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Predicting spring migration of two 
European amphibian species 
with plant phenology using citizen 
science data
Maria Peer1*, Daniel Dörler1, Johann G. Zaller1, Helfried Scheifinger2, Silke Schweiger3, 
Gregor Laaha4, Gernot Neuwirth5, Thomas Hübner2 & Florian Heigl1

Habitat fragmentation is one of the drivers for amphibian population declines globally. Especially 
in industrialized countries roads disrupt the seasonal migration of amphibians between hibernation 
and reproduction sites, often ending in roadkills. Thus, a timely installing of temporary mitigation 
measures is important for amphibian conservation. We wanted to find out if plant phenology can be a 
proxy in advance to determine the start of amphibian migration, since both phenomena are triggered 
by temperature. We analysed data of 3751 amphibian and 7818 plant phenology observations from 
citizen science projects in Austria between 2000 and 2018. Using robust regression modelling we 
compared the migration of common toads (Bufo bufo) and common frogs (Rana temporaria) with the 
phenology of five tree, one shrub, and one herb species. Results showed close associations between 
the migration of common frogs and phenological phases of European larch, goat willow and apricot. 
Models based on goat willow predict migration of common frog to occur 21 days after flowering, 
when flowering was observed on 60th day of year; apricot based models predict migration to occur 
1 day after flowering, observed on the 75th day of year. Common toads showed weaker associations 
with plant phenology than common frogs. Our findings suggest that plant phenology can be used 
to determine the onset of temporary mitigation measures for certain amphibian species to prevent 
roadkills.

More than 70% of the world’s amphibian populations are in decline and more than two-thirds of amphibian 
species in the European Union countries have an unfavourable conservation  status1,2 Modification, loss and 
fragmentation of habitats are among the most important causes of local  declines3. In industrialized countries 
roads cut through landscapes, fragment habitats and disrupt amphibian migration routes in temperate regions 
resulting in millions of amphibians killed on roads each  year4,5. In Austria roadkills are recorded in a citizen 
science project, and are found to be particularly high in the vicinity of amphibians preferred  habitats6,7. To avoid 
amphibian roadkills many conservation measures such as protection fences have been  adopted8. These temporary 
fences are installed along roads; amphibians migrating from hibernating to the spawning waters fall into buckets 
inserted along the fences and are released on the other side of the road often by the help of  volunteers9. Critically 
for the success of these measures is a timely installation and the daily monitoring of these mitigation measures, 
in order to minimize  roadkill9–11. However, daily monitoring is time-consuming11 and timely installation is 
complicated because the timing of amphibian migration can vary considerably from year to  year12.

Understanding the timing of seasonal migrations in amphibians has received considerable  attention13–16. 
Amphibian species vary greatly in their migration  behaviour17. Bufonidae and Ranidae in temperate regions 
are so-called “explosive breeders” forming large agglomerations with thousands of specimens during spring 
 migration18. As a result, roads that separate overwintering areas from breeding ponds can pose a serious threat 
to local amphibian populations because they restrict the seasonal  migration8,19. In studies conducted in European 
countries spring migration of common toads has been found to correlate with the mean daily temperature 40 days 
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preceding  migration20 or with average temperatures in  March21 or  April22. Similar findings are known for com-
mon frog with spawning dates correlating with air temperature in winter and early  spring21 or the temperature 
sum in February and  March12. Besides temperature, also  daylength20 and  rainfall13,23 have been linked to spring 
migration of common frog and common toad in past studies in temperate regions. However, temperature is 
found to be the main driver of amphibian phenology, while the impact of precipitation is considered  weak24.

Another phenomenon that is mainly influenced by temperature (and also daylength) is plant phenology 
including bud break, leaf unfolding or  flowering25–27. Plant phenology in temperate regions may also be influ-
enced by precipitation, although the extent of such effects is considered to be smaller than that of temperature 
and  daylength28.

Hence, the objective of this study was to examine whether phenological phases of plants are associated with 
amphibian migration patterns. Possible associations would allow to make predictions about the start of local 
amphibian migrations which is currently mainly determined by personal experience of the people involved. 
Indications on the start of amphibian migration could be especially helpful for volunteers in nature conservation 
with limited experience and for regions without observational values yet, in order to timely install temporary 
amphibian mitigation measures. Further, such an approach would be advantageous for amphibian conservation 
associations as monitoring plant phenological phases is easy to conduct and data on phenological phases are 
usually  available2,29. Another advantage of using phenological phases is that they are considered to reflect the 
combined effect of temperature and other meteorological variables and daylength and should, therefore, allow 
better predictions of the onset of amphibian migration than the factor temperature alone.

To investigate this, we analysed 3751 observations of two amphibian species and 7818 observations of flower-
ing and leaf unfolding of seven plant species collected in Austria between 2000 and 2018. Three datasets were 
collected within citizen science projects (“naturbeobachtung.at” by Naturschutzbund Österreich30, “Roadkill” 
by University of Natural Resources and Life  Sciences31, “Phenowatch” by Zentralanstalt für Meteorologie und 
Geodynamik  ZAMG29); the fourth project included both citizen science and expert data (“Herpetofaunistic 
Database” by Natural History Museum  Vienna32). We used robust regression models to test whether we can 
predict the onset of amphibian migration with plant phenology.

Results
Start of amphibian migration and plant phenological phases. We determined the phenological 
phases of amphibians and plants for the years 2000–2018 in three different climatic regions of Austria referred to 
as warm, moderate and cool region (Supplementary Tables S1 and S2, Supplementary Fig. S1).

Migrations of common toads and common frogs were observed across a time span of 37 days; earliest record 
of common frogs was on February, 27th 2008 (58th day of the year) and the latest record was on April, 5th 2006 
(95th day of the year; Fig. 1). Earliest documented migration of common toads was on March, 1st 2007 (60th day 
of the year) in the moderate region. The latest recorded start of migration of common toads was in 2003 and 2006 

Figure 1.  Earliest migration observation of common toads and common frogs and plant phenological phases 
of common hazel, goat willow and apricot in cool and moderate climate regions in Austria between 2000 and 
2018, data missing for some years. Time series of European larch, horse-chestnut, silver birch and snowdrop in 
Supplementary Fig. S3.
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on April, 10th (100th day of the year), both in the cool region. Migration of common frogs started only about 
2 days earlier (Mean = 80th day of the year) than migration of common toads (Mean = 82nd day of the year) on 
average (Fig. 2). Common frog and common toad migration started significantly earlier in the moderate region 
(median = 76th day of the year) than in the cool region (median = 85th day of the year) (p < 0.05)) (Supplementary 
Fig. S2). Due to the limited data available, it is not possible to compare the warm region (Median = 78th day of 
the year, n = 3) with the other regions.

Regarding plant phenology, flowering of snowdrop and common hazel flowered first in January or February, 
at the beginning of March at the latest—about 40 days before the start of the first amphibian migrations (Fig. 2). 
Goat willow started flowering in February at the earliest—about 20 days before amphibian migrations. Albeit 
not significantly different, flowering of apricot appeared slightly earlier than migration of common toads and 
common frogs. European larch, horse-chestnut and silver birch unfolded their leaves around the end of March 
to the beginning of April, thus happening later on average than amphibian migration. In general, leaf unfolding 
phases showed a lower temporal variance compared to flowering phases.

No significant shift of the starting dates for amphibian migration and plant phenology phases was found 
across the study period (Mann–Kendall test, p > 0.05, Fig. 1). Both, amphibian migration and plant phenological 
phases showed similar temporal patterns for cool and moderate regions, although with staggered starting dates.

Associations of amphibian migration with plant phenology. Start of the seasonal migrations of 
common toads and common frogs was significantly correlated with five plant phenological phases analysed 
(p < 0.05; Fig.  3). Exceptions were the correlations between the start of migration of common toads and the 
flowering of snowdrop and between the start of migration of common toads and the flowering of common hazel.

Predicting the start of amphibian migration. We considered plants with phenological phases start-
ing before amphibian migration and sufficient correlation to amphibian migration as suitable for predicting 
amphibian migration.

Three models were best in predicting the migration of common frogs or common toads (Fig. 4). Especially 
well adapted to the data is model 1 with apricot; apricot and goat willow showed significant regression coefficients 
(p < 0.05) for the migration of common frogs and confirmed the results of the correlation tests. For the prediction 
of the migration of common toad, goat willow showed the best results (model 3). Adding other plants as predic-
tors to existing models based on goat willow and apricot did not significantly improve the model. Additional, 
weaker model outputs for common frogs and common toads and a null model to which we compared our models 
can be found in Supplementary Table S3.

Figure 2.  Onset of phenological phases flowering (snowdrop, common hazel, goat willow and apricot) and leaf 
unfolding (European larch, horse-chestnut, silver birch) and migration start of common toads and common 
frogs between the years 2000–2018 in Austria.
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Discussion
Our analysis of large datasets of amphibian observations and plant phenology over a time span of 18 years showed 
that the start of amphibian migrations can be predicted with plant phenology data. Using robust regression mod-
elling we were also able to predict the interval between plant phenology events and the likely onset of amphibian 
migration. This can be especially practical in timing the installation of temporary mitigation measures to avoid 
amphibian roadkills as plant phenology is more easily assessed than the start of amphibian migration and plant 
phenology data are often reported by weather agencies.

Association of amphibian and plant phenology. We found great similarities in the phenological 
phases of the selected plant and amphibian species: five out of the seven selected plant species showed a high 
and significant correlation either with the migration of common frogs or common toads or both amphibian spe-
cies. Migration of common frogs and flowering of apricots occured almost simultaneously. Also, phenological 
phases of goat willow, common hazel and European larch showed a high correlation with migration of common 
frogs or common toads. These correlations suggest common relationships of the studied phenological phases 
on meteorological factors. Others have shown for both the examined amphibian species and plant species, that 
mainly temperature influences the timing of phenological activity: amphibian migration has been shown to be 
influenced by temperature in  winter21, alternatively by temperatures in February and  March12,21,33 or  April22 or by 
temperatures, 40 days preceding  migration20. Likewise, plant phenological phases in spring are found to be espe-
cially influenced by daily mean temperatures of the preceding months in temperate  latitudes34,35. Additionally 

Figure 3.  Correlations between the start of the migration of common toads and common frogs and onset of 
leaf unfolding of European larch (a), horse-chestnut (b), silver birch (c) and start of flowering of snowdrop (d), 
common hazel (e), goat willow (f) and apricot (g).
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day length is assumed to control the seasonal cycle of plants besides  temperature26,27 and is also considered to 
prevent breeding activity of common toads from occurring too early in the  year20. It can therefore be concluded 
that the observed correlations between amphibian migration and plant phenological phases, could be a result of 
similar dependencies on temperature and daylength.

The lowest correlation was found between flowering of snowdrop and migration of common toads and 
between flowering of common hazel and migration of common toads. Flowering of these two plant species was 
37–42 days prior to common toad migration suggesting that this quite large time difference could explain the 
weak correlation. Another explanation for the weak correlation might be the great year to year variability of 
flowering of snowdrop and common hazel, which was also found for other early spring events and is assumed 
to be due to greater temperature variability in  winter36. This is in line with others, who found that correlation 
strength between phenological events and heat accumulation increases as the season  progresses37. Surprisingly, 
flowering of snowdrop and common hazel still show relatively high correlations to migration of common frogs 
compared to migration of common toads, although common frogs start migrating nearly at the same time as 
common toads on average. In general, correlations and regression modelling with plant phenology showed better 
results for common frogs than for common toads indicating that additional species-specific factors affect both 
plants and amphibians.

Predicting amphibian migration for nature conservation actions. A better understanding of the 
timing of amphibian migrations is important for the conservation of amphibian species, as several mitigation 
strategies, such as the widely used fence-bucket-method depend on the prediction of the onset of amphibian 
migrations. Our results suggest that amphibian migrations can be predicted without any technical equipment 
based on easy-to-recognize plant phenological phases. This could help volunteer conservationists to set up pro-
tective measures for amphibians in a timely fashion. In the study region Austria, a great advantage of plant phe-
nological observations is that they can be carried out by laypersons as the surveyed plants are widely distributed 
throughout the  country38. The flowering phases of the plants used in the models, especially the flowering of 
apricot, are easily identifiable. Another advantage over predicting amphibian migration with temperature data is 
the fact that other possible influencing factors, like daylength as shown above, are integrated in plant phenology.

From the results of the models, it can be concluded that apricot and goat willow are most appropriate for 
predicting the amphibian migration of the common frog. If both plant species are present in a region, apricot is 
preferred to predict common frog migration because it is more accurate than the model including goat willows. 
According to the distribution of phenological observations by the Austrian meteorological agency apricot trees 
are prevalent in most parts of the study  area29.

Based on the most significant models between plant phenology and amphibian migration we can derive the 
following relationships. If apricot flowering is observed around the 60th day of year (March 1st), common frog 
migration is likely to begin about 5 days [95% CI: 2–9] later; if flowering is observed around the 70th day of year 
(March 11th) migration is predicted to begin 3 days [95% CI: 0–5] later; and if flowering is observed around the 

Figure 4.  Regression models to predict migration of common frog (model 1 and 2) and common toad (model 
3) with flowering of plants labelled. More specific predictions for moderate and cold regions can be derived from 
models in Supplementary Table S3.
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80th day of year (March 21st), migration is predicted to begin at about the same time as the apricot flowering 
[95% CI: − 2–2]. The latter relationship is not optimal, as it is more likely that the start of amphibian migration 
is missed if flowering occurs at the same time or even after amphibian migration. It could therefore be helpful to 
observe the buds of apricot as the flowering of apricot becomes apparent in the buds already a few days before 
the actual flowering  starts39.

In years where the development of plants is on average later, or for regions where apricot is absent, goat willow 
can help predict common frog migration by considering the following relationships. If goat willow flowering is 
observed on the 50th day of year (February 19th)/70th day of year (March 11th), common frog migration is pre-
dicted to begin 25 [95% CI: 22–28]/17 [95% CI: 14–20] days afterwards. This relationship is somewhat less accu-
rate than the one based on flowering of apricot but may be still useful to install amphibian mitigation measures.

Although we assessed these relationships across a variety of locations, three climatic regions and over 18 years 
local effects may of course change the modelled relationships. Breeding phenology of common frogs in tem-
perate zones could be influenced by population size and pond  temperature16, or genetic differences and local 
 adaptation40.

Conclusions
The strong associations between migration of common frogs and plant phenology indicate similar dependences 
of amphibians and plants on temperature and day length. Predictions for common toads turned out to be less 
accurate indicating that additional plant species could be assessed. Our findings suggest that reports of plant 
phenology through weather agencies might be used to support volunteers engaged in roadkill mitigation meas-
ures for amphibian conservation.

Methods
Study area. Austria is located in the transition zone from oceanic to continental  climate41,42. The aver-
age annual temperature is 7.3  °C (reference period 1987–2016). Austria shows high fragmentation values in 
non-alpine areas and has a particularly dense road network with a total length of 125,000  km43–45. Since 1984 
amphibian mitigation measures using the temporary fence-bucket method have been implemented across the 
 country46–48 and are in use until  today10,11,49. At the start of the migration, a fence that is insurmountable for 
amphibians (about 40 cm high) is set up parallel to the road on the amphibians’ arrival side. Along this fence, 
buckets are buried about every 20 m at ground level forcing migrating amphibians to fall into the buckets as they 
walk along the fence. Buckets are then carried to the other side of the road by volunteers and amphibians therin 
 released9.

Data sources. In the context of this study a cooperation with four citizen science projects of four Austrian 
institutions (Natural History Museum Vienna, Naturschutzbund Österreich, University of Natural Resources 
and Life Sciences Vienna, Zentralanstalt für Meteorologie und Geodynamik ZAMG) was started, and the data 
used, that was collected within the framework of the projects (Table 1). The amphibian observation data originate 
from three different projects. Data on the distribution of amphibian species in Austria has been documented in 
the Herpetofaunistic Database from the Natural History Museum Vienna since 1982 and since 2002 citizen sci-
entists are contributing amphibian observations. About 80% of the data that we used from the Herpetofaunistic 
Database were collected by biologists through mapping (e.g., monitoring within the framework of the Habitats 
Directive, for environmental impact assessments, annual monitoring of amphibian migration routes), the rest 
are citizen science data, most of them recorded during monitoring of amphibian mitigation measures and all of 
them checked by biologists. The projects Roadkill and naturbeobachtung.at collect presence-only data observed 
by citizen scientists via smartphone app or  website30,31. For our study we selected observations that were verified 

Table 1.  Data sources of amphibian observation data and plant phenological phases.

Herpetofaunistic Database naturbeobachtung.at Roadkill PhenoWatch

Carried out by… Natural History Museum 
Vienna naturschutzbund Institute of Zoology ZAMG

Data type Amphibian sightings Amphibian sightings Amphibian signings Plant phenolog. data

Number of observations 2126 1286 339 7818

Time span 2000–2018 2006–2018 2014–2018 2000–2018

Parameters assessed

Survey method
Sighting Date
Number of individuals
Development stage
Species
Coordinates
Habitat
Elevation

Species
Gender
Development stage
Dead/Alive
Number of individuals
Sighting Date
Location
By App (yes/no)
Photo documentation (Not 
mandatory)

Date and Time
Coordinates
Photo documentation
Species
Number of individuals
Type of locomotion (and 
frequency)

Coordinates
Elevation
Date
Species
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by experts in the project team. Data for plant phenological phases originates from the phenological monitor-
ing program “PhenoWatch”29, in which citizen scientists report the seasonal development of indicator plants. 
Participants in the project are asked to observe the selected plant species at a selected location with the help of 
observation guidelines over a period as long as possible and to submit the observed phenological events to Phe-
noWatch. Data from PhenoWatch contributes to the European Phenological database (pep725.eu)50. Data from 
the four projects have already been included in several individually published  studies6,51–53.

Studied amphibian species and their phenology. Migration of the two species common toads Bufo 
bufo L. and common frogs Rana temporaria L. were studied. Common toads are the most widespread amphibian 
species in Austria occurring in all parts of the  country54. Common frogs are widespread in high mountains, but 
are missing in the eastern  lowlands55. Common frogs start to migrate between the end of February and March, 
and common toads from March to  April55,56.

Studied plant species and their phenology. Plant phenological phases leaf unfolding and flowering of 
five tree species (Horse-chestnut Aesculus hippocastanum L., silver birch Betula pendula Roth, European larch 
Larix decidua Mill., apricot Prunus armeniaca L. and goat willow Salix caprea L.), one shrub species (common 
hazel Corylus avellana L.), and one herb (snowdrop Galanthus nivalis L.) were studied. Those plants were chosen, 
as they are part of the phenological observation program of Zentralanstalt für Meteorologie und Geodynamik 
and are considered to be widely distributed in large parts of  Austria38. The plants show either the phenological 
event "flowering" (flowers are open in at least three places of the observed object) or “leaf unfolding” (the first 
leaves are fully unfolded, unrolled and show their final shape) in spring.

Defining amphibian migration. Amphibian migration in general is defined as movement, primarily by 
adults, toward and away from aquatic breeding sites. In contrast to amphibian dispersal, amphibian migra-
tions occur with a higher number of  individuals56. Additionally longer distance seasonal breeding migrations 
are non-random and highly directed toward breeding sites, what distinguishes them from juvenile  movement5. 
Nevertheless, we are not aware of a definition or limit in literature for the number of individuals above which 
amphibian migration can be assumed. The boundary limit for this study was defined in the following way:

Every observation that counts > 10 individuals is considered an amphibian migration event. An amphibian 
observation also counts as a migration, if there are other observations within an area of 1  km2 and within 7 days, 
and if the sum of the individuals reported is > 10.

Determining the start of amphibian migration. In sum, 3751 records of amphibian observations were 
used for the analysis and were transferred into the geographic information system (GIS) ArcGIS 10.6.1 (ESRI, 
Vienna, Austria). To identify amphibian migrations in these records we applied a spatial criterion (Are there 
amphibian observations within 1  km2 of the examined observation?); If true: a temporal criterion (Are there 
amphibian observations within 7 days of the date of the examined observation?); If true: a quantitative criterion 
(Is the sum of individuals ≥ 10?). The defined criteria were applied to all amphibian observations and 2116 obser-
vations met all criteria and were therefore considered part of an amphibian migration.

As amphibian migration and plant phenological phases are mainly influenced by  temperature24 we deduced 
that amphibian migration will start earlier at places with higher average temperatures. We defined regions based 
on the Austrian digital climate map—mean annual air temperature (MAT) from 1971 to  200057, and therefore 
ensured that also the start of amphibian migrations and plant phenological phases at average colder places is 
represented. The “Alpine region” (MAT < 5 °C, ~ 1200–3500 m above sea level) includes Alpine regions without 
much amphibian migrations and is therefore no further addressed. The “cool region” (5 °C ≤ MAT < 7 °C, ~ 500–
1200 m asl) is located mostly in the north of upper and lower Austria, but also contains places in the proximity 
of the Alps. The “moderate region” (7 °C ≤ MAT < 9 °C, ~ 300–500 m asl) comprises mainly the Alpine foothills 
and parts of the foothills in the east. The “warm region” (MAT ≥ 9 °C, ~ 100–300 m asl) is mainly found around 
the Vienna Basin (Supplementary Fig. S1). All amphibian observations that were classified as migrations were 
assigned to one of the three climatic regions. As our dataset did not contain absence data, we could not assume 
that the earliest observation of amphibian migration at a site necessarily marked the start of migration at that 
site. Therefore, the earliest amphibian migration per year and per region was assumed to most closely reflect the 
true start of the amphibian migration and determined to define the start of amphibian migration in this specific 
region; provided that there were four or more amphibian migrations found in that year and region. In sum we 
identified 50 starting times of amphibian migrations—27 for common toad, 23 for common frog.

Determining the start of plant phenological phases. To determine the start of the plant phenological 
phases, all reports of the phenological phases were assigned to one of the three climatic regions as well. As for 
the amphibian observations, only the first phenological event per year was selected, and determined to define 
the start of the phenological phase (leaf unfolding or flowering). Except for silver birch, which had no recorded 
observations in the years 2000–2002, we could identify starting dates for all plant species for all years.

Data analysis. Data was analysed in R studio 3.6.158. In order to determine if the prerequisites for subse-
quent tests and model analysis are fulfilled, the basic structure of the data was examined, using histograms and 
Q-Q-plots. A Shapiro–Wilk-Test was conducted to test for normal distribution of amphibian migration and 
plant phenological data. The chronology of all phenological phases was analysed, both graphically and by com-
paring mean and median values. Also, paired t-tests were conducted, to compare amphibian migration in the 
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different climatic regions. The non-parametric Mann–Kendall test was conducted to find out if there was a trend 
to an earlier or later occurrence of the phenological phases. To evaluate the linear association between the start 
of amphibian migration and the plant phenological phases correlation tests (“Pearson’s product-moment cor-
relation”, two-tailed,  ncommon frog = 23,  ncommon toad = 27) were conducted, and the packages “ggplot2” and “ggpubr” 
were used for graphic presentation. The model type lmrob() from the package “Robustbase” was used to cre-
ate prediction models. Models were created with one or maximum two plant phenological phases as predictor 
variables. Mean Annual Temperature MAT was included, to address the effects of specific sites. Leverage points 
were detected manually with Cook’s distance and scrutinised when the value was greater than 4/N. To rule out 
multicollinearity the Variance Inflation Factor (VIF) was used. Leave-one-out cross-validation (LOOCV) was 
used to evaluate the performance of the prediction models and all created models were compared to a null 
model in terms of Root Mean Square Error RMSE and Adjusted  R2. All statistical tests were performed by using 
a significance level of 0.05.

Data availability
The dataset generated and analysed during the current study (Start of amphibian migration and plant phenologi-
cal phases in Austria between 2000 and 2018) is available in the Supplementary File.

Received: 9 April 2021; Accepted: 18 October 2021

References
 1. Hayes, T. B., Falso, P., Gallipeau, S. & Stice, M. The cause of global amphibian declines: A developmental endocrinologist’s perspec-

tive. J. Exp. Biol. 213, 921–933. https:// doi. org/ 10. 1242/ jeb. 040865 (2010).
 2. IPBES. The IPBES Regional Assessment Report on Biodiversity and Ecosystem Services for Europe and Central Asia (eds Rounsevell, 

M. et al.) (IPBES, 2018).
 3. Eigenbrod, F., Hecnar, S. J. & Fahrig, L. Accessible habitat: An improved measure of the effects of habitat loss and roads on wildlife 

populations. Landsc. Ecol. 23, 159–168. https:// doi. org/ 10. 1007/ s10980- 007- 9174-7 (2008).
 4. Cushman, S. A. Effects of habitat loss and fragmentation on amphibians: A review and prospectus. Biol. Conserv. 128, 231–240. 

https:// doi. org/ 10. 1016/j. biocon. 2005. 09. 031 (2006).
 5. Pittman, S. E., Osbourn, M. S. & Semlitsch, R. D. Movement ecology of amphibians: A missing component for understanding 

population declines. Biol. Conserv. 169, 44–53. https:// doi. org/ 10. 1016/j. biocon. 2013. 10. 020 (2014).
 6. Heigl, F., Horvath, K., Laaha, G. & Zaller, J. G. Amphibian and reptile road-kills on tertiary roads in relation to landscape structure: 

Using a citizen science approach with open-access land cover data. BMC Ecol. 17, 1–11. https:// doi. org/ 10. 1186/ s12898- 017- 0134-z 
(2017).

 7. Heigl, F. & Zaller, J. G. Using a citizen science approach in higher education: A case study reporting roadkills in Austria. Hum. 
Comput. https:// doi. org/ 10. 15346/ hc. v1i2.7 (2014).

 8. Kyek, M., Kaufmann, P. H. & Lindner, R. Differing long term trends for two common amphibian species (Bufo bufo and Rana 
temporaria) in alpine landscapes of Salzburg, Austria. PLoS ONE 12, e0187148. https:// doi. org/ 10. 1371/ journ al. pone. 01871 48 
(2017).

 9. Klepsch, R. et al. Amphibienschutz an Straßen. Leitbilder zu temporären und permanenten Schutzeinrichtungen. ÖGH-Aktuell, 
Mitteilungen der Österreichischen Gesellschaft für Herpetologie (2011).

 10. Kropfberger, J. Naturschützer als Amphibientaxi. Amphibienschutzprojekte des naturschutzbund Oberösterreich. natur&land 
103, 12–13 (2017).

 11. Gross, M. Amphibienschutz an Niederösterreichs Straßen. natur&land 103, 16–18 (2017).
 12. Kordges, T. & Weddeling, K. Immer früher? Langzeitmonitoring (1979–2013) zum Laichbeginn des Grasfrosches (Rana temporaria) 

im Felderbachtal in Hattingen (NRW). Zeitschrift für Feldherpetologie 24, 211–222 (2015).
 13. Arnfield, H., Grant, R., Monk, C. & Uller, T. Factors influencing the timing of spring migration in common toads (Bufo bufo). J. 

Zool. 288, 112–118. https:// doi. org/ 10. 1111/j. 1469- 7998. 2012. 00933.x (2012).
 14. Timm, B. C., McGarigal, K. & Compton, B. W. Timing of large movement events of pond-breeding amphibians in Western Mas-

sachusetts USA. Biol. Conserv. 136, 442–454. https:// doi. org/ 10. 1016/j. biocon. 2006. 12. 015 (2007).
 15. Dervo, B. K., Bærum, K. M., Skurdal, J. & Museth, J. Effects of temperature and precipitation on breeding migrations of amphibian 

species in southeastern Norway. Scientifica 2016, 3174316. https:// doi. org/ 10. 1155/ 2016/ 31743 16 (2016).
 16. Loman, J. Breeding phenology in Rana temporaria. Local variation is due to pond temperature and population size. Ecol. Evolut. 

6, 6202–6209. https:// doi. org/ 10. 1002/ ece3. 2356 (2016).
 17. Hofrichter, R. Amphibien: Evolution, Anatomie, Physiologie, Ökologie und Verbreitung, Verhalten, Bedrohung und Gefährdung 

(Naturbuch-Verl., 1998).
 18. Hartel, T., Sas, I., Pernetta, A. P. & Geltsch, I. C. The reproductive dynamic of temperate amphibians: A review. North-Western J. 

Zool. 3, 127–145 (2007).
 19. Becker, C. G., Fonseca, C. R., Haddad, C. F. B., Batista, R. F. & Prado, P. I. Habitat split and the global decline of amphibians. Science 

318, 1775–1777. https:// doi. org/ 10. 1126/ scien ce. 11493 74 (2007).
 20. Reading, C. J. The effect of winter temperatures on the timing of breeding activity in the common toad Bufo bufo. Oecologia 117, 

469–475. https:// doi. org/ 10. 1007/ s0044 20050 682 (1998).
 21. Tryjanowski, P., Rybacki, M. & Sparks, T. Changes in the first spawning dates of common frogs and common toads in western 

Poland in 1978–2002. Ann. Zool. Fennici 10, 459–464 (2003).
 22. Mazgajska, J. & Mazgajski, T. D. Two amphibian species in the urban environment: Changes in the occurrence, spawning phenol-

ogy and adult condition of common and green toads. Eur. Zool. J. 87, 170–179. https:// doi. org/ 10. 1080/ 24750 263. 2020. 17447 43 
(2020).

 23. Scott, W. A., Pithart, D. & Adamson, J. K. Long-term United Kingdom trends in the breeding phenology of the common frog, 
Rana temporaria. hpet 42, 89–96. https:// doi. org/ 10. 1670/ 07- 022.1 (2008).

 24. Ficetola, G. F. & Maiorano, L. Contrasting effects of temperature and precipitation change on amphibian phenology, abundance 
and performance. Oecologia 181, 683–693. https:// doi. org/ 10. 1007/ s00442- 016- 3610-9 (2016).

 25. Delpierre, N. et al. Temperate and boreal forest tree phenology: From organ-scale processes to terrestrial ecosystem models. Ann. 
For. Sci. 73, 5–25. https:// doi. org/ 10. 1007/ s13595- 015- 0477-6 (2016).

 26. Basler, D. & Körner, C. Photoperiod sensitivity of bud burst in 14 temperate forest tree species. Agric. For. Meteorol. 165, 73–81. 
https:// doi. org/ 10. 1016/j. agrfo rmet. 2012. 06. 001 (2012).

 27. Vitasse, Y. & Basler, D. What role for photoperiod in the bud burst phenology of European beech. Eur. J. For. Res. 132, 1–8. https:// 
doi. org/ 10. 1007/ s10342- 012- 0661-2 (2013).

https://doi.org/10.1242/jeb.040865
https://doi.org/10.1007/s10980-007-9174-7
https://doi.org/10.1016/j.biocon.2005.09.031
https://doi.org/10.1016/j.biocon.2013.10.020
https://doi.org/10.1186/s12898-017-0134-z
https://doi.org/10.15346/hc.v1i2.7
https://doi.org/10.1371/journal.pone.0187148
https://doi.org/10.1111/j.1469-7998.2012.00933.x
https://doi.org/10.1016/j.biocon.2006.12.015
https://doi.org/10.1155/2016/3174316
https://doi.org/10.1002/ece3.2356
https://doi.org/10.1126/science.1149374
https://doi.org/10.1007/s004420050682
https://doi.org/10.1080/24750263.2020.1744743
https://doi.org/10.1670/07-022.1
https://doi.org/10.1007/s00442-016-3610-9
https://doi.org/10.1007/s13595-015-0477-6
https://doi.org/10.1016/j.agrformet.2012.06.001
https://doi.org/10.1007/s10342-012-0661-2
https://doi.org/10.1007/s10342-012-0661-2


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:21611  | https://doi.org/10.1038/s41598-021-00912-4

www.nature.com/scientificreports/

 28. Piao, S. et al. Plant phenology and global climate change: Current progresses and challenges. Glob. Change Biol. 25, 1922–1940. 
https:// doi. org/ 10. 1111/ gcb. 14619 (2019).

 29. ZAMG. PhenoWatch—ZAMG Phänologie. http:// www. pheno watch. at/ (2020).
 30. Naturschutzbund Österreich. naturbeobachtung.at: der Treffpunkt für Naturbeobachtung in Österreich (2020).
 31. Citizen Science Working Group. Project roadkill. https:// roadk ill. at/ (2020).
 32. Naturhistorisches Museum Wien. Naturhistorisches Museum Wien—Herpetofaunistische Datenbank. https:// www. nhm- wien. 

ac. at/ forsc hung/1_ zoolo gie_ wirbe ltiere/ herpe tolog ische_ samml ung/ daten bank (2021).
 33. Münch, D. Populationsentwicklung und klimatisch veränderte Frühjahrsaktivität von Erdkröte, Teichmolch, Bergmolch nd Kam-

molch an der Höfkerstraße (am NSG Hallerey in Dortmund 1981–1997). Dortmunder Beitr. Landeskde. Naturwiss. Mitt 32, 98–106 
(1998).

 34. Chmielewski, F.-M. & Rötzer, T. Response of tree phenology to climate change across Europe. Agric. For. Meteorol. 108, 101–112. 
https:// doi. org/ 10. 1016/ S0168- 1923(01) 00233-7 (2001).

 35. Menzel, A. Phenology: Its importance to the global change community. Clim. Change 54, 379–385 (2002).
 36. Menzel, A., Sparks, T. H., Estrella, N. & Roy, D. B. Altered geographic and temporal variability in phenology in response to climate 

change. Glob Ecol. Biogeogr. 15, 498–504. https:// doi. org/ 10. 1111/j. 1466- 822X. 2006. 00247.x (2006).
 37. Crimmins, M. A. & Crimmins, T. M. Does an early spring indicate an early summer? Relationships between intraseasonal growing 

degree day thresholds. J. Geophys. Res. Biogeosci. 124, 2628–2641. https:// doi. org/ 10. 1029/ 2019J G0052 97 (2019).
 38. Zentralanstalt für Meteorologie und Geodynamik. Beobachtungsanleitung für die Phänologie (2013).
 39. Meier, U. (ed.) Growth stages of mono- and dicotyledonous plants. BBCH monograph = Entwicklungsstadien mono- und dikotyler 

Pflanzen (Blackwell-Wiss.-Verl., 1997).
 40. Phillimore, A. B., Hadfield, J. D., Jones, O. R. & Smithers, R. J. Differences in spawning date between populations of common frog 

reveal local adaptation. Proc. Natl. Acad. Sci. 107, 8292–8297. https:// doi. org/ 10. 1073/ pnas. 09137 92107 (2010).
 41. Auer, I. et al. HISTALP—Historical instrumental climatological surface time series of the Greater Alpine Region. Int. J. Climatol. 

27, 17–46. https:// doi. org/ 10. 1002/ joc. 1377 (2007).
 42. Hiebl, J. et al. A high-resolution 1961–1990 monthly temperature climatology for the greater Alpine region. metz 18, 507–530. 

https:// doi. org/ 10. 1127/ 0941- 2948/ 2009/ 0403 (2009).
 43. BMVIT—Bundesministerium für Verkehr, Innovation und Technologie. Gesamtverkehrsplan für Österreich. https:// www. bmk. 

gv. at/ dam/ jcr: dfd82 842- 234b- 41c7- a267- 0dc7a c76eb 6b/ gvp_ gesamt. pdf (2012).
 44. European Environment Agency. Landscape fragmentation pressure and trends in Europe. https:// www. eea. europa. eu/ data- and- 

maps/ indic ators/ mobil ity- and- urban isati on- press ure- on- ecosy stems-2/ asses sment (2020).
 45. Grillmayer, R., Banko, G., Leitner, H. & Leissing, D. Wie zerschnitten ist unsere Landschaft? natur&land, 30–31 (2015).
 46. Weißmair, W. Monitoring ausgewählter Amphibienwanderstrecken—Endbericht 2010 Amt der Oö (Landesregierung, Abteilung 

Naturschutz, 2011).
 47. Dick, G. & Sackl, P. Angaben zur Laichwanderung von Erdkröte, Bufo b. bufo (LINNAEUS; 1758), und Grasfrosch, Rana t. 

temporaria LINNAEUS, 1758, einiger Populationen im Waldviertel (Niederösterreich) sowie zu praktischen Schutzmaßnahmen. 
Herpetozoa 1, 13–22 (1988).

 48. Wolf, M. J., Smole-Wiener, A. K. & Kleewein, A. Lebensraum- und Populationsanalyse am Beispiel der Amphibienwanderstrecke 
37 Wernberg, Kärnten. Carinthia II 125, 741 (2015).

 49. Kapeller, H. Amphibienschutz im Sellraintal. natur&land 103, 15 (2017).
 50. Templ, B. et al. Pan European phenological database (PEP725): A single point of access for European data. Int. J. Biometeorol. 62, 

1109–1113. https:// doi. org/ 10. 1007/ s00484- 018- 1512-8 (2018).
 51. Menzel, A. et al. Climate change fingerprints in recent European plant phenology. Glob. Change Biol. 26, 2599–2612. https:// doi. 

org/ 10. 1111/ gcb. 15000 (2020).
 52. Lanner, J., Huchler, K., Pachinger, B., Sedivy, C. & Meimberg, H. Dispersal patterns of an introduced wild bee, Megachile sculpturalis 

Smith, 1853 (Hymenoptera: Megachilidae) in European alpine countries. PLoS ONE 15, e0236042. https:// doi. org/ 10. 1371/ journ 
al. pone. 02360 42 (2020).

 53. Schweiger, S., Grillitsch, H., Hill, J. & Mayer, W. Die Mauereidechse, Podarcis muralis (Laurenti, 1768) in Österreich: Phylogeog-
raphie, Verbreitung, Lebensräume und Schutz. In Verbreitung, Biologie und Schutz der Mauereidechse Podarcis muralis (Laurenti, 
1768) (eds Laufer, H. & Schulte, U.) 44–55 (Deutsche Gesellschaft für Herpetologie und Terrarienkunde (DGHT) e.V, 2015).

 54. Maletzky, A. & Schweiger, S. Zur Situation der Erdkröte, Bufo bufo in Österreich—Verbreitung, Phänologie, Gefährdung und 
Schutz. In Verbreitung, Biologie und Schutz der Erdkröte Bufo bufo (LINNAEUS, 1758) mit besonderer Berücksichtigung des Amphibi-
enschutzes an Straßen (eds Maletzky, A. et al.) 58–66 (Deutsche Gesellschaft für Herpetologie und Terrarienkunde, 2016).

 55. Cabela, A., Grillitsch, H. & Tiedemann, F. Atlas zur Verbreitung und Ökologie der Amphibien und Reptilien in Österreich. Auswertung 
der herpetofaunistischen Datenbank der herpetologischen Sammlung des Naturhistorischen Museums in Wien (Naturhistorisches 
Museum, 2001).

 56. Brunken, G. Amphibienwanderungen. Zwischen Land und Wasser. Merkblatt NVN/BSH 1–4 (2004).
 57. Hiebl, J., Reisenhofer, S., Auer, I., Böhm, R. & Schöner, W. Multi-methodical realisation of Austrian climate maps for 1971–2000. 

Adv. Sci. Res. 6, 19–26. https:// doi. org/ 10. 5194/ asr-6- 19- 2011 (2011).
 58. RStudio. RStudio—Take control of your R code. https:// rstud io. com/ produ cts/ rstud io/ (2020).

Acknowledgements
Supported by BOKU Vienna Open Access Publishing Fund.

Author contributions
F.H., D.D. and J.G.Z. conceived and designed the study; M.P., D.D. and F.H. carried out the study; J.G.Z. advised 
and supervised the study; S.S., H.S., G.N. and T.H. provided the data and advised the study; M.P. and G.L. 
analysed the data; M.P., F.H., D.D. and J.G.Z. wrote the manuscript, H.S., G.L. and S.S. commented on earlier 
versions of the text. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 00912-4.

Correspondence and requests for materials should be addressed to M.P.

https://doi.org/10.1111/gcb.14619
http://www.phenowatch.at/
https://roadkill.at/
https://www.nhm-wien.ac.at/forschung/1_zoologie_wirbeltiere/herpetologische_sammlung/datenbank
https://www.nhm-wien.ac.at/forschung/1_zoologie_wirbeltiere/herpetologische_sammlung/datenbank
https://doi.org/10.1016/S0168-1923(01)00233-7
https://doi.org/10.1111/j.1466-822X.2006.00247.x
https://doi.org/10.1029/2019JG005297
https://doi.org/10.1073/pnas.0913792107
https://doi.org/10.1002/joc.1377
https://doi.org/10.1127/0941-2948/2009/0403
https://www.bmk.gv.at/dam/jcr:dfd82842-234b-41c7-a267-0dc7ac76eb6b/gvp_gesamt.pdf
https://www.bmk.gv.at/dam/jcr:dfd82842-234b-41c7-a267-0dc7ac76eb6b/gvp_gesamt.pdf
https://www.eea.europa.eu/data-and-maps/indicators/mobility-and-urbanisation-pressure-on-ecosystems-2/assessment
https://www.eea.europa.eu/data-and-maps/indicators/mobility-and-urbanisation-pressure-on-ecosystems-2/assessment
https://doi.org/10.1007/s00484-018-1512-8
https://doi.org/10.1111/gcb.15000
https://doi.org/10.1111/gcb.15000
https://doi.org/10.1371/journal.pone.0236042
https://doi.org/10.1371/journal.pone.0236042
https://doi.org/10.5194/asr-6-19-2011
https://rstudio.com/products/rstudio/
https://doi.org/10.1038/s41598-021-00912-4
https://doi.org/10.1038/s41598-021-00912-4


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:21611  | https://doi.org/10.1038/s41598-021-00912-4

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Predicting spring migration of two European amphibian species with plant phenology using citizen science data
	Results
	Start of amphibian migration and plant phenological phases. 
	Associations of amphibian migration with plant phenology. 
	Predicting the start of amphibian migration. 

	Discussion
	Association of amphibian and plant phenology. 
	Predicting amphibian migration for nature conservation actions. 

	Conclusions
	Methods
	Study area. 
	Data sources. 
	Studied amphibian species and their phenology. 
	Studied plant species and their phenology. 
	Defining amphibian migration. 
	Determining the start of amphibian migration. 
	Determining the start of plant phenological phases. 
	Data analysis. 

	References
	Acknowledgements


