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Modification of nighttime light levels by artificial illumination (artificial light at night; ALAN) is a rapidly
increasing form of human disturbance that affects natural environments worldwide. Light in natural
environments influences a variety of physiological and ecological processes directly and indirectly and, as
a result, the effects of light pollution on species, communities and ecosystems are emerging as signifi-
cant. Small prey species may be particularly susceptible to ALAN as it makes them more conspicuous and
thus more vulnerable to predation by visually oriented predators. Understanding the effects of distur-
; bance like ALAN is especially important for threatened or endangered species as impacts have the po-
Keywords: . . . . . . . .
ALAN tential to impede recovery, but due to low population numbers inherent to at-risk species, disturbance is
rarely studied. The endangered Stephens’ kangaroo rat (SKR), Dipodomys stephensi, is a nocturnal rodent

Habitat suitability

Foraging threatened by habitat destruction from urban expansion. The degree to which ALAN impacts their re-
Stephens’ kangaroo rat covery is unknown. In this study, we examined the effects of ALAN on SKR foraging decisions across a
Conservation gradient of light intensity for two types of ALAN, flood and bug lights (756 vs 300 lumen, respectfully)

during full and new moon conditions. We found that ALAN decreased probability of resource patch
depletion compared to controls. Moreover, lunar illumination, distance from the light source and light
type interacted to alter SKR foraging. Under the new moon, SKR were consistently more likely to deplete
patches under control conditions, but there was an increasing probability of patch depletion with dis-
tance from the source of artificial light. The full moon dampened SKR foraging activity and the effect of
artificial lights. Our study underscores that ALAN reduces habitat suitability, and raises the possibility
that ALAN may impede the recovery of at-risk nocturnal rodents.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The addition of artificial illumination into natural environments
at night (artificial light at night; ALAN) is a rapidly expanding form
of human disturbance. Recent analyses of night sky brightness
indicate that 23% of the Earth’s non-polar land surface is exposed to
ALAN and 80% of the world population experiences significantly
brightened night skies (Cinzano et al., 2001; Falchi et al., 2016).
ALAN generally increases with human population growth (Bennie
et al., 2015), but in recent years has risen more dramatically in
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some countries, such as the United States (Falchi et al., 2019). As one
of the brightest countries, over half the United States experiences
light polluted nights (Falchi et al., 2016; Kyba et al., 2017).

While astronomers have called for policies to limit ALAN for
over four decades (Riegel, 1973), more recently, there has been a
surge of interest in elucidating the impacts of ALAN on ecological
systems. Natural light directly and indirectly affects how animals
interact with their biotic and abiotic environment. Given how
important natural light is for regulating activity patterns (Foster
and Kreitzmann, 2004; Grant et al, 2013; Prugh and Golden,
2014), navigation during migration (Akesson et al, 2001),
nocturnal predator-prey dynamics (Buchanan, 1993; Lima, 1998;
Prugh and Golden, 2014), and communication with conspecifics
(Branham and Wenzel, 2003; Endler, 1993), it is not surprising that
research shows significant impacts of light pollution on wildlife in
variety of ways (Delhey and Peters, 2017; Gaston et al., 2015; Holker
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et al.,, 2010; Longcore and Rich, 2004). For instance, artificial light
can affect physiological processes by altering the immune response
(e.g. hamsters; Bedrosian et al., 2013; Bedrosian et al., 2011),
stimulating production of stress hormones (great tits; Ouyang et al.,
2015) and shifting the circadian rhythym and thus reproductive
period (blackbirds; Dominoni et al., 2013; lemurs; LeTallec et al.,
2015; wallabies; Robert et al., 2015). Behaviorally, ALAN has been
shown to influence movement patterns by misorienting, attracting
or deterring animals (e.g. moths; Frank, 2006; petrels; Le Corre
et al.,, 2002; sea turtles; Rivas et al., 2015), altering courtship and/
or mate choice (e.g. field crickets; Botha et al., 2017; songbirds;
Kempenaers et al., 2010; fruit flies; McLay et al., 2018), and foraging
activity (e.g. frugivorous bats; Lewanzik and Voigt, 2014; shore-
birds; Santos et al., 2010). There are even documented effects at the
ecological and ecosystem levels. For example, artificial light can
reduce food sources (e.g. aphids; Bennie et al., 2015), disrupt
pollination services (e.g. nocturnal insect pollinators; Knop et al.,
2017), shift community composition (e.g. ground dwelling in-
vertebrates; Davies et al., 2012), and may affect carbon turnover
(e.g. photoautotrophs; Holker et al., 2015). The effects of artificial
light have been shown to impact every major taxonomic group, but
are particularly important to evaluate for nocturnal species.

A large portion of mammals are active primarily at night (Jones
et al., 2009), and ALAN is very likely to affect them (Duffy et al.,
2015) given that mammalian evolution was likely driven by adap-
tations for nighttime activity (Heesy and Hall, 2010). Nocturnal
mammals experience natural fluctuations in ambient light levels
associated with monthly lunar cycles. Under natural full moon
conditions, nocturnal small rodents show decreased above-ground
activity and forage under dense cover rather than in open areas
(Blair, 1943; Clarke, 1983; Daly et al., 1992; Kaufman and Kaufman,
1982; Kotier et al., 2010; Kotler, 1984; Lockard and Owings, 1974;
Travers et al.,, 1988). It has long been thought that these energeti-
cally costly behavioral changes are a response to increased preda-
tion risk (Lima and Dill, 1990), and this was confirmed by a recent
meta-analysis (Prugh and Golden, 2014). By contrast, there is
relatively little research on the impacts of artificial light on small
rodents; a few studies have shown it can affect their above-ground
activity and foraging decisions. For example, the endangered
coastal nocturnal Florida beach mouse (Peromyscus polionotus leu-
cocephalus) reduces patch use and foraging frequency in response
to artificial lighting (Bird et al., 2004), nocturnal Patagonian leaf-
eared mice (Phyllotis Xanthopygus) decrease above-ground activ-
ity under high ALAN conditions (Kramer and Birney, 2001) and
cathemeral bank vole (Myodes glareolus) populations alter space
use (Hoffmann et al., 2018).

Understanding impacts of disturbance like ALAN is likely to be
especially important for threatened or endangered species. Man-
agement of at-risk species relies on understanding factors that
affect fitness and viability, in order to identify and preserve or
restore habitat suitable for species recovery (Sutherland et al.,
2009; Sutherland et al., 2004). Habitat suitability modeling is an
effective tool used to help managers identify the most promising
locations to support recovery of threatened or endangered species
(Mateo-Tomas and Olea, 2010; Millspaugh et al., 2009). ALAN and
other human activities characteristic of the highly modified envi-
ronments of the Anthropocene are starting to be included in eval-
uations of species distributions (Ciach and Frohlich, 2017, 2019;
Froidevaux et al., 2017), but to date, have not been included in
habitat suitability models. It is critical that we develop a more
comprehensive understanding of these types of human-mediated
impacts in order to effectively manage and recover these species.

Here we present the first in a series of experiments that ex-
amines the effects of ALAN on endangered rodents in the family
Heteromyidae (kangaroo rats, kangaroo mice and pocket mice). In

this study, we test the hypothesis that artificial light in natural
habitat impacts the foraging decisions of the endangered Stephens’
kangaroo rat, Dipodomys stephensi (SKR). We predicted that SKR
would reduce foraging activity when exposed to artificial illumi-
nation, that SKR foraging would increase with distance from the
light source and that higher intensity lighting would have a larger
effect on resource patch depletion than low-intensity lighting.
With 31 species of rodents listed as threatened or endangered in
the U.S. alone (USFWS, 2019) and many more on the decline
(Ceballos et al., 2015; Pimm et al., 2014; Schipper et al., 2008), it is
more important than ever to understand how anthropogenic ele-
ments such as light may limit their recovery.

2. Material and methods
2.1. Study species

The SKR is a medium-sized nocturnal granivorous rodent in the
family Heteromyidae that is native to flat open grasslands and
sparse coastal sage scrub in Riverside and San Diego counties,
California (U.S.A.) (Price et al., 1994a; USFWS, 1997). Similar to other
heteromyids (Brown and Heske, 1990), it is considered a keystone
species because its seed-caching and soil disturbance activities
significantly alter plant community structure (Brock and Kelt, 2004;
Goldingay et al.,, 1997). SKR are prey to diverse taxa, including
bobcats (Lynx rufus), coyotes (Canis latrans), rattlesnakes (Crotalus
spp.), foxes (Vulpes spp.), weasles (Mustela spp.), and owls (Tyto-
nidae and Strigidae). Since 1970, habitat fragmentation and loss of
habitat to agriculture and suburban development have been the
most direct causes of decline of SKR (Price and Endo, 1989). The
species was listed as threatened under the California Endangered
Species Act in 1971 because a substantial amount of habitat
throughout its range had been lost. In 1988, the U.S. Fish and
Wildlife Service classified Stephens’ kangaroo rat as endangered
under the U.S. Endangered Species Act. The range of SKR continues
to decline as a direct result of habitat destruction for development
and agriculture purposes (Roach, 2018).

2.2. Study site

We conducted experiments for this study on the Southwestern
Riverside County Multispecies Reserve in southern California (33°
N, 117° W, mean elevation 472 m) in 2012 and 2014. The study site
was a plateau of open temperate grassland that had been previ-
ously managed with mowing and a prescribed fire to provide
appropriate SKR habitat. The study site was located away from
human activity and therefore this SKR population had no prior
exposure to direct ALAN. No other small rodents were documented
on the site during trapping surveys associated with other projects,
but desert cottontails (Sylvilagus audubonii) were present on site
and have been observed to consume seed bait at small rodent traps
(Shier, unpublished), despite their primarily herbivorous diet
(Flinders and Crawford, 1977).

2.3. Light arrays and treatments

In early summer 2012, we established 20 linear arrays of ten
experimental resource patches 5 m apart. At the end of each array,
we installed a metal pole (3 m) with an artificial light mounted at
the top to create a light gradient. SKR are territorial and maintain
small home ranges (0.05—0.2 ha) with home range cores averaging
only 30 m (Price et al., 1994b; USFWS, 1997). Therefore, arrays were
set at least 50 m apart to ensure independence with respect to the
group of SKR that were likely to visit foraging patches within an
array and reduce the chance of light from one treatment array
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affecting another array. We tested SKR response to three light
treatments: 1) flood light (high intensity), 2) bug light (low in-
tensity) and 3) control (new moon light) (Fig. 1). For the flood light
treatment, we used a SolarGoesGreen Super Bright Solar Flood
Light, 108 light-emitting diode (LED; 150-Watt incandescent
equivalent) which emitted high intensity light 756 Im at wave-
lengths between 400 and 700 nm (see Supplementary Fig. 1(a) for
spectrum). The bug light treatment was a yellow hue Feit Electric
13-Watt Compact Fluorescent (60-Watt incandescent equivalent)
bulb, which emitted low intensity light (300 Im) at wavelengths
between 550 and 650 nm (see Supplementary Fig. 1(b) for spec-
trum) and was housed in an aluminum clamp light surround. Each
night we randomly assigned each array to one of the three light
treatments, and each light treatment was implemented at each
array over a 3-night period. We collected data within 3 d of a new
moon to standardize natural illumination. We replicated this
experiment in 2014 with 12 arrays but used full moon light as the
control treatment.

At a representative array with the light turned on, we averaged
three light measurements at each experimental resource patch
(Fig. 2; Supplementary Table 1). We measured light intensity with a
SILVER-Nova Super Range (190—1110 nm) TE Cooled Si-CCD linear
array based Spectroradiometer with a miniature UV-Vis-NIR cosine
receptor calibrated for irradiance to NIST traceable calibration
lamps and SpectraWiz Spectrometer Software v. 5.33 (StellarNet,
Inc.). We used a tripod to hold the sensor facing the light source
eight cm off the ground where light measurements reflect the
amount of illumination a SKR would experience. We measured
vector irradiance (pW/cm?) rather than lux, as lux measurements
are weighted according to human visual spectral sensitivity
(Johnsen, 2012). We then converted light measurements to nmol
photons/s/m? according to (LABRIGGER) using the peak wave-
length of each light source and to lux using 555 nm as the middle of
the visible light spectrum, with (UnitConverter) to allow for
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Fig. 2. Mean light irradiance nmol photons/s/m? at resource patches in a represen-
tative array under a bug light (blue solid) or a flood light (green dashed) in response to
distance (m) from light source. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

comparison to other studies. All measurements were taken on the
same night under a clear sky and at least 2 h after sunset and 2 h
before sunrise.

2.4. Resource patches

Each array contained 10 resource patches, each consisting of a
recycled cardboard tray set flush with the ground and filled with
sieved site soil. We pre-baited trays with approximately 5—10 g of
millet each night for one week prior to experiments to ensure
resource patches were discovered by the kangaroo rats. During
experiments, we placed 12.5 g of sterilized millet seed in a pile
along the center of each tray. Approximately 30 m before dawn, all
trays were collected. We used the presence of fresh cottontail feces
on trays to determine if cottontail visitation affected patch

30 m

3
40 m
45 m
50 m

Fig. 1. Experimental Design. Graphic of experimental design showing 3 light treatment arrays (flood, bug and control) and associated microhabitat patches arrays.
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depletion and included the presence or absence of cottontails as a
covariate in the analysis (see Data analysis section below). After
collection, each tray was sifted for remaining seed. We oven-dried
collected seed at 65 °C for 30 m and weighed the seed to determine
how much seed remained in each tray.

2.5. SKR density

We used burrow counts to estimate the density of SKR in the
vicinity of the linear arrays. We conducted 5 x 50 m belt transects
by scanning each array to a distance of 2.5 m on either side of the
center line. While burrow numbers are not directly correlated with
SKR numbers, burrow entrances serve as a good index of SKR
abundance (O’Farrell, 1992).

2.6. Data analysis

For the majority of resource patches, SKR either took nearly all of
the seed in the patch or left all of the seed. Therefore, we classified
foraging as a binomial variable. Resource patches with less than
0.0125 g of seed remaining were categorized as depleted, and
resource patches with more than 0.0125 g of seed remaining were
categorized as not depleted. We used logistic regression models to
evaluate the likelihood of SKR depleting resource patches in
response to the following predictor variables: light treatment,
distance from the light source, moon condition (new or full), SKR
density (burrows) and all potential interaction terms. We allowed
for intra-group correlation and clustered by array to account for
repeated measures on arrays since each array was used for all three
light treatments. We used Akaike information criterion (AIC) to
evaluate model fit and quantified the relative impact of factors on
foraging with log likelihood. We conducted Holm-Sidak post hoc
pairwise tests to evaluate light treatment differences from each
other and account for multiple comparisons. Because data on
cottontail presence or absence was not taken for all resource
patches and thus model comparisons with and without cottontails
could not be made, we evaluated the effect of cottontails on
resource patch depletion using a separate logistic regression model.

Data analysis was conducted with Stata/IC 14.2 (StataCorp,
2015). Data figures were made in JMP 13.1.0 (SASInstitute, 2019).

3. Results

Original data of this study are available at Mendeley Data
https://doi.org/10.17632/g29z3rdbc6.1.

The full model that included all possible predictor variables was
the top ranked model and model weights indicated no other
candidate models were supported (Supplementary Material
Table 2). Artificial light significantly altered foraging activity (Lo-
gistic Regression: Light treatment DF = 2, ¥% = 19.59, p < 0.01).
Depletion of resource patches was significantly greater under the
control light treatment than under illumination from flood lights
(Holm-Sidak corrected pairwise comparison: z = —4.03, p < 0.01)
and the bug light (Holm-Sidak corrected pairwise comparison:
z = —2.70, p < 0.01). However, resource patch depletion did not
differ significantly between bug and flood light treatments (Holm-
Sidak corrected pairwise comparison: z = —1.46, p = 0.37).

While, when considered alone, there was no effect of distance
from the light source or moon condition on SKR foraging activity
(Logistic regression: distance: z = 1.15, p = 0.25; moon condition:
Xz =1.55, p=0.21), the likelihood of SKR depleting a foraging patch
was related to the interaction between light treatment, distance
from the light source and the moon condition (Logistic regression:
light treatment x distance x moon condition: %> = 6.76, p < 0.03;
Table 1; Fig. 3). Under illumination from the new moon, light

treatment and distance from the light source interacted to affect
SKR foraging decisions (3> = 9.82, p < 0.01; Table 1, Fig. 3). For
arrays under no artificial light (new moon control treatment), there
was no difference in the probability of depleting a resource patch in
response to increasing distance from the light source. Conversely,
under both the bug and flood light treatments, the probability of
SKR depleting a resource patch increased with distance from the
light source. Under new moon conditions, impacts of low wattage
bug lights on SKR foraging are significant to 40 m from the light
source when compared to controls, while impacts of flood lights are
significant to 50 m from the light source (Table 1).

In contrast, there was no significant interaction between light
treatment and distance under the full moon condition (32 = 0.23,
p < 0.89; Fig. 3). Under the full moon condition, SKR depleted
foraging patches equally between the bug light and control con-
ditions, and there was no difference in the probability of depleting a
patch as a function of distance (Table 1). However, SKR were
significantly less likely to deplete foraging patches under the flood
light than under control light and the effect of the flood light under
the full moon condition extended to foraging patches 40 m from
the light source (Table 1).

SKR density in the vicinity of the arrays predicted foraging ac-
tivity (Logistic Regression: burrows: z = 2.40, p < 0.02). Not sur-
prisingly, SKR density was positively associated with an increased
likelihood of resource patch depletion. The presence of cottontails
did not affect patch depletion (Logistic Regression: z = —0.15,
p = 0.88).

4. Discussion

Our findings are consistent with a growing body of research
indicating that ALAN is a human-caused disturbance that impacts
behavior of rodents that are active at night and is likely to have
population-level consequences (Bird et al., 2004; Brown, 1988;
Hoffmann et al., 2018; Kramer and Birney, 2001; Lockard, 1975).
Our study demonstrates the disruptive effects of artificial light on
SKR foraging energetics. In line with our prediction, SKR depleted
fewer resource patches under ALAN compared to control patches.
There was no significant difference in SKR patch depletion between
the two artificial light treatments (flood and bug), although there
was a trend indicating higher likelihood of patch depletion under
illumination by the bug light than the flood light. While studies on
other taxa have shown that lower intensity lighting is less disrup-
tive to wildlife than higher intensity lighting (Longcore and Rich,
2004), and predict that yellow-green and amber emitting LEDs
will have less impact than high-pressure sodium lamps (Longcore
et al., 2018), our results show that similar to coast beach mice
(Bird et al., 2004), even low-intensity yellow bug lighting signifi-
cantly affects SKR energetics through alteration of their foraging
decisions.

SKR likely avoid artificially lit foraging patches for a variety of
reasons. Depending on the light intensity, they may simply avoid
artificially lit areas because they are blinded when directly under
the artificial light due to the physical properties of their eyes. SKR
and other nocturnal mammals have large pupils and lenses, and
retinas with many rods (Heesy and Hall, 2010). This structural
combination allows extreme sensitivity to light but low acuity and
can cause temporary blindness under bright light (Beier, 2006). In
addition, similar to other prey species, SKR likely forage less when
they are more visible to predators, and conditions are riskier
(predation risk hypothesis; Mougeot and Bretagnolle, 2000). Re-
sults of a recent meta-analysis suggest that prey species that rely on
visual communication and those that utilize habitat with higher
levels of cover either benefit or are less impacted by higher natural
light levels (Prugh and Golden, 2014). However, many nocturnal
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Table 1
Distance of impact of light type and moon condition on Stephens’ kangaroo rat foraging decisions in arrays 5—50 m from light source.
Bug Light Flood Light

Moon Condition Distance (m) z p Distance (m) z p

New 5 —5.28 0.000 5 —6.88 0.000
New 10 -5.25 0.000 10 -6.97 0.000
New 15 —5.15 0.000 15 —6.99 0.000
New 20 —5.00 0.000 20 -7.19 0.000
New 25 —4.72 0.000 25 -7.74 0.000
New 30 -4.13 0.000 30 —8.22 0.000
New 35 -3.18 0.001 35 —6.92 0.000
New 40 —2.07 0.038 40 —4.49 0.000
New 45 -1.07 0.284 45 -2.81 0.005
New 50 -0.30 0.763 50 -2.03 0.042
Full 5 —-0.35 0.724 5 —-2.07 0.038
Full 10 —0.44 0.663 10 -2.15 0.032
Full 15 -0.53 0.594 15 -2.21 0.027
Full 20 —0.65 0.517 20 —2.25 0.024
Full 25 —0.78 0.437 25 -2.27 0.023
Full 30 -0.92 0.360 30 -2.25 0.024
Full 35 —1.05 0.293 35 -2.19 0.029
Full 40 -1.16 0.246 40 —2.08 0.037
Full 45 —-1.23 0.221 45 -1.93 0.053
Full 50 —-1.24 0.214 50 —-1.24 0.079

Probability of depleting resource patch

0.2+

0.0

—— Control

- = Flood

T T
20 30 40 50 O 10 20

Distance from light source (m)

30 40 50

Fig. 3. Effect of light treatment (flood — green large dashed; bug — blue small dashed; control - orange solid) and distance (m) from light source under the full (left) or new (right)
moon on probability of depleting a resource patch. The shaded areas show the 95% confidence intervals. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

rodents like kangaroo rats rely on nonvisual forms of communi-
cation (olfactory and seismic; Randall, 1993, 1997; Randall et al.,
2000; Shier et al., 2012; Shier and Yoerg, 1999). And, similar to
effects of natural light, impacts of ALAN are likely greater for species
with a preference for open habitat since such habitat provides little
opportunity for dampening light impacts as a result of horizontal
shading (i.e. the creation of discrete areas of darkness as a result of

vegetation cover; Gaston et al., 2012). Indeed, research on Patago-
nian leaf-eared mice which forage in open habitat has shown that
ALAN reduces above-ground activity (Kramer and Birney, 2001).
Similarly, our results show that SKR, that exhibit strong open
habitat preferences (Price et al., 1994a) are significantly impacted
by artificial light.

The impact of artificial light on SKR foraging is mediated by
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lunar illumination, distance from the light source and the light
type. Under the new moon condition, the probability of patch
depletion was the highest under the control treatment (no artificial
light), with approximately 80—90% of foraging patches depleted
regardless of distance along the array. By contrast, the probability
that SKR would deplete a foraging patch increased quickly with
distance from artificial light sources, indicating a decrease in
impact of ALAN with distance from the source of artificial light.
Light intensity from the bug and flood lights, as measured by vector
irradiance, decreased with distance from the artificial light source
up to 25 m, at which point light was no longer detected. Yet, our
results showed significant effects of artificial lighting on SKR
foraging up to 40 m from the bug light and 50 m from the flood
light. Taken together these results suggest either that our spec-
trometer was not sensitive enough to measure the light greater
than 25 m from the light source or that the effects of ALAN on SKR
extend beyond the point at which light in the form of irradiance, is
measurable. Similar to the response of black-tailed godwits
(Limosa) to street lighting (De Molenaar et al., 2006), our results
suggest that effects of sky glow on behavior may extend beyond
those of irradiance, and highlight the need to measure both irra-
diance and radiance to understand the effects of ALAN on a species’
behavioral ecology. Moreover, impacts of the flood light on SKR
energetics may extend into habitat beyond 50 m from the light
source as we found significant effects all way to the furthest
patches. Impacts of ALAN on coastal beach mice foraging under
vegetation cover were limited to 10 m from the light source (Bird
et al., 2004), suggesting differential impact of ALAN in response
to habitat preferences.

A different pattern emerged under the full moon condition. Not
surprisingly, the full moon condition reduced SKR foraging across
all light treatments with the lowest patch depletion under the
highest light intensity (i.e. flood light treatment). The increased sky
luminance from the full moon appeared to dampen the effect of the
artificial lights, especially under the bug light treatment. SKR were
equally likely to deplete foraging patches under the bug light and
control conditions, regardless of distance from the light source.
While the full moon also dampened the effect of the flood light, SKR
patch depletion remained significantly different between the flood
light and control condition up to 40 m from the light source. Thus,
the full moon appeared to dampen the effect of the artificial lights,
but the flood light was sufficiently bright to continue altering SKR
foraging decisions. The flood light was brighter than the bug light,
but also differed in spectral characteristics, shielding, and the
amount of diffusion. The bug light was a compact florescent bulb
emitting light in a narrow spectrum (550—650 nm), while the flood
light was composed of several small white LED bulbs that emitted
light at a broader spectrum of wavelengths (400—700 nm). Our
experiment did not disentangle impacts of light intensity from
spectrum. But, recent research shows that nocturnal rodent visual
sensitivity peaks between 350-370 nm and 490—520 nm (de Farias
Rocha et al., 2016) which overlapped with our flood lights, but was
outside of the range wavelengths emitted by the bug light. This
suggests that both intensity and spectral characteristics of the flood
light may have contributed to the impacts on SKR foraging that we
detected. Future research is needed to understand the relationship
between spectrum and light intensity on nocturnal rodent foraging
decisions, especially given the rapid technological advancement in
economical LED technology that allows for a range of spectral sig-
natures (Longcore et al., 2018).

It is well known that, for prey species, when seeking and pro-
cessing food, the forager balances energetic gain with safety from
predators (Brown and Kotler, 2004; Lima and Dill, 1990). In
response to perceived predation risk, animals employ a range of
behavioral tactics including modifications to habitat and space use,

vigilance, and foraging behavior (Creel et al., 2007). These behav-
ioral modifications carry substantial costs that can manifest
through impacts on health and fitness (e.g. reduced energy income,
growth, body condition, survival, or reproductive success), and
have population-level and even ecosystem-level consequences
(Creel et al., 2007; McHuron et al., 2018; Pirotta et al., 2018; Preisser
et al,, 2005). Ecosystem-level impacts are evident through alter-
ations to trophic cascades (Preisser et al., 2005) or competitive
interspecific interactions (Francis et al., 2012; Gerrish et al., 2009).
Taken together these multilevel impacts may alter conservation
outcomes for at-risk species. Our results indicate that anthropo-
genic disturbance, in the form of ALAN, negatively impacts SKR
energetics through the alteration of foraging decisions. Future
research is needed to evaluate the impacts of ALAN on fitness and
persistence over the long-term. Given that populations of at-risk
species, such as SKR, are already small or declining and many are
isolated, the additional threats from human activities such as ALAN
have the potential to drive these species to extinction. One of the
main drivers of species declines is the loss, fragmentation, con-
version and degradation of habitat (Groom et al., 2014). ALAN may
exacerbate the direct effects of habitat loss by degrading the quality
of the remaining habitat.

5. Conclusions

Artificial lighting is one of the fastest growing environmental
pollutants, with the potential for devastating long-term ecosystem
level consequences (Longcore and Rich, 2004; Navara and Nelson,
2007). For SKR, ALAN alters foraging decisions. As natural areas
become more impacted by anthropogenic light this could
contribute to an interaction with other disturbances, such as
acoustic noise. The cumulative effects of urbanization may lead to
the extirpation of endangered or threatened species. As an en-
dangered species, it is important that remaining SKR habitats are
not indiscriminately exposed to artificial light. We recommend that
SKR land managers minimize artificial light near SKR habitat, ori-
enting lights away from SKR habitat, shielding lighting to reduce
light dispersion, or using motion sensor lighting or an on/off switch
to allow for periods of darkness when human use is not required.
Core SKR habitat should be separated from the light by a buffer of
unlit native vegetation of a minimum of 50 m. If a temporary
lighting disturbance is necessary it should be scheduled to coincide
with the full moon to concentrate impacts during nights when
kangaroo rat activity is lowest. Methodologies like these could
reduce the negative impact of ALAN on SKR. Finally, more studies of
ALAN on SKR population level impacts such as rates of survival and
reproduction are needed.

More broadly, the effect of ALAN on small rodent energetics may
be particularly problematic in the context of global climate change.
A behavioral shift under ALAN, combined with food stressed con-
ditions due to forecasted weather patterns, might not allow these
species to persist in areas exposed to ALAN. Future studies should
assess the consequences of ALAN avoidance by small rodents
within the context of the greater community level response. The
behavioral modification of small rodents that are often primary
seed dispersers of native plants and ultimately the potential
removal of these keystone species may lead to complex and far
reaching indirect effects on the communities in which they live.

Role of the funding source

This work was supported by San Diego Zoo Global and a
fellowship to AKB by Henry and Winnifred Fraboota. The funding
source had no involvement in the design, collection, analysis or
interpretation of the research.



D.M. Shier et al. / Environmental Pollution 263 (2020) 114566 7

Declaration of competing interests

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

C. Moen and T. Ash provided assistance on the ground. R.
Swaisgood and 2 anonymous reviewers provided comments that
significantly improved the manuscript. N. Lloyd and A. Heath
assisted with the field work. UCLA IDRE statistical consulting and G.
Grether aided with data analysis. G. Grether and ].P. Montagne
assisted with figure production.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.envpol.2020.114566.

Author statement

D.M.S. conceived of the research, developed the study design,
analyzed and interpreted the data and acquired permissions and
funding to support the project. A.K.B., T.B.W. and D.M.S. performed
the experiment, T.B.W. and D.M.S. curated the data, produced the
figures and wrote the first draft of the paper. A.K.B. contributed in
discussions and revisions.

References

Akesson, S., Walinder, G., Karlsson, L., Ehnbom, S., 2001. Reed warbler orientation:
initiation of nocturnal migratory flights in relation to visibility of celestial cues
at dusk. Anim. Behav. 61, 181—189. https://doi.org/10.1006/anbe.2000.1562.

Bedrosian, T.A., Aubrecht, T.G., Kaugars, K.E., Weil, Z.M., Nelson, R.J., 2013. Artificial
light at night alters delayed-type hypersensitivity reaction in response to acute
stress in Siberian hamsters. Brain Behav. Immun. 34, 39—42. https://doi.org/
10.1016/j.bbi.2013.05.009.

Bedrosian, T.A., Fonken, L.K., Walton, ].C., Nelson, R.J., 2011. Chronic exposure to dim
light at night suppresses immune responses in Siberian hamsters. Biol. Lett. 7,
468—471.

Beier, P., 2006. Effects of artificial night lighting on terrestrial mammals. In: Rich, C.,
Longcore, T. (Eds.), Ecological Consequences of Artificial Night Lighting. Island
Press, pp. 19—42.

Bennie, J., Davies, T.W., Cruse, D., Inger, R., Gaston, KJ., 2015. Cascading effects of
artificial light at night: resource-mediated control of herbivores in a grassland
ecosystem. Phil. Trans. Biol. Sci. 370 https://doi.org/10.1098/rstb.2014.0131,
20140131-20140131.

Bird, B.L., Branch, L.C., Miller, D.L, 2004. Effects of coastal lighting on foraging
behavior of beach mice. Conserv. Biol. 18, 1435—1439. https://doi.org/10.1111/
j1523-1739.2004.00349.x.

Blair, W.E, 1943. Activities of the Chihuahua deer-mouse in relation to light in-
tensity. J. Wildl. Manag. 7, 92—97. https://doi.org/10.2307/3795783.

Botha, L.M,, Jones, T.M., Hopkins, G.R., 2017. Effects of lifetime exposure to artificial
light at night on cricket (Teleogryllus commodus) courtship and mating behav-
iour. Anim. Behav. 129, 181-188. https://doi.org/10.1016/j.anbehav.2017.05.020.

Branham, M.A., Wenzel, J.W., 2003. The origin of photic behavior and the evolution
of sexual communication in fireflies (Coleoptera: lampyridae). Cladistics 19,
1-22. https://doi.org/10.1016/s0748-3007(02)00131-7.

Brock, R.E., Kelt, D.A., 2004. Keystone effects of the endangered Stephens’ kangaroo
rat (Dipodomys stephensi). Biol. Conserv. 116, 131—139. https://doi.org/10.1016/
S0006-3207(03)00184-8.

Brown, J.H., Heske, E.J., 1990. Control of a desert grassland transition by a keystone
rodent guild. Science 250, 1705. https://doi.org/10.1126/science.250.4988.1705.

Brown, J.S., 1988. Patch use as an indicator of habitat preference predation risk and
competition. Behav. Ecol. Sociobiol. 22, 37—48. https://doi.org/10.1007/
bf00395696.

Brown, J.S., Kotler, B.P., 2004. Hazardous duty pay and the foraging cost of preda-
tion. Ecol. Lett. 7, 999—1014. https://doi.org/10.1111/j.1461-0248.2004.00661.x.

Buchanan, B.W., 1993. Effects of enhanced lighting on the behavior of nocturnal
frogs. Anim. Behav. 45, 893—899. https://doi.org/10.1006/anbe.1993.1109.

Ceballos, G., Ehrlich, P.R., Barnosky, A.D., Garcia, A., Pringle, R.M., Palmer, T.M., 2015.
Accelerated modern human—induced species losses: entering the sixth mass
extinction. Science Advances 1, e1400253. https://doi.org/10.1126/
sciadv.1400253.

Ciach, M., Frohlich, A., 2017. Habitat type, food resources, noise and light pollution
explain the species composition, abundance and stability of a winter bird
assemblage in an urban environment. Urban Ecosyst. 20, 547—559. https://
doi.org/10.1007/s11252-016-0613-6.

Ciach, M., Frohlich, A., 2019. Ungulates in the city: light pollution and open habitats
predict the probability of roe deer occurring in an urban environment. Urban
Ecosyst. 22, 513—523. https://doi.org/10.1007/s11252-019-00840-2.

Cinzano, P, Falchi, F, Elvidge, C.D., 2001. The first World Atlas of the artificial night
sky brightness. Mon. Not. Roy. Astron. Soc. 328, 689—707. https://doi.org/
10.1046/j.1365-8711.2001.04882.x.

Clarke, J.A., 1983. Moonlight’s influence on predator/prey interactions between
short-eared owls (Asio flammeus) and deermice (Peromyscus maniculatus).
Behav. Ecol. Sociobiol. 13, 205—209. https://doi.org/10.1007/BF00299924.

Creel, S., Christianson, D., Liley, S., Winnie Jr., J.A., 2007. Predation risk affects
reproductive physiology and demography of elk. Science (Wash. D C) 315, 960.
https://doi.org/10.1126/science.1135918.

Daly, M., Behrends, P.R., Wilson, M.I, Jacobs, L.F.,, 1992. Behavioural modulation of
predation risk moonlight avoidance and crepuscular compensation in a
nocturnal desert rodent Dipodomys merriami. Anim. Behav. 44, 1-9. https://
doi.org/10.1016/s0003-3472(05)80748-1.

Davies, T.W., Bennie, ]., Gaston, KJ., 2012. Street lighting changes the composition of
invertebrate communities. Biol. Lett. 8, 764—767. https://doi.org/10.1098/
rsbl.2012.0216.

de Farias Rocha, FA., Gomes, B.D., de Lima Silveira, L.C., Martins, S.L., Aguiar, R.G., de
Souza, .M., Ventura, D.F, 2016. Spectral sensitivity M-measured with electro-
retinogram using a constant response method. PloS One 11, e0147318. https://
doi.org/10.1371/journal.pone.0147318.

De Molenaar, J.G., Sanders, M.E., Jonkers, D.A., 2006. Road lighting and grassland
birds: local influence of road lighting on a Black-tailed Godwit population. In:
Rich, C., Longcore, T. (Eds.), Ecological Consequences of Artificial Night Lighting,
Washington, D.C., pp. 114—136.

Delhey, K., Peters, A., 2017. Conservation implications of anthropogenic impacts on
visual communication and camouflage. Conserv. Biol. 31, 30—39. https://
doi.org/10.1111/cobi.12834.

Dominoni, D., Quetting, M., Partecke, J., 2013. Artificial light at night advances avian
reproductive physiology. P. Roy. Soc. Biol. Sci. B 280, 20123017. https://doi.org/
10.1098/rspb.2012.3017.

Duffy, ].P., Bennie, J., Durdn, A.P,, Gaston, K., 2015. Mammalian ranges are experi-
encing erosion of natural darkness. Sci. Rep. 5, 12042. https://doi.org/10.1038/
srep12042.

Endler, J.A., 1993. The color of light in forests and its implications. Ecol. Monogr. 63,
1-27. https://doi.org/10.2307/2937121.

Falchi, F, Cinzano, P, Duriscoe, D., Kyba, C.CM., Elvidge, C.D., Baugh, K,
Portnov, B.A., Rybnikova, N.A,, Furgoni, R., 2016. The new world atlas of artificial
night sky brightness. Science Advances 2, e1600377. https://doi.org/10.1126/
sciadv.1600377.

Falchi, F, Furgoni, R, Gallaway, T.A., Rybnikova, N.A. Portnov, B.A. Baugh, K,
Cinzano, P, Elvidge, C.D., 2019. Light pollution in USA and Europe: the good, the
bad and the ugly. J. Environ. Manag. 248, 109227. https://doi.org/10.1016/
j.jenvman.2019.06.128.

Flinders, J.T., Crawford, J.A., 1977. Composition and degradation of jackrabbit and
cottontail fecal pellets, Texas high plains. J. Range Manag. 30, 217—220. https://
doi.org/10.2307/3897474.

Foster, R.G., Kreitzmann, L., 2004. Rhythms of Life: the Biological Clocks that Control
the Daily Lives of Every Living Thing. Yale University Press, New Haven, CT.
Francis, C.D., Kleist, N.J., Ortega, C.P,, Cruz, A., 2012. Noise pollution alters ecological
services: enhanced pollination and disrupted seed dispersal. Proc. Biol. Sci. 279,

2727-2735. https://doi.org/10.1098/rspb.2012.0230.

Frank, K.D., 2006. Effects of artificial night lighting on moths. In: Rich, C,
Longcore, T. (Eds.), Ecological Consequences of Artificial Night Lighting. Island
Press, Washington, D.C., pp. 305—344

Froidevaux, J.S.P.,, Boughey, K.L., Barlow, K.E., Jones, G., 2017. Factors driving popu-
lation recovery of the greater horseshoe bat (Rhinolophus ferrumequinum) in the
UK: implications for conservation. Biodivers. Conserv. 26, 1601—1621. https://
doi.org/10.1007/s10531-017-1320-1.

Gaston, KJ., Davies, TW., Bennie, ], Hopkins, J., 2012. Reducing the ecological
consequences of night-time light pollution: options and developments. J. Appl.
Ecol. 49, 1256—1266. https://doi.org/10.1111/j.1365-2664.2012.02212.x.

Gaston, K., Visser, M.E., Hoelker, F., 2015. The biological impacts of artificial light at
night: the research challenge. Phil. Trans. Biol. Sci. 370 https://doi.org/10.1098/
rsth.2014.0133.

Gerrish, G.A., Morin, J.G., Rivers, TJ., Patrawala, Z., 2009. Darkness as an ecological
resource: the role of light in partitioning the nocturnal niche. Oecologia 160,
525-536. https://doi.org/10.1007/s00442-009-1327-8.

Goldingay, R.L, Kelly, PA., Williams, D.F,, 1997. The kangaroo rats of California:
endemism and conservation of keystone species. Pac. Conserv. Biol. 3, 47—60.
https://doi.org/10.1071/PC970047.

Grant, R., Halliday, T., Chadwick, E., 2013. Amphibians’ response to the lunar synodic
cycle-a review of current knowledge, recommendations, and implications for
conservation. Behav. Ecol. 24, 53—62. https://doi.org/10.1093/beheco/ars135.

Groom, M.J., Meffe, G.K., Carroll, C.R., 2014. Priniciples of Conservation Biology, third
ed. Oxford Univeristy Press.

Heesy, C.P, Hall, M.I, 2010. The nocturnal bottleneck and the evolution of
mammalian vision. Brain Behav. Evol. 75, 195—203. https://doi.org/10.1159/
000314278.


https://doi.org/10.1016/j.envpol.2020.114566
https://doi.org/10.1006/anbe.2000.1562
https://doi.org/10.1016/j.bbi.2013.05.009
https://doi.org/10.1016/j.bbi.2013.05.009
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref3
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref3
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref3
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref3
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref4
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref4
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref4
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref4
https://doi.org/10.1098/rstb.2014.0131
https://doi.org/10.1111/j.1523-1739.2004.00349.x
https://doi.org/10.1111/j.1523-1739.2004.00349.x
https://doi.org/10.2307/3795783
https://doi.org/10.1016/j.anbehav.2017.05.020
https://doi.org/10.1016/s0748-3007(02)00131-7
https://doi.org/10.1016/S0006-3207(03)00184-8
https://doi.org/10.1016/S0006-3207(03)00184-8
https://doi.org/10.1126/science.250.4988.1705
https://doi.org/10.1007/bf00395696
https://doi.org/10.1007/bf00395696
https://doi.org/10.1111/j.1461-0248.2004.00661.x
https://doi.org/10.1006/anbe.1993.1109
https://doi.org/10.1126/sciadv.1400253
https://doi.org/10.1126/sciadv.1400253
https://doi.org/10.1007/s11252-016-0613-6
https://doi.org/10.1007/s11252-016-0613-6
https://doi.org/10.1007/s11252-019-00840-2
https://doi.org/10.1046/j.1365-8711.2001.04882.x
https://doi.org/10.1046/j.1365-8711.2001.04882.x
https://doi.org/10.1007/BF00299924
https://doi.org/10.1126/science.1135918
https://doi.org/10.1016/s0003-3472(05)80748-1
https://doi.org/10.1016/s0003-3472(05)80748-1
https://doi.org/10.1098/rsbl.2012.0216
https://doi.org/10.1098/rsbl.2012.0216
https://doi.org/10.1371/journal.pone.0147318
https://doi.org/10.1371/journal.pone.0147318
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref24
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref24
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref24
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref24
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref24
https://doi.org/10.1111/cobi.12834
https://doi.org/10.1111/cobi.12834
https://doi.org/10.1098/rspb.2012.3017
https://doi.org/10.1098/rspb.2012.3017
https://doi.org/10.1038/srep12042
https://doi.org/10.1038/srep12042
https://doi.org/10.2307/2937121
https://doi.org/10.1126/sciadv.1600377
https://doi.org/10.1126/sciadv.1600377
https://doi.org/10.1016/j.jenvman.2019.06.128
https://doi.org/10.1016/j.jenvman.2019.06.128
https://doi.org/10.2307/3897474
https://doi.org/10.2307/3897474
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref32
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref32
https://doi.org/10.1098/rspb.2012.0230
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref34
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref34
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref34
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref34
https://doi.org/10.1007/s10531-017-1320-1
https://doi.org/10.1007/s10531-017-1320-1
https://doi.org/10.1111/j.1365-2664.2012.02212.x
https://doi.org/10.1098/rstb.2014.0133
https://doi.org/10.1098/rstb.2014.0133
https://doi.org/10.1007/s00442-009-1327-8
https://doi.org/10.1071/PC970047
https://doi.org/10.1093/beheco/ars135
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref41
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref41
https://doi.org/10.1159/000314278
https://doi.org/10.1159/000314278

8 D.M. Shier et al. / Environmental Pollution 263 (2020) 114566

Hoffmann, J., Palme, R., Eccard, J.A., 2018. Long-term dim light during nighttime
changes activity patterns and space use in experimental small mammal pop-
ulations.  Environ. Pollut. 238, 844—851.  https://doi.org/10.1016/
j-envpol.2018.03.107.

Holker, E,, Wolter, C., Perkin, E.K., Tockner, K., 2010. Light pollution as a biodiversity
threat. Trends Ecol. Evol. 25, 681-682. https://doi.org/10.1016/
j-tree.2010.09.007.

Holker, F, Wurzbacher, C., Weissenborn, C., Monaghan, M.T,, Holzhauer, S.IJ.,
Premke, K., 2015. Microbial diversity and community respiration in freshwater
sediments influenced by artificial light at night. Phil. Trans. Biol. Sci. 370 https://
doi.org/10.1098/rstb.2014.0130.

Johnsen, S., 2012. The Optics of Life: A Biologist’s Guide to Light in Nature. Princeton
University Press, Princeton.

Jones, KE., Bielby, ]., Cardillo, M., Fritz, S.A.,, O'Dell, ]J., Orme, C.D.L, Safi, K,
Sechrest, W., Boakes, E.H., Carbone, C., Connolly, C., Cutts, M.J., Foster, J.K,,
Grenyer, R., Habib, M., Plaster, C.A., Price, S.A., Rigby, E.A., Rist, ]J., Teacher, A.,
Bininda-Emonds, O.R.P, Gittleman, J.L., Mace, G.M., Purvis, A., 2009. PanTHERIA:
a species-level database of life history, ecology, and geography of extant and
recently extinct mammals. Ecology 90. https://doi.org/10.1890/08-1494.1, 2648-
2648.

Kaufman, D.W,, Kaufman, G.A., 1982. Effect of moon light on activity and micro
habitat use by Ords kangaroo rat Dipodomys ordii. ]. Mammal. 63, 309—312.
https://doi.org/10.2307/1380644.

Kempenaers, B., Borgstrom, P., Loés, P., Schlicht, E., Valcu, M., 2010. Artificial night
lighting affects dawn song, extra-pair siring success, and lay date in songbirds.
Curr. Biol. 20, 1735—1739. https://doi.org/10.1016/j.cub.2010.08.028.

Knop, E., Zoller, L., Ryser, R., Erpe, C.G., Horler, M., Fontaine, C., 2017. Artificial light at
night as a new threat to pollination. Nature 548, 206—209. https://doi.org/
10.1038/nature23288.

Kotier, B.P,, Brown, J.,, Mukherjee, S., Berger-Tal, O., Bouskila, A., 2010. Moonlight
avoidance in gerbils reveals a sophisticated interplay among time allocation,
vigilance and state-dependent foraging. Proc. Biol. Sci. 277, 1469—1474. https://
doi.org/10.1098/rspb.2009.2036.

Kotler, B.P., 1984. Effects of illumination on the rate of resource harvesting in a
community of desert rodents. Am. Midl. Nat. 111, 383—389. https://doi.org/
10.2307/2425333.

Kramer, K.M,, Birney, E.C., 2001. Effect of light intensity on activity patterns of
patagonian leaf-eared mice, Phyllotis Xanthopygus. J. Mammal. 82, 535—544.
https://doi.org/10.1644/1545-1542(2001)082<0535:EOLIOA>2.0.CO; 2.

Kyba, C.C.M., Kuester, T., Sdnchez de Miguel, A., Baugh, K., Jechow, A., Holker, F,
Bennie, J., Elvidge, C.D., Gaston, KJ., Guanter, L., 2017. Artificially lit surface of
Earth at night increasing in radiance and extent. Science Advances 3, e1701528.
https://doi.org/10.1126/sciadv.1701528.

LABRIGGER. Last accessed, 3/12/2020. https://labrigger.com/blog/2010/12/15/watts-
per-photon/.

Le Corre, M., Ollivier, A., Ribes, S., Jouventin, P., 2002. Light-induced mortality of
petrels: a 4-year study from reunion island (Indian ocean). Biol. Conserv. 105,
93—-102. https://doi.org/10.1016/s0006-3207(01)00207-5.

LeTallec, T., Théry, M., Perret, M., 2015. Effects of light pollution on seasonal estrus
and daily rhythms in a nocturnal primate. J. Mammal. 96, 438—445. https://
doi.org/10.1093/jmammal/gyv047.

Lewanzik, D., Voigt, C.C., 2014. Artificial light puts ecosystem services of frugivorous
bats at risk. J. Appl. Ecol. 51, 388—394. https://doi.org/10.1111/1365-2664.12206.

Lima, S.L., 1998. Nonlethal effects in the ecology of predator-prey interactions -
what are the ecological effects of anti-predator decision-making? Bioscience
48, 25—34. https://doi.org/10.2307/1313225.

Lima, S.L., Dill, L.M., 1990. Behavioral decisions made under the risk of predation: a
review and prospectus. Can. ]J. Zool. 68, 619—640. https://doi.org/10.1139/z90-
092.

Lockard, R.B., 1975. Experimental inhibition of activity of kangaroo rats in natural
habitat by an artificial moon. J. Comp. Physiol. Psychol. 89, 263—266. https://
doi.org/10.1037/h0076815.

Lockard, R.B., Owings, D.H., 1974. Moon related surface activity of Bannertail
Dipodomys spectabilis and Fresno Dipodomys nitratoides kangaroo rats. Anim.
Behav. 22, 262—273. https://doi.org/10.1016/s0003-3472(74)80078-3.

Longcore, T.,, Rich, C., 2004. Ecological light pollution. Front. Ecol. Environ. 2,
191-198.

Longcore, T., Rodriguez, A., Witherington, B., Penniman, J.F,, Herf, L., Herf, M., 2018.
Rapid assessment of lamp spectrum to quantify ecological effects of light at
night. J. Exp. Zool. 329, 511-521. https://doi.org/10.1002/jez.2184.

Mateo-Tomas, P., Olea, P.P., 2010. Anticipating knowledge to inform species man-
agement: predicting spatially explicit habitat suitability of a colonial vulture
spreading its range. PloS One 5, E12374. https://doi.org/10.1371/
journal.pone.0012374.

McHuron, E.A., Schwarz, LK, Costa, D.P, Mangel, M., 2018. A state-dependent
model for assessing the population consequences of disturbance on income-
breeding mammals. Ecol. Model. 385, 133—144. https://doi.org/10.1016/
j.ecolmodel.2018.07.016.

McLay, LK., Nagarajan-Radha, V., Green, M.P,, Jones, T.M., 2018. Dim artificial light at
night affects mating, reproductive output, and reactive oxygen species in
Drosophila melanogaster. J. Exp. Zool. Part A Ecol. Integrative Physiol. 329,
419—428. https://doi.org/10.1002/jez.2164.

Millspaugh, ].J., Skalski, J.R., Townsend, R.L, Diefenbach, D.R., Boyce, M.S.,
Hansen, L.P., Kammermeyer, K., 2009. An evaluation of sex-age-kill (SAK) model
performance. J. Wildl. Manag. 73, 442—451. https://doi.org/10.2193/2008-099.

Mougeot, F.,, Bretagnolle, V., 2000. Predation risk and moonlight avoidance in
nocturnal seabirds. J. Avian Biol. 31, 376—386. https://doi.org/10.1034/j.1600-
048X.2000.310314.x.

Navara, KJ., Nelson, RJ., 2007. The dark side of light at night: Physiological,
epidemiological, and ecological consequences. J. Pineal Res. 43 (3), 215—224.
https://doi.org/10.1111/j.1600-079X.2007.00473.x.

O’Farrell, M., 1992. Establishment of a population monitoring program for the
endangered Stephens’ kangaroo rat. Trans. West Wildl. Soc. 28, 12—119.

Ouyang, J.Q., de Jong, M., Hau, M., Visser, M.E., van Grunsven, R.H.A., Spoelstra, K.,
2015. Stressful colours: corticosterone concentrations in a free-living songbird
vary with the spectral composition of experimental illumination. Biol. Lett. 11,
20150517. https://doi.org/10.1098/rsbl.2015.0517.

Pimm, S.L, Jenkins, C.N., Abell, R., Brooks, T.M., Gittleman, J.L., Joppa, LN.,
Raven, PH., Roberts, C.M., Sexton, J.0., 2014. The biodiversity of species and
their rates of extinction, distribution, and protection. Science 344, 1246752.
https://doi.org/10.1126/science.1246752.

Pirotta, E., Booth, C.G., Costa, D.P,, Fleishman, E., Kraus, S.D., Lusseau, D., Moretti, D.,
New, LF, Schick, RS., Schwarz, LK, Simmons, S.E., Thomas, L., Tyack, P.L.,
Weise, MJ., Wells, R.S., Harwood, ]J., 2018. Understanding the population con-
sequences of disturbance. Ecology and Evolution 8, 9934—9946. https://doi.org/
10.1002/ece3.4458.

Preisser, E.L., Bolnick, D.I, Benard, M.E., 2005. Scared to death? The effects of
intimidation and consumption in predator-prey interactions. Ecology 86,
501-509. https://doi.org/10.1890/04-0719.

Price, M.V,, Endo, P.R., 1989. Estimating the distribution and abundance of a cryptic
species, Dipodomys stephensi (Rodentia: Heteromyidae), and implications for
management. Conserv. Biol. 3, 293—301. https://doi.org/10.2307/2386173.

Price, M.V., Goldingay, R.L., Szychowski, L.S., Waser, N.M., 1994a. Managing habitat
for the endangered stephens kangaroo rat (Dipodomys stephensi) - effects of
shrub removal. Am. Midl. Nat. 131, 9—16. https://doi.org/10.2307/2426603.

Price, M.V., Kelly, PA. Goldingay, R.L., 1994b. Distances moved by Stephens
kangaro-rat (Dipodomys stephensi Merriam) and implications for conservation.
J. Mammal. 75, 929—-939.

Prugh, LR, Golden, C.D., 2014. Does moonlight increase predation risk? Meta-
analysis reveals divergent responses of nocturnal mammals to lunar cycles.
J. Anim. Ecol. 83, 504—514. https://doi.org/10.1111/1365-2656.12148.

Randall, J.A., 1993. Behavioural adaptations of desert rodents (Heteromyidae). Anim.
Behav. 45, 263—287. https://doi.org/10.1006/anbe.1993.1032.

Randall, J.A., 1997. Species specific footdrumming in kangaroo rats: Dipodomys
ingens, D. deserti, D. spectabilis. Anim. Behav. 54, 1167—1175. https://doi.org/
10.1006/anbe.1997.0560.

Randall, J.A., Rogovin, KA., Shier, D.M., 2000. Antipredator behavior of a social
desert rodent: footdrumming and alarm calling in the great gerbil, Rhombomys
opimus. Behav. Ecol. Sociobiol. 48, 110—118. https://doi.org/10.1007/
s002650000199.

Riegel, K.W., 1973. Light pollution: outdoor lighting is a growing threat to astron-
omy. Science 179, 1285—1291. https://doi.org/10.1126/science.179.4080.1285.
Rivas, ML.L., Tomillo, P.S., Uribeondo, ].D., Marco, A., 2015. Leatherback hatchling sea-
finding in response to artificial lighting: interaction between wavelength and
moonlight. J. Exp. Mar. Biol. Ecol. 463, 143—149. https://doi.org/10.1016/

j.jembe.2014.12.001.

Roach, N., 2018. Dipodomys Stephensi. The IUCN Red List of Threatened Species
2018 e.T6682A22228640.

Robert, K.A., Chambers, B.K., Robert, K.A., Lesku, J.A., Partecke, ., Chambers, B., 2015.
Artificial light at night desynchronizes strictly seasonal reproduction in a wild
mammal. Proc. Roy. Soc. Biol. Sci. B 282, 20151745. https://doi.org/10.1098/
rspb.2015.1745.

Santos, C.D., Miranda, A.C., Granadeiro, J.P, Lourenco, P.M. Saraiva, S.,
Palmeirim, J.M., 2010. Effects of artificial illumination on the nocturnal foraging
of waders. Acta Oecologica-Int. J. Ecol. 36, 166—172. https://doi.org/10.1016/
j.actao.2009.11.008.

SASInstitute, 2019. JMP® 13.1.0 ed, Cary, N.C. SAS Institute, Inc.

Schipper, ], Chanson, ].S., Chiozza, F, Cox, N.A. Hoffmann, M., Katariya, V.,
Lamoreux, J., Rodrigues, A.S.L, Stuart, S.N., Temple, HJ., Baillie, J., Boitani, L.,
Lacher, T.E., Mittermeier, R.A., Smith, A.T., Absolon, D., Aguiar, ].M., Amori, G.,
Bakkour, N., Baldi, R., Berridge, RJ., Bielby, ]., Black, P.A., Blanc, ].J., Brooks, T.M.,
Burton, J.A., Butynski, TM., Catullo, G., Chapman, R., Cokeliss, Z., Collen, B.,
Conroy, J., Cooke, ].G., da Fonseca, G.A.B., Derocher, A.E. Dublin, H.T,
Duckworth, JW.,, Emmons, L., Emslie, R.H., Festa-Bianchet, M., Foster, M.,
Foster, S., Garshelis, D.L,, Gates, C., Gimenez-Dixon, M., Gonzalez, S., Gonzalez-
Maya, J.F., Good, T.C., Hammerson, G., Hammond, P.S., Happold, D., Happold, M.,
Hare, J., Harris, R.B., Hawkins, C.E., Haywood, M., Heaney, LR., Hedges, S.,
Helgen, K.M., Hilton-Taylor, C., Hussain, S.A., Ishii, N., Jefferson, TA.,,
Jenkins, RK.B., Johnston, C.H., Keith, M., Kingdon, J., Knox, D.H., Kovacs, K.M.,,
Langhammer, P, Leus, K., Lewison, R,, Lichtenstein, G., Lowry, L.E, Macavoy, Z.,
Mace, G.M., Mallon, D.P,, Masi, M., McKnight, M.W., Medellin, R.A., Medici, P,
Mills, G., Moehlman, P.D., Molur, S., Mora, A., Nowell, K., Oates, J.F,, Olech, W.,
Oliver, W.R.L,, Oprea, M., Patterson, B.D., Perrin, W.F,, Polidoro, B.A., Pollock, C.,
Powel, A, Protas, Y., Racey, P, Ragle, ], Ramani, P, Rathbun, G., Reeves, RR,,
Reilly, S.B., Reynolds, J.E., Rondinini, C. Rosell-Ambal, R.G., Rulli, M.,
Rylands, A.B., Savini, S. Schank, CJ., Sechrest, W. Self-Sullivan, C,
Shoemaker, A., Sillero-Zubiri, C., De Silva, N., Smith, D.E., Srinivasulu, C,
Stephenson, PJ., van Strien, N., Talukdar, B.K, Taylor, B.L, Timmins, R,
Tirira, D.G., Tognelli, M.E, Tsytsulina, K., Veiga, L.M,, Vié, ].-C., Williamson, E.A.,
Wyatt, S.A,, Xie, Y., Young, B.E., 2008. The status of the world’s land and marine


https://doi.org/10.1016/j.envpol.2018.03.107
https://doi.org/10.1016/j.envpol.2018.03.107
https://doi.org/10.1016/j.tree.2010.09.007
https://doi.org/10.1016/j.tree.2010.09.007
https://doi.org/10.1098/rstb.2014.0130
https://doi.org/10.1098/rstb.2014.0130
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref46
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref46
https://doi.org/10.1890/08-1494.1
https://doi.org/10.2307/1380644
https://doi.org/10.1016/j.cub.2010.08.028
https://doi.org/10.1038/nature23288
https://doi.org/10.1038/nature23288
https://doi.org/10.1098/rspb.2009.2036
https://doi.org/10.1098/rspb.2009.2036
https://doi.org/10.2307/2425333
https://doi.org/10.2307/2425333
https://doi.org/10.1644/1545-1542(2001)082<0535:EOLIOA>2.0.CO;2
https://doi.org/10.1126/sciadv.1701528
https://labrigger.com/blog/2010/12/15/watts-per-photon/
https://labrigger.com/blog/2010/12/15/watts-per-photon/
https://doi.org/10.1016/s0006-3207(01)00207-5
https://doi.org/10.1093/jmammal/gyv047
https://doi.org/10.1093/jmammal/gyv047
https://doi.org/10.1111/1365-2664.12206
https://doi.org/10.2307/1313225
https://doi.org/10.1139/z90-092
https://doi.org/10.1139/z90-092
https://doi.org/10.1037/h0076815
https://doi.org/10.1037/h0076815
https://doi.org/10.1016/s0003-3472(74)80078-3
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref63
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref63
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref63
https://doi.org/10.1002/jez.2184
https://doi.org/10.1371/journal.pone.0012374
https://doi.org/10.1371/journal.pone.0012374
https://doi.org/10.1016/j.ecolmodel.2018.07.016
https://doi.org/10.1016/j.ecolmodel.2018.07.016
https://doi.org/10.1002/jez.2164
https://doi.org/10.2193/2008-099
https://doi.org/10.1034/j.1600-048X.2000.310314.x
https://doi.org/10.1034/j.1600-048X.2000.310314.x
https://doi.org/10.1111/j.1600-079X.2007.00473.x
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref70
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref70
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref70
https://doi.org/10.1098/rsbl.2015.0517
https://doi.org/10.1126/science.1246752
https://doi.org/10.1002/ece3.4458
https://doi.org/10.1002/ece3.4458
https://doi.org/10.1890/04-0719
https://doi.org/10.2307/2386173
https://doi.org/10.2307/2426603
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref77
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref77
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref77
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref77
https://doi.org/10.1111/1365-2656.12148
https://doi.org/10.1006/anbe.1993.1032
https://doi.org/10.1006/anbe.1997.0560
https://doi.org/10.1006/anbe.1997.0560
https://doi.org/10.1007/s002650000199
https://doi.org/10.1007/s002650000199
https://doi.org/10.1126/science.179.4080.1285
https://doi.org/10.1016/j.jembe.2014.12.001
https://doi.org/10.1016/j.jembe.2014.12.001
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref84
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref84
https://doi.org/10.1098/rspb.2015.1745
https://doi.org/10.1098/rspb.2015.1745
https://doi.org/10.1016/j.actao.2009.11.008
https://doi.org/10.1016/j.actao.2009.11.008
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref87

D.M. Shier et al. / Environmental Pollution 263 (2020) 114566 9

mammals: diversity, threat, and knowledge. Science 322, 225. https://doi.org/
10.1126/science.1165115.

Shier, D.M,, Lea, AJ., Owen, M.A,, 2012. Beyond masking: endangered Stephen’s
kangaroo rats respond to traffic noise with footdrumming. Biol. Conserv. 150,
53—58. https://doi.org/10.1016/j.biocon.2012.03.007.

Shier, D.M., Yoerg, S.I., 1999. What footdrumming signals in kangaroo rats (Dipod-
omys heermanni). J. Comp. Psychol. 113 (1), 66—73. https://doi.org/10.1037/
0735-7036.113.1.66.

StataCorp, 2015. Stata Statistical Software. StataCorp LP, College Station, TX.

Sutherland, W.J., Adams, W.M.,, Aronson, R.B., Aveling, R., Blackburn, T.M., Broad, S.,
Ceballos, G., Cote, LM., Cowling, RM., Da Fonseca, G.A.B., Dinerstein, E.,
Ferraro, PJ., Fleishman, E., Gascon, C., Hunter Jr., M., Hutton, ]., Kareiva, P,
Kuria, A., Macdonald, D.W., Mackinnon, K., Madgwick, EJ., Mascia, M.B.,
McNeely, J., Milner-Gulland, E.J., Moon, S., Morley, C.G., Nelson, S., Osborn, D.,
Pai, M., Parsons, E.C.M., Peck, LS., Possingham, H.P, Prior, S.V., Pullin, AS.,
Rands, M.RW.,, Ranganathan, J., Redford, K.H., Rodriguez, J.P., Seymour, F,
Sobel, J., Sodhi, N.S., Stott, A., Vance-Borland, K., Watkinson, A.R., 2009. One

hundred questions of importance to the conservation of global biological di-
versity.  Conserv. Biol. 23, 557-567. https://doi.org/10.1111/j.1523-
1739.2009.01212.x.

Sutherland, WJ]., Pullin, A.S., Dolman, P.M., Knight, T.M., 2004. The need for
evidence-based conservation. Trends Ecol. Evol. 19, 305—308. https://doi.org/
10.1016/j.tree.2004.03.018.

Travers, S.E., Kaufman, D.W,, Kaufman, G.A., 1988. Differential use of experimental
habitat patches by foraging Peromyscus maniculatus on dark and bright nights.
J. Mammal. 69, 869—872. https://doi.org/10.2307/1381652.

UnitConverter. Last accessed, 3/12/2020. https://www.translatorscafe.com/unit-
converter/en-US/illumination/9-11/lumen/centimeter%C2%B2-watt/centimeter
%C2%B2%20(at%20555%20nm)/.

USFWS, 1997. Draft Recovery Plan for the Stephens’ Kangaroo Rat (Dipdomys Ste-
phensi). U.S. Fish and Wildlife Service, Portland, OR, pp. 1-71.

USFWS, 2019. Listed Species Reports: Vertebrate Animals, ECOS Environmental
Conservation Online System.


https://doi.org/10.1126/science.1165115
https://doi.org/10.1126/science.1165115
https://doi.org/10.1016/j.biocon.2012.03.007
https://doi.org/10.1037/0735-7036.113.1.66
https://doi.org/10.1037/0735-7036.113.1.66
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref90
https://doi.org/10.1111/j.1523-1739.2009.01212.x
https://doi.org/10.1111/j.1523-1739.2009.01212.x
https://doi.org/10.1016/j.tree.2004.03.018
https://doi.org/10.1016/j.tree.2004.03.018
https://doi.org/10.2307/1381652
https://www.translatorscafe.com/unit-converter/en-US/illumination/9-11/lumen/centimeter%C2%B2-watt/centimeter%C2%B2%20(at%20555%20nm)/
https://www.translatorscafe.com/unit-converter/en-US/illumination/9-11/lumen/centimeter%C2%B2-watt/centimeter%C2%B2%20(at%20555%20nm)/
https://www.translatorscafe.com/unit-converter/en-US/illumination/9-11/lumen/centimeter%C2%B2-watt/centimeter%C2%B2%20(at%20555%20nm)/
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref95
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref95
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref95
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref96
http://refhub.elsevier.com/S0269-7491(19)36605-9/sref96

	Effects of artificial light at night on the foraging behavior of an endangered nocturnal mammal
	1. Introduction
	2. Material and methods
	2.1. Study species
	2.2. Study site
	2.3. Light arrays and treatments
	2.4. Resource patches
	2.5. SKR density
	2.6. Data analysis

	3. Results
	4. Discussion
	5. Conclusions
	Role of the funding source
	Declaration of competing interests
	Acknowledgements
	Appendix A. Supplementary data
	Author statement
	References


