
Subterranean environments, including caves, typically 
offer unique habitats with less exposure to climatic 
fluctuations compared to terrestrial environments (Kováč, 
2018; Moldovan et al., 2018). Numerous ecological 
explanations have been proposed for why certain species 
use subterranean cave habitats for part, or all of their life 
cycles (Culver and Pipan, 2019). This includes avoiding 
extreme terrestrial conditions, escaping predators or 
competitors, and approaching unique resources. Among 
vertebrates, amphibians, particularly Caudata, are noted 
for their use of subterranean caves (Hutchison, 1958; 
Lanza et al., 1995; Manenti et al., 2017). The Korean 
Clawed Salamander, Onychodactylus koreanus Min et 
al., 2012, a hynobiid species endemic to the Korean 
Peninsula, breeds inside the Hwanseon Cave in South 
Korea, making it the only known accessible breeding 
site for the species (Park, 2005). This semi-aquatic 
species inhabits montane valleys and larvae spend 2−3 
years in streams before metamorphosing and moving 
to the streamside. Specifically, they rely on cutaneous 
respiration throughout juvenile and adult stages due to 
degenerated lungs (Kuzmin, 1995). Onychodactylus 
koreanus has been predicted to experience substantial 
habitat decrease due to climate change, which increases 
the frequency of extreme weather conditions (Lee et 
al., 2021; Shin et al., 2021). Additionally, ranavirus has 
recently been reported in wild populations of this species 
in Korea (Kim et al., 2024), which is a new threat for 
the species because it is a well-known agent of mass 
mortality in amphibians (Price et al., 2014; Brunner et 

al., 2021). Herein, we report an acute mortality event 
of larval O. koreanus in the Hwanseon Cave, and 
investigate potential causes of this event.

Materials and Methods

Study area. This event occurred in Hwanseon Cave 
(37.3319°N, 129.0594°E, elevation ca. 500 m; Fig. 1), 
situated in Samcheok, Gangwon Province, South Korea. 
Hwanseon Cave is a limestone cave approximately 8500 
m in length, with a linear distance of approximately 
2000 m from the entrance to the deepest point. The 
cave portions have been developed for tourism since 
1996 (Lee, 2008). Inside the cave, various-sized pools 
and streams are present, and a constant water flow exits 
through the channels year-round (Park et al., 2024). Also, 
many water courses from rock wall cracks flow into the 
main stream. To date, 75 animal species representing 70 
genera, 54 families, 29 orders, 13 classes, and 4 phyla 
have been identified within the cave (Park et al., 2024). 
Additionally, it is the only known site where O. koreanus 
has been directly observed breeding underground (Park, 
2005).

Field observations. Population surveys of larval O. 
koreanus were conducted at four sites in the cave twice a 
week, beginning 21 April 2024, to determine its breeding 
phenology. On 21 January 2025, 16 dead individuals 
(12.3% of 130 larvae) were found at one site. At other 
sites, larval mortality was not observed on that day. This 
site is located 120 m from the cave entrance, where a 
small amount of cave water outflows from crack walls 
and several small pools are present (Fig. 2). The water 
flow finally joins the main stream of the cave. Dead and 
live larvae were observed in shallow water (< 0.5 cm 
deep), small pools, or on nearby dried-out rocks (Fig. 
2). No littering was detected at or upstream of the site, 
despite the site lying within 2 m of a tourist pathway. A 
follow-up survey two weeks later showed no additional 
mortalities.

Data analysis. Five dead larvae in relatively good 
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condition and five randomly selected live larvae were 
collected on the day and analysed for snout-vent 
length (SVL) and developmental stage to compare the 
morphological characteristics between dead and live 
individuals (Fig. 2). The SVL was measured using 
ImageJ (https://imagej.net/ij/download.html), and the 
developmental stages were determined according to the 
72-stage system for O. japonicus (Iwasawa and Kera, 
1980).

We examined water quality and presence of diseases 
to investigate the potential causes of the mortality event. 

For assessing water quality, two litres of water were 
separately collected from the site where the mortality 
occurred and a site within the main stream. Samples 
were analysed at the Gangwon Institute of Health and 
Environment for the following parameters: pH, dissolved 
oxygen (DO), biochemical oxygen demand (BOD), 
total organic carbon (TOC), electrical conductivity, 
total nitrogen (T-N), total phosphorus (T-P), suspended 
solids (SS), and aluminum concentration (Al).

Meteorological data were obtained from the Korea 
Meteorological Administration (KMA), using records 

Figure 1. Location of the study site, Hwanseon Cave, Korea (A), and the specific site within the cave where dead larvae were 
observed (B).

Figure 2. Photographs of the mortality site (A) and a dead individual (B) observed in the Hwanseon Cave, Korea. Red and yellow 
circles indicate dead and living larvae, respectively. Photos by Jaejin Park.



from the Singi Automatic Weather Station (AWS), 
situated 5.9 km apart from the study site. We analysed 
the daily maximum and minimum temperatures, total 
precipitation, and the number of days with precipitation 
for the 30 days prior to the mortality event based on a 
previous study (Park et al., 2024).

Five of the ten collected dead larvae were selected, 
individually conserved with ice packs, and transported 
to the laboratory at Kangwon National University 
to be screened for ranavirus infection. DNA was 
extracted from tissue samples using the DNeasy Blood 
& Tissue Kit (Qiagen, Hilden, Germany) and stored 
at -80 °C until quantitative polymerase chain reaction 
(qPCR) analysis. Ranavirus infection was tested using 
the RVMCPKim3_F and RVMCPKim3_R primers 
(Kimble et al., 2015). We did not analyse the possibility 
of chytrid fungus infection since it does not induce 
mortality of Korean amphibians (Bataille et al., 2013; 
Fong et al., 2015; Lee et al., 2025). Each qPCR reaction 
consisted of 10 µL Power SYBR Green PCR Master 
Mix (Applied Biosystems, Waltham, MA, USA), 0.5 µL 
of each primer, and 4 ng of DNA, with the final volume 
adjusted to 20 µL using molecular biology grade water 
(Cytiva, Marlborough, MA, USA). Subsequently, 
qPCR was performed on a QuantStudio 1 thermocycler 
(Applied Biosystems, Waltham, MA, USA) under the 
following conditions: 95 °C for 10 min, followed by 
40 cycles of 95 °C for 15 s and 62.5 °C for 20 s. Each 
sample was tested in triplicates, along with a negative 
(molecular biology grade water) and a positive control 
(gBlock).

Results

The mean SVL of the examined dead larvae was 1.63 
± 0.05 cm (n = 5), and their developmental stages were 
either 65 or 66. The living larvae’s average SVL was 
1.69 ± 0.06 cm (n = 5), with developmental stages 
ranging from 66 to 67. Water quality analysis at the 
mortality site showed the following values: pH 8.0, DO 
10.9 mg/L, BOD 0.7 mg/L, TOC 0.8 mg/L, conductivity 
359 µS/cm, T-N 4.247 mg/L, T-P 0.003 mg/L, SS 0.3 
mg/L, and Al 0.07 mg/L. The values at the main stream 
were as follows: pH 7.9, DO 11.5 mg/L, BOD 0.1 mg/
L, TOC 0.4 mg/L, conductivity 279 µS/cm, T-N 3.33 
mg/L, T-P 0.008 mg/L, SS 0.2 mg/L, and Al 0.06 mg/L. 
Meteorological data for the 30 days prior to the mortality 
event revealed a mean daily maximum temperature of 
6.41 ± 3.37 °C and a mean daily minimum temperature 
of -3.70 ± 2.55 °C at local areas. Total precipitation 
during the 30 days prior to the mortality event was 

0.5 mm, with just one day of localised rainfall. None 
of the dead larvae samples tested positive for ranavirus 
infection.

Discussion

We believe the observed mortality of the larval O. 
koreanus reported on here can be assigned to changes 
in aquatic environmental conditions. Several lines of 
evidence support such a summary: (1) larvae lacked 
any clinical and serological evidence for disease, (2) 
dead larvae were only found at one site out of the four 
survey sites, (3) the site of the incidence is apparently 
vulnerable to the geo-chemical effects of reduced water 
flows, and (4) preceding the event precipitation was at 
an extreme low in the local area.

Abrupt environmental shifts such as droughts, 
infectious diseases, or ultraviolet radiation typically 
trigger mortality events in salamanders (Worthylake 
and Hovingh, 1989; Blaustein et al., 1995; Rohr et al., 
2004; Gray et al., 2015). In this case, water samples 
collected at the mortality site demonstrated higher 
BOD, TOC, conductivity, and T-N compared to the 
main stream. This implied lower water quality at the 
mortality site than in the main stream. Considering the 
shallow water flow and small pools, which are formed 
by waters draining from rock wall cracks, the mortality 
site might be regularly facing reduced water flows 
and associated changes in geo-chemical parameters. 
In another natural habitat of O. koreanus larvae, Hong 
(2017) reported a DO value of 43.2 mg/L (range 40–
55 mg/L), which is much higher than that recorded at 
our study site. Additionally, Park et al. (2024) reported 
that the mortality site had relatively high chloride, 
nitrate, and sulphate ion concentrations compared to 
other locations in Hwanseon Cave. Furthermore, the 
exceptionally low rainfall during 30 days prior to the 
event may have further reduced the water level, thereby 
abruptly increasing the ion concentration. Indeed, a 
reduction in water quantity can result in a decline in 
water quality (Mosley, 2015). The cave water in the 
Hwanseon Cave is mainly derived from the precipitation 
in the Guinemi village, which is located 500 m higher 
than the cave (Park et al., 2024). Therefore, low winter 
rainfall in the area will have resulted in a decrease in 
the water volume within the cave, probably resulting 
in worsened geo-chemical conditions of the water and 
increased local desiccation at the site. These changes 
may have ultimately become noxious and deadly for 
early larval stages of O. koreanus, leading to acute 
mortality (Walls et al., 2013). This incident exemplifies 
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how climate change can disrupt microhabitats, even 
within subterranean cave ecosystems, and may pose 
a threat to organisms that are otherwise thought to be 
sheltered from terrestrial fluctuations (Mammola et al., 
2019). While de-icing salts, which have been shown 
to negatively affect congeneric species (Terui et al., 
2018), are occasionally used in the cave, we, however, 
believe their contribution would have been minimal 
as salts would have been deployed downstream of the 
mortatlity site.

Starvation or changes in food availability are unlikely 
causes, given that larvae at this stage mainly rely on 
yolk for energy (Landberg, 2014). We did not find any 
differences in SVL or developmental stage between 
the dead and living larvae. Furthermore, ranavirus was 
not detected in any of the tested samples. No external 
symptoms, such as excessive skin shedding and skin 
erythema or discolouration, were observed (Voyles 
et al., 2009; Van Rooij et al., 2015; Kim et al., 2024), 
which is observed with chytrid fungus and ranavirus 
infection. These results remove the possibility of the 
mortality by malnutrition or disease infection.

In conclusion, the mortality of O. koreanus larvae 
in the Hwanseon Cave could have been caused by 
water geo-chemical changes following extreme winter 
droughts. With the intensification of winter droughts due 
to climate change (Chang et al., 2024), the frequency of 
such mortality events may further increase. Thus, long-
term monitoring of the O. koreanus population in the 
Hwanseon Cave is crucial to track population trends 
and mortality events. Such efforts will help identify 
and mitigate future mortality, thereby strengthening 
conservation strategies for cave-dwelling salamanders 
facing climate change.
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