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Abstract. Anji salamander (Hynobius amjiensis) is a rare species endemic to China, living in peat moss swamp at
an altitude of 1,300 meters on Longwang Mountain in Anji County, Zhejiang Province. Anji salamander larvae live
in natural puddles in the swamp, and the adults spend most of their time in the humus under the peat moss, only
briefly visiting the puddles during the breeding period to spawn and then disappear back into the swamp. Therefore,
the life history of Anji salamander is poorly understood. In this study, we analyzed the developmental characteristics,
behaviors and life habits of Anji salamander embryos from fertilized eggs to subadults. Following previous studies
on the development of small salamanders and amphibians, we divided Anji salamander development into six stages,
including embryonic development, balance bar, limb development, pre-metamorphosis, metamorphosis, and subadult
development, with 34 developmental nodes. The period before the shedding of the balance bar was a relatively sensi-
tive period. The metamorphosis period, especially the late metamorphosis period, was the most sensitive period from
larvae to subadults, during which the small salamanders undergo complex physiological and biochemical changes
such as relatively long fasting time, respiratory changes, and transition from aquatic to terrestrial life. These data fill in
some of the gaps in the life history of Anji salamander from fertilized eggs to subadults, and are valuable for its con-
servation and future endeavor on artificial breeding.
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INTRODUCTION

Anji salamander, first discovered in 1991 in Long-
wang Mountain, Anji County, Zhejiang Province (Gu
et al., 1999), and subsequently named Hynobius amjien-
sis, belongs to the class Amphibia, order Caudata, fam-
ily Hynobiidae, genus Hynobius. It is a critically endan-
gered (CR) species in China, one of only two families
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of Hynobiidae in Zhejiang Province (Yang et al., 2016).
Previous studies showed that Anji salamander lives in
peat moss swamps at an altitude of about 1300 m (Zhang
et al., 2010a), and only enters the swamp puddles to
spawn during the breeding season from late Novem-
ber to March each year (Liu et al., 2016). Anji salaman-
der lives in peat moss swamps during the non-breeding
season. This cryptic habitat preference contributed to
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its recent discovery (Zhang et al., 2010a). Anji salaman-
der has strict requirements for the quality of its living
environment, and the scarcity of its spawning sites and
intraspecific competition have led to a very low survival
rate of Anji salamander larvae. Therefore, fewer than 1%
of hatchlings typically survive to the subadult stange and
successfully emerge onto land (Gu et al., 1999; Liu et al.,
2016). In recent years, with global warming, the habitat
suitable for its survival has been decreasing (Pan et al.,
2020). We work in the reserve to explore ways to improve
the survival rate through artificial breeding of hatchlings
into subadults and then release them back to the land
(Chen et al., 2018a). During this process, we also car-
ried out a study on the life history of Anji salamander in
order to provide valuable reference data for subsequent
conservation works.

Life history refers to the adaptive evolution of mor-
phological, physiological, and behavioral patterns under
long-term natural selection in which animals develop
their own unique life responses based on their genetic
characteristics as well as environmental pressures (Wil-
liams, 1966; Begon et al., 1990; Nettle et al., 2019). Life
history traits generally involve biological characteristics
such as growth, development, and reproduction, and are
specifically described as growth patterns, body size, age
at sexual maturity, longevity, and clutch size (Stearns,
1977). Amphibians are more vulnerable to habitat loss
and fragmentation than other terrestrial animal groups,
due to their specialized amphibious life history, relative-
ly weak terrestrial migration, and high dependence on
habitat (Tan et al., 2023). With environmental degrada-
tion such as reduced precipitation, diseases, and habitat
loss, amphibians are facing tremendous survival chal-
lenges. The study of internal and external factors such
as amphibian life history, habitat, etc., is of great signifi-
cance to amphibian conservation efforts (Meletiadis et
al., 2023; Pottier et al., 2025).

Some studies have shown that the life history of the
Hynobiidae is unique compared to other amphibians, Mi
et al. (2007) categorized the embryonic development of
Hynobius guabangshanensis into 21 developmental stages.
The developmental period of Hynobius leechii from fer-
tilized egg to subadult is divided into 27 developmental
stages. They suggested that the long period of time after
metamorphosis without emerging onto land would cause
the death of Hynobius leechii, and that Hynobius leechii
completing metamorphosis may die due to foraging dif-
ficulties. Therefore, special protection methods can be
used to improve the survival rate of subadults during
this developmental period (Ma et al., 1994). The devel-
opment of Hynobius maoershanensis is divided into four
stages: hatching stage, forelimb bud stage, hindlimb bud
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stage, and metamorphosis stage. After the metamorpho-
sis stage, Hynobius maoershanensis has a strong crawling
ability, but it still cannot survive in a dry environment.
This has significant relevance for artificial breeding.
Therefore, during metamorphosis, the developmental sta-
tus should be closely monitored and it should be placed
in a safer environment to prevent unwanted mortal-
ity due to climbing out of the culture tank (Ning et al.,
2021). Data on the Anji salamander development is limit-
ed to observational studies on the staging of developmen-
tal stages and developmental processes from fertilized egg
to embryo (Cao et al., 2024; Qiu et al., 2024).

In this study, we illustrated the complete life history
of Anji salamander from fertilized eggs to subadults. We
also analyzed the developmental characteristics of each
developmental stage and the ontogenetic habitat shifts
of Anji salamander, advancing our understanding of the
physiological behavior of Anji salamander, contributing
additional data to conserve Hynobius species.

MATERIALS AND METHODS
Objects of study

In order to reduce the number of Anji salamander
larvae that are unable to come ashore due to cannibal-
ism and to increase the larvae survival rate, we select-
ed the last batch of spawned eggs to be raised until
the subadults and released in our sanctuary. The rea-
son for this is that most of the larvae hatched from the
last batch of spawned eggs in nature become the target
of predation by larvae hatched earlier, and very few of
them can survive.

Embryo incubation and animal breeding

Fertilized eggs were brought into a glass tank (500
x 300 x 160 mm), waiting for them to come out of the
membrane, and then separated from the live bait and
fed after 3 days, usually opening on the 3rd-5th day. The
water environment is set according to the data detected
in the natural puddle in the reference habitat, maintained
at 4-10 °C before hatching, and 8-15 °C after hatching
out of the membrane (the dissolved oxygen was main-
tained at 7.700-7.900mg/L, the pH value maintained at
6.9-7.0, the phosphate maintained at 0.045 + 0.005mg/L,
and the zinc maintained at 0.05 + 0.0lmg/L), and the
tull-spectrum light was maintained for 12 hours each day.
A quiet environment was maintained.
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Staging criteria

In this study, the staging criteria for Anji salaman-
der were based on other species of Hynobiidae, such as
the growth and developmental stages of Hynobius leechii
(Ma et al. 1994), the postembryonic developmental
characteristics of Hynobius guabangshanensis (Mi et al.,
2007), and the developmental stages of Hynobius mao-
ershanensis (Ning et al., 2021). Together with the devel-
opmental characteristics of the Anji salamander itself, we
divided Anji salamander development from fertilized egg
to sub-adult into six stages, namely embryonic develop-
ment stage, balance bar stage, limb development stage,
pre-metamorphosis stage, metamorphosis stage, and sub-
adults, with a total of 34 developmental nodes. The first
stage, the embryonic development stage, spans from egg
fertilization to hatching. The second stage, the balance
bar stage, is marked by the appearance and subsequent
disappearance of the balance bar. The third stage, the
limb development stage, involves the growth of limbs,
including the appearance of the limbs, and the develop-
ment of fingers and toes. The fourth to six stages are pre-
metamorphosis stage, metamorphosis stage, and subadult
stage, respectively.

Data acquisition
We used a soft ruler to measure the body length
from the tip of the head to the tail, and a Hored Portable

Water Quality Detector (HD-S15) to measure the water
quality indicators. Images were taken using a ZEISS
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microscope or HUAWEI novall. Pattern diagrams were
drawn based on the pictures of the samples and incor-
porating the main characteristics of the development in
each period using the Honor magicpad2 on the GoPaint
3.1.2 software, Photoshop 2024 was used for photo lay-
out, and Origin 2024 for statistical charts.

RESULTS
Fertilized egg and embryonic stages of Anji salamander

Adults Anji salamander pair up for spawning in
natural puddles in peat moss swamps from Novem-
ber through March each year. Fertilized egg particles
(defined as Oh, Fig. 1 Al) were found in egg capsules.
The fertilized egg then began the cell division phase, a
period of increasing cell ploidy, and at 16 + 3 h (average
+ standard deviation) of embryonic development, as the
number of cell divisions increased, more and more cells
formed clusters of cells known as multicellular phases
(Fig. 1 A2). At 132 + 4 h of embryonic development, as
the embryo continued to develop, cells continued to
divide and increase, the blastoderm cells were rolled into
the embryo to form the dorsal lip, and the embryo was
irregularly round with an uneven surface, known as the
protoganglionic embryonic stage (Fig. 1 A3). At 164 + 4
h of embryonic development, a shallow neural groove
appeared in the embryo. The sides of the shallow neu-
ral groove were relatively flat, and the edges had not yet
fully formed the neural folds, which is called the neural
plate stage (Fig. 1 A4). At 176 * 3 h of embryonic devel-
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Fig. 1. Embryonic development in Anji salamander. (A1) Fertilized egg; (A2) Multicellular stage; (A3) Gastrula stage; (A4) Neural plate
stage; (A5) Neural fold stage; (A6) Neural groove stage; (A7) Neural tube stage; (A8) Early tail bud stage; (A9) Late tail bud stage; (A10)
Early external gill stage; (A11) Late external gill stage; (A12) Incubation stage. Red circles mark forelimb buds.



158

opment, the folds on either side of the neural groove
continued to develop into irregular folds known as the
neural fold stage (Fig. 1 A5). At 200 £ 3 h of embryonic
development, the embryo elongated in the direction of
the neural plate, the neural folds converged inward, and
the sulcus became deeper, referred to as the neural sul-
cus stage (Fig. 1 A6). At 260 £ 5 h of embryonic devel-
opment, the gradual fusion of the embryonic neural folds
and the subsequent formation of the embryonic neural
tube occurred. At this time, the embryo formed a primi-
tive head and distinct somites, which is called the neural
tube stage (Fig. 1 A7).

At 315 £ 3 h of embryonic development, the embryo
elongated along the neural tube toward both ends, tail
buds appeared, and both the primitive head and tail buds
curved ventrally, with a more pronounced expansion of
the abdomen, referred to as the early tail bud stage (Fig.
1 A8). The embryo’s body size increased, and there was
a slight depression on both sides of the head. At 355 +
5 h of embryonic development, the abdominal expansion
became markedly smaller, and the tail bud contour was
clear, referred to as the late tail bud stage (Fig. 1 A9). At
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420 + 5 h of embryonic development, the embryo was
larger and more extended, the larval body was largely
formed, and three primitive external gills and a balance
bar appeared on both sides of the head, referred to as the
early external gill stage (Fig. 1 A10).

At 610 + 3 h of embryonic development, the embry-
onic head organ development was essentially complete.
The eye was basically formed, and smaller gill filaments
were present on the three pairs of gills, referred to as
the late external gill stage (Fig. 1 All). At 672 + 3 h of
embryonic development, as the embryo continued to
develop, the hatchling’s morphology matured, the gill
filaments on the three external gills became abundant,
the balance rods were clearly visible, forelimb buds were
forming, and the hatchling was occasionally seen to move
within the egg, referred to as the incubation period (Fig.
1 A12). At 694 £ 48 h of embryonic development, larvae
broke through the egg membrane and hatched out, usu-
ally with a small amount of yolk remaining. Most lay on
their sides at the bottom of the water and are referred to
as out-of-membrane larvae (Fig. 2 B1).

Day 1 post-hatching Day 8.5 post-hatching ~ Day 15. post-hatching Day 18 post-hatching  Day 19.5post-hatching Day 25.5 post-hatching

B10

Day 31 post-hatching

Day 32 post-hatching

Day 33 post-hatching  Day 40.5 post-hatching Day 43.5 post-hatching Day 51.5 post-hatching

Fig. 2. Development of the limbs in Anji salamander. Development of the limbs in Anji salamander. (B1) Hatchlings of larva; (B2) Dif-
ferentiation of forelimb forearm; (B3) Differentiation of forelimb 1st finger; (B4) Differentiation of forelimb 2nd finger and hindlimb buds;
(B5) Differentiation of forelimb 3rd finger and hindlimb forearm; (B6) Differentiation of forelimb 4th finger and hindlimb 1st toe; (B7)
Webbing between the fingers of the forelimbs and differentiation of the hindlimb 2nd toe; (B8) Differentiation of hindlimb 3rd toe; (B9)
Completion of forelimb development and differentiation of hindlimb 4th toe; (B10) Differentiation of hindlimb 5th toe; (B11) Webbing
between the toes of the hindlimbs; (B12) No webbing of the toes of the hindlimb. The numbers in the Fig. indicate the order of develop-
ment of the different fingers/toes from top to bottom.
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Anji salamander balance bar stage

We define the day of emergence of hatch as post-
hatching day 1. Balance bars began to appear and devel-
op in the early stages of the external gills. Small bar-like
tissues appeared on both sides, and the stage from the
appearance of the balance bars to their complete shed-
ding is referred to as the balance bar stage. The develop-
ment of the balance bars on both sides of the head was
completed in the embryo 2-3 days before exsanguina-
tion (Fig. 1 A10). After the membrane was removed, the
balance bars gradually changed from a short, thick state
to a long, slender form. This transformation essentially
stopped around the 17.5 + 2.5 day post-hatching, reach-
ing a length of approximately 2.00 + 0.50 mm, and dis-
appeared by the 19 + 2 day post-hatching (Fig. 3). The
balance bars of Anji salamander disappeared in an asym-
metric shedding pattern, and the balance bars were shed
with either the left or right side of the bars shed first, and
the other side shedding within the next 24 h. Moreover,
the entire stage in which the balance bar exists is accom-
panied by the development of the forelimbs, and the
hindlimbs began to develop later in the development of
the balance bar.

On day 5 £ 2 post-hatching, the larvae began feed-
ing, and if there was no external food as an opener, Anji
salamander might resort to intraspecific predation. The
swallowing process typically involved biting the head or
other body parts, with the prey being gradually ingested.
The digestive time varies depending on the size of the
food, and some of the digestive time in the mouth could
reach up to 16 hours or even longer. After hunting for a
companion, Anji salamander hide in a quiet corner and
slowly enjoyed a meal on its own. However, if it was
attacked or otherwise disturbed, it would assess the risk

A10

Day 26 pre-hatching

Day 0 post-hatching

Day 17 post-hatching
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of abandoning the food or taking it and running away.
During this stage, Anji salamander was relatively active,
preferring dark and quiet water or even hiding in the
gaps between rocks or in the mud underwater, occasion-
ally swimming out of the water. Individuals at this stage
were small, flexible, and preferred to be alone. They
exhibited agitation during balance bar shedding and
gradually settled down afterwards.

Anji salamander limb developmental stage

The process of limb development, including the 4
fingers on the forelimbs and the 5 toes on the hindlimbs,
from their emergence to complete development, is
referred to as the limb developmental stage of Anji sala-
mander. As early as the embryonic stage, the forelimb
bud began to develop (Fig. 1 Al12). On day 8.5 + 1.5
post-hatching, the forelimb bud developed into the fore-
arm (Fig. 2 B2). On day 15.5 = 1.5 post-hatching, the
first forelimb finger began to differentiate, but the longest
clear skin was followed by the development of the fourth
finger (Fig. 2 B3). On day 18.5 + 1.5 post-hatching, the
second finger of the forelimb began to differentiate (Fig.
2 B4). On day 18 * 2 post-hatching, the hindlimb bud
also began to form (Fig. 2 B4). On day 19.5 + 1.5 post-
hatching, the forelimb’s third finger and the hindlimb’s
forearm began to develop (Fig. 2 B5). On day 20.5 + 1.5
post-hatching, the fourth finger of the forelimb began
to differentiate, and capillaries started to appear with-
in the longest transparent skin layer. On day 25.5 + 1.5
post- hatching, the rudimentary form of the four fingers
was formed, but there were still web-like connections
between each finger (Fig. 2 B6).
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Fig. 3. Balance bar stage development in Anji salamander. (A10) Balance bar emerges during embryonic development, indicated by the red
arrow. (B1) Balancing bars at the time of exiting the membrane; (B3) Balance bars get longer; (B3-1) Balance bars falling off; (B4) Balance

bars disappear.
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On day 30 + 1 post- hatching, the first toe of the
hind limb began to differentiate (Fig. 2 B6). On day 31
* 1 post- hatching, the second toe of the hind limb
began to differentiate (Fig. 2 B7). On day 32 * 1 post-
hatching, the third toe of the hind limb began to differ-
entiate, and at the same time, the skin of the fourth toe
had also formed, but it had not yet undergone differen-
tiation from capillaries (Fig. 2 B8). On day 33 * 1 post-
hatching, the fourth toe of the hind limb began to differ-
entiate (Fig. 2 B9). On day 36.5 £ 1.5 post-hatching, the
forelimbs had fully developed, with the fourth toe having
formed and there were no web-like connection between
the fourth toe and the other toes (Fig. 2 B9). On day 40.5
* 1.5 post-hatching, the hind limb began to differenti-
ate and the fifth toe emerged (Fig. 2 B10). On day 43.5
* 1.5 post-hatching, the rudimentary form of the hind
limb’s five toes was formed, although there were still web
connections between the five toes of the hind limb (Fig.

B16

Day 43 post-hatching

Day 34 post-hatching

Day 66 post-hatching
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2 B11). On day 51.5 £ 1.5 post-hatching, limb develop-
ment was completed. At this point, the hind limbs had
developed the fifth toe and there was no web connection
between the five toes (Fig. 2 B12).

On day 34 + 1 post-hatching, the ventral costal fovea
begins to appear (Fig. 4 B9). On day 49 + 1 post-hatch-
ing, the ventral costal fovea gradually became deeper
(Fig. 4 B10). The four fingers of the forelimbs of Anji sal-
amander developed in the following sequence from top
to bottom: 3, 1, 4, 2 (Fig. 2 B12). That is, the finger at the
top of the picture developed as the third one, followed
by the first, fourth and second fingers in sequence. The
sequential development order of the five toes of the hind
limbs from top to bottom was 3, 4, 1, 2, 5 (Fig. 2 B12).

The behavioral characteristics during this stage were
mainly characterized by using live prey as the main food
source, with an increase in movement ability. They could
swim, or move on the bottom of the water, or reach the

Day 39 post-hatching
B18

Day 70 post-hatching

Fig. 4. Ventral costal fovea formation in Anji salamander. (B8) Day 32 post-hatching, the ventral costal fovea have not yet formed; (B9)
Day 34 post-hatching , the ventral costal fovea begin to form; (B10) Day 39 post-hatching; (B11) Day 43 post-hatching; (B16) Day 66 post-
hatching, the ventral costal fovea is basically shaped; (B18) Day 70 post-hatching, the ventral costal fovea are obvious.
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surface. The growth rate was relatively fast. During this
stage, if the larval Anji salamander lived in groups and
touched each other’s bodies, they would engage in mutu-
al attacks and biting, especially on the limbs and exter-
nal gills. By this stage, the limbs, the four pairs of fingers
on the front limbs and the five pairs of toes on the hind
limbs had fully developed, with the body length reaching
50.0 £ 5.0 mm.

Anji salamander pre-metamorphosis stage

The stage from the completion of the development
of the limbs and fingers of the Anji salamander to 12 +
3 days before the metamorphosis stage is referred to as
the pre-metamorphosis stage. During this stage, the gill
filaments of Anji salamander turned red, the blood ves-
sels became abundant, the body size increased larger and
longer, the limbs became strong and powerful, the body
became plump, with a body length of 55.0 £ 5.0 mm. The

Day 50 post-hatching
B16

Day 60 post-hatching
B17

Day 66 post-hatching

Day 68 post-hatching

dorsal fin gradually disappeared, the ventral costal fovea
deepened, and the eyeballs slightly protruded.

The behavioral characteristics during this stage are
mainly characterized by a significant increase in food
intake, frequent movement at the bottom of the water
and in the upper water layer, and sometimes extending
their heads close to the water surface to exhale bubbles.
They prefer to stay in dark corners alone, had less activity
during the day, and were relatively more active at night.

Anji salamander metamorphosis stage

The external gills began to retract inward until they
completely disappeared. The breathing method changed
from gill respiration to using skin and lungs for breath-
ing, and the lifestyle shifted from aquatic to semi-aquatic.
This process is what we call the metamorphosis period.
During the metamorphic stage, the gill filaments of Anji
salamander gradually became thicker and shorter, and

B14 B15

Day 63 post-hatching  Day 65 post-hatching

B18

Day 70 post-hatching

Fig. 5. Metamorphosis in Anji salamander. (B12) Day 50 post-hatching; (B13) Day 60 post-hatching; (B14) Day 63 post-hatching; (B15)
Day 65 post-hatching; (B16) Day 66 post-hatching; (B17) Day 68 post-hatching; (B18) Day 70 post-hatching.
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the external gills also became shorter (Fig. 5), and before
the external gills had completely disappeared, Anji sala-
mander began to undergo its first molting process of life
(Fig. 6). Subsequently, the skin on the upper part of the
gill cover and the skin on the neck gradually merged and
covered the area where the gills had been exposed, form-
ing a neck fold. Eventually, the outer gills completely dis-
appeared. During this stage, the head of Anji salamander
became more pointed, its body color darkened, white
spots appeared on its body surface. There was a sig-
nificant protrusion of the eyeball when compared to the
larval eyeball, and the ventral costal fovea continued to
deepen.

The behavioral characteristics of Anji salamander
during its metamorphosis stage were that it spent a long
time hiding in darker places, was sensitive to light and
sound, had a darker body color and more body spots,
with enhanced color-changing and concealment abili-
ties. During metamorphosis stage, there was almost no
phenomenon of mutual attacks or cannibalism. After
the external gills disappeared, Anji salamander began to
engage in long-distance crawling, leaving the water pud-
dles and searching for new habitats and food. Its die-
tary characteristics also underwent significant changes.
From the early stage of metamorphosis, its appetite sig-
nificantly weakened and even led to prolonged fasting. It
took approximately 42 + 3 days of fasting before it could
resume normal feeding.

Haiyan Dong et alii

Anji salamander subadult stage

We refer the period from the end of metamorphosis
to sexual maturity as subadult stage. During this stage,
the color of Anji salamander was significantly different
from that of the larvae. The color of the subadult is dark-
er and has white dot-like spots compared to the larvae.
The head of the larva was sharper, the eyes were more
prominent and had fully formed ventral costal fovea (Fig.
5 B12, B18). During the subadult stage, the body length
and weight of the salamander gradually increased, and it
underwent frequent molting. The aging skin usually fell
off from the head to tail, forming a complete “shell” (Fig.
6C). Under the microscope, the shed skin maintained the
body’s shape (Fig. 6 C, C-1), and the pigment spots on
the skin might also be clearly observed (Fig. 6 C-2). The
entire exfoliation process took approximately 12 hours.

In terms of behavior, Anji salamander at this stage
seemed to prefer living in groups, especially shortly after
their abnormal development. There was almost no phe-
nomenon of cannibalism. Groups of three or four can
be seen gathering together. However, they had territo-
rial awareness. If their territory was invaded by outsiders,
there might be biting behavior, mostly targeting the limbs
and tail. During this stage, although they could live away
from water, they still required a high level of humidity.
If they left the water environment and the humidity was
insufficient, they might suffer from dehydration, lead-
ing to skin wrinkling, tail curling, and in severe cases, it
could even endanger their lives.

Fig. 6. Molting of Anji salamander. (C) Complete molted skin; (C-1) Molted skin magnified 6.3 times; (C-2) Spots remaining on the skin,
magnified 50 times.
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General characteristics of the development from fertilized
egg to subadult stage of Anji salamander

In aquatic environments at 4-15 °C, the embryonic
development period of Anji salamander lasted for 30 + 5
days. The higher the temperature, the faster the develop-
ment. From the fertilized egg to the subadult stage, there
were a total of six major developmental stages: embryonic
development stage, balance bar stage, limb development
stage, pre-metamorphosis stage, metamorphic stage, and
subadult stage. The balance bar stage required 18 * 3 days,
the limb development stage 50 + 5 days, the pre-metamor-
phosis stage 10 = 5 days, the metamorphosis stage 105
days, and after the metamorphosis is completed, it took 30
+ 5 days to develop into subadult stage (Fig. 7).

There were 34 developmental nodes, which are Ferti-
lized egg, Multicellular stage, Gastrula stage, Neural plate
stage, Neural fold stage, Neural groove stage, Neural tube
stage, Early tail bud stage, Late tail bud stage, Early exter-
nal gill stage, Late external gill stage, Incubation stage,
Hatching stage, Forelimb forearm stage, Forelimb first
finger stage, Forelimb second finger stage, Hindlimb buds
stage, Balance bar falling off stage, Forelimb third finger
stage, Forelimb fourth finger stage, Forelimb four - finger
initial stage, Hind limb first finger stage, Hind limb sec-
ond finger stage, Hind limb third finger stage, Hind limb
fourth finger stage, Forelimb four-finger mature stage,
Hind limb fifth finger stage, Ventral costal fovea appear-
ance stage, Hindlimb five - toe initial stage, Ventral costal
fovea deepening stage, Hindlimb five - toe mature stage,
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Fig. 7. Column graphs comparing the development time of each
stage of the egg capsule of the Anji salamander in this study.

Pre metamorphosis stage, Metamorphosis stage, and Sub-
adult stage (Fig. 8). The changes and characteristics of
the 34 developmental nodes throughout the entire devel-
opment process were presented in Table 1 and Table 2.

DISCUSSION
Embryonic development of Anji salamander

The egg capsule of Anji salamander could develop
normally under normal conditions without any infec-
tion, except for a few unfertilized eggs. The unfertilized
eggs would gradually disintegrate, and the cells eventually
died as the eggs became concave. The embryonic devel-
opment process of Anji salamander is extremely similar
to that of other Hynobiidae species, including other ver-
tebrates. For instance, Hynobius leechii, Hynobius gua-
bangshanensis, Hynobiid Salamander, Onychodactylus
japonicus, and fish all undergo the developmental process
of fertilized eggs, cleavage, blastula, gastrula, organogen-
esis, and finally membrane formation (Iwasawa and Kera,
1980; Iwasawa and Yamashita, 1991; Ma et al., 1994; Mi
et al., 2008; Mousavi et al., 2022). The difference is that
the forelimbs of Anji salamander were merely a raised
bud-like structure before hatching, while those of the
Chinese salamander have already developed into a bifur-
cated shape and have formed the rudimentary form of
two fingers before hatching.

The development time varies even among different
species and within the same species. During the embry-
onic development stage, the development time we meas-
ured is slightly different from two recent reports (Cao et
al., 2024; Qiu et al., 2024). This might be due to environ-
mental factors, such as light exposure, water temperature,
oxygen saturation, etc., resulting in different developmen-
tal speeds. Under natural conditions, the development
speed of the eggs laid by Anji salamander varied at dif-
ferent times. Generally, eggs incubated in warmer water
developed more rapidly.

The balance bar of Anji salamander

In other species of Hynobius, the presence of balance
bars has been observed during a similar stage (Zhang et
al., 1987b; Ma et al., 1994; Mi et al., 2008). Furthermore,
Ning et al. (2021) also discovered on Hynobius maoer-
shanensis that the balance bar will fall off (Ning et al,,
2021). In this study, we not only reported the times of the
appearance and disappearance of the balance bar but also
the fact that the balance bar fell out in an asymmetric
manner. This asymmetric detachment might imply that
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Fertilized egg to subadult
development of Hynobius amjiensis

0-694h

Embryonic stage

Oh [ Fertilized egg

16h  [— Multicellular stage

132h [~ Gastrula stage
164h [~ Neural plate stage
176h [~ Neural fold stage
200h [ Neural groove stage
260h  |— Neural tube stage
315h  |— Early tail bud stage
355h |— Late tail bud stage
A20h | — Early external gill stage
610h | Late external gill stage
672h Incubation stage
694h Hatching stage
PH Day 0-51
PHDay 9 Forelimb forearm stage
PH Day 16 Forelimb first finger stage
PH Day 18 Forelimb second finger stage
PH Day 19 Hindlimb buds stage
PH Day 20 Balance bar falling off stage
PH Day 21 Forelimb third finger stage
PH Day 22 Forelimb fourth finger stage
PH Day 27 Initial four-finger stage of the forelimb
PH Day 29 Hind limb first finger stage
PH Day 31 Hind limb second finger stage
PH Day 32 Hind limb third finger stage
PH Day 34 Hind limb fourth finger stage
PH Day 35 Mature four-finger stage of forelimb
PH Day 38 Hind limb fifth finger stage
PH Day 41 Ventral costal fovea appearance stage
PH Day 43 Initial five-toed stage of the hind limb
PH Day 50 Ventral costal fovea deepening stage
PH Day 51 Mature five-tow stage of hindlimb
PH Day 53-63
Pre metamorphosis stage
PH Day 64-70
Metamorphosis stage
PH Day 101 Later

Subadult stage

Fig. 8. Developmental tree from fertilized egg to subadult in Anji
salamander. Complete developmental nodes from fertilized egg to
subadult are illustrated.
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the development of the balance bars on the left and right
sides was not synchronous.

So far, there have been no relevant studies on the
function of the balance bar in salamanders. We hypoth-
esize that the balance bars of Anji salamander are simi-
lar to the lateral lines and antennae of other vertebrates,
which serve the functions of navigation, detecting and
sensing changes in the aquatic environment, intra-species
communication to assist in locomotor equilibrium, and
predation, etc. Lateral line exists in fish, primarily com-
posed of the superficial and optic nerve mounds (Omura
et al., 2014). The functions of the lateral line in fishes
include sensing changes in the water flow and pressure
(Mogdans, 2019), as well as prey detection, spatial locali-
zation, predator avoidance, flocking behavior, intraspe-
cific communication, and station keeping (Klein and
Bleckmann, 2015). Catfish have tentacles which are sen-
sitive to changes in water flow and help catfish navigate,
sense and hunt in dark environments (Biedenbach, 1971;
Muka et al., 2010). Lateral line is also present in axolotls
(Northcutt et al., 1994). We found Anji salamander lar-
vae were able to sense food beyond the distance of the
balance bar and slowly swim towards the prey, quickly
biting it when the bar was about to touch or touching. At
the same time, if another salamander leaned into another
salamander, they were both able to quickly avoid each
other without touching their bodies.

Patterns of limb development in the Anji salamander

There are two patterns of vertebrate limb develop-
ment. One pattern is preaxial dominance, where struc-
tures close to the medial side of the body (i.e., radial or
thumb side) preferentially form or differentiate during
the development of an animal’s limbs, such as the radi-
us develops before the ulna in forelimb development,
and the 2nd finger develops before the 4th finger (Royle
and Young, 2021). The other is postaxial dominance,
where structures close to the lateral side of the body
(i.e., ulnar or pinky side) preferentially form during the
development of an animal’s limbs (Shubin, 1986). The
limb development of Anji salamander follows a pre-
axial dominance developmental pattern, similar to that
of many other Caudata (Frobisch et al., 2007). In terms
of the morphology of the limbs, except for the Salaman-
drella keyserlingii (Zhang et al., 1993¢) and Batrachupe-
rus pinchonii (Jia et al., 2018) which have 4 fingers on
the forelimbs and 4 toes on the hindlimbs, most species
of Hynobiidae have 4 fingers on the forelimbs and 5 toes
on the hindlimbs (Ma et al., 1994; Mi et al., 2007; Ning
et al., 2021). The preaxial dominance developmental pat-
tern may reflect its long-term environmental adaptation.



Life history of the Anji salamander (Chordata, Amphibia, Caudata, Hynobiidae) from fertilized eggs to subadults 165

Table 1. Embryonic development of Hynobius amjiensis.

Number Developmental stage Distinguishing Characteristics EmZ;IgI:eengj /h tem;?err(:t/ﬁi JoC

1 Fertilized egg The fertilized eggs are spherical, with a grayish-black color 0 6.5+3.5

2 Multicellular stage Cells continuously divide and the number of cells increases 16 +£3 6.5+3.5
The embryo is irregular and round, the embryo surface is smooth,

3 Gastrula stage and the blastoderm cells are involved into the embryo, with bulges or 132+ 4 6.5+3.5
depressions on the edge

4 Neural plate stage Embryo exhibits slight folding, shallow ditch appears 164 + 4 6.5+35

5 Neural fold stage Embryonic folds became significantly opened 176 + 3 6.5+3.5

6 Neural groove stage Embryonic folds were significantly elevated and converged to the center 200+ 3 6.5+3.5

7 Neural tube stage Embryo is spindle shaped 260 +5 6.5+3.5

8 Early tail bud stage Embryonic head rudiments appear 315+ 3 6.5+3.5

9 Late tail bud stage Embryonic eye sacs, gill arch, and tails are well characterized 355 + 5h 6.5+3.5

10 Early external gill stage Embryo appear with primitive outer gills and balance bars 420+5 6.5+3.5

11 Late external gill stage gmbryonic eye formation with three outer gills and gill filament 610+ 3 65435

evelopment

12 Incubation stage Embryonic de.\felopment is basically complete, with a pair of balance 672+ 3 65435
rods and forelimb buds

13 Hatching stage The larvae lie on their side under the water with a small amount of yolk 694 + 48 65435

residue

It may also be closely related to the evolutionary process
of 4-toed to 5-toed hindlimbs in the Hynobiidae (Led-
better et al., 2019; Jia et al., 2022; UroSevi¢ et al., 2024).
It has been shown that the four fingers of the forelimbs
of amphibians with Caudata are adapted to aquatic life,
which helps to reduce the resistance when swimming,
and the forelimbs also have the role of maintaining the
balance and stability of the body, while the five toes of
the hindlimbs are adapted to terrestrial life and used to
support the body and propulsion. These forelimbs and
hindlimbs characteristics are highly compatible with their
amphibious lifestyle (Uro$evi¢ et al., 2024).

We observed that the front four limbs of Anji sala-
mander gathered to form a shovel-like grubbing away soil
or peat moss, similar to digging a burrow, a process in
which the back five fingers grasped the ground to support
the body. We hypothesize that the 4-fingered front and
back salamanders and the 4-fingered front and 5-fingered
back salamanders evolved different numbers of fingers
due to differences in their lifestyles, such as some sala-
manders need to dig burrows, while others do not; some
live in static waters, while others inhabit dynamic waters.
The corresponding number of fingers allows them to bet-
ter adapt to the resistance of water currents in their envi-
ronments. Further data are needed to validate or refute
this hypothesis.

The limb function of Hynobius amjiensis may serve
the same purposes of assisted locomotion and main-
tenance of balance as many vertebrates (Molnar et al.,

2021; Smith et al., 2021; Chen et al., 2025b). In the larval
stage, when there are individual small salamanders with
bitten limbs, their balance and locomotor ability will be
reduced, and their swimming speed will be slowed down
or even flipped on its side, so the limbs in the larval stage
may play an important role in their locomotion and bal-
ance. The development of forelimb buds in Hynobius
amjiensis larvae prior to membrane the emergence (Fig.
1 A12) may be an attempt to adapt as quickly as possi-
ble to body the balance in the water after emergence from
the membrane. Following the disappearance of the bal-
ance bars, both hind limbs developed rapidly (Fig. 3 B4),
which allowed the body to continue to have “four sym-
metrical supports”, which may have been important for
the maintenance of the body’s locomotor equilibrium.
After the development of the four limbs is completed,
Hynobius amjiensis larvae often crawl underwater, prob-
ably to develop the support and propulsion function of
the hind limbs, which lays the foundation for the meta-
morphosis to crawl long distances to the shore in search
of food and habitats. It has been suggested that the fore-
limbs of tetrapods mainly play a braking role and the
hindlimbs mainly play a propulsive role (Kawano and
Blob, 2013). Furthermore, we observed in the field that
Hynobius amjiensis may have crawled out of underwater
burrows to pair-lay their eggs (Appendix 1). We hypoth-
esized that their more pointed heads and stout limbs may
have the ability to excavate the burrows, but we need fur-
ther studies to confirm our speculations.
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Table 2. Development of Larva to subadult of Hynobius amjiensis.

Haiyan Dong et alii

Number Developmental stage Distinguishing Characteristics Time of Growth o
Emergence /Day temperature/°C
1 Forelimb forearm stage Lfirval fo're}lmbs become longer and there is no 842 +3
differentiation of fingers
2 Forelimb first finger stage Larval forelimbs fingers form a triangle 135+ 1.5 12+3
. Larval forelimbs fingers are bifurcated, emergence of
+ +
3 Forelimb second finger stage hindlimb buds and the shedding of balance bars 18515 12£3
4 Hindlimb buds stage A. pair of transparent and spotless buds appeared in the 18 +2 12+3
hindlimb
. The balance bar on both sides of the mouth became
+ +
> Balance bar falling off stage thinner and disappeared in the form of falling off 19+2 123
6 Forelimb third finger stage Larval forelimb fingers are trifurcat 19.5+ 1.5 12+3
7 Porelimb fourth finger stage Larval forelimb flngers are basically formed, there are 20.5+ 1.5 1243
webbed connections between the fingers
8 Forelimb four - finger initial stage Larval forehmbs.WHh four fingers basically formed and 215+ 15 1343
webbed connections between fingers
9 Hind limb first finger stage Larva hind limb bud is triangular 30+ 1 13+£3
10 Hind limb second finger stage Larval hind limbs toes are quad,blnlt only two toes 3141 13+3
developed, and the excess was cutis
1 Hind limb third finger stage Larval hind limbs toes are quad, b.ut only three toes 0 +1 1343
developed, and the excess was cutis
12 Hind limb fourth finger stage Larval hind limbs are four to four forked 331 13+3
13 Forelimb four-finger mature stage Larval forelimb fmgers are fully developed, and there is 365 + 1.5 13+3
no web connection between the fingers
14 Hind limb fifth finger stage Larval hind limbs have pentamerous toes 405+ 1.5 13+3
Larval appear as indistinct depressions on both sides of
+ +
15 Ventral costal fovea appearance stage the abdomen near the head 42+1 13+3
16 Hindlimb five - toe initial stage Larval five toes of the hind limbs of. juveniles are largely 435+ 15 1343
formed, but are connected by webbing between the toes
Larvae have more defined depressions on both sides
17 Ventral costal fovea deepening stage of the abdomen and develop towards the sides of the 44 +1 13+3
abdomen near the hind limbs
18 Hindlimb five - toe mature stage Five toes of the hind limb form but there are webbed 5154+ 15 1343
connections between the toes
. The bulge of the larva’s eyeball, the body color becomes
+ +
19 Pre metamorphosis stage darker, and the caudal fin becomes smaller 85 1441
The three outer gills of the larva gradually shorten, the
20 Metamorphosis stage body color deepens, and a small amount of white spots 67 £4 14+1
appear
21 Subadult stage No outer gills, increased white spots, neck folds 106 + 5 14+1

Molting of Anji salamander

This is the first report of the molting phenomenon in
Anji salamander. Molting is a natural process of growth
and development in vertebrates, influenced by environ-
mental and hormonal factors (Jorgensen et al., 1960;
Heimeier and Shi, 2010). Extensive studies have shown
that the molting process of amphibians is regulated by
thyroid hormones (Dowling et al., 1966; Tata, 2006). It
has been found that the level of thyroid hormone secre-
tion in amphibians increases during metamorphosis

(Denver, 2021; Tanizaki et al., 2021). The first molt
occurred during the metamorphosis stage, and it is possi-
ble that hormones were also involved in the development
of molt and metamorphosis in Anji salamander.
Amphibian molting behavior is necessary for their
metamorphosis. The main component of molting is the
cuticle of the skin surface, and the presence of molting
indicates some keratinization of the skin (Heimeier and
Shi, 2010; Akat et al., 2023). The skin of amphibians
serves as an important organ for their respiration and gas
exchange (Tattersall, 2007), and molting might regulate
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respiration and reduce water loss to some extent (Torri
et al., 2020). It has also been implied that amphibians in
the growth phase molt as a result of their body growth
becoming increasingly tighter with their cuticle, and the
old cuticle skin needs to be shed to accommodate growth
(Lu, 2018). Molting can also defend against pathogenic
microorganisms on the old skin, removing pathogenic
microorganisms that have accumulated on the old skin
over time (Ohmer et al., 2017). In this study, we found
that Anji salamander molted more frequently after com-
pleting metamorphosis, so the molt of Anji salamander
might be more closely related to their growth, develop-
ment, immunity and other physiological processes.

Risks faced during metamorphosis and development of
Anji salamander

Amphibian metamorphosis enables amphibians to
cross the formidable ecological barrier between aquatic
and terrestrial environments by coordinating morphologi-
cal remodeling with physiological functional transitions, a
process critically important for their subsequent survival.
Studies have indicated that during amphibian metamor-
phosis, the degeneration of external gills may exhibit tem-
poral mismatch with pulmonary developmental processes.
Furthermore, the gradual functional decline in gill respir-
atory capacity throughout metamorphic progression can
potentially lead to hypoxic stress and associated mortality
during gill resorption (Burggren, 1982; 1994). Amphib-
ians use their skin to assist respiration before and after
gill shedding. However, after metamorphosis, the use of
skin for respiration needs to be carried out at a more suit-
able humidity; otherwise, dry environments may cause
respiratory distress, dehydration, and disruption of skin
microflora, increasing the risk of infection with patho-
genic microorganisms (Akat et al., 2023; Buttimer et al,,
2024; Riddell et al., 2024). Amphibians can experience
long period of cessation of feeding during metamorphosis
due to multiple reasons, including hypothalamic regula-
tion and reorganization of the digestive system (Kuzmin,
1997; Bender et al., 2018; Zhu et al., 2020).

Anji salamanders spend the vast majority of their
metamorphosis to subadult in a state of relative feeding
cessation, and have to face threats such as hypoxia from
respiratory shifts after emerging onto land, significant
energy expenditure from crawling long distances, and
elevated habitat temperatures, and even failing to survive
once they mistakenly enter a dry area with water-starved
and wrinkled skin and frizzled tails for 12-24 hours.
Studies have also been shown that some small salaman-
ders maintain a larval form and are unable to complete
metamorphosis (Okamiya et al., 2021). Additionally, skin
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fusion of the head and neck following gill internalization
might greatly burden the immune and endocrine systems.
Pathogen invasion at this stage could pose a significant
survival threat. Therefore, we believe that the metamor-
phosis stage is a high-risk stage from fertilized eggs to
subadults in Anji salamander.

CONCLUSIONS

In this study, we delineated the six main develop-
mental processes of Anji salamander (Fig. 8) encompass-
ing the whole developmental process, including 34 devel-
opmental nodes (Tables 1 and 2), and described the life
habits of different developmental periods, filling gaps in
the life history of Anji salamander. It is worth noting that
Anji salamander is particularly vulnerable during the bal-
ance bar shedding stage and throughout metamorphosis,
which is informative for conservation. For example, we
in the reserve may consider the need to keep the habitat
as free from external disturbance as possible before and
after the shedding of the balance bar and during the pro-
cess of metamorphosis. In addition, the subadult stage
of Anji salamander has a relatively high dependence on
air humidity and water. Therefore, if there is an extreme
drought before or after the Anji salamander comes
ashore, we can take the necessary intervention to ensure
adequate water supply in the reserve. In conclusion, the
knowledge of the life history of Anji salamander from lar-
vae to subadults is useful for its conservation and future
captive breeding.
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