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Abstract [182 words]

Amphibians are among the most threatened vertebrates, and urbanisation contributes to their
decline through habitat loss, fragmentation, pollution, and the spread of invasive species. At
the same time, urban freshwater habitats, such as ponds, can serve as important refuges within
highly modified landscapes. While the role of urban ponds in supporting freshwater
biodiversity is increasingly recognised, the contribution of privately managed garden ponds

remains poorly understood. Here, we compared amphibian communities in 90 ponds across
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Budapest, Hungary, including privately managed garden ponds and other urban ponds, to
evaluate the relative importance of local environmental conditions, landscape context, and
spatial connectivity. Amphibian communities differed less in taxonomic composition than in
the processes structuring them. Garden pond communities were primarily shaped by local
environmental filtering, whereas spatial configuration within the pond network played a
stronger role in structuring communities in larger urban ponds. These results highlight
contrasting mechanisms of community assembly across urban pond types. Urban amphibian
conservation can therefore benefit simultaneously from local stewardship of garden ponds and
strategic planning of connected urban pond networks that reduce dispersal barriers across the

urban landscape.
Keywords: biodiversity; urban ecology; conservation; freshwater ecology; metacommunity
Introduction

Urbanisation is an inevitable outcome of rapid population growth and associated economic
development (Seto, Giineralp & Hutyra, 2012; United Nations, 2022). However, it remains one
of the major drivers of biodiversity loss worldwide (McKinney, 2002; Oertli & Parris, 2019;
McDonald et al., 2020). Urban development exerts multiple stressors on ecosystems, including
habitat loss and fragmentation, pollution, altered hydrology, the spread of invasive species, and
increased human disturbance (Dudgeon & Strayer, 2025). These stressors modify the physical
environment in urban ecosystems and can act as strong abiotic filters for the local biota (Grimm
et al., 2008; Francis & Chadwick, 2013).

Urban ponds have been increasingly recognised for their potential to conserve biodiversity
within cities, acting as valuable refuges and contributing to urban ecological networks (Hassall,
2014; Krivtsov et al., 2022). These small water bodies can support diverse taxa (Oertli et al.,
2002; Hill et al., 2017), including amphibians, which often rely on them for breeding, dispersal,
and shelter within otherwise fragmented urban landscapes (Parris, 2006). Different types of
urban ponds - such as stormwater ponds (Brand & Snodgrass, 2010; Scheffers & Paszkowski,
2013), drainage ponds (O’Brien, 2015), and garden ponds (Banks & Lavericki, 1986;
Butterworth, Van Helden & Close, 2025) - can all provide important habitats for amphibians,
even though they differ strongly in management regimes and environmental conditions (Oertli
& Parris, 2019; Hassall, 2014; Horvath et al., 2025). Urban ponds may therefore function as

critical components of conservation networks, supporting metapopulation dynamics and
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providing refugia for threatened taxa in heavily modified landscapes where many natural

aquatic habitats have been lost.

Urban ponds found in parks, natural reserves or other publicly accessible areas within an urban
landscape generally tend to be larger, older, and more heterogeneous (Hassall, 2014; Peeters et
al., 2023), whereas garden ponds, as their specific subtype, tend to be smaller, younger, and
subject to more intensive management by their owners (Loram et al., 2011; Hassall, 2014;
Hamer et al., 2024). Urban ponds differ not only in their physical and environmental
characteristics but also in their origin, ownership, and management, creating distinct ecological
settings within the same urban matrix. Current understanding of biodiversity in urban pond
networks remains strongly biased toward larger, publicly accessible water bodies, whereas
privately managed garden ponds are still understudied, despite representing a substantial
proportion of potential amphibian habitat in urban areas (Horvéth et al., 2025). Garden ponds
can also increase habitat connectivity in the urban landscape and provide aquatic refugia for
multiple species during droughts, thereby stabilising metapopulation dynamics within urban

landscapes.

Pond-breeding amphibians are among the most endangered vertebrate groups, with
approximately 41% of species currently threatened by habitat loss and climate change (Luedtke
et al., 2023). Beyond their conservation status, amphibians play key ecological roles in
freshwater and terrestrial ecosystems by regulating invertebrate populations and mediating
energy and nutrient fluxes between aquatic and terrestrial habitats, thereby contributing to
ecosystem structure and function (Hocking & Babbitt, 2014). Moreover, because of their
permeable skin, biphasic life cycles, and limited dispersal ability, amphibians are widely
regarded as sensitive indicator taxa for assessing habitat quality, pollution, and functional
connectivity in freshwater networks, including urban pond systems (Estes-Zumpf et al., 2022).
Urbanisation generally exerts negative effects on amphibian assemblages, with increasing
levels of urban intensity often leading to declines in both species richness and functional
diversity (Pereyra et al., 2021; Demartin, Ghirardi & Lopez, 2024). Their dependence on both
aquatic and terrestrial habitats makes them particularly sensitive to multiple urban stressors
operating across spatial scales (Hamer & McDonnell, 2008; Smallbone, Luck & Wassens,
2011).

Amphibian occupancy is typically shaped by factors across multiple spatial scales due to their

lifestyle: at the local scale, pond size, vegetation cover, water quality and predation pressure
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play a key role (Hamer & Parris, 2011; Falaschi et al., 2020; Lépez-de Sancha et al., 2025).
Landscape-scale features, including green space availability or the proximity to other ponds or
aquatic habitats, affect dispersal and long-term persistence within habitat networks (Collins &
Fahrig, 2017; Zhang, Li & Yang, 2022). In addition, amphibians often rely on temporary ponds
as stepping-stone habitats that facilitate movement between suitable breeding sites across
otherwise inhospitable matrices (Fortuna, Gomez-Rodriguez & Bascompte, 2006). In urban
ponds, human management can further modify local conditions by regulating vegetation, fish
or macroinvertebrate populations, or applying chemical treatments (Maerz, Blossey & Nuzzo,
2005; Oertli & Parris, 2019; Marton et al., 2025). These local effects interact with landscape-
scale urbanisation processes that reshape ecological dynamics and constrain habitat quality for
amphibians (Kurz et al., 2014; Mendenhall et al., 2014; Thompson, Nowakowski & Donnelly,
2016). Despite growing research on urban freshwater systems, it remains unclear whether
amphibian communities in different types of urban ponds are structured by similar
environmental and spatial processes. Comparative studies disentangling environmental and
spatial drivers across different types of ponds remain scarce, limiting evidence-based

management in urban landscapes.

Here, we present the first comparative study of amphibian communities in privately managed
garden ponds and other urban ponds (in parks and nature reserves), evaluating how local habitat
quality and spatial connectivity jointly structure urban amphibian metacommunities. Using a
city-wide dataset from Budapest, Hungary, we tested whether amphibian species richness and
community composition differ between pond types and whether the relative importance of
environmental and spatial drivers varies between them. As garden ponds are typically smaller
and more intensively managed than other urban ponds, we expected stronger local
environmental filtering in these systems. However, given that amphibians frequently move
among ponds during their life cycle, we expected spatial connectivity within the pond network
to influence amphibian occurrence in both pond types. Understanding these mechanisms can
inform conservation strategies that integrate local habitat management with landscape-scale

connectivity in urban environments.
Methods

Site selection
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Garden ponds were selected from the participant pool of the citizen science project called
MyPond (https://mypond.hu/) (Hamer et al., 2024; Marton et al., 2025; Huynh et al., 2025), all
found within a 36 km radius of the centre of Budapest, covering a substantially larger area than
the city. The level of urbanisation around each pond was quantified as the proportion of urban
land cover (i.e., urban area including buildings and roads as well as other artificial surfaces but
not urban green spaces) within a 1 km radius, extracted from the Ecosystem Map of Hungary
(project KEHOP-430-VEKOP-15-2016-00001, Ministry of Agriculture, 2019). This index was
used solely for the stratified selection of garden ponds. The level of urbanisation surrounding
these ponds differed substantially; therefore, we divided the full gradient into ten equal-width
urbanisation categories (0-1 in 0.1 increments). We then randomly selected 6 ponds from each
of the ten categories using the ‘ddply’ function from the ‘plyr’ package (v1.8.9; Wickham,
2011a) and contacted their owners. As not all owners responded positively, we contacted

additional owners, which eventually resulted in 40 garden ponds.

In parallel, we compiled an inventory of publicly accessible urban ponds across the
metropolitan area of Budapest. The selection was based on field surveys and aerial imagery. In
addition, several ponds located within protected areas were included following consultations
with local nature conservation officers. Altogether, 54 urban ponds were identified. Although
some small or temporary ponds may have been overlooked, the dataset represents the vast

majority of urban ponds in Budapest (Figure 1).

Upon investigating the whole dataset compiled of 40 garden and 54 urban ponds, we decided
to exclude four ponds from the analysis. Two garden ponds were identified as agricultural
farmland ponds rather than actual ornamental garden ponds. From the urban pond subset, one
was excluded due to the lack of sampling permission, and another was also removed because
of its substantially smaller surface area (7 m?) compared to the rest (Table S6). This resulted

in a final dataset of 90 ponds in total, comprising 38 garden and 52 urban ponds.
Field surveys and laboratory measurements

Each pond was sampled once between April 4" and May 17, 2022. At the beginning of each
survey, a 5-minute pre-disturbance acoustic survey was conducted to detect any anuran species
calling. Then, dipnetting was carried out with a net (mesh size 500 pum) to sample the water
body for larval stage anurans and newts. The number of sweeps was scaled to pond surface

area (Table S1) and allocated proportionally across microhabitats. We recorded species
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presence and counted all visually encountered individuals during the surveys, including larvae
and adults. We recorded the presence of fish and the abundance of macroinvertebrates per litre
obtained during aquatic sampling. Macroinvertebrates were preserved in alcohol (70%) and
kept at 18-20°C until sorting and identification to the lowest taxonomic level in the laboratory.

Pond substrate (natural, concrete, plastic or rubber) was recorded, and data on approximate age
were collected from the pond owners. The percentage cover of water level, emergent,
submerged, fringing and floating vegetation, surface algae, open water, canopy cover and
woody debris was estimated visually at each pond. Pond depth was determined based on
information from their owners. The area of small ponds was measured with a measuring tape,
while the area of larger ponds was delineated and calculated using GIS (QGIS Development
Team, 2022). On-site measurements of physical and chemical parameters included
temperature, dissolved oxygen concentration (Hanna HI 9142N probe), pH, and electrical
conductivity (WTW 3620 IDS probe).

Chlorophyll-a fluorescence was measured with an AquaPen (AP 100-C, Photon System
Instruments). Water samples were collected from each site within 1 m of the shoreline for
chemical analysis. We used a Multi N/C 3100 TC-TN analyzer (Analytik Jena, Germany) to
measure total organic carbon (TOC) and total nitrogen concentrations (TN). We used standard
spectrophotometric methods following the protocols of Eaton et al. (2005) to measure the
concentration of total phosphorus (TP) and additional water chemistry variables (major ions,
metalloids, and heavy metals) (Table S3).

Landscape and spatial data

We used the Ecosystem Map of Hungary (project KEHOP-430-VEKOP-15-2016-00001,
Ministry of Agriculture, 2019) through QGIS 3.16.14 (QGIS Development Team, 2022) to
determine the effects of landscape cover on amphibian communities. A 1-km radius buffer was
mapped around each pond, which represents the maximal dispersal distance of most species
expected to occur in the study area (Smith & Green, 2005; Kovar et al., 2009). Data on
landscape cover was extracted using the Zonal Histogram tool by counting the number of 20x20
m raster pixels of different landscape categories within the 1-km buffers. We recorded the
proportions of the urban land cover (tall buildings, short buildings, other artificial surfaces,
impermeable roads, railways), dirt roads, urban green space, agricultural area, grassland, forest,

and standing and flowing water (wetland, rivers) around the ponds. Tall, short buildings and
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other artificial surfaces were merged into a single urban area variable, while impermeable roads
and railways were merged into the roads variable. Dirt roads were kept as a separate variable
since they are more permeable to amphibians than concrete roads or railways. We extracted
human population density from the JRC-GEOSTAT 2018 population grid (Joint Research
Centre, European Commission, 2021) using the Zonal Statistics tool to characterise

anthropogenic pressure around ponds, using population data from April 2021.

To measure the effects of pond connectivity within the urban landscape, we calculated
closeness centrality and nearest-neighbour distance. We calculated the closeness centrality of
each pond based on the spatial distance matrix among all ponds, thereby quantifying each
pond’s relative connectedness within the pond network. For this, we used the ‘igraph’ (v2.1.1;
Csardi et al., 2026), “fields’ (v16.3; Nychka et al., 2021) and ‘reshape2’ (v1.4.4; Wickham,
2007) packages of the R software. Nearest-neighbour distance (distance to the closest pond)
was calculated using the ‘fields’ package (v16.3; Nychka et al., 2021). To calculate both
indices, we used a pond network with a larger dataset of 384 ponds from a citizen science
program (Hamer et al., 2024). We then extracted the corresponding index values for the 90
sampled ponds used in the subsequent analysis.

To detect spatial patterns in the data, we used Moran’s Eigenvector Maps (MEM) generated
with the R package ‘adespatial’ (v0.3.24; Dray et al., 2024). We only retained MEM
eigenvectors with positive autocorrelations as these represent broad- to intermediate-scale
spatial structures typically linked to ecological processes such as dispersal and spatially
structured environmental variation, whereas negative MEMSs primarily capture fine-scale noise
or checkerboard patterns that are difficult to interpret ecologically (Dray, Legendre & Peres-
Neto, 2006). MEMs were calculated for the three datasets (for all ponds, only for garden ponds,
and only for urban ponds), matching the community datasets (i.e., we only used locations of
garden ponds for the garden pond dataset), resulting in three different sets of MEMs for the

three datasets.
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Figure 1: Location of the study sites within the urban landscape of Budapest, Hungary. The
map illustrates the spatial distribution of surveyed garden and urban ponds across the
metropolitan area, providing the spatial context for subsequent environmental and spatial

analyses.
Response variable preparation

Species data of all detected larvae and adult individuals were converted to presence—absence
(0/1) before analysis. Sites at which no amphibian species were detected were removed.
Multivariate community analyses were conducted on the remaining 14 garden and 19 public

ponds.

For species-level habitat-use analyses, we employed an analogous modelling framework using
all ponds of each dataset. To ensure robust estimation, model convergence and adequate
representation, analyses were restricted to species recorded at least four times in each pond
type (Pelophylax spp., Rana dalmatina, Bufo bufo, Bufotes viridis).

Predictor data preparation
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Some of the measured variables were excluded before analysis: water temperature and
dissolved oxygen due to high short-term variability. Water depth was removed from the
analysis due to having a high proportion of missing values. Some of the other environmental
variables (submerged vegetation, surface algae, predatory threat index and fish) were also
missing a smaller share of data (1 to 6 out of 61 ponds) due to field or lab measurement issues.
Here, missing values were imputed using the ‘mice’ package (v3.16.0; Buuren and Groothuis-
Oudshoorn, 2011), employing predictive mean matching (pmm) with five imputations. The

imputation model was based on correlations among the remaining environmental variables.

The four substrate categories were represented by three dummy variables, with the rarest
category (plastic) used as the reference level and therefore coded as 0 across the other three
variables. Fish presence was used as a binary variable. Pond age was transformed into an
ordinal variable based on the following formula: ponds aged 1 - 5 years = 1, 6 -10 years = 2, >

10 years = 3.

To account for biotic interactions with predatory macroinvertebrates, we constructed a
predatory threat index (Van Buskirk, 2005; Hamer & Parris, 2013). Predator abundances were
weighted by their relative risk to amphibian larvae and subsequently summed into a single

composite variable (Table S2).

To approximate Gaussian distributions (assessed using the Shapiro—-Wilk test) for the analysis,
variables were subjected to various transformations (Table S3). Following transformations, all
predictors were standardised using z-score. We ran a principal component analysis (PCA) on
the water chemistry variables (ionic components only), extracted the site scores of the first
principal axis (PCAL), and proceeded to use these values as a single water chemistry variable
for the analysis. Variance inflation factors (VIFs) were used to assess multicollinearity among
the predictors independently for each pond subset (Table S4). Variables displaying high
collinearity (VIF > 5; Kim, 2019) were removed iteratively. All substrate types were removed

from the analysis due to having high variance inflating power in all subsequent analyses.
Community analysis

We tested for overall differences in amphibian community composition between garden and
urban ponds using a PERMANOV A based on Jaccard dissimilarities using the ‘vegan’ package
(v2.6.8; Oksanen et al., 2024). Differences in species richness were tested using a generalized

linear model with a quasi-Poisson error distribution, which relaxes the equidispersion
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assumption of the Poisson model. Pond type was included as a categorical predictor in all

models.

To identify the environmental and spatial drivers of amphibian community composition,
predictors were grouped into four categories: environment, landscape, connectivity and spatial
autocorrelations (MEMs). We conducted distance-based redundancy analysis (db-RDA) using
Jaccard dissimilarities to assess the proportion of community variation explained by each
predictor group. Then, we applied permutation-based stepwise model selection (‘ordistep’;
5000 permutations; bidirectional) to identify significant predictors using the ‘vegan’ package
(v2.6.8; Oksanen et al., 2024). Due to the lack of collinearity (VIF > 5; Kim, 2019),
connectivity and MEM variables were merged into a single category, space for subsequent
variance partitioning. Using these significant predictors, variance components were partitioned
among environment, landscape, and space using Jaccard dissimilarity as species distances with
the varpart() function of the ‘vegan’ package, and final diagrams were produced using the
‘“VennDiagram’ package (v1.7.3; Chen, 2022). These analyses were performed separately for

garden ponds, urban ponds, and the combined dataset.
Species analysis

To analyse species occurrence, we first used random forests with the ‘randomForest’ package
(v4.7.1.2; Liaw and Wiener, 2002) to rank predictor importance and reduce dimensionality,
thereby minimising overfitting. Following this pre-selection step, variance inflation factors
with the ‘car’ package (v3.1.3; Fox and Weisberg, 2019) were calculated to diagnose
collinearity. Due to the prescreening effect of the random forest, high VIF values were limited
to a subset of landscape predictors, in which case either urban area, roads, or agricultural area

was removed, depending on which exhibited the highest VIF (Table S4).

Then, we applied a similar framework using distribution-based generalized linear models to
identify the key drivers of species occurrence. We fitted binomial GLMs using the ‘MASS’
package (v7.3.60.2; Venables and Ripley, 2002) with the selected predictors. To assess the
independent contribution of each predictor, we conducted likelihood ratio Type Il analyses of
deviance using the ‘car’ package (v3.1.3; Fox and Weisberg, 2019). When complete or quasi-
complete separation was detected, we refitted models using Firth’s bias-reduced penalized
likelihood logistic regression using the ‘logistf” package (v1.26.1; Heinzer et al., 2010; Firth,

1993) to obtain stable parameter estimates. As in the community-level analysis, significant
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variables were assigned to environmental, landscape, connectivity, and MEM groups;
connectivity and MEMs were later merged into a space group for comparability. Variance
partitioning was conducted using ‘vegan’, applying Euclidean distances on the binary data,
appropriate for univariate responses. Venn diagrams were produced using the ‘VennDiagram’

package (v1.7.3; Chen, 2022).

All the statistical analyses were carried out using the software R (v4.4.1; R Core Team, 2024),

plots were created using the ‘ggplot2’ package (v4.0.0; Wickham, 2011b).
Results

We detected 1465 individuals of eight species in the 90 ponds: Bufo bufo (1170), Bufotes viridis
(122), Pelophylax spp. complex (101), Rana dalmatina (43), Hyla arborea (11), Bombina
bombina (10), Lissotriton vulgaris (5) and Pelobates fuscus (3). In garden ponds, we recorded
207 individuals of four species, while in urban ponds, we recorded 1272 individuals of eight
species. Species richness differed significantly between pond types (quasi-Poisson GLM: t =

2.71, p = 0.011), with higher richness in urban ponds (Figure 2).
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Figure 2: Boxplots displaying species richness for garden and urban ponds. An asterisk
indicates the significant difference between the two habitat types based on the generalized

linear model.
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Pelophylax spp., R. dalmatina, B. bufo, and B. viridis were detected both in garden and urban

ponds, while L. vulgaris, B. bombina, P. fuscus and H. arborea were only encountered in urban

ponds (Figure 3). No significant difference was found in community composition between
pond types (PERMANOVA, F=1.549, R?=0.048, p=0.201).
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Figure 3: Proportion of ponds in which each species was recorded in garden ponds (red, n=38)

and urban ponds (blue, n=52).

Models explained 26% of the total community variance when all ponds were analysed together

(Figure 4). However, when garden and urban ponds were separated, different patterns emerged

in the relative importance of environmental and spatial drivers. In garden ponds, environmental

factors explained most of the variance (pure effect: 47%), which included pond area, total

organic carbon, submerged vegetation, total phosphorus, and pH (Figure 4, Table S5). In

contrast, spatial variables, including nearest-neighbour distance and MEM6 played a more

prominent role in structuring amphibian communities in urban ponds (pure effect: 20%; Figure
4).
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Figure 4: Variance partitioning of amphibian community composition explained by
environmental, landscape, and spatial predictors for all ponds, garden ponds, and urban ponds.

Residual variance is displayed outside the Venn diagrams.

Species-level analyses of occurrence revealed contrasting patterns. Pelophylax spp. responded
mostly to environment (pure effect: 9%) and space (pure effect: 15%) (Figure 5a) when
analysing all ponds jointly. In garden ponds, however, spatial predictors were stronger (pure
effect: 17%), while in urban ponds the strong influence of environment dominated (pure effect:
17%). Rana dalmatina showed little response to environment and was instead affected by
spatial factors and landscape cover when analysing all ponds together (Figure 5b). Bufo bufo
exhibited largely unexplained variation (87%); however, when analysed separately by pond
type, environment and landscape variables together explained most variance in garden ponds,
while in urban ponds, residual variance remained high (Figure 5c).
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Figure 5: Variance partitioning of the occurrence of three species: Pelophylax spp. (A), Rana
dalmatina (B) and Bufo bufo (C) explained by environmental, landscape and spatial predictors
for all ponds, garden ponds, and urban ponds. Residual variance is displayed outside the Venn

diagrams for each variance partitioning.
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Discussion

Here, we show that amphibian communities in garden and urban ponds differ more in the
processes structuring them than in their taxonomic composition. Urban ponds supported higher
species richness, yet the overall community composition did not differ significantly between
pond types. This indicates that garden ponds have the potential to support amphibian
communities comparable to those of urban ponds, despite their structural differences. However,
the drivers of community assembly differed between habitats. In garden ponds, local
environmental variables explained most of the variation in amphibian species composition,
indicating strong abiotic filtering at the pond scale. In contrast, spatial structure played a
stronger role in urban ponds, suggesting that dispersal processes and the spatial configuration

of the pond network more strongly influence amphibian communities in these systems.

Compared to garden ponds, urban ponds hosted higher amphibian species richness, yet both
pond types exhibited overall similar community composition. Urban ponds supported a wider
range of amphibian species, including species of higher conservation relevance, such as
Bombina bombina and Pelobates fuscus, which are typically less tolerant of habitat
modification and therefore less frequently recorded in highly urbanised environments
(Konowalik et al., 2020; Kaczmarski, Benedetti & Morelli, 2020). In particular, P. fuscus has
experienced widespread population declines across Europe (Eggert et al., 2006). Garden ponds,
on the other hand, hosted more common species, e.g. Pelophylax spp., Rana dalmatina or Bufo
bufo. This pattern is consistent with the smaller size, younger age, and higher levels of human
management typical of garden ponds, which can constrain colonisation and persistence (Gaston
et al., 2005; Gledhill, James & Davies, 2008; Oertli, 2018; Marton et al., 2025). Despite these
structural differences, the limited compositional separation suggests that both pond types draw
from the same regional species pool, dominated by urban-tolerant generalist species (Parris,
2006; Hamer & McDonnell, 2008; Hamer & Parris, 2011). Within this shared pool, rarer or
more sensitive species appear largely restricted to the larger and less intensively managed urban
ponds, compared to the smaller and more intensively managed garden ponds, which may
explain their higher species richness despite the overall similarity of community composition.

Amphibian communities in garden and urban ponds had a pronounced difference in the relative
importance of environmental and spatial drivers. When all ponds were analysed together, we
could only explain a relatively low share of community variation, with a weak spatial trend,

indicating that pooling obscured the type-specific patterns. This weak spatial structure reflected
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a broad central-peripheral gradient across the study area, with garden and urban ponds
unevenly distributed along this gradient(Table S5, S6). When pond types were analysed
separately, contrasting assembly mechanisms emerged. In garden ponds, the community
structure was primarily driven by local environmental filtering. These ponds were smaller, had
higher submerged vegetation cover (Table S6), and are typically embedded within fine-scale
microhabitat settings (Hill et al., 2021; Loram et al., 2011; Hamer et al., 2024). In line with
this, landscape variables had a weak effect, and no pure spatial effect was detected, suggesting
that suitable local pond quality might allow colonisation even in relatively isolated garden
ponds. In contrast, the amphibian community in urban ponds was structured mostly by spatial
processes. In urban landscapes, movement pathways are often constrained by infrastructure,
and connectivity depends heavily on the configuration of surrounding habitats (Johnson et al.,
2013; Guderyahn, Smithers & Mims, 2016). Urban barriers such as roads and built
infrastructure can reduce functional connectivity among water bodies (Cushman, 2006; Ribeiro
et al., 2011), making ponds located within connected green corridors particularly important as

stepping-stone habitats (Lee et al., 2022).

Our species-level analyses revealed contrasting habitat-use patterns among the three dominant
amphibians. For Pelophylax spp., fringing vegetation emerged as an important predictor,
consistent with existing evidence that emphasises the role of dense marginal vegetation in
increasing habitat heterogeneity, providing refuge from predators, and improving
microclimatic conditions (Buttemer et al., 1996; Parris, 2006; Wassens et al., 2010). In
contrast, Rana dalmatina responded more strongly to spatial and landscape-scale drivers when
all ponds were analysed together, reflecting its reliance both on surrounding aquatic habitats
(Dalpasso et al., 2022) and permeable green matrices for its terrestrial movement (Hartel et al.,
2009). Finally, Bufo bufo showed more variable responses, broadly mirroring community-level
patterns. In garden ponds, local environmental and landscape predictors, particularly the
predatory threat index and proximity to rivers, were most influential. The positive association
with predatory macroinvertebrates likely reflects coexistence rather than direct facilitation,
while the river effect is consistent with existing evidence that riparian habitats enhance anuran
dispersal and occupancy (Birx-Raybuck, Price & Dorcas, 2010) and may also increase
macroinvertebrate abundance (Hill et al., 2016), contributing to correlated patterns in the

variance partitioning.
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While we included an extensive set of potential environmental, landscape, and spatial
predictors, a substantial proportion of the variation in community composition and species
occurrence remained unexplained in some models. Patterns generally became more
deterministic once garden and urban ponds were analysed separately, reflecting general
differences in how communities are assembled in these habitats. In garden ponds, the model
explained a large proportion of community variation, whereas lower explained variation in
urban ponds suggests that additional processes may influence amphibian communities in these
systems. Nevertheless, unexplained variation remained high in some species-specific models,
e.g. for B. bufo in urban ponds and R. dalmatina in garden ponds. Such residual variance is
common in amphibian metacommunity studies (Van Buskirk, 2005; Péntek et al., 2017;
Knutson et al., 1999; Dalmolin, Tozetti & Ramos Pereira, 2019), and may reflect unmeasured
predictors, including predators, pathogens, stochastic processes, legacy effects in terms of
population dynamics or local management, or fine-scale terrestrial habitat features relevant for
shelter or overwintering (Hamer & Parris, 2013; Parris & Cornelius, 2004; Green, 2003). In
addition, many landscape predictors covaried strongly along the urbanisation gradient (e.g.
urban cover, roads, and human population density versus forest or grassland cover), limiting
the attribution of effects to a single driver. Although correlated variables were removed for
statistical reasons, excluded predictors should not be interpreted as ecologically unimportant,
as their influence may be represented indirectly through the retained variables. Finally,
amphibian occurrences are inherently dynamic due to their frequent movements among ponds,
and our single-season sampling design may have resulted in imperfect detection for some
species (Gomes-Mello et al., 2021), particularly under the unusually cold and dry spring of the
study period (Ficetola & Maiorano, 2016). Repeated surveys have been shown to substantially
improve detection probability and inference on habitat associations (Petitot et al., 2014; Barata,
Griffiths & Ridout, 2017). Importantly, these limitations do not alter the consistent pattern that
local environmental conditions dominated community assembly in garden ponds, whereas

spatial processes were more influential in urban ponds.

Our results point to two complementary conservation pathways for urban amphibians:
improving local habitat quality in privately managed garden ponds and strengthening
connectivity within urban pond networks. Although based on a single city, the contrasting roles
of local habitat management and spatial connectivity are likely to apply broadly across urban
pond systems across temperate regions. For garden-pond owners, relatively simple measures -

such as retaining aquatic vegetation, avoiding fish stocking, minimising pollutant inputs, and
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maintaining moderate hydroperiod - can substantially increase habitat suitability (Gledhill et
al., 2008; Hassall, 2014; Oertli & Parris, 2019). As local environmental conditions were the
primary drivers of amphibian occupancy in these ponds, such local-scale management actions
can promote amphibian presence largely independent of the surrounding landscape context. At
the city scale, conservation planning should prioritise the retention and creation of ponds
embedded within green corridors and stepping-stone networks, while reducing dispersal
barriers such as concrete embankments, steep artificial shorelines, and other hard infrastructure
that restricts amphibian movement across the urban matrix (Gagné & Fahrig, 2007; Cayuela et
al., 2019). Adaptive monitoring frameworks that track occupancy, species richness, and basic
habitat indicators (vegetation cover, fish presence, connectivity) could help evaluate the
effectiveness of these interventions. Engaging private pond owners through citizen science
initiatives could further support amphibian-friendly management while generating valuable

long-term data on how local actions influence urban amphibian communities.
Acknowledgements

We would like to thank all the pond owners and citizen scientists who contributed to the
implementation of this study by providing data or granting permission to carry out the field
surveys. We would like to acknowledge Péter Dobosy and Katalin Nagyné Bodolai for
measuring water chemistry parameters. We would like to thank Zsuzsanna Marton, Csaba Vad,
Csilla Laskai, Kata Bene, Bence Buttyan, Adam Fierpasz, Vivien Kardos, Bernadett Szabo,
Vir4g Csiszar, Déra Fehér, Tamas Felfoldi, Bence Gergacz, Khaulah Zakaria, Karoly Palffy,
Teresa Adhikary and Varsha Rani for their support during the fieldwork or laboratory analysis.
We would like to thank Sarah Hasnain for her help with the analyses. The research was
conducted under permit FPH059/1107-2-2022 authorised by the Municipality of Budapest. We
acknowledge the use of an artificial intelligence-based language model (ChatGPT, OpenAl) to
assist with language and R script editing and structural refinement. All scientific interpretations
and conclusions are the authors’ own. The authors take full responsibility for the content of the

text.

References

Banks B. & Lavericki G. (1986). Garden Ponds as amphibian breeding sites a
conurbation in the north east of England (Sunderland, Tyne and Wear). Herpetological
Journal 1, 44-50


https://www.zotero.org/google-docs/?Yz3RNP
https://www.zotero.org/google-docs/?Yz3RNP
https://www.zotero.org/google-docs/?Yz3RNP
https://www.zotero.org/google-docs/?Yz3RNP
https://www.zotero.org/google-docs/?U7icXC
https://www.zotero.org/google-docs/?U7icXC
https://www.zotero.org/google-docs/?U7icXC
https://www.zotero.org/google-docs/?U7icXC
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD

495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542

Barata I.M., Griffiths R.A. & Ridout M.S. (2017). The power of monitoring: optimizing
survey designs to detect occupancy changes in a rare amphibian population. Scientific
Reports 7, 16491. https://doi.org/10.1038/s41598-017-16534-8

Birx-Raybuck D.A., Price S.J. & Dorcas M.E. (2010). Pond age and riparian zone
proximity influence anuran occupancy of urban retention ponds. Urban Ecosystems 13,
181-190. https://doi.org/10.1007/s11252-009-0116-9

Brand A.B. & Snodgrass J.W. (2010). Value of Artificial Habitats for Amphibian
Reproduction in Altered Landscapes. Conservation Biology 24, 295-301.
https://doi.org/10.1111/j.1523-1739.2009.01301.x

Buttemer W.A., Van Der Wielen M., Dain S. & Christy M. (1996). Cutaneous
properties of the green and golden bell frog Litoria aurea. Australian Zoologist 30, 134—
138. https://doi.org/10.7882/AZ.1996.003

Butterworth H.L., Van Helden B.E. & Close P.G. (2025). From ponds to patios:
evidence of frog reproduction and recruitment in residential gardens. Urban Ecosystems
28, 58. https://doi.org/10.1007/s11252-024-01653-8

Buuren S. van & Groothuis-Oudshoorn K. (2011). mice: Multivariate Imputation by
Chained Equations in R. Journal of Statistical Software 45(3), 1-67.
https://doi.org/10.18637/jss.v045.103

Cayuela H., Bonnaire E., Astruc G. & Besnard A. (2019). Transport infrastructure
severely impacts amphibian dispersal regardless of life stage. Scientific reports 9, 8214.
https://doi.org/10.1038/s41598-019-44706-1

Chen H. (2022). VennDiagram: Generate High-Resolution Venn and Euler Plots. R
package version 1.7.3, <https://CRAN.R-project.org/package=VennDiagram>
Collins S.J. & Fahrig L. (2017). Responses of anurans to composition and configuration
of agricultural landscapes. Agriculture, ecosystems & environment 239, 399-409
Csardi G., Nepusz T., Traag V., Horvat S., Zanini F., Noom D., et al. (2026). igraph:
Network Analysis and Visualization in R. R package version 2.1.1, <https://CRAN.R-
project.org/package=igraph>. https://doi.org/10.5281/zenodo.7682609

Cushman S.A. (2006). Effects of habitat loss and fragmentation on amphibians: a
review  and prospectus. Biological conservation 128, 231-240.
https://doi.org/10.1016/j.biocon.2005.09.031

Dalmolin D.A., Tozetti A.M. & Ramos Pereira M.J. (2019). Taxonomic and functional
anuran beta diversity of a subtropical metacommunity respond differentially to
environmental ~and  spatial  predictors. PLoS One 14, e0214902.
https://doi.org/10.1101/588947

Dalpasso A., Ficetola G.F., Giachello S., Lo Parrino E., Manenti R., Muraro M., et al.
(2022). Similar species, different fates: Abundance dynamics in spatially structured
populations of common and threatened frogs. Diversity and Distributions 28, 770-781.
https://doi.org/10.1111/ddi.13483

Demartin R.P., Ghirardi R. & Lopez J.A. (2024). Amphibian diversity across an urban
gradient in southern South America. Frontiers in Ecology and Evolution 12, 1461147.
https://doi.org/10.3389/fev0.2024.1461147

Dray S., Bauman D., Blanchet G., Borcard D., Clappe S., Guenard G., et al. (2024).
adespatial: Multivariate Multiscale Spatial Analysis. R package version 0.3-24,
<https://CRAN.R-project.org/package=adespatial>

Dray S., Legendre P. & Peres-Neto P.R. (2006). Spatial modelling: a comprehensive
framework for principal coordinate analysis of neighbour matrices (PCNM). Ecological
modelling 196, 483-493. https://doi.org/10.1016/j.ecolmodel.2006.02.015


https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD

543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592

Dudgeon D. & Strayer D.L. (2025). Bending the curve of global freshwater biodiversity
loss: what are the prospects? Biological Reviews 100, 205-226.
https://doi.org/10.1111/brv.13137

Eaton A.D., Clesceri L.S., Rice E.W., Greenberg A.E. & Franson M.A.H. (Eds. )
(2005). Standard methods for the examination of water and wastewater, 21st edn.
American Public Health Association (APHA) Press, Washington, DC.

Eggert C., Cogalniceanu D., Veith M., Dzukic G. & Taberlet P. (2006). The declining
Spadefoot toad, Pelobates fuscus (Pelobatidae): paleo and recent environmental
changes as a major influence on current population structure and status. Conservation
Genetics 7, 185-195. https://doi.org/10.1007/s10592-006-9124-y

Estes-Zumpf W., Addis B., Marsicek B., Lee M., Nelson Z. & Murphy M. (2022).
Improving sustainability of long-term amphibian monitoring: The value of
collaboration and community science for indicator species management. Ecological
indicators 134, 108451. https://doi.org/10.1016/j.ecolind.2021.108451

Falaschi M., Melotto A., Manenti R. & Ficetola G.F. (2020). Invasive species and
amphibian conservation. Herpetologica 76, 216-227. https://doi.org/10.1655/0018-
0831-76.2.216

Ficetola G.F. & Maiorano L. (2016). Contrasting effects of temperature and
precipitation change on amphibian phenology, abundance and performance. Oecologia
181, 683-693. https://doi.org/10.1007/s00442-016-3610-9

Firth D. (1993). Bias reduction of maximum likelihood estimates. Biometrika 80, 27—
38. https://doi.org/10.2307/2336755

Fortuna M.A., Gomez-Rodriguez C. & Bascompte J. (2006). Spatial network structure
and amphibian persistence in stochastic environments. Proceedings of the Royal Society
B: Biological Sciences 273, 1429-1434. https://doi.org/10.1098/rspb.2005.3448

Fox J. & Weisberg S. (2019). An R Companion to Applied Regression, Third edition.
Sage, Thousand Oaks CA. <https://www.john-fox.ca/Companion/>. Sage, Thousand
Oaks, Canada.

Francis R.A. & Chadwick M.A. (2013). Urban ecosystems: understanding the human
environment. Routledge.

Gagné S.A. & Fahrig L. (2007). Effect of landscape context on anuran communities in
breeding ponds in the National Capital Region, Canada. Landscape Ecology 22, 205—
215. https://doi.org/10.1007/s10980-006-9012-3

Gaston K.J., Smith R.M., Thompson K. & Warren P.H. (2005). Urban domestic gardens
(11): experimental tests of methods for increasing biodiversity. Biodiversity &
Conservation 14, 395-413. https://doi.org/10.1007/s10531-004-6066-x

Gledhill D.G., James P. & Davies D.H. (2008). Pond density as a determinant of aquatic
species richness in an urban landscape. Landscape ecology 23, 1219-1230
Gomes-Mello F., Provete D.B., Heino J. & da Silva F.R. (2021). Frog community
composition-environment relationships vary over time: Are snapshot studies of
metacommunity dynamics useful? Basic and Applied Ecology 56, 85-96.
https://doi.org/10.1016/j.baae.2021.07.006

Green D.M. (2003). The ecology of extinction: population fluctuation and decline in
amphibians. Biological conservation 111, 331-343. https://doi.org/10.1016/S0006-
3207(02)00302-6

Grimm N.B., Faeth S.H., Golubiewski N.E., Redman C.L., Wu J., Bai X., et al. (2008).
Global Change and the Ecology of Cities. Science 319, 756-760.
https://doi.org/10.1126/science.1150195

Guderyahn L.B., Smithers A.P. & Mims M.C. (2016). Assessing habitat requirements
of pond-breeding amphibians in a highly urbanized landscape: implications for


https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD

593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642

management. Urban Ecosystems 19, 1801-1821. https://doi.org/10.1007/s11252-016-
0569-6

Hamer A.J., Barta B., Marton Z., Vad C.F., Szab0 B., Tornero I., et al. (2024). Patterns
and correlates in the distribution, design and management of garden ponds along an
urban-rural gradient. Urban Ecosystems 217, 1915-1930.
https://doi.org/10.1007/s11252-024-01559-5

Hamer A.J. & McDonnell M.J. (2008). Amphibian ecology and conservation in the
urbanising world: A review. Biological Conservation 141, 2432-2449.
https://doi.org/10.1016/j.biocon.2008.07.020

Hamer AJ. & Parris K.M. (2011). Local and landscape determinants of amphibian
communities in  urban ponds. Ecological Applications 21, 378-390.
https://doi.org/10.1890/10-0390.1

Hamer A.J. & Parris K.M. (2013). Predation Modifies Larval Amphibian Communities
in Urban Wetlands. Wetlands 33, 641-652. https://doi.org/10.1007/s13157-013-0420-
2

Hartel T., Nemes S., Cogéalniceanu D., Ollerer K., Moga C.I., Lesbarreres D., et al.
(2009). Pond and landscape determinants of Rana dalmatina population sizes in a
Romanian rural landscape. Acta Oecologica 35, 53-59.
https://doi.org/10.1016/j.acta0.2008.08.002

Hassall C. (2014). The ecology and biodiversity of urban ponds. WIREs Water 1, 187—
206. https://doi.org/10.1002/wat2.1014

Heinzer G., Ploner M., Lena J. & Gregor S. (2010). logistf: Firth’s Bias-Reduced
Logistic Regression. R package version 1.26.1, <http://CRAN. R-project. org/package=
logistf>.

Hill M.J., Biggs J., Thornhill 1., Briers R.A., Gledhill D.G., White J.C., et al. (2017).
Urban ponds as an aquatic biodiversity resource in modified landscapes. Global
Change Biology 23, 986-999. https://doi.org/10.1111/gcb.13401

Hill M.J., Ryves D.B., White J.C. & Wood P.J. (2016). Macroinvertebrate diversity in
urban and rural ponds: Implications for freshwater biodiversity conservation.
Biological Conservation 201, 50-59. https://doi.org/10.1016/j.biocon.2016.06.027
Hill M.J., Wood P.J., Fairchild W., Williams P., Nicolet P. & Biggs J. (2021). Garden
pond diversity: Opportunities for urban freshwater conservation. Basic and Applied
Ecology 57, 28-40. https://doi.org/10.1016/j.baae.2021.09.005

Hocking D.J. & Babbitt K.J. (2014). Amphibian contributions to ecosystem services.
Herpetological conservation and biology

Horvath Z., Uhrin M., Cunillera-Montcusi D., Barta B., Szabo B., Hamer A.J., et al.
(2025). Urban Ponds and the Emerging Role of Garden Ponds: Ecosystem Services and
Disservices, Multifunctionality, and Trade-Offs. WIREs Water 12, e70041.
https://doi.org/10.1002/wat2.70041

Huynh T.-H., Vad C.F., Barta B., Szabo B., Buttyan B., Hamer A.J., et al. (2025).
Zooplankton communities and their responses to fish presence and urban cover across
garden and other urban ponds. Authorea.
https://doi.org/10.22541/au.176609309.90829780/v1

Johnson P.T.J., Hoverman J.T., McKenzie V.J., Blaustein A.R. & Richgels K.L.D.
(2013). Urbanization and wetland communities: applying metacommunity theory to
understand the local and landscape effects. Journal of Applied Ecology 50, 34—42.
https://doi.org/10.1111/1365-2664.12022

Kaczmarski M., Benedetti Y. & Morelli F. (2020). Amphibian diversity in Polish cities:
Taxonomic diversity, functional diversity and evolutionary distinctiveness. Basic and
Applied Ecology 44, 55-64. https://doi.org/10.1016/j.baae.2020.02.006


https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD

643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692

Kim J.H. (2019). Multicollinearity and misleading statistical results. Korean journal of
anesthesiology 72, 558-569. https://doi.org/10.4097/kja.19087

Knutson M.G., Sauer J.R., Olsen D.A., Mossman M.J., Hemesath L.M. & Lannoo M.J.
(1999). Effects of Landscape Composition and Wetland Fragmentation on Frog and
Toad Abundance and Species Richness in lowa and Wisconsin, U.S.A. Conservation
Biology 13, 1437-1446. https://doi.org/10.1046/].1523-1739.1999.98445.x
Konowalik A., Najbar A., Konowalik K., Dylewski L., Frydlewicz M., Kisiel P., et al.
(2020). Amphibians in an urban environment: a case study from a central European city
(Wroctaw, Poland). Urban Ecosystems 23, 235-243. https://doi.org/10.1007/s11252-
019-00912-3

Kovar R., Brabec M., Vita R. & Bocek R. (2009). Spring migration distances of some
Central European amphibian  species.  Amphibia-reptilia 30, 367-378.
https://doi.org/10.1163/156853809788795236

Krivtsov V., Forbes H., Birkinshaw S., Olive V., Chamberlain D., Buckman J., et al.
(2022). Ecosystem services provided by urban ponds and green spaces: A detailed study
of a semi-natural site with global importance for research. Blue-Green Systems 4, 1-23.
https://doi.org/10.2166/bgs.2022.021

Kurz D.J., Nowakowski A.J., Tingley M.W., Donnelly M.A. & Wilcove D.S. (2014).
Forest-land use complementarity modifies community structure of a tropical
herpetofauna. Biological Conservation 170, 246-255.
https://doi.org/10.1016/j.biocon.2013.12.027

Lee T.S., Randall L.A., Kahal N.L., Kinas H.L., Carney V.A., Rudd H., et al. (2022).
A framework to identify priority wetland habitats and movement corridors for urban
amphibian conservation. Ecological Solutions and Evidence 3, e12139.
https://doi.org/10.1002/2688-8319.12139

Liaw A. & Wiener M. (2002). Classification and regression by randomForest. R news
2,18-22

Lopez-de Sancha A., Boix D., Benejam L., Briggs L., Davidson T.A., Fahy J.C., et al.
(2025). Amphibian conservation in Europe: the importance of pond condition.
Biodiversity and Conservation 34, 1559-1574. https://doi.org/10.1007/s10531-025-
03033-w

Loram A., Warren P., Thompson K. & Gaston K. (2011). Urban Domestic Gardens:
The Effects of Human Interventions on Garden Composition. Environmental
Management 48, 808-824. https://doi.org/10.1007/s00267-011-9723-3

Luedtke J.A., Chanson J., Neam K., Hobin L., Maciel A.O., Catenazzi A., et al. (2023).
Ongoing declines for the world’s amphibians in the face of emerging threats. Nature
622, 308-314. https://doi.org/10.1038/s41586-023-06578-4

Maerz J.C., Blossey B. & Nuzzo V. (2005). Green frogs show reduced foraging success
in habitats invaded by Japanese knotweed. Biodiversity & Conservation 14, 2901-2911.
https://doi.org/10.1007/s10531-004-0223-0

Marton Z., Barta B., Szab6 B., Hamer A.J., Kardos V., Laskai C., et al. (2025). Effects
of urbanisation, habitat characteristics, and management on garden pond biodiversity:
Findings from a large-scale citizen science survey. Landscape and Urban Planning
257, 105299. https://doi.org/10.1016/j.landurbplan.2025.105299

McDonald R.1., Mansur A.V., Ascensédo F., Colbert M., Crossman K., EImqvist T., et
al. (2020). Research gaps in knowledge of the impact of urban growth on biodiversity.
Nature Sustainability 3, 16—24. https://doi.org/10.1038/s41893-019-0436-6
McKinney M.L. (2002). Urbanization, biodiversity, and conservation: the impacts of
urbanization on native species are poorly studied, but educating a highly urbanized
human population about these impacts can greatly improve species conservation in all


https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD

693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742

ecosystems. Bioscience 52, 883-890. https://doi.org/10.1641/0006-
3568(2002)052%255B0883:UBAC%255D2.0.CO;2

Mendenhall C.D., Frishkoff L.O., Santos-Barrera G., Pacheco J., Mesfun E., Quijano
F.M., et al. (2014). Countryside biogeography of Neotropical reptiles and amphibians.
Ecology 95, 856-870. https://doi.org/10.1890/12-2017.1

NychkaD., Furrer R., Paige J. & Sain S. (2021). fields: Tools for spatial data. R package
version 16.3, <https://github.com/dnychka/fieldsRPackage>.

O’Brien C.D. (2015). Sustainable drainage system (SuDS) ponds in Inverness, UK and
the favourable conservation status of amphibians. Urban Ecosystems 18, 321-331.
https://doi.org/10.1007/s11252-014-0397-5

Oertli B. (2018). Freshwater biodiversity conservation: The role of artificial ponds in
the 21st century. Aquatic Conservation: Marine and Freshwater Ecosystems 28, 264—
269. https://doi.org/10.1002/aqc.2902

Oertli B., Joye D.A., Castella E., Juge R., Cambin D. & Lachavanne J.-B. (2002). Does
size matter? The relationship between pond area and biodiversity. Biological
conservation 104, 59-70. https://doi.org/10.1016/S0006-3207(01)00154-9

Oertli B. & Parris K.M. (2019). Review: Toward management of urban ponds for
freshwater biodiversity. Ecosphere 10, e02810. https://doi.org/10.1002/ecs2.2810
Oksanen J., Simpson G.L., Blanchet F.G., Kindt R., Legendre P., Minchin P.R., et al.
(2024). vegan: Community Ecology Package. R package version 2.6-8,
<https://CRAN.R-project.org/package=vegan>

Parris K.M. (2006). Urban amphibian assemblages as metacommunities. Journal of
Animal Ecology 75, 757-764. https://doi.org/10.1111/j.1365-2656.2006.01096.x
Parris M.J. & Cornelius T.0. (2004). Fungal pathogen causes competitive and
developmental stress in larval amphibian communities. Ecology 85, 3385-3395.
https://doi.org/10.1890/04-0383

Peeters E.T.H.M., Wilhelm M., Gerritsen A.A.M. & Seelen L.M.S. (2023). Ecological
characterisation of urban ponds in the Netherlands: a study based on data collected by
volunteers. Frontiers of Biogeography 15. https://doi.org/10.21425/F5FBG57816
Péntek A.L., Vad C.F., Zsuga K. & Horvéth Z. (2017). Metacommunity dynamics of
amphibians in years with differing rainfall. Aquatic Ecology 51, 45-57.
https://doi.org/10.1007/s10452-016-9597-9

Pereyra L.C., Akmentins M.S., Salica M.J., Quiroga M.F., Moreno C.E. & Vaira M.
(2021). Tolerant and avoiders in an urban landscape: anuran species richness and
functional groups responses in the Yungas’ forest of NW Argentina. Urban Ecosystems
24, 141-152. https://doi.org/10.1007/s11252-020-01025-y

Petitot M., Manceau N., Geniez P. & Besnard A. (2014). Optimizing occupancy surveys
by maximizing detection probability: application to amphibian monitoring in the
Mediterranean region. Ecology and Evolution 4, 3538-3549.
https://doi.org/10.1002/ece3.1207

QGIS Development Team (2022).

R Core Team (2024). R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. <https://www.R-project.org/>.
Ribeiro R., Carretero M.A., Sillero N., Alarcos G., Ortiz-Santaliestra M., Lizana M., et
al. (2011). The pond network: can structural connectivity reflect on (amphibian)
biodiversity patterns? Landscape Ecology 26, 673-682.
https://doi.org/10.1007/s10980-011-9592-4

Scheffers B.R. & Paszkowski C.A. (2013). Amphibian use of urban stormwater
wetlands: The role of natural habitat features. Landscape and Urban Planning 113,
139-149. https://doi.org/10.1016/j.landurbplan.2013.01.001


https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD

743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773

Seto K.C., Guneralp B. & Hutyra L.R. (2012). Global forecasts of urban expansion to
2030 and direct impacts on biodiversity and carbon pools. Proceedings of the National
Academy of Sciences 109, 16083-16088. https://doi.org/10.1073/pnas.1211658109
Smallbone L.T., Luck G.W. & Wassens S. (2011). Anuran species in urban landscapes:
Relationships with biophysical, built environment and socio-economic factors.
Landscape and Urban Planning 101, 43-51.
https://doi.org/10.1016/j.landurbplan.2011.01.002

Smith M.A. & Green D.M. (2005). Dispersal and the metapopulation paradigm in
amphibian ecology and conservation: are all amphibian populations metapopulations?
Ecography 28, 110-128. https://doi.org/10.1111/].0906-7590.2005.04042.x
Thompson M.E., Nowakowski A.J. & Donnelly M.A. (2016). The importance of
defining focal assemblages when evaluating amphibian and reptile responses to land
use. Conservation Biology 30, 249-258. https://doi.org/10.1111/cobi.12637

United Nations (2022). World Population Prospects

Van Buskirk J. (2005). Local and Landscape Influence on Amphibian Occurrence and
Abundance. Ecology 86, 1936-1947. https://doi.org/10.1890/04-1237

Venables W.N. & Ripley B.D. (2002). MASS: Modern Applied Statistics with S.,
Fourth. Springer, New York, ISBN 0-387-95457-0.

Wassens S., Hall A., Osborne W. & Watts R.J. (2010). Habitat characteristics predict
occupancy patterns of the endangered amphibian Litoria raniformis in flow-regulated
flood plain wetlands. Austral Ecology 35, 944-955. https://doi.org/10.1111/j.1442-
9993.2010.02106.x

Wickham H. (2011a). ggplot2. WIREs Computational Statistics 3, 180-185.
https://doi.org/10.1002/wics.147

Wickham H. (2007). Reshaping data with the reshape package. Journal of statistical
software 21, 1-20. https://doi.org/10.18637/jss.v021.i12

Wickham H. (2011b). The split-apply-combine strategy for data analysis. Journal of
statistical software 40, 1-29. https://doi.org/10.18637/jss.v040.i01

Zhang W., Li B. & Yang G. (2022). The Effects of Landscape Heterogeneity on East
China Anuran Communities: Identifying Spatial Scales in an Urbanizing Landscape.
Diversity 14, 968


https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD
https://www.zotero.org/google-docs/?qZwRlD

