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Abstract 22 

Flood protection measures can have large impacts on ecosystems and their biodiversity, yet 23 

direct comparisons of active and inactive floodplains are rare. We compared the number of 24 

roadkilled individuals of two semiaquatic water snakes (Natrix natrix and N. tessellata) on 58 25 

km of road sections bordered either by an active floodplain or a flood-protected former 26 

floodplain in NE Hungary based on surveys conducted once every two weeks in three years. 27 

We found unexpectedly high road mortality of snakes, which was rather similar across years. 28 

Mortality had a spring and an autumn peak, corresponding to the times when snakes emerge 29 

from and return to hibernating sites. Road mortality was more severe and more predictable in 30 

the flooded than in the flood-protected area, even though traffic was more intense in the latter. 31 

Our results show that small-scale spatial differences in road mortality are mediated by 32 

landscape structure along the road, while the effects of traffic intensity and the age and sex of 33 

the individuals were negligible. For conservation implications, our study suggests that 34 

establishing culvert passages under the road and artificial hibernating sites on the floodplain-35 

side of the roads in critical sections to reduce the road-related mortality. 36 

 37 

Keywords flood control, hibernation, inundation, landscape composition, roadkill, wetland, 38 

Natrix, life history 39 

 40 

Introduction 41 

 42 

Flood control measures can have a large impact on ecosystems, habitats and species 43 

(Poff et al. 1997). Typically, wetland ecosystems in flood-protected floodplains are first 44 

separated from the river and its active floodplain by systems of levees (or in other words 45 

dykes or embankments). Later the former floodplain areas are often drained and land use is 46 

converted for agriculture, forestry or urbanisation (Guida et al. 2015). While remaining 47 

wetlands in lower-lying areas such as oxbow lakes and marshes can provide habitat to 48 

floodplain species, these water bodies and wetlands are often isolated and/or managed 49 

differently, e.g. for angling/fishing/recreation than active floodplain wetlands, which can 50 
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further impact ecosystems, habitats and species. The impact of flood control measures on 51 

ecosystems and biodiversity are rarely known because many flood control measures in Asia, 52 

Europe and North America were implemented long before concerns over biodiversity 53 

emerged and direct comparisons of active vs. flood-protected floodplains are rare (Haugaasen 54 

and Peres 2006). Although it is well-known that flood control and river regulation can lead to 55 

the impoverishment of ecosystems and habitats (Strayer and Dudgeon 2010), flood-controlled 56 

areas are often more extensive and more converted from the natural status than the remaining 57 

active floodplains restricted along the regulated rivers, which often limits the possibility of 58 

meaningful comparisons. 59 

Despite their relatively small area, linear structures such as roads can have a high 60 

impact on wildlife living in surrounding areas. Roads can disrupt landscape connectivity and 61 

lead to habitat fragmentation (Trombulak and Frissell 2000), reduce gene flow between 62 

populations (Riley et al. 2006), and, most visibly, can lead to the direct mortality of animals 63 

through collisions with vehicles, which can result in reduced population sizes (Fahrig and 64 

Rytwinski 2009). Road-related mortality usually occurs non-randomly along the road and are 65 

often confined to specific time and space intervals related to biological and environmental 66 

factors (Sillero et al. 2019; Medinas et al. 2021; Russo-Petrick and Root 2023). Biological 67 

factors, such as reproductive features of animals, can explain the seasonality of increased road 68 

mortality, for example, when traffic co-occurs with the dispersal of juveniles from their places 69 

of birth ors hatching (Seo et al. 2013) or with the migration of adults to breeding sites 70 

(Elzanowski et al. 2008). Environmental factors such as landscape features and roadside 71 

habitats can also have a major impact on the spatial patterns of road mortality (Matos et al. 72 

2012). Finally, the overall increase in the intensity of vehicle traffic may also increase road 73 

mortality, however, its effect is ambiguous and can be limited to certain animals (Mazerolle 74 

2004). 75 

Most snake species are highly mobile and are frequent victims of road mortality, 76 

which can be responsible for eliminating as much as 10-20% of individuals of a population 77 

per year (Roe et al. 2006) and may even lead to increased risk of population extinction (Row 78 

et al. 2007). Snakes are often hit by cars when they move between different habitat types, for 79 

example, when they leave hibernation sites for foraging areas in their active season (Shine and 80 

Mason 2004), when they disperse from hatching sites as juveniles, when they search for 81 

conspecifics for mating, or when females look for nest sites for egg-laying (Bonnet et al. 82 

1999). Because snakes often use different habitats for different life activities (feeding, resting, 83 

mating, egg-laying, hibernating), they are highly suitable for monitoring the impact of road 84 

mortality on biodiversity. 85 

The aim of this study was to compare road mortality of two semi-aquatic snake species 86 

(grass snake Natrix natrix, dice snake Natrix tessellata) on roads running next to an active 87 

floodplain and a flood-protected former floodplain. To do this wWe assessed road mortality 88 

of snakes from spring to autumn in three years in the Tokaj area in NE Hungary. This area 89 

offered a unique setting for this study because the centrally located, mostly N to S running 90 

Tokaj-Hegyalja region is bordered by the active Bodrogzug floodplain on the north/east and 91 

by the flood-protected Taktaköz floodplain on the south/west (Fig. 1). We asked five specific 92 

questions: (i) What is the species composition of roadkills? (ii) What are the temporal and 93 

spatial patterns of road mortality? (iii) Do road mortality patterns differ between active and 94 

flood-protected floodplains? (iv) Which habitat types affect road mortality? (v) Does traffic 95 

intensity play a role in road mortality? Along with a general assessment of the potential of 96 

active vs. flood-protected floodplains and terrestrial and aquatic habitat types in maintaining 97 

snake populations, we also provide conservation recommendations to reduce the road 98 

mortality of snakes and other animal species in floodplain areas. 99 

 100 
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Materials and Methods 101 

 102 

Study area and species. The study area (Fig. 1) includes the southern part of the wine-103 

growing Tokaj-Hegyalja region which ends at Tokaj town (E 21.4124, N 48.1215). This part 104 

of the Tokaj-Hegyalja region is bordered by two floodplain areas that share most of the 105 

habitat types of the region but differ in hydrological regime. Both lowland floodplain areas 106 

are dominated by floodplain meadows, forests and arable lands, whereas the hillside areas are 107 

dominated by meadows, forests, and vineyards. Both lowlands were active floodplains of 108 

rivers Bodrog (Bodrogzug) and Takta (Taktaköz) and were subject to regular inundation by 109 

large floods arriving on river Tisza until the mid-1850s (Fig. 1). 110 

Then, construction of a system of levees and drainage canals led to the cessation of 111 

floods in the Taktaköz floodplain. Even though this former floodplain is now protected from 112 

floods by levees and canals, there are still many wetlands close to natural state, mostly in the 113 

form of oxbow lakes and marshes. Inland excess water also regularly occurs, usually after 114 

snowmelt, and is diverted from croplands by drainage canals to the rivers. The levees in the 115 

area are 6-8 m high longitudinal piles of soil with a mild slope covered by grasslands thus 116 

they do not represent barriers for snake movement. 117 

In contrast, the Bodrogzug floodplain has remained an active floodplain since the 118 

1850s. It is less canalized, and water level is mostly regulated by the operating needs of the 119 

hydroelectric power plant at Tiszalök, 25 km downstream from Tokaj. This floodplain is used 120 

today as flood-water storage basin, and water stored here often covers large areas in any time 121 

of the year, effectively mimicking the floods of the Bodrog and Tisza rivers that used to occur 122 

before river regulation (Boldogh et al. 2016). 123 

We focused our study on two semi-aquatic snake species, the grass snake Natrix natrix 124 

and the dice snake Natrix tessellata. Three other snake species (Aesculapian snake Zamenis 125 

longissimus, smooth snake Coronella austriaca, adder Vipera berus) were also found in the 126 

survey but we excluded them from the statistical analyses due to low sample sizes. In the case 127 

of the most abundant snake, N. natrix, genetic evidence suggests that the two areas form one 128 

population (Kindler et al. 2017), with no physical barrier between them. 129 

 130 

Field methods. We selected a total of 58 km of road neighbouring both floodplains for 131 

surveys. The surveyed road sections run through areas where the habitat types characteristic 132 

to the region are well represented (Fig. 1). Roads north from the confluence of rivers Bodrog 133 

and Tisza (in Tokaj city) and east from the Hegyalja hills belonged to the active, flooded 134 

Bodrogzug region, whereas roads south of the Bodrog-Tisza confluence and west of Hegyalja 135 

belonged to the flood-protected Taktaköz region (Fig. 1). All roads surveyed were similar in 136 

width with two lanes and two-way traffic. 137 

Snake road mortality was monitored in surveys conducted once every two weeks 138 

throughout the entire activity period (late March to early November) of the target snake 139 

species in 2012, 2013 and 2020. One of the authors (MS) surveyed all road sections in one 140 

direction in a one-day duration using a bicycle with a steady speed (c. 20 km/h). Upon finding 141 

a snake on the road, the surveyor recorded the specimen’s location with a GPS device 142 

(Garmin eTrex 10), identified the species and measured its size (snout-vent length, SVL), and 143 

determined its sex if it was possible. Snakes were also removed from the road to avoid 144 

multiply counting. Using literature sources on N. natrix and our SVL measurements, we 145 

classified snakes into three age categories as juveniles (SVL < 20 cm), subadults (20 cm < 146 

SVL < 30 cm) or adults (SVL > 30 cm), both for females and males. Although females are 147 

usually larger than males and mature at a larger size, this allowed us to involve snakes in 148 

analyses when sex determination was not possible due to the bad condition of specimens. 149 

Because N. natrix is a widespread species with differences in body size attributable to local 150 
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environmental factors (Madsen 1983; Borczyk 2007), our age categorisation relied primarily 151 

on the work of Ciesiołkiewicz et al. (2006), who studied N. natrix in a region in Southern 152 

Poland climatically similar to our study area, and who categorised snakes based on total body 153 

length as hatchlings (<19 cm), yearlings (25-30 cm) and adults (>50 cm for males). Our age 154 

categorisation, which was based on SVL rather than total body length, was also supported by 155 

measurements of the smallest sexually mature male snake observed in mating balls (32 cm 156 

SVL) by us in the study region. We determined sex of adult specimens by visually examining 157 

the cloacal region and tail because males have thicker tail base. Natrix tessellata is also a 158 

geographically variable species (Ajtić et al. 2013). Because of the overall similarity of the two 159 

species and the low numbers of N. tessellata found, we used the same age categorisation for 160 

this species as well. 161 

 162 

Variables and statistical analyses. For analyses, we divided the roads into 1-km-long 163 

sections and summed the number of snakes per section per survey as primary datapoints. 164 

There were a total of 36 sections in the flooded and 22 sections in the flood-protected area. 165 

We used the R 4.0.2. statistical environment (R Core Team 2021) for statistical analyses and 166 

QGIS 3.18 for spatial analyses and visualisations. 167 

We compared the number of roadkilled snakes found on road sections in each study 168 

year by Mann-Whitney U tests. We next compared the number snakes between years in the 169 

flooded and the flood-protected area by ANOVA. To assess monthly patterns in mortality, we 170 

compared the number of snakes per month to a random equal distribution across months using 171 

χ2 tests. To assess temporal and spatial patterns, i.e., whether certain months or certain road 172 

sections had higher mortality than others, we estimated the repeatability of mortality by 173 

calculating the intraclass correlation coefficient (ICC) either across months or across road 174 

sections in the flooded vs. the flood-protected area. Because between-year and monthly 175 

patterns in monthly road mortality were similar and information on age and sex were 176 

available only from a subset of the individuals, we did not analyse temporal differences by 177 

age categories and sexes.  Finally, to assess snake mortality on road sections, we used a 178 

generalized linear mixed-effects model (GLMM) with year as random factor and road section 179 

as fixed factor for both N. natrix and N. tessellata. We then repeated this GLMM based on the 180 

subset of data where the age and sex categories of the snakes was known to analyze possible 181 

interactions between road sections on one side and age or sex categories of the individuals on 182 

the other. 183 

Finally, we analysed the effects of environmental drivers, i.e., landscape structure and 184 

traffic intensity, on roadkill mortality. To evaluate the effect of landscape structure and habitat 185 

types on snake road mortality, we used the Ecosystem Map of Hungary (Ministry of 186 

Agriculture of Hungary 2019; Tanács et al. 2019) in raster format (cell size: 20×20 m). We 187 

reduced the number of habitat types from 39 to 22 by merging similar habitat types (e.g. 188 

forests of different age structure into forests) and calculated the proportion of habitat types in 189 

2-km buffer zones around the 1-km road sections. While the home range of these species 190 

might be smaller (Wisler et al. 2008) we chose this distance to include most of the known and 191 

assumed hibernating sites in the foothills and the foraging sites such as oxbows and channels 192 

in lower-lying areas and to allow the monitoring of possible movements beyond the home 193 

range (e.g. seasonal migration to/from winter hibernating and summer feeding sites). To 194 

characterize traffic intensity, we used the most recent data on daily traffic volume from the 195 

website of Hungarian Public Roads (2021) and assumed no change in traffic volume between 196 

years in the study period. Traffic data were available only in 5 to 10-km sections, and one 197 

such section covered several of our road sections. When road section borders in the traffic 198 

data fell within one road section in this study, we averaged the two values for that road 199 

section. Traffic volume was significantly higher in the flood-protected area (mean 5375 ± 200 
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S.D. 2982.1 vehicles per day, median 5150.5, n = 22 sections) than in the active floodplain 201 

(3838 ± 3016.7, 3328, n = 36 sections) (Mann-Whitney U = 249, p = 0.018). 202 

We assessed the similarity of the habitat types of the flooded and the flood-protected 203 

areas by comparing the proportion of habitat types in the buffer zones around road sections 204 

between the two floodplain types with ANOVA. To model the effect of landscape structure on 205 

snake road mortality, we further reduced the 22 habitat types into four latent variables (LV1-206 

LV4) in a Bayesian ordination approach using the ‘boral’ package of R (Hui 2016). Latent 207 

variables have advantages over principal components from a PCA in that they are not linear 208 

combinations of the original variables yet they still reduce variance inflation arising from 209 

multicollinearity among the original independent variables (Mizsei et al. 2020). For the 210 

interpretation of results, we calculated Pearson correlation coefficients between LV1-4 and 211 

the original data on the proportion of habitat types. These correlations showed that LV1 212 

represented a gradient from rural to urban habitats, with significantly negative correlations 213 

with habitats for example Sessile oak-hornbeam forests, Fruit plantations and Arable land and 214 

significantly positive with habitats like Buildings, Paved roads and Urban forests. With the 215 

same logic, LV2 represented a gradient from dry to wet habitats from Dirt roads, Arable lands 216 

and Railways (negative correlations) to Rivers, Riverine willow-poplar forests and Mixed 217 

woodlands (positive correlations). LV3 represented a gradient from artificial to natural 218 

habitats with Complex cultivation patterns, Vineyards and Other artificial areas (negative) to 219 

Tall marsh vegetation standing in water, Wet meadows with periodic flooding and Lakes 220 

(positive), and LV4 was a gradient from closed (woody) to open (treeless) habitats from 221 

Urban forests, Urban green areas and Mixed woodlands to Arable land, Closed mountain 222 

grasslands and Lakes (Fig. 2.). 223 

We assessed the effect of environmental drivers (landscape structure and traffic 224 

volume) on snake road mortality by constructing a generalized linear mixed-effects model for 225 

each species (GLMM) using the ‘lme4’ package of R (Douglas et al. 2015). We built GLMMs 226 

with the number of individuals per section per survey as discrete dependent variable, and 227 

flood regime (flooded vs. flood-protected as binary variable), traffic volume, survey week and 228 

the four latent habitat variables (LV1-LV4) as fixed explanatory variables and by specifying 229 

Poisson error distribution with logit link function. Road section ID and survey year were used 230 

as random effects to control for spatial and temporal non-independence of road sections and 231 

survey dates, respectively. We then used a model selection approach in an information-232 

theoretic framework (Burnham and Anderson 2002) to identify models with substantial 233 

empirical support based on Akaike differences (Δi = AICi – AICmin < 2.0) and to find the best 234 

set of explanatory variables for road mortality of each species. We then performed model-235 

averaging of the best models using the ‘MuMIn’ package of R for each species (Bartoń 2019). 236 

When either of the LVs was significant in the averaged model, we ran simple linear 237 

regressions to evaluate which habitat type had direct positive or negative effect on the number 238 

of road-killed snakes. In these analyses, we only tested variables that showed the three 239 

strongest correlations with the number of road-killed snakes either in the positive or the 240 

negative direction (Fig. 2.), and we adjusted significance levels for multiple comparisons by 241 

the False Discovery Rate method (Benjamini and Hochberg 1995).  242 

 243 

Results 244 

 245 

Numbers of roadkilled snakes. We found a total of 1715 snakes, of which 1441 were Natrix 246 

natrix, 214 were Natrix tessellata, 45 were Zamenis longissimus, 14 were Coronella austriaca 247 

and one was Vipera berus. We found 1180 individuals of N. natrix and 210 individuals of N. 248 

tessellata on 36 km of road in the flooded area (corresponding to 38.6 snakes*km–1 in three 249 
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years combined) and 261 individuals of N. natrix and 4 individuals of N. tessellata on 22 km 250 

of road in the flood-protected area (12.0 snakes*km–1). 251 

The median OBSERVED number of N. natrix and N. tessellata was significantly 252 

higher in the flooded than in the flood-protected area in 2012 and 2020 (Table 1, Mann-253 

Whitney tests, W ≥ 150, p < 0.02), but not in 2013, when the number of N. natrix was similar 254 

in the two areas (Table 1, W ≥ 328, p ≥ 0.732). Because there were very few N. tessellata 255 

individuals in the flood-protected area, we did not further analyse data on this species in this 256 

area. 257 

 258 

Temporal patterns. The total number of roadkilled snakes ranged between 391 and 512 for 259 

N. natrix and between 44 and 118 for N. tessellata for year in the three years and did not 260 

differ between years (N. natrix, F2,24 = 0.115, p = 0.892; N. tessellata, F2,24 = 0.920, p = 261 

0.412). The number of N. natrix also did not differ between years either in the flooded area 262 

(F2,24 = 2.957, p = 0.071) or in the flood-protected area (F2,24 = 0.483, p = 0.623). There were 263 

two peaks in road mortality in each year (Fig. 3.), which differed significantly from a random 264 

equal distribution of roadkilled snakes across the months (N. natrix: flooded sections, χ2 = 265 

660.02, df = 8, p < 0.0001; flood-protected sections, χ2 = 141, df = 8, p < 0.0001; N. 266 

tessellata: flooded sections, χ2 = 137.93, df = 8, p < 0.0001). The first peak of road mortality 267 

was in May and June, and the second peak was in September and October, and these patterns 268 

were similar in each year (Fig. 3.). The repeatability of the number of roadkilled snakes across 269 

months was relatively high for N. natrix (ICC = 0.503) and slightly lower for N. tessellata 270 

(ICC = 0.495). 271 

It was possible to measure the length and to assess the age of 461 roadkilled 272 

individuals of N. natrix (247 adults, 66 subadults, 148 juveniles) and 111 individuals of N. 273 

tessellata (57 adults, 16 subadults, 38 juveniles). The number of adults showed a smaller 274 

spring peak and a larger autumn peak in both N. natrix and N. tessellata (Fig. 4a,b). There 275 

were more young in the spring than in the autumn in N. natrix, whereas there were more N. 276 

tessellata young in the autumn than in the spring (Fig. 4a,b). Within adults, sex ratio was 277 

1:1.44 females to males in N. natrix and 1.3:1 females to males in N. tessellata. There were 278 

more males than females in the autumn in N. natrix, whereas there were no monthly 279 

differences in sex ratio in N. tessellata (Fig. 4c,d). 280 

 281 

Spatial patterns. The number of snakes in the 1-km sections ranged from 0 to 202 in N. 282 

natrix and 0 to 53 in N. tessellata. Road mortality showed large differences among the 283 

sections and was significantly different from a random, i.e., equal, distribution of individuals 284 

in road sections in both species (N. natrix: flooded, χ2 = 60.5, p < 0.0001, flooded-protected, 285 

χ2 = 15.609, p = 0.008; N. tessellata: flooded, χ2 = 69.5, p < 0.0001) (Fig. 5.). 286 

The repeatability of the number of roadkilled snakes on certain road sections was 287 

higher in the flooded area (ICC = 0.489) than in the flood-protected area (ICC = 0.241) for N. 288 

natrix and was low for N. tessellata in the flooded area (ICC = 0.147). 289 

The number of N. natrix individuals differed significantly between the road sections in 290 

both areas (GLMM with year as random factor; flooded, F40,80 = 4.000, p < 0.0001; flood-291 

protected, F16,32 = 2.889, p = 0.005) and so did the number of N. tessellata in the flooded area 292 

(F40,80 = 1.567, p = 0.045). In the flooded area, N. natrix numbers were highest on sections 293 

between km 2 to 8 and on sections km 18 to 24 in each year and on sections 28 to 31 in 2012 294 

(Fig. 5a), and numbers of N. tessellata showed a similar pattern (Fig. 5b). In the flood-295 

protected area, the number of N. natrix individuals varied more and was higher on sections 296 

km 8 to 15 than on other sections in 2013, whereas it was more equally distributed in 2012 297 

and 2020 (Fig. 5c). There was no interaction between road sections and either the age 298 

categories (GLMM, N. natrix, F2,226 = 1.508, p = 0.224; N. tessellata, F2,102 = 0.884, p = 299 
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0.416) or sex (N. natrix, F2,112 = 0.757, p = 0.386; N. tessellata, F1,68 = 0.094, p = 0.761) of the 300 

individuals, indicating that road mortality influenced age categories and sexes similarly on all 301 

sections. 302 

 303 

Environmental drivers of road mortality. The proportion of habitat types did not differ 304 

significantly between the flooded and the flood-protected area (F1,42 = 0.0001, p = 0.992) (Fig. 305 

6.). The GLMM models showed that the number of roadkilled N. natrix was significantly 306 

positively influenced by the closed to open LV4 and week of the year, and significantly 307 

negatively by the dry to wet LV2 and the artificial to natural LV3, while flood regime had a 308 

marginally non-significant positive effect, and traffic volume and the rural to urban LV1 had 309 

no effect (Table 2). The number of roadkilled N. tessellata was significantly positively 310 

influenced by flood regime and week of the year, and significantly negatively by traffic 311 

volume (Table 2.) but we did not find significant relationships with any of the latent variables. 312 

Finally, the simple linear regression analysis showed that the number of road-killed 313 

snakes was positively influenced by the area of Mixed woodlands, Riverine willow-poplar 314 

forests, Tall marsh vegetation standing in water, and Complex cultivation patterns, and 315 

negatively by the area of Railways, Dirt roads, Urban green areas, Arable lands, and 316 

Vineyards (Fig. 7., Table 3). 317 

 318 

Discussion 319 

 320 

This study provided four key results. First, we found that the road mortality of snakes 321 

was unexpectedly high and rather similar across years and months, with a spring and an 322 

autumn peak in both the flooded and the flood-protected areas. Second, and most importantly, 323 

mortality was higher in the flooded than in the flood-protected area, even though traffic was 324 

more intense in the flood-protected than in the flooded area. Third, there were differences in 325 

mortality across road sections: χ2 test and GLMM results as well as ICC values each indicated 326 

that certain road sections involved higher risks of mortality for N. natrix (but less so for N. 327 

tessellata) than other road sections. Finally, these differences arose because road mortality of 328 

snakes was higher in sections surrounded by more natural habitat types and lower in sections 329 

surrounded by urban or agricultural areas. 330 

It is important to note that the large number of roadkilled snakes found should be 331 

considered as a minimum estimate and that snake mortality is likely to be much higher in 332 

reality than reported here. The two-week monitoring interval used here enabled us to obtain a 333 

relative measure of road mortality across months and road sections, but is insufficient to 334 

estimate absolute numbers. Santos et al. (2011) found that most snake carcasses disappear 335 

from the road after one day on median and only some remain there for a maximum of 14 days. 336 

Weather conditions in the days prior to survey days may also affect the number of roadkills 337 

(Gravel et al. 2012). More optimal conditions, as sunny, warm weather may facilitate snake 338 

movement and subsequent road mortality. Thus, if we are to measure the true number of 339 

roadkilled snakes, we would need to monitor the road every day or at least several times a 340 

week, or use an alternative method, e.g. collecting live snakes along fences set up to run 341 

parallel to the road. 342 

Higher numbers of road-killed snakes in the flooded than in the flood-protected area 343 

can be explained by at least three factors: traffic volume, landscape structure, and higher 344 

snake abundance. If traffic intensity were the main explanatory factor, flood-protected areas, 345 

where traffic was more intense, would have had higher road mortality. In fact, even though 346 

traffic intensity was 40% higher in the flood-protected area, the number of roadkilled snakes 347 

was three times higher in the flooded area (38.6 snakes*km–1) than in the flood-protected area 348 

(12.0 snakes*km–1). Our results thus clearly show that traffic intensity alone was not 349 
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sufficient to explain the differences found. With regard to large-scale landscape structure, we 350 

expected that there will be more roadkilled snakes in less modified landscapes, i.e., the 351 

flooded area, than in more modified landscapes, i.e., the flood-protected area. However, the 352 

proportion of habitat types did not differ between the flooded and the flood-protected area 353 

(Fig. 6), thus, large-scale landscape structure was also unlikely to explain the differences 354 

found. Despite the similarities in habitat structure, the higher abundance of snakes may also 355 

explain their higher mortality in the flooded area. For instance, even though landscape 356 

structure or the proportion of habitat types did not differ, it is still possible that resources such 357 

as food were more abundant in the flooded than in the flood-protected areas. Differences in 358 

flood regime may lead to differences in species assemblages (Haugaasen and Peres 2005) and 359 

larger biomass production in favour of flooded areas (Hawes et al. 2012), among other 360 

factors. Personal observations collected in the area showed that amphibian species which are 361 

the main prey of N. natrix were the same in both areas, although we did not quantify their 362 

abundance. Nonetheless, it is possible that the presumably larger biomass production in the 363 

flooded area from the same amphibian species may indirectly lead to more snakes via the 364 

higher availability of resources. 365 

At a smaller, road-section scale, however, the number of roadkilled N. natrix was 366 

significantly affected by habitats surrounding the road, as it was positively related to a 367 

gradient from closed to open and negatively to gradients from dry to wet and from artificial to 368 

natural habitat types (Table 2.). The analyses of latent variables indicated fewer roadkilled 369 

snakes on roads running through wetter and more natural habitat types in general, which can 370 

be surprising because we expected more snakes on roads bordered by more natural habitat 371 

types. This apparently also contradicts the results from the simple linear regressions where we 372 

found that more natural habitat types such as Riverine willow-poplar forests or Tall marsh 373 

vegetation standing in water positively, while more artificial types such as Arable land or 374 

Urban green areas negatively influenced road mortality. The differences can be explained in 375 

three ways. First, N. natrix is a rather generalist species (Reading and Jofré 2009), which can 376 

occur in many different habitats. Second, most of the studied landscapes are modified, with 377 

many areas converted to Arable land or Vineyards (Fig. 1.), thus it is not surprising that the 378 

proportion of these two habitat types fundamentally influenced our calculations. Finally, it is 379 

also possible that snakes find their habitats easier or faster in road sections surrounded by 380 

wetter and more natural habitat types than in sections surrounded by drier and more artificial 381 

habitat types, where they thus spend more time on the road and have higher risks of being run 382 

over by cars. 383 

The spatial pattern in the number of roadkilled N. natrix was more repeatable in the 384 

flooded area than in the flood-protected area, which can be explained if the habitat use of 385 

snakes is more opportunistic in the flood-protected area, for example, if sites suitable for 386 

hibernation and/or feeding are patchy in space and non-stationary in time. Overall, our results 387 

on spatial patterns of road mortality support the view that the local presence and/or the 388 

proximity of natural habitat types near the road, mostly forests suitable for snake hibernation 389 

as well as rivers and wetlands suitable for feeding and reproduction, largely influenced the 390 

abundance and road mortality of water snakes at the local, road-section scale. We found no 391 

such effects on the number of roadkilled N. tessellata individuals, even though flooding had a 392 

positive effect and traffic had a negative effect on the number of roadkilled individuals of this 393 

species as well. However, mortality in this species was also confined to specific road sections 394 

(Fig. 4), which suggests that the lack of significant effects of neighbouring habitat is likely 395 

due to low sample size. 396 

The monthly variation in the number roadkilled snakes was similar in both areas and 397 

can be explained based on the timing of major activities such as hibernation and foraging. The 398 

spring peak in mortality is likely related to the end of the hibernating period, when snakes 399 
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migrate to their lower altitude foraging grounds in rivers and wetlands, and the autumn peak 400 

is related to their migration from the feeding areas to higher altitude foothill areas used as 401 

hibernating sites (Fig. 3). Similar monthly patterns, with higher mortality in spring and 402 

autumn and limited mortality in summer also occur in Natrix species in Central Europe (Heigl 403 

et al. 2017; Anđelković and Bogdanović 2022). Such movements, when snakes move larger 404 

distances one time compared to their usual daily movements in the active season, is are 405 

known in several snake species living in temperate areas (e.g. for Thamnophis sirtalis, 406 

Gregory and Stewart 1975 or Agkistrodon piscivorus, Glaudas et al. 2007). Reptile body 407 

temperature changes with environmental temperature, thus they need to hibernate to maintain 408 

their life functions in cold climates. The availability of good hibernating sites known as 409 

hibernacula can also be more limited with increasing latitudes (Rudolph et al. 2007). The 410 

temporal patterns in road mortality were similar in both species, suggesting that road 411 

mortality is predominantly mediated by the movement of snakes in and out of hibernacula, 412 

and not by activities related to reproduction such as mate-searching in males, egg laying in 413 

females, or the dispersal of juveniles because in these cases one would expect mortality 414 

patterns skewed towards particular age or sex categories (Bonnet et al. 1999). The monthly 415 

differences between age categories and sexes were non-significant in this study, although we 416 

found more juveniles killed in spring (Fig. 4a) and more adults killed in autumn in both sexes 417 

in N. natrix, while there were more juveniles and adults killed in autumn in N. tessellata (Fig. 418 

4.a,b). One possible explanation for lower spring mortality is if snakes move fast to the 419 

foraging grounds to refuel their energy storages after hibernation as quickly as possible 420 

(Costanzo 1989). A similar pattern is known in birds where autumn migration is more 421 

prolonged and days are spent much actively with feeding than with travelling (Nilsson et al. 422 

2013). The seasonal mortality of juvenile N. natrix individuals was different because there 423 

were more roadkilled juveniles in the spring than in the autumn (Fig. 4.a), which may be 424 

related to higher predation on juveniles than on adults during the summer. 425 

Unfortunately, little is known about the hibernation preferences of Natrix species and 426 

European Colubrids as a whole. Our limited number of field observations suggest that both 427 

species hibernate in sites (soil and rock pits) well above the flood water level. Floods can 428 

appear several times a year on river Tisza and Bodrog but they regularly occur at the end of 429 

winter and early spring when snow melts in the catchment area, and when temperature is too 430 

low for snakes to emerge. Snakes thus need to find hibernacula well above the flood water 431 

level, which at least partly explains the autumn and spring peaks in their mortality. 432 

Individuals of the closely related North American semiaquatic snake genus Nerodia prefer to 433 

hibernate above the stream level and are known to abandon flooded hibernacula (Ultsch 434 

1989). Some other snake species, however, can opportunistically choose to winter underwater, 435 

for example, the phylogenetically more distant but similarly semiaquatic Thamnophis sirtalis 436 

and T. sauritus prefer to hibernate submerged if possible and such individuals can spare more 437 

energy compared to conspecifics hibernating in dry places (Costanzo 1989; Todd et al. 2009). 438 

According to our field observations in the area, Natrix species behave similarly to Nerodia 439 

and Agkistrodon (Glaudas et al. 2007) and they try to avoid hibernation sites that may get 440 

flooded by water. This is also implied by the bimodal temporal distribution of road mortality 441 

as snakes appear on the road in spring, after they came out of hibernaculas and in autumn, 442 

when they are moving back to them.  443 

 444 

Conservation implications 445 

 446 

Because wetlands are abundant in the studied landscape, road mortality of water 447 

snakes could occur in several places, yet fortunately it was low in most of the road sections. 448 

However, there are a few road sections where road mortality is a serious conservation concern 449 
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(Fig. 5). Our minimum estimate of the maximum number of roadkilled N. natrix in a section 450 

was 202 but this number can be in the hundreds annually. More than 50 roadkilled individuals 451 

in a section in a given year was not uncommon and there were three sections with more than 452 

100 roadkills in 2020. Our study fortunately will be thus useful in identifying the sections 453 

where conservation interventions should be implemented. 454 

There are sections outside of towns where culvert passages with barrier walls under 455 

the road could be a feasible solution to reduce snake mortality (Dodd et al. 2004). However, it 456 

is important that these are designed properly, e.g. they are wide enough to be used by snakes 457 

or other animals because a passage itself does not guarantee that animals will use it (Baxter-458 

Gilbert et al. 2015). Other sections of concern are located in towns, for example, those with 459 

the highest mortality in the study are located within the city limits of Tokaj. Although they are 460 

located in a green urban space, the landscape is very complex here. There are several 461 

buildings, pedestrian crossings, parking lots and other elements which, in our view makes it 462 

impossible to construct such road features. Our suggestion is to build one or a series of 463 

artificial hibernacula in the way of migrating snakes farther from the road. Snakes often occur 464 

in or near artificial structures and such hibernacula are used as a conservation tool to provide 465 

additional shelters for them (Zappalorti et al. 2014). We are aware of two hibernacula on the 466 

floodplain side of the road, but well above the stream level which are predominantly used by a 467 

few hundred N. tessellata individuals but individuals of N. natrix and Zamenis longissimus 468 

also occur in them. Mortality in nearby road sections is generally low, suggesting that 469 

hibernacula are preventing road mortality. In addition, one of the hibernacula is artificial, as it 470 

is made from illegally disposed debris of building materials and other household litter, 471 

supporting the view that these snakes are capable to occupy such newly created structures in 472 

the future. Artificial snake hibernaculas are usually made from logs and stones covered with 473 

soil thick enough to prevent snakes from freezing (Zappalorti et al. 2014). We are not aware 474 

of such an intervention to prevent road mortality but there is evidence that artificial nesting 475 

sites can reduce road mortality for freshwater turtles (Paterson et al. 2013). 476 

 477 
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