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Impacts of artificial light on food
intake in invasive toads

Hirotaka Komine®?*, Shinsuke Koike! & Lin Schwarzkopf?

Artificial light at night (ALAN) is a major form of anthropogenic disturbance. ALAN attracts nocturnal
invertebrates, which are a food source for nocturnal predators, including invasive species. Few studies
quantify the effects of increased food availablity by ALAN on invasive vertebrate predators, and
enhancement of food intake caused by ALAN may also be influenced by various environmental factors,
such as proximitity to cities, moon phase, temperature, rainfall and wind speed. Revealing the potential
impacts on invasive predators of ALAN-attracted invertebrates, and the influence of other factors on
these effects, could provide important insights for the management of these predators. We constructed
and supplied with artificial light field enclosures for invasive toads, and placed them at locations with
different levels of ambient light pollution, in northeastern Australia. In addition, we determined the
effect of rainfall, temperature, wind speed, and lunar phase on food intake in toads. We found that
ALAN greatly increased the mass of gut contents of invasive toads compared to controls, but that

the effect was increased in dark lunar phases, and when there were low ambient light pollution levels.
Effects of rainfall, temperature and wind speed on food intake were comparatively weak. To avoid
providing food resources to toads, management of ALAN in rural areas, and during dark lunar phases
may be advisable. On the contrary, to effectively capture toads, trapping using lights as lures at such
times and places should be more successful.

Human-caused degradation of the natural environment is increasing, and a major driver of such degradation is
artificial light at night (ALAN)!2. Over the last 100 years, since lighting technologies were developed and urban-
ization has progressed®, ALAN has disrupted the natural nocturnal environment, worldwide. Presently, 23% of
the earth’s land mass experiences ALAN, and the level of light pollution is growing approximately 2% a year”.
Because most terrestrial biota have been exposed to regular cycles of sunlight and darkness throughout evolution-
ary history, disruption of the nocturnal environment by ALAN has ecological impacts on the biota®.

In just a few decades, there has been a broad range of studies on the impacts of ALAN. For example, ALAN
can alter foraging behaviour’~, migratory behaviour!'®!!, physiology'>!* and mortality rates'*. More recently,
some studies have found that population dynamics'® and species interactions'® can also be altered by ALAN.
Whereas it is clear that ALAN can have significant effects on wildlife, its impacts may be complex. For example,
many kinds of nocturnal invertebrates, such as beetles, flies, and moths, are attracted to artificial light 118, which
may have significant implications for populations and communities of these groups'>?. In addition, however,
attracted invertebrates are a food source for nocturnal predators of invertebrates, such as geckos, anurans, bats,
and birds?'-%. Although such phenomena are well documented?"?, few studies quantify the effect of increased
food availablity on predators, although they may be among the strongest impacts of ALAN. If, for example, mes-
opredators are attracted to areas with ALAN, and then consume other groups, this could be an important impact
on community dynamics, given the impact of mesopredator release in other systems?:.

Furthermore, the effect of increased food availability on predators of invertebrates caused by ALAN may be
influenced by various environmental factors, because the amount of invertebrates attracted to ALAN probably
varies with weather and environment. For example, increasing temperature or rainfall may increase the number
of invertebrates attracted to ALAN'®. On the other hand, increasing wind speed and ambient light, such as moon
light, may decrease the effect of artificial light on invertebrate activity"®. It is likely that these effects on inverte-
brate activity flow on to influence predation success. This chain of reasoning has not been examined, but to better
predict the impacts of ALAN on predators of nocturnal invertebrates, it appears we may need to understand the
influence of a variety of environmental variables on predation success.
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Although many previous studies have examined the effects of ALAN on native species, few have examined
interactions between ALAN and invasive species”. While both ALAN and invasive species are global issues caus-
ing biodiversity loss and degradation of ecosystem function, these issues have been considered separately*. They
may interact, however, because invasive species often proliferate in urban areas, which are a major source of
ALAN. There are many reasons why invasive species inhabit disturbed environments®, and ALAN may be a con-
tributing factor. For example, the abundance of invasive house geckos was higher in artificially lit environments¥,
and they may be more willing to use artificially lit environments to obtain food resources than are native geckos,
suggesting ALAN might contribute to their invasion success, globally?®. Revealing the potential impact on inva-
sive species of ALAN could provide important insights for the management of invasive species.

Cane toads (Rhinella marina) are a tropical invasive species, originally native to south America**. Originally
introduced to control agricultural pests®, they have been introduced to the Carribean, most Pacific Islands,
several Japanese Islands, and to Papua New Guinea and Australia. Famously, cane toads produce highly toxic
secretions stored in their parotoid glands, which are used as anti-predator defences®. It has been well docu-
mented in Australia that when native predators, including snakes, lizards, crocodiles, and marsupials attempt to
consume toads, they are often poisoned?'~%. Thus toads typically have negative impacts on the native biota, and
require management globally. Toads feed on nocturnal invertebrates, and ALAN provides an artificially large food
resource for toads*”*%. Although ALAN may have a positive effect on the invasion success and proliferation of
toads, environmental factors influencing the food intake of toads have not been investigated. Revealing environ-
mental factors associated with the indirect effects of ALAN on toads could contribute to efficient management of
invasive cane toads.

Here, we experimentally quantified the influence of ALAN on food intake in toads. In addition, we deter-
mined the effect of four environmental factors: ambient light, temperature, rainfall and wind speed on food
intake by toads in the field. We constructed field enclosures supplied with artificial light for toads in northeast
Australia. The toads were allowed to feed freely overnight, after which they were euthanised, and we measured
the mass and taxonomic composition of their gut contents, and categorized them as ‘flying’ or ‘non-flying. We
hypothesized that the mass of the gut contents of toads would increase with increasing temperature and rainfall,
and with decreasing wind speed. We based these predictions on the likely impact of these environmental varia-
bles on invertebrate activity'°. Similarly, we hypothesized that the mass of toad gut contents would increase with
decreasing lunar phase, and with ambient light pollution levels. We based these predictions on the likely impact of
light sources (i.e., the moon and ALAN) on invertebrate activity in the vicinity of our artificial light, and assumed
that toads would eat more if more invertebrates were available.

Material and methods

Experimental design. We constructed six outdoor experimental enclosures in rural areas vegetated with
open eucalypt forest (mainly popular gum [Eucalyptus platyphylla]) with a grassy understorey around Townsville,
Queensland, Australia (Fig. 1). Three enclosures were set along Hervey’s Range road and the others were set along
the Bruce Highway. The distance between these sites were 5-15km (Fig. 1). We drove four iron piles [star pickets]
into the ground at the corners and wrapped these with UV stable plastic sheeting as walls (Fig. 2, Supplementary
Fig. S1). Each enclosure measured 4 * 4 m, with walls 1.2 m high, and we provided a plant pot as a refuge. Light
globes (100 W, Fluorescent Light Bulb (A Type) EFA25ED/21-A101H, Asahi Electric CO., LTD. Osaka, Japan.)
were placed 1.5m high at the centre of each enclosure, and car batteries (which lasted all night without recharge)
were used as a power supply for the lights (Fig. 2, Supplementary Fig. S1). This light bulb has three peaks in the
spectrum (blue [400-450 nm], green [500-600 nm] and red [600-650 nm]) to simulate daylight. We collected
toads from Townsville and kept them without food for 40 h to ensure they had empty guts. We provided toads
with water before each trial, to ensure they were fully hydrated. We then added five, randomly selected toads to
each enclosure before sunset, and toads were allowed to feed overnight within the enclosure. The next morning,
all of them were humanely euthanised using an overdose of buffered MS-222 (tricaine methanesulfonate) in a
bath, and dissected in the laboratory at James Cook University. We recorded the mass of prey from each toad’s gut,
and calculated the average gut content mass per trial (per night and per enclosure). Because toads in a trial were
non-independent, we used average gut content mass per trial, as our measure of ‘predation success. We conducted
each trial for six days with different toads each day (applying a light-on treatment and light-oft control, alter-
nately) at each enclosure from December 2017 to April 2018. We also recorded light pollution levels at each enclo-
sure, once, at the dark-moon phase, using a light meter (LUX METER FT3424, HIOKI E.E. CORPORATION,
Nagano, Japan). Light pollution levels were as follows: site 1: 0.00 Lx, site 2: 0.01 Lx, site 3: 0.22 Lx, site 4: 0.00 Lx,
site 5: 0.01 Lx, site 6: 3.65 Lx. We categorized them as follows: 0.00 Lx: no light pollution, 0.01 Lx: low levels of
light pollution, 0.22 Lx: moderate levels of light pollution, 3.65 Lx: high levels of light pollution. When the lights
were on, light intensities on the floor of the enclosures were as follows: site 1: 7.34 Lx, site 2: 7.59 Lx, site 3: 7.57
Lx, site 4: 7.30 Lx, site 5: 7.81 Lx, site 6: 7.73 Lx.

The size of individual toads that went into the enclosures varied, and we thought it possible that toad body size
may influence the amount they consumed. We tested for a relationship between gut content mass per individual
and snout-vent length (SVL) using a linear regression, and there was no significant relationship between these
variables, so toad body size is not reported further (p > 0.05 Supplementary Fig. S2. Supplementary Table S1).

Although we did not measure the influx of insects to the light, we assumed that the number of insects falling
to the ground and available to toads was a measure of this variable. This seems a reasonable assumption because
insect researchers often evaluate the abundance of insects using captured fallen insects attracted to light traps®.
They also use the number of fallen insects attracted to light to forecast pest outbreaks for agriculture®.

We used available public weather data from the Australian Government Bureau of Meteorology to obtain
temperature, rainfall and wind speed at each site*!, and lunar phase from ‘timeanddate.com’?, which we used as
covariates, potentially influencing mean toad gut content mass.
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Figure 1. A map of study area. The urban area (Townsville, Queensland, Australia) is shown in grey. The 6
experimental enclosure sites are shown as black circles. Roads are shown as light lines, and coastlines as heavier
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Figure 2. Overview of the enclosure experiment. We constructed six outdoor experimental enclosures in open
eucalypt forest, and put 5 toads in each enclosure. The following day, we dissected them and recorded the mass
of prey in each of their guts.

Statistical analysis. To examine the relationships between mean mass of toad gut contents in the experi-
mental enclosures, and various environmental factors, we used the ‘lme4’ package to conduct generalized linear
mixed modelling (GLMM). The error distribution was identified as a Gaussian distribution. We used average gut
content mass of all the toads in a trial as the response variable, and we used the experimental artificial light treat-
ment (light-on vs light-off), light pollution level, temperature, rain fall, wind speed and lunar phase as explan-
atory variables. We also examined interactions between the experimental artificial light treatment and the light
pollution level, the experimental artificial light treatment and lunar phase, and the light pollution level and lunar
phase, to look for interactions between the impact of artificial light, and natural light. Enclosure number was
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Experimental Interaction Interaction Interaction

artificial light between between between light

treatment Light experimental experimental pollution level
Models (Light-onvs | pollution | Lunar Wind | artificial light and | artificial light and | and lunar
No. (Intercept) | Light-off) level phase | Rainfall | Temperature | speed | light pollution level | lunar phase phase df | LogLik | AIC | Delta | Weight
200 1.52 1.41 —0.84 —0.61 |NA NA NA —0.75 —0.69 NA 8 | —63.85|143.71 | 0.00 |0.14
224 1.50 1.69 —0.82 —0.70 |0.49 0.57 NA —0.80 —0.59 NA 10 | —62.13 | 144.25 | 0.55 |0.10
216 1.53 1.52 —0.84 —0.58 | NA 0.34 NA -0.77 —0.70 NA 9 | —63.36 |144.73 | 1.02 |0.08
232 1.54 1.47 —0.87 —0.66 |NA NA 0.31 —0.74 —0.76 NA 9 | —63.53 | 145.06 | 1.35 |0.07
248 1.55 1.62 —0.87 —0.63 | NA 0.40 0.37 —0.76 —0.78 NA 10 | —62.60 | 145.20 | 1.49 | 0.06

Table 1. The result of model comparison of the generalized linear mixed models (GLMM) used to examine
the relationships between gut contents of toads and various explanatory variables (experimental artificial

light treatment [light-on vs light-off], ambient light pollution level, temperature, rain fall, wind speed, lunar
phase, an interaction between the experimental artificial light treatment and ambient light pollution levels, an
interaction between experimental artificial light treatment and lunar phase, and an interaction between present
light pollution level and lunar phase). Enclosure number was fitted as a random effect. A Gaussian distribution
was identified as the error distribution. The model comparison was performed by dredge function in MuMIn
package in R 3.6.0 (R Development Core Team 2019).

included as a random effect. We standardized numeric explanatory variables (we subtracted the mean from each
data point and divided by the standard deviation to scale the data to a mean of 0 and a variance of 1). We con-
ducted model comparison using the ‘dredge’ function in the ‘MuMIn’ package to evaluate the relative importance
of each explanatory variable. Additionally we tested whether percentage of flying invertabrates in gut contents of
toads increased when lights were on using Welch Two Sample t-test. All statistical analysis was performed in R
V 3.6.0%.

Results

Experimental trials. We conducted 37 trials (site 1, 2, 3, 5 & 6: 6 trials, site 4: 7 trials) (Supplementary
Table S2) and we collected gut contents from 171 toads (site 1: 29 toads, site 2: 28 toads, site 3: 28 toads, site 4: 32
toads, site 5: 27 toads, site 6: 27 toads).

Variables influencing mean food intake per experimental trial. Model comparisons showed that the
experimental artificial light treatment (light-on vs light-off), ambient light pollution levels, lunar phase, and the
interactions between experimental artificial light treatment and ambient light pollution level, and between the
experimental artificial light treatment and lunar phase were selected in all models with delta AIC < 2 (Table 1).
The light-on treatment increased mean gut content mass of invasive toads (Fig. 3a), but the impact of the exper-
imental artificial light treatment was influenced negatively (i.e., mean gut contents were reduced) by both
increased light pollution levels at each site (Fig. 3b), and light lunar phases (gut contents were least when the
moon was full) (Fig. 3c). In addition, mean gut contents of invasive toads were likely to increase with increasing
temperature (Fig. 3d). Rainfall and wind speed were selected in several models (Table 1), and mean gut contents
of invasive toads were likely to increase slightly with increasing rainfall (Fig. 3e) and wind speed (Fig. 3f). When
lights were on, percentage of flying taxa consumed by toads increased significantly (Fig. 4, p < 0.05).

Discussion

We found that the presence of artificial light in our experiment greatly increased the mass of gut contents of inva-
sive toads, and that this effect was reduced when there was more ambient light, either from urban light pollution
or natural moonlight. We also found that temperature, rainfall and wind speed had relatively weak effects on toad
gut contents compared to light over the summer period of our study, and were not likely to be important drivers
influencing the ecological impact of ALAN on invasive toads. These results, taken together, suggest that the food
intake of invasive toads was more strongly influenced by artificial light sources than by weather effects, and that
the effect of artificial light was reduced by other light sources, including natural light and ambient artificial light
pollution. Moreover, flying invertabrates, such as Coleoptera, contributed strongly to the increase in gut content
mass of toads in light treatments.

Lunar phase changes gradually over the synodic month, hence the impact of ALAN on invasive toads should
vary cyclically corresponding to lunar phase. Although ALAN clearly provides an important food resource for
invasive toads®”*%, no one has examined the impact of lunar phase on foraging success. Lunar phase influences the
attraction of biting midges (Culicoides brevitarsis) to artificial light, because lunar light dilutes the effect of artifi-
cial light, essentially competing with it in terms of attractiveness®. Our results were consistent with the possibility
that bright lunar phases reduced the attraction of invertebrates to the experimental artificial light, which, in turn,
lead to variation in the amount toads ate.

As with lunar illumination, we also found that the impact of ALAN was influenced by light pollution levels
at each site. Our experimental light treatments were less effective at providing food for toads closer to urban
centres, and thus the impact of our experimental lights, in terms of food provision, was largest in the light-naive
areas located furthest from the city. There are two plausible reasons for this effect. One is that ambient light pol-
lution competed with the effect of our experimental artificial light, such that light pollution diluted the impact
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Figure 3. (a) Relationship between average toad gut content masses in experimental enclosures, and
experimental light treatment (comparing all periods when the light was on versus all periods when the light was
off). (b) The influence of ambient light pollution on average toad gut content masses in experimental enclosures
when an artificial lights were on, and during dark controls. Gut contents masses when artificial lights were

on are shown as white circles and a light line, and light-off treatment as black circles and heavier line. (c) The
influence of lunar phase on average toad gut content masses in experimental enclosures when an artificial lights
were on, and during dark controls. Mean gut content masses collected when lights were on are shown as white
circles, and a light line, whereas mean gut content masses during light-off controls are shown as black circles and
heavier line. (d) The influence of temperature on average toad gut content masses in experimental enclosures.
(e) The influence of rainfall on average toad gut content masses in experimental enclosures. (f) The influence of
wind speed on average toad gut content masses in experimental enclosures.
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Figure 4. Percentage of flying invertebrates in gut contents of toads when lights were on and off.

of the experimental artificial light®. Another reason for our observation could be that ambient light pollution,
and a plethora of artificial light closer to urban centers has already degraded the invertebrate fauna at those sites.
Although there is little direct experimental evidence, there is some suggestion in the literature that ambient light
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pollution causes declines in invertebrate populations; there are a few correlative studies reporting invertebrate
population decline in association with ALAN, and species of invertebrates attracted to light have declined greatly
compared to species that are not attracted to light'>**. Finally, moth populations in the UK and Ireland have
declined as a result of ALAN?. In our tropical study area, there are abundant nocturnal invertebrates, and there
was no indication of lower food intake in ALAN-effected areas in our study when our experimental lights were
off, providing weak evidence that ALAN has not depleted invertebrate populations in our study area very much.
While our study did not address the reason why ambient light pollution levels influenced the impact of our exper-
imental lights, we suggest it was related to competition between light types in attractiveness®, rather than depleted
invertebrate populations in our study area, although this assertion deserves further experimental examination.
Possibly, invertebrates around urban areas have adapted to artificial light and have reduced flight-to-light behav-
iour®, which could also decrease numbers in urban areas.

Invasive species often inhabit environments characterised by anthropogenic disturbances, from which they
may benefit, including from the presence of artificial light?. Invasive toads are well known to consume inverte-
brates attracted to artificial light around buildings, and artificial light might facilitate their invasion®. Our study
indicated that the impact of experimental lighting on invasive toads varied depending on the light pollution level
at the site. When artificial light was located in urban or peri-urban locations, the impact of experimental ALAN
per light bulb seemed relatively weak. We think it most likely that this effect was due to dilution of the effect of
the experimental ALAN by ambient light pollution. When the artificial light was located in peri-urban or rural
areas, the impact of ALAN was relatively large. Hence, to avoid providing food resources to toads from artificial
light, management of artificial light in peri-urban and rural areas, such as highway lights or scattered buildings,
may be important. Additionally, light management approaches should consider the lunar cycle; light use during
dark lunar phases may be most beneficial to toads, whereas the impact of light during brighter lunar phases could
be relatively small.

Cage traps using ultraviolet light as a lure, which attracts invertebrates, capture toads*. Our results suggest
that trapping may be more effective during darker lunar phases (corroborated by*’), and in urban areas shaded
from ALAN, or in peri-urban and rural areas. Considering the spatio-temporal pattern of the impact of ALAN
may contribute to better management of invasive amphibians, especially if lights are used to attract insect food.

We placed all our experimental enclosures in similar habitat (open savannah woodland). Invertebrate diver-
sity and mass may, however, vary with local environmental conditions. Future studies, should examine similarity
in the invertebrate fauna among areas, and conduct this experiment at more sites, perhaps comparing different
habitat types. This experiment should be repeated at other urban centres to determine if the urban effect is con-
sistent among cities. In addition, future studies should examine the contribution of artificial light to growth rate
and reproductive success of toads, to determine how ALAN influences fitness in these invasive animals.

In our experiments, the enhancement of food intake caused by experimental ALAN on invasive toads was
reduced by natural light (lunar phase), and existing ambient light pollution levels. To avoid providing substantial
food resources to toads from artificial lights, management of artificial light in peri-urban and rural areas, and
during dark lunar phases may be advisable. On the contrary, to effectively capture toads, trapping using lights as
lures at such times and places should be more successful. Considering spatio-temporal patterns in the impact of
ALAN may contribute to management strategy of invasive species that benefit from it.

Ethical statement. All procedures in this study were approved by Animal Ethics Committee at James Cook
University (permit number A2520). All procedures undertaken in this study were in accordance with approved
guidelines.

Data availability
All data analyzed in this study are included in Supplementary Table S2.

Received: 6 November 2019; Accepted: 27 February 2020;
Published online: 16 April 2020

References
1. Longcore, T. & Rich, C. Ecological light pollution. Front Ecol Environ 2, 191-198 (2004).
2. Gaston, K. J., Bennie, J., Davies, T. W. & Hopkins, J. The ecological impacts of nighttime light pollution: A mechanistic appraisal. Biol
Rev 88, 912-927 (2013).
3. Gaston, K. ], Visser, M. E. & Ho"lker, F. The biological impacts of artificial lightat night: the research challenge. Phil Trans R Soc B
370,20140133 (2015).
. Falchi, F. et al. The new world atlas of artificial night sky brightness. Sci Adv 2, 1600377 (2016).
. Kyba, C. C. M. et al. Artifically lit surface of earth at night increasing in radiance and extent. Sci Adv 3, €1701528 (2017).
. Rich, C. & Longcore, T. Ecological Consequences of Artificial Night Lighting. (Island Press, 2006).
. Becker, A. et al. Potential effects of artificial light associated with anthropogenic infrastructure on the abundance and foraging
behaviour of estuary associated fishes. ] Appl Ecol 50, 43-50 (2013).
. Bird, B. L., Branch, L. C. & Miller, D. L. Effects of coastal lighting on foraging behavior of beach mice. Conserv Biol 18, 1435-1439
(2004).
9. Dwyer, R. G. et al. Shedding light on light: benefits of anthropogenic illumination to a nocturnally foraging shorebird. ] Anim Ecol
82, 478485 (2012).
10. Poot, H. et al. Green light for nocturnally migrating birds. Ecol Soc 13, 47 (2008).
11. Cabrera-Cruz, S. A., Smolinsky, J. A. & Buler, J. J. Light pollution is greatest within migration passage areas for nocturnally-
migrating birds around the world. Sci Rep 8, 3261 (2018).
12. Bedrosian, T. A. et al. Chronic exposure to dim light at night suppresses immune responses in Siberian hamsters. Biol Lett 7,
468-471 (2011).

N O G

=]

SCIENTIFIC REPORTS |

(2020) 10:6527 | https://doi.org/10.1038/s41598-020-63503-9


https://doi.org/10.1038/s41598-020-63503-9

www.nature.com/scientificreports/

13.

14.
15.

16.

17.
18.

19.
20.

21.
22.

23.
24.

25.
26.
27.
28.
29.
30.
31.
32.

33.
34.

35.

36.

37.

38.

39.
40.

41

44,

45.

46.

47.

Dominoni, D., Quetting, M. & Partecke, J. Artificial light at night advances avian reproductive physiology. Proc R Soc B 280,
20123017 (2013).

Rodri’guez, A. et al. Factors affecting mortality of shearwaters stranded by light pollution. Anim Conserv 15, 519-526 (2012).
Gaston, K. J. & Bennie, J. Demographic effects of artificial nighttime lighting on animal populations. Environ Rev 22, 323-330
(2014).

Macgregor, C. et al. Pollination by nocturnal Lepidoptera, and the effects of light pollution: A review. Ecol Entomol 40, 187-198
(2014).

Bowden, J. An Analysis of Factors Affecting Catches of Insects in Light-Traps. Bull Entomol Res 72, 535-556 (1982).

Bishop, A. L. et al. Moon phase and other factors affecting light-trap catches of Culicoides brevitarsis Kieffer (Diptera:
eratopogonidae). Aus ] Entomol 39, 29-32 (2000).

Grubisic, M. et al. Insect declines and agroecosystems: does light pollution matter? Ann Appl Biol 173, 180-189 (2018).

Wilson, J. E. et al. A role for artificial night-time lighting in long-term changes in populations of 100 widespread macro-moths in UK
and Ireland: a citizen-science study. J Insect Conserv 22, 189-196 (2018).

Frank, K. D. Impact of outdoor lighting on moths: an assessment. ] Lepidop Soc 42, 63-93 (1988).

Hill, D. The impact of noise and artificial light on waterfowl behaviour: a review and synthesis of the available literature. British Trust
for Ornithol Rep 61 (1990).

Crawford, C. S. & Jones, P. E. Field notes on some amphibians from British G uiana. Copeia 2, 88-92 (1933).

Ritchie, G. E. & Johnson, N. C. Predator interactions, mesopredator release and biodiversity conservation. Ecol Lett 12, 982-998
(2009).

Thomas, J. R. et al. The impact of streetlights on an aquatic invasive species:Artificial light at night alters signal crayfish behaviour.
Appl Anim Behav Sci 176, 143-149 (2016).

Perry, G. et al. In Urban Herpetology (eds Mitchell, ]. C., Jung Brown, R. E. & Bartholomew, B.) 239-256 (Society for the Study of
Reptiles and Amphibians, 2008).

Newbery, B. & Jones, N. D. In Pest or Guest: the zoology of overabundance (eds. Lunney, D., Eby, P., Hutchings, P. & Burgin, S.) 59-65
(Royal Zoological Society of New South Wales, 2007).

Zozaya, S. M., Alford, R. A. & Schwarzkopf, L. Invasive house geckos are more willing to use artificial lights than are native geckos.
Austral Ecol 40, 982-987 (2015).

Kearney, K. et al. Modelling species distributions without using species distributions: the cane toad in Australia under current and
future climates. Ecography 31, 423-434 (2008).

Shine, R. The Ecological Impact of Invasive Cane Toads (Bufo Marinus) in Australia. Q Rev Biol 85, 253-291 (2010).

Turvey, N. Cane toads: A tale of sugar, politics and flawed science. (Sydney University Press, 2013).

Phillips, B. L. et al. Predator behaviour and morphology mediates the impact of an invasive species: cane toads and death adders in
Australia. Anim Conserv 13, 53-59 (2010).

Doody, J. S. et al. Population-level declines in Australian predators caused by an invasive species. Anim Conserv 12, 46-53 (2009).
Letnic, M., Webb, J. K. & Shine, R. Invasive cane toads (Bufo marinus) cause mass mortality of freshwater crocodiles (Crocodylus
johnstoni) in tropical Australia. Biol Conserv 141, 17731782 (2008).

O’Donnell, S., Webb, J. K. & Shine, R. Conditioned taste aversion enhances the survival of an endangered predator imperilled by a
toxic invader. ] Appl Ecol 47, 558-565 (2010).

van Dam, R., Walden, D. & Begg, G. A preliminary risk assessment of cane toads in Kakadu National Park. Supervising Scientist
Report 164 (2002).

Davis, J. L., Alford, R. A. & Schwarzkopf, L. Some lights repel amphibians: implications for improving trap lures for invasive species.
Int ] Pest Manage 61, 305-311 (2015).

Gonza lez-Bernal, E. et al. Toads in the backyard: why do invasive cane toads (Rhinella marina) prefer buildings to bushland? Popul
Ecol 58, 293-302 (2016).

Shimoda, M. & Honda, K. Insect reactions to light and its applications to pest management. Appl Entomol Zool 48, 413-421 (2013).
Matsumura, M. The current status of occurrence and forecasting system of rice planthoppers in Japan. J Asia-Pacific. Entomol 4,
195-199 (2001).

. Australian Government Bureau of Meteorology, http://www.bom.gov.au/?ref=logo (2019).
42.
43.

timeanddate.com, https://www.timeanddate.com/moon/phases/ (2019).

R Development Core Team. R: a language and environment for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria, http://www.R-project.org/ (2019).

van Langevelde, E et al. Declines in moth populations stress, the need for conserving dark nights. Glob Change Biol 24, 925-932
(2018).

Altermatt, F. & Ebert, D. Reduced flight-to-light behaviour of moth populations exposed to long-term urban light pollution. Biol Lett
12,20160111 (2016).

Muller, B. J. & Schwarzkopf, L. Relative effectiveness of trapping and hand-capture for controlling invasive cane toads (Rhinella
marina). Int ] Pest Manage 64, 185-192 (2018).

Muller, B. J., Cade, B. S. & Schwarzkopf, L. Effects of environmental variables on invasive amphibian activity: using model selection
on quantiles for counts. Ecosphere 9, 02067 (2018).

Acknowledgements

We thank members of the Vertebrate Ecology Lab James Cook University who gave us constructive comments
and supports. Especially Ms. Ayano Fushida, who helped us to get land use permissions. We are grateful to
The Atkinson family, Paul Verrall, the Parkside Group and Townsville City for giving us permissions to use
their property. This study could not have been conducted without their kindness and support. This study was
financially supported by Tokyo University of Agriculture and Technology.

Author contributions

H.K. designed the study, collected field data, carried out statistical analysis and draughted the manuscript.
S.K. helped to draft the manuscript. L.S. helped to design the study, carry out statistical analysis, and draft the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-63503-9.

SCIENTIFIC REPORTS |

(2020) 10:6527 | https://doi.org/10.1038/s41598-020-63503-9


https://doi.org/10.1038/s41598-020-63503-9
http://www.bom.gov.au/?ref=logo
https://www.timeanddate.com/moon/phases/
http://www.R-project.org/
https://doi.org/10.1038/s41598-020-63503-9

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to H.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

v License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:6527 | https://doi.org/10.1038/s41598-020-63503-9


https://doi.org/10.1038/s41598-020-63503-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Impacts of artificial light on food intake in invasive toads

	Material and methods

	Experimental design. 
	Statistical analysis. 

	Results

	Experimental trials. 
	Variables influencing mean food intake per experimental trial. 

	Discussion

	Ethical statement. 

	Acknowledgements

	Figure 1 A map of study area.
	Figure 2 Overview of the enclosure experiment.
	Figure 3 (a) Relationship between average toad gut content masses in experimental enclosures, and experimental light treatment (comparing all periods when the light was on versus all periods when the light was off).
	Figure 4 Percentage of flying invertebrates in gut contents of toads when lights were on and off.
	Table 1 The result of model comparison of the generalized linear mixed models (GLMM) used to examine the relationships between gut contents of toads and various explanatory variables (experimental artificial light treatment [light-on vs light-off], ambien




