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The variation in animal coloration patterns has evolved in response to different visual strategies for reducing the risk of predation. However, the perception of animal coloration by enemies is affected by a variety of factors, including morphology and habitat. We use the diversity of Australian chrysomeline leaf beetles to explore relationships of visual ecology to beetle morphology and color patterns. There is impressive color pattern variation within the Chrysomelinae, which is likely to reflect anti-predatory strategies. Our phylogenetic comparative analyses reveal strong selection for beetles to be less distinct from their host plants, suggesting that the beetle color patterns have a camouflage effect, rather than the widely assumed aposematic function. Beetles in dark habitats were significantly larger than beetles in bright habitats, potentially to avoid detection by predators because it is harder for large animals to be cryptic in bright habitats. Polyphagous species have greater brightness contrast against their host plants than monophagous species, highlighting the conflict between a generalist foraging strategy and the detection costs of potential predators. Host plant taxa—Eucalyptus and Acacia—interacted differently with beetle shape to predict blue pattern differences between beetle and host plant, possibly an outcome of different predator complexes on these host plants. The variety of anti-predator strategies in chrysomelines may explain their successful radiation into a variety of habitats and, ultimately, their speciation.
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INTRODUCTION

The pervasive risk of attack by natural enemies has favored the evolution of a variety of anti-predator strategies (Stevens, 2013). Protective color patterns are arguably among the most widespread of these strategies, as they can reduce prey detection and/or warn predators that the prey is unpalatable (Cott, 1940; Ruxton et al., 2004; Stevens, 2007). Color patterns that resemble an animal's background or mask an animal's outline may reduce detection by predators (Endler, 1984; Cuthill et al., 2005; Stevens et al., 2006). On the other hand, conspicuous color patterns are used to advertise the distastefulness of an organism to visually searching enemies (Roper, 1990; Prudic et al., 2007b; Skelhorn et al., 2016). However, these functions of color patterns may not be mutually exclusive, as some color patterns may combine warning coloration at a close range, with crypsis at a longer range (Tullberg et al., 2005; Honma et al., 2015). As a consequence, a diversity of color patterns may derive from these different visual defense mechanisms. While the adaptive significance of these color patterns are reasonably well documented, how their evolution has been shaped by ecological (Prudic et al., 2007a; Mappes et al., 2014) and life history factors (Ojala et al., 2007; Tan et al., 2016) is less clearly understood.

Animal color patterns are rarely “matched” with their background, because habitats are usually heterogeneous, and therefore provide backgrounds that vary visually in time and space (Merilaita and Dimitrova, 2014). Nevertheless, background matching is especially important for individuals that are exposed while feeding (Pellissier et al., 2011; Kjernsmo and Merilaita, 2012), since the risk of predation can increase by up to a 100-fold (Bernays, 1997). One solution is for animals to have patches on the body surface with a mixture of contrasting colors or luminance that match different patches in the immediate adjacent surroundings (Pellissier et al., 2011; Wilts et al., 2012; Espinosa and Cuthill, 2014). For herbivorous animals, apart from being a food source, the host plant can also affect how animals are perceived by their enemies. For instance, host plants can provide visual signals to deter a herbivore's predators (Keasar et al., 2013). While most species of phytophagous insects are associated with a small range of closely related host plant species, other species may have multiple associations with unrelated plants (Novotny et al., 2002, 2007; Jurado-Rivera et al., 2009; Baker et al., 2012). Increasing the number of host plants is likely to decrease background matching, and so generalist species may face a compromise between a preferred host plant and their capacity to be conspicuous or not.

Visual signals may be constrained by morphology, which is also under selection by natural enemies. Larger animals may be under greater selection pressure because of their higher profitability and detectability (Krebs et al., 1977; Utne-Palm, 2000; Sandre et al., 2007; Smith et al., 2016). Thus, the detection of an animal can be affected by a combination of body size and color pattern (Karpestam et al., 2014). The size of an animal can also affect the efficacy of color patterns, and thus the strength of selection. A positive correlation between warning efficacy and animal body size suggests that warning coloration may evolve more readily in larger animals (Gamberale and Tullberg, 1998), but larger insects may not necessarily be more conspicuous (Nilsson and Forsman, 2003). For instance, larger-sized signaling pattern elements can accelerate the learning rate of great tits (Parus major) to unpalatable prey (Lindström et al., 1999). Larger-sized prey can also induce greater avoidance behavior in potential predators (Gamberale and Tullberg, 1996b, 1998; Forsman and Merilaita, 1999; Lindstedt et al., 2008). Other studies reveal the advantages of gregarious aposematic prey (Gamberale and Tullberg, 1996a, 1998; Tan et al., 2016), which suggest that the efficacy of the warning signal may be an effect of the total signaling area.

In addition to size, the shape of an animal affects how it is perceived. An important, but frequently neglected consideration is that the shape of prey will differ according to the perspective of the viewer. For instance, aerial predators such as, birds or predatory hymenoptera will take a predominantly dorsal view of the prey, while terrestrial predators such as carnivorous insects and spiders will assess prey size from a lateral view. The effect of predation on prey shape is highly variable among animal taxa (Brönmark and Miner, 1992; Nilsson et al., 1995; Outomuro and Johansson, 2015), potentially affecting the mobility and thus the ability to escape predators. For instance, damselflies develop short and broad hind wings in response to selection by bird predators (Outomuro and Johansson, 2015) while freshwater carp develop deeper bodies in the presence of pike predators, which either render the carp less vulnerable to predation (Brönmark and Miner, 1992), or increase handling time and thus the opportunity to escape (Nilsson et al., 1995). The distribution of color intensities on a convex shape, like a beetle, would vary in a natural landscape because of multiple illumination sources, such as light scattering from forest gaps or surrounding objects (Khang et al., 2006). Studies of humans, pigeons and starlings show that the perceived shape and depth of an object is affected by the amount of illumination on it (Ramachandran, 1988; Cook et al., 2012; Qadri et al., 2014). As the shape and depth of an organism may be correlated with its nutritional return as a prey item, the shape and depth may also reflect an animal's value to a predator (Stephens and Krebs, 1986; Rychlik, 1999).

Chrysomeline leaf beetles are a good system for investigating the evolution of color patterns because of their phenotypic diversity and the variety of habitats in which they occur (Reid, 2014). Australia includes 25% of the world's diversity of this subfamily: ~750 species in 43 endemic genera (Reid et al., 2009; Reid, 2017). Leaf beetles cover a range of color patterns such as iridescence, contrasting, and mottled coloration (see Reid, 2006 for details on the diversity of the color patterns of Australian chrysomelines). Chrysomeline beetles are also chemically defended, producing noxious secretions of metabolites derived from their host plants (Pasteels et al., 1982, 1983; Selman, 1985a; Schulz et al., 1997; Termonia et al., 2002), or synthesized de novo (Blum et al., 1972; Hilker and Schulz, 1994). The conspicuous appearance of many chrysomelines, together with their defensive chemical secretions and diurnal lifestyle, have led to the widespread assumption that these color patterns are aposematic and deter potential predators (Selman, 1985b, 1994; Pasteels et al., 1989; Matthews and Reid, 2002).

However, attributing an aposematic role to contrasting color patterns commonly associated with toxicity may not accurately reflect the adaptive significance of the beetle color patterns (Pawlik et al., 1995). Chrysomelines are phytophagous, with diverse body shapes and color patterns that, to varying degrees, match or contrast with their environments that range from rainforests to sandy deserts (Reid, 2014). Most chrysomelines are highly specialized on a single host plant genus for their entire life cycle (Jolivet and Hawkeswood, 1995; Reid, 2006; Jurado-Rivera et al., 2009). Indeed, recent analyses suggest that chemical defenses in juvenile chrysomelines is closely linked to the chemistry of their hosts (Rahfeld et al., 2015). Despite the presence of toxic glands in the chrysomelines, the diversity of chrysomeline color patterns suggests that these color patterns may have evolved through mechanisms other than aposematism. Leaf beetles are likely to have a large number of visual predators that will view the beetles from a dorsal and a lateral view, thus exerting selection pressures on chrysomeline size and shape, respectively. Cursorial arachnids are potential predators exerting a selection pressure on chrysomelines from lateral view, while aerial predators such as birds and wasps are potential predators of beetles taking a dorsal view (Recher et al., 1987; Recher, 1989; Recher and Majer, 2006). Documented predators of chrysomelines include wasps (Evans and Hook, 1986) and birds (de Little, 1979; Matthews and Reid, 2002).

We investigate how beetle morphology, habitat and host plant range influence the evolution of diverse color patterns within a single clade of chrysomeline beetles from Australia. We assemble a database of chrysomeline color pattern and morphology by collecting live beetles and drawing on published records, and perform phylogenetic comparative analyses to ask specific questions. First, are beetles visually different from their host plants, and is this distinctiveness predicted by the host plant specificity and light environment. We predict that polyphagous species are visually different from their host plants, because of the inherent differences of host plant species. We also predict that beetles that feed on similar host plant species may have broadly similar color patterns. For instance, beetles that feed on one clade of host plants may have specific color pattern differences that are not evident among beetles that feed on a different clade. Next, we asked if beetle morphology affects how beetles are perceived: we predict that larger beetles may be more commonly found in darker habitats than smaller beetles because larger beetles, which face higher predation risks, may be less conspicous in these habitats. We also predict that more convex beetles that may appear larger to predators, will be visually more distinct from their host plants, thereby providing a greater deterence signal.

MATERIALS AND METHODS

Taxon Sampling

Deceased non-iridescent chrysomeline leaf beetles tend to fade to brown (Moore, 1980; Selman, 1985b; Balsbaugh, 1988; Lawrence and Britton, 1994; also see Figure 1), so we included live beetles only as a meaningful record of body color patterns. Museum collections of specimens, while plentiful, furnish little, if any, information about color patterns unless the beetles possess structural coloration.
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FIGURE 1. Live and pinned specimens of chrysomelines. (A) Live specimen of an adult Paropsisterna gloriosa; (B) Corresponding pinned specimen of Paropsisterna gloriosa (Image by Sue Lindsay, © Australian Museum); (C) Live specimen of an adult Calomela pallida; (D) Corresponding pinned specimen of Calomela pallida (Image by Sue Lindsay, © Australian Museum). The white bars represent 5 mm in each image.



Fifty-one species of chrysomeline beetles were collected from 32 locations across four states in Australia from November 2012 to March 2014 (Table S1). Where possible, we collected species representative of the diversity of phenotypes in each genus. We collected an additional 39 species of beetles during our field trips, but they were not represented in the molecular phylogeny (Jurado-Rivera (2014), and so were not included in this analysis. Our study comprises of 143 specimens collected from a range of habitats—rainforests, dry, and wet sclerophyll forests and heath. Specimens have been deposited at the Australian Museum, Sydney. Live beetles were photographed with their host plant in the field at a distance of ~0.1 m during daylight hours, generally under clear skies. We obtained digital images of the dorsal surface of each beetle, as it was assumed to be the clearest exposition of its appearance to visual predators. These beetles are all dorsally convex, and predators are assumed to view them dorsally or laterodorsally as only the dorsal surface is exposed during foraging, mating, and resting.

Phylogenetic Tree Inference

We obtained a molecular phylogeny for Australian chrysomelines, previously documented in an unpublished Ph.D. Thesis (Jurado-Rivera, 2014). Details of the molecular phylogeny construction are described in the Supplementary Material (Chrysomeline molecular phylogeny; Table S2). The phylogenetic tree was visualized and modified in Mesquite 3.02 (Maddison and Maddison, 2014). The original phylogeny by Jurado-Rivera (2014) was pruned to include only the species in our analysis. The node ages of the tree were estimated using a semi-parametric method based on penalized likelihood (Paradis et al., 2004) and the smoothing parameter used was 0.1. All subsequent analyses were performed in R Development Core Team (2016).

Beetle Morphology

We investigated whether adult morphology constrains the color patterns of chrysomelines by obtaining measures of the length, height, and width of each species in the sample. Additional specimens were measured from the collection at the Australian Museum, Sydney. Where available, up to 10 individuals were measured per species, over as wide a range of collection years as possible. The length, width and height dimensions of beetles are defined in Figure 2, and 470 beetles were measured for this purpose (see details in Table S3). To obtain a measure of a beetle's elevation from its substrate—and thus its perceived size by natural enemies approaching from the same substrate—we obtained the ratio of the beetle height to the length (hereafter referred to as convexity). Beetle height was measured as the furthest extremes of the anatomy—i.e., if the elytra were not enlarged and overhanging (see Figure 2A), then the maximum projection of the metaventrite was considered the deepest point.
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FIGURE 2. Measurements of the dimensions of a beetle. (A) Lateral view of beetle depicting height measurement; (B) Dorsal view of beetle depicting length and width measurements. Convexity is defined as the ratio of the beetle height to length. Images by Kindi Smith, © Australian Museum.



Assessment of Color Pattern Difference

Raw image files (CR2 format) with minimally processed data from the image sensor of the camera (Canon EOS 600D) were acquired to prevent information loss during the image compression process (Stevens et al., 2007). Due to limitations of the camera and lens, UV coloration of the beetles and their backgrounds were not recorded. Each photograph was taken in the presence of a card with 1 cm graduations to allow for subsequent scaling of images. All the images were then scaled in Adobe Photoshop CS6 based on the graduations present in each image, such that the number of pixels per cm was consistent for all the images. The beetle in each image was manually defined following Cheney et al. (2014) using a tablet and stylus. Four samples of the background were also obtained by shifting the beetle outline to separate, arbitrarily chosen positions within the background area of the same image.

First, we compared the brightness contrasts of the beetles to their background samples, by measuring the distribution of brightness contrast within each image. Contrasts between prey and background can be important in perception and predator avoidance learning (Gittleman and Harvey, 1980; Roper and Wistow, 1986; Roper and Redston, 1987; Aronsson and Gamberale-Stille, 2009; Llandres et al., 2011). The pixel intensity variance (PIV) is a measure of the distribution of brightness contrast within an image. In order to compare the brightness contrasts of the beetles to their background samples, we measured the PIV of each beetle and background sample as:
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where for each sample (beetle or background), N is the length of the data vector, [image: image] is the mean of the data vector, and xi is element i of the data vector (Zylinski et al., 2011). This was calculated separately on the red, green and blue layers for each sample in MATLAB, using the Image Processing Toolbox. To compare the beetle samples with their respective background samples, we performed two-tailed t-tests of the PIV of beetles against their respective backgrounds. Where the results of the t-test indicated a significant difference between the PIV of the beetle and its background, the beetle was deemed different from its background in terms of brightness contrast in that particular color layer (for convenience, we refer to the brightness contrasts within the specific color layers as either red, green or blue contrasts).

Next, we quantified and compared the color patterns of the beetles and their backgrounds, by obtaining measures of color pattern differences. This allowed comparison of the red, green, and blue patterns of the beetles and their backgrounds. The underlying assumption of this analysis is that a color pattern can be considered cryptic if it resembles a random sample of its background, while it must differ from its background in order to be conspicuous (Endler, 1978). This analysis does not take into account the vision of the viewer, but it nonetheless yields useful empirical information about the differences of both color and pattern between an animal and its background, and allows us to investigate the evolutionary development of color patterns in these toxin-protected beetles. The degree of resemblance between beetle and visual background allows us to examine the presence of any selection pressure because of the visual background signals.

Following Zylinski et al. (2011), the spatial frequency of patterns within each sample (beetle and background) were analyzed using two-dimensional Fast Fourier Transformation (FFT). This was performed separately on the red, green and blue layers of each sample in MATLAB, using the Image Processing Toolbox. A log-scaled power spectrum curve was obtained from the FFT, followed by a rotational average of the amplitudes produced (Cheney et al., 2014). The absolute difference in area between the power spectrum curves of the beetle and each background sample provided a quantification of the difference in color pattern between the beetle and its background. This difference in color pattern between the beetle and its background was obtained separately for red, blue and green (hereafter referred to as red, blue and green pattern differences, respectively). As the values for pattern differences were of a greater range than that described by Cheney et al. (2014), we did not classify them as “different” or “not different.” Rather, we used the values of pattern differences as a continuous measure to compare against the ecological data. These analyses cannot be used to compare patterns between images because of edge effects from the border between the beetle outline and the edge of the image (Cheney et al., 2014). Although image intensity variance and power spectrum analysis can be affected by changes in the light exposure, within-image comparisons of the beetle and the backgrounds would control for such effects.

Variation in Color Differences between Beetle and Host Plant

To summarize the variation in color differences between beetle and host plant, we performed a phylogenetic Principle Components Analysis using the phytools package (Revell, 2012) in R. This procedure takes into account the phylogenetic non-independence among species means.

Ecological Data Collection

Ecological data were collated for the 51 species of chrysomeline beetles from a range of habitats. Ecological data of the 51 species were based on conditions in the field and, where necessary, supplemented by information from the literature (details in Table S3). Chrysomeline beetles are herbivores that usually only feed on related host plants within a genus (Jurado-Rivera et al., 2009; Reid, 2017), and host plant identities were used to examine if selection pressures on color patterns were specific to the host plants.

Phylogenetic Generalized Least Squares Regression

We used phylogenetic generalized least-squares (PGLS) regression, which controls for the non-independence of species data, to examine the relationship of response variable (color pattern differences) with predictor variables (beetle morphology, host plants, and light environment). For continuous variables (beetle length, height, convexity, color pattern difference), we calculated Pagel's λ (Pagel, 1997, 1999), which indicates the level of association between the trait and phylogeny. λ adopts a value between 0 and 1, where λ = 0 indicates that closely related species do not have similar trait values, and λ = 1 indicates that closely related species have very similar trait values.

We use the caper package (Orme et al., 2013) in R to perform PGLS. We used a model selection approach using Akaike's Information Criterion (AIC). To evaluate how much more likely each of our models were than the null model, we calculated the Evidence Ratio (ER) (Symonds and Moussalli, 2011). The alternative models were compared to the null model and alternative models with less than two AIC units better (lower) than the null model were not considered distinguishable from a null model (Symonds and Moussalli, 2011). We present the ER of the best model compared with the null model, to evaluate how the AIC values of models were better (lower) than that of the null model. In addition, to clarify how we selected our models, we present the number of parameters (k), Δi-values derived from AICi−AICmin, Akaike weights, and adjusted R2 values, following Burnham and Anderson (2002).

Effect of Light Environment on Beetle Morphology

Since the distribution of light in forests can vary depending on the vegetation structure (Ross et al., 1986; Johansson, 1987; Constabel and Lieffers, 1996; Montgomery and Chazdon, 2001), we scored the light environment of each beetle specimen, based on the habitats and vegetation structure of the host plants, following the phyto-sociological classification of Groves (1999). The light environment was classified and scored in terms of habitat (rainforest: 1, wet sclerophyll: 2, dry sclerophyll: 3, heath: 4) and vegetation strata (understorey: 1, tree species: 2), such that darker habitats and vegetation strata have lower scores. We then recorded the sum of these two scores for each beetle species, and deemed darker environments for scores ≤ 4 (the median score across all species), and brighter environments for scores ≥ 5. While this definition of light environment is arbitrary, our intention is to keep the analysis simple with a dichotomy that captures the combined effects of vegetation strata and habitat type on the amount of light incident on the beetle, and thus perception by potential predators. Beetles located in the rainforest understorey would be in a very much darker environment than those found on dry sclerophyll trees. Importantly, these values are derived independent of our study. Thus, our brighter/darker habitat dichotomy is not based on an arbitrary threshold, but rather reflects values that are less or greater than the median value. This binary classification of the environment was subsequently used in the comparative analysis (Figure 3).
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FIGURE 3. Molecular phylogeny of chrysomelines. Corresponding beetle images (not to scale) are placed at the tips, before the species names. The light environment (E) is represented by open circles (light environments) or closed circles (dark environments). Beetle length (L) is represented by the horizontal lines adjacent to species names and the gray vertical line illustrates the average size of the chrysomelines.



Effect of Diet Specialization

As the host plant also affects how enemies perceive their animal prey, we examined whether diet specialization (monophagous or polyphagous) affects how beetle color patterns vary with their host plants. Using the ecological information (Table S4), we defined beetles as monophagous if only one species of host plant was recorded, and polyphagous if more than one species of host plant was recorded.

Effect of Host Plant Genera

We examined the effect of host plant genera on the color patterns and beetle morphology in more detail by selecting beetle species that feed on Eucalyptus (n = 13) and Acacia (n = 17), since these were the two dominant genera of host plants within our sample. As Eucalyptus and Acacia dominate almost all of the plant associations of the Australian continent (Barlow, 1981), it is unsurprising that a large proportion of our sampled chrysomeline species feed on these host plants.

As beetle morphology could affect the perception of the beetle against their host plants, we then performed PGLS to test whether beetle length, height, and convexity interacted with host genera to predict color pattern differences in beetles. To assess the value of the interaction terms, we compared the models with and without the interaction term, using the AIC values and the calculation of ER as described above.

RESULTS

Variation in Color Differences between Beetle and Host Plant

Phylogenetic Principle Components Analysis of the red, green, and blue patterns yielded two principle components (Table 1). PC1 explained 70.6% of the variance (S.D. = 4.13), while PC2 explained 26.0% of the variance (S.D. = 2.50). Green and blue patterns are more important to PC1 while red pattern is more important to PC2. Principal Component 1 (PC1) values of sister taxa are generally similar (Figure 4A), and a similar trend is seen for principal component 2 (PC2) values (Figure 4B).


Table 1. Loadings from phylogenetic principal component analysis of differences in red, green, and blue patterns between beetles and host plants.
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FIGURE 4. Species values of principal components from the phylogenetic principal components analysis of differences in red, green and blue patterns between beetles and host plants, mapped onto the phylogeny of the chrysomelines. Color on the heat map represent PC1 (A) and PC2 (B) values of species (see legend for scale) but do not represent the actual color of the beetles.



Effect of Light Environment on Beetle Morphology

The light environment is a good predictor of beetle length and height. Species that were found in darker environments tend to be larger than beetles in brighter environments (λ = 0.98; β = −0.11 ± 0.04; ER = 347.23; Table 2; Figure 5A). Similarly, species that were found in darker environments tend to be higher than beetles in brighter environments (λ = 0.98; β = −0.11 ± 0.04; ER = 9.79; Table 2; Figure 5B). However, the light environment did not predict beetle convexity (Table 2).


Table 2. Effect of light environment on beetle morphology.
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FIGURE 5. Boxplots illustrating the effect of light environment on beetle morphology. The x-axes represent the light environments as dark or bright. Beetles with greater length (A) and height (B) tend to be in dark environments instead of bright environments.



Effect of Beetle Morphology on Color Patterns and Contrasts

The green color pattern difference between beetle and the host plant background, a measure or conspicousness, increased with beetle size (λ = 0; β = 2.36 ± 0.82; R2 = 0.15; ER = 539.15; Table 3). Likewise, larger beetles have a greater blue pattern difference compared with their host plant (λ = 0; β = 2.16 ± 0.92; R2 = 0.10; ER = 31.50; Table 3). However, there was no correlation between beetle size and red pattern difference.


Table 3. Effect of beetle morphology and diet specialization on color pattern differences.
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The degree of brightness contrast between the beetle and its host plant background, important for predator perception of potential prey, was not consistently predicted by the length, height, and convexity of the beetle. Beetle length did not influence the degree of contrast between beetle and background (Table 4). For all three colors, the null model was better than these models at predicting brightness contrasts between beetle and host plant. Beetle height influences the degree of brightness contrast between beetle and background in blue but not in green and red. Beetles with greater height tend to have a significant blue contrast compared with their host plants (λ = 0; β = 0.82 ± 0.40; R2 = 0.08; ER = 26.17; Table 4; Figure 6A). This was not observed for red contrasts and green contrasts, where the null model was better at predicting the contrast between beetle and host plant (Table 4). However, the convexity of beetles influences the degree of brightness contrast between beetle and background in blue and red colors but not in green. Beetles with greater convexity tend to have a significant blue contrast (λ = 0; β = 4.02 ± 0.98; R2 = 0.26; ER = 5.24 × 105; Table 4; Figure 6B) and red contrast (λ = 0; β = 3.15 ± 1.00; R2 = 0.17; ER = 1,450.99; Table 4; Figure 6C) compared with their host plants. This was not observed for green contrasts (Table 4), where the null model was better at predicting the contrast between beetle and host plant.


Table 4. Effect of beetle morphology on brightness contrasts.
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FIGURE 6. Boxplots illustrating the effect of beetle height on the brightness contrast between beetle and host plant. The x-axis represents the absence or presence of contrast between the beetle and its background. (A) Beetles with greater height tend to have a significant difference in blue contrast with the host plant. Beetles with greater convexity tend to have a significant difference in (B) blue and (C) red contrasts with the host plant.



Effect of Diet Specialization

Polyphagous beetles had greater green color pattern difference compared with monophagous beetles (λ = 1; β = −0.64 ± 0.27; R2 = 0.10; ER = 6.04; Table 4). Polyphagous beetles also had less red color pattern difference compared with monophagous beetles (λ = 1; β = −1.53 ± 0.25; R2 = 0.42; ER = 6.47 × 105; Table 4). However, there was no effect of diet (i.e., monophagous or polyphagous) on blue color pattern differences (Table 4).

Effect of Host Plant Genera

Host genera and beetle convexity predicted color pattern differences, but to a varying degree. There was a significant interaction between host genera—Acacia and Eucalyptus—and beetle convexity for blue pattern difference (λ = 1; β = 0.69; R2 = 0.32; ER = 17.70; Table 5). For Acacia-feeding beetle species, the blue pattern difference decreased as convexity increased (Figure 7). This contrasted with Eucalyptus-feeding species, as the blue pattern difference increased with increasing convexity. The interaction between host genera and beetle convexity did not better predict the differences in green and red patterns compared with the null model (Table 5). The interaction between host genera and beetle length did not provide a better prediction of color pattern difference compared with the null model, nor did the interaction between host genera and beetle height provide a better prediction of color pattern difference compared with the null model (Table 5).


Table 5. Effect of host plant and beetle morphology on color pattern differences.
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FIGURE 7. Blue pattern differences between Acacia and Eucalyptus feeding species. Closed circles represent the raw data of Acacia-feeding species while open circles represent the raw data points of Eucalyptus-feeding species. The dark gray line represents the phylogenetically-corrected regression for Acacia-feeding species while the light gray line represents the phylogenetically-corrected regression for Eucalyptus-feeding species.



DISCUSSION

Our results reveal considerable variation in the color pattern difference—quantitative measures of the difference of both color and pattern—between Australian chrysomeline beetles and their host plants, and that this variation is predicted by the host plant specificity of the beetles and their light environment. We found that beetle morphology effects how beetles may be perceived in two ways: (i) larger beetles have a greater green and blue pattern difference compared with their host plants, and (ii) beetles with greater convexity tend to have a significant difference in red and blue contrasts compared with their host plants. Diet and host plant choices also influence beetle color pattern differences. Polyphagous species had significantly greater green difference compared with monophagous beetles, but significantly less red difference compared with monophagous beetles. Finally, host plant taxa influence beetle color patterns, with blue color pattern differences significantly lower for Acacia-feeding species but significantly greater for the more convex, Eucalyptus-feeding species.

Cott (1940) predicted that larger animals should evolve conspicuous coloration because it is harder for large animals to be cryptic. Our findings are broadly consistent with this prediction—larger beetles were more different from the background in blue and green but not red. Red color is a form of aposematic coloration for a range of other organisms, including lepidopterans, coleopterans, and hemipterans (Jones, 1932; Lindstedt et al., 2011; Wee and Monteiro, 2017). However, the difference in red pattern does not differ with chrysomeline beetle length, as might be expected if red was the major component of conspicuous coloration. Indeed, a study of a European chrysomeline indicates that the blue-green metallic color of the beetles are a form of warning coloration (Borer et al., 2010). There are several explanations for the variation in the colors that may be involved in warning coloration in these beetles. First, chrysomeline beetles do not vary much in red; second, physiological constraints may limit the beetles from exhibiting red patterns; third, differences in red may generate consequences that have a counteractive effect, such as attracting potential predators. The beetles in our study ranged from individuals that were entirely red (Oomela variabilis) to beetles that possessed little or no red (Peltoschema orphana). Physiological constraints are unlikely to limit red patterns of beetles through the sequestration or production of red patterns, since species across the phylogeny—Peltoschema oceanica, Paropsisterna nobilitata, and Oomela distincta—possess red patterns, as do other chrysomelid species (for instance, see Kurachi et al., 2002; Keasar et al., 2013; Martínez and Plata-Rueda, 2014). The third explanation is more likely, where differences in red pattern between the beetles and their background may attract potential predators. Thus, instead of increasing inconspicuousness through red patterns, an alternative anti-predator strategy for larger animals is to favor darker environments, which is what we found: species in darker environments tend to be larger, while beetles in lighter environments tending to be smaller. Whether selection on increased body length caused a move to darker environments, or whether a move to darker environments relaxed selection on greater body length and the color patterns, remains unknown.

There is a potential conflict between dietary preferences and avoiding detection by predators. For example, species with a generalist diet may encounter a range of backgrounds and thus be at times conspicuous or inconspicuous. Indeed, Arenas and Stevens (2017) found that aposematic ladybird species that were specialists had evolved the optimal signal of being more contrasting against the background that they were most commonly on. For leaf beetles in our study, polyphagous species had significantly greater green pattern differences to their host plants, compared with monophagous species. However, light reflected from leaves and soil is dominated by green and yellow (Menzel, 1979; Chittka et al., 1994) and the ubiquity of green in the environment may explain the persistence of greater green pattern differences between polyphagous beetles and their host plants. Interestingly, polyphagous beetles had significantly less red difference compared with monophagous beetles. Together with our findings that red pattern does not differ with beetle length, this suggests that the less common adoption of a typical conspicuous color, red, by polyphagous species, could be to limit conspicuousness when they feed on diverse backgrounds. Recent studies of lizards (Marshall et al., 2016) and crabs (Uy et al., 2017) indicate that animals actively choose to match their background. As the spectral sensitivities of chrysomelids appear to be limited to UV, blue and green but not red (Sharkey et al., 2017), active background matching may not fully explain color pattern differences of beetles with their host plant.

Most studies that investigate the antipredator function of color patterns in insects focus predominantly on avian predators (e.g., Greenwood et al., 1981; Roper and Cook, 1989; Roper, 1990; Gamberale and Tullberg, 1996a; Marples et al., 1998; Gamberale-Stille and Tullberg, 1999; Lindström et al., 2001; Thomas et al., 2003; Forsman and Herrström, 2004; Exnerová et al., 2006; Rowland et al., 2007; Sandre et al., 2010; Ihalainen and Lindstedt, 2012). Yet, insect prey species such as chrysomeline beetles, may also be subject to predation by much smaller animals, including spiders and predatory insects. Different predators will view the beetles from different perspectives, and this is likely to have an impact on the selection pressures favoring anti-predator responses. For example, avian predators will view the beetles from above and identify the length of the animal from the dorsal perspective, while smaller invertebrates such as predatory insects and spiders may be approaching from the same substrate and will take a dorsal perspective.

We found no evidence that beetle length and host genera predicted color patterns. On the other hand, the convexity of the beetles and host genera appear to be more important in predicting color pattern differences. In addition, our studies indicate that beetles with greater convexity tend to have a significant red and blue contrast compared with their host plants, but this was not observed for green contrasts. Thus, it is surprising to see a lack of interaction between color pattern and contrasts, with beetle length. The influence of body convexity on conspicuousness is not widely recognized, but our results reveal there was a significant interaction between the convexity of beetles and host genera for blue pattern differences. As convexity increased, the blue pattern difference decreased for Acacia-feeding species, but increased for Eucalyptus-feeding species. This trend is expected for both beetle length and convexity if there are consistent differences in both the color and nutritional value of the leaves of Acacia compared with Eucalyptus species. However, a pattern emerges for convexity only, suggesting that the selection pressure comes from predators that view the beetles laterally. The dissimilar trends observed in blue pattern difference between Acacia and Eucalyptus feeding species suggest that the beetles are subjected to different predation pressures on these host genera, likely because of different guilds of predators on the Acacia and Eucalyptus host genera.

Leaf beetles are likely to have a large number of visual predators that will view the beetles from a lateral perspective. Such predators would have to be on the same substrate as the beetles. Active hunting arachnids are potential predators exerting a selection pressure on chrysomelines, as arachnids would view the beetles at a lateral perspective without succumbing to their chemical defenses (Hilbeck and Kennedy, 1996; Nahrung et al., 2008; Lundgren et al., 2009). Most arachnid species are sensitive to green, while a few taxa are sensitive to blue and red wavelengths (Dahl and Granda, 1989; Peaslee and Wilson, 1989; Zurek et al., 2015). Combined, the visual system of potential arachnid predators, and fewer arachnids on Eucalypts (Woinarski and Cullen, 1984) may result in low selection pressure from arachnid predators, explaining why beetles feeding on Eucalyptus can evolve different blue patterns from their background.

In contrast, selection pressures on beetle length are likely to be influenced by predators taking a dorsal perspective, such as, insectivorous birds. Birds are important predators of beetles in Eucalypt forests (Recher and Majer, 2006), and potential predators of chrysomeline beetles are thornbills (Acanthiza) that forage on arthropods on Eucalypt foliage (Recher et al., 1987; Recher, 1989). Insectivorous birds can be highly selective between different species of Eucalypts and Acacia (Recher, 1989; Recher et al., 1996; Dean et al., 2002), which may reflect arthropod abundance on Eucalyptus species (Recher and Majer, 1994). Indeed, avian species richness is correlated with vegetation structure complexity and species (Shurcliff, 1980; Nally et al., 2008; Brady and Noske, 2010), and with rainfall (Tischler et al., 2013), and the greater the ratio of Eucalypts to Acacia, the higher the avian species richness (Brady and Noske, 2010). However, as avian species and individuals may differ in their reactions to aposematic prey (Exnerová et al., 2008; Svádová et al., 2010), there may be varying selection pressures on leaf beetle color pattern. Together, the background and the predator community can affect the direction and strength of selection for warning coloration (Prudic et al., 2007a; Lindstedt et al., 2011). Many avian species are sensitive to red, in addition to green and blue (see review by Jones et al., 2007), and leaf beetles may have evolved weak aposematic signaling because of the variety of avian predators and the varying tendency of avian predators to attack defended prey (Endler and Mappes, 2004).

Comparative studies like this can be a tool to identify broad trends of selection that can inform future experimental studies (Harvey and Pagel, 1991). Chrysomelines possess a diverse defensive chemistry, including compounds from various chemical classes such as, phenolic, cyanogenic, and cardiac glycosides, pyrrolizidine alkaloids, and cucurbitacins (reviewed by Opitz and Müller, 2009; Morgan, 2010). As de novo synthesis of defensive compounds is expected to be energetically more costly (Kirsch et al., 2011), species that use host-derived defensive compounds could potentially invest more on costly color patterns. A significant correlation in the evolution of toxicity and conspicuous coloration is found in the dendrobatid frogs (Summers and Clough, 2001), and a similar process may influence the evolution of coloration in the Australian chrysomelines. A good system to investigate the effect of defensive compounds on color patterns would be the chrysomelines of the genus Phratora (Köpf et al., 1998). The color patterns of species within this genus, which have been extensively studied in Europe because of their economic significance, have not been quantified, but there is considerable variation in their chemical defenses and host plants.

The common wisdom is that bright coloration, such as that found in leaf beetles, reflects defense through aposematic coloration, but this singular explanation is not supported by our data. The variation in color patterns of chrysomelines is influenced, and possibly limited, by morphological and ecological factors, including beetle length, light environment, and host plant use. Importantly, this indicates that when closely related, chemically defended species radiate into similar ecological habitats and hosts, their color patterns change as a result of novel selection pressures. For example, diet specialization affected the color difference between beetle and background, with polyphagous species having significantly greater green difference but less red difference compared with monophagous beetles. The joint evolution of color pattern and habitat choice could lead to species divergence, with selection through natural enemies driving different sized species into different habitats of darker and lighter environments. Our study reveals the complexities involved in the evolution of color patterns in a single, relatively isolated clade of Australian chrysomelines, which could reflect selection pressures exerted by diverse predators.
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