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Abstract

Annually, roads, and their associated users, are responsible for millions of roadkills worldwide. Mortality affects multiple
taxonomic groups, but amphibians are particularly vulnerable, due to their size and underreporting. In fact, very high mortality
frequencies can occur, mostly during short periods of time, when individuals migrate to and from reproduction areas (e.g., ponds).
In this study, we assess the influence of the lunar cycle on amphibian roadkills, while accounting for weather conditions. As
expected, the main environmental effects explaining roadkill numbers were weather related, with increases in minimum air
temperature, average relative air humidity, and cumulative rainfall during the previous 24 h having a positive effect on roadkill
numbers for all studied species. However, the lunar cycle also affected roadkills for two of the studied species. Darker nights had
higher numbers of roadkills of Pleurodeles waltl, while moonlit nights had higher numbers of Salamandra salamandra. As such,
these moon effects are species specific. Animals that are more active in moonlight may be at an advantage if their visual acuity is
better than that of their predators. We hypothesize that differences between species in the response to moonlight may be due to
differences perceived in predation risk. This information should be considered when designing mitigation measures. Volunteer
actions, for instance, can be planned and coordinated keeping in mind the most appropriate weather conditions for the general
amphibian community and specific phases of the lunar cycle for particular species.
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Introduction Benitez-Lopez et al. 2010; van der Ree et al. 2015;
Richardson et al. 2017; Santos et al. 2017). In particular, road
The threat posed to biodiversity by linear infrastructures, in-  networks have three mainly reported negative impacts (van

cluding roads and railways, is widely acknowledged in the der Ree et al. 2015): (i) indirect landscape effects (habitat
scientific literature (Seiler and Helldin 2006; Coffin 2007, degradation or loss and barrier effect); (ii) direct mortality
(e.g., roadkill); and (iii) avoidance behavior, due to the high
disturbance caused by the road traffic to its surroundings. By
comparison, some positive effects have been reported. In fact,
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Mortality caused by roads affects all taxonomic groups, but
amphibians are particularly vulnerable (Sillero 2008;
Holderegger and Di Giulio 2010; Colino-Rabanal and Lizana
2012; D’Amico et al. 2015; Franch et al. 2015). Due to their
small body size and lower conspicuousness, amphibian roadkill
is frequently underestimated (Hels and Buchwald 2001; Santos
et al. 2011). However, some studies have reported that an impor-
tant proportion of roadkill species belongs to this group,
highlighting the relevance of the threat to amphibians
(Ascensao and Mira 2005; Glista et al. 2007; Carvalho and
Mira 2011; Matos et al. 2012; Beebee 2013). In a study conduct-
ed in Portugal, Carvalho and Mira (2011) reported that amphib-
ian mortality can reach values of up to 70% of total vertebrate
mortality during the wet season and amphibians are one of the
taxa most affected by roadkills, along with passerine birds (which
may reach 60—70% in certain spring months). In another study in
the same region (Ascensdo and Mira 2005), amphibians repre-
sented around 56% of the total mortality, while a study conducted
in the USA (Glista et al. 2007) determined that amphibians rep-
resent around 95% of total roadkills. Several factors impact am-
phibian mortality numbers, with the more relevant being (i)
movement ability, with species with higher vagility being more
affected by roads (Carr and Fahrig 2001; Colino-Rabanal and
Lizana 2012; Meek 2012); (ii) immobility in the face of an ap-
proaching vehicle (Mazerolle et al. 2005; Lima et al. 2015); (iii)
traffic intensity (Hels and Buchwald 2001; Mazerolle 2004); (iv)
surrounding habitat (Sillero 2008; Matos et al. 2012; Heigl et al.
2017); and (v) proximity to reproduction sites, such as ponds and
streams (Ascensdo and Mira 2005; Santos et al. 2007b).

High mortality numbers of amphibians are often aggregated
in time, particularly when individuals migrate to and from repro-
duction areas (e.g., ponds) (Sillero 2008; Brzezinski et al. 2012).
In fact, the complex reproduction cycles of most amphibian spe-
cies, which include both terrestrial and aquatic phases (for breed-
ing), imply seasonal movements of large numbers of individuals
between different habitats which are performed mostly at night
(Ferrand de Almeida et al. 2001; Hels and Buchwald 2001;
Loureiro et al. 2008; Langen et al. 2009; Colino-Rabanal and
Lizana 2012). For most species residing in Mediterranean cli-
mates, the onset of movement toward the aquatic breeding sites
is determined by the first autumn rainfall (September—
November), while monthly average temperatures are still mild
(> 10 °C; Diaz-Paniagua 1992; IPMA 2014) and ends in late
spring (May) (Ferrand de Almeida et al. 2001; Richter-Boix
et al. 2006; Loureiro et al. 2008). Following the breeding period,
adults of most species return to their terrestrial habitats with
juveniles dispersing to these habitats later in the season
(Rothermel 2004; Cushman 2006; Sinsch 1997). Activity may
decrease during the winter if temperatures are too low, but the
summer is generally the most limiting period as many reproduc-
tion sites dry out, and the high temperatures force amphibians to
remain hidden or to aestivate (Speybroeck et al. 2016; Sinsch
et al. 2007). This partially explains why so many amphibians are
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susceptible to roadkill during their peak activity periods (Hels
and Buchwald 2001; Puky 2005).

While season has a significant influence on species activity,
there are several examples in the literature acknowledging the
effects of moonlight on different species behaviors (reviewed
in Kronfeld-Schor et al. 2013). Many species, marine and
terrestrial, show some kind of adjustment in their activity
levels and movement patterns to the lunar cycle (Kronfeld-
Schor et al. 2013; Chakraborty 2018). The various moon
phases and their influence on tides and geomagnetic fields
are perceived by animals and affect their behavior
(Kronfeld-Schor et al. 2013). For example, the reproductive
activity of fiddler crabs (genus Uca) reflects the 14-day semi-
lunar cycle in the Atlantic Coast of USA, while deer mice
(Peromyscus maniculatus) foraged less during a full moon
when compared to the new moon in a study conducted in
Santa Barbara Island, USA, to decrease predation risk by barn
owls (Tyto alba) (Chakraborty 2018), and maned wolves
(Canis brachyurus) in Brazil responded to temporally reduced
prey availability by reducing their distance traveled on full
moon nights when compared to other nights (Chakraborty
2018). Geomagnetic fields are also influenced by the lunar
cycle, with peaks during the third quarter moon and decreases
at the first quarter (Stolov 1965). These fields provide naviga-
tional cues for animals (Phillips 1986; Fischer et al. 2001;
Grant et al. 2009; Mestre et al. 2014) as birds are well known
to use geomagnetic fields for orientation when migrating long
distances (e.g., Ossenkopp and Barbeito 1978).

With regard to amphibians, the effect of the moon as a cue
to some phases of their phenological cycle has been discussed
in the literature (Grant et al. 2009, 2012; Vignoli and Luiselli
2013; Underhill and Hobel 2018), raising the possibility that
the movement intensity of amphibians might be somewhat
affected by the moon, with indirect effects in roadkill num-
bers, although this is species specific (Grant et al. 2012). For
example, Bufonidae, Ranidae, Salamandridae, and Hylidae
are influenced more by lunar cycles than other families
(Grant et al. 2012), and while the adaptive significance for
amphibians of lunar-mediated behaviors is rare, predator
avoidance, reproductive synchronization, visual signaling,
foraging, and navigation have all been observed (Grant et al.
2012). The activity of several individuals of the genus Litoria
was significantly greater close to full moon nights, possibly as
an adaptation to predation by snakes (Brown and Shine 2002;
Grant et al. 2012). By comparison, large arrival, and amplexus
and spawning events in B. spinosus are more frequent around
the full moon (Grant et al. 2009). Phillips (1986), for example,
suggests that the eastern red-spotted newt (Notophtalmus
viridiscens) can detect and respond to small geomagnetic
changes in navigation and orientation. We assumed that road-
kill events result from both breeding and non-breeding move-
ments, and that many individuals use the road for foraging (T.
Pinto and L.G. Sousa, personal observations).
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To our knowledge, very few works have investigated the
effect of the moon on roadkill intensity and amphibians (e.g.,

Mizuta 2014). In the present study, we aim to assess the influence
of the lunar cycle on the roadkill of six amphibian species in
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Fig. 1 Study site, near Evora (Portugal) and the surveyed road (37 km) from March 2010 and May 2012
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Southern Portugal and on the total number of amphibian roadkill
recorded during roadkill surveys, while accounting for weather
conditions. We predict that, at least to some of the studied spe-
cies, the moon cycle—related variables affect roadkill numbers
given the influence of the moon cycle in the nighttime luminosity
and geomagnetism. We demonstrate the relevance of the lunar
cycle on the mortality of amphibian species, despite the expected
influence of weather conditions, particularly temperature and hu-
midity. Studying the influence of weather and the moon cycle on
roadkill numbers of amphibians may help predict peak mortality
events and plan conservation efforts, such as road circulating
restrictions near amphibian breeding areas.

Material and methods

We conducted this study in southern Portugal (38° 32’ 24" to
38°47' 33" N; —08° 13" 33" to —07° 55" 45" W) (Fig. 1). The
study area is dominated by a mixture of montado woodlands
(Pinto-Correia et al. 2011) with varying tree density (Quercus
suber and/or Q. rotundifolia) and agricultural areas, while
topography is generally undulating and under 400 m a.s.l.
(for details, see Santos et al. 2011). The climate is
Mediterranean, with mild winters and hot and dry summers.
Mean monthly temperature averages 15.8 °C (9.3-23.3 °C)
and mean monthly rainfall averages 50.8 mm (6.6—-102.7 mm;
Evora 1971-2000; IPMA 2014).

Roadkills were undertaken between 16 Mar 2010 and 31
May 2012, in order to have two complete breeding cycles and
thus cover possible interannual variability in weather condi-
tions. Four road segments (N4 =12.3, M529=9.1, N370=
6.4, and N114 = 9.2 km, respectively) were surveyed, totaling
37 km: N4 and N114 are national main roads (ca. 4000 to
10,000 vehicles/day), and M529 and N370 are secondary
roads with lower traffic volume (<4000 vehicles/day; EP
2005). These roads were selected as they represent the most
frequent and abundant type of roads in the country, and they
cross important areas for biodiversity of southern Portugal
(e.g., montado open forest). All roads are two-lane wide
(9.25 m in average), and central traffic dividers are present
in only two road crossings (Fig. 1).

Road surveys were performed daily and started within 2 h
after sunrise (see Santos et al. 2011). This sampling effort
equally covered all moon phases. One observer, driving a
car at 2040 km/h, checked both sides of the road (lanes and
verges) for all amphibian carcasses. The surveys were always
carried out by experienced observers (> 100 roadkill surveys),
and most (84%) were carried out by the same four observers,
thereby assuring consistency of procedures and minimizing
errors associated with variation in observer skills (Collinson
et al. 2014). The car speed was as low as possible in order to
maximize detection probabilities of small carcasses
(Collinson et al. 2014; Santos et al. 2016b). However, due to
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driver safety reasons, a constant speed was not always possi-
ble. The standard road sampling width corresponded to both
lanes and paved shoulders (see Santos et al. 2013, 2016a). For
each amphibian roadkill detected, identification was in situ or
later in the laboratory to the lowest possible taxonomic level,
and its GPS position was recorded (Santos et al. 2011). After
species identification, the carcasses were removed from the
road to avoid recounts (Guinard et al. 2012).

The daily moon phase at the geographical location of the
study site was obtained from the Naval Oceanography Portal
services (http://www.usno.navy.mil/USNO/astronomical-
applications/data-services/rs-one-day-world) and was
expressed as the fraction of moon disk illuminated that was
converted into radians (). One lunar cycle thus corresponded
to a gradual change from 0 to 2 7 radians (0 and 2 7 radians
corresponded to the full moon, and 7 radians corresponded to
the new moon). The transformations cos(7t) and sin(7t) were
used in the statistical analyses as explanatory variables to
investigate possible lunar effects on amphibian roadkills.
High values of “cos(7)” represent full moon (versus new
moon for low values), while high values of “sin(7)”
represent last quarter moon (versus first quarter moon; see
deBruyn and Meeuwig 2001; Penteriani et al. 2011). Hourly
weather conditions were obtained from the Centro de
Geofisica de Evora (University of Evora; Mitra’s Weather
Station) and added to the dataset. Weather-related variables
included minimum and maximum air temperatures during
the previous 24 h (°C), average relative air humidity during
the previous 24 h (%), cumulative rainfall during the previous
24 h (mm), and average wind speed during the previous 8 h
(Suppl. Material, Table S1). We excluded the period of June to
August (3 months) after preliminary data exploration, as those
months corresponded to minimum values of amphibian road-
kills and to the period with the lowest amphibian activity in
Mediterranean areas (e.g., Jakob et al. 2003; D’Amico et al.
2015). The season was based on average meteorological con-
ditions and defined as a three-category variable: autumn
(September to November), winter (December to February),
and spring (March to May; Suppl. Material, Table S1).
Species with roadkill frequency higher than 3% were selected
for analyses.

The data analysis was a two-step process: a previous
screening of the candidate variables followed by an evaluation
of the significance of the explanatory variables in explaining
the roadkill numbers of each species and of the total number of
amphibians. First, a pairwise Spearman correlation was com-
puted among candidate explanatory variables and, to each pair
of highly correlated variables (Jrs|>0.7), only the one with
higher biological relevance for the species was retained for
further analysis (Tabachnick and Fidell 1996). Where appro-
priate, explanatory variables were transformed to reduce the
influence of outliers (Zuur et al. 2009). This was followed by
generalized linear mixed model for count data (Poisson) in
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order to evaluate the importance of the lunar cycle and weath-
er variables in each species and for the total amount of am-
phibian roadkills. Season was modeled as a random effect to
account for time dependencies (Zuur et al. 2009). A zero-
inflation component was added to models in which species
counts showed excess of zeros (> 70%). Thus, each species
was modeled with the zero-inflation component while the
overall data was modeled without it. Moreover, since some
of the observed mortality “zeros” can be due to measurement
error (Santos et al. 2011), the zero-inflation component was
applied (Zuur et al. 2009). Models were fitted with a negative
binomial distribution if overdispersion was too high (>> 1;
Zuur et al. 2009). Model selection was not performed, since
we opted to test the effect of all explanatory variables. Model
diagnostics were based on plots of Pearson residuals versus
the fitted values.

The statistical analysis was carried out within the R
environment (R Core Team 2016), using the
“gelmmADMB” package (Fournier et al. 2012; Skaug
et al. 2016).

Results

Over nearly a 26-month period, a total of 4276 amphibian road-
kills were recorded (two orders, 11 genera, and 14 species), of
which 94% were identified to species level during a total of 807
surveys. The species with higher roadkill percentages (>3% of

all amphibian carcasses) in the study area comprised two uro-
deles and four anurans: sharp-ribbed salamander (Pleurodeles
waltl), fire salamander (Salamandra salamandra), Iberian
painted frog (Discoglossus galganoi), western spadefoot toad
(Pelobates cultripes), spiny common toad (Bufo spinosus), and
natterjack toad (Epidalea calamita). The species with the highest
roadkill frequencies (> 0.02 km/day) were P. cultripes (n =934),
P waltl (n =897), and S. salamandra (n = 864), all with 0.03
roadkills/km/day. Together, the six species comprised 91.5%
(n =3911) of all carcasses found (Table 1; Suppl. Material).

Weather effects on roadkills

Considering the potential effect of cloud cover in the results, for
species showing higher mortality during higher luminosity nights,
we re-fitted models with a reduced dataset (excluding the obser-
vations of full moon nights with potential interference of high
cloud cover: high luminosity (ncos > 0.5), highest rainfall
(p_24>10 mm), and maximum humidity values (hr 24 >
80%). The new estimated coefficient for “ncos’ remained positive
and significant (estimate = 0.32, p = 0.019) and very similar to the
values obtained with the full dataset. Therefore, we conclude that
cloud cover is not masking any moon luminosity effect in our
study.

For the D. galganoi (overdispersion = 0.84) Poisson model
and for all the negative binomial models (other species and the
global dataset which had overdispersion > 2), the inspection of
residual plots revealed an adequate fit to data. In all models,

Table1 Number, number of roadkills per km per day, and percentage of roadkills by order and species. On bold, the total carcass numbers, overall and
per order
Order Scientific name Common name Carcass number No/km/ %o
day
Caudata Pleurodeles waltl* Sharp-ribbed salamander 897 0.0300 20.98
Salamandra salamandra* Fire salamander 864 0.0289 20.21
Triturus pygmaeus Southern marbled newt 31 0.001 0.72
Lissotriton boscai Bosca’s newt 8 0.0003 0.19
Total Caudata 1800 0.0603 42.10
Anura Pelobates cultripes* Western spadefoot toad 934 0.0313 21.84
Epidalea calamita* Natterjack toad 543 0.0181 12.70
Bufo spinosus* Spiny common toad 540 0.0181 12.63
Discoglossus galganoi* Iberian painted frog 133 0.0044 3.11
Hyla meridionalis Mediterranean tree frog 27 0.0009 0.63
Pelophylax perezi Perez’s frog 25 0.0008 0.58
Pelodytes ibericus Iberian parsley frog 10 0.0003 0.23
Hyla molleri Iberian tree frog 5 0.0002 0.12
Alytes cisternasii Iberian midwife toad 1 0.00003 0.02
Non-identified anurans 258 0.0086 6.03
Total Anura 2476 0.0829 57.90
Total 4276

*Marked species were considered in this study (those with > 3% of the roadkills)
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Table 2 Roadkill models for the species of the order Caudata (Salamandra salamandra and Pleurodeles waltl)

Salamandra salamandra Pleurodeles waltl

Estimate Std. error z value Sig. Estimate Std. error z value Sig.
(Intercept) —5.350 0.659 —8.12 0.000 * —5.848 0.825 —7.09 0.000 *
ncos 0.331 0.136 2.43 0.015 * —0.493 0.142 —3.48 0.000 *
nsin 0.173 0.139 1.25 0.212 0.060 0.145 0.42 0.676
mt24 0.004 0.024 0.16 0.872 0.118 0.029 4.05 0.000 *
cp24 (log+ 1) 1.084 0.133 8.16 0.000 * 0.629 0.132 4.76 0.000 *
ahr24 0.0659 0.008 6.90 0.000 * 0.060 0.009 6.35 0.000 *
mws8 0.081 0.289 0.87 0.384 0.001 0.097 0.01 0.993
ncos:nsin -0.058 0.289 -0.20 0.841 -0.001 0.281 -0.01 0.996

*p <0.05

Variables: ncos, cosine of the fraction of moon disk illuminated (in radians); nsin, sine of the fraction of moon disk illuminated (in radians); m24,
minimum air temperature (°C) in the last 24 h; ¢p24, cumulative rainfall (mm) in the last 24 h; arh24, average relative air humidity (%) in the last 24 h;
mws8, average wind speed in the last 8 h; additional parameters (S. salamandra: random effects: variance = 0.0000; SD = 0.0003; negative binomial
dispersion parameter = 0.3514; zero-inflation parameter = 0.0000; P, waltl: random effects: variance = 0.5024; SD = 0.7088; negative binomial disper-
sion parameter = 0.3377; zero-inflation parameter = 0.0000)

weather variables were the most relevant in explaining roadkills, ~ being significant to all models, except for the E. calamita; and
with average relative air humidity in the previous 24 h being ~ minimum air temperature in the previous 24 h being significant
always significant; cumulative rainfall during the previous 24 h  to all models except for S. salamandra (Tables 2, 3, and 4).

Table 3  Roadkill models for the species of the order Anura (Discoglossus galganoi, Bufo spinosus, Epidalea calamita, Pelobates cultripes)

Bufo spinosus Epidalea calamita

Estimate Std. error z value Sig. Estimate Std. error z value Sig.
(Intercept) -3.272 0.617 —5.30 0.000 * —4.522 0.680 —6.65 0.000 *
ncos 0.064 0.125 0.51 0.611 0.094 0.136 0.69 0.489
nsin —0.113 0.133 —0.85 0.393 0.011 0.147 0.08 0.939
mt24 0.103 0.023 4.48 0.000 * 0.061 0.031 1.97 0.049 *
cp24 (log+1) 0.965 0.134 7.19 0.000 * 0.888 0.146 6.07 0.000
ahr24 0.019 0.008 241 0.016 * 0.048 0.009 5.39 0.000 *
mws8 0.061 0.091 0.67 0.506 —0.199 0.110 —1.81 0.070
ncos:nsin -0.119 0.269 —0.44 0.658 —0.281 0.301 -0.93 0.352

Pelobates cultripes Discoglossus galganoi

Estimate Std. error z value Sig. Estimate Std. error z value Sig.
(Intercept) —4.811 0.650 -7.40 0.000 * —3.464 0.903 —3.84 0.000 *
ncos -0.237 0.130 -1.82 0.068 —0.205 0.155 -1.32 0.186
nsin 0.220 0.131 1.68 0.092 —0.138 0.172 —0.80 0.421
mt24 0.183 0.024 7.73 0.000 * 0.070 0.031 2.26 0.024 *
cp24 (log+1) 0.830 0.133 6.25 0.000 * 0.616 0.144 427 0.000 *
ahr24 0.035 0.008 4.36 0.000 * 0.023 0.011 2.06 0.040 *
mws8 0.057 0.088 0.66 0.512 0.053 0.104 0.51 0.613
ncos:nsin 0.265 0.264 1.01 0.314 -0.212 0.368 —0.58 0.565

p<0.05

Variables: ncos, cosine of the fraction of moon disk illuminated (in radians); nsin, sine of the fraction of moon disk illuminated (in radians); m24,
minimum air temperature (°C) in the last 24 h; ¢p24, cumulative rainfall (mm) in the last 24 h; arh24, average relative air humidity (%) in the last 24 h;
mws8, average wind speed in the last 8 h,; additional parameters (B. spinosus: random effects: variance =0.0000; SD = 0.0004; negative binomial
dispersion parameter = 0.4022; zero-inflation parameter=0.0000; E. calamita: random effects: variance =0.0591; SD =0.2430; negative binomial
dispersion parameter = 0.3259; zero-inflation parameter =0.0000; P. cultripes: random effects: variance = 0.0000; SD =0.0003; negative binomial
dispersion parameter = 0.3804; zero-inflation parameter = 0.0000; D. galganoi: random effects: variance = 0.0000; SD = 0.0009; zero-inflation param-
eter=0.6817)
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Table 4  Roadkill models for all the species

Estimate Std. error z value Sig.

(Intercept) —2.181 0.493 —4.43 0.000 *
ncos —0.095 0.101 -0.94 0.350

nsin —0.164 0.101 —1.63 0.100

mt24 0.092 0.020 471 0.000 *
cp24 (log+1) 0.909 0.113 8.04 0.000 *
ahr24 0.037 0.006 5.87 0.000 *
mws8 —0.062 0.072 -0.87 0.390
ncos:nsin 0.161 0.203 0.79 0.430

*p <0.05

Variables: ncos, cosine of the fraction of moon disk illuminated (in ra-
dians); nsin, sine of the fraction of moon disk illuminated (in radians);
mt24, minimum air temperature (°C) in the last 24 h; ¢p24, cumulative
rainfall (mm) in the last 24 h; arh24, average relative air humidity (%) in
the last 24 h; mws8, average wind speed in the last 8 h; additional param-
eters (random effects: variance = 0.1037; SD = 0.3221; negative binomial
dispersion parameter = 0.4127)

Opverall, the increases in minimum air temperature, average rela-
tive air humidity, and cumulative rainfall in the previous 24 h to
road surveys increase the probability of higher roadkill numbers
for all studied species and total number of amphibians (Tables 2, 3,
and 4).

Moon cycle effects on roadkills

Two species were significantly influenced by moon-related vari-
ables: S. salamandra and P. waltl. The former had a positive co-
efficient (0.33, p =0.015, Table 2) for “ncos,” demonstrating sig-
nificantly higher mortality during the full moon. The latter
depicted a negative coefficient (— 0.49, p = 0.0005, Table 2) which
demonstrates significantly higher mortality during the new moon.
The response of P, cultripes, which was just above the significance
threshold (0.05 < p < 0.10), also had a negative coefficient in ncos
(—0.24, p=0.068, Table 3) and a positive coefficient in nsin (0.22,
p=0.092, Table 3).

Discussion

As predicted, our results demonstrate that temperature and
humidity are the main drivers for amphibian species mobility,
explaining most of the roadkills. However, the most relevant
result of this work is the association between roadkill amphib-
ian numbers, in the order Caudata, and the lunar cycle.
Previous research has already revealed amphibians’ life
history might respond to lunar cycle-related cues (Vignoli
and Luiselli 2013; Grant et al. 2009, 2012). Additionally, the
influence of the lunar cycle has also been related with roadkill
numbers in other taxa, namely ungulates (Gundersen and
Andreassen 1998; Colino-Rabanal et al. 2018), kangaroos

(Coulson 1982), or birds (Mizuta 2014). Colino-Rabanal
et al. (2018) found higher roadkill during the full moon in
three out of the four ungulate species studied. Although no
clear conclusion is reached in what concerns the causal fac-
tors, the authors hypothesize that either driver behavior or
(most probably) the species life cycles are behind these pat-
terns. Mizuta (2014), studying a bird species (Amami wood-
cock Scolopax mira), found that roadkill was more frequent in
the first half of the synodic month, with a waxing moon, and
from dusk to midnight. To our knowledge, this is the first
approach relating amphibian roadkill data with the lunar
cycle.

All studied species are characterized by a crepuscular/
nocturnal activity, and all rely on water bodies for reproduc-
tion, having a terrestrial phase outside the breeding season
(Ferrand de Almeida et al. 2001; Loureiro et al. 2008). All,
except B. spinosus, have decreasing population trends across
their distribution areas, and P. waltl and P. cultripes are clas-
sified as Near Threatened by IUCN (Agasyan et al. 2009; Beja
et al. 2009a, b, ¢; Bosch et al. 2009; Kuzmin et al. 2009). The
characteristics of waterbodies used for breeding differ among
species. Bufo spinosus breeds mostly in permanent
waterbodies (Agasyan et al. 2009), P. waltl, S. salamandra,
and D. galganoi breed in permanent or temporary ponds and
small streams (Beja et al. 2009a; Bosch et al. 2009; Kuzmin
et al. 2009), P. cultripes breeds mostly in temporary ponds
(Beja et al. 2009b), and E. calamita prefers shallow water like
puddles (Beja et al. 2009¢). Furthermore, B. spinosus and
E. calamita are also known to show philopatric migratory
activity (Reading et al. 1991; Miaud et al. 2000). In years of
autumn drought, the start of breeding may be delayed until
reproduction sites have enough water for species require-
ments, particularly the early breeders, such as P. waltl,
S. salamandra, and P. cultripes (Diaz-Paniagua 1992; Segev
and Blaustein 2007).

Weather conditions

Rain and temperature are often referred to as major determi-
nants of amphibian movements (Mazerolle 2001; Vasconcelos
and Calhoun 2004; Todd and Winne 2006) and our results
confirm the relation of these environmental cues with amphib-
ian mortality, with more amphibians being killed on roads
during rainy and warmer nights. Although these relations have
also been found for reptiles, birds, and mammals (D’ Amico
et al. 2015; Garriga et al. 2017), numerous studies dealing
with amphibian roadkills confirm that mortality peaks with
these weather conditions (Sillero 2008; Carvalho and Mira
2011; Beebee 2013; D’Amico et al. 2015; Garriga et al.
2017). This can be explained by the amphibians’ highly per-
meable skin, which can rapidly desiccate (Todd and Winne
2006) and to the lower metabolic cost of movements during
warmer nights (Paladino 1985). The combination of these
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characteristics could explain the amphibian movement peaks
during humid and warmer nights for our study.

Lunar cycle

Moonlight avoidance by animals has been related to an in-
creased risk of predation by visually oriented predators
(Lima and Dill 1990; Vignoli and Luisielli 2013) and thus
may translate into an anti-predatory behavior. By contrast,
animals active on moonlight nights may be at an advantage
if their visual acuity is better than that of their predators or if,
somehow, they are protected from predators (with toxins, for
example). This might be the case of S. salamandra, that is
preyed on by mammals (like hedgehogs, otters, badgers, and
wild boars (Carretero and Rosell 1999; Salvador and Garcia-
Paris 2001; Morales et al. 2004)), reptiles (such as snakes (Bas
Lopez et al. 1979; Brafa 1998)), and owls (e.g., tawny owl;
Otero et al. 1978). Most mammals and reptiles rely on vision,
but also on olfactory or infrared senses, respectively, to detect
their prey (Newman and Hartline 1982; Nummela et al. 2013).
Owls have an accurate vision and, although not exclusively,
use it to detect their prey (Martin 1982). Thus, despite preda-
tor’s abundance, S. salamandra might afford to move in full
moon nights (higher luminosity) considering its aposematic
coloration, which has a dissuading effect on most predators.
It is known that predators associate these as warning signals
for venom/toxicity or unappealing prey (Ham et al. 2006;
Martinez-Freiria et al. 2017). On the other hand, being a high-
ly terrestrial species, it is possible that visual interspecific
communication is facilitated during moonlight nights as it
happens with other taxa (Penteriani et al. 2010). By compar-
ison, P. waltl spends longer periods of time in water and
moves less frequently on land than S. salamandra (Salvador
2015). P. waltl shares common predators with S. salamandra
(Mafiez-Rodriguez 1983; Diaz-Paniagua et al. 2007), meaning
this species may have advantages in moving on darker nights
to avoid visually oriented predators (e.g., owls), since they
lack the aposematic coloration and moving on darker nights
may bring advantages in avoiding being detected by preda-
tors. However, the information on the biology of these uro-
deles might be too scarce to allow a consistent discussion on
the adaptive function of high activity under full moon/new
moon nights.

Lunar cycles influence changes not only in light intensity,
but also in the Earth’s magnetic field (Grant et al. 2012). The
response of P. cultripes to the lunar cycle was less clear than
that of the urodeles, suggesting that mortality peaked during
the new moon (when compared with full moon) and during
the last quarter moon (when compared with the first quarter
moon). Geomagnetism is regulated by lunar cycles (Lohmann
and Willows 1987) with minimum values just before the full
moon (first quarter) and peaking at the third quarter (Stolov
1965). Grant and collaborators (Grant et al. 2009) studied the
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influence of the lunar cycle on breeding biology of amphib-
ians and found a correlation between the arrival events of
newts (urodeles) to breeding areas and geomagnetic changes
around moon quarters. P. cultripes may be responding to both
luminosity and geomagnetic signals, although the results are
not clear. Although not focused on roadkills, some studies
found that amphibian responses to the lunar cycle are highly
species specific and are explained mostly by each species’
behavior and specific ecological traits (Grant et al. 2012;
Onorati and Vignoli 2017). This supports our results since
the two salamander species showed opposite responses to
the moon.

Potential limitations

Several factors might induce underestimates of roadkill num-
bers, namely carcass persistence and detectability (Santos
et al. 2011; Teixeira et al. 2013; Barrientos et al. 2018).
After an amphibian-vehicle collision, the carcasses do not
remain on the road for a long time and are removed by scav-
engers, by decomposition or destroyed by vehicle wheels
(carcass persistence; Santos et al. 2011). The carcass detect-
ability refers to the observer error that fails to register all car-
casses present at the time of the survey (Teixeira et al. 2013).
Both error types are mostly influenced by carcass size (Santos
etal. 2011; Barrientos et al. 2018). We believe that persistence
biases were minimized in the present study by performing
road surveys with a daily frequency and as close as possible
to the moment of roadkill (starting at sunrise; Santos et al.
2011, Collinson et al. 2014). The detectability biases were also
minimized by using experienced observers and by driving the
car at a very low speed (Collinson et al. 2014; Santos et al.
2016b). In addition, most target species of our study have
similar body sizes, varying between 18 g (S. salamandra)
and 30 g (P, cultripes), having thus very similar persistence
and detectability probabilities. Only B. spinosus has a higher
body mass (125 g), with expected higher persistence time and
higher detectability by observers. We believe that these size
differences are not problematic considering that we related
each species independently with the environmental variables.
Furthermore, our analyses concerned the sum of roadkill
events for each night, thus lowering the effect of particular
road sections with lower persistence or detection. Moreover,
the visibility conditions during surveys were optimal most of
the days (enough sunlight and low traffic volumes), and rarely
was there strong persistent rain during the surveys that could
interfere with carcass visibility. Thus, we are confident that the
roadkill numbers used in analyses are an accurate sample of
amphibian mortality in our study area.

A further potential limitation with our study is that we did
not include cloud cover as an explanatory variable. It is known
that nights with high and continuous cloud cover may reduce
the amount of moonlight reaching the soil surface (Onorati
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and Vignoli 2017). However, a recent study showed that the
moonlight effects on anuran reproductive behavior were not
influenced by cloud cover (Underhill and Hoébel 2018).
Furthermore, as occurred in similar studies (Colino-Rabanal
and Lizana 2012), cloud cover varied locally, and differently
from the coarser weather data available. However, we ad-
dressed this potential bias, which would be most felt on spe-
cies moving in higher luminosity conditions, in our case
S. salamandra, by resorting to the approach described in the
“Material and methods” section, concluding that the cloud
cover is not masking the moon luminosity effect.

Conservation implications

Our study showed that mortality numbers were higher during
specific weather conditions (rainy/humid and warmer nights)
for almost all studied species: P. waltl, D. galganoi,
P. cultripes, B. spinosus, and E. calamita. Mortality of
S. salamandra was higher during rainy and humid conditions.
Moreover, the mortality of P waltl and S. salamandra was
also higher during specific lunar phases. These are crucial
results for the application of temporal mitigation measures,
such as temporarily closing the road to traffic, setting tempo-
rary drift fences, or organizing volunteer groups to carry am-
phibians across roads to save them from death (Schmidt and
Zumbach 2008; Beebee 2013). In our study area, these actions
should be planned and coordinated in rainy and warmer nights
for the general amphibian community. For actions targeting
S. salamandra, actions should concentrate on humid and rainy
nights with a full moon with translocation of individuals from
the road surface to safer habitats, for instance. On the other
hand, road sections with high roadkill frequency of P waltl
could be similarly targeted on rainy/humid and warmer nights
with a new moon, as mortality numbers are increased in these
periods. Thus, our results contribute to the optimization of
resources and temporary mitigation measures (e.g., volunteer
campaigns, temporary road signs, or temporary drift fences)
by specifying optimal periods for particular species mitiga-
tion, which can improve the cost-benefit of some actions.
For this reason, our findings have important implications for
the road agencies and conservation of amphibians which face
a global decline (Houlahan et al. 2000).
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