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Ecography Amphibians are commonly occurring inhabitants of most lentic freshwater ecosystems,
2025: 07347 yet their global populations are in alarming decline. Ponds in particular play a crucial
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influence of climatic, local abiotic and biotic, and land use variables on variation in
species richness across ponds was quantified using boosted regression trees. Our results
suggest that local factors, particularly chlorophyll-a concentration, but also pond area
and depth, are the main drivers of amphibian richness, together with climatic variables
such as annual mean precipitation and temperature. The highest richness was observed
in low-nutrient, fishless, intermediate-sized, shallow ponds, located in warmer regions
with higher precipitation rates. These potential drivers of amphibian richness should
be considered in the planning and implementation of amphibian conservation and
management actions.
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Introduction

Ponds are typically classified as shallow lentic water bod-
ies smaller than five hecares that can be natural or artificial
(Oertli et al. 2005, Deacon et al. 2018, Richardson et al.
2022). These ecosystems can have very diverse origins and
are generally important sources of fresh water in landscapes
(Deacon et al. 2018). Estimations of their global abundance
varies from 547 million to 3.19 billion (Holgerson and
Raymond 2016). These small and shallow ecosystems are
often characterized by high local diversity usually harbour-
ing multiple rare species and, usually, providing an excep-
tionally strong contribution to regional diversity (Oertli et al.
2005, Biggs et al. 2017). However, ponds are disappearing in
Europe, with often more than 50% of European ponds lost
in the last century (Oertli et al. 2005, Smith et al. 2022).

Currently, animals in freshwater ecosystems experience
extinction rates five times higher than those in terrestrial
ecosystems (Eiler et al. 2018, Gozlan et al. 2019). In par-
ticular, amphibians are facing severe worldwide declines
(Albert et al. 2021, Hill et al. 2021, van Rees et al. 2021,
Reyes-Moya et al. 2022), rendering them the most endan-
gered vertebrate group on the planet (Beebee and Griffiths
2005, Luedtke et al. 2023). Amphibians are affected by many
threats, including habitat loss, climate change, invasive spe-
cies and disease (Ribeiro et al. 2018, Beja and Alcazar 2003,
Hansen et al. 2019, Luedtke et al. 2023). In Europe, nearly
a quarter of amphibian species are currently listed as threat-
ened (included in the categories of ‘Critically endangered’,
‘Endangered’ and ‘Vulnerable’) by the International Union
for Conservation of Nature — IUCN (Temple and Cox
2009, Gozlan et al. 2019, ITUCN 2023, Luedtke et al. 2023),
emphasizing the urgent need for a better understanding of
the factors influencing amphibian populations to inform
conservation plans (Knutson et al. 2004), and help stablish
protected areas (Luedtke et al. 2003).

Climate is one of the strongest drivers of amphibian spe-
cies richness patterns across Europe. This influence is twofold:
first, many amphibian species depend on water for reproduc-
tion and thrive in humid environments, being most active
during wet periods (Ficetola and Maiorano 2016). Second,
due to their ectothermic physiology, amphibians exhibit
heightened sensitivity to climatic conditions (Tsianou et al.
2016, Tsianou and Kallimanis 2019). Amphibian biodiversity
in Europe follows a clear north-south gradient, influenced by
both contemporary climatic conditions and historical climate
stability during the Quaternary. Postglacial colonization, fol-
lowing the retreat of glaciers more than 16 000 years ago,
has been particularly important in shaping amphibian species
richness patterns, with many species limited in their ability
to track rapid climatic shifts (Aratjo et al. 2008, Zeisset and
Beebee 2008). However, at both continental and smaller bio-
geographical scales, climate is not the only determinant of
species richness (Mouchet et al. 2015).

Agricultural intensification  (including aquaculture),
as a main land use, has been identified as a major threat
to amphibians worldwide (Luedtke et al. 2023). Indeed,

Page 2 of 14

intensive agriculture can significantly affect local abiotic
and biotic characteristics of ponds by causing direct habi-
tat destruction and by enhancing nitrogen and phospho-
rus influxes (Houlbrooke et al. 2004, Nyenje et al. 2010,
Merz et al. 2023), which promotes eutrophication and stim-
ulates algal blooms (Manny et al. 1994, Sfriso et al. 2017).
Eutrophication has been found to decrease pond amphib-
ian richness (Schmutzer et al. 2008, Calderén et al. 2019,
Ruso et al. 2019), partly because it helps to promote tad-
pole pathogenic infections (Johnson and Chase 2004, Belden
2006, Johnson et al. 2007, Peltzer et al. 2008).

Two biotic characteristics are also of key importance in
explaining amphibian richness. On one hand, the pres-
ence of vegetation inside and on the perimeter of the pond.
Macrophytes generally have a positive impact on amphib-
ians as they support periphyton growth and constitute
food resources for tadpoles, increase water clarity, provide
protection from predators, and promote habitat hetero-
geneity, which are critical factors for amphibian survival
(Arribas et al. 2014). On the other hand, the presence of fish
in ponds, which can be detrimental for amphibians because
of direct predation and competition, especially at their larvae
stage (Hecnar and M’Closkey 1997, Kats and Ferrer 2003,
Knutson et al. 2004, Semlitsch et al. 2015) and because
planktivorous fish predation on zooplankton can strengthen
eutrophication (Jeppesen et al. 2012).

Traditionally, amphibian presence in ponds, but not
necessarily breeding, has been assessed through established
monitoring methods. However, the use of environmental
DNA (eDNA) metabarcoding has emerged as a powerful
alternative tool to reliably assess amphibian species richness
and community composition in ponds (Brys et al. 2021a,
Everts et al. 2024). This approach detects DNA released by
organisms into their environment through secretions, excre-
tions, blood, or decomposition. Notably, it achieves com-
parable, and sometimes superior, accuracy when compared
to traditional methods (Ruppert et al. 2019, Li et al. 2021,
Moss et al. 2022). Ponds are particularly well suited for eDNA
studies because they are small, enclosed, have low shoreline
erosion levels, and experience minimal water flow dynamics,
which enhances DNA detectability and inferences on local
species occurrences (Harper et al. 2019a, Brys et al. 2021a).
Most amphibian species breed in standing freshwater, ren-
dering ponds as ideal media for amphibian DNA detection
(Svenningsen et al. 2022). Moreover, compared with con-
ventional survey methods, eDNA is particularly relevant for
the large-scale monitoring of amphibian communities, since
eDNA-based techniques are both cost- and time efficient
(Eiler et al. 2018, Svenningsen et al. 2022).

Measures of biodiversity are used to understand ecologi-
cal processes (Blowes et al. 2022) and, despite its growing
use in assessing local diversity, the application of eDNA to
test ecological hypotheses, such as the impact of environ-
mental stressors and drivers, is still relatively uncommon
(Harper et al. 2019a), although Everts et al. (2024), recently
studied the impact of American bullfrog Lithobates catesbe-
ianus on native pond amphibian communities using eDNA.
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The effectiveness of species richness assessments, for example
for conservation actions, can be improved by incorporat-
ing information on species abundance patterns (Magurran
2004). However, using eDNA metabarcoding to assess spe-
cies abundance presents significant challenges and potential
biases, which may result in discrepancies from true popu-
lation sizes, as explained in the meta-analysis of Yates et al.
(2019). Despite these challenges, several studies have dem-
onstrated significant positive correlations between eDNA
concentrations and species abundance, leading to accurate
estimates of species richness and evenness (Nakagawa et al.
2022, Tsuji et al. 2022). In the present study, we focused on
assessing species richness rather than abundance, recogniz-
ing that e DNA metabarcoding is particularly well-suited for
detecting the presence of multiple species within an environ-
ment (Taberlet et al. 2012, Brys et al. 2021a).

Despite their crucial role in amphibian conservation
(Griffiths 1997, Curado et al. 2011), ponds have been dispro-
portionately neglected in prevailing water, nature, and con-
servation policies, as well as in freshwater research (Ilg and
Oertli 2017, Hill et al. 2021). Yet, this perception is chang-
ing. Currently there is a rapidly growing awareness for the
high importance of pond conservation, restoration, and for
amphibian conservation (Moor et al. 2022). Existing research
on the drivers of amphibian species richness has typically con-
sidered only a limited set of local pond characteristics (Hecnar
and M’Closkey 1996, Werner et al. 2007, Semlitsch et al.
2015, Sauer et al. 2022), assessed a small number of ponds
within a single geographical region (Knutson et al. 2004,
Werner et al. 2007, Lescano et al. 2015), or concentrated on
the effects of a single type of stressor (Knutson et al. 2004,
Hamer and Parris 2011, Jeliazkov et al. 2014, Sauer et al.
2022, Yang et al. 2022).

Our research aims to disentangle the relative contribution
of multiple climatic, land use, and local abiotic and biotic
pond characteristics underpinning variation in amphibian
species richness at a large geographical extent across Europe.
We conducted a comprehensive and standardized ecological
characterization of 21 different variables for 201 ponds in
seven European countries and assessed amphibian species rich-
ness in each pond using an eDNA metabarcoding approach.
Our hypothesis posits that the climatological conditions of a
pond will play an important role in driving amphibian spe-
cies richness, but that local abiotic and biotic characteristics
of the pond will also have a strong influence. Therefore, cli-
mate and local factors will interact in determining species
occurrences and richness. We expected higher amphibian
species richness in ponds located in warmer regions, as well
as in regions with higher precipitation rates, due to ecologi-
cal and biogeographical drivers, as mentioned above. We
also hypothesised that amphibian species richness would be
highest in shallow and fishless ponds, with low nutrient con-
centrations and high vegetation cover. Uldmately, we aim to
shed light on the most relevant pond characteristics driving
amphibian species richness to contribute to effective future
management and conservation actions.

Material and methods
Pond selection and data collection

Data were collected from 201 ponds distributed across
six European countries, namely Belgium (30), Denmark
(29), Germany (28), Spain (30), Switzerland (29), United
Kingdom (27), and the Asian part of Turkey (28) (Fig. 1).
Ponds were selected within each country following an agri-
cultural land use intensity gradient criterion and span a lati-
tudinal and longitudinal geographic range of 40°07’ 12.0”
to 56°14'24.0” and 02°51'36.0" to 32°43'48.0". They are
located at altitudes below 800 m, with water column depth
ranging from 0.12 to 5.30 m, and with pond surface area
ranging between 12.9 m? and 1.47 ha. Ponds in each country
were distributed in pondscapes, with one to six ponds present
in each, depending on the country. Ponds were selected to
cover gradients of land use and hydroperiods. Only open-
canopy ponds were considered. Ponds were sampled in April—
May 2021, except for 12 Spanish ponds and 28 Turkish
ponds, which were sampled in May 2022. Each pond was
characterized by 21 geographic and climatic, land use, and
local abiotic and biotic quantitative and qualitative variables
(Table 1). Minimum, maximum and average values for all
quantitative variables used can be found in the Supporting
information (Table 1).

Climatic and geographic variables

Mean annual air temperature and precipitation, aridity index,
and precipitation seasonality data were extracted from the
Copernicus Climate Change Service (Wouters 2021) from
the 1 X 1 km cell nearest to each pond.

Land use variables

The land use surrounding each pond was visually assessed in
the field at a 100 m radius, creating one variable of arable
land use that included the percentage of land used for agri-
culture, and one variable of urban land use that included the
percentage of land cover occupied by urban infrastructure.
The presence of paved or unpaved roads at a 100 m distance
of the pond, and if the pond was in a protected area of any
kind, were also considered.

Local abiotic variables

A whole-water column depth-integrating water sample was
collected using a tube sampler from each pond at eight loca-
tions. Samples from different locations were pooled, leading
to the collection of a 10-1 sample where possible. Subsamples
were subsequently taken from this pooled sample for further
analysis. Approximately 250 ml of unfiltered water was col-
lected for the analysis of total nitrogen and total phosphorus,
with samples kept in cool and dark conditions in the field
prior to freezing at —20°C in the laboratory until further
analysis. Turbidity (nephelometric turbidity unit, NTU) was
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Figure 1. Geographical distribution of the 36 pondscapes comprising the 201 Western Palearctic ponds included in the study. Circles indi-
cate the average number of amphibian species for each pondscape, ranging from small and green (low species richness) to large and red (high

species richness).

estimated with a portable fluorometer at a central location in
the pond (or in the middle of the largest open water patch in
the case of macrophyte-covered ponds) at a depth of 20 cm
below water surface.

Pond depth was measured at 2 m intervals using a gradu-
ated pole inserted perpendicularly to the base ground of the
pond, by foot or boat, depending on the depth, morphology,
and substrate of each pond, and a mean depth value was cal-
culated. Pond area was measured using a metric line. Pond
hydroperiod was defined as permanent, temporary, or semi-
permanent (in principle, permanent but dries out once every
several years) based on periodic observations of each pond
in combination with data collected by temperature and/or
water level loggers (Hobo U20L-0x, Onset Brands). One
temperature logger was installed at the deepest area of each
pond and another logger (measuring air temperature) was
installed outside the water close to each pond. When both
temperature records were similar for both of these loggers, it
was assumed that the pond was dry.

Local biotic variables

We used a portable fluorometer to quantify in vivo concen-
trations of chlorophyll-a (mg I'!). We also performed visual
assessments of the percentage of emersed vegetation inside the
pond and on its perimeter, as well as the percentage of open
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water. Fish species richness was assessed by eDNA metaba-
rcoding (methodology in the next section and see also the
Supporting information and Table 2 for a detailed descrip-
tion on the occurrence of each fish species for each country).

eDNA data collection

Amphibian and fish species richness was assessed using
eDNA metabarcoding. Water samples were collected from
cach pond in early spring (April-May) at multiple locations
using a pole with a sterile Whirl-Pak sampling bag attached
to it. Between 15 and 20 subsamples were taken from just
below the water surface, covering the entire pond and cov-
ering all microhabitats. All subsamples of each pond were
merged into a 30-1 bucket containing a sterile plastic bag.
From this pooled sample, a known volume of water was then
filtered on a sterile encapsulated 0.8 pm pore size PES fil-
ter (50 mm diameter), containing a 5 pm glass fibre prefilter
(NatureMetrics). The filter was air-dried using the syringe
and the capsule subsequently filled with 1.5 ml of Longmire’s
buffer for preservation (for more details see Mauvisseau et al.
2021). Filters were stored in the dark at room temperature
prior to DNA extraction at the INBO (Research Institute
for Nature and Forest) e DNA laboratories at Geraardsbergen
(Belgium), which was implemented in less than four months
after sampling.
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Table 1. Quantitative and qualitative independent variables considered for the analysis of the drivers of amphibian species richness in
European ponds. Latitude and longitude were not considered for the BRT models.

Variable Units/categories Definition
Latitude degrees (°) distance of the pond from the Equator
Longitude degrees (°) distance of the pond from the Greenwich Meridian

Mean annual temperature
Mean annual precipitation
Aridity index

Precipitation seasonality

Hydroperiod

Pond area
Pond depth

Turbidity

Total nitrogen

Total phosphorus
Chlorophyll-a concentration

Fish species richness

Emersed vegetation in the pond

Emersed vegetation in the
pond perimeter

Open water

Kelvin degrees (K)
meters per second (m s)
dimensionless

percentage (%)

permanent/semi-permanent/temporary

square meters (m?)
meters (m)

nephelometric turbidity units (NTU)

milligrams per litre (mg I")
milligrams per litre (mg I-")
milligrams per litre (mg I

number of species
percentage (%)
percentage (%)

percentage (%)

Roads presence/absence

Protected area
Arable land use at 0-100 m

protected/unprotected
percentage (%)

Urban land use at 0-100 m percentage (%)

annual mean of the monthly mean temperature
at 2 m above the surface

annual mean of the monthly mean precipitation
rate (both liquid and solid phases)

monthly potential evaporation divided by the monthly
mean precipitation, averaged over the year

annual coefficient of variation of the monthly
precipitation sums

pond expected to be temporary (T), permanent (P), or
semi-permanent (SP, in principle permanent but dries
out once every several years)

area of the pond where the water level is the highest.

mean depth of the pond, measured along two
perpendicular transects each 2 m

turbidity of the pond water

total nitrogen concentration in the pond water

total phosphorus concentration in the pond water

chlorophyll-a concentration in the pond water,
measured in vivo, mean of three measures, proxy for
phytoplankton biomass

number of fish species in the pond, detected using eDNA

coverage of the pond by emersed vegetation

coverage of the perimeter around the pond by
emersed vegetation.

percentage of open water within the pond

presence of a paved or unpaved road, or its absence,
at less than 100 m from the pond

pond situated in a protected area of any kind

percentage of arable land within a 100 m
radius of the pond

percentage of land use of urban origin within a
100 m radius of the pond

Molecular analyses

DNA was extracted using Qiagen’s DNeasy Blood &
Tissue Kit and purified with Qiagen’s DNeasy PowerClean
Cleanup Kit (for more details see Everts et al. 2021). The
extraction process was performed in a dedicated PCR-free
room for low-copy-number template extractions at INBO,
with particulate air-filtered compartments, hence prevent-
ing contamination of eDNA samples. During the lysis-step
in the extraction protocol, for each filter a fixed amount
of internal positive control (IPC) was included. This IPC
consisted of a 149 bp Dengue virus type 2 insert sequence
(GenBank M29095.1) included in a plasmid (for more
details see Brys et al. 2021b) and was used for both qual-
ity control of the resulting DNA extract and as an indicator
of PCR inhibition or failure. The eDNA extract was puri-
fied with MagNA beads and quantified with a Quantus
Fluorometer according to the manufacturer's instructions,
prior to amplification. In case these quality control steps of
the first filter of each pond indicated extraction failure or a
too low DNA quality to further implement in the metabar-
coding workflow or sequencing, the DNA from the second
filter of that pond was extracted instead. Vertebrate-specific

Riaz primers (12S_F1, 5-ACTGGGATTAGATACCCC-
3’;12S_R1, 5-TAGAACAGGCTCCTCTAG-3'), were then
used for DNA amplification, targeting a 142-bp fragment
located on the mitochondrial 12S rRNA Gene (Riaz et al.
2011). Libraries were constructed in triplicate accord-
ing to Brys et al. (2021a), followed by 150 bp paired-end
sequencing on an Illumina HiSeq3000 platform (Admera
Health). Libraries were constructed in triplicate according to
Brys et al. (2021a). Negative PCR controls were additionally
included in the workflow to assess for potential contamina-
tion in the laboratory.

Molecular data processing and cleaning

Raw sequencing data were processed following Brys et al.
(2021a). Taxonomies were assigned using a custom, care-
fully curated reference database containing Riaz amplicons
of European amphibian and fish species (Halfmaerten et al.
2020), and only sequences with a 100% match with this
database were retained. The total number of reads per sample
was used to standardize reads within a sample by convert-
ing raw read counts into relative read abundances (RRA). To
further eliminate read noise, all species with a relative read
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Table 2. Percentage of occurrence (%) of the amphibian species found in the assessed ponds for each country: Spain (SP), Switzerland (CH),
Belgium (BE), Germany (DE), Denmark (DK), Turkey (TK) and the United Kingdom (UK), and in all countries together (Global). Also, if the
species is included in the Annex Il and/or the Annex IV of the European Habitats directive.

Species SP CH BE DK TK UK Global Annex Il Annex IV
Anura

Alytes obstetricans 26.67 3.98
Bombina bombina 17.86 10.34 3.98
Bufo bufo 51.72 66.67 17.86 27.59 29.63 27.86

Bufo spinosus 36.67 5.47

Bufotes viridis 25.00 3.48
Discoglossus pictus 33.33 4.98
Epidalea calamita 16.67 6.90 3.48
Hyla arborea 10.00 10.71 2.99
Hyla orientalis 25.00 3.48

Hyla meridionalis 63.33 9.45
Pelobates cultripes 43.33 6.47
Pelobates fuscus 21.43 2.99
Pelobates syriacus 64.29 8.96
Pelodytes punctatus 20.00 2.99

Pelophylax bedriagae 20.69 3.33 92.86 16.42

Pelophylax lessonae 16.67 17.86 51.72 12.44
Pelophylax perezi 46.67 6.97

Pelophylax ridibundus 72.41 23.33 13.93

Rana arvalis 3.33 10.34 1.99
Rana dalmatina 55.17 3.57 6.90 9.45
Rana temporaria 3.33 37.93 70.00 24.14 40.74 25.37

Caudata

Ichthyosaura alpestris 55.17 76.67 3.57 19.90

Lissotriton helveticus 50.00 31.03 40.00 7.14 18.91

Lissotriton vulgaris 3.45 80.00 42.86 89.66 77.78 41.79

Ommatotriton vittatus 32.14 4.48

Salamandra salamandra 33.33 4.98

Triturus carnifex 37.93 5.47
Triturus cristatus 41.38 16.67 28.57 65.52 62.96 30.35
Triturus dobrogicus 3.45 53.57 7.96

Triturus marmoratus 73.33 10.95

abundance of < 0.001% within a sample were set to zero,
and the average RRA per species across the three technical
replicates was calculated.

Variable selection and analyses

To assess the effect of climatic, land use, and local abiotic
and biotic variables on amphibian richness we used boosted
regression trees (BRTs). Unlike conventional regression meth-
ods, BRTs combine numerous basic decision trees to enhance
predictive performance. BRTs can handle complex relation-
ships and interactions among predictors, and it is considered
a robust technique that can control for outliers and nonlinear-
ity (Elith et al. 2008, Parravicini et al. 2013). BRTs are also
unaffected by multi-collinearity (Kotsiantis 2013). However,
for informative reasons, collinearity among predictors for each
pond was assessed by conducting a Pearson correlation matrix
using the 7corr function of the ‘Hmisc’ package (Harrell 2023)
in R (www.r-project.org), and can be found in the Supporting
information (Fig. 1). The significance of the critical correla-
tion coeflicient was calculated by using the R function gnorm
as qnorm(1—o)/ \/ (n—3), where o is the significance level
(0.05) and n is the number of observations (201).
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BRTs were implemented using the ‘gbm’ package
(Ridgeway 2007) in R, with additional functions outlined
in Elith et al. (2008). This methodology requires four main
parameters to be specified to properly calibrate the model:
1) bag fraction (bf), which denotes the proportion of input
data used at each step while fitting the model to be used for
testing; 2) learning rate (Ir), which quantifies the contribu-
tion of each individual decision tree to the final model; 3)
tree complexity (tc), which defines the number of nodes in
cach fitted tree, thereby determining the level of fitted sta-
tistical interactions between predictors, and 4) total number
of trees (nt), the number of single decision trees on which
the BRT model is built. After testing for sensitivity, we
set bf to 0.75, Ir to 0.001, and tc to 3 and used a Poisson
error distribution. The final number of trees in the model
was determined through a stepwise procedure implemented
in the gbm.step function (Elith et al. 2008) in R, which
yielded an optimal number of 4900 trees. The final model
performance was assessed using the percentage of explained
deviance, which was calculated as 1 — (residual deviance/
total deviance) (Mouchet et al. 2015). A simplified BRT
model was also calculated through the gbm.simplify func-
tion (Elith et al. 2008) to assess the presence of redundant
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predictors that could be degrading the performance of the
model by increasing variance.

To interpret the results, the relative influence of each
explanatory variable in the BRT model was assessed as the
number of times a certain variable was selected for splitting
a single tree, weighted by the squared improvements in error
risk, and then averaged over all trees. Each relative importance
was then standardized such that the sum added up to 100, so
the contribution of variables to the model fit was expressed
as a percentage and ranked to identify the most influential
predictors explaining the highest amount of species richness
variability. Subsequently, the relationship between amphib-
ian species richness and each predictor was assessed through
partial dependence plots, which show the effect of a predic-
tor on the fitted function and fitted values of the response
variable along its data range while accounting for the average
effects of all other predictors in the model. Fitted functions
represent the contribution of each predictor to the overall
model prediction, with values on the y-axis being the con-
tribution (or marginal effect) of that variable to the final
prediction. A fitted value is the final predicted value of the
dependent variable considering the combined effects of all
predictors and decision trees of the model (Elith et al. 2008,
Mouchet et al. 2015). We also identified the most important
interactions between each pair of predictors using the gbm.
interactions function (Elith et al. 2008), which creates a linear
model for each pair of predictors, while considering the effect
of all the other variables. The residual variance (interaction
values) of this model indicates the strength of the interaction
fitted by the BRTs, with a value of zero indicating that no
interaction effects are fitted, ranging up to a value of one for
total interaction.

Results

In the entire set of assessed ponds (n=201), thirty different
amphibian species were detected (Table 2). The average num-
ber of species in each pond and its SD was 3.2 + 1.8, with
Spain possessing the highest average local richness (4.7 + 2.1)
and the United Kingdom the lowest (2.1 + 1.1). Some species
were restricted to a single country, being Spain the one with
the highest count of unique species (9), followed by Turkey
(5), Switzerland (1) and Germany (1). The most frequent
species was Lissotriton vulgaris, found in 41.8% of all ponds
across the studied countries, followed by Triturus cristatus
(30.4%), Bufo bufo (27.9%) and Rana temporaria (25.4%).
Most of the encountered species are listed in annex IV of
the European Habitats Directive (1992), and four species are
included in the annex II of the same directive: Bombina bom-
bina, Triturus carnifex, T. cristatus and T. dobrogicus (Table 2).
All the observed species are categorized as Least concern by
the JIUCN Red List (2023), except for Bufo spinosus (Not
assessed) and Pelobates cultripes (Vulnerable).

The BRT model describing the patterns of amphibian spe-
cies richness explained 56.5% of model deviance. Considering
the relative influence of each explanatory variable in the

model, amphibian species richness was best predicted by local
biotic variables (34.8%) (Fig. 2): chlorophyll-a concentration
(23.2%), fish species richness (5.6%), and emersed vegeta-
tion within the pond perimeter (3.8%). The fraction of open
water in the pond (1.4%) and emersed vegetation percentage
inside the pond were less important (0.7%). Altogether, cli-
matic variables had a similar importance to local biotic vari-
ables (32.2%): annual mean precipitation (14.8%), annual
mean temperature (12.8%), aridity index (2.8%) and precip-
itation seasonality (1.7%). Local abiotic variables also played
an important role (29.1%): pond area (8.4%), pond depth
(7.6%), total nitrogen (6.7%) and total phosphorus (2.8%),
water turbidity (3.4%), and hydroperiod (0.2%). Once local
abiotic factors are accounted for, land use variables assessed
in the present study had a low influence in the amphibian
richness in the BRT model (3.9%): urban land use (1.8%),
location of pond in a protected area (1.7%), arable land use
(0.3%), and presence of nearby roads (0.1%). The simplified
version of the model (i.e. without redundant predictors) had
a performance of 45.3% and showed that amphibian richness
was best explained by chlorophyll-a concentration (27.5%),
annual mean precipitation (27.0%), annual mean tempera-
ture (19.5%), pond area (13.1%) and pond depth (12.9%),
reaffirming the importance of both local pond characteristics
and climatic variables on amphibian species richness.

Partial dependence plots and fitted values for the eight
most influencing variables (Fig. 3) show that the highest
amphibian species richness was observed in less nutrient-rich
ponds (low concentrations of chlorophyll-a and nutrients) in
warmer and rainier regions, as well as in relatively shallow
(less than 1.5 m deep) and intermediate sized (200-2500
m?) ponds, fishless, and with a high vegetation cover in
pond shoreline areas. These ponds were located at latitudes
between 41° and 43° (Spain) and longitudes between 3°
and 6° (Spain, Switzerland, and Denmark). Ponds located in
protected areas also show a slightly higher amphibian species
richness. Data points for the fitted values of all the considered
variables can be found in the Supporting information (Fig. 2).
Interactions among predictors were found, the strongest of
which were observed between annual mean temperature and
annual mean precipitation (interaction value of 0.46), as well
as pond depth and chlorophyll-a concentration (interaction
value of 0.33). Interactions that present an interaction value
higher than 0.10 are detailed in the Supporting information.

Discussion

We conducted a comprehensive study to evaluate the rela-
tive effect of multiple climatic, land use, and local abiotic
and biotic factors on amphibian species richness in European
ponds. In large scale studies, it is well-known that amphib-
ian species richness is related to the latitudinal range, as cli-
mate predictors such as water availability and temperature are
important range-limiting factors for these cold-blooded and
highly moisture dependent animals (Buckley and Jetz 2007).

This relationship can be observed in our results as climatic
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Figure 2. Relative influence of each explanatory variable in the BRT model of amphibian species richness in the 201 study ponds. All stud-
ied variables are explained in detail in Table 1.
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factors explain a high proportion of the variation in amphib-
ian species richness. However, beyond this general large scale
latitudinal gradient, our study provides evidence support-
ing that local pond characteristics, particularly chlorophyll-
a concentration, but also pond area and depth, are of key
importance when predicting amphibian species richness in
ponds.

The observation that climatic factors affected amphib-
ian species richness aligns with general amphibian distri-
bution models in Europe (Aradjo et al. 2006, Tsianou and
Kallimanis 2019) and corroborates previous studies on
ponds albeit at the within-country scale (Rosset et al. 2010,
Trumbo etal. 2012). Indeed, the climatic attributes of a pond
control their seasonal temperature and precipitation patterns
(Eris and Agiralioglu 2009, Aron et al. 2023). European
amphibian species richness follows a north-south gradient,
shaped by historical climate stability during the Quaternary
(Aratjo et al. 2008) and currently influenced by contempo-
rary rainfall and temperature drivers (Mouchet et al. 2015).
These macroclimatic conditions determine water availability,
a critical factor for the survival of amphibian eggs and lar-
vae in Europe (Aratjo et al. 2006, Buckley and Jetz 2007).
However, despite the strong influence of climatic drivers,
we observed that local abiotic and biotic pond characteris-
tics had a key influence on amphibian species richness in our
assessed ponds.

The most important predictor explaining the variation of
amphibian species richness was chlorophyll-a concentration.
At low concentrations, even a small increase in chlorophyll-a
concentration had a strong negative impact on amphibian
species richness. However, beyond 50 mg 17, further increases
in chlorophyll-a had little additional effect, hinting a possible
ecological threshold for European pond amphibians in this
regard (Denoél and Ficetola 2007). Chlorophyll-a concentra-
tion is a key proxy for a eutrophication development, which
is caused by high concentrations of nitrogen and phosphorus
(Knutson et al. 2004, Johnson et al. 2007, Schmutzer et al.
2008). Pond ecutrophication can decrease amphibian spe-
cies richness by the reducing egg and larval survival rates
(Knutson et al. 2004), diminished reproductive success
(Schmutzer et al. 2008), and by increasing susceptibility to
pathogenic infections (Johnson et al. 2007). Eutrophication
is a common problem in ponds located in the vicinity of
agricultural land, exposed to increased levels of artificial and
natural fertilizers (Houlbrooke et al. 2004, Nyenje et al.
2010, Merz et al. 2023) and intense cattle disturbance
(Schmutzer et al. 2008, Howell et al. 2019). Accordingly,
management options aimed at increasing amphibian species
richness for ponds would do well to focus on implementing
measures to reduce nutrient load (Koskiaho et al. 2003, Zhou
and Boyd 2015) and livestock management aimed at restrict-
ing or reducing cattle access and achieving appropriate stock
levels (Schmutzer et al. 2008).

Pond area and depth were also key drivers of amphibian
richness. Fitted values show that the highest richness was
observed at intermediate-sized and shallow ponds. This pat-
tern may be due to smaller and shallower ponds having a

higher probability of drying, with larger and deeper ponds
being more prone to fish colonization and persistence of fish
populations (Semlitsch et al. 2015). These mechanisms can
drive the peak of amphibian richness at intermediate values
of pond size (Knutson et al. 2004, Semlitsch et al. 2015).
The increase in fish species richness emerged as a signifi-
cant driver of amphibian diversity decline, with our results
showing a pronounced effect when three or more fish species
were present in a pond, as a higher fish richness may con-
tain generalist or even invasive species that pose larger risk
to amphibians. Predatory fish are generally acknowledged as
a driver of reduced amphibian species richness (Hecnar and
M’Closkey 1997, Kats and Ferrer 2003, Burrow and Maerz
2022). Amphibian eggs and tadpoles, as well as adults, are
notably vulnerable to predation by multiple fish taxa found
in our study (i.e. Carassius gibelio., Lepomis spp., Esox lucius
and Gambusia affinis) (Hecnar and M’Closkey 1997, Kats
and Ferrer 2003, Ruppert et al. 2017). Beyond direct preda-
tion, fish can also indirectly affect amphibian populations.
For example, Cyprinus carpio can increase water turbid-
ity and promote eutrophication by reducing zooplankton
abundance and thus the grazing pressure on phytoplank-
ton (Jeppesen et al. 2012, Kajgrovd et al. 2022). Moreover,
fish can compete with amphibians for vital food resources,
potentially leading to competitive exclusion (Hecnar and
M’Closkey 1997, Kacergyte et al. 2021), while fish introduc-
tions to ponds can serve as disease vectors, as they can carry
pathogenic fungi, thus further exacerbating egg mortalities
(Herczeg et al. 2021). In terms of management, ponds with-
out naturally occurring fish should be kept fishless if the aim
is to maximize amphibian abundance, richness, and diversity
(Semlitsch et al. 2015). Nonetheless, it needs to be recognised
that some European fish species (e.g. Carassius carassius) are
themselves threatened and it is important to recognise this in
the management decision-making process (Sayer et al. 2020).

Although pond vegetation can interact with the amphib-
ian community via the provision of structural and functional
resources, it only explained a very small amount of variation
in amphibian species richness in our study. This observation
contrasts with other studies that show that plant cover is a
reliable predictor of amphibian richness in ponds (Santi et al.
2010, da Silva et al. 2012, Burrow and Maerz 2022).
Similarly, the direct land use factors considered in our study
did not exert a strong influence on amphibian species rich-
ness. Our results rather point to the importance of climatic
and selected local environmental conditions (both biotic and
abiotic).

We acknowledge that our study considers contemporary
climatic drivers of amphibian species richness but does not
include historical climate variables. Previous research has
shown that paleoclimatic processes have had a major impact
on current amphibian species richness gradients (Aragjo et al.
2008). Thus, future studies integrating paleoclimatic data
could provide a more comprehensive understanding of how
historical and contemporary processes interact to shape
amphibian diversity. We also acknowledge that our analy-
sis relies only on data collected during one time period (i.e.
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sampling period) and, while we cover a broad range of poten-
tial drivers, it does not take into consideration all potential
drivers of pond amphibian richness, such as macroinverte-
brate densities, the effect of canopy cover, or connectivity
between ponds (Semlitsch et al. 2015). Future studies should
also consider evaluating fish abundance alongside fish species
richness as a driver of amphibian richness. We also acknowl-
edge the intrinsic limitations of field studies to establish clear
cause and effect relationships (Mouchet et al. 2015). Ye, the
use of BRTs is reliable in this context of complex data struc-
ture (Elith et al. 2008), and our results provide a clear pattern
on how multiple pond characteristics play out in explain-
ing the amphibian species richness of pond ecosystems on
a large geographical scale. This study can feed directly into
developing European-wide conservation initiatives (e.g.
European Pond Conservation Network) and importantly
provides information relevant to local-scale pond projects
allowing stakeholders and decision makers to undertake bet-
ter informed amphibian conservation actions (Grant et al.
2020).

In conclusion, our results emphasize the importance of
local biotic and abiotic factors, especially chlorophyll-a con-
centration and pond size, in shaping richness patterns for
European amphibians. These potential drivers of amphibian
richness should be considered in the planning and implemen-
tation of amphibian conservation and management actions.
Odur results also highlight the value of using eDNA metabar-
coding to assess amphibian richness.

Acknowledgements—\¥ewant to express our gratitude to the dedicated
teams and individuals from PONDERFUL consortium who played
crucial roles in the fieldwork, samplings and laboratory processing
across the participating countries. Especial acknowledgements to
Sabrina Neyrinck and David Halfmaerten for the eDNA sampling
and processing coordination across the participating countries.
Funding — This research has received funding from the European
Unions Horizon 2020 research and innovation programme
under grant agreement no. ID 869296 — The PONDERFUL
project. Lopez-de Sancha, A., Benejam, L., Cuenca-Cambronero,
M., Davidson, T. A., De Meester, L., Mehner, T., Beklioglu, M.
and Brucet, S. were also partially funded by Biodiversa+ project
TRANSPONDER (PCI2023-145983-2) funded by MCIN/AEI
/10.13039/501100011033/UE. The lead author received funding
from INVESTIGO Programme by Generalitat de Catalunya.

Author contributions

Alejandro Lépez-de Sancha: Conceptualization (lead);
Data curation (lead); Formal analysis (lead); Funding acqui-
sition (supporting); Methodology (lead); Software (lead);
Validation (lead); Visualization (lead); Writing — origi-
nal draft (lead); Writing — review and editing (lead). Lluis
Benejam: Conceptualization (equal); Formal analysis (sup-
porting); Funding acquisition (equal); Methodology (equal);
Resources (equal); Software (supporting); Supervision
(lead); Validation (supporting); Visualization (equal);
Writing — original draft (supporting); Writing — review
and editing (supporting). Dani Boix: Conceptualization

Page 10 of 14

(supporting); Data curation (supporting); Funding acquisi-
tion (equal); Resources (supporting); Validation (support-
ing); Visualization (supporting); Writing — original draft
(supporting); Writing — review and editing (supporting).
Lars Briggs: Data curation (supporting); Funding acquisi-
tion (equal); Validation (supporting); Visualization (support-
ing); Writing — original draft (supporting); Writing — review
and editing (supporting). Maria Cuenca-Cambronero:
Data curation (supporting); Methodology (supporting);
Validation (supporting); Visualization (supporting); Writing
— original draft (supporting); Writing — review and editing
(supporting). Thomas A. Davidson: Conceptualization
(supporting); Data curation (supporting); Formal analysis
(supporting); Funding acquisition (equal); Methodology
(supporting); Project administration (supporting); Resources
(supporting); Software (supporting); Validation (supporting);
Writing — original draft (supporting); Writing — review and
editing (supporting). Luc De Meester: Conceptualization
(supporting); Data curation (supporting); Funding acquisi-
tion (equal); Methodology (supporting); Project adminis-
tration (lead); Resources (equal); Validation (supporting);
Writing — original draft (supporting); Writing — review and
editing (supporting). Julie C. Fahy: Data curation (support-
ing); Methodology (supporting); Validation (supporting);
Writing — original draft (supporting); Writing — review and
editing (supporting). Pieter Lemmens: Conceptualization
(supporting); Data curation (lead); Formal analysis (support-
ing); Methodology (supporting); Validation (supporting);
Visualization (supporting); Writing — original draft (sup-
porting); Writing — review and editing (supporting). Beatriz
Martin: Data curation (supporting); Formal analysis (sup-
porting); Methodology (supporting); Resources (support-
ing); Software (supporting); Validation (supporting); Writing
— original draft (supporting); Writing — review and editing
(supporting). Thomas Mehner: Conceptualization (sup-
porting); Data curation (supporting); Funding acquisition
(equal); Methodology (supporting); Resources (supporting);
Software (supporting); Validation (supporting); Visualization
(supporting); Writing — original draft (supporting); Writing
— review and editing (supporting). Beat Oertli: Data cura-
tion (supporting); Funding acquisition (equal); Supervision
(supporting); Validation (supporting); Writing — original
draft (supporting); Writing — review and editing (support-
ing). Marzenna Rasmussen: Data curation (supporting);
Funding acquisition (equal); Validation (supporting);
Writing — original draft (supporting); Writing — review and
editing (supporting). Helen M. Greaves: Data curation (sup-
porting); Resources (supporting); Validation (supporting);
Writing — original draft (supporting); Writing — review and
editing (supporting). Carl Sayer: Data curation (support-
ing); Funding acquisition (equal); Resources (supporting);
Validation (supporting); Writing — original draft (support-
ing); Writing — review and editing (supporting). Meryem
Beklioglu: Data curation (supporting); Funding acquisi-
tion (equal); Validation (supporting); Writing — original
draft (supporting); Writing — review and editing (support-
ing). Rein Brys: Data curation (supporting); Methodology

85UB01 7 SUOWILLIOD AIIERID B |edi[dde ay) Aq peusenob 818 sajole YO 8sN JO S9N 10} ARidTaUIIUQ AB]IA UO (SUOTHPUOD-PU-SWLBIALICD" A8 1M ARe.d 1 |Bul Uo//Sdy) SUONIPUOD pue swie | 84} 88S *[5202/0/0T] uo Akeiqiauliuo A8|IM ‘SeISBAIN Iuse L NBoaeno Aq 26206098 TTTT'OT/I0p/ W00 A8 1M AeIq1jpuIUOS feuINOfosu//sdiy Wwoly papeojumod ‘0 ‘2850009T



(supporting); Resources (supporting); Validation (support-
ing); Writing — original draft (supporting); Writing — review
and editing (supporting). Sandra Brucet: Conceptualization
(lead); Data curation (equal); Formal analysis (equal);
Funding acquisition (lead); Methodology (equal); Project
administration (lead); Resources (lead); Software (equal);
Supervision (lead); Validation (lead); Visualization (equal);
Writing — original draft (supporting); Writing — review and
editing (supporting).

Transparent peer review

The peer review history for this article is available at https
o/ Iwww.webofscience.com/api/gateway/wos/peer-review/ 10.
1111/ecog.07347.

Data availability statement

Data are available from the Dryad Digital Repository: hteps
://doi.org/10.5061/dryad.hdr7sqvtq (Lopez et al. 2024).

Supporting information

The Supporting information associated with this article is
available with the online version.

References

Albert, J. S., Destouni, G., Duke-Sylvester, S. M., Magurran, A.
E., Oberdorff, T., Reis, R. E., Winemiller, K. and Ripple, W. J.
2021. Scientists’ warning to humanity on the freshwater biodi-
versity crisis. — Ambio 50: 85-94.

Aratjo, M., Thuiller, W. and Pearson, R. 2006. Climate warming
and the decline of amphibians and reptiles in Europe. — J. Bio-
geogr. 33: 1712-1728.

Aratjo, M., Nogués-Bravo, D., Diniz-Filho, J., Haywood, A,
Valdes, P. and Rahbek, C. 2008. Quaternary climate changes
explain diversity among reptiles and amphibians. — Ecography
31: 8-15.

Aron, P. G, Li, S., Brooks, J. R., Welker, J. M. and Levin, N. E.
2023. Seasonal variations in triple oxygen isotope ratios of pre-
cipitation in the western and central United States. — Paleocean-
ogr. Paleoclimatol. 38: €2022:A004458.

Arribas, R., Diaz-Paniagua, C. and Gémez-Mestre, 1. 2014. Eco-
logical consequences of amphibian larvae and their native and
alien predators on the community structure of temporary
ponds. — Freshwater Biol. 59: 1996-2008.

Beebee, T. J. and Griffiths, R. A. 2005. The amphibian decline
crisis: a watershed for conservation biology? — Biol. Conserv.
125: 271-285.

Beja, P and Alcazar, R. 2003. Conservation of Mediterranean tem-
porary ponds under agricultural intensification: an evaluation
using amphibians. — Biol. Conserv. 114: 317-326.

Belden, L. K. 2006. Impact of eutrophication on wood frog, Rana
sylvatica, tadpoles infected with Echinostoma trivolvis cercariae.
— Can. J. Zool. 84: 1315-1321.

Biggs, J., Fumetti, S. von and Kelly-Quinn, M. 2017. The impor-
tance of small waterbodies for biodiversity and ecosystem ser-
vices: implications for policy makers. — Hydrobiologia 793: 3—39.

Blowes, S. A., Daskalova, G. N., Dornelas, M., Engel, T., Gotelli,
N. J., Magurran, A. E., Martins, I. S., McGill, B., McGlinn,
D. ]., Sagouis, A., Shimadzu, H., Supp, S. R. and Chase, J. M.
2022. Local biodiversity change reflects interactions among
changing abundance, evenness, and richness. — Ecology 103:
€3820.

Brys, R., Haegeman, A., Halfmaerten, D., Neyrinck, S., Staelens,
A., Auwerx, J. and Ruttink, T. 2021a. Monitoring of spatiotem-
poral occupancy patterns of fish and amphibian species in a
lentic aquatic system using environmental DNA. — Mol. Ecol.
30: 3097-3110.

Brys, R., Halfmaerten, D., Neyrinck, S., Mauvisseau, Q., Auwerx,
J., Sweet, M. and Mergeay, J. 2021b. Reliable eDNA detection
and quantification of the European weather loach (Misgurnus
fossilis). — J. Fish Biol. 98: 399-414.

Buckley, L. B. and Jetz, W. 2007. Environmental and historical
constraints on global patterns of amphibian richness. — Proc.
R. Soc. B 274: 1167-1173.

Burrow, A. and Maerz, J. 2022. How plants affect amphibian pop-
ulations. — Biol. Rev. 97: 1749-1767.

Calderon, M. R., Almeida, C. A., Gonzélez, P. and Jofré, M. B.
2019. Influence of water quality and habitat conditions on
amphibian community metrics in rivers affected by urban activ-
ity. — Urban Ecosyst. 22: 743-755.

Curado, N., Hartel, T. and Arntzen, J. W. 2011. Amphibian pond
loss as a function of landscape change—a case study over three
decades in an agricultural area of northern France. — Biol. Con-
serv. 144: 1610-1618.

da Silva, E R., Candeira, C. P and Rossa-Feres, D.d.C. 2012.
Dependence of anuran diversity on environmental descriptors
in farmland ponds. — Biodivers. Conserv. 21: 411-424.

Deacon, C., Samways, M. J. and Pryke, J. S. 2018. Artificial reser-
voirs complement natural ponds to improve pondscape resil-
ience in conservation corridors in a biodiversity hotspot. — PLoS
One 13: €0204148.

Denoél, M. and Ficetola, G. E 2007. Landscape-level thresholds
and newt conservation. — Ecol. Appl. 17: 302-309.

Eiler, A., Lofgren, A., Hjerne, O., Nordén, S. and Saetre, P. 2018.
Environmental DNA (eDNA) detects the pool frog (Pelophylax
lessonae) at times when traditional monitoring methods are
insensitive. — Sci. Rep. 8: 5452.

Elith, J., Leathwick, J. R. and Hastie, T. 2008. A working guide to
bossted regression trees. — J. Anim. Ecol. 77: 802-813.

Eris, E. and Agiralioglu, N. 2009. Effect of coastline configuration
on precipitation distribution in coastal zones. — Hydrol. Pro-
cesses 23: 3610-3618.

Everts, T., Halfmaerten, D., Neyrinck, S., De Regge, N., Jacque-
myn, H. and Brys, R. 2021. Accurate detection and quantifica-
tion of seasonal abundance of American bullfrog (Lithobates
catesbeianus) using ddPCR eDNA assays. — Sci. Rep. 11:
11282.

Everts, T., Van Driessche, C., Neyrinck, S., Haegeman, A., Ruttink,
T., Jacquemyn, H. and Brys, R. 2024. Phenological mismatches
mitigate the ecological impact of a biological invader on
amphibian communities. — Ecol. Appl. 34: E3017.

Ficetola, G. E. and Maiorano, L. 2016. Contrasting effects of tem-
perature and precipitation change on amphibian phenology,
abundance and performance. — Oecologia 181: 683-693.

Gozlan, R. E., Karimov, B. K., Zadereev, E., Kuznetsova, D. and
Brucet, S. 2019. Status, trends, and future dynamics of fresh-
water ecosystems in Europe and Central Asia. — Inland Waters

9: 78-94.

Page 11 of 14

85UB01 7 SUOWILLIOD AIIERID B |edi[dde ay) Aq peusenob 818 sajole YO 8sN JO S9N 10} ARidTaUIIUQ AB]IA UO (SUOTHPUOD-PU-SWLBIALICD" A8 1M ARe.d 1 |Bul Uo//Sdy) SUONIPUOD pue swie | 84} 88S *[5202/0/0T] uo Akeiqiauliuo A8|IM ‘SeISBAIN Iuse L NBoaeno Aq 26206098 TTTT'OT/I0p/ W00 A8 1M AeIq1jpuIUOS feuINOfosu//sdiy Wwoly papeojumod ‘0 ‘2850009T


https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ecog.07347
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ecog.07347
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ecog.07347
https://doi.org/10.5061/dryad.hdr7sqvtq
https://doi.org/10.5061/dryad.hdr7sqvtq

Grant, E. H., Miller, D. and Muths, E. 2020. A synthesis of evi-
dence of drivers of amphibian declines. — Herpetologica 76:
101-107.

Griffiths, R. A. 1997. Temporary ponds as amphibian habitats. —
Aquat. Conserv. 7: 119-126.

Habitats Directive 1992. Council Directive 92/42/EEC of 21 May
1992 on the conservation of natural habitats and of wild Fauna
and Flora. — Off. J. Eur. Commun.. 1.206: 0007-0050.

Halfmaerten, D., Haegeman, A., Neyrinck, S., Verschaeve, L., Van
Breusegem, A., Van Liefferinge, N., Geeraerts, C. and Brys, R.
2020. 12§ metabarcoding reference data from the Research
Institute for Nature and Forest (INBO) (ver. 20230906) [Data
set]. — Zenodo https://zenodo.org/records/10422227, DOI:
10.5281/zenod0.3730933.

Hamer, A. ]. and Parris, K. M. 2011. Local and landscape deter-
minants of amphibian communities in urban ponds. — Ecol.
Appl. 21: 378-390.

Hansen, N. A., Scheele, B. C., Driscoll, D. A. and Lindenmayer,
D. B. 2019. Amphibians in agricultural landscapes: the habitat
value of crop areas, linear plantings and remnant woodland
patches. — Anim. Conserv. 22: 72-82.

Harper, L. R., Handley, L. L., Hahn, C., Boonham, N., Rees, H.
C., Lewis, E., Adams, 1. P, Brotherton, P, Phillips, S. and Hin-
fling, B. 2019a. Generating and testing ecological hypotheses
at the pondscape with environmental DNA metabarcoding: a
case study on a threatened amphibian. — Environ. DNA 2:
184-199.

Harrell, J. E 2023. Hmisc: Harrell miscellaneous. — R package ver.
5.1-0, https://CRAN.R-project.org/package=Hmisc.

Hecnar, S. J. and M’Closkey, R. T. 1997. The effects of predatory
fish on amphibian species richness and distribution. — Biol.
Conserv. 79: 23-131.

Herczeg, D., Ujszegi, J., Kdsler, A., Holly, D. and Hettey, A. 2021.
Host—multiparasite interactions in amphibians: a review. — Par-
asit. Vectors 14: 296.

Hill, M. J. et al. 2021. Pond ecology and conservation: research
priorities and knowledge gaps. — Ecosphere 12: ¢03853.

Holgerson, M. A. and Raymond, . A. 2016. Large contribution to
inland water CO, and CH, emissions from very small ponds.
— Nat. Geosci. 9: 222-226.

Houlbrooke, D. J., Horne, D. J., Hedley, M. J., Hanly, J. A. and
Snow, V. O. 2004. A review of literature on the land treatment
of farm-dairy effluent in New Zealand and its impact on water
quality. — N. Z. J. Agric. Res. 47: 499-511.

Howell, H. J., Mothes, C. C., Clements, S. L., Catania, S. V.,
Rothermel, B. B. and Searcy, C. A. 2019. Amphibian responses
to livestock use of wetlands: new empirical data and a global
review. — Ecol. Appl. 29: 01976.

Ilg, C. and Oertli, B. 2017. Effectiveness of amphibians as biodi-
versity surrogates in pond conservation. — Conserv. Biol. 31:
437-445.

TUCN 2023. The IUCN red list of threatened species, ver. 2021-3.
— hteps://www.iucnredlist.org.

Jeliazkov, A., Chiron, E, Garnier, ]., Besnard, A., Silvestre, M. and
Jiguet, E 2014. Level-dependence of the relationships between
amphibian biodiversity and environment in pond systems
within an intensive agricultural landscape. — Hydrobiologia
723: 7-23.

Jeppesen, E., Sendergaard, M., Lauridsen, T. L., Davidson, T. A.,
Liu, Z., Mazzeo, N., Trochine, C., Ozkan, K, Jensen, H. S.,
Trolle, D., Starling, F, Lazzaro, X., Johansson, L. S., Bjerring,
R., Liboriussen, L., Larsen, S. E., Landkildehus, F.,, Egemose,

Page 12 of 14

S. and Meerhoff, M. 2012. Biomanipulation as a restoration
tool to combat eutrophication: recent advances and future chal-
lenges. — Adv. Ecol. Res. 47: 411-488.

Johnson, P. T. and Chase, J. M. 2004. Parasites in the food web:
linking amphibian malformations and aquatic eutrophication.
— Ecol. Lett. 7: 521-526.

Johnson, P. T., Chase, J. M., Dosch, K. L., Hartson, R. B., Gross,
J. A., Larson, D. J., Sutherland, D. R. and Carpenter, S. R.
2007. Aquatic eutrophication promotes pathogenic infection in
amphibians. — Proc. Natl Acad. Sci. USA 104: 15781-15786.

Kacergyte, 1., Petersson, E., Arlt, D., Hellstrom, M., Knape, J.,
Spens, J., Zmihorski, M. and Pirt, T. 2021. Environmental
DNA metabarcoding elucidates patterns of fish colonisation
and co-occurrences with amphibians in temperate wetlands cre-
ated for biodiversity. — Freshwater Biol. 66: 1915-1929.

Kajgrovd, L., Blabolil, P, Drozd, B., Roy, K., Regenda, J., Sorf, M.
and Vrba, J. 2022. Negative effects of undesirable fish on com-
mon carp production and overall structure and functioning of
fishpond ecosystems. — Aquaculture 549: 737811.

Kats, L. B. and Ferrer, R. P. 2003. Alien predators and amphibian
declines: review of two decades of science and the transition to
conservation. — Divers. Distrib. 9: 99-110.

Knutson, M. G., Richardson, W. B., Reineke, D. M., Gray, B. R.,
Parmelee, J. R. and Weick, S. E. 2004. Agricultural ponds sup-
port amphibian populations. — Ecol. Appl. 14: 669-684.

Koskiaho, J., Ekholm, P, Rity, M., Riihimiki, J. and Puustinen,
M. 2003. Retaining agricultural nutrients in constructed wet-
lands - experiences under boreal conditions. — Ecol. Eng. 20:
89-103.

Kotsiantis, S. B. 2013. Decision trees: a recent overview. — Artif.
Intell. Rev. 39: 261-283.

Lescano, J. N., Bellis, L. M., Hoyos, L. E. and Leynaud, G. C.
2015. Amphibian assemblages in dry forests: multi-scale vari-
ables explain variations in species richness. — Acta Oecol. 65-66:
41-50.

Li, W., Hou, X,, Xu, C., Qin, M., Wang, S., Wei, L., Wang, Y.,
Liu, X. and Li, Y. 2021. Validating e DNA measurements of the
richness and abundance of anurans at a large scale. — J. Anim.
Ecol. 90: 1466-1479.

Lopez, A., Benejam, L., Boix, D., Briggs, L., Cuenca-Cambronero,
M., Davidson, T. A., De Meester, L., Fahy, J., Lemmens, P,
Martin, B., Mehner, T., Oertli, B., Rasmussen, M., Greaves,
H., Sayer, C., Beklioglu, M., Brys, R. and Brucet, S. 2024. Data
from: Drivers of amphibian species richness in European ponds.
— Dryad Digital Repository, hteps://doi.org/10.5061/dryad.
hdr7sqvtq.

Luedtke, J. A. et al. 2023. Ongoing declines for the world’s
amphibians in the face of emerging threats. — Nature 622:
308-314.

Magurran, A. E. 2004. Measuring biological diversity. The com-
monness, and rarity, of species (Chapter 2). — Blackwell Science,
pp. 18-71.

Manny, B. A., Johnson, W. C. and Wetzel, R. G. 1994. Nutrient
additions by waterfowl to lakes and reservoirs: predicting their
effects on productivity and water quality. — Hydrobiologia 279:
121-132.

Mauvisseau, Q., Halfmaerten, D., Neyrinck, S., Burian, A. and
Brys, R. 2021. Effects of preservation strategies on environmen-
tal DNA detection and quantification using ddPCR. — Environ.
DNA 3: 815-822.

Merz, E., Saberski, E., Gilarranz, L., Isles, P, Sugihara, G., Berger,
C. and Pomati, E 2023. Disruption of ecological networks in

85UB01 7 SUOWILLIOD AIIERID B |edi[dde ay) Aq peusenob 818 sajole YO 8sN JO S9N 10} ARidTaUIIUQ AB]IA UO (SUOTHPUOD-PU-SWLBIALICD" A8 1M ARe.d 1 |Bul Uo//Sdy) SUONIPUOD pue swie | 84} 88S *[5202/0/0T] uo Akeiqiauliuo A8|IM ‘SeISBAIN Iuse L NBoaeno Aq 26206098 TTTT'OT/I0p/ W00 A8 1M AeIq1jpuIUOS feuINOfosu//sdiy Wwoly papeojumod ‘0 ‘2850009T


https://zenodo.org/records/10422227
DOI: 10.5281/zenodo.3730933
DOI: 10.5281/zenodo.3730933
https://CRAN.R-project.org/package=Hmisc
https://www.iucnredlist.org
https://doi.org/10.5061/dryad.hdr7sqvtq
https://doi.org/10.5061/dryad.hdr7sqvtq

lakes by climate change and nutrient fluctuations. — Nat. Clim.
Change 13: 389-396.

Moor, H., Bergamini, A., Vorburger, C. and Schmidt, B. R. 2022.
Bending the curve: simple but massive conservation action leads
to landscape-scale recovery of amphibians. — Proc. Natl Acad.
Sci. USA 119: €2123070119.

Moss, W., Lynsey, R., Davis, M., Goldberg, C., Smith, M. and
Johnson, P. 2022. Navigating the trade-offs between environ-
mental DNA and conventional field surveys for improved
amphibian monitoring. — Ecosphere 13: €3941.

Mouchet, M., Levers, C., Zupan, L., Kuemmerle, T., Plutzar, C.,
Erb, K., Lavorel, S., Thuiller, W. and Haberl, H. 2015. Testing
the effectiveness of environmental variables to explain European
terrestrial vertebrate species richness across biogeographical
scales. — PLoS One 10: e0131924.

Nakagawa, H., Fukushima, K., Sakai, M., Wu, L. and Minamoto,
T. 2022. Relationships between the eDNA concentration
obtained from metabarcoding and stream fish abundance esti-
mated by the removal method under field conditions. — Envi-
ron. DNA 4: 1369-1380.

Nyenje, P M., Foppen, J. W., Uhlenbrook, S., Kulabako, R. and
Muwanga, A. 2010. Eutrophication and nutrient release in
urban areas of sub-Saharan Africa — a review. — Sci. Total Envi-
ron. 408: 447—-455.

Oertli, B., Biggs, J., Céréghino, R., Grillas, P, Joly, I and
Lachavanne, J. B. 2005. Conservation and monitoring of pond
biodiversity: introduction. — Aquat. Conserv. 15: 535-540.

Parravicini, V., Kulbicki, M., Bellwood, D. R., Friedlander, A. M.,
Arias-Gonzalez, J. E., Chabanet, P, Floeter, S. R., Myers, R.,
Vigliola, L., D’Agata, S. and Mouillot, D. 2013. Global pat-
terns and predictors of tropical reef fish species richness. — Ecog-
raphy 36: 1254-1262.

Peltzer, P, Lajmanovich, R., Sdnchez-Herndndez, J., Cabagna, M.,
Attademo, A. and Bassd, A. 2008. Effects of agricultural pond
eutrophication on survival and health status of Scinax nasicus
tadpoles. — Ecotoxicol. Environ. Saf. 70: 185-197.

Reyes-Moya, L., Sdnchez-Montes, G. and Martinez-Solano, I. 2022.
Integrating dispersal, breeding and abundance data with graph
theory for the characterization and management of functional
connectivity in amphibian pondscapes. — Landscape Ecol. 37:
3159-3177.

Riaz, T., Shehzad, W., Viari, A., Pompanon, E, Taberlet, P. and
Coissac, E. 2011. ecoprimers: inference of new DNA barcode
markers from whole genome sequence analysis. — Nucleic Acids
Res. 39: el45.

Ribeiro Jr., J. W,, Siqueira, T., Brejao, G. L. and Zipkin, E. E 2018.
Effects of agriculture and topography on tropical amphibian
species and communities. — Ecol. Appl. 28: 1554-1564.

Richardson, D. C. et al. 2022. A functional definition to distin-
guish ponds from lakes and wetlands. — Sci. Rep. 12: 10472.

Ridgeway, G. 2007. gbm: generalized boosted regression models.
— R package ver. 1.6-3, http://cran.r-project.org/web/packages/
gbm.pdf.

Rosset, V., Lehmann, A. and Oertli, B. 2010. Warmer and richer?
Predicting the impact of climate warming on species richness
in small temperate waterbodies. — Global Change Biol. 16:
2376-2387.

Ruppert, J. L., Docherty, C., Neufeld, K., Hamilton, K., MacPher-
son, L. and Poesch, M. 2017. Native freshwater species get out
of the way: prussian carp (Carassius gibelio) impacts both fish
and benthic invertebrate communities in North America. — R.

Soc. Open Sci. 4: 170400.

Ruppert, K. M., Kline, R. J. and Rahman, M. S. 2019. Past, pre-
sent, and future perspectives of environmental DNA (eDNA)
metabarcoding: a systematic review in methods, monitoring,
and applications of global eDNA. — GECCO 17: e00547.

Ruso, G., Morrissey, C., Hogan, N., Sheedy, C., Gallant, M. and
Jardine, T. 2019. Detecting amphibians in agricultural land-
scapes using environmental DNA reveals the importance of
wetland condition. — Environ. Toxicol. Chem. 38: 2750-2763.

Santi, E., Mari, E., Piazzini, S., Renzi, M., Bacaro, G. and Mac-
cherini, S. 2010. Dependence of animal diversity on plant
diversity and environmental factors in farmland ponds. — Com-
mun. Ecol. 11: 232-241.

Sauer, E. L., Cruz, J., Crone, E., Lewis, C., Plumier, E., Cwynar,
B., Drake, D., Herrick, B. M. and Preston, D. L. 2022. Mul-
tiscale drivers of amphibian community occupancy in urban
ponds. — Urban Ecosyst. 25: 1469-1479.

Sayer, C. D., Emson, D., Patmore, I. R., Greaves, H., Wiseman,
G., West, W. P, Tarkan, A. S., Davies, G. D., Payne, J., Cooper,
B., Grapes, T. and Copp, G. H. 2020. Recovery of the crucian
carp Carassius carassius (L.): approach and early results of an
English conservation project. — Aquat. Conserv. Mar. Freshwa-
ter Ecosyst. 30: 2240-2253.

Schmutzer, A. C., Gray, M. ]J., Burton, E. C. and Miller, D. L.
2008. Impacts of cattle on amphibian larvae and the aquatic
environment. — Freshwater Biol. 53: 2613-2625.

Semlitsch, R. D., Peterman, W. E., Anderson, T. L., Drake, D. L.
and Ousterhout, B. H. 2015. Intermediate pond sizes contain
the highest density, richness, and diversity of pond-breeding
amphibians. — PLoS One 10: e0123055.

Sfriso, A., Buosi, A., Facca, C. and Sfriso, A. A. 2017. Role of
environmental factors in affecting macrophyte dominance in
transitional environments: the Italian lagoons as a study case.
— Mar. Ecol. 38: e12414.

Smith, L. P, Clarke, L. E., Weldon, L. and Robson, H. J. 2022.
An evidence-based study mapping the decline in freshwater
ponds in the Severn Vale catchment in the UK between 1900
and 2019. — Hydrobiologia 849: 4637-4649.

Svenningsen, N., Pertoldi, C. and Bruhn, D. 2022. eDNA meta-
barcoding benchmarked towards conventional survey methods
in amphibian monitoring. — Animals 12: 763.

Taberlet, P, Coissac, E., Hajibabaei, M. and Rieseberg, L. H. 2012.
Environmental DNA. — Mol. Ecol. 21: 1789-1793.

Temple, H. J. and Cox, N. A. 2009. European red list of amphib-
ians. — Publications Office of the European Union.

Trumbo, D. R., Burgett, A. A., Hopkins, R. L., Biro, E. G., Chase,
J. M. and Knouft, J. H. 2012. Integrating local breeding pond,
landcover, and climate factors in predicting amphibian distribu-
tions. — Landscape Ecol. 27: 1183-1196.

Tsianou, M. A. and Kallimanis, A. S. 2019. Geographical patterns
and environmental drivers of functional diversity and trait space
of amphibians of Europe. — Ecol. Res. 35: 123-138.

Tsianou, M. A., Koutsias, N., Mazaris, A. D. and Kallimanis, A. S.
2016. Climate and landscape explain richness patterns depend-
ing on the type of species’ distribution data. — Acta Oecol. 74:
19-27.

Tsuji, S., Inui, R., Nakao, R., Miyazono, S., Saito, M., Kono, T.
and Akamatsu, Y. 2022. Quantitative environmental DNA
metabarcoding reflects quantitative capture data of fish com-
munity obtained by electrical shocker. — Sci. Rep. 35: 21524.

van Rees, C. B. et al. 2021. Safeguarding freshwater life beyond 2020:
recommendations for the new global biodiversity framework
from the European experience. — Conserv. Lett. 14: €12771.

Page 13 of 14

85UB01 7 SUOWILLIOD AIIERID B |edi[dde ay) Aq peusenob 818 sajole YO 8sN JO S9N 10} ARidTaUIIUQ AB]IA UO (SUOTHPUOD-PU-SWLBIALICD" A8 1M ARe.d 1 |Bul Uo//Sdy) SUONIPUOD pue swie | 84} 88S *[5202/0/0T] uo Akeiqiauliuo A8|IM ‘SeISBAIN Iuse L NBoaeno Aq 26206098 TTTT'OT/I0p/ W00 A8 1M AeIq1jpuIUOS feuINOfosu//sdiy Wwoly papeojumod ‘0 ‘2850009T


http://cran.r-project.org/web/packages/gbm.pdf
http://cran.r-project.org/web/packages/gbm.pdf

Werner, E. E., Skelly, D. K., Relyea, R. A. and Yurewicz, K. L.
2007. Amphibian species richness across environmental gradi-
ents. — Oikos 116: 1697-1712.

Wouters, H. 2021. Data from: Downscaled bioclimatic indicators
for selected regions from 1979 to 2018 derived from reanalysis.
— Copernicus Climate Change Service (C3S) Climate Data
Store (CDS).

Yang, L., Zhao, S. and Liu, S. 2022. A global analysis of urbaniza-
tion effects on amphibian richness: patterns and drivers. —

Global Environ. Change 73: 102476.

Page 14 of 14

Yates, M. C., Fraser, D. J. and Derry, A. M. 2019. Meta-analysis
supports further refinement of eDNA for monitoring aquatic
species-specific abundance in nature. — Environ. DNA 1: 5-13.

Zeisset, 1. and Beebee, T. 2008. Amphibian phylogeography: a
model for understanding historical aspects of species distribu-
tions. — Heredity 101: 109-119.

Zhou, L. and Boyd, C. 2015. An assessment of total ammonia
nitrogen concentration in Alabama (USA) ictalurid catfish
ponds and the possible risk of ammonia toxicity. — Aquaculture

437: 263-269.

85UB01 7 SUOWILLIOD AIIERID B |edi[dde ay) Aq peusenob 818 sajole YO 8sN JO S9N 10} ARidTaUIIUQ AB]IA UO (SUOTHPUOD-PU-SWLBIALICD" A8 1M ARe.d 1 |Bul Uo//Sdy) SUONIPUOD pue swie | 84} 88S *[5202/0/0T] uo Akeiqiauliuo A8|IM ‘SeISBAIN Iuse L NBoaeno Aq 26206098 TTTT'OT/I0p/ W00 A8 1M AeIq1jpuIUOS feuINOfosu//sdiy Wwoly papeojumod ‘0 ‘2850009T



	Introduction
	Material and methods
	Pond selection and data collection
	Climatic and geographic variables
	Land use variables
	Local abiotic variables
	Local biotic variables
	eDNA data collection
	Molecular analyses
	Molecular data processing and cleaning
	Variable selection and analyses

	Results
	Discussion
	References

