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Abstract

Hatchery fish and their offspring (including hatchery-wild hybrids) have lower reproductive
success than wild fish. Thus, straying of hatchery fish may negatively impact wild populations,
depending on the number of wild salmon returning and hatchery strays. We investigated the
straying status of hatchery-origin pink salmon (Oncorhynchus gorbuscha), which have a higher
straying rate than other salmonids, in an unstocked river at the Shiretoko World Natural Heritage
Site, Japan. The hatchery strays accounted for 40.0% and 19.0% of the total samples in 2021 and
2022, respectively. These results indicate that hatchery pink salmon have invaded unstocked

rivers and potentially genetically affect wild populations.

Keywords: Salmonidae, migration, straying, hatchery salmon, hatchery-wild interactions.
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Hatchery releases are conducted worldwide for the conservation and enhancement of various fish
species, including anadromous salmonids (Kitada, 2018; Laikre et al., 2010; Naish et al., 2007).
However, hatchery fish have lower reproductive success than wild fish, and offspring of hatchery
fish (including hatchery-wild hybrids) also display reduced reproductive success (Araki et al.,
2007, 2009; Christie et al., 2014). Therefore, the genetic interactions between wild and hatchery
fish may negatively impact wild salmonid populations in a stocked river, depending on the
number of hatchery strays and wild salmon returning. Spawners of anadromous salmonids often
stray to rivers other than where they hatched or were released, especially hatchery fish, which
may have high straying rates (Brenner et al., 2012; Jonsson et al., 2003; Quinn, 1993). Hence,
even in unstocked rivers, genetic interactions between wild and straying hatchery fish can
negatively affect wild fish.

Offspring between hatchery and wild pink salmon (Oncorhynchus gorbuscha) tend to
have lower reproductive success than offspring of wild fish (Shedd et al., 2022). Because pink
salmon generally have higher straying rates than other anadromous salmonids (Hendry et al.,
2004; Quinn, 1993), genetic interactions can be common even in unstocked rivers and may
negatively impact wild populations, depending on the number of wild salmon returning and
hatchery strays. However, studies examining the straying rates of hatchery pink salmon in
unstocked rivers have been conducted in limited regions such as Alaska (e.g., Brenner et al.,
2012; Knudsen et al., 2021; Shedd et al., 2022). Here, we investigated the straying rate of
hatchery pink salmon in an unstocked river on the Shiretoko Peninsula, Hokkaido, northern
Japan, in 2021 and 2022. The central part of the Shiretoko Peninsula has been inscribed as a
World Natural Heritage Site, in part because of the close linkages between the terrestrial and

marine ecosystems supported by pink and chum salmon (O. keta) (IUCN, 2005). For example,
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these two species are utilized by aquatic invertebrates, stream fishes, and terrestrial animals
(Koshino et al., 2013; Shirane et al., 2021; Yamada et al., 2022). While Hokkaido is one of the
most active regions in salmon hatchery programs (Morita et al., 2006), a decline in pink salmon
returns has been observed in recent years (Saito, 2021). Maintaining healthy wild salmon
populations is essential to preserve these valuable ecosystems, and it is necessary to understand
the status of straying hatchery-reared pink salmon into unstocked rivers to properly manage pink
salmon populations. From 2018 to 2021, the otoliths of all hatchery pink salmon released on the
Hokkaido mainland were thermally marked. In short, this study was conducted at an opportune
time to examine the invasion status of the hatchery fish.

We selected the Rusa River on the Shiretoko Peninsula, Hokkaido, northern Japan, as the
study river (Figure 1). The watershed area, river length, and mean river slope of Rusa River are
9.2 km?, 5.5 km and 1/7, respectively (Nakayama et al., 2018). Most of the river basin is included
in the Shiretoko World Natural Heritage Site. Although hatchery pink salmon were released into
this river as recently as May 2019 and April 2012, fish released in those years had already
returned in 2020 and 2013, respectively; therefore, these fish were not included in this study. In
addition, this river is not currently the target of hatchery programs for pink salmon. All hatchery
pink salmon released from the Hokkaido mainland between 2018 and 2021 had thermally marked
otoliths. Otolith collection requires destructive sampling; to avoid lethal sampling, we removed
otoliths only from postspawning carcasses. Otolith sampling was conducted from September to
October 2021 and 2022, the spawning season for pink salmon in this region (Yamada et al.,
2024). We collected both sagittal otoliths and recorded the sex of the individuals. After sampling,
the otoliths were polished and inspected by three experts using a microscope (BX53, Olympus,

Japan) for the presence of hatchery thermal marks. If thermal marks were observed, the
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individual release area was identified using a public thermal mark list
(http://wgosm.npafc.org/MarkSummary.aspx). The fish with thermal marks were considered
hatchery strays, whereas those without thermal marks were considered wild fish.

Hatchery strays accounted for 40.0% and 19.0% of the total samples in 2021 (number of
total otolith samples = 130) and 2022 (number of total otolith samples = 84), respectively (Figure
2a; Table S1; Table S2), although we note that errors often arise in otolith thermal marking (Volk
et al., 1999). Hatchery salmon from the Hokkaido mainland accounted for 30.0% and 15.5% of
the total samples in 2021 and 2022, respectively, while those from the other regions (Etorofu
Island and Magadan) accounted for 10.0% and 3.6% in 2021 and 2022, respectively (Figure 2a;
Table S1; Table S2). In addition, temporal patterns in the number of carcasses were similar
between wild and hatchery fish each year (Figure 2b). These results suggested that hatchery pink
salmon invaded wild populations in an unstocked river on the Shiretoko Peninsula during wild
fish spawning periods, similar to what was observed in several studies conducted in Alaska (e.g.,
Brenner et al., 2012; Knudsen et al., 2021; Shedd et al., 2022). In recent years, the distribution of
pink salmon as an invasive species has expanded (Lennox et al., 2023; Millane et al., 2019; Mo et
al., 2018; Nielsen et al., 2020; Skora et al., 2023); these trends indicate pink salmon have high
dispersal capabilities. On the other hand, contrary to the general understanding that pink salmon
have a high straying rate, there is some evidence that pink salmon have a low straying rate and
fine-scale homing behaviour (May et al., 2023; Mortensen et al., 2002; Thedinga et al., 2000).
Understanding what factors determine the straying rate of pink salmon can contribute to
achieving appropriate management of pink salmon.

Hatchery fish and their offspring (including hatchery-wild hybrids) have lower

reproductive success than wild fish (Araki et al., 2007, 2009; Christie et al., 2014; Shedd et al.,
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2022). Therefore, genetic interactions between wild and hatchery fish may negatively impact
wild populations, depending on the number of wild salmon returning and hatchery strays. On the
other hand, if admixed individuals have a lower return rate than wild fish, then there may be
fewer negative impacts on wild populations in the unstocked river. Further investigation is crucial
to determine the impact of straying hatchery pink salmon on the wild population. In addition to
genetic impacts, there may be additional negative impacts through their spawning behaviour.
Since anadromous salmonids spawn their eggs in gravel (Quinn, 2018), high spawner densities
can lead to the excavation of previously buried eggs, resulting in increased egg loss and
decreased reproductive success (Essington et al., 2000; Fukushima et al., 1998). An increase in
spawner density due to high straying rates may result in a high frequency of redd
superimposition.

While the otoliths of all hatchery pink salmon released in the Hokkaido mainland
between 2018 and 2021 were thermally marked, only a portion of the total released fish was
marked on the Asian side of the Pacific region other than the Hokkaido mainland. In this study,
hatchery fish from outside the Hokkaido mainland were observed; therefore, our results may
underestimate the straying status of hatchery pink salmon from regions outside the Hokkaido
mainland into the unstocked river. Hence, further studies are needed to assess the status of
straying more accurately into unstocked rivers.

In Japan, pink salmon stock management has been highly dependent on hatchery
programs, but a decline in pink salmon returns has been observed in recent years (Saito, 2021).
Considering the high straying rate of hatchery pink salmon observed in the present study and its

potential adverse impacts on wild populations, sustainable stock management strategies based on
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wild populations should be considered to preserve their valuable ecological functions and

continue to receive commercial benefits.
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FIGURE CAPTIONS

Figure 1. (a) The location of the study area (shown as an open orange square), the Shiretoko
Peninsula in northern Japan. (b) Enlarged view of the study area. The blue line and filled circles
indicate the study river (Rusa River) and the sites where hatchery release was conducted in 2020

and 2021 around the study river, respectively.

Figure 2. (a) Relative proportions of carcass origin for each year surveyed (n = 130 in 2021, n =
84 in 2022). The internal circle refers to the origin of the individual (hatchery or wild); the
external ring refers to the regions where individuals were released. (b) Weekly trends in the

number of carcasses found by origin for each year.
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