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ABSTRACT 

Variation in animal colouration is attributed to several biological functions, a key one 

being camouflage. Background-matching is a camouflage strategy where prey conceal 

themselves from predators by resembling their immediate backgrounds. Achieving 

optimal background-matching can be challenging, particularly in 1) visual backgrounds 

that form a mosaic caused by spatial variations in habitat characteristics, and 2) varying 

predator abundance or behaviour. Additionally, crypsis can be affected by alternative and 

potentially antagonistic functions, such as intraspecific signalling and thermoregulation. 

This thesis aimed to investigate the selective processes that affect prey colouration for 

background-matching in a heterogeneous environment. Specifically, I focused on the 

influence of habitat gradients, predator behaviour, and the potential conflict between 

camouflage requirements and thermoregulation or intraspecific signalling. Firstly, I 

conducted a detailed survey on the colour and colour patterns of a wild shore skink 

population (Oligosoma smithi) within a continuous heterogeneous habitat at T¢wharanui 

Regional Park. This population’s body colouration showed a significant association with a 

vegetation gradient, consistent with selection for background-matching. However, field 

experiments also revealed that predation risk for the more common colour pattern 

variants was double that of the rarer variant’s regardless of background type, consistent 

with predictions for apostatic selection (negative frequency-dependent selection). 

Secondly, I demonstrated that population colouration can respond to a change of habitat. 

One year after a translocation of shore skinks to an island habitat with a disjunct two-

patch background, the population’s colours matched the simple substrate type (bare rocky 

stones) more than the complex substrate (high vegetation cover on sand). Skinks were 

darker, less intense in colour, and had lower colour pattern diversity compared to the 

founder and source populations at T¢wharanui. This study highlighted the potential 

significance of considering camouflage requirements of a species in human-induced 

translocations. Thirdly, in an analysis of seasonal effects to camouflage, I found no 

evidence that background-matching in the T¢wharanui population was compromised by 

differences in body colours between breeding and non-breeding seasons. This is likely 

because colours associated with intraspecific signalling (i.e. that exhibited age-

dependence and sexual dichromatism) were located in the ventral body regions of skinks 

that would typically be hidden from predators. Finally, across 17 populations, shore skink 

colouration showed patterns of spatial variation consistent with thermal melanism 

(thermoregulation) and island syndrome. Despite the strong correlation of maximum 
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monthly temperature on colours and latitude on colour patterns, I suggest that the 

significantly darker island populations were caused by a combination of local adaptation 

(i.e. crypsis) and non-selective forces (e.g., genetic drift). Overall, my thesis provides new 

insight on how different selection processes maintain dramatic colouration within a 

species, and marks the first quantitative research on colouration in New Zealand reptiles. 
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1 INTRODUCTION 

Typically we expect that under Darwinian natural selection, populations will express an 

optimal adaptive phenotypic state for any given characteristic. However, multiple 

phenotypes often occur within a single population. Body colouration is one example of a 

phenotypic trait that exhibits dramatic variation in many taxa (e.g., Bergstrom et al. 2012; 

Hanlon 2007; Lacey et al. 2010; Stuart-Fox et al. 2007). Variation in colour and colour 

patterns can occur continuously (e.g., different levels of intensities in feather or skin 

colour; Bergman and Beehner 2008; Chavez and Kenagy 2014; Tibbetts and Dale 2007) or 

as discrete morphs (e.g., distinct colour or colour patterns; Pérez i de Lanuza and Font 

2015; Soria-Carrasco et al. 2014; Tate et al. 2016; Teasdale et al. 2013) across small or 

large spatial (e.g., between microhabitats, or large geographic distribution) and time 

scales (i.e. colour can vary rapidly within seconds to hours, or over days or months). The 

function and mechanism on how such multiple colouration states within a population or 

species arise have long fascinated many behavioural and evolutionary scientists. 

In ectotherms such as lizards, body colouration are influenced by three major biological 

functions: concealment from predators, intraspecific signalling, and thermoregulation 

(Chen et al. 2012; Clusella-Trullas et al. 2007; Pearson 1977; Pérez i de Lanuza et al. 2013; 

Stevens and Merilaita 2011; Stuart-Fox et al. 2006; Stuart-Fox et al. 2004). Each of these 

biological functions can favour different phenotypes to increase overall population fitness. 

In the first function for colouration, the most common approach for lizards to conceal 

themselves from predators is via visual camouflage (Stevens and Merilaita 2011). This 

natural selection for camouflage favours prey colour and colour patterns that blend to 

their surroundings to reduce predator detection. In contrast, sexual selection for 

intraspecific signalling can produce conspicuous colouration to increase detection, and 

attract conspecifics to breed (Cooper Jr. and Greenberg 1992). Finally, lizards can use dark 

colouration (i.e. thermal melanism) to increase absorption of solar radiation for heat, and 

therefore, maintain their body thermoregulation (Clusella-Trullas et al. 2007). These 

functions are not mutually exclusive, and depending on the species, can either 

complement or be antagonistic with one another. 

1.1 Camouflage: concealment from predators 

Concealment via visual camouflage is the most common function for colour adaptation, 

particularly for prey species to avoid detection and recognition by predators (Stevens and 
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Merilaita 2011). Stevens and Merilaita (2009) defined several strategies of visual 

camouflage, broadly categorised in two main forms: 1) crypsis or preventing detection 

(e.g., background-matching, disruptive colouration, self-shadow concealment); and 2) 

preventing recognition even when presence is detected (i.e. masquerade, motion dazzle, 

motion camouflage). Crypsis, especially background-matching, is one of the more basic 

and ubiquitous strategies, and will be the focus of this thesis. Background-matching, 

defined by Endler (1978, 1984), is achieved by prey resembling a random sample of the 

background that it is normally seen in by its predators. This selection is maximised over 

space and time, which should result in a highly accurate matching in colour and colour 

patterns between prey and its background. In many cases however, optimal background-

matching does not occur in natural populations — instead we usually see a wide variation 

of cryptic colouration within a species and also within a population. 

Merilaita et al. (2001; 1999) and Houston et al. (2007) suggested that prey colouration 

will occur within a specialisation-compromise continuum if their environments are 

composed of two or more distinct habitat types (either in colour, structure or complexity). 

Prey will either adapt to favour specialisation to match one of the distinct patch types 

(specialist), or alternatively display a compromised phenotype that matches general 

characteristics of several patch types (generalist)(Merilaita and Dimitrova 2014). Such 

compromise represents a trade-off that can be influenced by three aspects: i) the 

differences in visual colour, structure and complexity of the habitat patches; ii) predator 

density, visual system and behaviour; and iii) the prey’s biological ability to adapt to the 

environment. 

Firstly, the degree of disparity in colour, structure and complexity between habitat 

patches can affect the diversity of colour and colour pattern variants, and their 

background-matching in a prey population. Much research have shown that within 

disjunct two-patch type habitat (e.g., green vs. brown, or uniform vs. complex 

backgrounds), prey matched more to one patch over the other, resulting in disruptive 

selection for colour patterns within population (e.g., Bond and Kamil 2006; Houston et al. 

2007; Merilaita et al. 2001; Morey 1990; Nilsson and Ripa 2010). In particular, simple 

habitats generally favour selection for optimal background-matching, so populations in 

these backgrounds would show low variation in colour and colour patterns. In contrast, 

complex environments are less stringent on the degree of background-matching because 

the high level of visual noise from background patterning should afford sufficient 

protection for different variants from predator detection (Merilaita 2003; Merilaita and 

Dimitrova 2014).  
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Less research have been done on investigating population colouration within more 

continuous mixed habitat types, where these backgrounds form a continuum in colour, 

structure or complexity (e.g., a vegetation gradient across a sand dune). Particularly, more 

studies using natural systems are needed to substantiate predictions from theoretical 

modelling and studies using virtual environments on background-matching in continuous 

heterogeneous habitats (Houston et al. 2007; Merilaita et al. 2001; Merilaita et al. 1999). 

For example, where do prey population living in continuous heterogeneous habitat fit 

within the specialise-compromise continuum of background-matching? Do generalists 

vary in levels of conspicuousness within the habitat’s various backgrounds? I explored 

these questions of background-matching in heterogeneous habitats in Chapter 2 and 

Chapter 3. 

Secondly, predator diversity, intensity, and behaviour can strongly influence the degree of 

background-matching of prey (e.g., Bond 2007; Calsbeek and Cox 2012; Endler 1978; 

Stuart-Fox et al. 2008; Troscianko et al. 2013). Different types of predators will have 

different visual acuities or colour visions that can affect how prey colouration is perceived 

in its environment (Bowmaker 1998; Defrize et al. 2010; Kelber et al. 2003; Lind and 

Kelber 2009; Osorio et al. 1999; Théry et al. 2004). For example, snakes and birds differ in 

their colour discrimination, and rapid colour-changing chameleons have been shown to 

exhibit different colour responses depending on whether they are exposed to avian or 

snake predators (Stuart-Fox et al. 2008). Bird predators often have high colour 

discrimination and acuity (Aidala et al. 2012; Olsson et al. 2015), so in general these 

predator types select for accurate background-matching in prey. High intensity of 

predation on a population may also promote accurate background-matched colouration 

(Endler 1978). Lastly, predators are capable of learning and optimising their search for 

cryptic prey (Bond 1983; Bond 2007; Troscianko et al. 2009). For example, predators can 

use search images to optimise their detection for highly cryptic prey, and impose another 

selective pressure, apostatic selection, onto the prey population (Bond 2007; Merilaita and 

Dimitrova 2014). This negative frequency-dependent selection favours survival of rare 

variants, and has been linked to the maintenance of high variation in population 

colouration (Bond and Kamil 2002, 2006; Merilaita 2006). However, few data have 

compared these two selective processes (crypsis and apostatic selection) in wild 

populations, and the visual cues for detecting cryptic prey (e.g., colour vs. colour pattern) 

are often unclear. For my study, I approached this knowledge gap by experimentally 

testing the predation risk of different colour patterns observed in a naturally occurring 

prey population (Chapter 4). 
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The third aspect that can influence background-matching in a heterogeneous habitat is the 

prey species’ ability to adapt to their environment (Bergstrom et al. 2012; Cortesi et al. 

2015; Tyrie et al. 2015; Westley et al. 2013). For example, a lack of genetic variation or 

heritability could reduce the range of phenotypes, and thus the population’s capability to 

adapt or spread to available neighbouring habitat (Morgans and Ord 2013; Westley et al. 

2013). Even different variants within a population or species can have different strategies, 

survivorship or thermoregulatory needs that can affect their spatial and temporal 

distribution (Allen et al. 2013; Chapple et al. 2008; Forsman and Shine 1995; Halperin et 

al. 2017; King 2003; Tanaka 2005). Furthermore, prey may be adaptive behaviourally to 

respond to changes in their environments. Several species can actively choose background 

colours to match their body colouration (Cooper Jr. and Sherbrooke 2012; Gilis 1982; 

Kang et al. 2013; Karpestam et al. 2012; Merilaita et al. 1999), and some can even 

orientate their body positions on their background until crypsis is optimised (Kang et al. 

2014; Kang et al. 2012), while others elicit facultative camouflage where they can change 

colour over time to conceal themselves from visual predators (see below, on physiological 

and morphological colour changes). 

1.2 Conflicting signals: camouflage, thermoregulation and 
intraspecific signalling 

Thermoregulation is important for the maintenance of body functions such as digestion, 

egg production, locomotion, and growth rate. That is, it critically affects an animal’s 

survival and reproductive success (Cooper Jr. and Greenberg 1992; Girons 1980; Norris 

and Kunz 2012; Pearson 1977; Rowe et al. 2016). For ectotherms, variation in body 

colouration may represent a selection for thermal melanism (Bittner et al. 2002; Clusella-

Trullas et al. 2008; Clusella-Trullas et al. 2007; Tanaka 2009). The thermal melanism 

hypothesis predicts that dark-pigmented individuals have an advantage over light-

pigmented individuals during low temperature conditions because darker colours can 

increase the rate of absorption of solar radiation. (Clusella-Trullas et al. 2007). Clusella-

Trullas et al. (2007) found strong support for two predictions of the hypothesis: 1) dark-

coloured species will occupy cooler areas compared to light-coloured species because the 

ability to increase body temperature faster will provide an advantage over species that are 

not melanistic; and 2) melanism increases fitness in cold climates, due to its higher 

efficiency in attaining preferred body temperature and performance. Thermal melanism 

may complement the need for camouflage, particularly if the local habitat colour coincides 

with local climate (e.g., cold, rainy forest habitats are darker compared to warm white 

sandy beaches). 
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For intraspecific signalling, there are different kinds of information that colour-based 

signals can broadcast, including individual quality, attractiveness, social or breeding 

status, kinship, sex or species recognition (Cooper Jr. and Greenberg 1992; Dale 2006; Fox 

et al. 2003). Therefore, most colouration for intraspecific signalling functions to attract 

attention of conspecifics, while colouration for camouflage serves to avoid detection. As a 

consequence, intraspecific signalling may carry a high cost to fitness, with higher risk of 

exposure to predator detection. Given this, then how do lizards adapt colouration to fit the 

need for complex visual intraspecific signalling or thermoregulation while simultaneously 

concealing themselves from predators? In general, there are two basic strategies, and both 

potentially reflect a compromise (i.e. trade-off) between survival and reproductive 

success. 

First there is compelling evidence for colour division on the body regions of lizards to suit 

the opposing functions for crypsis versus intraspecific signalling. For example, the high 

complexity of colouration in male Australian dragon lizards (Ctenophorus spp.) was 

attributed to social signalling, but the males still had some level of compromise for both 

camouflage and intraspecific signalling by body colour partitioning (Chen et al. 2012). The 

dorsal regions of the body ‘exposed’ to visual predators were found to be more cryptic 

than the hidden body regions. In addition, the level of contrast to the background can also 

differ between sexes, where females are generally more cryptic than males (Runemark et 

al. 2010; Stuart-Fox et al. 2004; Stuart-Fox and Ord 2004). The energetic cost of this 

strategy in body colour partitioning should be low (cf. physiological colour change, below) 

and is likely widespread in many species (Norris and Lowe 1964). 

An alternative strategy for potential trade-off between camouflage and the other two 

functions is the ability to change colour. Colour change can be observed either through 

‘morphological colour change’, which can occur over days to months, or via ‘physiological 

colour change’ that occurs rapidly within seconds to hours (Cooper Jr. and Greenberg 

1992; Fan et al. 2014; Hanlon 2007; Kang et al. 2016; Stuart-Fox et al. 2008) The most 

common research is on physiological colour change (Hanlon 2007; Josef et al. 2012; 

Stuart-Fox and Moussalli 2009; Wente and Phillips 2003; Zylinski et al. 2011). For 

example, physiological colour change in chameleon species occurs dramatically and 

rapidly for both intraspecific signalling and concealment from visual predators (Stuart-

Fox et al. 2008; Stuart-Fox et al. 2006). Less dramatic physiological colour changes (e.g., 

change from light to dark) is also observed in many other lizard species, including 

nocturnal animals (e.g., Fulgione et al. 2014; Hernández-Gallegos and Domínguez-Vega 

2012; Ito et al. 2013; Zucker 1989). 
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Morphological colour change is common in many species, where individuals are 

conspicuous during the breeding and more cryptic during the non-breeding seasons 

(Cooper Jr. and Greenberg 1992). This seasonal colour change will ensure maximum use of 

colour for mate attraction during the breeding season, and a reduced probability of being 

detected by predators outside the breeding season. Few studies have quantified this, and 

in this thesis (Chapter 3) my study site provided the opportunity to monitor colour 

pattern changes not only on a spatial scale but also across time. 

1.3 Geographical variation in colour among populations 

Body colouration can exhibit population-level variation, where evolutionary forces such as 

natural selection, gene flow, founder effects and genetic drift result in phenotypic 

variation across different populations (Brakefield 1990; McLean and Stuart-Fox 2014). At 

a geographic scale, there are two predictions for selection for thermoregulation and 

crypsis. First, large spatial positional gradients (latitude, elevation) and environmental 

conditions (e.g., temperature, humidity, solar radiation, predator type and pressure) will 

affect geographic colour variation for thermal melanism. Here, we expect populations will 

be darker at colder climates or at higher latitudes to increase thermoregulatory efficiency 

(Castella et al. 2013; Clusella-Trullas et al. 2007; Fielding and Defoliart 2005; Fischer and 

Lindenmayer 2005; Lacey et al. 2010). Second, selection for crypsis predicts that body 

colour within a population will be more similar to the local habitat (local adaptation for 

crypsis) compared to another population in a different habitat type (Brown and Thorpe 

1991; Gvoādík 1999; Macedonia et al. 2003). Therefore, these naturally-selected 

phenotypic traits among populations will co-vary with the level of environmental 

heterogeneity among populations (Brown et al. 1991; Dale 2006; Thorpe 1991). In 

addition, we also expect body patterns to undergo a similar selective pressure for local 

adaptation (Allen et al. 2015; Bechtel 1978; Chapple et al. 2008; Dimitrova and Merilaita 

2014). 

However, observed body colour variation does not always indicate functional adaptation. 

Non-selective forces such as genetic drift and founder effects can cause stochastic 

fluctuations of a population’s phenotypes. These random, non-selective forces occur 

within all populations (Runemark et al. 2010) but are most influential in smaller 

populations (Gray and McKinnon 2006). Populations in insular systems (e.g., islands) are 

likely to undergo genetic drift, especially if the founder population size is low, resulting in 

observed higher variance between populations, and lower variance within populations 

(Brakefield 1990; King 1988; Runemark et al. 2010; Uy and Vargas-Castro 2015). 
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These evolutionary forces are not mutually exclusive, and so I expect that observe 

variation among populations will be the outcome of a combination of processes. In 

Chapter 5, I look at the degree of influence that both camouflage and thermoregulation 

may have on the geographical variation of colour patterns among populations. 

1.4 Oligosoma smithi as a model species 

 The shore skink, Oligosoma smithi, is endemic to 

New Zealand, listed as “Not Threatened” under 

the Department of Conservation of New Zealand 

(DOC) Threatened List (Hitchmough et al. 2010) 

and is managed under the Oligosoma spp. 

Recovery Plan (Towns et al. 2002). This diurnal, 

active species has a wide geographic 

distribution, covering the northern coasts of the 

mainland North Island, and includes offshore 

islands (Figure 1; Towns et al. 2002). Despite 

being restricted to the coast, shore skink can 

still be found between 20 Ϋ 100 m (up to 2 km 

inland) from the high tide, occurring over highly 

disturbed, heterogeneous habitats (sand dunes, 

rocky stone beaches, vegetation scrub; Baling et 

al. 2016; Towns et al. 2002). This species 

matures relatively fast (in two years) and produces 2 Ϋ 6 offspring per clutch annually in 

the beginning of the year, peaking in February (M. Baling unpublished data). 

 

Shore skinks have amongst the greatest variations in colour and colour pattern New 

Zealand skinks (Figure 2; Hardy 1977). There is continuous colouration within and among 

populations, but there are also populations that consist of only dark-coloured individuals, 

Figure 2. Example of shore skink colouration. 

Figure 1. Geographic distribution of the
shore skink, Oligosoma smithi (Towns et al.
2002) 
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particularly on islands (McCallum 1980, 1982; Towns 1972; Towns and Hayward 1973). 

The dorsal colour variation seems to coincide with habitat types; pale skinks found in pale 

sand dunes, speckled and dark (sometimes with green structural colours) individuals in 

vegetation, and uniform, dark-coloured skinks in dark boulder or stone gravel beaches; all 

indicating the traits’ potential role for crypsis. The ventral body region also exhibit 

colouration from pale white to orange-brown within the species, and is present in both 

sexes, and to some extent in juveniles (pers obs; Hardy 1977; Hare et al. 2008). 

 

A phylogeograhic study has split shore skinks into two main clades (Figure 3); the first is 

the western population (Three Kings and the western Northland coastline of North Island) 

and the second clade is the eastern population consisting of three subclades (eastern 

coastline covering Northland, Auckland, and its surrounding regions, East-Coast Bay of 

Plenty) (Hare et al. 2008). A third clade was identified and is a different species, O. 

microlepis, the small-scaled skink. This species occurs in very different locations to shore 

skinks: in the middle of North Island Central Plateau. Hare et al. (2008) suggested the 

sister lineage to O. microlepis may have been a recent split from shore skink that occurred 

during the North Island submergence in the Pliocene period. The authors also suggested 

that that shore skink may constitute a species complex; however, taxonomy for the new 

species (western shore skink) has not been resolved. 

Overall, shore skink is an ideal model species due to the characteristics that matches the 

intent of the study: i) it has a relatively wide geographic distribution, ii) high variation in 

Figure 3. Shore skink phylogeny consisting of two clades. Clade 1 (blue) and 2 (red) are shore 
skinks and the third clade (yellow) is another species, small-scaled skink, O. microlepis. 
Adapted from Hare et al. (2008) 
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colour patterns, iii) relatively fast breeding and rate of maturation, iv) accessibility to 

many populations; and v) availability of recent phylogenetic data. The functional 

significance for colour patterns in the shore skinks was unknown and unquantified, so as 

with many other New Zealand reptiles. 

1.5 Aims and objectives 

I investigated the function and evolution of body colouration in a highly variable lizard 

species. In particular, I focused on the selective processes that may affect colouration for 

crypsis (background-matching), and the degree of influence the interactions between 

camouflage and the other two biological functions (thermoregulation and intraspecific 

signalling) have on the expression of colour and colour patterns. My objectives are to: 

1. Test two factors that can influence effective background-matching in continuous 

heterogeneous habitat: i) habitat colour, structure and complexity; and ii) 

predation risk on colour pattern variants. 

2. Determine variation in colouration and background-matching of a population 

following translocation to a disjunct two-patch habitat type. 

3. Investigate if there is a trade-off between the need for crypsis and intraspecific 

signalling in population colouration over a spatial and temporal scale. 

4. Determine the degree of influence thermal melanism and crypsis have on the 

geographic body colouration among populations. 

1.6 Thesis structure and outline 

This thesis is structured as ‘PhD by Publication’, where the main chapters were written as 

scientific articles ready for submission. The content of the thesis consists of four research 

chapters, with an introductory chapter, and overall discussion section at the end. The 

graphics page at the beginning of each data chapter (i.e. Chaper Two to Five) represents 

the graphical abstract for each study. 

Chapter One: This first chapter introduces the biological functions for animal colouration 

(with particular focus on colouration for crypsis), and factors that can affect the selective 

processes for variation in prey colouration in heterogeneous environments. 

Chapter Two: This is a field study that investigated how a change in visual habitat 

characteristics can alter prey colouration for crypsis. It was an opportunistic observation 

to document the changes in shore skink colouration following re-location of a 

subpopulation from a mainland site (continuous heterogeneous habitat) to an island that 
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differed in background colour and substrate (disjunct two-patch habitat). This chapter 

was written from a conservation management perspective to highlight the potential 

significance of habitat characteristics for prey crypsis, and ultimately survival of a 

translocated species. It has been published in Biological Conservation. 

Chapter Three: This research chapter is a field observation study that documented the 

spatial and temporal variation in shore skink colouration within a continuous 

heterogeneous habitat. The study site was also the source location (T¢wharanui Regional 

Park) for the translocated population in Chapter Two. I investigated where this population 

fits within the background-matching specialise-compromise continuum across a 

vegetation gradient (sand to vegetation). Additionally, I evaluated how the role of 

colouration was divided between the different body regions of the skink, and whether 

population colouration varies across seasons (breeding and non-breeding) to fit within 

the requirements for crypsis and intraspecific signalling. I plan to submit this chapter to 

Ecology and Evolution. 

Chapter Four: For this third research chapter I investigated the second factor that can 

affect background-matching in heterogeneous habitat: predation risk. Based on the results 

of the observational field study in Chapter Three, here I determined the relative risk of 

different colour and colour pattern variants for avian attacks at different background 

types. I used 3D-printed skink replicas that were painted according to the spectral 

reflectance of shore skinks. This chapter has been submitted to, and is currently under 

review at Proceedings of the Royal Society B. 

Chapter Five: This fifth chapter examined the effect of camouflage and thermoregulation 

on shore skink colouration at a larger spatial scale: between both island and mainland 

populations across the North Island. Here, I looked at large scale effects, such as 

environmental gradients, latitudinal cline, phylogeny, island syndrome or local adaptation 

for crypsis that can affect skink colour and colour pattern diversity (with a particular focus 

on thermal melanism). 

Chapter Six: This last chapter summarises the findings of the four research chapters, with 

discussions on the contributions of my research to the field of animal colouration, the 

strengths, and limitations of each study. I also suggest potential directions for future work 

on this topic. 
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1.6.1 Terminology 

In this thesis, I assigned particular terms to the following: 

Term Description 
Colour Overall body colour – hue, saturation and brightness of the animals. 
Colour patterns Body patterning, usually on the dorsal body region of the animals 
Colouration Both colour and colour patterns of the animal, population or species 
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2 HABITAT SUITABILITY FOR CONSERVATION 
TRANSLOCATION: THE IMPORTANCE OF CONSIDERING 
CAMOUFLAGE IN CRYPTIC SPECIES 

2.1 Abstract 

Habitat suitability is a critical aspect for the successful establishment of a translocated 

population. Past studies have identified multiple factors that contribute to habitat 

suitability, including resource availability, presence of invasive species, landscape 

connectivity and climate. However, visual camouflage — colouration that conceals 

individuals from predators or prey — is another important ecological requirement that 

has been largely overlooked. We provide a case study to illustrate how colouration in a 

prey species can change from that of the source site following translocation. Shore skinks 

(Oligosoma smithi) were moved from a coastal sand dune ecosystem to an offshore island 

beach that differed in substrate and colour. Within one year following release, the 

translocated population’s colour pattern variation had reduced to mostly one type. The 

high match in colour between the skinks and release site (including a new substrate type) 

may have contributed to the observed colouration shift. This reduced variation in 

population colouration implies that not all founders survived, potentially decreasing the 

genetic diversity in the population. Our study highlights the importance of considering a 

species’ camouflage requirements when selecting habitat for release, not only to maximise 

founder survival and establishment success, but also to maintain phenotypic and 

genotypic diversity in the long-term. 
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2.2 Introduction 

In conservation translocations, habitat suitability is of critical importance for the 

successful establishment of a population (Germano and Bishop 2008; Wolf et al. 1998). A 

suitable, good quality habitat promotes survival and breeding of a newly founded 

population. In contrast, poor habitat quality at release sites has been shown to incur 

significant post-translocation losses; for example, 16% – 50% of failed cases are 

associated with poor habitat quality (Brichieri-Colombi and Moehrenschlager 2016; 

Germano and Bishop 2008; Moehrenschlager et al. 2013; Wolf et al. 1996). However, what 

constitutes habitat quality, and the specific reasons of translocation failure, are often 

unclear (Ewen and Armstrong 2007; Fischer and Lindenmayer 2000; Wolf et al. 1996). 

Therefore, identifying the ultimate causes for translocation failure due to a ‘poor quality’ 

site can be challenging. 

Factors that determine habitat suitability or ‘quality’ are species-specific (Ewen et al. 

2014). Selecting a suitable habitat will depend on understanding the critical ecological 

requirements for the species in question, as well as the species function within the 

ecosystem or food web. Previous studies have looked at habitat or landscape 

characteristics that fit species’ requirements for foraging, refuge use, egg-laying sites 

(Castilla and Swallow 1995; Ebrahimi and Bull 2012; Ortiz-Catedral and Brunton 2009), 

dispersal or other behaviours (Armstrong and Ford 2015; Gobiel and Villard 2008; Parlato 

and Armstrong 2013; Richardson et al. 2015; Stamps and Swaisgood 2007), effect of 

invasive or anthropogenic threats (e.g., removal of introduced predators, or isolation from 

the public; Atkinson 2002; Moseby et al. 2015; Norbury et al. 2014; Towns 2011; Towns et 

al. 1997), and climatic differences between sites (e.g., climate change, Fordham et al. 2012; 

Schwartz and Martin 2013). In addition to the above, for some species the need for 

camouflage may be critical for survival, either to avoid predators or to successfully 

capture prey. The efficacy of visual camouflage is often dependent on the matching of the 

animal’s body colouration to its immediate background (Merilaita and Stevens 2011; 

Stevens and Merilaita 2011a). Therefore, a potential mismatch between the animals and 

their new environment may increase their conspicuousness to predators or prey.  

Three main factors influence effective background-matching in cryptic animals (Houston 

et al. 2007; Merilaita et al. 2001): 1) phenotypic plasticity and genetic variation of the focal 

species (e.g., Bergstrom et al. 2012; Cortesi et al. 2015; Morgans and Ord 2013; Rosenblum 

2005; Tyrie et al. 2015; Westley et al. 2013); 2) the abundance and species composition of 

predators or prey (e.g., Defrize et al. 2010; Llandres et al. 2011; Rohwer and Paulson 1987; 
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Stankowich and Coss 2007; Théry et al. 2004; Troscianko et al. 2013); and 3) the colour, 

structure and complexity of the habitat (e.g., Kekäläinen et al. 2010; Nafus et al. 2016; 

Nafus et al. 2015). Because each factor influences an animal’s conspicuousness across time 

and space, any change in these factors due to translocation could impact the population at 

different levels. For example, a population that mismatches with their release site can 

have lower establishment of founders through reduced individual fitness (inability to hide 

from predators or to capture prey). Lower founder size will affect recruitment rate, and 

the phenotypic and genotypic diversity of the translocated population (Armstrong and 

Wittmer 2011; Forsman 2014; Miller et al. 2009; Thrimawithana et al. 2013). 

How significant a problem can ineffective camouflage be on the outcome of conservation 

translocations? We cannot currently assess this quantitatively for human-mediated 

translocations due to a lack of relevant data from the translocation outcomes, although the 

potential effects of human-induced disturbances on threatened-species’ camouflage was 

raised within a recent literature review (Delhey and Peters 2016). Nevertheless, a few 

studies have highlighted the potential effect of camouflage on the fitness of translocated 

species. One study on Atlantic salmon (Salmo salar) translocated for economic purposes 

showed a significant decrease in individual survival and higher predation scars on salmon 

at mismatched background sites (Donnelly and Whoriskey Jr 1993). The authors noted the 

importance of colour-matching to minimise likelihood of individual loss to predators. 

Additionally, experimental and field studies on desert tortoises (Gopherus agassizii) found 

that the availability of rocks at a site contributed to reduced predator detection and 

lowered the dispersal of juveniles from the release site, thereby increasing individual 

fitness of the tortoises (Nafus et al. 2016; Nafus et al. 2015). The authors emphasised the 

importance of linking habitat to camouflage behaviour (i.e. individual fitness) when 

selecting suitable habitat for species conservation management.  

Here, we present a case study that illustrates how body colouration, and therefore the 

degree of background-matching of a population, can change post-translocation without 

population management. We quantified population colouration and background-matching 

of a cryptic prey species before and after translocation. We also observed the degree of 

matching of the population when released to a site that included novel substrates. Our 

case study shows that colour and colour patterns of a translocated population can 

significantly differ from the source, even within one generation, and highlights the 

potential significance of camouflage on the phenotypic diversity of a translocated 

population. 
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2.3 Methods 

2.3.1 Study species and study site 

The shore skink (Oligosoma smithi) is a New Zealand endemic (national conservation 

status: Not Threatened, Hitchmough et al. 2013) with a relatively wide geographic 

distribution, inhabiting the northern half of the North Island. This species is present in 

diverse coastal habitats, from sand dunes, sandy, rocky pebbles or boulder beaches to 

vegetated cliffs on the mainland and offshore islands (Towns et al. 2002). There is 

extensive variation in body colouration in this species among populations, with island 

populations having less variation overall compared to the mainland (McCallum and 

Harker 1982; Towns 1972). It is not known if shore skink colouration is genetically 

determined. Within their coastal habitat, shore skinks are found close to high tide mark of 

the coastline to > 1 km inland; (Towns 1975). Their home range and dispersal behaviour is 

unknown, but because of the small size of the skinks (i.e. adult snout-vent length, SVL = 50 

Ȇ 70 mm), we expect movement to be small. Similar to other New Zealand native reptile 

species, natural predators for shore skinks are birds (van Winkel and Ji 2012), and 

populations are also affected by introduced mammals such as cats, rats, hedgehogs and 

mice (Jones et al. 2005; Lettink and Cree 2006; Norbury et al. 2014; Wedding 2007). Some 

populations are able to persist in non-predator controlled sites (M. Baling personal 

observation; Towns 1996). As part of a conservation effort to restore reptile diversity at 

an island reserve in the Auckland region (Baling et al. 2013), shore skinks were 

translocated from the nearest mainland population. 

We sourced skinks from T¢wharanui Regional Park (hereafter ‘T¢wharanui’), a 550 ha 

peninsula protected by predator-proof fencing erected in 2004. All introduced mammal 

species were eradicated following an aerial drop of poison in the park except for three 

species (house mice Mus musculus, European rabbits Oryctolagus cuniculus and European 

hedgehogs Erinaceus europaeus, Maitland 2011). As a consequence, the population size of 

the resident shore skinks increased dramatically. The park also has a mixture of 

introduced (e.g., Australian magpie Cracticus tibicen, common myna Acridotheres tristis) 

and native (e.g., pukeko Porphyrio melanotus, sacred kingfisher Todiramphus sanctus) 

predatory birds. In 2006, we collected 40 skinks (14 males and 26 females) from a coastal 

sand dune system that had a gradient of light-coloured sand at the foreshore to 100% 

vegetation cover at the back of the dunes. Nine out of the 26 females were recorded gravid 

at the time of capture. We captured skinks using an existing pitfall trap grid at the site, and 

also hand-searches by public volunteers, and staff and students of Massey University. 
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We then released these 40 shore skinks to Tiritiri Matangi Island Scientific Reserve 

(hereafter ‘Tiri’) in the Hauraki Gulf, Auckland (Baling et al. 2010). Tiri is a 220 ha public 

community-led island restoration that has had a highly successful history of translocation 

of threatened endemic birds, and more recently, reptiles (Baling et al. 2013; Galbraith and 

Cooper 2013; Parker 2013). The island is free of introduced mammals (Graham and Veitch 

2002), and has high densities of bird species, including known native predators of lizards 

(e.g., sacred kingfisher and morepork Ninox novaeseelandiae, van Winkel and Ji 2012). The 

island had three extant resident reptile species, two skinks and one gecko (Baling et al. 

2013). Shore skinks were recorded in the 1970’s but subsequent surveys failed to detect 

their presence, and so the species was declared locally extinct (Baling et al. 2013). 

Shore skinks were released on a small north-facing beach comprised of areas of dark-

coloured sand at the west and a mix of small and boulder rocks on the east part of the 

beach. Where the sand and rocks met (in the mid-section of the beach), there was 

accumulated driftwood and seaweed. Both substrates were mainly bare at the front of 

beach (with some seaweed and driftwood), and had varying levels of vegetation cover at 

the back. Vegetation consisted of exotic grasses, followed by thicker bush and trees 

towards the back of the beach. There were two other resident species present at the site: 

copper (Oligosoma aeneum) and moko skinks (O. moco), both are known to co-exist with 

shore skinks at other sites (Towns 1972; Towns et al. 2002). 

2.3.2 Population surveys 

Between February 2007 and March 2008, we monitored populations at T¢wharanui and 

Tiri every three months. At T¢wharanui, we used three existing pitfall trap grids set at the 

sand dunes by a previous study (Wedding 2007; Wedding et al. 2010). The grids were 

spaced 75 m and 120 m apart along the coastline, with each grid containing 40 4 L-sized 

plastic pitfall traps spaced every 20 m ۭ 25 m, for a total of 120 traps for all three grids. At 

Tiri, we set up two 6 ۭ 3 grids within the sand and rock sections of the beach. The grids 

had alternating pitfall traps and artificial refuges, spaced c. 5 m apart. These two grids 

were connected to a line of six pitfall traps in the middle of the beach, where the sand and 

rock met. For both sites we baited pitfall traps with fish-based cat food, and checked all 

traps and refuges every 24 h for three trap-nights at T¢wharanui and six trap-nights at 

Tiri for each survey. We temporarily marked all captured skinks with a xylene-free pen to 

avoid individual resampling during each survey. After processing, individuals were 

released at their point of capture. 
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During surveys, we took standardised digital photographs of the dorsal side of skinks and 

habitat backgrounds (1 ۭ 1 m) where the skinks were caught using an Olympus mju 

770SW (Olympus, Japan). Each photograph (dorsal or background) included a 

photographic grey standard (QPcard 101, Sweden) with 18% reflectance. We also 

photographed founder individuals when animals were caught for translocation in 

December 2006. Due to the nature of the translocation (i.e. public volunteers were used on 

the day of captures) not all backgrounds for the founder individuals were recorded or 

photographed. Overall, we had three groups of skinks: the source, a subset of the founders, 

and the translocated population (i.e. a mix of survived founders and their offspring). 

2.3.3 Quantifying colour pattern complexity 

  

Figure 4. The four dorsal body pattern types assigned to shore skinks at T¢wharanui Regional 
Park. From left to right: plain, midplain, spot, and midspot.

We used the photographs to score individuals according to the degree of dorsal pattern 

complexity. We quantified complexity according to pattern elements that are known to 

influence camouflage: i.e. pattern shapes, number of shapes (diversity) and density of each 

shape (Dimitrova and Merilaita 2011; Merilaita and Dimitrova 2014). Based on these 

criteria, we assigned individuals to one of four pattern types: (1) plain: no patterns or very 

weakly patterned; (2) midplain: no or very weak speckling combined with the presence of 

a mid-dorsal line on > 50% of the body length; (3) spot: distinctive dense speckling and no 

(or < 50%) mid-dorsal line on length of body; and (4) midspot: distinctive dense speckling 

and presence of mid-dorsal line in > 50% of the body length (Figure 4). 
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2.3.4 Quantifying vegetation cover 

We quantified the proportion of vegetation cover within a 1 ۭ 1 m plot of each habitat 

background where skinks were caught. We divided each photograph into four sections 

and estimated the proportion of vegetation cover by eye. 

2.3.5 Quantifying colour from photograph 

To quantify colour, we scored digital photographs, which capture the majority of the 

visible spectrum (400 – 700 nm) but not the ultraviolet (300 – 400 nm). These are 

appropriate for shore skinks because they showed minimal ultraviolet reflectance (see 

Appendix 1). Additionally, the distribution of lizard colours within a RGB colour space has 

been shown to be significantly similar in the avian or lizard visual colour space (Smith et 

al. 2016). 

In each photograph, we extracted the averaged mean red (R), green (G), blue (B), and 

brightness (V) values (ranging from 0 to 255) from 400 random points selected within 

areas of the body or habitat, and the grey standards. Within each background photograph, 

we selected two polygon areas similar to the size of skinks and extracted values as above, 

and averaged the values of the two areas. We then calibrated all values for skink and 

background using linearisation and equalisation protocols described in Stevens (2007). 

Firstly, we determined the relationship between the camera responses to all values (R, G, 

and B) by photographing a set of grey standards (ColourChecker Classic, X-Rite, USA) with 

measured reflectance values. We applied a biexponential function (Garcia et al. 2013), to 

linearise R, G, B and V values to reflectance:  

= exp( ) + exp ( ), 

where, y is the linearised value, and a, b, c, d are empirically derived constants specific to a 

given camera. Finally, we equalised R, G, B, V values relative to the grey standard in each 

photographs to remove any effect of variation in lighting. 

We calculated the standardised differences between the calibrated R and G channels as = ( )/( + + ), and between G and B channels as = ( )/( + + ) to 

obtain a two-dimensional representation of colour space, where the distance from origin 

represents saturation, and the angle relative to the axis is hue (Endler 1990). We 

calculated saturation (S) as = ( + ) , where  and  represents the standardised 

difference of R-G and G-B channels, respectively. 
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2.3.6 Statistical analyses 

We investigated colour pattern variation by comparing the proportions of each colour 

pattern type between three populations: source (T¢wharanui), the subset of founders 

from T¢wharanui, and translocated (Tiri). We used Fisher’s exact test to determine 

whether the proportion of the colour pattern types in the founder and translocated 

populations differed significantly more than expected by chance. We conducted post-hoc 

binomial tests to identify the specific colour patterns that differed between the 

populations. 

To ascertain the baseline association between colour pattern complexity of skinks and 

vegetation cover, we plotted 95% confidence intervals (CI) of means for the percentages of 

vegetation cover (arc-sin transformed) against colour patterns of the source population. 

We used the degree of overlap between CI of the colour patterns as a measure of 

significant differences from one another (p < 0.05). Additionally, we calculated the 

magnitude of effect sizes between colour patterns using a standardised mean difference, 

unbiased Cohen’s d (Morgans and Ord 2013). These values and their CI were then 

converted to r values (Nakagawa and Cuthill 2007; Ord et al. 2011; Ord and Stamps 2009) 

to provide a familiar effect size metric (r = Ϋ1 to 1) that functions similarly to correlation 

coefficient (Ord and Stamps 2009). Any CI of r that did not overlap with zero was 

considered to be a biological effect. We also applied this approach for comparison within 

the founder and translocated populations. Due to the occurrence of two different substrate 

types at the Tiri population, rock and sand, we analysed data for the two substrates 

separately.  

As the skinks varied primarily in saturation and brightness of colour, we only assessed 

matching between skinks and their backgrounds of these two values. We conducted a 

power transformation for brightness (ɉ = Ϋ0.5) and saturation (ɉ = 0.5) to achieve 

normalisation of data. For the source population, we determined the association between 

skink brightness or saturation and vegetation cover or background brightness and 

saturation using linear regressions. 

To measure if there was an overall difference in habitat colour (brightness and saturation) 

between T¢wharanui and Tiri, we compared the mean, CI and standardised mean 

difference (using r-values, Morgans and Ord 2013; Ord and Stamps 2009) between the 

backgrounds occupied by skinks. We looked at the difference between background and 

skink to determine the degree of background-matching for each pattern type at source 

population to the backgrounds of T¢wharanui. Due to the dominance of one colour pattern 



Chapter 2: Effect of translocation on animal camouflage 
 

43 | P a g e  

type in the translocated population, we only compared background-matching for type 

midspot between all populations. 

2.4 Results 

2.4.1 Colour pattern variation and habitat use 

 

Figure 5. Proportion of four colour patterns (plain, midplain, spot, midspot) in three shore skink 
populations: T¢wharanui Regional Park (n = 337), subset of the founders (n = 37), and 
translocated populations at Tiritiri Matangi Island (n = 29). 

The founder population had midspot as the most common colour pattern (67.6%, n = 25), 

followed by spot (21.6%, n = 8). The proportions of founders with the other two colour 

patterns were low (Figure 5). When compared to the founder, the distribution of colour 

patterns in the translocated population at Tiri was significantly different than expected by 

chance (Fisher’s exact test, p = 0.03, n = 37, 29). Specifically, the proportion of midspot was 

higher (89.7% vs. 67.6%, binomial test, p < 0.01, n = 26, 25) while spot was lower (3.4%, 

vs. 21.6%, binomial test, p = 0.03, n = 1, 8) at Tiri than expected given the observed 

proportions in the founder population (Figure 5). Plain was not present at the 

translocated population. 
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The distribution of the colour patterns varied in relation to vegetation cover at the source 

population (Figure 6). Plain individuals occupied habitats with significantly lower 

vegetation cover (< 70%) compared to the other three types (plain-midplain r = 0.33, 

plain-spot r = 0.36, plain-midspot r = 0.38; vs. midplain-spot r = 0.02, midplain-midspot r = 

0.22). Midspots were primarily found in over 90% vegetation cover. We observed a 

difference in occupancy for colour patterns between the two substrates at Tiri 

(translocated population). The majority of individuals (i.e. midspot) caught on sand were 

in over 90% vegetation cover (Figure 6c), similar to the source population. However, it 

was the opposite for the novel substrate, rock, where all midspots were caught in < 20% 

vegetation cover. Full comparisons of vegetation cover occupied between pattern types for 

each population (effect sizes) are provided in Appendix 2. 

 

Figure 6. Dorsal colour patterns of shore skinks (plain, midplain, spot, midspot) occupying 
different percentages of vegetation cover (mean and 95% CI) at three populations: (a) source at 
T¢wharanui Regional Park (n = 337), (b) subset of founders from T¢wharanui (n = 19), and (c) 
translocated population at Tiritiri Matangi Island (sand n = 15, rock n = 14). 

At T¢wharanui, background saturation of colour increased (r2 = 0.091, p < 0.01) while 

brightness decreased with increasing vegetation cover (r2 = 0.605, p < 0.01). Therefore, 

high vegetation cover had most intense and darkest background colour compared to low 

vegetation covers. The habitats occupied by skinks at T¢wharanui and Tiri differed 

significantly in saturation but not in brightness. Saturation was greater at the highly 

vegetated Tiri sand (S = 0.37, CI 0.309 – 0.439) and less in more open areas of Tiri rock (S 

= 0.09, CI 0.061 – 0.119) compared to the source population at T¢wharanui. The mean 

difference for saturation was greatest within Tiri, between sand and rock (r = 0.87). Full 

comparisons of effect sizes for colour between sites are provided in Appendix 3. 
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Figure 7. Mean brightness (a) and saturation (b) of colour (mean and 95% CI) for each colour 
patterns of shore skinks (plain, midplain, spot, midspot) and habitat background of source 
population at T¢wharanui Regional Park, compared to midspots in the founder population, and 
translocated population at Tiritiri Matangi Island. r is the effect size for standard mean difference 
between dorsal and background colours. Difference was not significant (p > 0.05) when CI of 
means for skink and background overlap (NS). 

 

2.4.2 Background-matching of shore skinks 

The colour of skinks was generally lighter (r2 = 0.09, p < 0.01) and less saturated (r2 = 

0.074, p < 0.01) than that of the available backgrounds (Figure 6). There was an increase 

in the discrepancy between the brightness of skinks and their background as pattern 

complexity increased (Table 1; Figure 6a), with midspots showing the greatest mismatch 

to the background at T¢wharanui and on the sand background at Tiri. Midspots were most 

matched to their background at Tiri rock, and least matched at Tiri sand in terms of both 

brightness and saturation (Table 1; Figure 7). 
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Table 1. The standard mean differences in colour (brightness and saturation) between three shore 
skink populations: source and subset of founder populations from T¢wharanui Regional Park, and 
translocated populations at Tiritiri Matangi Island (two substrate types). 

Population Comparison  Effect size, r    n body, background 
  with background (lower CI, upper CI)   
Brightness 
T¢wharanui Plain   0.01 (-0.307, 0.322)   19, 16 
  Midplain  0.19 (0.014, 0.347) *  65, 58 
  Spot   0.29 (0.043, 0.495) *  31, 27 
  Midspot   0.32 (0.228, 0.401) *  218, 177 
Founder Midspot   0.41 (0.031, 0.662) *  13, 9 
Tiri – sand Midspot   0.70 (0.444, 0.826) *  13, 12 
Tiri – rock Midspot   0.38 (-0.014, 0.635)   12, 12  
 
Saturation 
T¢wharanui Plain   0.32 (-0.007, 0.560)   19, 16 
  Midplain  0.15 (-0.023, 0.316)   65, 58 
  Spot   0.53 (0.326, 0.673) *  31, 27 
  Midspot   0.58 (0.517, 0.636) *  218, 177 
Founder Midspot   0.40 (-0.010, 0.655)   13, 9 
Tiri – sand Midspot   0.79 (0.588, 0.874) *  13, 12 
Tiri – rock Midspot   0.30 (-0.096, 0.578)   12, 12 

* CI’s that do not overlap with zero are significantly different at p < 0.05. 

2.5 Discussion 

Our study provides evidence that when habitat differs from the source location, colour and 

colour patterns of cryptic prey can alter within a short period of time following 

translocation. Overall, we saw a marked effect on the colouration in shore skinks 

translocated to Tiri, where there was reduced variation in colour patterns favouring 

almost exclusively one type. This shift in colouration did not seem to have an apparent 

negative effect on habitat use of the Tiri population because within one year, individuals 

were able to adapt and utilise a new substrate (rock) that was not present at the source 

coastal sand dunes of T¢wharanui. The high match (in terms of brightness and saturation) 

between the surviving skinks to rock (with low vegetation cover) may have contributed to 

the successful transition to the new substrate. But we also suspect a reduced number of 

founder individuals survived, and discuss the consequences (i.e. reduced genetic diversity) 

of this strong selection for inconspicuous colouration. 

2.5.1 Change in colour pattern diversity 

Out of the four colour pattern types from the mainland source population, only one was 

dominant at the island release site. Midspots had the most complex colour pattern, and 

were the darkest variant of the four types, so it may have had an advantage in the darker 

and highly vegetated environment at Tiri (see below). But midspot was also the most 

abundant type within the source and founder populations, so we cannot rule out a founder 
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effect, with the midspot variant being fixed (and the rare plain pattern type lost) in the 

founder population due to chance. As yet, we do not know the degree of heritability, 

survivorship, alternative functions (e.g., thermoregulation, social signalling), or whether 

there are breeding or behavioural differences between the colour patterns (e.g., Clusella-

Trullas et al. 2007; Keren-Rotem et al. 2016; Olsson et al. 2013; Scali et al. 2012; Stuart-

Fox and Moussalli 2009).  

Nevertheless, we still expected to observe higher variation at Tiri because the population 

surveyed was a mix of founder and first generation island-born individuals. At least 35% 

of the founder females, consisting of all four colour pattern types, were gravid at the time 

of capture at the source. As captive wild-born females give birth to an average of four live 

young (2 – 6 young) annually (M. Baling unpublished data), we estimated about 36 

neonates to be born within the first three months following release. Therefore, we 

expected that the first generation offspring born on Tiri (but sired by males from 

T¢wharanui) would contribute a higher variation in colouration within the translocated 

population. Despite this, our field observations showed higher than expected occurrence 

of midspot within one generation. 

Interestingly, the presence of a single colour pattern type at Tiri corresponds to other 

naturally-occurring shore skink populations on offshore islands with rocky or boulder 

shorelines bordered by vegetation (M. Baling personal observation; McCallum 1980; 

McCallum and Harker 1982; Towns 1972; Towns and Hayward 1973). These populations 

have no or very low phenotypic variation (e.g., plain dark to almost black, with sparse 

speckling). The reason for this low variation on offshore islands is unknown, but for our 

one-year study, we suggest as likely causes bird predation pressure (van Winkel and Ji 

2012) coupled with specific habitat characteristics. 

2.5.2 Habitat occupancy of shore skinks 

Shore skinks at Tiri occupied both highly vegetated sand areas (similar to the T¢wharanui 

population), and novel rock substrates, mainly in areas of low vegetation cover (< 50%). 

Despite the availability of rocky stones with high vegetation cover (up to 100%) we did 

not sight or catch shore skinks within that part of the survey grid. This distribution in 

pattern types among substrates could also be influenced by behavioural preference of the 

skinks. Habitat choice to improve camouflage has been observed in other species (e.g., 

Ahnesjö and Forsman 2006; Cooper Jr. and Sherbrooke 2012; Marshall et al. 2016; Morey 

1990; Nafus et al. 2015), but needs to be confirmed for shore skinks. 
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Another potential influence on the occupancy of shore skinks at the release site is 

competition with resident species. Moko and copper skinks have been seen or caught in 

the survey grid, including in highly vegetated rock areas. Interspecific competition (either 

through territorial aggression or spatial displacement) between shore skinks and resident 

species at the release site is unknown but possible (Baling et al. 2013). However, 

anecdotal observation of the general distribution of the three species at the site during our 

surveys did not appear to differ from populations on other islands with rocky beaches 

(McCallum and Harker 1982; Towns 1972). Shore skinks at these islands have been 

recorded using rock or boulder beaches edged by vegetation. 

2.5.3 Background-matching of shore skinks 

The degree of background-matching for midspot was dependent on substrate type. 

Individuals mismatched with the dark, saturated ‘brown-green’ of highly vegetated habitat 

with sand substrate at both source and release sites. This mismatch could be compensated 

by the high vegetation cover, which provides greater visual complexity (in shape diversity, 

size and spatial density; Dimitrova and Merilaita 2010; Dimitrova and Merilaita 2011, 

2014; Sherratt et al. 2007; Xiao and Cuthill 2016) and visual obstruction or physical 

protection, thus making detection more difficult. In contrast, midspots were highly 

matched to the dark grey and simpler backgrounds of rock. Similarly, plain patterned 

individuals matched the low or no vegetation sand dunes of T¢wharanui. The low visual 

complexity of low vegetation cover habitats is likely to increase reliance on background-

matching. Other studies have also suggested that such simple or uniform backgrounds 

promote the evolution of accurate colour background-matching in prey (Houston et al. 

2007; Merilaita et al. 2001; Sherratt et al. 2007). 

Due to the small sample size of the other three colour pattern types, we are unable to 

determine if their degree of background-matching was related to survivorship at Tiri. 

However, we suggest that midspot had a higher probability of survival compared to the 

other colour pattern types for two reasons: 1) likelihood of background-matching at the 

release site, and 2) habitat availability. Firstly, of all colour patterns at T¢wharanui, 

midspot provided the closest colour and pattern match to the Tiri backgrounds. Secondly, 

the lack of bare sand may have considerably reduced the chances of survival of plain at 

Tiri. We did not quantify habitat availability in this study but areas with < 20% vegetation 

cover occurred in 20% of our survey grid (4.15 ha) at T¢wharanui (C. Wedding 

unpublished data; Wedding 2007). Compared to the smaller-sized beach at Tiri (0.15 ha), 



Chapter 2: Effect of translocation on animal camouflage 
 

49 | P a g e  

vegetation covered most of the sand area down to high-tide level, so there was a lot less 

bare ground area available at Tiri compared to T¢wharanui. 

2.5.4 Diversity in translocated populations 

The shore skink founders have successfully survived to produce offspring on the island, 

but the diversity of the population appears reduced based on the observed colouration in 

the survived individuals. If we assume that the shore skink colouration are inherited, the 

observed biased frequency of midspot in the population may indicate reduced genetic 

diversity, due to poor survival of mismatched founders or their offspring. This loss in 

diversity for one population may not be significant for a widely distributed species like the 

shore skink, but may be detrimental to a rare species. The importance of maintaining 

diversity will depend on the management objectives for the species; whether conservation 

priority is to increase the number of individuals, or to maintain their genetic diversity 

(e.g., Towns et al. 2016). This can then influence the management decisions for both 

population and release site selections (Ewen and Armstrong 2007; Ewen et al. 2014). 

Ideally for cryptic species, the range of substrate colour and complexity of habitat at the 

release site should match that in the source population to maintain effective camouflage. 

This is particularly important for cases of populations living in low complexity habitats, 

where accurate background-matching is critical for founder survival. If the options for 

habitat choice are limited and if variation in population colouration is high at the source, a 

larger founder population size (i.e. high phenotypic and genotypic diversity) should be 

released at the site. This is because high phenotypic diversity such as prey colouration can 

provide protection against predators at both individual and population levels (Forsman 

2014; Karpestam et al. 2016). However, if the population size at the source is low (e.g., 

rare or highly threatened species), losing valuable individuals can have significant 

negative impact. For such species, the conservation objectives generally include increasing 

the number of breeding animals, and high survival of individuals during and post-

translocation. To this end, healthy animals, representing genetic diversity are often 

selected. We suggest that conservation translocations of cryptic species also consider the 

phenotypes of the founder individuals that would best match habitat available at the 

release area. This will ensure minimal disruption of the relationship between released 

founder individuals and their environment at the establishment phase of the translocation. 
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3 SPATIAL AND TEMPORAL VARIATION IN 
COLOURATION FOR BACKGROUND-MATCHING 
ACROSS A CONTINUOUS HETEROGENEOUS 
ENVIRONMENT 

3.1 Abstract 

Background-matching is one of the most widespread forms of animal camouflage, and its 

effectiveness depends on how well an animal blends into its background. In 

heterogeneous habitats, matching can be challenging because visual characteristics can 

vary dramatically across spatial scale. In such situations, background-matching can either 

be optimised for a specific habitat type (specialists), or represent a compromise for 

several habitats (generalists). Additionally, temporal variations can also affect crypsis, 

especially when animals use colouration for intraspecific signalling during certain times of 

the year (e.g., mate selection). We currently have a poor understanding of how wild 

animals optimise background-matching within continuously heterogeneous habitats, and 

whether this is affected by requirements of intraspecific signalling across biological 

seasons. Here, we quantified colour and colour patterns of a wild population of shore 

skink (Oligosoma smithi) 1) to investigate whether background-matching varies across a 

vegetation gradient; 2) to assess potential signalling functions of colour; and 3) to 

determine whether there is a trade-off between the need for crypsis and intraspecific 

signalling in colouration across seasons. We found that background-matching of skinks 

was similar along the vegetation gradient for brightness (achromatic contrast), whereas 

matching for colour values showed a negative correlation (i.e. increase in chromatic 

contrast). Colour pattern complexity increased with a vegetation gradient, but all pattern 

types occurred throughout the site. Adult skinks were more matched to background for 

colour only during the birthing season. Saturation of the ventral body colour differed 

between juveniles and adults, and between sexes. The dorsal hue values of adults were 

weakly correlated with body size and condition only during the birthing season. Our study 

suggests that selection favours a compromised background-matching strategy in wild 

populations across continuously heterogeneous habitats. Despite the evidence for 

intraspecific signalling, the crypsis did not greatly differ across seasons. 
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3.2 Introduction 

Many animals that are under selective pressure of visually-oriented predators use body 

colouration to reduce their probability of being detected (e.g., Endler 1980; Hanlon 2007; 

Marshall et al. 2015; Rojas 2016; Stevens and Merilaita 2011b). The success of visual 

camouflage can depend on how effectively the animal blends into its background, (Endler 

1978; Merilaita and Stevens 2011; Troscianko et al. 2016; Zimova et al. 2016), and 

therefore, we expect that under stabilising natural selection, prey populations will exhibit 

an optimal colouration that accurately matches their habitat (Dale 2006). However, 

optimising background-matching can be challenging for populations living in 

heterogeneous habitats, where visual characteristics of the background can vary across 

space and time. 

How habitats vary in colour, structure, and complexity can influence the extent and 

distribution of variation in colouration within a population. In addition, the degree of 

mobility of individuals in a population across a heterogeneous habitat can also exert a 

strong influence. For example, disjunct background types (e.g., rock vs. vegetation) are 

expected to cause disruptive selection in distinctive colouration (e.g., brown vs. green 

morphs), especially if movement of individuals is limited to within either one or another 

background (Dale 2006; Houston et al. 2007; Merilaita et al. 2001; Merilaita et al. 1999; 

Nilsson and Ripa 2010). In such conditions, animals can achieve optimal background-

matching only in one background type, and will be conspicuous in the other (specialist 

strategy). In contrast, populations where individuals can range over two or more different 

background types (e.g., a gradient from open to highly vegetated areas) can exhibit a range 

of colouration (e.g., different degrees of body lightness or colour pattern complexity) that 

may match the general habitat characteristics. Despite being an inaccurate match to the 

entire occupied range, a compromised background-matching strategy (generalists) is 

expected to reduce predation risk within the population (Houston et al. 2007; Merilaita et 

al. 2001; Merilaita et al. 1999). Many studies on background-matching have looked at 

disjunct habitat patches (e.g., Merilaita 2003; Merilaita and Dimitrova 2014; Merilaita et al. 

2001; Merilaita et al. 1999), but few have quantified variation in background-matching 

along a continuum of a habitat’s visual characteristics, particularly for wild populations. 

In addition to spatial differences within a habitat, temporal variations can also affect 

background-matching. First, predation risk itself can vary over time due to changes in 

composition of the predator species, their population density or even their behavioural 

activity, which consequently, can alter the selection on prey colouration for background-
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matching (Bond 2007; Caro et al. 2016; Endler 1978). Secondly, seasonal changes in 

habitat structure and colour (e.g., white snow in winter and green vegetation in summer), 

can also affect the selection of phenotypic characteristics for crypsis (Mills et al. 2013; 

Rojas 2016; Steen et al. 1992; Tullberg et al. 2008; Zimova et al. 2014). Finally, colour can 

also have other biological functions that may vary across time, such as the need for 

intraspecific signalling during the breeding season. Because conspecific interactions such 

as aggression, territoriality, and mate attraction often involve conspicuous colouration, 

these functions can increase the risk of being detected by predators. There are several 

strategies that species can use to compensate for these potentially opposing functions (i.e. 

crypsis vs. intraspecific signalling). These include 1) changing their colouration within 

seconds to hours (i.e. physiological colour change), or across seasons (morphological 

colour change) (e.g., Bohórquez-Alonso and Molina-Borja 2014; Cooper Jr. and Greenberg 

1992; Cuervo and Belliure 2013; King and King 1991); and 2) exhibiting cryptic 

colouration on body regions ‘exposed’ to visually-oriented predators, and conspicuous 

signals on the body regions that are ‘hidden’ from predators (LeBas and Marshall 2000; 

Marshall and Stevens 2014; Martin et al. 2013; Norris and Lowe 1964; Pérez i de Lanuza 

and Font 2015; Runemark et al. 2010; Stuart-Fox et al. 2004; Stuart-Fox and Ord 2004). 

This balance between potentially antagonistic selection for crypsis and conspicuous 

signalling is expected to affect the degree of background-matching. 

We quantified the colouration of the highly variable shore skink (Oligosoma smithi) across 

time and space. Our observational study had three objectives: 1) to investigate the spatial 

variation in colour and colour patterns for background-matching across a vegetation 

gradient; 2) to assess the potential signalling functions of colour variation by testing for 

correlations with age, sex and quality, and 3) to determine if there is a trade-off between 

the need for crypsis and intraspecific signalling in colouration across seasons along the 

vegetation gradient. For the first objective, we predicted that a) background-matching 

should be greater for dorsal than ventral body regions because the latter is not typically 

exposed to predators, and b) that dorsal colour- and pattern-matching to the background 

are consistent across the vegetation gradient because of selection for effective crypsis. For 

the second objective, we expected that if colours are also used for intraspecific signalling, 

there should be differences between age (breeding adult vs. juveniles) or sex; or 

condition-dependence of colour (body condition or size) as a signal of individual quality. 

For the third objective, we predicted that if colour or colour patterns for intraspecific 

signalling varies across seasons, the degree of background-matching will be lower during 

the breeding seasons compared to the non-breeding season. Alternately, background-
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matching may not be significantly affected if colouration for intraspecific signalling is only 

found on ventral regions. 

3.3 Methods 

3.3.1 Study population 

T¢wharanui Regional Park (T¢wharanui) is a 550 ha mainland open sanctuary located at a 

peninsula within the Hauraki Gulf of Auckland, New Zealand (Maitland 2011). The sand 

dune system at T¢wharanui consists of pale sand and a vegetation gradient of low 

proportion of vegetation cover in the foreshore to 100% vegetation cover at the back of 

the dunes (Wedding 2007). Shore skink population at our study site has a high variance of 

dorsal colour and colour patterns. In addition, early ad-hoc observations suggested 

differences in colouration among body regions (i.e. paler ventral colouration). 

3.3.2 Population surveys 

Between November 2006 and May 2008, we monitored the shore skink population at 

T¢wharanui every three months. We used three existing pitfall trap grids at the sand 

dunes as described in (Baling et al. 2016, and Chapter 2). We checked traps every 24 hours 

for 3 trap-nights per survey. For each captured skink, we used an Olympus mju 770SW 

(Olympus, Japan) to take three photographs: dorsal side, ventral side, and the habitat 

background (1 ۭ 1 m) where the skink was caught. We included a photographic grey 

standard (QPcard 101, Sweden) with 18% reflectance within each photograph, and saved 

the photographs as standardised digital JPG-file. We also recorded the sex, body mass and 

length (snout to vent length, SVL) of each skink. 

3.3.3 Quantifying colour patterns and habitat from photographs  

We scored skinks according to the degree of their dorsal colour pattern complexity as 

described in (Baling et al. 2016, or Chapter 2). We assigned individuals to one of four 

colour pattern types: (1) plain: no patterns or very weakly patterned; (2) midplain: no or 

very weak speckling combined with the presence of a mid-dorsal line on more than 50% 

of the body length; (3) spot: distinctive dense speckling and no (or less than 50%) mid-

dorsal line on length of body; and (4) midspot: distinctive dense speckling and presence of 

mid-dorsal line in more than 50% of the body length (Figure 8). For the assessments of the 

habitats, we estimated the amount of vegetation in the photographs. This was quantified 

as the proportion of vegetation cover, where by each habitat photograph was divided into 
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a 2 ۭ 2 grid and proportion was estimated by eye for each grid section (minimum 5%, 

maximum 25% each). We then summed the four section scores for a final score. 

 

Figure 8. From left to right: Four dorsal colour pattern types assigned to the shore skink 
population at T¢wharanui Regional Park.: plain, midplain, spot, and midspot; and examples of 
ventral body colours of shore skinks, ranging from both extremes with an intermediate in the 
middle. 

3.3.4 Quantifying colour from photographs 

Our study species shows minimal ultraviolet (UV, 300 – 400 nm) reflectance (see 

Appendix 1). Therefore, we used photographs rather than a spectrophotometer (Endler 

1990; Montgomerie 2006) to quantify the colours because digital photography can 

provide information on variations for both colour and colour patterns. Additionally, the 

distribution of lizard colours within RGB (see below) colour space has been shown to be 

highly correlated with the distribution of colours in avian or lizard visual colour space 

(Smith et al. 2016). For each photograph, we used the R package colorZapper (Dale et al. 

2015; Valcu and Dale 2014) to extract the mean values of the red (R), green (G), blue (B), 

and brightness (V) from 400 random points within selected areas of the grey standard, 

three areas of the body (dorsal body; ventral body and base of ventral tail), and habitat 

background. For background, we selected two polygon areas similar to the size of the 

skinks within each photograph, extracted values as above, and averaged the values of the 

two areas. We then calibrated the colours according to Baling et al. (2016; Chapter 2). For 

hue and saturation values, we acquired these from a two-dimensional representation of 

colour space, where the distance from origin represents saturation, and the angle relative 

to the axis is hue (Endler 1990). This entailed first calculating the standardised differences 

between the calibrated R and G channels as, = ( )/ ( + + ), and between G and 

B channels as, = ( )/( + + ). We then calculated saturation (S) as: 

= ( + )  , 
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and hue (H) as: 

=  , 
where  and  represent the standardised difference of R-G and G-B channels, 

respectively. 

3.3.5 Calculating colour contrasts (background-matching) 

For an index of background-matching, we calculated the degree of achromatic and 

chromatic contrasts between each body area (dorsal, ventral and ventral tail) and 

backgrounds using the calibrated RGB values (Cadena et al. 2017). Achromatic contrast 

was calculated as relative differences in brightness between skink and its background: 

  = ( + + )   ( + + )( + + ) +  ( + + ) , 
where subscripts s and b represent skink and background, respectively. 

We estimated chromatic contrast by calculating the Euclidean distance of each body area 

and its respective background using the proportions of each of the calibrated values of 

RGB (e.g., /( + + ), where the sum of R, G and B equals to 1 ( + + ) = 1 

 =  + + ( )  , 
where subscripts ps and pb represent the proportions for skink and background, 

respectively. We assumed that lower contrast values indicate higher similarities between 

body and background (i.e. high background-matching). 

3.3.6 Statistical analyses 

3.3.6.1 Colour and colour pattern background-matching 

First, we tested if background-matching for colour was higher for any one body region. We 

calculated the differences between the colour contrasts against the background of the 

three body areas (dorsal, ventral and ventral tail) using paired Wilcox signed rank test. 

Based on these results, we later focused on the body region most ‘exposed’ to predators — 

the dorsal region. We determined if variation in dorsal background-matching was 

influenced by population structure (age, sex), pattern types, local spatial distance, and 

season. We used achromatic and chromatic contrasts as our separate response variables: 
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age (juvenile vs. adult), sex (male vs. female), pattern type (plain, midplain, spot and 

midspot), vegetation gradient (proportion of vegetation cover) and biological seasons as 

fixed effects; and surveyed years (2006 – 2008) as a random effect. We categorised 

seasons based on observations of breeding activity in the field and in captivity (M. Baling 

unpublished data) as: 1) non-breeding (nb, April – September), 2) breeding/mating 

season (bm, October – December), and 3) breeding/birthing season (bb, January – March). 

All statistical analyses were conducted using R v. 3.2.3 (R Foundation for Statistical 

Computing). We performed model comparison using Akaike’s information criterion with a 

correction for finite sample sizes (AICc) to select the linear mixed effects (LME) models 

(via maximum likelihood) with the lowest AICc values (R packages lme4 and AICcmodavg). 

We further examined the fixed variables in these models using likelihood ratio tests to 

confirm the best model fit, and used Tukey contrast tests (R package multcomp) post-hoc 

to conduct multiple pairwise comparisons of the fixed variables and their interactions. 

Regressions were used post-hoc for vegetation cover. 

To assess colouration independently of background-matching, we determined if body 

colours, colour pattern types, and habitat background varied in relation to population 

structure, vegetation gradient and season. We conducted a stepwise procedure to select 

the lowest AICc values for LME and general linear mixed effects (GLME) models. We used 

hue, saturation and brightness of the dorsal body, ventral body, ventral tail and 

background as separate response variables; sex, pattern type, season and percentage of 

vegetation cover as fixed effects; and year of surveys as a random effect for the LME 

models. When using pattern type as response variable, we used GLME models (family = 

binomial). We only used sex, season and percentage of vegetation cover for fixed effects, 

and year as random effects for these models. All post-hoc analyses for multiple 

comparisons were conducted as described above. 

3.3.6.2 Seasonal variation in colours for intraspecific signalling in adults 

In adult shore skinks, we looked for evidence of sex, and condition-dependence of colour 

patterns between the seasons. We first tested for differences between gravid and non-

gravid females to rule out colour differences due to reproductive status (Cooper Jr. 1983; 

Cuervo and Belliure 2013; Ferguson 1976; Forsman and Shine 1995; Vercken et al. 2008; 

Weiss 2006). Because there was no significant differences, we pooled all females in 

subsequent analyses (ANOVA, hue: p = 0.19, saturation: p = 0.06, brightness: p = 0.65, n = 

171). We then used hue, saturation and brightness of dorsal, ventral and ventral tail as 

separate response variables; sex, pattern, season, body size (SVL), and body condition 
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(scaled mass index; for methods see Peig and Green 2009) as fixed effects; and year of 

surveys as a random effect for the LME models. For colour patterns, we only used sex, 

season and percentage of vegetation cover for fixed, and year as random effects for the 

GLME models. Model comparisons and post-hoc analyses were conducted similarly as 

previously described. 

3.4 Results 

3.4.1 Colour contrasts among body regions 

 

Figure 9. Median colour (achromatic and chromatic) contrast between body and habitat 
background for dorsal, ventral, and ventral tail regions of the shore skinks. Dots represent 
outliers. 

Overall, shore skinks at T¢wharanui were more camouflaged on the dorsal region than the 

other areas. The dorsal region had the lowest achromatic contrast compared to the ventral 

tail and ventral areas (Wilcox test, p < 0.01 for all, n=352; Figure 9). Chromatic contrast 

values were similar between the dorsal and ventral regions, and both were significantly 
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lower compared to the ventral tail (Wilcox test, dorsal vs. ventral p = 0.45; p < 0.01 for 

others, n=352). 

3.4.2 Body colouration and background-matching across the 
vegetation gradient 

Skinks were less matched in colour (chromatic contrast) as vegetation cover increased, 

but achromatic contrast remained consistent throughout (linear regression, achromatic 

contrast: linear regression, p = 0.14, r2 = 0.004; chromatic contrast: p < 0.01, r2 = 0.218). 

When we looked at background and skink brightness separately, skinks were on average, 

darker than their background at low vegetation cover. This shifted when background 

brightness steeply declined with increasing vegetation cover, resulting in backgrounds 

being darker than skinks at locations with high vegetation cover (linear regression, p < 

0.01 for all; dorsal: r2 = 0.20; background r2 = 0.60; Figure 10b). For chromatic contrast, 

there was a significant increase in background colour (both hue and saturation) across 

vegetation cover resulted in the observed higher contrast values between skinks and their 

backgrounds (linear regression, background: p < 0.01 for all; H: r2 = 0.23; S: r2 = 0.12; 

Figure 10b). Dorsal saturation values were consistently low (Figure 10b), hence, we 

described the skink dorsal colours as grey-tones. Dorsal hue value increased with 

vegetation cover only during the nonbreeding and mating seasons (brown-grey to green-

grey; linear regression, nb: p < 0.01, r2 = 0.16; bm: p = 0.01, r2 = 0.06; bb: p = 0.17, r2 = 

0.01). 

Shore skink colour patterns were spatially structured across the vegetation gradient, 

where complex dorsal patterning occurred more at locations with higher vegetation cover 

(Figure 10a). There were also multiple overlaps in distribution of the colour pattern types. 

Plain type had the lowest abundance within the population, and was found more often at 

locations with low vegetation cover. Alternately, midspot, the most complex patterned 

type (and most commonly found in the population), was observed at high vegetation cover 

(t-test, plain: p = < 0.01 – 0.02, df = 23 – 43; midspot: p < 0.01, df = 23 – 98). The 

occurrence of midplain and spot did not differ in relation to vegetation cover (t-test, p = 

0.77, df = 56). 
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Figure 10. a) Frequency of four colour patterns of shore skinks across the categorical percentage 
of vegetation cover; and b) mean body (dorsal, ventral and ventral tail) and habitat background 
colour (hue, saturation and brightness) across categorical percentage of the vegetation cover; 
and c) between age classes (adult and juvenile). Bars represent 95% confidence intervals.

3.4.3 Association of colour to age, sex and quality 

There were differences in colour between age classes and sexes at the ventral regions. 

Adult shore skinks’ ventral body and ventral tail were lighter and more intensely orange-

brown than juveniles (Tukey contrast tests; p < 0.01 for all; Figure 10c). Within adults, 

ventral regions of male shore skinks were more intensely orange-brown, and tails were 

more red-brown in colour compared to females (Tukey contrast tests, ventral saturation: 

p = <0.01 – 0.02; ventral tail hue: p < 0.01; Figure 11c). There was also some evidence of 

condition dependence of colour. Dorsal hue values of adult shore skinks were weakly 
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correlated to body size and body condition, where larger or better-conditioned skinks 

were more orange-grey in colour during the birthing season (linear regression, size: p = 

0.03, r2 = 0.02; condition: p = 0.04, r2 =0.02).

 

Figure 11. a) Frequency of four colour patterns in adult shore skinks across seasons; and b) mean 
body (dorsal ventral, and ventral tail) and habitat background colour (hue, saturation and 
brightness) across seasons, c) between sexes, and d) between colour pattern types. Bars 
represent 95% confidence intervals. 

3.4.4 Seasonal variation of body colouration and background-
matching 

Overall, the degree of background-matching was not significantly different between 

seasons (Tukey contrast test, achromatic contrast between seasons: p = 0.41 – 0.57; 

chromatic contrast: nb vs. bm p = 0.07). The only exception was for chromatic contrast, 

where adult shore skinks were more camouflaged in colour during the birthing season 

compared to non-breeding and mating seasons (Tukey contrast test, p < 0.01; bb = 0.055 

±0.00003 SE; nb = 0.110 ±0.00007 SE; bm = 0.074 ±0.00004 SE). 
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During the birthing season, both males and females had the lowest dorsal hue values, 

being more brown-grey compared to other seasons (Tukey contrast tests, male: p < 0.01 

for all comparisons; female: bb vs. nb, p < 0.01). In the mating season, all adults were least 

intense in yellow-grey, and were more yellow-brown ventrally. During this time, ventral 

hue value was significantly higher compared to other seasons (Tukey contrast tests, p = < 

0.01 – 0.01; Figure 11b). During the non-breeding season, skinks had the most intense 

green-grey dorsal colouration and dark orange-brown ventral colouration. Specifically, 

saturation values were significantly high for all body regions compared to other seasons 

(Tukey contrast tests, dorsal: p = < 0.01 – 0.01 ventral: p < 0.01 – 0.05; ventral tail: p < 0.01 

– 0.06; Figure 11b), while ventral body and ventral tail were darkest (Tukey contrast test, 

ventral: nb vs. bb, p = 0.03; ventral tail: nb vs. bm, p = 0.06). 

3.5 Discussion 

Shore skink colouration at the coastal sand dunes of T¢wharanui showed spatial and 

temporal variation that is consistent with both crypsis and intraspecific signalling 

requirements. The constant background-matching of colour (i.e. brightness) across the 

vegetation gradient and structured but overlapping spatial distribution of all four colour 

pattern types suggests a compromised (generalist) rather than specialist background-

matching strategy in this population. Body saturation of colour may not be as important 

for camouflage compared to brightness and colour patterns. Instead, saturation may be 

more important for intraspecific signalling. There was evidence of partitioning of body 

colours where saturation differed among age classes (adults and juveniles) and sexes on 

the ‘hidden’ ventral body regions. Adult shore skinks also showed morphological colour 

change on both dorsal and ventral regions between seasons; being dark and rich in colour 

(dorsal green-grey, ventral orange-brown) during the non-breeding season, becoming less 

intense in colour (ventral orange-brown) during the mating season, to dorsal turning 

brown-red during the birthing season. Hue values were also weakly associated with body 

size and body condition only during the birthing season. These changes, however, do not 

seem to affect the degree of background-matching over time. 

3.5.1 Background-matching across a continuous heterogeneous 
habitat 

As predicted, within continuous heterogeneous habitats, background-matching for colour 

(achromatic contrast) remained constant across the vegetation gradient. However, it was 

how the shore skinks contrasted with their background that had changed, where skinks 

were darker than their background at low vegetation cover and lighter than their 
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background at high vegetation cover. This spatial change in background-matching was 

primarily due to changes in background colours, rather than by variation in skink colour 

per se. It is likely that the dominant colour pattern variant (i.e. midspot) affected the 

overall dorsal colour of the population, reducing the average body brightness across the 

spatial gradient.  

Overall, the colour patterns of the shore skinks matched the vegetation gradient, as 

expected. These colour patterns could be reflective of the vegetation type or structure (in 

shape or patterns) at their corresponding backgrounds. Other studies have observed 

associations of dorsal colour pattern types to vegetation types, such as striped dorsal 

individuals are found more often in grasses (Chen et al. 2013; Woolbright and Stewart 

2008). Similarly, we noted midplain (i.e. striped) individuals in areas of different grasses 

(e.g., pÄngao Ficinia spiralis, spinifex Spinifex sericeus) at the low to intermediate 

vegetation cover areas in the foredunes. At higher vegetation cover in the back of the 

dunes, speckled patterns of the midspots complemented the thicker ground vegetation 

cover such as rushes and tangled, dense vines (e.g., sand coprosma Coprosma acerosa, 

pohuehue Muehlenbeckia complexa; Wedding 2007).  

Although this population showed a structured distribution in colour pattern-matching, it 

is still unclear why particular colour patterns such as midspot were in high frequency at 

low vegetation cover (cf. plain), where we would expect colour pattern-matching to be low 

for this type. Possible explanations for the observed relative frequencies of colour pattern 

types include different predation risk, behavioural traits, and biological functions among 

colour pattern types. Resident predators may have behavioural preferences for specific 

prey variants (e.g., apostatic selection) or specific habitat patches that select for particular 

pattern types (Bond 2007; Endler 1978; Moyen et al. 2006; Tate et al. 2016). Additionally, 

the different colour pattern types of shore skinks may have different behavioural traits 

(e.g., background choice for optimal camouflage; Ahnesjö and Forsman 2006; Cooper Jr. 

and Sherbrooke 2012; Marshall et al. 2016; Morey 1990; Nafus et al. 2015) or alternative 

antipredator strategies (e.g., disruptive colouration, flicker fusion; Cooper Jr. and 

Greenberg 1992; Endler 1978; Halperin et al. 2017; Hogan et al. 2016; Merilaita and Lind 

2005; Stevens and Merilaita 2011a) that affect the distribution of the skinks. Finally, there 

might be additional biological functions to colour such as thermoregulation that can affect 

skink colouration (e.g., thermal melanism; Clusella-Trullas et al. 2007; Stuart-Fox and 

Moussalli 2009). 
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3.5.2 Body colours for intraspecific signalling 

Shore skinks showed evidence of colour differences with respect to age (juveniles vs. 

adults), sex and quality. Individuals advertising their maturity and sex through body 

colours can reduce conspecific aggression, determine social hierarchy, identify 

competitors, determine the condition or quality of potential mates, and indicate 

reproductive status (Booth 1990; Cooper Jr. 1983; Cuervo and Belliure 2013; Cuervo and 

Shine 2007; Ferguson 1976; Forsman and Shine 1995; Martín and Forsman 1999; Martin 

et al. 2013; McLean et al. 2010; Takahashi et al. 2012; Vercken and Clobert 2008; Vercken 

et al. 2008; Weiss 2006). There are anecdotal observations of captive wild-born adult 

shore skinks that have died due to conspecific aggression (including among females; M. 

Baling unpublished data), but it is unknown whether the variation in colouration co-varies 

with these behaviours in shore skinks. 

3.5.3 Variation of colour patterns across seasons 

As we expected, shore skinks showed morphological colour change between non-breeding 

and breeding seasons. The largest variance was observed in dorsal hue, changing from 

green-grey during the nonbreeding season, to yellow-grey in the mating season, to brown-

grey during the birthing season. Contrary to our expectations, however, the degree of 

background-matching was relatively consistent across the vegetation gradient over the 

seasons, implying that colours for intraspecific signalling did not negatively affect skink 

camouflage. The lack of differences in the degree of background-matching between 

seasons is likely due to body partitioning in colouration. Although, coloration at the 

hidden body regions is often argued to function in mate attraction (e.g., Cuervo and Shine 

2007; Martin et al. 2013), shore skinks have not been observed to behaviourally display 

their ventral side to conspecifics (e.g., Meyers et al. 2006; Whiting et al. 2006). Overall, the 

fine-scale changes in dorsal colour were subtle, and whether they are conspicuous enough 

to be perceived by conspecifics or predators requires further investigation. 

Many studies of colour change in animals involve rapid physiological colour changes 

(within seconds or hours), such as observed in predator-prey and intraspecific 

interactions in chameleons or cuttlefish (Hanlon 2007; Keren-Rotem et al. 2016; Stuart-

Fox and Moussalli 2008; Stuart-Fox et al. 2008), or in circadian rhythms in crabs (Stevens 

2016). There are, however, a limited number of studies that investigated whether colour 

changes across habitats and seasons, particularly for crypsis versus intraspecific 

signalling. Our study integrated these aspects, and showed how crypsis could play an 

important role in generating fine-scale variations in dorsal colouration of shore skinks in 
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spatially heterogeneous habitats. Although the degree of background-matching did not 

vary greatly between seasons, particular aspects of colour (e.g., saturation) and the 

colours of the ventral body region (i.e. not exposed to predators) can still deviate from the 

expectations of crypsis that would otherwise confer protection. 
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4 BACKGROUND-MATCHING AND APOSTATIC 
SELECTION MAINTAIN PREY COLOUR PATTERN 
VARIATION IN A HETEROGENEOUS ENVIRONMENT 

4.1 Abstract 

Two important predator-driven mechanisms maintaining variation colouration within 

natural prey populations are selection for matching different backgrounds, and frequency-

dependent (apostatic) selection resulting from predators’ search image for the most 

common variants. However, evaluating the relative role of these selection mechanisms in 

wild populations, and how they affect colour vs. colour pattern on backgrounds with 

differing complexity, is an enduring challenge. We used data on colouration in a wild 

population of shore skink (Oligosoma smithi), and a field experiment with realistic replicas 

to test whether predators are more likely to 1) attack prey that show a poorer match to 

the background; or 2) attack prey that are more abundant in the population, irrespective 

of their conspicuousness. Our results show that the proportion of different colour pattern 

variants was consistent over time, and had a non-random distribution that strongly 

corresponded to the vegetation gradient. However, our experiment with prey replicas 

revealed that predators preferentially attacked the more common patterned variants, 

regardless of their brightness- and pattern-matching on different backgrounds. Our study 

provides evidence that both selection for background-matching and apostatic selection 

(particularly on pattern elements) may play an important role in maintaining colour 

pattern variation in a wild population. 
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4.2 Introduction 

The evolution of colouration in cryptic prey populations is often attributed to predator-

driven selection (Endler 1978; Hargeby et al. 2004; Nilsson and Ripa 2010; Nosil and 

Crespi 2006). Visually-oriented predators can detect individuals based on either 1) the 

conspicuousness of prey against their immediate background (e.g., selection for 

background-matching), or 2) an acquired cognitive search image, which depends on the 

variant’s relative frequency in the population (frequency-dependent, or apostatic 

selection). These two, non-mutually exclusive mechanisms of selection can each generate 

substantial variation in colour and colour patterns within populations, particularly in 

habitats with highly heterogeneous or complex backgrounds (Bond 2007; Bond and Kamil 

2006; Dimitrova and Merilaita 2010). 

In the case of selection for background-matching, spatial or temporal variation in 

background colour (e.g., overall brightness or range of hues) and complexity (e.g., shape, 

diversity or density of pattern elements) can generate and maintain variation in colour 

and colour patterns (e.g., Dimitrova and Merilaita 2014; Endler 1978; Merilaita and 

Stevens 2011). Specifically, disruptive selection on prey colouration will occur if 

individuals primarily remain only within one of the disjunct background types, either due 

to restricted movement or active background choice (Bond and Kamil 2006; Merilaita et 

al. 1999; Sandoval 1994). In the case of apostatic selection, predators form a search image 

for the most abundant variants (Bond 2007; Karpestam et al. 2014). Thus, rare variants 

can be overlooked irrespective of their conspicuousness, thereby maintaining variation 

within the population (Allen 1988; Bond 2007). Apostatic selection is expected to be 

strongest in populations occupying very complex backgrounds (Bond and Kamil 2006; 

Cooper 1984; Franks and Oxford 2011). This is because higher complexity in habitat 

texture or pattern requires predators to conduct slower, more selective searches for prey, 

such that either 1) all untargeted variants have lower probability of detection because 

predators focus only on the most common variant, or 2) only rare variants that are 

sufficiently distinct from the most common variant are overlooked (Allen 1988; Bond and 

Kamil 2006; Raymond 1984; Troscianko et al. 2009).  

Numerous studies have compared predation risk of prey with different colours or colour 

pattern phenotypes on different backgrounds using both virtual environments (Bond and 

Kamil 2006; Dimitrova and Merilaita 2010, 2011; Merilaita et al. 2001; Merilaita and 

Ruxton 2009), and captive or field experiments on real or artificial prey (e.g., Bittner 2003; 

Farallo and Forstner 2012; Kusche and Meyer 2014; Mochida et al. 2015; Stuart-Fox et al. 
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2003; Torres-Dowdall et al. 2014). However, there are few data on whether or how 

different mechanisms of selection act on colour versus colour pattern. Furthermore, 

because differentiating between selection for background-matching and apostatic 

selection in natural systems can be challenging, spatial and temporal information about 

the relative frequencies of colour pattern variants in wild populations is ultimately 

essential (Bond and Kamil 2006; Farallo and Forstner 2012), but this information is often 

lacking (e.g., Hegna et al. 2013; Stuart-Fox et al. 2003; Torres-Dowdall et al. 2014). 

Here, we investigate selection for background-matching and apostatic selection on prey 

colouration in a visually heterogeneous habitat using the highly colour variable shore 

skink, Oligosoma smithi. First, we assessed the frequency of colour pattern variants in a 

wild population spanning seven years. Under selection for background-matching, we 

expected the frequencies of variants to be higher in areas where they match their 

immediate background more closely, and to be stable over time. In contrast, under 

apostatic selection we expected the frequencies of particular variants to be unrelated to 

background-matching, and possibly fluctuate over time (Bond and Kamil 1998). Second, 

using highly realistic 3D-printed replicas in the field, we compared predation risk on 

naturally occurring variants that differed in 1) brightness (light vs. dark), and 2) pattern 

(uniform vs. intermediate patterning vs. highly complex patterns). Each variant was 

placed on two different backgrounds (sand with < 20% vegetation cover or dune 

vegetation with > 80% cover). Under selection for background-matching, we expected 

higher predation risk for variants with a poor match to a given background (e.g., dark 

variants on sand or light variants in vegetation), irrespective of their natural frequency. 

Under apostatic selection, we expected predation risk to be negatively associated with the 

frequency of variants in the natural population, particularly in the more complex, 

vegetated habitat. 

4.3 Methods 

4.3.1 Study site 

We studied shore skinks at the coastal sand dunes of T¢wharanui Regional Park (hereafter 

“T¢wharanui”), in Auckland, New Zealand. These dunes consist of pale sand and a gradient 

of low vegetation cover in the foreshore to 100% vegetation at the back of the dunes. 

T¢wharanui is free from all introduced mammals except for three species (house mice Mus 

musculus, European rabbits Oryctolagus cuniculus and European hedgehog Erinaceus 

europaeus) (Maitland 2011). The park has both native (e.g., pukeko Porphyrio melanotus, 
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sacred kingfisher Todiramphus sanctus) and introduced (e.g., Australian magpie Cracticus 

tibicen, common myna Acridotheres tristis) predatory bird species. 

4.3.2 Population survey 

We conducted yearly surveys of shore skinks at T¢wharanui in 2006 – 2008 and 2012 (see 

Baling et al. 2016 or Chapter 2, for further details on survey design). For each skink, we 

took digital photographs of the lizard and the habitat background (1 ۭ 1 m) where the 

skink was caught (Figure 12). We used these photographs to score individual patterns as 

1) plain (no patterns or very weakly patterned), 2) simple (no or very weak speckling 

combined with a mid-dorsal line on > 50% of the body length), or 3) complex (distinctive 

dense speckling and the presence of mid-dorsal line in > 50% of the body length). We 

quantified vegetation cover of habitat background by overlaying a 2 ۭ 2 grid over each 

habitat photograph, and estimated the proportion of vegetation by eye. We binned all 

backgrounds into 5 categories, from 0 – 20% to 80 – 100% vegetation cover.  

4.3.3 Predation experiment 

We developed a highly realistic skink model using a combination of 3D-printed skink 

replicas (http://www.nzfauna.ac.nz/nzfauna---skink) and clay (Figure 12c; for further 

details on model design, see Appendix 4). Shore skinks at T¢wharanui varied in brightness 

and colour patterns, where the lightest coloured skinks tended to be unpatterned and 

darker skinks had a range of colour patterns (Baling et al. 2016). We mixed acrylic paints 

to reproduce colour similar to the spectral reflectance of live shore skinks, and painted the 

models based on the natural variation in colour pattern complexity: no pattern (plain), 

single mid-dorsal line (simple) and mid-dorsal line and speckling (complex). These colour 

patterns were sufficiently distinct from one another in pattern shape diversity, contrast, 

size and densities (Dimitrova and Merilaita 2011; Hanlon 2007; Merilaita and Dimitrova 

2014). In total, there were four types of models (Figure 12c): plain-light, plain-dark, 

simple-dark and complex-dark. We created 60 models for each type, totalling 240 models. 

We placed models along two backgrounds, one in vegetation (> 80% vegetation cover) and 

the other on sand (< 20% cover). In each background type, six grids were spaced 150 m 

apart where five of each model type (20 models in total) were set within the 4 ۭ 3 m grid. 

Models were anchored by tying the fishing line to vegetation, or to a U-shaped wire pinned 

into the sand. We checked all models twice a day for signs of predation made by either 

birds or rodents (see Appendix 5, for more details on identification of bite marks), and 

replaced any model that was attacked. Checks were conducted in the morning (09:00 - 
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12:00 hrs local time), and afternoon (16:00 – 18:00 hrs). Checks were repeated for six 

days, with a total of 12 checks. 

 

Figure 12. (a) New Zealand coastal sand dune, the fore-dune is sand with low vegetation cover 
(left) and back dunes has high vegetation (right); (b) shore skink colour pattern variants at 
T¢wharanui Regional Park; and (c) 3D-printed skink models (covered in soft clay), in sand and 
vegetation backgrounds. From left to right: plain-light, plain-dark, simple-dark, complex-dark. 
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4.3.4 Predicted attack scenarios 

 

Figure 13. Predicted avian attack frequencies on shore skink clay models under four scenarios. 

For the predation experiment, we evaluated predictions based on four scenarios that 

differed in the relative importance on predation risk of 1) brightness contrast against the 

background, 2) pattern-matching, 3) presence of body patterns, or 4) relative frequency of 

colour pattern variants. First, if overall brightness contrast is the most important factor 

affecting predation risk (Brightness > Patterns scenario, Figure 13), we expected plain-

light models to be attacked more frequently in vegetation than sand backgrounds, and the 

reverse trend for darker (including the patterned) models. Second, if pattern-matching is 

the most important factor influencing predation risk (Patterns > Brightness scenario, 

Figure 13), attack frequencies should be higher on simple-dark, followed by complex-dark 

in the vegetation, and the opposite for sand areas. Third, if the presence of body patterning 

is the primary determinant of predation risk because variants similar to the most common 

variant are attacked more frequently than rare, distinct variants (Patterned > Unpatterned 

scenario, Figure 13), we expected the patterned models to be attacked most in both 

backgrounds. Finally fourth, if predators target the most common variant in the 
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population (Most common variant scenario, Figure 13), we expected attack rates to be 

positively correlated to relative abundance in the natural population, regardless of 

background type; that is, complex-dark models to be attacked the most, followed by 

simple-dark and plain. 

4.3.5 Statistical analysis 

From the population survey, we evaluated whether the proportion of the pattern types 

differed significantly between years (Fisher’s exact test), and in relation to (binned) 

vegetation cover (chi-squared test). 

For the predation experiment, we fitted mixed effect logistic regressions (MELR) with a 

binomial distribution for the response (attacked or not attacked) to determine the effect of 

model type (plain-light, plain-dark, simple-dark and complex-dark), background type (sand 

vs. vegetation), sequential days (Days 1 – 7), time of day (morning and afternoon) and grid 

(Grids 1 – 6) on avian predation attacks (rodent attacks were excluded). For the predictor 

variables, we assigned model type, background and time of day as fixed effects, while grid 

and sequential days were random effects. The four model types enabled us to examine the 

effect of brightness (light vs. dark) and colour pattern (plain vs. simple vs. complex) on bird 

attack frequencies. When testing for an effect of brightness, we pooled all dark models if 

initial analysis showed no significant difference in attack frequencies between the three 

(plain-dark, simple-dark and complex-dark). Similarly, all plain models were grouped to 

examine the effect of body patterning if there was no difference between plain-light and 

plain-dark. We further pooled model types into unpatterned and patterned groups. 

Additionally, we investigated the variation in attack frequencies separately for each 

vegetation background (sand vs. vegetated).  

All statistical analyses were conducted using R v. 3.1.2 (R Foundation for Statistical 

Computing). We conducted a stepwise procedure for all analyses, using Akaike’s 

information criterion with a correction for finite sample sizes (AICc) to select the models 

with the lowest AICc values (R packages lme4 and AICcmodavg). In these models we 

further examined the fixed effects using likelihood ratio tests (chi-square) to confirm the 

best model fit, and used Tukey contrast tests (R package multcomp; Hothorn et al. 2008) 

post-hoc to conduct pairwise comparisons. 
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4.4 Results 

4.4.1 Pattern type frequencies in the population 

The proportion of pattern types (plain, simple-dark and complex-dark) in the shore skink 

population at T¢wharanui did not differ between years (Fisher’s exact test, p = 0.55, Figure 

14a). Complex-dark was the most common variant, with > 70% occurrence in the 

population each year. This was followed by simple-dark (5 – 20%) and then plain as the 

rarest variant (< 8%). These colour patterns varied significantly in their spatial 

distribution across the vegetation cover gradient (Chi square test, p < 0.01, df = 8, Figure 

14b). Plain occurred much more frequently in low vegetation cover compared to high 

cover (low vegetation: 26.7%, n = 8; high vegetation: 1.3%, n = 3). It was the opposite for 

complex-dark, with highest occurrences in high vegetation cover (82.3%, n = 186) 

compared to low cover (53.3%, n = 16). However, complex-dark was still the dominant 

type even at lowest vegetation cover. Simple-dark occurred more frequently than expected 

in areas containing 21 – 40% vegetation cover (28.6%, n = 12) compared to other areas 

(16.4 – 26.7%, n = 6 – 37). 

 

Figure 14. (a) Proportion of shore skink colour patterns across four years, and (b) across 
vegetation cover. 

4.4.2 Predation experiment 

In each of the 12 checks (twice per day), there were 240 models presented at once in the 

field, giving a total of 2,880 individual model half-days exposed to predation. We saw 

rodent predation attempts on five models and avian attacks on 97 models in total. 
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Overall, there was no significant difference in avian attack frequencies in relation to the 

brightness of models (light: 2.44%, n = 19; pooled dark: 3.38%, n = 79; Tukey contrast 

test, p = 0.13), so this result is contrary to the predicted Brightness >Patterns scenario 

(Figure 13). Similarly, there was no association with pattern-matching (Patterns > 

Brightness scenario), where simple-dark (4.28%, n = 32, Tukey contrast test, p = 0.01) and 

complex-dark (4.28%, n = 32, Tukey contrast test, p = 0.01) were twice as likely to be 

attacked compared to plain (pooled: 2.16%, n = 33; Figure 14a). This difference was 

stronger (Tukey contrast test, p < 0.01) when models were binned as unpatterned (plain) 

vs. patterned (4.27%, n = 64). Results were also consistent within each background 

(Figure 14b), where attacks were higher for patterned (sand: 1.17%, n = 9; vegetation: 

7.59%, n = 55) than the rarer unpatterned models (sand: 0.39%, n = 3, p = 0.09; 

vegetation: 4.00%, n = 30, Tukey contrast test, p < 0.01). Therefore, observed results are 

consistent with the Patterned > Unpatterned scenario. See Appendix 6, for table of models. 

 

Figure 15. Observed attack frequencies (±SE) of (a) four clay model types, and (b) combined 
models of shore skinks.

Avian predators attacked 0.77% (n = 12) of the models on the sand background, and 

considerably more (5.45%, n = 85) of the models in vegetation. However, because there 

was an interaction between background and time of day, the difference in overall attack 

frequencies between backgrounds was not statistically significant (MELR, p = 0.07). In 

vegetation, avian attacks were higher during the morning compared to the afternoon 

(7.69%, n = 60 vs. 3.60%, n = 25, Tukey contrast test, p = 0.02). Additionally, attacks were 

only higher in vegetation compared to sand (7.69%, n = 60 vs. 0.36%, n = 3; Tukey 

contrast test, p < 0.01) during the morning. There was no difference in attack frequencies 

between times of day for sand (0.36%, n = 3 vs. 1.27%, n = 9, Tukey contrast test, p = 0.19), 
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or between backgrounds during the afternoon (1.27% vs. 1.27%, Tukey contrast test, p = 

0.24). See Appendix 6 for more details. 

4.5 Discussion 

Selection for matching different backgrounds in heterogeneous habitats and apostatic 

selection are two important predator-driven evolutionary mechanisms generating and 

maintaining colour pattern variation. Our study provides evidence for both mechanisms, 

suggesting that a complex interaction between them may maintain colouration in shore 

skinks. Our field observations showed that proportions of complex, simple and plain colour 

pattern variants corresponded to the vegetation gradient such that the proportion of 

complex variants increased with increasing vegetation cover while the proportion of plain 

increased with decreasing vegetation cover (i.e. increasing bare sand). Furthermore, the 

proportions of colour pattern variants were relatively stable over seven years, although 

this time period may have been insufficient to detect longer term temporal variation in 

colour pattern frequencies given the long generation time of these skinks (two years to 

reach sexual maturity and longevity > 10 years) (Bond and Kamil 2006). However, 

contrary to selection for background-matching, attack frequency in the predation 

experiment was unrelated to conspicuousness. Based on background-matching, we 

expected attack frequency to be higher on plain variants in the vegetation background and 

higher on complex variants in the sand background. Instead, we observed the opposite, 

with higher attacks on complex variants in the vegetation background. Complex variants 

were by far the most common in the population so the higher attack frequency on this 

pattern type is consistent with apostatic selection (Bond 2007). 

Although simple variants were far less frequent than complex variants in the natural 

population, they were nonetheless attacked at similarly high frequencies (Patterned > 

Unpatterned scenario, Figure 13). Several studies have shown that prey variants similar to 

the most common varieties in a population are more likely to be attacked by predators 

(Allen 1988; Gorbunova 2017; Raymond 1984; Reid and Shettleworth 1992). For 

predators that encounter many prey variants unpredictably in one background type or 

within complex backgrounds, using general features or a combination of features may 

enable them to more reliably detect multiple variants (Reid and Shettleworth 1992; 

Troscianko et al. 2013). Therefore, predators may attack patterned variants (simple and 

complex) at similar frequencies because body patterning is a salient detection cue (Allen 

1988). In our population, both dark and light plain models (< 8% in wild population) were 

attacked less frequently than the two dark models of different colour patterns (simple and 
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complex). These results suggest that body patterning may be more important for detection 

than brightness (at least for static models, see below) and that apostatic selection may act 

primarily through reduced detection of the rarest variant. 

Brightness contrast against the background had little effect on predation risk at our study 

site despite the apparent conspicuousness (to human eyes) of both light and dark models 

on their corresponding mis-matched backgrounds. This result is surprising because 

brightness matching is common in many cryptic prey, particularly melanic species 

(Forsman et al. 2011; Kettlewell 1955; Stevens et al. 2013). Brightness contrast between 

prey and background can be an important visual cue for predators (Defrize et al. 2010; 

Endler 1978; Stuart-Fox et al. 2003; Troscianko et al. 2016), particularly for detecting 

small (Lind and Kelber 2011; Osorio et al. 1999) or moving prey, because the achromatic 

visual channel is associated with the perception of movement (Kelber et al. 2003; Osorio 

and Vorobyev 2005). However, the replicas in our predation experiment were static. It is 

possible that brightness contrast may be important, but mainly for moving prey. 

Alternatively, brightness contrast may not be a reliable visual cue for predators at 

T¢wharanui because of the high exposure and intensity of sunlight at the sand dunes 

during the day. Full sunlight exposure in an open environment can create extreme 

contrasts between intense light and dark patches of vegetation and coastal debris at the 

dunes. The light-coloured sand at the low vegetated areas will also reflect sunlight, and 

create glare for the observer. This dramatic lighting could impair discrimination between 

background and object, including prey that are highly patterned (Endler 1978). 

Consequently, the amount of exposure and position of the sun during the day could 

influence the visibility of skinks to predators (Dimitrova et al. 2009; Endler 1978). 

Prey of various colouration should be harder to detect on complex or patterned 

backgrounds (Dimitrova and Merilaita 2010, 2011; Troscianko et al. 2009; Xiao and Cuthill 

2016). Therefore, we expected skinks on a uniform (sand) background to have higher 

predation risk than those in vegetation. However, attack frequencies were higher in 

vegetation (in the morning). This is likely because predators focus their foraging efforts on 

more vegetated habitats, which had a much higher abundance of skinks (n = 226 in 

vegetation cover > 80%, compared to n = 30 in vegetation cover < 20%, Figure 14b). 

Additionally, predator abundances may differ between habitat types (Endler 1978; 

Troscianko et al. 2009), although this explanation seems less likely for avian predators at 

the spatial scale of our study site. 
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In conclusion, our results indicate that both selection for background-matching and 

apostatic selection may contribute to maintaining colour pattern variation in shore skinks 

at T¢wharanui. Although there was observed spatial structuring of colour pattern variants 

in relation to vegetation cover, which consistent with selection for background-matching, 

our predation experiment suggests that apostatic selection may also be important, by 

reducing predation risk for the least common (plain) variant. Additionally, our results 

provide empirical evidence for selection on colour pattern variation, to some extent 

independent of brightness. More generally, this study highlights that predator-driven 

selection processes may not be mutually exclusive, and that the importance of one or the 

other could be underestimated if only one method of investigation (observational or 

experimental study) is used. 
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5 GEOGRAPHIC VARIATION IN COLOUR AND PATTERNS 
IS ASSOCIATED WITH CLIMATE AND MICROHABITAT IN 
A LIZARD 

5.1 Abstract 

In ectotherms, body colouration can serve three biological functions: visual camouflage, 

thermoregulation, and intraspecific signalling. The degree of influence these functions 

have on colour and colour pattern diversity within a species can vary across a large spatial 

scale, especially when environmental clines strongly affect biological processes. Here, we 

evaluate whether variation in colour and colour patterns across populations of a colour-

variable skink species from a temperate region is affected by thermal melanism 

(thermoregulation) or crypsis (camouflage). First, if skink colours are selected for thermal 

melanism, we predicted skinks to be darker with increasing latitude or climatic gradient. 

Second, if skink colour pattern diversity is driven by local adaptation for crypsis, we 

predicted that colouration would correlate with local habitat. We compared colours and 

colour patterns in 17 skink populations across both offshore islands and the mainland 

New Zealand. We found that brightness decreased with mean monthly maximum 

temperatures, suggesting a role of thermal melanism. However, of four distinct colour 

patterns, only one (plain) was associated with microhabitat (i.e. proportion of rock), and 

another (midspot) decreased in frequency across latitude. Additionally, islands had 

increased melanism, higher frequency of plain types, and less midspots compared to 

mainland sites, despite no apparent differences in environmental conditions measured 

between the two locations. We concluded that high level of colouration in this species is 

driven by complex interactions between various selective processes for both 

thermoregulation and camouflage, while not ruling out the potential influence of 

stochastic processes in some of the populations.  

5.2 Introduction 

Animals can exhibit a range of colouration — from uniform, monomorphic colouration 

within a species, to diverse colours and colour patterns within and among populations. 

For ectotherms, variation in a population colouration can have three main biological 

functions: visual camouflage, thermoregulation, and intraspecific signalling (Cooper Jr. and 

Greenberg 1992; Stuart-Fox and Moussalli 2009). First, selection for camouflage (to avoid 
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predator detection) typically results in prey matching its body to its background. This 

function predicts that prey colouration will vary according to its immediate habitat 

background (see Stevens and Merilaita 2009). Second, selection for colouration that 

facilitates thermoregulation will favour dark-coloured individuals in cold environments 

where the body can heat up faster through increased absorption of solar radiation 

(thermal melanism; Clusella-Trullas et al. 2007; Smith et al. 2016b). Finally, social 

selection via female preference or rival competition can result in sexual dichromatism or 

polymorphic colouration (e.g., Baird et al. 2013; Bastiaans et al. 2013; Pérez i de Lanuza et 

al. 2013; Sinervo and Lively 1996). Because all three biological functions are important for 

individual fitness via both survival (e.g., reduced predation risk, improved growth rate; 

Rowe et al. 2016; Stevens and Merilaita 2009) and breeding success (e.g., access to good 

quality mates, improved embryo growth; Azócar et al. 2014) they are not mutually 

exclusive. Nevertheless, these alternate functions can be antagonistic with respect to 

optimal colouration. A significant challenge for evolutionary biologists is to determine 

how multiple and potentially conflicting functions affect colouration. 

At the population level, body colouration can vary across large spatial scales, and this can 

be the outcome of selection for thermoregulation, selection for crypsis, or the result of 

non-adaptive evolutionary changes. Firstly, in many species colouration follows 

altitudinal, latitudinal and other environmental gradients such as temperature, solar 

radiation, UV and aridity (e.g., Castella et al. 2013; Harris et al. 2012; McLean et al. 2015; 

Rajabizadeh et al. 2015; Reguera et al. 2014; Schweiger and Beierkuhnlein 2015). These 

trends are often attributed to thermal melanism, where darker animals at higher latitudes 

or lower temperatures have increased fitness from effective thermoregulation (Castella et 

al. 2013; Clusella-Trullas et al. 2007; Fischer and Lindenmayer 2005). Climatic gradients 

may also affect other characteristics such as body size, clutch size and growth (e.g., 

Pincheira-Donoso et al. 2008; Rowe et al. 2016; Schweiger and Beierkuhnlein 2015), but 

for ectotherms these traits are linked to thermoregulation (Azócar et al. 2014). Secondly, 

when predation selection for prey is strong at some sites, colouration can vary spatially 

within populations through adaptation of colour patterns for crypsis (either via prey 

conspicuousness, or predator search behaviour; Bond 2007; Stevens and Merilaita 2011). 

In this case, population colouration should be tightly linked to the background of the local 

habitat (Marshall et al. 2015). Finally, non-adaptive forces, such as gene flow between 

populations, or genetic drift within populations, can potentially influence geographic 

variation of colour and colour patterns. Small and/or isolated populations (particularly 

those on islands) are susceptible to founder effects or genetic drift, hence colouration 
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could also be influenced by stochastic processes (McLean and Stuart-Fox 2014). In 

addition, populations on islands are often under the effect of ‘island syndrome’, and 

melanism has been shown to occur more frequently in populations on islands compared to 

its mainland counterparts (Boback and Siefferman 2010; Novosolov et al. 2013; Runemark 

et al. 2010). However, the selective processes underlying island syndrome effect may 

include local adaptation and/ or stochastic processes (Brakefield 1990; Runemark et al. 

2010; Uy and Vargas-Castro 2015).  

Here, we quantify the geographic variation in colour and colour pattern diversity of the 

shore skink, Oligosoma smithi, and using phylogenetic comparative methods, we test 

whether colouration among populations is consistent with trends expected by thermal 

melanism or camouflage. This species is widely distributed across several latitudes of the 

New Zealand temperate region, and has one of the highest levels of variation in colour 

patterns among New Zealand skinks (Hardy 1977). Both colour and colour patterns of 

shore skinks vary among populations, and also between sites in islands and mainland. 

Lizards in temperate regions can often be active at low temperatures (e.g., Cree 1994), 

thus we expect that selection of colour for thermoregulation will be strong and detectable 

across the latitudinal or climatic gradients. We also expect local adaptation for crypsis 

occurring among the populations because an earlier study on shore skinks revealed a clear 

association between colour patterns and habitat background (Baling et al. 2016). Most 

studies on geographic variation in colouration in ectotherms have focused either only on 

colour (melanism), or between uniform versus patterned morphs (e.g., Azócar et al. 2014; 

Castella et al. 2013; Clusella-Trullas et al. 2007; Forsman and Shine 1995; Harris et al. 

2012; McLean et al. 2015; Rajabizadeh et al. 2015; Reguera et al. 2014; Zapletalová et al. 

2016). Our study provides a needed field investigation on geographical diversity on both 

colour and colour patterns within a species. This allows us to evaluate whether different 

selective pressures act on colour versus colour patterns. More specifically, we expected 

that variation in colour would have occurred under a stronger influence of thermal 

melanism, whereas colour pattern diversity would be a reflection of adaptation for 

camouflage. 
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5.3 Methods 

5.3.1 Study sites and population surveys 

 

Figure 16. The proportion of colour pattern types for each surveyed population, at latitudes 35° 
to 38°, New Zealand. 1. Mimiwhangta (n = 40); 2. Aorangi Island (n = 15); 3. Matakohe-Limetsone 
Island (n = 10); 4. Ocean Beach (n = 36); 5. Smuggler’s Bay (n = 3); 6. Lady Alice Island (n = 17); 7. 
Hauturu Island (n = 31); 8. T¢wharanui Regional Park (n = 35); 9. Shakespear Regional Park (n = 
14); 10. Korapuki Island (n = 63); 11. Crusoe Island (n = 4); 12. Whakatiwai (n = 44); 13. Maketu 
(n = 24); 14. Rurima Island (n = 3); 15. Motouki Island (n = 17); 16. Te Araroa (n = 5); 17. Kaiti 
Beach (n = 17). Red and blue circles represent islands and mainland sites, respectively. 

We surveyed 17 populations of shore skinks between latitudes 35°– 38° in the North 

Island, New Zealand (Figure 16). These surveyed areas represent approximately 80% of 

the geographical distribution of the species (latitudes 34° – 38°). The populations sampled 

consisted of almost equal numbers of islands and mainland sites within each latitudinal 

range, totalling eight islands and nine mainland sites (Figure 16). Each site was visited 

once (ranging 3 – 7 days) within Austral summer and autumn seasons between 2012 and 

2014. We captured skinks using a combination of live pitfall traps and funnel traps, baited 
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with fish-based cat food. We photographed all captured skinks and their habitat 

backgrounds (1 ۭ 1 m) using a Pentax Optio W60 (Pentax, Japan). Each photograph 

(dorsal or background) included a photographic grey standard (Digital Gray Card DGC-

100, Robin Myers Imaging, USA) with 30% reflectance. Skinks were marked with non-

permanent, xylene-free pen upon release to avoid resampling. We collected 10 – 70 

background photographs from each site, and the sample size was dependend on the size of 

the area surveyed for skinks (e.g., large sand dune, narrow rocky beach). 

5.3.2 Skink colour and pattern from photographs 

We quantified colour using digital photographs. The distribution of lizard colours within a 

RGB (red, green blue) colour space is significantly similar to its distribution within avian 

or lizard visual colour space (Smith et al. 2016b). Although photographs capture the 

majority of the visible spectrum (400 – 700 nm) but not ultraviolet (300 – 400 nm), this 

was suitable for shore skinks because they showed minimal ultraviolet reflectance (see 

Appendix 1). In each image, we extracted the averaged mean red (R), green (G), blue (B), 

and brightness (V) values from each photograph and calibrated them according to 

methods in Baling et al. (2016). We acquired values for hue and saturation from a two-

dimensional representation of colour space, where the distance from origin represents 

saturation, and the angle relative to the axis is hue (Endler 1990). We first calculated the 

standardised differences between the calibrated R and G channels as, = ( )/( ++ ), and between G and B channels as, = ( )/( + + ). We then determined 

saturation (S) as: 

= ( + )  , 
and hue (H) as: 

=  , 
where  and  represents the standardised difference of R-G and G-B channels, 

respectively. Each of the colour variables, hue, saturation and brightness were averaged 

for each population. 

We scored dorsal colour pattern complexity as described in (Baling et al. 2016, or Chapter 

2). Briefly, we assigned individuals to one of four types: (1) plain: no patterns or very 

weakly patterned; (2) midplain: no or very weak speckling combined with the presence of 

a mid-dorsal line on more than 50% of the body length; (3) spot: distinctive dense 

speckling and no (or less than 50%) mid-dorsal line on length of body; and (4) midspot: 
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distinctive dense speckling and presence of mid-dorsal line in more than 50% of the body 

length (Figure 17). For each population, we quantified the relative frequency of each 

colour pattern.

 

Figure 17. An example of variation in colour for the four colour patterns in 17 shore skink 
populations. 

5.3.3 Environmental data 

We selected environmental variables that were predicted to affect colouration in shore 

skinks: i.e. habitat background and climate indices. Due to the sample size of our study, we 

minimised the number of variables in our analyses. In our previous study (Chapter 2), 

habitat colour and microhabitat (vegetation cover in the immediate vicinity where skinks 

were captured) were shown to correlate to shore skink colouration (Baling et al. 2016). So 

we quantified background colour as detailed above, and for the microhabitat, we 

estimated by eye the proportion of vegetation, sand and rock cover of the backgrounds 

from photographs (minimum 5%, maximum 100% of each; see Chapter 3 for details). 

Proportions of microhabitat types were averaged for each population. Due to the 

collinearity of proportion of rock to the other two variables, we conducted a principal 

components analysis (PCA) to determine the variable that explained the most variance in 

the data (see Appendix 7, for extended methods). We selected proportion of rock, but for 
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our colour models we used proportion of vegetation as our microhabitat predictor 

because rock was correlated to mean monthly maximum temperature (see below). 

We acquired climate data for all 17 study sites from the National Institute of Water and 

Atmospheric Research (NIWA) virtual climate station data (Cichota et al. 2008) and UV 

Atlas v. 2.2 (NIWA, New Zealand). Because most climate variables (e.g., temperature, UV 

index, maximum UV index, and radiation) were correlated with latitude, we only used the 

latitudinal cline (coordinates) for our models (see Appendix 8, for extended methods). We 

also selected monthly maximum temperature as another environmental predictor because 

it co-varied independently to the latitudinal range or other climate data. We calculated the 

mean monthly maximum temperature (thereafter “maximum temperature”) for each 

study site using data from October to April (Austral summer and autumn seasons) over six 

years (2010-2016). 

5.3.4 Phylogenetic tree 

We obtained ND2 sequences of shore skinks and four outgroup species (O. microlepis, O. 

suteri, O. moco and Lampropholis guichenoti; Hare et al. 2008); from GenBank. Sequence 

data for six of our shore skink populations were not available (T¢wharanui Regional Park, 

Shakespear Regional Park, Maketu, Rurima Island, Te Araroa and Kaiti Beach), so we sent 

tissue samples collected from these sites to Ecogene (Auckland, New Zealand), where 

sequencing data were generated based on the methods outlined in Hare et al. (2008). We 

first aligned all sequences using MEGA7 (Kumar et al. 2016), and then determined the 

best-fit model of evolution for our dataset by comparing different mutation models using 

the Akaike’s information criterion with a correction for finite sample sizes (AICc), which is 

implemented in MEGA7, to select the maximum likelihood (ML) models with the lowest 

AICc values. We constructed a ML tree using Hasegawa-Kishino-Yano (+Gamma) model, 

and used 1000 bootstrap replicates to assess branch support. All other shore skink 

populations and outgroup species in the original tree (Hare et al. 2008) were removed 

from the final tree (see Appendix 9, for phylogenetic trees). 

5.3.5 Statistical analyses 

We used phylogenetic generalised least squares (PGLS) regressions to account for 

phylogenetic independence between the populations (Garamszegi 2014). First, we 

predicted that if shore skink colour was strongly selected for thermoregulation, then 

brightness (which is negatively related to melanism) between populations will negatively 

correlate with maximum temperature or latitudinal cline (Figure 18a). Alternately, if 
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camouflage has a significant influence on colour, we expected to see a stronger association 

between body colour (especially brightness) and background colour or microhabitat cover 

(Figure 18b). We used hue, saturation and brightness separately as our response 

variables, and latitudinal cline (coordinates), maximum temperature, background colour, 

and proportion of vegetation cover (arc-sin transformed) as predictors. We also included 

location of where populations were from (mainland vs. island sites) as another predictor 

to take into account potential island syndrome for melanism (Uy and Vargas-Castro 2015). 

Secondly, for skink colour patterns (in contrast to colour) we predicted that if dorsal 

patterning is selected for camouflage, we should find a significant association between 

relative frequency of each colour pattern and background (either microhabitat cover or 

background colour). Here, we used proportion of colour pattern (plain, midplain, spot and 

midspot) in separate models as response variables, and latitudinal cline, location, 

background brightness and proportion of rock cover as predictor variables. 

We carried out PGLS multiple regressions using ape and nlme packages in R v. 3.2.3 (R 

Foundation for Statistical Computing). Models were compared using Akaike’s information 

criterion (R package AICcmodavg) with a correction for finite sample sizes (AICc) to select 

the models with the lowest AICc and high AICc weight (> 0.90) values. Phylogenetic signal 

associated to the residual errors of the fitted model was reported as ᢵ with 95% 

confidence intervals. A low value in ᢵ (close to 0) suggests that phylogeny has little 

influence on the error structure of data in the fitted model, whereas high ᢵ (close to 1) 

assumes strong influence of phylogeny on the data (Garamszegi 2014). We took the best 

model and a subset of the competing models that added up at least 0.95 of the total AICc 

weight. This gave us 95% confidence that predictors in the selected models were 

important for the response variables (Symonds and Moussalli 2011). We summed the AICc 

weights of each predictor (aAICc weight) from the selected models to determine the 

degree of influence (between 0 and 1) each predictor had on the response variable.  To 

further interpret the relationship between the response variables and the predictors, we 

conducted separate linear regressions in R. 

Finally, we further investigated if there was any difference between mainland and island 

sites in habitat background colour, microhabitat (vegetation and rock cover) and climate 

(mean monthly temperature, mean monthly maximum temperature, solar radiation, mean 

monthly UVI and mean maximum UVI) using t-test and linear regression.  
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5.4 Results 

 

Figure 18. a) Predicted body brightness across latitude (coordinates), location (island vs. 
mainland), maximum temperature (°C), habitat colour (brightness) and microhabitat cover 
(vegetation) if shore skink colour was strongly selected for thermoregulation; b) predicted body 
brightness if shore skink colour was under selection for camouflage; and c) the trends observed 
in body brightness (raw data) for each independent variable. Black lines are linear regression 
using raw data (with r2 values shown) and red lines are values predicted from PGLS brightness 
model 1. Circles are mean brightness with standard error bars, with black circles representing 
values from raw data and red from data predicted from PGLS brightness model 1. 

For colouration, we found that maximum temperature and location (i.e. mainland versus 

island) were the strongest predictors for shore skink colour in terms of hue and 

brightness, but not saturation (Table 2). Because body saturation was consistently low 

among populations (mean = 0.09 ±0.007 SE, possible range 0 to 1), the overall colour for 

skinks were more towards grey tones. Shore skink populations were lighter and more 

brown-grey in colour at sites with higher maximum temperatures (PGLS, hue: p < 0.01; 

brightness: p < 0.01; Figure 18c, Table 2). Although latitudinal cline was an important 
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predictor for the models, skink colour did not significantly vary according to latitude 

(PGLS, hue p = 0.06 – 0.18; saturation p = 0.24 – 0.35; brightness p = 0.13 – 0.88). 

Background colour and microhabitat (vegetation cover) were not selected for most of the 

best-fit models, therefore, not considered as important predictors for colour variation. 

These combined results when compared to our predicted scenarios (Figure 18), confirmed 

that climate strongly affects shore skink colour. We also observed mainland populations 

being lighter and more brown-grey than island populations (PGLS, hue: p < 0.01, 

brightness: p < 0.01), despite the similarities in habitat colour or maximum temperature 

between island and mainland sites (t-test island vs. mainland, habitat hue: p = 0.87, means 

= 86.8 ± 6.74 SE, 88.3 ± 5.88 SE; saturation: p = 0.48, means = 0.15 ± 0.02 SE, 0.18 ± 0.03 

SE; brightness: p = 0.60, means =43.2 ± 208.6 SE, 44.3 ± 149.5 SE; temperature: p =0.43, 

means= 22.2°C ± 0.17 SE, 21.9°C ± 0.23 SE). 

For skink colour patterns, habitat type was a strong predictor for only one colour pattern 

type (Table 2). The occurrence for plain in populations increased as the proportion of rock 

cover increased in backgrounds (PGLS p < 0.01, linear regression, p < 0.01, r2 = 0.326). 

Rock cover was not a strong predictor for other colour patterns(PGLS aAICc weights, 

midplain = 0.07, spot = 0.05, midspot = 0.05). Overall, the frequency of each colour pattern 

varied between populations, with higher occurrences in colour pattern diversity observed 

in the lower latitudes (Figure 16). When phylogeny was taken into account, latitude was a 

significant predictor for all colour patterns, but only the frequency of midspot significantly 

reduced with increasing latitude (PGLS midspot p = 0.02; Table 2). Additionally, midspot 

occurred less while plain more on islands compared to mainland populations (PGLS plain 

p = 0.02, midspot p < 0.01).  
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5.5 Discussion 

The colour and colour pattern diversity of shore skinks varied significantly with both 

climate and habitat. As predicted, skink colour, particularly brightness and hue, was 

mainly related to maximum temperature, where skinks were lighter and more brown-grey 

at sites with higher maximum temperatures. This suggests a potential role for selection of 

colour for thermoregulation. For shore skink colour patterns however, overall trends were 

more complex, and their relative frequency in the populations differed depending on the 

type of colour pattern. Plain individuals were more frequent in backgrounds with high 

amounts of rock, and this result is consistent with a colouration function for camouflage. 

Surprisingly, the frequency of midspot types was lower at sites located at higher latitudes, 

which suggests a possible link to thermoregulation. Between mainland and island 

populations, both colour and colour pattern of shore skinks differed despite no differences 

in the measured environmental variables (e.g., habitat colour and maximum temperature). 

Here, island populations had more plain but less midspot individuals, and skinks were 

darker and green-grey compared to mainland populations, which had lighter brown-grey 

skinks. 

Overall, maximum temperature was the most influential factor for variation across 

populations of body brightness in shore skinks. However, brightness did not vary 

according to latitudinal cline, implying that the climatic gradients correlated with latitude, 

namely temperature, solar radiation and UVI gradients may not be important influences 

on colouration. Shore skinks often live in open, exposed coastal habitats where 

environmental conditions can be extreme. Darker colouration at sites with low maximum 

temperatures can increase absorption efficiency and reduce the time required for animals 

to achieve preferred body temperatures (Clusella-Trullas et al. 2009; Forsman 1995; 

Heath 1975; Smith et al. 2016b). Conversely, a lighter coloured body would reduce solar 

energy absorption that could cause the body to overheat at high temperatures (Tattersall 

et al. 2006). 

For shore skink colour patterns, we expected that variation in colour patterns across 

populations would show a signature of strong selection for crypsis because a detailed 

analysis of within-population variability showed a high association between the 

distribution of colour pattern types and vegetation cover (Baling et al. 2016). Other 

studies also had similar observations of colour patterns matching their microhabitat types 

(Chen et al. 2013; Farallo and Forstner 2012; Woolbright and Stewart 2008). However in 

this cross-population study, only one colour pattern type, plain, was found more often in 
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backgrounds with a high proportion of rock (such as island sites). These rock 

microhabitats are generally smooth stone pebbles, approximately 10 to 20 cm in diameter 

(M. Baling unpublished data; Towns 1996). Both plain and rock background habitat are 

similar in that they lack any complexity in overall shape, diversity and density of markings 

(cf. spot and midspot patterns versus vegetation background). That is, plain is likely the 

better match in this uniform background compared to other colour patterns. 

In contrast to plain, midspot varied with latitudinal gradient even when shore skink 

phylogeny was taken into account. Apart from its function as camouflage, body patterning 

on prey (e.g., longitudinal stripes) has been suggested to aid in escape behaviours (e.g., 

flicker fusion, motion dazzle; Allen et al. 2013; Cooper Jr. and Greenberg 1992; Endler 

1978; Halperin et al. 2017; Hogan et al. 2016). At lower temperatures, such active 

behaviours require higher thermoregulatory effort to reach optimal temperature (e.g., 

basking longer or in more exposed habitats). Studies have also seen patterned morphs to 

have lower measures of crypsis, survival, and reproduction than uniform or darker 

individuals (Forsman and Shine 1995; Tanaka 2005, 2007, 2009; Woolbright and Stewart 

2008). Forsman and Shine (1995) documented lower amounts of body patterning in 

garden skinks (Lampropholis delicata) as latitude increased, and have attributed it to 

increased predation risk. Therefore, we hypothesise that different colour pattern variants 

within a species is likely to have alternative anti-predation strategies that could influence 

their fitness across a large spatial scale. 

The mainland populations of shore skinks were lighter brown-grey compared to island 

populations. Even though our measurements showed no significant difference in climate 

variables between island and mainland locations (e.g., monthly temperature, monthly 

maximum temperature, UVI), islands may still differ from the mainland at a microclimate 

level. Indeed, New Zealand islands are characterised as having a temperate marine 

climate, and islands have slightly higher temperatures, less cloud cover and less rain 

compared to the mainland (Daugherty et al. 1990; Meurk and Blaschke 1990). Therefore, 

further investigations incorporating climate variables at a smaller scale would be useful to 

confirm the association of body colouration to local island climate. Another possibility is 

that island and mainland sites may differ in predator density. All islands we surveyed 

were free from introduced mammalian predators, so these locations are likely to have a 

higher density of native predators (mainly birds) compared to mainland sites (e.g., 

Graham et al. 2013; Towns 2002, 2011). Higher predator pressure on islands may select 

for darker-coloured skinks to better match their background. Even though differences in 

predation pressure between islands and mainland still needs to be confirmed, support for 
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the background-matching hypotheses comes from our study of translocated shore skinks 

(from mainland to an offshore island), where the population became darker, and more 

closely matched the backgrounds of the release site within one generation (Baling et al. 

2016). The lower body brightness on islands observed in our current study is consistent 

with the former study, but also corresponds to “island syndrome” (Boback and Siefferman 

2010; Uy and Vargas-Castro 2015). Here, genetic drift or founder effect could have some 

degree of influence on the skink populations on islands (Bittner and King 2003; King 

2003), but it is likely to be weak at the larger scale in this comparative study (i.e. we have 

a high number of replicates for island vs. mainland populations, and we controlled for 

phylogeny). 

In conclusion, our study demonstrates how different environmental factors have varying 

degrees of influence on the overall variation of colour and colour pattern diversity within 

a species. We mainly provided additional support to other studies on how thermal 

melanism can shape the intraspecific colour and colour pattern variation among 

populations. Although selection of colouration for camouflage may seem to have a higher 

immediate cost to survival than thermoregulation (Smith et al. 2016a), the ability to attain 

preferred body temperature faster is also strongly linked to reduced predation risk (e.g., 

less time exposed to predators while basking, higher sprint speed, faster growth; Castilla 

et al. 1999; Clusella-Trullas et al. 2007; Rowe et al. 2016). The degree of selective pressure 

on body colouration can also be location-specific; where local adaptation for crypsis (e.g., 

predator diversity, density or adaptive behaviour) or island syndrome (e.g., combination 

of microclimate, predator density, and genetic drift or founder effect) will be more 

prevalent in insular populations. High variation in colouration among wild populations is 

therefore a product of complex combination of selective pressures acting on the species. 
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6 DISCUSSION 

I investigated the functional significance of the colouration of a prey species, the shore 

skink (Oligosoma smithi), and the selective processes that maintain its variation within 

and between populations. In particular, my research focused on the function of colour and 

colour patterns for crypsis (background-matching) in heterogeneous habitats. I also 

looked at the potential trade-off between the function for crypsis and two other functions 

that can affect overall variation:thermoregulation and intraspecific signalling.  

6.1 Population colouration in a continuous heterogeneous 
environment 

The degree of disparity between adjacent habitat patches can influence prey populations 

to either specialise their colouration to match one of the habitat patches, or to become 

generalists where colour and colour patterns represent a compromise between several 

habitat patches (Merilaita and Stevens 2011). Here, for the first objective of my thesis, I 

investigated two external factors that can influence the degree of background-matching: 

visual habitat characteristics and predator behaviour. I found evidence that variation in 

colouration of a wild shore skinks population within a continuous spatial vegetation 

gradient was maintained by selection for background-matching (Chapter 3) and apostatic 

selection (Chapter 4). These two selective forces are non-mutually exclusive, and 

differentiating them in natural systems can be challenging (Bond 2007; Bond and Kamil 

2006). 

6.1.1 Habitat structure, colour and complexity 

In Chapter 3, I found that the frequency of body colouration of shore skinks at T¢wharanui 

Regional Park strongly co-varied with a vegetation gradient. But background-matching 

was imperfect for colours (i.e. skinks were darker on average than the background at low 

vegetation cover, and lighter at high vegetation cover), while all four colour pattern types 

were widely distributed throughout the site. This imperfect matching in colour and colour 

patterns of the population across spatial habitat supports the views from theoretical 

modelling and studies using virtual environments for a compromised background-

matching strategy (Houston et al. 2007; Merilaita and Dimitrova 2014; Merilaita et al. 

2001; Merilaita et al. 1999; Toh and Todd 2017). 
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6.1.2 Predator behaviour 

Despite a clear correlation with skink colouration and background (Chapter 3), certain 

colour pattern types persisted across the study site, even when they are apparently 

mismatched with their immediate backgrounds (e.g., higher occurrence of midspot than 

plain types at areas of low vegetation cover). The field experiment in Chapter 4 revealed 

that resident predators at T¢wharanui were twice as likely to attack the more common 

patterned variants (e,g, midspot, midplain) than the more rare unpatterned variant, 

regardless of background type. This result is consistent with apostatic selection, where 

predators use cognitive search images to find prey, and thus have more success discerning 

and attacking the most abundant prey types in the population (Bond 2007; Karpestam et 

al. 2014; Plaisted and Mackintosh 1995; Troscianko et al. 2013). 

However, exactly how apostatic selection occurs in the field is often not clear, with many 

experimental studies describing it as predators targeting only one prey variant at a time 

(i.e. the most common variant type). As a result, other variants are ignored and therefore, 

survive in the environment (Bond 2007; Dukas and Kamil 2001; Farkas and Montejo-

Kovacevich 2014; Raymond 1984). But there other studies observed predators attacking 

the most commonly encountered variant as well as other similarly-looking variants. That 

is, only rare variants distinctly different to the others were overlooked (Allen 1988; 

Gorbunova 2017; Raymond 1984; Reid and Shettleworth 1992). A simulation study (Bond 

and Kamil 2002) suggests that the level of crypsis in a prey population can influence how 

accurately different variants can be detected by predators. The authors found that in a 

population with low crypsis, all variants were equally detected (i.e. attacked) by 

predators, while atypical (i.e. distinct) variants were attack the least compared to other 

variants in a highly cryptic populations. I showed that in the shore skink population at 

T¢wharanui, it was the rare variant that was attacked the least compared to the other 

colour patterns, and distinctive difference between these colour patterns was the 

presence of body patterns, i.e. rare variant (plain) did not have any patterning compared 

to others (i.e. midplain, spot and midspot). Therefore, my field experiment results fitted 

within the high crypsis populations in the simulations (Bond and Kamil 2002). 

6.2 Population colouration in a disjunct heterogeneous 
habitat 

My second thesis objective was to explore how population colouration responds when 

exposed to a change in habitat visual characteristics. In Chapter 2, I monitored a 

population of shore skinks that had been translocated from T¢wharanui to a nearby island 
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site consisting of two disjunct habitat types. One year after translocation, the surviving 

population showed significant changes in colour (i.e. they were darker and less intense in 

colour on average), and had a lower colour pattern diversity compared to the founder and 

source populations. Interestingly, body colouration observed in this translocated 

population was comparable to most other naturally-occurring island populations of shore 

skinks because other island populations typically are darker and have less colour pattern 

diversity compared to mainland populations (McCallum 1980, 1982; Towns 1972; Towns 

and Hayward 1973; also see Chapter 5). Darker colouration, or melanism, in island 

populations is one of the characteristics for “island syndrome”. Island syndrome predicts 

that island populations have higher population density, are larger in size, have fewer 

offspring, and have darker colouration compared to their mainland counterparts (Boback 

and Siefferman 2010; Doutrelant et al. 2016; Novosolov et al. 2013; Runemark et al. 2010). 

As has been predicted for distinctly disjunct habitat patches (Houston et al. 2007; 

Merilaita and Dimitrova 2014; Merilaita et al. 2001; Merilaita et al. 1999), the translocated 

population of shore skinks were more matched in colour with one background type (i.e. 

bare rocky stone) over the other (highly vegetated sand). This mismatch in skink colours 

suggests either a limitation in individual phenotypic flexibility such that individuals can 

not alter their colour enough to match their immediate background over time (but see 

Chapter 3), or that the range of variants within the founder population was not sufficient 

to response to matching of the sand-vegetation substrate at the island (Edelaar et al. 2017; 

Forsman 2014; Morgans and Ord 2013; Stevens 2016). Additionally, the high amount of 

vegetation can also provide a means of visual obstruction for predators, so accurate 

background-matching may not have been as important for skinks’ survival in the sand-

vegetation substrate. 

The documentation of changes in overall colouration in this translocated population 

highlights the potential implications of translocating cryptic prey species to distinctly 

different habitats. I emphasised the importance of careful consideration by managers 

when selecting release sites (habitat characteristics), and when choosing founder 

individuals to ensure successful translocation and long-term population sustainability 

(Baling et al. 2016). This is particularly significant as conservation translocations become 

more common for species conservation management (e.g., Armstrong et al. 2015; Ewen et 

al. 2012). 
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6.3 Conflicting signals: crypsis versus intraspecific 
signalling 

Visual intraspecific signalling generally promotes conspicuous colouration, which can 

incur survival costs because conspicuousness can potentially override other functions for 

colouration such as crypsis (Keren-Rotem et al. 2016; Outomuro et al. 2016). My third 

thesis objective was to investigate whether there is evidence of a trade-off between 

colouration for crypsis and intraspecific signalling across a continuous habitat gradient 

and between biological seasons (Chapter 3). However, I found no evidence that crypsis 

(background-matching) of shore skinks across vegetation cover was strongly affected by 

changes of seasons, despite the population showing morphological colour change between 

breeding and non-breeding seasons.  

Nevertheless, the hue and saturation of shore skinks’ colours did vary between seasons, 

from having an intense green-grey dorsal region during the nonbreeding seasons, less 

intense yellow-grey in the mating seasons, and brown-grey in birthing seasons. Moreover, 

this temporal variation in dorsal hue did not correspond to seasonal changes in the habitat 

background colouration. Interestingly, the within-population hue values observed 

between seasons were similar to the geographical colour variation observed between 

populations in Chapter 5. In that study, the 17 populations of shore skinks were on 

average more green-grey dorsally at sites with lower maximum monthly temperatures, 

while populations at sites of high maximum monthly temperatures were brown-grey (see 

section “Conflicting signals: crypsis versus thermoregulation” below). So one interesting 

possibility is that temperature (i.e. thermoregulation) may affect seasonal colour variation 

at T¢wharanui, because non-breeding seasons for shore skinks typically occur during the 

cool Austral winter months, mating season during spring, and birthing season in the warm 

summers. 

The lack of change in the degree of background-matching for shore skinks across both the 

habitat gradient and seasons was likely due to the presence of body colour partitioning, 

with more conspicuous colouration (i.e. less matched to background) occurring in ventral 

regions (e.g., Chen et al. 2012; Klomp et al. 2016; Marshall and Stevens 2014; Pérez i de 

Lanuza and Font 2015; Stuart-Fox et al. 2004). This ventral region also showed differences 

in colour between age classes (juveniles and adults) and sexes, suggesting an intraspecific 

signalling function. This study is one of the few studies that have documented the 

colouration for crypsis and intraspecific signalling in a wild population over both 

biological seasons and across a spatial habitat gradient. 
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6.4 Conflicting signals: crypsis versus thermoregulation 

My last objective was to evaluate whether geographical colouration of shore skinks vary 

according to expected trends predicted by two alternative functions: crypsis or 

thermoregulation. In Chapter 5, I found that the variation in colour across 17 shore skink 

populations showed patterns consistent with both a thermal melanism function and island 

syndrome. Population body brightness increased at sites with higher maximum monthly 

temperatures, supporting the views of other geographical studies on thermal melanism 

(Azócar et al. 2014; Clusella-Trullas et al. 2007; Harris et al. 2012; Rajabizadeh et al. 

2015). Similarly, body hue also co-varied with maximum monthly temperature, where 

skinks were more brown-grey at sites with higher maximum monthly temperatures.  

Additionally, colour pattern diversity varied with latitude. Particularly after controlling for 

phylogeny, the occurrence of one colour pattern type, midspot, decreased as latitude 

increased. A latitudinal trend is not an uncommon observation for colour polymorphisms, 

but alternate hypotheses on why colour pattern diversity decreases across latitude is 

limited (Chapple et al. 2008; Cox and Rabosky 2013; Forsman and Åberg 2008; Forsman et 

al. 2008; Forsman et al. 2016; Forsman and Shine 1995; McLean and Stuart-Fox 2014). 

Studies have shown that colour pattern variants can differ in thermoregulatory strategies 

(e.g., plain darker individual can absorb infrared better than patterned individuals; 

Castella et al. 2013; Clusella-Trullas et al. 2009; Forsman 1995; Heath 1975) and 

behavioural traits (e.g., prey with stripes are more active; Allen et al. 2013; Capula and 

Luiselli 1994; Halperin et al. 2017; Rojas et al. 2014a), so I hypothesise that 

thermoregulation requirements may play a part in the reduced colour pattern diversity 

with increasing latitude. 

Lastly, the statistical power provided by a high number of island and mainland replicates 

in this study was large enough to resolve an island effect on colouration (independently of 

climate or latitude), where skinks were darker and had different colour pattern diversity 

(i.e. less midspot and more plain) on islands compared to mainland populations. The 

increased melanism and reduced colour pattern diversity in this study, and also the 

translocated shore skink population study in Chapter 2 is consistent with “island 

syndrome” (Boback and Siefferman 2010; Novosolov et al. 2013; Uy et al. 2016; Uy and 

Vargas-Castro 2015). However, it is still unclear from this study what the selective 

processes are that are driving this island syndrome effect on shore skink colouration. 

Thermal melanism does not seem to apply in this circumstance because large-scale 

environmental conditions (e.g., monthly maximum temperature, UV index, solar radiation) 
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were not significantly different between island and mainland. However, islands and 

mainland sites could still differ at a microclimate level, which can strongly influence 

effective thermoregulation in skinks (Daugherty et al. 1990; Sagonas et al. 2013). The 

darker colours in island skinks might also result from stronger selection for crypsis, if 

(avian) predation pressure is higher on islands than the mainland (Graham et al. 2013; 

Towns 2002, 2011). 

6.5 Future research directions 

6.5.1 The ability of prey to adapt to the environment 

Aspects that stood out from the outcome of this research are a general lack of knowledge 

on the prey’s behaviour and general biology. Such knowledge is necessary to provide 

further insight into variation in the colouration of shore skinks. In particular, this research 

suggests the possibility that shore skink variants might have different anti-predator 

behaviour and thermoregulatory strategies that could affect the maintenance of each 

variant within the environment. Many studies that use virtual prey or theoretical 

modelling do not necessarily take these possibilities into account, but instead assume that 

all colour pattern variants have similar biological characteristics (e.g., Bond and Kamil 

1998, 2006; Houston et al. 2007; Nilsson and Ripa 2010;cf. Merilaita et al. 1999). 

One question about the behavioural traits of prey in need of increased research is: do prey 

choose specific backgrounds to optimise their background-matching (Cooper Jr. and 

Sherbrooke 2012; Gilis 1982; Kang et al. 2013; Karpestam et al. 2012; Merilaita et al. 

1999)? Despite the obvious adaptive value of this behaviour, it has only recently generated 

interest within visual camouflage researchers (e.g., Karpestam et al. 2012; Lovell et al. 

2013; Marshall et al. 2016). Experimental studies on crypsis-related behaviour have 

generally looked at prey choice between two contrasting background types (e.g. light vs. 

dark), but it is still unknown if colour pattern variants (in a non-physiological colour 

changing species) will choose to associate with backgrounds based on pattern complexity. 

Additionally, does background choice differ between variants that are generalists versus 

specialists in background-matching? Specifically, would specialists choose backgrounds 

that will accurately match their body colouration, whereas generalists may be less biased 

in their choice of backgrounds? 

Additionally, such choice experiments could be coupled with investigations into 

alternative anti-predator strategies among colour pattern variants. Particular colour 

pattern types have been associated with more active foraging and exhibiting rapid escapes 
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(e.g., longitudinal stripes, plain), while other pattern types to be more sedentary (e.g., 

speckled, blotched patterns) (Allen et al. 2013; Halperin et al. 2017). These differences in 

behaviours can potentially affect their crypsis and spatial distribution within a 

heterogeneous habitat. Furthermore, is there plasticity in these prey anti-predator 

behaviours when exposed to non-camouflaging backgrounds (i.e. fleeing rather than 

freezing when not cryptic)? 

Colour pattern variants are also expected to have different thermoregulatory behavioural 

strategies that can confer selective advantages at different habitat types. Effective 

thermoregulation, particularly in ectotherms, is critical for maintenance of other biological 

processes and behaviours (e.g., digestion, reproduction, mobility). However, studies that 

link the rate of attaining preferred body temperature (for thermoregulation) to the degree 

of mobility or escape behaviour (Allen et al. 2013; Capula and Luiselli 1994; Rojas et al. 

2014a) and overall fitness (Forsman and Shine 1995; Tanaka 2005, 2007, 2009; 

Woolbright and Stewart 2008) are lacking. 

6.5.2 Predator selection 

Many predictions on the effect of predator selection on prey colouration have been 

derived from theoretical modelling, and laboratory studies of captive or virtual 

environments that use captive birds or humans as predators (e.g., Bond 2007; Karpestam 

et al. 2014; Merilaita 2006; Merilaita and Dimitrova 2014; Merilaita and Ruxton 2009; 

Troscianko et al. 2013; Troscianko et al. 2009). There is therefore a need for more studies 

testing these predictions in natural systems. My research showed that selective attacks by 

predators on certain colour pattern variants were consistent with the maintenance of 

colour variation via crypsis and apostatic selection within a continuous heterogeneous 

habitat (Bond and Kamil 2006). This experimental approach can be expanded to compare 

the effect of predator selection on prey colour patterns on several aspects: 1) the degree of 

disparity in habitat patches (continuous vs. disjunct heterogeneous habitats) to test if 

apostatic selection is stronger in populations within continuous complex habitats 

compared to disjunct habitat patches (Bond and Kamil 2002, 2006); 2) different predator 

densities (e.g., island vs. mainland) to determine if higher predator density reduces 

strength of apostatic selection and also variation in colour pattern variants (Merilaita 

2006); and 3) familiarity with prey (e.g., naturally occurring prey population vs. 

translocated population) to investigate the effect of predator prior exposure to prey on 

prey detection (Bond 2007; Troscianko et al. 2013). 
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An additional surprise from the field experiment (Chapter 4) was that body brightness 

contrast, a common visual cue for predators in other studies (Defrize et al. 2010; Endler 

1978; Forsman et al. 2011; Kettlewell 1955; Stevens et al. 2013; Stuart-Fox et al. 2003; 

Troscianko et al. 2016), was not a prominent factor that elicited predator attacks in shore 

skinks. I posed one possibility, that this cue is unreliable in open habitats such as a coastal 

sand dune at T¢wharanui because highly intense lighting condition may affect prey 

colouration (particularly when body saturation is low) and predators’ visual acuity 

(Endler 1978; Théry 2006). Although there are studies showing lighting conditions affects 

intraspecific signalling (e.g., Cole and Endler 2016; Gomez and Théry 2004; Klomp et al. 

2017; Moyen et al. 2006), visual warning signals (Rojas et al. 2014b) and predator 

camouflage (Tate et al. 2016), how this affects predation risk for different prey 

colouration, particularly in bright open habitats, deserves further attention. 

6.6 Conclusions 

My research has demonstrated how a continuous heterogeneous habitat promotes high 

intraspecific variance in colouration in a generalist cryptic species within and between 

populations. The observed patterns for colouration within a population were consistent 

with both natural selection for background-matching and apostatic selection. When a 

subpopulation was translocated from a continuous habitat gradient to a disjunct two-

patch habitat type, the population responded with reduced colour and colour pattern 

diversity, with high matching in body colours to only one patch type. Shore skinks showed 

typical colour division between the body regions, where the ventral regions exhibited age-

dependence and sexual dichromatism. The population also showed morphological colour 

change between non-breeding and breeding seasons, but overall population crypsis across 

the spatial habitat gradient did not seem to be negatively affected by seasonal variation. 

Finally, geographic variation in shore skink colouration was related to both thermal 

melanism and crypsis. There was also a significant island effect on colour patterns for 

shore skinks, which could be linked to local adaptation and non-selective forces (island 

syndrome). My thesis provides new insights into how dramatic colouration and patterning 

of a prey species can be maintained by multiple selective pressures for various biological 

functions. This work also provides the first quantitative research on colouration in New 

Zealand reptiles. 
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7 APPENDICES 

7.1 Appendix 1 

 

Figure A1. Averaged spectral reflectance (±SE) of 15 shore skinks (Oligosoma smithi) from 
T¢wharanui Regional Park. 
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7.2 Appendix 2 

Standard mean difference of percentage vegetation cover between different dorsal colour 

patterns of three populations of shore skink: T¢wharanui Regional Park, subset of 

founders from T¢wharanui, and translocated population at Tiritiri Matangi Island (two 

different substrates). 

Population Colour pattern 1 Colour pattern 2 Effect size, r   n 1, 2 
              (lower CI, upper CI) 
T¢wharanui Plain   Midplain  0.33 (0.132, 0.498) * 19,65 
  Midplain  Spot   0.02 (-0.175, 0.218)  65, 30 
  Spot   Midspot   0.20 (0.071, 0.310) * 30, 211 
  Midspot   Midplain  0.22 (0.109, 0.330) * 211, 65 
  Midspot   Plain   0.38 (0.265, 0.478) * 211, 19 
  Spot   Plain   0.36 (0.094, 0.560) * 30, 19 
Founder Plain   Midplain  0.26 (-0.609, 0.782)  3, 1 
  Midplain  Spot   0.27 (-0.489, 0.734)  1, 5 
  Spot   Midspot   0.18 (–0.314, 0.568)  5, 10 
  Midspot   Midplain  0.35 (-0.242, 0.700)  10, 1 
  Midspot   Plain   0.26 (-0.283, 0.632)  10, 3 
  Spot   Plain   0.10 (-0.515, 0.619)  5, 3 
Tiri – sand Midspot   Midplain  0.13 (-0.358, 0.539)  14, 1 
Tiri – rock Midspot   Midplain  0.28 (-0.264, 0.642)  1,12 
  Spot   Midspot   0.73 (0.327, 0.867) * 1,12 
* CI’s that do not overlap with zero are significantly different at p < 0.05. 

 

7.3 Appendix 3 

The standard mean differences in colour (brightness and saturation) of three sites 

occupied by shore skinks: T¢wharanui Regional Park, subset of founders from T¢wharanui 

and translocated population at Tiritiri Matangi Island (two substrate types). 

Sites  Comparison with site  Effect size, r   n 
           (lower CI, upper CI) 
Brightness 
T¢wharanui Founder   0.02 (-0.086, 0.141)   278, 17 
  Tiri – sand   0.11 (-0.007, 0.219)   278, 12 
  Tiri - rock   0.02 (-0.093, 0.135)   278, 14 
Founder Tiri - sand   0.21 (-0.158, 0.499)   17,12 
  Tiri - rock   0.01 (-0.321, 0.343)   17, 14 
Tiri - sand Tiri - rock   0.21 (-0.176, 0.514)   12, 14 
 
Saturation 
T¢wharanui Founder   0.03 (-0.089, 0.138)   278, 17 
  Tiri – sand   0.16 (0.046, 0.268) *   278, 12 
  Tiri - rock   0.27 (0.155, 0.373) *   278, 14 
Founder Tiri - sand   0.52 (0.196, 0.705) *   17,12 
  Tiri - rock   0.78 (0.602, 0.862) *   17, 14 
Tiri - sand Tiri - rock   0.87 (0.755, 0.924) *   12, 14 
* CI’s that do not overlap with zero are significantly different at p < 0.05. 
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7.4 Appendix 4 

Shore skink model design: We developed a highly realistic skink model using a 

combination of 3D-printed skink replicas and clay. First, we scanned a dead shore skink 

specimen using a 3D scanner (SLS-2, DAVID Vision Systems Gmbh, Germany) with 

software DAVID-LASERSCANNER v3.10.4 (DAVID Vision Systems Gmbh, Germany), and 

combined all scanned images using Blender 2.70a (Blender Foundation, www.blender.org) 

to create a digital 3D skink model (available at: www.nzfauna.ac.nz/#!nzfauna---skink). 

We 3D-printed (Elite P3000, Trump Precision Machinery, China) 240 skink replicas out of 

nylon powder (Precimid 1170). We tied a clear 0.4 mm fishing line onto the body of each 

replica, to secure the models to the substrate. We then added soft clay (Sculpey III 

Hazelnut, Polyform Products Company, USA) to the replicas by hand and painted them 

using acrylic paint. We used spectral reflectance (Figure A2) of a light and a dark coloured 

skink from T¢wharanui Regional Park to reproduce paint colours for models. 

 

Figure A2. Spectral reflectance of shore skinks, Oligosoma smithi, (dotted lines) and acrylic paint 
mixed (solid lines) to match the reflectance of the skinks. Graph (a) refers to light-coloured skink, 
(b) is dark-coloured skink, and (c) is black for patterns. 

7.5 Appendix 5 

Identification of bite marks on models: We identified predation attempts on the models 

by the presence of small nicks and large bite marks made by either birds or rodents 

(mice). Bite marks by birds were identified by the presence of small punctures or paired u 

or v-shaped marks on the body or tail of the models (Figure A3). We recognised rodent 

predation attempts by the presence of teeth markings on the models (Figure A3). These 

markings were similar to images of attacked clay models in other studies (Fresnillo et al. 

2015; Sato et al. 2014; Watson et al. 2012). 
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Figure A3. Examples of predator bite marks on the shore skink models. Pictures show large 
paired v-marks on models (left and middle top), smaller v-marks and puncture wounds (middle 
bottom), and bite markings of rodents (mice, right). 

Supporting references: 

Fresnillo, B., Belliure, J., Cuervo, J.J., 2015. Red tails are effective decoys for avian 

predators. Evolutionary Ecology 29: 123-135. doi:10.1007/s10682-014-9739-2 

Sato, C.F., Wood, J.T., Schroder, M., Green, K., Osborne, W.S., Michael, D.R., Lindenmayer, 
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7.7 Appendix 7 

Correlation between microhabitat types: We conducted a principal component analysis 

(PCA) on three microhabitat types; rock, vegetation and sand; to identify the variable that 

explained the most variance in the data (Figure A4). We chose proportion of rock cover as 

our microhabitat variable as our predictor for our models on pattern types. For skink 

colour (hue, saturation and brightness), we chose vegetation cover because rock cover is 

positively correlated to mean monthly maximum temperature (linear regression: p = 0.04; 

r2 = 0.195) 

 

Figure A4. Principal component analysis (PCA) of three micorhabitat types: rock, sand, 
and vegetation (Veg). 

 

7.8 Appendix 8 

Correlation between environmental variables and latitude: Because of the potential 

collinearity of the environmental variables, we conducted a PCA to identify the variable 
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with most variance in the data (Figure A5). We used: mean monthly temperature, mean 

monthly maximum temperature, mean solar radiation, mean UV index (UVI), mean 

maximum UVI, and latitudinal coordinates of each shore skink population. We found that 

latitudinal cline was positively associated to solar radiation (linear regression: p < 0.01, r2 

= 0.85) and negatively correlated to monthly temperature (linear regression: p < 0.01, r2 = 

0.73), UVI (linear regression: p < 0.01, r2 = 0.95) and maximum UVI (linear regression: p < 

0.01, r2 = 0.96). So we chose latitudinal gradient to represent all the correlated variables. 

Maximum monthly temperature was independent from latitude (linear regression: p = 

0.10; r2 = 0.11). 

 

Figure A5. Principal component analysis (PCA) of six variables: Latitudinal cline (Lat), 
solar radiation (Rad), mean monthly maximum temperature (TempMAX), mean 
monthly temperature (Temp), UV index (UVI) and mean maximum UV index 
(UVImax).  
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7.9 Appendix 9 

 

Figure A6. Maximum-Likelihood tree for shore skinks (Oligosoma smithi) and four outgroup 
species (O. microlepis, O. suteri, O. moco and Lampropholis guichenoti based on 550 bp of the ND2 
mitochondrial gene.  
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Figure A7. Final maximum likelihood tree for 17 populations of shore skinks, after other 
populations and outgroups were removed. 
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7.10 Appendix 10 

 




