)

17.  Stuart-Fox D, Moussalli A, Whiting MJ. 2007 Natural selection on social signals: signal efficacy and the evolution of chameleon display coloration. Am. Nat. 170, 916-930. (doi:10.
1086/522835)

18.  Keren-Rotem T et al. 2024 Genetic and behavioural factors affecting interpopulation colour pattern variation in two congeneric chameleon species. R. Soc. Open Sci. 11, 231554.
(doi:10.1098/rs05.231554)

19. Dollion AY, Meylan S, Marquis 0, Leroux-Coyau M, Herrel A. 2022 Do male panther chameleons use different aspects of color change to settle disputes? Sci. Nat. 109, 13. (doi:10.
1007/500114-022-01784-y)

20. Hebrard J, Madsen T. 1984 Dry season intersexual habitat partitioning by flap-necked chameleons (Chamaeleo dilepis) in Kenya. Biotropica 16, 69-72.

21, HartNS. 2002 Vision in the peafowl (Aves: Pavo cristatus). J. Exp. Biol. 205, 3925-3935. (doi:10.1242/jeb.205.24.3925)

22. Troscianko J, Stevens M. 2015 Image calibration and analysis toolbox—a free software suite for objectively measuring reflectance, colour and pattern. Methods Ecol. Evol 6, 1320~
1331. (doi:10.1111/2041-210x.12439)

23.  Vorobyev M, Osorio D, Bennett ATD, Marshall NJ, Cuthill IC. 1998 Tetrachromacy, oil droplets and bird plumage colours. J. Comp. Physiol. 183, 621-633. (doi:10.1007/
$003590050286)

24, Stevens M, Lown AE, Wood LE. 2014 Color change and camouflage in juvenile shore crabs Carcinus maenas. Front. Ecol. Evol. 2. (doi:10.3389/fev0.2014.00014)

25, Siddigi A, Cronin TW, Loew ER, Vorobyev M, Summers K. 2004 Interspecific and intraspecific views of color signals in the strawberry poison frog Dendrobates pumilio. J. Exp. Biol.
207, 2471-2485. (doi:10.1242/jeb.01047)

26. Stoddard M, Stevens M. 2010 Pattern mimicry of host eggs by the common cuckoo, as seen through a bird’s eye. Proc. R. Soc. B277, 1387-1393. (doi:10.1098/rspb.2009.2018)

27. Troscianko J, Wilson-Aggarwal J, Stevens M, Spottiswoode CN. 2016 Camouflage predicts survival in ground-nesting birds. Sci. Rep. 6, 19966. (doi:10.1038/srep19966)

28. R Core Team. 2022 R: a language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing.

veL0S207 12 Tiog  (osyewnobiobugsiandhaposedor [


http://dx.doi.org/10.1371/journal.pone.0110325
http://dx.doi.org/10.1046/j.1439-0310.2002.00789.x
http://dx.doi.org/10.1111/j.1095-8312.2006.00631.x
http://dx.doi.org/10.1098/rsbl.2008.0173
http://dx.doi.org/10.1098/rsbl.2013.0892
http://dx.doi.org/10.1016/j.anbehav.2016.04.021
http://dx.doi.org/10.1016/j.jtherbio.2007.10.001
http://dx.doi.org/10.1016/j.ics.2004.09.035
http://dx.doi.org/10.1086/physzool.66.2.30163690
http://dx.doi.org/10.1098/rstb.2016.0342
http://dx.doi.org/10.1098/rstb.2016.0342
http://dx.doi.org/10.1111/j.1095-8312.2005.00465.x
http://dx.doi.org/10.1111/j.1095-8312.2005.00465.x
http://dx.doi.org/10.1242/jeb.242955
http://dx.doi.org/10.1126/sciadv.abn2415
http://dx.doi.org/10.1098/rspb.2005.3156
http://dx.doi.org/10.1098/rspb.2005.3156
http://dx.doi.org/10.1086/522835
http://dx.doi.org/10.1086/522835
http://dx.doi.org/10.1098/rsos.231554
http://dx.doi.org/10.1007/s00114-022-01784-y
http://dx.doi.org/10.1007/s00114-022-01784-y
http://dx.doi.org/10.1242/jeb.205.24.3925
http://dx.doi.org/10.1111/2041-210x.12439
http://dx.doi.org/10.1007/s003590050286
http://dx.doi.org/10.1007/s003590050286
http://dx.doi.org/10.3389/fevo.2014.00014
http://dx.doi.org/10.1242/jeb.01047
http://dx.doi.org/10.1098/rspb.2009.2018
http://dx.doi.org/10.1038/srep19966

Downloaded from https://royal societypublishing.org/ on 20 November 2025

29.
30.
31
32.
33.
34.
35.
36.

37.

38.

Bates D, Mdchler M, Bolker B, Walker S. 2015 Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 67, 1-48. (doi:10.18637/js5.v067.i01)

Lenth RV et al. 2025 emmeans: Estimated marginal means, aka Least-squares means. R package version 1.11.0. https://CRAN.R-project.org/package=emmeans

Smith KR, Cadena V, Endler JA, Kearney MR, Porter WP, Stuart-Fox D. 2016 Color change for thermoregulation versus camouflage in free-ranging lizards. Am. Nat. 188, 668—678.
(doi:10.1086/688765)

Smithers SP, Rooney R, Wilson A, Stevens M. 2018 Rock pool fish use a combination of colour change and substrate choice to improve camouflage. Anim. Behav. 144, 53—65. (doi:
10.1016/j.anbehav.2018.08.004)

Anderson CV, Deban SM. 2010 Ballistic tongue projection in chameleons maintains high performance at low temperature. Proc. Nat/ Acad. Sci. USA 107, 5495-5499. (doi:10.1073/
pnas.0910778107)

Sonner SC, Onthank KL. 2024 High energetic cost of color change in octopuses. Proc. Nt Acad. Sci. USA 121, €2408386121. (doi:10.1073/pnas.2408386121)

Alfakih A, Watt PJ, Nadeau NJ. 2022 The physiological cost of colour change: evidence, implications and mitigations. J. Exp. Biol. 225, b210401. (doi:10.1242/jeb.210401)

Zari TA. 1993 Effects of body mass and temperature on standard metabolic rate of the desert chameleon Chamaeleo calyptratus. J. Arid Environ. 24, 75-80. (doi:10.1006/jare.1993.
1006)

Major T, Hesten AC, Stipala J, Cant MA, Stevens M, Troscianko J. 2025 Data from: Flap-necked chameleons change colour to match their background. Figshare. (doi:10.6084/m9.
figshare.28588874)

Major T, Hesten AG, Stipala J, Cant MA, Stevens M, Troscianko J. 2025 Supplementary material from: Flap-necked chameleons change colour to match their background. Figshare.
(doi:10.6084/m9.figshare.29064968)

veL0S207 12 Tio  fosyewnobiobugsiandhzposedor [


http://dx.doi.org/10.18637/jss.v067.i01
https://CRAN.R-project.org/package=emmeans
http://dx.doi.org/10.1086/688765
http://dx.doi.org/10.1016/j.anbehav.2018.08.004
http://dx.doi.org/10.1073/pnas.0910778107
http://dx.doi.org/10.1073/pnas.0910778107
http://dx.doi.org/10.1073/pnas.2408386121
http://dx.doi.org/10.1242/jeb.210401
http://dx.doi.org/10.1006/jare.1993.1006
http://dx.doi.org/10.1006/jare.1993.1006
http://dx.doi.org/10.6084/m9.figshare.28588874
http://dx.doi.org/10.6084/m9.figshare.28588874
http://dx.doi.org/10.6084/m9.figshare.29064968

	Flap-necked chameleons change colour to match their background
	1. Introduction
	2. Material and methods
	(a) Data collection
	(b) Photographic capture and analysis
	(c) Predator vision model
	(d) Luminance and hue analysis
	(e) Pattern analysis
	(f) Statistical analyses

	3. Results
	(a) Hue matching
	(b) Luminance matching
	(c) Pattern matching

	4. Discussion


