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Abstract: The protection of wetlands is a cornerstone in the conservation of pond-breeding amphib-
ians. Because protected wetlands are rarely natural areas, but are often man-made, at least in Europe,
it is important that they are well managed to fulfill their intended function. Appropriate management
requires knowledge of the ecology of the species, particularly habitat requirements. Here, we combine
species monitoring data and habitat mapping data in an analysis where our goal was to describe the
factors that determine the occupancy of amphibian species in federally protected amphibian breeding
sites. As expected, every species had its own habitat requirements, often a combination of both a
terrestrial and aquatic habitat (i.e., landscape complementation). In most species, occupancy was
strongly positively affected with the amount of aquatic habitat, but predicted occupancy probabilities
were low because the amount of aquatic habitat was low in most sites. The area or proportion of
ruderal vegetation also had positive effects on multiple species, while other types of terrestrial habitat
(e.g., meadows) led to low occupancy probabilities. The total area of the protected breeding sites
was never included in a final model and connectivity was important only for one species (Triturus
cristatus). The latter finding implies that the quality of the landscape between breeding sizes is more
important than distance per se, while the former implies that the area of some specific habitats within
breeding sites is crucial for high occupancies. Thus, increasing the amount of aquatic habitats and
likewise terrestrial habitats within protected areas would make them more likely to achieve their
conservation objectives. Our study is an example of how the joint analysis of monitoring data and
habitat data (based on mapping in the field) can lead to evidence-based suggestions on how to
improve conservation practice.

Keywords: amphibian; monitoring; protected area; occupancy; habitat; temporary pond;
terrestrial habitat

1. Introduction

Freshwater ecosystems such as geographically isolated wetlands and ponds are home
to a large number of species [1,2]. Yet, the decline in wetlands, ponds, and the associated
species outpaces the loss of biodiversity in marine and terrestrial ecosystems [3]. Halting
this decline was dubbed as the “ultimate conservation frontier” [4]. It is thus imperative
that conservation scientists provide solutions on how to master the freshwater biodiversity
crisis [5–7]. Numerous reviews offer research priorities for freshwater biodiversity con-
servation. A common suggestion is the preservation of freshwater species and habitats
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through the creation of dedicated nature reserves [8–10]. However, freshwater biodiversity
is often insufficiently represented in networks of protected areas [11,12]. While nature
reserves are well-known to be beneficial for wildlife, they often do not fulfil their intended
function because existing reserves are not well maintained [13]. For example, the authors
of [14] quantified the decline in amphibians in North America. Most study sites in [14]
were located in protected areas such as national parks or other government-owned land,
yet declines were stronger than the declines reported by the authors of [15], who used data
from a variety of habitats, both protected and unprotected. Thus, a better understanding of
the qualitative and quantitative requirements of a species regarding ecological resources
(e.g., food and breeding sites) could help to manage nature reserves in a better way. Impor-
tantly, research that directly informs conservation practice was a research priority identified
by conservation practitioners [16].

Amphibians are a prime example of the decline in freshwater biodiversity [17]. De-
clines in amphibians of considerable magnitude have been observed for decades and are
caused by a large number of stressors, including habitat loss and deterioration, pollution,
invasive species, diseases, and climate change [14,15,17]. While there are many causes
that contribute to global amphibian declines, every population experiences its own local
combination of stressors [14]. This suggests that it is important to look for local causes for
both population declines and the determinants of population persistence [7,18].

Here, we studied the relationship between the characteristics of the aquatic and terres-
trial habitat in federally protected amphibian breeding sites of national importance (the
highest degree of protection that a Swiss nature reserve can attain; [19]) and the occupancy
of amphibians in Switzerland. We studied pond-breeding amphibians, which require
both a suitable terrestrial and aquatic habitat (landscape complementation; [20–22]). The
species that we studied are known to vary in their preferences for aquatic and terrestrial
habitats [23–25]. Most amphibian breeding sites in Switzerland are man-made and require
habitat management, or else succession of both the aquatic and terrestrial habitat will lead
to a reduction in habitat quality or even habitat loss [19,26]. Reduced habitat quality may
have contributed to the declines in both rare and common species in Switzerland [27,28].
Describing the relationship between the quality of the habitat and distribution and abun-
dance of threatened species is thus essential in order to restore, manage, upgrade, or create
habitats suitable for the target species [10,22,29].

We combined data from a large-scale amphibian monitoring programme with data
from a habitat mapping programme to determine the relationship between amphibian
occupancy and the structure of the aquatic and terrestrial habitat. Specifically, we quantified
the relationship between the amount and type of aquatic habitats such as pond surface area
or hydroperiod and species presence/absence. We also tested which types of terrestrial
habitat, which was only mapped within the nature reserves, had positive or negative effects
on occupancy. Even though the wider landscape is often used by amphibians, we did not
include it in this analysis as the effects are often weak in our study area (the exception was
connectivity; [30–33]).

Given that species have different preferences, we expected species-specific responses
to the quality and quantity of aquatic and terrestrial habitats (e.g., [23–25]). While we
expected that all species would respond favourably to a larger number of ponds within
reserves, we expected that preferences for the type of pond (i.e., temporary vs. permanent)
would depend on the species’ position along the pond hydroperiod gradient [34,35]. Given
different preferences for the terrestrial habitat [23,24,36–38], we expected species-specific
responses to variation in the structure of the terrestrial habitat.

2. Materials and Methods
2.1. The Amphibian Monitoring Programme

We used data collected by the Swiss national monitoring programme “Monitoring the
Effectiveness of Habitat Conservation in Switzerland” (“Wirkungskontrolle Biotopschutz
Schweiz” (WBS); see https://biotopschutz.wsl.ch/en/index.html (accessed on 2 October

https://biotopschutz.wsl.ch/en/index.html
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2022); [26,33,39,40]). We used data from a subset of the sites for which habitat mapping
data were available (n = 113).

Sites are visited according to a rotating panel design [41], such that each of the 258 sites
is visited once every six years (43 sites visited every year). For our analyses, we used data
collected from 2011 to 2016. For every site, we had data from one year (for example, the
site shown in Figure 1 was surveyed in 2011). Five additional sites were surveyed in 2020
to increase the sample size in the Swiss biogeographic region Jura (the total n was thus
118; for a map, see Appendix A). Survey protocols for the monitoring programme include
four visits during the breeding season (March–June). Alpine sites were visited only twice.
The survey time window spans four months in order to include the breeding seasons of
all amphibians in the assemblage. Repeated visits to a site allow imperfect detection to be
accounted for when estimating site occupancy and breeding probabilities [42]. Site visits
were limited to one hour. If sites were large and could not be completely surveyed within
this time, surveyors searched for the amphibians in the parts of the sites that the surveyors
judged to be most suitable for amphibians. At each visit, the goal was to detect all pond-
breeding amphibian species and all life history stages (eggs, larvae, adults, and calling
males) that are present (i.e., the two Salamandra species were not the targets of the survey).
The methods included visual encounter surveys, aural surveys, and dip-netting [43], and
have been approved by the Swiss Federal Office for the Environment and the Swiss Federal
Food Safety and Veterinary Office [44]. Permits for field work were obtained from the
cantonal conservation authorities.

2.2. Habitat Mapping

The sites include a wide variety of habitats such as natural ponds, pond clusters, or
wetlands, as well as man-made sites such as gravel pits or quarries. All sites are federally
protected amphibian breeding sites of national importance. The perimeter of the protected
areas includes the aquatic habitats plus the immediate adjacent terrestrial habitat (core
areas), as well as the surrounding terrestrial habitat (a buffer zone; e.g., forests, meadows,
and agricultural fields). We mapped both the core area and the buffer zone.

Habitat mapping was carried out in the field from March to August in 2017, 2018, and
2020 when amphibians were active and included both the aquatic and terrestrial habitat within
the protected sites. Mapping was performed on colour orthophotos obtained from the Swiss
Federal Office of Topography swisstopo. The habitat typology was based on the standard
definition of natural habitats in Switzerland (the second level of [45]; the list of habitat types is
also available online (in German and French): https://www.infoflora.ch/de/lebensraeume/
vollst%C3%A4ndige-auflistung/vollst%C3%A4ndige-auflistung-typoch.html (accessed on
16 September 2022)). Only habitat elements larger than 100 m2 were mapped (~10 × 10 m
minimum size), except for temporary or permanent water bodies. Flooded meadows in which
amphibians regularly reproduce were considered water bodies. The description of water
bodies was based on the average water level during the breeding season (April to July) and
was described in detail in a separate field sheet (the document was written in German and
is available from the authors upon reasonable request). Habitats were delineated on the
orthophotos in the field and later digitized using a GIS system. From the GIS, we computed
areas of different habitat types. Table 1 shows the list of habitat types mapped in the field and
Figure 1 shows an example.

https://www.infoflora.ch/de/lebensraeume/vollst%C3%A4ndige-auflistung/vollst%C3%A4ndige-auflistung-typoch.html
https://www.infoflora.ch/de/lebensraeume/vollst%C3%A4ndige-auflistung/vollst%C3%A4ndige-auflistung-typoch.html
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Table 1. Variables used in occupancy models. The habitat variables are based on an established
classification of habitats in Switzerland [45]. For an example of a habitat map, see Figure 1. In the
modelling, habitat types were used either as areas (in hectares) or as proportions (area of habitat
type divided by total area of the site). Sites were protected amphibian breeding sites of national
importance.

Variable Name Meaning Range

Past occurrence Past population presence or absence (based
on the records in the national database) 0–1

Connectivity Connectivity, based on [30] (but modified) 0–0.53

Altitude Altitude of the site [m] 330–1460

Total area of site Total surface area of the site [ha] 0.14–290.1

Water Area of water bodies within site (lentic and
lotic) [ha] 0–28.0

Number of ponds Number of ponds within site 0–53

Number of temporary ponds Number of temporary ponds within site 0–30

Lentic aquatic habitat Area of lentic aquatic habitats within site (a
subset of “water”) [ha] 0–27.2

Built Area of built area within site (e.g., surface of
landfills, buildings, and roads) [ha] 0–15.7

Wetland
Area of wetlands within site (surface of

artificial shores, reed beds, marshland, wet
meadows, and bogs) [ha]

0–90.9

Meadow Area of meadows within site (surface of
meadows, and pastures) [ha] 0–34.9

Shrubs and tall forbs Area of shrubs and tall herbs within site [ha] 0–20.4

Forest Area of forests within site (including
plantations) [ha] 0–227.5

Field
Area of agricultural fields within sites
(surface of cultivation of woody and

herbaceous plants) [ha]
0–65.5

Ruderal Area of pioneer vegetation in man-made
disturbed areas [ha] 0–23.4

2.3. Connectivity

Amphibian patch occupancy often depends on connectivity to neighbouring popula-
tions. We thus calculated the connectivity index proposed by [30], which is an extension
of the measure of spatial autocorrelation proposed by [46]. The connectivity of site i, ci, is
calculated as

ci = ∑j 6=i e(−dij)/ ∑j 6=i e(−dij) .

where dij is the distance (in km) between amphibian breeding sites i and j. In contrast
to [30], we used the distance to all neighbouring amphibian breeding sites rather than
only distances to neighbouring amphibian breeding sites where the focal species occurs.
The calculation was based on the amphibian presence records maintained in the national
database of info fauna karch (more than 360,000 observations as of June 2022; [19]).
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Figure 1. Example of a habitat map. It shows the protected amphibian breeding site of national
importance “Düdingermoos” in western Switzerland. Blue colours indicate ponds (dark blue) and
surrounding wetland vegetation (light blue). Green colours are forests (dark green) and shrubs (light
green), yellow colours are meadows and pastures, and brown colours are arable lands. Grey is human
infrastructure (e.g., roads). Numbers denote habitat types following [45]. The mapped area (in colour
in this figure) is the total area of the protected site (cf. Table 1). Areas that are not coloured (different
types of grey) represent the non-protected landscape surrounding the amphibian breeding sites; dark
grey is used for forests. The site has a west–east extent of 1.65 km. © swisstopo.

2.4. Statistical Analyses

We used single-season occupancy models to analyse the data [42]. Our goal was to test
for the effects of explanatory variables on the site occupancy of the species while accounting
for imperfect detection [27]. Models were fitted to the data using the “unmarked” package
in R [47,48]. Detection probability was modelled as constant in the occupancy models.
In the first step of the analysis, we fitted models to the data of each species. Each model
included one single habitat variable as the explanatory variable (derived from the habitat
mapping, Table 1). Correlations among variables are shown in Appendix B. We did this
because, for many of the habitat variables and species, we had no specific expectation as to
how they may affect amphibian occupancy. In addition to the habitat variable, these models
included two additional variables that were thought a priori to be important (e.g., [30,33]).
The first variable was connectivity to neighbouring amphibian breeding sites and the
second one was whether the species was known to occur at the site in the past (mid-1990s;
based on [49]). Systematic surveys were conducted in almost all of the Swiss cantons, such
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that a comprehensive atlas of the distributions of the Swiss amphibians could be published
in 1988; this database has been maintained and updated ever since [19]. Past presences and
absences are thus reliable. The latter variable describes whether the species occurred in the
past and differentiates between sites that were suitable in the past from those that were not
suitable, or not occupied. By doing so, we can account for some fundamental differences
between sites that are not accounted for in our modelling. Furthermore, because, in a world
without local extirpations, the occupancy probability should be 1 in sites where the species
occurred in the past, we can use this variable to quantify how local extinctions depend on
habitat attributes.

The resulting models were ranked using AIC [50,51]. In the second step of the analysis,
we built models with multiple habitat variables. These models were based on the AIC
scores of the models in the first step, but also on the confidence interval of parameter
estimates themselves (e.g., a model/explanatory variable could be excluded if the model
had a low AIC value, but the 95% confidence interval included zero; [52]). We also used
previous knowledge on the ecology of the species to guide model building (e.g., known
preference for some habitats, such as the preference for temporary ponds over permanent
ponds) and sometimes replaced similar variables (e.g., area covered by ruderal vegetation
with the proportion of the area covered by ruderal vegetation). We started this process
with models that included all variables that seemed important (based on step one) and
reduced model complexity in a stepwise fashion based on AIC and the 95% confidence
intervals of the parameter estimates. In some cases, the final model included explanatory
variables where the confidence interval overlaps zero. We kept these variables in the model
when AIC scores suggested that a model with the variable was a better model than a model
without it. Parameter estimates and figures are derived from the final model from the
second step (i.e., for most species models with multiple explanatory variables). Apart from
a few exceptions, the figures show the effects of the variables where the 95% confidence
interval does not include zero.

Data of the 118 sites are used for the analyses, except for two species (Hyla intermedia
and Triturus carnifex), for which only 34 of the 118 sites were used. These two species
only occur in southern Switzerland [53]. Therefore, data from northern Switzerland were
discarded for these two species. Data of frogs from the genus Pelophylax were pooled
because these frogs form a hybridogenetic species complex and because there are several
invasive species present in Switzerland. The species are morphologically difficult to
distinguish, particularly when they are not captured, as was the case in our amphibian
survey [54,55].

3. Results

The median number of detections was three for most species (if the species was
detected at least once) and two for a few species (Hyla arborea, Hyla intermedia, and
Triturus carnifex).

For eight of the thirteen species, variables describing the aquatic habitat were included
in the best models. The most important one was the number of temporary ponds (four
species), followed by the proportion of wetland habitat within the protected area (three
species). For ten out of the thirteen species, one or two variables describing the terrestrial
habitat were included in the best models. Ruderal vegetation was the most important
(four species), either as the area or the proportion. For many species, high proportions
or large areas of some types of terrestrial habitats decreased occupancy (e.g., meadows).
Past occurrence was important for all but one species (the very widespread common frog
Rana temporaria). Connectivity was important for two species and the total area of the
protected area was never included in the best models. Some explanatory variables always
had positive effects (e.g., the number of temporary ponds), but there was no explanatory
variable that always had negative effects on occupancy (if we only look at variables that
were important for multiple species). Several variables had both positive and negative
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effects (e.g., the area of forest or the proportion of wetland vegetation). For each species,
explanatory variables included in the final model can be found in Table 2 and Figures 2–12.

Table 2. Parameter estimates of the final models. The coefficients are the logit-scale estimates for the
relationship between occupancy and the explanatory variable. See text for additional explanation
and Table 1 for explanation of explanatory variables. CI: confidence interval.

Species Variable Coefficient 95% CI

Alytes obstetricans Past occurrence 2.15 0.69, 3.61

Proportion wetland −1.43 −3.10, 0.22

Proportion ruderal vegetation 0.048 0.002, 0.09

Bombina variegata Past occurrence 2.41 1.08, 3.75

Number of temporary ponds 0.10 0.006, 0.19

Proportion ruderal vegetation 0.07 0.02, 0.12

Area of forest 0.01 0.002, 0.03

Bufo bufo Past occurrence 1.28 0.32, 2.24

Area of water 0.68 0.04, 1.32

Epidalea calamita Past occurrence −0.20 −2.21, 1.80

Number of temporary ponds 0.19 0.03, 0.35

Area of ruderal vegetation 0.59 0.16, 1.02

Area of forest −0.18 −0.34, −0.02

Hyla arborea Past occurrence 1.22 0.25, 2.19

Proportion wetland 0.04 0.003, 0.07

Hyla intermedia Past occurrence −0.912 −3.37, 0.42

Connectivity −3.671 −7.76, 0.42

Area of lentic aquatic habitat 14.58 −14.01,43.17

Ichthyosaura alpestris Past occurrence 3.75 2.47, 5.02

Connectivity −1.84 −4.31, 0.62

Altitude 0.003 0.0003, 0.007

Area of fields −0.07 −0.16, 0.01

Lissotriton helveticus Past occurrence 3.25 2.20, 4.29

Proportion meadows −0.02 −0.05, −0.003

Lissotriton vulgaris Past occurrence 1.24 0.09, 2.39

Proportion wetlands 0.06 0.01, 0.10

Area of shrubs and tall forbs −1.16 −2.18, −0.14

Pelophylax frogs Past occurrence 0.20 −0.78, 1.18

Connectivity 1.61 −0.28, 3.51

Number of ponds 0.10 0.01, 0.19

Rana dalmatina Past occurrence 2.72 1.57, 3.87

Connectivity −0.11 −2.31, 2.08

Altitude −0.005 −0.009, −0.001

Area of fields 0.11 0.01, 0.22

Rana temporaria Connectivity 2.03 −0.48, 4.56

Altitude 0.007 0.002, 0.013
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Table 2. Cont.

Species Variable Coefficient 95% CI

Number of temporary ponds 0.29 0.07, 0.50

Area of lentic aquatic habitat 0.63 0.14, 1.12

Area of meadows −0.08 −0.14, −0.02

Triturus carnifex Past occurrence −0.5 −2.43, 1.41

Proportion forest 0.04 −1.18, 0.08

Number of temporary ponds 0.33 0.02, 0.63

Triturus cristatus Past occurrence 1.63 0.44, 2.83

Connectivity 19.39 4.38, 34.37

Area of ruderal vegetation −0.98 −2.15, 0.17

Figure 2. The effects of the proportion of the area within a site covered with wetland vegetation and
ruderal vegetation within a site on the occupancy probability of Alytes obstetricans. The dotted lines
show the 95% confidence interval. Circles indicate observed values of the explanatory variable. Other
explanatory variables in the model were fixed either at their median or the mean values, depending
on the skewness of the distribution. The relationship is for sites where the species was known to
occur in the past (i.e., the occupancy probability can be interpreted as a persistence probability).

Figure 3. The effect of the number of temporary ponds, the percentage of the area within a site
covered with ruderal vegetation within a site, and the area of forest on the occupancy probability of
Bombina variegata. For additional explanations, see the caption of Figure 2.
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Figure 4. The effects of habitat characteristics on the occupancy probability of Lissotriton helveticus,
Hyla arborea, and Bufo bufo. For additional explanations, see the caption of Figure 2.

Figure 5. The effect of the area of ruderal vegetation, number of temporary ponds, and forest area
on the occupancy probability of Epidalea calamita. For additional explanations, see the caption of
Figure 2.

Figure 6. The effect of the area of fields, altitude, and connectivity on the occupancy probability of
Ichthyosaura alpestris. For additional explanations, see the caption of Figure 2.
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Figure 7. The effect of the proportion of wetlands and the area of shrubs and tall forbs on the
occupancy probability of Lissotriton vulgaris. For additional explanations, see the caption of Figure 2.

Figure 8. The effect of connectivity and the number of lentic water bodies on the occupancy probabil-
ity of Pelophylax frogs. For additional explanations, see the caption of Figure 2.
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Figure 9. The effect of altitude and the area of fields on the occupancy probability of Rana dalmatina.
For additional explanations, see the caption of Figure 2. The effect of connectivity is not shown
because the confidence intervals widely overlap zero.

Figure 10. The effect of altitude, number of temporary ponds, proportion of freshwater habitat, and
the area of meadows on the occupancy probability of Rana temporaria. For additional explanations,
see the caption of Figure 2, but note that the explanatory variable “past presence” was not included
in the final model.
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Figure 11. The effect of the proportion of forest and the number of temporary ponds on the occupancy
probability of Triturus carnifex. For additional explanations, see the caption of Figure 2.

Figure 12. The effect of connectivity and the area of ruderal vegetation on the occupancy probability
of Triturus cristatus. For additional explanations, see the caption of Figure 2.

4. Discussion

The results show that every species had its own habitat requirements and that, for
most species, landscape complementation, i.e., a combination of both aquatic and terres-
trial habitat characteristics, was important [21–23]. Even though it is well known that
amphibian occurrence can depend on a variety of factors (e.g., chemical, abiotic, and biotic
characteristics of ponds such as macrophyte cover, pH, and the occurrence of predators, as
well as microhabitats in the terrestrial habitat (shelter); e.g., [22,25,56–60]), the relatively
simple habitat mapping provided valuable data on the suitability of the sites for amphib-
ians and may inform the management of the sites. This insight is further corroborated by
studies [61,62] on the newt Triturus cristatus, which showed that a habitat suitability index
that can easily be measured in the field predicts occupancy, abundance, and demography
well. Nevertheless, for some species, more detailed habitat data are required to predict
occupancy and, therefore, ways to manage habitats for increased suitability. For example,
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there was no good model for the treefrog Hyla intermedia (in the sense that all confidence
intervals were wide and overlapped zero). Other habitat data and probably also data from
more sites are necessary for this species. Below, we focus on habitat characteristics that can
be modified by managers of the protected areas (e.g., construction of new ponds).

While many variables had positive or negative effects on patch occupancy, a few never
or rarely had an effect. Some of those “no-effect” variables are worth discussing. The total
size (area) of the protected area was never included in models that described the data best,
although area ranged between 0.1 and 290 hectares. This supports the view that small
patches can be valuable for biodiversity conservation [63]. However, the species occupancy–
patch area relationship generally appears to be weak in amphibians [64,65], which may
explain why the results showed no effect of patch area in this study. Furthermore, it
should be kept in mind that the nature reserves mostly cover the breeding site and not
the terrestrial habitat. Thus, the size of the patch used by the amphibian populations may
have been underestimated, at least for those species where the terrestrial summer habitat
is far away from the pond [66,67]. Nevertheless, the absence of a patch size effect is good
news for amphibian conservation because it may support the empirical result that small
patches can be very valuable for conservation [68]. However, whereas total patch size
did not matter, the areas of some habitat types had an effect on occupancy. For example,
occupancy of the natterjack toad (Epidalea calamita) increased with a larger area of ruderal
vegetation, but was negatively affected by the area of forests (Figure 5). Thus, area can be
important, but it is not the area of the patch in total, but rather of some specific habitat.
This makes sense given the fact that the protected areas that we studied are mosaics of
different habitat types.

The importance of patch size is often analysed in combination with patch isolation.
Here, it is noteworthy that connectivity, the inverse of isolation, only mattered for one
species, the crested newt (Triturus cristatus). This result matches well with what we know
about the dispersal ecology of crested newts. This species is known to disperse a lot, but
dispersal distances are generally less than 500 m [62,69]. Connectivity was also included in
the best model for four other species, but an interpretation of this result is difficult because of
the wide confidence intervals, which included zero. Overall, however, the absence of strong
and positive effects of connectivity for most species contrasts with previous studies on the
same species in Swiss landscapes where connectivity was found to be important [30,33,64].
One explanation may be that connectivity per se (essentially a weighted sum of distances to
neighbouring ponds) does not matter, but rather the quality of the matrix habitat between
the patches [65,70,71].

Even though the protected areas mostly cover the aquatic habitat, the terrestrial habitat
within the protected habitat mattered for many species. The results corroborated what
was known about the ecology of the species (e.g., the importance of ruderal vegetation
for species such as Epidalea calamita, Bombina variegate, and Alytes obstetricans). From a
conservation perspective, the most important result is that most species would require
much larger areas or proportions of the preferred habitat type. For example, the area of
ruderal vegetation was important for Epidalea calamita, a species with ongoing declines
in Switzerland [26,72]. Yet, the area of ruderal vegetation was less than five hectares in
most sites and the predicted occupancy probability for those sites was very low (less
0.2). Larger areas would be necessary to substantially increase occupancy probabilities
(Figure 5). Similar patterns can be observed for the proportion of ruderal vegetation for
Bombina variegata and Alytes obstetricans (Figures 2 and 3): much higher proportions would
be necessary to increase occupancy probabilities. This is a clear result for conservation
agencies, conservation NGOs, and land owners who manage the protected areas. Existing
areas of ruderal vegetation should be maintained at least in their current state. This means
that site management should prevent succession. In sites where there is not much ruderal
vegetation, the amount of it should be increased, e.g., through the conversion of habitat
types that have a low value for biodiversity to ruderal vegetation.
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Unsurprisingly, the aquatic habitat was important for the amphibians. With the ex-
ception of Alytes obstetricans, the occupancy probability of all species increased with an
increasing amount of aquatic habitat (e.g., the number of temporary ponds or the propor-
tion of wetland within the protected area). For only a few species (e.g., Rana temporaria,
Pelophylax spp.), there was sufficient aquatic habitat to guarantee high occupancy probabil-
ities (Figures 8 and 10). For other species, such as the red-listed species Epidalea calamita
and Bombina variegata, there was a clear need for more temporary ponds (Figures 2 and 5).
Unfortunately, most sites had far fewer temporary ponds than the number that would be
necessary to lead to high occupancy probabilities. This result has clear implications for
habitat management. To increase the suitability of the sites for the species, it is necessary
to increase the number of temporary ponds. The techniques to create such ponds are well
known and can be readily used by conservation practitioners [73–75]. A study conducted
in England [76] showed that pond density within sites correlated with the abundance of
Epidalea calamita. Thus, increasing the number of temporary ponds is likely to increase
occupancy and abundance. In fact, most species were positively affected by the amount of
aquatic habitat (number of ponds, number of temporary ponds, area of lentic and lotic wa-
ter bodies, or area of lentic water bodies). This suggests that increasing the amount aquatic
habitat will make the sites more attractive for most species. The number of temporary
ponds was an important predictor of site occupancy for the toad Bombina variegata (Figure 3).
A recent study on this species [77] may suggest the underlying demographic mechanism.
In a man-made habitat, population persistence depends heavily on recruitment, while
recruitment is low in natural habitats. The majority of the sites included in this study
are man-made, suggesting that recruitment may be of great importance for population
persistence. High numbers of recruits are more likely when there are many temporary
ponds because tadpole survivorship is higher in temporary ponds (compared to permanent
ponds; [35,78,79]).

The results show clearly that both the terrestrial and aquatic habitat determine am-
phibian occupancy in federally protected amphibian breeding sites. Yet, not all species have
the same habitat requirements. We thus conclude that the best strategy to preserve diverse
amphibian communities is to manage the sites in such a way that a large amount of diverse
types of aquatic habitat is available, including temporary ponds. Such a management
strategy could make sure that many amphibian species can breed successfully in those
wetlands [80–82] and may lead to the recovery of amphibian communities [72].
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Appendix A

The map shows the study sites, i.e., all 118 amphibian breeding sites of national
importance, that were included in the study (open circles; circles may overlap when sites
are close to each other). All sites are protected areas. The map shows the elevation of the
study area in colour, ranging from green (low elevations) to red and white (high elevations).
The elevation scale on the right is in meters. The x- and y-axis show the Swiss coordinate
system (which is in km × 1000; e.g., the distance between 250,000 and 200,000 on the y-axis
is 50 km).

Figure A1. Map of Switzerland and the study sites. See text for further explanations.

Appendix B

The figure shows the results of the correlation analysis. Variables are explained in
Table 1 in the main text. Variables ending with “.a” are areas (e.g., total.a = total area of site),
whereas those ending with “.p” are proportions (e.g., water.p is the proportion of the area
of the site covered with lentic or lotic water bodies, i.e., water.p = water.a/total.a). Colours
indicate the strength of the correlation. Darker tones are used for stronger correlations.
Blue indicates positive correlations, whereas red colours indicate negative correlations.
The variable “past occurrence” was not included in the correlation analysis because it is
different for every species.
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Figure A2. Results of the correlation analysis. See text for further explanations.
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