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ABSTRACT 20 

 21 

Urbanization shapes global patterns of biodiversity. While often driving biodiversity loss 22 

and biotic homogenization, urban areas could paradoxically act as refugia for species 23 

threatened by other global change drivers, such as biological invasions. Despite growing 24 

interest in their conservation potential, a lack of robust empirical studies unveiling how 25 

urban refugia emerge and contribute to species persistence hinders our ability to leverage 26 

urban areas to minimize global biodiversity loss. Here, we examined whether and how 27 

urban areas promote the persistence of a keystone, endangered endemic Mediterranean 28 

island lizard (Podarcis pityusensis) threatened by a rapidly spreading invasive snake 29 

(Hemorrhois hippocrepis). By integrating field transects, citizen science data, snake 30 

trapping, and population dynamics models, we show that invasive snakes drive rapid 31 

lizard extirpation in natural areas, but urbanization buffers this effect, enabling local 32 

persistence. Intensive snake trapping revealed that urbanization hinders snake spread, 33 

acting as an ecological filter. Finally, population dynamics models show that, contrary to 34 

a source-sink model, urban lizard populations can persist in the mid-term under sustained 35 

predation pressure without requiring an influx of new individuals from surrounding areas. 36 

Our findings provide empirical evidence of how urban areas can effectively act as refugia 37 

for threatened species, emphasizing their importance in global biodiversity conservation 38 

strategies. 39 

 40 

INTRODUCTION 41 

 42 

The destruction and fragmentation of natural ecosystems due to urbanization shapes 43 

patterns of biodiversity distribution worldwide (McKinney, 2002, 2008). In addition to 44 

habitat transformation, urbanization often entails the introduction of non-native species, 45 

genetic isolation of populations, or their exposure to new diseases (Dickman, 1996; Fusco 46 

et al., 2021; Sol et al., 2013). Altogether, these factors hinder biodiversity preservation of 47 

native biological communities and spur biotic homogenization across urban areas 48 

worldwide (Faeth et al., 2011; McKinney & Lockwood, 1999; Piano et al., 2020). 49 

Paradoxically, however, urban areas could also effectively contribute to biological 50 
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conservation when conditions in surrounding natural habitats become adverse 51 

(Spotswood et al., 2021). 52 

 53 

The potential of urban areas to enhance biodiversity preservation has received 54 

considerable recent attention (Gentili et al., 2023; Lokatis et al., 2023). Urban habitats 55 

can for instance increase regional habitat heterogeneity and even promote phenotypic 56 

responses to different components of global change such as climate change or biological 57 

invasions (Alberti et al., 2017; Campbell-Staton et al., 2020; Lapiedra, 2018; Lapiedra et 58 

al., 2017; Lowry et al., 2013; Sage, 2020; Sih, 2013; Wong & Candolin, 2015). An 59 

additional, intriguing way by which urban areas could contribute to global biodiversity 60 

conservation is by acting as refugia for species facing population declines in more natural 61 

surroundings (Gentili et al., 2023; Lokatis et al., 2023). The biotic or abiotic drivers of 62 

population decline in more natural areas could be buffered in these ‘urban refugia’, 63 

resulting in species ranges that are partially or completely restricted to these urban areas. 64 

Thus, urban areas are increasingly acknowledged as potential biodiversity reservoirs 65 

(Plowes et al., 2007; Rebolo-Ifrán et al., 2017; Spotswood et al., 2021).  66 

 67 

A number of recent studies have described patterns consistent with urban refugia. 68 

Plowes et al. (2007) found that some urban residential areas in Texas had populations of 69 

the native fire ant species, Solenopsis germinata, while nearby natural habitats were 70 

occupied by the invasive species, Solenopsis invicta. They suggested that high vegetation 71 

cover or pest management in these urban areas might have limited the spread of the 72 

invasive species, thus creating urban refugia for the native ants. Similarly, on the island 73 

of Hispaniola the endemic parrot Psittacara chloropterus, once common throughout the 74 

island (Wetmore & Swales, 1931), is currently absent from natural habitats (Kirwan et 75 

al., 2019). It only persists in large urban areas where parrots are protected from hunting, 76 

further habitat destruction, and pet trafficking (Luna et al., 2018). These valuable 77 

examples underscore the potential of urban areas to preserve endangered species, both 78 

against biotic (Plowes et al., 2007; Savidge, 1987) and abiotic threats (Luna et al., 2018; 79 

Rutz, 2008). 80 

 81 

Urban refugia could play a substantial role for future global biodiversity 82 

conservation because they may not only prevent local and global extinction of particular 83 

species (Ives et al., 2016), but rather also allow for their recovery and reintroduction if 84 

and when the threats in more natural habitats disappear. This possibility could enable the 85 

recovery of these species as well as the re-establishment of the ecological functions they 86 

play in the ecosystem (Hale & Koprowski, 2018). This is crucial given that ecological 87 

interactions are essential to maintain ecosystem functioning as they hold the structure of 88 

and give stability to biological communities and ultimately sustain ecosystem services 89 

essential to human well-being (Jordán, 2009; Montoya & Raffaelli, 2010; Sanders et al., 90 

2013; Tylianakis et al., 2008; Valiente‐Banuet et al., 2015). In addition, the social 91 

dimension of urban refugia can help raise awareness for biodiversity conservation while 92 

leveraging umbrella species to safeguard entire biological communities (Branton & 93 

Richardson, 2011; Mekonnen et al., 2022; Roberge & Angelstam, 2004). 94 
 95 
 Despite the potential of urban refugia to minimize biodiversity loss worldwide, 96 

however, essential questions regarding how urban refugia emerge remain poorly 97 

understood. Specifically, it is necessary to unravel the role of ecological filters that buffer 98 

the threats of surrounding natural habitats in urban areas (Aronson et al., 2016). Urban 99 

areas may for instance allow populations of native species to persist by preventing new 100 
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predators to enter urban ecosystems where these native species thrive. Understanding how 101 

these filters work is essential to implement effective conservation strategies based on 102 

empirical data. Additionally, the apparent patterns of urban refugia could actually result 103 

from source-sink dynamics, where surrounding natural areas act as sources, continuously 104 

supplying individuals to urban zones that function as ecological traps. These sinks of 105 

biodiversity would not prevent population declines in the mid-term (Hale & Swearer, 106 

2016; Sousa et al., 2019; Zuñiga-Palacios et al., 2021). Our understanding of these 107 

questions is limited by the scarcity of studies moving beyond describing apparent patterns 108 

of urban refugia. Providing solid empirical evidence for how urban refugia emerge is 109 

crucial to assess their effectiveness as biodiversity reservoirs.  110 

 111 

To fill this gap, here we present a replicated study strictly designed to provide an 112 

empirical assessment of the effectiveness of urban refugia and to shed light into the 113 

processes behind these apparent patterns. We examine these questions to unravel whether 114 

and how urban refugia are enabling the persistence of the iconic Ibiza wall lizard Podarcis 115 

pityusensis, an endemic species being rapidly extirpated due to predation by a rapidly 116 

spreading invasive predator, the horseshoe whip snake Hemorrhois hippocrepis. The 117 

effects of this invasive predator to native lizards have been extremely severe (Montes et 118 

al., 2022). Consequently, the IUCN recently reassessed the conservation status of the 119 

Ibiza wall lizard from ‘Near Threatened’ to ‘Endangered’ as a direct result of this 120 

expansion (IUCN, 2025). Here, we quantify how the arrival of the invasive snake shapes 121 

the abundance and extirpation of the endemic lizard across an urbanization gradient. In 122 

parallel, we use trapping data to characterize if urbanization acts as a dispersal filter for 123 

the invasive horseshoe whip snake and use modelling techniques to test for the existence 124 

of source-sink dynamics in urban lizard populations (Fig. 1). 125 

 126 

METHODS 127 

 128 

Study system 129 

The Ibiza wall lizard (Podarcis pityusensis) is a lacertid lizard endemic to the islands of 130 

Ibiza and Formentera in the Balearic Islands, Spain (Salvador, 2015; Salvador & Pérez-131 

Mellado, 1984). This species is the only native terrestrial vertebrate species found during 132 

the recent evolutionary history of these islands. These lizards therefore evolved in the 133 

absence of terrestrial predators. Consequently, Ibiza wall lizards express a docile and 134 

relatively non-skittish behavior, with little fear of humans, low levels of vigilance, and 135 

low aggression (Cooper et al., 2014; Cooper & Pérez-Mellado, 2010). Ibiza wall lizards 136 

are very generalists and known to inhabit all sorts of habitats including forested, 137 

agricultural, and coastal areas with a preference for dry rock walls (Salvador, 2015; 138 

Salvador & Pérez-Mellado, 1984), to fully urbanized areas (Carretero et al., 1995). Being 139 

a successful urban dweller, together with its tame behavior and colorful appearance, has 140 

led this species of lizard to become a beloved cultural icon of these islands (Dappen et 141 

al., 2009; Hinckley et al., 2017).  142 

 143 

In 2003, the horseshoe whip snake (Hemorrhois hippocrepis) was first detected in 144 

Ibiza (Álvarez et al., 2010; Hinckley et al., 2017; Montes, 2021; Montes et al., 2022; 145 

Silva-Rocha et al., 2018). This snake was introduced from the Iberian Peninsula via the 146 

importation of olive trees for gardening purposes (Álvarez et al., 2010; Silva-Rocha et 147 

al., 2018). Horseshoe whip snakes are characterized by an active foraging strategy and a 148 

preference for Mediterranean rocky environments, actively seeking for prey in natural or 149 

man-made walls (Pleguezuelos, 1989). The diet of the horseshoe whip snake is mainly 150 
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composed of small mammals and reptiles, with juveniles feeding almost exclusively on 151 

reptiles while adults also prey on small mammals (Pleguezuelos & Moreno, 1999; 152 

Vericad-Coromina & Escarré-Esteve, 1976).  153 

 154 

Consequently, since their accidental introduction around 2003, horseshoe whip 155 

snakes have rapidly spread across the island of Ibiza (Montes, 2021; Montes et al., 2022). 156 

This expansion has caused a severe decline in Ibiza wall lizard populations, with complete 157 

local extirpations tightly following the geographical expansion of the invasion front. In 158 

contrast, natural populations of the lizard still persist in the westernmost regions of the 159 

island, where snakes have not yet established (COFIB, 2022; Montes et al., 2022; Pérez-160 

Cembranos & Pérez-Mellado, 2022). Ibiza wall lizards make up 57% of the snakes' diet 161 

in Ibiza (Hinckley et al., 2017). Consequently, the IUCN the conservation status of the 162 

Ibiza wall lizard recently escalated by two levels, from ‘Near Threatened’ to 163 

‘Endangered’ (IUCN, 2025). However, these lizards are also highly adaptable to urban 164 

environments (Carretero et al., 1995), and observational evidence suggests that in snake-165 

invaded areas, their presence is largely restricted to intensively urbanized habitats. Given 166 

that both invaded and non-invaded regions contain a mix of urban and natural habitats, 167 

this system offers a unique opportunity to empirically examine whether urban areas are 168 

effectively acting as refugia for this keystone, endangered endemic species. 169 

 170 

Study design 171 

We selected 18 localities across the island of Ibiza to investigate the role of these urban 172 

areas as possible refugia for the Ibiza wall lizard. We selected all urban areas that had 173 

existed as urban nuclei for the longest time, thus discarding recently built urbanizations. 174 

In each of these 18 localities we selected four urban points and four peri-urban points 175 

(Fig. 2). We considered as urban points all those habitats potentially good for the Ibiza 176 

wall lizard that were found within the urban matrix such as flowerbeds with rocks and 177 

vegetation, or dry-stone walls with vegetation (Fig. S1). To select peri-urban sites, we 178 

chose the closest vegetated dry-stone wall found around a random point located near 179 

unpaved roads and fields surrounding the sampled urban area (Fig. S2). We did not 180 

conduct any census on paved roads. Each of the points considered were selected in an 181 

attempt to choose a potentially suitable habitat for the Ibiza wall lizard. In total, we 182 

established 144 sampling points (i.e. 18 sites × 2 habitat types × 4 replicates). At each of 183 

these sampling points, we conducted standardized 3-minute active visual encounter 184 

survey censuses. During each census, we noted the total number of Ibiza wall lizard 185 

individuals detected both on dry-stone walls and in the surrounding vegetation. We 186 

conducted the surveys from a safe distance from focal animals and without disturbing the 187 

environment (i.e. we did not lift stones or shake vegetation to find lizards). We conducted 188 

the censuses on sunny days between May 1st and July 22nd, 2022, between 9:00 and 15:00, 189 

matching the highest activity period of this species (Pérez-Mellado & Salvador, 1981). 190 

We conducted a minimum of two censuses per sampling point (three in some cases), a 191 

total of 312 censuses conducted (Table S1). 192 

 193 

Using citizen science data to build a snake establishment map 194 

To identify the year snakes arrived at each sampling point, we created a map with the area 195 

occupied by the horseshoe whip snake from 2003 to 2023. To do this, we compiled a total 196 

of 5270 records of captures or sighting records of the horseshoe whip snake from 2003 to 197 

2023. Data came from COFIB’s horseshoe whip snake capture records (n = 2771, from 198 

2016 to 2023, https://recuperacionfaunabaleares.es), data in Montes et al. (2021) (n = 199 

1291, from 2008 to 2018), an app integrating citizen snake observations (‘Línea verde’, 200 

https://recuperacionfaunabaleares.es/
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n = 904, from 2022 to 2023, https://www.lineaverdeeivissa.com), roadkills (n = 77, from 201 

2021 to 2022, own data), iNaturalist (2023) (n = 14, from 2016 to 2023), and from an 202 

online survey we conducted in 2023 to local people regarding the year in which they 203 

detected for the first time a snake in their house (n = 213, from 2003 to 2023, own data). 204 

Then, we used QGis (QGIS.org, 2023) to identify those records far from the invasion core 205 

that did not have any other records in the surrounding area in the following years. We 206 

considered these records as either location errors or secondary translocations that did not 207 

persist over time, and thus removed them from this establishment database (n = 45 208 

observations). The remaining records were projected onto a 500×500m matrix 209 

superimposed on the island of Ibiza. We labelled each 500×500m cell with the year of the 210 

oldest snake record found in each cell. Then, using the QGIS Convex Hull tool, we 211 

created a polygon that encapsulated all online survey locations indicated by the island 212 

residents as snake-free (n = 90). All unlabelled cells that were located within this polygon 213 

were identified as “non-invaded”. The remaining unlabelled cells were left unlabelled. 214 

Lastly, we performed an Inverse Distance Weighting (IDW) interpolation based on the 215 

year of invasion assigned to each 500×500m cell using the IDW interpolation QGis tool, 216 

with a P-parameter of 3.0 and a pixel size of 250m. We categorized each of the 144 217 

sampling points as “invaded” or “non-invaded” depending on whether each point was 218 

located over the snake-invaded interpolated area between 2005 and 2022 (invaded) or not 219 

(non-invaded) (Table S1). 220 

 221 

Urbanization index 222 

To calculate the ‘urbanization index’ for each sampling point, we downloaded a .TIF file 223 

containing the 2021 satellite categorization of Ibiza's habitats at a 10m resolution (Zanaga 224 

et al., 2021) (Fig. S3). Using the R package ‘raster’ (Hijmans et al., 2023; R Core Team, 225 

2023), we drew a 50m radius area around each of the 144 sampling points and computed 226 

the percentage of 10×10m cells categorized as "Build up" found within each 50m radius 227 

area. The resulting percentages represented the ‘urbanization index’ of each sampling 228 

point, ranging 0 (not-urbanised) to 1 (fully urbanised, i.e. 100% impervious surface) (Fig. 229 

S4-S7). 230 

 231 

Statistical analysis 232 

Given the large number of zeros in our lizard census data (67.63%), we performed 233 

overdispersion and zero-inflation tests using the R package ‘performance’ (Lüdecke et 234 

al., 2021; R Core Team, 2023). The results of the overdispersion test on an initial 235 

Generalized Linear Mixed Model (GLMM) following a Poisson distribution obtained 236 

using the R package ‘glmmTMB’ (Magnusson et al., 2017; R Core Team, 2023) revealed 237 

no overdispersion in our data (Pearson's χ2 = 193.59, p > 0.99). The zero-inflation test 238 

revealed that our initial GLMM Poisson model did not correctly estimate the number of 239 

zeros (predicted/observed number of zeros = 0.92, tolerance = 1 ± 0.05), indicating a 240 

possible zero-inflation. Therefore, we modelled our data using zero-inflated Poisson 241 

regression. This type of regression assumes that the excess of zeros in our data would be 242 

caused by a different process than the process modelling the count data, so the two 243 

processes can be modelled independently. The explanatory variables considered for both 244 

parts (Poisson part and zero-inflated part) of the best model were ‘years from invasion’, 245 

‘urbanization index’, and the interaction between these two variables. The variable ‘years 246 

from invasion’ was calculated as the normalized number of years that the snake has been 247 

present, based on the interpolated snake establishment map, at each sampling point, 248 

ranging from 0 (not invaded) to 1 (oldest invaded sampling site). Statistical models also 249 

included locality and sampling point as random factors, with sampling point nested within 250 
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locality. We constructed multiple models using different combinations of these variables 251 

and selected the best model based on the lowest AICc, ensuring a minimum difference of 252 

two AICc points from the next best model (Table S2). To extract and visualize the results 253 

from these analyses, we used the R package ‘sjPlot’ (Lüdecke, 2021; R Core Team, 254 

2023). We also performed a spatial autocorrelation analysis using the R packages 255 

‘DHARMa’ (Hartig, 2019; R Core Team, 2023) and ‘pgirmess’ (Giraudoux, 2013; R Core 256 

Team, 2023), which determined there was no spatial patterns in our data influencing the 257 

results (DHARMa Moran's I test, observed = 0.022, expected = -0.007, sd = 0.033, p = 258 

0.37). 259 

 260 

Urban filtering 261 

In order to quantify the role of urban areas as potential filters for the dispersal of snakes 262 

and their chances to become established in these areas we conducted an exhaustive 263 

trapping procedure (51 traps baited with life mice to which snakes could not access) 264 

during the months of May to September of 2022 across an increasing urbanization 265 

gradient separated by heavily trafficked roads. We delimited three successive 1.5km2 266 

urban areas within the city of Ibiza, separated from each other by major roads. These three 267 

areas were thus ordered sequentially from less to more urbanized to detect snake 268 

movements between invaded peri-urban areas to nearby urban areas. Specifically, we 269 

placed 18 traps in the outer (less urbanized) area, 8 in the intermediate area, and 15 in the 270 

inner (most urbanized) area. In each of the delimited areas, we tallied the total number of 271 

snakes captured. We used the R package ‘stats’ (R Core Team, 2023) to perform a one-272 

way ANOVA test and a post hoc Tukey’s HSD test to look for differences in the number 273 

of snakes captured between the three considered areas. 274 

 275 

Modelling source-sink dynamics in urban refugia 276 

Finally, we examined the key hypothesis that urban areas might actually act as sinks rather 277 

than refugia for native lizard populations. With this aim, we conducted simulations to 278 

model the population dynamics of lizard populations under varying levels of urbanization 279 

and different degrees of predation pressure.  280 

 281 

At the start of the simulation, a typical population of lizards from undisturbed 282 

environments is simulated. With each iteration (corresponding to one year), the simulated 283 

lizard population sequentially undergoes a mortality episode due to anthropogenic factors 284 

(e.g. predation by cats, roadkills), a mortality episode due to the presence or absence of 285 

snakes in the habitat, which is modulated by the degree of urbanization of the habitat, and 286 

a density-dependent mortality episode. Once all these external mortality events have 287 

occurred, the model proceeds to simulate the population dynamics of a closed population 288 

of lizards. This part of the model simulates mortality due to senescence and population 289 

stochasticity, after which the surviving individuals reproduce and lay eggs, from which 290 

new individuals will hatch and form the next generation. Finally, an immigration episode 291 

occurs, in which individuals from outside the simulated population are introduced into 292 

the next generation. The simulation progresses generation by generation until the 293 

maximum number of projection years is reached. Each year, the population size of each 294 

simulation is analyzed under each invasion regime. For a detailed description of all 295 

parameters and steps included in the model, please refer to the ‘Source-sink dynamic 296 

model description’ section in the Supplementary materials. 297 

 298 

RESULTS 299 

 300 
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The maximum number of lizards observed in a single census was 14. This corresponds to 301 

an urban site located within the city of Ibiza, located within the snake-invaded area range 302 

(mean = 1.07, sd = 2.70). The highest number of lizards observed in peri-urban sites in 303 

snake-invaded areas was 5 (mean = 0.30, sd = 0.88). For non-invaded sites, the highest 304 

number of lizards observed in urban sites was 11 (mean = 1.98, sd = 2.33), whereas we 305 

observed a maximum of 9 lizards in peri-urban sites (mean = 1.11, sd = 1.70, Fig. 3a and 306 

3b). The proportion of censuses with zero lizard sightings within the snake-invaded area 307 

was 69.5% in urban sites and 84.6% in peri-urban sites. In non-invaded areas, the 308 

proportion of censuses with zero sightings was 34.4% in urban sites, and 46.7% in peri-309 

urban sites (Fig. 3b). 310 

 311 

The GLMM results following the zero-inflated Poisson regression can be divided 312 

into two parts: one that explains the role of the explanatory variables in modelling the 313 

distribution of the excess of zeros (i.e. local lizard extirpation; zero-inflated part) and one 314 

that explains the role of the explanatory variables in explaining the distribution of the 315 

count values (i.e. relative local lizard abundance; Poisson part). The zero-inflated part of 316 

the model shows that ‘urbanization index’ (odds ratio = 7.02, CI = [1.79, 12.26], χ2
1, 0.05 317 

= 6.92, p < 0.01), ‘years from invasion’ (odds ratio = 27.73, CI = [12.22, 43.25], χ2
1, 0.05 318 

= 12.28, p < 0.001), and the interaction between these two variables (odds ratio = -26.92, 319 

CI = [-43.14, -10.69], χ2
1, 0.05 = 10.57, p < 0.01, Fig. 4a, Table S3) have a significant effect 320 

in explaining the excess of zeros observed in our data (i.e. no lizards detected). The 321 

Poisson part of the model indicates that only ‘urbanization index’ (odds ratio = 1.52, CI 322 

= [0.76, 2.29], χ2
1, 0.05 = 15.34, p < 0.001) has a significant effect on local relative lizard 323 

abundance. ‘Years from invasion’ (odds ratio = 0.97, CI = [-2.39, 4.33], χ2
1, 0.05 = 0.32, p 324 

= 0.57) and the interaction between ‘years form invasion’ and ‘urbanization index’ (odds 325 

ratio = -3.17, CI = [-7.32, 0.97], χ2
1, 0.05 = 2.25, p = 0.13, Fig. 4a, Table S3) were not 326 

significant.  327 
 328 

In our snake trapping procedure to test the urban filter hypothesis, we captured 62 329 

snakes in the outer area (mean = 3.44 snakes/trap, sd = 3.18) and 13 in the intermediate 330 

area (mean = 1.63 snakes/trap, sd = 1.41), while no snakes were captured in the inner area 331 

(Fig. 5a and 5b). Overall, there were significant differences between groups in the number 332 

of snakes captured (one-way ANOVA test, F2, 38 = 9.94, p < 0.001). This significance 333 

emerges from different number of captured snakes between the outer area and the inner 334 

area (Tukey’s HSD test for multiple comparisons, p < 0.001, CI = [-5.33, -1.55]) whereas 335 

differences between the outer area and the intermediate area (p = 0.14, CI = [-4.11, 0.48]) 336 

or between the intermediate area and the inner area (p = 0.22, CI = [-3.99, 0.23]) did not 337 

reach significance. 338 

 339 

Finally, we used a population dynamics model to examine the potential existence of 340 

source-sink dynamic in urban areas. This model revealed that current abundances in urban 341 

environments surrounded by snake-invaded areas can only be explained by the existence 342 

of an urban refugia effect. When anthropogenic mortality is low to moderate, urban lizard 343 

populations can remain stable without requiring immigration from external sources (Fig. 344 

6a-e), only reaching local extirpation when anthropogenic mortality levels become very 345 

high (Fig. 6f). However, the presence of invasive snakes disrupts these stable dynamics 346 

(Fig. 6g-l). Under low and moderate anthropogenic pressure, snakes drive a rapid 347 

population decline and leads to local extirpation (Fig. 6g-i). Notably, increasing 348 

urbanization mitigates this effect. Higher urbanization levels allow lizards to persist 349 

despite snake presence in surrounding areas (Fig. 6j-l). These findings refute the 350 
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hypothesis that urban areas act as ecological traps or biodiversity sinks. Instead, our 351 

results highlight that urban environments can represent effective refugia, at least in the 352 

mid-term, sheltering native lizard populations from the devastating effect of new top 353 

predators. 354 

 355 

DISCUSSION  356 

 357 

Despite their enormous implications for global biodiversity conservation, whether and 358 

how urban refugia can effectively promote population persistence remains poorly 359 

understood. To tackle this question, we integrated exhaustive field data from free ranging 360 

native prey and trapping of their invasive predators with citizen science data and models 361 

of urban population dynamics. Altogether, our results provide empirical evidence that 362 

urban areas are enhancing survival of the keystone Ibiza wall lizard, a keystone species 363 

from a delicate Mediterranean island ecosystem. 364 

 365 

Before the arrival of the horseshoe whip snake in the early 2000s, Ibiza wall 366 

lizards were abundant in natural and urban habitats throughout the island (Pérez-367 

Cembranos & Pérez-Mellado, 2022; Salvador, 2015; Salvador & Pérez-Mellado, 1984). 368 

This situation changed dramatically following the rapid progression of the invasion year 369 

by year (Hinckley et al., 2017; Montes, 2021; Montes et al., 2022). Results from our 370 

GLMMs show that the presence of invasive snakes has significantly reduced Ibiza wall 371 

lizard abundances across the island. More specifically, the longer the snake has been 372 

established in a specific area, the greater is the effect on the lizard populations (Fig. 1a). 373 

The effect of ‘years from invasion’ on the zero-inflated part of the model is significantly 374 

positive. This implies that the time since the establishment of snakes in an area is 375 

positively associated with the proportion of censuses with zero lizard observations 376 

compared to the proportion of zeroes expected by a simple Poisson distribution (Fig. 4a, 377 

Table S3). On the other hand, the effect of the variable ‘years from invasion’ on the 378 

Poisson part of the model was not significant, indicating that relative lizard abundances 379 

are not affected by how long the snake has been present in the area (Fig. 4a, Table S3). 380 

 381 

In this disturbing scenario for the long-term persistence of Ibiza wall lizards, 382 

nonetheless, urban areas offer some hope. Despite the alarming general population 383 

declines, urban populations are coping better with this situation (Fig. 1b). In fact, lizard 384 

abundances in large urban areas are among the highest on the island, despite snakes 385 

having long been established in the surrounding peri-urban areas (Fig. 3a and 3b). The 386 

results obtained from the GLMM support these findings. The effect of the variable 387 

‘urbanization index’ on the zero-inflated part of the model is significantly positive, 388 

indicating that, in non-invaded areas, increasing urbanization initially leads to more 389 

censuses with zero lizard observations. This suggests a potential negative effect of 390 

urbanization on lizard presence (Fig. 4a and 4b, Table S3). However, this factor interacts 391 

with ‘years from invasion’, and as the invasion progresses, the influence of urbanization 392 

on the number of censuses with zero observations changes. Specifically, the interaction 393 

between ‘urbanization index’ and ‘years from invasion’ reduces the impact of ‘years from 394 

invasion’ on the number of zeroes observed, particularly when the invasion has 395 

progressed significantly, leading to fewer zero counts in invaded urban areas compared 396 

to less urbanized areas (Fig. 4b). This suggests that while urbanization alone may initially 397 

contribute to slightly higher numbers of censuses with no lizards, intensively urban areas 398 

become crucial refugia as the invasion progresses, buffering urban lizard populations 399 

from the impact of the invasive snake.  400 
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 401 

Finally, the ‘urbanization index’ is significantly positive in the Poisson part of the 402 

model, meaning that relative lizard abundances are higher in more urbanized sites (Fig. 403 

4a, Table S3). The absence of a clear effect of snake presence on lizard densities could 404 

be due to the drastic nature of the snake’s impact: rather than gradually reducing lizard 405 

numbers, snake predation appears to drive populations to local extinction within a short 406 

time frame (Fig. 4b). This pattern further supports the idea that urban lizard populations 407 

persist in certain suitable areas within the city such as parks or small vegetated areas 408 

where they can reach high densities. These results provide long-needed empirical 409 

evidence that urbanization can favor species that are otherwise threatened in more natural 410 

surrounding habitats. These patterns are consistent with patterns observed across taxa in 411 

different areas of the planet (Chester & Robson, 2013; Luna et al., 2018; Plowes et al., 412 

2007; Rutz, 2008; Savidge, 1987). 413 

 414 

Ecological filters as drivers of urban refugia 415 

A crucial open question to understand how urban refugia emerge remains the role of 416 

ecological filters. Ecological filters can limit the establishment of populations of invasive 417 

predators in habitats that are potentially suitable for them. One example of ecological 418 

filter is the dispersal or expansion filter, which restricts the movement of dispersing 419 

individuals from one area to another (Aronson et al., 2016; Baguette et al., 2013). Here 420 

we investigated the possibility that urban areas and their surrounding roads act as 421 

dispersal filters for invasive snakes in search of new territories (Coffin, 2007; Plowes et 422 

al., 2007). For instance, although the horseshoe whip snake can sometimes exploit urban 423 

habitats (Pleguezuelos, 1989; Pleguezuelos & Moreno, 1999; Vericad-Coromina & 424 

Escarré-Esteve, 1976), heavily trafficked roads could limit their ability to colonize these 425 

areas. The results of our analyses on the number of snakes captured in every delimited 426 

1.5km2 area within the city of Ibiza reveal significant differences between the outermost 427 

part of the city and the inner part of the city. As the habitat gets increasingly urbanized, 428 

and the number of roads and vehicles increase, the number of snakes captured 429 

progressively decreased to zero. This suggests a filtering process along the peri-urban to 430 

urban transition (Fig. 1b and 1d). 431 

 432 

Another urban filter that may contribute to the emergence of urban refugia is the 433 

interaction filter. In urban environments, other species may interact differently with the 434 

invasive predators than with their native species. Snakes have been absent from Ibiza in 435 

recent evolutionary times. Thus, citizens had never seen snakes on the island until the 436 

recent invasion (Álvarez et al., 2010; Hinckley et al., 2017) and do not tolerate their 437 

presence due to either environmental concerns (Montes et al., 2015) or fear (da Silva et 438 

al., 2021; Öhman & Mineka, 2003). As a result, both governmental initiatives (COFIB, 439 

‘Línea verde’) and independent citizen-led efforts (e.g., ‘Amics de la Terra Eivissa’, 440 

https://amicsdelaterraeivissa.org) have implemented pest detection and control measures. 441 

Consequently, snakes in Ibiza are more easily detected and culled in urbanized areas, 442 

where more people reside, than in peri-urban areas (Chandler et al., 2017; Sewell & Parr, 443 

2017). Meanwhile, the colorful appearance and tame behavior of Ibiza wall lizards have 444 

turned them into a beloved species that is in fact a cultural icon of the island (Dappen et 445 

al., 2009; Hinckley et al., 2017). As a result, Ibiza wall lizards have long maintained good 446 

population numbers in urban areas (Pérez-Cembranos & Pérez-Mellado, 2022). This 447 

interaction filter, coupled with the dispersal challenges posed by the dispersal filter, likely 448 

contributes significantly to the persistence of endemic lizards in urban areas despite the 449 

https://amicsdelaterraeivissa.org/
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rapid snake expansion (Aronson et al., 2016; Hinckley et al., 2017; Montes, 2021; Montes 450 

et al., 2022) (Fig. 1b). 451 

 452 

These combined filtering effects explain why larger urban areas seem to act as 453 

more effective refugia for the Ibiza wall lizard than smaller ones. For instance, the number 454 

of lizards observed in the main city of Ibiza is the highest compared to other urban and 455 

peri-urban sites (Fig. 3a and 3b). As urbanization intensifies, it seems to provide a more 456 

effective protection to lizard populations (Fig. 4a and 4b, Table S3). The expansion of 457 

urban areas leads to increased traffic and more people capable of detecting and potentially 458 

removing snakes. These create an ecological filter that reduces predation pressure. This 459 

protection allows lizard populations to maintain high densities in suitable urban habitats, 460 

supporting the role of urban areas as refugia (Gentili et al., 2023; McKinney, 2008). 461 

 462 

 463 

 464 

Source sink dynamics and ecological traps  465 

A crucial question to shed light on the biological relevance of urban refugia is to ensure 466 

that patterns apparently consistent with urban refugia are not in fact acting as ecological 467 

traps. If this happened, urban areas may not be able to maintain stable populations in the 468 

longer term and therefore they would ultimately act as biodiversity sinks (Cooper et al., 469 

2021; McKinney, 2008). For an urban area to be considered an urban refugia, the species 470 

with its distribution range restricted to these urban areas should benefit from either greater 471 

resource accessibility (Hollander et al., 2013; Sun et al., 2020; Williams et al., 2006), 472 

environmental stability (Emlen, 1966; Rebolo-Ifrán et al., 2017), or protection against 473 

multiple threats (Brown, 1988; Jordan et al., 1997) compared to their natural distribution. 474 

In contrast, ecological traps could emerge if individuals in urban areas in fact had lower 475 

fitness than their conspecifics present in surrounding natural habitats (Battin, 2004; 476 

Robertson & Hutto, 2006). This could happen as a consequence of factors such as 477 

predation, pollution or diseases (Battin, 2004; Boal & Mannan, 1999; Hale & Swearer, 478 

2016; Robertson & Hutto, 2006). Therefore, urban refugia should allow the maintenance 479 

of stable populations without the need of individuals immigrating from peri-urban areas. 480 

Long-term population persistence is however uncertain in the current context of rapid 481 

environmental change. Conditions that may initially allow for the establishment of urban 482 

refugia might change over time due to new management practices (Aronson et al., 2017; 483 

Hale & Swearer, 2016) or as a consequence of unpredictable climatic events (Robertson 484 

& Hutto, 2006), turning these urban refugia into ecological traps. 485 

 486 

In this study, we used a modelling approach based on field and published data to 487 

formally test the hypothesis that urban areas in Ibiza are effectively maintaining 488 

population numbers in the absence of immigration from surrounding areas under distinct 489 

mortality pressures and varying degrees of urbanization. Results indicate that when 490 

mortality rates from anthropogenic activities are low to moderate urban populations are 491 

viable without the need for external immigration (Fig. 1c and 6a-e). These findings 492 

support the idea that urban areas are not acting as ecological traps but rather as urban 493 

refugia. However, a high mortality rate due to anthropogenic activities could potentially 494 

turn these urban refugia into ecological traps (Cooper et al., 2021; McKinney, 2008) (Fig. 495 

6f). Therefore, adequate management of these refugia must be prioritized to enhance 496 

population persistence (Hale & Swearer, 2016; Piano et al., 2020). On the other hand, 497 

stable urban populations under low to moderate anthropogenic mortality rates are rapidly 498 

destabilized and succumb to local extirpation with the introduction of the invasive snake 499 
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(Fig. 6g-i). While urban areas can serve as refugia, if the urbanization index of these areas 500 

is not sufficiently high, the protection they offer to lizard populations is insufficient to 501 

prevent local extirpation (Fig. 6j-l). Otherwise, the introduction of the snake turns these 502 

urban areas into biodiversity sinks.  503 

 504 

Species conservation and management strategies in urban refugia 505 

The number and extension of green areas with native vegetated area and dry-stone walls 506 

should be increased to promote lizard population persistence in urban habitats, as 507 

suggested for other species (Aronson et al., 2017; Hostetler et al., 2011). Outside these 508 

suitable habitats, Ibiza wall lizards in urban areas are still vulnerable to other threats such 509 

as road mortality or predation by other opportunistic urban predators like cats, seabirds, 510 

or kestrels (Castilla & Labra, 1998; Cooper & Pérez-Mellado, 2010; Li et al., 2014). In 511 

addition, low connectivity between these suitable habitats commonly hinders their long-512 

term viability (Baguette et al., 2013; Mumby & Hastings, 2008). A management strategy 513 

to enhance connectivity between Ibiza wall lizard urban populations could be the creation 514 

of ecological corridors between urban parks (Huang et al., 2021). However, while this 515 

strategy is generally beneficial for biodiversity conservation, in the case of Ibiza wall 516 

lizards, it could have unintended negative consequences. These corridors could facilitate 517 

the spread of invasive snakes into urban refugia, ultimately jeopardizing lizard 518 

populations. Although uncommon, snake sightings occur within Ibiza’s urban areas 519 

(COFIB, 2022), highlighting the risk of inadvertently aiding the predator’s expansion. 520 

This possibility underscores that management practices in urban refugia should be finely 521 

tailored to the ecology of the species that aims to be protected. Otherwise, some common 522 

management practices could in fact help transform these urban refugia into biodiversity 523 

sinks (Aronson et al., 2016; Hale & Swearer, 2016; Turrini & Knop, 2015). 524 

 525 

To prevent ecological corridors from turning urban refugia into ecological traps, 526 

active pest control measures, citizen awareness, and participation in biodiversity 527 

monitoring are essential (Callaghan et al., 2020; Chandler et al., 2017; Crain et al., 2014; 528 

Sewell & Parr, 2017). If ecological corridors are stablished, targeted capture efforts along 529 

these corridors should be prioritized to prevent snake establishment. Additionally, citizen 530 

engagement can play a crucial role in maintaining the effectiveness of urban refugia. 531 

Raising awareness about the cultural, ecological, and evolutionary significance of Ibiza 532 

wall lizards is a key step to fostering public involvement in conservation efforts. Citizens 533 

can contribute for example by setting traps, reporting snake sightings, or reporting the 534 

status of urban lizard populations. The development of digital tools such as apps or 535 

websites for reporting these events to wildlife management entities could encourage 536 

citizen participation in the conservation of this species (Callaghan et al., 2020, 2020; 537 

Crain et al., 2014; McKinney, 2002; Sewell & Parr, 2017). In fact, such citizen science 538 

initiatives are already in place in Ibiza and have proven essential for the present study. 539 

 540 

The importance of urban refugia for the functioning of biological communities and 541 

preservation of culture 542 

Invasive snakes wreak havoc on island communities worldwide. For example, the 543 

California kingsnake Lampropeltis californiae on the island of Gran Canaria (Spain) has 544 

led to the local extirpation of three endemic lizards on the island of Gran Canaria (Piquet 545 

et al., 2022). On the island of Guam, the accidental introduction of the brown tree snake 546 

in the 1940s led to the extinction of various endemic bird species, as well as a species of 547 

bat, and a snail (Fritts & Rodda, 1998; IUCN, 2025; Savidge, 1987). Management of 548 

these invasive species has proven extremely challenging worldwide. Although the 549 
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potential role of urban refugia in this ecological context has remained largely unknown, 550 

they could play a significant role in biodiversity preservation in two different ways. 551 

Firstly, our study provides empirical evidence that urban areas can act as shelters, 552 

enabling the mid-term persistence of populations that are rapidly declining in surrounding 553 

natural landscapes (Aronson et al., 2014; Gentili et al., 2023; Ives et al., 2016; Luna et 554 

al., 2018). Future research will be fundamental to design and implement management 555 

strategies promoting the persistence of urban animal populations in ways that facilitate 556 

their re-establishment in natural surroundings. Efforts such as reintroduction programs 557 

(Hale & Koprowski, 2018), however, need to take place after the mitigation of the threats 558 

that decimated these populations (e.g. the removal of invasive predators). 559 

 560 

Secondly, urban refugia are vital for preserving the functionality of entire native 561 

biological communities. This is especially true when these refugia effectively protect 562 

populations of keystone species, which influence ecological interactions that sustain the 563 

structure and stability of their communities (Jordán, 2009; Montoya & Raffaelli, 2010; 564 

Sanders et al., 2013; Tylianakis et al., 2008; Valiente‐Banuet et al., 2015). The global 565 

extirpation of keystone species has had dramatic cascading effects on the functioning of 566 

biological communities (Bregman et al., 2015; Cerini et al., 2023; MacDougall et al., 567 

2013; Valiente‐Banuet et al., 2015), and this can happen rapidly with the introduction of 568 

novel predators (Lapiedra et al., 2024; Peller & Altermatt, 2024; Sage, 2020). 569 

Degradation of ecosystem functionality can result in the loss of ecosystem services 570 

essential for human civilization (Montoya & Raffaelli, 2010; Sanders et al., 2013). For 571 

example, the generalist Ibiza wall lizard regulates arthropod populations through 572 

predation and also serves as an important pollinator and seed disperser (Grzywacz et al., 573 

2014; Traveset, 1995). Conserving these endemic keystone species also means preserving 574 

part of the local culture. Therefore, iconic species such as the Ibiza wall lizard can serve 575 

as umbrella species preserving ecological interactions that ensure the resilience of 576 

biological communities (Branton & Richardson, 2011; Mekonnen et al., 2022; Roberge 577 

& Angelstam, 2004). 578 

 579 
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FIGURES 914 

 915 

 916 

 917 

 918 
 919 
Figure 1: Conceptual diagram illustrating our examination of: (a) the impact of the invasive 920 
predatory snake on the abundances of the Ibiza wall lizard across a gradient of increasing 921 
urbanization from peri-urban (low urbanization) to highly urbanized habitats; (b) the effect of 922 
urbanization on the abundances of both the Ibiza wall lizard and the horseshoe whip snake along 923 
this gradient; (c) the population dynamics of the Ibiza wall lizard; and (d) the potential role of 924 
urbanized areas as dispersal filters for the horseshoe whip snake. 925 

  926 
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 927 
 928 
Figure 2: Map of the 144 sampling sites on Ibiza, Spain, distinguishing between urban (dark 929 
colors) and peri-urban (light colors) areas. Red marks correspond to invaded sites while grey 930 
marks represent non-invaded sites as of summer 2022. The map also includes a color scale 931 
indicating the interpolated year of invasion by the horseshoe whip snake across the island. 932 

  933 
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 934 
 935 
Figure 3: (a) Maximum number of Ibiza wall lizard individuals observed per sampling point 936 
(n=144 points) across the 18 sampled towns of the island of Ibiza, represented by the diameter of 937 
the circle. The color of the circles indicates the invasion and urbanization status of each site. The 938 
map also displays a color scale representing the interpolated year in which the horseshoe whip 939 
snake became established across the island. (b) Violin plot showing the total number of lizards 940 
observed in each of the 312 censuses performed. The white circle represents the mean number of 941 
lizards observed per treatment.  942 
  943 
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 944 
 945 
Figure 4: (a) Results from a Generalized Linear Mixed Model (GLMM) testing the effects of 946 
‘urbanization index’, ‘years from invasion’, and the interaction between these two variables on 947 
the presence-absence (zero-inflated model) and abundance (Poisson model) of Ibiza wall lizard 948 
individuals. The figure displays the odds ratio for each fixed factor predictor (x-axis) included in 949 
the GLMM. Dark dots indicates mean odds ratio values, while colored boxes shows the 95% 950 

confidence interval. The vertical dashed line denotes the null value. (b) Effect of urbanization and 951 
invasion time on the probability of zero observations. The probability of recording zero lizard 952 
observations increases as more time has passed since the invasion (higher values on the x-axis). 953 
However, this effect is modulated by urbanization levels: in highly urbanized areas (darker lines), 954 
the probability of zero observations is lower compared to less urbanized areas (lighter red lines), 955 
suggesting that urban environments effectively buffer local lizard extirpations. These 956 
probabilities were derived from the zero-inflated component of the GLMM, incorporating 957 
invasion time, urbanization level, and their interaction as explanatory variables. 958 
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 960 
 961 
Figure 5: (a) Map of snake trap locations around the city of Ibiza in 2022. Trap locations were 962 
divided into three areas of 1.5km2, each trap represented by a cross symbol. The color of these 963 
crosses indicates the number of snakes captured in each trap during the period the trap was active, 964 
with black corresponding to zero captures and darker shades of red indicating increasing capture 965 
numbers for each trap. (b) Number of captures per trap for each of the three 1.5km2 areas, with a 966 
white dot indicating the mean number of captures per treatment. 967 
  968 
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 969 
 970 
Figure 6: Effect of the mortality derived from anthropogenic factors (top row) and urbanization 971 
index (bottom row) on a simulated population of Ibiza wall lizards over time. On the X-axis, 0 972 
represents the present; the past is depicted to the left, and the model's future projection is shown 973 
to the right. The Y-axis represents the total number of living individuals in the lizard population. 974 
In the top row, the negative effect of anthropogenic factors progressively increases (e = 0.05, 975 
0.075, 0.1, 0.125, 0.15, 0.25), with no snake introduction at any point. In the bottom row, the 976 
effect of anthropogenic factors is fixed at e = 0.1, and snake predation pressure is fixed at s = 977 
0.25, exclusively modifying the urbanization index (u = 0.0, 0.25, 0.5, 0.8, 0.9, 1.0) following 978 
empirically measured urbanization index distribution of our sites (Fig. S7). Grey lines represent 979 
individual simulations (n = 10), and the black line shows the average of these simulations. The 980 
vertical red line indicates the year of snake introduction, and the vertical grey lines indicate the 981 
year in which the first simulated population becomes virtually extinct (short, dashed light grey 982 
line), the year in which half of the populations are virtually extinct (short, dashed medium grey 983 
line), and the time all populations become virtually extinct (long, dashed dark grey line). A 984 
population is considered virtually extinct when fewer than 10% of the carrying capacity of 985 
individuals remain alive. Immigration of individuals from outside the simulated population is set 986 
to 0 in these simulations. 987 


