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Artificial light at night (ALAN) affects over 20% of the earth’s surface and is
estimated to increase 6% per year. Most studies of ALAN have focused on a
single mechanism or life stage. We tested for indirect and direct ALAN
effects that occurred by altering American toads’ (Anaxyrus americanus) eco-
logical interactions or by altering toad development and growth,
respectively. We conducted an experiment over two life stages using out-
door mesocosms and indoor terraria. In the first phase, the presence of
ALAN reduced metamorphic duration and periphyton biomass. The effects
of ALAN appeared to be mediated through direct effects on toad develop-
ment, and we found no evidence for indirect effects of ALAN acting
through altered ecological interactions or colonization. In the second
phase, post-metamorphic toad growth was reduced by 15% in the ALAN
treatment. Juvenile-stage ALAN also affected toad activity: in natural
light, toads retreated into leaf litter at night whereas ALAN toads did not
change behaviour. Carry-over effects of ALAN were also present; juvenile
toads that had been exposed to larval ALAN exhibited marginally increased
activity. In this time frame and system, our experiments suggested ALAN'’s
effects act primarily through direct effects, rather than indirect effects, and
can persist across life stages.

1. Background

Artificial light at night (ALAN) is one of the most significant human-induced
environmental changes [1,2], yet many of its effects are still poorly understood
[3]. Determining ALAN’s effects on organisms’ growth and survival is compli-
cated by the fact that these effects emerge from both how ALAN changes an
organism’s interactions with other species (‘indirect effects’) and how ALAN
alters an individual’s physiology (‘direct effects’) [4]. Further adding to the chal-
lenge of studying ALAN is the fact that it may have different effects at different
life stages.

ALAN may indirectly affect individuals through two distinct ecological
mechanisms: changing dispersal into and out of an ecological community, or
altering the outcome of interspecific interactions within a community [4].
Examples of ALAN altering community composition include changes in the
colonization behaviour of marine invertebrates [5] or inhibition of drifting be-
haviour in freshwater invertebrates [6]. Regardless of whether ALAN changes
community composition, ALAN can also indirectly affect individuals by alter-
ing the outcome of species interactions [4]. For example, nocturnal illumination
similar to that of a full moon facilitates owls” ability to hunt mice [7]. As a result,
nocturnal mice exposed to ALAN may alter the time when they forage, and
consequently increase competition with diurnal congeners [8]. ALAN can
also cause asymmetric interspecific competition, such that competition is stron-
ger in lit habitats (e.g. urban) compared with darker habitats (e.g. forest) [9].

ALAN also directly affects individuals by altering their physiology [10-12].
For example, exposure to ALAN can alter the amount or timing of feeding
[13,14], accelerate reproductive organ development [15] and slow larval
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development [16,17]. Altered behaviour has been one of the
most studied direct effects of ALAN, and includes improper
orientation [18,19], and altered anti-predator behaviours
[20,21] or activity periods [22]. Although there are many
examples of direct effects of ALAN, the majority of studies
are done in the laboratory, which limits our ability to
relate ALAN’s effects on survival and growth in natural
populations [3].

Further limiting our inferences is the fact that ALAN
studies typically focus on a single life stage. Early exposure
to a wide range of anthropogenic and natural stressors [23—
26] can affect individuals throughout their lives. To our
knowledge, only one study has tested for carry-over effects
of early exposure to ALAN: 67% of newborn mice exposed
to constant light had disrupted circadian rhythms [27].
Subsequent exposure to normal photoperiods, however,
restored regular circadian rhythms within 3—-5 months [27],
demonstrating the potential to reverse carry-over effects.
Carry-over effects of ALAN may be particularly important
for wild animals that migrate or use different environments
at different life stages. These animals may be carrying the
effects of early ALAN exposure, even if their subsequent
habitats do not experience ALAN. As a consequence, studies
that are constrained to a single life stage may under- or
over-estimate the effects of ALAN.

Due to the many mechanisms and life stages through
which ALAN may affect an organism, it is important to
assess these multiple mechanisms and stages. Here, we
describe a study in which we investigated direct and indirect
effects of ALAN across two life stages using a widespread
amphibian. Amphibians may be vulnerable to ALAN for
three main reasons: (i) amphibians use natural light as a
cue for behaviours across both larval and post-metamorphic
life stages (e.g. activity [28]); (ii) ALAN may indirectly affect
amphibians by influencing other community members that
have strong interactions with amphibians; and (iii) ALAN
may have different effects in each stage, and these effects
may carry over.

2. Material and methods
(a) Study system

We used the American toad (Anaxyrus americanus) because they
are geographically widespread and a habitat generalist. They
breed in water bodies ranging from permanent lakes to roadside
ditches [29], including environments that are exposed to ALAN.
Larval toads feed on periphyton, and the growth of periphyton
can be affected by ALAN [30]. Larval toads are also preyed
upon by a wide range of aquatic predatory invertebrates [29],
and thus if ALAN changes the colonization rate of aquatic
invertebrates, it can change predation risk for larval toads.

(b) Experiment 1: testing for direct and indirect effects
of artificial light at night in larvae

We conducted an outdoor experiment in 2m diameter meso-
cosms to investigate indirect and direct effects of artificial light
on American toad larval growth, development and survival.
We used a 2 x 2 x 2 experimental design in which we crossed
the presence or absence of ALAN with tightly fitting lids (to con-
trol colonization) and toad larvae (electronic supplementary
material, figures S1 and S2). Mesocosms were placed into 10
groups of four mesocosms (40 total mesocosms split into 10

groups). Five groups of four mesocosms (20 mesocosms) were n

assigned to the ALAN light treatment, and the other five
groups were assigned to the natural light treatment. Within
each group of mesocosms in the light treatments, half of the
mesocosms (2 mesocosms per group) were assigned to a lim-
ited-colonization treatment (i.e. lids made of shade cloth are
present to reduce colonization) and the other half were assigned
to be a free-colonization treatment (i.e. the other two mesocosms
did not receive shade cloth lids). Finally, toad presence and
absence was manipulated such that half of the mesocosms in
each lid group were stocked with 50 larvae (2 mesocosms per
group, 1 of each colonization treatment), and the other half of
the mesocosms in each lid group did not receive toad larvae.
Thus, all eight combinations of light, colonization and toad pres-
ence were initially replicated five times. Early in the experiment,
we removed one group of four mesocosms in the ALAN treat-
ment because heavy shading and leaf input from a nearby tree
caused temperature and dissolved oxygen to be very different
from the other mesocosms.

We used a single 20-watt LED outdoor floodlight (Zitrades,
China) mounted in the middle of each ALAN mesocosm group
approximately 1.5m above ground and 0.75 m above the top
of the mesocosms (electronic supplementary material, figure
S2). These floodlights measured 835 lux directly underneath
with peak wavelengths in the blue-green spectrums (electronic
supplementary material, figure S4). Average light levels reaching
the water surface were 15.07 lux + 7.42 s.e. without lids and 3.12
lux £+ 1.84 s.e. with lids. Our light intensities were within the
range (4.14-349.2 lux) of ALAN measured near wetlands
around greater Cleveland, Ohio (electronic supplementary
material, figure S3). We chose LED lights because their use in
outdoor lighting is becoming increasingly widespread and they
have the potential to become the predominant outdoor light
source [31]. All ALAN floodlights were connected to a timer
set to turn on at 20.00 and turn off at 07.00. Data loggers were
placed approximately 10 cm below the surface in each mesocosm
to monitor temperature hourly from 29 May to 2 July 2015.

All mesocosms (2 m diameter polyethylene cattle tanks) were
filled with approximately 7001 of tap water between 14 and 15
April 2015. Between 17 April and 9 May 2015, we added
approximately 111 of mixed hardwood leaves, 3.81 of pond
water, 1.451 of pond mud, 0.38 1 of zooplankton, one water scor-
pion (Nepidae), five snails (Planorbidae) and eight dragonfly
larvae (Libellulidae) into each mesocosm. These organisms and
resources were added to make our mesocosms as realistic as
possible, thus pond mud, leaves and water were not sterilized
before adding it to our mesocosms. We did sift through the
mud and water to ensure no large predatory larvae were
added to any mesocosm. However, it is likely that other small
invertebrates found in the pond mud or water were added to
our mesocosms. On 7 May 2015, we collected toad egg strings
from five areas of one pond at the Case Western Reserve Univer-
sity’s Squire Valleevue and Valley Ridge Farm in Hunting Valley,
Ohio. By selecting different areas of the pond to collect egg
strings from, we expect this resulted in collecting at least five
maternal lines of toads. On 8 May 2015, 50 toad larvae were
added to each of the 20 toad treatment mesocosms. These 50
toad larvae consisted of 10 toads from each of the five collection
areas to increase genetic diversity. On 8 May 2015, we also
began the colonization-limited treatment by adding the tightly
fitting lids onto the colonization-limited mesocosms. Lids were
constructed of 60% shade cloth and were weighed down by
sand-filled tubing around the edges. All lids were approximately
2.5 m in diameter and completely covered the mesocosm. ALAN
lights were maintained on the timer from 11 May 2015 until all
toads metamorphosed.

To test for treatment effects on toad growth, development
and survival, we counted and weighed all metamorphosing
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toads. Once metamorphs completely resorbed their tails, the first
eight metamorphs in each free-colonization mesocosm were
transported to the laboratory and used in the second experiment
(described below). We weighed, euthanized (using tricaine
methanesulfonate; MS-222) and preserved all other metamorphs
in 70% ethanol as they emerged.

To test for treatment effects on the relative abundance of per-
iphyton (main food resource for toad larvae) and phytoplankton,
we measured relative chlorophyll-a using an Aquafluor fluorom-
eter (Turner Designs, Sunnyvale, CA) [32] following methods in
[23]. We used mean leaf fluorescence values for each mesocosm
in statistical analyses. We measured relative phytoplankton and
periphyton biomass on 10 June and 2 July 2015.

To test for treatment effects on invertebrate and amphibian
colonization, we performed pipe sampling using plastic garbage
cans with the bottoms removed (25 cm long x 16 cm wide). The
authors stood on opposite sides of the mesocosm and each
pushed the can down into the water column until it hit the
bottom. We swept dipnets from the bottom to the top and col-
lected all invertebrates and amphibians until we had 10 empty
nets in a row. All invertebrates (except for Nepidae) were
immediately preserved in 70% ethanol, and amphibians were
euthanized using MS-222 and then preserved in 70% ethanol.
Pipe samples were performed on 3 June and 19 June 2015 but
combined for statistical analyses.

(i) Statistical analyses

To distinguish between direct and indirect effects, we tested for
effects of the ALAN and colonization treatments on mean toad
survival, mass at metamorphosis, larval duration and meta-
morphic duration using a general linear mixed model with a
random effect of mesocosm nested within light treatment to
account for the groups of four mesocosms. Our experimental
unit was the mesocosm. Of particular interest were interactions
between the colonization and ALAN treatments, because such
an interaction would indicate an indirect effect of ALAN acting
through colonization. Survival was calculated as the number of
metamorphosed toads divided by the initial stocking density,
then cube transformed to meet assumptions of normality.
Mean mass at metamorphosis was calculated as the average
mass of all metamorphosed toads from each mesocosm. Larval
duration was calculated as the average number of days from
hatch (8 May) to metamorphosis. Metamorphic duration was
the number of days between the first and the last toad to meta-
morphosis in each mesocosm. Metamorphic duration was
reciprocally transformed (1/metamorphic duration) to meet the
assumption of normality.

We tested for treatment effects on relative algal biomass
using repeated measures ANOVA with a random effect of light
treatment nested within group. For relative periphyton and phy-
toplankton biomass, we used mean relative biomass from both
sampling days as response variables. No interactions between
main effects were significant and therefore we eliminated them
from our analyses.

We tested for treatment effects on invertebrate abundance
and diversity and larval amphibian abundance. Within each
mesocosm, pipe samples from both sampling days were com-
bined. All invertebrates were identified to order and
categorized as whether or not they were a predator of tadpoles.
We tested for treatment effects on total invertebrate abundance,
diversity of invertebrate taxonomic orders, and log-transformed
invertebrate predator abundance using ANOVA. We also tested
for treatment effects on the abundance of non-predatory invert-
ebrates using a general linear model with a Poisson
distribution. Aside from the intentionally stocked toads, we
also found tadpoles from the treefrog family Hylidae, which
colonized the mesocosms. We pooled hylid counts from both
sampling days and tested for treatment effects on total hylid

abundance. To account for the grouping of mesocosms, we
used a general linear mixed model with a random effect of
light treatment nested within group with a Poisson distribution.
We performed all analyses in R using packages car, Hmisc and
MASS [33].

(c) Experiment 2: prior and subsequent effects of light
on post-metamorphic toads

Using toads from experiment 1, we collected the first eight meta-
morphosing toads from the free colonization treatments (five
natural and four ALAN mesocosms) and transported them
back to the laboratory (electronic supplementary material,
figure S1) to test whether ALAN affected post-metamorphic
growth and survival. All toads for this experiment metamor-
phosed by 6 June 2015. While in the laboratory, toads were
randomly assigned to either the natural or ALAN light treat-
ment, for a total of 18 experimental units (9 per juvenile light
treatment), each holding 4 toads.

Toads were kept in plastic terraria (42.5 x 30.2 x 17.8 cm)
with lids. We placed terraria at a slant; the upper portion of
the terraria contained dried leaves and the lower portion held
0.251 of dechlorinated tap water. All juvenile toads were
housed in the same room at approximately 23°C with the room
lights on a 14:10 light:dark photoperiod. ALAN treatment
lights used in the laboratory were 24-watt LED string lights
(LE, China; 61 lux at the top of the terraria) placed 50.8 cm
above the terraria. The average of four measurements at the car-
dinal directions taken at the terraria surface was 16.9 + 3.04 lux.
Similar to the outdoor LED lights used previously, laboratory
LED lights had peak wavelengths in the blue-green spectrums
(electronic supplementary material, figure S4). On 17 June
2015, our experiment started and the ALAN lights were set on
a timer to turn on at 21.00 and turn off at 06.00, coinciding
with the times in which the main laboratory lights turn off and
on, respectively. We fed toads fruit flies or crickets ad libitum
daily. Coinciding with weekly water and leaf replacement, we
weighed each toad to determine growth. We kept toads in
their treatments until 2 September 2015, at which time we
weighed and euthanized all toads.

On 16 July 2015, we measured toad activity during the day
and night. During each observation period, we observed toads
for 30's, after a 10 s acclimation period. We approached the ter-
raria, waited 10s, and then counted how many toads were
visible for a 30 s period. Two observations were made during
the day (all terraria lit) and three observations were made at
night (only ALAN terraria lit). We made all night observations
using a dimly lit red headlamp. While it was easier to see into
the terraria with ALAN in the absence of the red headlamp,
the red headlamp sufficiently lit the natural light treatment ter-
raria such that we could clearly see into the terraria in order to
count visible toads.

(i) Statistical analyses
We tested for effects of larval and juvenile light on toad survival,
mass and activity. To determine if there were effects of ALAN on
survival, we used ANOVA with larval light, juvenile light and
their interaction as explanatory variables, and mean survival as
the response variable.

We used repeated-measures ANOVA to test for treatment
effects on toad growth on the following dates: 24 June, 9 July,
24 July, 8 August, 20 August and 2 September. This statistical
model included larval and juvenile light treatments and initial
mass (17 June) as between-subject test variables, and time, the
interaction between time and juvenile light, larval light and
initial mass as within-subject test variables.
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For activity, we used repeated-measures ANOVA using the
proportion of visible toads (number of toad visible divided by
total number of toads present) as the response variable and
larval light, juvenile light, observation time and their interactions
as explanatory variables. We performed all analyses in R using
packages car, ggplot2, Hmisc, MASS and Rmisc [33].

3. Results

(a) Experiment 1: testing for direct and indirect effects
of artificial light at night in larvae

Mean temperature was affected by the presence of lids (F; 50 =
15.47, p < 0.001) but not light (F; 30 = 0.86, p =0.36) or their
interaction (F; 3p = 2.67, p = 0.11). Free-colonization mesocosms
had mean temperatures of 22.55°C + 0.09 standard error (s.e.)
whereas colonization-limited mesocosms were 21.62°C +
1.22s.e. Mean survival (78.67% + 0.03s.e.) and mass at
metamorphosis (0.16 g + 0.01 s.e.) were not affected by any
treatment or interaction (electronic supplementary material,
table S1). Larval duration was marginally reduced by 1 day in
ALAN treatments (F;;=5.04, p=0.06) and reduced by 8
days in the free-colonization treatments (F;;=179.99, p <
0.001). Metamorphic duration was reduced by approximately
30% in the ALAN treatments (F; ; = 6.39, p = 0.04).

Relative periphyton biomass was reduced by ALAN
(F1,32="743, p=0.01; electronic supplementary material,
table S2). Mean periphyton abundance was 79.8 + 10.62 s.e.
in mesocosms under natural light conditions and 47.02 +
6.26 s.e. for mesocosms in ALAN treatments. Relative phyto-
plankton biomass was increased in colonization-limited
mesocosms (Fy 3, =4.17, p = 0.05; electronic supplementary
material, table S2). Mean phytoplankton biomass was
23.85 + 3.59s.e. for mesocosms with lids present and
19.7 + 1.77 s.e. for mesocosms with lids absent.

While the total number of invertebrates was similar across
treatments, the colonization-limited treatment reduced the
diversity of invertebrates in the mesocosms (F;,5= 6.94,
p = 0.01; electronic supplementary material, table S3). Meso-
cosms with free colonization had on average 2.1 +0.2s.e.
taxonomic orders of invertebrates, while colonization-limited
mesocosms had 1.3 + 0.2 s.e. orders of invertebrates. Hylid
frogs (spring peepers Pseudacris crucifer; grey treefrogs
Hyla versicolor) readily colonized 24 out of 36 mesocosms
(range: 4-481 total individuals collected within all pipe
samples, median: 43 individuals across all pipe samples).
Many Hylidae tadpoles captured during dipnet sampling
had recently hatched and were too small for us to distinguish
between species. However, we found breeding H. versicolor
adults and mostly larger H. versicolor tadpoles later in the
season, suggesting the majority of the hylid tadpoles were
H. versicolor. Hylid abundance was significantly affected by
the interaction between ALAN and toad presence
(F108 = —3.24, p=0.004; figure 1). Tukey post hoc tests
(p-value < 0.05) indicate that hylid abundance was signifi-
cantly higher when toads were present under natural light
conditions compared with the other treatments.

(b) Experiment 2: prior and subsequent effects of light
on post-metamorphic toads

While juvenile toad survival was high across all treatments
(83% = 5 s.e.), juvenile toad growth was reduced by exposure

120
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Figure 1. Effects of light and toad treatments on hylid colonization. Hylid
abundance was significantly affected by the interaction between ALAN and
toad presence. Tukey post hoc tests indicated that hylid abundance was sig-
nificantly higher when toads were present under natural light conditions
compared to all other treatments. Letters represent significant (p << 0.05)
differences between treatments. Error bars represent standard error.
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Figure 2. Effects of juvenile-stage light exposure on juvenile toad mass.
Juvenile toad growth was reduced by exposure to juvenile-stage ALAN.
Triangles represent ALAN light treatments, circles represent natural light
treatments. Error bars represent standard error.

to juvenile-stage ALAN (Fy 14 = 6.46, p = 0.02; figure 2; elec-
tronic supplementary material, table S4). Juvenile toads in
the laboratory were marginally more active if they had been
raised with ALAN as tadpoles (Fy14=4.17, p=0.06; elec-
tronic supplementary material, figure S5). Toad activity was
also significantly affected by the interaction of juvenile light
treatment and observation time (F; 14 = 14.56, p = 0.002; elec-
tronic supplementary material, table S5). Tukey post hoc test
indicated juvenile toads in the natural light treatment were
visible during the day but went under the leaves at night (p =
0.002); juvenile toads in the ALAN light treatment, however,
were equally visible in the day and night (p = 0.99) (figure 3).

4. Discussion

We were surprised that we did not find evidence for indirect
effects of ALAN in our study, despite these effects occurring
in other systems (e.g. [5,34,35]). There were two ways through
which we expected indirect effects. First, ALAN might have
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Figure 3. The proportion of visible toads in the ALAN treatment did not
differ between day and night observations, whereas toads in natural light
treatments were more active during the day than at night. Triangles represent
ALAN treatments and circles represent natural light treatments. Error bars rep-
resent standard error.

increased periphyton growth [30], which would in turn affect
food availability for toad larvae. However, while ALAN
actually reduced periphyton growth, this did not cause
food limitation for the toads: there was no effect of toad
presence on periphyton growth, which we would have
expected if periphyton was a limiting resource for toads.
The second way we could have detected an indirect effect
was if ALAN affected colonization of invertebrates, particu-
larly if ALAN increased the abundance of predators on
larval toads. We predicted that ALAN would alter invert-
ebrate immigration and thus community composition
through differential attraction of invertebrates to ALAN
[5,6,36]. We found no interaction between the light and
colonization treatments, which indicated that ALAN did
not affect colonization by invertebrates in a way that affected
larval toads.

Although there was no effect of ALAN-mediated coloni-
zation on toad
oviposited in mesocosms under natural light treatments

larvae, hylid treefrogs preferentially
when toads were present. Previous studies found female
hylids avoided ovipositing in wetlands with certain types
of predators and conspecifics but did not respond to hetero-
specifics or nutrients [37-40]. The presence of toad larvae
may signal suitable habitat quality for breeding hylids,
although mesocosm experiments have found that toad
larvae can have a strong competitive effect on hylids [41].
Regardless of the mechanism that caused hylid colonization
to be biased towards mesocosms without ALAN and with
toads, we found no evidence that hylid colonization affected
the toads.

The primary direct effect of ALAN in the larval stage was
increased metamorphic synchrony (i.e. reduced metamorphic
duration). In ALAN treatments, toads from a single meso-
cosm typically metamorphosed over six days, compared
with nine days in natural light. Increased synchrony of life-
history events has previously been shown to occur as an
anti-predator response [42-44]. Perceived predation risk
associated with light, natural or artificial, can alter predation
rates and thus prey behaviour in mammals [7,45], fish [46],
amphibians [47] and birds [48]. Therefore, the perceived
risk associated with light may have induced the metamorphic

synchrony in toads under ALAN even in the absence of a
predator.

We did not find evidence for strong carry-over effects of
ALAN exposure, despite carry-over effects being wide-
spread for other stressors [23-26]. Our experiment found
ALAN had a marginally significant carry-over effect:
larval-stage ALAN exposure led to marginally more active
juvenile toads. We also did not find larval-stage exposure
effects on juvenile growth. There were direct effects of
ALAN exposure during the juvenile stage; ALAN reduced
juvenile growth by 15% and eliminated the transition from
diurnal to nocturnal behaviour. The increased nocturnal
activity in ALAN treatments may have resulted in greater
energy expenditure and therefore significantly slower juven-
ile growth despite being fed ad Ilibitum. In contrast,
laboratory mice raised in ALAN altered behaviour such
that the mice ate during normal times of inactivity which
increased weight gain even when the quantity of food con-
sumed between groups remained constant [14]. There are
many negative consequences of reduced growth, including
delayed reproductive maturity, lower fecundity and reduced
survival [49-52]. Thus, toads inhabiting terrestrial habitats
with ALAN may ultimately have lower fitness, which
could scale up to affect survival, fecundity or population
growth rates.

5. Conclusion

Natural light is a critical part of circadian and circannual
rhythms, which affect ecological systems and individual
physiology [53]. As a result, ALAN can have wide-reaching
effects across taxa and habitats [3]. Amphibians in particular
are rapidly declining, and this decline has been linked to mul-
tiple anthropogenic factors. Despite the many ecological and
physiological effects of ALAN, ALAN has not been investi-
gated as a potential contributor to amphibian decline. As a
result of this research focusing on multiple mechanisms
and life stages, we detected a particularly troubling finding:
reduced juvenile toad growth in response to ALAN. This
reduced growth may suggest toads exposed to ALAN may
incur reduced fitness later in life, especially if additional
stressors (e.g. predators, competitors, desiccation risk) are
present and alter the effect of ALAN. Thus, our work extends
our understanding of the scope of ALAN's effects across
ecological contexts and life stages.
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