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For protecting endangered species, precise understanding of their distribution is crucial. However, it is often very difficult to estimate at a large scale with conventional methods (e.g., casting nets or electrofishing for aquatic species) because of their low densities in the wild. Sakhalin taimen (Parahucho perryi) is one of the largest and most critically endangered freshwater salmonid fishes in the world. In this study, we applied an environmental DNA (eDNA) detection system for this species to 120 rivers in Hokkaido, the second largest main island of Japan. We successfully detected eDNA from Sakhalin taimen in seven rivers (5.8%). Although these rivers were widely distributed across the island, > 95% of the total amounts of eDNA were detected from region-A and -I, indicating that local populations in the other regions of Hokkaido are very small and on the brink of extinction. In addition, principal component analyses based on the eDNA-based estimation of Sakhalin taimen distribution and GIS revealed their distribution determinants including limited topographic relief of watershed as well as presence of wetlands and lagoons. Our results suggest that eDNA-based detection systems are an efficient means of monitoring the population status of endangered freshwater species at large scales.
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INTRODUCTION

Precise information about the current distribution and biomass of threatened species is essential for their conservation and appropriate management. Over 30,000 species are currently listed as threatened species in the Red List by the International Union for Conservation of Nature (IUCN), and the number is increasing (International Union for Conservation of Nature and Natural Resources, 2020). While many kinds of threats are considered as factors for extinction (e.g., loss or degradation of habitat, illegal trade, invasive species, or human activity), 85% of the endangered species are facing threats of habitat loss or degradation (Wilcove et al., 1998). These threats potentially accelerate further reduction of population sizes through a process known as an ‘extinction vortex” (Gilpin and Soulé, 1986). However, vast sampling efforts are often required for field surveys with conventional methods (e.g., visual observation or physical capture). In addition, specialized skills are typically needed for species identification, especially in the case of juveniles. Due to these requirements, studies on current distribution of endangered species are often incomplete and may be limited to small parts of a species’ distribution.

The Sakhalin taimen (Parahucho perryi) has been listed as a critically endangered species (CR) in the IUCN Red List since 2006 (Rand, 2006). They are a typical example of an endangered species threatened by habitat loss or degradation due to human activities (Fukushima, 2006; Rand, 2006; Fukushima et al., 2007; Zolotukhin et al., 2013). Historically, they were distributed in the Russian Far East and northern Japan (Rand, 2006; Zolotukhin et al., 2013). Hokkaido is the second largest main island of Japan (83,456 km2), and currently the only island hosting Sakhalin taimen in the country (Fukushima et al., 2011). According to a previous research (Fukushima et al., 2011), Sakhalin taimen populations require various habitats including upstream habitats, estuarine and/or coastal habitats, and lagoons and wetlands through their life history. However, even the best available scientific report on the distribution of this species above suffers from spotty and sometimes anecdotal records across large time spans, bringing some conclusions about the species’ ecology and distribution into doubt.

Environmental DNA (eDNA) techniques have been developed as a new assessment tool for aquatic organisms since 2008 (Ficetola et al., 2008; Fukumoto et al., 2015; Pfleger et al., 2016). These techniques have many advantages for detecting target species in the field, such as objectivity, high detectability, and reduced sampling effort. They have been shown to be especially useful for monitoring endangered species that are otherwise difficult to capture or observe (Fukumoto et al., 2015; Laramie et al., 2015; Pfleger et al., 2016; Carlsson et al., 2017; Maruyama et al., 2018; Atkinson et al., 2019; Iwai et al., 2019). However, the previous studies tended to apply the eDNA techniques to specific freshwater/saltwater systems or to relatively small geographical regions. For comprehensive understanding of distribution of endangered species and its determinants, an applicability of this technique to an investigation in large geographical regions with a variety of environments is crucial.

In this study, we aimed to estimate the distribution and population status of Sakhalin taimen in 120 rivers covering the entirety of Hokkaido, Japan, using an eDNA detection system established during a previous study (Mizumoto et al., 2018). Furthermore, we sought to understand key environmental determinants for the presence/absence of Sakhalin taimen using Geographic Information System (GIS), so that the current distribution could be estimated together with limiting factors for this endangered species. Given the size of Hokkaido (83,450 km2) and heterogeneity in river environments in it, this study provides a textbook example of an eDNA application to understand a wide-range distribution, population status and their environmental determinants of endangered species.



MATERIALS AND METHODS


Sample Collections

Field sampling was conducted at 120 rivers in Hokkaido, Japan, from 2015 to 2018 (Figure 1 and Supplementary Table A1). Sampling sites were selected around estuaries on each river for the sake of convenience and uniformity of the sampling effort. Because of the Sakhalin taimen’s conservation status and risk of increased fishing pressure on them due to this study, eDNA detection results were projected on a map of the 14 subprefectures (A–N) of Hokkaido.
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FIGURE 1. The map of our survey areas. Sampling was conducted from 2015 to 2018 at 120 rivers in total. All sampling sites were located around estuaries, however, detailed geographical information was not presented for the protection and conservation of Sakhalin taimen. Instead a larger scale review was included for the 14 subprefectures (A-N) of Hokkaido. The number of rivers located each region were 16 (region A), 8 (region B), 12 (region D), 12 (region E), 3 (region F), 6 (region H), 16 (region I), 18 (region J), 7 (region L), 8 (region M) and 14 (region N). Circled alphabets represent areas where Sakhalin taimen DNA was detected. The river and coastline data were provided by the National Land Information Division, Ministry of Land, Infrastructure, Transport and Tourism of Japan, under the CC BY 4.0 license.


Filtering procedures are described in Mizumoto et al. (2018). In brief, collected water samples were filtered at field stations or visitor centers near sampling sites as soon as possible. When we estimated that it had taken > 6 h from water collection to filtration, we added benzalkonium chloride (BAC) for preserving DNA at a final concentration of 0.01% (Yamanaka et al., 2017; Supplementary Table A1). At most sampling sites, 2 L of environment water were collected and filtered separately to provide 1 L duplicates, but in some samples, only 500 mL could be filtered due to clogging by fine particles in turbid water. All water samples were filtered through glass-membrane filters (Whatman GF/F, GE Healthcare Japan, Tokyo, Japan) using an aspirator. After filtration, 10 mL of 70% molecular grade ethanol was filtered for preserving DNA in the sample. Negative control samples were collected by filtering 500 mL of sterilized distilled water before filtering each river sample. All filter samples were stored around −20°C at field stations and at –25°C in the lab until further analyses. To prevent cross-contamination, all filtration equipment was bleached using a 6% sodium hypochlorite solution and carefully rinsed with sterilized distilled water after each filtration.



DNA Extraction and qPCR Procedures

DNA extractions were conducted using DNeasy Blood and Tissue kits (Qiagen, Hilden, Germany) following Mizumoto et al. (2018). The final volume of the extracted DNA was 110 μL/sample. qPCRs were carried out in 20 μL volumes with 400 nM of Sakhalin taimen specific primer and probe (Forward-primer: 5′-GCAATAGGCCTCCTATCAACAA-3′, Reverse-primer: 5′-CGAATTGTAAAATTAGTACTATCCATCCA-3′, Probe: 5′-FAM-AGCATACTCTTCAATCGCCCACCT-TAMRA-3′) designed by Mizumoto et al. (2018) in a Brilliant III Ultra-Fast qPCR Master Mix with Low ROX (Agilent Technologies, Inc.) and 2 μL of the extracted DNA as a template sample (Mizumoto et al., 2018). Triplicates of 2 μL were applied to each qPCR reaction on a Stratagene Mx3000P (Agilent Technologies, Inc.) with the same thermal-cycling regime as in the previous study (Mizumoto et al., 2018). For the quantification of environmental samples, we applied synthetic linear DNA of the target region containing 2 × 101, 2 × 102, 2 × 103, 2 × 104 and 2 × 105 copies per tube as standards in all qPCR assays (n = 21, average R2 = 0.992, SD = 0.007, and average PCR efficiency = 0.894, SD = 0.126). In addition, sterilized distilled water samples were applied in all qPCR assays as PCR negative control samples.



Estimation of Distribution and GIS analyses

We accepted sites as positive detections when we had at least one detection in six PCR replicates per site (triplicate PCR reactions x two filters per site). The lowest detection limit was set at “0.01 copy/2 μL∗site.” To adjust for the variation in water volumes we sampled (500 mL or 1,000 mL, see above), estimated DNA concentrations were represented as/1,000 mL of environmental water after averaging over the six replicates. In the following analyses, qPCR outputs (copies/1,000 mL) that were obtained from the same river system’s samples were averaged across the river system (Supplementary Table A1). Ultimately, 116 river systems were used for GIS analyses.

To investigate factors determining the settlement of Sakhalin taimen, we examined 23 environmental variables (18 for natural environment and 5 for human activity) in 116 rivers (Table 1). For this study, we looked into the same variables that were tested in Fukushima et al. (2011) to confirm the current population status of Sakhalin taimen. Among the environmental variables, information on the distribution of marshes were collected from the 5th National Survey on Natural Environment (The Ministry of the Environment, 1995), and the other variable data were provided by the Geospatial Information Authority of Japan (Ministry of Land, Infrastructure, Transport and Tourism, 2020). In general, an aggregation of variables is often used by a mesh as a division unit. However, in order to grasp the habitat of Sakhalin taimen, it is effective to use a regional classification based on basin. The basins of division unit were merged from the basin mesh data (30 × 45 s for latitude and longitude, about 1 km per side) based on information published by Geospatial Information Authority of Japan. For each unit basin created, the variable mesh was calculated as the sum (population, number of lagoons, number of wetlands), average (temperature, precipitation, altitude, slope), or ratio (low land area, land use). The degree of meandering was obtained by dividing the flow path extension from the start point to the end of the longest river in the relevant water system by the linear distance. We used ArcGIS 10.7 (ESRI) to aggregate these environment variables.


TABLE 1. Summary of the 23 environmental variables (18 for natural environment and 5 for human activity) used for evaluation of 116 rivers.

[image: Table 1]To summarize the aggregated environmental variables into characteristic environments, we used principal component analysis (PCA). From the obtained PCA scores, we performed cluster analyses using the k-means method and categorized the rivers. The number of clusters was determined using the largest score according to the Calinski-Harabasz score. Statistical analyses were performed using R3.6.1 (R Core Team, 2019), cluster analyses were performed using Package “cclust,” and the Calinski-Harabasz score was calculated using Package “vegan.”



RESULTS

We detected eDNA of Sakhalin taimen in 7 of 120 rivers in Hokkaido (5.8%). No detection was observed in any negative control samples. Among the 14 subprefectures of Hokkaido (A-N), two sites were positive in region-A, and one site was positive in region-B, -H, -I, -M, and -N (Table 2). Three of the seven river systems with positive eDNA detection had no previous reports of Sakhalin taimen, whereas Sakhalin taimen in the other four river systems were previously reported (Fukushima et al., 2011). Among the eDNA detections in the seven river systems, the estimated copy numbers varied largely (Table 3). The highest number of DNA copies were obtained in river-A-11 and -I-2, being consistent with healthy populations of Sakhalin taimen reported previously in these river systems (Fukushima et al., 2011).


TABLE 2. Summary of the results of qPCR from 120 river water samples.
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TABLE 3. Results of qPCR from 7 rivers where Sakhalin taimen DNA was positively detected.

[image: Table 3]Among the results of GIS-based PCA, percentages of the top three explained variances were 29.3, 18.2, and 10.4% (illustrated as Dimension 1, 2, and 3, respectively, in Figure 2). Regarding the three explained variances, ten parameters (slope, below 30 m, forest, below 20, elevation, wetland presence, below 10 m, lagoon presence, precipitation, and farmland) that affected geographical flatness had high variance contributions in dimension 1, six parameters (drainage area, dam number, human population, wetland number, minimum air temperature and average air temperature) affecting river scales had high variance contributions in dimension 2, and seven parameters (average air temperature, minimum air temperature, maximum air temperature, dam density, dam number, wetland number, and human population) affecting climates had high variance contributions in dimension 3 (Figure 2). Forest appeared to have a negative effect of Sakhalin taimen’s presence although it was estimated to have a positive effect in the previous study (Fukushima et al., 2011). In contrast, the number of dams and farmland appeared to have positive effects of Sakhalin taimen’s presence, whereas these factors were estimated to have negative effects in the previous study (Fukushima et al., 2011).
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FIGURE 2. Results of the GIS-based PCA. The top three explained variances (Dimensions 1–3) were described bidimensionally in each combination [(A) Dimension 1 vs. 2, (B) Dimension 2 vs. 3, (C) Dimension 1 vs. 3]. Blue colored gradation and arrow length represent the contribution percentages and arrow direction represents directions of effects onto each explained variance.




DISCUSSION

In this study, we applied an eDNA detection system to estimate the distribution of a critically endangered salmonid species, Sakhalin taimen (P. perryi), across Hokkaido, Japan. As a result, we detected Sakhalin taimen eDNA in seven out of 120 rivers in Hokkaido. Of the seven rivers where Sakhalin taimen’s eDNA were successfully detected, three rivers had no previous reports (river-B-5, -M-6, and -N-14, Tables 2, 3).

Tank experiments in our previous study (Mizumoto et al., 2018) revealed a high sensitivity of the Sakhalin taimen eDNA detection system and its potential for biomass estimation in flowing waters. In general, however, the detectability of eDNA from aquatic organisms is affected by both biotic and abiotic factors such as the range from the target species, sizes and density of them, water temperature, pH, water current, flow volume and so on (e.g., Barnes et al., 2014; Song et al., 2017; Maruyama et al., 2018; Kasai et al., 2020). Therefore, actual detectability of Sakhalin taimen’s eDNA in the natural river systems would rather be limited, and we are almost certain that we missed eDNA detections from some river systems, especially from large rivers or areas with low density of Sakhalin taimen.

For the biomass estimation, eDNA concentration is considered as a relatively good proxy of biomass according to previous studies (Takahara et al., 2012; Doi et al., 2017). If we assumed that the eDNA was evenly distributed within each river and that the estimated eDNA concentrations reflected the relative biomass of this species among rivers, the distributions of Sakhalin taimen in this island should be considered to have a serious bias (> 95% in region-A and -I, Table 3). Interestingly, these two regions were previously suggested to support the most stable Sakhalin taimen populations in Japan (Fukushima et al., 2011). For better understanding of fine-scale distribution within/among river systems, however, further studies with more eDNA samplings and/or with conventional sampling methods would be required.

The GIS-based PCA revealed that top three dimensions (dimensions 1–3) had effects on geographical flatness, river scales, and climates (Figure 2). Sakhalin taimen is known as a long-living freshwater fish, and river connectivity between upstream and estuarine habitats is essential for them to complete their life history (for spawning, growing foraging and wintering. (Fukushima, 1994; Edo et al., 2000; Esteve et al., 2009; Honda et al., 2012, 2014, 2017). According to Fukushima et al. (2011), Sakhalin taimen are more likely to persist in rivers with low and flat areas like wetlands or lagoons, and average air temperature combined with agricultural development were cited as seriously contributing to their risk of extinction. The results of our 2015–2018 eDNA survey were generally consistent with previous reports. Namely, they provided a further support for the importance of wetlands and lagoons for the protection of endangered species.

However, some parameters showed non-consistent results between the two studies (e.g., forest, the number of dams, farmland). There are two potential explanations on them; one is the temporal changes of the restrictions for their presence from the previous study (Fukushima et al., 2011) to the present one. For example, Fukushima et al. (2019) reported that there was a Sakhalin taimen population that was landlocked by a huge reservoir in northern Hokkaido, and this population potentially helped sustain the metapopulation dynamics of them at the watershed scale. In addition, these kinds of artificial barriers can be the restrictions of invasive species (Sharov, 2004; Vélez-Espino et al., 2011). In Hokkaido, Sakhalin taimen is considered to be threatened by the impacts of introduced rainbow trout (Oncorhynchus mykiss) because rainbow trout disturbed Sakhalin taimen’s spawning beds (Nomoto et al., 2010), therefore these kinds of barriers might restrict invasion of rainbow trout. Considering these potential effects of barriers on Sakhalin taimen, the effect of dams on the presence of Sakhalin taimen that were estimated in the previous study may change with the times. However, the effects of artificial barriers should be carefully considered in conservation programs because artificial barriers can also be restrictions of Sakhalin taimen’s migration (Fukushima et al., 2019). Another possible explanation is differently estimated distributions of the species between the two studies. Three rivers (river-B-5, -M-6, and -N-14) were newly suggested to hold Sakhalin taimen populations, and one river was reassessed to have avoided extinction (river-H-4). The difference might influence the determinant evaluation because of the added regional variations, for example, river-N-14 was located in southern Hokkaido where had relatively warmer air temperature (Max, Min and Ave) than the other regions in this study. In addition, river-H-4 had the largest values of drainage area and human population, and the second largest number of dams in this study. Regardless, more sensitive filtration system and/or more frequently spatio-temporal sampling are still needed to help estimating their distribution determinants more accurately.



CONCLUSION

In conclusion, we estimated the current distribution of Sakhalin taimen in Hokkaido and illustrated some of the population’s main vulnerabilities. While conventional capture surveys or visual observations can provide data on individuals of a target species (e.g., body size, sex, and age), our study shows that eDNA surveys have strong advantages for collecting population-level data on endangered species (e.g., distribution, population status, and threats of extinction) both non-invasively and objectively compared to traditional methods. Assuming that estimated DNA concentrations are reflective of a target species’ relative biomass, we believe that the Sakhalin taimen’s biomass distribution in Japan was heavily skewed into a few regions during our sampling. In drawing these conclusions, we believe that eDNA technologies might not only help establish species’ distribution, but may also show the spatial distribution of biomass and therefore infer population health over large scales. These findings should help to optimize conservation efforts for wildlife populations that are facing critical threats.
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Variable type Variable Unit Number of variables

Natural variables  Drainage area ha 1
Elevation m 1
Area below 10, 20, and % 3
30m
Lagoon presence, ha 3
number, and area
Marsh presence, ha 3
number, and area
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Slope Degree 1
Annual air temperature c 3
(max, min, and average)
Precipitation mm 1
Degree of meandering 1
Human activity  Dam number and 2
density
Human populationand ~ /ha 2
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Farmland % 1

Mersh distribution was collected from the 5th National Survey on Natural
Environment (The Ministry of the Environment, 1995), and the other variables
were prepared by the Geospatial Information Authority of Japan (Ministry of Land,
Infrastructure, Transport and Tourism, 2020).





OPS/images/fevo-08-569425-t002.jpg
Region Detection Copies Ratio

A 2/16 351.69 56.36%
B 1/8 11.73 1.88%

D 012 = =

E 0/12 & =

F 0/3 = B

H 1/6 0.67 0.11%

| 116 246.40 39.49%
J 018 - =

L o7 = =

M 1/8 8.89 1.42%
N 114 4.62 0.74%
Total 7/120 624.01 100%

Copies represent the sum of the estimated DNA copy numbers per 1,000 mL from
each site. Three of the seven river systems with positive eDNA detections from
region-B, -M, and -N had no previous reports of Sakhalin taimen.
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River names were reassigned with alphanumeric codes (A-8, A-11, B-5, H-4, I-2,
M-6, and N-14) based on the region where these rivers were located. Detection
represents the number of positive detections from six gPCR replicates at each site
and eDNA concentration represents the estimated DNA copy number per 1,000 mL
from each site. SD represents standard deviation. Ratio represents contribution rate
for the total estimated eDNA concentration.
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