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Abstract 23 

Environmental DNA (eDNA) is a promising tool for the continuous monitoring of fish 24 

ecology and diversity. However, its potential for describing the phenological activity of fish has 25 

rarely been examined. This study aimed to elucidate a linkage between the spatiotemporal 26 

distribution of eDNA and the phenology of an amphidromous fish, ayu Plecoglossus altivelis 27 

altivelis, in a river in Hokkaido, Japan, which is its northernmost distributional area. A 28 

significant positive correlation between eDNA concentration and catch per unit effort of P. a. 29 

altivelis in the river confirmed the use of eDNA as a surrogate for the abundance of P. a. altivelis. 30 

eDNA of P. a. altivelis was first detected in late April on a sandy beach adjacent to the river 31 

mouth. Subsequent to its first detection at the lowest site in the river in early May, eDNA spread 32 

throughout the river, indicating the upstream migration of P. a. altivelis. Spawning activity was 33 

also represented by a rapid increase in eDNA concentration and its surge at night in the lowest 34 

reaches of the river during September and October. These results suggest that upstream 35 

migration and spawning primarily commenced when the water temperature reached 10 °C and 36 

decreased below 20 °C, respectively. This observation is consistent with the behavioral 37 

responses observed in P. a. altivelis populations from other regions of Japan. Consequently, this 38 

study demonstrated that eDNA distribution was closely linked to the phenological activity of P. 39 

a. altivelis and that eDNA is a powerful tool for studying the phenology of migratory fishes. 40 

Keywords 41 

environmental DNA, northern limit of distribution, Plecoglossus altivelis, spawning, upstream 42 

migration  43 
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1. Introduction 44 

 45 

Environmental DNA (eDNA), refers to the DNA extracted from environmental samples, is a 46 

promising tool for ecological monitoring. Genetic material in various forms, such as feces and 47 

mucus shed from aquatic animals (e.g., fish, marine mammals, amphibians, and crustaceans) 48 

into the surrounding water, is considered a source of eDNA (Barnes and Turner, 2016). 49 

Therefore, eDNA can be used as an indicator of the source organism's distribution (Ficetola et 50 

al., 2008). Furthermore, previous studies have found positive correlations between eDNA 51 

concentration and parameters surrogating biomass (e.g., abundance and body weight) of source 52 

organisms under rearing conditions (e.g., Takahara et al., 2012; Minegishi et al., 2019). 53 

Although it is still controversial, the relationship has also been suggested in field studies 54 

(Thomsen et al., 2016; Sato et al., 2021). Consequently, eDNA has often been used to detect 55 

invasive or endangered species (Balasingham et al., 2017; Kasai et al., 2021) and obtain 56 

snapshots of fish diversity (Yamamoto et al., 2016). 57 

The eDNA technique facilitates the elucidation of the phenology of aquatic animals. A 58 

periodic eDNA survey successfully revealed the seasonal migration of the Shishamo smelt 59 

Spirinchus lanceolatus (Hikita 1913) in coastal regions (Yatsuyanagi & Araki, 2020) and the 60 

migration patterns of juvenile chum salmon Oncorhynchus keta (Walbaum 1792) in the bay 61 

(Minegishi et al., 2019). Short-term fluctuations in eDNA can also be indicative of ecologically 62 

significant seasonal events such as reproduction (Thalinger et al., 2019; Tillotson et al., 2018; 63 

Tsuji & Shibata, 2020). A phenological shift in the life history of fish, which consists of a 64 

succession of seasonal events, such as migration and spawning, was observed to be associated 65 
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with global warming and could potentially cause the collapse of the fish population (Rogers & 66 

Dougherty, 2019; Tao et al., 2018). Despite its importance for the conservation of biodiversity 67 

and generalizing phenological responses to climate change across various ecosystems, 68 

phenology in freshwater ecosystems at the species level remains understudied (Woods et al., 69 

2022). To precisely capture phenological shifts in freshwater ecosystems, it is essential to 70 

establish an extensive and continuous monitoring system. However, conventional methods such 71 

as visual censuses and net sampling are regarded as time-consuming and laborious approaches 72 

with limited spatial and temporal scope for large-scale monitoring. Therefore, introduction of 73 

the eDNA technique would be beneficial for phenological studies (Woods et al., 2022). 74 

However, there is a lack of empirical knowledge regarding the link between eDNA dynamics 75 

and fish ecology. 76 

The ayu Plecoglossus altivelis altivelis (Temminck & Schlegel 1846) is an appropriate model 77 

species to assess the effectiveness of eDNA analysis in the context of phenological studies. P. 78 

a. altivelis is amphidromous with an annual lifespan (Takahashi & Azuma 2006). It exhibits 79 

clear seasonal migration between the river and sea. P. a. altivelis spawns during autumn and 80 

winter in the lower reaches of the river, which are covered with fine gravel. The spawning 81 

season generally spans from September to December. Fertilized eggs adhere to gravel and 82 

typically hatch within 10–14 days at 15–20 °C. Hatched larvae passively drift down to the sea 83 

where they consequently spend their juvenile period. After growth in the sea, juveniles ascend 84 

to the river in spring when the riverine water temperature increases to the optimal range for 85 

their survival. After their upstream migration, they continue to grow in the river and feed on 86 

adhesive diatoms during the summer. Short photoperiods and decreasing water temperatures 87 
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stimulate their maturation, and they spawn and die in autumn in the lower reaches of rivers. 88 

Therefore, it can be hypothesized that the amount of eDNA will show spatiotemporal 89 

fluctuation that synchronizes with the phenology of P. a. altivelis. Furthermore, ecological 90 

knowledge pertaining to P. a. altivelis has accumulated because it is an essential species for 91 

inland and recreational fisheries in Japan, providing sufficient reference data for comparison 92 

with eDNA results. 93 

A species-specific eDNA assay for P. a. altivelis is currently available and has been used to 94 

describe its riverine distribution (Yamanaka & Minamoto, 2016). This assay successfully 95 

revealed the spatial and temporal distribution of P. a. altivelis on the basin scale (Nagayama et 96 

al., 2023b; Naito et al., 2018; Tenma et al., 2021) and on the stream scale during their spawning 97 

season (Inui et al., 2021). As transportation by river flow is a source of uncertainty in eDNA 98 

detection (Deiner & Altermatt, 2014), the extent to which the eDNA of P. a. altivelis diffuses 99 

in rivers has been experimentally determined (Yamaguchi et al., 2018). The eDNA technique 100 

also demonstrated its usefulness for detecting spawning behavior and spawning grounds based 101 

on a surge in concentration because P. a. altivelis intensively spawns after sunset, aggregating 102 

at a particular site (Inui et al., 2021; Yoshida et al., 2019). However, the linkage between 103 

fluctuation in eDNA and the phenological activity of P. a. altivelis covering the whole life 104 

history has not been fully clarified. 105 

This study aimed to elucidate a linkage between the spatiotemporal distribution of eDNA and 106 

the phenology of P. a. altivelis throughout the entire period of their riverine phase on the stream 107 

scale. To achieve this aim, a spatially and temporally intensive eDNA survey was conducted in 108 

the Hekirichi River, Hokkaido, Japan (Figure 1). Because the amphidromous form of P. a. 109 



 6 

altivelis shows a wide latitudinal distribution from Vietnam (approximately 21°N) to Hokkaido 110 

(approximately 45°N), the river in our study almost corresponds to the northern limit of its 111 

distribution (Naito, 2011; Tran et al., 2014). Thus, our secondary aim was to assess how 112 

environmental conditions relate to the life history of the northernmost population of P. a. 113 

altivelis based on eDNA results. Although the presence of P. a. altivelis populations in 114 

Hokkaido has long been known (Okada & Sakurai, 1939; Yamada, 2017), there have been few 115 

sporadic reports describing their riverine distribution, the season of upstream migration and 116 

spawning in the Shubuto River (Okada & Sakurai, 1939; Takahashi & Aino, 2022), and the 117 

possibility of multiple spawning (Sakai et al., 1991). Population genetic analysis revealed that 118 

P. a. altivelis in Hokkaido is genetically distinct from those inhabiting mainland Japan 119 

(Takeshima et al., 2016). Considering the recent warming of the sea, a phenological shift in the 120 

life history and a northward shift in the species range can be expected. The nationwide fisheries 121 

catch of P. a. altivelis in Japan has been gradually decreasing since the 1990s (Ministry of 122 

Agriculture, Forestry and Fisheries of Japan, 2023), requiring further understanding of their 123 

ecology. Applying the eDNA technique to the northernmost population of P. a. altivelis would 124 

also contribute to the conservation of this important resource for Japanese inland fisheries, in 125 

addition to advancing the applicability of eDNA. 126 

 127 

2. Materials and Methods 128 

 129 

2.1 Study area 130 

This study was conducted in the Hekirichi River, which flows into Hakodate Bay in southern 131 
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Hokkaido, Japan (Figure 1). The Hekirichi river has a watershed area of 63.5 km2 and a river 132 

length of 22.8 km (Shimoda et al. 2017). The Kamiiso Dam is located approximately 8 km 133 

upstream of the Hekirichi River mouth. A series of weirs and check dams for erosion control 134 

installed immediately below the Kamiiso Dam precluded the upstream migration of P. a. 135 

altivelis. Although releasing hatchery-reared P. a. altivelis for stock enhancement and 136 

promoting recreational fishing, which is mainly conducted by inland water fisheries 137 

cooperatives, is widespread in Japanese rivers, the Hekirichi River has not received any 138 

hatchery fish releases due to a lack of an entity conducting the release. Therefore, it is assumed 139 

that the population of P. a. altivelis in the Hekirichi River is composed solely of wild fish. 140 

Five stations (Sts.) for periodic water sampling were set in the lower reaches of the Hekirichi 141 

River below the dam and its river mouth, based on a foot survey held in early April (Sts. 1–5; 142 

Figure 1). The width of the reach was < 20 m. St. 1 was located on a sandy beach adjacent to 143 

the river mouth. Sts. 2–5 were set along the mainstream of the river at intervals of approximately 144 

2 km. We used distances described in Yamaguchi et al. (2018) to separate the stations, based on 145 

the assumption that eDNA of P. a. altivelis has a maximum persistence range of 1–2km 146 

downstream from a shedding source. An additional station, St. 3C, was set approximately 1.3 147 

km above St. 3 as a replacement for St. 4 after August 2021 because St. 4 could not be accessed 148 

in that period owing to the heavy rain that occurred in July. 149 

Each station in the river is in a section characterized by different river morphologies and 150 

substrata, which were classified based on Montgomery and Buffington (1997). St. 2 was set 151 

immediately above the tidal area, located in the lowest part of the pool riffle reaches, and 152 

covered by fine gravel. Sts. 3, 3C, and 4 were set up within the plane-bed reach. St. 3 had coarse 153 
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gravel and cobble substrata, and St. 3C and St. 4 had cobble and boulder substrata. The 154 

riverbanks of the reaches, including Sts. 2 and 3, are partially covered by concrete revetments. 155 

St. 5 was set in a drainage channel immediately downstream of the Kamiiso Dam. Because 156 

weirs that inhibit the migration of fish are presented between St. 4 and St. 5, we assumed that 157 

neither P. a. altivelis nor their DNA were present in St. 5. 158 

 159 

2.2 eDNA sampling 160 

eDNA sampling was performed at Sts. 1–5 and St. 3C from April to December 2021, two to 161 

four times per month at one to two weeks interval. As heavy rain increased river discharge in 162 

July and scoured the riverbank, eDNA sampling was conducted at St. 3C instead of St. 4 after 163 

August. eDNA sampling in December was conducted only at Sts. 1 and 2, due to the 164 

downstream spawning migration of P. a. altivelis in autumn (Nagayama et al., 2023a) and 165 

cessation of their spawning from November to December. Hydrographic conditions can affect 166 

the detection of eDNA. High stream flows dilute eDNA concentration, reducing the 167 

detectability of the target organism (Curtis et al., 2021). Highly turbid water can impair the 168 

efficiency of filtration, DNA recovery, and PCR amplification (Harper et al., 2019). Therefore, 169 

we conducted eDNA sampling on days when the water level was as close to normal as possible 170 

to avoid the timing of increased discharge and turbidity. When we could not wade into the river 171 

due to the high water level, the sampling was halted partially or completely. Water sampling 172 

started in the morning and ended before noon to minimize the effect of human activity (e.g., 173 

recreational fishing), except at St. 1. To avoid the effects of disturbances while wading the river, 174 

collection was conducted from downstream to upstream. At St. 1, water was collected at a time 175 
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close to high tide to minimize the influence of river water. 176 

All equipment used for eDNA sampling, except for disposable ones, was decontaminated 177 

before use by soaking in a 2% bleach solution (approximately 0.12% NaOCl) or wiping with a 178 

bleach disinfectant spray (approximately 0.1% NaOCl). All the researchers participated in the 179 

sampling wore disposable gloves, which were changed at each station. Masks were used to 180 

prevent contamination from human saliva. 181 

At each station, 1 L of surface river water was collected in duplicate from the downstream 182 

side of the riffle. At Sts. 1–4, to minimize the possible heterogeneity in eDNA concentration, 183 

approximately 330–340 mL of water was collected from the left, center, and right sides of the 184 

river using a 1 L plastic beaker and then pooled in a disposable plastic bag (DP16-TN1000, 185 

COWPACK CO., LTD., Aichi, Japan) to make a 1 L water sample. At St. 5, a 1 L water sample 186 

was collected in a similar manner, but using a plastic folding bucket lowered from the bridge 187 

without differentiating the position in the river flow. The beaker and bucket were rinsed with 188 

the onsite river water before use to reduce the risk of carryover contamination. To prevent 189 

eDNA degradation, 1 mL of 10% benzalkonium chloride solution (Nihon Pharmaceutical Co., 190 

Ltd., Tokyo, Japan) was added to each plastic bag (Yamanaka et al., 2017). As a field blank, 191 

500 mL of purified water was stored in a plastic bag onsite and transported along with the water 192 

samples. We assumed that the source of contamination during the water sampling and 193 

subsequent filtration processes was DNA present on the surfaces of the sampling apparatus that 194 

came into contact with water (e.g., the inside of the plastic bag or the tube) and an unintentional 195 

mixing of any droplets of river water. Thus, the total amount of contaminated DNA was 196 

supposed to be independent of the amount of water used to make the blank. Rinsing the inside 197 
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of the bag with 500 mL of purified water was probably sufficient to dissolve the possible 198 

contaminant DNA. 199 

The collected water and field blank were filtered using a GF/F glass fiber filter (47 mm in 200 

diameter and 0.7 µm in particle retention; GE Healthcare Life Science, Chicago, IL, USA) for 201 

each bag. From April to mid-July, the water samples were transported to the laboratory in a 202 

cooling box with frozen ice packs. Subsequently, the water samples were filtered using a 203 

vacuum pump (EZ-Stream; Merck, Rahway, NJ, USA) connected to a manifold. When we 204 

found that the volume of collected water inadvertently deviated from 1 L, the filtration volume 205 

was calculated by subtracting the final weight from the initial weight of the water sample. As 206 

the river water was highly turbid in April, it was divided into two equal volumes (approximately 207 

500 mL) and filtered separately to avoid clogging. After late July, the water samples were 208 

filtered on-site using a homemade filtration device in a car while driving between stations 209 

(Supplementary Figure 1). Briefly, the device applies suction filtering using a peristaltic pump 210 

(WPX1 DM; WELCO, Tokyo, Japan) and filters two water samples in parallel. The filtered 211 

samples were transported to the laboratory in a cooling box with frozen ice packs. Filtration 212 

took < 15 min for each station. On-site filtration allows eDNA samples to be obtained under 213 

better conditions and is time efficient (Yamanaka et al., 2017). All filtered samples were stored 214 

at -20 °C until DNA extraction. 215 

Additional sampling aimed at detecting spawning events was conducted from August to 216 

October at Sts. 2 and 3, which were downstream of the possible spawning grounds of P. a. 217 

altivelis. As P. a. altivelis is known to spawn immediately after sunset (Takahashi & Azuma, 218 

2006), additional water samples were collected approximately one hour after sunset. Water 219 
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sampling and filtration were performed on-site as described previously. 220 

 221 

2.3 Simultaneous sampling of fish and eDNA 222 

To examine the correlation between the abundance or biomass of P. a. altivelis and the 223 

abundance of its eDNA, P. a. altivelis was collected in parallel with the water sampling on 224 

August 1. During the survey, participants were divided into two groups, and each group 225 

separately collected water and P. a. altivelis. To avoid disturbance by wading and net casting, 226 

water sampling always preceded fish sampling. Water samples were collected at stations for 227 

periodic eDNA sampling (Sts. 1–3C) and additional stations (Sts. 2B and 2C) in the same 228 

manner as the periodic sampling. These stations were separated approximately 500–1,200 m 229 

from each other. Fish were collected using a cast net (7.5 mm mesh; HOGA, Kyoto, Japan) in 230 

a section approximately 500 m upstream from each station. We basically cast a net once per 231 

riffle to reduce the sampling bias among sections. Given that eDNA flux showed a better 232 

correlation with the estimated total body weight of P. a. altivelis observed in a section 400–800 233 

m upstream (Akamatsu et al., 2018), this sampling design was presumed not to confound the 234 

relationship between eDNA abundance and fish abundance. The same environmental conditions 235 

as the periodic sampling were measured at each station, except for water velocity and depth. 236 

Prior to the simultaneous sampling, only fish sampling had been conducted on July 15 at Sts. 237 

2 and 3 in the same manner described above. The results were considered the counterparts of 238 

eDNA concentrations obtained on July 19, which is the most recent eDNA sampling day. 239 

Body weights of the collected fish were measured in the laboratory. Catch per unit effort 240 

(CPUE; mean number of fish captured in one cast) and CPUEBW (mean total body weight of 241 
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fish captured in one cast) were calculated as representatives of abundance and biomass. 242 

 243 

2.4 Environmental condition 244 

Water temperature, salinity, and turbidity were measured using a water quality profiler 245 

(AAQ-RINKO; JFE Advantech, Hyogo, Japan) or portable conductivity meter (YSI-Pro30; 246 

Xylem, Washington DC, USA) concurrently with every water sampling. Discharge was also 247 

calculated following the cross-sectional method, except at St.1, which was located on a beach. 248 

The river width was measured using a measuring tape or laser distance meter (DISTO X4; Leica 249 

Geosystems, St. Gallen, Switzerland) and then divided into multiple sections at 1 or 2 m 250 

intervals. Water velocity and depth in each section were measured using a propeller-type current 251 

meter (VR401; KENEK, Tokyo, Japan) consisting of a stainless-steel wading rod marked in 252 

increments of 10 cm. The total discharge (m3/s) was calculated as the sum of the partial 253 

discharges computed from the water velocity and cross-sectional area of each section. When 254 

wading was impossible owing to a high water level, the total discharge was estimated based on 255 

velocity and depth measured at a few sections from a riverbank, assuming constant velocity and 256 

depth along a transect. Precipitation data measured by the weather station of the Automated 257 

Meteorological Data Acquisition System in Hokuto City, which is in the vicinity of the study 258 

river, were downloaded from the Japan Meteorological Agency website 259 

(https://www.data.jma.go.jp/gmd/risk/obsdl/index.php). 260 

 261 

2.5 DNA extraction 262 

DNA was extracted from the filtered GF/F using DNeasy Blood and Tissue kit (Qiagen, 263 
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Hilden, Germany) following the protocol described in the illustrated manual for environmental 264 

DNA research (The eDNA Society, 2019). First, the filter was placed in an insert of a Salivette 265 

tube (Sarstedt, Nümbrecht, Germany) and was soaked with a mixture of 400 µL of AL buffer 266 

and 40 µL of Proteinase K (Qiagen, Hilden, Germany). The filter was then incubated at 56 °C 267 

for 30 min and centrifuged at 3000 ×g for 3 min to obtain the lysate. Subsequently, 220 µL of 268 

TE buffer was added onto the filter which was centrifuged again at 3000 ×g for 3 min. The 269 

collected lysate was then mixed with 400 µL of ethanol and filtered using a DNeasy spin column 270 

by centrifugation. In case sampled water was filtered through two GF/F filters, the lysates were 271 

prepared separately and then centrifuged on a single column. After washing the column with 272 

AW1 and AW2 buffers, DNA was eluted into a DNA LoBind tube (Eppendorf, Hamburg, 273 

Germany) using 110 µL of AE buffer. The extracted DNA was stored at -30 °C.  274 

 275 

2.6 Quantitative real-time PCR 276 

Quantitative real-time PCR (qPCR) assay was performed using a StepOne Plus real-time 277 

PCR system (Thermo Fisher Scientific, MA, USA). To specifically detect the eDNA of P. a. 278 

altivelis, we used primers and a probe developed by Yamanaka & Minamoto (2016).  279 

Paa-CytB-Forward: 5'-CCTAGTCTCCCTGGGCTTTATTCTCTCT-3' 280 

Paa-CytB-Reverse: 5'-GTAGAATGGCGTAGGCGAAAA-3' 281 

Paa-CytB-Probe: 5'-FAM-ACTTCACGGGCAGCCAACCCCCCC-TAMRA-3' 282 

Each 20 µL reaction contained 1x Probe qPCR mix, with UNG (Takara, Shiga, Japan), 1x 283 

ROX reference Dye (Takara, Shiga, Japan), 900 nM of each primer, 125 nM of a probe, and 2 284 

µL of DNA template. To evaluate cross-contamination, a 2.0 μL of nuclease-free water 285 
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(UltraPure; Invitrogen, Waltham, MA, USA) was included in each PCR run as a no-template 286 

control (NTC) in place of the DNA template. The thermal cycling conditions were as follows: 287 

25 °C for 10 min, 95 °C for 30 s, and 55 cycles of 95 °C for 5 s and 60 °C for 30 s. Three 288 

technical replicates were used for each sample and NTC.  289 

The quantity of eDNA per reaction (copies/reaction) was determined based on a standard 290 

curve generated by measuring a standard solution consisting of artificially synthesized double-291 

stranded DNA (gBlocks; Integrated DNA Technologies, Inc., Coralville, IA, USA) containing 292 

the target sequence. Ten-fold serial dilutions ranging from 10 to 10,000 copies/reaction or from 293 

30 to 30,000 copies/reaction of the standards were used. The standards were included in 294 

triplicates for each qPCR run. To decrease the risk of false detection, the quantity of eDNA 295 

detected in the field blanks was subtracted from that in the sample collected on the same day. 296 

Subsequently, reactions that yielded < 1 copies/reaction were considered negative. The 297 

representative eDNA concentration for each sample was expressed as the mean of the triplicates. 298 

No NTCs were amplified. 299 

The R2 values, log-linear slopes, intercept, and PCR efficiency of the standard curves across 300 

14 runs were 0.996 ± 0.005, -3.45 ± 0.09, 39.23 ± 1.33, and 94.9 ± 3.5% (mean ± SD), 301 

respectively (Supplementary Table 1).  302 

 303 

2.7 Statistical analyses 304 

All data handling and statistical analyses were performed using the R version 4.1.2. (R Core 305 

Team, 2021) in combination with the RStudio 2023.03.0+386 (available online: 306 

https://www.rstudio.com/). The significance level was set at 0.05 throughout the analysis. 307 
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The quantity of each sample was converted into eDNA concentration (copies/L) based on the 308 

filtration and elution volumes. The eDNA flux (copies/s) was calculated by multiplying the 309 

eDNA concentration by the river discharge. The concentration and flux at each sampling site 310 

were represented as the average of the results from the filtration duplicates. 311 

The relationship between the abundance of P. a. altivelis (CPUE or CPUEBW) and eDNA 312 

abundance (eDNA concentration or flux) was evaluated using the Pearson’s correlation 313 

coefficient. The log-transformed eDNA concentration was used in the following analysis 314 

because eDNA concentration was positively correlated with CPUEBW and eDNA flux when 315 

log-transformed (see Results). The spatial and temporal distributions of the eDNA were 316 

visualized using a contour map after log10 transformation. To infer the origin of the eDNA 317 

detected in the estuary, correlations between eDNA concentrations at St. 1 and St. 2 were also 318 

evaluated using the Pearson’s correlation coefficient based on the results from June to August, 319 

when P. a. altivelis was assumed to be absent from the estuary or sea. The spawning period of 320 

P. a. altivelis was estimated by finding an increase in eDNA concentration at night on the line 321 

plot during August to October by applying daytime eDNA concentration as a baseline. 322 

To determine the timing of the upstream migration, the probability of eDNA detection was 323 

estimated using logistic regression analysis. The eDNA detection results for each filtration 324 

replicate were converted to presence/absence data and used as dependent variables. Upstream 325 

migration was expected to cease until August, and the results from April to July were used in 326 

the analysis. The data were regressed against water temperature or sampling date using the “glm” 327 

function in the “stats” package with a binomial error distribution and a logit link. 328 

 329 
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2.8 Ethical statement 330 

Fish sampling in this study was approved by the prefectural governor of Hokkaido based on 331 

the Hokkaido Inland Water Fisheries Adjustment Regulation. All fish used in this study were 332 

treated in accordance with the current law of Japan. 333 

 334 

3 Results 335 

 336 

3.1 Environmental condition 337 

The water temperature increased from approximately 6 °C to over 20 °C from April to July 338 

(Figure 2a). During this period, the temperatures of the river were almost the same among 339 

stations (Sts. 2–4), whereas the temperature at the sandy beach (St. 1) was similar to or slightly 340 

higher than that of the river. The temperature then decreased to below 20 °C in early August 341 

and fluctuated in a range of 15–20 °C until early October, followed by a gradual decrease to 342 

about 5 °C from October to December. During this period, the temperatures at the upstream 343 

stations tended to be lower than those at the downstream stations, whereas St. 1 had consistently 344 

higher temperatures than those at the river. Salinity indicated that St. 1 was covered with 345 

brackish water (Figure 2b). The temporal changes in turbidity were synchronized across stations 346 

in the river (St. 2–5), with moderate peaks in late April and November, except for some sporadic 347 

peaks in St. 5 in August and Sts. 3 and 3C in late September (Figure 2c). A similar temporal 348 

change was observed in St. 1, but there were moderate peaks in June and between August and 349 

September. The river discharge temporally and synchronously fluctuated in Sts. 2–4, with two 350 

large peaks in April and November and with three moderate peaks from late May to August 351 
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(Figure 2d). On the contrary, the discharge in St. 5 was stable during the sampling period. The 352 

peaks of turbidity and discharge appeared to be related to heavy rain (Figure 2e), although the 353 

high amount of discharge in April was probably dominated by snowmelt runoff. 354 

 355 

3.2 Relationship between abundances of fish and eDNA 356 

Log-transformed eDNA concentrations showed significant positive correlation with log-357 

transformed CPUE (Figure 3a; r = 0.805, p = 0.016) and log-transformed CPUEBW (Figure 3b; 358 

r = 0.884, p = 0.004), whereas no significant relationship was observed without log-359 

transformation. A significant positive correlation was also found between eDNA concentration 360 

and flux after log transformation (Figure 3c; r = 0.960, p < 0.001). Based on these results, we 361 

concluded that the log-transformed eDNA concentrations could replace the biomass of P. a. 362 

altivelis. Although correlations between eDNA flux and CPUE or CPUEBW could not be 363 

evaluated due to a lack of river discharge on the sampling day, the eDNA flux was also 364 

considered a reasonable proxy for P. a. altivelis biomass given the significant correlation against 365 

eDNA concentration. 366 

 367 

3.3 Spatial and temporal distribution of eDNA 368 

A clear seasonality was observed in the spatial and temporal distributions of P. a. altivelis 369 

eDNA in the river (Figure 4a–d). The eDNA of P. a. altivelis was first detected at St. 1 on April 370 

15, at a low concentration (15 copies/L; Figures 4a, c). The concentration of P. a. altivelis eDNA 371 

gradually increased along the upstream river in May, with a concentration of approximately 15–372 

2,000 copies/L, except at St. 5. The eDNA concentration at Sts. 2–4 exceeded that at St. 1 in 373 
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late May. The eDNA of P. a. altivelis was continuously detected at Sts. 1–3 until November. 374 

Although there was a lack of data in August, eDNA was detected until early October in St. 3C. 375 

On the other hand, the eDNA was sporadically detected at low concentrations at St. 5. The 376 

eDNA concentration gradually increased across the study area from May to August in 377 

synchrony with the expansion of the spatial distribution of P. a. altivelis and reached the order 378 

of 104 copies/L. However, the eDNA concentration at St. 1 did not exhibit such a remarkable 379 

increase and remained relatively low (26–8831 copies/L). The highest concentration was 380 

detected at St. 2 in early September (approximately 1.2–1.5 x 105 copies/L). After September, 381 

the eDNA concentration gradually decreased and disappeared from the upstream stations 382 

sequentially, while the eDNA concentration in Sts. 3C and 5 between late October and early 383 

November could not be interpolated on the contour map due to a lack of eDNA data. P. a. 384 

altivelis eDNA almost disappeared in November (< 200 copies/L), but a minute amount of 385 

eDNA (15 copies/L) was still detected in December at St. 2. 386 

The spatial and temporal distribution of eDNA flux was mostly similar to that of eDNA 387 

concentration (Figures 4b, d), with some exception. The eDNA flux at Sts. 2 and 3 gradually 388 

increased from August to September without a temporary decrease in mid-August. The highest 389 

value of eDNA flux at St. 2 was observed in late August, being slightly earlier than the 390 

concentration.  391 

 392 

3.4 Estimating the timing of upstream migration and spawning period 393 

Temporal changes in eDNA concentrations were further analyzed to estimate the timing of 394 

the upstream migration and spawning period. 395 
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In April to July, logistic regression curves against water temperature indicated that the 396 

detection probability of P. a. altivelis eDNA at Sts. 1 and 2 increased rapidly over approximately 397 

9 °C and reached its asymptote at 10–11 °C (Figure 5a). The water temperature with a 50% 398 

detection probability was similar between the two stations, it was predicted to be 9.9 °C and 399 

10.6 °C at Sts. 1 and 2, respectively. However, the detection of P. a. altivelis eDNA at St. 2 was 400 

much later than that at St. 1 (Figure 5b). The date with a 50% detection probability was May 7 401 

at St. 2, whereas it was April 22 at St. 1, which was 15 days earlier than at St. 2. In contrast, an 402 

increase in detection probability occurred at higher water temperatures in the later study period 403 

at the upstream stations (Sts. 3 and 4). The speed of range expansion in the river was estimated 404 

based on the differences in the date at 50% detection and the distance between stations. This 405 

speed was approximately 360 m/d from St. 2 to St. 3, and 140 m/d from St. 3 to St. 4. 406 

The daytime eDNA concentration at St. 2 showed a gradual unimodal distribution from 407 

August to October, reaching a peak in early September. In contrast, the concentration at St. 3 408 

remained almost constant at a lower level compared to St. 2 (Figure 6). Temporal changes in 409 

eDNA concentration at St. 2 indicated that obvious surges at night were found in mid-410 

September and early October (approximately 6 × 105 copies/L). Notably, the eDNA 411 

concentration was similar between day and night in August; however, when the surge occurred, 412 

the concentration at night was two to ten times higher than that in the daytime when comparing 413 

the same day or between adjacent days.  414 

 415 

3.5 Fluctuation of eDNA concentration in the estuary 416 

Fluctuations in eDNA concentration at the estuarine site, St. 1, were analyzed in relation to 417 
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salinity, river discharge, and eDNA concentration at St. 2 from June to August. The log-418 

transformed eDNA concentration at St. 1 showed significant negative correlation with salinity 419 

(Figure 7a, r = -0.816, p = 0.001), but not with discharge and concentration at St. 2. The ratio 420 

of eDNA concentration was calculated between St. 1 and St. 2 after log transformation, and it 421 

was found that the ratio showed a similar trend of significant negative correlation with salinity 422 

(Figure 7b, r = -0.61, p = 0.035). 423 

 424 

4. Discussion 425 

 426 

The main finding of this study was that the eDNA of P. a. altivelis in the river showed drastic 427 

fluctuations both spatially and temporally. The information from the eDNA analysis indirectly 428 

represented the presence and abundance of the target species. Therefore, to convert the 429 

distribution of eDNA into ecological information about the target species, it is necessary to 430 

evaluate a link between the eDNA and its source organism. Previous studies have found that 431 

the quantity of eDNA detected in rearing water is positively correlated with fish abundance and 432 

body size under experimental conditions (Maruyama et al., 2014; Minegishi et al., 2019). 433 

Furthermore, the eDNA concentration of P. a. altivelis in a river was found to correlate with its 434 

biomass (g/m2) and abundance (number of individuals/m2) estimated by an underwater visual 435 

census (Akamatsu et al., 2018; Doi et al., 2017). However, P. a. altivelis exhibits distinct 436 

behavioral modes depending on its population density in the river (Kawanabe, 1957, 1970); 437 

territorial fish with a larger body size, and schooling fish with a smaller body size. Such 438 

differences in body size and behavior between the two forms confound the relationship between 439 
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eDNA concentration and the biomass of P. a. altivelis. In the present study, we found a positive 440 

correlation between eDNA concentration and P. a. altivelis abundance (CPUE and CPUEBW), 441 

similar to the results of previous studies. This relationship confirmed that eDNA concentration 442 

could serve as a surrogate for P. a. altivelis biomass, even in a small river in Hokkaido. 443 

As eDNA is transported downstream by flowing water, there is a risk of false-positive 444 

detections in rivers (Deiner & Altermatt, 2014). In this study, a small amount of eDNA was 445 

continuously detected in the estuary (St. 1) from June to August, when P. a. altivelis is 446 

considered to exclusively inhabit the river. Upon incomplete amphidromy P. a. altivelis has 447 

been observed to spend its entire life in tidal areas without migrating into rivers in mainland 448 

Japan (Abe et al., 2001; Takasaki & Otake, 2003). Moreover, given the general trend of 449 

increasing dependency of diadromous fish on marine environments at higher latitudes (Chalant 450 

et al., 2019), it cannot be ruled out that P. a. altivelis may inhabit estuaries without entering 451 

rivers in Hokkaido, which is the northern limit of their distribution. However, the eDNA 452 

concentrations at St. 1 were significantly influenced by salinity, which is an indicator of the 453 

mixing ratio of freshwater in the estuary. Therefore, it is reasonable to conclude that the 454 

detection of eDNA in the estuary was a false-positive result of eDNA transported from the river 455 

and did not indicate the presence of P. a. altivelis. On the other hand, the sampling stations in 456 

the river (Sts. 2–5) were sufficiently separated and were to be presumed independent of one 457 

another. Therefore, false positives and overestimates due to transportation and accumulation of 458 

eDNA were ignored in this study. 459 

The spatiotemporal variation in eDNA was clearly synchronized with the generally known 460 

seasonality in the life cycle of P. a. altivelis. In early April, prior to its detection in the river, 461 
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eDNA was first detected at St. 1, located on a sandy beach adjacent to the river mouth. The 462 

estuary and surf zones are the principal habitats of P. a. altivelis during the larval and juvenile 463 

periods (Hamada and Kinoshita 1988; Takahashi et al., 1998). After spending early growth in 464 

the surf zone, the juveniles shift their habitats to more saline and deeper water and subsequently 465 

migrate to the estuary after growing in the sea (Tsukamoto et al., 1989). The eDNA detected in 466 

the estuary in April suggests the aggregation of P. a. altivelis juveniles prior to upstream 467 

migration. 468 

The subsequent expansion of eDNA detection in the river from May to June clearly corresponds 469 

to the upstream migration and expansion of the distributional range of P. a. altivelis. The timing 470 

of upstream migration was estimated to be early May, when the riverine water temperature 471 

reached approximately 10 °C, based on logistic regression analysis between eDNA 472 

concentration and water temperature. This timing also suggested that P. a. altivelis in Hokkaido 473 

showed a similar response to that in mainland Japan with regard to the water temperature when 474 

they were motivated to commence upstream migration (≥10 °C; Tago 2002). On the other hand, 475 

the duration of the upstream migration remained unknown. The disappearance of individuals 476 

that have recently migrated into the river (migrants) indicates the cessation of migration. 477 

However, the current eDNA technique cannot distinguish between DNA from migrants and 478 

DNA from individuals that have already inhabited the river (river residents). To precisely 479 

reconstruct the phenology of P. a. altivelis from an environmental sample, a novel method is 480 

required to supplement the limitations of the eDNA technique. 481 

One possible approach to overcome the limitations of biological monitoring using eDNA is 482 

to use environmental RNA (eRNA), which is extra-organismal RNA found in an environmental 483 
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medium (Yates et al., 2021). Because RNA is a less stable molecule compared to DNA, it has 484 

been assumed that eRNA cannot be detected in environmental samples in biologically 485 

meaningful quantities (Cristescu, 2019). However, recent laboratory experiments have 486 

demonstrated that eRNA can be readily extracted and detected (Tsuri et al., 2021). Particularly, 487 

targeting eRNA derived from mRNA may provide physiological information about the source 488 

organism, indicating its developmental stage (Yates et al., 2021). When compared to eDNA, 489 

eRNA has the potential to significantly improve spatial and temporal resolution in biological 490 

monitoring due to its rapid turnover and enhanced diagnostics of population and community 491 

characteristics (Yates et al., 2021). Previous research has shown that ayu undergo changes in 492 

hormonal levels (prolactin and thyroxine) in accordance with the onset of upstream migration 493 

and following riverine residency (Tsukamoto & Uchida, 1992; Yada et al., 2014). This 494 

physiological change can be tracked by the quantification of mRNA (Yada et al., 2014). These 495 

findings imply that specific detection of eRNA derived from mRNA regarding hormone 496 

synthesis might be able to differentiate groups with different behaviors (i.e., sea residents, 497 

upstream migrants, and river residents). Although eRNA is still in its infancy, its application in 498 

biological monitoring is expected to advance the understanding of the population dynamics of 499 

P. a. altivelis and other diadromous fish. 500 

Fish spawning behavior and spawning grounds can be detected as an increase in eDNA 501 

concentration owing to the release of eggs and sperm, which are sources of eDNA (Inui et al., 502 

2021; Tsuji et al., 2020). In this study, eDNA concentrations increased significantly at St. 2, 503 

which was estimated to be the primary spawning site, at the beginning of September, when the 504 

water temperature was below 20 °C. Short photoperiods stimulate the maturation of P. a. 505 
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altivelis, and successive decrease in water temperature triggers spawning behavior (Chang et 506 

al., 1992, 1993; Ishida, 1964; Shiraishi, 1961). Decreasing water temperatures also cause 507 

downstream migration to suitable spawning grounds (Nagayama et al., 2023a). Therefore, the 508 

increase in eDNA concentration and flux at St. 2 may indicate the aggregation of P. a. altivelis 509 

on spawning grounds. Diel fluctuation in eDNA concentration is also a signal of spawning in P. 510 

a. altivelis because they are known to spawn at sunset (Inui et al., 2021). In this study, an abrupt 511 

increase in eDNA concentration was observed at night, indicating that the spawning period of 512 

P. a. altivelis in the Hekirichi River started during late August to mid-September and lasted until 513 

early October. The water temperature during this period ranged from 16–19 °C. This 514 

relationship between spawning and water temperature corroborates with a previous report that 515 

described that their spawning begins when the water temperature falls below 15–20 °C 516 

(Takahashi & Azuma, 2006). 517 

A decreasing trend in both the concentration and flux of eDNA was observed from September 518 

to November. It is generally recognized that P. a. altivelis dies after reproduction from 519 

exhaustion and a lethal low water temperature below 10°C in winter (Tachihara & Kimura, 520 

1991; Takahashi & Azuma, 2006). Given that the spawning season in the Hekirichi River was 521 

estimated to have commenced between late August and mid-September and that the water 522 

temperature decreased below 10°C in November, the decreasing trend of eDNA was most likely 523 

synchronized with the decrease in the number of individuals due to death after reproduction. 524 

However, a minute amount of eDNA was unexpectedly detected at the downstream site in 525 

December. Tenma et al. (2021) also reported that the eDNA of P. a. altivelis was successively 526 

detected in January and February, even though P. a. altivelis at any developmental stage had 527 
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disappeared. Based on this result, they presumed the presence of overwintering individuals that 528 

survived after the spawning season. Although the overwintering of P. a. altivelis would be 529 

unlikely because of the lethal water temperature during winter in Hokkaido, it is possible to 530 

presume that adult fish are still viable after cessation of reproduction, assuming that multiple 531 

maturation and spawning were observed in a population of P. a. altivelis in Hokkaido (Sakai et 532 

al., 1991).  533 

Tillotson et al. (2018) investigated the eDNA of the sockeye salmon Oncorhynchus nerka 534 

(Walbaum, 1792) and suggested that post-spawning carcasses could be a source of eDNA, 535 

providing uncertainty for the quantitative estimation of salmon spawning. Hatched larvae and 536 

juveniles are also possible sources of eDNA, whereas fertilized eggs do not release sufficient 537 

eDNA for detection in rearing water (Takeuchi et al., 2019). Fertilized eggs of P. a. altivelis 538 

hatched within 10–16 days at 15–20 °C, with higher water temperatures yielding shorter egg 539 

periods (Kashiwagi et al., 1986). A possible overlap between the spawning periods of adult fish 540 

and emergence of hatched larvae may result in a composite of eDNA from multiple sources. 541 

Furthermore, eggs spawned at the end of the estimated spawning period might experience low 542 

water temperatures around 10 °C, requiring approximately 20–30 days to hatch. It was 543 

speculated that such late-hatched larvae caused the unseasonable detection of eDNA in 544 

December. Therefore, in the case of P. a. altivelis, the eDNA detected after the spawning season 545 

likely originated from living adult fish that survived after the cessation of spawning, dead fish 546 

after reproduction, and hatched larvae drifting down to the sea. 547 

Because water temperature is the primary environmental condition that determines the timing 548 

of upstream migration and spawning season, a latitudinal cline has been found in the phenology 549 



 26 

of P. a. altivelis (Kishino, 2009). For example, the northern population of P. a. altivelis typically 550 

migrates into the river in later seasons than the southern population: early March at the 551 

Shimanto River (32°56’03"N 132°59’42"E; Takahashi, 2004), late March to early April in the 552 

Nagara River (35°01'55"N 136°42'54"E; Suzuki et al., 2014), early April in the Sho River 553 

(36°47'23"N 137°04'34"E; Tago, 2002), and late April in the Nou River (37°06'00"N 554 

137°58'49"E; Okaji et al., 2020). In contrast, spawning of P. a. altivelis occurs earlier in the 555 

northern population than in the southern population: the main spawning season has been 556 

reported in early to middle November in the Shimanto River (Takahashi, 2004), early to middle 557 

October in the Sho River (Tago, 1999), and late September to late October in the Nou River 558 

(Okaji et al., 2020). Although there is insufficient ecological information about P. a. altivelis in 559 

Hokkaido to discuss the latitudinal cline, upstream migration and spawning are estimated to 560 

occur in late May to mid-July and late August to late September, respectively, at the Shubuto 561 

River (42°45'57"N, 140°15'20"E), located in the southern part of Hokkaido (Okada & Sakurai, 562 

1932; Takahashi & Aino, 2022). Our study also found that P. a. altivelis migrated to the river in 563 

early May, and the most conservative estimate of the spawning season was between mid-564 

September and early October, suggesting that the latitudinal cline in phenology is applicable to 565 

P. a. altivelis in Hokkaido. This congruence also suggests that P. a. altivelis in Hokkaido has 566 

similar physiological responses to environmental conditions (e.g., water temperature and 567 

photoperiod) as those inhabiting other parts of Japan, despite distinct genetic differences 568 

(Takeshima et al., 2016). 569 

Our findings also implicate that the prediction that global warming will lead to a phenological 570 

shift in P. a. altivelis populations on Honshu Island, Japan (Nakamura & Kasuya, 2004; Suzuki 571 
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et al., 2014; Takahashi, 2004) can be applied to P. a. altivelis populations on Hokkaido. The 572 

average sea surface temperature around Japan has exhibited an increasing trend over the last 573 

100 years (Japan Meteorological Agency, 2023). It can be speculated that future warming in the 574 

sea may cause P. a. altivelis in Hokkaido to migrate into the river earlier than in the past, 575 

extending their growth period in the river. In contrast, water temperatures in Japanese rivers 576 

and lakes have not necessarily shown an increasing trend since the 1980s (Ye & Kameyama, 577 

2021). This inconsistency makes it difficult to forecast its future impact on the growth, survival, 578 

and reproduction of P. a. altivelis during the riverine period. With such a possible asynchrony 579 

between the fluctuations of sea and river, it is unclear how global warming influences 580 

population dynamics and its persistence via phenological shift for P. a. altivelis. 581 

Various methods, including visual censuses, fish sampling, otolith analysis, and stable 582 

isotope analysis, have been used to study the phenology of diadromous fish (Fukuda et al., 583 

2016; Fuji et al., 2014; Holt & Cox, 2008; Murase et al., 2019). Each method had a different 584 

spatial and temporal scope. Visual censuses and fish sampling can directly observe target 585 

species, and thus provide real-time data on their presence. However, these methods can only 586 

provide temporally fragmented results that require frequent and continuous surveys to 587 

comprehend the phenology of the target species. In contrast, otolith and stable isotope analyses 588 

provide retrospective data about past environments, feeding habits, and physiological 589 

conditions, and can thus reconstruct life history at the individual level. In particular, the 590 

combined use of otolith increment analysis and microchemistry has frequently been used to 591 

reveal the migration patterns and survival of P. a. altivelis (Hata et al., 2016; Murase et al., 592 

2019). However, preparing specimens for otolith or stable isotope analyses is time-consuming, 593 
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making it difficult to conduct large-scale research. 594 

Since eDNA is dispersed through the surrounding water after shedding, it is advantageous to 595 

accumulate more comprehensive, less biased, and near-real-time data with less effort than 596 

conventional sampling approaches. This implies that it is possible to establish a large eDNA 597 

monitoring network (e.g., the All Nippon eDNA Monitoring Network [ANEMONE], 598 

https://db.anemone.bio/). One disadvantage of the eDNA technique is that it does not provide 599 

biological information on the target organism (e.g., size, age, sex, maturation, and growth). 600 

However, recent technical developments regarding eDNA-based population genetic analysis 601 

and the utilization of nuclear eDNA, eRNA, and epigenetic modifications for determining 602 

biological information will expand the field of eDNA study (Sigsgaard et al., 2020; Yates et al., 603 

2021). The incorporation of the eDNA technique into the study of diadromous fish would 604 

substantially contribute to the understanding of how these organisms respond to ongoing global 605 

climate change and evaluate the intensity of the cascading effect in river ecosystems caused by 606 

the phenological shift of these fish. 607 
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Supporting Information 617 

 618 

Supplementary Figure 1 Schematic illustration of the on-site filtration devise. 1 Sealed plastic 619 

bag (DP16-TN1000; COWPACK CO., LTD., Aichi, Japan); 2 One-way stopcock (S75-4037-620 

30; Narika, Tokyo, Japan); 3 Silicon tube (internal diameter 6.5 mm); 4 Filter holder (PP-47; 621 

ADVANTEC, Tokyo, Japan); 5 Silicon tube (internal diameter 5 mm); 6 Y-shape tubing 622 

connector; 7 Female luer lock (VRF606, Nordson MEDICAL, OH, USA); 8 Male luer lock 623 

(VRM606, Nordson MEDICAL, H、US AO); 9 Pump tube (internal diameter 4.8 mm); 10 624 

Tubing pump (WPX1; WELCO, Tokyo, Japan); 11 Drain tank; 12 Conductor wire; 13 Cigarette 625 

lighter plug DC 12V (No. 1538, Amon Industry, Hyogo, Japan); 14 Stepped tubing connector; 626 

15 Silicon tube (internal diameter 9 mm); 16 Coupler (JF-02W; Joplax, Osaka, Japan); 17 Filter 627 

holder (top); 18 Glass fiber filter (Whatman 47 mm GF/F; Cytiva, Tokyo, Japan); and 19 Filter 628 

holder (bottom). 629 

 630 

Supplementary Table 1 Summary of standard curves for the TaqMan probe qPCR assay for 631 

species-specific detection of eDNA of Plecoglossus altivelis altivelis. Curves were created by 632 

measuring the dilution series of artificially synthesized double-stranded DNA corresponding to 633 

the target region of the assay. 634 

 635 

Author contributions 636 

T.K. conceived and designed the study. T.Y., T.K., and A.K. collected the fish and eDNA 637 



 30 

samples. T.Y. and T.K. performed the molecular work, statistical analysis, and visualization. 638 

T.Y. wrote the manuscript under the supervision of T.K. and A.K. All the authors critically 639 

reviewed the manuscript, contributed to the final version, and approved the submitted version. 640 

 641 

References 642 

Abe, S., Iguchi, K., Kaneko T., Matsubara N., Nishida M., Otake T., … Yodo T. (2001). 643 

Incomplete amphidromy –Introduction of “Shio-ayu” –. Advance Abstracts for Annual 644 

Meeting of the Ichthyological Society of Japan. 34, 21. (in Japanese) 645 

Akamatsu, Y., Inui, R., Hitotsumatsu, A., Kono, T., & Doi, H. (2018). Fundamental study on 646 

estimating abundance of stream fish using environmental DNA analysis. Japanese Journal 647 

of JSCE B1 (Hydraulic Engineering), 73, I_1111-I_1116. (in Japanese with English 648 

abstract) 649 

Balasingham, K. D., Walter, R. P., Mandrak, N. E., & Heath, D. D. (2017). Environmental 650 

DNA detection of rare and invasive fish species in two Great Lakes tributaries. Molecular 651 

ecology, 27, 112–127. 652 

Barnes, M. A., & Turner, C. R. (2016). The ecology of environmental DNA and implications 653 

for conservation genetics. Conservation Genetics, 17, 1–17. 654 

Chalant, A., Jézéquel, C., Keith, P., & Hugueny, B. (2019). The global geography of fish 655 

diadromy modes. Global Ecology and Biogeography, 28, 1272–1282. 656 

Chang, C.-F., Hu, H.-J., & Sun, L.-T. (1993). Effects of temperature and photoperiod on 657 

ovarian development in female ayu, Plecoglossus altivelis. Journal of Thermal Biology, 18, 658 

197–201. 659 



 31 

Chang, C.-F., Hu, H.-J., & Tang, H.-C. (1992). Effects of photoperiod and temperature on 660 

testicular development in male ayu, Plecoglossus altivelis. Environmental Biology of 661 

Fishes, 34, 309–314. 662 

Cristescu, M. E. (2019). Can Environmental RNA Revolutionize Biodiversity Science? Trends 663 

in Ecology & Evolution, 34, 694–697. 664 

Curtis, A. N., Tiemann, J. S., Douglass, S. A., Davis, M. A., & Larson, E. R. (2021). High stream 665 

flows dilute environmental DNA (eDNA) concentrations and reduce detectability. Diversity 666 

and Distributions, 27, 1918–1931. 667 

Deiner, K., & Altermatt, F. (2014). Transport distance of invertebrate environmental DNA in a 668 

natural river. PLoS One, 9, e88786. 669 

Doi, H., Inui, R., Akamatsu, Y., Kanno, K., Yamanaka, H., Takahara, T., & Minamoto, T. 670 

(2017). Environmental DNA analysis for estimating the abundance and biomass of stream 671 

fish. Freshwater Biology, 62, 30–39. 672 

Ficetola, G. F., Miaud, C., Pompanon, F., & Taberlet, P. (2008). Species detection using 673 

environmental DNA from water samples. Biology Letters, 4, 423–425. 674 

Fuji, T., Kasai, A., Ueno, M., & Yamashita, Y. (2014). Growth and migration patterns of 675 

juvenile temperate seabass Lateolabrax japonicus in the Yura River estuary, Japan—676 

combination of stable isotope ratio and otolith microstructure analyses. Environmental 677 

Biology of Fishes, 97, 1221–1232. 678 

Fukuda, N., Aoyama, J., Yokouchi, K., & Tsukamoto, K. (2016). Periodicities of inshore 679 

migration and selective tidal stream transport of glass eels, Anguilla japonica, in Hamana 680 

Lake, Japan. Environmental Biology of Fishes, 99, 309–323. 681 



 32 

Hamada, R., & Kinoshita, I. (1988). Feeding habit of larval and juvenile ayu, Plecoglossus 682 

altivelis in the surf zone of Tosa Bay, Japan. Japanese Journal of Ichthyology, 35, 382–388. 683 

(in Japanese with English abstract) 684 

Harper, L. R., Buxton, A. S., Rees, H. C., Bruce, K., Brys, R., Halfmaerten, D., … Hänfling, B. 685 

(2019). Prospects and challenges of environmental DNA (eDNA) monitoring in freshwater 686 

ponds. Hydrobiologia, 826, 25–41. 687 

Hata, M., Kawakami, T., & Otake, T. (2016). Immediate impact of the tsunami associated 688 

with the 2011 Great East Japan Earthquake on the Plecoglossus altivelis altivelis population 689 

from the Sanriku coast of northern Japan. Environmental Biology of Fishes, 99, 527–538. 690 

Holt, K. R., & Cox, S. P. (2008). Evaluation of visual survey methods for monitoring Pacific 691 

salmon (Oncorhynchus spp.) escapement in relation to conservation guidelines. Canadian 692 

Journal of Fisheries and Aquatic Sciences, 65, 212–226. 693 

Hotta H (1953) A note on the sea life of the young ayu (Plecoglossus altivelis). Japanese 694 

Journal of Ichthyology, 3, 15−20 (in Japanese with English Abstract) 695 

Inui, R., Akamatsu, Y., Kono, T., Saito, M., Miyazono, S., & Nakao, R. (2021). 696 

Spatiotemporal changes of the environmental DNA concentrations of amphidromous fish 697 

Plecoglossus altivelis altivelis in the spawning grounds in the Takatsu River, western Japan. 698 

Frontiers in Ecology and Evolution, 9, 622149. 699 

Ito, R., Nishi, Y., & Hashimoto, Y. (2022). Yearling ayu collected in 2020 at Kusu River in 700 

Amagase, Hita City Oita Prefecture. Bulletin of Oita Prefectural Agriculture, Forestry and 701 

Fisheries Research Center (Fisheries Research Division), 8, 15–20. 702 



 33 

Ishida, R. (1964). On the spawning of the ayu, Plecoglossus altivelis T.＆S.－ IV 703 

Distribution and some geographical features of the spawning ground. Bulletin of the 704 

Japanese Society of Scientific Fisheries, 30, 478–485. (in Japanese with English Abstract) 705 

Japan Meteorological Agency. (2023). Sea surface temperature (around Japan) Available at 706 

https://www.data.jma.go.jp/gmd/kaiyou/english/long_term_sst_japan/sea_surface_temperat707 

ure_around_japan.html (last accessed 8 November 2023) 708 

Kasai, A., Yamazaki, A., Ahn, H., Yamanaka, H., Kameyama, S., Masuda, R., … Yamashita, 709 

Y. (2021). Distribution of Japanese eel Anguilla japonica revealed by environmental DNA. 710 

Frontiers Ecology and Evolution, DOI: 10.3389/fevo.2021.621461. 711 

Kashiwagi, M., Iwai, T., Yamamoto, H., & Sokabe, Y. (1986). Effects of temperature and 712 

salinity on egg hatch of the ayu Plecoglossus altivelis. Bulletin of the Faculty of Fisheries, 713 

Mie University, 13, 17–24. 714 

Kawanabe, H. (1957). Social behaviour and production of a salmon-like fish, Plecoglossus 715 

altivelis, or ayu, with reference to its population density. Japanese Journal of Ecology, 7, 716 

131–137. (in Japanese with English abstract) 717 

Kawanabe, H. (1970). Social behaviour and production of ayufish in the River Ukawa 718 

between 1955 and 1969, with reference to the stability of its territoriality. Japanese Journal 719 

of Ecology, 20, 144–151. (in Japanese with English abstract) 720 

Kishino, T. (2009). Early life history of Ryukyu-ayu Plecoglossus altivelis ryukyuensis 721 

inhabiting in Amami-oshima Island, southern Japan. Kaiyo to Seibutsu, 31, 388−394 (in 722 

Japanese with English Abstract) 723 



 34 

Maruyama, A., Nakamura, K., Yamanaka, H., Kondoh, M., & Minamoto, T. (2014). The 724 

release rate of environmental DNA from juvenile and adult fish. PLoS One, 9, e114639. 725 

Minegishi, Y., Wong, M. K.-S., Kanbe, T., Araki, H., Kashiwabara, T., Ijichi, M., … Hyodo, 726 

S. (2019). Spatiotemporal distribution of juvenile chum salmon in Otsuchi Bay, Iwate, 727 

Japan, inferred from environmental DNA. PLoS One, 14, e0222052. 728 

Ministry of Agriculture, Forestry and Fisheries of Japan. (2023). Census of inland water 729 

fishery production. Available at https://www.maff.go.jp/j/tokei/kouhyou/naisui_gyosei/#l 730 

(accessed 29 June, 2023). (in Japanese) 731 

Montgomery, D. R., & Buffington, J. M. (1997). Channel-reach morphology in mountain 732 

drainage basins. GSA Bulletin, 109, 596–611. 733 

Murase, I., Kawakami, T., Irie, T., & Iguchi, K. (2019). Counter-directional latitudinal clines 734 

of size at upstream migration between two adjacent water bodies in a Japanese 735 

amphidromous fish. Marine Ecology Progress Series, 624, 143–154. 736 

Nagaya, T., Shiraishi, Y., Ukese, A., Onitsuka, K., Higashino, M., Takami, T., … Ono, A. 737 

(2009). Environmental factor that migration of ayu is promoted and obstructed. Advances 738 

in river engineering, 15, 91–96. (in Japanese with English abstract) 739 

Nagayama, S., Fujii, R., Harada, M., & Sueyoshi, M. (2023a). Low water temperature and 740 

increased discharge trigger downstream spawning migration of ayu Plecoglossus altivelis. 741 

Fisheries Science, 89, 463–475. 742 

Nagayama, S., Sueyoshi, M., Fujii, R., & Harada, M. (2023b). Basin-scale spatiotemporal 743 

distribution of ayu Plecoglossus altivelis and its relationship with water temperature from 744 



 35 

summer growth to autumn spawning periods. Landscape and Ecological Engineering, 19, 745 

21–31. 746 

Naito, D., Akamastu, Y., Inui, R., Goto, M., Kobayashi, T., & Imamura, F. (2018). Habitats of 747 

Plecoglossus altivelis in the Tama River basin by environmental DNA. Japanese Journal of 748 

JSCE B1 (Hydraulic Engineering), 74, I_517-I_522. (in Japanese with English abstract) 749 

Naito, K. (2011). Ayu also ascending to rivers in Sapporo. Uo to Mizu, 47, 8–13 (in Japanese) 750 

Okada, S., & Sakurai, M. (1939). Distribution and ecology of Plecoglossus altivelis in 751 

Hokkaido. Japanese Journal of Limnology, 9, 136–142. (in Japanese) 752 

Nakamura, T., & Kasuya, K. (2004). Forecasting of the first ascending day and the number of 753 

ascending schools of amphidromous ayu Plecoglossus altivelis altivelis in the Naka River, 754 

Tochigi Prefecture, central Japan. Nippon Suisan Gakkaishi, 70, 288–296. (in Japanese with 755 

English abstract) 756 

Okaji, K., Nogami, Y., Yoshida, M., Anzawa, W., Ikeda, T., & Kabasawa H. (2020). 757 

Reproductive ecology of ayu Plecoglossus altivelis in recent years in Niigata prefecture. 758 

Reports of Niigata Prefecture Inland Water Fisheries Experimental Station, 44, 1–7 (in 759 

Japanese) 760 

R Core Team (2021) R: A Language and Environment for Statistical Computing. R 761 

Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org/. 762 

Rogers, L. A., & Dougherty, A. B. (2019). Effects of climate and demography on reproductive 763 

phenology of a harvested marine fish population. Global Change Biology, 25, 708–720. 764 



 36 

Sakai, H., Katsura, K., Hirata, T., & Goto, A. (1991). Multiple spawning in amphidromous 765 

ayu, Plecoglossus altivelis altivelis, from Hokkaido, Japan. Bulletin of the Faculty of 766 

Fisheries Hokkaido University, 42, 39–45. (in Japanese with English abstract) 767 

Sato, M., Inoue, N., Nambu, R., Furuichi, N., Imaizumi, T., & Ushio, M. (2021). Quantitative 768 

assessment of multiple fish species around artificial reefs combining environmental DNA 769 

metabarcoding and acoustic survey. Scientific Reports, 11, 19477. 770 

Shimoda, K., Aoyama, T., Sakamoto, H., Ohkubo, S., Hatakeyama, M., & Takeuchi, K.  771 

(2017). Growth and sexual maturity of brown trout in ten rivers in Hokkaido, Japan (Note). 772 

Sci. Rep. Hokkaido Fish. Res. Inst., 92, 65-77. (in Japanese) 773 

Shiraishi, Y., & Takeda, T. (1961). The influence of the photoperiodicity on the maturation of 774 

ayu-fish, Plecoglossus altivelis. Bulletin of Freshwater Fisheries Research Laboratory, 11, 775 

69–81. (in Japanese with English Abstract) 776 

Sigsgaard, E. E., Jensen, M. R., Winkelmann, I. E., Møller, P. R., Hansen, M. M., & Thomsen, 777 

P. F. (2020). Population-level inferences from environmental DNA—Current status and 778 

future perspectives. Evolutionary Applications, 13, 245–262. 779 

Suzuki, Y., Honma, M., Sato, Y., Michihiro, Y., & Takemon, Y. (2014). Impact of future 780 

changes in water temperature on the upstream migration timing of sweetfish. Japanese 781 

Journal of JSCE B1 (Hydraulic Engineering), 70, I_1213-I_1218. 782 

Tachihara, K., & Kimura, S. (1991). Maturity and spawning of land locked ayu Plecoglossus 783 

altivelis altivelis in Lake Ikeda, Kagoshima Prefecture. Nippon Suisan Gakkaishi, 57, 2187–784 

2192. (in Japanese with English Abstract) 785 



 37 

Tago, Y. (2002). Migration behaviors of sea–run ayu Plecoglossus altivelis (pisces) in Toyama 786 

Bay, Japan. Nippon Suisan Gakkaishi, 68, 554–563. (in Japanese with English Abstract) 787 

Takahara, T., Minamoto, T., Yamanaka, H., Doi, H., & Kawabata, Z. (2012). Estimation of 788 

Fish Biomass Using Environmental DNA. PLoS One, 7, e35868. 789 

Takahashi, I. (2004). Study on the early life history of ayu in the Shimanto Estuary, Japan. 790 

Bulletin of Marine Science and Fisheries, Kochi University, 23, 113−173 (in Japanese with 791 

English Abstract) 792 

Takahashi, I. & Aino, S. (2022). Riverine longitudinal distribution of native ayu Plecoglossus 793 

altivelis altivelis in the Syubuto River, where no migration barriers are installed, in 794 

Hokkaido. Ecol. Civil and Engineering, 25, 1-12 (in Japanese with English abstract) 795 

Takahashi, I. & Azuma, K. (2006). The up-to-now knowledge book of Ayu. Tsukiji Shokan 796 

Publishing, Tokyo (in Japanese) 797 

Takahashi, I., Azuma, K., Fujita, S., & Kinoshita, I. (1998). Spatial distribution of larval Ayu 798 

Plecoglossus altivelis in the Shimanto Estuary, Japan. Fisheries Science, 64, 522–525. 799 

Takahashi, I., Azuma, K., Fujita, S., & Kinoshita, I. (2002). Habitat shift of ayu Plecoglossus 800 

altivelis altivelis in early stages from waters adjacent to the bank to the center of flow in the 801 

Shimanto Estuary. Fisheries Science, 68, 554–559. 802 

Takasaki, Y., Otake, T. (2003). Life history of “Shio-ayu” inhabiting the estuary of the Choshi 803 

River. Abstracts for the meeting of the Japanese Society of Fisheries Science, 64 (in 804 

Japanese) 805 



 38 

Takeshima, H., Iguchi, K., Hashiguchi, Y., & Nishida, M. (2016). Using dense locality 806 

sampling resolves the subtle genetic population structure of the dispersive fish species 807 

Plecoglossus altivelis. Molecular Ecology, 25, 3048–3064. 808 

Takeuchi, A., Iijima, T., Kakuzen, W., Watanabe, S., Yamada, Y., Okamura, A., … & 809 

Tukamoto, K. (2019). Release of eDNA by different life history stages and during 810 

spawning activities of laboratory-reared Japanese eels for interpretation of oceanic survey 811 

data. Scientific Reports, 9, 6074 812 

Tao, J., He, D., Kennard, M. J., Ding, C., Bunn, S. E., Liu, C., … Chen, Y. (2018). Strong 813 

evidence for changing fish reproductive phenology under climate warming on the Tibetan 814 

Plateau. Global change biology, 24, 2093–2104. 815 

Tenma, H., Tsunekawa, K., Fujiyoshi, R., Takai, H., Hirose, M., Masai, N., … Minamoto, T. 816 

(2021). Spatiotemporal distribution of Flavobacterium psychrophilum and ayu Plecoglossus 817 

altivelis in rivers revealed by environmental DNA analysis. Fisheries Science, 87, 321–330. 818 

Thalinger, B., Wolf, E., Traugott, M., & Wanzenböck, J. (2019). Monitoring spawning 819 

migrations of potamodromous fish species via eDNA. Scientific Reports, 9, 15388. 820 

The eDNA Society (2019). Environmental DNA Sampling and Experiment Manual Version 821 

2.1. Otsu, Japan: 822 

http://ednasociety.org/eDNA_manual_Eng_v2_1_3b.pdfhttp://ednasociety.org/eDNA_manual_E823 

ng_v2_1_3b.pdf 824 

Thomsen, P. F., Møller, P. R., Sigsgaard, E. E., Knudsen, S. W., Jørgensen, O. A., & Willerslev, 825 

E. (2016). Environmental DNA from seawater samples correlate with trawl catches of 826 

subarctic, deepwater fishes. PLoS One, 11, e0165252. 827 



 39 

Tillotson, M. D., Kelly, R. P., Duda, J. J., Hoy, M., Kralj, J., Quinn T. P. (2018). 828 

Concentrations of environmental DNA (eDNA) reflect spawning salmon abundance at fine 829 

spatial and temporal scales. Biological Conservation, 220, 1–11. 830 

Tran, H. D., Kinoshita, I., Azuma, K., Iseki, T., Yagi, Y., Nunobe, J., & Ta, T. T. (2014). The 831 

potential biodiversity of Ayu, as evidenced by differences in its early development and 832 

growth between Vietnam and Japan. Environmental Biology of Fishes, 97, 1387–1396. 833 

Tsuji, S., & Shibata, N. (2020). Identifying spawning events in fish by observing a spike in 834 

environmental DNA concentration after spawning. Environmental DNA, 3, 190–199. 835 

Tsukamoto, K., Mochizuki, K., Otake, T., & Yamazaki, Y. (1989). Distribution, migration and 836 

growth of ayu larvae at the mouth of river Kumano. Fisheries Engineering, 50, 47–57. (in 837 

Japanese with English abstract) 838 

Tsukamoto, K. & Uchida, K. (1990). Spacing and jumping behavior of the Ayu Plecoglossus 839 

altivelis, Nippon Suisan Gakkaishi, 56, 1383–1392 (in Japanese with English Abstract) 840 

Tsukamoto, K. & Uchida, K. (1992). Migration mechanism of the ayu. In Ed by V. I. Ilyichev 841 

& V. V. Anikiev (Eds.), Oceanic and Anthropogenic Controls of Life in the Pacific Ocean 842 

(pp. 145–172). Dordrecht, Holland: Springer Dordrecht 843 

Tsuri, K., Ikeda, S., Hirohara, T., Shimada, Y., Minamoto, T., & Yamanaka, H. (2021). 844 

Messenger RNA typing of environmental RNA (eRNA): A case study on zebrafish tank water 845 

with perspectives for the future development of eRNA analysis on aquatic vertebrates. 846 

Environmental DNA, 3, 14–21. 847 



 40 

Yada, T., Iguchi, K., Yamamoto, S., Sakano, H., Takasawa, T., Katsura, K., … Uchida, K. (2014). 848 

Prolactin and Upstream Migration of the Amphidromous Teleost, Ayu Plecoglossus altivelis. 849 

Zoological Science, 31, 507–514. 850 

Yamada, S. (2017). The Introduction of Green Pheasant, Eel, Loach and Sweetfish by 851 

Kaitakushi (the Colonial Department). Bulletin of Hokkaido Museum, 2, 133–138. 852 

Yamaguchi, K., Akamatsu, Y., Inui, R., Goto, M., Kono T., & Kurita, Y. (2018) Fundamental 853 

study on the dynamics of materials containing eDNA in rivers. Japanese Journal of JSCE 854 

B1 (Hydraulic Engineering), 74, I_409–I_414. (in Japanese with English abstract) 855 

Yamamoto, S., Minami, K., Fukaya, K., Takahashi, K., Sawada, H., Murakami, H., … 856 

Kondoh, M. (2016). Environmental DNA as a ‘Snapshot’ of Fish Distribution: A Case 857 

Study of Japanese Jack Mackerel in Maizuru Bay, Sea of Japan. PLoS ONE, 11, e0149786. 858 

Yamanaka, H., & Minamoto, T. (2016). The use of environmental DNA of fishes as an 859 

efficient method of determining habitat connectivity. Ecological Indicators, 62, 147–153. 860 

Yamanaka, H., Minamoto, T., Matsuura, J., Sakurai, S., Tsuji, S., Motozawa, H., … Kondo, A. 861 

(2017). A simple method for preserving environmental DNA in water samples at ambient 862 

temperature by addition of cationic surfactant. Limnology, 18, 233–241. 863 

Yates, M. C., Derry, A. M., & Cristescu, M. E. (2021). Environmental RNA: A Revolution in 864 

Ecological Resolution? Trends in Ecology & Evolution, 36, 601–609. 865 

Yatsuyanagi, T., & Araki, H. (2020). Understanding seasonal migration of Shishamo smelt in 866 

coastal regions using environmental DNA. PLoS ONE, 15, e0239912. 867 



 41 

Ye, F., & Kameyama, S. (2021). Long-term nationwide spatiotemporal changes of freshwater 868 

temperature in Japan during 1982–2016. Journal of Environmental Management, 281, 869 

111866. 870 

Yoshida, K., Inui, R., Udagawa, R., Maeno, S., Akamatsu, Y., Nigo, S., Takahashi, S., & 871 

Nagata, K. (2019). Spawning habitat potential evaluation for ayu based on an 872 

environmental DNA analysis and field works of physical environment factors in the lower 873 

Asahi River. Japanese Journal of JSCE B1 (Hydraulic Engineering), 75, I_529-I_534. (in 874 

Japanese with English abstract) 875 

  876 



 42 

Figure captions 877 

 878 

Figure 1 Map showing stations for water sampling to capture environmental DNA of ayu 879 

Plecoglossus altivelis altivelis in the Hekirichi River, which flows into Hakodate Bay in 880 

southern Hokkaido. Surface water samples were routinely collected at five stations (Sts. 1, 2, 3, 881 

4, and 5) during April and December 2021, with St. 4 being replaced by St. 3C after August 882 

2021. Collection of P. a. altivelis was conducted in July and August at Sts. 2, 2B, 2C, 3, and 3C, 883 

in parallel with water sampling. Star indicates the location of a weather station of the Automated 884 

Meteorological Data Acquisition System, maintained by the Japan Meteorological Agency. 885 

 886 

Figure 2 Environmental condition in the stations for water sampling to capture environmental 887 

DNA of ayu Plecoglossus altivelis altivelis during the study period (April to December 2021). 888 

(a) water temperature; (b) salinity; (c) turbidity; (d) river discharge; (e) precipitation. 889 

Precipitation data are obtained from a weather station of the Automated Meteorological Data 890 

Acquisition System in the vicinity of the study river, maintained by the Japan Meteorological 891 

Agency. 892 

 893 

Figure 3 Correlation between environmental DNA (eDNA) concentration and catch per unit 894 

effort (CPUE) of ayu Plecoglossus altivelis altivelis in the Hekirichi River. (a) log-transformed 895 

eDNA concentration and log-transformed CPUE; (b) log-transformed eDNA concentration and 896 

log-transformed CPUEBW; (c) log-transformed eDNA flux and log-transformed eDNA 897 

concentration. CPUE and CPUEBW are defined as the number of individuals caught per one net 898 
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casting and the total body weight per one net casting, respectively. Pearson’s correlation 899 

coefficient (r), t-value, and p-value are indicated in figures. 900 

 901 

Figure 4 Spatiotemporal variation in environmental DNA of ayu Plecoglossus altivelis altivelis 902 

in the Hekirichi River. Contour maps shows the spatiotemporal distribution of eDNA, which is 903 

indicated as a log-transformed eDNA concentration (a) and flux (b). Line graphs shows the 904 

temporal fluctuations of a log-transformed eDNA concentration (c) and flux (d). For visibility, 905 

the results at Sts. 4 (April–July 2021) and 3C (August–December 2021) are merged in the line 906 

graph. Color scales in panels (a) and (c) indicate eDNA concentration and flux using a base-10 907 

logarithmic scale, respectively. White spaces in contour maps are the regions that could not be 908 

interpolated due to a lack of eDNA results. 909 

 910 

Figure 5 Logistic regression curves showing changes in detection probability of environmental 911 

DNA of ayu Plecoglossus altivelis altivelis against (a) water temperature and (b) date. A 912 

horizontal dotted line indicates 50% detection. Each data point is slightly jittered along x axis 913 

for visibility. 914 

 915 

Figure 6 Temporal changes in environmental DNA concentration of ayu Plecoglossus altivelis 916 

altivelis observed in daytime and nighttime at St. 2 and daytime at St. 3 from August to October. 917 

 918 

Figure 7 Correlation between salinity and (a) environmental DNA (eDNA) concentration of 919 

ayu Plecoglossus altivelis altivelis and (b) the ratio of eDNA concentration between St. 1 and 920 
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St. 2. The results obtained between June and August was included in the analysis. eDNA 921 

concentration is used after log-transformation. Pearson’s correlation coefficient (r), t-value, and 922 

p-value are indicated in figures. 923 

 924 
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Figure 1 Map showing stations for water sampling to capture environmental DNA of ayu 
Plecoglossus altivelis altivelis in the Hekirichi River, which flows into Hakodate Bay in 
southern Hokkaido. Surface water samples were routinely collected at five stations (Sts. 1, 2, 
3, 4, and 5) during April and December 2021, with St. 4 being replaced by St. 3C after August 
2021. Collection of P. a. altivelis was conducted in July and August at Sts. 2, 2B, 2C, 3, and 
3C, in parallel with water sampling. Star indicates the location of a weather station of the 
Automated Meteorological Data Acquisition System, maintained by the Japan Meteorological 
Agency.
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Figure 2 Environmental condition in the stations for water sampling to capture environmental 
DNA of ayu Plecoglossus altivelis altivelis during the study period (April to December 2021). 
(a) water temperature; (b) salinity; (c) turbidity; (d) river discharge; (e) precipitation. Precipi-
tation data are obtained from a weather station of the Automated Meteorological Data Acqui-
sition System in the vicinity of the study river, maintained by the Japan Meteorological 
Agency.
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Figure 3 Correlation between environmental DNA (eDNA) concentration and catch per unit 
effort (CPUE) of ayu Plecoglossus altivelis altivelis in the Hekirichi River. (a) log-trans-
formed eDNA concentration and log-transformed CPUE; (b) log-transformed eDNA concen-
tration and log-transformed CPUEBW; (c) log-transformed eDNA flux and log-transformed 
eDNA concentration. CPUE and CPUEBW are defined as the number of individuals caught per 
one net casting and the total body weight per one net casting, respectively. Pearson’s correla-
tion coefficient (r), t-value, and p-value are indicated in figures.



Apr May Jun Jul Aug Sep Oct Nov Dec
Month

0

1

2

3

4

5

6

7

8

D
is

ta
nc

e 
fro

m
 ri

ve
r m

ou
th

 (k
m

)

0

1

2

3

4

5

6

7

8

D
is

ta
nc

e 
fro

m
 ri

ve
r m

ou
th

 (k
m

)

0

1

2

3

4

5

6

lo
g 10

(e
D

N
A 

co
nc

en
tra

tio
n 

[c
op

ie
s/

L]
 +

 1
)

(c)

0
1
2
3
4
5
6
7
8
9

lo
g 10

(e
D

N
A 

flu
x 

[c
op

ie
s/

se
c]

 +
 1

)

(d)

Apr May Jun Jul Aug Sep Oct Nov Dec
Month

St. 1
St. 2
St. 3
St. 3C/4
St. 5

St.1
St.2

St.3

St.3C

St.4

St.5

(a)

0

1

2

3

4

5
5.5

(b)

0

1

2

3

4

5

6

7

8
8.5

St.1
St.2

St.3

St.3C

St.4

St.5

Figure 4 Spatiotemporal variation in environmental DNA of ayu Plecoglossus altivelis altivelis 

in the Hekirichi River. Contour maps shows the spatiotemporal distribution of eDNA, which is 

indicated as a log-transformed eDNA concentration (a) and flux (b). Line graphs shows the 

temporal fluctuations of a log-transformed eDNA concentration (c) and flux (d). For visibility, 

the results at Sts. 4 (April–July 2021) and 3C (August–December 2021) are merged in the line 

graph. Color scales in panels (a) and (c) indicate eDNA concentration and flux using a base-10 

logarithmic scale, respectively. White spaces in contour maps are the regions that could not be 

interpolated due to a lack of eDNA results.
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Figure 5 Logistic regression curves showing changes in detection probability of environmental 
DNA of ayu Plecoglossus altivelis altivelis against (a) water temperature and (b) date. A horizontal 
dotted line indicates 50% detection. Each data point is slightly jittered along x axis for visibility.
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Figure 6 Temporal changes in environmental DNA concentration of ayu 

Plecoglossus altivelis altivelis observed in daytime and nighttime at St. 2 

and daytime at St. 3 from August to October.
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Figure 7 Correlation between salinity and (a) environmental DNA (eDNA) concentration of 
ayu Plecoglossus altivelis altivelis and (b) the ratio of eDNA concentration between St. 1 and 
St. 2. The results obtained between June and August was included in the analysis. eDNA 
concentration is used after log-transformation. Pearson’s correlation coefficient (r), t-value, 
and p-value are indicated in figures.
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Supplementary Figure 1 Schematic illustration of the on-site filtration devise. 1 Sealed plastic 
bag (DP16-TN1000; COWPACK CO., LTD., Aichi, Japan); 2 One-way stopcock (S75-4037-
30; Narika, Tokyo, Japan); 3 Silicon tube (internal diameter 6.5 mm); 4 Filter holder (PP-47; 
ADVANTEC, Tokyo, Japan); 5 Silicon tube (internal diameter 5 mm); 6 Y-shape tubing 
connector; 7 Female luer lock (VRF606, Nordson MEDICAL, OH, USA); 8 Male luer lock 
(VRM606, Nordson MEDICAL, H、US AO); 9 Pump tube (internal diameter 4.8 mm); 10 
Tubing pump (WPX1; WELCO, Tokyo, Japan); 11 Drain tank; 12 Conductor wire; 13 Cigarette 
lighter plug DC 12V (No. 1538, Amon Industry, Hyogo, Japan); 14 Stepped tubing connector; 
15 Silicon tube (internal diameter 9 mm); 16 Coupler (JF-02W; Joplax, Osaka, Japan); 17 Filter 
holder (top); 18 Glass fiber filter (Whatman 47 mm GF/F; Cytiva, Tokyo, Japan); and 19 Filter 
holder (bottom). 
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Supplementary Table 1 Summary of standard curves for the TaqMan probe qPCR assay for 
species-specific detection of eDNA of Plecoglossus altivelis altivelis. Curves were created by 
measuring the dilution series of artificially synthesized double-stranded DNA corresponding to 
the target region of the assay. 

Run ID 
Concentration of 

standards 
R2 Intercept Slope 

Efficiency 
(%) 

20210910_ayu_eDNA 10–104 0.993 40.04 -3.52 92.2 

20211006_ayu_eDNA 10–104 0.997 39.80 -3.48 93.9 

20211026_ayu_eDNA 10–104 0.999 39.24 -3.33 99.6 

20211029_ayu_eDNA 10–104 0.997 40.28 -3.55 91.2 

20211030_ayu_eDNA 10–104 0.996 40.32 -3.60 89.6 

20211119_ayu_eDNA 10–104 0.988 40.00 -3.51 92.8 

20211217_ayu_eDNA 3×10–3×104 0.997 39.25 -3.41 96.4 

20211225_ayu_eDNA 3×10–3×104 0.999 39.83 -3.44 95.3 

20220310_ayu_eDNA 3×10–3×104 0.999 39.74 -3.44 95.5 

20220311_ayu_eDNA 3×10–3×104 1.000 36.45 -3.48 93.8 

20220314_ayu_eDNA 3×10–3×104 0.998 35.98 -3.32 100.1 

20220315_ayu_eDNA 3×10–3×104 0.998 39.42 -3.34 99.5 

20220319_ayu_eDNA 3×10–3×104 0.999 39.47 -3.39 97.2 

20220320_ayu_eDNA 3×10–3×104 0.999 39.47 -3.40 96.8 

Mean ± SD  0.997 ± 
0.003 

39.23 ± 
1.33 

-3.44 ± 
0.09 

95.3 ± 3.2 

 


