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Abstract. Some animals successfully inhabit anthropogenic environments but are often 

exposed to negative impacts such as habitat destruction, disturbance, and pollution. Lizards 

frequently occupy stone walls, abandoned buildings, and cultural monuments, including 

fortresses, where crevices provide important sites for hiding, thermoregulation, and hibernation. 

However, urbanisation and restoration activities can negatively affect animal populations by 

restricting movement and dispersal and by reducing reproductive success, growth, and survival, 

potentially leading to population declines or local extinctions. The main objective of this study 

was to assess the impact of cultural monument restoration on Podarcis muralis populations by 

analysing body condition index and population structure. The study was conducted at 

Kalemegdan Fortress, located in the urban centre of Belgrade, Serbia. This three-year-long 

research showed that at the locality Kalemegdan 1, the fortress restoration caused local 

population extinction due to habitat destruction and the killing of lizards, with no evidence of 

lizards migrating to the neighbouring locality –  Kalemegdan 2. Interestingly, lizards from 

Kalemegdan 1 consistently exhibited a higher body condition index than those from 

Kalemegdan 2, thus suggesting more favourable hibernation conditions at the former locality. 

However, body condition index values at Kalemegdan 1 showed a declining trend over the 

study period, likely as a consequence of restoration activities. Overall, the results indicate that 

restoration of historic fortresses can result in habitat loss and population declines in urban 

lizards. Given that urban populations are often small and fragmented, the absence of appropriate 

mitigation measures during restoration may increase the risk of local extinction. 

Keywords. Kalemegdan Fortress, urban population, Common Wall Lizard, body condition 

index, capture–mark–recapture, habitat destruction 
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INTRODUCTION 

Urbanisation is a major human-driven cause of habitat fragmentation, alteration, and loss 

(Scanes, 2018; Li et al., 2022). These changes negatively affect animal populations by 

restricting movement and dispersal, and by reducing reproductive success, growth, and 

survival, which can ultimately result in local or regional population declines or extinctions 

(Baur and Erhardt, 1995; Gonzalez-Suarez and Revilla, 2014; Powers and Jetz, 2019; Lal and 

Nadim, 2021). 

In anthropogenic environments, animals often lack optimal conditions for nutrition, 

reproduction and thermoregulation, and are frequently exposed to pollution and disturbance 

(Preeti et al., 2018). Nevertheless, some species persist in anthropogenic habitats (Bateman and 

Fleming, 2012; Garcia et al., 2017; Putman and Tippie, 2020), even thrive in the centres of large 

cities, where they may occupy river banks, parks, stone walls, ruins, or cultural monuments 

(Mollov, 2011; Pulev and Sakelarieva, 2013; Simbula et al., 2019). However, the ability to cope 

with urban environments varies markedly among taxa, and reptiles are among the most 

vulnerable groups in anthropogenic landscapes (Cox et al., 2022). Reptiles are ectotherms and 

their body temperature depends on the environmental temperature (Vitt and Caldwell, 2014). 

They require specific habitat structures (rocks, rubble, crevices) for hiding, thermoregulation, 

egg laying and hibernation (Downes and Shine, 1998; Smith and Ballinger, 2001; Goller et al., 

2014). Due to their specific requirements for thermoregulation and nutrition, reptiles are 

susceptible to changes in habitat structure, thermal heterogeneity and refugia availability 

(Doherty et al., 2020; Cordier et al., 2021). Reptile populations in urban environments are under 

additional pressure because they are often small and isolated, with limited dispersal abilities 

(Wall et al., 2024). Lizards and snakes frequently inhabit stone walls, abandoned buildings, and 

cultural monuments such as fortresses, because the crevices within these structures are 
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important for shelter, thermoregulation and hibernation (Scali et al., 2013). Plugging these 

shelters can result in immediate mortality, especially if it occurs during hibernation. Although 

the conservation of cultural heritage is essential for preserving historical identity and supporting 

tourism, restoration activities often involve intensive habitat modification, such as removing 

vegetation and fallen leaves, as well as plugging holes and shelters. This creates a potential 

conflict between cultural heritage conservation and biodiversity protection, particularly for taxa 

that inhabit such places. 

One reliable way to assess the impacts of human-induced environmental change and to 

implement mitigation measures promptly is the systematic monitoring of wildlife populations 

using multiple variables and parameters. Capture–mark–recapture (CMR) studies are widely 

used to monitor trends in population growth or decline (Sandercock et al., 2020). At the 

individual level, the body condition index (BCI) reflects energy reserves and overall 

physiological status, representing the ratio of an individual's body mass to body length (Jakob 

et al., 1996; Peig and Green, 2009). Individuals with higher BCI values have greater energy 

reserves, thus increasing their chances of surviving hibernation and achieving higher 

reproductive success (Shine et al., 2001; Madsen et al., 2023). Individuals inhabiting urban 

environments may have lower BCI values due to factors such as disturbance, reduced food 

availability and environmental pollution (Gallego-Carmona et al., 2016; Lazić et al., 2017; 

Giery et al., 2025). Used together, the BCI and CMR methods provide a robust framework for 

evaluating both population-level and individual-level responses to environmental disturbance. 

Despite the widespread presence of reptiles in urban cultural monuments, the ecological 

consequences of monument restoration are poorly documented, and environmental impact 

assessments rarely consider herpetofauna (O'Sullivan et al., 2023). Given the important 

ecological roles of lizards and snakes as both predators and prey in urban ecosystems, the loss 

or decline of these populations may cause cascading effects on local food webs (Brum et al., 
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2023). Therefore, understanding how restoration activities affect reptile populations is essential 

for developing management strategies that reconcile cultural heritage preservation with 

biodiversity conservation. 

The main objective of this study was to evaluate the impact of cultural monument 

restoration on Podarcis muralis populations inhabiting the cultural monument. The specific 

objectives were to quantify changes in the Common Wall Lizard abundance, BCI and habitat 

use caused by the restoration of cultural monuments, and to provide conservation 

recommendations for future restoration projects. 

MATERIALS AND METHODS 

Study site 

The study was conducted at Kalemegdan, located in the urban centre of Belgrade, the 

capital of Serbia (44°49'38''N, 20°27'5''E). Kalemegdan, also known as the Belgrade Fortress, 

was declared a cultural monument of exceptional importance in 1979. In addition, the part of 

Kalemegdan known as “Kalemegdanski rt” was declared a Natural Monument in 2021. This 

dual protection (cultural-historical and natural) highlights the significance of Kalemegdan as a 

unique cultural-historical and natural entity within Kalemegdan Park. Kalemegdan consists of 

a park and an old fortress (Fig. 1). Before restoration, the fortress contained numerous fissures, 

cavities, and stone crevices that provided suitable habitats for lizards and snakes. The 

surrounding area includes urban green spaces, such as landscaped lawns and tree lines 

intersected by pedestrian walkways. The complex offers various facilities, including a zoo, an 

amusement park, sports fields, coffee shops, a museum and kiosks. Numerous events are held 

there, and a large number of tourists are constantly present. 
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The analysed locality, Kalemegdan 1, is bordered on one side by a parking area, a street 

and the zoo’s enclosures, and on the other side, the fortress is surrounded by a park with a 

landscaped lawn intersected by walking paths (Figs 1-2). The area of this locality is 

approximately 2280 m². The fortress walls, about 4–7 m high, are constructed of brick and 

massive stone, with numerous cracks and dents that provide ideal hiding places for lizards, 

snakes and other animals (Fig. 2). The habitat is characterised by low vegetation, as well as 

plants growing on the walls, which offer basking and shelter opportunities for various species. 

The second analysed locality, Kalemegdan 2, is located approximately 130 m from Kalemegdan 

1 (Fig. 1). Kalemegdan 2 is characterised by lower walls (1.5–2 m) than Kalemegdan 1 and by 

the presence of ruins of older fortifications (Fig. 2). The area of this locality is about 1950 m2. 

Description of restoration activities 

In the second half of 2023, the parking lot located directly next to the studied locality 

Kalemegdan 1 was reconstructed. During this period, lizards avoided the fortress wall facing 

the car park due to disturbance from workers and heavy machinery; significantly fewer active 

lizards were observed on that side of the wall compared to the period before the works. 

Restoration of the fortress wall at Kalemegdan 1 began in April 2024, and according to the plan, 

it is scheduled to continue until March 2026. Throughout 2024 and especially in 2025, the 

restoration involved major structural interventions (Fig. 2B-C; Fig. 3). Activities included 

filling cavities, crevices and holes in the stone walls, removing loose stones and vegetation, 

maintaining a continuous human presence and using heavy machinery. During this period, 

lizards hibernated and hid in holes, where they became trapped. These actions also eliminated 

microhabitats previously used by reptiles for shelter, foraging, egg laying and thermoregulation. 
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Analysed species 

The Common Wall Lizard, Podarcis muralis (Laurenti, 1768), is a medium-sized lacertid 

lizard, with a body length of about 20 cm, a snout-vent length (SVL) of up to 7.5 cm and a tail 

that can be twice as long as the body (Speybroeck et al., 2016). Sexual dimorphism is 

pronounced, with males being larger than females (Gruschwitz and Böhme, 1986). The 

Common Wall Lizard inhabits various habitats but prefers sunny, rocky areas with low 

vegetation (Arnold and Ovenden, 2002). It has successfully adapted to highly urbanised areas, 

including large cities and villages, often inhabiting stone walls and buildings (Böhme et al., 

2009; Speybroeck et al., 2016). It is a diurnal species, but limited nocturnal activity was 

observed under artificial light (Carretero et al., 2012). In the northern part of its range, the 

Common Wall Lizards are active from February to November, while hibernating during winter 

(Speybroeck et al., 2016). However, activity can also occur in winter on sunny and warm days 

(Gvozdenović Nikolić et al., 2024; Sakelarieva et al., 2025). This species exhibits homing 

behaviour (Scali et al., 2013) and males display territorial behaviour (Avery, 1978). The 

Common Wall Lizard is not globally endangered and is classified as a species of Least Concern 

(LC) according to the IUCN criteria (Bowles, 2024). However, at the European level, the 

species is protected under the Bern Convention (Appendix II) and included in Annex IV of the 

European Habitat Directive. In Serbia, it is not protected. 

 

Fieldwork and capture–mark–recapture 

At the Kalemegdan 1 locality, a CMR study was conducted from October 2022 to October 

2024 (before the restoration of the old fortress) to establish baseline data on the size and 

demographic parameters of the Common Wall Lizard population. During eight seasons, lizards 

were captured in suitable weather and daylight conditions, using a standard noose technique. 

Each individual was marked using the heat-branding method, in which the unique combinations 
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of ventral scales were burned (Ekner et al., 2011). During each sampling period, Kalemegdan 

1 was thoroughly surveyed. We inspected the fortress wall several times in detail, including 

depressions and holes, and captured active lizards. The intervals among sessions were not 

uniform, but this was accounted for in the population size estimation. For each capture, the 

following data were recorded: sex, snout-vent length (SVL), body mass and location. 

During the restoration of the fortress, locality Kalemegdan 1 was surveyed, when 

possible, as access to the site was limited by construction works. Adjacent sections of the 

fortress that had not undergone restoration were also surveyed to detect potential dispersal of 

marked individuals. At locality Kalemegdan 2, near Kalemegdan 1, where the fortress has not 

been restored, individuals of the Common Wall Lizard were observed, and the CMR study 

continued during 2025. Lizards were captured during five sessions from March to October 

2025. All individuals were checked for marks applied during the pre-restoration CMR study. 

Captured lizards were transported to the laboratory at the Institute for Biological Research 

“Siniša Stanković” – National Institute of the Republic of Serbia, where they were measured 

and marked, and then returned to the place of capture. 

 

Statistical analysis 

Population size was estimated using the openp() function in the Rcapture package in R 

(Rivest and Baillargeon, 2022; R Core Team, 2025), applying an open-population Jolly–Seber 

parameterisation. Population size was estimated separately for both study localities 

(Kalemegdan 1 and Kalemegdan 2) using pooled sex data to increase the robustness of the 

estimates. For each locality, the total population size (N) and associated 95% confidence 

intervals (CI) were calculated based on the observed capture histories. Habitat suitability, 

recapture rates, and sex ratio were compared between localities and between the pre- and post-

restoration periods at Kalemegdan 1. 
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Residuals from the linear regression of logarithmic body mass on logarithmic body length 

(SVL) were used as a measure of BCI. Body condition index values between the localities were 

compared separately for October and March using independent-samples t-tests. For this 

analysis, only individuals from the Kalemegdan 1 locality captured in October 2022 and March 

2023 were included; other individuals from this locality were excluded because they were 

affected by reconstruction works on the parking lot and fortress walls. Differences in BCI 

among years were evaluated separately for each sampling month (October and March) and sex 

using pairwise independent-samples t-tests. To account for multiple comparisons, p-values 

were adjusted using the Bonferroni correction. 

RESULTS 

Capture-mark-recapture 

At the Kalemegdan 1 locality, during eight sessions, we captured 372 lizards. Of these, 

44 individuals were recaptured after marking, with some individuals captured once, twice or 

three times, resulting in a total of 51 recapture records (Table 1), with an overall recapture rate 

of 11.82%. According to the Jolly-Seber model, the estimated population size at Kalemegdan 

1 was 1211 individuals (95% CI: 1179-1244). At Kalemegdan 2, during five sessions from 

March to October 2025, 178 individuals were marked. Of these, 17 were recaptured after 

marking, with two individuals recaptured twice, resulting in a total of 19 recapture records 

(Table 1), with an overall recapture rate of 9.64%. The estimated population size at Kalemegdan 

2 was 780 lizards (95% CI: 752-808). No lizards recaptured at Kalemegdan 2 had been 

previously marked at Kalemegdan 1. 

At both localities, more females than males were caught (198 vs 174 and 93 vs 85 at 

Kalemegdan 1 and Kalemegdan 2, respectively), but males were recaptured more frequently 
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than females (18.39% vs 9.60% and 12.94% vs 8.60% at Kalemegdan 1 and Kalemegdan 2, 

respectively) (Table 1). 

 

Habitat suitability 

Both analysed localities were suitable habitats for the Common Wall Lizard, as the walls 

of the Kalemegdan Fortress contained numerous cracks and plants where the lizards could feed, 

hide and thermoregulate. Even before the restoration, these sites were exposed to anthropogenic 

pressure due to grass cutting and the presence of many tourists. However, the reconstruction of 

the fortress walls at the Kalemegdan 1 locality in 2024 and 2025 resulted in habitat destruction; 

consequently, no lizards were found at this locality in 2025. 

 

Body condition index 

Before hibernation (in October), no significant differences in BCI were found between 

localities for either females (P = 0.434) or males (P = 0.413) (Fig. 4). After hibernation (in 

March), both female and male lizards from Kalemegdan 1 exhibited significantly higher BCI 

than those from Kalemegdan 2 (P = 0.003 and P = 0.002, respectively) (Fig. 4). 

Body condition index values in lizards from Kalemegdan 1 showed a decreasing trend 

over the years. In March, this decrease was statistically significant in both females (P = 0.012) 

and males (P < 0.001), while in October, the overall decreasing trend in BCI values over the 

years was not statistically significant in either sex after correction for multiple comparisons 

(Fig. 5). 

 

DISCUSSION 

Our results highlight a rarely addressed conservation issue: cultural monument restoration 

can cause biodiversity loss when ecological considerations are excluded from planning. This 
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study shows that the restoration of the cultural monument Kalemegdan led to the local collapse  

of a previously stable lizard population. Before restoration, Kalemegdan 1 supported 

approximately 1211 individuals, with high recapture rate (11.8%). However, no marked 

individuals were detected among 178 lizards captured in nearby unmodified area (Kalemegdan 

2), indicating near-total mortality rather than dispersal. 

Reptiles are particularly vulnerable to such impacts due to their dependence on 

microstructural habitat features, which are often targeted for removal during restoration 

(O'Sullivan et al., 2023). Historic structures serve as artificial habitats for many animals, yet 

restoration guidelines rarely consider reptile fauna (Todd et al., 2010). Plugging holes and 

crevices likely caused direct mortality, as many lizards and snakes were hibernating within 

stone walls when reconstruction began. Disturbance during hibernation is a major threat 

because reduced metabolic rates and body temperatures limit escape capacity (Dubiner et al., 

2023). Despite the presence of suitable habitat in nearby unmodified sections of the fortress, no 

marked individuals were found after restoration. This is consistent with previous findings that 

many lizard species exhibit strong site fidelity, small home ranges, and limited movement 

between habitat patches (Scali et al., 2013; Spikmans and Bosman, 2015; Williams et al., 2021). 

Additionally, urban landscapes further exacerbate isolation due to barriers such as roads, 

buildings, and human activity (Beninde et al., 2016). One side of Kalemegdan faces the Sava 

and Danube rivers, while the other side is bordered by a highly urbanised part of the city. The 

entire complex is surrounded by busy streets, thus the lizards have nowhere to migrate. 

Although limited dispersal to surrounding habitats cannot be excluded, it was probably 

minimal. 

In addition to habitat destruction and lizard mortality, the disturbance by workers and 

machinery on the site can indirectly affect BCI, reproduction and survival rates through 

decreased activity due to hiding (Putman et al., 2024).  Increased human presence leads to 
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increased stress and mortality of animals (Josserand et al., 2017; Lazić et al., 2017). Structural 

complexity is crucial for reptile survival; thus, the loss of crevices eliminates thermal refugia, 

hiding places, and overwintering sites, as well as reduces basking, sheltering, and egg-laying 

areas for lizards (Elbahi et al., 2023). If they managed to mate during the spring, the females 

had fewer suitable places to lay eggs than before the restoration, and it is very likely that those 

eggs were also buried and destroyed during the season. 

Results showed that the restoration activities at Kalemegdan 1 negatively affected the 

BCI of lizards, during the post-hibernation period. While no significant differences in BCI 

between localities were detected before hibernation, both females and males from Kalemegdan 

1 had significantly higher BCI than those from Kalemegdan 2 after hibernation. As lizards do 

not feed during hibernation, post-hibernation BCI reflects the cumulative effects of refuge 

quality, thermal stability and disturbance experienced during the overwintering period. 

Differences in BCI between localities observed after hibernation may reflect differences in 

hibernation conditions. The absence of significant differences in BCI between localities during 

October suggests that lizards are able to partially compensate for early-season energetic deficits 

later in the active season. 

The values of the body condition index of Podarcis muralis individuals at Kalemegdan 1 

declined over successive years, indicating a progressive habitat deterioration. Significantly 

lower spring BCI values in 2024 compared to 2023 at Kalemegdan 1 probably reflects 

restoration activities beginning in late 2023. As a saxicolous species, Podarcis muralis, strongly 

depends on wall microstructures for thermoregulation and hibernation; their loss possibly 

increased energetic costs and overwinter mortality. Additionally, post-hibernation energy 

reserves can have cascading effects on survival, growth and reproduction (Naulleau and Bonnet, 

1996). A downward trend in the condition index was also recorded for the pre-hibernation 

period. Although not statistically significant, it is most probably a consequence of locality 
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reconstruction. Structural modification of the fortress walls progressively reduced habitat 

quality for lizards by reducing available food. Vegetation removal affects the diversity and 

abundance of insects, which are the main food source for the Common Wall Lizard (Speybroeck 

et al., 2016). The Common Wall Lizards exhibit territorial behaviour, and the loss or alteration 

of habitat can increase aggressive interactions and displacement (Avery, 1978). These social 

interactions may elevate energy expenditure and stress levels, further reducing body condition. 

Additionally, the loss of refugia probably elevated predation risk, further contributing to 

reduced condition and survival. 

 

Conservation implications 

Effective conservation plans can mitigate the impacts of anthropogenic activities on urban 

populations by reducing habitat fragmentation and by building and maintaining bio corridors 

(Bozhilova and Frissen, 2025). Integrated heritage–biodiversity management is necessary for 

mutual benefit. There are good examples of how the negative effects of reconstruction can be 

mitigated (Spikmans and Bosman, 2015). 

Conservation measures in similar cases should include: conducting pre-restoration reptile 

population surveys to identify critical refugia and hibernation sites; implementing artificial 

refugia, such as rock piles or crevice blocks, in nearby areas before and after restoration; 

planning restoration activities seasonally, avoiding work during hibernation and breeding 

periods; using phased restoration – closing holes progressively rather than sealing entire walls 

at once – to allow animals time to relocate gradually; conducting continuous long-term 

monitoring of reptile populations; and ensuring coordination between conservation agencies 

and cultural heritage authorities to comply with wildlife protection legislation. 
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Further directions 

Other animals also inhabit this locality, and Podarcis muralis is only one component of 

the ecosystem. For example, Dolichophis caspius (Gmelin, 1789) also inhabits Kalemegdan 

and was probably under considerable pressure during the restoration because it also had been 

using holes in the wall for shelter and hibernation. Dolichophis caspius feeds on lizards and 

small rodents, and the sudden decline in lizard abundance likely reduced food availability. Such 

trophic disruptions can destabilise urban ecosystems, where predator–prey dynamics are 

already simplified compared to natural environments (Straka et al., 2025). Given that the current 

habitat of Kalemegdan 1 has been greatly altered, with shelters and much of the green areas 

concreted, it is necessary to monitor the state of the population at Kalemegdan 2 and whether 

parts of lizard and other reptile populations may re-settle at the Kalemegdan 1 locality. 

 

Conclusions 

In many countries, including Serbia, there is no practice of conducting detailed 

assessments of the impact of the construction or restoration of facilities on reptile populations. 

Based on the results of this study, we have concluded that restoration of cultural monuments, 

old fortresses, and stone walls can cause loss of reptile habitat and a decline in reptile 

populations. Urban lizard populations are small and fragmented, so if appropriate mitigation 

measures are not implemented during restoration (such as construction of migration corridors, 

artificial shelters or translocation), local populations may decline or become extinct. Culturally 

important structures are also ecological assets; therefore, integrated planning that explicitly 

incorporates biodiversity considerations is essential to preserve both cultural heritage and urban 

wildlife. 
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Table 1. Number of captured and recaptured Podarcis muralis individuals by locality and sex 

Locality Capture/Recapture Sex N 

Kalemegdan 1 

C 

F 198 

M 174 

R 

F 19 

M 32 

Kalemegdan 2 

C 

F 93 

M 85 

R 

F 8 

M 11 
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Figures: 

 

Fig. 1. A detailed overview of the analysed localities Kalemegdan 1 (green polygon) and 

Kalemegdan 2 (red polygon). 
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Fig. 2. A)  Kalemegdan 1 before restoration (the image was downloaded from the website 

https://www.beogradskatvrdjava.co.rs/glarijaslika/%d0%b2%d0%b8%d0%b4%d0%b8%d0%

bd-%d0%ba%d0%b0%d0%bf%d0%b8%d1%98%d0%b0/?lang=en), B) Kalemegdan 1 during 

restoration, C) Kalemegdan 1 during restoration,  D) Kalemegdan 2 before restoration and E) 

Kalemegdan 2 before restoration (The author of this photo is Dr. Katarina Breka).  

https://www.beogradskatvrdjava.co.rs/glarijaslika/%d0%b2%d0%b8%d0%b4%d0%b8%d0%bd-%d0%ba%d0%b0%d0%bf%d0%b8%d1%98%d0%b0/?lang=en
https://www.beogradskatvrdjava.co.rs/glarijaslika/%d0%b2%d0%b8%d0%b4%d0%b8%d0%bd-%d0%ba%d0%b0%d0%bf%d0%b8%d1%98%d0%b0/?lang=en
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Fig. 3. Historical view of the Kalemegdan 1 locality from October 2022 to May 2025. Source: 

Google Earth Pro.  
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Fig. 4. Body condition indices for Podarcis muralis individuals at Kalemegdan 1 and 

Kalemegdan 2 localities: before hibernation (October) and after hibernation (March).  
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Fig. 5. Body condition indices for Podarcis muralis individuals from the locality Kalemegdan 

1 across years, shown separately for each sex and month. 


