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Introduction

Different ecotypes exhibit distinct life histories and occupy various environmental conditions for local adaptation. Coilia nasus, an anadromous fish, resides in offshore waters of the Pacific Northwest and reproduces in connected rivers and lakes, including the middle-lower Yangtze River. Populations of C. nasus have differentiated into two ecotypes: migratory and landlocked.





Methods

This study examined the spatiotemporal distributions of these ecotypes and the environmental conditions of their habitats by analyzing environmental DNA collected from Poyang Lake and Tai Lake during 2020–2021.





Results

A total of 157 eDNA samples were obtained, with 62 yielding positive results, including 23 from Poyang Lake and 39 from Tai Lake. The migratory population exhibited seasonal movements in Poyang Lake, entering the Yangtze River-Poyang Lake channel in spring, migrating southward during summer, and returning to the channel in autumn. In contrast, the spatial distribution of the landlocked population remained relatively stable throughout the seasons. Partial least squares structural equation modeling (PLS-SEM) analysis indicated that the distribution patterns of the migratory population were not significantly associated with environmental factors. In contrast, the distribution of the landlocked population was significantly affected by lower water turbidity and reduced conductivity.





Discussion

The findings suggest that temporal variations in the spatial distribution of C. nasus in Poyang Lake primarily reflect its migratory reproductive life history. Conversely, the distribution of the landlocked C. nasus population resembles that of resident fish populations and is mainly influenced by a preference for higher water quality. The results imply that differences in life histories and adaptation to local environmental conditions may have contributed to the formation of the two ecotypes. This study also shows the effectiveness of eDNA technology in assessing fish population distribution and dynamics.
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1 Introduction

An ecotype is defined as “the product arising as a result of the genotypical response of an ecospecies to a particular habitat” (Turesson, 1922; Gregor, 1944). Ecotypic differentiation represents an early stage in the speciation process, providing important insights into adaptation mechanisms, speciation, and the maintenance of biodiversity and ecosystem functions (Seliskar et al., 2002; Todesco et al., 2020; Schwarzer and Joshi, 2017; Khalil et al., 2017; Faria and Plastino, 2022). Ecotypes develop distinct traits that enhance survival and reproductive success, allowing adaptation to specific environmental conditions (Martín-Forés et al., 2017; Stinson et al., 2017). These variations may be reflected in morphology, physiology, behavior, and population dynamics (Eriksen and Nordal, 1989; Lu and Bernatchez, 1999; Kristensen et al., 2021; Miller et al., 2011) and are largely shaped by natural selection acting on heritable traits (Thorpe et al., 2005; Sakaguchi et al., 2018). Despite considerable variation, ecotypes are not classified as separate species due to the absence of complete genetic differentiation (Hufford and Mazer, 2003; Curran et al., 2022). Differences in life history traits also contribute to ecotypic differentiation by influencing reproductive strategies, growth rates, and behavioral adaptations (Olischläger et al., 2016; May et al., 2023; Silvestro et al., 2020). However, this perspective remains insufficiently explored, with limited research and empirical evidence available to support it.

Coilia nasus, an anadromous fish, inhabits offshore waters in the Northwestern Pacific and spawns in connected rivers and lakes, including the middle-lower Yangtze River (Froese and Pauly, 2014; Ma et al., 2020). These fish form aggregations and migrate upstream toward the Yangtze River beginning in mid-February, with breeding occurring in river channels and lakes from April to July each year (Yuan, 1988; Duan et al., 2012). Historically, it was a significant commercial fish species in the middle-lower Yangtze River, with annual fisheries producing thousands of tons (Zhang et al., 2005). However, overfishing and habitat degradation in recent decades have caused a severe decline in population abundance (Duan et al., 2012). Following glacial movements during the late Pleistocene, the ancestral C. nasus populations underwent adaptive differentiation, leading to the formation of two distinct ecotypes: the migratory and the landlocked populations (Li et al., 2022; Liu et al., 2024). The migratory populations maintain a migratory life history pattern between the sea and the Yangtze River, whereas the landlocked populations complete their entire life cycle in freshwater environments. Despite notable morphological and ecological differences, genetic divergence between these ecotypes has not yet reached the subspecies level (Xu et al., 2020). Evidence from mitochondrial genetic markers and protein-coding genes (PCGs) suggests that geographical isolation caused by Pleistocene glaciation contributed to the initial divergence of C. nasus populations in the middle-lower Yangtze River (Gao et al., 2020; Liu et al., 2024). Additionally, functional analyses of mitochondrial genomes indicate that the complex environmental conditions encountered during migration facilitated adaptive divergence (Xu et al., 2020). These findings suggest that differences in life history traits may promote further divergence between the two ecotypes.

Compared to the high time and labor costs associated with traditional methods, the noninvasive environmental DNA (eDNA) approach has gained widespread adoption due to its high sensitivity, ease of operation, and reduced resource demands (Sengupta et al., 2019; McColl-Gausden et al., 2020). For instance, eDNA enables highly sensitive monitoring of Asian carp population distribution and invasion range (Jerde et al., 2013) and provides a broader geographical perspective on marine fish community diversity compared to visual surveys (Valdivia-Carrillo et al., 2021). Since the heterogeneous distribution of fish eDNA in water corresponds to actual spatial fish population distributions, researchers frequently utilize quantitative polymerase chain reaction (qPCR) technology with species-specific primers to quantitatively analyze target fish distribution and environmental variations in aquatic ecosystems (Maruyama et al., 2014; Yamamoto et al., 2016). Although qPCR effectively assesses fish biomass, its accuracy is highly dependent on primer specificity, which, if not carefully designed, can result in false-positive detections (Bohmann et al., 2014). Thus, the development and application of highly specific primers are essential for ensuring the reliability of eDNA-based research methodologies.

In the present study, a specific primer for C. nasus was designed and developed. The spatiotemporal distribution patterns of the two C. nasus ecotypes, which inhabit Poyang Lake and Tai Lake separately, were analyzed using the eDNA method to examine the effects of life history and adaptation to environmental conditions on ecotypic differentiation. The findings contribute to narrowing the knowledge gap regarding ecotype formation. Furthermore, this study enhances the development and practical application of the eDNA method in fish population assessments.




2 Materials and methods



2.1 Study area and environmental DNA sampling

Poyang Lake (115°46’–116°45’E, 28°22’–29°45’N), located on northern Jiangxi Province, is the largest freshwater lake in the middle and lower reaches of the Yangtze River. The lake undergoes significant seasonal fluctuations in water surface area due to periodic variations in the flow of the Yangtze River’s main stream and its tributaries. During the wet season (April to September), the lake expands to about 3,900 km2, gradually shrinking to 2,792 km2 in the normal season. Between October and March of the following year, the water surface area contracts dramatically to about 1,000 km2 (Dai et al., 2015; Han et al., 2015). These abundant water resources and dynamic hydrological conditions make Poyang Lake an essential habitat for diverse fish species, particularly migratory fish in the Yangtze River basin. Tai Lake (119°54’–120°36’E, 30°56’–31°54’N), situated in southern Jiangsu Province, is the largest landlocked shallow lake in the region. Maintaining a consistent water surface area of about 2,336 km2 with stable water levels throughout the year, Tai Lake has an average depth of about 2 m, with a maximum depth not exceeding 3 m (Qin, 2015). Unlike Poyang Lake, Tai Lake is not hydrologically connected to the Yangtze River. The construction of locks and sluices in the 1970s severed its tributary connections, resulting in a closed aquatic ecosystem primarily dominated by sedentary fish species (Mao et al., 2011).

In this study, environmental DNA was seasonally sampled at 22 sites in Poyang Lake and 19 sites in Tai Lake from April 2020 to January 2021 (April-May 2020 for spring, July-August 2020 for summer, October 2020 for autumn, and December 2020-January 2021 for winter) (Figure 1). Sampling was not conducted at site P22 in spring, site P14 in summer, and sites P12, P13, and P21 in winter due to significant water level fluctuations and adverse weather conditions in Poyang Lake. Similarly, sampling at site T15 in Tai Lake was not performed in autumn and winter. The sites where sampling was not conducted were excluded in subsequent analyses. To examine the spatiotemporal distribution, sampling sites in both Poyang Lake and Tai Lake were categorized into three regions: northern, middle, and southern (Figure 1).




Figure 1 | Sampling sites in Poyang Lake and Tai Lake. The P0 site in Poyang Lake and the T0 site in Tai Lake were designated as the starting points closest to the Yangtze River, respectively.






2.2 Environmental variables measurement

The geographical coordinates of each sampling site were recorded in the field using a Global Positioning System (GPS, Garmin Legend, Garmin, USA) (Supplementary Table S1). In this study, two distance variables were utilized to assess the influence of geographic factors on the spatial and temporal distribution of C. nasus ecotypes. The first variable was the straight-line distance (SD, km) from the starting point to each sampling site. Site P0 in Poyang Lake and site T0 in Tai Lake were designated as the starting points, as they are closest to the Yangtze River (Figure 1). Due to the change in topography at site P5 in Poyang Lake, the distance values for sites P6 to P22 were calculated as the sum of the straight-line distance from P0 to P5 and the straight-line distance from P5 to each subsequent site (P6–P22). The second variable was the average distance (AD, km), representing the mean distance between a given sampling site and all other sites.

The water environmental variables measured in situ included water transparency (TR, cm), water depth (WD, m), water temperature (WT, °C), dissolved oxygen (DO, mg/L), pH, and conductivity (COND, μS/cm). TR was determined using a Secchi disc, while WD was measured with a depth sounder. WT, DO, pH, and COND were recorded using the YSI ProPlus multiparameter. Additionally, except for site P22 in Poyang Lake, water samples were collected at each site and transported to the laboratory at the Institute of Hydrobiology for further analysis. Other water quality parameters, including alkalinity (ALK, mg/L), total hardness (TH, mg/L), total suspended solids (TSS, mg/L), turbidity (TUB, NTU), chloride (CL, mg/L), chemical oxygen demand (COD, mg/L), ammonia (NH4-N, mg/L), nitrite (NO2-N, mg/L), nitrate (NO3-N, mg/L), orthophosphate (PO4-P, mg/L), total phosphorus (TP, mg/L), total nitrogen (TN, mg/L), and chlorophyll a (Chla, μg/L), were analyzed in the laboratory following the methods described by Qu et al. (2020). All in-situ measurement instruments, including the depth sounder and YSI ProPlus multiparameter, were calibrated prior to each survey to ensure accuracy.

The environmental variables were classified into four categories: geographic, physical, chemical, and biological factors. Geographic factors (GF) included the straight-line distance (SD) and the average distance between a site and all other sites (AD). Physical factors (PF) encompassed ALK, COND, TH, TR, TUB, TSS, WT, and WD, representing the physical characteristics of fish habitats. Chemical factors (CF) comprised DO, pH, CL, COD, NH4-N, NO2-N, NO3-N, PO4-P, TN, and TP, which served as chemical characteristic indicators. Chlorophyll a (Chla) was considered a biological factor (BF) reflecting algae abundance.




2.3 eDNA analyses



2.3.1 Primer design and specificity validation

A specific primer pair, Ca1R/F, was developed based on mitochondrial cytochrome c oxidase subunit I (COI) sequences of C. nasus using the NCBI Primer-BLAST tool to enhance the accuracy of environmental DNA (eDNA) detection (Ye et al., 2012; Duarte et al., 2023). The forward primer was designed as Ca1F (5’-TATCTCCCACGTCGTAGCCT-3’) and the reverse primer as Ca1R (5’-ACTTTAACGCCCGTTGGGAT-3’). This primer pair was 20 bp in length, targeting a 201 bp PCR product. Initial primer specificity tests were conducted using the Oligo Calc tool (Ficetola et al., 2010). To further validate primer specificity, mitochondrial DNA (mtDNA) was extracted from the dorsal muscle tissues of 12 common fish species found in the study area using a Biomarker Tissue DNA Kit. Then, DNA from each species (1 µL) was combined and divided into two groups: an experimental group containing C. nasus DNA and a control group without C. nasus DNA. The target gene was amplified using PCR gradient amplification (95°C for 5 min, followed by 35 cycles of 95°C for 30 s, 55°C~60°C for 30 s, and 72°C for 15 s, with a final extension at 72°C for 10 min) using the Ca1R/F primers. PCR reactions were performed in triplicate in 20 μL volumes, consisting of 10 μL of 2×T5 Super PCR Mix, 8 μL of ddH2O, 0.5 μL of each primer (10 μM/L), and 1 µL of template DNA. A blank control using ddH2O as the template was included in each reaction. Following amplification, products were screened using 1% agarose gel electrophoresis (AGE) to confirm successful amplification across the range of annealing temperatures. The successfully amplified products were then purified and sequenced. Finally, the BLASTn method was applied to validate sequence specificity, with a requirement of 100% similarity.




2.3.2 eDNA collection and extraction

Three 2L eDNA water samples were collected at a depth of 0.5 m below the water surface using a hydrophore at each sampling site (Hänfling et al., 2016; Uchii et al., 2017) and transported to the laboratory on ice in sealed sterile bottles (Ghosal et al., 2018). The eDNA samples were filtered, extracted, and preserved following previously described methods (Yamanaka and Minamoto, 2016; Shu et al., 2020). DNA quality was assessed using 1% AGE, and the resulting eDNA solution was promptly cryopreserved at –20°C for further analysis. The collection, filtration, extraction, and cryopreservation of eDNA samples from the same batch were completed within 24 h. All collection and filtration equipment was sterilized with 10% sodium hypochlorite for 30 min and subsequently rinsed twice with ddH2O to eliminate residual disinfectant before use (Zhang et al., 2022).




2.3.3 qPCR detection

A two-step process strategy was implemented to perform qPCR detection. Initially, the target gene was amplified using PCR (95°C for 3 min, followed by 40 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s) with the Ca1R/F primers. PCR reactions were conducted in triplicate in a 30 μL mixture containing 15 μL of qPCR mix, 2 μL of Mg2+ (25 mM), 0.5 μL of each primer (10 μM), 2 μL of template DNA, and 10 μL of ddH2O. Amplicons were extracted from 2% AGE, purified following the manufacturer’s instructions, and considered positive if any of the three replicates yielded a positive result. In the subsequent step, the positive amplicons were ligated into the pMD19T plasmid (size 2692 bp), followed by linearization, purification, quantification and converted into a copy number (copies/μL) by a specific formula. A standard curve was generated using a 10-fold serial dilution of above constructed standards, ranging from 10–2 to 10–6. qPCR was performed in triplicate under the following conditions: initial denaturation at 95°C for 3 min, followed by 40 cycles of 94°C for 30 s, 55°C for 30 s, and 80°C for 30 s. Each 30 μL qPCR reaction contained 15 μL of qPCR mix, 2.5 μL of Mg2+ (25 mM), 0.3 μL of each primer (10 μM), 2 μL of template DNA, 0.3 μL of Dyestuff (Eva), and 9.6 μL of ddH2O. Negative controls were prepared using ddH2O as the template. The qPCR assay was conducted on the SLAN-96P platform using an external reference method. Amplification and melting curves of both the standards and positive samples were also analyzed to evaluate the efficiency and specificity of the amplification reaction. A standard curve was then constructed by plotting the logarithm of standard plasmid concentrations against CT values to determine C. nasus DNA concentrations in positive samples, while DNA concentrations in negative samples were considered to be 0. Final DNA concentrations (copies/μL) were expressed as the mean ± standard deviation (  ± SD).





2.4 Data analyses

The Chi-square test was utilized to evaluate differences in eDNA detection rates between Poyang Lake and Tai Lake, as well as seasonal variations within each lake. Logistic regression analysis was applied to assess the relationship between DNA detection outcomes (positive or negative) and SD. The predicted probability of positive DNA detection, estimated through logistic regression analysis, was plotted to illustrate spatial and seasonal variations in fish occurrence. Non-parametric statistical methods were used to analyze regional and seasonal differences in DNA concentration between the two lakes. The Kruskal-Wallis test was conducted to compare multiple seasons within a single region or multiple regions within a single season. Pairwise comparisons between two seasons or two regions were performed using the Wilcoxon rank-sum test, with p-values adjusted using Holm’s correction. DNA concentration values were logarithmically transformed (log10(x + 1)) to achieve normalization and used for comparative analyses of regional and seasonal variations.

Partial least squares structural equation modeling (PLS-SEM) is an advanced multivariate analysis technique that integrates two key components: a measurement model, which defines the relationships between observed variables and their corresponding latent constructs, and a structural model, which describes the interactions among latent variables (Hair et al., 2019). This correlation-based framework facilitates the analysis of complex causal relationships by reducing multivariate dimensionality through the development of latent variables. PLS-SEM is particularly effective in addressing analytical challenges associated with non-normal data distributions and small sample sizes. In this study, this approach was applied to examine the influence of environmental variables on the distribution of the two C. nasus populations in Poyang Lake and Tai Lake. Prior to model construction, all variables were standardized to minimize the impact of differences in scale on model accuracy. Variables with correlation coefficients exceeding |0.7| were carefully selected to prevent multicollinearity issues. For measurement models, indicator loading values above 0.7 and average variance extracted (AVE) values greater than 0.5 were used as criteria for model evaluation. The coefficient of determination (R2) was used to assess the explanatory power of the structural models, while the maximum goodness of fit (GOF) determined overall model adequacy (Hair et al., 2019). Path coefficients and P-values were calculated automatically using the default parameters of the model. Statistical significance was defined as P < 0.05, with P < 0.01 and P < 0.001 indicating highly significant results. Statistical tests and logistic regression analyses were conducted using the Stats package, while PLS-SEM analysis was performed using the plspm package in R software (R Core Team, 2020).





3 Results



3.1 Primer specificity

The experimental group exhibited distinct and well-defined bands at various annealing temperatures, corresponding to the expected product sizes. In contrast, the control group displayed weak amplification, characterized by smeared bands and noticeable non-specific amplification. No bands were observed in the blank controls for either the experimental or control groups, confirming the absence of contamination and ensuring the reliability of the experimental process. BLASTn analysis verified that the forward and reverse sequenced amplicons from the experimental group (lanes A, B, H and E, F, G, respectively) matched C. nasus with 100% similarity, demonstrating the specificity and sensitivity of the custom-designed primers (Ca1R/F) for detecting free eDNA of C. nasus in water samples. Furthermore, the standard curve exhibited an R2 value of 0.998 and an E of 1.02, indicating that the qPCR system used in this study significantly improved the accuracy of detecting C. nasus DNA concentration in positive samples (Supplementary Figure S1). Therefore, subsequent analyses focused on evaluating the spatiotemporal distribution patterns of C. nasus populations using DNA positive and negative detection data and concentration values to infer fish occurrence frequency and population density.




3.2 eDNA detection rates

A total of 62 positive samples were retained for analysis after excluding blank control samples that lacked correct bands. The Chi-square test revealed a significant difference in eDNA detection rates between Poyang Lake and Tai Lake, with detection rates of 27.7% (n = 23) and 52.7% (n = 39), respectively (χ2 = 10.23, P < 0.05). Across all seasons, a higher eDNA detection rate was observed in Tai Lake compared to Poyang Lake (Figure 2). In Poyang Lake, the detection rate was lowest in spring at 14.3% and highest in winter at 36.8% (Figure 2); however, no significant differences were detected among seasons (χ2 = 4.08, P > 0.05). In contrast, Tai Lake exhibited a significantly higher detection rate in winter (94.4%) compared to other seasons (χ2 = 18.69, P < 0.05), while no significant differences were observed among spring, summer, and autumn (χ2 = 2.16, P > 0.05).




Figure 2 | Number of C. nasus eDNA samples collected in Poyang Lake and Tai Lake. The green and orange bars represent negative (N) and positive (P) detections, respectively.






3.3 Spatiotemporal distribution of the two C. nasus ecotypes

Logistic regression analysis indicated that the probability of DNA positive detection was not significantly associated with SD in either Poyang Lake or Tai Lake (P > 0.05). However, a statistically significant relationship between DNA positive detection probability and SD was identified during summer in Poyang Lake (P < 0.05, Figure 3). Although not statistically significant, seasonal variations in the spatial distribution patterns of DNA positive detection probability were observed in Poyang Lake. In spring, the highest probability of positive detection occurred in the lake estuary, gradually decreasing along a north-south gradient toward the southern region. In contrast, summer and spring exhibited inverse spatial patterns, with positive detection probability increasing from the lake estuary toward the southern region. The positive detection probability in the southern region during summer was higher than in autumn. However, in Tai Lake, spatial patterns of DNA positive detection probability did not show distinct seasonal variations (Figure 3).




Figure 3 | Spatiotemporal variations in the probability of C. nasus DNA positive detection. Grey dots represent both positive and negative DNA detection events, while red lines and dots indicate expected values derived from the logistic regression model.



The Kruskal-Wallis test indicated no statistically significant differences in DNA concentration across seasons in Poyang Lake (P > 0.05; Figure 4A). Similarly, the Wilcoxon rank-sum test did not detect significant seasonal differences in DNA concentrations (P > 0.05; Figure 4A). However, significant spatial variations were observed in spring, summer, and autumn (P < 0.05, Figure 4C). In spring, the average DNA concentration was higher in the northern region compared to 0 copies/μL in the middle and southern regions (P = 0.037, Figure 4C). In summer, DNA concentrations increased from 0 copies/μL in the northern region to 6500.1 copies/μL in the southern region (P = 0.048, Figure 4C). During autumn, the average DNA concentrations were 5818.7 copies/μL in the northern region and 2887.2 copies/μL in the southern region, while remaining 0 copies/μL in the middle region (P = 0.019, Figure 4C). In winter, DNA concentrations increased from 1793.3 copies/μL in the northern region to 3861.9 copies/μL in the southern region, though the difference was not statistically significant (P > 0.05, Figure 4C). In Tai Lake, the Kruskal-Wallis test revealed statistically significant differences in DNA concentration across seasons (P = 0.002, Figure 4B). The Wilcoxon rank-sum test further showed that DNA concentration in winter was significantly higher than in other seasons (P < 0.05, Figure 4B). No significant spatial variations in DNA concentration were detected in spring, autumn, or winter (P > 0.05; Figure 4C), but a statistically significant spatial difference was observed in summer (P = 0.027, Figure 4C).




Figure 4 | Seasonal variations of C. nasus DNA concentration in Poyang Lake (A) and Tai Lake (B) and spatiotemporal distribution patterns of C. nasus DNA concentration in two lakes (C). DNA concentration values were log-transformed (log10(x + 1)) for normalization. Different lowercase letters (a and b) indicate significant differences, whereas identical lowercase letters denote no significant difference.






3.4 Effects of environmental factors on distributions of C. nasus ecotypes

The Wilcoxon rank-sum test identified significant differences in sixteen environmental factors between Poyang Lake and Tai Lake, including seven physical, eight chemical, and one biological factor (P < 0.01 and P < 0.001, Table 1). With the exception of TR, WD and WT, the values of physical factors were significantly higher in Tai Lake compared to Poyang Lake (P < 0.001, Table 1). Similarly, the concentrations of several chemical factors, including CL, COD, DO, pH, and TP, were significantly greater in Tai Lake than in Poyang Lake (P < 0.01 and P < 0.001), along with Chla (Table 1). Moreover, the Kruskal-Wallis test revealed that seasonal variations in the environmental factors were statistically significant in both Poyang Lake and Tai Lake (P < 0.001), except of TR and NO2-N (P > 0.05).


Table 1 | Differences in environmental variables between Poyang Lake and Tai Lake.



After excluding environmental factors with strong multicollinearity and conducting model evaluation, PLS-SEM analysis revealed that in Poyang Lake, the models explained 2%, 66%, and 31% of the variance in Concentration, CF, and BF, respectively. The measurement model retained SD in GF, WT in PF, and DO and NO3-N in CF, achieving a GOF of 0.455. In Tai Lake, the models explained 19%, 40%, and 59% of the variance in Concentration, CF, and BF, respectively. The model included SD in GF, TUB and COND in PF, and COD and TN in CF, with a GOF of 0.457. In Poyang Lake, DNA concentration did not exhibit significant associations with any environmental factors (P > 0.05, Figure 5A). However, a significant negative correlation was observed between CF and PF (P < 0.001), consistent with its relationship with BF (P = 0.008). In Tai Lake, DNA concentration was significantly negatively correlated with PF (P = 0.002, Figure 5B), while correlations between other environmental factors and DNA concentration were not significant (P > 0.05). Unlike Poyang Lake, CF exhibited significantly positive correlations with both PF (P < 0.001) and BF (P < 0.001) in Tai Lake. Additionally, CF was negatively correlated with GF (P = 0.004, Figure 5B).




Figure 5 | Partial least squares structural equation model (PLS-SEM) analysis of the effects of environmental factors on DNA concentration in Poyang Lake (A) and Tai Lake (B). Concentration refers to DNA concentration; GF represents geographic factors; PF denotes physical factors; CF corresponds to chemical factors; BF indicates biological factors. Blue and red lines represent positive and negative correlations, respectively. Solid and dotted lines denote significant and non-significant correlations, respectively. Line thickness reflects the strength of the correlation.







4 Discussion



4.1 Spatiotemporal distribution patterns of C. nasus ecotypes

The findings of this study revealed distinct spatiotemporal distribution patterns between the two C. nasus ecotypes. The migratory ecotype follows a seasonal movement pattern, aggregating in the estuarine region of Poyang Lake during spring, migrating toward the southern region within the lake in summer, and returning to marine habitats in autumn and winter. This life cycle highlights the species’ strong adaptability to both freshwater and marine environments. These results are consistent with previous studies, which identified the middle and southern water areas of Poyang Lake as the primary spawning grounds for the migratory ecotype (Lu et al., 2015; Jiang et al., 2017). In contrast, the landlocked ecotype exhibits distinct behavioral patterns, lacking pronounced seasonal movements. The results speculated that the landlocked ecotype seemed to exhibite a non-selective spawning ground preference, showing no significant habitat specificity for reproductive activities. Its spatial and temporal activity patterns closely resembled those of typical lacustrine resident fish species, suggesting a stable, non-migratory life history strategy adapted to freshwater environments. Previous studies have also documented the coexistence of migratory and landlocked C. nasus ecotypes in Poyang Lake (Jiang et al., 2020; Sokta et al., 2020). Although the primers developed in this study could not differentiate between the two ecotypes, the observed spatial and seasonal distribution patterns of C. nasus in Poyang Lake were more consistent with migratory behavior, differing from the movement patterns characteristic of landlocked populations in Tai Lake.

The distinct life histories of the two ecotypes, regulated by genes encoding the S100 calcium-binding protein and the interferon regulatory factor, resulted in differences in reproductive and migratory behaviors (Liu et al., 2020). Reproductive isolation is widely recognized as a key mechanism that disrupts gene flow and contributes to ecological differentiation (Garlovsky et al., 2023; Jiménez-López et al., 2023; Rometsch et al., 2020). Currently, limited scientific evidence supports the presence of substantial gene flow between the two ecotypes. Therefore, it is speculated that differences in life history strategies, potentially leading to reproductive isolation, may play a critical role in driving ecotypic differentiation between migratory and landlocked populations of C. nasus. Reproductive isolation may result from various mechanisms, including behavioral plasticity in mating systems and ecological divergence in reproductive traits, such as nesting microhabitat preferences (Karlsson et al., 2010; Dean et al., 2021). However, the specific mechanisms underlying reproductive isolation between these ecotypes remain poorly understood and require further investigation.




4.2 Environmental selection of C. nasus ecotypes

The results indicated distinct environmental selection between the migratory and landlocked ecotypes. The migratory ecotype in Poyang Lake did not exhibit specific environmental preferences, whereas the landlocked ecotype in Taihu Lake demonstrated a clear preference for habitats with low turbidity and low conductivity. The effects of water turbidity on fish mobility are complex and highly variable (Rodrigues et al., 2023). Previous studies have also reported that water turbidity negatively affects both predator and prey freshwater fish, with a greater impact on predators than prey (Zanghi and Ioannou, 2025). Visual cues play a crucial role in selecting optimal foraging sites and capturing prey (Figueiredo et al., 2016). Turbid waters reduce underwater visibility (De Robertis et al., 2003), hinder visual foragers from locating food and detecting predators (Ferrari et al., 2010), and impair predation efficiency in fish (Snow et al., 2018; Figueiredo et al., 2016). These findings suggest that lower turbidity may enhance foraging efficiency in landlocked C. nasus.

The results indicated that landlocked C. nasus preferred habitats with low conductivity. Conductivity is a key water quality factor influencing the structure and distribution of fish communities (Guo et al., 2020). Increased conductivity has significant effects on a wide range of aquatic organisms, from algae to invertebrates and vertebrates (Dunlop et al., 2005). Physiologically, elevated conductivity is associated with osmotic stress, leading to the loss of sensitive species or their replacement by more tolerant species, ultimately altering community structure (Cañedo-Argüelles et al., 2013). Additionally, reduced conductivity may exacerbate the toxic effects of copper exposure in fish (Canli and Canli, 2015). However, the impact of electrical conductivity on fish growth remains debated. Dennis et al. (1995) suggested that higher conductivity could reduce fish growth, whereas Copp (2003) found no correlation between water conductivity and fish condition (K) in the River Great Ouse, U.K., catchment. The mechanisms governing fish distribution in relation to conductivity are not yet well understood and require further investigation.




4.3 Prospects for the application of eDNA in fish monitoring

Amid the rapid decline of aquatic ecosystems and increasing habitat fragmentation worldwide, traditional active monitoring methods are becoming increasingly inadequate for addressing the complexities of fish ecology (Snyder, 2003). Passive monitoring using eDNA offers a highly sensitive approach to detecting spatiotemporal variations in fish populations while minimizing habitat disturbance and destruction associated with active monitoring techniques (Bohmann et al., 2014; Tillotson et al., 2018). eDNA monitoring has demonstrated greater accuracy in estimating fish migration and abundance, as evidenced by lower data variance compared to seine fishing in assessments of Oncorhynchus tshawytscha populations (Shelton et al., 2019). Additionally, eDNA-based surveys achieved a 44% higher detection rate for endangered shark populations compared to traditional underwater video stations, significantly improving monitoring efficiency while reducing anthropogenic threats to the species (Boussarie et al., 2018). Although the application of eDNA combined with qPCR for monitoring fish populations, including the assessment of invasive, rare, and endangered species, is well-documented, the accuracy of these quantitative assessments requires careful validation (Eichmiller et al., 2015; Schmelzle and Kinziger, 2016; Plough et al., 2021).

Ensuring primer specificity and the accuracy of the standard curve is a fundamental prerequisite for achieving precise eDNA quantification, as errors in these aspects can result in false positives (Epp et al., 2011). In this study, a pair of C. nasus primers was developed and their specificity was confirmed. Melting curve analysis and the inclusion of negative controls in qPCR were also conducted, significantly reducing the occurrence of false positives during amplification and enhancing the accuracy of quantifying DNA concentration (McKee et al., 2015). Environmental factors such as flow velocity, UV exposure, pH, and external DNA contamination can also affect eDNA quantification results. Maintaining the cleanliness of sampling tools (Ruppert et al., 2019) and increasing the number of replicate samples during field sampling are essential strategies for improving sample DNA content (Davison et al., 2017). Furthermore, as eDNA currently lacks the ability to distinguish age structure and sex composition within fish populations, integration with traditional methods remains necessary to obtain more comprehensive results for fish monitoring and resource assessment. The strong concordance between eDNA and gillnet survey results suggests that eDNA can serve as a reliable complementary tool for qualitative and quantitative assessments of fish communities in large lakes (Hänfling et al., 2016). Future advancements in environmental RNA technology, based on transcriptomics theory, and the analysis of eDNA samples for specific populations (e.g., sex-reversed fish) or specific temporal periods (e.g., breeding seasons), hold promise for addressing challenges in quantitative population structure assessment (Inui et al., 2021; Marshall et al., 2021).





5 Conclusions

This study successfully utilized environmental DNA (eDNA) technology to examine the spatiotemporal distribution patterns of C. nasus populations in Poyang Lake and Tai Lake within the middle-lower Yangtze River basin. The findings clarified the distribution patterns and environmental factors influencing both migratory and landlocked ecotypes. It is speculated that the formation of these ecotypes is primarily driven by distinct life history strategies and adaptations to local environmental conditions. The migratory and landlocked ecotypes of C. nasus provide valuable models for studying ecotype formation and differentiation mechanisms. Future research should prioritize reproductive ecology, dietary preferences, and morphological characteristics to further elucidate ecotypic divergence. Additionally, this study highlights the effectiveness of eDNA technology in assessing fish population distribution and dynamics, offering critical data for the development and refinement of standardized survey methods in conservation efforts.
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variables Value range  Mean (+ S.D.) Valuerange Mean (+S.D.)

Physical factor ALK (mg/L) 25.3~54.2 38.1 (7.53) 44.5~133.8 82.9 (18.61) <0.001***
COND (uS/cm) 76.5~173.6 124.7 (34.44) 109.2~518.0 338.6 (94.61) <0.001***
TH (mg/L) 24.9~116.9 50.0 (17.40) 64.0~169.6 108.6 (20.20) <0.001***
TR (cm) 11~150 66.6 (34.9) 15~107 419 (22.1) <0.001%**
TSS (mg/L) 2.4~48.5 155 (10.40) 7.0~94.0 302 (19.97) <0.001***
TUB (NTU) 2.4~100.0 248 (2163) 10.6~179.0 44.4 (30.08) <0.001***
WD (m) 0.5~14.6 45 (3.08) 0.8~3.0 23 (0.44) <0.001***

T (°C) 4.9~336 193 (8.6) 7.2~353 20.5 (9.24) 0.43
Chemical factor CL (mg/L) 4.44~57.60 13.14 (10.29) 11.04~57.70 38.30 (9.549) <0.001***
COD (mg/L) 0.25~74.03 12.63 (13.52) 4.63~76.45 22.26 (16.566) <0.001***

DO (mg/L) 435~13.79 8.06 (2.15) 4.17~21.99 8.34 (4.599) <0.01*
NH,;-N (mg/L) 0.021~0.890 0.215 (0.162) 0.0001~0.489 0.133 (0.1008) <0.001***
NO,-N (mg/L) 0.0003~0.3218 0.045 (0.067) 0.0003~0.656 0.022 (0.0804) <0.001***
NO;-N (mg/L) 0.021~1.475 0.768 (0.415) 0~2.248 0.397 (0.489) <0.001***
pH 6.75~11.36 8.31 (0.77) 7.69~9.54 8.79 (0.379) <0.001***

PO,-P (mg/L) 0.001~0.025 0.0094 (0.0063) 0.002~0.185 0.0154 (0.0234) 0.16
TP (mg/L) 0.019~0.123 0.056 (0.024) 0.030~0.770 0.111 (0.110) <0.001***

TN (mg/L) 0.298~6.628 1.834 (1.110) 0212~14.943 1.892 (2.053) 0.067
Biological factor Chla (ug/L) 0.74~48.75 14.84 (9.90) 4.93-310.8 3247 (50.66) <0.001***

The bolded words indicate no significant difference, P>0.05. ™" P < 0.05, "**" P < 0.01, "**" P < 0.001.





