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Acute Artificial Light Diminishes Central
Texas Anuran Calling Behavior

ALEXANDER S. HALL'
Department of Animal Behavior, Southwestern University, Georgetown, Texas 78626

AssTrRACT.—Male anuran (frog and toad) advertisement calls associate with fitness and can
respond to environmental cues such as rain and air temperature. Moonlight is thought
to generally decrease call behaviors — perhaps as a response to increased perceived risk of
predation — and this study sought to determine if artificial lighting produces a similar
pattern. Using a handheld spotlight, light was experimentally introduced to natural anuran
communities in ponds and streams. Custom call surveys where then used to measure anuran
calls in paired unlit and lit conditions at six locations in central Texas. Among seven species
heard, the number of frogs calling and call index declined in response to the acute light input.
Local weather conditions could not explain differences between numbers of frogs calling
between species, sites, survey order, or lighting order suggesting the main effect on number
calling was light treatment. It appears acute artificial light alone can change calling behavior
within several species in natural, mixed species assemblages.

INTRODUCTION

During the breeding season, adult male anurans (frogs and toads) of most species use
auditory, species-specific advertisement calls to attract mates (Ryan, 2001). In these species
variation in calling behavior — whether in frequency, duration, pitch, or intensity — can be
critical to female choice of a mate (Ryan, 2001). Abiotic factors (e.g., air temperature, rainfall,
and moonlight) contribute to variation in calling behavior (Oseen and Wassersug, 2002;
Saenz et al., 2006; Steelman and Dorcas, 2010). For example during anuran call surveys,
male anuran breeding calls are heard less frequently and less reliably under naturally
high illumination levels caused by moonlight (Weir et al., 2005; Pierce and Gutzwiller,
2007; Granda et al, 2008). These authors suggest brighter natural illumination may
cause decreased anuran calling behavior, perhaps in response to a greater perceived risk
of predation (Weir et al., 2005; Pierce and Gutzwiller, 2007; Granda et al., 2008). Bright
moonlight increases anti-predatory behavior (e.g., reduces foraging, decreases vocal activity)
in several other taxa: snowshoe hares (Griffin et al., 2005), nocturnal rodents (Daly et al,
1992), scorpions (Skutelsky, 1996), and nocturnal seabirds (Mougeot and Bretagnoll, 2000).
Following the logic that natural light affects anuran calling behavior, I sought to investigate
how an experimentally introduced artificial light source may affect mating behavior in
natural populations of frogs in central Texas.

Light pollution (outdoor-oriented artificial illumination modifying the natural light
environment) occurs as a side effect of modern human habitation and activity (Riegel, 1973;
Verheijen, 1985; Buchanan, 2006). Globally, a substantial proportion of terrestrial surfaces
are light polluted; for example, to the effect that one cannot see the Milky Way (Cinzano et al.,
2001; Elvidge et al, 2001). In response to the globally increasing coverage and intensity
of light pollution, a growing number of conservation biologists are investigating how light
pollution affects the environment; specifically, how artificial light modifies natural patterns of
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light and dark in ecosystems (i.e., ecological light pollution; Longcore and Rich, 2004).
Considering natural lighting may affect nocturnal anuran calling behavior (e.g., Granda et al.,
2008), artificial lighting should also emerge as a relevant facet of breeding behavior in natural
populations. A recent study by Steelman and Dorcas (2010) incorporated illuminance
from a remote detector into a detection probability model of anuran advertisement calls.
These authors uncovered a correlation between greater light intensity and decreased
probabilities of hearing Spring Peepers (Pseudacris crucifer), Upland Chorus Frogs (Pseudacris
Jeriarum), and Southern Leopard Frogs (Lithobates sphenocephalus) . Depite a handful of reviews
discussing how artificial light does or might affect amphibians (Buchanan, 2006; Wise, 2007;
Perry et al., 2008), very little has been published on how artificial lighting affects amphibian
behavior and ecology. Wise (2007) suggests that by yetundetermined mechanisms, light
pollution exacerbates amphibian declines, perhaps as an additional environmental stressor.
Tested more directly, only one published field experiment (Baker and Richardson, 2006) has
assessed how artificial light changes anuran calling behavior. Baker and Richardson (2006)
observed male Green Frogs (Lithobates clamitans) in Ontario, Canada and found that
compared to frogs in ambient lighting, a brief stimulus of artificial light from a flashlight
decreases the number of detected calls, decreases the occurrence of multi-note calls, and
leads to a higher frequency of movement. This study focused on the individual responses of
20 frogs of one species in a single habitat type (swampy bog).

Motivated by the need for further research on how artificial lighting may affect anuran
calling behavior in group settings, a field experiment was conducted in Texas to determine
how temporary experimentally introduced artificial light affects male anuran breeding
calls. The light may have a disrupting affect on calling behavior, as predicted by reviews on
the topic (Buchanan, 2006; Wise, 2007). Using a paired design in combination with modified
anuran call surveys, I can compare the calling behavior of male frogs within a site and within
a species between unlit and lit trials. The following experiment sought to investigate the
hypothesis males that in natural populations of anurans call less often in the presence of
acute artificial night lighting.

METHODS

Six anuran breeding habitats within Williamson County, Texas (30°39'45'' N, 97°42'43"" W)
were chosen. Coordinates for each site are available in the supplementary material. Riparian
Texas blackland prairie collectively characterizes these sites, though urbanization en-
croaches upon this ecosystem. Of these six sites, three were human-made ponds and the
remaining three sites were flow-managed first- or second-order streams. Between 31 March
and 5 June 2010, amphibian call surveys were conducted between 2030 h and 2400 h. Each
site was tested once per week and two sites were tested per survey night. Across the duration
of this experiment, each site was tested seven times.

To monitor frog behavior without recording equipment, a modified version of the
North American Amphibian Monitoring Program (NAAMP) protocol (Weir and Mossman,
2005) was used. An NAAMP survey provides evidence of species presence and allows
for a rough index of adult population size (Heyer et al., 1994; Nelson and Graves, 2004;
Weir and Mossman, 2005). At each site, I first recorded survey time and then measured
air temperature (C) and maximum wind speed (m/s) across 1 min using a Kestrel
4000 Pocket Weather Tracker. I then visually estimated cloud cover (percentage) and
visible moonlight (percentage of disk illuminated). During surveys, each species heard,
the maximum NAAMP calling intensity index (0, 1, 2, or 3) for individual species, and
the estimated maximum number of individuals calling for each species was recorded.
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A range was recorded when the precise number of individual anurans calling within
a species was indeterminate.

Each night, two different sites were surveyed. I did not survey any site twice in fewer than
48 h (to avoid potential carryover effects). Using a paired sample design, each surveyed site
received two lighting conditions in the same evening and each site served as its own control.
During surveys, I conducted five 3 min surveys successively, waited 5 min, and conducted
another set of five 3 min surveys. Each 15 min block (of five 3 min surveys) comprised
one-half of the paired samples. Shirose et al. (1997) found that 3 min surveys robustly detect
species and that longer surveys do not appreciably increase call detection. More recently,
Pierce and Gutzwiller (2004) found 15 min anuran call surveys have a high (>90%)
cumulative detection efficiency compared to 30 min surveys. Therefore, all data from the
five 3 min surveys were averaged to generate a representative record of what called during the
15 min block. Using a total survey time of 15 min permitted a high probability of detec-
ting species. Splitting the survey time into five 3 min surveys allowed for a representative
record of what was calling, on average, during the 15 min survey time (i.e., rather than one
15 min survey, which would only account for the maximum number of anurans and
maximum calling intensity heard at any point over 15 min). I randomly determined one of
these 15 min survey blocks to be a lit condition and the other 15 min survey block to be an
unlit condition. In the lit condition, I slowly swept the beam of a high-powered spotlight
back and forth over the entire water surface and surrounding shore of the respective site.
Unlit conditions were exactly the same except the experimental light was not turned on
(i.e., site disturbance should be the same between conditions). When approaching sites,
I parked all vehicles at least 25 m away with the headlights turned off. I sparingly used
headlamps covered with red filters to aid data recording.

During the lit condition, one hand-held high-intensity spotlight (Brinkmann model
number 800-2605-0), used in combination with a 6 V rechargeable lead acid battery
(Brinkmann model number 802-2605-0), illuminated the largest proportion of the site
possible from the site’s edge using a slow sweeping motion with the beam from the
spotlight. On a cloudy night without moonlight, the illuminance of the brightest part of the
spotlight’s beam at 1 m was 940.5 lux (i.e., lumen m ™% Quantum/LiCor LI1000 photometer;
for unit conversions, see Meyer-Arendt, 1968). Using the inverse-square law, I estimated
the illuminance at 5 m to be 37.6 lux and 9.4 lux at 10 m. This approximates the range of
illumination presented to frog communities in natural environments during lit conditions.
In unlit conditions the same sweeping motion was used with the same equipment, but the
light was not turned on.

DATA ANALYSIS

Calls from sites not being analyzed were heard often; therefore, only calling behavior
from anurans heard on the site were used (i.e., in the water or on the surrounding
shoreline). When the exact number of anuran individuals heard during a survey was
difficult to determine and a range was recorded (e.g., 8-10), the median number of that
range for data analyses was used. For each 15 min survey block of five 3 min surveys, the five
maximum numbers of frogs heard calling and the maximum recorded call indices were
averaged. After this point, I refer to average maximum number of frogs heard calling as
‘number calling’ average maximum call index as ‘call index’ (each during a 15 minute
block), unless otherwise noted.

After surveys, moonlight data recorded in the field were compared against data posted
on the U.S. Naval Oceanography (USNO) web site (http://www.usno.navy.mil/USNO/
astronomical-applications). If moonlight on surveys was noted (i.e., seen despite clouds
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and protective vegetation), the USNO percentage was used. This corrected moonlight
percentage was used in place of site-recorded estimates for all analyses. As precipitation
affects anuran calling behavior (e.g., Oseen and Wassersug, 2002), I tallied the previous 48 h
of rainfall for each survey (the survey day and day previous) as monitored daily at the
Lake Georgetown U.S. Army Corps of Engineers (USACE) main office (30°40'34.75"" N,
97°43'14.79"" W). These data were obtained from the USACE Fort Worth District website
(http://www.swf-wc.usace.army.mil/cgi-bin/rcshtml.pl?page=Reports). The rain monitor-
ing site was within 7.5 km of all six study sites.

To assess correspondence between number calling and call index, regression analyses
were used to test simple relationships between the variables. All zero values from the
regression analyses were removed to satisfy tests that cannot work with nonpositive
integers. Neither call latencies nor call indices distributed normally; therefore,
difference scores between the lighting conditions were calculated. The response in unlit
conditions minus the response in paired lit conditions comprises dependent variables
in following tests. Difference scores for call index and number calling distributed
approximately normally. Assuming a parametric response variable, a null distribution
centered at zero should correspond to no effect of lighting condition on calling
behavior. To uncover differences from the null distribution, I tested if the observed
difference score distributions for call index and number calling centered at zero using
two one-sample #tests.

Several factors (e.g., weather, study design, social facilitation) could explain differences
in calling behavior between lighting conditions other the light itself. To account for this,
the difference in number calling between unlit and lit surveys was modeled using abiotic
factors as independent variables and systematic conditions as treatments. Poor fit to this
type of model would suggest the difference score was due primarily to the introduced light
rather than the factors tested. To avoid statistical issues with multiple inferences when
combining several the treatment conditions, an information theoretic approach was
used to select best linear mixed models. Linear mixed models accommodate an arbitrary
number of experimentally controlled variables called random effects into a model of
how one response variable responds to any number of variables outside of experimental
control: so-called fixed effects (Grueber et al., 2011). In the models I tested, random
effects include species, site number, the survey order (first or second survey in the
evening), and lighting order (unlit then lit or lit then unlit) — each experimentally
controlled or known a priori to correspond to different response conditions. For
example species-specific differences in calling behavior were noted by Pierce and Hall
(2013) for nearby anuran populations with similar species assemblages. I tested four
fixed effects: maximum wind speed (m/s), air temperature (C), percent moonlight, and
the previous 48 h of precipitation (mm). These are measures typically recorded or easily
extracted from a standard NAAMP survey and may affect the difference score or overall
response to calling. Precipitation generally promotes calling (Oseen and Wassersug,
2002), though not always at permanent sites (Saenz et al., 2006; Steen et al., 2013) such
as those studied here. Ambient temperature is widely reported to affect anuran behavior
(Oseen and Wassersug, 2002; Saenz et al., 2006, Steen et al., 2013). Moonlight, generally
stable within a survey night at a given site, may interact with the added light and is thus
included. At high speeds, wind may contribute to a perceived risk of dessication on the
part of the frog, and thus this variable is also included.

Recommendations by Grueber et al. (2011) were followed in constructing a best fit
model. In brief, a global model was constructed consisting of all fixed effects and their
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first-order interactions. By iteratively removing variables and recording the Akaike’s
Information Criterion corrected for small sample size (AICs; Hurvich and Tsai, 1989)
the most informative models can be recovered. This approach will return a best model,
though biologically relevant information may still be contained in less informative models.
To account for this, I averaged models with AAIC: of <4 from the best models. A AAIC
of <2 corresponds with highly informative models and AAIC; of <4 corresponds to
moderately informative models (Burnham and Anderson, 2002). Models with AAIC: > 4
poorly describe the response variable as measured (Burnham and Anderson, 2002;
Grueber et al., 2011). To allow meaningful coefficient comparisons after model averaging,
I standardized averaged model coefficients by 2 SD following Gelman (2008). Data were
deposited in the Dryad repository://doi.org/10.5061/dryad.cd62n. I used R (R Core Team
2015) and the R packages ime4 (Bates et al., 2015), arm (Gelman and Su, 2015), and MuMIn
(Barton, 2015) to conduct linear mixed model analyses. All other statistical tests were
performed in SPSS (IBM Corp, 2013).

REesuLTs

In total seven surveys were conducted at all six sites for a total of 42 paired
surveys. Frogs called during all surveys. Six species called across these surveys:
Northern Cricket Frogs (Acris crepitans), Gulf Coast Toads (Incilius nebulifer), Cliff Chirping
Frogs (Eleutherodactylus marnockii), Spotted Chorus Frogs (Pseudacris clarkii), American
Bullfrogs (Lithobates catesbeianus), and Rio Grande Leopard Frogs (Lithobates berlandieri).

Opverall, fewer frogs called when illuminated than when kept dark (¢ = —6.574, df = 88,
P < 0.001; Fig. 1; Table 1). Additionally, frogs called less intensely during lit conditions
than paired unlit conditions (¢ = —5.077, df = 88, P < 0.001; Table 1). Correspondence
between these results did not surprise as the call index strongly correlated with number of
frogs heard calling in a natural log relationship (adjusted r* = 0.913, F; 155 = 1758.9,
P < 0.001; call index = 0.784*In(number calling) + 1.036).

Since call index and number of frogs calling strongly correlated, linear modeling
was limited to the number of frogs calling difference score as a dependent variable. The
tested linear mixed models contained four random effect variables: species (six levels),
site number (six levels), site order (first or second site within an evening), and lighting
order (unlit then lit or lit then unlit). A global model consisted of an intercept, four
environmental (fixed effect) variables, and all first order interactions between the fixed
effects. After iterative testing of all model parameter combinations in an information
theory framework, the null model emerged as the best predictor of the difference in
number of frogs heard calling between unlit and lit conditions (Table 2). No models
other than the null model returned a AAIC of <2 (Table 2). All four single fixed effect
models returned AAICcs of <4 from the null model (Table 2). For the five models
(including the null model), standardizing effect sizes and model averaging pro-
duced a best fitting model (Table 3). When assessing the significance of coefficients
in linear and generalized linear mixed models, it is generally assumed that not
including zero in the confidence interval indicates a significant explanatory coefficient
(Grueber et al., 2011). In the best fit model, each coefficient estimates’ confidence
intervals include zero except wind speed. In combination with the null model being
the best supported model and no other models returning a AAIC¢ of <2, the best
fit model does not appear to show strong support for the effect of measured en-
vironmental variables on the difference in number of frogs calling between unlit and lit
surveys.
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TasLeE 1.—Nocturnal male anuran calling behavior at ponds in central Texas. Statistics are reported
for paired surveys in artificially lit and naturally unlit conditions

Measure and species™ Average unlit (SD) Average lit (SD) N
Number Calling
All Species 3.696 (3.391) 2.910 (2.826) 89
Acris crepitans 6.500 (2.931) 5.248 (2.474) 42
Incilius nebulifer 1.706 (1.039) 1.100 (0.748) 16
Eleutherodactylus marnockii 0.900 (0.622) 0.600 (0.589) 4
Lithobates catesbeianus 0.720 (0.477) 0.573 (0.406) 15
Lithobates berlandieri 1.218 (0.724) 0.836 (0.543) 11
Call Index
All Species 1.647 (0.928) 1.418 (0.970) 89
Acris crepitans 2.376 (0.640) 2.195 (0.748) 42
Incilius nebulifer 1.350 (0.663) 0.950 (0.618) 16
Eleutherodactylus marnockii 0.700 (0.383) 0.500 (0.416) 4
Lithobates catesbeianus 0.693 (0.453) 0.560 (0.408) 15
Lithobates berlandieri 1.018 (0.555) 0.691 (0.423) 11

* Pseudacris clarkii not listed due to being heard only once
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TasLe 2.—Comparison of linear mixed models and associated likelihoods for the best five models
(AAIC¢ < 4). The models predict difference in number of frogs calling between paired unlit and lit
surveys. Species number, site number, site order, and lighting order were random effects. The models
shown below represent fixed effects

Model df Log likelihood AlC¢ AAICc Weight
(Intercept Only) 6 —132.35 277.73 0.00 0.49
Wind (m/s) 7 —132.33 280.04 2.31 0.15
Precipitation (mm) 7 —132.46 280.30 2.57 0.14
Air Temperature (°C) 7 —132.49 280.36 2.63 0.13
Moonlight (%) 7 —132.89 281.16 3.43 0.09

DiscussioNn

Overall, the acute artificial lighting introduced to natural populations of anurans in
central Texas reduced number of frogs heard calling and call index calling across all
detected species (Fig. 1). Frogs did not stop calling entirely, a pattern that surely would have
been previously uncovered. Instead, the decrease was more subtle, and in this study
corresponded to just under one less frog calling per species on average during call surveys
(Fig. 1; Table 1). The direct biological relevance of this slight decrease is unclear; however,
these findings may be biologically meaningful because here I demonstrated that discrete
artificial lighting affected frog breeding behavior in an urban anuran community. This
observation agrees with previous studies (e.g., Buchanan, 1993; Baker and Richardson, 2006)
which demonstrated that, in other species, artificial lighting affects nocturnal anuran
behavior.

The regression test may have indirectly measured social facilitation whereby when more
frogs called, noncalling frogs may have begun to call at a rate in a nonlinear relationship.
Conspecific social facilitation would not be expected when individuals are tested on their
own, such as in Baker and Richardson (2006). Controlling for social facilitation in a field
experiment would require modifying chorus size, and since the goals of this study were to
examine natural populations, facilitation could explain the degree of change or variance in
calling behavior (i.e., heteroscedasticity). Social aspects of behavioral responses to artificial
light warrant additional investigation (Kurvers and Holker, 2015). Nevertheless, by using
a difference scores in calling behaviors between paired experimental conditions, I have
minimized within-site differences between responses to lighting conditions.

One or more factors or their interactions could yield the difference in calling scores
observed between lit and unlit surveys. Therefore, four weather variables and their

TasLE 3.—Estimated coefficients and =1.96 st confidence intervals for the best model after model
averaging. The model relates the difference in number of frogs calling between paired unlit and lit
surveys to environmental conditions

Variable Estimate* Unconditional st Confidence interval Relative importance
(Intercept) —0.303 0.366 (—1.02, 0.414) —
Wind (m/s) —0.039 0.013 (—0.064, —0.014) 0.15
Precipitation (mm) 0.030 0.111 (—0.187, 0.247) 0.14
Air Temperature (°C) 0.028 0.110 (—0.187, 0.243) 0.13
Moonlight (%) 0.005 0.069 (—0.130, 0.141) 0.09

* Standardized using two SD (Gelman, 2008)
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interactions between several systematic treatment conditions were modeled. Using a linear
mixed modeling approach, marginal effects of environmental variables on the difference
scores when accounting for differences between species, sites, survey order, and lighting
order were found (Table 3). Confidence intervals for the average model’s standardized
coefficients include zero with one exception. Increased maximum wind speed corre-
sponded to a slight decline in the difference between conditions. However, the null model
enjoyed the most support as measured by AIC; and no other models exhibited a AAIC.
of < 2 (Table 2). Therefore, it appears the experimental condition best predicted the
difference in number of frogs calling between paired unlit and lit conditions.

By choosing to use difference scores as response variables, rather than the raw data across
all species, it is difficult to infer from my data how environmental variables affect calling
behavior in the broadest sense. Therefore, despite recovering linear mixed models with
little influence of environmental variables affecting the difference between conditions,
I cannot simultaneously explain how these environmental variables should change frog
calling behavior. Assuming a field experiment, a more appropriate study design for testing
these questions would involve covering greater geographic area, sampling more species,
and measuring across more variable environmental conditions and ranges. Nevertheless,
by testing the difference scores against environmental variables, it is clear that lighting
condition constitutes the major determinant of calling behavior in this experiment.

Certainly, the decision to use a moving point light source as a stimulus probably affects the
change in calling behavior when compared to a stationary point source or ambient lighting.
For instance Baker and Richardson (2006) did not move their light source, nor did they need
to as they measured responses of individual frogs of one species. By moving the light source in
this study, I attempted to provide equivalent light saturation across the entire study site during
alit condition as opposed to a strongly illuminated pointat the center of the beam and diffuse
lighting along its periphery. By moving similarly in unlit trials, I hoped to eliminate the
possibility for a change in calling behavior due to my movement alone, though it is not
possible to rule this out entirely in this study. The introduced light likely adjusts the animal’s
photoperiod or disrupts dark adaptation (sensu Warrant, 1999). By including survey order
(essentially earlier or later in the evening) and lighting order (potential dark adaptation
disruption) as random effects in the linear mixed models, I have accounted for the effects
of light other than the acute experimental addition of artificial light.

The decrease in number of calling anurans in lit conditions could have a detrimental
impact to a population’s reproductive efficiency, at least in the short term. Though not
under investigation in this study, the link between calling effort and reproductive outcome
is well supported (e.g., Greer and Wells, 1980; Arak, 1983; Welch et al., 1998). Although the
relationship between calling variability and relative fitness remains untested in most anuran
species, research focused on this relationship generally demonstrates that better male
advertisement calls yield better individual reproductive outcomes (e.g., greater female mate
preference, more offspring sired, increased offspring phenotypic performance). Implicit to
this observation is the hypothesis that if advertisement call quality worsens, individual
reproductive outcomes also worsen. Anurans exhibit a great diversity of alternative mating
strategies (Roberts, 1994; Greene and Funk, 2009; Meuche and Prohl, 2011; Zhang et al.,
2012; Laufer et al, 2014), and such species might deviate from this callfitness pattern.
Future experiments could investigate the link between changes in individual reproductive
outcomes due to artificially imposed environmental stimuli (such as artificial light). Given
the increasing global prevalence of artificial lighting (Cinzano ef al., 2001), natural anuran
populations warrant increased focus on behavioral responses to artificial lighting.
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