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Abstract

:

White-spotted charr (Salvelinus leucomaenis leucomaenis) is an anadromous fish that has been severely harmed by human land-use development, particularly through habitat fragmentation. However, the anthropogenic impacts on populations of this species have not been evaluated, except those on small dammed-off populations. Using multiplexed ISSR genotyping by sequencing, we investigated the genetic structure of white-spotted charr in four tributaries in the upper section of the Kanayama Dam in the Sorachi River, Hokkaido Island, Japan. There were no distinct genetic structures (FST = 0.014), probably because some active individuals migrate frequently among tributaries. By model-flexible demographic simulation, historical changes in the effective population size were inferred. The result indicates that the population size has decreased since the end of the last glacial period, with three major population decline events, including recent declines that were probably associated with recent human activities. Nevertheless, populations in the watershed upstream of the Kanayama Dam are still expected to be at low risk of immediate extinction, owing to the large watershed size and the limited number of small check dams. An effective conservation measure for sustaining the white-spotted charr population is to maintain high connectivity between tributaries, such as by providing fishways in check dams during construction.
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1. Introduction


Anthropogenic impacts on freshwater ecosystems are numerous and include flow alteration, pollution, species invasion, water abstraction, fisheries activities, and climate change [1,2]. Since the latter half of the 20th century, human land-use activities and resource exploitation have had substantial effects on stream-dwelling organisms [3]. Habitat fragmentation caused by dams has created numerous isolated populations that often suffer from reduced population size and are at high risk of extinction due to demographic and environmental stochasticity [4,5]. Currently, freshwater ecosystems are one of the most threatened ecosystems in the world [6]. In the case of migratory fishes, such as salmonids, the effects of impassable barriers are particularly severe because they cannot complete their life cycles within isolated stream fragments [7].



White-spotted charr (Salvelinus leucomaenis) is a cold-water adapted salmonid fish that is commonly distributed in mountain streams of Far East Asia [8]. White-spotted charr is classified into four subspecies, and three of them, S. leucomaenis pluvius, S. leucomaenis japonicus, and S. leucomaenis imbrius, mostly have a fluvial (nonmigratory) life history, probably since the time of postglacial global warming [9,10,11]. The other subspecies, S. leucomaenis leucomaenis, inhabits higher-latitude regions and generally has an anadromous life history [12,13]. However, this subspecies is easily landlocked in rivers following the construction of barriers that prevent upstream migration [14]. In Hokkaido, S. leucomaenis leucomaenis have inhabited the upper reaches of many rivers, except extremely cold-water streams where Dolly Varden (S. malma) dominate [15]. Since such migratory cold-water fish are vulnerable to anthropogenic impacts and ongoing global warming [16], strategic conservation plans are required.



Genetic approaches are useful for conservation because they can be tools for estimating dispersal patterns [17], defining management units based on population structure [18], or understanding the current status of populations by estimating the effective population size [7,19]. Although white-spotted charr is one of the less-studied species among salmonids [8], several population genetic studies have been conducted on a large scale (e.g., [11,20]) and at the local scale (e.g., [13,21]). However, studies aiming to understand the current vulnerability of S. l. leucomaenis populations are limited to studies in small dammed-off habitats with watershed areas of approximately < 50 km2 [7,22]. These studies have shown remarkable declines in effective population size in the upper reaches of small dams, resulting in local extinctions in some rivers. On the other hand, for populations upstream of large dams with lakes, population structure has not been investigated and the potential impacts on upper populations remain unknown. Furthermore, while habitat degradation due to human activities is a more ubiquitous problem [1], its actual impacts on populations have been poorly studied.



Advances in molecular ecology methods allow us to access higher resolution information on population demographic history as well as population structure [23]. Although population demography does not directly elucidate the causes of impacts, it is an essential parameter in population health and viability, and the inference of demographic history can potentially yield important insights in rapidly changing ecosystems [24,25]. In this study, using genome-wide single nucleotide polymorphism (SNP) data and a model-flexible simulation approach based on the site frequency spectrum (SFS), we estimate the genetic structure and population demography of white-spotted charr in the upper section of the Sorachi River, Hokkaido Island, Japan. The aims of this study are (i) to evaluate the local genetic structure of above-dam white-spotted charr, (ii) to explore population demographic history using SFS, and (iii) to discuss the relationship between inferred population dynamics and recent human land-use development and resource exploitation, including dam construction.




2. Materials and Methods


2.1. Study Area and Field Sampling


This study was conducted in the upper section of the Sorachi River in the Ishikari River system, which is the second largest watershed in Japan (Figure 1). All the study sites are located upstream of Lake Kanayama, which was formed by the construction of the Kanayama Dam in the 1960s [26]. The watershed area of the Kanayama Dam is 470 km2 [27], and there is a relatively small number of artificial barriers in this watershed. The fish compositions among tributaries are different due to their heterogeneous environment, but overall, Salvelinus malma krascheninnikovi, Cottus nozawae, Barbatula oreas, and Parahucho perryi inhabit this watershed. There were no records of white-spotted charr being artificially released in this area, so we considered all caught individuals to be native.



A total of 55 Salvelinus leucomaenis leucomaenis were caught at four sites in the upper section of the Sorachi River system by electrofishing (model 12-B Backpack Electrofisher; Smith-Root Inc., Vancouver, USA) from 10 July to 1 September in 2019. After measuring standard lengths, small pieces of fin tissue were clipped, placed in 99.5% ethanol, and stored at −20 °C in the laboratory until DNA extraction. Total DNA was extracted using a QIAGEN DNeasy Blood and Tissue Kit (Qiagen Inc., Hilden, Germany).




2.2. DNA Amplification and Sequencing


To obtain genome-wide SNP data, we used multiplexed ISSR genotyping by sequencing (MIG-seq) [28]. A MIG-seq library was prepared following the protocol outlined in Suyama and Matsuki [28], with the exception of the minor modifications outlined below. The first PCR was conducted using eight ISSR primer sets with tail sequences at an annealing temperature of 38 °C. The second PCR was conducted using primer pairs including tail sequences, adapter sequences for Illumina sequencing, and five-base (forward) and nine-base (reverse) barcode sequences to identify each individual sample. The second PCR conditions were 12 cycles of denaturation at 98 °C for 10 s, annealing at 54 °C for 15 s, and extension at 68 °C for 1 min. Fragments in the size range of 400–800 bp in the purified library were isolated. After library quantification, the products were sequenced on an Illumina MiSeq platform (Illumina) using the MiSeq Reagent Kit v3 following the manufacturer’s protocol. The sequence data are available from the Figshare (https://doi.org/10.6084/m9.figshare.12547250).




2.3. SNP Detection for Genetic Diversity and Population Structure Analysis


After removing the primer regions and low-quality reads according to Suyama and Matsuki [28], 4,073,256 reads were obtained. SNP selection was performed by the STACKS 2.41 pipeline [29] with the following parameters: minimum depth option creating a stack (m) = 3, maximum distance between stacks (M) = 2, maximum mismatches between loci when building the catalog (n) = 2, and number of mismatches allowed to align secondary reads (N) = 4. Only SNPs recorded at a rate of more than 60% among all samples were extracted, and sites showing excess heterozygosity (>0.6) were removed. For genetic diversity and population structure analysis, the minimum allele count was set to two, and the output was limited to one SNP per locus. After filtering, three individuals with many (>50%) missing data were removed, and the above filtering procedure was performed again for 52 retained individuals, to increase the number of loci as much as possible. After filtering on the 52 individuals, 343 SNPs were retained.




2.4. Genetic Diversity, Divergence, and Population Structure


For each population, observed heterozygosity (HO), expected heterozygosity (HE), fixation index (FIS), and their standard errors were calculated using the ‘populations’ commands in STACKS. Genetic differentiation among populations was evaluated by calculating FST. Pairwise FST values were also calculated with a significance test. To test ‘isolation by distance’ pattern, a Mantel test between the waterway distance and the FST matrix was performed with 10,000 permutations. To identify major patterns of genetic variation, principal coordinates analysis (PCoA) was conducted. These analyses were conducted using GenAlEx 6.5 [30]. Then, the population structure was examined using STRUCTURE 2.3.4 [31], a Bayesian clustering method using multilocus allele frequency data. The settings in STRUCTURE were an admixture model and the correlated allele frequency model. We did not use location information as a prior to ensure that clustering would be determined solely by genetic variation. The algorithm was run 20 times for each K from 1 to 4 with a burn-in of 20,000 and following 30,000 MCMC replicates. The program CLUMPAK [32] was used to compile the results of multiple runs for each K, and STRUCTURE HARVESTER [33] was used to calculate the probability of the data (LnP(K) [31]) and Evanno’s delta K [34]. Finally, to estimate sibling relationships among individuals, a pairwise comparison was made using the software ML-RELATE [35] based on the maximum-likelihood method.




2.5. SNP Detection for SFS


For identified full sibling pairs, one individual of the pair was removed to exclude sampling bias as in Faulks and Ostman [36]. Using the remaining 47 individuals, SNPs recorded at a rate of more than 60% among all samples were extracted, and sites showing excess heterozygosity (>0.6) were removed. The minimum allele frequency was set to 0.00, and the output was not limited to one SNP per locus. From 126,897 sites, 573 SNPs on 399 loci were obtained.




2.6. Inference of Population Demographic History


Population demography was inferred by Stairway plot 2.1 [37], a model-flexible method of inferring historical changes in population size. According to the results of the former analysis, we treated the 47 individuals as one population and made a folded site frequency spectrum (folded SFS) using easySFS [38], a Python script. To account for missing data, the population was downsampled to 28 individuals with relative SNP proportions to make the SFS. The parameter settings were as follows: 67% of sites for training; random break point at 14, 28, 42, and 56; years per generation was assumed to be four temporarily (discussed later). Mutation rate is difficult to determine for SNP data. Here, we assumed it as 1.0 × 10−8, a value most frequently used in studies on fish [39,40,41,42,43]. Confidence intervals were generated among the 500 bootstrapped folded SFS.





3. Results


3.1. Genetic Diversity and Divergence


Both observed heterozygosity and expected heterozygosity were similar across the four sites (Table 1). The overall FST = 0.014 (p < 0.05) and pairwise FST ranged from 0.004 to 0.022 (Table 2). Three of the six pairs showed significant pairwise FST value. From the Mantel test, there was no significance but a high correlation between waterway distance and FST (r = 0.84; p = 0.08).




3.2. Population Genetic Structure


In the STRUCTURE analysis, a weak pattern appeared (Figure 2A). For K = 2, the Tomamu River (T) appeared to make up one cluster, and for K = 3, two individuals in one population were assigned to another cluster. However, the probability of the data (LnP(K)) decreased even during K = 1 and 2, and higher variance in LnP(K) among runs was apparent when K ≥ 2 (Figure 2B). Because ΔK is based on the rate of change in LnP(K) [34], only ΔK when K = 2 and 3 were calculated in this situation. ΔK for K = 2 was higher than that for K = 3 (Figure 2B). The PCoA also indicated that there was no clear grouping by population (Figure 2C).




3.3. Sibling Relationships


The maximum likelihood designation of ML-RELATE identified some degree of sibling relationship within and between sampling sites (Table 3). Although half siblings were detected in both the same-tributary pairs and the different-tributary pairs, full siblings were detected only in the same-tributary pairs.




3.4. Population Demographic History


The stairway plot suggested that the effective population size has declined, starting from approximately 2000 generations ago, and has now reached 595 (Figure 3). The population decline trend was characterized by three large population shrinking events. Focusing on the median, the earliest shrinking event was inferred to have occurred approximately 700 generations ago, the second shrinking event approximately 150 generations ago, and the most recent event approximately 30 generations ago, with wide confidence intervals.





4. Discussion


This study revealed the population structure and demographic history in the upper section of a large dam. White-spotted charr in the watershed had a moderate level of genetic diversity and the differences among sites were small (HE = 0.20–0.21). As we obtained SNP data, it is difficult to compare genetic diversity with many previous studies using microsatellites [44,45]. Comparing values with previous studies that investigate native salmonids using genome-wide SNP data (but not by MIG-seq), the level of genetic diversity is comparable. For lake trout (Salvelinus namaycush): HE = 0.07–0.22 in lakes in Québec [46,47]; Brook charr (Salvelinus fontinalis): HE = 0.22–0.37 in North America (anadromous) [48] and 0.16–0.21 in lakes in Québec [49]; Brown trout (Salmo trutta): HE = 0.09–0.14 in lakes in Finland [45]; Atlantic salmon (Salmo salar): 0.12–0.30 in Europe and North America (anadromous) and 0.10–0.17 in Europe (landlocked) [50]. Thus, from a conservation perspective, efforts should be made with the intent of maintaining this extant genetic variation.



The genetic divergence among populations was low and the genetic structure was weak. The low FST values between connected sites within a single watershed are consistent with a previous study [21]. In the STRUCTURE analysis, although a dominant cluster for the Tomamu River (T) is visible (Figure 2), the mean LnP(K) of K = 1 was higher than that of K = 2, and its deviations were large at K ≥ 2, suggesting that K = 1 is the appropriate K. Since genetic variation was much higher between individuals than between populations, the confounding effect of kinship structure may have been detected as noise. In addition to the low FST values, relationship analyses detected lots of half sibling pairs within and among sampling tributaries, indicating that some actively migrating individuals (male or female) move freely between tributaries and participate in reproduction.



However, the genetic composition was not completely mixed. The weak genetic structure pattern was drawn by FST, STRUCTURE, and the Mantel test. Some previous studies identified ‘isolation by distance’ pattern between adjacent rivers [51,52], which was probably formed by homeward migration and some individuals straying into neighboring rivers [53]. These are observations of genetic structure formed by migration through the ocean, but the principles that site fidelity and straying created the genetic structure would be the same as in our study.



An important point is the strength of the genetic structure. Since salmonids have a complex life history, their population structure depends on species, localities, or landscapes. At similar spatial scales as the present study, some studies show a distinct genetic structure within watersheds [54,55], and others do not [36,56]. Thus, the genetic structure pattern observed in this study would be an important case study. One possible explanation for the low genetic differentiation is the occurrence of an admixture event. Faulks and Ostman [36], who investigated other Salvelinus species around a Swedish alpine lake and displayed low FST values similar to the present study, suggested that habitat loss and introduced species might have disrupted and mixed past spawning units. In the present study, it is quite possible that fragmentation and the subsequent alterations in life history induced admixture.



The stairway plot suggested three population contraction events (Figure 3). In demographic analysis, considering the uncertainty represented by the confidence intervals (CIs) for the demographic parameters is important [57]. Thus, we discuss the results based on the 75% CI here. The most recent contraction was inferred to have occurred approximately 15–50 generations ago, the second approximately 80–250 generations ago, and the earliest approximately 300–1500 generations ago. Converting the generation time to years is a difficult problem [57]. In white-spotted charr, the generation time varies depending on their life history, but a study conducted in the southern part of Hokkaido reported that above-dam female charr mature at three years [58]. However, when populations can migrate to the ocean, sexual maturity occurs 1–3 years later [14]. Thus, it is reasonable to consider the generation time as five years until the dam construction began. Assuming the generation time after and before 60 years ago as three and five years, respectively, the most recent population decline was inferred to have occurred approximately 45–210 years ago. In the median trajectory, the major decline occurred approximately 110 years ago, beginning 150 years ago. This period coincides with the beginning of active human land-use development and resource exploitation. Since the upper section of the Sorachi River was known as a good place to collect gold dust in the late 19th century [59], the human population increased, and the following land-use activities, such as farmland development, forestry activities, and road construction as well as mining activities, became prominent [60]. Generally, these anthropogenic land-use development and resource exploitation activities have significant impacts on freshwater ecosystems by polluting the water or providing fine sediment [3,61,62]. From about 1900 to 1920, human immigration, placer mining, and farmland development reached their peak [60], corresponding to the time of the detected major decline. The beginning of the construction of the Kanayama Dam in 1961 would have also had considerable impacts on the white-spotted charr population and brought it to its current population size.



Assuming a long-term generation time of five years, the second major decline is inferred to have occurred approximately 400–1300 years ago, and the earliest decline occurred approximately 1500–7500 years ago. Previous studies suggested or predicted that postglacial warming might have reduced the habitat size of white-spotted charr approximately 5000–7000 years ago [9,11,12,20,63], and most of the other three subspecies of white-spotted charr are thought to have become landlocked at this time. The inferred time of the earliest decline roughly matches this period, supporting this scenario. Additionally, the beginning of the overall population decline trend (approximately 2000 generations ago) coincides with the end of the last glacial period about 10,000 years ago. For the second decline event, it is difficult to interpret and identify the direct cause. As with the earliest decline, it refers to a population connected to the ocean and was likely influenced by events on a broader scale than within the Sorachi River. Although there are few records of historical events in Hokkaido [60], one possible explanation of the second decline is a large disaster such as an earthquake or a volcanic eruption. Native Ainu lore suggests that major earthquakes frequently occurred in the 12th–18th centuries [64], which may be related to the population decline. Regardless, it should be noted that the 95% CI for the timescale is larger than 75% CI, and there are various uncertainties in the estimated pattern, including the correct estimation of the mutation rate and generation time, which are directly related to the estimation of time. Nevertheless, stairway plots are thought to produce more accurate estimations than other methods, especially for recent changes in population size [37,65], and our result has meaningful implications.



It is generally accepted that effective population sizes of less than about 50 and 500 are vulnerable to the immediate effects of inbreeding depression and long-term extinction risk, respectively [19,66]. Regarding white-spotted charr in this area, although it was revealed that recent human activities had an impact on the population, the contemporary effective population size was estimated to be around 500 individuals in the stairway plot, implying that the immediate impact is likely low. From a broad perspective, the population in the upper Kanayama Dam basin may be rather valuable. Just below the Kanayama Dam, many non-native charr have been released and hybridized with natural native charr after the construction of the dam [67]. Moreover, the downstream section probably has a higher risk of global warming and contemporary land-use pressure. Perhaps, a population that cannot migrate downstream might be safer than downstream populations. However, an isolated population has no supply of adaptive genetic variation. It is unknown from this study how the population demography will change in the future with global warming, and further study is necessary to predict these changes.



Nowadays, most rivers are highly fragmented, and it is rather rare to find rivers or streams with no barriers [58]. Currently, many check dams are still under construction in Hokkaido, including in the Sorachi River watershed, and the number of artificial barriers is still increasing. Many fragmented streams with small watershed areas are already experiencing localized extinction [7,52]. In the above-dam section of the Kanayama Dam, there is a relatively long section with no barriers. If fish are currently moving dynamically through the upper reaches of the dam and maintaining their genetic diversity, as this study indicates, the most important measure for conservation is maintaining this large habitat without impassable artificial barriers by providing fishways when constructing check dams.



The weakness of the present study was the limited number of sampling sites and individuals, as it merely investigated the tributaries of the largest rivers flowing into one dammed lake. Nevertheless, the analysis yielded meaningful information. Additional research on other above-dam sections and barrier-free sections is needed to obtain more robust and practical conclusions.



In conclusion, despite the small sample size, genome-wide SNP analysis and a demographic simulation based on SFS revealed that (i) the genetic structure of the upper dam lake has been made nearly uniform by some active individuals and (ii) the recent rapid decline in population size, which is probably related to human activities including dam construction, is comparable to that caused by postglacial warming. Since large populations face less-immediate impacts than small populations, the important role of large populations in species persistence tends to be overlooked. Therefore, understanding the current population status and not causing further fragmentation to maintain large populations are very important.
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Figure 1. Locations of the study sites (filled circles). See Table 1 for site IDs (letters). The map was created using the National Land Numerical Information from the MLIT of Japan (nlftp.mlit.go.jp/). 
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Figure 2. The results of individual-based analysis. (A) Population structure inferred by the STRUCTURE algorithm; (B) The values of posterior probability of the data (LnP(K)) from 20 runs for each value of K (1–4) and Evanno’s ΔK in the STRUCTURE analysis; (C) Graphical display of the first two principal coordinates of the principal coordinates analysis (PCoA). 
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Figure 3. Demographic inference by stairway plot. The red line shows the median estimate of the effective population size. Gray lines indicate 75% (dark) and 95% (light) confidence intervals obtained by 500 bootstraps. Below is the semilog graph for the last 100 generations. 
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Table 1. Sampling sites and genetic diversity. Number of individuals after filtering (N), observed heterozygosity (HO), expected heterozygosity (HE), and fixed index (FIS). SE indicates the standard error across loci.
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	ID
	Name
	N
	HO (SE)
	HE (SE)
	FIS (SE)





	T
	Tomamu River
	13
	0.213 (0.010)
	0.211 (0.009)
	0.025 (0.113)



	Sc
	A tributary of the Seesorapuchi River
	12
	0.209 (0.011)
	0.209 (0.009)
	0.043 (0.100)



	E
	Ecchudantai-no-sawa River
	11
	0.215 (0.010)
	0.206 (0.008)
	0.018 (0.094)



	IK
	Ikutora River
	16
	0.203 (0.009)
	0.204 (0.008)
	0.031 (0.128)
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Table 2. Pairwise FST between sampling sites.
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	T
	Sc
	E
	IK





	T
	0.000
	
	
	



	Sc
	0.017 *
	0.000
	
	



	E
	0.011
	0.004
	0.000
	



	IK
	0.022 *
	0.016 *
	0.008
	0.000







* p < 0.05.
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Table 3. Percentage of relationships within and between sampling sites estimated by ML-RELATE (1 = 100%). FS: full siblings, HS: half siblings, U: unrelated. Other relationships (e.g., parent–offspring) were not detected.






Table 3. Percentage of relationships within and between sampling sites estimated by ML-RELATE (1 = 100%). FS: full siblings, HS: half siblings, U: unrelated. Other relationships (e.g., parent–offspring) were not detected.











	Pairs
	FS
	HS
	U





	Within
	
	
	



	T
	0.051
	0.077
	0.872



	Sc
	0.015
	0.106
	0.879



	E
	0.000
	0.036
	0.964



	IK
	0.008
	0.092
	0.900



	Between
	
	
	



	T-Sc
	0.000
	0.026
	0.974



	T-E
	0.000
	0.014
	0.986



	T-IK
	0.000
	0.014
	0.986



	Sc-E
	0.000
	0.015
	0.985



	Sc-IK
	0.000
	0.016
	0.984



	E-IK
	0.000
	0.034
	0.966
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