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Abstract

The Chinese giant salamander (CGS, Andrias davidianus) is an endangered aquatic amphib-
ian in China. Using environmental DNA (eDNA), this study aimed to monitor the spatial
distribution of this species in Zhejiang Province, providing a scientific basis for species
assessment, evaluation of reintroduction effectiveness, and non-invasive monitoring. Based
on historical records of species presence, 18 representative water localities were selected for
sampling. Among these localities, eDNA signals of the CGS were detected at nine. After
excluding sampling sites affected by historical CGS releases and surrounding breeding
farms, Jinzi Peak and Huyuan were inferred as candidate potentially natural stream habi-
tats within the province. Additionally, eDNA monitoring was conducted at two release
sites, Gutian Mountain and Banshanyuan, for two consecutive years. Results revealed
lower detection rates in both areas in the second year of monitoring, potentially attributed
to low survival rates, dispersal and disappearance, or sampling variability. A principal
component analysis (PCA) of water quality factors (including parameters such as NH3-N,
TN, TP, COD) revealed distinct geographic clustering of CGS-positive and CGS-negative
sampling sites that corresponded to their separation in topographic space, suggesting
that the measured physicochemical conditions may be associated with the CGS eDNA
detection probability. This study demonstrates that eDNA is a feasible and efficient method
for surveying CGS in Zhejiang Province. Further, it provides an efficient non-invasive
monitoring approach for endangered amphibians, with broad application prospects.

Keywords: eDNA; amphibian conservation; water quality factors; resource distribution

1. Introduction
The Chinese giant salamander (CGS), Andrias davidianus (Amphibia, Caudata, Cryp-

tobranchidae), is endemic to China [1,2] and was once predominantly distributed within
the Yangtze and Yellow Rivers and the Pearl River basins, spanning 17 provinces and
municipalities including Guizhou, Hunan, Hubei, and Henan [3]. As a flagship species
of freshwater ecosystems, the protection of endangered CGS helps maintain aquatic eco-
logical stability and regional biodiversity [4]. Despite the implementation of a series of
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national laws and regulations, the illegal capturing, trafficking, and consumption of the
species remain prevalent, resulting in a considerable contraction of its habitat range. At
present, many geographically separate populations of wild CGS have become extinct in
China [5], with rapid declines in abundance, making the CGS a globally endangered am-
phibian [6]. It was recently listed as Critically Endangered [7] and was also listed as a
Grade II state-protected animal in China in 2021 [8].

As a key protected amphibian, the CGS has been subject to large-scale attempts at
artificial population recovery through breeding and release over the years in several regions
within China [9,10]. However, due to the lack of unified quality control and individual
identification systems for early releases, the survival rate, dispersal paths, and interactions
with wild populations of released individuals are difficult to track; therefore, the assessment
has long relied on field observations and expert experience [11,12]. Zhejiang Province is
a historically important region for the CGS and has lacked survey efforts and systematic
scientific data; therefore, observational data have relied on sporadic sightings or private
reports, which restricts further research on the linkage between its wild distribution pattern
and regional species diversity protection. Traditional survey methods, such as on-site
searching, manual capture, and visual observation, particularly in release areas and rivers
where wild populations may occur, are faced with limitations including strong operational
interference, low efficiency, and high dependence on the species’ behavioural habits [13].
The CGS is a nocturnal species with extremely low densities, making it difficult to survey
using conventional methods to obtain effective information [14]. As a result, there is an
urgent need to explore a sensitive, non-invasive, and adaptable approach to monitor and
assess released individuals and potential wild populations.

Environmental DNA (eDNA) is genetic material released into the environment through
organismal shedding, excretion, or cell lysis. Collected from samples such as water, soil,
or air, eDNA can be used to detect species presence [15,16]. This method obtains residual
DNA while avoiding habitat disturbance caused by traditional capture and trapping
approaches and is particularly suitable for monitoring sensitive ecosystems and endangered
species [17]. When combined with PCR detection, eDNA surveys can be highly sensitive,
efficient, convenient, and provide wide coverage, resulting in a mainstream tool for rare
species surveys. The reliability and practicability of this method are supported by many
field applications; for instance, Voyles et al. [18] employed eDNA to detect endangered
harlequin frogs (Atelopus varius, Atelopus zeteki, and Atelopus chiriquiensis) and amphibian
chytrid fungus (Batrachochytrium dendrobatidis, Bd) in Panamanian streams, verifying that
some harlequin frog populations still survive in their historical habitats. Further, Kurtz
et al. [19] developed an eDNA-PCR assay targeting the mitochondrial control region for the
hellbender salamander (Cryptobranchus alleganiensis), which exhibited excellent specificity
and enhanced the detection sensitivity of field eDNA by one order of magnitude, offering
a reliable approach for the non-invasive monitoring of this endangered species. Species-
specific eDNA primers have been designed for the CGS and field sampling and laboratory
validation have demonstrated that they can effectively amplify the target DNA and identify
different mitochondrial haplotypes and lineage mixtures, providing a highly sensitive and
cost-effective method to monitor this rare species [20]. Therefore, this is a suitable approach
for monitoring the CGS in other regions such as Zhejiang Province [21].

In this study, eDNA analysis was utilized to assess the spatial distribution range of
wild CGS in Zhejiang Province and to explore the effects of water quality and environmental
factors on the distribution. By monitoring the release sites over two consecutive years, the
survival and dispersal status of the CGS population after artificial release were assessed
to provide precise and efficient technical support for the management and protection of
this species.
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2. Materials and Methods
2.1. Study Sites

This study was conducted from June 2023 to November 2024 in Zhejiang Province,
China, focusing on field surveys in areas with more historical records. A total of 40 localities
were initially surveyed for habitat suitability, and water samples were collected from
18 representative localities (coordinates in Table S1). Within each locality, sampling sites
were established along rivers at 300 m intervals, with three replicate 4.5 L samples collected
per site. A total of 192 samples were collected from 64 sites (Figure 1).

Figure 1. eDNA sampling localities in Zhejiang Province, China. Note: Sampling watersheds
corresponding to numbers on the map are as follows: 1. Wangfu Village, Chun’an County; 2. Linqi
Village, Chun’an County; 3. Gutian Mountain, Kaihua County; 4. Gaoqiao Village, Jiande City;
5. Sandu Town, Jiande City; 6. Xinfan, Wucheng District; 7. Yaxi Town, Liandu District; 8. Dongdu
Town, Jinyun County; 9. Qiaotou Town, Yongjia County; 10. Nanxi River, Yongjia County; 11. Jinzi
Peak, Qingyuan County; 12. Huyuan, Qingyuan County; 13. Banshanyuan, Qingyuan County;
14. Zuoxi, Qingyuan County; 15. Baizhang Town, Taishun County; 16. Daqiuping Village, Taishun
County; 17. Xikou Village, Taishun County; 18. Shiyang Town, Taishun County.

2.2. Water Sample Treatment and eDNA Sample Collection

Water samples were collected at a uniform depth of 10–15 cm below the water surface.
Prior to sampling, the 4.5 L plastic buckets were sterilized by rinsing with 75% ethanol,
followed by three rinses with ultrapure water (≥18.0 MΩ·cm) and site water; a new pair
of rubber gloves was worn at each sampling site. Unfiltered stream water samples were
collected from all 18 sampling sites for subsequent water quality parameter determination.

A vacuum filtration system, glass sand cores, and forceps were rinsed with ultrapure
water, and then sterilized under high temperature and pressure (autoclaved at 121 ◦C,
15 psi, 20 min). On-site filtration of the water samples was performed using vacuum
filtration. During filtration, a sterilized mixed cellulose ester (MCE) filter membrane
(47 mm diameter, 0.45 µm pore size) was placed onto the filter holder. After filtration, the
filter membrane was folded using the sterile forceps and stored in a 1.5 mL microcentrifuge
Eppendorf tube containing 95% ethanol for subsequent environmental DNA extraction. To
monitor the risk of cross-contamination, 4.5 L of purified water was filtered immediately
after sample processing at each site, and the corresponding filter membrane was collected
for DNA extraction as a negative control [21,22].

2.3. Extraction of Genomic DNA and PCR Amplification

The TIANamp Genomic DNA Kit (Sangon Biotech Co., Ltd., Shanghai, China) was
used to process the samples following the manufacturer’s protocol. All environmental
water samples and negative control blanks were lysed directly following pre-filtration
eDNA enrichment. The lysate was loaded onto a centrifugal adsorption column for protein
removal and washing, after which DNA was eluted with 100 µL of 65 ◦C elution buffer.
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Extracts were confirmed to contain DNA fragments via 1% agarose gel electrophoresis,
and the concentration and OD260/OD280 ratio were measured using a nucleic acid protein
analyzer (Houyan Biological Instruments, Shanghai, China). Given the inherently low
yield and degraded nature of environmental DNA, samples with an OD260/OD280 ratio
of 1.0–2.0 and a concentration ≥ 0.1 ng/µL were selected, aliquoted, and stored at −20 ◦C.

Our PCR mix had a total volume of 25 µL, including 12.5 µL Master Mix (Nan-
jing Novazene Biotechnology Co., Ltd., Nanjing, China), 8.5 µL double-distilled water
(ddH2O), 1 µL of forward and reverse primers, and 2 µL of template DNA. The reaction
conditions were as follows: pre-denaturation at 94 ◦C for 4 min; 35 cycles of denatura-
tion at 95 ◦C for 40 s, a two-step annealing/extension procedure comprising 60 ◦C for
60 s (to enhance primer specificity) and 51.2 ◦C for 60 s (to ensure efficient amplifica-
tion), followed by extension at 72 ◦C for 30 s; and a final extension at 72 ◦C for 8 min.
Species-specific primers were designed based on the conserved mitochondrial region of
the target species. Primer specificity was rigorously evaluated via sequence alignment,
web-based NCBI BLAST verification, and the inclusion of negative and positive controls.
The resulting cytochrome b (cytb) primers were 5′-TCTTCAGCATTTTCATCMGTGG-3′

and 5′-GGAAGGACATAACCACAAAAAAGC-3′. They were originally designed by Wang
et al. [20]. Each eDNA sample underwent three PCR replicates, with negative and positive
controls included in each run. We defined successful detection as ≥2 positive PCR replicates
out of three to avoid false-positive signals. The amplification products were detected using
1.2% agarose gel electrophoresis, using Marker B (100–600 bp, Sangon Biotech Co., Ltd.,
Shanghai, China) as the molecular weight standard. Electrophoresis samples exhibiting a
band of approximately 224 bp were considered positive CGS eDNA detection. To ensure
accurate results excluding false positives and false negatives, all PCR amplification results
were verified by Sanger sequencing and were subsequently compared with those in the
NCBI database [23].

2.4. Principal Component Analysis of Water Samples

A multi-parameter water quality analyzer (Hach HQ40d, Hach Company, Loveland,
CO, USA) was used to measure physicochemical parameters in the water samples including
ammonia nitrogen (NH3-N), total nitrogen (TN), total phosphorus (TP), chemical oxygen
demand (COD), fluoride ion (F−), nitrate (NO3

−), and pH. All parameter measurements
were strictly conducted in in accordance with instrument’s standard operating procedures
and following “Methods for Monitoring and Analysis of Water and Wastewater” [24]. Each
sample was tested three times, and the average was used for analysis, with detailed
records kept.

To supplement and improve the monitoring data, historical F−, NO3
−, and pH data

from the same geographic locations in this study were retrieved from the National Surface
Water Quality Automatic Monitoring Network of the Ministry of Ecology and Environment
and the data platform of the China National Environmental Monitoring Station. Based
on the sampling time and location, data within a straight-line distance of no more than
5 km from the sampling point and within 7 days before and after sampling were selected
and integrated [25]. All physicochemical parameter data were standardized (Z-scores) to
eliminate dimensional differences for a subsequent principal component analysis (PCA).
PCA was performed in SPSS 26.0 (IBM, Armonk, NY, USA) to investigate the influence of
the above-selected environmental variables on the distribution of CGS eDNA. Principal
components with eigenvalues > 1 were extracted, and the factor loading matrix was
subjected to Varimax rotation.
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3. Results
3.1. DNA Survey Results

CGS eDNA was detected at nine of the 18 sampling localities (Figure 2), suggesting
molecular traces of the species within these regions. These localities where CGS eDNA
was detected included Jinzi Peak (detection rate: 67%, defined as the ratio of PCR-positive
water samples to total water samples collected at the site), Banshanyuan (56%), Gutian
Mountain (56%), Nanxi River (33%), Huyuan (33%), Wangfu Village (33%), Xinfan (22%),
Yaxi Town (17%) and Qiaotou Town (11%). Combining historical records and geographic
information, we found that Gutian Mountain and Banshanyuan lie close to early giant
salamander release sites. Furthermore, Xinfan and Yaxi Town are relatively close to the CGS
farms and considering that water is discharged daily from the farms into the surrounding
rivers, the eDNA detected at these sites likely originates from farm discharge water. The
detection rates at the Jinzi Peak and Huyuan sites were relatively high. The absence of
documented restocking or farm escapes at these Qingyuan sites raises the possibility of
wild CGS presence.

Figure 2. Prevalence of positive samples in each region based on eDNA technology.

3.2. Electrophoresis Results of eDNA-Positive Sites

Electrophoresis results showed that all eDNA-positive samples exhibited clear amplifi-
cation bands at approximately 224 bp, whereas no bands were present in the control group.
The fragments detected at eDNA-positive sites ranged from 200 to 224 bp, consistent with
the predicted fragment size (Figure 3, Figure S1 shows the original PCR electrophoresis gel
images). Sequencing analysis of the positive samples identified that the eDNA belonged to
the CGS. The CGS cytb primers used in this study demonstrated good species specificity
within the target area. During the DNA detection process, no cross-amplification with
other common amphibian species was observed, indicating that the eDNA method used
had high detection specificity, supporting its application for CGS presence monitoring.
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Figure 3. eDNA monitoring results. Note: (A) Qingyuan eDNA monitoring results: I represents
the Jinzi Peak sampling point; II represents the Banshanyuan sampling point; III represents the
Zuoxi sampling point; IV represents the Huyuan sampling point. (B) eDNA monitoring results
for Gutianshan and Xinfan: I represents the Gutianshan sampling point; II represents the Xinfan
sampling point. (C) eDNA monitoring results for Liandu, Chun’an, and Yongjia: I represents
the Liandu sampling point; II represents the Chun’an sampling point; III represents the Yongjia
sampling point.

3.3. Trends in Detection Rates at Release Sites

To assess the survival and potential dispersal effects of artificially released CGS, this
study conducted two rounds of eDNA sampling at the Gutian Mountain and Banshanyuan
release sites in October 2023 and October 2024 (Figure 4). The results showed that the eDNA
detection rate at Gutian Mountain decreased from 67% in 2023 to 44% in 2024 (Figure 4A),
while eDNA detection rate at Banshanyuan decreased from 78% in 2023 to 34% in 2024
(Figure 4B).

Figure 4. eDNA detection rates and release monitoring sites. Note: (A) Gutian Mountain eDNA
detection rate; (B) Banshanyuan eDNA detection rate; (C) Gutian Mountain; (D) Banshanyuan.

3.4. PCA of Water Quality-Related Factors at Sampling Sites

PCA revealed distinct differentiation in water physicochemical conditions between
sites with positive and negative CGS eDNA detections. The Kaiser–Meyer–Olkin (KMO)
measure of sampling adequacy was 0.828, and Bartlett’s test of sphericity was significant
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(χ2 = 113.541, df = 21, p < 0.05), indicating that the data were suitable for factor analysis
(Table 1). Through PCA dimensionality reduction, the seven parameters were simplified
into two principal components. PC1 explained 69.9% of the variance, primarily loaded
with NH3-N, TN, TP, COD, and F- while PC2 explained 12.4% of the variance, primarily
loaded with NO3- and pH (Table S2).

Table 1. Water Quality-Related Factors at Different Sampling Sites.

Location NH3-N
(mg/L)

TN
(mg/L)

COD
(mg/L)

TP
(mg/L)

F−
(mg/L)

NO3−
(mg/L) pH

Jinzi Peak 0.24 1.44 6.4 0.052 0.279 8.36 7
Gutian Mountain 0.11 1.42 7.4 0.041 0.129 6.86 7.1

Banshanyuan 0.13 1.68 6.7 0.044 0.205 6.06 7
Huyuan 0.26 1.65 8.5 0.032 0.168 6.14 7

Wangfu Village 0.21 1.47 7.7 0.039 0.179 7.14 7
Nanxi River 0.33 0.89 7.5 0.051 0.188 7.15 7.2

Xinfan 0.36 1.57 7.6 0.056 0.204 6.77 7.3
Yaxi Town 0.22 1.25 6.8 0.038 0.175 6.33 7.1

Qiaotou Town 0.46 0.78 6.8 0.047 0.176 7.52 7.2
Zuoxi 0.83 2.08 17.8 0.078 0.282 7.86 7.2

Dongdu Town 1.08 2.33 18.4 0.085 0.321 6.35 7.2
Gaoqiao Village 0.96 2.09 14.6 0.077 0.253 8.58 7.2

Sandu Town 1.23 2.36 15.8 0.095 0.257 8.54 7.1
Linqi Village 0.78 1.65 10.2 0.087 0.245 8.42 7.3

Shiyang Town 1.25 2.05 14.6 0.089 0.269 8.55 7.3
Daqiuping Village 1.43 2.39 15.8 0.105 0.278 8.47 7.1

Baizhang Town 0.86 1.75 13.7 0.097 0.289 8.24 7
Xikou Village 1.58 2.54 17.9 0.113 0.302 7.32 7.5

Multivariate analysis of variance (MANOVA) revealed a significant difference between
the CGS eDNA-positive and -negative groups (p = 2.2 × 10−5). The two groups were
projected onto the PCA results plot (Figure 5) with 95% confidence ellipses for visual
reference. The two groups exhibited distinct separation where the positive group was
concentrated within the low-value region of PC1 (corresponding to low concentrations
of factors such as NH3-N), while the negative group was more widely distributed across
the high-value region of PC1 and different intervals of PC2. Combining the PC loading
directions with the spatial distribution of the groups suggests that water physicochemical
parameters are associated with CGS distribution.

Figure 5. Principal Component Analysis (PCA) results of the water physicochemical parameters at
the CGS eDNA sampling sites (n = 18). Note: Red dots represent eDNA-positive water samples, and
blue dots represent eDNA-negative water samples. PCA ordination with 95% confidence ellipses for
visual reference. Positive sites cluster in the low PC1 region (low NH3-N, TN, TP, COD, F−), while
negative sites are widely distributed across high PC1 values and all PC2 ranges.
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4. Discussion
4.1. eDNA Detection Results and Limitations

Given the elusiveness, pronounced nocturnal behavior, seasonal activity patterns, and
scarcity of wild populations of the CGS [14], and considering the species status in Zhejiang
Province and the associated characteristics of its release programs, this study employed
eDNA using specific cytb primers for species detection at 18 sampling localities in Zhejiang
Province. Specific CGS DNA signals were detected at nine of these localities, providing
molecular evidence for species presence and distribution. Among these, the Jinzi Peak
and Banshanyuan localities in Qingyuan County showed the highest detection rates. The
exclusion of human-associated factors based on historical data raises the possibility that
wild CGS may exist in these areas. However, without amplicon sequencing or mitochon-
drial haplotype analysis, this distinction remains speculative. Additionally, eDNA was
detected at two adjacent early CGS release sites, Gutian Mountain and Banshanyuan. This
result may be attributed to potential gene flow from the aquaculture farms into natural
water systems.

Standard methods for amphibian surveys vary widely, and multiple studies suggest
that group-specific surveys should be designed based on their biological characteristics,
such as habitat, activity cycles, and reproductive behavior [26]. Previous surveys of released
CGS populations have primarily used mark-recapture, questionnaires, radio tracking, and
underwater cameras [27]. However, these traditional methods have significant limitations.
For example, mark-recapture is invasive and can cause stress, questionnaires are subject
to subjective bias, and underwater cameras are highly susceptible to environmental in-
terference, all of which may have difficulty satisfying the requirements for distribution
monitoring [28,29]. The non-invasive and broad coverage of eDNA analysis used in this
study compensates for the limitations of these traditional methods, particularly in habitats
such as caves and deep pools. Further, positive detections at sites near aquaculture farms
demonstrate that eDNA analysis can also be useful in assessing the ecological benefits of
stocking and release.

Although an increasing number of studies have emphasized the advantages of eDNA
sampling compared to traditional methods [30,31], particularly in large water bodies and
for rare species, this approach also has its limitations. For example, both non-biological
and biological factors can influence eDNA persistence and concentration [29], eDNA con-
centrations and detection probabilities are highly variable over time, reflecting changes
in activity patterns and life stages of target organisms [32,33]. Based on previous studies,
water temperature has been shown to have a dual effect on eDNA degradation and accumu-
lation, with higher water temperatures increasing eDNA decay rates [34], while enhanced
metabolism and physiological activity may lead to higher eDNA shedding rates [35]. The
low detection rates of eDNA in this study may be related to the combined environmental
effects, such as water flow velocity, physicochemical parameters, and temperature [36], and
the water sampling process may carry a risk of false positives, resulting in a certain degree
of randomness [13,37].

4.2. Monitoring of Released Populations and Recommendations for Future Monitoring Program

CGS restocking has become an important conservation measure for the species in
China. Monitoring CGS individuals after release is crucial for evaluating restocking effec-
tiveness as it provides core information on population survival rates and habitat suitability,
offering a scientific basis for optimizing conservation strategies and improving release
success rates. It is also necessary to avoid blind release and achieve sustainable conser-
vation [11]. The CGS restocking programs are large-scale, involving a high number of
individuals and covering a wide geographical range. However, due to the lack of ef-
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fective tracking and monitoring after release, evaluations of restocking effectiveness are
limited [38]. This study carried out October sampling across two years as part of an eDNA
monitoring program covering the Gutian Mountain and Banshanyuan reintroduction sites,
revealing obvious interannual variation in CGS detection rates. The decline in detection
rates at both sites from 2023 to 2024 may be related to changes in post-reintroduction
survival of CGS, though environmental influences on eDNA persistence and detection
probability cannot be ruled out. Even though more than 1000 individuals were released
at Gutian Mountain, deficiencies in water quality, food webs, and microhabitats may still
inhibit their adaptability, leading to a decline in population numbers [39]. However, due
to fluctuations in environmental temperature and humidity, hydrological conditions, and
the short monitoring period, it is difficult to determine whether the fluctuations in eDNA
detection rates were random coincidences or truly reflective of CGS population dynamics.

eDNA was used to monitor CGS at the Gutian Mountain and Banshanyuan release
sites, which demonstrated a decline in positive eDNA detection rates, a trend that may
suggest reduced detection probability. However, the study still had limitations. A key
limitation is the lack of qPCR-based limit of detection data, as only qualitative PCR was
performed for eDNA screening. We found that eDNA detection and conventional monitor-
ing methods yielded different results at different sites. When using traditional methods,
capture rates are higher when monitoring large-scale releases, indicating that a single
method is insufficient to assess the distribution and survival rates of released CGS compre-
hensively and accurately [40]. Therefore, a multi-technology system is required for future
CGS release monitoring. It is recommended to fully adopt electronic chip technology to ad-
dress individual tracking challenges and avoid misjudgments of population density. Visual
observations, mark-recapture, and eDNA should be integrated to leverage the strengths of
different methods. Through long-term, multi-cycle monitoring, a precise understanding of
the distribution and survival rates, and the trend shifts therein, of released CGS populations
can be achieved, providing scientific support for the conservation and management of the
CGS [3,41].

4.3. Impact of Physicochemical Parameters on CGS eDNA Detectability

PCA loadings and spatial grouping patterns suggest that water physicochemical pa-
rameters are linked to the distribution of CGS eDNA. The CGS exhibits a habitat preference
for mountain streams in river basins such as the Yangtze and Pearl Rivers, requiring steep
and densely vegetated valleys, with caves and rock crevices between rocky riverbanks
forming hiding areas [42]. Based on previous research, suitable habitat conditions for
Chinese giant salamanders include low turbidity, neutral to slightly acidic pH (6–7), ad-
equate dissolved oxygen levels, and low pollutant concentrations [3,4,43], particularly
in dynamic water bodies with slow to moderate currents [43]. The CGS is highly sen-
sitive to changes in NH3-N, TN, and TP concentrations. Such areas are typically less
disturbed by human activities and have strong self-purification capabilities [12]. In this
study, eDNA detection at the Jinzi Peak sampling site (eDNA = 67%, NH3-N = 0.24 mg/L,
TP = 0.052 mg/L) in Qingyuan County was significantly higher than that at the Xikou
Village (eDNA = 0%, NH3-N = 1.58 mg/L, TP = 0.113 mg/L) in Taishun County, indicating
that high nutrient levels may be negatively correlated with CGS eDNA detectability. The
optimal pH range for the CGS is 6.5–7.5, conducive to maintaining skin respiration and
osmotic pressure regulation [43]. When pH is lower than 6.0 or higher than 8.0, enzyme
activity and immune function are suppressed, leading to reduced feeding or migration [44].
All sampling sites with positive CGS eDNA detections in this study exhibited water pH
values falling within this range. Excessively high COD can inhibit metabolism through
oxygen consumption or the release of toxic substances, while excessive F− can lead to a
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decrease in spawning rates [45]. The eDNA detection rate in Nanxi River, Yongjia County
(eDNA = 33%, COD = 7.5 mg/L, F− = 0.188 mg/L) was significantly higher than that in
Shiyang Town, Taishun County (eDNA = 0, COD = 14.6 mg/L, F− = 0.269 mg/L), sug-
gesting a correlative relationship between COD, F− levels and the detectability of CGS
eDNA. This study showed that there were significant differences in water physicochemical
parameters between eDNA-positive and -negative sites (p < 0.05). PCA results indicated
that the eDNA-positive group was concentrated in the low-value region of PC1 (low load
of NH3-N, TN, TP and COD), while the eDNA-negative group was distributed in the
high-value region of PC1 and varying intervals of PC2, further pointing to a correlative
association between water physicochemical conditions and CGS eDNA detectability.

In the present study, we found that water physicochemical parameters may affect
CGS distribution based on eDNA detection rates. Previous studies have demonstrated that
such parameters can influence eDNA degradation rates. Although TN, TP, and pH showed
no significant effects on eDNA decay rates in this study, the potential impacts of these
factors on eDNA degradation cannot be ruled out [46]. One methodological limitation
arises from mixed-source water quality data: F−, NO3

−, and pH values were retrieved from
external monitoring stations rather than synchronous field sampling, introducing potential
spatiotemporal heterogeneity despite strict screening within 5 km and ±7 days. PCA
variance decomposition indicates that inter-group separation is driven by field-measured
nutrients on PC1, so this bias is unlikely to substantially alter core grouping trends. Addi-
tionally, the MANOVA result (Pillai’s Trace = 0.828) should be interpreted cautiously, as
the ratio of 18 sampling sites to 7 water quality variables is modest, supporting but not
definitively proving group separation. Therefore, further research will be conducted to
verify whether the observed differences in eDNA detection are a result of variations in the
measured water quality parameters, and to employ fully synchronized field measurements
for all parameters.

5. Conclusions
In this study, the non-invasive and broad coverage of eDNA compensated for the limi-

tations of traditional methods in monitoring habitats such as caves and deep pools. Positive
eDNA detections at sites surrounding CGS farms further demonstrate that eDNA is a useful
tool in assessing the ecological benefits of stocking and release programs. Furthermore,
there is evidence that water physicochemical parameters significantly impact CGS eDNA
detection rates and distribution. These findings provide robust support for advancing
targeted conservation efforts and developing science-based conservation strategies for the
species. As an early application of eDNA analysis in CGS population monitoring, future
efforts should refine sampling protocols and integrate multiple monitoring approaches
to enhance data reliability. Combining eDNA analysis with traditional sampling meth-
ods can provide scientific references for monitoring population dynamics and informing
decision-making processes for habitat conservation, offering innovative technical tools for
endangered species protection.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d18080461/s1, Figure S1: Original PCR Electrophoresis Gel
Images; Table S1: Geographic coordinates, number of water samples collected, and eDNA positive
detection rates at each sampling site; Table S2: Results of principal component analysis (PCA).
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