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The Colorado checkered whiptail (Aspidoscelis neotesselatus) is a parthenogenetic lizard that is listed as a “species of special concern” in the state of Colorado. A. neotesselatus occupies a small range that includes the US Army Fort Carson Military Base in Colorado Springs, Colorado. The species is exposed to a variety of military disturbances, including aircraft flyover noise. We sampled 82 females during the 2021 reproductive season to assess whether scheduled flyovers would impact the behavior, stress, and metabolism of A. neotesselatus, while controlling for size and reproductive stage differences. We measured corticosterone (CORT) as a marker of anthropogenically induced stress during flyovers compared to a control. We further tested for the downstream effects of flyovers on plasma glucose (free energy available to tissues), elevated metabolism with oxidative stress (ROMs), and ketone bodies (alternative cerebral energy substrates to glucose). When disturbed by flyovers, these lizards spent less time moving but more time eating. Aircraft noise also increased CORT when controlling for clutch size, indicating a stress response driven by flyovers, as well as an independent effect of reproductive investment on CORT. CORT did not affect plasma glucose. Flyovers led to a marginally decrease in circulating ROMs, with gravid females experiencing lower plasma ROMs than non-gravid females, but that later effect was independent of flyovers. Flyovers significantly increased ketone bodies, with smaller animals experiencing higher ketone concentrations than larger individuals, yet the effect of size on ketone bodies was independent of the flyover treatment. Although A. neotesselatus seem to adjust their behavior and eat more to buffer the potentially negative effect of flyovers on energetic pathways, they still appear to suffer a metabolic cost driven by the stress response via ketone accumulation, as well as a reproductive cost driven by clutch size investment that is independent of flyover disturbance. We suggest that military aircraft operators attempt to avoid dense populations of A. neotesselatus during the reproductive season or fly at altitudes that lead to decibel reads that fall below 50 dB at ground level, as a cautious management step that ensures the resilience and local abundance of A. neotesselatus at Fort Carson.
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Introduction

Reptiles are on the decline worldwide and vulnerable to many anthropogenic threats (Gibbons et al., 2000). Habitat loss and degradation, introduced invasive species, environmental pollution, disease and parasitism, unsustainable land use, and global climate change all have profound, detrimental impacts on reptile populations (Gibbons et al., 2000). Human factors have greatly increased the need for long-term monitoring and conservation efforts aimed at improving the trajectories of native reptile populations (Todd et al., 2010; Tan et al., 2023). Most of these threats are obvious in their impacts on reptile population viability; habitat loss, including fragmentation and land use conversion, is thought to be the leading cause of decline for reptile populations (Amburgey et al., 2021; Sala et al., 2000). Habitat loss can impact reptiles directly through mortality events, or indirectly by limiting their ability to meet survival and reproductive ends (e.g. Todd and Andrews, 2008). Shifts in niche space driven by climate change are predicted to be a further detriment to habitat suitability by shifting physiology, life history traits, and population distribution. This may ultimately lead to extinctions directly related to increasing temperature and decreasing precipitation (e.g. Dunham and Overall, 1994).

There are additional threats that have received less attention, likely due to how overlooked anthropogenic disturbance may be to human perception. However, “minor” disturbances may have dramatic impacts on wildlife. Light and noise pollution are amongst the fastest growing, but least understood, anthropogenic stressors on the planet (Dominoni et al., 2020; Buxton et al., 2017; Kyba et al., 2017), altering sensory environments at a global scale. While anthropogenic light sources affect visual perception, noise reduces the ability to receive other acoustic signals and may cause distress. These sensory disturbances can, in turn, impact communication (e.g. Francis & Barber, 2013), movement (e.g. Cabrera-Cruz et al., 2018), foraging (e.g. Bennie et al., 2015), energetic budgets (e.g. Touzot et al., 2019), predation risk (Francis & Barber, 2013), and stress (e.g. Ouyang et al., 2018) within wild animal populations. Anthropogenic changes such as these are often telling of the pathways by which an individual organism can be negatively influenced. As sound and light pollution continues to expand over space and time, there is an urgent need to understand how such sensory pollutants affect physiology, life history traits, and fitness (Kernbach et al., 2021).

Anthropogenic noise is often louder and more frequent than natural sounds (Patricelli & Blickley, 2006; Popper & Hastings, 2009). Sound or noise, especially those that are intense and unpredictable, can negatively affect animals (e.g. Warren et al., 2006; Slabbekoorn and Ripmeester, 2008; Popper and Hastings, 2009; Barber et al., 2010; Slabbekoorn et al., 2010; Shannon et al., 2016), and lead to a stress response (Jakob-Hoff et al., 2019). The release of adrenal corticosteroids in response to a stressor is well-documented across vertebrates. Stimulation of the hypothalamus during a stressful event leads to the release of CORT from the adrenal gland. While the primary function of CORT is to mobilize energy for the central nervous system, it has also been found to be an accurate indicator of a systemic stress response. Anthropogenic noise can initiate a hormonal stress response by elevating circulating glucocorticoids, “GCs”, in birds (Hayward et al., 2011; Blickley et al., 2012), mammals (Creel et al., 2002), amphibians (Tennessen et al., 2014; Kaiser et al., 2015) and fishes (Wysocki et al., 2006; Nichols et al., 2015; Mills et al., 2020), but not systematically (Crino et al., 2013; Angelier et al., 2016).

Anthropogenic noise may also lead to shifts in behaviors that trigger a stress response or prove maladaptive in other ways. In a study of the eastern blue-tongued lizard, individuals spent more time in a “freezing” behavior when exposed to high frequency mining machinery noise, a sign of chronic stress (Mancera et al., 2017). With more unconventional types of noise pollution, green, flatback and hawksbill turtles showed disturbance behaviors in response to drones flying at low elevations (20-30m) (Bevan et al., 2018). Traffic noise increased levels of a stress-relevant glucocorticoid in female wood frogs (Lithobates sylvaticus) and impaired female travel towards a male breeding chorus in the field (Tennessen et al., 2014). Behavioral responses to noise pollution often translate into stress responses, as loud noise increase cortisol levels in several species (Hall 2010, for a review see Kight & Swaddle, 2011).

Noise-related stress can shift behaviors and activity budgets by increasing vigilance (i.e. more time spent retreating or hiding), which can ultimately result in less time spent foraging. Reduction in foraging activity and the potential for associated weight loss are predicted to increase metabolic processing and mobilization of cholesterol to fuel the production of stress hormones; when stressed, individuals rapidly use stored resources to regulate neuroendocrine responses to said stress (Kight and Swaddle, 2011). Anthropogenic noise disturbance increased serum glucose, cortisol, and lactate in European sea bass (Santulli et al., 1999) and oxygen consumption in shore crabs (Wale et al., 2013), suggesting that anthropogenic noise my increase metabolic rate by increasing both physical activity and energy consumption.

Noise-induced stress also appears to affect females disproportionately, most likely because of sex differences in size, hormone expression, and reproductive investment (Kight and Swaddle, 2011). In this study, we propose to quantify the impact of flyover noise pollution on the behavior, stress physiology and metabolism of the Colorado checkered whiptail, Aspidoscelis neotesselatus, a parthenogenic, all-female, whiptail species whose range mostly overlaps the Fort Carson military installation near Colorado Springs, Colorado, USA. The reduced genetic variation of this parthenogenetic species, made up entirely of female congeners, could increase susceptibility to environmental disturbances (Aubry et al., 2019; Aubry et al., 2020; Caracalas et al., 2021). To-date, the species has had multiple conservation listings, likely due to its small natural range. It is designated as near threatened by the International Union for Conservation of Nature (IUCN 2007), deemed a species of special concern by Colorado Parks and Wildlife, and listed by the U.S. Army as a species at risk.

Fort Carson Military Base houses both military and air force units and their aircraft. This includes but is not limited to Apache, Chinook, and Blackhawk helicopters, transport aircraft, and F-16 fighter jets. A. neotesselatus on Fort Carson are exposed to regular aircraft flyovers within 20,000 feet above ground with a reported max decibel capability of 161dB produced during operation. This decibel range has been reported as harmful and/or agitating to humans, even at a substantial distance from the source (Nykaza et al., 2009). Mexican Spotted owls have also shown to initiate a significant response to noise disturbance as low as 68 decibels (Pater et al., 2009). We measured the behavior, stress, and metabolic response of A. neotesselatus by comparing a control versus flyover treatment, each a week in length, during a flyover experiment. We specifically measured i) activity budgets to document behavioral responses to flyovers; ii) the stress response in activating corticosterone release (‘CORT’); iii) the downstream effects of stress on glucose; iv) oxidative reactive oxygen metabolites (‘ROMs’) as an index of oxidative stress level (oxidant capacity); and v) ketone bodies, which can increase when the brain demands extra glucose from the body in times of stress. We investigated the effect of flyovers on (ii-v) while controlling for differences in size, weight, and reproductive state (Conceptual Figure 1). We hypothesized that anthropogenic disturbance in the form of military aircraft flyover events would have significant behavioral and physiological impacts on the Colorado checkered whiptail population via behavioral responses and shifts in energetic expenditures related to the sensory stress driven by noise pollution.




Figure 1 | Conceptual energetic budget allocation of A. neotesselatus following noise disturbance (i.e. flyover treatment) when resources are partitioned into multiple competing processes involving a behavioral response, energy mobilizing hormones, and shifts in metabolic allocation. Internal resources are represented in the right column across a gradient with high internal resource indicated in green and low internal resources indicated in red. Resources are expected to diminish with the initiation of multiple physiological processes in the setting of noise induced physiological and behavioral changes.







Methods




Field collection

Data were collected from A. neotesselatus lizards (Figure 2) living on the Fort Carson (FC) U.S. Army Installation located in unincorporated El Paso County, Colorado, near the city of Colorado Springs, USA. FC covers 55,000 hectares and extends into Pueblo and Fremont Counties. A. neotesselatus was sampled and surveyed in the northern edge of its range in FC. Lizards were surveyed and sampled in 2021 for the purpose of this specific study, which is part of a longer-term study that was initiated in 2018. The species is known to occur in several different training areas (TAs) (Figure 2), but we specifically surveyed TA 55 in coordination with military activities where our liaison biologist at FC scheduled aircraft flyovers on specific days over the study period, so that we could time our surveys with respect to flyovers.




Figure 2 | Surveys of A. neotesselatus conducted in 1991-2007 (yellow dots), 2007-2013 (green dots), and 2014 (red dots) at Fort Carson, CO. Surveys used in this study (2018-2019) are represented by blue dots, with intensive sampling focused on TA45, TA48, and TA55.



In TA 55, the majority of A. neotesselatus were found in and along the banks of a dry creek bed. The dominating vegetation type was One-seeded Juniper (Juniperus monosperma) and mixed grassland, located around the edges of the sample area. The shrubs found included Shadscale (Atriplex confertifolia), Four-wing Saltbush (Atriplex canescens), James’ Seaheath (Frankenia jamesii) and Rubber Rabbitbrush (Chrysothamnus nauseosus).





Flyover experimental design

Military aircraft flown over the field site included UH-60 Black Hawks, AH-64 Apaches, CH-47 Chinooks, and F-16 fighter jets. Given that helicopter range from the ground during flight is highly variable (Up to 20,000 ft maximum), readings were taken on the ground using a data logging sound reader (ExTech, EN300 5-in-1 Environmental Meter) at the time that each lizard was captured. Ground noise was measured in decibels; the decibel scale is logarithmic with value increases representing significant increases in the perceived noise intensity. Sampling dates on which no flyovers occurred were 6/14/2021-6/20/2021. Sampling dates on which flyovers occurred were 6/23/2021- 6/25/2021). On the non-flyover dates, ground decibel readings ranged from 30.1 to 55.8 decibels. During the flyover period, ground decibel readings ranged from 33.9 to 112.2 decibels. Because the experiment took place on a military base where each training area is access-restricted, there were no anthropogenic disturbances at the field location else than the presence of 3 to 4 field workers during the control, and the presence of field workers in addition to aircraft noise during the treatment.

Note that in order to minimize the influence of external environmental factors on our flyover experiment i) all observations were taken from the same location (Figure 2), which limits potential differences in habitat, predation rates, and resource availability; ii) the treatment was applied right after the control, which limits any potential life history differences since the study took place over a two-week period; iii) clutch size (i.e. ranges from 0 to 4) and reproductive stage (i.e. gravid versus not) differences were present across individuals, which is why we controlled for these effects in our models; iv) since the same animal was never resampled either within or across treatments, all observations were independent from one another (i.e. no pseudoreplication). Microclimatic conditions averaged over sampling days were similar between the control (mean = 30.4 °C, sd = 5.3 °C) and the treatment (mean = 30.5°C, sd = 5.1 °C). We were limited in our ability to replicate our experiment, with only one control and one treatment.





Behavioral data collection

Behavior was recorded by observing individuals for three minutes prior to initiating capture (Table 1). The observers were quiet across the sampling period and remained at minimum two meters away from the individual to ensure the behaviors recorded were naturally occurring, and not displayed in response to human presence. We ended the session if the individual was alarmed by the observers’ presence at any time before or during the recording. We recorded audio descriptions of the ongoing behaviors on the “Voice Memos” app of an Apple iPhone 12 to instantly save the completed memo to a local database. We categorized In-situ behaviors into one of nine behaviors: basking, searching, eating, basking while eating, eating while searching, moving, moving while searching, null, and out of sight (reference Table 2 for an explicit description of each behavior). We summarized behavior by playing back video recordings and noting the proportion of time each lizard spent in a specific behavior category. The out of sight behavior was not used in final analyses due to the lizard being out of the observer’s sightline, therefore a behavior was not observed.


Table 1 | a. Sample size for behavioral data (Null; Eat; Basking; Basking while eating; Move; Searching; Eating while searching; Moving while searching; Out of sight) collected on A. neotesselatus, with respect to treatment (control versus flyovers).




 b. Sample size for data collected on A. neotesselatus, with respect to treatment control versus flyovers and the dependent variables of interest i.e. CORT, Glucose, ROMs, and Ketones.




Table 2 | Description of behaviors recorded during the three-minute observation period for A. neotesselatus. Code represents the nomenclature later used in analyses.







Animal captures and blood sample collection

We conducted transect surveys during the morning and early afternoon hours (0900-1300) to seek out and capture individuals. After collecting behavioral data, lizards were caught using a snare pole and kept in mesh fabric bags in the shade to later be processed. Coordinates were recorded for the exact location of each individual capture. Toeclip ID has been used at all FC sites and across all study years to track long term data for individual animals. For recaptures, the unique preexisting toeclip ID was recorded. Newly caught individuals were given a unique toeclip ID. Individuals from the 2021 season were marked with a unique number using a non-toxic paint pen; these highly visible, temporary cohort markings allowed us to avoid recapturing individuals and exposing them to repeated capture stress over the course of the study. Weight, tail length, tail diameter, and Snout vent length (SVL) were measured on the day of capture. Ultrasounds were performed to assess gravidity, clutch size, and follicular/egg size of adult females. Follicle is henceforth used as an inclusive term to span the range of reproductive development from the smallest measurable follicle, to the largest clearly defined egg, which ranged from 0.17 to 1.05 cm. Follicle size measurement, i.e. the length along the longest axis, was conducted with a Sonosite Turbo ultrasound unit with an external linear probe (Sonosite Turbo ultrasound, FUJIFILM SonoSite Inc., Bothell, Washington, USA), and each follicle in a clutch was our sampling unit. Once processed, lizards were released in the exact coordinate location of capture.

We collected blood from the retroorbital sinus of each captured lizard using a heparinized microhematocrit capillary tube (Fisherbrand, # 22-362566). Blood samples were collected within the first 3 minutes of being pursued for capture, a validated window of time to measure baseline physiological activity in lizards (Romero and Reed, 2005). If capture attempts exceeded 3 minutes in duration, we did not collect blood samples from that individual lizard to limit the effect of a stress response elicited by the actual pursuit of the animal. After collection, blood samples were immediately stored on ice after centrifugation at 6000 RPM for 10 minutes to isolate plasma. We separated plasma from red blood cells by drawing it from the top of the sample with a Hamilton syringe (SigmaAldrich, #20888). Samples were frozen, transported to the laboratory on dry ice, and stored at −20 °C for assays. Samples were only taken during a standardized timeframe to avoid daily circadian differences in CORT released by stimuli (Dallman et al., 1987; Jones and Gillham, 1988; Romero and Wingfield, 2001). We recorded site temperature at each capture, which averaged 30.48°C with a standard deviation of 4.05, thus quite consistently hot across the sampling period. The sampling period was between 0700-1200 hours and was found to have no relationship between circulating CORT and time of day (Hudson et al., 2020). Body temperature at the time of capture does not impact baseline plasma CORT levels either in field caught lizards (Racic et al., 2020)”. Plasma samples were analyzed to measure baseline levels of physiological activity as described below (Romero and Reed, 2005; Sheriff et al., 2011).





Blood plasma analysis

To determine CORT concentrations, enzyme-linked immunosorbent assay (ELISA) kits were validated and used with blood plasma (10 uL), following Hudson et al. (2020). This colorimetric ELISA is based on competitive binding between sheep polyclonal antibodies and plasma hormone that takes place on a donkey anti-sheep immunoglobulin (IgG) microtiter plate. We assayed each sample in duplicate across one 96-well plates according to manufacturer guidelines (Product # ADI-901-097; Enzo Life Sciences, Farmingdale, NY). Due to sample volume constraints, some samples were not run in duplicate.The intra-assay coefficient of variation (CV) was 9.2%.

Blood samples were collected within 3 min of capture, and blood glucose was immediately measured from the whole blood using a handheld glucometer (AccuChek Aviva Plus glucose monitoring system; Roche 182 Diagnostics, Indiana, USA). If there was an initial error in the glucose reading, then we re-tested a blood subsample to obtain a valid measure.

Circulating ROMs were quantified using an assay kit (MC435, Diacron International, Italy), which detects levels of hydroperoxides that oxidize an alkyl-substituted aromatic amine (A-NH2). Plasma was diluted in the assay buffer solution (5 μl: 100 μl). Samples were run in duplicate in a 96-well microplate following the manufacturer’s instructions for “endpoint” mode with modifications for use (French et al., 2017). This reaction resulted in a color change that was measured with a spectrophotometer at 505 nm (xMark; Bio-Rad). Values were calculated as absorbance change relative to the standard. The inter-assay coefficient of variation (CV) was 5.38% and the intra-assay CV was 6.88%.





Whole blood analysis

We tested whole blood concentrations of β-ketones by pipetting blood samples (1 uL) into test strips designed for a STAT-Site dual analyte measurement system (#7000-001, EKF Diagnostics, Boerne, Texas, USA). Results were automatically acquired within 10 seconds of use if concentrations ranged 0.1 to 8.0 mmol/L. If the meter yielded a calculation error, samples were re-pipetted into a new strip and tested for a valid measure unless out of range.





Statistical analyses

All analyses and visual representation of data were performed using default packages in RStudio (version 1.2.5001, R Core Team, 2019) and additional packages: ‘dplyr’ (Wickham, 2020) and ‘ggplot2’ (Wickham 2016).




Impact of flyovers on behavior

We quantified the impact of flyover treatment on three behavioral categorizations: moving vs. not moving (i.e. “moving”, “moving while searching” vs. all other behaviors), eating vs. not eating (i.e. “eating”, “eating and searching”, “eating and basking” vs. all other behaviors), and active vs. inactive (i.e. “searching”, “eating while searching”, “moving”, “moving while searching” vs. all other behaviors). We then calculated the proportion of time each individual spent in any given behavior and averaged these proportions across individuals to test for significant differences in the proportion of time spent moving vs. not moving. We used a two-way ANOVA model to test for these differences using the ‘aov’ function in program R (Chambers et al., 1992).





Impact of flyovers on physiology

We first tested for preliminary effects of flyovers treatments on each measure of interest (i.e. CORT, glucose, ROMs, and ketones) using t-tests. We then used generalized linear models with a gaussian distribution and an identity link to model the relationship between flyover treatments (control vs. flyover) on dependent variables of interest (Bolker et al., 2009) while controlling for the effect of size ‘svl’, body mass, reproductive state (gravid versus not), and clutch size (which varied from 0 to 4 follicles), which are known predictors of physiology in this species (Aubry et al., 2019; Aubry et al., 2020; Hudson et al., 2020; Caracalas et al., 2021). A set of a priori defined models competed within a model selection framework (Anderson and Burnham, 2002) where models were compared based on their respective AIC values (Akaike, 1973). The top-performing model within each set is further discussed in the result section.

For all models, we tested for normality of model residuals using Shapiro’s test (Royston, 1982) and for homogeneity of variance using Levene’s test (i.e., homoscedasticity, Hines and Hines, 2000). Note that ROMs were log-transformed, and ketone concentrations were square-rooted, to un-skew their distribution and normalize residuals. Model assumptions of normality of residuals and homoscedasticity were tested using appropriate statistics and are reported in the result section below. We adopted a significance level alpha of 0.05 for statistical significance in all analyses.







Results




Impact of flyovers on behavior

Although Figure 3 indicated that animals, on average, spent more time moving when there were no flyovers, ANOVA test results (Table 3) indicated that there was no significant difference between the average time spent moving vs. remaining stationary (Table 3). The flyover treatment did not have a significant effect on the time spent in either group of behaviors (Table 3). Further, the interaction between behavior and treatment did not significantly impact the average proportion of time spent in either moving or stationary behaviors (Table 3).




Figure 3 | Average proportion of time (%) spent by A. neotesselatus moving (‘M’ moving, ‘MS’ moving while searching) vs. all other behaviors (‘B’ basking, ‘BE’ basking while eating, ‘E’ eating, ‘ES’ eating while searching, ‘N’ null, ‘S’ searching/scanning/foraging) between the treatment (flyovers) and the control (no flyovers).




Table 3 | ANOVA test results investigating the impact of a) movement, flyover treatment, and their interaction; b) eating, flyover treatment, and their interaction; and c) active, flyover treatment, and their interaction, on the proportion of time spent in the behavior.



Figure 4 indicated that animals spent more time basking (B), moving (M) or searching (S) for food than actively eating (E) when undisturbed. However, the pattern was reversed when flyovers occurred. While animals spent less time basking, moving or searching when flyovers occurred, focusing more on eating and eating while searching instead (Figure 4). There was a significant difference between the average time spent eating vs. all other behaviors (Table 3). Yet, the interaction between behavior and treatment did not significantly impact the average proportion of time spent eating vs. all other behaviors (Table 3).




Figure 4 | Average proportion of time (%) spent by A. neotesselatus eating (‘BE’ basking while eating, ‘E’ eating, ‘ES’ eating while searching) vs. all other behaviors (‘B’ basking, ‘M’ moving, ‘MS’ moving while searching, ‘N’ null, ‘S’ searching/scanning/foraging) between the treatment (flyovers) and the control (no flyovers).



Animals disturbed by flyovers spent less time moving or searching (Figure 5). They spent significantly less time in assessing vs. passive behaviors such as basking and eating (Table 3). The flyover treatment had a marginally significant effect on the time spent in either group of behaviors, with animals spending significantly less time assessing surroundings when flyovers occurred (Table 3). Yet, the interaction between behavior and treatment did not significantly impact the average proportion of time spent assessing vs. all other behaviors (Table 3).




Figure 5 | Average proportion of time (%) spent assessing the environment (i.e. Stationary: ‘ES’ eating while searching, ‘M’ moving, ‘MS’ moving while searching, ‘S’ searching/scanning/foraging) vs. any other behavior (‘B’ basking, ‘BE’ basking while eating, ‘E’ eating, ‘N’ null) by A. neotesselatus in key behaviors between the treatment (flyovers) and the control (no flyovers).







Impact of flyovers on physiology

There are no significant relationship between noise disturbance and circulating CORT (t-value = -1.3476, df = 36.238, p-value = 0.1861). Mean concentrations of plasma CORT averaged 0.3452 ng/mL in the control, and 0.4479 ng/mL within the flyover treatment (Figure 6). Model selection results (Table 4) indicated that the best fitting model supported an effect of the flyover treatment on plasma CORT while correcting for clutch size. The effect of flyover treatment had significant and positive effect on CORT (βtreatment = 0.3644, std. error = 0.1655, p-value = 0.0312), and so did clutch size, whereby an increase in clutch size was associated with increased CORT as well (βclutchsize = 0.1060, std. error = 0.0418, p-value = 0.0136), whilst the interaction between clutch size and treatment did no significantly affect CORT (βclutchsize*treatment = -0.0897, std. error = 0.0597, p-value = 0.1375).




Figure 6 | Impact of flyover treatments (Noise ‘N’ = control; Noise ‘Y’ = flyover) on circulating plasma corticosterone (ng/mL).




Table 4 | Model selection results: comparison of generalized linear models testing for the effect of flyover treatments (control vs. flyover) on circulating Cort (in ng/mL), Glucose (mg/dL), ROMs (mg/H202/dL), and Ketones, while controlling for the effect of size (svl in mm), mass (in gr), reproductive state (gravid versus not), and clutch size (0-4 follicles). K: the number of parameters.



There was no significant relationship between plasma glucose and noise disturbance during flyovers (Welch Two Sample t-test: t-value = -0.2664, df = 25.259, p-value = 0.7921) where mean concentrations of plasma glucose averaged 325.30770 mg/dL for the control and 328.1579 mg/dL for the flyover treatment (Figure 7). Further, model selection results (Table 4) indicated that the best fitting model did not support a relationship between flyovers and plasma glucose while correcting for size, mass, or reproductive investment (βtreatment = 2.850, std. error = 9.228, p-value = 0.758).




Figure 7 | Impact of flyover treatments (Noise ‘N’ = control; Noise ‘Y’ = flyover) on plasma glucose (mg/dL).



Noise disturbance marginally impacted circulating ROMs (Welch Two Sample t-test: t-value = 1.8963, df = 45.975, p-value = 0.06422) where mean concentrations of plasma ROMs averaged 16.9616 mg/H2O2/dL within the control, and 11.6889 mg/H2O2/dL within the flyover treatment (Figure 8). Model selection results (Table 4) indicated that the best fitting model supported an effect of the flyover treatment on plasma ROMs while correcting for reproductive stage. The effects of flyover treatment had a significant effect on ROMs (βtreatment = 2.8305, std. error = 0.4328, p-value < 0.001), while gravidity had a negative effect on ROMs when compared to non-gravid females (βrep.stage = -1.0622, std. error = 0.4007, p-value = 0.0098), but the interaction between reproductive stage and treatment was not significant in affecting ROMs (βrep.stagel*treatment = -0.4648, std. error = 0.6692, p-value = 0.4895).




Figure 8 | Impact of flyover treatments (Noise ‘N’ = control; Noise ‘Y’ = flyover) on plasma ROMs (mg/H202/dL).



Noise disturbance did correspond significantly with plasma ketones (Welch Two Sample t-test: t-value = -2.9504, df = 29.367, p-value = 0.0062), where mean concentrations of ketones averaged 4.6895 within the control, and 10.13043 within the flyover treatment (Figure 9). Model selection results (Table 4) indicated that the best fitting model supported a positive effect of the flyover treatment on ketones (βtreatment = 6.9416, std. error = 2.5692, p-value = 0.0085) while correcting for size mattered as well, with smaller animals experiencing higher ketone concentrations (βslv = -0.0645, std. error = 0.0256, p-value = 0.0138); yet, the interaction between size and treatment was not significant (βsvl*treatment = 0.0142, std. error = 0.0411, p-value = 0.7313).




Figure 9 | Impact of flyover treatments (Noise ‘N’ = control; Noise ‘Y’ = flyover) on ketones.








Discussion

Our results suggest that A. neotesselatus spent less time assessing their environment and more time eating when disturbed by flyovers. This was determined when lizards were observed feeding in a stationary position or traveling while carrying prey items. Specifically, our results suggest that animals, on average, spent significantly more time in passive behaviors such as basking (B), stationary eating (E), and eating while searching (ES) when disturbed. Aircraft noise increased CORT when clutch size was controlled for; but did not impact plasma glucose during the flyover treatment. Contrary to our predictions, noise disturbance marginally decreased circulating ROMs and was negatively correlated with CORT (t=-3.007, df=67, p-value=0.0037, Pearson’s product-moment correlation cor=-0.344). Reproductive stage was important in explaining these differences as well, with gravid females experiencing lower plasma ROMs than non-gravid females; there were no significant interactions between noise and reproductive stage in affecting ROMs. Noise disturbance did significantly increase ketone production, and smaller animals experienced higher ketone concentrations, but the latter was independent of noise exposure despite model selection indicating that the interaction between size and noise was important in explaining variability in ketones.

Behavioral activity shifted in response to noise pollution, which has been observed in a variety of taxa, including reptiles (for review, see for e.g., Warren et al., 2006; Slabbekoorn and Ripmeester, 2008; Popper and Hastings, 2009; Barber et al., 2010; Slabbekoorn et al., 2010). The shift towards more elusive behavior and a lack of movement corroborates other studies which observed “freezing” behavior when exposed to noise disturbance (e.g., Warwick et al., 2013; Mancera et al., 2017). However, we did find animals did spend significantly more time eating while flyovers took place, suggesting an adjustment in their behavior that could potentially mitigate the negative impact of flyovers on their metabolism.

Both flyover disturbance and clutch size influenced plasma CORT, though their effects were independent of one another. Positive correlations between reproductive mass and glucocorticoid levels have been reported in common side-blotched lizards (Wilson and Wingfield, 1992), yet some studies of reptiles do not show elevated CORT in the presence of chronic anthropogenic stress (Injaian et al., 2020; Malisch et al., 2020). Given that most of the studied anthropogenic sources of stress are fixed (e.g., roadways, light and noise pollution from cities), our results may be indicative of an acute stress response whereby the transient and sporadic nature of flyovers may act as an acute rather than chronic stressor.

We hypothesized that glucose mobilization by CORT may reduce plasma glucose levels in the presence of acute flyover stress, leading to the production or utilization of the alternate energy sources (Romero and Beattie, 2022). Specifically, we expected that lower plasma glucose during flyover noise disturbance would reflect a rapid uptake of energy to cope with an acute stressor. However, we found plasma glucose was unaffected by the flyover treatment, which refutes the idea of energetic reallocation because of sensory disturbance, at least in the context of glucose levels. Most birds, amphibians, and reptiles secrete CORT to maximize short-term fitness through the modulation of lipid metabolism, but there is considerable variation in these responses (Gangloff et al., 2017; Neuman-Lee et al., 2020; Kelley et al., 2021). Butler and Barrientos (2020) compared free-living house sparrow (Passer domesticus) nestlings exposed to a one-hour stressor to control individuals, and quantified circulating CORT, triglyceride, and glycerol levels. Nestlings exposed to a stressor had reduced circulating triglycerides consistent with an increased rate of glucogenesis during an acute stressor. Although the timeframe of our sampling may not have detected stress-induced glucose changes (e.g. transient or slow responding), our results do not support links between CORT and aspects of glucogenesis in response to an acute stressor, a finding supported by other reptile studies (Neuman-Lee et al., 2020). The molecular pathways connecting these metrics still need to be elucidated via controlled experiments in the lab.

Our results suggest behavioral variation in A. neotesselatus during flyover and non-flyover conditions. A. neotesselatus spent a longer duration of time eating during the flyovers. This behavioral change may serve to buffer the potentially negative effect of flyovers on energetic pathways. This result is quite novel in that most studies report on the negative impacts of noise pollution on body mass and condition via shifts in glucogenesis driven by decreased feeding time when exposed to noise (reviewed in Kight and Swaddle, 2011). It has been hypothesized that noise-driven declines in foraging activity, and potential weight loss, may lead to increased metabolic processing and mobilization of cholesterol to fuel the production of stress hormones, because when stressed, individuals rapidly use stored resources to regulate neuroendocrine responses to stress (Kight and Swaddle, 2011). Although we did detect a stress response (increased CORT) during flyovers, we did not detect the expected decline in plasma glucose levels, most likely because of the behavioral adjustment A. neotesselatus made in eating more and moving less, which may have fueled plasma glucose levels. This result would need to be confirmed by additional controlled noise pollution experiments in the field.

Reproductive investment did play a role in modulating some of these responses, as suggested by the interaction between clutch size and noise in elevating CORT, which was retained by the model selection process. In rock iguanas, free glycerol levels are highest during the beginning of the breeding season and decrease with gravidity (Webb et al., 2019). Likely due to fat catabolism for vitellogenesis at the beginning of the season and uptake during gravidity. In the context of our study, sampling occurred one month into the breeding season and reproductive stages ranged from mid to post reproduction as determined by ultrasound. Although our findings are consistent with the seasonal timeframe in which glycerol trends were observed by Webb et al. (2019), we did not observe a relationship between reproductive stage or investment, glucogenesis and noise exposure. The behavioral adjustment which we qualify here as “compensatory feeding” in A. neotesselatus is a plausible explanation for the lack of impact of noise exposure on glucose metabolism. We did, however, observe an increase in CORT with reproductive investment, which we had observed before in the same population (Aubry et al., 2020; Caracalas et al., 2021).

ROMs values were marginally impacted by noise, but not in the expected direction, in that they were higher under control conditions and reduced during the flyover treatment. The ROMs test measures blood levels of hydroperoxides, which are produced when biomolecules (fatty acids, nucleic acids, proteins, etc.) are oxidized (Costantini, 2016). ROMs may exceed the capacity of antioxidant defense and repair mechanisms (i.e., oxidative stress), leading to oxidative damage of biomolecules (Metcalfe and Alonso-Alvarez, 2010). Lower ROMs during flyovers may be indicative of a lack of oxidative damage. During flyover events, lizards were observed eating and eating while searching their environment for a significantly higher proportion of time than was spent in other behaviors (Table 3; Figure 4), and were most likely not in a digestive state which sometimes carried an oxidative cost. Results suggest that compensatory eating in A. neotesselatus may keep metabolic processing at bay, which would explain the lower ROMs values observed during flyovers.

Although A. neotesselatus seem to adjust their behavior during flyovers by increasing the time they spend eating to buffer the potentially negative effect of flyovers on energetic pathways, they still suffered a metabolic cost driven by the stress response via ketone accumulation, especially when considering smaller-sized animals. Indeed, plasma ketones were significantly higher during flyover noise disturbance when we accounted for body size. An increase in ketones in response to acute and prolonged stress has been documented before (Ricart-Jané et al., 2002; Neuman-Lee et al., 2015). When blood glucose levels are significantly altered due to stress or physical activity, fatty acid metabolism may be initiated (Rojas-Morales et al., 2020). Ketones are products of fat metabolism that can be utilized as alternative sources of energy when glucose is low, but plasma glucose was unaffected by the flyover treatment in our study, suggesting individuals may preferentially mobilize ketones, even when glucose may be maintained via observed “compensatory eating” behavior we observed in the field.





Conclusion

Colorado checkered whiptails at Fort Carson responded to acute anthropogenic stress in a variety of ways that included: a compensatory behavioral response (less time spent moving, but more time spent eating), a stress response (increased CORT) and partial energy mobilization (increase in ketones). In an oviparous lizard actively allocating yolk, we found that results must be analyzed in the context of reproductive timing and maternal investment by controlling for reproductive status and clutch size, as conducted here. Anthropogenic disturbance may have a higher impact on parthenogenetic lizards during the breeding season when maternal sources of energy must be invested into developing offspring. However, A. neotesselatus seem to adjust their behavior to minimize the negative impacts of noise disturbance on some energetic pathways and may maintain energy levels through compensatory eating during flyovers. In summary, although anthropogenic disturbance in the form of military aircraft flyover events have significant physiological impacts on this Colorado checkered whiptail population, behavioral adjustments and compensatory feeding appear to limit energetic expenditures to some extent in relation to noise pollution. Although behavioral plasticity may help mitigate some of the potentially negative impacts of noise exposure on A. neotesselatus metabolism, the impacts may also be mitigated if aircraft operators maintain an elevation that is sufficiently high enough to lead to decibel reads on the ground that fall below 50 dB.
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Null N Lizard remains in one location and remains still

Eating E Lizard actively consumes a food item while stationary

Basking B Lizard flattens body and remains in sunlight

Basking while eating =~ BE Lizard consumes a food item while basking

Moving M Lizard moves to a different location

Searching/scanning N Lizard actively searches for food or other unknown objects — characterized by prodding snout into the substrate or raising head to

assess surroundings

Eating while ES Lizard actively consumes food while searching/scanning

searching

Moving while MS Lizard rapidly moves from one location to the next, stopping only to prod substrate or scan environment
searching

Out of sight o Lizard was not visible to observer - behavior not used in analysis
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Treatment*Clutch size 5 21.643 0 0.362 0.362 -5.353
Treatment*svl 5 22958 1315 0.188 0.550 -6.010
Null 2 23.554 1.910 0.139 0.689 -9.687
Plasm Cort
Treatment 3 23.592 1.949 0.137 0.826 -8.614
Treatment*mass 5 24453 2.810 0.089 0915 -6.758
Treatment*Reprod. Stage 5 24.541 2.897 0.085 1 -6.802
Null 2 706.242 0 0.608 0.608 -351.033
Treatment 3 708.325 2.084 0.214 0.822 -350.984
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Treatment*svl 5 710.965 4.723 0.057 0.946 -350.021
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Treatment*Reprod. Stage 5} 712.800 6.559 0.023 1 -350.939
Treatment*Reprod. Stage 5; 256.416 0 0.908 0.908 -122.785
Treatment*Clutch size 4 262.030 5.614 0.055 0.962 -126.737
Treatment*mass 5 264.868 8.452 0.013 0.976 -127.011
Plasma dROMs
Treatment*svl 5 265.264 8.848 0.011 0.987 -127.209
Null 2 266.048 9.632 0.007 0.994 -130.943
Treatment 3 266.413 9.997 0.006 1 -130.042
Treatment*svl 5 246.433 0 0.783 0.783 -117.811
Treatment 3, 250.710 4.277 0.092 0.876 -122.197
Treatment*mass 5 251.128 4.695 0.075 0.951 -120.158
Ketone
Treatment*Clutch size 5 252.553 6.120 0.037 0.987 -120.871
Treatment*Reprod. Stage 5 254.750 8.318 0.012 1.000 -121.970
Null 2 261.719 15.287 0.000 1 -128.782

AlCc-related metrics measures the fit of the model to the data, with the lowest AICc value, smallest Delta AICc, and highest Cumulative Weight indicating best fit.





OEBPS/Images/table3.jpg
df SS MSS F-value

Behavior: Moving vs. Other 1 0.025 0.0248 0.152
Treatment: Flyovers yes/no 1 0.351 0.351 2.148 0.144
Behavior x Treatment 1 0.265 0.2651 1.623 0.204
Residuals 192 31.364 0.1634

b. df S5 MsS F-value ‘ P-value ‘
Behavior: Eating vs. Other ‘ 1 1.658 1.658 12.947 <0.001***
Treatment: Flyovers yes/no 1 0.774 1 0.7745 6.048 0.015*
Behavior x Treatment 1 0.307 0.3075 2.401 0.123
Residuals 192 24.588 0.1281

(& df 1 S5} MSS F-value ‘ P-value ‘
Behavior: Active vs. Other 1 1.941 1 1.9407 14.889 <0.001%**
Treatment: Flyovers yes/no 1 0.349 0.3486 2.675 0.104
Behavior x Treatment 1 0.014 0.0139 0.107 0.744
Residuals 192 25.025 0.1303

Significance codes: “**** p-value < 0.001; “*** p-value < 0.01; " p-value < 0.05
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The Colorado Checked Whiptail (CCW) lizard was published in the Federal
Register as "not warranted” on 2 July 2015 because “not enough scientific
evidence presented”. This all-female (parthenogenetic) whiptail occurs in
valleys, arroyos, canyons, barrens, and in areas dominated by plains
grassland or pinon-juniper woodland, including areas with frequent human
use and habitat disturbance. Fort Carson and PCMS have numerous
recorded observations of the lizard although no formal baseline survey

has been done.
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