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Abstract
Roads can negatively impact ecosystems by fragmenting habitats and affecting animal 
movements and behaviour. One of the major noticeable effects of roads is animal mortality 
by vehicle collisions, a paramount threat to wildlife, especially for amphibians. In the con-
text of reduced water availability, particularly in the Mediterranean region, amphibians are 
projected to be one of the most negatively affected animal groups. In this study, we used 
14-year road mortality data collected along 120 km of roads, combined with landscape and 
remote sensing variables, to identify the drivers of amphibian mortality spatial patterns in 
a Mediterranean landscape, in Southern Portugal. We recorded 5116 carcasses belonging 
to five amphibian species. Generalised linear models showed that for most of the species, 
roadkill numbers increased with the decrease in water availability in water bodies. Also, 
the distance of water bodies to the roads was important in understanding amphibian road-
kill patterns, with a general increase in mortality at reduced distances. Land use variables 
were also significant drivers for amphibian road mortality, with species-specific responses. 
Roadkill numbers decreased for the Iberian ribbed newt and the fire salamander in agricul-
tural dominated areas. Our results also show an increase in roadkill numbers for the nat-
terjack toad in areas with higher percentage of olive groves, and an opposite response for 
the fire salamander. We recognize the importance of long-term studies in assessing roadkill 
patterns, and their value for amphibian monitoring and conservation.
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Introduction

Roads and highways are one of the most ubiquitous man-made features across the land-
scape. They aim to facilitate connectivity among humans and economic progress (Meijer 
et al. 2018), but they also pose a varied range of negative effects, including habitat loss, 
degradation, and fragmentation; shifts in biophysical flows; spreading of invasive spe-
cies; changes in the availability of resources such as water and nutrients; and disturbance 
caused by chemical, light and noise pollution (Coffin 2007; van der Ree et al. 2015). Roads 
also create a barrier to wildlife movement, isolating populations, and modifying animal 
behaviour such as migration or dispersal, ultimately jeopardising the long-term viability of 
populations (Jongsma et al. 2014; Ceia-Hasse et al. 2017; Howell and Seigel 2019). How-
ever, one of the major effects of roads on wildlife is the direct mortality by roadkill, whose 
magnitude depends on ecological requirements and life history traits, making some spe-
cies more prone than others (Forman et al. 2003; D’Amico et al. 2015; Santos et al. 2016). 
Among vertebrates, the amphibians are the taxonomic group with the highest mortality 
rates (Glista et al. 2008) due to their biological traits, such as low vagility, narrow habitat 
tolerances and seasonal migrations to and from reproduction areas (Carr and Fahrig 2001; 
Sillero 2008). Higher mortality is often reported on roads close to water bodies used for 
reproduction (Ascensão and Mira 2005; Orlowski 2007; Santos et al. 2007; Cooke 2011), 
and on migration routes between high-quality habitats (Sillero 2008). Behavioural traits 
also make this taxon exceptionally susceptible to death on roads, including immobility 
when approaching vehicles (Mazerolle et al. 2005); not avoiding roads during their migra-
tions, moving slower on the asphalt, than in surrounding areas (Bouchard et  al. 2009); 
attraction of some species to roads in foraging excursions, to hunt or in search for a poten-
tial mate (Speybroeck et al. 2016). In addition, some amphibian species depend on an intri-
cate landscape structure to complete their complex life cycles that allow movement from 
feeding and aestivation/hibernation to reproduction habitats (Joly 2019). These traits make 
this group particularly vulnerable to genetic structuring and potential population declines 
due to roads (Holderegger and Di Giulio 2010).

The Mediterranean Basin is considered the second largest biodiversity hotspot in the 
world (Médail and Quezel 1999), and is unique because of its long history of coexistence 
between wildlife and humans. Nevertheless, since the middle of the twentieth-century 
human pressures have been strongly intensified including the construction of large road 
networks crossing or close to important natural areas (Blondel et  al. 2010). As a result, 
this proximity could potentially place wildlife at a higher risk (Fahrig et al. 1995), justi-
fying the need for further studies aiming to understand the role of landscape features in 
promoting or impeding roadkill (e.g. Sillero 2008; Carvalho and Mira 2011). The Mediter-
ranean is also considered one of the most vulnerable regions in the world to the impacts of 
global warming (Tuel and Eltahir 2020). During the last century, the air temperature has 
risen in all regions of the Mediterranean, particularly in the Iberian Peninsula and southern 
France, with an increase of almost 2 °C (UNEP/MAP 2017). The predictions for this region 
also include a substantial reduction in rainfall, contributing to desertification (UNEP/MAP 
2017; Tuel and Eltahir 2020). This is even more alarming since the Iberian Peninsula com-
prises almost 50% of European fauna and flora, with more than 30% of endemic species 
(Araújo et  al. 2007) and within these, twenty-eight amphibian species including twelve 
endemisms (Carretero et al. 2018). Ectotherms are considered especially vulnerable to cli-
mate change (Gibbons et al. 2000; Araújo et al. 2006) and for many amphibian species, 
future predictions point to a contraction of their distribution ranges (Araújo et  al. 2006; 
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Carvalho et  al. 2010). The increase in temperature and rainfall reduction are expected 
to decrease the availability of water resources and enhance the spread of infectious dis-
eases (Pounds et al. 2006), two factors that are negatively affecting amphibian populations 
worldwide. The known water dependency for most amphibian species to complete their 
life cycles, places this group at exceptional risk, especially in semi-arid areas (Henle et al. 
2008; Carvalho and Mira 2011). These effects, coupled with the costs of the roadkill, may 
produce catastrophic consequences for amphibians, thus, it is urgent to address the drivers 
of amphibian roadkill in the Mediterranean region to mitigate this threat more efficiently.

Several studies have addressed amphibians’ roadkill patterns in conjunction with the use 
of new technology and methods (Elzanowski et al. 2009; Glista et al. 2008; Sillero 2008; 
Matos et al. 2012; Mestre et al. 2019); nevertheless, the influence of landscape factors on 
roadkill patterns, and the extent to which they can be predicted, is yet to be unveiled (Cush-
man 2006; Beebee 2013; Petrovan and Schmidt 2019). Most studies that address this issue 
are conducted in short-term periods, with occasional records, and report mostly seasonal 
variations in roadkill, which could lead to misleading results (Sillero 2008). Long-term 
studies, however, incorporate data with variations between years, providing more robust 
inferences that allow to better understand the possible impact on the persistence of popula-
tions (Pinto et al. 2020). Coupled with this, the use of free spatial high-resolution remote 
sensing data that provides consistent long-term Earth observation from local to global 
scales (Wang et al. 2010), can yield innovative valuable data (such as vegetation produc-
tivity and landscape structure) at very small spatial scales and periodicity. Since amphib-
ians respond to small scales, these products are an important tool to assess the landscape 
and climatic drivers of amphibian roadkill. There are several studies that infer that remote 
sensing data such as vegetation productivity, water availability and land surface tempera-
ture have great potential in mapping land use change trends at small scales (Ehsan and 
Kazem 2013; Campos et al. 2012; Muro et al. 2018). In combination with other factors that 
previous research demonstrated to be related to amphibian road mortality (e.g. distance to 
ponds; habitat quality) (Sillero 2008; Carvalho and Mira 2011; Coelho et al. 2012; Matos 
et al. 2012; Heigl et al. 2017), these tools should improve the efficiency and feasibility of 
conservation and mitigation measures, often highly expensive and taxa specific (Ascensão 
et al. 2019).

In this study, we identify the drivers of amphibian mortality spatial patterns in a Med-
iterranean landscape in Southern Portugal, by combining landscape and remote sensing 
predictors. Specifically, we explore water availability drivers across different amphibian 
species, to better understand the mortality patterns of most roadkilled amphibians. We 
hypothesise that low water availability in the landscape will be correlated with lower prob-
abilities of amphibian road mortality since these conditions reduce suitable habitats for 
amphibians (Araújo et al. 2006). Moreover, water bodies closer to roads will be correlated 
with higher levels of amphibian mortality because these places are common aggregation 
sites for most amphibian species (D’Amico et al. 2015).

Methodology

Study area

The study was conducted in an area of approx. 210.000 ha, located in Alentejo, Southern 
Portugal (29 N 599606E, 4285394 N, WGS84) (Fig. 1). The topography is flat (ranging 
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from 100 to 400 m a.s.l.), and the landscape is mainly composed of Mediterranean cork 
(Quercus suber)/holm (Quercus rotundifolia) forests, with varying tree cover (between 20 
and 80 trees per hectare; Pinto-Correia and Mascarenhas 1999) composing the complex 
agrosilvopastoral system called montado (Pinto-Correia 1993), and agricultural areas in 
equal proportions. Production activities like cereal crops combined with extensive live-
stock grazing are also present (Pinto-Correia and Mascarenhas 1999), as well as open 
agricultural areas, orchards and permanently irrigated agricultural areas. This landscape 
mosaic structure is considered one of the ecosystems with the highest biodiversity in the 
western Mediterranean Basin (Pinto-Correia et al. 2011). The climate is typically Mediter-
ranean, with hot and dry summers (where temperatures can exceed 40 °C), mild and wet 
winters (5.8–12.8 °C), and annual precipitation ranging between 500 and 650 mm (IPMA 
2021). The study area is crossed by the main transportation corridor between Lisbon and 
Madrid and a network of linear infrastructures. Roadkill surveys were carried out along 
four National Road sectors (EN4, EN114, EN370 and EN18; > 4000 vehicles/day, IP 
2005) and one Municipal Road sector (EM529; < 4000 vehicles/day, IP 2005). All roads 
are two-lane wide.

Roadkill data

Amphibian roadkill data were compiled from the University of Évora database, for a period 
of 14 years (2006 to 2020), corresponding to a total of ca. 120 km of sampled roads (dis-
tributed across 5 roads; Table S1 – Supplementary materials). Over this period, an expe-
rienced observer drove a car at 20–40  km/h during the first morning hours (to reduce 

Fig. 1   Map of the study area in Southern Portugal, with the sampled roads and land cover in the 1000 m 
buffer for each 500 m road segment
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the impact of traffic and scavengers in carcass removal), checking both sides of the road 
(including lanes and shoulders), and collecting and registering roadkill animals (for further 
details on monitoring procedures, see Santos et al. 2011; Pinto et al. 2020). All amphib-
ian carcasses were identified to the lowest possible taxonomic level and removed from the 
road to avoid double counting. Due to budget constraints over the years, the sampled roads 
and sampling periodicity varied across the study time frame (STF); some years were sam-
pled daily, others weekly, and others had mixed sampling (daily in Spring and Summer 
months, and weekly sampling in Winter months; Table S1 - Supplementary materials). To 
standardise carcass persistence errors and maximise temporal and spatial variability, we 
retrieved only weekly roadkill data. For this study, we selected carcasses that were identi-
fied to the species level and retained five species with high numbers of roadkill (> 400): 
fire salamander (Salamandra salamandra), Iberian ribbed newt (Pleurodeles waltl), natter-
jack toad (Epidalea calamita), spiny common toad (Bufo spinosus), and Iberian spadefoot 
toad (Pelobates cultripes). We used the taxonomy and nomenclature according to Carretero 
et al. (2018).

Environmental predictors

For analysis purposes, we split each road into 500  m-length contiguous segments and 
because species perceive landscape at different scales, sometimes due to a different spatial 
use (Bennet et al. 2006; Ingham and Samways 1996), we defined four buffer widths at each 
road section (100 m, 250 m, 500 m, and 1000 m) to characterise landscape traits around 
each segment. The road segment size was based on the mean distances regularly covered 
by the most roadkilled amphibian species (Wells 2007; Joly 2019), and the buffer sizes 
were based on the average road effects on previous studies (Langen et al. 2009; Carvalho 
and Mira 2011; Joly 2019).

We selected several environmental predictors based on the species ecology and aims of 
the study (Sillero 2008; Carvalho and Mira 2010; Matos et al. 2012; D’Amico et al. 2015). 
To provide our models with the most updated information on environmental changes, 
and variations of local dynamics across the study time frame in our study area, we used 
remote sensing-derived predictors, revealing a set of local dynamics, together with land 
cover, topography and distance to nearest highway and water bodies. A total of 21 envi-
ronmental predictors describing different categories were measured (Table 1): land cover 
(n = 6), water availability (n = 5), vegetation productivity (n = 6), land surface temperature 
(n = 2), road proximity (n = 1), and topography (n = 1). For the land cover predictors, we 
used CORINE Land Cover (CLC; EEA) 2006, 2012 and 2018 to characterise the land use 
during the 2006–2020 period. We merged some land cover classes to reflect the main land 
uses in the study area (Table S2—Supplementary materials). At each buffer, we extracted 
the mean land cover class from the three CORINE years to a 30 m pixel resolution using 
QGIS Software (QGIS Development Team 2022).

Water is a critical element for amphibians, regulating their activity and reproduction 
(Speybroeck et al. 2016); for this reason, we calculated predictors that represent water avail-
ability in the landscape. We computed the mean Normalised Difference Moisture Index 
(M_NDMI; Gao 1995), sensitive to changes in water content on vegetation, and its stand-
ard deviation (SD_NDMI), representing the variation throughout the STF (2006–2020); 
and the mean Normalised Difference Water Index (M_NDWI; McFeeters 1996) and the 
respective standard deviation (SD_NDWI), to monitor changes related to water con-
tent in water bodies and its variability, respectively. These indexes were calculated from 
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LANDSAT images [LANDSAT 5 and LANDSAT 8 image collections (Level 2, Tier 1)] 
with a 30  m spatial resolution [US Geological Survey (USGS)—http://​lpdaac.​usgs.​gov; 
for a brief description of the LANDSAT program please see Supplementary materials] 
accounting for the STF. The time frame included full years of the study period, and we only 
retained high-quality images with 0% cloud cover for the whole study area (WRS-2 scene: 
path 203, row 33). We also calculated ‘distance to ponds’ predictor by applying Euclidean 
distance to a 30 m spatial resolution raster (derived from existing cartography) to measure 
the influence of the water bodies on roadkill (range of water bodies area = 26–395 m2). 
We performed the calculation of this last predictor using QGIS Software (QGIS Devel-
opment Team 2022). In addition, we computed several predictors of vegetation produc-
tivity that have been successfully used in previous amphibian studies and explain species 
occurrence (e.g. Qian et al. 2007), namely: mean and SD of the Enhanced Vegetation Index 
(M_EVI and SD_EVI; Liu and Huete 1995); the mean and SD of the Normalised Differ-
ence Vegetation Index (M_NDVI and SD_NDVI; Rouse et al. 1973); and the mean and SD 
of the Soil-Adjusted Vegetation Index (M_SAVI and SD_SAVI; Huete 1988). All these 
indexes quantify vegetation greenness and their variability across the STF, however, EVI 
corrects for some atmospheric conditions and canopy background noise, being more sensi-
tive in dense vegetation areas (Liu and Huete 1995), and SAVI attempts to minimise soil 
brightness influence using a correction factor (Huete 1988). Since amphibians are ecto-
thermic, the temperature is also a major determinant of their activity (Araújo et al. 2006; 
Speybroeck et  al. 2016). Therefore, we calculated the mean and SD Land Surface Tem-
perature (M_LST and SD_LST; Hulley et al. 2019) and used it as the air temperature sur-
rogate. These indexes (vegetation productivity and land surface temperature) were obtained 
following the same procedures as the remote sensing water availability predictors (NDMI 
and NDWI). We combined all the images into composites and calculated the mean (M) and 
standard deviation (SD) for each index, across the STF. Higher values for the SD denote 
greater heterogeneity, while lower SD values represent more consistent similar values 
throughout all years. Overall, we obtained a total of 84 images (Table S3—Supplementary 
materials), with an average of 5.6 images per year (min = 0 for 2012; max = 11 for 2017; 
SD = 2.87); the year 2007 contains two images, one for June and another for August, the 
year 2012 had no quality images available, and therefore was excluded from the analyses. 
We processed all composite images and calculated all previously mentioned remote sens-
ing indexes in Google Earth Engine (Gorelick et al. 2017).

Roads can exacerbate a barrier effect on amphibians (Fahrig et al. 1995), so we obtained 
the road proximity predictor (‘distance to highway’) using the same procedure as the ‘dis-
tance to ponds’; also using QGIS Software (QGIS Development Team 2022) we extracted 
elevation from a digital elevation model (DGT 2018) since water typically concentrates in 
lower topographies, where it can create ponds and water bodies, of extreme importance for 
amphibians (Santos et al. 2007). We stacked all environmental predictors in a 30 m spatial 
resolution multi-raster layer (see Table 1 for a resume of the predictors) for the entire study 
time frame using R software (R Core Team 2021).

Data analysis

We used the number of roadkills per road segment of each species as a response vari-
able. To account for possible bias in our roadkill count data, we included an offset 
parameter in the models (log scaled). This offset corresponds to the total number of 
weeks each road segment was sampled (sampling effort) and converts the raw count 

http://lpdaac.usgs.gov
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roadkill data to period standardised rates (Zuur et  al. 2007). For each environmental 
predictor (except for distances) and each species, we selected the best response scale 
(100 m, 200 m, 500 m, and 1000 m) by applying univariate Poisson Generalised Linear 
Models (GLM) (Salgueiro et al. 2018) and extracting the predictor scale showing the 
lowest Akaike’s Information Criterion (AIC; Akaike 1974). We then used the selected 
variables to assemble our models.

Our modelling procedure for each species was based on GLMs with a negative 
binomial distribution (as our data presented high values of overdispersion, Zuur et al. 
2009), and we modelled the count data with all the selected predictors from the four 
scales, while using ‘sampling effort’ as an offset parameter. We started our analysis by 
assessing multicollinearity, using the Variance Inflation Factor (VIF) (Zuur et al. 2010; 
Dormann et  al. 2013), excluding all predictors with a VIF higher than 5 (Dormann 
et  al. 2013; Sillero et  al. 2021). The removed predictors included: ‘M_NDVI’, ‘SD_
NDVI’; ‘M_EVI’; ‘M_SAVI’ and ‘SD_SAVI’. Prior to modelling, we standardised all 
predictors to zero mean and unit variance, so model coefficients could be comparable 
(Zuur et al. 2009). We then randomly selected 20% of available zeros for each species 
dataset as absences, to avoid zero-inflated problems and divided the data into training 
(70%) and test (30%) data (Field et al. 2012), to evaluate the explanatory power of each 
model. Following, we performed backwards stepwise selection using AIC to assess 
the relative likelihood of each model (Akaike 1974) between the stepwise output and 
the full model (the model constructed with all predictors that we considered after VIF 
analysis). We selected the models with the lowest AIC, plotted the Pearson residu-
als to assess normality and evaluated goodness of fit with the percentage of deviance 
explained by the model. To account for potential autocorrelation in our data, we per-
formed a Moran’s I test (Moran 1950) on each model residuals and calculated a spatial 
autocovariate as the distance weighted average of neighbouring response values (Dor-
mann et  al. 2007). While Moran’s I measures the global spatial autocorrelation, the 
autocovariate identifies the local spatial structure of our roadkill data (Anselin 1995). 
We then rerun the models with the autocovariate as an additional predictor. We com-
pared the AIC of the previously run models, with the ones accounting for the spatial 
autocorrelation and selected the models with the lowest AIC values. If ΔAICc < 2, the 
models were considered equally supported (Burnham and Anderson 2002), and the one 
without the autocovariate was retained. Then we performed all the previously men-
tioned steps for model evaluation. The predictive performance of models was assessed 
with Pearson correlation between observed and predicted roadkill.

We performed all the analyses using R software packages raster, rgdal, performance, 
spdep and MASS (R Core Team 2021).

Results

We recorded a total of 5116 amphibian carcasses, belonging to the five selected spe-
cies, between 2006 and 2020, most of which belonged to the natterjack toad (47%). 
The second most roadkilled amphibian species was the fire salamander accounting for 
18% of total carcasses (Table 2). In total, we registered approximately three amphibian 
carcasses per road kilometre per year (Table 2).
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Main drivers of amphibian mortality

Overall, models show fair-to-good levels of data fit and predictive performance. The resid-
ual plots show randomly scattered residuals around zero, the Pearson correlations aver-
aged 0.37 (0.29–0.58; Table S4—Supplementary materials), and the amount of explained 
variance averaged 20% (min R2 = 0.112; max R2 = 0.341). Spatial autocorrelation pre-
sented minimal values, with Moran’s I averaging 0.08 (min = 0; max = 0.16; Table S5—
Supplementary materials). Three models improved after inclusion of the autocovariate, 
although its coefficient was only significant (and positive) for urodeles (fire salamander: 
coef = 0.149, CI = 0.086, 0.213; Iberian ribbed newt: coef = 0.155, CI = 0.071, 0.239).

Concerning the land cover predictors, the natterjack toad was the only species to show 
increased mortality in segments with low abundance of irrigation areas (‘IRRIG’; coef= 
− 0.484; CI= − 0.83, − 0.24) and forest (‘FOREST’; coef= − 0.534; CI= − 0.78, − 0.29). 
The mortality of the fire salamander increased in road segments with a lower cover of olive 
groves and orchards (‘OLIVE’; coef = − 0.116; CI= − 0.23, − 0.02) (Fig. 2), while mor-
tality of natterjack toad increased with a higher cover of this land use class (‘OLIVE’; 
coef = 0.168; CI = 0.04, 0.30). Lower proportions of open agricultural areas (‘AGRIC’) 
had more roadkills for both the Iberian ribbed newt (coef= − 0.197; CI= − 0.34, 
− 0.06) (Fig. 3) and the fire salamander (coef= − 0.117; CI= − 0.23, − 0.005), and lower 
proportions of vineyards (‘VINE’) also contributed to increased fire salamander roadkill 
(coef= − 0.233; CI= − 042., − 0.09). In the water availability predictors category, our 
models show that for all species except the Iberian ribbed newt, roadkill increased in road 
segments with low mean values of water content in water bodies (‘M_NDWI’; Table 3). 
Shorter distances of water bodies to roads (‘DIST_PNDS’) were associated with higher 
mortality for the Iberian ribbed newt and for the Iberian spadefoot toad (coef= − 0.166; 
CI= − 0.27, − 0.06; coef= − 0.229; CI= − 0.39, − 0.07, respectively), but represented less 
mortality for the natterjack toad (coef = 0.223; CI = 0.05, 0.40) (Fig. 4). Higher variation in 
moisture content in vegetation was responsible for an increase in the roadkill for the Ibe-
rian ribbed newt (‘SD_NDMI’; coef = 0.20; CI = 0.06, 0.35). A lower variation in primary 
production (‘SD_EVI’) caused an increase in the roadkill for the fire salamander (coef= 
− 0.146; CI= − 0.24, − 0.06) and for the Iberian ribbed newt (coef= − 0.157; CI= − 0.28, 
− 0.03), and a decrease in the roadkill of the natterjack toad (coef = 0.392; CI = 0.19, 0.61). 
Road segments with higher mean land surface temperature (‘M_LST’) had higher mortal-
ity values for the natterjack toad, the Iberian spadefoot toad, and the Iberian ribbed newt 
(coef = 0.698; CI = 0.38, 1.04; coef = 0.284; CI = 0.05, 0.52; coef = 0.175; CI = 0.02, 0.33, 
respectively), and lower mortality values for the spiny common toad (coef= − 0.112; CI= 
− 0.22, − 0.01) (Fig. 5). A higher variation in the land surface temperature (‘SD_LST’) had 
the same effect for the Iberian spadefoot toad and the Iberian ribbed newt (coef = 0.347; 

Table 2   Amphibian roadkill recorded in the sampled roads during the 14-year study time frame (2006–
2020)

Road S. salamandra P. waltl P. cultripes E. calamita B. spinosus Total

EN4 150 129 307 678 342 1606
EN18 47 24 17 55 42 185
EN114 262 227 200 1553 270 2512
EN370/EM529 455 118 74 132 34 813
Total 914 498 598 2418 688 5116
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Fig. 2   Model results for the fire salamander (estimates and 95% confidence intervals). Dark blue lines rep-
resent statistically significant positive values; light-blue lines represent non-statistically significant positive 
values; light-red lines represent non-statistically significant negative values; and red lines represent statisti-
cally significant negative values

Fig. 3   Model results for the Iberian ribbed newt (estimates and 95% confidence intervals). Dark blue lines 
represent statistically significant positive values; light-blue lines represent non-statistically significant posi-
tive values; light-red lines represent non-statistically significant negative values; and red lines represent sta-
tistically significant negative values
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Fig. 4   Model results for the Natterjack toad (estimates and 95% confidence intervals). Dark blue lines rep-
resent statistically significant positive values; light-blue lines represent non-statistically significant positive 
values; light-red lines represent non-statistically significant negative values; and red lines represent statisti-
cally significant negative values

Fig. 5   Model results for the spiny common toad (estimates and 95% confidence intervals). Dark blue lines 
represent statistically significant positive values; light-blue lines represent non-statistically significant posi-
tive values; light-red lines represent non-statistically significant negative values; and red lines represent sta-
tistically significant negative values
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CI = 0.12, 0.58 (Fig. 6); coef = 0.134; CI = 0.01, 0.26, respectively). Roadkills of the Ibe-
rian spadefoot toad and the natterjack toad were higher for roads at longer distances to 
the highway (‘DIST_HGHW’; coef = 0.309; CI = 0.12, 0.50; coef = 0.467; CI = 0.27, 0.67, 
respectively), while the Iberian ribbed newt had an opposite response (coef= − 0.126; CI= 
− 0.24, − 0.01). Lastly, lower elevations (‘ELEV’) were associated with higher mortality 
for the natterjack toad (coef= − 0.292; CI= − 0.53, − 0.06) and the spiny common toad 
(coef= − 0.125, CI= − 0.23, − 0.02), whereas the fire salamander presented higher road 
mortality in higher elevations (coef = 0.117, CI = 0.03, 0.21).

In four of the five studied amphibian species, roadkill spatial patterns were driven by 
water availability and land surface temperature predictors. Land cover predictors, vegeta-
tion productivity, road proximity and topography were each significant for three species.

Discussion

Our study analysed whether water-related predictors, together with other important envi-
ronmental variables for amphibians, would influence their mortality patterns. Our models 
show contrasting results, supporting the hypothesis that roadkill drivers are species-spe-
cific, as previously reported in other studies (e.g. Sillero 2008; Matos et al. 2012; Mestre 
et al. 2019). Overall roadkill risk increases when water availability in surrounding water 
bodies is low; however, our models also show that other predictors also have a significant 
contribution to amphibian roadkill.

Fig. 6   Model results for the Iberian spadefoot toad (estimates and 95% confidence intervals). Dark blue 
lines represent statistically significant positive values; light-blue lines represent non-statistically significant 
positive values; light-red lines represent non-statistically significant negative values; and red lines represent 
statistically significant negative values
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Contrary to other studies (e.g. Sillero 2008; Carvalho and Mira 2011) our models show 
that few land cover classes were statistically important in explaining amphibians’ road-
kill, suggesting they may not act singly, but related to other important drivers. We found 
reduced amphibian mortality associated with agricultural intensification (namely olive 
groves and orchards, vineyards, and irrigation areas). Beja and Alcazar (2003) registered 
a decrease in amphibian richness in a protected area in southwest Portugal, mainly due 
to agricultural intensification. Also, Carpio et al. (2016) addressed the herptile composi-
tion in olive groves in Southern Spain and reported a deficit for both amphibians and rep-
tiles in large areas covered by this monoculture. There, fire salamanders were most associ-
ated with woodlands and pastures, and less with olive, whereas more generalist species 
like the natterjack toad, the spiny common toad and the Iberian ribbed newt were more 
commonly associated with olive groves. Olive groves are generally homogeneous, highly 
human-intervened (e.g., ploughing) and offer no natural vegetation cover or shelter. The 
lower roadkill risk in areas with a higher proportion of these land covers may be related to 
the species’ incapacity to reproduce and occur there. In fact, we only detected an increase 
in road mortality for the natterjack toad in one land cover class associated with agricultural 
intensification (olive groves). This could be related to the species’ generalist characteris-
tics, but also to the water availability in these cultures. Many of the olive groves are drip 
irrigated, and the presence of puddles could potentially attract this species, since the nat-
terjack toad seeks these shallow temporary waters for reproduction (Gómez-Mestre 2014). 
Nevertheless, many of these systems are also associated with high levels of agrochemicals, 
known to be harmful to amphibian survival and growth (Baker et al. 2013). Although there 
is no abundance data (Loureiro et al. 2008), the natterjack toad is probably the most fre-
quent species in the study area and the one with the highest numbers of roadkill. Orlowski 
(2007) and D’Amico (2009) found that high levels of amphibian roadkill are related to 
higher local abundances. Thus, the higher natterjack toad mortality in land use classes 
where other species are not so frequent could also reveal its higher abundances. Neverthe-
less, the natterjack toad presents high plasticity and adaptability (Gómez-Mestre 2014), 
and these results should be interpreted with caution, since other predictors (e.g. dispersal 
capacity; terrestrial site fidelity; Sanuy et al. 2000; Miaud and Sunay 2005) may exacer-
bate an effect on the roadkill risk, far more than the land cover. Also, the Iberian ribbed 
newt and the fire salamander had lower roadkill in segments with a higher cover of open 
agricultural areas. For the Iberian ribbed newt, this is probably due to its highly aquatic 
behaviour, which apparently reduces its abundance in agricultural areas with high levels of 
grazing, as in our study area. Nonetheless, the terrestrial habits of the Iberian ribbed newt 
are almost unknown (Salvador 2014), which limits our conclusions about this species. The 
lower abundances of fire salamander roadkill in agricultural areas are probably related to 
its more specialist habitat preferences, since this species tends to occur in more forested 
areas (Velo-Antón and Buckley 2015; Speybroeck et al. 2016).

Our models highlight that water content in water bodies mediates amphibian roadkill 
for most of the analysed species (four of them). Although we expected higher quantities of 
water to attract more amphibians, increasing roadkill risk, our models show the opposite 
result. All studied species rely on water at least for reproduction and larval development 
and some of them present high water body fidelity, and aestivation/hibernation areas often 
occur in the surroundings of the water bodies (Joly 2019). Years of lower water availability 
would require individuals to travel greater distances to find suitable sites for reproduction, 
posing a higher road mortality risk; or even to cease reproduction, which in turn could 
drastically reduce populations, due to lower recruitment from juveniles (Cushman 2006) 
Segev et al. (2010) found that stable ponds support larger populations of fire salamander (S. 
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infraimmaculata) in Israel. Ribeiro et al. (2011) studied the importance of pond networks 
for amphibian populations in a Mediterranean region and found that the presence of certain 
species is highly correlated with the structural connectivity of the pond network. These 
studies highlight the importance of water (ponds) for the stability of amphibian populations 
in human-intervened landscapes. Future projections predict a strong reduction in water 
availability for the Mediterranean region (Tuel and Eltahir 2020). The depletion of suitable 
water bodies as a consequence of water scarcity, together with the triggered movement in 
search for potential reproduction areas will increase roadkill. Previous findings describe a 
positive relationship between water availability and amphibian roadkill (Glista et al. 2008; 
Sillero et al. 2019). Those studies report to areas with higher rainfall and humidity than 
ours, where water availability in water bodies should not be a limiting factor for amphibian 
reproduction, thus reducing their need to move longer distances to complete their life cycle.

The proximity of roads to water bodies seems to exert different responses on our spe-
cies. The natterjack toad was the only species showing a higher risk of mortality in road 
segments further away from water bodies. This is expected, as in the study area, this spe-
cies reproduces mostly in ephemeral ponds with an area lower than 10 m2 (Speybroeck 
et  al. 2016), too small and too seasonal to be mapped in CORINE land cover products. 
Thus, these small ponds were not accounted for in the water availability predictor class. 
Another explanation for this result could be the ability of this species to disperse longer 
than the others (Sinsch et  al. 2012), enabling it to search for water at a larger distance 
from roads (less disturbed areas). For two other species (Iberian spadefoot toad and Iberian 
ribbed newt) the roadkill is higher when the distance from water bodies to roads is shorter. 
This response could be explained by the regular distances covered by these species, reflect-
ing the higher abundance and movements of amphibians near water bodies, since they 
reproduce on these sites and tend to shelter in surrounding areas, particularly for species 
with poor capacities for dispersal, such as the Iberian spadefoot toad and the Iberian ribbed 
newt (Recuero 2014; Salvador 2014).

Our models show that for urodeles (the fire salamander and the Iberian ribbed newt), the 
lower the inter-annual variation in humidity content in vegetation (SD_EVI), the higher the 
roadkill. Road segments with lower SD_EVI reveal more stable and predictable local con-
ditions across the years, thus being more attractive for amphibians to occur there, increas-
ing their abundance in those places. Moreover, in our study area, these stable sites cor-
respond to less human-intervened dense forests, and these road segments are more prone 
to amphibian movement, justifying the increase in road mortality for these two species. 
For the natterjack toad, our models predicted a higher mortality with greater variation of 
humidity content in vegetation; a response that can be associated with the more general-
ist behaviour of this species regarding habitat sensitivity and occurrence (Gómez-Mestre 
2014). The Iberian ribbed newt roadkill was also associated with road segments that have 
higher inter-annual variation in moisture content in vegetation (SD_NDMI). This response 
was not expected since higher moisture levels typically promote amphibian movement 
(Mestre et al. 2019). As little is known from Iberian ribbed newt movements in their ter-
restrial phase, it is possible that this species tolerates a wider range of environmental shifts 
than other amphibian species.

Amphibians are ectothermic and their activity is extremely dependent on the temper-
ature (Speybroeck et al. 2016); our models confirm a decrease in roadkill for the spiny 
common toad, and an increase in roadkill for two anuran species (the natterjack toad 
and the Iberian spadefoot toad) and one urodele (the Iberian ribbed newt) in road seg-
ments embedded in areas with high land surface temperature. Muro et al. (2018) found 
that land surface temperature is an indicator of changes in wetlands in Tanzania, with 
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overall temperature increasing with farmland expansion; the same trend has also been 
observed in changes in hydrological regimes. Although we did not test it, this associa-
tion could eventually explain the increase in roadkill with higher temperatures (except 
for the spiny common toad): in the context of future predictions of increased tempera-
tures, the hydrological periods could be shortened, increasing amphibian movements in 
search for suitable conditions, which would represent potential roadkill risk for these 
species. Likewise, the inter-annual variation in the temperature produced similar results, 
with peaks in mortality occurring in road segments with higher variation in tempera-
ture for the Iberian ribbed newt and the Iberian spadefoot toad. Higher values of this 
predictor represent road segments with a greater local variance in temperature, which 
in turn could force amphibian displacements, increasing the likelihood of roadkill. This 
positive link between climatic factors such as temperature and roadkill has already been 
suggested (Puky 2005; Glista et al. 2008).

The proximity of the highway that crosses the study area appears to produce different 
effects on the roadkill of the studied species. For the natterjack and the Iberian spadefoot 
toads, roadkill is higher on road segments further away from the highway. This may reveal 
an avoidance effect due to the disturbance caused by the highway’s higher traffic and veloc-
ity, or previous roadkill that may have extirpated local populations aroud this infrastructure 
(Jackson and Fahrig 2011). Highways are much wider than national roads, and typically 
concentrate more traffic (the known major determinant of the barrier effect); moreover, 
amphibians commonly show a reduced tendency for crossing wide roads with these char-
acteristics (Fahrig et al. 1995). Orlowski (2007) also observed higher amphibian mortal-
ity rates on roads with low or moderate traffic density, than on roads with higher traffic. 
Additionally, anurans rely on auditory cues to communicate, which may lead them to avoid 
noisy locations and concentrate in areas away from them (Nelson et al. 2017). We found 
the opposite result for the Iberian ribbed newt, with higher mortality close to the highway. 
Urodeles are poorer dispersers than anurans, known to remain in the same small area for 
longer periods of time (Segev et al. 2010; Bani et al. 2015; Sinai et al. 2020); also, the noise 
produced by the highway traffic does not interfere in their communication since they com-
municate via chemical cues (Speybroeck et al. 2016). This may suggest that other negative 
effects such as pollutant emission by vehicles, chemical transportation from road runoff, or 
even herbicides used in road verge maintenance could contribute to the higher mortality of 
the Iberian ribbed newt close to highways (Forman and Alexander 1998; Colino-Rabanal 
and Lizana 2012). However, as stated before, terrestrial movements of the Iberian ribbed 
newt are poorly studied, which only allows us to speculate on this matter.

For the spiny common toad and the natterjack toad, our results forecast higher mortal-
ity in lower altitudes, where the land surface is flatter propitiating water retention. This is 
in accordance with other studies (Santos et al. 2007; Matos et al. 2012), where the authors 
suggest that amphibians move towards lower altitudes where breeding sites are more com-
mon. However, we detected the opposite relation with the fire salamander, with higher 
roadkill density at upper elevations. The fire salamander is considered a forest species, with 
a preference for wet and shaded environments (Velo-Antón and Buckley 2015). Despite the 
low altitudinal range in our study area, forest patches with high tree density are most con-
centrated in higher and steeper areas also characterised by high humidity and less human 
intervention. Nonetheless, our results should be interpreted with caution especially because 
the altitudinal range in the study area is low (about 300 m). Higher amphibian roadkill den-
sities in high altitudinal areas have, however, been observed in other areas of the Iberian 
Peninsula (e.g., Espinosa et al. 2012; Garriga et al. 2017).
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Conclusions

Our study confirmed that water-related predictors are important drivers of amphibian road-
kill. In the context of predicted reduced water availability in the future, amphibians are 
likely to be severely affected, especially in semi-arid regions such as the Alentejo. Rain 
irregularity, with possible lower precipitation, may aggravate the scenario of drought, lead-
ing to less water availability, necessary for amphibian reproduction and development; this 
will force the animals to move longer in search of alternative water bodies suitable for 
reproduction, increasing their roadkill risk. Future studies should combine roadkill data 
with population data to better access populations’ status and evaluate the effect of mortality 
induced by roads on population trends.
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org/​10.​1007/​s10531-​023-​02616-9.

Acknowledgements  We are truly thankful to all the people who kindly worked hard through all these years 
to collect road mortality data, namely: Paulo Alves, Denis Medinas, Pedro Costa, Bruno Silva, Sílvia Bar-
reiro, Luís Sousa, Eduardo Ferreira, João Craveiro, André Oliveira, and others. TP is financed by Fundação 
para a Ciência e Tecnologia (FCT) with a doctoral grant 2020.04581.BD. NS is supported by a CEEC2017 
contract (CEECIND/02213/2017) from FCT.

Author contributions  Conceptualization, TP, SM, NS; Methodology, TP, SM, AM, NS; Formal analysis, 
TP; Writing—original draft, TP; Writing—review and editing, TP, SM, AM, NS; Supervision, SM, NS; 
Funding acquisition, AM. All authors reviewed the manuscript. All authors have read and agreed to the 
published version of the manuscript.

Funding  This work was supported by the European Commission, under the project LIFE LINES 
– LIFE14-NAT-PT001081.

Declarations 

Conflict of interest  The authors declare no conflict of interests.

References

Akaike H (1974) A new look at the statistical model identification. IEEE Trans Autom Control 
19(6):716–723

Alan Pounds J, Bustamante MR, Coloma LA, Consuegra JA, Fogden MP, Foster PN, La Marca E, Mas-
ters KL, Merino-Viteri A, Puschendorf R, Ron SR, Sánchez-Azofeifa A, Still CJ, Young BE (2006) 
Widespread amphibian extinctions from epidemic disease driven by global warming. Nature 
439(7073):161–167

Anselin L (1995) Local indicators of spatial association—LISA. Geographical Anal 27(2):93–115
Araújo MB, Thuiller W, Pearson RG (2006) Climate warming and the decline of amphibians and reptiles in 

Europe. J Biogeogr 33(10):1712–1728
Araújo MB, Lobo JM, Moreno JC (2007) The effectiveness of Iberian protected areas in conserving terres-

trial biodiversity. Conserv Biol 21(6):1423–1432
Ascensão F, Mira A (2005) Spatial patterns of road kills: a case study in Southern Portugal. In: Irwin CL, 

Garrett P, Mcdermott KP (eds) Proceedings of the 2005 International Conference on Ecology and 
Transportation. Center for Transportation and the Environment, North Carolina State University, 
Raleigh, NC

Ascensão F, Yogui D, Alves M, Medici EP, Desbiez A (2019) Predicting spatiotemporal patterns of road 
mortality for medium-large mammals. J Environ Manage 248:109320

Baker NJ, Bancroft BA, Garcia TS (2013) A meta-analysis of the effects of pesticides and fertilizers on sur-
vival and growth of amphibians. Sci Total Environ 449:150–156

https://doi.org/10.1007/s10531-023-02616-9
https://doi.org/10.1007/s10531-023-02616-9


	 Biodiversity and Conservation

1 3

Bani L, Pisa G, Luppi M, Spilotros G, Fabbri E, Randi E, Orioli V (2015) Ecological connectivity assess-
ment in a strongly structured fire salamander (Salamandra salamandra) population. Ecol Evol 
5(16):3472–3485

Beebee TJ (2013) Effects of road mortality and mitigation measures on amphibian populations. Conserv 
Biol 27(4):657–668

Beja P, Alcazar R (2003) Conservation of Mediterranean temporary ponds under agricultural intensifica-
tion: an evaluation using amphibians. Biol Conserv 114(3):317–326

Bennett AF, Radford JQ, Haslem A (2006) Properties of land mosaics: implications for nature conservation 
in agricultural environments. Biol Conserv 133(2):250–264

Blondel J, Aronson J, Bodiou JY, Boeuf G (2010) The Mediterranean region: biological diversity in space 
and time. Oxford University Press

Bouchard J, Ford AT, Eigenbrod FE, Fahrig L (2009) Behavioral responses of northern leopard frogs (Rana 
pipiens) to roads and traffic: implications for population persistence. Ecol Soc 14(2). http://​www.​
ecolo​gyand​socie​ty.​org/​vol14/​iss2/​art23/

Burnham KP, Anderson DR (2002) Model selection and Multimodel Inference: a practical information-
theoretic Approach, second. Springer-Verlag, New York

Campos JC, Sillero N, Brito JC (2012) Normalized difference water indexes have dissimilar performances 
in detecting seasonal and permanent water in the Sahara–Sahel transition zone. J Hydrol 464:438–446

Carpio AJ, Oteros J, Tortosa FS, Guerrero-Casado J (2016) Land use and biodiversity patterns of the her-
petofauna: the role of olive groves. Acta Oecol 70:103–111

Carr LW, Fahrig L (2001) Effect of road traffic on two amphibian species of differing vagility. Conserv Biol 
15(4):1071–1078

Carretero MA, Martínez-Solano I, Ayllón E, Llorente GA (2018) Lista patrón de los anfibios y reptiles de 
España (actualizada a diciembre de 2018). Asociación Herpetológica Espa-ñola, Barcelona, Spain. 
https://​www.​herpe​tolog​ica.​es/​attac​hments/​artic​le/​137/​Nueva_​Lista_​Patron_​2018.​pdf

Carvalho F, Mira A (2011) Comparing annual vertebrate road kills over two time periods, 9 years apart: a 
case study in Mediterranean farmland. Eur J Wildl Res 57(1):157–174

Carvalho SB, Brito JC, Crespo EJ, Possingham HP (2010) From climate change predictions to actions–con-
serving vulnerable animal groups in hotspots at a regional scale. Glob Change Biol 16(12):3257–3270

Ceia-Hasse A, Borda‐de‐Água L, Grilo C, Pereira HM (2017) Global exposure of carnivores to roads. Glob 
Ecol Biogeogr 26(5):592–600

Coelho IP, Teixeira FZ, Colombo P, Coelho AVP, Kindel A (2012) Anuran road-kills neighboring a peri-
urban reserve in the Atlantic Forest, Brazil. J Environ Manage 112:17–26

Coffin AW (2007) From roadkill to road ecology: a review of the ecological effects of roads. J Transp Geogr 
15(5):396–406

Colino-Rabanal VJ, Lizana M (2012) Herpetofauna and roads: a review. Basic and Applied Herpetology 
26:5–31

Cooke AS (2011) The role of road traffic in the near extinction of common toads (Bufo bufo) in Ramsey and 
Bury. Nat Cambs 53:45–50

Correia TP (1993) Threatened landscape in Alentejo, Portugal: the ‘montado’and other ‘agro-silvo-
pastoral’systems. Landsc Urban Plann 24(1–4):43–48

Cushman SA (2006) Effects of habitat loss and fragmentation on amphibians: a review and prospectus. Biol 
Conserv 128(2):231–240

D’Amico M (2009) Amphibian road-kills in Mediterranean habitats. Dissertation, Pablo de Olavide 
University

D’Amico M, Román J, De los Reyes L, Revilla E (2015) Vertebrate road-kill patterns in Mediterranean 
habitats: who, when and where. Biol Conserv 191:234–242

DGT (2018) - Direção Geral do Território. https://​www.​dgter​ritor​io.​gov.​pt/
Dormann CF, McPherson JM, Araújo MB, Bivand R, Bolliger J, Carl G, Davies RG, Hirzel A, Jetz W, 

Kissling D, Kühn I, Ohlemüller R, Peres-Neto PR, Reineking B, Schröder B, Schurr FM, Wilson R 
(2007) Methods to account for spatial autocorrelation in the analysis of species distributional data: a 
review. Ecography 30(5):609–628

Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carré G, Marquéz JRG, Gruber B, Lafourcade B, 
Leitão PJ, Munkemuller T, McClean C, Osborne PE, Reineking B, Schroder B, Skidmore AK, Zurell 
D, Lautenbach S (2013) Collinearity: a review of methods to deal with it and a simulation study 
evaluating their performance. Ecography 36(1):27–46

Ehsan S, Kazem D (2013) Analysis of land use-land covers changes using normalized difference vegetation 
index (NDVI) differencing and classification methods. Afr J Agric Res 8(37):4614–4622

Elzanowski A, Ciesiołkiewicz J, Kaczor M, Radwańska J, Urban R (2009) Amphibian road mortality in 
Europe: a meta-analysis with new data from Poland. Eur J Wildl Res 55(1):33–43

http://www.ecologyandsociety.org/vol14/iss2/art23/
http://www.ecologyandsociety.org/vol14/iss2/art23/
https://www.herpetologica.es/attachments/article/137/Nueva_Lista_Patron_2018.pdf
https://www.dgterritorio.gov.pt/


Biodiversity and Conservation	

1 3

Ermida SL, Soares P, Mantas V, Göttsche FM, Trigo IF (2020) Google earth engine open-source code 
for land surface temperature estimation from the landsat series. Remote Sens 12(9):1471

Espinosa A, Serrano JA, Montori A (2012) Incidencia de los atropellos sobre la fauna vertebrada en el 
Valle de El Paular. LIC “Cuenca del río Lozoya y Sierra Norte. Munibe 60:209–236

European Union, Copernicus Land Monitoring Service, European Environment Agency (EEA)
Fahrig L, Pedlar JH, Pope SE, Taylor PD, Wegner JF (1995) Effect of road traffic on amphibian density. 

Biol Conserv 73(3):177–182
Field A, Miles J, Field Z (2012) Discovering statistics using R. Sage Publications Ltd 958, Great Britain
Forman RT, Alexander LE (1998) Roads and their major ecological effects. Annu Rev Ecol Syst 

29(1):207–231
Forman RTT, Sperling D, Bissonette JA, Clevenger AP, Cutshall CD, Dale VH, Fahrig L, France R, 

Goldman CR, Heanue K, Jones JA, Swanson FJ, Turrentine T, Road Winter TC (2003) Road Ecol-
ogy: Science and Solutions. Island Press, Washington

Gao BC (1995) Normalized difference water index for remote sensing of vegetation liquid water from 
space. Imaging Spectrom 2480:225–236

Garriga N, Franch M, Santos X, Montori A, Llorente GA (2017) Seasonal variation in vertebrate traffic 
casualties and its implications for mitigation measures. Landsc Urban Plann 157:36–44

Gibbons JW, Scott DE, Ryan TJ, Buhlmann KA, Tuberville TD, Metts BS, Greene JL, Mills T, Leiden 
Y, Poppy S, Winne CT (2000) The global decline of reptiles, déjà vu amphibians. Bioscience 
50:653–666

Glista DJ, DeVault TL, DeWoody JA (2008) Vertebrate road mortality predominantly impacts amphib-
ians. Herpetological Conserv Biology 3(1):77–87

Gómez-Mestre I (2014) Sapo corredor – Epidalea calamita. En: Enciclopedia virtual de los Vertebrados 
Españoles. In: Salvador A, Martínez-Solano I (eds) MuseMuseoNacional de Ciencias Naturaleso-
Nacional de Ciencias Naturales. Museo Nacional de Ciencias Naturales, Madrid

Gorelick N, Hancher M, Dixon M, Ilyushchenko S, Thau D, Moore R (2017) Google Earth Engine: 
planetary-scale geospatial analysis for everyone. Remote Sens Environ 202:18–27

Heigl F, Horvath K, Laaha G, Zaller JG (2017) Amphibian and reptile road-kills on tertiary roads in 
relation to landscape structure: using a citizen science approach with open-access land cover data. 
BMC Ecol 17(1):1–11

Henle K, Dick D, Harpke A, Kühn I, Schweiger O, Settele J (2008) Climate change impacts on European 
amphibians and reptiles. In Biodiversity and climate change: Reports and guidance developed 
under the Bern Convention Council of Europe Publishing, Strasbourg, France, pp 225–305

Holderegger R, Di Giulio M (2010) The genetic effects of roads: a review of empirical evidence. Basic 
Appl Ecol 11(6):522–531

Howell HJ, Seigel RA (2019) The effects of road mortality on small, isolated turtle populations. J Her-
petology 53(1):39–46

Huete AR (1988) A soil-adjusted vegetation index (SAVI). Remote Sens Environ 25(3):295–309
Hulley GC, Ghent D, Göttsche FM, Guillevic PC, Mildrexler DJ, Coll C (2019) Land surface tempera-

ture. Taking the temperature of the Earth. Elsevier, Amsterdam, pp 57–127
Ingham DS, Samways MJ (1996) Application of fragmentation and variegation models to epigaeic inver-

tebrates in South Africa. Conserv Biol 10(5):1353–1358
IP (2005) Recenseamento do tráfego—Évora. Infraestruturas de Portugal, E.P.E
IPMA, Portugal (2021) Climatic bulletin monthly Report/Year 2005–2020. Instituto Português do Mar e 

da Atmosfera. IP.  https://​www.​ipma.​pt/​en/​oclima/​series.​longa​s/?​loc=​Évora&​type=​raw
Jackson ND, Fahrig L (2011) Relative effects of road mortality and decreased connectivity on popula-

tion genetic diversity. Biol Conserv 144(12):3143–3148
Joly P (2019) Behavior in a changing landscape: using movement ecology to inform the conservation of 

pond-breeding amphibians. Front Ecol Evol. https://​doi.​org/​10.​3389/​fevo.​2019.​00155
Jongsma GF, Hedley RW, Durães R, Karubian J (2014) Amphibian diversity and species composition in 

relation to habitat type and alteration in the Mache–Chindul Reserve, Northwest Ecuador. Herpe-
tologica 70(1):34–46

Langen TA, Ogden KM, Schwarting LL (2009) Predicting hot spots of herpetofauna road mortality 
along highway networks. J Wildl Manag 73(1):104–114

Liu HQ, Huete A (1995) A feedback based modification of the NDVI to minimize canopy background 
and atmospheric noise. IEEE Trans Geosci Remote Sens 33(2):457–465

Loureiro A, Ferrand de Almeida N, Carretero MA, Paulo OS (2008) Atlas dos Anfíbios e Répteis de 
Portugal. 1ª edição, Instituto da Conservação da Natureza e da Biodiversidade, Lisboa, pp 257. 
http://​www.​icnf.​pt/​portal/​natur​aclas/​patri​natur/​atlas-​anfi-​rept/​anfib​ios

https://www.ipma.pt/en/oclima/series.longas/?loc=Évora&type=raw
https://doi.org/10.3389/fevo.2019.00155
http://www.icnf.pt/portal/naturaclas/patrinatur/atlas-anfi-rept/anfibios


	 Biodiversity and Conservation

1 3

Matos C, Sillero N, Argaña E (2012) Spatial analysis of amphibian road mortality levels in northern Portu-
gal country roads. Amphibia-Reptilia 33(3–4):469–483

Mazerolle MJ, Huot M, Gravel M (2005) Behavior of amphibians on the road in response to car traffic. Her-
petologica 61(4):380–388. https://​doi.​org/​10.​1655/​04-​79.1

McFeeters SK (1996) The use of the normalized difference Water Index (NDWI) in the delineation of open 
water features. Int J Remote Sens 17(7):1425–1432

Médail F, Quezel P (1999) Biodiversity hotspots in the Mediterranean Basin: setting global conservation 
priorities. Conserv Biol 13(6):1510–1513

Meijer JR, Mark AJH, Kees CGJS, Aafke MS (2018) Global patterns of current and future Road infrastruc-
ture. Environ Res Lett 13:064006. https://​doi.​org/​10.​1088/​1748-​9326/​aabd42

Mestre F, Lopes H, Pinto T, Sousa LG, Mira A, Santos SM (2019) Bad moon rising? The influence of the 
lunar cycle on amphibian roadkills. Eur J Wildl Res 65(4):1–12

Miaud C, Sanuy D (2005) Terrestrial habitat preferences of the natterjack toad during and after the breeding 
season in a landscape of intensive agricultural activity. Amphibia-Reptilia 26(3):359–366

Moran PA (1950) Notes on continuous stochastic phenomena. Biometrika 37:17–23
Muro J, Strauch A, Heinemann S, Steinbach S, Thonfeld F, Waske B, Diekkrüger B (2018) Land sur-

face temperature trends as indicator of land use changes in wetlands. Int J Appl Earth Obs Geoinf 
70:62–71

Nelson DV, Klinck H, Carbaugh-Rutland A, Mathis CL, Morzillo AT, Garcia TS (2017) Calling at the high-
way: the spatiotemporal constraint of road noise on Pacific chorus frog communication. Ecol Evol 
7(1):429–440

Orłowski G (2007) Spatial distribution and seasonal pattern in road mortality of the common toad Bufo bufo 
in an agricultural landscape of south-western Poland. Amphibia-Reptilia 28(1):25–31

Petrovan SO, Schmidt BR (2019) Neglected juveniles; a call for integrating all amphibian life stages in 
assessments of mitigation success (and how to do it). Biol Conserv 236:252–260

Pinto P, Lourenço R, Mira A, Santos SM (2020) Temporal patterns of bird mortality due to road traffic colli-
sions in a Mediterranean region. Bird Study 67(1):71–84

Pinto-Correia T, Mascarenhas J (1999) Contribution to the extensification/intensification debate: new trends 
in the portuguese montado. Landsc Urban Plann 46(1–3):125–131

Pinto-Correia T, Ribeiro N, Sá-Sousa P (2011) Introducing the montado, the cork and holm oak agroforestry 
system of Southern Portugal. Agroforest Syst 82(2):99–104

Puky M (2005) Amphibian road kills: a global perspective. Road Ecology Centre, University of California, 
Davis. http://​escol​arship.​org.​uc/​item/​7j754​6qv

QGIS Development Team (2022) QGIS Geographic Information System. Open-Source Geospatial Founda-
tion Project. http://​qgis.​osgeo.​org

Qian H, Wang X, Wang S, Li Y (2007) Environmental determinants of amphibian and reptile species rich-
ness in China. Ecography 30(4):471–482

R Core Team (2021) R: A language and environment for statistical computing. R Foundation for Statistical 
Computing, Vienna, Austria. https://​www.R-​proje​ct.​org/

Recuero E (2014) Sapo de espuelas – Pelobates cultripes. En: Enciclopedia Virtual de los Vertebrados Espa-
ñoles. In: Salvador A, Martínez-Solano I (Eds) Museo Nacional de Ciencias Naturales, Madrid. http://​
www.​verte​brado​siber​icos.​org/

Ribeiro R, Carretero MA, Sillero N, Alarcos G, Ortiz-Santaliestra M, Lizana M, Llorente GA (2011) The 
pond network: can structural connectivity reflect on (amphibian) biodiversity patterns? Landscape 
Ecol 26(5):673–682

Rouse JW, Haas RH, Schell JA, Deering DW (1973) Monitoring vegetation systems in the Great Plains with 
ERTS, Proceedings, Third ERTS Symposium. NASA SP-351, 1, 309–317

Salgueiro PA, Mira A, Rabaça JE, Santos SM (2018) Identifying critical thresholds to guide management 
practices in agro-ecosystems: insights from bird community response to an open grassland-to-forest 
gradient. Ecol Ind 88:205–213

Salvador A (2014) In: Salvador A, Martínez-Solano I (eds) Gallipato – Pleurodeles waltl. En: Enciclopedia 
virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. http://​www.​
verte​brado​siber​icos.​org/

Santos X, Llorente GA, Montori A, Carretero MA, Franch M, Garriga N, Richter-Boix A (2007) Evaluat-
ing factors affecting amphibian mortality on roads: the case of the Common Toad Bufo bufo, near a 
breeding place. Anim Biodivers Conserv 30(1):97–104

Santos SM, Carvalho F, Mira A (2011) How long do the dead survive on the road? Carcass persistence 
probability and implications for road-kill monitoring surveys. PLoS ONE 6(9):e25383

Santos SM, Mira A, Salgueiro PA, Costa P, Medinas D, Beja P (2016) Avian trait-mediated vulnerability to 
road traffic collisions. Biol Conserv 200:122–130

https://doi.org/10.1655/04-79.1
https://doi.org/10.1088/1748-9326/aabd42
http://escolarship.org.uc/item/7j7546qv
http://qgis.osgeo.org
https://www.R-project.org/
http://www.vertebradosibericos.org/
http://www.vertebradosibericos.org/
http://www.vertebradosibericos.org/
http://www.vertebradosibericos.org/


Biodiversity and Conservation	

1 3

Sanuy D, Avrillier JN, Miaud C (2000) Terrestrial movements of the natterjack toad Bufo calamita 
(Amphibia, Anura) in a semi-arid, agricultural landscape. Amphibia-Reptilia 21(3):357–369

Segev O, Hill N, Templeton AR, Blaustein L (2010) Population size, structure and phenology of an endan-
gered salamander at temporary and permanent breeding sites. J Nat Conserv 18(3):189–195

Sillero N (2008) Amphibian mortality levels on spanish country roads: descriptive and spatial analysis. 
Amphibia-Reptilia 29(3):337–347

Sillero N, Poboljšaj K, Lešnik A, Šalamun A (2019) Influence of landscape factors on amphibian roadkills 
at the national level. Diversity 11(1):13

Sillero N, Arenas-Castro S, Enriquez-Urzelai U, Vale CG, Sousa-Guedes D, Martínez-Freiría F, Real R, 
Barbosa AM (2021) Want to model a species niche? A step-by-step guideline on correlative ecologi-
cal niche modelling. Ecol Model 456:109671

Sinai I, Oron T, Weil G, Sachal R, Koplovich A, Blaustein L, Templeton AR, Blank L (2020) Estimating the 
effects of road-kills on the Fire Salamander population along a river. J Nat Conserv 58:125917

Sinsch U, Oromi N, Miaud C, Denton J, Sanuy D (2012) Connectivity of local amphibian populations: mod-
elling the migratory capacity of radio-tracked natterjack toads. Anim Conserv 15(4):388–396

Speybroeck J, Beukema W, Bok B, Van Der Voort J (2016) Field guide to the amphibians and reptiles of 
Britain and Europe. Bloomsbury publishing, Bloomsbury

Tuel A, Eltahir EA (2020) Why is the Mediterranean a climate change hot spot? J Clim 33(14):5829–5843
UNEP/MAP (2017) Mediterranean Quality Status Report. https://​www.​medqsr.​org/.
USGS – United States Geological Survey. http://​lpdaac.​usgs.​gov/
van der Ree R, Smith DJ, Grilo C (2015) The ecological effects of linear infrastructure and traffic: chal-

lenges and opportunities of rapid global growth. Handbook of road ecology. Wiley, Hoboken, pp 1–9
Velo-Antón G, Buckley D (2015). In: Salvador A, Martínez-Solano I (eds) Salamandra común–Salaman-

dra salamandra. En: Enciclopedia virtual de los Vertebrados Españoles. Museo Nacional de Ciencias 
Naturales, Madrid

Wang K, Franklin SE, Guo X, Cattet M (2010) Remote sensing of ecology, biodiversity and conservation: a 
review from the perspective of remote sensing specialists. Sensors 10(11):9647–9667

Wells KD (2007) The ecology and behavior of amphibians. University of Chicago Press, Chicago
Zuur AF, Ieno EN, Smith GM (2007) Analysing ecological data, vol 680. Springer, New York
Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM (2009) Mixed effects models and extensions in 

ecology with R  574. Springer, New York
Zuur AF, Ieno EN, Elphick CS (2010) A protocol for data exploration to avoid common statistical problems. 

Methods Ecol Evol 1(1):3–14

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

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of such publishing agreement and applicable 
law.

https://www.medqsr.org/
http://lpdaac.usgs.gov/

	Importance of water availability for amphibian roadkill in a mediterranean landscape
	Abstract
	Introduction
	Methodology
	Study area
	Roadkill data
	Environmental predictors
	Data analysis

	Results
	Main drivers of amphibian mortality

	Discussion
	Conclusions
	Anchor 13
	Acknowledgements 
	References


