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Selection on behavior, signaling, and morphology can be strongly affected by variation in habitat type. Consequently, populations inhabiting different environments can exhibit divergent phenotypes as a result of either habitat-specific selection or plasticity. Urban habitats in particular represent different challenges for organisms adapted for rural environments, including disparate complements of predators and competitors, resource availability, and habitat complexity. In this paper, I review work aimed at understanding the different selective challenges experienced by rural and urban populations of green anole lizards, primarily those in southeastern Louisiana. I also describe a long-term mark-recapture experiment on an urban population of green anoles in New Orleans, and consider how sex ratios and population density changes over time. Collectively, this work shows that urban and rural populations of green anoles diverge markedly in behavior and morphology driven both by differences in habitat and the presence of competitors in the urban environment; however, it also shows that the effects of urbanization on the ecology and evolution of green anoles are understudied.
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INTRODUCTION

A key principle in evolutionary biology is that environmental differences among populations can drive divergent selection on morphology, behavior, and physiology. Whether mediated by plasticity or by a genetic response to selection, phenotypes of organisms can vary markedly across populations in response to local conditions (Reznick et al., 1990; Donihue et al., 2018; Lapiedra et al., 2018). Although the nature of the divergence is determined by the specific environmental challenges in conjunction with the evolutionary history of the species or population in question, we can nonetheless discern broad patterns of repeated evolutionary change in response to similar selection pressures (Langerhans and DeWitt, 2004; Losos, 2011; Moore et al., 2016; Auer et al., 2018).

Urban environments comprise a specific habitat milieu that is characterized by distinct structural habitat and environmental variables such as light or thermal regime, amongst others. These urban environments frequently differ markedly from the natural habitats and environments of the organisms inhabiting urban areas. Additionally, because urban areas are also typified by high degrees of disturbance, as well as the presence of man-made structures, urban environments tend to exhibit greater variation in both habitat type and in the thermal microhabitat compared to natural environments (Ackley et al., 2015), but also greater habitat loss concomitant with a high degree of habitat fragmentation resulting in uneven and patchy distribution of vegetation in particular (Watling and Donnelly, 2006; Liu et al., 2016). Because urbanization results in repeated environments that are more similar to each other than they are to neighboring environments, the urban environment is in many respects a replicated one that is likely to exert many similar selection pressures on organisms that inhabit them (Delaney et al., 2010; Johnson and Munshi-South, 2017). Given the pace and scale of anthropogenic induced habitat alteration, understanding how those pressures affect the integrated overall phenotype of urban animal populations should be a priority.

An increasing number of studies are documenting distinct shifts in the phenotypes of urban populations of animals relative to their rural conspecifics. For example, urban populations of Podarcis muralis, a widespread lacertid lizard, exhibit greater fluctuating asymmetry in morphology than rural populations (Lazic et al., 2013). Similarly, urbanization drives genetically based differences in swimming kinematics in the fish Semotilus atromaculatus (Kern and Langerhans, 2019). In addition to morphology and physiology, urban conditions also affect a suite of behavioral traits ranging from acoustic signaling (Slabbekoorn and Peet, 2003; Parris et al., 2009; Luther et al., 2016) to boldness (Atwell et al., 2012) and foraging behavior (Rhodes and Catterall, 2008). Behavior is of particular interest in this regard because behavioral responses of animals to novel conditions can often precede or buffer changes in performance or morphology (Huey et al., 2003; Munoz and Losos, 2018). Indeed, behavioral flexibility is considered a hallmark of urban populations, and may lead to the breakdown of behavioral syndromes seen in natural populations (Scales et al., 2011).

Lizards are commonly found in urban environments and have emerged as a useful taxon for testing the effects of urbanization on ecology, morphology, physiology, and behavior. For instance, geckos have been touted as indicators of urban pollution and habitat quality (Fletcher et al., 2008) and the distribution of some gecko species tracks urbanization because they forage close to artificial lights where insect abundance is typically high (Zozaya et al., 2015). Anolis lizards in particular have previously been suggested to be ideal organisms for understanding adaptation to urban environments at multiple levels of organization, from the within- and among-individual levels to that of the species (Lapiedra, 2018), and indeed a growing number of studies have tested for adaptation to urban habitats in several species of anoles (Campbell-Staton et al., 2020).

Green anole (Anolis carolinensis) lizards colonized the continental United States from Cuba 12–6 million years ago (Glor et al., 2005). Over the last 100,000 years in particular, green anoles have expanded northward and westward from their original site of arrival in Florida (Bourgeois and Boissinot, 2019) and today are widely distributed from Texas in the west to Tennessee in the north, along with introduced populations in southern California, and have also been introduced on Hawai’i, Guam, and Okinawa. Importantly, A. carolinensis are present in both rural and urban settings across much of their North American range, often existing in researchers’ literal backyards. A number of studies of green anoles consequently have used, and continue to use, individuals sampled from or present in urban habitats due to their availability (e.g., Ruby, 1984; Irschick et al., 2006b; Lailvaux et al., 2015). This makes them a useful species for comparing and testing aspects of behavior, morphology, and related traits in different environmental contexts. However, despite being the most well-studied member of the Anolis genus (see Lovern et al., 2004 for a historical overview), no studies yet have synthesized the literature on green anole behavioral ecology with an eye toward understanding how the urban environment in particular affects ecology, behavior, and morphology in this species.

In this paper, I review the literature on green anole urban ecology by comparison wherever possible to natural/rural populations or similar studies on such populations. I focus especially on studies comparing green anoles from two populations in southeastern Louisiana region, namely a rural and an urban population, for two main reasons. First, this body of work represents a detailed comparison of the ecology, morphology, and behavior of urban and rural green anoles in the same area and over a relatively short span of time from several diverse approaches (e.g., habitat use, sexual selection, and interspecific competition, amongst others); yet despite the broad nature of this work, it was not conducted explicitly within the emerging urban ecology framework, and was instead couched as a series of studies of intraspecific variation. Consequently, it has yet to be integrated and interpreted from an urban ecology perspective. Second, replicates of both urban and rural populations in the same region and elsewhere are for the most part unavailable, and few other studies have examined similar issues relating to morphology, performance, and (especially) behavior in other populations of green anoles, although I highlight and discuss those that have.

The ecomorphological paradigm states that morphology determines performance, and further that behavior and performance interact to determine fitness (Arnold, 1983; Garland and Losos, 1994). Consequently, I deal first with the difference in structural habitat between wild/rural and urban environments and how those differences affect morphology and performance before considering further population differences in escape and display behavior within the context of population ecology. Finally, given the paucity of long-term studies on basic aspects of urban population ecology, I present some novel data drawn from a 5-year study of another urban population in New Orleans with the aim of testing some classic hypotheses regarding temporal variation in population structure within an urban setting.


Habitat Use, Morphology, and Performance

Animals in urban areas experience clear differences in the type and availability of structural habitat compared to their natural milieu (Sol et al., 2013). These differences in habitat type can have functional consequences for both how organisms using such habitats are shaped, and how well they are able to execute dynamic, ecologically relevant tasks such as jumping, running, and biting (collectively termed whole-organism performance traits; Bennett and Huey, 1990; Lailvaux and Irschick, 2006), as well as for their behavior. Anolis lizards in general exemplify the interplay among habitat use, morphology, and performance whereby the match between limb length and perch diameter is mediated by behavior, resulting in lizards avoiding substrates on which their sprint performance is submaximal (Irschick and Losos, 1999). Given this “habitat constraint” phenomenon, one might predict that structural habitat differences in the urban environment will alter the morphology of urban green anole populations as well as, potentially, their performance.

The degree to which urban populations of animals might diverge in morphology and performance from conspecifics in wild populations likely depends in part on the degree of urbanization. All urban environments are characterized by increased disturbance, presence of man-made structures, and increased human foot traffic relative to wild or rural counterparts at a minimum, but there is likely to be variation in each of these even within an urbanized region. Similarly, different taxa could be differentially affected by or sensitive to urbanization (Markovchick-Nicholls et al., 2008). For example, a population of lizards in a city block or university campus might be considered to be highly urbanized in terms of the types of habitat they use and the availability and openness of that habitat relative to a natural or rural population, with a city park perhaps falling somewhere between those two extremes, whereas parks and campuses might be more similar to each other from the perspective of a different organism which uses available habitat in a different way (see also Battles et al., 2013 for a classification based on degree of disturbance).

Irschick et al. (2005a) studied two green anole populations in south-eastern Louisiana situated 30 km apart: Good Hope Field (GHF), a relatively undisturbed lowland freshwater swamp in St. Charles Parish, LA; and Tulane University campus (TU) in Orleans Parish, LA. The two sites differ markedly in habitat complexity and in the type of available habitat, with GHP dominated by tall and continuous closed habitat comprising primarily narrow perches, whereas the habitat at TU is fragmented and open, made up mainly of clumps of broad leafed palmetto (Aspidistra elatior) plants close to the ground but with few large trees or bushes. The habitat use of green anoles at these two sites reflected the difference in habitat availability, with 71% of TU lizards perching on palmetto leaves which are patchily distribution, as opposed to GHF lizards who perched primarily on branches (68%) and tree trunks (18%) (Irschick et al., 2005a). Importantly, however, habitat use differed significantly from random habitat availability in both populations, meaning that the anoles did not passively track the underlying habitat distribution. This difference in habitat use was also reflected in a difference in morphology, with TU lizards exhibiting a more slender body shape; longer forelimbs; shorter hindlimbs; and larger toepad areas than GHF animals (Irschick et al., 2005a). This difference in toepad area is also significant in terms of whole-organism performance, because larger toepads translated into higher clinging forces in TU lizards, possibly driven by the smoother perch substrates used by animals in this population (Irschick et al., 2005a).

The finding that green anole lizards exhibit shorter hindlimbs in habitats that have been subject to human disturbance has been replicated elsewhere in the southeastern United States. In a study comparing populations of green anoles among plots that differed in habitat type in Palmetto State Park in Texas, Dill et al. (2013) found that green anole adult females inhabiting a predominately narrow-perch habitat plot that had been subject to moderate human disturbance (i.e., the Lake plot; see Battles et al., 2013) also had shorter hindlimbs than females from natural plots, whereas males exhibited no such difference. In this case, the limb morphology difference tracks the habitat use, unlike the TU lizards which have shorter hindlimbs despite using broader perches (Irschick et al., 2005a). Dill et al. (2013) further noted that this difference arises only in adults, with juveniles showing no effects of population on limb morphology. These sex- and age-specific effects are consistent with a causal explanation of plasticity driving the population effect, as opposed to selection, particularly since green anole females are known to be more plastic in their limb morphology than males (Kolbe and Losos, 2005).

Subsequent studies of urban populations using other Anolis species have reported very similar patterns to those exhibited by green anoles. For example, urban Anolis cristatellus and Anolis sagrei lizards prefer broader perches (Battles et al., 2018) and also exhibit longer limbs (albeit again hindlimbs as opposed to forelimbs) than their rural counterparts (Marnocha et al., 2011; Winchell et al., 2016). Furthermore, urban A. cristatellus also exhibit larger toepad areas, just as urban green anoles do (Winchell et al., 2016), and thus likely higher clinging ability as well. Despite these patterns, Kolbe et al. (2016) noted that A. cristatellus lizards in urban habitats do not conform to the habitat constraint hypothesis, frequently making use of structural habitat substrates on which sprint performance is not maximized (see also Winchell et al., 2018a; Winchell et al., 2018b). It is unclear whether urban green anoles exhibit the same phenomenon, although Gilman and Irschick (2013) found that green anoles in a park in Volusia County, Florida, preferred to jump from low compliance perches, and avoided compliant perches that are known to impede jumping ability (Gilman et al., 2012). However, despite the urban setting of this population the distribution of available habitat is more similar to that of the rural GHP population in Louisiana. Furthermore, given that the performance phenotype is a multivariate one and different performance traits are supported by different morphologies it is likely that habitat choice involves trade-offs among different aspects of performance such as sprinting, jumping, and endurance (Husak and Lailvaux, 2019; Lailvaux et al., 2019), and that these trade-offs are different in urban versus natural environments (see Winchell et al., 2018b for an example). Consequently, habitat constraint could be context-dependent.

In addition to direct effects on morphology, changes in habitat due to human activity can also have indirect effects on lizard shape and size. Battles et al. (2013) found the body condition (assessed specifically via a body-mass index measure) of female green anoles to be higher in natural plots compared to disturbed ones in Palmetto State Park, TX. Even though arthropod biomass was also higher in natural plots, these differences did not appear to be driven by prey availability but likely have complex causes including, potentially, habitat sensitivity (Battles et al., 2013). This complexity appears to extend to other Anolis species as well; for example, Hall and Warner (2017) found the opposite pattern in A. cristatellus lizards in south Florida, with A. cristatellus from an urban site exhibiting higher body condition than those from a forested site, yet Chejanovski et al. (2017) found no effect at all of urbanization on body condition in A. cristatellus within their native range in Puerto Rico, but did find higher condition in urban A. sagrei lizards compared to those from natural populations. Finally, Winchell et al. (2019) found that body condition does vary between urban and natural populations of A. cristatellus in Puerto Rico, albeit not always in a consistent direction. The mechanisms underlying these changes in condition are unclear, and it is worth noting that morphological condition indices have often been criticized, and that their functional and ecological relevance is controversial (Vervust et al., 2008; but see Husak and Lailvaux, 2019).



Escape Behavior

Although lizards will not necessarily make use of all of the habitat available to them (Johnson et al., 2006), this variation can nonetheless drive differences in behavior in specific ecological contexts. One such behavior that is affected by habitat type and availability is escape behavior. The decision as to when to flee from a potential threat weighs the various opportunity and energetic costs of escape against the probability of mortality (Ydenberg and Dill, 1986; Cooper, 2015b). These costs are themselves dependent on numerous intrinsic and extrinsic factors including habitat type and openness (Martin and López, 1995); temperature (in ectotherms) (Hertz et al., 1982); sex (Lailvaux et al., 2003); and the presence of humans (Mikula, 2014). That urban populations of birds allow closer approach of humans before initiating escape compared to rural ones has been attributed to habituation to human presence (Cooke, 1980; Blumstein, 2014).

Good Hope Field and TU lizards also show significant differences in escape behavior. A finding common to both populations is that males allow closer approach to a potential predator than females before initiating escape, although there was no effect of either sex or population on how far lizards fled; however, both male and female GHP anoles showed significantly longer approach distances than TU lizards (Irschick et al., 2005a). McMillan and Irschick (2010) used clay models to measure predation pressures at these same two populations and found no evidence of attacks by predators at the urban TU site, but a much higher frequency of bites from predators on models in the GHF swamp locality. This suggests that TU green anoles likely allow closer approach of human “predators” before initiating flight because they are habituated to the presence of humans; indeed, flight initiation distance is substantially shorter in habituated compared to unhabituated populations in eleven lizard species spanning six families (Cooper, 2015a), as well as in other anoles (Avilés-Rodríguez and Kolbe, 2019). Although the TU escape behavior results are consistent with this literature, the findings of McMillan and Irschick (2010) regarding low predation pressure in the urban TU population stands in contrast to similar studies on related lizards. For example, Tyler et al. (2016) used frequency of tail autotomy in the congener Anolis cristatellus as a proxy for predation pressure in urban and natural sites in four areas of Puerto Rico, and found that urban populations exhibited consistently higher frequencies of tail autotomy and regeneration, pointing toward clear differences in the predation ecology, be it predator density or efficiency, of the two population types (a further possibility is competition; see below). McMillan and Irschick (2010) did not consider autotomy in their study, and it could be that clay models and autotomy frequency capture different aspects of predation ecology. Interspecific variation in response to the threat of predation is yet another possibility (Blumstein et al., 2005; Vanhooydonck et al., 2007).

One feature of urban ecology that might mediate results gleaned from these different approaches to estimating predation is boldness, which describes the behavioral response to threatening situations. Boldness can be selected against by predation pressure (Lapiedra et al., 2018), but may also be a common feature of urban populations of organisms (Lowry et al., 2013); indeed, there is evidence that increased boldness and exploratory behavior is associated with populations inhabiting novel urban habitat in various animals (Evans et al., 2010; Atwell et al., 2012; but see Hurtado and Mabry, 2017; Sol et al., 2018), including several species of lizards (Damas-Moreira et al., 2019; but see Putnam et al., 2020). Kuo et al. (2015) found that bolder Anolis sagrei individuals more readily autotomize their tails, and also exhibited a higher propensity to drop their tails when available food resources are abundant. If bolder individuals are more likely to persist in urban areas with ample resources, then those individuals might exhibit higher frequencies of tail autotomy independent of predation risk. For example, Itescu et al. (2017) found that tail loss was a function of intraspecific competition rather than predation in two species of Mediterranean geckos. Habitat type has also been suggested as a potential factor (Bateman and Fleming, 2009). Of course neither clay models nor autotomy frequency are perfect indices of predation, and it may well be the case that there are key differences in the predation ecology of the urban environments in Puerto Rico versus southeastern Louisiana. Furthermore, no studies to my knowledge have considered boldness and autotomy in urban green anoles. However, given the general higher population densities of lizards in urban versus natural populations (see below) as well as the general differences in structural habitat, the notion that boldness affects tail loss of anoles in urban environments via avenues other than predation is a testable hypothesis.



Display Behavior, Population Density, and Parasitism

Natural selection favors displays, signals, and receptors that maximize signal to noise ratio in a given environment (Endler, 1992). Because the physical properties of the environment can affect signal transmission and degradation, signaling behavior can also be modulated by microhabitat choice and availability (Calsbeek and Marnocha, 2006; Barker and Mennill, 2009). Consequently, differences in structural habitat can also drive divergence in display behavior between urban and natural animal populations (Fernández-Juricic et al., 2005). Anolis lizards communicate via visual displays involving stereotyped movements of the head and the dewlap, an extensible flap of colorful skin under the throat (Fleishman, 1992). Males will display toward other males, females, and potential predators but will also perform undirected displays that appear to advertise territory ownership. Although variable both within and among species, displays in green anoles are highly conserved and feature at least three distinct combinations of head bobs and dewlap extensions, termed A, B, and C displays, respectively (Lovern et al., 1999; Lovern and Jenssen, 2003; Orrell and Jenssen, 2003). Juveniles and adult females also perform versions of these displays, despite their reduced dewlap size (Lovern and Jenssen, 2003).

Although the structure of these displays is remarkably stable, both display rate and the proportions of display types can vary among populations. Bloch and Irschick (2006) compared display behavior of green anoles at the urban TU and rural GHF sites and found that Tulane anoles not only displayed roughly twice as much as GHF anoles, they also differed significantly in their relative frequencies of display types: TU lizards exhibited higher proportions of A and B display types, whereas C type displays were observed more often in rural GHF. However, there was also evidence of a previously undescribed display type, termed the Y display, in GHF but not in the TU population (Bloch and Irschick, 2006). Although this suggests that the urban environment might constrain display behavior, this difference could also arise due to some factor that is only indirectly related or entirely unrelated to urbanization. For example, Edwards and Lailvaux (2012) studied the display behaviors of two different green anole populations within the greater New Orleans area, and found that proportions of display types were altered by both habitat type and the presence of an invasive congener (A. sagrei).

Invasive species are a perennial feature of urban environments (Blair, 2001). Just as the urban habitat is a replicated one, so urbanization also leads to biotic homogenization and a loss of diversity in species assemblages (McKinney, 2006) as urban intolerant natives are replaced with successful invaders. One mechanism for this may be alteration of habitat in urban and disturbed areas, which can exclude native species from the modified urban environment (Forman, 2014). Indeed the loss of habitat complexity alone in urban areas can contribute to a decline in density of native species; for example, Petren and Case (1998) showed that experimentally increasing structural habitat complexity reduced interspecific competition between an invasive and a non-invasive gecko species. These collective effects of biotic homogenization and decreased complexity and diversity of structural habitat could exert significant selection on the behaviors of local native species.

One common characteristic of successful invasive species is that they often exist at higher population densities in invasive areas compared to within their native range. For example, population densities of Eleutherodactylus coqui frogs are estimated to be three times denser on Hawai’i, where they are invasive, compared to native populations on Puerto Rico (Woolbright et al., 2006). Consequently, a further indirect consequence of invasive species presence which can also affect native behavior is a negative effect on population density of natives. Bloch and Irschick (2006) reported a density of 0.19 males/m2 at the urban TU population at time of their study (2004). However, Edwards and Lailvaux (2012) estimated the male density of that same population in 2010 to be 0.073 males/m2; less than half of the population density 6 years earlier. Furthermore, the total display time of males at the TU population was also roughly halved compared to that reported earlier by Bloch and Irschick (2006). The major difference between the TU population of 2004 and the same population of 2010 is the presence of A. sagrei, which was absent from TU at the time of the earlier study (Edwards and Lailvaux, 2012; SPL personal observation). Indeed, Bloch and Irschick (2006) specifically noted that the TU male density was stable at the time they undertook their initial study. Furthermore, A. sagrei is known to exist at remarkably high densities elsewhere within its range, habitat permitting, even when other anoles are present (Schoener and Schoener, 1980). Taken together, the results of these two studies suggest that the establishment of A. sagrei on TU campus affected the density of green anole males in that population, either by limiting the amount of habitat available to those males which in turn altered their habitat use (Edwards and Lailvaux, 2012) or by altering the habitat use of green anole females, which prompted males to follow suit (Edwards and Lailvaux, 2013). The replicated nature of these challenges in urban environments strongly suggests that green anoles in other areas are likely to face similar challenges when faced with the presence of invasive A. sagrei in particular.

Although the presence of A. sagrei appears to have had a negative effect on the density of A. carolinensis males at TU in 2010, there is also evidence that green anole male TU density in 2004 was already artificially high - almost three times higher compared to rural GHF (Bloch and Irschick, 2006). This increased density can have implications for intraspecific behavioral interactions. For instance, in addition to a low (or absent) predator density at TU relative to GHF, the clay model approach of McMillan and Irschick (2010) also revealed that TU lizards seemed to experienced intense male-male competition, as all of the model bites on TU campus were inflicted by green anole males. This competition was significantly higher than that at the GHP locality based on the same index, and also exhibited a clear temporal component, with competition appearing more intense at both GHF and TU during the anole breeding season (spring-fall) than in the winter (McMillan and Irschick, 2010). The “credit-card hypothesis” suggests that individuals in urban populations will on average be less competitive than rural populations even if populations are denser because resources tend to be more readily available in urban habitats, easing selective for competitiveness (e.g., Hasegawa et al., 2014); in this case, however, it appears that the patchy distribution of preferred green anole habitat in the artificially-managed, lizard-dense TU location (Bloch and Irschick, 2006) forced adult males into close proximity with each other, resulting in unusually intense male-male competition.

Despite the apparently lower predation intensity at the TU locality, expansion into urban environments (or, alternatively, encroachment of urban habitat into natural species distributions) can nonetheless bring species into contact with novel pathogens and parasites or otherwise increase the risk of infection. This appears to have also occurred in the urban TU green anole population. Irschick et al. (2006a) documented infection in this population of green anoles by Lepidodexia blakeae, a sarcophagid fly. The fly larviposits on the skin, with the larvae developing inside the lizard until emerging from a wound and pupating in sediment. The open wounds in the lateral abdominal areas caused by the larvae during and immediately following active infection are large, and lizards that survive infection bear obvious scars. Irschick et al. (2006a) surveyed both the GHF and TU populations for incidences of L. blakeae infection over a 10-month period, and found no cases of either active infection or of scars in the GHF population. Urban TU lizards, however, exhibited infection rates ranging from 6.2% in the winter, to 7.6% the subsequent fall. However, the risk of infection was not distributed evenly across age/sex classes, with adult male green anole males being between 5 and 8 times more likely to be parasitized than juveniles or adult females (Irschick et al., 2006a). Despite reports elsewhere of as many as 17 larvae infesting a single green anole (Dodge, 1955), infections in the TU lizards are not always lethal, with 9.5 and 4.3% of sampled adult males bearing parasite scars in the spring and fall, respectively, of 2004 (Irschick et al., 2006a).

Previous studies have shown that the intensity of parasitism or predation can influence sexual selection by altering the conspicuousness of visual or auditory sexual displays (Zuk and Kolluru, 1998; Godin and McDonough, 2003; Zuk et al., 2006). Although the role of behavior, and display behavior in particular, in mediating parasite infection probability in green anoles is unknown, one possibility is that the overall high display rate of males in this population, coupled with the high male density (Bloch and Irschick, 2006), decreased wariness (Irschick et al., 2005a), and openness of the patchy TU green anole habitat collectively contributed to high male conspicuousness at the TU location, and thus increased male vulnerability to parasites. Green anole males with larger dewlaps also display more frequently (Johnson et al., 2011), which likely contributes further to their conspicuousness, as might the openness of the TU habitat; for example, Stroud et al. (2019) found that A. sagrei lizards in open urban environments displayed twice as frequently as those in natural environments. In addition to behavior increasing the risk of infection or parasitism, infection status might also alter behavior. For instance, Anolis brevirostris lizards heavily parasitized by ectoparasitic mites exhibited duller dewlaps and less frequent displays than individuals with fewer parasites (Cook et al., 2013). However, arguing against the conspicuousness hypothesis is the observation that active sarcophagid infections in the TU green anole population were observed only in the winter (Irschick et al., 2006a), when males are less likely to display. Indeed, individual dewlaps in TU lizards also change size over the course of a year, shrinking during the non-breeding season (Irschick et al., 2006b) due to reduced frequency of use in the fall and winter (Lailvaux et al., 2015).

Regardless of the mechanism, the main finding that the urban green anole population suffers a higher rate of infection than natural populations is consistent with results both from other Anolis species and from other lizards. Thawley et al. (2019) found that A. sagrei lizards from urban populations experienced higher intensity of parasite infection compared to conspecifics sampled from natural habitats (although they also found no effect of urbanization on infection intensity in another species, A. cristatellus). Furthermore, Lazíc et al. (2017) reported more variable but on average significantly higher blood parasite loads in urban versus rural populations of Podarcis muralis lizards. Higher rates of parasitism in urban populations might be driven by several factors, ranging from increased infection transmission at higher population densities (Cressler et al., 2016) to increased immune costs suffered by urban populations compared to natural populations. Artificial or dim light at night, for instance, can disrupt circadian rhythms, increasing susceptibility to infections and altering disease transmission dynamics (Kernbach et al., 2018). Thus far there have been no studies comparing the immune capacity of urban and rural populations of green anoles, although Husak and Lailvaux (2019) found that immunocompetence as assessed by phytohemagglutinin (PHA) challenge was not a significant predictor of mortality in an introduced and manipulated urban A. carolinensis population elsewhere in New Orleans. The seasonality of immune defenses in green anoles is also understudied (Tylan and Langkilde, 2017), and it may be that investment in immune defenses has a seasonal component as in other lizard species (e.g., Huyghe et al., 2010; see also Reedy et al., 2015).

Finally, It is also of note that the immune defenses of successful invaders tend to render them less susceptible to pathogens than natives (Lee et al., 2005); for example, invasive anoles were found to exhibit lower frequencies of malarial infection than native species in central Florida (Doan et al., 2019). Consequently, asymmetric immune strategies between green anoles and potential competitors, such as A. sagrei, could also affect green anole behavior, if only indirectly.



Population Structure and Demography

Population biology and demography are fundamental to evolutionary ecology. The number, age, and sex of animals in a given population can have consequences for behavior, life-history, and reproductive strategies. For example, operational sex ratio significantly influences the strength of sexual selection in animals, either through changes in mate choice or by affecting the strength of intrasexual competition (Janicke and Morrow, 2018). Male-biased sex ratios and resulting increased sexual competition can also lead to increased investment in body mass (Jarman, 1983), which can be achieved through adjustments in other key life history traits. Indeed, juvenile crickets that are exposed to increased numbers of adult male calls may adjust their development time such that they mature later than would otherwise be the case but at a larger body size (Kasumovic, 2013). Adult density effects on juveniles also exist in anoles; for example, A. sagrei juveniles alter their structural habitat use when adult male density is high (Delaney and Warner, 2017), which could have implications for development trajectories given the documented morphological plasticity in this species (Losos et al., 2000; Bonneaud et al., 2016). It is currently unclear how the documented higher densities of organisms in urban environments affect either their population structures and sex ratios or, in turn, other aspects of their life-history, particularly for small, cryptic species such as green anoles.

Green anoles are considered model organisms for ecology and evolution (Lovern et al., 2004), and consequently several studies have considered the population ecology of free-ranging anoles in nature. However, the structure of A. carolinensis populations in urban areas have received relatively little attention. Work on Caribbean anoles in particular offers several testable predictions regarding how urban green anole populations might be affected by population size and density in particular. For example, Schoener and Schoener (1980) found that sex ratios and population densities differed among populations with different habitat types in four species of Bahamian anoles. Muralidhar and Johnson (2017) reported similar intraspecific variation in sex ratio in some species of Caribbean anoles. Furthermore, Schoener and Schoener (1980) also present a model predicting that numbers of females should vary more than numbers of males within populations over time, such that denser populations should have greater numbers of females.

Few studies have attempted to test these predictions among populations of green anoles, and the long-term demographic data required to do so are seldom collected. Michael (1972) used mark-recapture methods to study an urban population of 181 green anoles in eastern Texas from October 1966 through to May of 1970 but focused primarily on measuring growth rates. A similar multi-year study was conducted from February 1979 to July 1980 by Ruby (1984) in Metairie, an urban residential area outside of New Orleans. This study neither estimated population density nor broke down the age/sex structure by year, but it did specifically note a stable 1:1 sex ratio over the study period (Ruby, 1984). However, given that sex ratios may also cycle over time (Uller et al., 2007), the possibility exists that a longer study period could show dynamic sex ratios.



TEMPORAL PATTERNS OF SEX RATIO AND DENSITY IN WASHINGTON SQUARE PARK GREEN ANOLES

As an additional test of the above intra-population predictions, and to provide data as a reference for future studies of urban green anole populations, I analyze and present here the results of a 5-year mark-recapture study of an urban A. carolinensis population located in Washington Square Park (hereafter WSP) in the Faubourg Marigny neighborhood of downtown New Orleans, LA (N29.965005°, W90.057302°). This park, one hectare in area, is bordered by an iron fence and fringed with A. elatior palmetto plants which serve as the primary green anole habitat (as in the TU population; Irschick et al., 2005a). Other potential habitat includes man-made structures such as benches, trash cans, and playground equipment, as well as oak trees (Quercus virginiana) and small bushes of various species. Although lizards have at times been seen to use all of this habitat, the vast majority of anoles are observed on the palmetto plants and the fence. This park was chosen because it is entirely surrounded by roadway on all sides, and thus comprises a discrete population with likely minimal immigration and emigration. However, the areas immediately surrounding the park were also searched during each sampling period.


Methods

The WSP population was exhaustively censused twice per year over a 5-year period from 2010 to 2014 using methods consistent with Irschick et al. (2005a, b). Briefly, lizards were captured by hand or by noose and marked permanently and uniquely with visual implant elastomer (VIE) tags (Northwest Marine Technology, Inc., Shaw Island, WA, United States) on the ventral side of the limb elements. Lizards were sexed, weighed, and measured to the nearest 0.01 mm with Rok digital calipers (Rok International Industry Co., Limited, Shenzhen, China). Following Irschick et al. (2005b) I considered adult males to be greater than 45 mm snout-vent length (SVL), and adult females to be greater than 40 mm SVL. Upon capture the GPS coordinates were recorded and point of capture marked with colored tape. The next morning the lizards were released at the exact location from where they were collected. Prior to release each lizard was marked with a permanent marker just above the dorsal tail base to prevent recapture within the same sampling period; this marking is eliminated when the lizard next molts. Sampling occurred in the spring (April–May) and fall (September–October) of each year, at approximately the beginning and the end of the green anole breeding season, respectively.



Analyses

Following a recent study of sex ratios in anoles by Muralidhar and Johnson (2017) I calculated sex ratio as the proportion of males among all adults in the population. I calculated population density as density of adult lizards (lizards/m2), and as densities of each sex/age class. I used a time-series analysis to test for autocorrelation in sex ratios and densities over the 5-year period. Densities varied markedly across seasons and years, which could also affect sex ratios. To test whether numbers of males and females varied differently over each season while controlling for effects of population density, I used a generalized linear model with Poisson errors with season, sex, and an interaction between season and sex as factors and population density as a covariate. To test whether numbers of males and females changed across seasons along with density, I fit a second such model with season, sex, density, and an interaction between sex and density as factors. I did this both to avoid uninterpretable three-way interactions, and to prevent overfitting any one model. I identified the minimum adequate models for each using log-likelihood ratio tests. I do not conduct any across-population analyses on density or sex ratio data because the GHF and TU data represent snapshots of single seasons whereas the WSP data comprises multiple seasons over 5 years, and choosing any specific season for comparison would be subjective. I used R version 3.6.0 (R Core Team, 2019) for all analyses.



RESULTS AND DISCUSSION

Sex ratios in WSP were close to 1:1 over the 5-year period, but where biased were almost always female-biased. Sex ratios showed no evidence of cycling over the 5-year period (Ljung-Box χ2 = 0.456, d.f. = 1, P < 0.5). Similarly, overall population density (χ2 = 1, d.f. = 1, P < 0.312) and densities of males (χ2 = 0.132, d.f. = 1, P < 0.716) and females (χ2 = 2.65, d.f. = 1, P < 0.104) were not autocorrelated among seasons.

The model for number of lizards retained season and density as factors, but sex and the interaction between sex and season were not significant. Thus, numbers of males and females do not change relative to each other once population density is accounted for. In the second model, the interaction between density and sex for number of animals was insignificant, but only marginally so (model with interaction compared to model without interaction: d.f. = 8, deviance = −3.723, P < 0.054). This interaction indicates larger numbers of males at higher population densities. Because these two models end up being identical with the exception of the marginal density:sex interaction, I present only the results of the second model with that interaction in Table 1.


TABLE 1. Best-fit models describing variation in number of lizards at the WSP population.

[image: Table 1]Both Figure 1 and the coefficients in Table 1 indicate a clear reduction in population size in Fall, 2013. The reasons for this bottleneck are not immediately apparent; there were no changes in habitat nor any extreme weather events in 2013 that might account for any increased mortality. Nonetheless, the population recovered in the following sampling period (Spring, 2014) which is suggestive of some immigration, although hatchlings often appear late in the year as well.
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FIGURE 1. Counts of adult male and adult female green anole lizards in the Washington Square Park population from 2010 to 2014 broken down by census period [i.e., by spring (S) and Fall (F) of each year]. Thus “S10” denotes the spring of 2010, “F10” the fall of 2010, and so on. Diamonds represent the sex ratio, calculated as proportion of males among all adults in the population as indicated on the right axis, for each census period.


The prediction that numbers of females should be more variable than that of males as population density changes was not supported in this case, as changes in density appear to be related to number of males in the population instead (Table 1). Schoener and Schoener (1980) specifically note that the phenomenon of female variability relating to density should be apparent in good habitats. Given that urban habitats differ in so many ways from those of natural populations, one possible explanation for this discrepancy is that urban habitats are inferior to those inhabited by natural populations for this species.



CONCLUSION AND FUTURE DIRECTIONS

Urban populations show distinct differences in morphology, performance, and behavior in a number of animal taxa. This brief review demonstrates that A. carolinensis is among those species whose behavior and ecology are altered by urban environments. Drawing inferences from population comparisons is not without potential pitfalls, and indeed, Mayr (1963) claimed that “every population of a species differs from all others.” Consequently, several of the differences noted here between urban and rural populations could be due not to effects of urbanization itself, but to any of the other myriad factors contributing to intraspecific and interpopulational variation. For example, a rigorous population comparison of green anole infestation by L. blakea should take into account the population ecology of the fly as well, and it may be that the higher infection rates in the TU population compared to the GHP population are more a function of local density effects on L. blakea as opposed to an urbanization effect on A. carolinensis. Indeed, the WSP population study I described above found only one active L. blakea infection and four individuals with parasite scars over a 5-year period despite WSP also being an urban population, indicating variation among urban populations in infection rate, mortality rate, or both. Previous studies have also indicated variation among green anole populations in such key traits as display type structure (Lovern et al., 1999) and dewlap color (Michaud and Echternacht, 1995).

Such caveats notwithstanding, these comparisons recapitulate several findings that characterize general differences between urban and rural populations in other animal species, and are thus likely to constitute real consequences of the urban habitat. Green anoles inhabiting urban environments are shaped differently; live at higher densities; are less wary; display more frequently; are more likely to suffer interference competition from invasive species; and appear to experience lower predation and higher intrasexual competition than conspecifics in natural populations. Other differences, such as disparate immune strategies or propensity for risk taking, are less supportable and suffer mainly from a lack of relevant data. In fact, a major message of this review is not how much is known about urban populations of green anoles, but rather how little is known regarding how green anoles have adapted to the urban environments which they appear to have inhabited for some time. This is particularly true for some aspects of population ecology, which have received less attention in urban populations of green anoles as compared to many Caribbean congenerics. The data presented here suggest tentatively that the temporal dynamics of populations in an urban environment could differ from those in natural habitats, although further tests in replicate populations are required before this conclusion can be reached.

Although this lack of data represents a challenge for the current paper, for the field of urban ecology it is instead an opportunity. Green anoles not only exhibit a large and environmentally heterogeneous distribution, they are also highly variable in morphology (Jaffe et al., 2016) and show substantial life-history variation across their North American range (Michaud and Echternacht, 1995). Indeed, the effects of urbanization on life-history have arguably not received the attention that they deserve, even though urban environments certainly hold the potential to affect animal life-histories (Ditchkoff et al., 2006). For example, birds appear to trade-off reproduction against survival in urban populations, exhibiting longer life spans but lower clutch sizes in urban environments and thereby adopting a slower life-history strategy compared to natural populations (Sepp et al., 2018), and underground populations of Culex pipiens mosquitoes in urban areas exhibit divergent life-cycles to aboveground populations (Byrne and Nichols, 1999; Asgharian et al., 2015). In this respect, green anoles represent an untapped resource for understanding how urbanization affects life-histories in small vertebrates given both their presence across the United States in urban environments and the variation in green anole life-history strategies across that same range. Yet another aspect of green anole urban ecology that has received less attention than it might, especially with regard to behavior, is thermal ecology. Temperature has been shown to impose selection on the green anole phenotype in the southern part of their range (Campbell-Staton et al., 2017), and there is evidence of selection on genes related to metabolism and behavior in the northern part of their range as well (Bourgeois and Boissinot, 2019). The combination of urban heat island effects (Campbell-Staton et al., 2020) with potential shifts in behavioral strategies at higher latitudes could facilitate the expansion of green anoles into urban areas in the northern extreme of the green anole range as the climate continues to warm. However, few data are currently available on the thermal preferences, tolerances, and performance curves of urban green anoles (but see Lailvaux and Irschick, 2007 for an example, again from an urban population in New Orleans), and there are potential costs to urban heat island effects that might mitigate any such benefits in reptiles (e.g., Hall and Warner, 2018).

Despite these opportunities, studies of urban populations also have shortcomings. Because patches of habitat that might harbor animal species in urban areas are often carefully managed, changes in management practice can also alter habitat structure or resource availability in such a way that overall habitat quality can be reduced. It is worth noting that the TU green anole population to which I have referred time and time again in this paper for all intents and purposes no longer exists; much of the palmetto habitat in the transect area was removed several years ago by the Tulane University groundskeepers, and that change in the physical environment, coupled with the growing numbers of A. sagrei for whom the new physical landscape is less of a deterrent, has made TU green anoles scarcer and more difficult to locate ever since. Thus, maintaining long-term study sites in urban areas can be problematic if the priorities of stakeholders - who may have less of an interest in biology than do urban ecologists - change. It is perhaps ironic that the same human activity that drives rampant urbanization can also render urban populations of certain animal species ephemeral.
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Model term Coefficient SE

Number of lizards Intercept 2.824 0.345
Density (lizards/m?) 217 64.587
Season (Fall 2010) 0.024 0.167

Season (Spring, 2011) —-0.357 0.315
Season (Fall, 2011) —0.088 0.228
Season (Spring, 2012) —0.0162 0.18
Season (Fall, 2012) —0.383 0.298
Season (Spring, 2013) 0.006 0.164
Season (Fall, 2013) —-1.2 0.423
Season (Spring, 2014) —0.011 0.188
Season (Fall, 2014) —0.013 0.157
Sex (male) —0.309 0.184
Density:Sex (male) 61.208 31.74

The minimum adequate model for the first test of season:sex and the second test
of density:sex reduce to the same model, with main effects of density and season.
However, because the density:sex interaction was only marginally non-significant
(see main text), | present the results of the model with the interaction. The reported
coefficients give estimated change in the dependent variable between the baseline
category and the category named in the table. The baseline category for Season is
Season (Spring, 2010) and for Sex is Sex (Female).
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