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Urban birds’ stress response frequently differs in magnitude from non-urban conspecifics. This urban phenotype may reflect response to selection, sorting during colonization of urban environments, developmental plasticity, or phenotypic flexibility in response to urban environments. We investigated whether exposure to one characteristic of an urban environment, chronic disturbance, could induce an attenuated acute glucocorticoid response over a short time in adult non-urban dark-eyed juncos (Junco hyemalis), which, if true, would support the phenotypic flexibility hypothesis. We tested this during the period of spring gonadal recrudescence. We simulated a high-disturbance urban-like environment by exposing non-urban experimental birds to chronic disturbance (30-min psychological stressors 4x/day for 3 weeks); controls were minimally disturbed. We found that chronically disturbed birds had a lower acute corticosterone response after 3 weeks of treatment. Baseline corticosterone was not affected. Chronically disturbed birds had less body fat and lower body condition than controls at the end of the experiment, although on average all birds gained weight over the course of the experiment. Feathers grown during the experiment did not show an effect of the disturbance treatment on feather corticosterone or fault bars, although captive-grown feathers had lower corticosterone and more fault bars than wild-grown feathers. We conclude that adult male juncos have the capacity to attenuate their acute corticosterone response in an environment with high frequency of disturbance, potentially facilitating colonization of urban habitats. Future research may show whether successful urban colonists differ from unsuccessful species in this regard.
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1 Introduction

Urban wildlife have repeatedly been shown to have phenotypes that differ from their non-urban conspecifics (e.g., Hendry et al., 2008; Moller, 2008; Bonier, 2012; Lowry et al., 2013; Patankar et al., 2021). The processes that result in these phenotypes are a topic of intense interest (Sol et al., 2013; Ouyang et al., 2019; Bonier, 2023; Deviche et al., 2023). Phenotypic flexibility in adults is one process that could contribute to urban phenotypes, and could facilitate rapid colonization of urban habitats.

Traits relevant to the response to stressors are of special interest in understanding adaptation to urban habitats because frequency of disturbance by potential stressors may be higher in urban habitats (Blumstein, 2014). Urban environments often have a higher density of vertebrate predators such as cats and raccoons compared to rural environments (Haskell et al., 2001), although it is not known whether predation rates differ for urban vs non-urban populations of our study species, the dark-eyed junco (Junco hyemalis). Humans, vehicles, anthropogenic noise, and domestic animals may also be interpreted as potential predators (Frid and Dill, 2002; Davies et al., 2017), and perception of predation risk may affect urban animals regardless of predation rates (Beckerman et al., 2007; Grade et al., 2021; Garitano-Zavala et al., 2022). Here we focus on glucocorticoid hormones because they are known to respond to predation risk (Scheuerlein et al., 2001; Hawlena and Schmitz, 2010; Fischer et al., 2014; Jones et al., 2016) and may mediate physiological and life-history responses to risk such as changes in reproductive rate (Clinchy et al., 2011) and changes in population dynamics (Sheriff et al., 2009; Finn et al., 2023).

Corticosterone is the primary glucocorticoid hormone in birds. It is elevated in response to acute stressors, and coordinates physiological responses that allow animals to survive immediate threats to homeostasis. While corticosterone elevation has short-term benefits, it can come at a cost to long-term processes such as growth and reproduction (Sapolsky et al., 2000), and these costs can accumulate as the duration or frequency of elevations in corticosterone increase (e.g., Busch et al., 2008). Because of these trade-offs, it may be advantageous in some contexts to have a lower corticosterone response to acute stressors (Wingfield, 2013; Romero and Wingfield, 2016). Indeed, studies have shown considerable variation over seasons, species, and individuals in corticosterone physiology (Wingfield et al., 1995; Romero, 2002; Hau et al., 2016; Romero and Wingfield, 2016; Patankar et al., 2021). Novel environments that cause frequent perturbations, such as cities, are hypothesized to favor individuals that down-regulate the acute corticosterone response to avoid the costs of chronic high corticosterone (Wingfield et al., 2015).

Urban animals’ behavioral and physiological responses to anthropogenic disturbance have been studied extensively in birds (e.g., Evans, 2010; Caizergues et al., 2022). Some urban bird species and populations are less reactive than nearby rural birds to human disturbance: they allow closer approach by humans before initiating flight (e.g., Moller, 2008; Atwell et al., 2012), and reduce their territorial behavior less in response to capture stress than rural birds (Abolins-Abols et al., 2016). Urban populations also show differences in the corticosterone response to acute stressors compared to rural birds (Bonier, 2012). These endocrine changes vary in direction: in some species, urban populations are more reactive (e.g., Fokidis et al., 2009) and in others they are less reactive (e.g., Atwell et al., 2012; Rebolo-Ifrán et al., 2015), possibly reflecting differences in the native habitat, populations’ tolerance of urbanization, or the quantity or quality of stressors in urban habitats.

Although urban birds with altered stress-response phenotypes have been found in numerous species, the processes leading to these phenotypes are still poorly understood. An important next step is to experimentally determine how urban environments induce altered phenotypes. Are urban phenotypes the result of natural selection, do they arise developmentally, or can they be induced through phenotypic flexibility in adult individuals? All these processes are non-exclusive and could act together to produce urban phenotypes. We asked whether the latter alternative, phenotypic flexibility in adults, can lead to urban-like phenotypes. To test this, we administered a chronic disturbance treatment during the springtime period of gonadal recrudescence and migration in a migratory sparrow, the dark-eyed junco (Junco hyemalis).

Free-living urban juncos at two locations in southern California have lower acute corticosterone response than neighboring non-urban populations (Atwell et al., 2012, Hanauer et al. in prep, Abolins-Abols et al., 2016), and juncos captured as juveniles and raised in a common garden had lower acute corticosterone response if they were derived from an urban as opposed to a non-urban population (Atwell et al., 2012). Together these findings indicate that some populations of urban juncos exhibit a lower acute corticosterone response than non-urban juncos in the wild, and that the difference persists in a common garden.

Physiology in high-disturbance environments is of particular interest during the spring period of migration and gonadal recrudescence because this is an important time for determining whether birds breed successfully or not (Ramenofsky and Wingfield, 2006; Bauchinger et al., 2007), and colonization of urban habitats often begins with wintering in urban areas and later transitions to breeding in urban habitats (Yeh and Price, 2004; Evans et al., 2010).

If phenotypic flexibility in adults contributes to an urban phenotype, we predicted that juncos exposed to chronic disturbance would attenuate their acute corticosterone response compared to birds in a low-disturbance environment. If attenuation of the acute corticosterone response is advantageous in a high-disturbance environment, we also predicted that within a group of chronically disturbed individuals, birds with a lower acute corticosterone response would maintain higher body condition. Alternatively, if the urban phenotype depends solely on developmental or genetic processes, then we would not expect an effect of disturbance on the acute corticosterone response in non-urban adults captured from the wild.




2 Methods



2.1 Capture and husbandry

We captured wild adult male dark-eyed juncos in rural habitat near Bloomington, IN during the winter of 2013-2014. To our knowledge, juncos that winter in Indiana migrate north in spring to breed in non-urban habitats. After capture they were housed indoors, free-flying, in small flocks. We artificially advanced photoperiod so that our treatment would occur during the early springtime period of gonadal recrudescence and migration (Rowan, 1938; Holberton et al., 2008). We matched light cycles to Indiana photoperiod until January 15, 2014, and then gradually increased photoperiod from 10:44-hour days on Jan. 15 to 16:03-hour days on Feb. 22 (light schedule changed three times per week). Day length on February 3, the date disturbance treatment began, was 13:23. Birds were moved to individual cages on January 19. Cages (2’x2’x2’) were arranged 9 per room (9’x7’) in stacks of two or three cages. Birds could see and hear other birds in the room. We provided food (including millet, sunflower seeds, dry dog food, fresh carrots, whole hard-boiled eggs, and mealworms) and fresh water ad lib and replaced them three times per week.




2.2 Chronic disturbance protocol

We randomly assigned birds to one of two groups: control (n=18) or chronic disturbance (n=18). The 18 birds from each group were divided between two adjacent rooms. The disturbance treatment was similar to Rich and Romero (2005): birds were subjected to 4 disturbances each day, and each disturbance was 30 min in duration. At least 60 min elapsed between the end of one disturbance and the beginning of the next disturbance. Disturbances began at least 2 hrs after lights-on to allow adequate time for morning feeding. Within these constraints, the timing of disturbances varied day to day. We administered three types of disturbances: hand-waving, cage-tapping, and predator mount. The sequence of disturbances varied each day. For both hand-waving and cage-tapping, a researcher was present in the room during the entire 30 min. The researcher targeted one focal bird for 10-30 sec at a time before moving to the next bird, with the goal of keeping the focal bird moving (hopping or flying) during that time. Birds were targeted in random order within a room to reduce predictability. During hand-waving, the researcher placed one hand inside the cage, waved their hand, and chased the bird. During cage-tapping, the researcher tapped on the outside of the bird’s cage. Each room experienced hand-waving or cage-tapping at least once each day (average: 2.5 times/day). Predator mount consisted of a taxidermic predator being placed in the room for 30 min. Predators were owls, hawks, or squirrels. One or two predators were placed in the room at a time, and the identity and location of the predators were varied to mitigate habituation. We had previously validated in a separate cohort of juncos that exposure to 30 minutes of these disturbances caused acutely increased corticosterone (Figure S1). Disturbances began February 3 and continued until February 25. Capture, handling, restraint, and bleeding were specifically not used as disturbances, to ensure that plasma corticosterone values reflected changes in overall stress-response rather than habituation to the specific sampling techniques. Controls were not disturbed except for standard animal care procedures and the times when birds from both treatments were sampled; control rooms were separated from disturbance rooms so that disturbance treatment did not affect controls.




2.3 Sample collection

We collected blood samples just prior to the start of the experiment (round 1; February 1-2), after one week of treatment (round 2; February 8-9), and after three weeks of treatment (round 3; February 23-24). On sampling days, we did not enter bird rooms prior to taking the baseline sample. We captured birds for blood sampling between 7:50 and 13:30. Multiple researchers sampled birds simultaneously, allowing half of the birds in each room to be sampled within 3 min of entering the room; the other half were sampled the next day using the same procedures. Peripheral blood was collected from the brachial vein in heparinized microcapillary tubes. We took two blood samples during each round, one within 3 min of capture (baseline), and one 30 min after capture (restraint-induced). Birds were restrained in bags in between the baseline and restraint-induced samples. We calculated the rise in corticosterone in response to acute stress by subtracting baseline hormone concentrations from restraint-induced concentrations.




2.4 Feather quality and corticosterone

Fifteen days prior to the onset of the experiment (Jan. 19), we plucked six rectrices (R2, R4, R6, left and right) to stimulate feather growth during the experiment; after the treatment ended (Feb. 25), we plucked the newly-grown feathers. One of these rectrices (R2) was measured by calipers and weighed, then analyzed for feather corticosterone (see below). The other five rectrices were scored for fault bars by one researcher (BJG), who was blind to treatment. Bars were classified as light (visible discontinuity due to missing or abnormal barbules), medium (translucent line <1mm wide), or strong (translucent line >1mm wide) following Sarasola and Jovani (2006). By comparing feathers grown in the wild to feathers grown in captivity, we were able to address the impacts of both captivity and disturbance.




2.5 Body condition

On each sampling round, we recorded each bird’s mass (Pesola), visually scored pectoral muscle condition following Gosler (1991), and visually scored fat stores in the furculum and abdomen using a system modified from Helms and Drury (1960). We classified fat separately for the furculum and abdomen: 0, no fat visible; 1, fat visible but region is concave; 2, fat fills the space so it is neither concave nor convex; 3, fat deposits are large and convex. The scores from each region (furculum and abdomen) were added together, for a total fat score ranging from 0 to 6.




2.6 Hormone assays

We quantified corticosterone using EIA (Cayman Chemical Company, cat. No. 500655, Ann Arbor, MI, USA). To measure circulating corticosterone, we diluted 10 ul peripheral blood plasma in water, extracted the non-polar hormones with diethyl ether, and separated ether from water via snap-freezing. To measure corticosterone deposited in feathers, we extracted corticosterone from one rectrix (R2) per bird by cutting the feather (vanes and rachis, excluding calamus) into small pieces (<4mm2) and incubating the cut feather in methanol overnight in a 50°C water bath, beginning with 1 hour of sonication (Bortolotti et al., 2008). After incubation, we centrifuged samples at 3000 rpm for 20 min, collected the supernatant, and then rinsed the remaining pellet of feathers by vortexing with 1 ml fresh methanol, centrifuging, and collecting the rinsed supernatant. This rinse reduced variation in extraction efficiency. Supernatant was dried in a 40 C water bath. Feather hormone samples were then reconstituted and assayed using EIA in the same way as plasma samples. The feather assay showed good parallelism of serial dilutions to the standard curve. Extraction efficiency was measured by recovery of tritium-labeled corticosterone and on average measured >100% for plasma and feather assays; however, efficiency was highly consistent (plasma CV=3.08%, feather CV=2.96%), and extraction efficiency was not used to adjust final corticosterone values. Samples were run in duplicate. A plasma pool standard was run in triplicate on all plates to determine intra- and inter-plate variation. Inter-plate CV was 9.2%, and intra-plate CV was 4.5%. Hormone levels were determined in reference to eight-point standard curve using a curve-fitting program (Microplate Manager, Bio-Rad Laboratories Inc., Hercules, CA). The average of the standard across all plates was used to determine correction factors that were used to scale the results from each plate, mitigating inter-plate variation.




2.7 Statistical analyses

We used JMP 12.0 (SAS) for all analyses. Sample size varies across analyses due to sample loss. We ln-transformed baseline and restraint-induced corticosterone values to meet assumptions of normality. Time of day was negatively correlated with all measures of plasma corticosterone (Figure S2; linear mixed models; baseline: n=91 observations from 35 birds, F=11.99, p<0.001; restraint-induced: n=91 observations from 35 birds, F=8.19, p<0.01; rise: n=81 observations from 35 birds, F=6.82, p=0.01), so we included time of day in our models. Each treatment was divided between two rooms; we tested whether room improved each model (AICc), and if it did not, we omitted room from that model. Each sampling round was divided between two sampling days; sampling day did not improve our models (AICc) and was omitted. To test whether the disturbance treatment affected plasma corticosterone levels, we used a repeated-measures mixed effects model with time of day, treatment, round, and treatment*round as explanatory variables, and individual identity as a random factor (nested within treatment). We used this model to test effects of treatment on both baseline corticosterone and restraint-induced corticosterone, except that the treatment*round interaction did not improve the model (AICc) for baseline corticosterone and was omitted. We used post-hoc one-way ANOVA to confirm the time points when treatments differed. Feather fault bars and feather corticosterone were non-normally distributed, so we used nonparametric tests for one-way analyses of these variables (Wilcoxon test). We tested whether the total number of fault bars differed and also whether the severity of fault bars differed, by calculating the proportion of fault bars that were medium or strong. To account for differences in structural size, we regressed mass on tarsus length, and used the residual mass from this regression for subsequent analyses of body condition. For all parametric tests, we verified normal distribution of residuals.





3 Results



3.1 Circulating corticosterone

Baseline corticosterone did not differ between treatment groups, and did not change over the course of the experiment (Figures 1A and S3; repeated-measures mixed effects model, n=91 observations from 35 birds, treatment: F=0.01, p=0.93; round: F=0.47, p=0.63; time of day: F=5.12, p=0.03).




Figure 1 | Baseline (A) and restraint-induced (B) plasma corticosterone levels, depicted as residuals after controlling for time of day of sampling. Colors represent treatment groups, sampled across three rounds: before treatment (round 1), in the middle of treatment (2), and post-treatment (3). Box plots show median values (solid horizontal lines), 50th percentile values (box outline), observations within 1.5IQ range (whiskers) and outliers (points).



For restraint-induced corticosterone, the interaction between treatment and round was significant, indicating that the treatments differed in how restraint-induced corticosterone changed over the course of the experiment (Figures 1B, S4; repeated-measures mixed effects model, n=91 observations from 35 birds; treatment*round: F=3.1, p=0.04; treatment: F=1.84, p=0.18; round: F=0.10, p=0.91; time of day: F=5.43, p=0.02). Post-hoc ANOVA found no difference between treatments at round 1 (n=29, r2 = 0.34, treatment: F=2.50, p=0.13; time of day: F=13.32, p=0.001) or round 2 (n=34, r2 = 0.02, treatment: F=0.05, p=0.83; time of day: F=0.51, p=0.48), but at round 3 the disturbance group had significantly lower restraint-induced corticosterone than the control group (n=28, r2 = 0.25, treatment: F=5.14, p=0.03; time of day: F=2.70, p=0.11).

Rise in corticosterone showed similar patterns as restraint-induced corticosterone (Figure S5, repeated-measures mixed effects model: n=81 observations of 35 birds; treatment*round: F=6.95, p=0.002; treatment: F=4.30, p=0.046; round: F=1.23, p=0.30; time of day: F=6.01, p=0.02). Sample size is larger for restraint-induced corticosterone than rise in corticosterone, and so we focus our interpretations of acute corticosterone response on restraint-induced corticosterone.




3.2 Feather corticosterone

Feathers grown during the disturbance treatment did not differ in corticosterone concentrations from feathers grown during the control treatment (Figure 2; Wilcoxon test, n=34, X2 = 0.27, p=0.60). Feather corticosterone was lower in feathers grown during the experiment than in feathers grown in the wild (Figure 2, Wilcoxon test, n=68, X2 = 27.05, p<0.01). The decrease in feather corticosterone from feathers grown in the wild to feathers grown in captivity for each individual did not depend on treatment (Wilcoxon test, n=34, X2 = 0.53, p=0.47), and there was no correlation between an individual’s feather corticosterone in the wild and feather corticosterone in captivity (linear regression, n=34, F<0.01, p=0.99).




Figure 2 | Feather corticosterone is shown for feathers grown before capture (wild-grown) and feathers grown during treatment (captive-grown). Box plots show median values (solid horizontal lines), 50th percentile values (box outline), observations within 1.5IQ range (whiskers) and outliers (points).






3.3 Condition

Both groups increased body condition (residual mass) over the course of the experiment, but control birds increased significantly more (Figure 3, repeated-measures mixed effects model; n=36 birds, 107 observations; round: F=63.38, p<0.01; treatment: F=8.97, p<0.01; treatment*round: F=4.00, p=0.02; room[treat]: F=2.37, p=0.10). Both groups of birds gained fat over the course of the experiment, but control birds gained significantly more (ordinal logistic regression with repeated measures; n=36 birds, 108 observations; round: X2 = 91.53, p<0.01; treatment: X2 = 6.92, p<0.01). Pectoral muscle condition did not differ significantly between groups, but there was a trend toward an interaction between round and treatment group (ordinal logistic regression with repeated measures; n=36 birds, 108 observations; treatment: X2 = 0.10, p=0.75; round: X2 = 2.94, p=0.23; treatment*round: X2 = 5.58, p=0.06); that trend was due to the control group showing a small increase in pectoral condition by the end of the experiment (ordinal logistic regression with repeated measures; n=18 birds, 54 observations; round: X2 = 7.38, p=0.03), while the disturbance group showed no change (ordinal logistic regression with repeated measures; n=18 birds, 54 observations; round: X2 = 0.61, p=0.74).




Figure 3 | Body condition, defined as residual mass (g) after accounting for tarsus length, increased over the course of the experiment in both groups. The disturbance group (dark red) had lower body condition at the end of the experiment than controls (light blue). Box plots show median values (solid horizontal lines), 50th percentile values (box outline), observations within 1.5IQ range (whiskers) and outliers (points).



Restraint-induced corticosterone did not show the predicted negative correlation with condition in the disturbance group (Figure 4; linear regression of residual mass by residual restraint-induced corticosterone (corrected for time of day); control: n=15, r2 = 0.04, β=0.53, t=0.70, p=0.50; disturb: n=13, r2 = 0.04, β=0.50, t=0.68, p=0.51). Rise in corticosterone showed a positive correlation with condition in the disturbance group (linear regression of residual mass by residual rise in corticosterone (corrected for time of day); control: n=14, r2 = 0.03, F=0.38, p=0.55; disturb: n=9, r2 = 0.48, F=6.39, p=0.04).




Figure 4 | Restraint-induced corticosterone (corrected for time of day) at sampling round 3 was not negatively correlated with body condition in either treatment (A: control; B: disturb); trends were weak, nonsignificant, and positive.






3.4 Feather growth

Disturbance treatment did not affect number or severity of fault bars grown in captivity, but captive-grown feathers had more fault bars than wild-grown feathers, regardless of treatment. Feathers grown during the disturbance treatment did not differ from feathers grown during the control treatment in number of fault bars (Figure 5, Wilcoxon test, n=34, X2 = 2.20, p=0.14), proportion of fault bars classified “medium” (Wilcoxon test, n=34, X2 = 1.55, p=0.21) or proportion of fault bars classified “strong” (Wilcoxon test, n=34, X2 = 0.20, p=0.65). Despite ad lib food, feathers grown in captivity had significantly more fault bars than feathers grown in the wild (Figure 5, Wilcoxon test, n=70, X2 = 15.92, p<0.01). An individual bird’s change in fault bars from wild to captivity did not depend on treatment (Wilcoxon test, n=34, X2 = 0.25, p=0.62). Within the disturbance group, an individual’s fault bars grown in captivity trended negatively with fault bars grown in the wild (Figure S6, linear regression, n=17, r2 = 0.21, β=-0.67, t=-2.02, p=0.06); there was no relationship in the control group (linear regression, n=17, r2<0.01, β=0.09, t=0.16, p=0.88). In the disturbance group, body condition at the end of the experiment was negatively correlated with the number of fault bars in the feathers grown during treatment (Figure 6, linear regression, n=17, r2 = 0.31, β=-0.50, t=-2.58, p=0.02); there was no relationship between body condition and fault bars in the control group (linear regression, n=17, r2<0.01, β=-0.06, t=-0.21, p=0.83).




Figure 5 | Birds grew more feather fault bars in captivity than in the wild, but fault bars not differ between treatment groups (control in light blue, disturbance in dark red). Box plots show median values (solid horizontal lines), 50th percentile values (box outline), observations within 1.5IQ range (whiskers) and outliers (points).






Figure 6 | Captive-grown feather faults bars from disturbance group compared to body condition (residual mass, g).



Feathers that grew during the disturbance treatment were significantly shorter than feathers in the control treatment (Figure 7, linear regression: n=35, r2 = 0.47, treat: β=1.01, t=4.07, p<0.01; feather length at capture: β=0.52, t=3.96, p<0.01). Treatment did not affect mass of feathers that grew in captivity (ANOVA: n=35, r2 = 0.03, β=0.14, t=0.94, p=0.36).




Figure 7 | Feathers grew shorter in the disturbance treatment (red) than control (blue).







4 Discussion

We manipulated disturbance frequency of adult juncos to assess phenotypic flexibility in the physiological stress response upon exposure to a high-disturbance environment. We found that chronic disturbance induced an attenuation of acute corticosterone response as compared to the control group. We predicted that such an attenuation would be advantageous in a high-disturbance environment and lead to higher body condition, but this prediction was not supported. Baseline corticosterone was not affected by treatment, and body condition was significantly lower in the disturbance group. Surprisingly, feather corticosterone and feather fault bars did not differ between treatments, despite the different levels of disturbance experienced during feather growth. Juncos are known to have the capacity to adapt to breeding in urban environments in parts of their range, and this study suggests that phenotypic flexibility could potentially account for altered phenotypes early in the urban colonization process.



4.1 Circulating corticosterone

We found no effect of treatment on baseline corticosterone. In the literature, reports of effects of chronic disturbance on baseline corticosterone are mixed (Dickens and Romero, 2013; Iglesias-Carrasco et al., 2020; Bonier, 2023; Deviche et al., 2023), so this result is not surprising. Juncos have shown seasonal changes in baseline corticosterone in some previous studies conducted in the spring migratory period (Holberton et al., 2008) but not others (Fudickar et al., 2016); we did not observe seasonal change in baseline corticosterone levels in our study.

Acute corticosterone response was attenuated in the disturbance group compared to the control group after three weeks of treatment. This attenuation in the disturbance group is in accordance with previous studies of chronic disturbance in birds (e.g., Rich and Romero, 2005), and it also matches our predictions for the phenotypic flexibility hypothesis for the generation of urban phenotypes. Not all urban-adapting species show this pattern; repeated ten-day chronic disturbance treatments did not affect corticosterone in European blackbirds (Hau et al., 2015), although this lack of effect could be due to the duration of the experiment rather than intrinsic differences in stress physiology between juncos and blackbirds, since in our study we did not see differences after seven days of chronic disturbance.

The mechanism for this attenuation of acute corticosterone is not known in this study. It is possible that juncos habituated to stressors while retaining full capacity to produce corticosterone; this could be investigated in the future via ACTH challenges (Gormally and Romero, 2018). Alternatively, changes to the HPA axis could have taken place to reduce the amount of corticosterone the juncos were able to produce. It is also unknown why in our study acute corticosterone was attenuated after three weeks of disturbance but not after one week.

Urban juncos in southern California are known to demonstrate a lower acute corticosterone response than their non-urban neighbors. The present study adds an exciting layer: a similar pattern can be induced in non-urban birds exposed to high levels of disturbance as adults. Thus our experiment simulates a colonization scenario in which adults raised in non-urban habitats come into reproductive condition in a novel, high-disturbance environment, which is hypothesized to be the process by which juncos in southern California colonized urban habitats (Yeh and Price, 2004). One caveat is that our frequent disturbance protocol may be an extreme stressor compared to predictable urban disturbances such as light pollution or infrequent disturbances such as predation attempts. Our results suggest that phenotypic flexibility in adults could contribute to attenuated acute corticosterone responses in free-living urban birds at the onset of colonization of a novel urban habitat. Many studies of avian stress physiology in response to disturbance treatments use domesticated species or synanthropic species, which thrive in urban environments (Beaugeard et al., 2019); in contrast, juncos avoid breeding in urban habitats across much of their range, but have shown an ability to colonize urban habitats in some places. This makes the junco a useful system for understanding the process by which native wildlife may adapt to human disturbance and colonize urban environments.




4.2 Feather corticosterone

Feathers contain corticosterone deposited from the blood during feather growth, and feather corticosterone has attracted interest as a less-invasive, longer-term measure of HPA activity compared to blood sampling (Romero and Fairhurst, 2016). A common interpretation of feather corticosterone is that it reflects the stressors an animal experiences during feather growth, integrated with other factors such as the magnitude of the individual’s HPA response to stressors (Bortolotti et al., 2008; Fairhurst et al., 2011; Beaugeard et al., 2019; Brodin and Watson, 2023). In this study, however, feather corticosterone was not a useful indicator of the frequency of stressors experienced by the birds. Captivity itself had unexpected effects on feather corticosterone: feather corticosterone was lower in feathers grown in captivity during early spring as compared to those grown in the wild during fall molt, despite plasma corticosterone levels frequently being higher in early spring than during fall molt (Romero, 2002). Captive-grown feather corticosterone was not correlated with wild-grown feather corticosterone, in contrast to work in other species that did find such a correlation (Aharon-Rotman et al., 2017). We thus urge caution in future interpretations of feather corticosterone.




4.3 Body condition

Birds in both groups gained fat and body condition over time, likely because they were preparing for migration. Previous studies of captive juncos in spring have shown an increase in food intake, mass, and fat (Holberton et al., 2008). Against this background of seasonal increase in fat and mass over time, we observed that control birds gained more fat and body condition than birds exposed to chronic disturbance, suggesting that some aspect of chronic disturbance interfered with the seasonal advance in migratory condition. Lower mass is the most consistent physiological sign of chronic stress in wild animals (Dickens and Romero, 2013), so the difference we observed in body condition could indicate that our disturbance treatment caused chronic stress; however, the lack of difference in baseline corticosterone makes this interpretation less likely. Alternatively, the exercise of flying and hopping during disturbances may have interfered with mass gain in the disturbance group. A companion study of these same birds found that frequently-disturbed birds were equally reproductively ready as control birds: groups did not differ in testes mass or testosterone in response to GnRH, and cloacal protuberance size was larger in the disturbance group, although baseline testosterone was lower in the disturbance group (Abolins-Abols et al., 2018). These results indicate that birds in the chronic disturbance treatment were likely not in homeostatic overload (Romero et al., 2009), and were instead able to achieve reproductive readiness despite disturbances, suggesting that the phenotypic flexibility we observed was adaptive (Ghalambor et al., 2007).




4.4 Feather quality

Disturbed birds grew shorter tail feathers, which could cause a decrease in flying efficiency. Fault bar severity and number did not differ between treatments, and therefore did not reveal any cost of disturbance to feather structure. Fault bars are a long-used method for evaluating nutritional or psychological stress during feather growth (Riddle, 1908; Jovani and Rohwer, 2017), but our results do not provide evidence that fault bars can be used to detect variation in frequency of disturbance. Previous work in starlings also found no effect of chronic psychological stress on fault bars (Strochlic and Romero, 2008). Captivity may be inherently stressful to juncos, and the increased number of fault bars in captivity could reflect this. Consistent with the hypothesis that experimental conditions increase fault bars, white-crowned sparrows formed fewer fault bars in the wild or in large aviaries than they did during experiments that involved handling to collect samples (King and Murphy, 1984). Within individuals, wild-grown and captive-grown fault bars were not positively correlated, and the disturbance group showed a counterintuitive negative correlation between wild-grown and captive-grown fault bars; this contrasts with previous work that found fault bars to be repeatable across years (Bortolotti et al., 2002). In the disturbance group, birds that had higher body condition had fewer captive-grown fault bars; this likely indicates that some birds tolerated the disturbance treatment better than others, and invested in both weight gain and high-quality feathers. Low body condition is sometimes correlated with increased fault barring (Bortolotti et al., 2002; Jovani and Rohwer, 2017).




4.5 Attenuation of corticosterone response and resilience to disturbance

Contrary to our predictions, an attenuated acute corticosterone response was not associated with improved resilience to the chronic disturbance environment. Instead of the predicted negative relationship between restraint-induced corticosterone and body condition, we saw no significant relationship between these variables; our data therefore do not indicate whether attenuation in the acute corticosterone response is advantageous in terms of maintaining good body condition.

Overall, we saw considerable individual variation in all measures, which may indicate individual variation in response to stressors in the environment: some birds in the control group may have experienced captivity and periodic handling and bleeding as a significant stressor, while some birds in the disturbance group may have experienced chronic disturbance as only a moderate stressor.

As noted there are multiple hypotheses that could explain these phenotypic changes: 1) selection for individuals expressing aspects of the urban phenotype, 2) developmental plasticity of young developing in an urban habitat, 3) epigenetic and maternal effects, or 4) phenotypic flexibility in adult animals (Piersma and Drent, 2003; Partecke et al., 2013; Bonier, 2023). These hypotheses are non-exclusive and may all help to explain phenotypic change in urban habitats. Understanding how these processes lead to urban phenotypes is important for predicting the success and timescale of colonization of urban habitats.





5 Conclusions

We have shown that a high-disturbance environment can induce attenuation of the acute corticosterone response in adult male juncos, supporting the hypothesis that phenotypic flexibility in adults could contribute to acclimation to urban areas. We hypothesize that behavioral and phenotypic flexibility in adults can lead to faster colonization of urban habitats as compared to development or selection, and that species that have higher flexibility are more likely to successfully colonize urban habitats (Mason et al., 2013). Future work exploring this possibility could enable predictions of which species are most likely to adapt to urban habitats, and which species will require conservation of appropriate wildlands (Winchell et al., 2022).

Although colonization events may not happen frequently, they are critical to maintenance of biodiversity as non-urban habitats are rapidly replaced by urban habitats across the globe (Seto et al., 2011; Isaksson, 2018). Response to chronic disturbance may be especially critical in the springtime period when gonads develop, territories are established, and mates are chosen, because stressed animals may delay or forgo reproduction. Tolerance of human disturbance and successful colonization of new habitats may be species-level traits, dependent on life history, behavior, and hormones (Møller et al., 2015). Here we present evidence that non-urban adult dark-eyed juncos are flexible in their corticosterone response to capture and handling, depending on frequency of disturbance in their environment. This may contribute to successful colonization of urban habitats by juncos.
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