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Abstract: Vegetation, including trees, significantly shapes microhabitats for amphibians due to the leaf 
litter input, providing stable shelter, creating a microclimate or indirectly through trophic interactions. It 
is known that some species can survive in a highly modified urban environment. Species associated with 
open space can find stable habitats in urban and human-transformed areas, but is the impact of shading 
(presence of canopy cover) significant in their case? We focus on the effect of solar exposure on the growth 
rate of juvenile green toads Bufotes viridis in fruit and canopy manipulation treatments. The main aim of 
the study was to examine the selected habitat traits promoting post-metamorphic growth of the green toad 
in semi-open enclosures. We investigated differences between exposure/land cover variants, i.e., sunny 
site (open area with direct solar exposure) and shadow site (shady site with a tree canopy cover). Using 
imitation fruits and real cherry plum Prunus cerasifera fruits (non-native tree species), we checked wheth-
er amphibian growth is related to the additional structure that fruit lying on the ground created (a more 
heterogeneous surface structure) or to a trophic character (additional food source due to attracting inver-
tebrates). We conducted a 40-day rearing experiment in three variants with two replications in semi-open 
enclosures with 20 juvenile toads each. We found differences in snout-vent length and body mass index in-
vestigated due to site exposure during post-metamorphic growth. The survival rate of juvenile toads in the 
shaded site was higher than in sunny sites. We demonstrated a positive effect of the tree’s shade, regardless 
of the fleshy fruit’s presence on the ground. Toads benefit from developing at sites with reduced solar ex-
posure (i.e., with a tree canopy), resulting in intensive growth and higher survival rate. Thus, there is an 
opportunity for planners and urban authorities to manage habitats for amphibian conservation purposes 
by creating a shaded zone, even for open habitat species, especially in transformed areas such as cities. Our 
results indicate that the beneficial effect of the lying fruit on the growth of juveniles is limited to specific 
conditions, and understanding this requires further research.
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Introduction
Amphibians have been heavily affected by hab-

itat alteration, and urbanization appears to be a 
global trend that threatens them on a large scale 
(Nowakowski et al., 2018; Pyron, 2018). It is known 
that urbanized areas with a mosaic of lethal and sub-
optimal habitats constitute a harsh habitat for most 
amphibian species, and only some generalists can 
fully use the available niches and maintain sustaina-
ble populations in the long term (Hamer & McDon-
nell, 2008; Nowakowski et al., 2018). Nevertheless, 
amphibians still occur in many urban habitats like 
ponds, small lakes, river valleys, or artificial water 
bodies, and amphibian communities in urban areas 
may be similar to those outside the cities and fre-
quently have a significant biodiversity value (Kacz-
marski et al., 2020; Konowalik et al., 2020). Regard-
less of the origin and utility functions, such urban 
sites often have a significant conservation value and 
are biodiversity refuges in urban ecosystems (Ham-
er, 2022; Hamer & McDonnell, 2008; Holtmann et 
al., 2017). However, progressive urbanization trans-
forms habitats into increasingly unfavourable condi-
tions, driving many species of amphibians towards a 
widespread decline mainly due to habitat loss or deg-
radation, fragmentation, isolation or direct mortali-
ty (Baillie et al., 2004; Hamer & McDonnell, 2008). 
Consequently, many amphibian populations in urban 
areas become small, burdened with inbreeding, and 
more exposed to the risk of extinction (Hamer & 
McDonnell, 2008; Nowakowski et al., 2018; Pyron, 
2018; but see Jehle et al., 2023).

Survival in an urban area is often associated with 
remnants of near-natural habitats, even relatively 
small habitat patches (Kaczmarski & Kaczmarek, 
2016; Kiss et al., 2021). Population persistence de-
creases in isolated patches, and the risk of stochas-
tic processes significantly increases, so such places 
require special attention and proper management 
to stop negative processes (Lambert & Donihue, 
2020). From a broader perspective, most species 
require high connectivity within a stable green and 
blue infrastructure network to persist (Löfvenhaft et 
al., 2004). The critical landscape features are linear 
shrub strips, extensive water networks, and wood-
land areas (Ficetola & De Bernardi, 2004). As far 
as we know, vegetation, including trees, significant-
ly shapes microhabitats for amphibians due to the 
leaf litter input, providing stable shelter or creating 
a microclimate (Burrow & Maerz, 2022; Shoo et al., 
2011; Skelly et al., 2014; Stephens et al., 2013; Stoler 
& Relyea, 2021). In this context, tree species com-
position, or canopy cover by itself close to amphib-
ian breeding ponds, may affect species differently; 
for instance, some of the recommendations indicate 
the beneficial effect of selective removal of shoreline 

trees to improve thermal conditions in the reservoir 
(Skelly et al., 2014). The issue of reducing the tree 
cover and creating open space close to breeding sites 
to improve mating and development conditions for 
amphibian larvae is an interesting issue that has 
been tested mainly in forest areas. Thus, it is worth 
considering how these recommendations and expe-
riences can be transferred to urban areas. This issue 
is of particular importance because removing trees 
is treated as a negative trend in green spaces, e.g. 
due to the need to adapt cities to climate change and 
the undisputed role of trees in lowering air tempera-
ture and reducing the heat island effect (Kronenberg, 
2012; Ziter et al., 2019). It seems that understanding 
the issue of the impact of shading (presence of can-
opy cover) on amphibians is crucial in the context of 
species preferring open areas because some of them 
find stable habitats in urban and human-transformed 
areas.

A species that meets the above criteria and, in our 
opinion, requires a study to understand better which 
factors influence its success in urban areas of Central 
Europe is the European green toad Bufotes viridis Lau-
renti, 1768 (hereinafter green toads). This typical pi-
oneer species prefer open landscapes, can live in very 
large populations even in heavily transformed areas 
within the cities and is an excellent example of an 
urban adapter (Ensabella et al., 2003; Kaczmarski et 
al., 2019a; Mazgajska & Mazgajski, 2020; Sistani et 
al., 2021). The green toad is a strictly protected spe-
cies in Poland that generally maintains a stable pop-
ulation trend at a national level (Pabijan & Ogielska, 
2019). However, this toad is losing many breeding 
sites and is disappearing from urban areas, notably 
when its populations are not recognized and appro-
priately managed (Kaczmarek et al., 2015; Mazgajska 
& Mazgajski, 2020). Despite its widely-known high 
level ability to adapt to human-altered habitats, some 
records indicated declines in some parts of its range 
(IUCN, 2018).

Previous research indicated that cherry plum 
Prunus cerasifera Ehrh. fruits lying on the ground in 
experimental conditions in a partly shaded site have 
a supporting effect on the growth of juvenile green 
toads, possibly due to the attracted insects that are 
then eaten by the toads (Kaczmarski et al., 2019b). 
Prunus cerasifera is a non-native tree species, keno-
phyte, that was initially a cultivated plant and now-
adays has entered the landscape to various habitats. 
This species grows well and spreads mainly in hab-
itats transformed by humans, such as roadsides or 
wastelands, within cities and the agricultural land-
scape (Tokarska-Guzik et al., 2012; Dylewski et al., 
2022). It is observed that P. cerasifera can gradually 
expand its habitat range and colonize more natural 
areas (Czortek et al., 2023). Under favourable con-
ditions, it produces abundant fruit, which falls to 
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the ground, constituting an attractive food source 
for many animals, especially in urban areas. In the 
current research, we decided to determine the im-
pact of other factors in the fruit manipulation treat-
ment, i.e. site exposures to solar radiation, which 
would better reflect the habitat requirements of the 
study toad species in real urban settings. To verify 
the strength of the exposition effect, we decided to 
test two extreme sun exposure variants: sunny site 
(open area with direct solar exposure) vs shaded site 
(with a tree canopy cover). Furthermore, to check 
whether the factor supporting the faster growth of 
the toad is the insects attracted by fruit or the mere 
presence of a more heterogeneous structure of the 
ground surface (i.e. when the fruit is lying on it), we 
additionally tested a treatment with imitation (artifi-
cial) fruit. Thus, we tested three treatments of fruits 
lying on the ground: 1: real plums, 2: artificial fruit, 
3: control/without fruit, under two exposure condi-
tions (shaded vs sunny sites) to investigate the effect 
of fleshy fruit on toads’ growth (Fig. 1).

Methods

The experiment was performed in July-August 
2019 at the two exposure/land cover variants: 1) sun-
ny open site (open area with direct solar exposure, 
hereafter: sunny site, 52°25'38.3"N, 16°53'38.4"E) 
and 2) shaded site (shady site with a tree canopy cov-
er, hereafter: shadow site 52°25'40.7"N, 16°53'49.2"E) 
at the Dendrological Garden, Poznań University of 
Life Sciences. The shadow site was located inside 

an extensively used park dominated by tree species 
native to NW Poland, including Scots pine Pinus syl-
vestris, silver birch Betula pendula, Norway maple Acer 
platanoides, and a few non-native tree species: black 
locust Robinia pseudoacacia and Douglas fir Pseudotsuga 
menziesii. At the ground level, well-developed litter 
with elements of deadwood dominated. The sun-
ny site was located on the edge of extensively used 
meadows, on an educational garden and experimen-
tal plots near a few old trees: a black locust and the 
sycamore maple Acer pseudoplatanus. Herbaceous and 
grassy vegetation dominated at the ground level and 
was mowed at least once a year. Three treatments, 
two with fruit, characterized by a more heterogene-
ous surface structure (1. plums, 2. artificial fruit), 
and one homogeneous surface without any fruits (3. 
controls), replicated twice and were evenly distribut-
ed in both exposure/land cover variants, were used 
in the study (Fig. 1). In line with a previous study, we 
used the cherry plum (also commonly known as the 
myrobalan plum, Fig. 2), as a fleshy fruit lying on the 
ground (Kaczmarski et al., 2019b). Artificial fruits 
were purchased from a commercial supplier offering 
decorative items, while the myrobalan plums were 
collected near the study sites.

Acquisition and rearing of animals

We used freshly metamorphosed individuals of 
the green toad as model species. Juvenile toads were 
collected near natal water bodies on the same day 
(July 19) during post-metamorphic dispersion. All 
individuals originated from a city centre population 

Fig. 1. The experimental setup: two different extreme variants of exposure – 1. sunny site (open site with direct solar 
exposure) vs – 2. shadow site (shady site with a tree canopy cover) and three experimental treatments: 1: real plum, 
2: artificial fruit, 3: control/without plums
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living in a fountain and a small patch of a green area 
(52°24'04.7"N, 16°54'54.9"E; more details: Kaczmar-
ski et al., 2019b; Zawadzki et al., 2017).

We adopted an experimental design from a pre-
vious study (for more details, see: Kaczmarski et al., 
2019b). However, we have made some modifications 
to the earlier research protocol. We changed the lo-
cation of the experimental setup from a partly shad-
ed site to the two extreme solar exposure variants 
mentioned above (shaded, with tree canopy vs sun-
ny open site with direct solar exposure). Compared 
to the previous experiment, we reduced the group 
size from 30 to 20 individuals due to the species con-
servation status and the decline described above to 
maintain the number of replications in all treatments 
and, due to not significantly increasing the number of 
animals used in the research. Consequently, we also 
decided to reduce the surface covered with fruit from 
0.5 m2 to 0.25 m2 (Fig. 2). After capture, the animals 
were randomly assigned to one of the experimental 
groups, with 20 juveniles per enclosure with the fol-
lowing dimensions: 1 × 1 × 0.5 m. Next, the toads 
were acclimatized for seven days (ending July 26), 

and after this time, fruit (real plums or artificial fruit) 
were placed in the enclosures. The experimental ob-
jects: plums (fleshy fruit) or artificial fruit, were lo-
cated in the central part of the enclosure and covered 
an area of about 0.25 m2 (Fig. 2), while control treat-
ments were left without any fruits. Each enclosure 
contained layers of soil a few centimetres deep, an ar-
tificial hiding place (plastic stands), and one shallow 
bowl with water so all animals could rehydrate free-
ly. Irrespective, enclosures were sprinkled with water 
every second day due to the risk of excessive drying of 
the animals due to the drought prevailing during the 
experiment. Regular irrigation of enclosures initiat-
ed seed bank germination and herbaceous vegetation 
growth within a few days. According to Kaczmarski 
et al. (2019b), experiment groups were fed every two 
days with various live insects from a commercial sup-
plier, such as small crickets, Acyrthosiphon pisum, Cal-
losobruchus spp., and Shelfordella lateralis. The distance 
between each enclosure was not less than 1 m. Each 
enclosure was covered with a mesh that protected 
the amphibians from predators such as birds and 
feral cats but allowed invertebrates (mostly flying 

Fig. 2. Top of the panel – one of the semi-open enclosures during the second experimental week (treatment in the shadow 
site with real plums). Bottom of the panel – decomposing/rotten fruit of the cherry plum Prunus cerasifera (non-native 
tree species, commonly known as the myrobalan plum) and fruit fly Drosophila sp. sitting on plums during the exper-
iment
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insects, ants and snails) to get in. Therefore, during 
the experiment, the juvenile toads could freely for-
age on invertebrates attracted by decomposing fleshy 
fruit entering our semi-open enclosures through the 
upper part (Fig. 2).

Morphometric measurements

Throughout the experiment, snout-vent length 
(SVL) was measured to the nearest 0.01 mm with 
a digital calliper, and body mass was recorded to the 
nearest 0.01 g with portable electronic scales. These 
are standard measurements performed when study-
ing amphibians, including toads. The same observer 
measured and recorded both parameters during the 
whole experiment. Measurements were carried out 
seven times, every seven days on average (± 1 day), 
for 44 days, between 10.00 and 12.00, and were con-
ducted on all individuals from all enclosures/treat-
ments. The body mass index (BMI) was calculated 
according to the following equation: (body mass (g)/
SVL2 (mm) ×1000 (Labocha et al., 2014)).

Data processing and statistical analysis

For analyses, we used the mean value of body 
mass, SVL, and BMI for each enclosure for each 
measurement period. One of our enclosures (a con-
trol group) was excluded from the statistical analy-
ses because the wall was damaged, and all the toads 
escaped. Consequently, the numbers of replications 
were not equal along the experimental gradient.

Mixed models were used to test the effects of ex-
posure (sunny and shadow) and treatments (control, 
artificial fruit, real plums) on the body mass index, 
body mass, and SVL. Time (days of the experiment) 
was a continuous variable. Moreover, the quadratic 
terms for time allow for a non-linear relationship in 
each model, as supported by the improvement of the 
model AICc score (BMI AICc = −6.69; body mass 
AICc  =  −11.61; SVL AICc  =  −4.19). In addition, 
the following interactions were added to each model: 
time × exposure and time × treatments. Each model 
used the enclosures’ ID and time as random factors.

Survival analyses were applied to test the effect of 
the study treatment on toads’ mortality. The inter-
val for obtaining estimates was seven days from the 
start to the end of the experiment. We used Cox’s 
proportional hazards model to determine how the 
different factors (exposure and treatments) affected 
the probability of toads’ survival (Cox, 1972). First, 
we developed a full model examining the effects of 
exposure and variant of their interaction: exposure x 
treatments, on the probability of toads’ survival. Ad-
ditionally, the two Cox’s models explore the effects 
of exposure on the probability of toads’ survival by 
treatments separately.

The mixed models were carried out in R 4.0.0 (R 
Core Team, 2020), and the survival analysis was car-
ried out in survival packages (Therneau, 2021). Mod-
els’ validation were carried out using the DHARMa 
package (Hartig, 2017). The graphical visualizations 
were performed in the ggplot2 packages (Wickham, 
2016).

Results
Morphometric measurements

We determined a significant non-linear relation-
ship between time and three tested parameters: BMI, 
body mass and SVL (p<0.05, Table 1). We found 
significant differences between exposure (shadow 
vs sunny sites) for SVL (p=0.017, Table 1, Fig. 3a) 
and BMI (p=0.025, Table 1, Fig. 3c) and weakly sig-
nificant differences in body mass (p=0.057, Table 1, 
Fig. 3b). The values were lower in sunny enclosures 
site than in shaded enclosures site in all tested pa-
rameters (BMI, SVL, body mass, Fig. 3). Moreover, in 
the case of body mass, we found that the interaction 
time × exposure was significant (p=0.004, Table 1, 
Fig. 4), whereas, in the sunny site, the body mass 
growth rate increased less than in the shadow site.

Table 1. Results of mixed models for SVL, body mass, and 
BMI of the green toads Bufotes viridis. Statistically sig-
nificant results are marked in bold

F df P
SVL
Time 1.06 1,4.48 0.354
Time2 8.12 1,4.00 0.046
Exposure 7.16 1,8.97 0.025
Treatments 0.06 2,8.97 0.945
Time × Exposure 1.13 1,51.00 0.292
Time × Treatments 1.88 1,51.00 0.163
Body mass
Time 1.24 1,4.59 0.319
Time2 32.91 1,4.00 0.005
Exposure 4.67 1,9.57 0.057
Treatments 0.15 2,9.57 0.857
Time × Exposure 9.31 1,51.00 0.004
Time × Treatments 2.21 2,51.00 0.119
BMI
Time 5.73 1,4.24 0.071
Time2 12.24 1,4.00 0.025
Exposure 7.02 1,15.92 0.017
Treatments 0.40 2,15.92 0.677
Time × Exposure 0.60 1,51.00 0.442
Time × Treatments 1.78 2,51.00 0.178

SVL – snout-vent length; BMI – body mass index; Time – experi-
ment time; Exposure variants – shady or open/solar exposure 
site; Treatments: plums, artificial fruits, controls.
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Juvenile survival

The Cox’s proportional hazard analysis for 
the full model was significant overall (χ2=24.92, 
df=5, p<0.001), with exposure (χ2 = 12.21, df=1, 
p<0.001), treatments (χ2=10.19, df=2, p=0.006), 
except for interaction (χ2=4.38, df=2, p=0.111) 
significantly influencing the probability of juveniles’ 
survival (Fig. 5a). In separate models, treatments’ 
effect did not differ in the shadow site (χ2=0.20, 
df=2, p=0.910; Fig. 5b) but did so in the sunny site 
(χ2=15.04, df=2, p<0.001; Fig. 5c). The probability 
of survival in the sunny site enclosure was signifi-
cantly different between control and artificial fruit 
treatments (p<0.01) and between control and real 
plums (p>0.01), where the probability of surviv-
al was lower for the control treatment compared to 
the two others (Fig. 5c). No significant differences 
were found between an artificial fruit and a real plum 
(p>0.05) in the sunny site exposure (Fig. 5c).

Fig. 3. Plots present the average value for the day for: (A) SVL, (B) body mass, (C) body mass index of juvenile toads 
during the experiment. Exposure variants: sunny site (open site with direct solar exposure) and shadow site (shady 
site with a tree canopy cover). Black line - fitted line; dashed line – 95%CI. An asterisk indicates statistically significant 
differences

Fig. 4. Plot representing the body mass of juvenile toads 
during the experiment. Exposure variants: sunny site 
(open site with direct solar exposure) represented by a 
blue dotted line, and shadow site (shady site with a tree 
canopy cover) represented by a red solid line. Dashed 
line – 95%CI
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Discussion

The solar exposure of the experimental enclo-
sures is the factor influencing two analyzed toads’ 
body characteristics, i.e., SVL and BMI (Table 1, Fig. 
3). More precisely, we detected that a shaded site 
(with a tree canopy) is more favourable to the growth 
of juvenile green toads. Furthermore, the exposure 
also significantly impacted individuals’ survival, be-
ing higher in the shadow site (Fig. 5a). This is con-
sistent with our hypothesis that the growth effect 
varies between the exposure/land cover variants, i.e., 
shadow site (shady with a tree canopy) and sunny 
sites (with direct solar exposure). We interpret the 
obtained result in the context of stress-related re-
sponse to high insolation and higher temperatures 
in the area with limited canopy cover, without any 
tall vegetation (Shoo et al., 2011). We also assume 
that the effectiveness and intensity of foraging may 
be higher in humid conditions under the tree can-
opy. Unfortunately, we did not control the temper-
ature and humidity during the research, thus we do 
not know the exact difference in conditions on the 
ground surface between the sites. Our results are 
consistent with the literature data, which indicate 

that plants can strongly affect the thermal and hydric 
environments experienced by terrestrial amphibians 
by limiting solar exposure (Burrow & Maerz, 2022). 
Generally, amphibians are characterized by low skin 
resistance to water loss, which differs between spe-
cies and in terms of realized niche/ecological habi-
tat (aquatic, terrestrial and arboreal specializations) 
(Young et al., 2005). Adult green toads prefer warm 
and open habitats with direct solar exposure, but 
their ability to survive depends on the size of the 
body (Kuzmin, 2001). We can assume that for juve-
niles whose weight fluctuates around 0.3 g, direct so-
lar exposure to the surface of the habitat represents 
a high-risk factor. At the same time, such conditions 
are not lethal to adult toads because with increas-
ing body size, the resistance of amphibians to drying 
increases (Tracy et al., 2010). Body size has a weak 
effect on absolute dehydration tolerance; neverthe-
less, it takes longer for bigger individuals to reach 
a critical level of dehydration because they possess 
richer water reserves (Newman & Dunham, 1994). 
Therefore, due to desiccation risk, the solar expo-
sure habitat without a sufficient canopy cover is not 
favourable to growth during post-metamorphosis, 
even though such open areas may be preferential to 

Fig. 5. Juvenile toads survival probability in the experimental exposure: plot A – compared shadow site vs sunny site - 
significant differences p<0.001; plot B – shadow site, results divided into experimental treatments, no significant 
difference p>0.05; plot C – sunny site, results divided into experimental treatments, significant differences p<0.001.
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adult individuals (Kuzmin, 2001). Our result empha-
sizes the role of vegetation shading the ground sur-
face as a factor favouring the development of juvenile 
green toads.

Knowledge about the impacts of various stress 
factors on the larval forms of amphibians is growing. 
Still, it lacks research concentrating on the effects of 
habitat changes on juveniles, i.e., individuals after 
metamorphosis, particularly in terrestrial habitats 
(deMaynadier & Hunter, 1999; Petrovan & Schmidt, 
2019). While sunny breeding sites are considered 
beneficial for amphibians, especially in the temperate 
climate zone, larger-scale felling can negatively affect 
survival in terrestrial habitats (Skelly et al., 2014). 
As far as we know, the effect of the canopy cover on 
amphibians has been tested on larvae developing 
in water bodies of varying exposure or during field 
studies based on changes in the land cover caused by 
industrial logging (Burrow & Maerz, 2022; Skelly et 
al., 2014; Skelly et al., 2005). Thus, most field-based 
studies investigating the effect of canopy cover on 
amphibian populations mainly concern issues related 
to woodland management and the impact of logging 
on individual species, including their behaviour and 
habitat preferences (Vuorio et al., 2015). Sometimes, 
slight changes in the habitat, such as a change in the 
canopy cover, may cause a decline in the amphibi-
an population, mainly due to a drastic reduction in 
the recruitment of young amphibians to the breeding 
population (Bodinof Jachowski & Hopkins, 2018). 
With progressing urbanization, there is an oppor-
tunity to transfer existing knowledge on the impact 
of forest management on amphibians to urbanized 
areas, particularly in creating a favourable habitat 
near water reservoirs. Our research shows that the 
difference in exposure alone affects the growth of 
amphibians, which could have further consequenc-
es. Reduced juvenile growth dynamics at direct solar 
exposure sites may negatively affect the overwinter-
ing of toads because smaller specimens have a lower 
survival rate during hibernation (Sinsch & Schäfer, 
2016), and they are also more susceptible to diseases 
(Smith et al., 2022). Thus, differences in the canopy 
cover shift the recruitment probability of the young 
generation into the reproductive population. There-
fore, our results are significant because they can help 
create an amphibian-friendly landscape or inform the 
planning of urban habitat management and identify 
resources or key microhabitat characteristics essen-
tial for this process, which is a considerable chal-
lenge to protect this animal group (Guderyahn et al., 
2016; Holtmann et al., 2017; Mathwin et al., 2020). 
Based on our results, we believe it is worth paying 
attention to the risk of reducing natural shrub and 
woody vegetation observed close to natural habitats 
and urbanized areas (Andrew & Slater, 2014; Con-
way, 2016; Kronenberg, 2012). Such practices may 

impact the reduced ecosystem services and threaten 
populations of species considered urban adapters, 
such as the green toad, through overexposure to so-
lar radiation and, consequently, lead to overheating 
of habitats, and hence growth limitation because of 
thermal stress or direct mortality.

In our earlier study, metamorphs of the green 
toads with access to fleshy fruit (plums) lying on the 
ground achieved a higher growth rate than the control 
(Kaczmarski et al., 2019b). In the current study, we 
did not find any differences in the growth rate of indi-
viduals within the three experiment variants: plums, 
artificial fruit, and controls. Hence, we cannot con-
firm the hypothesis that the observed growth effect is 
related to the additional structure that the fruits cre-
ate or the indirect influence of the fruits themselves. 
We interpreted those unexpected differences in the 
development of amphibians based on the changes in 
experimental conditions and the effect of a dry year 
(ongoing drought). More precisely, in the current ex-
perimental setup, we decided to change the location 
of the enclosures, moving them from a partially shad-
ed site to two extremes: sunny versus shaded expo-
sition, which changed the conditions. Moreover, due 
to the group size reduction from 30 to 20 individu-
als compared to the previous experiment, we decid-
ed also to reduce the surface covered with fruit from 
0.5  m2 to 0.25  m2. Finally, this study was conduct-
ed during the year subsequent to ongoing drought 
(Ionita et al., 2021). This phenomenon substantially 
impacts ecosystems and may contribute to the fur-
ther decline in the number of insects noted in Europe 
(Hallmann et al., 2017). This affects amphibians as 
predators, possibly modifying their activity and food-
base availability. Interestingly, in the sunny sites var-
iant, individuals from the control group, without any 
surface structure, showed the lowest survival (Fig. 
5c). Thus, it may be a premise for further research 
on the role of the structure formed by fruit or other 
objects on the soil surface. Growth rates and survival 
were higher in the shaded site than in the direct so-
lar exposure site. Also, we found that body mass rate 
is related to the exposure in time (Fig. 4). Obtained 
result confirms the role of shade rather than indirect 
trophic interactions. However, we realize that adding 
artificial prey items in our experimental setups may 
also have reduced the benefit of the fruit-attracting 
invertebrate prey. Therefore, our results indicate that 
the beneficial effect of fruit lying on the growth of 
juveniles is limited to specific conditions and under-
standing this requires further research.

Conclusion

The positive effect of the shade created by the tree 
was identified, regardless of fleshy fruit acting as an 
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insect attractant. Juvenile green toads have a more 
intense growth rate at shadow sites with reduced so-
lar exposure. In the shadow site, animals also had 
higher survival rates, similar to the sunny site with 
surface structures created by fruits (real and artifi-
cial) but not in control. Thus, juvenile toads benefit 
from tree canopy protection through ground shading 
and a more heterogeneous habitat structure. We con-
clude there is an opportunity for planners and urban 
authorities to manage habitats for amphibian con-
servation purposes by creating a shaded zone near 
breeding sites, even for open habitat species, espe-
cially in transformed areas such as cities. Finally, the 
beneficial effect of decomposing fleshy fruit lying on 
the ground on the growth of juveniles is limited to 
specific conditions.

Acknowledgments

The authors would like to thank all volunteers for 
their help during fieldwork, preparation of experi-
mental facilities, rearing of animals, throughout the 
entire duration of the experiments; Anna Maria Ku-
bicka, PhD, Poznań University of Life Sciences, for 
helpful remarks concerning an early version of the 
manuscript; and Janusz Kloskowski, PhD, Poznań 
University of Life Sciences, for fruitful discussions 
during research design. The experiments were con-
ducted in the Dendrological Garden Poznań Univer-
sity of Life Sciences.

Funding

Mikołaj Kaczmarski received funding from the 
National Science Centre research grant no UMO-
2017/27/N/NZ8/01996. This research was conduct-
ed thanks to statutory funding, no. FVS PULS 506-
511-05, from the Faculty of Veterinary Medicine and 
Animal Science, Poznań University of Life Sciences, 
Poland. The funders had no role in the study design, 
data collection analysis, publishing decisions, or 
manuscript preparation.

Author contributions

MK: contributions to concept/design, acquisition 
of data, data analysis/interpretation, drafting and 
critical revision of the manuscript, and approval of 
the article; ŁD: data analysis/interpretation, drafting 
and critical revision of the manuscript, and approval 
of the article; TM: fieldwork, critical revision of the 
manuscript, and approval of the article; PT: contribu-
tions to concept/design, critical revision of the man-
uscript, and approval of the article.

Ethics statement

This research complied with the current laws in 
Poland and was performed with appropriate collection 
and research permits (from the Regional Director of 
Environmental Protection: WPN-II.6401.223.2019.
AG). We followed all applicable institutional and 
national guidelines for the care and use of animals. 
Moreover, the Polish Laboratory Animal Science As-
sociation trained the principal investigator (MK).

References

Andrew C & Slater D (2014) Why some UK home-
owners reduce the size of their front garden trees 
and the consequences for urban forest benefits as 
assessed by i-Tree ECO. Arboricultural Journal 36: 
197–215. doi:10.1080/03071375.2014.994388.

Baillie JEM, Hilton-Taylor C & Stuart SN (2004) Red 
list of threatened species. A global species assess-
ment. IUCN, Gland, Switzerland and Cambridge, 
UK. doi:10.2305/IUCN.CH.2005.3.en.

Bodinof Jachowski CM & Hopkins WA (2018) Loss 
of catchment-wide riparian forest cover is associ-
ated with reduced recruitment in a long-lived am-
phibian. Biological Conservation 220: 215–227. 
doi:10.1016/j.biocon.2018.02.012.

Burrow A & Maerz J (2022) How plants affect am-
phibian populations. Biological Reviews 97: 
1749–1767. doi:10.1111/brv.12861.

Conway TM (2016) Tending their urban forest: resi-
dents’ motivations for tree planting and removal. 
Urban Forestry and Urban Greening 17: 23–32. 
doi:10.1016/j.ufug.2016.03.008.

Czortek P, Adamowski W, Kamionka-Kanclerska K, 
Karpińska O, Zalewski A & Dyderski MK (2023) 
Patterns of Prunus cerasifera early invasion stages 
into a temperate primeval forest. Biological Inva-
sions in press. doi:10.1007/s10530-023-03188-z.

deMaynadier PG & Hunter ML (1999) Forest canopy 
closure and juvenile emigration by pool-breed-
ing amphibians in Maine. The Journal of Wildlife 
Management 63: 441–450. doi:10.2307/3802629.

Dylewski Ł, Tobolka M, Maćkowiak Ł, Białas JT & 
Banaszak-Cibicka W (2022) Unused railway 
lines for conservation of pollinators in the in-
tensively managed agricultural landscape. Jour-
nal of Environmental Management 304: 114186. 
doi:10.1016/j.jenvman.2021.114186.

Ensabella F, Loriga S, Formichetti P, Isotti R & Sorace 
A (2003) Breeding site selection of Bufo viridis in 
the city of Rome (Italy). Amphibia-Reptilia 24: 
396–400. doi:10.1163/156853803322440853.

Ficetola GF & De Bernardi F (2004) Amphibians in 
a human-dominated landscape: the community 
structure is related to habitat features and iso-



120 Mikołaj Kaczmarski et al.

lation. Biological Conservation 119: 219–230. 
doi:10.1016/j.biocon.2003.11.004.

Guderyahn LB, Smithers AP & Mims MC (2016) 
Assessing habitat requirements of pond-breed-
ing amphibians in a highly urbanized landscape: 
implications for management. Urban Ecosystems 
19: 1801–1821. doi:10.1007/s11252-016-0569-6.

Hallmann CA, Sorg M, Jongejans E, Siepel H, Ho-
fland N, Schwan H, Stenmans W, Müller A, Sum-
ser H, Hörren T, Goulson D & De Kroon H (2017) 
More than 75 percent decline over 27 years in 
total flying insect biomass in protected areas. 
PLoS ONE 12: e0185809. doi:10.1371/journal.
pone.0185809.

Hamer AJ (2022) A multi-scale, multi-species ap-
proach highlights the importance of urban green-
space and pond design for amphibian communi-
ties. Urban Ecosystems 25: 393–409. doi:10.1007/
s11252-021-01162-y.

Hamer AJ & McDonnell MJ (2008) Amphibian ecol-
ogy and conservation in the urbanizing world: a 
review. Biological Conservation 141: 2432–2449. 
doi:10.1016/j.biocon.2008.07.020.

Hartig F (2017) DHARMa: Residual diagnostics 
for hierarchical (multi-level / mixed) regression 
models. R package version 0.3.3.0.

Holtmann L, Philipp K, Becke C & Fartmann T (2017) 
Effects of habitat and landscape quality on am-
phibian assemblages of urban stormwater ponds. 
Urban Ecosystems 20: 1249–1259. doi:10.1007/
s11252-017-0677-y.

Ionita M, Caldarescu DE & Nagavciuc V (2021) 
Compound hot and dry events in Europe: varia-
bility and large-scale drivers. Frontiers in Climate 
3: 688991. doi:10.3389/fclim.2021.688991.

Jehle R, Hall J, Hook SA, King S, MacArthur K, 
Miró A, Rea M & O’Brien D (2023) High evo-
lutionary potential maintained in common frog 
(Rana temporaria) populations inhabiting urban 
drainage ponds. Diversity 15: 738. doi:10.3390/
d15060738.

Kaczmarek JM., Kaczmarski M & Pędziwiatr K 
(2015) Changes in the batrachofauna in the city 
of Poznań over 20 years: Urban fauna. Animal, 
man, and the city–interactions and relationships 
(ed. by P Indykiewicz & J Böhner) Bydgoszcz, Po-
land, pp. 169–177.

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

Kaczmarski M & Kaczmarek JM (2016) Heavy traf-
fic, low mortality - tram tracks as terrestrial hab-
itat of newts. Acta Herpetologica 11: 227–231. 
doi:10.13128/Acta _Herpetol-17922.

Kaczmarski M, Szala K & Kloskowski J (2019a) Early 
onset of breeding season in the green toad Bufotes 
viridis in Western Poland. Herpetozoa 32: 109–
112. doi:10.3897/herpetozoa.32.e35825.

Kaczmarski M, Tryjanowski P & Kubicka AM (2019b) 
Urban plums and toads: do fleshy fruits affect the 
post-metamorphic growth of amphibians? PeerJ 
7: e6337. doi:10.7717/peerj.6337.

Kiss I, Hamer AJ & Vörös J (2021) Life history mod-
elling reveals trends in fitness and apparent sur-
vival of an isolated Salamandra salamandra popula-
tion in an urbanized landscape. European Journal 
of Wildlife Research 67: 76. doi:10.1007/s10344-
021-01521-2.

Konowalik A, Najbar A, Konowalik K, Dylewski Ł, 
Frydlewicz M, Kisiel P, Starzycka A, Zaleśna A & 
Kolenda K (2020) Amphibians in an urban envi-
ronment: a case study from a central European 
city (Wrocław, Poland). Urban Ecosystems 23: 
235–243. doi:10.1007/s11252-019-00912-3.

Kronenberg J (2012) Barriers to preserving urban 
trees and ways of overcoming them. Sustainable 
Development Applications 3: 31–49.

Kuzmin SL (2001) Bufotes viridis: Green Toad. Re-
trieved June 1, 2022. http://amphibiaweb.org/
species/312.

Labocha MK, Schutz H & Hayes JP (2014) Which 
body condition index is best? Oikos 123: 111–
119. doi:10.1111/j.1600-0706.2013.00755.x.

Lambert MR & Donihue CM (2020) Urban biodiver-
sity management using evolutionary tools. Nature 
Ecology and Evolution 4: 903–910. doi:10.1038/
s41559-020-1193-7.

Löfvenhaft K, Runborg S & Sjögren-Gulve P (2004) 
Biotope patterns and amphibian distribution as 
assessment tools in urban landscape planning. 
Landscape and Urban Planning 68: 403–427. 
doi:10.1016/S0169-2046(03)00154-3.

Mathwin R, Wassens S, Young J, Ye Q & Bradshaw 
CJA (2020) Manipulating water for amphibiay. 
Conservation Biology 35: 24–34. doi:10.1111/
cobi.13501.

Mazgajska J & Mazgajski TD (2020) Two amphibian 
species in the urban environment: changes in the 
occurrence, spawning phenology and adult condi-
tion of common and green toads. European Zoo-
logical Journal 87: 170–179. doi:10.1080/247502
63.2020.1744743.

Newman RA & Dunham AE (1994) Size at metamor-
phosis and water loss in a desert Anuran (Scaphi-
opus couchii). Copeia 372–381.

Nowakowski AJ, Frishkoff LO, Thompson ME, Smith 
TM & Todd BD (2018) Phylogenetic homogeniza-
tion of amphibian assemblages in human-altered 
habitats across the globe. Proceedings of the Na-
tional Academy of Sciences 115: E3454–E3462. 
doi:10.1073/pnas.1714891115.



 Shade promotes the growth and higher survival of toads 121

Pabijan M & Ogielska M (2019) Conservation and 
declines of amphibians in Poland (ed. by H Heat-
wole & JW Wilkinson) Amphibian Biology, Vol-
ume 11: Status of Conservation and Decline of 
Amphibians: Eastern Hemisphere, Part 5: North-
ern Europe (Amphibian, Vol. 11,) Pelagic Publish-
ing, Exeter, pp. 26–45.

Petrovan SO & Schmidt BR (2019) Neglected juve-
niles; a call for integrating all amphibian life stag-
es in assessments of mitigation success (and how 
to do it). Biological Conservation 236: 252–260. 
doi:10.1016/j.biocon.2019.05.023.

Pyron RA (2018) Global amphibian declines have 
winners and losers. Proceedings of the Na-
tional Academy of Sciences 115: 3739–3741. 
doi:10.1073/pnas.1803477115.

R Core Team (2020) R: A language and environment 
for statistical computing. R Foundation for Statis-
tical Computing, Vienna, Austria.

Shoo LP, Olson DH, McMenamin SK, Murray KA, 
Van Sluys M, Donnelly MA, Stratford D, Juhani 
Terhivuo, Merino-Viteri A, Herbert SM, Bishop 
PJ, Corn PS, Dovey L, Griffiths RA, Lowe K, Ma-
hony M, McCallum H, Shuker JD, Simpkins C, 
Skerratt LF, Williams SE & Hero JM (2011) En-
gineering a future for amphibians under climate 
change. Journal of Applied Ecology 48: 487–492. 
doi:10.1111/j.1365-2664.2010.01942.x.

Sinsch U & Schäfer AM (2016) Density regulation in 
toad populations (Epidalea calamita, Bufotes viridis) 
by differential winter survival of juveniles. Jour-
nal of Thermal Biology 55: 20–29. doi:10.1016/j.
jtherbio.2015.11.007.

Sistani A, Burgstaller S, Gollmann G & Landler L 
(2021) The European green toad, Bufotes virid-
is, in Donaufeld (Vienna, Austria): status and 
size of the population. Herpetozoa 34: 259–264. 
doi:10.3897/herpetozoa.34.e75578.

Skelly DK, Bolden SR & Freidenburg LK (2014) Ex-
perimental canopy removal enhances diversity of 
vernal pond amphibians. Ecological Applications 
24: 340–345. doi:10.1890/13-1042.1.

Skelly DK, Halverson MA, Freidenburg LK & Urban 
MC (2005) Canopy closure and amphibian diver-
sity in forested wetlands. Wetlands Ecology and 
Management 13: 261–268. doi:10.1007/s11273-
004-7520-y.

Smith D, O’Brien D, Hall J, Sergeant C, Brookes LM, 
Harrison XA, Garner TWJ & Jehle R (2022) Chal-

lenging a host–pathogen paradigm: susceptibility 
to chytridiomycosis is decoupled from genetic 
erosion. Journal of Evolutionary Biology 35: 589–
598. doi:10.1111/jeb.13987.

Stephens JP, Berven KA & Tiegs SD (2013) Anthro-
pogenic changes to leaf litter input affect the fit-
ness of a larval amphibian. Freshwater Biology 
58: 1631–1646. doi:10.1111/fwb.12155.

Stoler AB & Relyea RA (2021) Love it or leaf it: site 
selection of breeding treefrogs based on leaf litter 
subsidies. Ichthyology & Herpetology 109: 785–
790. doi:10.1643/h2020090.

Therneau TM (2021) survival: A package for survival 
analysis in R. R Package Version 2.38.

Tokarska-Guzik B, Dajdok Z, Zając M, Zając A, Ur-
bisz A, Danielewicz W & Hołdyński C (2012) 
Rośliny obcego pochodzenia ze szczególnym 
uwzględnieniem gatunków inwazyjnych. Gener-
alna Dyrekcja Ochrony Środowiska, Warsaw, Po-
land..

Tracy CR, Christian KA & Tracy R (2010) Not just 
small, wet, and cold: effects of body size and skin 
resistance on thermoregulation and arboreality of 
frogs. Ecology 91: 1477–1484. doi:10.1890/09-
0839.1.

Vuorio V, Tikkanen OP, Mehtätalo L & Kouki J (2015) 
The effects of forest management on terrestrial 
habitats of a rare and a common newt species. Eu-
ropean Journal of Forest Research 134: 377–388. 
doi:10.1007/s10342-014-0858-7.

Wickham H (2016) ggplot2: Elegant graphics for 
data analysis. Second Edition. Springer. Media.

Young JE, Christian KA, Donnellan S & Tracy CR 
(2005) Comparative analysis of cutaneous evapo-
rative water loss in frogs demonstrates correlation 
with ecological habits. Physiological and Biochem-
ical Zoology 78: 847–856. doi:10.1086/432152.

Zawadzki M, Flesch A & Kaczmarski M (2017) New 
breeding site of the green toad Bufotes viridis Lau-
renti, 1768 in the downtown of Poznań. Przegląd 
Przyrodniczy XXVIII: 109–114.

Ziter CD, Pedersen EJ, Kucharik CJ & Turner MG 
(2019) Scale-dependent interactions between 
tree canopy cover and impervious surfaces reduce 
daytime urban heat during summer. Proceedings 
of the National Academy of Sciences of the United 
States of America 116: 7575–7580. doi:10.1073/
pnas.1817561116.


