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As global land surfaces are being converted to urban areas at an alarming rate, understanding how individuals respond to urbanization is a key focus for behavioral ecology. As a critical component of avian parental care, incubating adults face a tradeoff between maintaining an optimal thermal environment for the developing embryos while meeting their own energetic demands. Urban habitats are biotically and abiotically different from their rural counterparts, i.e., in food availability, predator compositions, and the thermal environment. Therefore, urban birds may face different incubation challenges than their natural counterparts. We measured incubation behavior of rural and urban house wrens, Troglodytes aedon, with temperature loggers throughout the 12-day period. We found that urban females had more incubation bouts of shorter duration and spent less total time incubating per day than rural females. Results could provide evidence of behavioral shifts of wrens in cities, which have implications for the evolution of parental care. Our findings contribute to our understanding of the behavioral traits needed for city life and possible environmental pressures driving urban adaptations.
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INTRODUCTION

The growth and spread of urban areas is one of the most extensive of all anthropogenic effects (Johnson and Munshi-South, 2017). Landscapes are rapidly changing to become more urbanized (Chen et al., 2020), and these effects are expected to exponentially increase as more than two-thirds of the world’s population is projected to live in urban areas by 2050 (United Nations, 2018). Urban environments present a unique set of challenges to wildlife which have led to changes in wildlife behavior, physiology, morphology, and fitness (Hall and Warner, 2018; Ouyang et al., 2019; Reynolds et al., 2019). Despite urban environmental challenges, some species continue to colonize and thrive in urban environments (urban exploiters; Sepp et al., 2018). Understanding how and why urban exploiters thrive in urban environments is a major goal in evolutionary ecology (Ouyang et al., 2018). Avian systems are ideal to study effects of urbanization, as their behavior is easily observed, they readily colonize new habitats, and can act as bioindicators of urban pollutants (Bonier et al., 2007; Zhang and Ma, 2011; Sol et al., 2013; Marzluff, 2017).

Behavioral flexibility and innovation represent the first line of defense against novel challenges (Mckinney, 2002, 2006; Shochat et al., 2006; Sih et al., 2011; Sol et al., 2013). Environmental alterations in cities, such as reduced and fragmented natural vegetation, novel building structures, human disturbance, new predator compositions, and elevated light, noise and heavy metal pollution, can all affect behavioral phenotypes of urban adapters (Gorissen et al., 2005; Shochat et al., 2010; Clucas and Marzluff, 2012; Sol et al., 2013; Seress and Liker, 2015). The urban heat island, for example, is a phenomenon in which cities are several degrees hotter than the natural environments from which they are built (Landsberg, 1981; Arnfield, 2003; Peng et al., 2012). Urban habitats may also have lower food availability for avian wildlife, especially in nutritious food for insectivorous birds (Seress et al., 2018, 2020; Baldan and Ouyang, 2020). Furthermore, predator compositions can vary across the urban-rural gradient and between artificial and natural nests (Rodewald and Kearns, 2011; Vincze et al., 2017; Eötvös et al., 2018). Studying behavioral differences between urban wildlife and their natural counterparts gives us the opportunity to understand the environmental pressures driving adaptations needed for urban living.

While wildlife have shifted life history traits to compensate for changes in their environments, important aspects of avian parental care that ensure embryonic development, such as incubation, may be affected as well. For eggs to successfully hatch, the egg-adult unit in contact incubation is critical (Deeming, 2002c). An essential aspect of avian parental care is behaviorally maintaining and creating a thermal environment suitable for offspring development (Skutch, 1962; Deeming, 2002b). Avian embryos require a narrow species-specific thermal range for optimal development in which any prolonged period outside the limits result in embryonic development abnormalities (reviewed in Durant et al., 2013). Even small variations in the thermal environment can influence offspring phenotypes, such as growth rate, immune function, and survival (Pérez et al., 2008; Ardia et al., 2010; Nord and Nilsson, 2011; Durant et al., 2013; Ospina, 2017; Merrill et al., 2020).

Furthermore, female-only incubation is especially constrained (Deeming, 2002b; Nord and Williams, 2015). The length and frequency of female incubation behavior are affected by ambient temperature, food availability, and presence of predators (Skutch, 1962; Conway and Martin, 2000a,b; Londoño et al., 2008). Seeing as these abiotic and biotic factors also differ between urban and rural areas, incubating adults should adjust their incubation strategies to maintain optimal embryonic development in the face of urban environmental changes. Behavioral adjustments in incubation, such as more and shorter bouts, can lead to reduced attentiveness and have been reported when adults are exposed to elevated ambient temperatures in both experimental (Ton et al., 2021) and field studies (Haftorn, 1979; Conway and Martin, 2000a; Londoño et al., 2008; Álvarez and Barba, 2014; McClintock et al., 2014; Amininasab et al., 2016; Batisteli et al., 2020). Elevated risk of predation has been shown to lengthen both incubation and recess bouts so as to decrease activity at the nest (Martin and Ghalambor, 1999; Conway and Martin, 2000b). Additionally, low food abundance may increase the energetic expense of foraging trips and result in more frequent and longer recesses (Conway and Martin, 2000b; Londoño et al., 2008). Therefore, the incubation life history stage requires the female to face a tradeoff between maintaining her own energetic needs, e.g., self-maintenance, and maintaining an optimal thermal environment during incubation (Conway and Martin, 2000a; Deeming, 2002a). With avian incubation tightly linked to various climactic conditions, these behaviors are critically sensitive to climate changes (Mainwaring, 2015).

It is likely that a variety of urban factors will affect incubation behaviors, leading to differences in offspring development and/or energy balance in the female. However, there are currently no studies that we are aware of that have investigated differences in incubation strategies between urban and non-urban birds. Here, we used thermal buttons in nests of both urban and rural house wrens (Troglodytes aedon) to test whether their strategies would differ and if these differences match the trends in their thermal environments. House wrens are small cavity nesters that readily use nest boxes in both urban and rural locations with female only incubation (Ouyang et al., 2019). Whether due to less food availability, increased thermal environment or decreased natural predators in the urban environment, we predicted that incubation bouts would be shorter in urban birds. Overall, we predicted that due to the combined factors of the urban environment, female wrens would spend less time on the nest incubating eggs compared to rural wrens.



MATERIALS AND METHODS


Study Site Descriptions

This study was conducted from May to August 2019 at one urban location in Reno, NV, United States, and one rural location in Sparks, NV, United States. The urban site was a city park (39°30′3 ″N, 119°50′ 00″W) and the rural site was at the University of Nevada, Reno Agricultural Experimental Station, a university owned agricultural farm (39°30′ 50″N, 119°51′ 43″W). These two sites differed in urbanization score and environmental traits (see Baldan and Ouyang, 2020 for a detailed description of the field sites). Briefly, an urbanization score was estimated following the validated methods of Seress et al. (2014) in which land use was estimated by scoring vegetation abundance, building density, and paved surfaces from aerial images of each site composed of 100 × 100 m cells. The urban site has a higher urbanization score compared to the rural site with more cells containing increased building density and paved surfaces as well as decreased vegetation density (Baldan and Ouyang, 2020).



Incubation Behavior

We checked nest boxes daily to monitor nest building, egg laying, and initiation of incubation (x = 8 urban, 7 rural nests). On the first day of incubation, determined as the first day no further egg was laid and eggs felt warm to the touch, we placed an iButton temperature logger (Model Thermochron TCS, OnSolution, Baulkham Hills, New South Wales, Australia; accuracy: ±0.5°C, resolution: 0.5°C) within the center of the nest cup among the eggs. iButtons were placed in the same location in the nest cup and remained for the entire duration of incubation until chicks hatched. No iButtons were found moved or removed. We also measured ambient temperature at our sites using iButtons. Two ambient iButtons were attached to the outer underside of two nest boxes at each site evenly spaced out from one another across the site. We validated these temperatures with weather stations located near our sites. At the urban site, the weather station was 0.67 km from the location of our boxes (Weather Underground, Southwest Reno – KNVRENO251) and at the rural site, the weather station was located at the breeding site [Western Regional Climate Center – Desert Research Institute – Reno, Nevada, Sparks (UNR) Nevada].

Maternal incubation behavior was measured from a time series of temperature data collected by iButton temperature data loggers (Cooper and Mills, 2005). iButtons have been previously shown to accurately measure incubation and recess bouts of female incubation behavior (Nord and Cooper, 2019). Temperature loggers recorded a temperature measurement every 2 min throughout the entire 12-day incubation period.

We used the combination of both Rhythm and Raven Pro software programs (Cooper and Mills, 2005) to compute incubation bouts and duration while taking ambient temperatures into account. We analyzed daytime incubation behavior determined by daily sunrise and sunset times and included days 2 through 11 of the 12-day incubation period to ensure analysis of only full incubation days (there was no individual variation in incubation period: all birds had an incubation period of 12 days). The Rhythm program (1.1, Cooper and Mills, 2005) was used to identify incubation bouts and recesses considering a bout as a rise in nest temperature of more than 2°C with the rise in temperature trend lasting more than 2 min (Amininasab et al., 2016). We used the Raven Pro program (1.6, Cooper and Mills, 2005) to visually inspect the selected bouts and manually edit the bouts Rhythm selected or missed by either keeping selected bouts as is, extending the period to the observed start of recess, or deleting the selected bout. We normally observed a pattern in which a noticeable rise in temperature of an incubation bout was followed by some period of stability. Raven Pro plotted the ambient temperatures along with iButton incubation temperatures to more accurately determine when a female was on or off the nest. This data allowed us to calculate the number of incubation bouts per day, average incubation bout duration in minutes per day, and total minutes of incubation per day throughout the incubation period. This study was carried out in accordance with recommendations of the Institutional Animal Care and Use Committee of the University of Nevada, Reno.



Statistical Analysis

For statistical analyses, all models were run with R version 3.6.1 (R Core Team, 2019). Using the lme4 package, we performed a generalized linear mixed-effects model (GLMM) using the glmer function and linear mixed models (LMM) using the lmer function. We used the lmerTest package to report all p-values. All final models met assumptions of normality and homoscedasticity of residual errors. Significance was taken at α = 0.05. We used the cohen.d function in the effsize package to calculate all effect sizes. Females at the rural site started incubating at earlier Julian dates than urban females (coef = 0.1, s.e. = 0.05, z-value = 2.2, p = 0.03). Therefore, to avoid collinearity, we did not include Julian date in the models. We subsetted our data to include only data in which Julian dates overlapped at both sites and ensured that our reported results were consistent with this subset dataset.

For all models, we included the interaction of site and incubation day as a fixed effect and nest ID as a random effect. When the interaction was not significant, we removed the interaction term and tested the fixed effects independently. Including clutch size and egg mass was insignificant in all models and thus removed. In this study, neither clutch size nor egg mass differed between the urban and rural birds (clutch size: t = 1.4, df = 13.0, p = 0.2; egg mass: df = 21.7, t = −0.8, p = 0.4). Hatching success also did not differ between the urban and rural birds (t = −0.9, df = 12.2, p = 0.4). We used a GLMM with a Poisson distribution to test if the number of incubation bouts differed between the urban and rural site. A LMM was used to test the difference in average bout duration between the two sites. To meet linear model assumptions, we transformed average incubation duration, which was skewed to the right, by taking the reciprocal. We used a LMM to test if total daily incubation duration differed between the two sites. For this model, we removed two statistical outliers to ensure the statistical assumption of normality of residuals. We note that our results remain the same whether or not we include these outliers.



RESULTS

We had complete incubation recordings (11 days per nest) for eight urban and seven rural nests. Urban females had more incubation bouts per day than rural females (Figure 1A and Table 1) with a large effect size (Cohen’s D = −1.52). Urban mothers had on average shorter incubation bouts than rural mothers (Figure 1B and Table 1) with a large effect size (Cohen’s D = −1.88). There was a significant interaction between site and day for average incubation duration (Table 1). As the incubation period progressed, urban females decreased average bout duration while rural females’ average bouts duration was maintained (Figure 1B). Additionally, rural females spent more total time incubating per day than urban females (Figure 1C and Table 1) with a large effect size (Cohen’s D = 1.51). There was a significant interaction between site and day for the total incubation duration (Table 1). Rural females increased total incubation duration as incubation period progressed but urban females did not (Figure 1C).
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FIGURE 1. Female house wren incubation behaviors over the 11 days of incubation, including number of incubation bouts (A), average incubation bout duration (B), and total incubation duration (C). Ambient daytime temperatures are shown for both sites throughout the breeding season (D). Urban site and females are in black, dotted lines and rural site and females are in green, solid lines. Shown are means ± 1 SE.



TABLE 1. Results from generalized linear mixed model (number of incubation bouts) and linear mixed models (average and total incubation duration) analyzing differences in incubation behavior between urban and rural house wren females.
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DISCUSSION

We measured incubation behavior of urban and rural house wrens to determine whether differences in the urban environment influenced parental behavior during incubation. We found that urban females had more and shorter daily incubation bouts leading to less total time spent incubating eggs over the entire incubation period. However, our study is limited in its lack of site replicates. Therefore, while the results are promising, we caution the extrapolation of our results to other urban and rural areas that may differ in environmental pressures.

Urban house wren females had a higher number of incubation bouts per day (on average nine more bouts per day), meaning females were on and off the eggs more often compared to rural females. Incubation is an extremely energetically costly aspect of parental care (Vleck, 1981; Thomson et al., 1998; Tinbergen and Williams, 2002) in which parents must cope with varying environmental conditions and adjust the balance between incubation and self-maintenance (Conway and Martin, 2000b; Nord and Williams, 2015). Cities often experience higher disturbance from increase traffic noise (Mulholland et al., 2018), human disturbance (Markovchick-Nicholls et al., 2008), and new predator compositions (Rodewald and Kearns, 2011), which all may force females to leave the nest more often.

Each incubation bout was also shorter in duration for urban females by on average 13 min. The “energetic-bottleneck” hypothesis states that incubation effort is dependent on energy availability acquired through self-maintenance (Yom-Tov and Hilborn, 1981). Therefore, female’s incubation effort can depend on a variety of factors including food availability, foraging efficiency, and amount of time allowed off the nest to forage. In species such as house wrens in which females incubate alone, but are provisioned by mates to some extent, incubation limits time for foraging (Skutch, 1962; Jones, 1987; Monaghan and Nager, 2002). Urban environments pose challenges of reduced nutritious food and limited food availability (Chamberlain et al., 2009), which is mirrored in this study (Baldan and Ouyang, 2020). If birds are faced with lower foraging efficiency and abundance of food in urban habitats, females may need to take shorter incubation bouts and longer foraging bouts to meet their own energetic demands (Conway and Martin, 2000b). Lack of predation risk can be another reason we see these differences (Thompson, 2007). While longer incubation and recess bouts would limit nest activity and decrease risk of predation (Conway and Martin, 2000b), urban birds may move on and off the nest more often with shorter bouts because they experience lower risk of predation in urbanized habitats (J Heppner per obs, Vincze et al., 2017; Eötvös et al., 2018).

As the number of shortened bouts increases, these behaviors in urban females all lead to a total shortened period of incubation by an average of 67 min. Temperature is one of the most critical aspects of successful incubation, and the urban heat island, a byproduct of urbanization in which cities have higher temperatures than surrounding natural lands, could have lasting effects. Our urban site had an average of 2.3°C higher temperatures than our rural site (Figure 1D). The majority of studies have reported that incubating adults respond to elevated temperatures by decreasing incubation effort due to reduced thermostatic demand (Kendeigh, 1952; Haftorn, 1979; Conway and Martin, 2000a,b; Londoño et al., 2008; Camfield and Martin, 2009; Álvarez and Barba, 2014; Amininasab et al., 2016). For example, urban pale breasted thrush (Turdus leucomelas) that built their nests on buildings decreased nest attentiveness as compared to ones that built nests on trees because buildings increase nest temperatures (Batisteli et al., 2020). In a recent laboratory experiment, elevated ambient temperatures decreased female incubation attentiveness in zebra finches (Taeniopygia guttata) (Ton et al., 2021). Therefore, elevated ambient temperatures in urban habitats may be one environmental pressure driving differences in incubation behavior of urban birds.

Incubating adults will adjust their incubation patterns to maximize fitness, for example when they are energetically constrained (Skutch, 1962; Deeming, 2002a). Thus, we propose two possible hypotheses as to the mechanisms driving the observed behavioral changes. The first is that urban females decrease nest attentiveness because increased ambient temperatures allow them the opportunity (reduced thermal costs). Experiencing higher ambient temperature in urban areas may allow females to compensate for reduced foraging efficiency by spending more time off the nest foraging for themselves (Conway and Martin, 2000a,b; Londoño et al., 2008). Higher temperatures in nest boxes overnight may reduce the thermostatic costs of incubating adults, allowing them to have higher energy stores (Bryan and Bryant, 1999), which may permit incubating adults to decrease nest attentiveness and increase time off the nest. Further studies investigating nighttime allocation of energy is warranted to disentangle the temporal distribution of female energetic expenditure during incubation. An alternative but non-mutually exclusive explanation is that urban birds decrease incubation effort because they are required to spend more time foraging due to lower availability of food to acquire the needed energy for incubation. This possibility could come at a cost to the offspring in terms of hatching success (Charmantier et al., 2017). However, we saw no difference in hatching success between our urban and rural nests, possibly suggesting a reduced cost of incubation for urban females. Egg and microclimate temperature within the nest would be needed to fully understand the effects of ambient temperature on these behaviors.

As the incubation period progressed, urban females spent less time on average incubating during a bout while this duration stayed relatively constant for rural females (Figure 1B). Additionally, while total incubation time in rural birds increased over the course of the period, urban females remained relatively constant (Figure 1C). Why would urban and rural birds differ in intensity of these behaviors as incubation day progresses? Temperate birds such as house wrens, normally display a rapid increase in nest attentiveness once the full clutch is laid and maintain this level as hatching approaches (Kendeigh, 1952; Skutch, 1962), which is observed in our rural females (Figure 1C). As food availability is lower at our urban site, it supports why urban females do not mirror the expected increase in incubation time of their rural counterparts and have a lower, yet consistent, incubation effort as more time may need to be spent foraging for food. More experimental studies are needed to disentangle the directionality and duration of these behavioral differences in urban and rural female incubation.

While there is growing evidence for behavioral adjustments in urban environments, it is difficult to conclude whether these shifts are caused by plasticity or evolutionary processes (Sol et al., 2013). Birds in particular are able to tolerate new conditions and environments due to behavioral, physiological and ecological flexibility (Bonier et al., 2007). The individuals that colonize urban environments may possess more behavioral plasticity in their incubation strategies (Haftorn, 1979; Sol et al., 2013; McClintock et al., 2014; Marzluff, 2017; Simmonds et al., 2017). Adjusting incubation behavior can help avian wildlife cope with novel environmental challenges, ensure an optimal thermal environment for the developing embryos, and allow birds to inhabit urbanized areas. As incubation temperature affects offspring fitness (Hepp et al., 2015; Ospina, 2017), behavioral alternations can also be a mechanism producing phenotypic differences in urban birds. Urban heat island effects, combined with previously described ambient temperature and predation effects (Conway and Martin, 2000b), may together drive selective forces in urban birds.

Urbanization poses a suite of new challenges which influence life-time fitness (Conway and Martin, 2000b; McDonnell and Hahs, 2015; Sepp et al., 2018). While urbanization has changed the biotic and abiotic environment, the characteristics that distinguish the persistence of urban wildlife are poorly understood (Bonier et al., 2007). Our study suggests that urbanization may be linked to an essential aspect of avian reproduction and parental care. However, our study is correlative, and experimental studies are needed to test whether this shift in behavior is due to plasticity or adaptation. Our study also only had one urban and one rural site; therefore, these results may not be representative of other urbanized landscapes. Due to this limitation, we caution from general interpretations and highly urge further studies across multiple urban to rural gradients to better understand the patterns between urbanization and behavioral shifts. However, this study gives an initial insight to altered behaviors due to environmental change. By studying trait differences between urban and non-urban wildlife, we can better understand urbanization’s effects on wildlife behavior and how these parental behaviors affect offspring phenotypes in a changing landscape.
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