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Abstract 

Background Sex ratios of animal populations are important factors of population demographics. In pond-breeding 
amphibians, the operational sex ratio (OSR) among the breeding population is usually male-biased. Also, in European 
green toads (Bufotes viridis), males usually outnumber females at breeding sites, while the sex ratio of the total adult 
population (ASR) is assumed to be balanced. It has been suggested that sex-specific breeding behavior causes male-
predominance at the breeding sites. We used a dataset of 5 years of street patrols to test this hypothesis. For this we 
analyzed local sex ratios of green toads in terrestrial habitats and at two artificial breeding ponds. We expected tem-
poral and/or spatial changes of local sex ratios which would indicate sex dependent differences in breeding behavior.

Results Overall observed ASR among 2111 green toads, counted in the course of street patrols from 2016 to 2020, 
was slightly male-biased (ASR = 0.56, annual ASRs = 0.49–0.63). Based on the data of 1631 toads (920 males, 711 
females) captured within a radius of 300 m around nine main breeding sites, temporal and spatial variations in local 
ASRs were evaluated. Resulting values were compared to the calculated OSR at two artificial breeding ponds in 2021 
(645 adult: 553 males, 92 females). Estimates predict more equally distributed females and males prior to the main 
breeding season. During breeding season, males predominated at both breeding sites (B1: 0.83, B2: 0.89), whereas 
females are estimated to outnumber males in terrestrial habitats. Proportions of females highly significantly increased 
with advancing time of the year and increasing distance to the breeding sites. While males tended to accumulate in 
proximity to water bodies, females dispersed soon after breeding to more distant areas.

Conclusions Observed sex ratios in the studied green toad population changed with time and sampling site, deviat-
ing from the population-wide sex ratio. Expanding sampling effort in amphibian conservation assessments in time 
and space, i.e., outside the main breeding season and away from the breeding sites, would be important to encom-
pass such variations.
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Background
Assessing population demographics is key to under-
standing animal ecology, and is also important for spe-
cies conservation [1]. To analyze demography, among 
other factors, sex ratio is fundamental, and needed to 
estimate population size and dynamics [2, 3]. Fisherian 
theory predicts sex ratios of 1:1 if the production of 
males and females is of equal cost [4, 5]. In many exam-
ples, sex ratios at birth are indeed balanced, however, can 
change at age of maturity [e.g., 6]. In Amphibian popula-
tions, sex structure can be altered in all life stages by abi-
otic and biotic factors. For example, exposure of larvae 
to different kinds of chemical pollution like heavy met-
als can result in a higher proportion of females compared 
to unaffected populations [e.g., 7]. Amphibians are also 
sensitive to endocrine disrupting compounds leading to 
phenotypic sex reversal of genetic males during develop-
ment [e.g., 8]. Temperature regime (reviewed in [9, 10]) 
or a sex-specific mortality in road traffic [11, 12] might 
also bias the sex ratio.

The majority of sex ratios of pond-breeding amphibians 
recorded at breeding sites are male-biased (e.g. [13–16], 
but see [17] for an exception). The question of whether 
the proportions of males and females at breeding sites 
(operational sex ratio—OSR) correspond to the popula-
tion wide situation of adults (adult sex ratio—ASR) has 
been discussed controversially [e.g., 18–20]. Sex dif-
ferences in age at maturity [21–23] and longevity [13, 
14] could change the OSR and the ASR. In contrast, sex 
dependent breeding behavior could change the OSR but 
would not influence the ASR. Such behavioral differences 
have been reported in many amphibians and include dif-
ferent arrival and residence time at the breeding sites 
[24], differing breeding frequencies (skipping of breeding 
seasons) [16, 25, 26] and site fidelity [e.g., 27, 28]. Stud-
ies of pond-breeding amphibians are usually focused on 
the breeding sites, which means that mostly OSRs are 
reported. One reason for this is that many species are 
difficult to detect in their terrestrial habitats. However, 
to estimate the ASR, in such a situation, one would need 
capture-recapture data throughout all seasons and all 
habitats [e.g., 29].

Several studies provided statistical analyses to explain 
male predominance at breeding sites, but there is still a 
lack of profound estimates of female abundances and 
hence, ASR in most species and populations. We are 
aware of only 2 studies which have documented the ASR 
of pond-breeding anurans apart from the breeding sea-
son. As shown by Green [29], observed annual OSRs in 
the explosive-breeding Fowler’s toad (Anaxyrus fowleri) 
varied substantially between years, and estimates by 
capture-mark-recapture (CMR)-methods predicted a 
mean 5.34 to 1 male-dominance at the breeding sites. 

In contrast, observed and estimated sex ratios across 
breeding and terrestrial habitats were substantially less 
biased and balanced, respectively (1.43 vs. 1.03 males 
per female). Observations among hibernating Tibetan 
frogs (Nanorana parkeri) revealed similar results (1.26:1), 
though no CMR-methods were used [30].

We analyzed a 5-year (2016–2020) time series of 
street patrol data of European green toads (Bufotes vir-
idis) to gain some further insights into this understudied 
issue. For our analysis, we assumed that local sex ratios 
of road-crossing toads are representative demographic 
samples of the population—including reproductively 
active and inactive adults. These results were compared 
to the observed OSRs of two central water bodies’ breed-
ing communities. The green toad is a prolonged pond-
breeding species [sensu 18]. Anurans with an extended 
breeding season are physiologically able to reproduce 
continuously as long as environmental conditions are 
favorable [31]. Reproduction periods of entire breed-
ing communities usually span over several consecutive 
months [32]. Since green toads live a terrestrial life apart 
from reproduction, during breeding migration entire 
reproductive populations circulate between terrestrial 
habitats and aquatic breeding sites.

Previous studies have shown a wide range of observed 
sex ratios for green toad populations, with numbers of 
males exceeding females by up to 8.5 times at breeding 
sites [32–34]. Observed proportions of males tended to 
be higher when determined by capture at breeding sites 
(0.52–0.88) [35, 36] than by capture at drift fences around 
them (0.5–0.79) [36, 37]. As part of two separate stud-
ies toads were sampled also away from breeding sites: 
Sinsch et al. [35] found both 21 males and females in day-
time hides in up to 1 km distance to a pond. Beckmann 
et al. [38] determined a male proportion of 0.6 at fenced 
breeding sites combined with a 1.2 km long linear fence. 
Genetic and histological sexing of metamorphs of green 
toads raised under laboratory conditions revealed 12 
males and 13 females out of 25 individuals [8].

A common assumption is, that ASR is 1:1 in B. vir-
idis populations but sex-specific differences in breeding 
behavior lead to male-predominance at the breeding sites 
[32]. This assumption would be supported by our study 
if (1) the sex ratio was female-biased further away from 
the breeding sites and (2) observed female proportions 
changed during the breeding season. In contrast, if sex 
ratios at breeding sites represent overall ASR, no signifi-
cant temporal or spatial trends are expected.

Methods
Study species and study site
The European green toad, a typical pioneer spe-
cies, prefers open landscapes and is behaviorally 
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well-adapted to semi-arid to arid conditions. In Cen-
tral Europe, green toads often  inhabit cultivated land 
in warm climate (reviewed in [32]). Populations in 
human settlements are common and the species may 
even occur in large cities [34, e.g., 39]. However, today 
many populations are declining or disappearing due to 
further intensification of agriculture and urbanization 
[32]. One major threat is an ongoing habitat loss, espe-
cially of breeding sites [32]. This is despite the fact, 
that green toads can reproduce in a variety of different 
water bodies, ranging from shallow temporary puddles 
to large permanent ponds [32, 40].

The surveyed green toad population is located in 
the “Simmeringer Haide” in the south-eastern out-
skirts of Vienna, Austria (16.442° E, 48.167° N; Fig. 1A, 
B). This traditional farmland provides a core area of 
about 310 ha of suitable habitat for the species. Since 
the late twentieth century, the area is dominated by 
greenhouses and polytunnels, whereas open arable 
land is limited to small patches [41]. Several roads 
run through the area, making road mortality a signifi-
cant hazard to amphibians. In this former part of the 

Danube floodplain, no persistent natural water bod-
ies have been preserved. Large artificial rainwater col-
lection basins are the most important breeding sites 
today [39]. One of them is B1 with a surface area of 
about 1800  m2 and a constant water depth of at least 
3 m. In contrast, B2 is a shallow concrete basin with a 
mean surface area of 160  m2 and a water depth of max. 
0.15  m, that desiccates periodically (during breeding 
season 2021 from end of April to mid-May).

Data collection
Toads were captured during a roadkill mitigation project 
from 2016 to 2020 within a street network of approxi-
mately 10.8 km. On 30 to 38 nights per breeding season, 
roads were slowly patrolled either by foot, bicycle, or car 
by at least two persons, mainly MS assisted by volunteers. 
Green toads approaching the, or in close proximity to, 
roads were removed from danger zones and individually 
registered by photographing their dorsal patterns. Docu-
mentation comprised date, time, locality (coordinates), 
status (alive or dead) and, if possible, age class (juvenile, 
immature, adult) and sex. Basic data were occasionally 

Fig. 1 Study site and spatial distribution of adult green toads Bufotes viridis during breeding seasons 2016–2020. (A) Map of Vienna, Austria (B) Map 
of the “Simmeringer Haide” including individual observations (n = 1631) within 300 m of 9 main breeding sites (B1 and B2 sampled in 2021). Gray 
circles around each of the water bodies indicate 300 m radiuses split up in 50 m intervals. Maps prepared in QGIS [42]
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supplemented by comments, e.g., amplexus, conspicu-
ousness of nuptial pads, release call, increased abdominal 
size (egg-carrying females) or spawn in overrun females. 
Toads were photographed in standardized small buckets, 
so that in case of doubt the size could be estimated retro-
spectively as one key factor for the assignment to an age 
class. The denoted sex determination was checked again 
when images were combined with the data. Deviations 
due to different skills of volunteers can therefore be ruled 
out. Finally, 82% of all alive and 50% of the dead toads 
could be sexed. Data from adult individuals with deter-
mined sex and precise location, captured within a 300 m 
radius of nine main breeding waters, were used in the 
analysis (Fig. 1B). Collecting surveys were not carried out 
systematically, however we surmise that they represent 
pseudorandom samples of the local toad assemblages, 
including resident as well as migrating individuals.

Furthermore, two centrally located breeding sites were 
sampled during breeding season 2021 (25.3.–16.7.2021) 
on 12 (B1) and 18 (B2) nights, respectively (Fig.  1B). 
Recorded toads were handled such as described above, 
i.e., adult individuals were sexed, and pictures were 
taken. The total individual numbers of males and females 
per site were used to calculate observed OSRs. For both 
roads and ponds, double counting of individuals per 
study time interval (month or year) was avoided by com-
paring pictures of the dorsal patterns with the software 
HotSpotter [43], which performed best with green toads 
in a pilot study [44], and the follow-up version IBEIS [45].

Sex and age determination
Adult green toads exhibit a minor sexual dimorphism 
with morphological differences in body size and colora-
tion, whereby females tend to be larger [36] and more 
contrastingly colored [46]. Some secondary sex-specific 
traits allow an accurate and easy identification in most 
cases. During breeding season phenotypic males or 
females can be best determined by the presence / absence 
of nuptial pads on the thumbs and muscular forearms 
[32]. In some individuals with doubtful external charac-
teristics, the determination had to be confirmed by the 
specific male and female release call [47, 48]. In general, 
it can be assumed that those animals that could be clearly 
sexed were also adult or vice versa, individuals with no 
clear identifying features and/or small size were classified 
as indeterminate and immature, respectively. Using this 
approach a few small females may have been classified 
as immature erroneously as both sexes may mature in 
their 2nd year of life at a minimum size of around 50 mm 
snout-vent length [e.g., 36].

Statistical analysis
All statistical analyses were calculated in R [49]. Over-
all recapture rate was very low during the entire study 
period: only 3.1% of all individually recognized toads 
were recaptured at least once. The low annual recapture 
rates did not allow to apply capture-recapture models 
to estimate sex ratios. Alternatively, we used the pro-
portion of females for each of the monthly sampling 
events (at each sampling location) as the response vari-
able to analyze the relative abundance of females. For 
the full generalized linear mixed effects model (GLMM) 
the independent fixed effect variables were year, month, 
street, and distance to the next breeding pond (in 50 m 
increments) and all their two-way interactions. In addi-
tion, year, month, and street were added as random 
effects. After initial error distribution comparisons we 
decided to use a Tweedie distribution (as parameterized 
in the glmmTMB package [50], i.e. V = φμp; with vari-
ance V, dispersion parameter φ, predicted mean μ, and 
the power parameter p restricted to 1 < p < 2) with zero 
inflation (zero inflation model: 1|month), fitted with the 
function glmmTMB [50]. We then performed an AIC 
based model selection with the function buildglmmTMB 
of the package buildmer [51]. The model predictions 
were calculated with ggpredict and plotted with the plot-
ting functions of ggeffects [52], ggbarplot [53] and patch-
work [54]. Finally, the best statistical model included the 
fixed factors month, distance, and their interaction; year 
and street were included as random effects. An ANOVA 
table was generated from the best model using the func-
tion Anova.glmmTMB [50].

Results
During the 5-year study period a total of 2111 adult indi-
viduals of specified sex were recorded on the roads from 
mid-March to the end of July. Total captures per breed-
ing season ranged from 224 (2017) to 896 (2019) alive 
and dead toads, 25% of all counts were roadkill. ASRs, 
expressed as the proportion of males in the adult entity, 
among toads captured at roads in any one year ranged 
from 0.49 to 0.63. Throughout the study period 56% of all 
records were males.

Annual spring migration started around mid-March. 
First road-crossing toads, in between winter hiberna-
tion and the regular breeding season, were mostly male. 
Generally, main breeding season lasted from April to 
June. However, outstanding early arrival of females at 
the breeding sites and first spawning events have been 
observed in two years (17.3.2019 and 12.3.2020) when 
above-average temperatures in late winter led to a par-
ticularly early start to the season [55].

A total of 1631 adult toads (920 males, 711 females) 
were captured within 300 m of the nearest breeding site. 
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Calculated ASR was 0.56 males per adult (1.3 males per 
female). Total captures increased from March to May 
and decreased afterwards, reflecting main migratory 
activity. Observed proportions of females at the capture 
locations were lowest in March and close to the breed-
ing sites (Fig. 2A, C). Overall observed ASRs were most 
balanced in May (mid breeding season) and within 
the 150  m interval (101–150  m). From May onwards 
females outnumbered males in all distances but close 
to the breeding sites (up to 50  m). Relative frequency 
of females highly significantly increased with ongoing 

Fig. 2 Observed proportions of green toad Bufotes viridis males during breeding seasons 2016–2020 per month (A) and per 50 m distance interval 
to the closest breeding site (C) compared to predicted trends in the proportion of females over time (B) and distance (D)

Table 1 ANOVA table of the model results with female 
proportion as the response variable

The ‘proportion females’ used as the response variable in this analysis represents 
the proportion of females that can be found at one given month at one of the 
sampling locations (i.e., the absolute numbers of females and males can vary 
substantially)

Factor χ2 p

Month 20.32 < 0.001

Distance 16.12 < 0.001

Month by distance 3.15 0.076
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season and with increasing distance to the breeding 
sites, with a trending interaction between distance and 
month (Table  1). The model predicts higher propor-
tions of females than males at each of the sampling sites 
from April onwards (note: this does not equal absolute 
numbers of females), indicating more evenly distrib-
uted females and locally clustered males (Fig. 2B, D).

Males were substantially more predominant at the 
two breeding sites (B1: 286 males, 60 females; B2: 267 
males, 32 females) in comparison to the data from the 
street patrols. Based on the number of captured indi-
viduals, i.e., ignoring potential sex-specific capture 
probabilities, OSRs were 0.83 (4.8 males per female) at 
the permanent basin B1 and 0.89 (8.3 males per female) 
at the temporary water body B2.

Discussion
Our study illustrates that survey data on sex ratios are 
highly context-dependent in pond-breeding anurans. 
Spatial aggregations and distributions of individuals vary 
between the breeding and the non-breeding seasons. In 
prolonged-breeding species, reproduction is associated 
with long-lasting migrations, so that during the breed-
ing season the membership of individuals in aquatic 
or terrestrial groups is asynchronous, staggered, and 
unpredictable in time. Discrete counts are temporary 
snapshots, where sex ratios can be highly variable, par-
ticularly along migratory routes and where abundance is 
generally low.

The differences in the observed sex ratios at both 
breeding sites (OSRs = 0.83 and 0.89) and in the sur-
roundings (ASR = 0.56), are consistent with the assump-
tion that high male predominance at breeding sites does 
not reflect the effective population composition. It has 
been shown in CMR studies that estimated amphibian 
sex ratios tend to be less skewed than counts suggest, 
and relative abundance of males can easily be overesti-
mated [e.g., 56], even outside the breeding season [29, 
57] and regardless of the species’ biology. Based on our 
census data and analysis there is strong evidence, that the 
ASR in our studied B.  viridis population is close to 1:1. 
The following results underline the likelihood of parity in 
the total adult entity: (a) annual sex ratios among all cap-
tured toads during the 5-year study period varied around 
0.5; (b) model estimates predict female predominance in 
the surroundings, while males tended to cluster at and 
near the ponds, which likely levels out overall; (c) esti-
mated adult female proportions early in the season sug-
gest that males and females are equally distributed over 
the surveyed area before the main breeding migration 
causes severe relocations among the entire reproductive 
population.

Significant changes of local sex ratios indicate that 
males and females behaved differently in terms of the 
timing of arrival at, and the departure from, the breed-
ing sites. Asynchrony in migration initiation, with males 
arriving first at the breeding sites, is a common and well-
known phenomenon in pond-breeding anurans [e.g., 58] 
and also in B. viridis [32]. Among other factors, sex has 
been found to already affect the timing of hibernation in 
amphibians, whereby males emerged from hibernation 
earlier than females [59]. In the case of prolonged-breed-
ing species in particular, differences in residence duration 
are considered the main influence on the sex ratio within 
the breeding communities [e.g., 36]. Individual B. viridis 
males may stay for several consecutive weeks or visit the 
breeding sites repeatedly, whereas females usually arrive 
only once, stay just as long as necessary to complete mat-
ing and oviposition, and then depart [32].

Estimated steep increases of female proportions with 
time and distance indicate that after breeding, females 
have a head start in dispersing and also migrate to more 
distant areas. Differences by migration distance have 
been found in several explosive-breeding amphibians 
([e.g., 60–62] but see [21, 63]), and also in the prolonged-
breeding natterjack toad Epidalea calamita [27] but not 
in two Pelophylax spp. [64]. One hypothesis is that males 
overwinter close to the breeding sites to be able to return 
there earlier in the following season, which is thought 
to enhance their reproductive success [65, 66]. But this 
is probably less relevant in species with asynchronously 
and prolonged breeding females. Furthermore, diverging 
post-breeding migration distances have been associated 
with differences in site fidelity [27, 67] and habitat selec-
tion [68].

Low individual numbers within the 300  m distance 
interval suggest that mainly resident toads were captured 
and the reoccurring emigrations of reproductive adults, 
among which the sex ratio was male-biased, rather than 
post-breeding remigrations, accounted for the increas-
ing female bias in sex ratios. Farther away from breeding 
sites, more females may have not participated in breed-
ing activity. Studies across a range of amphibian species 
have shown facultative breeding [25, e.g., 68]. Particu-
larly females [16, e.g., 69], but also males [29, e.g., 70] and 
young adults [71] have been found to skip one or more 
breeding opportunities. Iteroparity can be limited by sev-
eral factors, including energy costs of reproduction [72, 
73], and unfavorable environmental conditions like the 
lack of rain and breeding sites [26, 29]. While later mat-
uration of females versus males is common in anurans, 
in B. viridis both sexes can mature in their 2nd year of 
life [36, 74]. However, many females delay maturity to 
their 4th year of life [36]. Substantially more non-breed-
ing or sexually immature females than males would also 
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contribute to the predominance of the latter at the breed-
ing sites. It is therefore very likely, that more males than 
females entered the surveyed breeding communities, 
though the magnitude of the skewness is expected to be 
severely overestimated by counts.

Sex-biased physiological demands, habitat prefer-
ences, behavior, visibility, and vocalization of males can 
lead to diverging capture probabilities of different sexes 
in amphibians [29, 57]. We observed male accumula-
tion along one road section that passes right next to a 
water body. Occasionally, several males remained there 
presumably to watch for incoming females, increas-
ing their chance of being captured. Besides that, there 
were no apparent differences in road-use between the 
sexes. However, sex differences in capture probabil-
ity would have biased observed abundances but would 
not have influenced temporal and spatial trends. Model 
predictions indicate high female proportions, espe-
cially where generally low individual numbers were 
recorded. Hence, while female proportions at locations 
further away from the breeding sites are high, this does 
not translate to equally high counts. Despite toads’ 
high detectability on the roads, capture probability of 
both sexes is supposed to be low, as the road sections 
only account for a minor fraction of the survey area. 
Recaptures were very rare and could not be improved 
substantially even by increased efforts in 2019. Low 
recapture rates are usually associated with a large pop-
ulation size and/or a high mortality rate. In addition, 
many individuals probably only crossed the roads once 
or twice on their way to and from breeding sites, which 
would also explain low recapture rates within single 
years. Previous studies have shown that green toads are 
very mobile [32], for example, a maximum daily migra-
tion distance of 558 m has been observed in a German 
population [75]. Thus, the nocturnal toads could have 
covered the studied environment of 300 m around the 
breeding sites within one night.

Considering the many factors, that can affect sex 
ratios in amphibian populations, it seems quite unlikely 
that sex ratios in different populations are exactly the 
same. The ASR might be closely related to past and 
present environmental conditions that influenced the 
development or longevity of individuals. Variations 
can potentially occur between subpopulations or even 
breeding assemblages that breed in different bodies of 
water. In urban populations in particular, deviations 
may be expected due to various anthropogenic factors, 
such as pollutant, that may change rapidly [7, 8, 10]. To 
understand sex ratios in amphibian populations, inten-
sive long-term studies are necessary. These  include 
sampling over the entire breeding season, if possible, 
longer, and surveying breeding sites as well as their 

surroundings (> 100  m radius). Individual recognition 
can help to correct for double counting or can even 
be used for sex specific population modelling, in case 
of sufficient recaptures. Otherwise, any sex-ratio esti-
mates will be skewed by the asymmetries in space and 
time.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12862- 023- 02106-0.

Additional file 1. R code and data.

Acknowledgements
We are particularly grateful to all the helpers in amphibian protection and 
data collection. We also want to thank two anonymous reviewers for in-depth 
evaluations which improved this manuscript substantially.

Author contributions
MS and AH collected data. MS, SB and LL analyzed and interpreted the data 
and wrote the manuscript. All authors read and approved the final manuscript.

Funding
Open access funding provided by Austrian Science Fund (FWF). The spe-
cies conservation project was funded by the City of Vienna, Environmental 
Protection Department—MA 22, project-no. 363363-2018-5. LL and SB are 
supported by the Austrian Science Fund (FWF, Grant Number: P32586).

Availability of data and materials
All data are included in the article text as well as its additional information files. 
Data and R script for analysis available in the Additional file 1.

Declarations

Ethics approval and consent to participate
We confirm that all methods were carried out in accordance with relevant 
guidelines and regulations. The Environmental Protection Department—Mag-
istratsabteilung 22 (City of Vienna) provided ethical approval by its authority, 
during the project 363363-2018-5, as well as the nature conservation and 
national park official permit MA22-230917-2020.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Lindenbauergasse 13, 1110 Vienna, Austria. 2 Institute of Zoology, Depart-
ment of Integrative Biology and Biodiversity Research, University of Natural 
Resources and Life Sciences Vienna, Gregor-Mendel-Strasse 33, 1180 Vienna, 
Austria. 

Received: 3 April 2022   Accepted: 23 February 2023

References
 1. Mills LS. Conservation of wildlife populations: demography, genetics, and 

management. John Wiley & Sons; 2012.
 2. Lambert MR, Ezaz T, Skelly DK. Sex-biased mortality and sex reversal 

shape wild frog sex ratios. Front Ecol Evol. 2021;9: 756476.
 3. Cotton S, Wedekind C. Population consequences of environmental sex 

reversal. Conserv Biol. 2009;23:196–206.

https://doi.org/10.1186/s12862-023-02106-0
https://doi.org/10.1186/s12862-023-02106-0


Page 8 of 9Staufer et al. BMC Ecology and Evolution            (2023) 23:6 

 4. Fisher RA. The genetical theory of natural selection. Oxford: The Claren-
don Press; 1930.

 5. Basolo AL. The dynamics of Fisherian sex-ratio evolution: theoretical and 
experimental investigations. Am Nat. 1994;144:473–90.

 6. Székely T, Liker A, Freckleton RP, Fichtel C, Kappeler PM. Sex-biased sur-
vival predicts adult sex ratio variation in wild birds. Proc R Soc B Biol Sci. 
2014;281:20140342.

 7. Zhelev Z, Arnaudov A, Boyadzhiev P. Colour polymorphism, sex ratio 
and age structure in the populations of Pelophylax ridibundus and 
Pseudepidalea viridis (Amphibia: Anura) from anthropogenically polluted 
biotopes in southern Bulgaria and their usage as bioindicators. Trakia J 
Sci. 2014;12:1.

 8. Tamschick S, Rozenblut-Kościsty B, Ogielska M, Lehmann A, Lymberakis P, 
Hoffmann F, et al. Sex reversal assessments reveal different vulnerability 
to endocrine disruption between deeply diverged anuran lineages. Sci 
Rep. 2016;6:1–8.

 9. Ruiz-García A, Roco ÁS, Bullejos M. Sex differentiation in amphib-
ians: effect of temperature and its influence on sex reversal. Sex Dev. 
2021;15:157–67.

 10. Mikó Z, Nemesházi E, Ujhegyi N, Verebélyi V, Ujszegi J, Kásler A, et al. Sex 
reversal and ontogeny under climate change and chemical pollution: 
are there interactions between the effects of elevated temperature and 
a xenoestrogen on early development in agile frogs? Environ Pollut. 
2021;285: 117464.

 11. Griffiths RA, Harrison JD, Gittins SP. The breeding migrations of amphib-
ians at Llysdinam pond, Wales: 1981–1985. In: Studies in Herpetology. 
Proceedings of the European Herpetological Meeting. Prague; 1986. p. 
543–6.

 12. Csapó B, Papp B, Puky M, Kecskés F. Barna varangy (Bufo bufo L.) popu-
lációk vándorlási sajátosságainak vizsgálata a Börzsöny hegységben. 
Calandrella. 1989;3:35–48.

 13. Elmberg J. Long-term survival, length of breeding season, and opera-
tional sex ratio in a boreal population of common frogs, Rana temporaria 
L. Can J Zool. 1990;68:121–7.

 14. Friedl TW, Klump GM. Some aspects of population biology in the Euro-
pean treefrog. Hyla arborea Herpetologica. 1997;53:321–30.

 15. Wells KD. The ecology and behaviour of amphibians. Chicago and Lon-
don: University of Chicago; 2007.

 16. Loman J, Madsen T. Sex ratio of breeding Common toads (Bufo 
bufo)—influence of survival and skipped breeding. Amphib-Reptil. 
2010;31:509–24.

 17. Alho JS, Herczeg G, Merilä J. Female-biased sex ratios in subarctic com-
mon frogs. J Zool. 2008;275:57–63.

 18. Wells KD. The social behaviour of anuran amphibians. Anim Behav. 
1977;25:666–93.

 19. Gittins SP, Parker AG, Slater FM. Population characteristics of the com-
mon toad (Bufo bufo) visiting a breeding site in Mid-Wales. J Anim Ecol. 
1980;49:161–73.

 20. Davies NB, Halliday TR. Competitive mate searching in male common 
toads. Bufo bufo Anim Behav. 1979;27:1253–67.

 21. Berven KA, Grudzien TA. Dispersal in the wood frog (Rana sylvatica): impli-
cations for genetic population structure. Evolution. 1990;44:2047–56.

 22. Reading CJ, Loman J, Madsen T. Breeding pond fidelity in the common 
toad. Bufo bufo J Zool. 1991;225:201–11.

 23. Miaud C, Guyétant R, Elmberg J. Variations in life-history traits in the com-
mon frog Rana temporaria (Amphibia: Anura): a literature review and new 
data from the French Alps. J Zool. 1999;249:61–73.

 24. Hartel T, Sas I, Pernetta AP, Geltsch IC. The reproductive dynamics of 
temperate amphibians: a review. North-Western J Zool. 2007;3:127–45.

 25. Muths E, Scherer RD, Lambert BA. Unbiased survival estimates and evi-
dence for skipped breeding opportunities in females. Methods Ecol Evol. 
2010;1:123–30.

 26. Cayuela H, Besnard A, Bonnaire E, Perret H, Rivoalen J, Miaud C, et al. To 
breed or not to breed: past reproductive status and environmental cues 
drive current breeding decisions in a long-lived amphibian. Oecologia. 
2014;176:107–16.

 27. Sinsch U. Sex-biased site fidelity and orientation behaviour in reproduc-
tive natterjack toads (Bufo calamita). Ethol Ecol Evol. 1992;4:15–32.

 28. Sanuy D, Avrillier J-N, Miaud C. Terrestrial movements of the natterjack 
toad Bufo calamita (Amphibia, Anura) in a semi-arid, agricultural land-
scape. Amphib-Reptil. 2000;21:357–69.

 29. Green DM. Sex ratio and breeding population size in Fowler’s Toad, 
Anaxyrus (= Bufo) fowleri. Copeia. 2013;2013:647–52.

 30. Lu X, Ma X, Fan L, Hu Y, Lang Z, Li Z, et al. Reproductive ecology 
of a Tibetan frog Nanorana parkeri (Anura: Ranidae). J Nat Hist. 
2016;50:2769–82.

 31. Weil ZM, Crews D. Photoperiodism in amphibians and reptiles. In: Photo-
periodism: The Biological Calendar. New York: Oxford Univ Press; 2010. p. 
399–419.

 32. Stöck M, Roth P, Podloucky R, Grossenbacher K. Wechselkröten—unter 
Berücksichtigung von Bufo viridis virdis Laurenti, 1768; Bufo variabilis (Pal-
las, 1769); Bufo boulengeri Lataste, 1879; Bufo balearicus Böttger, 1880 und 
Bufo siculus Stöck, Sicilia, Belfiore, Lo Brutto, Lo Valvo und Arculeo, 2008. 
In: Handbuch der Reptilien und Amphibien Europas. 2008. p. 413–98.

 33. Mollov IA. Urban ecology studies of the Amphibians and Reptiles in the 
city of Plovdiv. Bulgaria: Cambridge Scholars Publishing; 2019.

 34. Sistani A, Burgstaller S, Gollmann G, Landler L. The European green toad, 
Bufotes viridis, in Donaufeld (Vienna, Austria): status and size of the popu-
lation. Herpetozoa. 2021;34:259–64.

 35. Sinsch U, Höfer S, Keltsch M. Syntope Habitatnutzung von Bufo calamita, 
B. viridis und B. bufo in einem rheinischen Auskiesungsgebiet. Zeitschrift 
für Feldherpetologie. 1999;6:23.

 36. Sinsch U, Leskovar C, Drobig A, König A, Grosse W-R. Life-history traits in 
green toad (Bufo viridis) populations: indicators of habitat quality. Can J 
Zool. 2007;85:665–73.

 37. Kühnel KD, Krone A. Bestandssituation, Habitatwahl und Schutz der 
Wechselkröte (Bufo viridis) in Berlin—Grundlagenuntersuchungen für ein 
Artenhilfsprogramm in der Großstadt. Mertensiella. 2003;14:299–315.

 38. Beckmann H, Schneeweiss NS, Greulich K. Die Wechselkröte (Bufo viridis 
LAURENTI, 1768) in einer intensiv genutzten Agrarlandschaft Branden-
burgs. Mertensiella. 2003.

 39. Staufer M. Die Wechselkröten der Simmeringer Haide in Wien. ÖGH-
Aktuell. 2022;60:29–35.

 40. Cabela A, Grillitsch H, Tiedemann F. Atlas zur Verbreitung und Ökologie 
der Amphibien und Reptilien in Österreich. Wien: Publikationen des 
Umweltbundesamtes; 2001.

 41. Staufer M. Schutzmaßnahmen für die Wechselkröte (Bufotes viridis) in den 
Gemüseanbaugebieten der Simmeringer Haide, Wien. Vienna: Wiener 
Umweltschutzabteilung—MA 22; 2020.

 42. QGIS.org. QGIS Geographic Information System. 2021.
 43. Crall JP, Stewart CV, Berger-Wolf TY, Rubenstein DI, Sundaresan SR. Hot-

spotter—patterned species instance recognition. In: 2013 IEEE workshop 
on applications of computer vision (WACV). IEEE; 2013. p. 230–7.

 44. Burgstaller S, Gollmann G, Landler L. The green toad example: a compari-
son of pattern recognition software. North-West J Zool. 2021;17:96–9.

 45. Crall JP. IBEIS: Image based ecological information system. 2020.
 46. Goubeaud W. Die histologischen Grundlagen von Farbkleid und 

Farbwechsel bei Bufo viridis. Z Für Morphol Ökol Tiere. 1931;21:702–39.
 47. Flindt R, Hemmer H. Analyse des akustischen Geschlechtererkennungs-

mechanismus (Befreiungsrufe) bei Kröten (Genus Bufo). Experientia. 
1968;24:285–6.

 48. Weber E. Distress Calls of Bufo calamita and B. viridis (Amphibia: Anura). 
Copeia. 1978;1978:354–6.

 49. R Core Team. R: A language and environment for statistical computing. 
2020.

 50. Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen 
A, et al. glmmTMB balances speed and flexibility among packages for 
zero-inflated generalized linear mixed modeling. R J. 2017;9:378–400.

 51. Voeten CC. buildmer: Stepwise Elimination and Term Reordering for 
Mixed-Effects Regression. 2020.

 52. Lüdecke D. ggeffects: Tidy data frames of marginal effects from regres-
sion models. J Open Source Softw. 2018;3:772.

 53. Kassambara A. ggpubr: “ggplot2” based publication ready Plots. 2020.
 54. Pedersen TL. patchwork: the composer of plots. 2020.
 55. Staufer M, Burgstaller S, Landler L. Beitrag zur Phänologie der Wech-

selkröte in Wien: Laichbeginn in den Jahren 2019 und 2020. ÖGH-Aktuell. 
2022;60:36–7.

 56. Burgstaller S, Leeb C, Ringler M, Gollmann G. Demography and 
spatial activity of fire salamanders, Salamandra salamandra (Linnaeus, 
1758), in two contrasting habitats in the Vienna Woods. Herpetozoa. 
2021;34:23–34.



Page 9 of 9Staufer et al. BMC Ecology and Evolution            (2023) 23:6  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 57. Romano A, Basile M, Costa A. Skewed sex ratio in a forest salamander: 
artefact of the different capture probabilities between sexes or actual 
ecological trait? Amphib-Reptil. 2018;39:79–86.

 58. Lodé T, Holveck M-J, Lesbarreres D. Asynchronous arrival pattern, 
operational sex ratio and occurrence of multiple paternities in a territorial 
breeding anuran, Rana dalmatina. Biol J Linn Soc. 2005;86:191–200.

 59. Gao X, Jin C, Llusia D, Li Y. Temperature-induced shifts in hibernation 
behavior in experimental amphibian populations. Sci Rep. 2015;5:11580.

 60. Heusser H. Die Lebensweise der Erdkröte, Bufo bufo (L.); Das Orientierung-
sproblem. Rev Suisse Zool. 1969;76:443–518.

 61. Regosin JV, Windmiller BS, Reed JM. Terrestrial habitat use and winter 
densities of the wood frog (Rana sylvatica). J Herpetol. 2003;37:390–4.

 62. Pilliod DS, Peterson CR, Ritson PI. Seasonal migration of Columbia spot-
ted frogs (Rana luteiventris) among complementary resources in a high 
mountain basin. Can J Zool. 2002;80:1–15.

 63. Kovar R, Brabec M, Bocek R, Vita R. Spring migration distances of some 
Central European amphibian species. Amphib-Reptil. 2009;30:367–78.

 64. Holenweg A-K, Reyer H-U. Hibernation behavior of Rana lessonae and R. 
esculenta in their natural habitat. Oecologia. 2000;123:41–7.

 65. Zweifel RG. Calling by the frog, Rana sylvatica, outside the breeding 
season. J Herpetol. 1989;23:185.

 66. Morbey YE, Ydenberg RC. Protandrous arrival timing to breeding areas: a 
review. Ecol Lett. 2001;4:663–73.

 67. Bartelt PE, Peterson CR, Klaver RW. Sexual differences in the post-breed-
ing movements and habitats selected by western toads (Bufo boreas) in 
southeastern Idaho. Herpetologica. 2004;60:455–67.

 68. Bull JJ, Shine R. Iteroparous animals that skip opportunities for reproduc-
tion. Am Nat. 1979;114:296–303.

 69. Beshkov VA, Jameson DL. Movement and abundance of the yellow-
bellied toad Bombina variegata. Herpetologica. 1980;36:365–70.

 70. Frétey T, Cam E, Garff BL, Monnat J-Y. Adult survival and temporary emi-
gration in the common toad. Can J Zool. 2004;82:859–72.

 71. Orchard D, Tessa G, Jehle R. Age and growth in a European flagship 
amphibian: equal performance at agricultural ponds and favourably 
managed aquatic sites. Aquat Ecol. 2019;53:37–48.

 72. Harris RN, Ludwig PM. Resource level and reproductive frequency 
in female four-toed salamanders, Hemidactylium scutatum. Ecology. 
2004;85:1585–90.

 73. Church DR, Bailey LL, Wilbur HM, Kendall WL, Hines JE. Iteroparity in the 
variable environment of the salamander Ambystoma tigrinum. Ecology. 
2007;88:891–903.

 74. Kutrup B, Cakir E, Colak Z, Bulbul U, Karaoglu H. Age and growth of the 
green toad, Bufo viridis (Laurenti, 1768) from an Island and a Mainland 
population in Giresun, Turkey. J Anim Vet Adv. 2011;10:1469–72.

 75. Ott M. Telemetriestudie zur Raum- und Habitatnutzung der Wechselkröte 
(Bufotes variabilis PALLAS, 1769) im Sommerlebensraum auf der Ostseein-
sel Fehmarn. BOKU; 2015.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Temporal and spatial variations in local sex ratios in a suburban population of the European green toad Bufotes viridis
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Study species and study site
	Data collection
	Sex and age determination
	Statistical analysis

	Results
	Discussion
	Anchor 14
	Acknowledgements
	References


