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Under global warming, impacts on animals’ spatial distribution in response to ocean warming have been anticipated for marine endotherms like cetaceans. Therefore, determining the distribution patterns of small cetaceans is key to understanding how their distributional patterns are susceptible to changing oceanic environments. To investigate the effect of environmental variations on distributional patterns of small cetaceans on a fine scale, we attached eight satellite tags to Dall’s porpoises bycaught in Eastern Hokkaido. After release, the tagged porpoises moved into the western North Pacific and its marginal sea, the Sea of Okhotsk. Our tagging results showed that the habitat ranges of Dall’s porpoises were restricted by water temperature. To avoid warm water, tagged porpoises changed their directions when they faced surface thermocline of 17°C. Dall’s porpoise tracked for the longest periods (116 days) showed southwestward movement after entering the Sea of Japan through the Soya Strait, while the other seven tagged porpoises stayed in the Sea of Okhotsk and off the Pacific coast around Hokkaido and Chishima islands for the entire tracking periods. Vertical movements were also recorded by these tags. Long-term tracking of Dall’s porpoises’ movement provides important insights into seasonal migration patterns, particularly for fall southward migration, which has not been well investigated compared with spring northward migration. Information on seasonal migration, distribution and percentage of time spent at the surface will improve our approach to monitoring Dall’s porpoise populations and discover important knowledge for improving the conservation and management of the population.
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1 Introduction

What determines distribution patterns of small cetaceans is a key question to understanding how their distributional patterns are susceptible to changing oceanic environments under the long-term global warming. Since industrialization, we have experienced increasing seawater temperatures worldwide, particularly in the waters off Japan’s coast. The number of extreme ocean-warming events such as ocean heatwaves, has gradually increased since the 1980s and became frequent after the mid-2010s (Hayashi et al., 2022). Effects on animal growth, reproduction, mortality, and spatial distribution in response to ocean warming have been anticipated, even for marine endotherms like cetaceans (Clarke et al., 2013; Thorne et al., 2017; Stewart et al., 2023).

The mechanism of habitat selection by small cetaceans is often complex, and a single parameter, such as water temperature, might not sufficiently to explain such complex mechanisms. For example, small cetaceans can swim fast, with up to 3m/second of routine speeds (Fish and Hui, 1991) and have the ability to travel for long distances of over 100km/day (Hui, 1987; Scott and Chivers, 2009; Rasmussen et al., 2013). They feed on a wide variety of species, from pelagic to deepwater fishes and squids (Blanco et al., 2001; Ohizumi, 2002; Ohizumi et al., 2003; Wang et al., 2012). The nature of opportunistic feeding allows them to switch feeding habits depending on prey availability and environmental conditions (Ohizumi et al., 2000). Marine mammals are endotherms with thermal regulatory mechanisms, such as metabolic heat production (Levesque and Marshall, 2021). Thus, they can maintain their internal body temperature and endure changes in the ambient environment (Buckley et al., 2012). These biological traits allow them to disperse widely and tolerate various environmental conditions, which could affect their adaptation to the wide habitat ranges of many small cetaceans. However, there has been sufficient evidence that temperature distributions determine the habitat selection of small cetacean populations. For example, species compositions of small cetaceans change latitudinally, which can be explained by the frontal structures in the North Pacific (Kanaji et al., 2016). The distribution ranges of four pelagic species, Dall’s porpoise, Pacific white-sided dolphins, common dolphins, and pantropical spotted dolphins, are separated by the subarctic front, subarctic boundary, and Kuroshio extension, respectively (Kanaji et al., 2016). In habitat modeling, seawater temperature is often selected as an important parameter to predict spatial distribution and abundance (Becker et al., 2014; Kanaji and Gerrodette, 2020). These results were derived from long-term sighting records, representing the snapshot status of animal positions and ambient environments. The truth is that animals are constantly moving, and oceanographic conditions change dynamically. To analyze such dynamic nature in animal habitats, fine-scale satellite tracking is a powerful tool that enables us to directly analyze animal movements in ocean environments. In fact, satellite-tracked data clearly showed that bottlenose dolphins mainly inhabit colder inshore waters inside Kuroshio main streams in the coastal waters off Japan (Kanaji et al., 2022).

Dall’s porpoise, Phocoenoides dall, is a species of phocoenid cetaceans endemic to the North Pacific and adjacent waters (Jefferson, 2018). At least 11 subpopulations have been recognized for the species (International Whaling Commission, 2002). Among them, two populations inhabit the coastal waters of Japan, and these were easily distinguished by their color morphs (Kasuya, 1978; Amano and Marui, 2000; Amano and Hayano, 2007). The Sea of Japan–Sea of Okhotsk (JO) population is one of the populations that have a dalli-type color morph, while a truei-type morph is observed in a single population, the so-called truei-type (TT) population (Miyashita, 1991). JO population migrates northward to the southern Sea of Okhotsk from spring to summer for breeding and feeding, and southward to the southern Sea of Japan for wintering (Amano and Kuramochi, 1992; Amano and Hayano, 2007; Kasuya, 2011). The TT population migrates to the central Sea of Okhotsk from spring to summer and the Pacific coast of northern Japan for winter (Amano and Kuramochi, 1992; Amano and Hayano, 2007; Kasuya, 2011). In the broad term, Dall’s porpoises begin moving northward with increasing temperature and southward with decreasing temperature (Miyashita and Kasuya, 1988). The Dall’s porpoise is one of the small cetacean species showing the most prominent north-south migration patterns in the western North Pacific, but details of the movement mechanism are still unclear. Elucidating the porpoises’ habitat utilization patterns and their relationship with ambient environments would answer our key questions: how does ambient temperature shape the habitat range and trigger their movements? This challenging question can be answered by tracking Dall’s porpoise movements for as long as possible, hopefully across seasons. Long retention of satellite tags depends on the possibility of attaching tags safely and precisely to non-harmful body positions. Dall’s porpoises are sometimes bycaught by salmon set nets in the coastal waters off Hokkaido in early summer, which provides a rare opportunity to track porpoise movements from summer to fall.

Here, we attached eight tags to Dall’s porpoises to monitor their movements. The data retrieved from the tags were processed using a statistical model to determine the most reliable animal positions. Their movement trajectories were overlayed with spatial maps of several environmental variables. Additionally, we retrieved the data of vertical habitat utilization. Based on these datasets, three-dimensional habitat utilization patterns, including temperature variables and other environmental factors, were analyzed.




2 Materials and methods



2.1 Tagging

We were immediately informed by set net fishers when Dall’s porpoises were bycaught; they then rushed to the location attach tags. When porpoises were alive in a set net, we carefully hauled in the net and brought the porpoise alongside the ship after taking other fish catches onto the boat. We attached two types of satellite tags: SPLASH 10 and miniPAT (Wildlife Computers, Inc., Redmond, WA, USA). Two Dall’s porpoises were tagged with SPLASH 10, and six were tagged with miniPAT (Table 1). SPLASH 10 tag provides location data with higher resolution and credibility, while miniPAT tag is much easier to attach using a pole and plastic anchor. Only when there was a chance (i.e. a porpoise stayed calm, an animal body was able to be retained at appropriate position, and fishers ware available to help entire process), we tried to attach SPLASH 10 tag. Body size was measured, and skin biopsy was collected from Dall’s porpoises’ dorsal area if possible. Biopsy samples were used for molecular-based sex determination. A sex determining region of the Y chromosome (SRY) was amplified using specific PCR primers (Jayasankar et al., 2008).


Table 1 | Summary of eight Dall’s porpoises tagged with SPLASH 10 and miniPAT.



The SPLASH 10 is a fin-mounted ARGOS satellite tag that transmits animal locations and time spent in each depth layer in quasi-real time. The tags were attached to the trailing edge of the dorsal fin using Delrin tubes (DuPont de Nemours, Inc, Wilmington, DE, USA), stainless steel bolts, and nuts in accordance with the manufacturer’s protocols (Figure 1A). This tagging approach is commonly used for many species in several study fields, and successfully tracked animal movements for several months (Wells et al., 2009; Balmer et al., 2010, 2014; Mullin et al., 2017; Deming et al., 2020; Heide-Jørgensen et al., 2020; Kanaji et al., 2022). Data transmission continued for up to 300 uplinks every day. Depth bins were set to 0–10 m, 10–20 m, 20–50 m, 50–100 m, 100–150 m, 150–200 m, 200–300 m, 300–400 m, 400–500 m and > 500 m. Diving profiles were summarized every hour and transmitted together with location information.




Figure 1 | Illustration of tag attachment on Dall’s porpoise body. SPLASH 10 tag was attached to the trailing edge of the dorsal fin (A), while miniPAT tag was attached to an area near the dorsal fin base (B).



The miniPAT is a pop-up archival transmitting tag that archives summarized datasets of depth, temperature, and light level, and transmits all archived data once a tag is released from the animal body. Tag release was programmed to 100 days after deployment. Using a plastic anchor (Wilton Dart, Wildlife Computers, Inc.), the tag was attached to an area near the dorsal fin base (Figure 1B). This tagging approach does not require retaining an animal for long. Thus, it is particularly useful for free-ranging animals (Minamikawa et al., 2013). The Wilton Dart is only 38 mm long and 11 mm in diameter, which prevent deep penetration into the body muscle. Setting to depth bins was the same as for SPLASH 10, but diving profiles were set to be summarized every six hours to reduce transmitting burden after release from an animal.

A researcher with a veterinarian’s license conducted the entire tagging process. After releasing it from the set net, we carefully watched the animal’s behavior and confirmed that the porpoise did not display any unusual behavior. These field protocols followed domestic (The Committee on Taxonomical Names and Collections of the Mammalogical Society of Japan, 2001) and international guidelines for wild animal treatments (The Society for Marine Mammalogy, 2024). In accordance with those guidelines, tagging procedures used in this study were reviewed and authorized by the internal committee at the Japan Fisheries Research and Education Agency (authorization permit #44) and the Tokyo University of Agriculture (authorization permit #2019115).




2.2 Data processing

ARGOS location data obtained from SPLASH 10 were processed using a switching state-space model (SSSM) (Jonsen et al., 2005, 2013). SSSM provides location estimates by filtering data based on location classes (LCs 3, 2, 1, 0, A, and B) and random-walk processes. LCs were given by satellite and transmitter geometry and the number of messages received during each pass of ARGOS (CLS, 2016). SSSM was fitted to those ARGOS data using package “bsam” (Jonsen et al., 2005) in R (R Core Team, 2023). Through this processing, unrealistic location data (e.g., outliers) were modified and sorted at fixed time intervals. Here, we estimated animal location every 12 hours.

The miniPAT archived depth, temperature, and light level, and those summaries were transmitted via ARGOS after releasing the tag from the animal body. The tag never provides real-time location information. Instead, archived data can be used to estimate locations of animal movement trajectories (Pedersen et al., 2011). Among them, daily light level enables us to infer longitudinal coordinates, and depth and temperature values experienced by the animal will be used to identify spatial areas with similar environmental conditions. GPE-3 (Wildlife Computers, Inc. Redmond, WA, USA) is an online-based modeling tool to fit state-space models to those data archived in a tag and provides location estimates. A swim-speed parameter is required for the model, which controls how far animals can disperse from their original position. Here, we set a default parameter to 3 m/s based on the maximum reported routine speeds (Fish and Hui, 1991) and additionally used 2 m/s and 4 m/s to test the model’s sensitivity.




2.3 Environmental variables

The estimated animal movement trajectories were overlayed on environmental variable surfaces. Depth data were obtained from ETOPO1, a 1-arc-minute global relief model (Amante and Eakins, 2009). Sea surface temperature, temperature at a depth of 100 m, and surface water velocity data were obtained daily from the Japan Fisheries Research and Education Agency Regional Ocean Modeling System II (FRA-ROMS II) (Kuroda et al., 2017). The concentration of chlorophyll-a was obtained from ocean color images (https://oceancolor.gsfc.nasa.gov/; accessed January 19, 2024). Monthly averaged chlorophyll-a concentration was used here because daily base data often includes missing data due to cloud cover. Sea surface temperatures experienced by tagged porpoises were also measured by a sensor equipped on each tag.





3 Results



3.1 Horizontal movements

All six Dall’s porpoises tagged in 2019 had their body size measured and skin biopsy samples taken. Their body size ranged from 182 to 217 cm, and all were determined to be male (Table 1).

Raw location data received from two SPLASH 10 tags are shown in Figure 2A. Those raw data exhibited a few unreasonable location data, such as points on land. Such outlier data were filtered and sorted by an interval of 12 hours through modeling of SSSM (Figure 2B). The Dall’s porpoise tagged on July 4, 2019 (#180403) moved along the southern Chishima islands, while the porpoise tagged on July 25, 2019 (#180404) moved near the southern Chishima islands within the first seven weeks and then moved into the Pacific side. This individual returned to the Sea of Okhotsk 12 weeks after the attachment of the tag and further north to the coastal waters off the Russian Far East (Figure 2; Appendix Figure A1).




Figure 2 | Locations and tracking of two Dall’s porpoises tagged with SPOT10 tags from raw satellite data obtained from Advanced Research and Global Observation Satellite (ARGOS) (A) and data filtered using a switching state-space model (SSSM) (B). Location to start and end tracking animals were shown red and blue plots. Purple lines represent 2,000 m isobath.



For each porpoise tagged with miniPAT, three movement trajectories were estimated with different swimming speed parameters (Figure 3). The estimated range of animal movements tended to be larger when higher swimming speed was assumed (e.g., 4 m/s) than when using a slower swimming speed (e.g., 2 m/s), but their movement patterns were not largely affected by parameter settings (Figure 3). Among six Dall’s porpoises, three individuals (#151171, #181205, and #181208) spent almost all tracking periods within the Sea of Okhotsk. They moved widely in the southern part of the sea, but most of the estimated locations were in the waters within 2,000 m isobath (Figure 3). The other three Dall’s porpoises (#151172, #181204, and #181206) showed similar movement to one of the individuals tagged with SPLASH 10; the porpoises moved into the Pacific Ocean through the straits among Chishima islands but then returned to the Sea of Okhotsk (Figure 3).




Figure 3 | Estimated locations and tracking of six Dall’s porpoises tagged with miniPAT tags. Estimation was conducted using an online-based modeling tool (GPE-3) with three swim speed parameters (left: 2m/s, middle: 3m/s, and right: 4m/s). Location to start and end tracking animals were shown red and blue plots. Red shaded areas represent 95, 75, and 50% probability surfaces. Purple lines represent 2,000 m isobath.



As a result, we found two distinct movement patterns; one is that porpoises stayed in the Sea of Okhotsk during the tracking periods (Pattern A), and another is that porpoises moved into the Pacific Ocean but then returned to the Sea of Okhotsk again (Pattern B). Those movement trajectories were overlayed on four environmental variable surfaces: sea surface temperature, the temperature at a depth of 100 m, chlorophyll-a concentration, and surface velocity (Figure 4). Temperature and chlorophyll-a concentration were relatively lower, and velocity was lower in the Sea of Okhotsk than in the Pacific Ocean. Sea surface temperature was highly correlated with movement trajectories, particularly for Dall’s porpoises of movement Pattern B (Figure 4; Appendix Figure A1). For example, porpoise #180404 moved along the coast of Hokkaido after entering the Pacific Ocean, but changed direction soon after facing warm waters (isotherms of 17°C). It returned to the Sea of Okhotsk in the next two weeks (Appendix Figure A1). Similar patterns were observed for porpoises #151172, #181204, and #181206, which changed direction when they approached 17°C of isotherms (Appendix Figure A1). Such correlation with temperature distribution was also observed for the porpoises of movement Pattern B. For example, porpoise #151171 moved northward after releasing, but changed direction eastward when 17°C of isotherm came close to the porpoise (four weeks after releasing) (Appendix Figure A1). Similarly, porpoise #181208 changed direction eastward as 17°C of isotherms moved eastward a week after release (Appendix Figure A1).




Figure 4 | Movement trajectories of eight Dall’s porpoises overlayed on the four environmental variables surfaces (sea surface temperature, temperature at a depth of 100m, chlorophyll-a concentration, and surface velocity). Trajectories of two porpoises tagged with SPOT10 tags were from model filtered data and those of six tagged with miniPAT tags were from estimation with swim speed parameter of 3m/s. Purple lines on sea the surface temperature maps represent 17°C isotherms.



Spatial patterns of surface velocity resembled those of sea surface temperature (Figure 4). In the Pacific Ocean, the warm waters with >17°C of sea surface temperature were accompanied by eddies with complex flows and relatively higher velocity. The porpoises tended to avoid such surface currents and used calm waters as their habitats (Figure 4). Conversely, we could not identify clear relationships between the movement patterns of the porpoises with a temperature at a depth of 100 m and chlorophyll-a concentration (Figure 4). The thermocline of 6°C at a depth of 100 m is often used as an index of the front of cold Oyahshio waters (Kawai, 1972). This front was found further south of the movement trajectories of Dall’s porpoises observed in the study (Figure 4).

Time-series of sea surface temperature experienced by tagged Dall’s porpoises was obtained by associating ocean model data (FRA-ROMS II) to estimated locations and directly obtained from a temperature sensor equipped on a satellite tag (Figure 5). Overall, these time-series were similar between different data sources. However, only porpoise #181205 showed large discrepancy between ocean model data and sensor data for certain periods (Figure 5). Considering that temperature data by a tag sensor was unreasonably lower during those periods, those discrepancies would be caused by technical error in the sensor. In these time-series, we also found that Dall’s porpoise frequently approached or passed 17°C of isotherms but did not stay longer in warmer water and returned to colder area soon after facing 17°C of isotherms (Figure 5).




Figure 5 | Time-series of sea surface temperature experienced by tagged Dall’s porpoises. Temperature values was obtained by associating ocean model data (FRA-ROMS II) to estimated locations (black plots) and directly obtained from a temperature sensor equipped on a satellite tag (blue plots). Location information was based on model filtered data for two porpoises tagged with SPOT10 tags and estimated by using a swim speed parameter of 3m/s for six porpoises tagged with miniPAT tags. Red horizontal lines represent sea surface temperature of 17°C.






3.2 Vertical movements

The percentage of time spent in each depth layer was summarized within hourly bins for two porpoises attached with SPOT 10, and by 6-hour bins for six porpoises attached with miniPAT. Those time series showed that Dall’s porpoises spent more time near the surface (0–10 m) while frequently diving up to 100 m (Figure 6). Diving deeper than 300 m was not frequent (Figure 6). A clear correlation between dive depth and habitat depth was not observed (Figure 6). In fact, the porpoises of movement Pattern B also mainly used near-surface layers shallower than 100 m, although they spent most time in waters with bottom a depth exceeding 2,000 m. Additionally, dive depth profiles were summarized by time ranges of an hour and six hours for the porpoises attached with SPOT 10 and miniPAT, respectively (Figure 7). A weak tendency for inhabiting a layer shallower than 50 m during mornings (3:00–9:00 Japan Standard Time) was observed for some individuals (Figure 7).




Figure 6 | Dive profile time-series of eight Dall’s porpoises. The percentage of time spent in each depth layer was summarized by an hour for two porpoises attached with SPOT 10 tags (top two panels), and by six hours for six porpoises attached with miniPAT tags (bottom six panels). Grey shaded area represents missing data.






Figure 7 | Dive profiles (the percentage of time spent in each depth layer) summarized by 6 hours of time intervals (0:00–6:00, 6:00–12:00, 12:00–18:00, and 18:00–24:00 UTC).







4 Discussion



4.1 Temperature related distribution patterns

Our tagging results revealed that the habitat ranges of Dall’s porpoises showing the movement Pattern B were restricted by water temperature, particularly by a thermocline of 17°C. Thus, to avoid warm water, tagged porpoises changed direction when they faced a surface thermocline of 17°C (Figures 4, 5; Appendix Figure A1). The time-series temperatures data showed that three porpoises frequently entered the waters with >17°C but did not stay long and soon returned to colder waters (Figure 5). Dall’s porpoise #15117 showed moving along thermocline of 17°C (Figure 5). The movement patterns of Dall’s porpoises were more clearly correlated with surface temperature than with temperature at a depth of 100 m (Figure 4), which is consistent with the data showing that porpoises spent more times near the surface (Figure 6). On the velocity maps, Dall’s porpoises tended to avoid waters with higher velocity caused by the Oyashio mainstream and its bifurcations and eddies in the Pacific Ocean. These results suggested that Oyashio current forms the habitat boundary of the JO population of Dall’s porpoises. The Oyashio current flows further southwestward along the Chishima islands and the eastern coast of Japan. Then, it turns eastward at latitudes of approximately 38°–40°N, which shapes cold Oyahsio waters in the subarctic western North Pacific (Nishikawa et al., 2020). The Oyashio front water, represented by a thermocline of 6°C at a depth of 100 m, was located further south of the observed habitats of the JO population (Figure 4). According to previous sighting records, immature Dall’s porpoises of the TT population were distributed south of JO population (Miyashita, 1991). It is plausible that the Oyashio current spatially separated the two Dall’s porpoise populations.

Ocean currents often works as a species distribution boundary through discontinuity in physical and biological environments. Therefore, these distribution patterns might be related to prey distribution and abundance. However, even if the Oyashio current separated the habitats of two populations, such a mechanism could not explain distribution patterns in the Sea of Okhotsk (movement Pattern A). Two Dall’s porpoises demonstrated a tendency to avoid the thermocline of 17°C in the Sea of Okhotsk. It is difficult to assume that prey compositions are the same between the Pacific Ocean and the Sea of Okhotsk. These observations imply that temperature distribution affects the habitat selection of Dall’s porpoises more directly than believed previously. However, there may be a demographic component to this temperature preference. Using the molecular sexing method, we determined that all six Dall’s porpoises tagged in 2019 were males (Table 1). Body length was measured for these six Dall’s porpoises, which ranged from 182 to 223 cm (Table 1). According to Amano and Kuramochi (1992), the smallest and largest body length of immature Dall’s porpoise was 181 cm, which suggested that the Dall’s porpoises tagged in this study were at least at the early maturing stage. According to the stranding database, 76 Dall’s porpoises of the JO population were bycaught or stranded in Rausu town, our tagging site, in 2010–2023 (National Museum of Nature and Science, 2024). Among animals whose sex was identified, 53 Dall’s porpoises were males, and only 10 were female. Generally, larger body sizes have greater energy requirements (Perez and Mooney, 1990). Migrating northward would be beneficial, particularly for larger mature porpoises, because primary productivity is much greater at high latitudes where the pronounced vertical mixing supplies nutrients to the photic zone (Lalli and Parsons, 1997). Conversely, endotherms, such as porpoises, maintain constant body temperatures even in cold waters at higher latitudes. Endotherms can maintain their activity in cold environments if they can obtain sufficient energy to meet their elevated metabolic needs (Porter and Gates, 1969). In this regard, a larger body is beneficial in northern colder habitats because adult animals can generally feed more efficiently than young and reduce body surface relative to body volumes. Remaining in relatively warmer waters might be beneficial for young immature animals. In the previous sighting survey, a small number of Dall’s porpoises of JO population was recorded in the waters warmer than 17°C (Kasuya and Jones, 1984). These sighting positions were located in the Pacific Ocean, where immature animals have been observed (Amano and Kuramochi, 1992).




4.2 Migration patterns

The JO population of Dall’s porpoise has been known to migrate into the Sea of Okhotsk during summer for breeding and feeding (Amano and Kuramochi, 1992; Amano and Hayano, 2007; Kasuya, 2011). There are two estimated migration routes; the eastward route enters into the Pacific Ocean via Tsugaru Strait and then into the Sea of Okhotsk, and the northward route enters into the Sea of Okhotsk via Soya Strait (Figure 2). Based on the absence of pregnant females and mother-calf pairs, the male’s smaller body length, and the relatively lower proportions of mature males, immature porpoises have been considered to mainly use the eastward route (Amano and Kuramochi, 1992). Many mother-calf pairs have been observed on the northward route, which is considered to provide calving ground for the JO population from May to June (Amano and Kuramochi, 1992). All sexed Dall’s porpoises were males (Table 1), and no mother-calf pairs were observed in this sampling site (Kobayashi, M., personal communication). Considering our sampling site was close to the southern edge of the Sea of Okhotsk and Dall’s porpoises were bycaught in early summer, the tagged Dall’s porpoises were possibly migrating from the eastward route.

Conversely, our tagged Dall’s porpoises did not move straight toward breeding areas in the Sea of Okhotsk. Rather, some went back and forth between the Sea of Okhotsk and the Pacific Ocean (Figure 4). Amano and Kuramochi (1992) reported that the maturation rate was significantly higher for both sexes in the Sea of Okhotsk than in the other areas (e.g. northern Sea of Japan and the Pacific Ocean). The sex ratio was also biased to females (70.8%) in the Sea of Okhotsk compared with the areas on eastward (south of Chishima islands) (16.2–30.0%) and northward routes (west of Soya Strait) (40.0–40.3%). Mature males might enter the Sea of Okhotsk to mate with mature females, while immature and early mature males might stay in the Pacific Ocean or around Chishima islands for feeding. In fact, the latter waters were more productive regarding chlorophyll-a concentration (Figure 4), which would provide preferable feeding grounds. Similar habitat separation was also observed for Dall’s porpoises of the TT population (Miyashita, 1991), in which mother-calf pairs were only observed in the central Sea of Okhotsk, but many Dall’s porpoises of the TT population were also observed in the waters off the southern Chishima islands. These two habitats were spatially separated, so Kasuya (2011) considered that such distributional patters represented a separation of habitats between mature and immature porpoises.

Among the eight tagged Dall’s porpoises, only one porpoise (#180404) moved into the Sea of Japan through Soya Strait (Figure 4). Dall’s porpoises were likely prohibited from moving further south by warm waters; thus, no tagged porpoises moved into the sea through Tsugaru Strait at least during the tracking periods. Compared with spring migration, knowledge of migration routes from the Sea of Okhotsk to the Sea of Japan during fall to winter has been limited. In the Tsugaru Strait, Dall’s porpoises of the JO population were mainly observed from April to June and November (Ichimori et al., 2013). Sightings of Dall’s porpoises lasted three months in the spring season, while the fall sighting season was limited to November (Ichimori et al., 2013). Sightings were also observed in January and February, but encounter rates were 10 times smaller than in April to June and November. It is possible that most of Dall’s porpoises of the JO population used the southward (northward in spring–winter) route through Soya Strait during fall and winter, rather than the westward (eastward in spring–winter) route through Tsugaru Strait. However, another scenario is possible; as temperature decreases from fall to winter, the thermocline of 17°C moves southward (Appendix Figure A1), which could trigger westward migration toward Tsugaru Strait. To test these hypotheses, we need to track the movements of Dall’s porpoise for longer periods. This study was the first attempt at satellite-based tracking of Dall’s porpoise in the waters off Japan. The maximum tracking period was 116 days (Table 1). These tracking records were much longer than those of other small cetacean species tagged around Japan (Minamikawa et al., 2007, 2013; Kanaji et al., 2022). Further accumulation of tracking data will facilitate our knowledge about migration and habitat utilization patterns in future.




4.3 Vertical movements

According to the diving profiles retrieved from the eight tags, Dall’s porpoises spent more time near the surface while frequently diving up to 100 m deep (Figure 6). Diving deeper than 300 m was not frequent. Particularly, Dall’s porpoise #180404 rarely dived deeper than 100 m when the porpoise moved along shallow coastal waters from mid-September to early October (Figure 6; Appendix Figure A1). Other than this, the diving profiles did not changed among individuals and seasons. Cetacean’s diving profiles are often related to their feeding behaviors (Aoki et al., 2007; Minamikawa et al., 2007; Aguilar Soto et al., 2008; Minamikawa et al., 2013); vertically wide habitat use observed in the diving profiles corresponded well with a wide variety of prey species of Dall’s porpoise ranging from pelagic to deepwater fishes and squids (Ohizumi et al., 2000, 2003; Okamoto et al., 2010). Ohizumi et al. (2000) pointed out that Dall’s porpoises would not dive deeper than 500 m because the habitat layer for important prey species is 300–400 m deep. Except for #180404, Dall’s porpoises tended to use shallow layers in the morning (3:00–9:00 Japan Standard Time) (Figure 7). According to the visual observation of feeding groups, feeding activities of Dall’s porpoises were more frequently observed in the morning in the North Pacific, though clear diurnal patterns were not observed in the Sea of Okhotsk (Amano et al., 1998). However, Ohizumi et al. (2000) asserted that Dall’s porpoises can change their feeding time based on preferred prey availability. Our results might suggest that Dall’s porpoises forage pelagic species in the morning or shallow migrating deepwater species in the dawn, but we could not conclude that because the six hour (an hour for two tags) time resolution of our diving profiles was not adequate to identify the diurnal pattern of their diving behaviors.




4.4 Conservation implications

It has been widely alerted that global warming seriously impacts marine environments and ecosystems worldwide (Johnson and Lyman, 2020; Venegas et al., 2023). Global warming significantly affects animals inhabiting cold, higher latitudes (van Weelden et al., 2021). Indeed, our tagged porpoises avoided warm waters, which provided direct evidence that Dall’s porpoises could change their distribution ranges in response to ocean warming. The distribution ranges of Dall’s porpoises were related to the front of Oyashio current, and a northward shift of the fronts up to latitudes of 2° is predicted by the late twenty-first century in an extreme simulation scenario (Nishikawa et al., 2020).

In addition, Dall’s porpoises of the JO population have been targeted by hand-harpoon fisheries and sometimes incidentally killed by set nets (National Museum of Nature and Science, 2024). After the great earthquake in 2011, many licensed boats quit taking Dall’s porpoises, and currently, few Dall’s porpoises are harvested from the JO population. The estimated abundance was at least 100,000 individuals (Kanaji et al., 2015), which is sufficiently large to sustain the population given the known mortality rate. However, past large-scale direct catches for the porpoises could have a substantial impact on the population.

The refined understanding of habitat selection provided by the present study would also improve monitoring frameworks for Dall’s porpoise abundances. Monitoring the abundance of the fishery-targeted population is undoubtedly important to assess these effects and prevent severe depletion and extinction. Abundance estimation has been conducted based on the assumption of distribution ranges of three distinct populations in the Sea of Okhotsk (Miyashita, 1991). The assumed geographical range for the JO population corresponded with movement trajectories observed in the study (Figures 2, 3). Northern limits of movement trajectories roughly corresponded with an isobath of 2,000 m (Figures 2, 3), which provided more direct knowledge of the distribution range of the JO population in the Sea of Okhotsk. The correction of bias due to animal diving is also a key component of abundance estimation (Barlow, 2021). The diving profile data provide important information for more precise abundance estimation (Kanaji et al., 2020). This study could answer our primary biological question, and contribute important knowledge for improving the conservation and management of the population.
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estimate (UTC)
180403 SPLASH 217 M July 5, 2019 July 4, 2019 13.0
180404 SPLASH 200 M July 26, 2019 July 25, 2019 116.0
151171 miniPAT - - July 4, 2018 July 3, 2018 60.3
151172 mnPAT - - July 17, 2018 July 16, 2018 496
181204 miniPAT 200 M June 28, 2019 June 28, 2019 538
181205 miniPAT 182 M July 5, 2019 July 4, 2019 68.2
181206 miniPAT 223 M July 5, 2019 July 5, 2019 94.8
181208 miniPAT 185 M July 26, 2019 July 25, 2019 26.1






