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Ovulated female salamander (Hynobius leechii) respond to water
currents
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To determine whether or not the female Korean salamander, Hynobius leechii, responds to water currents and, if so,
whether those responses depend on their reproductive conditions, we evaluated the responses of ovulated and ovipos-
ited females to 1-Hz water currents generated by a model salamander with and without the placement of a transpar-
ent water current blocker between the model and the test females. The ovulated females responded to water currents
by turning their heads toward, approaching, and/or making physical contact with the model. When the water current
blocker was in place, the number of salamanders that approached the model was reduced significantly. The approaching
and touching responses of ovulated females were greater than those of oviposited females, whereas the other measure-
ments evidenced no differences. None of the responses of the oviposited females to water currents was affected by the
presence of the blocker. Our results indicate that female H. leechii responds to water currents via a mechanosensory

system.
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INTRODUCTION

In many animal taxa, the mechanosensory system per-
forms a critical function in a variety of activities, including
conspecific and individual recognition, alarm response,
foraging, and reproduction (Vogel and Bleckmann 1997,
Baker and Montgomery 1999, Hill 2001, Quirici and Costa
2007, McHenry et al. 2009). The functions of the mecha-
nosensory system in reproduction have been assessed
in different animal species, including rotifers (Joanido-
poulos and Marwan 1999), spiders (Maklakov et al. 2003,
Quirici and Costa 2007) and salmon (Satou et al. 1994a);
such studies demonstrated that a healthy mechanosen-
sory system is crucial for successful reproduction. Uro-
dela species possess a well-developed mechanosensory
system (Lannoo 1987, Lee and Park 2008b), the functions

of which in foraging and predation have been relatively
well-studied (Fritzsch and Neary 1998). However, the re-
productive functions of this system have yet to be well-
established.

Unlike the majority of other salamanders, salaman-
ders in the Hynobiidae fertilize eggs externally (Salthe
1967). When a Hynobius male and female encounter one
another, the male salamander performs body undula-
tions when its snouts are in contact with the female’s
skin (Tanaka 1986, 1987, Park and Park 2000, Kim et al.
2009). Body undulation is defined as an intermittent
undulation of the body trunk and tail, which generates
water currents. Male H. takedai respond to surface wa-
ter currents generated by a glass rod, and H. nigrescens
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responds to the body undulation of other males (Tanaka
1987, Usuda 1995). A recent study also demonstrated that
H. leechii males respond to water currents generated by
other males using their mechanosensory system (Park et
al. 2008, Kim et al. 2009).

Previous studies have demonstrated that when Hyno-
bius females are nearing oviposition, they approach a
tree twig or rocks, rub their cloaca on that site, and attach
their oviposited eggs to the sites (Sato 1992, Hasumi 1994,
Park et al. 1996, Kim et al. 2009). Additionally, female H.
nigrescens have been shown to approach a glass rod that
generates water currents, and their response is intensi-
fied when they are close to oviposition (< 2 hours to ovi-
position) (Usuda 1995). Furthermore, female H. leechii
have been shown to approach a tree twig next to which
males are performing body undulation, thereby suggest-
ing that females might respond to water currents caused
by the body undulations of the males (Kim et al. 2009).
However, in the former study, the authors did not control
for visual signals during their experiments, whereas in
the latter study, the authors did not conduct control ex-
periments. Therefore, it has yet to be established clearly
whether or not female Hynobius salamanders respond to
water currents using their mechanosensory system.

In order to determine whether the female Korean
salamander, H. leechii, responds to water currents and,
if so, whether their responses are dependent on their
reproductive condition, we evaluated the responses of
ovulated and oviposited females to 1-Hz water currents
generated by a model salamander.

MATERIALS AND METHODS
Animal collection and husbandry

The salamanders employed in this study were collect-
ed from small ponds in the Research Forest of Kangwon
National University (N 37°46'52.9", E 127°48'55.4") locat-
ed at Donsan-myeon, Chuncheon-si, Kangwon, South
Korea several times from early March to mid-April 2008.
Females were determined on the basis of the presence
of ovulated eggs in the slightly transparent abdominal
cavity, and were individually maintained in small plastic
boxes (13 cm long x 7.5 cm wide x 4.5 cm high) filled with
aged tap water to a depth of 3 cm and provided with wet
paper towels in which the animals could conceal them-
selves. The boxes were maintained in an environmental
chamber, the air temperature of which ranged between
8-10°C. The humidity was approximately 70%, and the
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photoperiod was 12D:121L.
Experimental procedures

The responses of the females to water currents were
measured under both ovulated and oviposited condi-
tions. In each condition, females were tested randomly
with and without a water current blocker placed between
them and the model generating water currents to de-
termine whether the females respond to water currents
using their mechanosensory system. In a previous study
(Park et al. 2008), the blockage of water currents allowed
for the successful determination of whether or not the
mechanosensory system plays a role in male salaman-
ders’ responses to water currents. We determined the
order of the experiments (with and without the blocker)
by flipping a coin, and the females had at least a 2-hour
rest period between the two experiments. After the ex-
periments on ovulated females (which were conducted
between the 24 March and 28 March, 2008), all of the ovu-
lated females were permitted to mate with males. After
the completion of mating, between 29 March and 3 April,
2008, we tested the oviposited females in the same fash-
ion as the ovulated females. All experiments were con-
ducted between 1900 and 0200 under dim light, < 0.1 Lux
(YL102; UINS, Seoul, Korea).

Because detailed information regarding the generation
of water currents and the measurement of salamanders’
responses to water currents has been published previ-
ously, along with diagrams (Park et al. 2008), we briefly
describe our methods here. We placed sand at the bot-
tom (~5 cm deep) of an experimental tank (48 cm long
x 27 cm wide x 30 cm high) and filled the tank with aged
tap water to a depth of 5 cm above the sand. We placed
a plastic model salamander similar to a real male sala-
mander on a tree twig (~1 cm in diameter) positioned
such that it crossed the tank from one lower corner to
the opposite upper corner. The lower body of the model
salamander was submerged; the upper body remained
out of the water. In this posture, the model salamander
could generate water currents similar to the water cur-
rents generated by male body undulation during mating.
The model was controlled by a transparent fishing line
connected to a hand-made vibration generator. In the
experiments, we employed 1-Hz water currents because
this frequency had been successfully used in previous
experiments with males (Park et al. 2008). Additionally,
we placed a wire circle (15 cm in diameter) centered on
the cloaca of the model salamander at 5 cm above the
water surface in order to determine whether females ap-



proached the model and to measure the amount of time
they remained within the circle.

Prior to beginning the experiments, each female was
provided with a 5-minutes period to acclimate to the ex-
perimental tank without any water vibration. The female
was then exposed for 5 minutes to 1-Hz water currents
while its responses were recorded with a low-light video
camera (10IR LED, SLCC). After each experiment, the tank
walls and sands were rinsed thoroughly using tap water
to avoid any possible olfactory interference. In the analy-
sis, we counted the number of times the female’s head
was oriented toward the model, the number of times it
approached and/or touched the model, and the amount
of time it remained within the 15-cm circle. Head orien-
tation was considered to be achieved when the female
turned its head toward the model at an angle of greater
than 45 degrees from the body trunk axis. Approach to
the model was achieved when the female’s snout entered
the 15-cm circle. The time of stay was the amount of time
from the moment the female’s snout entered the circle to
the moment it exited the circle. If the female’s snout was
within the circle when the initial current was generated,
we measured the time of stay from the beginning of the
experiment. Touching of the model was recorded when-
ever the female’s snout made physical contact with any
part of the model.

The water current blocker (13 cm long x 6 cm wide x 5
cm high, thickness 1.5 mm) was constructed of transpar-
ent acrylic plates and completely surrounded the model
salamander at a distance of approximately 2-3 cm. The
blocker allowed the model to undulate, but did not allow
water currents to spread. In experiments conducted with
a blocker, we measured only the number of head orien-
tations and approaches toward the model. Due to the
presence of the blocker, female salamanders could not
remain within the circle or touch the model.

Data analysis

We compared the responses of the two groups of sala-
manders — those that had ovulated and those that had
oviposited — to the water currents by a model salaman-
der with and without the transparent current blocker. We
employed a chi-square test to compare the number of re-
sponding individuals, and used a Wilcoxon’s signed-rank
test to compare the number of responses and the time of
stay within the circle between the groups. All data were
expressed as means =+ SE.

Salamanders respond to water currents

RESULTS

The responses of 22 ovulated (2.09 = 0.06 days before
oviposition) and oviposited (3.09 + 0.06 days after ovipo-
sition) females (snout-vent length, 6.26 = 0.09 cm; body
weight, 5.15 + 0.21 g) to 1-Hz water currents were mea-
sured. Among the 22 ovulated females tested, 12 per-
formed head orientation and approached the vibration
model, and 11 touched the model (Fig. 1). However, only
3 females approached the model when the water currents
were blocked (chi-square test, X? = 8.20, df = 1, P < 0.01),
whereas 10 females still oriented their heads toward the
model (chi-square test, P = 0.55). In experiments with
oviposited females, 5 females executed head orientation
and approached the model, and 3 females touched the
model. With the water current blocker, 7 and 4 females
evidenced head orientation and approached the model,
respectively, and the effect of the blocker was not signifi-
cant (chi-square test, P > 0.05 for both cases). When the
ovulated and oviposited females were compared, it was
determined that more ovulated females evidenced head
orientation (chi-square test, X* = 4.70, df = 1, P = 0.030),
approached the model (chi-square test, X?=4.70, df = 1,
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Fig. 1. The responses (mean + SE: number of head orientations and
approaches toward the model and the number touching the model) of
Korean female salamanders, Hynobius leechii, to 1-Hz water currents gen-
erated by a salamander model both with and without a transparent water
current blocker. The numbers in the bars present the number of females
responding among the 22 tested.

P =0.030), and made contact with the model (chi-square
test, X*=6.71,df = 1, P< 0.01) than oviposited females.
Ovulated females executed 0.82 + 0.19 head orienta-
tions, 0.68+0.15 approaches, and 0.68 +0.18 touches over
the 5-minutes test period (Fig. 1). With the water current
blocker, the number of approaches was reduced signifi-
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cantly (0.27+0.16, Z=2.18, P =0.029), but the number of
head-orientations was not (0.59 + 0.16, Wilcoxon-signed
rank test, P> 0.05). Ovulated females remained within the
15-cm circle for 20.23 + 5.37 seconds. Oviposited females
performed 0.36 + 0.19 head orientations, 0.27 + 0.12 ap-
proaches, and 0.18 + 0.11 touches during the 5-minutes
test period. The placement of the water current blocker
did not influence the number of head orientations (0.50 +
0.21) and approaches (0.18 + 0.08, Wilcoxon-signed rank
test, P> 0.05). Oviposited females stayed within the circle
for 9.50 + 4.54 seconds. As compared to the oviposited
females, ovulated females performed more touches (Z =
2.23, P=0.026), but we noted no differences in the num-
bers of head orientations (Z = 1.64, P = 0.10), approaches
(Z =1.90, P =0.058), or staying time (Z = 1.48, P = 0.14)
(Fig. 1).

DISCUSSION

In our experiments, the ovulated females performed
head orientations and approached the vibration model;
they also touched the model. Approximately 53% of ovu-
lated females responded to water currents, similar to the
previous observation that 56% of male H. leechii (Park et
al. 2008) and roughly 44.5% of female H. nigrescens (Usu-
da 1995) responded to water currents. However, when
a water current blocker was placed between the vibra-
tion model and the test females, the ovulated females
approached less frequently. Thus, our results show that
ovulated females respond to water currents using their
mechanosensory system. In previous experiments con-
ducted on males, both the physical blockage of water
currents and pre-treatment of the salamanders with 1
mM Co?* to damage the mechanosensory system signifi-
cantly attenuated the responses of male salamanders to
water currents (Park et al. 2008). These results indicate
that ovulated female H. leechii could respond to water
currents using their mechanosensory systems. On the
other hand, in this experiment, the blockage of vibration
currents did not influence the head orientations of the
ovulated females, thereby implying that for head orienta-
tion, female H. leechii might employ both visual and vi-
bration signals from males, as is also the case with Himé
salmon (Satou et al. 1987).

In particular, the model-touching response of ovulated
females to water currents was more profound than that
of the oviposited females. Unlike the ovulated females,
only approximately 14% of oviposited females responded
to water currents. Also, the placement of a water current
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blocker did not affect any of the responses of the ovipos-
ited females. These results indicate that the reproductive
condition of females influences their responses to water
currents. Similar results have been reported in previous
studies. For example, the responses of ovulated H. nigere-
scens females to water currents increased gradually as the
time for oviposition grew closer, although the responses
of oviposited female salamanders were not evaluated
(Usuda 1995). In salmon, female and male interactions
using vibration signals occurred only prior to the oviposi-
tion of the female (Satou et al. 1994a, 1994b).

Why do females respond to water currents? Two possi-
ble explanations have been proposed for this phenome-
non. The first is that ovulated females may simply wish to
confirm the presence of males who would fertilize their
eggs. In our experiments, ovulated females laid their eggs
an average of 1.23 days after the experiments, meaning
that females did not approach the model salamander be-
cause they were close to oviposition. In a previous study,
females approached body-undulating males throughout
the mating period, although the frequency of approaches
increased gradually, beginning approximately one hour
prior to oviposition (Kim et al. 2009). In the field, unfer-
tilized eggs were frequently detected in the early breed-
ing season (personal observation), probably because fe-
males were unable to find appropriate males to fertilize
their eggs, or vice versa. In order to prevent the failure
of egg fertilization, early confirmation of the presence of
males at a site that could be readily approached by fe-
males may prove important.

The second explanation is that female H. leechii might
use the currents to select a male, probably a large male,
to fertilize their oviposited eggs. In a previous study, large
males evidenced more body undulations than small
males, and generated more water currents (Kim et al.
2009). During mating, Hynobius males generally exclud-
ed other males from a site or a tree twig at which they
performed body undulations (Tanaka 1986, 1987, Usu-
da 1997, Lee and Park 2008a). Female salamanders ap-
proached a tree twig more frequently when large males
executed body undulations than when small males did
(Kim et al. 2009). The largest numbers of female eggs were
deposited and fertilized on such sites (Usuda 1997), dem-
onstrating that females selectively approached such sites
for oviposition. In terrestrial salamanders, the female’s
choice of male mates is frequently based on chemical
cues deposited by males on their territories (Marco et al.
1998).

The mechanosensory system performs a crucial func-
tion in the reproduction of many different species (Satou



et al. 1994b, Joanidopoulos and Marwan 1999, Quirici
and Costa 2007), but relatively little is currently known
regarding urodeles. The results of our previous (Park et
al. 2008, Kim et al. 2009) and current studies indicate that
the water currents generated by a male’s body undula-
tion might be employed for male-male competition and
male-female interactions. Considering that pheromones
from female H. leechii could induce male body undula-
tion (Park and Sung 2006, Eom et al. 2009), this species,
which fertilizes its eggs externally, could therefore fur-
nish an appropriate model for the study of neurobehav-
ioral and neuroendocrinological aspects of pheromone
signaling in evolutionarily primitive urodeles.

ACKNOWLEDGMENTS

We thank NH Lee for her help in the field and the labo-
ratory. All experimental procedures followed the guide-
lines of the Herpetological Animal Care and Use Com-
mittee (HACC) of the American Society of Ichthyologists
and Herpetologists (Beaupre et al. 2004) for the use of live
amphibians and reptiles in the field and in laboratory re-
search. This study was supported by a Korean Research
Foundation Grant from the Korean Government (KRF-
2007-331-C00239).

LITERATURE CITED

Baker CE Montgomery JC. 1999. The sensory basis of rheo-
taxis in the blind Mexican cave fish, Astyanax fasciatus. ]
Comp Physiol A 184: 519-527.

Beaupre SJ, Jacobson ER, Lillywhite HB, Zamudio K. 2004.
Guidelines for Use of Live Amphibians and Reptiles in
Field and Laboratory Research. 2™ ed. Herpetological
Animal Care and Use Committee (HACC) of the Ameri-
can Society of Ichthyologists and Herpetologists, Law-
rence, KS.

Eom]J, JungYR, Park D. 2009. F-series prostaglandin function
as sex pheromones in the Korean salamander, Hynobius
leechii. Comp Biochem Physiol A 154: 61-69.

Fritzsch B, Neary T. 1998. The octavolateralis system of
mechanosensory and electrosensory organs. In: Am-
phibian Biology, Vol 3 (Heatwole H, Dawley EM, eds).
Surrey Beatty and Sons, Chipping Norton, MSW, pp 878-
922.

Hasumi M. 1994. Reproductive behavior of the salaman-
der Hynobius nigrescens: monopoly of egg sacs during
scramble competition. ] Herpetol 28: 264-267.

221

Salamanders respond to water currents

Hill PSM. 2001. Vibration and animal communication: a re-
view. Am Zool 41: 1135-1142.

Joanidopoulos KD, Marwan W. 1999. A combination of che-
mosensory and mechanosensory stimuli triggers the
male mating response in the Giant rotifer Asplanchna
sieboldi. Ethology 105: 465-475.

Kim JK, Lee JH, Ra NY, Lee HJ, Eom J, Park D. 2009. Repro-
ductive function of the body and tail undulations of
Hynobius leechii (Amphibia: Hynobiidae): a quantita-
tive approach. Anim Cell Syst 13: 71-78.

Lannoo MJ. 1987. Neuromast topography in urodele am-
phibians. ] Morphol 191: 247-263.

Lee JH, Park D. 2008a. Effects of physical parameters and age
on the order of entrance of Hynobius leechii to a breed-
ing pond. J Ecol Field Biol 31: 183-191.

Lee JH, Park D. 2008b. Morphological characteristics of the
lateral line receptors of Hynobius leechii (Urodela: Hyn-
obiidae). Zool Sci 25: 642-652.

Maklakov AA, Bilde T, Lubin Y. 2003. Vibratory courtship in
a web-building spider: signaling quality or stimulating
the female? Anim Behav 66: 623-630.

Marco A, Chivers DP, Kiesecker JM, Blaustein AR. 1998. Mate
choice by chemical cues in Western redback (Plethodon
vehiculum) and Dunn’s (P dunni) salamanders. Ethol-
ogy 104: 781-788.

McHenry M]J, Feitl KE, Strother JA, Van Trump WJ. 2009. Lar-
val zebrafish rapidly sense the water flow of a predator’s
strike. Biol Lett 5: 477-479.

Park D, Park SR. 2000. Multiple insemination and reproduc-
tive biology of Hynobius leechii. ] Herpetol 34: 594-598.

Park D, Sung HC. 2006. Male Hynobius leechii (Amphibia:
Hynobiidae) discriminate female reproductive states
based on chemical cues. Integr Biosci 10: 137-143.

Park D, Lee JH, Ra NY, Eom J. 2008. Male salamanders Hyno-
bius leechii respond to water vibrations via the mecha-
nosensory lateral line system. ] Herpetol 42: 615-625.

Park SR, Park DS, Yang SY. 1996. Courtship, fighting behav-
iors and sexual dimorphism of the salamander, Hyno-
bius leechii. Korean J Zool 39: 437-446.

Quirici V, Costa FG. 2007. Seismic sexual signal design of
two sympatric burrowing tarantula spiders from mead-
ows of Uruguay: Eupalaestrus weijenberghi and Acan-
thoscurria suina (Araneae, Theraphosidae). ] Arachnol
35:38-45.

Salthe SN. 1967. Courtship patterns and the phylogeny of the
urodeles. Copeia 1967: 100-117.

Sato T. 1992. Reproductive behavior in the Japanese sala-
mander Hynobius retardatus. Jpn ] Herpetol 14: 184-190.

Satou M, Takeuchi H, Takei K, Hasegawa T, Okumoto N, Ueda
K. 1987. Involvement of vibrational and visual cues

http://jefb.org



J. Ecol. Field Biol. 33(3): 217-222, 2010

in eliciting spawning behavior in male Him¢é salmon
(Landlocked red salmon, Oncorhynchus nerka). Anim
Behav 35: 1556-1558.

Satou M, Takeuchi HA, Takei K, Hasegawa T, Matsushima
T, Okumoto N. 1994a. Characterization of vibrational
and visual signals which elicit spawning behavior in the
male Him¢é salmon (Landlocked red salmon, Oncorhyn-
chus nerka). ] Comp Physiol A 174: 527-537.

Satou M, Takeuchi HA, Nishii J, Tanabe M, Kitamura S, Oku-
moto N, Iwata M. 1994b. Behavioral and electrophysi-
ological evidences that the lateral line is involved in the
inter-sexual vibrational communication of the Himé
salmon (Landlocked red salmon, Oncorhynchus nerka).
J Comp Physiol A 174: 539-549.

Tanaka K. 1986. The territorial behavior of Hynobius takedai

DOI: 10.5141/JEFB.2010.33.3.217

222

in the breeding season (Amphibia: Hynobiidae). Jpn J
Herpetol 11: 173-181.

Tanaka K. 1987. The tail vibration directed by males towards
females in Hynobius nebulosus in the breeding season.
Jpn ] Herpetol 12: 84-85.

Usuda H. 1995. Waving behavior and its effect on the repro-
ductive behavior of Hynobius nigrescens. Jpn ] Herpetol
16: 19-24.

Usuda H. 1997. Individual relationship of male aggressive
behavior during the reproductive season of Hynobius
nigrescens. Jpn ] Herpetol 17: 53-61.

Vogel D, Bleckmann H. 1997. Water wave discrimination in
the surface-feeding fish Aplocheilus lineatus. ] Comp
Physiol A 180: 671-681.



