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Underground behavior of overwintering Tokyo daruma pond frogs in early spring

Abstract
Although Tokyo daruma pond frogs (Pelophylax porosus porosus) were once commonly observed throughout
paddy fields in Japan, their populations have recently declined. The mode by which frogs survive during the
overwintering period is largely unknown. In this study, we observed the underground behavior of 12 free-living
Tokyo daruma pond frogs that overwintered in paddy soil and a dry field by periodically excavating their
overwintering positions from late March to early May. The mean overwintering depth of these frogs was ~19.8
cm, with 10 having migrated toward the soil surface (mean depth: ~8.6 cm) by late March, and finally, all 11 live
frogs migrated further upward close to the soil surface. In addition, males tended to emerge earlier in spring than
females. One monitored frog in the paddy soil that migrated close to the soil surface died, presumably from
plowing. Aside from the 12 study frogs, several other mutilated frog corpses were found in the paddies. This
species starts migrating to the soil surface during the same period when human disturbances begin, making the
frogs vulnerable to these disturbances during this period. Consequently, it is necessary to facilitate the emergence

of frogs to protect them from human disturbances—e.g., by temporarily filling fields with water.
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Introduction
Paddy fields provide habitats and breeding sites for many frog species. Frogs are considered biological indicators
of ecosystem health because they thrive in diverse environments and are positioned in the middle nutrient stage
of the food web as a food resource for other amphibians, reptiles, and birds (Mattoon 2001). The Tokyo daruma
pond frog (Pelophylax porosus porosus) has been designated as an indicator species for biodiversity, and as
useful for agriculture (Tanaka 2010). Historically, this species was found throughout paddies and their
neighboring agricultural waterways. However, recently, the Tokyo daruma pond frog has experienced a
substantial population decline; and was registered as a near-threatened species by the Ministry of the
Environment, Japan in 2006 (Biodiversity Center, Ministry of the Environment 2006). Researchers have
suggested that this population decrease is mainly the result of a decrease in preferred environmental factors due
to the increased use of concrete for agricultural waterway construction (Osawa et al. 2003, 2006; Watabe 2014)
and the shortening of the paddy flooding period (Murakami and Osawa 2008).

The protection of this species is a pressing problem. However, incomplete understanding of its life
history hinders the development of potential conservation measures. Although knowledge around the breeding
phase of the Tokyo daruma pond frog has been accumulated (for example, Fujioka and Lane 1997; Azuma and
Takeuchi 1999; Tempaku et al. 2012; Yamamoto and Senga 2012), information on the life history of this species
during the overwintering period is extremely limited. Only small numbers of previous studies have addressed
overwintering in the Tokyo daruma pond frog or the closely related Nagoya daruma pond frog (Pelophylax
porosus brevipodus). These studies focused on detecting hibernation sites, such as paddy fields and furrows
(Niwa et al. 1999; Morita et al. 2001; Mizuno et al. 2007), an adjacent fallow paddy field (Tada et al. 2019), and
drylands near their breeding paddies (Noda et al. 2019). However, although these studies required a great deal of
research, the number of frogs found was not commensurate. This is because it is difficult to visually observe
Tokyo daruma pond frogs during their overwintering period underground and thus also difficult to elucidate the
overwintering ecology of this species (Kusano 2011). Noda et al. (2019) embedded passive integrated
transponder (PIT) tags with a built-in passive radio frequency identifier (RFID) in the bodies of Tokyo daruma
pond frogs to enable the successful detection of individuals that overwinter underground. Following the
development of technology to determine a sufficient number of overwintering frogs, Nakashima et al. (2018)
estimated the period when Tokyo daruma pond frogs emerge.

To the best of our knowledge, no study has assessed the behavior of the Tokyo daruma pond frog during
the overwintering period. Nakashima and Moriyama (2018) reported that Tokyo daruma pond frogs begin to
migrate to the soil surface in April when the soil temperature starts to rise. Furthermore, Nakashima et al. (2019)
suggested that the abundant distribution of the Tokyo daruma pond frog is influenced by their hibernation sites
that are being used as farmlands, such as paddy fields and drylands. Human disturbances in paddy fields, such as
plowing and flooding, begin to occur from late March, and they may largely affect overwintering frogs in the soil.
Therefore, it is necessary to explore frog migration to the soil surface during this period to guide conservation
efforts for vulnerable and threatened species, such as the Tokyo daruma pond frog. Here, we defined this
underground migration as a part of overwintering behavior and their emergence process in spring. Accordingly,
this study investigated the underground behavior of Tokyo daruma pond frogs during the overwintering period

using PIT tags.
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Materials and methods
Research location
The study sites are located in Kaminokawa Town, Kawachi, Tochigi Prefecture, in district K, where paddies and
drylands are mixed, and district T, where paddies stretch uniformly across the district (Fig. 1). Districts K and T
are ~500 m apart. District K is an isolated unit of paddy fields surrounded by roads, rivers, and forest lands,
consisting of nine paddies, three drylands, three greenhouse facilities, one waterway, and a forest land (~2.4 ha in
size) (Fig. 1). The nine district K paddies were managed by an organic farmer, whereas the three drylands were
controlled by three different management entities. In the bare land (~0.08 ha), crops were not planted and only
periodic plowing was undertaken. There were greenhouses in district K; however, these facilities were excluded
from the study sites owing to the difficulty in entering the greenhouses to capture and monitor frogs. One logger,
used to measure ambient temperature (Satoshoji Corporation, MHB-382SD, recorded every 10 min), was
installed in district K in an instrument shelter ~1.5 m aboveground.

District T consists of a unit of paddy fields (~1.3 ha) surrounded by a paved road and large and small
concrete trapezoidal drainage ditches (Fig. 1). The large ditch is approximately 4.0 m wide and 1.5 m deep, and
the small ditch is approximately 1.6 m wide and 0.6 m deep. District T included six paddies and one dryland.
The six paddies were cultivated by two management entities. T3 was an abandoned paddy and was therefore

excluded from the target area.

PIT tagging methods
Prior to this study, wild Tokyo daruma pond frogs were captured using either a shrimp net with a 1.2 m handle or
by hand, and then inserted with PIT tags (Biomark, BIO12B, length: 12.5 mm, diameter: 2.1 mm, weight: 0.1 g)
in the field, and immediately released at the site of capture by following the method of Noda et al. (2019). To
avoid negative effects on survival or behavior, the PIT tags were inserted into the frogs with a snout-vent length
(SVL) of >40 mm (Pyke 2005). However, just prior to the overwintering period, the PIT tags were also inserted
into frogs with an SVL of 35-40 mm because several captured frogs were smaller than 40 mm long. The tags
were inserted from May to October 2017 in both districts. In district T, the capture and tagging areas were
extended westward and partially southward, as shown in Fig. 1 (fields surrounded by a thick black line), to
improve capture effectiveness. The sex of each frog was determined by referring to the observations of Serizawa
and Serizawa (1990), by the existence of a vocal sac, which indicated males, or SVL of >50 mm, which
indicated females. The PIT tags were inserted into 111 frogs in district K (mean SVL = 54.6 = 7.2 mm for males,
66.4 + 8.4 mm for females) and 211 frogs in district T (mean SVL = 48.2 + 8.0 mm for males, and 61.8 £ 11.4
mm for females).

Overwintering frogs were searched in all farmlands in district K and farmlands on the eastside in
district T from November 2017 to January 2018. The survey was conducted for 7-9 days in each district. A
portable antenna (Biomark, BP Portable Antenna, weight: 1.6 kg) and a reader (Biomark, HPR-Plus, weight: 1.2
kg) were used to search for frogs by walking through paddies, drylands, waterways, and forestlands at a speed of

1mf/s.
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Excavation methods

After detecting the PIT tag signal, the detection spot was excavated to check the survival of the tagged frog and
measure the depth of the spot, at which it overwintered. Eleven overwintering frogs distributed evenly across
each farmland were selected (three from the drylands in district K and eight from the paddies in district T) (Fig.
2). The targeted frogs were regularly excavated to measure the overwintering depth and observe their
underground behavior. An overwintering frog F315 was found for the first time on April 1, 2018 in the bare land
in district K (Fig. 2). After excavating the soil to check its survival, it was confirmed to be physiologically
inactive and overwintering at a depth similar to those of other overwintering frogs; therefore, this frog was
included as a study subject.

First, a flag was planted to mark the detection sites by the portable antenna. The sites were then
excavated using a handheld reader (Trovan, ARE H5) to check the planar location. The exact sites where the
overwintering frogs were assumed to be submerged were excavated by quietly digging the soil mass with a
trowel in a piecemeal fashion until the depth where a part of the target frogs' body could be seen. The
overwintering depth was measured with a bamboo scale from the determined soil surface to the top of the body
of the frogs (Fig. 3). Thereafter, the turned soil was quickly and silently replaced, and pressure was slowly
applied downward to strengthen the soil and restore soil hardness close to that before excavation. When
replacing the soil, we covered the frogs with a large and flat soil mass (i.e., like placing a lid on top of its body)
to protect the frogs from the pressure applied to harden the soil. Leveling was performed to allow changes in the
overwintering depth to be compared over time despite the changes in the soil surface due to plowing. Briefly, a
control point was positioned near the research farmland to determine the height of the level position from the
control point in each measurement (Fig. 3a). The height of the ground level near the excavation site was then
measured through leveling (Fig. 3b). The overwintering depth of each study frog was measured relative to the
"leveled" soil surface using a bamboo scale (Fig. 3c). The defined control point was fixed by driving timber piles
deep into the exteriors of the paddy fields, such as furrows and banks. The first set of excavations was conducted
at the same time when the PIT tags were detected to determine survival and overwintering depths (initial
overwintering depths), from November 2017 to January 2018 (Noda et al. 2019). The subsequent eight tracking
excavations were conducted during the daytime on March 27; April 5, 9, 12, 17, 21, and 27; and May 2, 2018.
Moreover, from March 8 to May 31, 2018, the research farmlands were surveyed every day, including days when
excavations were not conducted, to check the portable antennae's reactions from the ground surface. We defined
the frog as emerging when the portable antennae could no longer detect the PIT tags around the points where

they were previously detectable.

Results
Underground behavior
We found 15 overwintering frogs in district K at an average overwintering depth of 16.4 + 4.1 cm and 43
overwintering frogs in district T at an average overwintering depth of 18.5 + 5.0 cm. Information on the 12 study
frogs, their initial hibernation depths, and the number of days until their emergence from the ground is shown in
Table 1. Each frog presented in Table 1 was assigned an individual ID based on its sex and the last three digits of

its PIT tag number. The overwintering depth of three frogs in district K was measured in January 2018 (that of
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M937 was 13.0 cm, M948 was 22.0 cm, and M956 was 22.5 cm). The overwintering depth of the frog
discovered in the bare land on April 1, 2018 was 20.2 cm at the time of discovery. Likewise, the overwintering
depths of eight frogs in district T, measured in January 2018, ranged from 14.0 to 32.0 cm, with a mean (+ SD)
depth of 19.9 + 6.6 cm. The mean overwintering depth of the 12 selected frogs was ~19.8 cm, with 10 of the
frogs having migrated toward the soil surface (mean depth: ~8.6 cm) by late March.

The underground behaviors of the overwintering frogs in early spring are shown in Fig. 4. All frogs had
migrated upward to near the soil surface, i.e., to depths shallower than those initially observed. M937 and M948
were found to overwinter in the drylands in district K and migrated upward to a depth of 2.3 cm (M937) and 10.4
cm (M948) from the soil surface, respectively, on March 27 (excluding the data of the missing frog, M956, and
the additional frog, F315, found in April). The overwintering depth of the frogs in district T, as observed in
March 27, was 7.8 + 3.1 cm (excluding the data of the missing frog). Many of the frogs that migrated upward
had closed both their upper and lower eyelids, and they were physiologically inactive. All study frogs were found
to move almost vertically from the initial overwintering spot. Eleven frogs took an average of 11.1 days to
emerge since the first excavation date, March 27, 2018 (except for one newly added frog). The newly added frog,
F315, migrated slowly to a depth of 21.0 cm on April 5, 19.0 cm on April 12, and 18.5 cm on April 21. The frog
remained at this depth until April 27, and then it ascended sharply to 12.7 cm. Such a behavior was not observed
in other frogs that overwintered in the same or neighboring farmlands, because they had already migrated
upward since the initial observation. We could not identify the cause for the delayed migration of this frog
compared with the other study frogs. Nonetheless, this frog remained at a depth of 12.7 to 11.0 cm for eight days
before emerging on May 4, which was similar to the observed behaviors of the other frogs. These results
indicated that members of this species tend to migrate upward from the overwintering position to positions near

the soil surface.

Modes of underground movement

The individuals presented in Fig. 2 and Fig. 4 are the same, and the combination of these two figures
allowed us to compare the distance that each target frog moved. Because periodic cultivation in the bare land in
district K was undertaken on March 27, we were unable to conduct a survey on the following day, March 28.
Therefore, although M937 was confirmed to have already emerged on March 29 (Fig. 4c), the actual day of
emergence could not be accurately determined.

F072 and F012 that overwintered in T1 exhibited similar underground movements (Fig. 4a). In T5 and
T6, three Tokyo daruma pond frogs (U122, F103, and F149) exhibited similar underground movements (Fig. 4b).
Two of them also submerged from the elevated sites between March 27 and April 5, 2018 (Fig. 4b). The
minimum daily ambient temperature exceeded 0°C for the first time on March 17 and continued to decrease to
around 0°C until early April (Fig. 5). However, we could not determine any relationship between the two frogs
that migrated downward in the soil again and the changes in temperature.

The number of days until emergence were counted to discuss the different movements between sexes of
Tokyo daruma pond frogs, as shown in Table 1. Counting was started on March 17 because on that day the
minimum daily temperature exceeded 0°C for the first time (Fig. 5). We were unable to determine the sex of

U122, and F124 was found dead; so, neither of these frogs were included in the analysis. Males and females took
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an average of 18 and 35 days to emerge, respectively. Males emerged on an average ~17 days before females (p

< 0.05, Welch-test).

Influence of plowing

Paddy fields T1 and T2 were managed by the same management entity and plowing was conducted on March 29,
2018. The four study frogs in these fields were all confirmed to be alive and had migrated upward in the soil by
March 27. Leveling and excavations on April 5 after plowing revealed that three of the four frogs were alive. The
lower body of the fourth, dead frog was compressed and crushed. Generally, plowing depth for paddies is ~10
cm. The dead frog had migrated to ~5.2 cm below the surface before plowing. The other three surviving frogs

had migrated to depths of 10 cm or deeper (Fig. 4a).

Discussion
We refound 15 overwintering frogs of the 111 frogs inserted with PIT tags in district K and 43 overwintering
frogs of the 211 captured and marked frogs in district T; i.e., the rate of refinding the frogs were ~13.5% and
~20.4%, respectively. During the wintering survey, we observed 61 dropped tags (~55.0%) and 6 rotting corpses
(~5.4%) in district K, and 19 dropped tags (~9.0%) and 6 decayed frogs (~2.8%) in district T. The loss of other
tags can be partially attributed to individuals leaving the survey area due to predation or migration and failure to
detect underground tags. The latter was mainly a consequence of bumpy surfaces in paddy fields resulting in a
narrower tag reception range than the range of 20-25 cm reported by Noda et al. (2019). However, the overall
rate of refinding the frogs using the PIT tag method, including dropped tags, was high enough to consider it an
efficient method for detecting overwintering frogs, especially in fields with a simple structure without a ditch
such as those in district K (~73.9%).

All frogs were confirmed to have migrated upward from the original overwintering position to near the
soil surface before emerging (Fig. 4). This pattern was observed irrespective of differences in overwintering
locations, drylands, or paddies. They migrated upward and spent 11 days on an average at a shallower position
than the original hibernation depth. We could not determine the factors responsible for the behaviors in the soil
based solely on the data from this study. However, considering that a) most frogs cannot survive below the frost
line, b) they determine their overwintering depth in relation to the frost line (Breckenridge and Tester 1961; van
Gelder et al. 1986; Tattersall and Ultsch 2008), and c) the predominant factor for awakening overwintering frogs
is believed to be an increase in temperature (Duellman and Trueb 1986), we surmise with high reliability that
migration in soil is associated with temperature change. The minimum daily temperature started exceeding 0°C
on March 17 in the research districts (Fig. 5). These data imply that these frogs began migrating in the middle of
March or later.

The number of days until the frogs emerged tended to differ between sexes, whereby males emerged
earlier than females. For Pool frogs (Pelophylax lessonae) and Edible frogs (Pelophylax Kl. esculentus), both
belonging to the same genus as Tokyo daruma pond frogs, the males of both species arrived to breeding sites one
week before the females (Holenweg and Reyer 2000). It is known that male frogs hibernate close to their
breeding sites to arrive at the breeding site early (Zweifel 1989; Pilliod et al. 2002; Regosin et al. 2003; Liang

2013). These findings suggest that males tended to start emerging earlier than females at the end of the
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hibernation period as well as pre-breeding. Further investigations are needed to reveal the factors that cause these
differences in underground behavior between the sexes.

In this study, emergence was defined as the day when a tag signal was no longer detectable from the
antenna records. However, there might be other reasons why tag signals could not be detected, e.g., predation of
frogs and movement of frogs. As for predation, there was no evidence of any digging at the surface around
hibernation points during the survey, as observed when animals prey on burrowing frogs. On the other hand, in
the case of the Nagoya daruma pond frog, an individual may emerge, and then burrow again (Doi et al. 2010) in
the middle of winter. This movement is most likely to escape from sites with unfavorable low temperatures to
survive (Holenweg and Reyer 2000). However, because this study began in late March, when temperature starts
to raise, the frequent movement was unlikely. Therefore, the definition of emergence in this study is sufficient to
provide data to show when the frogs end their overwintering.

Paddies in the research districts experience human disturbances, such as plowing, from late March.
Therefore, the period in which this species starts migrating to the soil surface coincides with the period when
human disturbances start to occur. In the paddies, the frogs that remained at 10 cm or deeper prior to emergence
survived, whereas those that migrated to shallower depths died from their lower body being crushed, presumably
as a result of plowing. We also found several other frog corpses in the paddy fields (e.g., frogs that were crushed
to death by a cultivator). No corpses were found with these characteristics in the drylands, in which plowing did
not take place in early spring. Because the mean overwintering depth of this species in paddies in the research
districts was deep (~18.5 cm), it can be assumed that plowing would not have considerable influence on frog
survival, if the frogs emerge quickly. However, our study revealed that the frogs migrated toward the soil
surface; therefore, the survival of immovable frogs overwintering in soil is affected by human disturbances.

The fact that Tokyo daruma pond frogs migrated towards the soil surface suggests that conservation
measures are required to facilitate their emergence in paddy fields during this period. Nakashima et al. (2018)
suggested that because underground frogs might emerge in accordance with rising soil water content, pools
farmlands temporarily with water might facilitate frog emergence. In the districts, paddling was started around
the end of April. During this period, a large number of Tokyo daruma pond frogs approached the soil surface.
Therefore, we recommend spilling water over the surface of paddies several days before paddling. In contrast,
drylands do not require the same precautions to preserve frogs because they have negligible human disturbance,
as observed during the study period. However, further investigation of the microenvironment factors regulating
their underground behaviors is required. Moreover, there was no significant difference in the emergence
behaviors of frogs between the different fields in this study. This suggests that the same kind of measures should
be applied at the same time for regional conservation. In recent years, advances in remote sensing technology
have enabled soil moisture content measurements (e.g., by satellite analysis and using unmanned aerial vehicle).
This ecological knowledge should be applied to environmental conservation plans at a large scale in farming.

In this study, we periodically excavated overwintering frogs and observed their underground migrations.
Our research revealed that Tokyo daruma pond frogs migrated upward to near the soil surface from their initial
overwintering position in early spring. In this study, we could not identify the environmental factors that
regulated their movements or caused some frogs to re-submerge following surface emergence. The underground

behaviors of Tokyo daruma pond frogs in early spring as well as their hibernation site conditions are directly
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related to issues with the conservation policies of this species. Therefore, detailed investigations are required to
elucidate the environmental factors that regulate the migration and emergence of this species after overwintering

underground.
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336
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338 Fig. 1 Paddy field numbers and their modes of usage within paddy field units in districts K and T in
339 Kaminokawa Town, Kawachi, Tochigi Prefecture. The fields surrounded by the thick black line show the capture

340  and tagging areas of frogs. The thin line denotes the ditch.
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345 Fig. 2 Distribution of live overwintering Tokyo daruma pond frogs (Pelophylax porosus porosus) in districts K
346 (left) and T (right). Each mark represents points of submerged overwintering frogs. Numbers beside each mark

347  represent the PIT tag numbers of frogs.
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Fig. 3 Methods to measure the underground depth of frogs. (a) The control point was used to determine the
height of the level for each observation. (b) The height of the soil surface was determined based on the level, e.g.,
for excavation spots in which frogs are submerged. (c) The depth at which the overwintering frogs were found

was measured from the soil surface using a bamboo scale.
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Fig. 4 Underground behavior of overwintering Tokyo daruma pond frogs (Pelophylax porosus porosus).
Behavior of overwintering frogs in district sites T1 and T2 (see Fig. 1) (a), in district sites T4-T6 (b), and in
garlic chives and bare land (c). Plowing was performed by the same farmer in T1 and T2 on March 29, 2018.

The frog that moved upward to the shallow site was crushed to death before or after plowing and was confirmed
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dead on April 5 (indicated by the X mark), the second observation date. Dots represent the excavation dates and
soil depths, and open circles represent the dates when the frogs were confirmed to have emerged. Each mark at
the start point represents an individual frog, which corresponds to the data in Fig. 2. Data were missing for frogs

(FO72 and M956) on March 27.
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Fig. 5 Ambient temperature variations in the research districts. District K, where the ambient temperature was
measured, is in a hollow in the mountains. Thus, ambient temperature fluctuation was less than that in the
flatlands. The minimum daily temperature exceeded 0°C for the first time in March 17, 2018, but continued to

show a sudden decrease to around 0°C until April 6, 2018.
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