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ABSTRACT

The orientation of naive animals during their first migration is
extensively studied in birds and sea turtles, whereas the data for
other groups such as amphibians are still scarce. To date, it is
unknown whether young-of-the-year anurans perform a random or
directional search for the hibernation sites, and what cues (global or
local) they use. We conducted a series of field experiments to
study the orientation behavior of juvenile common frogs during
their first wintering migration. We captured 1614 froglets from two
subpopulations with different directions of migration and assessed
their orientation in large circular outdoor arenas (20 m in diameter) on
the opposite sides of the river. Before the migration, froglets used
local cues and moved back towards the forest (summer habitat). At
the start of migration, the froglets did not move randomly: they
navigated towards the river using local cues. Later, however, before
approaching the hibernation site, they memorized the compass
direction of migration and followed it using global cues. Orientation
along a memorized compass heading begins to dominate in the
hierarchy of orientation mechanisms, and this predominance is
maintained even after reaching the hibernation site. Unlike in birds, no
innate direction of migration was found.

KEY WORDS: Orientation, Local cues, Compass heading, Global
cues, Circular arena, Anuras

INTRODUCTION
Migration behavior is widespread among vertebrates (Alerstam
etal., 2003; Dingle, 1996). When searching for the migration route,
animals can use both global and local orientation cues. Global cues
allow them to determine a route or choose a direction without direct
sensory contact with the goal, e.g. celestial cues and Earth’s
magnetic field. Local cues are associated with the final location
itself, e.g. smell, humidity gradient and visual landmarks
(Chernetsov, 2017; Lohmann et al., 1999; Morandi-Raikova
et al., 2020; Mouritsen, 2018; Wells, 2007). The processing of
different cues is a difficult task that requires experience; thus, the
methods utilized by naive animals to choose a path during their first
migration remains a key question in animal behavior (Able, 2001;
Berthold, 1991; Chernetsov et al., 2004; Mouritsen, 2018).

The young of many bird species use vector navigation/clock-and-
compass strategy, i.e. an innate compass heading and information
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on the distance towards the population-specific winter range (Able,
2001; Berthold, 1991; Mouritsen and Larsen, 1998), or even assume
some inherited mechanisms of controlling their position on the
migration route (Chernetsov, 2016; Thorup et al., 2010). However,
it was demonstrated that young birds, unlike adult ones, are not
always capable of assessing the displacement from the migration
route and compensating for it, and continue to fly in the initial
direction of migration (Perdeck, 1958; Thorup et al., 2007). In sea
turtles, the navigation program includes several stages: hatchling
turtles must first find the sea and swim away from the coast to enter a
current using the local cues (Lohmann and Lohmann, 1996). Later,
they can either completely rely on the current (Hays et al., 2010) or
adjust their course according to the global cues based on an innate
map (Lohmann et al., 2012; Putman et al., 2012). Other groups of
animals are studied to a lesser extent, including amphibians, which,
as the first terrestrial vertebrates, are an important group for
understanding the evolution of these innate programs.

Most adult amphibians of the temperate regions have three types
of migration: to the breeding site, to the summer habitat and to the
hibernation site (Sinsch, 1990; Wells, 2007). They have been shown
to rely on multiple different cues (local and global) that are used in a
hierarchical manner depending on the relative availability (Adler,
1982; Ferguson, 1971; Russell et al., 2005; Sinsch, 1990, 2019).
Young amphibians usually undertake only two types of long-
distance movements: dispersion of the metamorphosed young from
a native water body and the first wintering migration.

Research so far has mainly focused on dispersal, showing that
juvenile amphibians can find favorable habitats using local cues
(Dole, 1971; Popescu et al., 2012; Timm et al., 2007; Vasconcelos
and Calhoun, 2004; Vasconcelos et al., 2008). For example, juvenile
ambystomatid salamanders and American toads emigrating from
the pools at the forest edges showed significant preference for the
forest versus another possible site, the open field (Rothermel and
Semlitsch, 2002), while the success of orientation depended on the
distance from the forest edge (Rothermel, 2004). In addition, the
metamorphosed individuals are known to be sensitive to humidity
and the odor of the native water body learnt during their development
(Bastakov, 1992; Hepper and Waldman, 1992; Ogurtsov, 2005;
Reshetnikov, 1996). This can be utilized for orientation both near the
water body and at the beginning of dispersal (Bastakov, 1991;
Ogurtsov, 2012; Shakhparonov and Ogurtsov, 2005). Cases when the
juveniles dispersed in a certain compass direction maintained by
global cues were also described (Dole, 1972a; Miaud and Sérandour,
2003; Patrick et al., 2007; Tracy, 1971).

To date, orientation of the young during migration towards
hibernation sites has been experimentally studied only in one work,
by Pasanen and Sorjonen (1995). Froglets of the European common
frog captured during migration to the wintering lake and released
200 m from it oriented back towards to the lake (Pasanen and
Sorjonen, 1995). Previously, Pasanen et al. (1994) suggested that
the adult frogs remember the hibernation site and navigate towards
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it, while the froglets remain close to their native water body, and it is
therefore easy for them to return for wintering. Yet, some froglets
disperse further and find wintering places by chance (Pasanen
et al., 1994). However, Pasanen and Sorjonen (1995) experimented
with the population where reproduction and main wintering
occurred in the same water body, and their hypothesis does not
explain how migration is established in amphibian populations
where reproduction and wintering constantly occur in different
water bodies, which is much more common. For example, many
populations of common frog and marsh frog that breed in stagnant
water bodies tend to winter in a river (Kuzmin, 2013). Presumably,
some other mechanisms must be involved in discovering a river as a
wintering water body, such as an innate direction of migration. In
addition, Pasanen and Sorjonen (1995) released the froglets only on
the side of the lake where they were captured during migration; this
setup does not allow one to hypothesize on the type of utilized
migration cues. It is unclear how froglets would behave on the
opposite side of the lake: using the local cues to orient towards the
lake (like adults) or global cues to continue moving in the direction
of migration, as was shown for young birds.

The goal of the present study was to achieve a better
understanding of how young-of-the-year frogs that reproduce and
winter in different water bodies orient during their first wintering
migration, and what types of cues they utilize: local (smell of the
water, humidity gradient or visual landmarks) or global (celestial
cues and Earth’s magnetic field). We chose the European common
frog Rana temporaria Linnaeus 1758 as a model species: its biology
is well studied, and the species itself is abundant enough to allow
large-scale experiments to be conducted. Creating a cue conflict
(Able, 1993) between global and local cues was implemented as the
main study approach. The froglets were released into circular arenas
constructed on the opposite sides of a river (the wintering site of the
adults). Therefore, for the froglets on their native river side, river-
associated local cues coincide with the direction of migration
available from the global cues; however, on the side opposite to
the capture site, the local and global cues will contradict each
other. Conducting the experiment before and at various stages of
migration allowed us to study this process and possible alterations in
the hierarchy of orientation cues. As it is not always possible to
capture a large number of animals at a single time, we conducted
additional studies on animals after a short-term captivity (several
days), and assessed how it impacted both the development
of migration behavior and motivation. The results will improve
the experiment design for the research of specific orientation
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mechanisms in juvenile individuals and provide missing links in our
understanding of the evolution of orientation mechanisms in young
animals.

MATERIALS AND METHODS

Studied populations

The experiments were conducted at the Zvenigorod Biological
Station of the Moscow State University (Moscow Oblast, Russia;
55.700, 36.723) and its vicinity in 2013 and 2015-2018 with
European common frogs from two populations inhabiting the left
and right sides of the Moskva River (Fig. 1).

The right-side population, which was used in the majority
of experiments, is rather well studied: frogs breed mainly in pond
nos 1 and 4, and spend the summer in the spruce—broad-leaved
forest. Most adults winter in the Moskva River and migrate north
to reach the water (Chugunov, 1966; Khmelevskaya, 1989;
Severtsov et al., 1998). After metamorphosis, the froglets of this
population seem to disperse into the same habitat as the adults
(Khmelevskaya, 1989). They were found to winter in the Moskva
River and in a stream near pond no. 1 (Khmelevskaya, 1989;
Lyapkov, 1997a); however, this stream became shallow and was
no longer suitable for the wintering. Some researchers assume
that the terrestrial wintering is equally probable (Khmelevskaya,
1989; Lyapkov, 1997a). In the winter and spring of 2019,
we conducted our own survey of the possible hibernation sites: a
stream and Bardinskii gully at location F1, the river and ponds
(Table S2).

The left-side population has not been previously studied,
according to our own observations, spawning occurs in the water
body near the village of Ustye, 900 m from the Moskva River, and
frogs migrating south to the Moskva River through the field can be
found in the autumn.

Experimental setup

To determine the direction chosen by the frogs, we used a circular
arena, 20 m in diameter, enclosed by a translucent polyethylene
wall, 150 pm thick and 50 cm high, supported by 36 wooden stakes
(Fig. 2). The grass inside the arena was mowed to a length of
5-10 cm. A 15 cm wide and 10 cm deep groove was dug around the
inside perimeter of the arena. A total of 16 cylinder traps made of 6 1
bottles was dug neck down in the groove every 22.5 deg. The area of
the arena construction did not have a constant slope towards any of
the cardinal points (confirmed using a 3 m long board and the
incline sensor of Bosh GLM 80).

Fig. 1. Map of the study area. 1-4, water bodies
(ponds) of MSU Zvenigorod Biological Station;
F1 and F2, collection sites in the forest; M,
collection site in the meadow along the forest
edge; R1-R3, collection sites along the river
bank. Labelled black dots indicate the locations
of the circular arenas. The map was made with
data provided and copyrighted by
©0OpenStreetMap-Mitwirkende, SRTM |
Kartendarstellung: OpenTopoMap (CC-BY-SA;
https://lwww.openstreetmap.org/copyright).
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We assume that our setup did not interfere with the usage of any
available orientation cues, and the froglets were able to choose a
direction under conditions close to natural. The 20 m diameter was
chosen based on experiments that used a spool and line tracking
method for another Ranidae species, the marsh frog Pelophylax
ridibundus, which also winters in rivers. The adult marsh frogs
traveled approximately 10 m before their compass heading towards
the hibernation site became apparent (Shakhparonov and Ogurtsov,
2008). Therefore, we assume that the young-of-the-year common
frogs would also have sufficient distance to successful navigation.

To test what type of cues (global or local) frogs use during
the migration, two arenas were constructed, one on either side of
the Moskva River (Fig. 1). In one arena, the information from local
and global cues will be co-directional; in the other, they will be
opposite (cue conflict). Thus, if the froglets use river-associated
local cues (smell of the water or humidity gradient) while traveling
towards it, they will orient towards the river in both arenas. If the
migratory direction is determined by global cues, the froglets will
choose the same direction in both arenas independent of the position
of the river. This chosen direction should be different in frogs from
the two studied populations, as the animals from the right side
migrate north, towards the river, while the left-side frogs migrate
south. The left arena was built in an open field; the right arena was
built in a meadow between the river and the forest. The distance
from the center of the arena to the water was 60 m in both cases. The
distance towards the edge of the forest from the center of the right
arena was 40 m southeast; individual trees closest to the arena were
located in the northeast. According to our assumption, at these
distances, the froglets should perceive the stimuli from both the river
and the forest well. Adult common frogs have no issues with
orientation even at a greater distance, towards both the spawning
(Elmberg and Lundberg, 1988) and the wintering water bodies
(Pasanen and Sorjonen, 1995). In the experiments by Pasanen and
Sorjonen (1995), froglets were also released at a greater distance of
200 m.

Release procedure and survey

The frogs were transported in closed opaque containers to prevent
the use of visual cues. At the site of release, containers were rotated
in different directions for approximately 1 min to disrupt orientation
by path integration. Then, the froglets were placed in the center of
the arena in a plastic basin, 40 cm in diameter with 8 cm high walls,
covered with two containers and allowed to calm down for a couple
of minutes. After that, two researchers simultaneously removed the
containers and left in different directions: north and south. The
froglets were released in groups of 31-119 animals. According to
our observations they did not appear to travel as a group or follow

Fig. 2. Circular arena for the experiments.
Overall view (A) and construction (B). 1, wooden
stake; 2, polyethylene wall; 3, groove; 4, trap.

one another. Previous studies of other authors conducted in the
outdoor arenas with large groups of anurans also demonstrated their
independent choice of direction (Ferguson et al., 1965, 1968;
Gorman et al., 1970; Landreth and Ferguson, 1967a). To monitor
the weather conditions, we used the Vantage Vue weather station
(Davis Instruments).

At northern latitudes, the frogs’ activity shifts from night to day
hours in autumn, before and during the migration (Bannikov, 1940;
Koskela and Pasanen, 1974; our own observations). This
phenomenon is associated with the nightly temperatures dropping
in September; during the day, not only are the temperatures higher
but also the humidity remains at a level sufficient for the frogs.
Thus, the majority of experiments were conducted during the day.

The froglets were released at 12:00 h and surveyed for the first
time at 20:00 h (after sunset), the second time at 23:00 h, and at
11:00-12:00 h the next day. Most frogs were recaptured during
these surveys. If more than five animals remained in the arena, we
would not start the next release and carefully search for them. The
analysis of the movement directions included only individuals
caught inside the groove and traps.

Many other species of amphibians migrate on rainy nights (Wells,
2007) when a different set of cues is available: celestial cues are not
available, and less wind means worse olfaction, but the magnetic
field is more stable. We conducted additional experiments on
relatively warm nights with 100% cloud coverage to test how the
froglets would navigate under these conditions (see ‘Experiments
conducted’, below).

In surveys, the froglets were collected from each trap separately,
their body length (snout-urostyle length) was measured with a
caliper with an accuracy of 1 mm, and they were weighed (Massa k
model bk 600.1 scales) with an accuracy of 0.02 g. According to the
literature, in this population, the maximum size of the froglets before
first wintering is 41 mm, and the minimum size before the second
wintering is 37-40 mm (Lyapkov, 1997b; Smirina, 1980). We used
38 mm as a threshold value, and all larger specimens were excluded
from the analysis as possible 2 year olds. In our experiments, only
45 and 29 specimens out of 1614 frogs that we used in the final
sample set were 37 and 38 mm long, respectively; thus, the
probability of 2 year old individuals being included in the sample set
was minimal.

Experiments conducted

A total of 1790 frogs were captured. The total number of frogs in
each experiment is presented in Table 1; certain experiments
included more than one release and were repeated in different years.
The dates of all 30 releases, the number of froglets and the wind
direction are listed in Table S1.
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Table 1. Experiments conducted and total number of froglets released
in each

Left arena Right arena
Site of capture N Years N Years
Experiments before the start of migration
Right-side forest, 14—17 days 84 2017 45 2017
before migration
Right-side forest, 1-3 days before 64 2016 130 2016,
migration 2017,
2018
Experiments after the start of migration
Right-side forest 84 2016 100 2018
Right-side meadow 119 2018 101 2018
Right river bank 188 2015, 140 2016,
2016, 2018
2018
Left-side meadow 42 2017 42 2017
Left river bank 81 2017, 82 2018
2018
Right river bank, night experiments 158 2016, 121 2016,
2017, 2018
2018
Experiments with froglets released after captivity
Captured in the right-side forest 69 2015 65 2013
before and released after the start
of migration
Captured atthe right river bank after 58 2016 59 2016

the start of migration and
released in 3 days

The date and the number of the frogs in each release are given in Table S1.
N, total number of froglets captured for the experiment and released in the
arena.

Experiments with froglets captured and released before the start

of migration

Before the start of migration (Fig. 3A), the froglets were at their
feeding sites (probably their summer home range) and had no
motivation to search for hibernation sites; thus these experiments
can be considered as controls for those conducted during the

migration. The experiments can be divided into two groups,
conducted 14-17 days and 1-3 days before the start of mass
migration. According to Bannikov (1940), the behavior of froglets
in the forest changes several days before the migration: they start to
group in locations close to the hibernation sites and the first
individuals can begin migration. We wanted to test whether this
phenomenon would affect the choice of direction. Froglets were
caught in the right-side forest (location F1; Fig. 1) and released on
the day of capture in both arenas.

Experiments with froglets captured and released after the start

of migration

Determination of the start of migration

The start of migration (assuming mass migration rather than the
appearance of the first migratory individuals) was determined by a
sharp increase in the number of froglets registered on the survey
route along the edge of the Moskva River, 1400 m on the right bank
and 900 m on the left. The migration of the froglets began after
repeated decreases of the air temperature to +3—0°C and rain, which
is in agreement with literature data on the common frog (Bannikov,
1940; Koskela and Pasanen, 1974; Kutenkov, 2009) and similar to
findings for other brown frogs (Miwa, 2018). In 2013, mass
migration began on 21 September; in 2015, on 27 September; in
2016, on 20 September; in 2017, on 7—13 October; and in 2018, on
23 September.

Experiments with froglets from the right-side population
After the start of migration (Fig. 3B), the froglets were caught in
three locations: in the forest (animals that presumably are at the very
start of migration or intend to winter in the forest), in the meadow
near the forest edge (animals in the process of migration that exit
from the forest to the meadow near the river) and at the river bank, in
the water or 3m from it (animals that have completed the
migration). Froglets were collected in F1, M, R1 and R2 locations
(Fig. 1) and released on the day of capture in both arenas.
According to the literature, the start of migration can be protracted
in brown frogs (Bannikov, 1940; Koskela and Pasanen, 1974,
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Fig. 3. Principal scheme of the conducted experiments. Dotted lines denote translocation of the frogs captured in the forest; dash-and-dot lines indicate
froglets captured in the meadow; dashed lines indicate froglets captured at the river bank. (A) Experiments with froglets captured and released 14—-17 and
1-3 days before the start of migration (right-side population). (B) Experiments with froglets captured and released after the start of migration with both
populations (right and left side) and cases where not only day but also night releases were conducted. (C) Experiments with froglets captured in the forest,
held in captivity and then released after the start of migration and froglets captured at the river bank after the start of migration, held captive and then
released. In A and B, froglets were released on the day of capture. Number of specimens in each experiments is listed in Table 1. Details are given in

Materials and Methods.
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Miwa, 2018); thus, the animals caught in the forest may differ in
their motivation: some froglets had already started migration, while
others had not. This fact complicates the interpretation of the results;
for example, the froglets may choose the direction towards the forest
not as the hibernation location but because they have not begun the
migration yet. This heterogeneity, however, must level out with
time; thus, we repeated the release in the right arena (3-8 day
captivity interval), where the froglets had a choice between two
possible hibernation sites: the forest and the river.

Experiments with froglets from the left-side population

The froglets caught on the left side of the Moskva River were used
as a control group (Fig. 3B), as they can have an opposite direction
of migration. As these froglets inhabit the territory of the village
during summer, we could not capture the animals that correspond to
the sample set from the forest for the right-side population. We
collected only the froglets that traveled through the field during
migration and reached the river.

In 2017, the fence of the left arena was accidentally disrupted
(blown by the wind), and its traps became exposed. The froglets
migrating through the field towards the river at the time — a total of
42 animals — were caught. As the collapse of the fence occurred
from different angles, the distribution of the froglets that got inside
could be considered methodologically reliable, and it was taken into
account in the general analysis. These froglets were collected from
the traps and released in the right arena.

Froglets captured at the left river bank near the water’s edge were
collected in location R3 and released on the day of capture in both
arenas.

Night experiments

To investigate the night-time orientation (Fig. 3B), the froglets were
caught at the right river bank (location R1) after the start of
migration from 17:00 h to 19:00 h and released after the end of
astronomical twilight (from 20:20 h to 22:00 h on different days) on
relatively warm nights with 100% cloud coverage. They were
checked for the first time 30 min before sunrise; after that, we waited
until the eleventh day and collected all the froglets remaining in the
arena. Only animals collected during the first check were included
in the analysis.

Froglets released after captivity

This series of experiments was conducted to observe whether the
migration behavior could develop in captivity (Fig. 3C). We caught
the froglets in the right-side forest at locations F1 and F2, 2—8 days
before migration, kept them in a terrarium and released them after
the start of migration. As a control, in order to understand how
captivity can affect the behavior of froglets, we caught a group on
the right river bank at location R1 after the start of migration, kept
them in captivity for 3 days, divided them into two groups, and
released them in both arenas.

Collection of the froglets
In the forest and at the river bank, the froglets were captured by hand
in the grass and under the foliage or using a net in the water, then
placed in opaque bags and brought to the laboratory. We used
polyethylene fences with traps (a total length of 60 m) constructed
1.5 m from the forest edge to capture the froglets that migrate
through the right-side meadow.

Before and after the experiment, the froglets were kept in
80x30x40 cm terrariums. After completing all the experiments in a
year, the froglets were returned to the capture locations.

Compliance with ethical standards

The research was conducted in accordance with the laws of the
Russian Federation and the requirements of the Committee for
BioEthics of Lomonosov Moscow State University (GOST 33219-
2014). The ‘Guidelines for accommodation and care of animals’ of
the European Convention for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes (ETS No. 123)
and the ‘Guidelines for the treatment of animals in behavioural
research and teaching’ by the ASAB Ethical Committee/ABS
Animal Care Committee (2012) were also followed.

Statistical analysis of the results

To analyze the distribution of frogs in the arena, we used Rayleigh’s
uniformity test (Batschelet, 1981; Humphreys and Ruxton, 2017).
In cases where we assumed a bimodal distribution, we used the
angle doubling procedure (Batschelet, 1981; Landler et al., 2018).
To analyze the preferred direction (if there was any), we used the
mean vector and its 95% confidence interval (Batschelet, 1981;
Mardia and Jupp, 2000). The y test was used as a two-sample test
(Batschelet, 1981). In the majority of cases, to ensure that most or all
the expected frequencies used in the calculation will be greater than
5 when using the % test, we had to decrease the number of sectors to
8 by merging them in pairs (N+NNE; NE+ENE; E+ESE, etc.).
Cases where all 16 sectors were utilized for the comparison are
noted separately. To counteract the multiple comparisons problem,
we used the Bonferroni correction (Lehner, 1996). In accordance
with that, for night experiments and experiments conducted before
the start of migration, 0=0.025; in other cases, 0=0.0125. To
understand what caused the differences, we compared the 95%
confidence interval, length of the mean vector and the circular
standard deviation of the datasets (Batschelet, 1981). If the 95%
confidence intervals of the two samples overlapped, the differences
were due to the scatter of data (Batschelet, 1981). If the 95%
confidence intervals did not overlap, then the differences were in the
direction of movement under a comparable vector length. The
calculations were performed in Oriana 4.0 (1994-2011 Kovach
Computing Services).

Non-parametric criteria were used to analyze the portion of froglets
captured in the first check in the experiments during different stages
of migration. In particular, the Mann—Whitney U-test and Kruskal—
Wallis ANOVA on ranks were used for pairwise comparisons and
multiple group comparisons, respectively. The Wilcoxon signed-rank
test was used to compare the scatter in the first check and the total
dataset. Spearman rank order correlations was used to determine the
influence of weather conditions. The calculations were performed in
Statistica 8.0 (Statsoft Inc. 1984-2007).

RESULTS

Out of 1790 froglets released in the arenas, 1719 were recaptured,
1661 of them matched our criteria for young-of-the-year frogs, and
1614 of the latter were caught in traps inside the groove and used for
direction analysis. The raw data for each experiment are given in
Table S1.

Behavior before the start of migration

Right-side population

The froglets captured in the right-side forest 14-17 days and
1-3 days before the start of migration and released in the right arena
oriented SE, i.e. towards the forest. We did not observe orientation
directly towards the capture site F1 (a distance of 800 m). The
scatter of directions was small in the first case (circular standard
deviation CSD=36.1 deg), but increased in the second
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(CSD=107 deg), creating a nearly uniform distribution (Fig. 4C,D)
(no differences were found between the results of the experiments of
2016, 2017 and 2018: x3,=11.01, P=0.69). On the opposite side of
the river (left arena), the froglets caught at 14—17 days oriented S but
the distribution had a large scatter (CSD=93.9 deg) and was close to
uniform (Fig. 4A); 1-3 days before the migration, the distribution
by sectors did not differ from uniform (Fig. 4B).

Behavior after the start of migration

Right-side population

Froglets captured in the right-side forest after the start of migration
changed their behavior. We observed a bimodal distribution for the
right arena: a portion of the froglets chose the SE direction towards
the forest, but half of the frogs traveled NW towards the river
(Fig. 5F). During the repeated release of these froglets together with
some of the frogs captured before the start of migration (3—8 days
captivity interval), the majority of the them oriented towards the

Forest
1-3 days before migration

Forest
14-17 days before migration

©
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N=72 Z=48.45 P<0.001
n=140 deg=SE r=0.82

N=116 Z=2.55 P<0.029
u=124 deg=SE r=0.18

‘ﬁ Direction towards capture site — Direction towards the river

‘UID:D]]] Direction towards the forest

Fig. 4. Orientation of froglets in circular arenas before the start of
wintering migration. Froglets captured and released 14-17 days (A,C) and
1-3 days (B,D) before migration in the right-side forest are individuals that
dispersed into these habitats after metamorphosis. Experiments repeated in
different years were combined into a single graph. mN, magnetic north. Bars
show the number of froglets reaching the trap every 22.5 deg (1/16
perimeter). Dashed lines on circular diagrams denote 5 specimen intervals.
The mean vector and its 95% confidence interval are shown in cases of
unimodal distribution. N, number of froglets collected from arena traps with
body length <38 mm; y, mean vector and compass direction (e.g. N for
north, SW for southwest, NNE for north-north-east, etc.); Z, Rayleigh test
statistics; r, length of mean vector. Bold indicates significant differences;
d.f.=7 for all ¥? tests.

Moskva River (Fig. 5F). On the opposite side (left arena), froglets
moved SSW, also towards the river (Fig. SA).

Froglets captured in the right-side meadow during migration
oriented NW (towards the river) on the same side (right arena), as
did the froglets caught in the forest in the repeat experiment
(Fig. 5G). However, in the left arena, the froglets unexpectedly
moved NNE, from the river, instead of S, towards it (as did the
animals collected in the forest). The scatter of direction choice in
this case was small (CSD=55.7 deg) (Fig. 5B).

Froglets captured at the right river bank near the water edge chose
the same NNW direction on both river sides (95% confidence
interval of the average vectors overlaps, Fig. 5C,H). This coincided
with the direction towards the river on the right side, but not on the
left side. The statistically significant differences between these
experiments were due to the scatter, which was greater in the left
arena (CSD=84 deg versus 66.3 deg). There were no differences
found between the results of experiments conducted in 2015, 2016
and 2018 in the left arena and in 2016 and 2018 in the right arena:
x34=16.35, P=0.29 and y2=6.72, P=0.46, respectively.

Left-side population

Froglets captured in the left-side meadow during migration oriented
SSW, towards the river, in the left arena (Fig. 5D). When the same
froglets were released at the opposite river side in the right arena,
they also oriented south (Fig. 5I), but in this case, this coincided
with the direction away from the river.

Froglets captured at the left river bank near the water and released
into the left arena oriented towards the river (SE) and the location of
capture (E) (Fig. 5E), and in the right arena, they were oriented south
(Fig. 5J) (same as the froglets captured in the meadow). Thus, the
selected directions, although similar, were different (95%
confidence intervals of the average vectors did not overlap, with a
comparable scatter of data).

Night experiments

The froglets caught after the start of migration at the right river bank
and released during the night in the right arena oriented NW, similar
to the froglets released during the day (Fig. 6C,D). In the left arena,
the froglets released at night oriented from the river, the same as
during the daytime experiments (Fig. 6A,B); however, the mean
direction was NNE, not NNW (the same NNE direction was
registered in the froglets captured in the right-side meadow). The
scatter of directions in the night experiments was generally greater
than in the daytime (CSD=83.6 deg versus 68.6 deg for the left
arena and CSD=67.2 deg versus 51.2 deg for the right arena). There
were no significant differences found between the results of
experiments conducted in 2016 and 2018 in the right arena:
¥3=12.63, P=0.08. For the left arena, the number of animals caught
at night in 2016 and 2017 was not enough to analyze.

Froglets released after captivity

The froglets captured in the right-side forest before migration and
released after migration started oriented towards the river in both
arenas (Fig. 7A,C). It is important to note that very few oriented
towards the forest in the right arena. In the left arena, the scatter of
directions was significantly smaller compared with that for the
froglets captured after the start of migration (CSD=68.6 deg versus
96.3 deg; %3=23.66, P=0.001). No significant differences were
found for the right arena from the repeated experiment with froglets
captured after the start of migration (}3=12.78, P=0.08:); however,
scatter of directions was also smaller (CSD=65.8 deg versus
78.7 deg).
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Fig. 5. Orientation of froglets in circular arenas captured and released after the start of wintering migration. Data are shown for the right-side
population (A,F, forest; B,G, meadow; and C,H, riverbank) and left-side population (D,l, meadow; E,J, river bank). Froglets captured in the forest are those
that we were able to find in the forest after the start of migration; froglets captured in the meadow are those caught in the traps while traveling towards the
river; froglets captured along the river bank are the specimens that migrated to the river (hibernation site of adult frogs) from the forest and were collected in
the water or 3 m from it. Experiments repeated in different years were combined into a single graph. mN, magnetic north. Bars show the number of froglets
reaching the trap every 22.5 deg (1/16 perimeter). Dashed lines on circular diagrams denote 5 specimen intervals. The mean vector and its 95% confidence
interval are shown in cases of unimodal distribution. N, number of froglets collected from arena traps with body length <38 mm; p, mean vector and compass
direction; Z, Rayleigh test statistics; r, length of mean vector. Bold indicates significant differences; *x? tests with d.f.=15, in other cases d.f.=7; **bimodal

distribution, Rayleigh test applied after doubling the angle.

Froglets captured at the right river bank after the start of migration
and kept in captivity for 3 days oriented NNW in the right arena and
N in the left arena (Fig. 7B,D), thus demonstrating the same pattern
as the froglets that were released on the day of capture (x3=5.24,
P=0.63 for the left arena and %3=15.35, P=0.03 for the right arena).

Influence of the wind on behavior of released froglets

The potential influence of the wind on the behavior of the froglets
was assessed based on two instances with drastically differing wind
conditions. (1) Froglets collected in the right-side forest 1-3 days
before the migration had a near-uniform distribution in the right
arena; no differences were found between the results of the
experiments in 2016 (N wind), 2017 (S wind) and 2018 (SW wind):
x34=11.01, P=0.69. (2) Froglets collected at the right river bank
after the start of migration and released in the right arena in 2016 and
2018 oriented NNW (pairwise comparison x3=6.72, P=0.46)
despite the calm air during the 2016 release and the WNW wind
in 2018.Thus, presumably, the wind did not have a significant effect
on the behavior of froglets.

Comparison of the first and subsequent checks
As the majority of the frogs were collected from traps in the first
check, we decided to analyze whether their behavior was different

from that of the froglets collected at later stages. The sample size
was sufficient for the analysis in four experiments (Table 2). The
general behavior of frogs in the first and subsequent checks was
similar. However, in the experiments conducted after the start of
migration with specimens captured at the river bank, it appears that
froglets collected in the second and third checks had a greater scatter
of selected directions than those in the first check (especially in the
arena located on the opposite river side). In other cases, this pattern
was achieved indirectly: in cases where distribution was unimodal,
the scatter (CSD) in the first check was lower than in the total dataset
(N=21, =40, Z=2.62, P=0.008 according to the Wilcoxon signed-
rank test).

We also analyzed the influences on the number of froglets caught
during the first check. No statistically significant correlation was
found between the portion of froglets caught during the first check
from the total number caught in the experiment and the weather
conditions (minimum and maximum temperature, relative humidity,
atmospheric pressure) (N=30; R ranged —0,21 to 0,13; P>0.2 in all
cases, based on Spearman’s rank correlation). The percentage of
froglets captured in the first check during the night-time and
daytime experiments also did not differ (P=0.42 according to
Mann—Whitney test). However, the portion of froglets caught in the
first check changed depending on the stage of migration (Fig. 8). It
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ﬁ Direction towards capture site — Direction towards the river

{1117 Direction towards the forest

Fig. 6. Orientation of froglets released in the daytime and night-time. All
froglets were captured at the right river bank after the start of migration.
(A,C) Daytime release was at 12:00 h and checked at twilight (first check).
(B,D) Night-time release was after dusk and checked 30 min before sunrise.
Experiments repeated in different years were combined into a single graph.
mN, magnetic north. Bars show the number of froglets reaching the trap
every 22.5 deg (1/16 perimeter). Dashed lines on circular diagrams denote
5 specimen intervals. The mean vector and its 95% confidence interval are
shown in cases of unimodal distribution. N, number of froglets collected from
arena traps with body length <38 mm; p, mean vector and compass
direction; Z, Rayleigh test statistics; r, length of mean vector. Bold indicates
significant differences; *x? tests with d.f.=15, in other cases d.f.=7.

increased after the start of migration and could decrease in animals
that completed it (i.e. reached the river). For the froglets that did not
complete the migration, captivity led to an increase in the number of
active individuals (in repeated releases of the froglets captured in the
forest, all 117 specimens were caught during the first check); in the
animals that reached the river and finished their migration, captivity
reduced this number.

DISCUSSION

General behavior model in froglets and the goal of migration
The following dynamic of froglet behavior can be drawn from the
experiments conducted in this study. Two weeks before migration,
the froglets captured in the forest and released in the arena on the
same river side moved towards the forest. We did not observe
orientation directly towards the capture site: the distance of 800 m
appeared too great for the animals. The first animals oriented
towards the river appeared 1-3 days before the migration. In the
arena on the opposite river side, the froglets caught in the forest
2 weeks before migration were oriented south with a large scatter;

Captured in the forest
before start of migration

Captured at the river bank
after start of migration

B
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Fig. 7. Orientation of froglets in circular arenas after the start of
migration, after 3-9 days in captivity. (A,C) Froglets were captured in the
forest before migration and kept in captivity for 3-9 days. (B,D) Froglets were
captured at the river bank after the start of migration and kept in captivity for
3 days. mN, magnetic north. Bars show the number of froglets reaching the
trap every 22.5 deg (1/16 perimeter). Dashed lines on circular diagrams
denote 5 specimen intervals. The mean vector and its 95% confidence
interval are shown in cases of unimodal distribution. N, number of froglets
collected from arena traps with body length <38 mm; py, mean vector and
compass direction; Z, Rayleigh test statistics; r, length of mean vector. Bold
indicates significant differences; d.f.=7 for all %2 tests.

however, 1-3 days before migration, froglets were disoriented.
After the beginning of migration, the froglets captured in the forest
oriented to the river in the arena on the opposite side and
demonstrated a bimodal distribution (towards the river and the
forest) in the arena on the side of capture. This distribution became
unimodal towards the river for the animals kept in captivity. The
froglets captured in the meadow and at the river bank near the water
oriented in the same direction in the two arenas: towards the river on
the capture side and from the river on the opposite side of the river.
Froglets from right- and left-side populations chose the opposite
directions.

Therefore, when the froglets were in their summer habitats (e.g.
the forest), they tried to return there if removed. As the froglets were
not oriented towards the place of capture, their behavior can be
described not as homing but as a return to their habitat. The presence
of froglets moving towards the forest after the start of migration was
associated with heterogeneous motivation within the group (some
individuals had started migration, others had not) rather than with
hibernation in the forest. As we predicted, the froglets kept in
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Table 2. Comparison of orientation of froglets collected during the first and subsequent checks

First check Subsequent (second+third+fourth) checks
Site of Rayleigh u r (CSD) Rayleigh u r(CSD)
Site of capture release N test Z; P (deg) (deg) N test Z; P (deg) (deg) %7 P
Experiments before the start of migration
Right-side forest, 1-3 days Right arena 71 2.92; 0.054 - 0.2(102.3) 45 2.16;0.12 - 0.22(99.9) 9.42;0.22
before migration
Experiments after the start of migration
Right river bank Rightarena 94 42.33;<0.001 330 0.67 (51.2) 43  11.18<0.001 346 0.51(66.5) 7.25;0.4
Right river bank Left arena 137  32.66;<0.001 341 0.49 (68.6) 53 5.26 0.005 352 0.32(87.1) 5.82;0.56
Left river bank Left arena 37 18.26; <0.001 125 0.7 (48.2) 35 7.07<0.001 151 0.45(72.5) 8.66;0.28

N, number of froglets collected from arena traps with body length <38 mm; y, mean vector; r, length of mean vector; CSD, circular standard deviation.

captivity became uniform in their motivation and travel towards the
river. The number of animals that oriented towards the forest did not
exceed that in the groups caught in the meadow or at the river bank.
In our experiments, captivity did not disrupt the drive towards the
hibernation site; consequently, if a portion of froglets had intended
to hibernate in the forest, the distribution would remain bimodal.
The preference for the water during the first hibernation is also
consistent with laboratory experiments, where the young-of-the-
year common frogs preferred water over land during artificial
hibernation (Laitinen and Pasanen, 1998). Common frogs of any
age do not survive even short-term freezing (Pasanen and Karhapéa,
1997); thus, they tend to choose the largest flowing water body — the
river, as it has a much lower chance of freezing. Our survey of
wintering sites (Table S2), as well as previous data (Bannikov,
1940), confirm this.

We can therefore conclude that: (1) the froglets do not select the
hibernation site randomly and thus the hypothesis of Pasanen and
co-authors (1994), which states random selection of hibernation
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Fig. 8. Percentage of froglets captured in the arena in the first check.
Data are presented as the percentage of the total number of animals caught
in the arena in all checks during the experiments conducted at various
stages of migration. 1, experiments conducted before migration; 2, froglets
captured in the forest; 3, froglets captured in the forest before migration and
released after the start of migration (kept in captivity); 4, froglets captured in
the meadow; 5, froglets captured at the river bank; 6, froglets captured at the
river bank and released after captivity. Open circles, daytime releases; filled
circles, night-time releases; triangle, repeated release. Mann—-Whitney
U-test.

sites by froglets that do not winter in their native water body, has not
been confirmed; and (2) the river in particular (not the forest) is the
final goal of migration.

Global and local cue hierarchy and possible orientation
mechanism in froglets

The experiments conducted on both sides of the river allowed us to
evaluate the contribution of global and local cues to the orientation
behavior. For the froglets on their native river side, local cues from
the river coincided with the direction of migration available from
global cues, whereas froglets on the side opposite to the capture side
experienced a cue conflict (Able, 1993).

Mechanism of orientation towards the forest before migration

The froglets inhabiting the forest presumably used local cues, as
they clearly oriented towards the forest only in the arena on their
native side; on the opposite side, where the forest was not visible and
the horizon was uniform, they were poorly oriented or disoriented.
The latter case is similar to behavior of adult amphibians of various
species and ecology that were displaced from their home site over
great distances (Dole, 1968, 1972b; Sinsch, 1986) or through
biological barriers (Pasukonis et al., 2014).

Among the local cues, the visual appearance of trees was
presumably the least valuable for the froglets, as in the right arena,
where we observed a clear orientation towards the forest, the
individual trees closest to the arena were situated northeast, but the
froglets did not move in this direction. Rather, we assume that the
forest itself, which determines the elevation of the horizon, served as
a cue. Such a mechanism (but with an ‘opposite’ reaction) is known
for hatchling turtles that recognize the direction to the sea based on
both illumination levels and a mainly low horizon, as opposed to a
high horizon on the side of land vegetation (Godfrey, 1995; Salmon
et al., 1992). Similar mechanisms of orientation towards the forest
can apparently be used by metamorphosed juvenile ambystomatid
salamanders and American toads migrating from their pool
(Rothermel, 2004; Rothermel and Semlitsch, 2002). In our case,
we also cannot exclude the use of the odor of the forest litter, as it is
known to be attractive to adult frogs inhabiting the forest
(Khmelevskaya and Deulina, 1972). The smell carried by separate
gusts of the south wind could potentially orient some of the frogs
towards the forest in the arena on the opposite side in the experiment
2 weeks before the start of migration. Had the frogs used any global
cues, they would have oriented themselves just as successfully as in
the arena on the familiar side.

Mechanism of orientation towards the river after the start of migration

At the beginning of migration, the froglets captured in the forest
oriented towards the river on both sides, which indicates the use of
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local cues directly from the river. In contrast, the froglets caught on
their migration route in the meadow or those that reached the river
chose a similar direction in the two arenas: froglets from the right-
side population oriented north, and froglets from the left-side
population oriented south. Thus, in the process of migration,
orientation towards the river switched to a compass heading that
corresponds to the direction of migration into the river. This
phenomenon is similar to that observed in young birds that continue
to fly in the compass direction when they are displaced from the
migration route (Mouritsen and Larsen, 1998; Perdeck, 1958). As
the choice of direction does not depend on the position of the river, it
has to be based on global cues, and this system dominates over the
previously utilized local cues. The global cues continue to prevail
for the froglets that reached the river, even though they could have
memorized its smell and use that to determine the correct direction.
River-associated local cues appeared to be used only at the native
river side when they were consistent with the direction obtained
from global cues. For example, the froglets captured at the right river
bank oriented with a smaller scatter in the right arena than in the
left arena. In the experiments with froglets from the left river bank in
the left arena, we observed a correction of orientation towards the
site of capture. The froglets captured in the second and subsequent
checks demonstrated the best results only under the most favorable
conditions, i.e. on their native side of the river, possibly as a result of
weaker motivation.

The use of such compass orientation is sufficiently adaptive for
the animals that hibernate in the river as it is enough to take the
correct azimuth for the resulting path to definitely cross the shore. In
general, this is similar to ‘y-axis orientation’, in which an animal
orients in a learned direction (the so-called y-axis) which bisects a
shoreline (the x-axis) at right angles (Adler, 1970; Ferguson and
Landreth, 1966). However, in our case, the observed direction was
established before contact with the river. Thus, even though similar
learning mechanisms can be utilized, this is not y-axis orientation
sensu stricto; it is unclear at what moment the direction is chosen
and memorized, what is used as its basis, and what serves as a
trigger for switching to another type of orientation. It is possible that
frogs fix the direction chosen according to local cues when they
leave the forest for an open space, where the odor gradients should
be less stable because of the blowing wind. It is also possible that the
compass direction itself is based on a perpendicular to the edge of
the forest. A surface slope usually present near the river is unlikely
to be a reference for direction, as it is absent at the left side of the
Moskva River.

If we compare the orientation behavior of froglets with that of
adult frogs, the latter have greater plasticity. They use local cues to
orient towards the wintering pond at short distances (hundreds of
meters), and only switch to compass heading when these cues either
are not available or do not provide directional information. Adult
common frogs orient towards the wintering lake from a distance of
up to 230 m, regardless of the side of the lake they were released on
(Pasanen and Sorjonen, 1995). Marsh frogs moved to their
hibernation site, the river, after being displaced by 450 m; at a
distance of 1 km, the frogs moved using the stereotype compass
heading, which corresponded to that of their autumn migration
(Shakhparonov, 2012; Shakhparonov and Ogurtsov, 2008). In adult
common frog, behavior similar to compass heading was observed in
experiments conducted 140 km from the hibernation site (Pasanen
et al., 1994), although the authors themselves did not interpret their
results this way. In general, this case is similar to that of birds:
behavior of the juveniles obeys program stereotypes, while the
adults are able to register their deviation from the route and return to

it using true navigation (Chernetsov et al., 2017; Perdeck, 1958;
Wiltschko, 2017).

Possible cues during migration

Local cues

Similar to Pasanen and Sorjonen (1995), we assume that the
moisture gradient is unlikely to be used, as the main migration
occurs during high humidity. In laboratory tests, frogs cannot use it
even at 65-68% humidity (Bridndle and Lazar, 1994); in our
experiments, the froglets from the forest oriented towards the river in
the left arena after a light rain and under 98% humidity. It is most
likely that froglets use the odor of water composed by the river flora
and fauna to detect the river (unlike hydrotaxis, odor perception
does not deteriorate under increasing humidity: Kuehn et al., 2008;
Philpott et al., 2004; Stevens et al., 1988). The possible use of odor
raises at least two questions: (1) do froglets recognize the odor of a
river before migration; and (2) is the odor of a river more attractive
than the odor of the native pond or any other stagnant water body?
Of course, froglets can simply choose the strongest source of the
odor, i.e. the river. Likewise, marsh frogs from the southern
populations prefer the river instead of small floodplain ponds
(Shakhparonov, 2011). The main weakness of the odor hypothesis
is that the froglets caught in the forest still oriented towards the river
after the start of migration both in calm weather and with the wind
from the opposite direction. Seismic noise caused by the river
current can also potentially direct frogs to its location. Unlike
stagnant water bodies, even small lowland rivers produce seismic
noise at an approximate frequency of 1 Hz (0.1-1 Hz) (Barriere
et al., 2013). Unfortunately, this phenomenon is poorly studied, as
vibration sensitivity in frogs has been tested only for frequencies
above 10 Hz (Christensen-Dalsgaard and Buhl Jergensen, 1988;
Jorgensen and Christensen-Dalsgaard, 1991). These hypotheses
need additional research.

Global cues

To find a compass heading, amphibians can use the sun (Ferguson
et al., 1968; Landreth and Ferguson, 1967b; Taylor and Ferguson,
1969; Tracy, 1971), stars (Diego-Rasilla and Luengo, 2002;
Ferguson et al., 1965), polarized light (Taylor and Adler, 1973)
and Earth’s magnetic field (Diego-Rasilla et al., 2013; Pail et al.,
2020; Phillips et al., 2010; Schlegel, 2008; Shakhparonov and
Ogurtsov, 2017).

The ability of the frogs to orient in the compass direction even at
night with an overcast sky supports possible usage of the Earth’s
magnetic field. However, the froglets orient better during the day,
even though the magnetic field is less stable (Kirschvink et al.,
1985), which also supports use of the sun compass.

Previously, we noted the same compass direction (NNE)
observed in the froglets caught in the meadow near the forest
edge (i.e. those that had just left the forest canopy) and in the
specimens released at night that were captured near the river, while
the froglets caught at the river bank during the daytime experiments
oriented NNW. It is therefore possible that froglets learn the
direction based on the sun compass in an open space, as its usage is
hindered under the forest canopy. Before learning or in the absence
of the sun compass, froglets utilize the magnetic compass that
provides a slightly different direction. We did not observe such
differences in orientation of the specimens from the left-side
population caught at the river bank and in the meadow in a similar
experiment. These frogs were caught in the meadow closer to the
river and had traveled a great distance across an open field, where
the celestial compass is readily available. Thus, although this
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explanation appears reliable, it is still unknown why the compasses
provide different directions and are not calibrated against each other
as in birds (Pakhomov and Chernetsov, 2020). Additional studies
are required to identify the true mechanism.

Motivation and migratory condition

We found that individuals collected in the first check oriented
‘better’ than those that were collected afterwards. Considering the
fact that the froglets can easily travel the distance from the center to
the edges of an arena during the experiment (for some froglets, this
took only 30 min; V.V.S., A.P.G., E.E.G. and A.A.B., unpublished
data), the individuals captured in subsequent checks were most
likely less motivated and therefore began to move later and orient
less efficiently than more motivated froglets. Presumably, we can
consider the number of individuals caught at the first check as the
general level of motivation in froglets. We found that a portion of
these most motivated froglets in our experiments did not depend on
the weather conditions, possibly because of their small variation.
However, this correlation was most likely obscured by another
factor: the stage of migration. Froglets before the migration or those
that had already completed it were less active and motivated to move
during the experiments. The specimens captured in the forest after
the start of migration or on their way to the river (i.e. those that did
not complete migration) were the most active. Thus, frogs
apparently have some kind of migratory condition; we observed
its manifestation as an increase in activity and orientation towards
the wintering sites. This was also confirmed by the onset of
‘migratory conditions; in the froglets that were kept in the laboratory
and an increase in the number of active individuals in the repeat
experiment with the frogs caught in the forest after the start of
migration. To date, we do not have sufficient data to compare the
migratory condition of frogs with the migratory disposition in birds,
which includes a specific set of physiological and behavioral
adaptations triggered by photoperiod and controlled by endogenous
rhythm and endocrine regulation (Berthold, 1996; Dolnik, 1975).
However, the search for similarities between them may become a
new direction for further research on the matter.

Conclusions

Our data demonstrate the following pattern of behavior of young-of-
the-year common frogs. Before the migration, froglets attempt to
return to their habitat using local cues. They migrate towards the
river to hibernate after several temperature drops and the onset of
migratory condition. At the beginning of migration, the froglets
orient towards the river using local cues, i.e. unlike birds, they
apparently have no innate direction of autumn migration. Later,
before reaching the hibernation site, froglets memorize the direction
of migration and maintain it utilizing global cues such as the sun
compass and Earth’s magnetic field. Orientation along a memorized
compass heading begins to predominate in the hierarchy of
orientation mechanisms, even after reaching the hibernation site.
Such a program includes several stages with different systems of
orientation, where the local cues dominate at first and followed by
global cues, resembling this phenomenon in reptiles. Sea turtles, in
particular, utilize local cues as well; this stage is followed by use of
the global systems of orientation after reaching the water current
(Hays et al., 2010; Lohmann and Lohmann, 1996). However,
because they cover large distances, turtles possess innate fixed
points that help them remain in the appropriate latitudes (Lohmann
et al.,, 2012; Putman et al., 2012). Short-term captivity does not
disrupt the motivation of froglets; its vector and level correspond to
that observed in nature.

Thus, despite short migration distances and the absence of innate
directional/positional components, the presence of a program that
assumes several stages with different systems of orientation and
some kind of migratory condition shows that the amphibian
migration is not a simple response to the environment but a complex
process with features similar to that of long distance migrants.
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