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Abstract

Exponential increases in anthropogenic noise and light pollution have accompanied growth of the built environment. Noise
and light cause negative consequences for birds, such as disrupted navigation during migration, mortality from collisions
with windows and other infrastructure, and reduced reproductive success, as well as some positive consequences, such as
expanded night niches for behaviors associated with feeding, territoriality, and mating. Relatively less is known about noise
and light effects on annual survival of non-migratory birds, so we conducted an exploratory study to examine variation in
adult survival rates of seven avian species in relation to noise and light pollution. We used 20 years of band-resight data
collected as a part of the Neighborhood Nestwatch Program (NN), a citizen science project run by the Smithsonian Migra-
tory Bird Center, at 242 sites in greater Washington, D.C. USA. We estimated apparent survival and documented species-
specific relationships with light and noise. Gray Catbird (Dumetella carolinensis) and House Wren (Thryothorus aedon)
survival decreased and American Robin (Turdus migratorius) survival increased with greater amounts of anthropogenic
light. Anthropogenic noise had no relationship with apparent survival for any of the seven species. Life-history trade-offs
between survival and reproduction may account for differences in species-specific effects of light pollution. Future research
should examine the availability of other fine scale environmental conditions, such as tree canopy cover, that might buffer
avian exposure to noise and light pollution.
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Introduction

Although urban areas cover only about 3% of the Earth
(Liu et al. 2014), urbanization can dramatically influence
the abundance and distribution of birds at multiple scales
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(McKinney and Lockwood 1999; Marzluff et al. 2001).
Projections indicate an increase of more than 3 billion peo-
ple in urban settings between 2010 and 2050 (Buhaug and
Urdal 2013). Increased urban populations drive concurrent
increases in urban infrastructure, such as impervious surface,
artificial lighting, and anthropogenic noise. Anthropogenic-
dominated lightscapes and soundscapes can function as sen-
sory pollution with pervasive ecological impacts, because
virtually every organism on Earth relies on sensory systems
to receive and respond to environmental cues (Dominoni
et al. 2020; Oteiza and Baldwin 2021).

Rapid anthropogenic changes in noise and light pollution
alter evolutionarily stable sensory environments. Avian spe-
cies respond to artificial light and anthropogenic noise in a
variety of ways that can affect reproduction (Dominoni et al.
2013; Senzaki et al. 2020), nestling growth and develop-
ment (Rapp et al. 2016), individual health (i.e., body condi-
tion, Jiménez-Pefiuela et al. 2019), communication (Nemeth
and Brumm 2010), foraging behavior (Stracey et al. 2014),
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migration (Van Doren Benjamin et al. 2017) and mortality
(La Sorte et al. 2017). Anthropogenic noise and light pol-
lution together can cause changes in larger-scale patterns
of community richness and abundance (Proppe et al. 2013;
Francis 2015; Ware et al. 2015).

Several forms of behavioral plasticity may allow birds
to mitigate potential costs from exposure to anthropogenic
noise and artificial light, such as altering their vocalizations
to reduce masking by anthropogenic noise (Slabbekoorn
and Peet 2003; Nemeth and Brumm 2010; Da Silva et al.
2014), exploiting new night niches by consuming organ-
isms that are attracted to artificial light (Lebbin et al. 2007),
and seizing additional mating opportunities (Kempenaers
et al. 2010). Additionally, the ability to adjust behaviorally
to artificial light improves the fitness of some species in
urban areas. For example, Northern Mockingbirds (Mimus
polyglottos) were more likely to sing at night (Derrickson
1988) and were more likely to continue to feed nestlings
past sunset in areas where the average light level around
the nest was greater, further supporting the expectation that
abundant urban species can exploit light pollution (Stracey
et al. 2014).

Avian responses to artificial light and anthropogenic noise
may vary based on species-specific natural history traits.
For example, unlike cavity-nesting species, open-cup nesters
lack sound-attenuating walls around nests. Thus, nestlings
raised in cavities may experience less exposure to ambient
noise than those raised in open-cup nests (Martin and Li
1992). Nest success and clutch sizes of forest-dwelling bird
species declined in noisy environments (Senzaki et al. 2020).
Additionally, traits such as vocalization frequency, nest loca-
tion, and diet partly accounted for species-specific changes
in reproductive timing and hatching success in response to
noise levels (Senzaki et al. 2020). Noise may delay clutch
initiation for species with lower-frequency vocalizations by
interfering with male mate attraction songs (Swaddle et al.
2015), which can interfere with stimulation of females by
males and delay female sexual receptivity (Huet des Aunay
et al. 2017).

Anthropogenic noise and artificial light may directly or
indirectly affect avian annual survival. Artificial light at
night can interfere with the migration passages of nocturnal
migrating birds, disorienting them and causing high mor-
tality due to collisions with illuminated buildings and win-
dows (Evans-Ogden 2022; Parkins et al. 2015). In areas with
severe noise pollution, birds may modify predator vigilance
(Ware et al. 2015, Kleist et al. 2016), which may increase
predation risk or reduce the amount of time available for
foraging. Additionally, noisy urban conditions can lead to
changes in territorial behaviors, such as causing birds to
approach more closely to be able to hear an acoustic sig-
nal. Closer interaction between conspecifics could eventu-
ally lead to aggressive territorial interactions that reduce
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individual fitness and potentially affect survival (Phillips
and Derryberry 2018).

In a citizen science study of resident birds in the greater
Washington, DC area, Evans et al. (2015) discovered that the
apparent survival of American Robin (Turdus migratorius),
Song Sparrow (Melospiza melodia), Northern Cardinal
(Cardinalis cardinalis), and Gray Catbird (Dumetella caro-
linensis) increased with urbanization (measured as amount
of impervious surface). In contrast, the apparent survival of
Carolina Wren (Thryothorus ludovicianus) and House Wren
(Thryothorus aedon) decreased with increased urbanization.
We sought to understand whether two major components of
urbanization - artificial light, anthropogenic noise - could
account for the complex patterns between annual survival
and degree of urbanization. Thus, our goal was to examine
annual survival rates of the same non-migratory populations
of adult songbirds in the greater Washington, DC area in
relation to artificial light, anthropogenic noise pollution,
and their paired effects while controlling for the amount of
impervious surface.

We used 20 years of band-resight data to estimate annual
survival of the same seven bird species as Evans et al. (2015)
in relation to light and noise. While recognizing the potential
for behavioral plasticity and different natural history traits
in mitigating or amplifying species responses, we predicted
that even urban-adapted species experience reduced adult
survival with increased light, noise, and their combination,
irrespective of their associations with impervious surface.
We investigated the effects of light and noise on apparent
survivorship of seven species of birds most common across
the development gradient within the study region using vari-
ous combinations of model covariates of light, noise, and
impervious surface cover.

Methods

We examined the response of apparent adult survivorship
to light and noise. Staff and volunteers of the Neighbor-
hood Nestwatch Program (NN), a citizen science project run
by the Smithsonian Migratory Bird Center, provided avian
count data from 2000 to 2020. With sampling predominately
located at the homes of project participants, NN sampling
sites were within a 100-km spatial scale encompassing a
rural-to-urban land-use gradient in the greater Washing-
ton, D.C., USA, metropolitan region. Project participant
sites were chosen based on their position along the rural-
to-urban gradient as assessed by the proportion of imper-
vious surface; sites were defined as a 100-m radius area
surrounding each sampling location (described below).
NN sites (n=242) included private residences, community
centers, and schools, as well as sites within forested and
agricultural land cover. By incorporating privately owned
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land within the study design, we captured portions of the
urban and suburban matrix not normally monitored in avian
survivorship studies. NN sites were representative of the
urban-rural gradient within the study area, as documented
by Evans et al. (2015).

NN technicians visited sites once annually during the
avian breeding season (May-August). To mitigate between-
site differences, visit dates were scheduled such that sites
visited early in the breeding season each year were visited
late on the following year. NN technicians captured adult
birds with mist netting with a combination of territorial
intrusion playback and mobbing call playback. Individuals
of seven focal species were marked with a unique U.S. Fish
and Wildlife Service aluminum band and a unique combi-
nation of colored plastic bands. During each banding visit,
technicians spent one hour attempting to re-sight previously
captured individuals within a 200-m radius of the banding
station using the playback techniques as described above.
Project participants searched for color-banded birds through-
out the year and reported observations to NN. Participant
resights accounted for the majority of re-encounters (55%,
n = 2,263).

For each of the 242 NN sites, we extracted corresponding
data from the georeferenced maps of light pollution, noise
pollution, and impervious surface (Fig. 1). Using Pearson

Table 1 Correlation among impervious surface, light pollution, and
noise pollution for 242 sample sites in the Neighborhood Nestwatch
program, Washington DC (2000-2020)

IMP noise light
IMP 1.0000000 0.7922362 0.8219412
noise 0.7922362 1.0000000 0.8480927
light 0.8219412 0.8480927 1.0000000

Correlation Coefficients, we determined that light, noise,
and impervious surface were correlated (Table 1).

Following Sensaki et al. (2020), we used data from the
second world atlas of artificial night sky brightness con-
verted to 270-m resolution (Falchi et al. 2016). Estimates
of light pollution were the zenith anthropic sky brightness
as a ratio to the natural background sky brightness. Light
pollution estimates provided a single, average value across
an entire pixel and all light data was considered equally. For
example, an area with many houses or only one airport could
emit similar levels of light.

Following Mennitt and Fristrup (2016) we used a sta-
tistical approach to incorporate anthropogenic noise data
from a georeferenced map of expected sound pressure lev-
els. These data model natural sound levels from biotic and
physiographic sources and compute anthropogenic noise
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Fig. 1 Inset maps and correlations of sampling sites of the Neighborhood Nestwatch Program in greater Washington, D.C., USA
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exceedance levels. Geospatial sound models incorporate
spatial representations of anthropogenic and physiographi-
cal factors to assess expected contributions to environmental
sound levels from both anthropogenic and natural sources.
A regression model is trained to find relationships between
the explanatory variables and a response. The method we
used can capture spatiotemporal patterns that may be exhib-
ited by only a small portion of the available sample, as well
as model interactions between variables and capture non-
linear behavior effectively. We used anthropogenic daytime
A-weighted Ls, sound pressure levels as the estimate of
anthropogenic noise.

We examined the influence of light and noise on the
annual survival of seven species of birds most common
across the development gradient within the study region:
American Robin, Carolina Chickadee (Poecile carolinen-
sis), Carolina Wren, Gray Catbird, House Wren, Northern
Cardinal, and Song Sparrow. All these species were pre-
sent in the study area year-round though individuals of
some species (e.g., American Robin, Gray Catbird, and
House Wren) may have been short-distance migrants.
We investigated the effects of light and noise on appar-
ent survivorship (@) and detection probability by fitting
Cormack-Jolly-Seber survivorship models to these data.
Detection probability was assumed to be constant across
sites and years. Time-varying estimates of detection and
survival were not achievable due to within-year sample
size constraints. We used the R package marked (Laake
et al. 2013) to build descriptive models and compare their
fit to the data according to Akaike's Information Crite-
rion (AIC; Akaike 1973) to estimate annual survival of
the seven focal species at each site. We built models of
adult survival that incorporated combinations of individual
covariates (light, noise, and impervious surface) and ran
species-specific models to determine the relative effect of
our urbanization metrics on adult survival.

Because Evans et al. (2015) showed that avian adult sur-
vival in response to urbanization was often nonlinear, we
included both linear (IMP) and quadratic (IMP?) impervious
terms as model covariates (Table 2). Covariates used in
model construction (see Table 2) were standardized as
Z-scores x;—” . We used Akaike’s information criterion

(AIC; Akaike 1973) to select the best models among a set of
biologically plausible candidate models. We selected the
model with the smallest AAICc as the best among all models
being compared. Additionally, we used normalized AIC
weights, the ratio of the likelihood of a given model relative
to the sum of the likelihood across models, to evaluate the
weight of evidence for a given model relative to the full set
of candidate models. We used likelihood ratios (neg2lnl),
the comparison of nested models, to evaluate the number of
parameters (npar) of each model. When choosing the best
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Table 2 Variables used in the development of a priori light pollution
and noise pollution models for apparent survivorship (®)

Model Set Variable Variable description

a priori Sex binary sex (male, female)
Urbanization IMP Impervious surface cover (%)
Urbanization IMP? Impervious surface, quadratic form

Light Pollution light Anthropogenic light pollution

along an urbanization gradient

Noise Pollution noise Anthropogenic noise pollution

along an urbanization gradient

model, we considered support based on AAICc, AIC
weights, and neg2Inl (Johnson and Omland 2004).

To account for variation or potential bias in the esti-
mates of detectability and survivorship when analyzing
the effect of light pollution and noise pollution on apparent
survival, we constructed an a priori model for each spe-
cies that included sex. Territorial males may be more likely
to be encountered than females due to behavioral differ-
ences (Amrhein et al. 2012); therefore, sex was included as
a binary dummy covariate for estimating detectability. We
then ranked the a priori model (sex) for each species based
on AIC weights with combinations of models that included
impervious surface and noise and light levels.

Because model selection and subsequent parameter esti-
mates can become unstable (high variance) by over-fitting
models (~10 parameters), especially when there is an insuf-
ficient sample size for an individual group variable (Breiman
1996, Burnham and Anderson 2002), we constrained our
model set to those in which the parameter estimates were
identifiable (Table 3). Here we are referring to extrinsic
identifiability, where parameter estimates are at or near their
boundary (0 or 1) or are otherwise unidentifiable because
of insufficient sample size. Ultimately, we excluded these
‘‘over-parameterized’’ models that contained more param-
eters than could be accommodated by the data. Therefore,
not all covariates could be included in a priori models for
each species. We chose to present the model betas from the
lowest AAICc of each a priori model for each species.

Results

We included 7351 individuals of the seven focal species
in the analysis (Table 4). Survival and detection estimates
(Fig. 2) varied markedly between males and females and
among species (see Table 4). Models that included light pol-
lution and noise pollution variables received some support
for five of the seven species (see Table 3).

There was weak model support for variation in apparent sur-
vivorship along a light pollution gradient for American Robin,
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Table3 Summary statistics for Species Code Model ¢ k AIC, AAIC, w -2LogLik
the candidate models examining
the impact of anthropogenic AMRO light 4 724.30 0.00 0.16 716.30
light and anthropogenic noise IMP + IMP? + light 6 12472 042 013 71272
on avian survival within the IMP+ IMP 5 72532 1.02 010 71532
greater Washington, D.C., area; , )
models were ranked by AIC, IMP + IMP~ + light + noise 7 725.40 1.11 0.09 711.40
and log likelihood vales are IMP + light 5 726.24 1.94 0.06 716.24
given CACH IMP + IMP? 5 1280.40 0.00 0.14 1270.41
IMP 4 1280.94 0.53 0.11 1272.94
sex + IMP + IMP? 6 1281.86 1.45 0.07 1269.86
Intercept 3 1281.87 1.46 0.06 1275.87
IMP + IMP? + light 6 1281.92 1.51 0.07 1269.92
CARW sex + IMP + IMP? 6 1263.94 0.00 0.13 1251.94
sex 4 1264.00 0.05 0.13 1256
sex + IMP 5 1264.39 0.45 0.11 1254.39
sex + noise 5 1264.87 0.93 0.08 1254.87
sex + IMP + IMP? + light 7 1265.37 1.42 0.06 1251.37
GRCA sex + IMP + IMP? + + light 7 2529.95 0.00 3.29 2515.95
sex + IMP + IMP? + light + noise 8 2529.95 0.00 2.81 2515.95
sex + IMP + IMP? 6 2530.77 0.82 2.17 2518.77
sex + IMP + IMP? + noise 7 2532.74 2.79 8.80 2518.74
IMP + IMP? + light 6 2534.53 4.59 33 2522.53
HOWR IMP + IMP? + light 6 907.06 0.00 0.37 895.06
sex + IMP + IMP? + light 7 907.72 0.65 0.27 893.72
IMP + IMP? + light + noise 7 909.05 2.0 0.14 895.05
sex + IMP + IMP? + light + noise 8 909.71 2.65 0.10 893.71
IMP + light 5 912.06 5.00 0.03 902.06
NOCA sex + IMP 5 3855.79 0.00 0.17 3845.79
sex + IMP + light 6 3856.24 0.45 0.14 3844.24
sex 4 3856.74 0.95 0.11 3848.74
sex + IMP + light 6 3857.47 1.69 0.07 3845.47
Sex + IMP + IMP? 6 3857.59 1.81 0.07 3845.59
SOSP IMP + IMP? 5 2034.34 0.00 0.18 2024.34
IMP + IMP? + light + noise 7 2034.58 0.24 0.16 2020.58
sex + IMP + IMP? 6 2035.39 1.06 0.10 223.39
sex + IMP%+ noise 6 2035.65 1.32 0.09 2023.65
IMP + IMP? + light 6 2035.74 1.41 0.09 2023.74

Gray Catbird, and House Wren. Using beta (®) values, we
estimated that annual survival probabilities (Fig. 3) increased
for American Robin (0.324; se=0.165) and decreased for both
Gray Catbird (-0.224; se=0.102) and House Wren (-0.505;

se=0.163), as light increased (see Fig. 4).

Table 4 Counts of captured
and re-encountered birds in
the Neighborhood Nestwatch
program in Washington, DC
(2000-2020).

None of the seven species received model support for varia-
tion in apparent survivorship along a sound pollution gradient.
The most competitive model included the quadratic effect
of impervious surface for Carolina Chickadee, Carolina Wren,

Gray Catbird, House Wren, and Song Sparrow, indicating that

Captures Reencounters

Species Code Female Male Total Female Male Total
American Robin AMRO 343 367 710 44 43 87
Carolina Chickadee CACH 378 321 699 95 125 220
Carolina Wren CAWR 431 362 793 99 124 223
Gray Catbird GRCA 537 1055 1592 82 290 372
House Wren HOWR 321 691 1012 31 116 147
Northern Cardinal NOCA 709 935 1644 131 395 526
Song Sparrow SOSP 195 706 901 44 308 352
Total across spp. 2914 4437 7351 672 1401 1927
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Fig.2 Estimates (mean symbol) of A annual survival and B detection
by species and sex along an urbanization gradient in greater Washing-
ton, D.C., USA (2000-2020). See Table 1 for species names by code

survival was greatest at intermediate levels of impervious
cover (see Table 3).

Discussion

We identified variation in adult songbird survivorship
along the light pollution gradient, with greater apparent
survival for one of seven focal species, and lower apparent
survival for two of seven species. However, noise pollu-
tion does not appear to account for the avian responses to
urbanization detected by Evans et al. (2015). Light pol-
lution might account for increased survival of American
Robins and decreased survival for House Wrens. Gray
Catbird survival was negatively affected by light yet not
by impervious surface.
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Fig. 3 Predicted annual apparent survival (@) probabilities of Ameri-
can Robin, Gray Catbird, and House Wren across a light (lux) pollu-
tion gradient in greater Washington, D.C., USA (2000-2020)

Differences in apparent survival among species along a
light pollution gradient may relate to variation in natural his-
tory traits among species. For example, light pollution has
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been determined to affect the singing behaviors of several
species (Miller 2006; Francis et al. 2009; Ortega 2012). In
areas with light pollution, American Robins initiate their
morning chorus earlier (Miller 2006), and the increased
time for daily activities such as courtship and foraging may
have overall positive effects on robin survival, as we docu-
mented in this study. Although our study focused on seven
bird species present year-round in the study area, Gray Cat-
bird and House Wren are generally considered short-distance
migrants (Butler 2003). Because these two species were the
only of the seven to demonstrate reduced apparent survival
as light pollution increased, it is possible that migration
behaviors of some individuals contributed to elevated vul-
nerability to light pollution.

Birds that reside in urban areas face numerous human-
related threats to survival. In some species, light pollu-
tion may lead to decreases in survival by indirectly reduc-
ing individual health due to an increase in stress (Gil and
Brumm 2013). There is also the possibility of more light
increasing the risk of predation at night (Longcore and
Rich 2004; Gaston and Bennie 2014). Collisions with win-
dows is a common source of bird mortality, particularly for
migrant species, with rough estimates of between 100 mil-
lion and 1 billion birds killed annually in the United States
(Hager and Craig 2014). Buildings are a globally ubiqui-
tous obstacle to avian flight, and collisions with buildings,
especially their glass windows, are thought to be a major
anthropogenic threat to North American birds (Machtans
et al. 2013). Gray Catbirds are vulnerable to window colli-
sions (Loss et al. 2014), which might explain the negative
response to light in our study.

The lack of relationship between urban noise and sur-
vival may be linked to the generalist nature of the seven
focal species. Urban-adapted species may have greater

behavioral, physiological, and ecological flexibility than
non-urban species (Bonier et al. 2007), allowing individu-
als to survive equally well along the noise gradient. For
instance, some species modify or use higher minimum
frequency alarm calls in places with higher background
noise levels to avoid the concealing effects of urban noise
(Lowry et al. 2012; Courter et al. 2020); this sort of phe-
notypic plasticity in behaviors may allow urban-adapted
species to adjust to additional mortality risks associated
with noisier environments.

Species-specific responses to urbanization may represent
a tradeoff between survival and reproduction (Goodman
1974; Stearns 1992; Charlesworth 1994). If artificial light
is a stressor that negatively affects reproduction, it is pos-
sible that bird populations compensate with greater sur-
vival. If artificial light is a stressor that negatively affects
survival, then it is possible that birds compensate with
greater reproduction. Senzaki et al. (2020) reported on
reproductive success of three of our seven focal species
(American Robin, Northern Cardinal, and House Wren).
Considering our results in relation to Senzaki et al. (2020),
we note that the negative consequences of light emerge
within a life-history tradeoff. Thus, positive and negative
consequences of light pollution may be obscured from
detection within narrowly focused studies due to broader
life-history tradeoffs.

Additionally, light pollution, particularly skyglow,
extends into rural landscapes, which were underrepresented
in this study. Hence, we might have detected a stronger influ-
ence of light pollution had the spatial extent of NN sites
included more rural locations. Species-specific responses to
noise and light pollution need additional study to determine
whether the presence or absence of survival costs from noise
and light pollution are linked to costs to reproduction.

@ Springer



1636

Urban Ecosystems (2023) 26:1629-1637

The relationships between avian survival and character-
istics of the urban environment are complex, so teasing out
the mechanisms driving the relationships is a challenge.
As in our study, impervious surface cover and the meas-
ures of noise and light pollution typically are correlated,
so controlled experiments (i.e., in a laboratory setting)
may be needed to decouple the unique influences of each
factor. Additionally, future research on avian responses to
artificial light and anthropogenic sound would benefit from
finer-scale data that more precisely characterize individual
bird exposures to artificial light and anthropogenic sound
from location-based sampling. We used relatively coarse-
scale geospatial maps of anthropogenic noise and urban light
maps produced from models based on land-use and satellite
data. Finally, survival analyses could be expanded by includ-
ing other mapped covariates such as vegetation composition
and structure or tree cover. These variables might play key
roles in buffering exposure to noise and light pollution.

Anthropogenic accelerations of noise and light pollution
are pervasive in that they propagate over all ecosystems on
Earth. However, these changes are not geographically or
temporally uniform. Urbanization patterns and accompa-
nying transportation routes result in spatial and temporal
patterns of noise and light pollution disturbance at multi-
ple scales, including micro-scale pockets of disturbance or
refuge, analogous to natural and built structures producing
microclimates. Our findings of a correlation between light
pollution and adult avian survival for three of seven focal
species indicates that responses of different species to urban-
ization may be related to how easily that species can adjust
to local conditions, which can depend on life history traits
and/or behavioral plasticity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11252-023-01403-2.
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