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The urban environment is associated with a multitude of challenges and stressors for populations of wild species from the surrounding natural environment. Among those, habitat fragmentation and noise pollution are suspected to have negative effects on the behavior and physiology of free-living birds in urban areas. Exposure in early life and chronic exposure to anthropogenic noise could be particularly deleterious, with short-and long-term consequences. In this study, we investigated if noise levels in city parks affect the distribution and reproductive success of two common bird species in the urban environment, the great tit (Parus major) and the blue tit (Cyanistes caeruleus) and if vegetation cover could mitigate those effects. We predicted that high noise levels might correlate with a decreased nest-box occupancy rate, a delayed laying date or a decreased clutch size, hatching, and fledging success. On the contrary, vegetation cover was expected to correlate positively with nest occupancy rate, advanced laying date, increased clutch size, hatching, and fledging success. We used data from population monitoring collected between 2012 and 2019 in parks and green public spaces in the city center and suburbs of Paris, France, and did not find any correlation between nest occupancy rates and noise levels or vegetation cover for both species. Laying date was not significantly related to anthropogenic noise in any species but was delayed with increasing vegetation cover in the great tit, while we did not find any association with clutch size. Hatching success in blue tits negatively correlated with increasing noise levels, and positively with increasing vegetation coverage. Finally, we did not find any correlation between anthropogenic noise or vegetation cover and the clutch size or fledging success in both species. In this study, two closely related species that share a common environment show a different sensibility to environmental parameters during reproduction, a key period for population maintenance. It also highlights the importance of considering multiple parameters when studying wild populations living in the urban environment.
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Introduction

Urbanization can be defined as the process characterized by city growth and associated structures to the detriment of rural spaces (Pickett et al., 2011). Urbanization negatively affects avian evolutive and taxonomic diversity because some species are excluded from urban areas (Chace and Walsh, 2006; McKinney, 2006), and because the density of bird species in cities is often lower compared to other areas (Aronson et al., 2014). However, other studies found that avian functional diversity is higher in the urban than in rural or semi-natural environments, due to potentially higher habitat diversity (Hagen et al., 2017). On the other hand, species that have been living in cities for a long time show relatively larger population densities in urban as compared to rural habitats (Møller et al., 2012). However, even if numerous avian species conquered the urban environment, it is a challenging environment that differently affects species depending on their ecological and life history traits. The question of the urban environment as a suitable habitat for bird species remains unresolved. Indeed, theory suggests that animals should select their breeding habitat such that fitness is maximized. Nonetheless, numerous studies found a mismatch between habitat preferences and fitness outcomes (Chalfoun and Schmidt, 2012). Urban environments tend to act as ecological traps, with features favorable to adult survival like warmer weather and milder winters in the city than in surrounding rural habitats (Haggard, 1990; Lepczyk et al., 2017) and higher availability of resources (food and nesting opportunities) (Isaksson, 2018; Burt et al., 2021). The study of paired populations of birds has shown that urban populations are characterized by an advanced reproductive phenology and reduced reproductive success due to smaller clutch size, lighter fledgling body mass and fewer fledged offspring (reviewed in Chamberlain et al., 2009).

Urbanization changes habitat and increases habitat fragmentation which particularly impacts bird species when native vegetation is replaced by crops or urban structures creating barriers to species dispersion (Marzluff and Ewing, 2001; Crooks et al., 2004). In the remaining vegetation patches, native species are often replaced by exotic decorative species (Marzluff and Ewing, 2001). The change in vegetation composition has consequences on food quantity and quality available for insectivore species as it induces a change in insect communities (Helden et al., 2012; Pollock et al., 2017). Together with anthropogenic sources of food (Burt et al., 2021) this altered food quality and quantity in urban environments may lead to compensatory changes in parental investment in nestling feeding (Isaksson and Andersson, 2007), which may have consequences on adult survival and reproductive success. The total-foliage hypothesis also suggests that vegetation is an important feature in the habitat for birds because it should reduce predation, a denser vegetation coverage providing better protection from predators (Martin and Roper, 1988; Jackson et al., 2012; Jara et al., 2020). A recent study found that a higher proportion of grass cover and a higher tree density in the city were beneficial and increased diversity and abundance of birds over seasons (Mühlbauer et al., 2021). Habitat modifications observed in urbanized areas may thus affect species through resources and interspecific interaction, but green patches could help maintain avian biodiversity in cities.

Urbanization is also characterized by several and simultaneous environmental stress factors that have consequences at behavioral and physiological levels for species living in cities: chemical pollution, artificial light at night, noise pollution and human disturbances (Isaksson, 2018). Indeed, urban populations exhibit an altered response to stress compared to forest populations (Partecke et al., 2006). Among these stress factors, noise pollution is of particular interest because of its ubiquitous nature, as it results from any anthropogenic noise caused by human activities: road traffic, rail traffic, air traffic, and industrial and commercial activities. Assessing the effects of noise pollution on wildlife is challenging, but growing scientific research provided evidence that anthropogenic noise is detrimental to natural ecosystems and wildlife, despite different sensitivity across taxa (Shannon et al., 2016).

Anthropogenic noise in the urban environment is often characterized by an increased number of high-intensity noise events and elevated and homogenized background sound levels. It can disrupt avian populations at different biological levels, including behavior. It has been reported for example that exposure to peak noise levels near an airport increased antipredator vigilance behavior and decreased the time spent on foraging activities, altering the birds’ time, and thus potentially energetic, budget (Klett-Mingo et al., 2016). Noise pollution induces a change in song patterns and vocal communication, with great tits (Parus major) singing with a higher minimum frequency (Slabbekoorn and Peet, 2003), shorter and faster songs (Slabbekoorn and den Boer-Visser, 2006) in urban areas compared to rural areas. Similar observations were done in white-crowned sparrows (Zonotrichia leucophrys nuttalli) populations (Derryberry et al., 2016). These modifications in song patterns are hypothesized to counteract the masking of song and vocal communication by the low-frequency background noise in cities, but some studies found that it is not enough for alarm calls to be heard over traffic noise (Templeton et al., 2016). In addition to impaired sexual selection and antipredator behavior, this disruption of acoustic communication could have further consequences for bird species providing biparental care and living in the urban environment. Indeed, vocal communication between male and female is known to be crucial for pair synchronization, during incubation and nestling feeding activities, and to affect breeding success (Mariette and Griffith, 2012; Bebbington and Hatchwell, 2016; Boucaud et al., 2016a,b; Boucaud et al., 2017; Kavelaars et al., 2019). Noise pollution may therefore have direct negative effects on avian reproduction through behavioral changes or impairments.

Noise pollution also has adverse effects on birds’ body condition and physiology, with indirect consequences on reproductive success. Chronic exposure to low-frequency noise in house sparrows (Passer domesticus) reduced fitness as a result of producing fewer fledglings, of lower body mass and lower probability to recruit in the population (Schroeder et al., 2012). In another study, however, experimental exposure to traffic noise during growth resulted in reduced nestling telomere lengths in the absence of any effect on corticosterone levels, body condition or fledging success (Meillère et al., 2015). In tree swallow (Tachycineta bicolor) populations, exposure to traffic noise positively correlated with increased basal cortisol levels and with greater telomere attrition, potentially reducing post-fledging survival (Injaian et al., 2019). In a study of three passerine species, an increase in noise exposure was associated with a decrease in baseline plasma corticosterone in females and nestlings, and an increase in stress-induced nestling corticosterone response (Kleist et al., 2018). Finally, in great tits, increasing background noise levels were associated with an increase in nestlings’ plasma haptoglobin levels, an indicator of physiological condition and health, reflecting increased inflammatory processes (Raap et al., 2017), and with a reduction in telomere length in small brood members (Grunst et al., 2020). The fact that these negative effects of anthropogenic noise on bird body condition, physiology and reproductive success can be detected at the community level in different species suggests that noise pollution acts as a chronic and unavoidable stressor (Ware et al., 2015; Kleist et al., 2018). Noise pollution is therefore likely to have short-and long-term consequences on free-living bird populations in cities.

Although the number of urban ecology studies investigating the effects of habitat quality and pollutions on birds is increasing, the vast majority of them contrast urban versus rural populations, and seldom investigate how varying levels of habitat quality and environmental stressors affect reproductive life history traits and reproductive success within the urban habitat. In addition, the potential interactive effects of habitat quality and environmental stressors are rarely investigated. In this study, we investigated if noise pollution in city parks affects the distribution and reproductive phenology, investment and success and if vegetation cover could mitigate these effects in two model species widely studied in evolutionary and environmental research that are common in the urban environment, the great tit (Parus major) and the blue tit (Cyanistes caeruleus). Previous studies comparing urban and nearby rural populations across Europe reported that urbanization has negative effects on the reproductive success of these species (Solonen, 2001; Bailly et al., 2016; Glądalski et al., 2017; de Satgé et al., 2019) and drive phenotypic differences (Biard et al., 2017) when compared to rural populations. However, which environmental factors underlie these patterns and at which stage of reproduction they act is not precisely known. In particular, studies investigating how the degree of vegetation cover within a territory may influence breeding success in the urban habitat are lacking. One study investigated the relationship between two stressors in the urban environment (noise and artificial light at night) and birds’ physiology (Raap et al., 2017). Other studies experimentally investigated the combined effect of two stressors (noise and artificial light at night) on activity patterns (Dominoni et al., 2020b), or of a stressor (artificial light at night) and a mitigating factor (spring temperature) on the timing of reproduction (Dominoni et al., 2020a), but they were conducted in captivity or in a forest environment, respectively.

In a first step toward addressing these issues, we used a correlative approach using population surveys conducted in city parks and green spaces over 8 consecutive reproductive seasons, and measures of noise pollution and vegetation cover surrounding the nest boxes. We hypothesized that high anthropogenic noise levels in the city could impair breeding phenology, and reproductive investment and success, and that a high vegetation coverage should positively affect reproduction, and might moderate the effects of noise, mainly by providing an environment with more food resources. We predicted that nest boxes in noisier areas would present lower occupancy rates. If pairs do not avoid high noise level nest boxes, we expected a delayed laying date, reduced clutch size, and reduced reproductive success (hatching and fledging probability and success) for pairs breeding and raising nestlings at chronic, high noise levels. The great tit and the blue tit are closely related passerine species, but they differ in their foraging ecology and reproductive investment (Gosler, 1993; Stenning, 2018), and may therefore exhibit different environmental sensitivities. In this case, we would expect the effects of noise pollution and vegetation cover to differ between the two species and the reproductive stage considered.



Materials and methods


Study sites and data collection

Data were collected from 2012 to 2019, in urban populations of great tits and blue tits, breeding in the Paris city area; in city parks and cemeteries of Paris (48°51′N, 02°20′E; six green spaces) and Rueil-Malmaison (48°52′N, 02°11′E; three green spaces). These study sites contained 69 and 29 nest boxes respectively (Schwegler wood-concrete nest boxes 2M, hole diameter 32 mm), whose coordinates were recorded and did not change during the study (Figure 1A, Supplementary Figure 1). Nests were regularly visited from late March to June to determine the laying date (the date the first egg in a clutch was laid, in Julian day from January 1st), incubation date, clutch size (number of eggs laid), the number of unhatched eggs (used to determine the number of successfully hatched eggs and calculate hatching success), the number of fledglings (brood size 14–16 days after hatching), and finally the number of dead nestlings in the nest after fledging (used to determine the number of successfully fledged nestlings and calculate fledging success). Data presented here only include first clutches of each reproductive season.
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FIGURE 1
Estimation of noise level around the nest-boxes. (A) Extract of the map obtained after overlaying Bruitparif SIG data of cumulative noise levels (road, trains, and airplanes traffic) (Bruitparif, under open license) (available at https://carto.bruitparif.fr/) and nest-boxes maps. The extract shows the Jardin des Plantes, Muséum National d’Histoire Naturelle, in Paris, France (48500380 0N, 02210370 0E) (for the other green spaces included in this study, see Supplementary Figure 1). Nest-boxes are represented by a dot and their identification code. Background map by OpenStreetMap France @OpenStreetMap contributors (available at http://www.openstreetmap.fr/fonds-de-carte/). (B) Corresponding Lden index in decibels with A-weighting [dB(A)] from Bruitparif data and associated noise level categories for statistical analysis.




Noise pollution

Noise pollution levels were assessed from Bruitparif open access data [Bruitparif. Cartes stratégiques du bruit (CSB1) (Bruitparif, 2019)]. The main sources of noise around or within city parks did not substantially change over the course of the study (roads and car traffic, railway; C.B. pers. obs.). We extracted the noise level index Lden (Level-day-evening-night) for each nest by overlaying our nest maps and Bruitparif SIG data (Figure 1A, Supplementary Figure 1). This index is calculated with equivalent noise levels (LAeq) of the three periods of a day: day (6 am to 6 pm, Lday index), evening (6 pm to 10 pm, Levening index), and night (10 pm to 6 am, Lnight index). For evening and night, an additional 5 dB(A) and 10 dB(A) are respectively added to measures to account for different noise sensibilities between day and night (Bruitparif2). The Lden index hence accounts that at night, the same noise will be more disturbing than during the day. It should be noted that this index is defined and used for regulatory purposes and takes human sensibility into account, which likely differs from that of birds (e.g., noise may be more disturbing during dawn chorus than during evening or night). However, the raw Lday and Levening data were not available from Bruitparif and we could not adjust the calculation of Lden. For statistical analyses, we chose to order noise levels into 8 categories (Figure 1B). Due to the correlative approach in our study, noise levels may be correlated to light pollution at night, if nest-boxes closer to the edges are more exposed to artificial light at night than nest-boxes closer to the center of a park (Figure 1A, Supplementary Figure 1). However, noise levels and light pollution were only weakly positively correlated in our data set (τKendall = 0.25, z = 3.25, p-value = 0.001; light pollution data derived from opendata.paris.fr and completed by our own census of street lamps in Rueil-Malmaison, unpub.), which may be explained by the presence of street lamps within some of our city parks.



Vegetation coverage around nests

Vegetation coverage is a measure of the area covered by vegetation (grass, bushes, trees) in a 50 m radius around each nest, representing the mean size of great tits and blue tits territories in urban habitats (Hedblom and Söderström, 2012). This measure was performed using Qgis software (version 2.18, Las Palmas) to quantify overlaps between vegetation areas and a 50 m radius buffer around each nest on satellite images. From this measure of vegetation coverage in square meters, we calculated the percentage of vegetation coverage around each nest by dividing the vegetation coverage value by the total area of the buffer. There has not been any substantial change in trees and lower vegetation management and cover around our nest-boxes since the start of the study (C.B. pers.obs.).



Statistical analysis

All statistical analyses were performed using R software version 3.6.2 (R Core Team 2019). To assess whether noise levels variations between day and night were consistent for all nests, we ran a linear regression between Lden (Level day-evening-night) and Ln (Level night) indexes (lm function, package stats). We found that those two indexes were significantly correlated (n = 99; r2 = 0.756; t-value = 17.27; df = 1; p < 0.001). We can consider that noise variations between day and night are similar for all nest boxes. In the following, we ran either linear or generalized linear mixed models [lmer or glmer functions respectively, R package: lme4 (RRID:SCR_015654)] except if otherwise mentioned.

We investigated if the probability a nest box is occupied in a park correlates with noise levels or vegetation cover. We used a generalized linear mixed model for data with a binomial distribution on nest boxes occupancy (value 0 or 1 for each year) (Nnestboxes.year = 760), with noise level, vegetation coverage and interaction between these two predictors as fixed effects. We included nest box identification code as a random effect. This analysis was run on great tits (244 broods over 8 years) and blue tits (85 broods over 8 years) populations separately because a nest-box can only be occupied by one species at a time.

We then investigated variation in breeding parameters using either linear or generalized linear mixed-effects models depending on the response variable. We included park identity as a random intercept effect in our models because micro-environments associated with each location differed from another. Some individuals in our population were found breeding in the same park several consecutive years. However, since adults are captured when feeding nestlings, the identity of the parents are not known for breeding events that failed before or just after hatching. In addition, we did not succeed in capturing all adults each year. As a result of missing data (about 50% of breeding events lacked male or female identity, or both) individual identity of the parents could not be included in the models as additional random effects to take pseudoreplication into account. Finally, year could be included as a random intercept effect to account for differences in breeding conditions among years. However, residuals of these models did not meet normality and equivariance for some dependent variables. As it did not qualitatively change any of the results presented here, we chose to run the models without year in the random structure.

Variation in reproductive phenology, measured by laying date, was investigated using a linear mixed model for data with Gaussian distribution. Due to differences in laying dates among years and between species, prior analysis, laying dates were scaled (zLD, centered and standardized laying date) by subtracting the mean and dividing by the standard deviation for each species, each year. Variation in clutch size was analyzed using a generalized linear mixed-effects model for data with a Poisson distribution. In order to investigate variation in reproductive success (i) we first modeled the probability that at least one chick hatched or fledged (subsequently referred to as Hatching or Fledging probability), compared with that of complete reproductive failure and/or clutch or brood desertion. We used a binary measure of success as a response variable (0: no chick hatched or fledged; 1: at least one chick hatched or fledged), and a generalized linear mixed model for data with binomial distribution (ii) We then focused our analysis on pairs that hatched or fledged at least one nestling and analyzed hatching or fledging success as a proportion (subsequently referred to as Hatching or Fledging success) using vectors as dependent variables (total number of incubated eggs and number of hatchlings, or brood size and number of successfully fledged nestlings, respectively). We used generalized linear mixed models with a binomial distribution to analyze hatching success, and with quasi-binomial distribution for fledging success due to data overdispersion [glmmPQL function, Modern Applied Statistics with S (RRID:SCR_019125)].

In all cases, the starting full model included species, noise level, vegetation coverage and their two-and three-way interactions as fixed effects. Noise levels and vegetation cover were weakly, but significantly, positively correlated (τKendall = 0.17, z = 2.16, p = 0.03). For all models, we verified that there was no collinearity between predictors [vif function, Companion to Applied Regression (RRID:SCR_022137)]. Models were simplified by removing non-significant interactions one at a time. In case of a significant interaction involving species, separate models including the same other effects were subsequently run separately for each species. Assumptions regarding normality and equivariance of residuals were verified using the plotresid function [R package: RVAideMemoire (RRID:SCR_015657)]. Due to multiple testing on the same data set, we corrected the obtained p-values for false discovery rates (p.adjust function with “fdr” method, stats package).

Estimates (slopes or differences between species with C. caeruleus as reference group) are given ± s.e. Figures illustrating the results were generated using package ggplot2 (RRID:SCR_014601) (Figures 2–4, 6) and package plot3D (Figure 5).


[image: image]

FIGURE 2
Nest-boxes occupancy probability as a function of (A,C) noise level (categorized Lden index) and (B,D) vegetation coverage around the nest box (percentage of covered area in a radius of 50 m around each nest) in great tits (panels A,B) and blue tits (panels C,D). Dashed lines of best fit represent the predictions from the generalized mixed linear models, the effects of noise and vegetation were not significant (Table 1).
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FIGURE 3
Observed laying date (in units of standard deviation; laying date was centered and standardized for each species, each year) as a function of (A) noise level (categorized Lden index), (B) vegetation coverage around the nest box (percentage of covered area in a radius of 50 m around each nest), in blue tits (blue triangles) and great tits (black dots). Lines of best fit represent the predictions from the simplified mixed linear models, and shaded areas the corresponding 95% confidence intervals (Table 2B). Vegetation coverage significantly and positively correlated with laying date in great tits: when vegetation coverage increased around nests, birds lay their first egg later. Observed clutch size (number of eggs) as a function of (C) noise level and (D) vegetation coverage around the nest box in blue tits (blue triangles) and great tits (black dots). Dashed lines of best fit represent the predictions from the generalized mixed linear model (Table 3). Neither noise level nor vegetation coverage were significantly associated with clutch size in both species.
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FIGURE 4
Hatching probability as a function of (A) noise level (categorized Lden index, proportion of counts) in both species, (B) vegetation coverage around the nest box (percentage of covered area in a radius of 50 m around each nest, data points represent the observed fledging outcomes), in great tits (black dots) and blue tits (blue triangles). Hatching success as a function of (C) noise level, (D) vegetation coverage in great tits, data points represent the observed proportion of hatched eggs. Dashed lines of best fit represent the predictions from the generalized mixed linear models, and shaded areas the corresponding 95% confidence intervals [(panels A,B): Table 4; (panels C,D): Table 5B]. Neither noise level nor vegetation coverage were significantly associated with hatching probability in both species or with hatching success of great tits.
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FIGURE 5
Hatching success in blue tits as a function of noise level (categorized Lden index) and vegetation coverage around the nest box (percentage of covered area in a radius of 50 m around each nest). Data points represent the observed proportion of hatched eggs, mesh surface represents the predictions of the simplified generalized linear mixed model, and red lines figure distances between observed values and the prediction surface (Table 5B). As noise level increased and vegetation coverage decreased, the probability of hatching success decreased.
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FIGURE 6
Fledging probability as a function of (A) noise level (categorized Lden index, proportion of counts) in both species, (B) vegetation coverage around the nest box (percentage of covered area in a radius of 50 m around each nest, data points represent the observed fledging outcomes), in great tits (black dots) and blue tits (blue triangles). Fledging success as a function of (C) noise level, (D) vegetation coverage in great tits (black dots) and blue tits (blue triangles), data points represent the observed proportion of fledged nestlings. Dashed lines of best fit represent the predictions from the generalized mixed linear models, and shaded areas the corresponding 95% confidence intervals [(panels A,B): Table 6; (panels C,D): Table 7]. Neither noise level nor vegetation coverage were significantly associated with fledging success, in both species.
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Results


Nest boxes occupancy

The probability that a nestbox was occupied did not significantly correlate with noise level or vegetation coverage, either in interaction or as main effects, in great tits and in blue tits (Table 1, Figures 2A–D).


TABLE 1    Results from the generalized mixed linear model investigating the probability a nest-box is occupied (binomial distribution) by great tits or blue tits as a function of noise level (Noise), vegetation coverage (Vegetation) and their interaction as fixed effects (*p < 0.05; **p < 0.01; and ***p < 0.001). The identity of the nest-box was entered as random effect.
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Laying date

In the full model investigating variation in laying dates, there was a marginally significant interaction between species and vegetation coverage (Table 2A), which was significant when running the model without other, non-significant, interaction terms (Species: Vegetation: 1.43 ± 0.70, t-value = 2.04, p-value = 0.042). Therefore, we subsequently ran analyses separately for great tits and blue tits. In great tits, laying date did not vary with noise level (Figure 3A; Table 2B), but laying date was positively and significantly related to vegetation coverage: when vegetation coverage increased around nests, great tits laid their first egg later (Figure 3B; Table 2B). In blue tits, there was no significant relationship between laying date and noise level or vegetation coverage (Figures 3A,B; Table 2B).


TABLE 2A    Results from the mixed linear model investigating variation in scaled laying date (for each species, each year; gaussian distribution) in great tits and blue tits as a function of species (C. caeruleus as the reference group), noise level (Noise), vegetation coverage (Vegetation), and their interactions as fixed effects (*p < 0.05; **p < 0.01; ***p < 0.001), with city park identity as random effect.
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TABLE 2B    Results from the mixed linear model investigating variation in scaled laying date (for each specie, each year) (gaussian distribution) separately for great tits or blue tits as a function of noise level (Noise), vegetation coverage (Vegetation) as fixed effects (p-values in bold are statistically significant, *p < 0.05; **p < 0.01; and ***p < 0.001), with city park identity as random effect.
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Clutch size

Clutch size did not significantly vary with any interaction between noise level, vegetation coverage or species (Figures 3C,D; Table 3). In the final model, only species significantly explained variation in clutch size, with great tits laying and incubating less eggs than blue tits [great tit: 8.21 ± 1.63 eggs, blue tit: 9.71 ± 1.60 eggs; Species (P. major): −0.17 ± 0.04, z-value = −4.05, p-value < 0.001; Noise level: −0.01 ± 0.01, z-value = −0.80, p-value = 0.42; Vegetation cov.: 0.002 ± 0.11, z-value = 0.02, p-value = 0.99].


TABLE 3    Results from the generalized mixed linear model investigating the association between clutch size (Poisson distribution) in great tits and blue tits, and noise level (Noise), vegetation coverage (Vegetation), species (C. caeruleus as reference group), and their interactions as fixed effects (p-values in bold are statistically significant, *p < 0.05; **p < 0.01; ***p < 0.001), with city park identity as random effect.
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Hatching probability

Hatching probability (the probability that at least one chick hatched) was not significantly related to any interaction between anthropogenic noise, vegetation coverage and species (Table 4). After removing non-significant interaction terms, hatching probability was not related to noise level (Noise level: 0.07 ± 0.10, z-value = 0.79, p-value = 0.43) or to vegetation cover (Vegetation cov.: −0.31 ± 0.74, z-value = −0.42, p-value = 0.68) (Figures 4A,B). However, we found a significant difference between both species [Intercept: 1.15 ± 0.69, z-value = 1.67, p-value < 0.10, Species (P. major): −0.89 ± 0.31, z-value = −2.92, p-value < 0.01]: at a fixed value of noise pollution or vegetation coverage, the predicted probability for a blue tit to hatch at least one chick was exp (1.15)/[1 + exp (1.15)] = 0.76, and for a great tit exp (1.15–0.89)/[1 + exp (1.15–0.89)] = 0.56.


TABLE 4    Results from the generalized mixed linear model investigating variation in hatching probability (probability to hatch at least one nestling, binomial distribution) for great tits and blue tits as a function of noise levels (Noise), vegetation coverage (Vegetation), species (C. caeruleus as reference group), and their interactions as fixed effects (*p < 0.05; **p < 0.01; ***p < 0.001), with city park identity as random effect.
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Hatching success

We then investigated if noise level and vegetation coverage were associated with hatching success, measured as the proportion of hatched eggs, and found significant interactions between the three predictors and between noise pollution and species (Table 5A). Therefore, we performed separate analyses for the two species. Hatching success in great tits did not significantly vary with noise level and vegetation coverage or their interaction (Figures 4C,D; Table 5B). In the model testing the relationship between hatching success in blue tits and noise level and vegetation coverage, we found a significant interactive effect for both these predictors: when noise level increased, hatching success decreased, and on the contrary, when vegetation cover increased around nest boxes, hatching success of blue tits increased (Figure 5; Table 5B).


TABLE 5A    Results from the generalized mixed linear model investigating the association between hatching success (proportion of successfully hatched eggs, binomial distribution) for great tits and blue tits, as a function of noise level (Noise), vegetation coverage (Vegetation), species (C. caeruleus as reference group), and their interactions as fixed effects, with city park identity as random effect (p-values in bold are statistically significant, *p < 0.05; **p < 0.01; ***p < 0.001).
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TABLE 5B    Results from the generalized mixed linear model investigating the association between hatching success (proportion of successfully hatched eggs, binomial distribution) separately by species, as a function of noise level (Noise), vegetation coverage (Vegetation) and their interaction as fixed effects (p-values in bold are statistically significant, *p < 0.05; **p < 0.01; and ***p < 0.001), with city park identity as random effect.
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Fledging probability

We investigated if fledging probability (the probability that at least one nestling fledged) was related to noise level and vegetation cover (Table 6). After removing non-significant interactions, we did not detect significant effects of noise level (Noise level: 0.16 ± 0.11, z-value = 1.39, p-value = 0.16), vegetation coverage (Vegetation cov.: −0.65 ± 0.86, z-value = −0.76, p-value = 0.45) (Figures 6A,B), nor differences between species in the probability of fledging at least one chick [Species (P. major): −0.40 ± 0.32, z-value = −1.24, p-value = 0.22].


TABLE 6    Results from the generalized mixed linear model investigating fledging probability (probability to fledge at least one nestling, binomial distribution) for great tits and blue tits as a function of noise level (Noise), vegetation coverage (Vegetation), species (C. caeruleus as reference group), and their interactions as fixed effects (*p < 0.05; **p < 0.01; ***p < 0.001), with city park identity as random effect.
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Fledging success

Finally, we investigated the relationship between noise level, vegetation coverage and fledging success for both species. We did not find any significant effect of the different predictors, either as interaction or as main effects (Figures 6C,D; Table 7).


TABLE 7    Results from the generalized mixed linear model investigating the association between the fledging success (proportion of successfully fledged nestlings, binomial distribution) for great tits and blue tits as a function of noise level (Noise), vegetation coverage (Vegetation), species (C. caeruleus as reference group), and their interactions as fixed effects (*p < 0.05; **p < 0.01; ***p < 0.001), with city park identity as random effect.
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Discussion

In this study, we aimed to assess if noise levels in city parks affect the distribution and reproductive success of two common bird species, the great tit, and the blue tit, and if vegetation coverage could mitigate these effects. By analyzing data on nest box occupancy, breeding phenology, reproductive investment, and success over 8 reproductive seasons with estimates of noise level and vegetation coverage at each nest box, we first found that neither of those factors can predict the pairs’ nest box choice at our study sites. According to our predictions, we found that increased anthropogenic noise level and decreased vegetation coverage are associated with a decreased hatching success in blue tits. Interestingly, in great tits, only vegetation coverage was associated with laying date, birds laying their first egg later with increasing vegetation around the nest. However, we did not find any association between noise level or vegetation coverage and clutch size or fledging success in both species.

We first hypothesized that breeding pairs would avoid nest boxes exposed to high noise levels or prefer nest boxes with a higher vegetation coverage in the surroundings. We did not find any significant association between the probability that a nest box is occupied and both these factors, for the two studied species. Other studies on the contrary identified that when great tits and tree swallows have the choice in their environment between next boxes exposed to more or less background noise, they avoid high-noise level nest boxes (Halfwerk et al., 2016; Injaian et al., 2018). An explanation for our result might be that in some of the studied parks, noise levels are rather similar and elevated at each nest box. A lack of within-park variability in noise levels likely has reduced the power of our study design to detect differences in occupancy, as individuals living in and around these parks may not have the choice between noisy and quiet nest boxes. Moreover, our study sites are separated by a dense urban matrix and relatively far from each other, and we did not observe reproductive dispersal between them.

Concerning reproductive phenology, we did not find any significant association with noise pollution in either species, but for great tits, laying date was delayed with increasing vegetation coverage around the nest boxes. A higher vegetation coverage may provide a cooler and more humid microenvironment, locally reducing the heat island effect common in urban environments. It is known that temperature at the nest box is correlated to laying date, in particular night temperatures (Bleu et al., 2017). In the blue tit, we did not find any association between laying date and noise pollution or vegetation coverage. Similarly, for clutch size there was no significant association with noise level or vegetation coverage for both species. This is consistent with the absence of a relationship between anthropogenic noise and clutch size in great tits in another population (Grunst et al., 2020). Two previous experimental studies yielded contrasting results on the effects of anthropogenic noise on laying date and clutch size; the first one identified that anthropogenic noise delays laying date, and reduces clutch size in great tits exposed to higher levels of traffic noise, although that result could be due to birds of lower quality settling at noisier nest boxes (Injaian et al., 2018). The other one did not detect any effect of gas compressor noise on clutch size in tree swallows (MacLeod et al., 2022). It was found for both species that increased spring temperatures advance laying date, while increased winter temperatures reduce clutch size (Møller et al., 2020). Furthermore, in that study, there was an interaction between the density of great tit and winter temperatures on laying date of both species, while the density of blue tit interacted with spring temperature on laying date in great and blue tit. The potential effects of noise levels and vegetation cover might also be masked by, or interact with, factors that we did not consider here, like population density, interactions between great and blue tits who use the same nest sites, and interactions with other species, climate and seasonality.

We predicted that pairs breeding in noisier environments would present a reduced breeding success (hatching and fledging probability and success), while a higher vegetation coverage would moderate the negative effect of noise pollution. The probability that at least one chick hatched did not vary with noise level or vegetation cover in either species. However, hatching probability in great tits was lower than that of blue tit, which suggests a higher probability of clutch desertion, and/or a decreased capacity to maintain optimal incubation conditions, resulting in complete hatching failure. According to our prediction, in blue tits we found a decreased hatching success with higher noise level and lower vegetation coverage, while pairs breeding in noisy environments with higher vegetation coverage were still successful. Such a negative relationship between hatching success and noise levels varying within the same range as in our study has been previously demonstrated experimentally in western bluebirds (Kleist et al., 2018), while exposure to higher levels of noise did not affect hatching success in tree swallows (MacLeod et al., 2022). An increased vegetation coverage could provide higher quantity and quality resources for that species, as the blue tits’ diet is mainly composed of seeds and insects all year long, but also buds, sap, pollen and nectar from trees just before Lepidoptera larvae emergence in the spring (Isenmann, 1996; Stenning, 2018). Moreover, blue tits forage mostly in tree branches, while great tits tend to find more resources by foraging on the ground too (Stenning, 2018). In both species during incubation, the female uses specific vocal communications to signal her energetic needs to the male, who feeds her at the nest (Eens and Gorissen, 2005; Boucaud et al., 2016a,b). The negative relationship between hatching success and noise level and the positive effect of vegetation coverage are consistent with the hypothesis that urban noise disrupts within-pair communication, which may alter the female time budget, i.e., time spent incubating versus in foraging trips if the male fails to fulfill the female needs. In territories where vegetation cover is more important, the female may need less time to find food, which could mitigate the adverse noise effect. In great tits, hatching success was however not related to noise or vegetation cover. Noise levels occurring at our study sites may not reach the threshold at which within-pair communication is compromised in this species, or the ability of great tit to complement their diet with resources found on the ground may offset any effect of noise. A previous correlative study found that incubation duration was positively associated with the distance to the nearest road in great tits, and negatively with the distance to the nearest pedestrian path in blue tits (Corsini et al., 2017). Traffic noise and human-associated noise and perturbation may thus differentially affect reproductive investment in incubation in the two species, which would require further study.

Regarding results on fledging probability and fledging success, contrary to our predictions we did not find any association with noise pollution or vegetation coverage in either species. Previous studies yielded contrasting results: Similarly as in our study, noise pollution was not associated with brood size or fledging success in great tits (Corsini et al., 2017; Grunst et al., 2020), and experimental exposure to anthropogenic noise did not affect fledging success in tree swallows (MacLeod et al., 2022), while in others, anthropogenic noise was associated with a decrease in the number of fledged offspring or their body condition in the same two passerine species (Halfwerk et al., 2011; Injaian et al., 2019, respectively). However, no relationship between anthropogenic noise and fledgling body mass was found in great tits (Raap et al., 2017; Grunst et al., 2020).

These results suggest that during breeding, urban blue tits might be more sensitive to noise pollution than great tits and that habitat quality, as measured by vegetation cover, affects both species, albeit on different stages of reproduction: delayed laying date in the great tit and increased hatching success in the blue tit. However, noise and vegetation cover were not associated with the other reproductive traits or measures of success studied here. Two previous correlative studies investigating whether variation in noise levels within the urban habitat was associated with reproductive life history traits and success in great and blue tits did not report any significant relationship either, while detecting negative associations between noise levels and telomere length and carotenoid-based plumage coloration in nestlings (Corsini et al., 2017; Grunst et al., 2020). In addition, physiological effects of anthropogenic noise have been repeatedly reported (reviewed in Introduction). This suggests that blue and great tits might be able to compensate for these deleterious effects to some extent, maintaining reproductive investment and success. This would however be traded against other life history traits, and further investigations of adult survival and offspring recruitment rates would be needed to better understand the mechanisms involved. In addition, here we considered parameters relevant to breeding success, but considering measures of adult or nestling body and physiological condition in future studies might allow us to detect more subtle, potentially interactive, effects at the individuals’ level. It has been suggested that considering variation in occupants’ quality would improve the predictions of habitat effects on individual or population fitness (Germain and Arcese, 2014). Indeed, noise variation levels were associated with a reduction in telomere length in smaller nestlings (Grunst et al., 2020), indicating that environmental stressors may differently affect individuals depending on their quality. Another, not mutually exclusive hypothesis, would be that the bird’s response to noise is not linear, and that the threshold at which effects can be detected was not passed. However, this threshold may be challenging to identify at moderate levels of noise, which are hypothesized to induce stress responses indirectly (Kleist et al., 2018), and may also vary depending on the species and reproductive stage considered, as shown by the inconsistencies in effects reported in previous studies in which noise levels varied in the same range as in ours [40 to 80 dB(A): Halfwerk et al., 2011; Ware et al., 2015; Raap et al., 2017; Kleist et al., 2018; Injaian et al., 2019] or were higher [85db(C): MacLeod et al., 2022]. It also has to be acknowledged that in our study, nest-boxes placement design was not initially planned to test the effects of noise or vegetation cover. There was 20 nest-boxes at high-levels [65 to more than 75 dB(A)] and only 3 at very low levels [< 45 dB(A)] out of 98. Therefore the majority of nest-boxes were exposed to medium levels of noise, with lack of representation of low noise areas, and our gradient of noise may not have been wide enough and lacked power.

In this study, measures of anthropogenic noise level and vegetation cover were obtained from map layers accessible in open data. Concerning noise level, this presents both advantages and disadvantages: Lden indexes from these maps result from several measures, over several years, and are calculated taking into account landscape elements to account for attenuation (see text footnote 2). But it might be an extrapolation compared to the perceived noise levels at nest boxes, with potential annual variations. Also, vegetation cover might not on its own accurately reflect vegetation quality nor the abundance and quality of arthropod food sources for tits such as caterpillars or spiders. Vegetation structure (grass, bushes, trees), height of deciduous trees and tree species may influence arthropod community. In addition, likely due to environmental stress, urban tree leaves have been found to be of lesser quality, which further impacts the diet quality of insectivorous birds (Isaksson, 2009). A future direction will be to more precisely characterize environments around nest boxes, by repeatedly measuring noise levels over the breeding season, and describing vegetation structure and composition in addition to coverage at each nest box. We only considered two variables to describe habitat quality at each nest box, but other aspects of habitat quality such as chemical pollution, light pollution and food resources might be important drivers too in the complex urban environment. Interactive effects between artificial light at night and noise on great tits’ activity patterns have indeed been experimentally demonstrated: while noise exposure tends to disturb activity patterns, artificial light at night increases activity. Both disturbances have a synergistic effect on total activity and night activity, while having an antagonistic effect on daytime activity (Dominoni et al., 2020b). These results suggest complex interactions between different factors, divergent effects depending on the biological levels studied and co-variables considered. In addition, given their known influence on birds’ breeding phenology and success, and their potential to interact with habitat quality, it would be necessary to measure temperature variation in the nest box over the breeding season, and also take winter and spring temperatures into account. It is indeed important for future studies on avian populations in the urban environment to characterize its complexity and not only consider stress factors, but also factors that may explain how species compensate and thrive in cities.



Conclusion

In this correlative study in Paris and its surroundings, breeding pairs of blue tits and great tits did not seem to avoid high noise level nest boxes. Anthropogenic noise levels did not correlate with the laying date for both species, but great tits laid their first egg later when vegetation coverage increased around the nest box. Hatching success for blue tits was reduced at high noise levels and low vegetation coverage nest boxes, while for great tits there was no association with either anthropogenic noise or vegetation coverage. Finally, there was no association between fledging success and noise levels and vegetation coverage in either species. However, these results unveiled a difference in species sensibility to environmental parameters during reproduction, and highlight the importance of considering multiple parameters when studying free-living birds’ populations in the urban environment.
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Footnotes

1     https://carto.bruitparif.fr/
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When p-values were adjusted for multiple comparisons with the FDR method, the significant interaction between noise and vegetation, and the effect of noise on blue tits hatching success

remained significant (resp. pagjust = 0.04 and pagjust = 0.01), while the effect of vegetation coverage became marginal (pygjust = 0.10). Bold values are statistically significant.
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When p-values were adjusted for multiple comparisons with the FDR method, the
significant relation between noise level and hatching success, and the interaction Species:
Noise became marginal: pygjust = 0.08 for both. The significant triple interaction was lost:
Padjust = 0.19.
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When p-values were adjusted for multiple comparisons with the false discovery rate (FDR) method, the significant relation between vegetation coverage and great tits scaled laying date
remained: pggjust < 0.01. Bold values are statistically significant.





