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The rapid rate of urbanization worldwide and its consequences for affected species and ecosystems urgently warrants research and action. Whether animals are effectively coping from urbanization is hotly debated, especially since interpretations are based on different measures of animal responses. Here, we take a physiology-centric view of animal coping strategies, and set up predictions for distinguishing urban adaptors and exploiters using multiple markers of health. Our study compares rural and urban populations of a tropical lizard species, the Indian rock agama (Psammophilus dorsalis), that lives in a rapidly changing and highly threatened semi-arid ecosystem in Southern India. Contrary to expectations, we did not find any significant differences in body condition, number of ectoparasites, and degree of cell-mediated immune response between lizards from urban and rural areas, despite previously documented differences in aspects of their behavior. However, urban lizards had lower heterophil to lymphocyte ratios, as well as lower testosterone levels compared to rural lizards, which suggest active physiological coping responses. Notably, we find no correlation between the different physiological measures within individuals; strongly reflecting the flexible and independent axes of health responsiveness. Overall, the considerable overlap in responses by urban and rural lizards highlights the importance of using multiple measures of immunity to evaluate health status. These data collectively indicate that P. dorsalis is an urban adaptor, and that the tropical urban environment is not associated with harmful consequences for their health.
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INTRODUCTION

Urban human populations and urban land expansion are increasing at an alarming rate worldwide (Seto et al., 2012; UNDESA, 2014). Rapid urbanization causes modifications to natural ecosystems and introduces unique challenges for its resident flora and fauna. Despite the variation in rate and form around the world, urbanization is characterized by the replacement of natural, often contiguous, habitats by anthropogenic structures, such as roads and buildings (Sol et al., 2013). Presence of these structures causes the loss, fragmentation, and alteration of natural habitats, in addition to introducing pollution and toxicity in the environment (Kylin et al., 2011; Sol et al., 2013). Moreover, urbanization also impacts the biotic components of the ecosystem, which include changes in the composition and intensity of trophic interactions, such as altered predator communities and predation intensities, as well as the composition, distribution and availability of food resources (Sih et al., 2011; Sol et al., 2013). Finally, the altered configuration of suitable habitats in urban areas can affect local population density and competition dynamics of resident wildlife and exposes them to novel disturbances, including humans, domestic animals, and other commensals (Sorace, 2002; Fischer et al., 2012; Sol et al., 2013). All of these abiotic and biotic changes may be perceived as additional stressors for resident wildlife. Consequently, urbanization is expected to negatively impact wildlife, which is why it is not surprising that there is abundant evidence for loss of species richness and diversity in urban areas (Blair, 1996; Blair and Launer, 1997; Germaine and Wakeling, 2001).

Since urbanization is associated with the introduction of novel stressors, animals that manage to live in urban areas are expected to adjust their physiology in response. Numerous studies have therefore tested the prediction that urban animals experience greater stress, and hence have higher circulating glucocorticoid levels, compared to their counterparts in rural areas. Till date there has been mixed evidence for the urban stress hypothesis, with studies reporting increased, decreased, as well as similar glucocorticoid responses in different taxa in urban areas compared to rural areas (French et al., 2008; Bonier, 2012; Scheun et al., 2015; Polich, 2016; Gabor et al., 2018). Hence there is no evidence for a general pattern of how stress physiology of animals is affected by urbanization. The knowledge gap is even greater for physiological processes other than glucocorticoid responses. For instance, the induction of the glucocorticoid stress response can lead to changes in other steroid hormone levels or immune responsiveness (Sapolsky et al., 2000; Davis et al., 2008). Dealing with urban stressors also requires mobilization and reallocation of nutrients to processes involving inflammation or oxidative stress (Isaksson et al., 2017). Thus, acquiring data on multiple physiological markers beyond the glucocorticoid response is imperative. Such information, which can be assessed with minimally-invasive techniques, is critical to determine how animals are perceiving and responding to the potential stress of anthropogenically-altered landscapes.

The impact of urbanization on wildlife is highly variable and many animals persist in urban areas despite the environmental challenges and potential stressors (Ditchkoff et al., 2006; Sol et al., 2013). Urban residents have been defined as either opportunistic “exploiters” that thrive and depend on anthropogenic resources, or as “adapters” that utilize urban environments with relatively similar effectiveness as undisturbed areas (McKinney, 2002; Shochat et al., 2006). Differences in the behavioral ecology of exploiters and adaptors should also correspond to differences in physiological stress and immune responsiveness. For example, in birds, behaviorally-defined adaptor and exploiter species differ in biomarkers of health and nutrition (Isaksson et al., 2017). We extend this distinction between urban exploiter and adaptor species and propose that physiological biomarkers can, in fact, be used to distinguish between these two types of urban residents. Since exploiters are actually benefiting from the anthropogenic conditions, we expect them to have lower stress levels and better health indices in urban areas compared to in undisturbed or rural areas. Alternatively, adaptors should show at least some signatures of physiological coping strategies in urban environments, such as higher stress levels or reduced immunocompetence. At best, given enough time to habituate, adaptor species could show health indices and immune responses that are comparable to those under natural undisturbed conditions. Hence, by comparing physiological indices of urban and undisturbed populations, it is possible to differentiate between adaptor and exploiter strategies. Information on such physiological responses, coupled with knowledge about behavioral changes, can therefore provide a better understanding of whether and how animals are coping with the challenge of urbanization.

Several studies in birds and some in herpetofauna have investigated the health of animals in urban areas using one or two immune parameters (French et al., 2008; Audet et al., 2016; Lazic et al., 2016; Iglesias-Carrasco et al., 2017; Isaksson et al., 2017; but see French et al., 2017). The immune system in vertebrates is a composite system encompassing innate, humoral, and cell-mediated immunity that collectively maintain the health of an organism (Cheng and Lamont, 1988). Measure of a single aspect of the immune system assumes an interconnected response by every component. However, environmental challenges such as urbanization can result in resource limitation, which can force organisms to strategically invest in different physiological and behavioral processes (Norris and Evans, 2000). Trade-offs in resource allocation will therefore arise for example, when investment in one immune component limits investment in other immune components (Norris and Evans, 2000; Matson et al., 2006). Because of differential investment, different components of animal physiology will respond differently to the impact of urbanization; a powerful approach to evaluate the health of an animal would be to assess a combination of immunity measures (Norris and Evans, 2000; Faivre et al., 2003; Adamo, 2004). These measures should include monitoring techniques, which provide information about the health of the individual at the time of sampling, as well as challenge techniques, which measure the response of the immune system after exposure to a novel antigen (Norris and Evans, 2000). Such a combination of parameters would more effectively assess the health status of animals that survive in a potentially challenging urban environment.

India is a rapidly developing nation with one of the highest projected urban land expansion growth rates (Seto et al., 2011). India is also home to an incredible diversity of herpetofauna, with several species found in modified urban environments. In this study, we examined the impact of urbanization on the health of the Indian rock agama Psammophilus dorsalis, an agamid lizard species that is found in semi-arid areas of southern peninsular India. This species is also found in human-inhabited areas, such as the city of Bengaluru (Karnataka, India). Here, P. dorsalis are restricted to small pockets of suitable areas surrounded by uninhabitable anthropogenic development. Compared to the rural population, lizards from the urban population are habituated to human activity, and they show antipredator behaviors that reflect overall lower reactivity, such as allowing closer approaches before flight (Batabyal et al., 2017). Reduction in antipredator response by urban lizards is not a measure of overall apathy, as these urban lizards are quicker to learn the location of safe refuges than rural lizards (Batabyal, 2017). These behavioral shifts seem to suggest that this species is an urban adaptor. Here we examined whether P. dorsalis are urban adaptors based on signatures of physiological coping to the novel environment. By measuring several health parameters in lizards from in and around the city of Bengaluru (Karnataka, India), we explicitly tested the prediction that urban lizards have some biomarkers of compromised health. For both males and females of this species, we employed monitoring techniques, such as the measurement of body condition, ectoparasite infestation, and H:L ratio, as well as a challenge technique to measure cell-mediated immunity (PHA assay). Body condition is a widely accepted index of general health status and reflects lifetime health conditions (Peig and Green, 2009), whereas phytohaemagglutinin (PHA)-induced swelling response is an effective standardized challenge to measure immunocompetence (Kennedy and Nager, 2006). Ectoparasites are known to negatively impact host fitness by decreasing hematocrit, whereas H:L ratio, calculated using leukocyte profiles, is a measure of innate immunity known to be affected by glucocorticoid levels (Dunlap and Mathies, 1993; Davis et al., 2008; Davis and Maney, 2018). Because the hormone testosterone can be immunosuppressive in many vertebrates (Roberts et al., 2004), we also compared plasma testosterone levels in males from both urban and rural areas. These measures from each individual provide us with a multi-variate assay of immunity and health. If P. dorsalis is indeed an urban adaptor, we predict that the lizards from urban areas will have at least one of these physiological differences: lower body condition, lower cell-mediated immunity, a greater number of ectoparasites, higher H:L ratio, and lower testosterone levels compared to lizards from rural areas. These physiological responses in a persisting urban population would reflect active measures to cope with the challenging urban environment.

METHODS

Study Areas

The study was conducted during the breeding season for P. dorsalis (May-September in 2015 and 2016), since most reptiles exhibit peak stress levels during the breeding period (Romero, 2002). We caught adult male and non-gravid female lizards by noosing from urban and rural areas (N = 30 males and 11 females from urban sites, N = 28 males and 14 females from rural sites). The urban study area was located within the city of Bengaluru (centroid 13.0422° N, 77.5940° E) while the rural study area was located on the outskirts of Bengaluru, near the Anthargange forest range in Kolar district of Karnataka, India (centroid 13.1243° N, 78.0346° E). These study areas are ~60 km apart and differ structurally. The urban area consists of semi-developed residential plots, gardens, and construction sites where the lizards are found in small, high-density pockets in the midst of human habitation. Here, they are typically found basking on man-made structures such as cement walls and house ledges. In contrast, the rural area consists of relatively undisturbed boulder fields and rocky outcrops (see Batabyal et al., 2017 for detailed description of the study sites).

Within 4 h of capture, lizards were transported to the laboratory in cloth bags and housed in individual terraria. These terraria (60 × 30 × 25 cm) were equipped with basking lights and rock refuges and were lined with paper towels as substratum. The lizard housing facility allowed for ambient temperature and humidity conditions and natural day/night cycles. Previous research has shown that P. dorsalis engage in normal social interactions, such as courtship and aggressive behavior with context specific displays and color changes, in captivity for up to 9 days (Batabyal and Thaker, 2017). All measurements described below were completed within 3 days, during which lizards were consuming live crickets and grasshoppers provided daily (with ad libitum water) and showed no signs of distress. All lizards were returned to their site of capture after measurements. Capture and experimental protocols have been approved by the Institutional Animal Ethics Committee at the Indian Institute of Science (CAF/Ethics/394/2014).

Body Condition

All lizards were weighed and their snout-vent length (SVL) was measured in order to calculate body condition, using the scaled mass index (SMI) method:
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Where Mi and Li are the mass and the SVL of the individual i respectively, Lo is the mean value of SVL for the sample population and b is the slope of the standardized major axis regression of log transformed mass on log transformed SVL (Peig and Green, 2009). The SMI was calculated separately for urban and rural males and females, respectively.

Number of Ectoparasites

Number of ectoparasites present on each lizard was counted manually. Ectoparasites were morphologically distinguishable as either orange-red colored chigger mites (family Trombiculidae) or dark red colored mites, Pterygosoma foliosetis Jack (B. Mallik personal communication; Jack, 1961). The chigger mites were typically found on the neck of the lizards while Pterygosoma mites were found on the folds of the limbs under the scales.

Cell-Mediated Immunity

Cell-mediated immunity of each lizard was measured using the phytohaemagglutinin (PHA) assay. PHA is a lectin protein which, when injected sub-dermally, causes a complex reaction involving local inflammation and proliferation of lymphocytes, as well as mobilization of heterophils and macrophages (Kennedy and Nager, 2006). The resulting swelling from the PHA injection is therefore a response that involves components of both innate and adaptive immunity, wherein the size of swelling is an indication of the strength of the immune response (Kennedy and Nager, 2006). For the assay, the thickness of the palm on the left and right front limbs of lizards was first measured using digital calipers. Following this, one of the palms was injected with 50 mg of PHA (Sigma, L-8754) dissolved in 10 ml phosphate buffer saline (PBS) such that the total volume injected was 3 μl of this solution per gram of lizard mass (Belliure et al., 2004). The other limb was injected with same volume of PBS. The position of PHA injection in the left or right palm was randomized. Lizards were released in their individual terraria after injections and the thickness of swelling was measured 18 h later. This time-line was determined after a pilot study where maximum swelling in response to PHA injection was found to be at 18 h post injection (N = 5 lizards tested; Supplementary Figure S1). Response to PHA was calculated as the change in thickness of the PHA-injected hand (difference between thickness 18 h after injection and thickness before injection) minus the change in thickness of PBS-injected hand.

H:L Ratio

After measuring the PHA-induced response, a small blood sample (30–60 μl) was obtained from each lizard through its retro-orbital sinus using a heparinized microcapillary tube. Immediately upon collection, a single drop of blood was used to prepare blood smears on microscopic slides. These slides were fixed for 3 min in absolute methanol and then stained with Giemsa stain. Slides were examined under a compound microscope under oil immersion at 100X to determine the heterophil to lymphocyte (H:L) ratio. To achieve this, white blood cells (WBCs) were counted until a total of 100 WBCs were reached. These were segregated into different cell types (basophils, eosinophils, monocytes, heterophils etc.) based on morphological characteristics, and only the number of heterophils and lymphocytes was used to calculate the H:L ratio (Fokidis et al., 2008; Stacy et al., 2011; Campbell, 2015). Each slide was counted twice in random order under blind conditions by the same person (AK) and the mean value of H:L ratio was used.

Hormone Assay

The rest of the blood sample was centrifuged and the plasma was stored at −20°C until hormone assays were conducted. Plasma levels of testosterone for males only were measured using Enzyme-Immuno Assay kits from Arbor Assays (K032-H1), optimized for the species. Because females are smaller than males, we obtained a lower volume of blood for females compared to males and thus did not analyse testosterone levels for females. Each sample was run in duplicate with a plasma volume of 4 μl and a dilution ratio of 1:140. Some of the samples were subsequently re-run at dilution ratios 1:100 and 1:50 in order to detect the lower levels of testosterone that were not detectable at 1:140 dilution ratio. The intra-assay coefficient of variation was 0.06–8.7% and the inter-assay coefficient of variation was 13% (n = 4 kits), based on a single lab standard of testosterone placed in each kit.

Statistical Analysis

Assuming independent axes of responses, we first fitted separate linear models to test whether body condition, cell-mediated immune response, and H:L ratio differed in lizards as a function of site (urban or rural) and sex (male or female). Each of the models had site as the explanatory variable, with sex and an interaction between site and sex as covariates. Since the cell-mediated immune response was found to be highly correlated with body length (SVL), we divided that value by SVL of each individual and used this size-dependent transformed variable for the general linear model. We similarly SVL-corrected the number of ectoparasites per individual and square root transformed that value to meet assumptions of normality. The H:L ratio was log-transformed to meet assumptions of normality. For both H:L ratio and number of ectoparasites, we graphically show the non-transformed values for ease of interpretation. All the models were checked for normality of residuals. Testosterone values of males from the two study areas were compared with a Wilcox test. Testosterone data from one rural male was excluded from this analysis as it was considerably higher (876 ng/ml) than the typical range observed in this species (this study; Batabyal and Thaker, in review), and thus could have been due to measurement error.

We also tested for correlations between each of the health measures within individuals, i.e., body condition, cell-mediated immune response, number of ectoparasites, H:L ratio, and plasma testosterone (for males only). Finally, we performed a principal component analysis (PCA) using three variables (SVL-corrected cell-mediated immune response, SVL-corrected number of Pterygosoma mites, and H:L ratio) to examine overall health differences between sites and sexes. All the data used in this study are provided in Data Sheet 1 (Supplementary Material). All the analysis was performed in R version 3.2.3 (R Development Core Team, 2016).

To ensure that the results of the statistical tests above were not being driven by a few outliers in the data, we also re-ran the statistical analyses after removing outliers in H:L ratio (N = 2) and number of Pterygosoma mites (N = 4), which were two standard deviations from the mean. Results from the conservative data set remained qualitatively unchanged on the exclusion of these data, and therefore we present results from the complete dataset.

RESULTS

We found no significant interaction between site and sex for any of the health parameters, and thus report only the main effect comparisons below.

Body Condition

Consistent with reported sexual dimorphism, males (SVL range 101–150 mm, body mass range 40–100 g) of this species are larger than females (SVL range 77–111 mm, body mass range 16–36 g). We found that males also had significantly greater body condition than females [F(1,79) = 319.11, p < 0.0001, N = 58 males, 25 females, Figure 1A], with no significant difference between urban and rural lizards [F(1,79) = 1.75, p = 0.18, N = 42 rural, 41 urban, Figure 1A].
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FIGURE 1. Health parameters of lizards captured from urban and rural areas. (A) body condition, (B) SVL-corrected number of Pterygosoma mites, (C) SVL-corrected PHA swelling (in mm), and (D) Heterophil:Lymphocyte ratio. Box plots display median, quartiles, 5th and 95th percentile and extreme values. White and gray bars represent males and females, respectively. Significant differences at p < 0.05 are denoted by lower case letters above the box plots.



Ectoparasites

Rural lizards were found to have both chigger mites as well as the Pterygosoma mites, while only the Pterygosoma mites were present on the skin of urban lizards (exception: 1 urban male and 1 urban female had both types of mites). Therefore, we used only the number of Pterygosoma mites in our linear model to determine differences between sites and sexes. The number of Pterygosoma mites on a lizard was positively correlated with its SVL (Spearman's rank correlation rho 0.36, p < 0.001). After correcting for SVL, we found that males had significantly higher number of Pterygosoma mites compared to females [F(1,79) = 6.79, p = 0.01, N = 58 males, 25 females, Figure 1B]. There was no significant difference in the number of Pterygosoma mites between urban and rural lizards [F(1,79) = 3.85, p = 0.05, N = 42 rural lizards, 41 urban lizards, Figure 1B]. The number of red chigger mites present on rural lizards was not significantly different between males and females (Wilcoxon rank sum test W = 228, p = 0.39, mean ± 1 se = 136.8 ±22.19, N = 28 males, 14 females).

Cell-Mediated Immunity

Cell-mediated immune response of lizards was positively correlated with SVL (Pearson's correlation coefficient 0.409, p < 0.001), and after correcting for SVL, we found no significant difference between males and females [F(1,79) = 3.607, p = 0.06, N = 58 males, 25 females, Figure 1C], or between lizards from urban and rural sites [F(1,79) = 2.082, p = 0.15, N = 42 rural lizards, 41 urban lizards, Figure 1C].

H:L Ratio

We found that urban lizards had lower H:L ratio compared to rural lizards [F(1,64) = 14.41, p < 0.001, N = 37 urban lizards, 31 rural lizards, Figure 1D]. There was no significant difference in the H:L ratio between males and females [F(1,64) = 0.0001, p = 0.99, N = 48 males, 20 females, Figure 1D].

Testosterone

Urban males had significantly lower testosterone levels (63.39 ± 21.20 ng/ml) compared to rural males (89.58 ± 21.57 ng/ml, Wilcoxon rank sum test W = 384, p = 0.009, N = 25 rural males, 22 urban males, Figure 2).
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FIGURE 2. Testosterone levels (mean ± se) of male lizards measured from urban and rural sites. Letters above the bars denote significant difference at p < 0.05.



Correlations and PCA of Health Parameters

Overall, only body condition and SVL-corrected cell-mediated immune response was correlated, such that lizards with high body condition had a greater swelling in response to PHA (Pearson's correlation coefficient 0.273, p = 0.012, Figure 3).
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FIGURE 3. Positive relationship between body condition and size-corrected immune response to PHA (in mm). Circles denote rural lizards and triangles denote urban lizards. Filled and open shapes indicate female and male lizards respectively.



A PCA using three health parameters (H:L ratio, SVL-corrected number of Pterygosoma mites, and SVL-corrected response to PHA) generated three principal components. The first principal component (PC1) accounted for 37.27% of the variation, while the second principal component (PC2) accounted for an additional 34.22% of the variation. Response to PHA (positive loading of 0.742) was explained by PC1 while number of ectoparasites (negative loading of −0.734) and H:L ratio (positive loading of 0.678) loaded on the PC2 axis. When the PC scores were plotted against each other, urban females (N = 10) and rural females (N = 10) showed almost complete overlap, while urban males (N = 27) and rural males (N = 21) showed greater variation in their immune responses (Figure 4).
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FIGURE 4. Principle Component Analysis shows almost complete overlap of health parameters (SVL-corrected response to PHA and number of Pterygosoma mites, and H:L ratio) between males and females from urban and rural areas.



DISCUSSION

Urbanization can affect the physiological processes of animals. Both increases as well as decreases in various immune functions have been reported for many taxa living in urban areas, but we still lack sufficient information for lizards (see review in Bradley and Altizer, 2007). Most of our knowledge about the impact of urbanization on physiology has also been generated from studies in temperate regions of the world, with considerable focus on birds, which are highly mobile organisms (e.g., Bonier et al., 2007; Fokidis et al., 2008; French et al., 2008, 2018; Partecke et al., 2010; Giraudeau and McGraw, 2014; Meillère et al., 2015; Audet et al., 2016; Lazic et al., 2016; Iglesias-Carrasco et al., 2017; Isaksson et al., 2017). However, organisms such as herpetofauna are less mobile and by virtue of being range restricted, are likely to be strongly affected by urbanization. In addition, tropics are at the global center of rapid urban expansion while simultaneously being rich in endemic herpetofauna. To our knowledge, this study is the first to examine the impact of urbanization on biomarkers of health in a tropical agamid lizard species. Of the measures of health and physiological responses in this study, we found that H:L ratio and testosterone were significantly lower for lizards in urban areas compared to those from rural areas. In addition, except for a positive association between body condition and cell-mediated immune response, none of the other health parameters were correlated with each other. Taken together, these results emphasize the importance of considering several measures of immunity and suggest that urbanization has altered the innate physiology of the Indian rock agama such that they are effectively coping as urban adaptors.

Urban and rural lizards differed in some, but not all physiological parameters. Urban lizards had a lower H:L ratio compared to rural lizards, a result in agreement from another study in tree lizards (Urosaurus ornatus) in USA (French et al., 2008). Evidence from other experiments with P. dorsalis support the urban stress hypothesis, as urban males have higher corticosterone levels than rural males under various control and social conditions (Batabyal and Thaker, in review). Stress is known to affect leukocyte profiles such that increased glucocorticoid levels lead to an increase in circulating heterophils and a decrease in circulating lymphocytes, thereby increasing the overall H:L ratio (Davis et al., 2008). Another factor that can affect leukocyte numbers is the presence of infection but we have detected no infection by typical blood endoparasites in our study system (Jalal, Thaker and Ishtiaq, unpublished data). We are reluctant to conclude that lower H:L ratio in urban lizards compared to rural lizards indicates lower levels of overall stress in urban areas compared to rural areas (Davis and Maney, 2018). We do think that lower H:L ratio in urban lizards is a strong indication that lizards in the city are actively coping with urban stressors.

Male lizards from urban areas also had lower testosterone levels compared to those from rural areas. These levels are comparable to testosterone levels exhibited by males under control conditions in captivity, in the absence of any social interactions (Batabyal and Thaker, in review). Hence, they reflect baseline levels of the hormone required by these lizards to perform activities such as courting, fighting or maintenance of territories during the breeding season. In urban sites, P. dorsalis reside in small environmentally suitable pockets in high density and frequently encounter mates as well as competitors (Amdekar and Thaker, unpublished data). The “challenge hypothesis” postulates that males present in high density populations should exhibit higher levels of plasma testosterone compared to males in lower density populations because the former are expected to engage in more encounters with females as well as competitive interactions with males (Ball and Wingfield, 1987). Although support for this hypothesis has been found in many species (Hirschenhauser and Oliveira, 2006), we find the opposite pattern in P. dorsalis. Lower levels of testosterone found in males from urban areas may reflect a strategy to avoid engaging in frequent social interactions, such as fighting with other males throughout the breeding season, since such frequent agonistic interactions can have high physiological and physical costs (Wingfield et al., 2001). Sexual signals (color and social behavior) in males of this species are also less elaborate in urban areas compared to rural areas (Batabyal and Thaker, 2017; Batabyal and Thaker, in review). Many studies in lizards have found that sexual signaling is strongly mediated by testosterone (Salvador et al., 1996; Cox et al., 2008) which also supports the pattern we find here; urban lizards have lower testosterone and lower sexual signaling.

Contrary to our expectations, we found no effect of urbanization on PHA-induced immune responses and number of ectoparasites on lizards. Studies with other lizards have found mixed results, with some species showing no difference in cell-mediated immune response between urban and natural habitats, while others reporting reductions in immunocompetence in response to human disturbance (Amo et al., 2006; Iglesias-Carrasco et al., 2016; French et al., 2017). Poor body condition in lizards from disturbed areas compared to those from natural areas has been documented for Anolis antonii and Psammodroumus algirus, but we did not find differences in body condition between urban and rural lizards in our study (Amo et al., 2007; Gallego-Carmona et al., 2016). Species that are able to exploit food resources, despite the altered conditions in urban areas, would match or even fare better than their rural counterparts. Although we currently do not have information about prey resource distribution across the urban-rural gradient, we have found that dietary overlap in P. dorsalis from urban and rural areas is high, thereby showing no restriction to acquiring resources (Balakrishna et al., 2016).

We did not find sex-based differences in any of the health parameters except for the expected difference in body condition due to sexual dimorphism and the number of Pterygosoma mites. In general in vertebrates, males are predicted to suffer from reduced immunocompetence and higher parasite infection during the peak breeding season because of the immunosuppressive effects of the hormone testosterone, as well as through their aggressive and territorial behavior (Zuk and McKean, 1996). Accordingly, studies in many different taxa have reported lower immune response in males as compared to females (Saad, 1989; Moreno et al., 2001; Tschirren et al., 2003). We found no evidence for immunosuppression in males, and the lack of sex differences for most of the health parameters measured in our study may be due to similar exposure and susceptibility of both the sexes to immune challenges in urban and rural environments.

Our results show lack of either positive or negative correlations between the different health parameters at the individual level. This suggests that there is neither a trade-off nor a correlated response between the multiple health parameters, and that these parameters act as independent axes of health. Evidence for trade-offs between different immune components has been found in some birds in other environmental contexts (Ardia, 2007). For example, in house sparrows (Passer domesticus), individuals that have a greater humoral immune response also have a lower cell-mediated immune response (Buchanan et al., 2003). Other studies in birds, but not lizards, have found varying degrees of correlation between other sets of physiological measures such as immune function and basal metabolic rate, or antioxidative measures (e.g., Cohen and McGraw, 2009; Buehler et al., 2012). We also did not find any correlation between testosterone levels in males and any of the immune parameters measured, a result inconsistent with the proposed immunosuppressive nature of testosterone (Roberts et al., 2004). Lack of trade-offs between physiological components is possible if environments have sufficient resources, such that individuals are not forced to trade-off across multiple processes. In P. dorsalis, dietary overlap between urban and rural lizards is high (Balakrishna et al., 2016), suggesting sufficient resources in these environments. Independent health axes would also enable these lizards to independently adjust each of these components in response to a challenge, especially if the environment is such that different selection pressures affect different parts of physiology. Further experiments in free-living vertebrates that manipulate one immune component and examine the impact on other components, or directly manipulate access to resources will shed more light on the trade-offs possible between immune components. Such trade-offs are more likely between immune components that are innate vs. induced, as they signify investment in current health state and the ability to combat future infections.

Urbanization creates rapid and dramatic changes in both abiotic and biotic components of the environment. Often, these changes are thought to have immediate negative consequences for animals that utilize these heavily altered landscapes. However, animals differ in their degree of physiological flexibility depending on their ecology and life-history characteristics, as well as the features of the altered environment. We show here that physiological markers can be used to differentiate between adaptor and exploiter species. They are also an effective tool to assess the health status of animals in disturbed areas, a phenomenon that has gained momentum in informing conservation decisions (Wikelski and Cooke, 2006; Busch and Hayward, 2009). Identifying species as adaptors or exploiters can be the first step toward devising better plans for the management of species in disturbed areas. As opposed to blanket strategies for the conservation of urban residents, information about how animals are coping would allow for more targeted approaches, especially for adaptor species that are exhibiting altered strategies. The natural habitats of P. dorsalis are mostly semi-arid savannas of southern India, which are rapidly being converted into agricultural land or urban areas. Protection of P. dorsalis would therefore have to include the maintenance of populations in urban areas. The multiple physiological markers of health and the recorded shifts in social and antipredator behaviors of P. dorsalis lead us to conclude that this tropical agamid is actively coping in the modified environment. We stress, however, that a single measure of physiological response would have been misleading, as these signatures of coping would have been undetected. Use of multiple physiological tools is essential to generate a more integrative view of whether and how urbanization affects the coping strategies of resident animals.
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