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Risk and Reward in Foraging Migrations of North Pacific Albacore Determined From Estimates of Energy Intake and Movement Costs
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North Pacific albacore (Thunnus alalunga) is a commercially important tuna species known to undertake extensive migratory movements between nearshore waters of the California Current and offshore environments in the central Pacific. However, these migration behaviors are highly variable, with some individuals traveling thousands of kilometers within a season, and others largely resident in the southern California Current throughout the year. In this study, we use data from 33 archival-tagged albacore (released between 2003 and 2011) to examine the movements, physiology and ecology of tuna following different migratory pathways. We used direct measurements of body temperature and ambient water temperature from internal archival tags to estimate energy intake via the Heat Increment of Feeding (HIF), the increased internal heat production associated with digestion of a meal. Our results indicate that HIF was variable in space and time, but it was highest for individuals foraging in the offshore North Pacific Transition Zone and southern California Current during spring and summer, and lowest in the Transition Zone in fall. None of the migratory strategies examined appeared to confer consistently higher energetic benefits than the others. Fish remaining resident in the southern California Current year-round incurred lower migration costs, and could access favorable foraging conditions off Baja California in spring and summer. In contrast, fish which undertook longer migrations had much higher energetic costs during periods of faster transit times, but were able to reach highly productive foraging areas in the central and western Pacific. HIF was generally higher in larger fish, and when ambient temperatures were cooler, but was not strongly correlated with other environmental covariates. Our analyses offer new avenues for studying the physiology of wild tuna populations, and can complement diet and isotopic studies to further understanding of fish ecology.
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INTRODUCTION

Many large marine vertebrates exhibit long-distance migration behaviors as part of their life cycle. While these movements have energetic costs, they allow animals to follow favorable thermal gradients, access productive foraging habitats, avoid predation, or reproduce in areas that maximize the survival of early life history stages (Alerstam et al., 2003; Winkler et al., 2014). The cues that initiate migrations are complex and not always well understood. Organisms may respond to seasonal cycles of local environmental conditions or prey concentrations, leaving an area when it becomes energetically unfavorable (Kotwicki et al., 2005; Whitlock et al., 2015). Conversely, animals may migrate to time their movements to take advantage of favorable conditions for foraging or reproduction at their destination, potentially following learned or genetically hard-wired routes (Block et al., 2011; Secor, 2015; Hays et al., 2016; Abrahms et al., 2019).

Migratory behaviors are frequently shaped by evolutionary history, and may maximize performance measures such as reproductive success, energy gain, or persistence of a population (Hays et al., 2016). Despite these selection pressures, individuals within a species can show high variability in migratory timing and routes (Abrahms et al., 2018; Patterson et al., 2018). Migration traits can be very plastic, and migratory behaviors can be rapidly lost and gained among species and populations within relatively short time periods (Alerstam and Bäckman, 2018). This plasticity could potentially allow animals to adapt to spatiotemporal mismatches between migration routes and favorable habitats, resulting from environmental variability and climate change. However, to better assess this potential, improved understanding of the interactions between environmental conditions, energetic benefits, and physiological costs is required. While migrations timed to coincide with seasonal cycles of forage availability can confer rewards such as increased fitness (Whitlock et al., 2015; Abrahms et al., 2021), long-distance movements can be energetically risky. The risk is amplified when animals must expend substantial resources to reach distant foraging grounds, or when environmental variability results in mismatched timing between arrival to a foraging area and favorable conditions (Lennox et al., 2016).

Quantifying the costs and benefits of migration strategies in wild organisms can be difficult. This is particularly the case for large marine animals such as sharks, tunas, sea turtles and pinnipeds, which can migrate large distances from coastal to pelagic seas as part of their life cycles (Block et al., 2011; Cooke et al., 2016). However, recent studies have shown that telemetry technologies can provide insight, using (for example) measurements of 3-dimensional movement behaviors (Jonsen et al., 2007), buoyancy (Thums et al., 2011; Del Raye et al., 2013), or internal temperature fluctuations (Bestley et al., 2008) to estimate foraging behavior and energy gain. For regionally endothermic tunas, the Heat Increment of Feeding (HIF) has been used to quantify foraging success, using internal and external temperature records from archival tags (Whitlock et al., 2013, 2015; Aoki et al., 2017; Snyder et al., 2017; Carroll et al., 2021). HIF is based on the increase in visceral temperature observed due to specific dynamic action, the sum total of the metabolic processes required to digest and assimilate a meal (Carey et al., 1984; Bestley et al., 2008; Clark et al., 2008, 2010). Studies on captive tunas have shown that HIF is proportional to the caloric value of a meal, and also influenced by prey species, mass, meal fat or protein content, predator size, and ambient temperature (Whitlock et al., 2013; Aoki et al., 2017).

Regional endothermy allows many tuna species to retain metabolic heat produced in the viscera, muscle, brain and eyes. Some tunas can maintain an elevated and relatively stable internal body temperature, particularly as they increase in body size (Brill et al., 1994; Kitagawa et al., 2006; Aoki et al., 2020). By directly measuring metabolic rate in Pacific bluefin tuna (T. orientalis), Blank et al. (2007a,b) showed the presence of a “thermal minimum zone”: an ambient water temperature range within which this species incurs the lowest metabolic costs. The energetic risks and rewards of foraging migrations in tunas may thus depend on the spatiotemporal interactions between distributions of prey, the thermal habitats that the predator encounters when targeting these prey, and the tuna’s metabolic optimum temperature.

Albacore tuna (Thunnus alalunga, albacore hereafter) is a highly migratory species distributed globally in temperature and tropical waters, including the North Pacific Ocean. Many immature albacore (<5–6 years old) undertake extensive seasonal migrations between temperate coastal ecosystems in the California Current and the central North Pacific (Childers et al., 2011). These movements are assumed to maximize foraging opportunities within suitable thermal habitats, but the energetic costs and benefits associated with these large-scale movements are not yet known (Ichinokawa et al., 2008; Snyder, 2016). A distinctive feature of albacore in the North Pacific is the existence of a resident, “non-migrating” sub-group, which is located in some years in waters off Baja California and the southern California Bight (Childers et al., 2011). This group has historically supported substantial fisheries landings in the region, but can be largely absent for many years at a time (Clemens and Craig, 1965), as it has been since the mid-2000s (Frawley et al., 2021). There has been speculation that these southern California Current fish may represent a separate sub-stock, but recent genetic analyses found no significant genetic structure throughout the North Pacific (Vaux et al., 2021).

The high-frequency sampling of both ambient and internal temperatures by implanted archival tags provides an opportunity to apply principles of thermal and metabolic physiology to unanswered questions on albacore migration. In this study, we used an archival tagging dataset to examine spatiotemporal variability in HIF events for albacore tagged between 2003 and 2011 at lengths between 63 and 96 cm. Our study objectives were to (1) define spatiotemporal variability in North Pacific albacore HIF events, using records from archival-tagged fish, (2) compare energetic costs and benefits between migratory and resident fish, and (3) assess the cross- and within-region predictability of HIF using a suite of environmental and behavioral predictors.



MATERIALS AND METHODS


Archival Tagging

Albacore archival tagging data were available through two programs. The Albacore Archival Tagging Program is a collaborative effort between the NOAA Southwest Fisheries Science Center and the American Fishermen’s Research Foundation, which has been tagging and releasing albacore since 2002 (Childers et al., 2011; Snyder et al., 2017). The TOPP (Tagging Of Pacific Predators) project is a field program of the Census of Marine Life, and has deployed over 4500 tags on more than 20 species since 2000, including albacore (Block et al., 2011). Three types of archival tags (Lotek LTD2310 and LAT2810, and Wildlife Computers MK9) were surgically implanted in 1315 albacore between 2003 and 2011, with a total of 43 tags recovered and assessed for inclusion in this study.

Daily light-based geolocations for all tags were estimated using manufacturer-provided software. A sea surface temperature (SST) inclusive unscented Kalman filter (ukfsst package version 0.3, Lam et al., 2008; Nielsen et al., 2012), was then fitted to all tracks using the NOAA Optimum Interpolation SST V2 product (Reynolds et al., 2002) in R 3.6.3 (R Core Team, 2020). A bathymetric correction constraining estimated locations based on daily fish depth was then applied using the analyzepsat package (Galuardi et al., 2010). Tags with post-recapture temperature calibration issues, or with poor fit between upper 10 m external temperatures and satellite SST even after geolocation correction were removed from further analyses, as were tags with < 30 days of temperature sensor data available. This resulted in 33 tags for HIF analyses herein.

Albacore lengths taken at time of release under the TOPP program were curved fork lengths (CFL), whereas fish released under the Albacore Archival Tagging Program were measured using straight fork length (SFL). No CFL to SFL conversions have been published for albacore, and so we used the piecewise regression described for the closely related Pacific bluefin tuna by Estess et al. (2014). Albacore were released off the U.S. West Coast and Baja California at SFLs between 63.2 cm and 96.2 cm, between July 2003 and August 2011, and spent between 43 and 752 days at large (Table 1). Due to the potential impacts of tagging-related stress on foraging and movement behaviors (Itoh et al., 2003; Bestley et al., 2008), we discarded the first 30 days of data post-tagging for each fish from our analyses.


TABLE 1. Summary of 33 tagged albacore included in this study.

[image: Table 1]
Albacore in the California Current are primarily immature juveniles, and spawning has not been recorded in the region (Clemens and Craig, 1965; Sund et al., 1981). However, two-thirds of the fish in this study were released at fork lengths with the 78 – 94 cm size range at maturity reported for the western North Pacific (Table 1, Chen et al., 2010). Albacore typically spawn where SSTs are warmer than 24°C (Farley et al., 2012), although larvae are occasionally collected in waters as cool as ∼ 21 – 22°C (Alvarez-Berastegui et al., 2017). Of the albacore in this study, only one spent more than a few days where SST was >22°C. This fish (tag 2864) was comparatively large (93.3 cm SFL at release), and had a markedly different migration pattern to the other albacore, moving into warm waters well south of Hawaii during spring and summer (Figure 1). As our analyses focused on foraging migrations rather than spawning migrations, we calculated HIF for tag 2864, but did not include this fish in further statistical comparisons of HIF among migratory groups.
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FIGURE 1. Estimated daily positions for 33 tagged albacore from 2003 to 2013. Top: positions shown by quarter at 1 × 1 resolution, overlaid on 2000 – 2017 climatological integrated upper 200 m mesozooplankton biomass (Park et al., 2018). Locations where SST from the Park et al. (2018) model is outside the range of 12–22°C (which contains > 99% of tag locations) are masked. Arrows denote typical directions of migrating fish. Bottom: positions shown by modified Longhurst region (Longhurst, 2007): The Coastal California Current province was split into north (“CCALN”), and south (“CCALS”) of 35°N, “NPTZ” is North Pacific Transition Zone (also known as North Pacific Polar Front), “NPSW” is North Pacific Subtropical Gyre Province (West), “NPTG” is North Pacific Subtropical Gyre, and “PSAE” is Pacific Subarctic Gyres Province (East). Twenty points in the Alaska Coastal Downwelling province were also assigned to CCALN, and 16 points in the Kuroshio Current province were assigned to NPSW. The Bering Sea and Sea of Okhotsk are masked, as albacore are not known to occur in these areas. The vertical red lines denote 210°E and 230°E: the cutoffs between “Long-migratory,” “Short-migratory,” and “Resident” fish (see Table 1).


Each fish was assigned a migratory pattern based on the maximum distance traveled westwards from their North American release location (Table 1 and Figure 1). “Long-migratory” fish went west of 210°E during some part of their time at large. These animals always left the California Current region in fall, and returned again in late spring. “Short-migratory” albacore traveled west of 230°E, but not west of 210°E. Some of these fish also left the California Current in fall or winter and returned in early spring, while others moved offshore in spring and returned in summer. “Resident” albacore did not move west of 230°E. These fish were located off southern California and Baja California during all months of the year. Fish with <90 days of temperature data available were not assigned a migratory pattern. Most fish in the long-migratory group were released in the northern California Current, while most short-migratory and resident fish were released in the south (Table 1). Long-migratory fish were on average smaller at release than short-migratory or resident fish, but estimated lengths during times at large (see below) overlapped substantially across all three groups.



Estimating Heat Increment of Feeding

As no laboratory data exist for HIF in albacore, due to the difficulties involved with keeping this species in captivity, all measurements were made in the field on wild animals. However, extensive work on the closely related Pacific bluefin tuna provides the basis for modeling and use of HIF in both laboratory and field studies (Whitlock et al., 2013, 2015). In these previous experiments, visual observations of feeding in a captive tank facility were used to identify the total food consumed by individual laboratory fish, and archival tags similar to the ones used in this study were implanted to record body temperatures. This work verified that HIF events are easily visible in Pacific bluefin tuna from fish internal body temperature (Tb). Post feeding, a steady rise in Tb occurs, increasing the thermal excess (Te) between Tb and ambient water temperature (Ta). Fish Tb then falls back to a baseline minimum, usually representing the completion of digestion. Experimental work on Pacific bluefin tuna (Blank et al., 2007b; Clark et al., 2008), and the model of Whitlock et al. (2013), indicate that this baseline represents the routine metabolic rate of the fish in a non-feeding or fasted state. The first step toward quantifying albacore HIF in the current study was therefore to estimate this baseline, fasting Tb in the absence of visceral warming due to feeding.

Whitlock et al. (2013) showed that in the laboratory, baseline Tb in Pacific bluefin tuna is strongly and positively correlated with Ta. However, wild juvenile albacore often show dynamic diving behavior during the day, rapidly moving across thermal gradients of several degrees (Childers et al., 2011). During these times, the lag in Tb in response to Ta across different temperature gradients makes it difficult to calculate the baseline Tb. In contrast, albacore typically stay in the upper mixed layer of the water column during the night, within relatively constant ambient temperatures (Snyder et al., 2017). A steady decrease in Tb during this time is usually clearly visible, with the minimum Tb reached in the hours before dawn (Figure 2). This decrease likely corresponds to the post-absorptive part of the HIF event measured in the laboratory (Clark et al., 2010; Whitlock et al., 2013). We thus used the relationship between the empirically observed minimum Tb during these nightly periods of stable water temperature throughout each fish’s deployment to estimate their baseline Tb as a function of Ta for the entire time-series. Times of nautical dawn and dusk were calculated using dates and estimated daily locations in the R suncalc package version 0.5 (Thieurmel and Elmarhraoui, 2019).
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FIGURE 2. Five days of HIF events for tag 1973 in the CCALS, April 24–28, 2004. Top: depth occupied at 1-min intervals. Middle: ambient water temperature recorded by the tag at 1-min intervals. Bottom: 1-h moving mean of ambient temperature, estimated baseline (fasting) internal temperature, and measured internal temperature. The light pink area denotes the internal temperature increase due to HIF, while the purple area is the estimated thermal excess maintained by the fish under fasting conditions. Gray shading denotes nighttime, defined as time between nautical dusk and nautical dawn.


These night-time observations were fit to the following equation using non-linear least squares (nls) in R 3.6.3 (R Core Team, 2020), such that:
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Where Ta is ambient external temperature, and a and b are constants. Although albacore do not usually show diving or cross-frontal behavior at night, calculation of baseline Tb excluded any data where these behaviors could be occurring, defined as periods when Ta changed by more than 1°C over a 30-min time interval. The relationship in equation (1) was established for each fish, and estimates of a and b were then used to calculate the predicted baseline Tb across the entire tag record. For calculations of predicted baseline Tb and Te, we followed Whitlock et al. (2013) and Snyder et al. (2017) in using centered 1-h moving means of both Ta and Tb, to minimize the effect of any high-frequency temperature fluctuations. HIF was then calculated as the area under the curve between the baseline Tb and observed Tb at 1-min intervals, across each 24-h period. These 24 h periods started and stopped at nautical dawn, when a rapid increase in Tb was usually clearly visible as fish commenced foraging behavior (Figure 2).



Estimating Metabolic Costs of Movement

To estimate the energetic costs of movement incurred by each fish, we used the metabolic oxygen demand model of Muhling et al. (2017; Supplementary Figure 1). This model was developed using experimental laboratory data from juvenile Pacific bluefin tuna (Blank et al., 2007a,b; Clark et al., 2013), as there are few comparable data available for albacore where fish were not artificially stressed during metabolic measurements by recent capture (e.g., Graham and Laurs, 1982). Comparative studies suggest that bluefin tuna have higher metabolic rates than other Thunnus species (Blank et al., 2007a), and likely have higher aerobic capacity than albacore due to large aerobic fiber volumes in the fast and slow twitch swimming musculature. However, as both albacore and bluefin tuna are temperate tunas, inhabiting similar thermal ranges as juveniles (Childers et al., 2011; Snyder, 2016; Fujioka et al., 2018), the metabolic data from Pacific bluefin tuna in the Muhling et al. (2017) model is likely the closest approximation available for estimating juvenile albacore metabolic rates. Although they grow much larger as adults, the size range of the bluefin tuna used to develop the model (70–84 cm) was also within the size range of the tagged albacore in this study (Table 1). In addition, the predicted thermal minimum metabolic zone from the oxygen demand model overlaps strongly with the locations of tagged albacore from this study (Supplementary Figure 1). Lastly, as we primarily use the predicted metabolic oxygen demand in a ratio (see below), the interspecific differences between bluefin tuna and albacore should not impact our results substantially.

The metabolic model is a simple Generalized Additive Model (GAM) that predicts the oxygen demands of movement (mg O2 kg–1 hour–1) in fasted animals, given Ta and swimming speed [body lengths (BL)/second]. We estimated the metabolic oxygen demands of movement (abbreviated to “metabolic movement costs” hereafter) for albacore at daily resolution for each fish, using daily mean Ta, and distance traveled in both horizontal and vertical dimensions. Horizontal distance was calculated as the great-circle distance between consecutive daily positions, smoothed using a 7-day moving mean to reduce the effects of substantial error in geolocation estimates (Braun et al., 2018). These estimates do not capture departures from the shortest path, and are thus conservative. Following Aoki et al. (2017), we calculated vertical distance as half the total distance traveled in the vertical plane, assuming that descending movements require minimal energy. The total daily distance traveled in three dimensions was then converted to BL/s, using the estimated daily length of each fish. Changes in albacore length-at-age across the size ranges examined in this study are quite close to linear (Xu et al., 2016). We therefore estimated daily lengths for each fish using growth rates calculated as the difference between the recorded length at release, and the recorded length at recapture, divided by the number of days at large. Where no recapture length was recorded (n = 17 fish), we used mean growth rates (cm/day) from the fish where both measurements were available (Table 1).

The lack of information on albacore diet composition across different locations and seasons prevents the exact determination of daily energy intake, as the relationship between HIF and calories is dependent on the prey species (Whitlock et al., 2013). To examine the costs and benefits of different migration strategies, we therefore used a simple ratio of daily HIF (°C hour) against daily metabolic movement costs (mg O2 kg–1 hour–1) for each fish on each day, hereafter termed the “HIF-cost ratio”:
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We assessed whether both HIF, and the HIF-cost ratio, differed between migratory and non-migratory fish using a linear mixed-effects model built using the nlme package (Pinheiro et al., 2020). These models included estimated daily fish length, the migratory strategy of each fish (Table 1) and month as predictors, as well as an interaction between migratory strategy and month. The HIF-cost ratio was right-skewed, and so was natural log transformed before analysis. We included tag number as a random effect, and a first-order temporal autocorrelation process by date. Acceptable fit of each model was assessed using scatterplots of residuals, Q-Q plots, and examination of the autocorrelation function (ACF) of the residuals. Pairwise tests comparing migratory strategies within months were conducted using the emmeans package (Lenth, 2020).



Drivers of Spatial and Temporal Variation in Heat Increment of Feeding

We used Generalized Additive Mixed Models (GAMMs) built in the mgcv package (Wood, 2011) to assess the ability of a suite of environmental variables to predict daily HIF. Predictors were selected to approximate both the temperature and productivity of the fish’s immediate environment, as well as behavioral parameters. We included satellite sea surface chlorophyll from reanalyses developed through the Ocean-Color Climate Change Initiative (OCCCI) using multiple ocean color sensors (Sathyendranath et al., 2019). Surface values were converted to estimates of total euphotic zone chlorophyll using the relationship described in Morel and Berthon (1989). We also included estimates of integrated mesozooplankton biomass and temperature in the upper 200 m from a data-assimilative retrospective physical ocean simulation integrated with a non-assimilative biogeochemical/plankton food web model (Park et al., 2018). These variables were extracted at monthly temporal resolution, and 3 × 3 degree spatial resolution, to account for inaccuracies in geolocation estimates, and the capacity of albacore to travel large distances in short periods of time. Several additional predictors were extracted from the tag records: mean daytime fish depth, and the mean and standard deviation of daytime ambient temperature, the latter of which can highlight the use of strong temperature gradients such as fronts (Snyder et al., 2017). We also included fraction of the moon illuminated, to capture changes in prey and predator behavior in response to the lunar cycle, and fish length, to account for potentially slower rate of heat transfer in larger animals (Kitagawa et al., 2006; Boye et al., 2009). GAMMs were fit with a Gaussian distribution and a log link function. Tag number was included as a random effect in each GAMM, as well as a first-order temporal autocorrelation process by date. Redundancy in the suite of predictors was examined using linear correlations among predictors, and the concurvity function, which shows whether some smooth terms could be approximated by one or more of the other smooth terms in the model (Wood, 2011). Based on these analyses, we removed upper 200m temperature from all GAMMs, and retained all other variables. As before, acceptable fit of each model was assessed using scatterplots of residuals, Q-Q plots, and examination of the ACF of the residuals.

Environmental drivers of HIF variations were evaluated at two different scales. First, we considered HIF across the full study area, encompassing a broad range of temperature and productivity states across six distinct Longhurst regions (Figure 1). Second, we considered drivers of HIF variations within each region separately, to assess whether determinants of successful foraging varied among ecosystems. For the region-specific GAMMs, only data from fish that spent at least 14 days within the selected region were included, which still resulted in > 15 fish and > 1600 fish/days in each region-specific model. We note that our environmental driver estimates, particularly those derived from ocean/biogeochemical simulations, have been evaluated most extensively for cross-regional contrasts that are reasonably captured for the variables used (e.g., Stock et al., 2014; Park et al., 2018). Greater uncertainty exists for more subtle within-region gradients. Predictor importance was determined by re-running the GAMMs with each predictor sequentially dropped, and recording the change in adjusted R2.




RESULTS

Albacore tagged with archival tags occupied a broad range of ocean biomes in the North Pacific. During their deployment time periods, these 33 fish covered a latitudinal range of more than 4,000 km, and a longitudinal range of more than 9,000 km, occupying multiple biogeographic regions (Figure 1). Their migratory paths overlapped with areas of estimated high mesozooplankton biomass in the California Current and in the offshore North Pacific Polar Front, more commonly known as the North Pacific Transition Zone (Polovina et al., 2001). In addition, some fish also moved through more oligotrophic areas, such as the North Pacific Subtropical Gyre. Most albacore were located within the California Current ecosystem during summer, or a short distance offshore. Fish were more dispersed longitudinally during winter, with some resident albacore off the coast of Baja California, and long-migratory fish as far west as 160°E. More than 99% of tag locations were in locations where SST was between 12 and 21°C, consistent with the approximate thermal metabolic minimum zone predicted by the metabolic movement costs model (Supplementary Figure 1). Based on this temperature range, thermal habitat available in the California Current contracted latitudinally to the area south of approximately 40°N in winter, and expanded in spring and summer. However, some fish migrated much further from shore in fall and winter than would be required to simply avoid SSTs of <12°C in the northern California Current.

The increase in fish thermal excess (Te) due to HIF was clearly visible from tag internal temperature sensors (Figure 2). An example from an albacore (fish 1973) located in the southern California Current in spring 2004 shows Te values during daylight hours as large as 6 – 7°C. Te generally reached a maximum during the day, in association with more dynamic diving behavior. Te and Tb slowly declined overnight, reaching a minimum just before dawn. During the night, albacore stayed much shallower in the water column and within much more constant temperatures than those observed during the day.

The mean HIF across all tagged albacore was strongly variable in space, with both high and low values occurring in nearly all regions (Figure 3). During spring, HIF was high across most of the temperate north Pacific, and in the southern California Current. In contrast, HIF was generally low in fall, especially offshore of the California Current. Offshore locations in the North Pacific Transition Zone region in fall represent fish migrating westwards away from the North American coast (Figure 1). During the spring-summer months, albacore tended to use either the southern California Current or the Transition Zone, but not both. Of the 14 fish classified as resident or short-migratory (Table 1), 13 used the southern California Current region in spring or summer, and none used the Transition Zone region during the same seasons. In contrast, of the 10 fish classified as long-migratory, 9 used the Transition Zone region in spring or summer but only 2 used the southern California Current. A more migratory movement pattern was thus associated with greater use of the Transition Zone region, and less use of the southern California Current.


[image: image]

FIGURE 3. Mean daily HIF by season at 5 × 5 degree resolution, 2003–2013. Only grid cells with data from at least two fish are plotted. Boundaries of modified Longhurst regions from Figure 1 are also shown.


Example time-series from four fish with different migration strategies highlight the substantial spatiotemporal variability in HIF (Figure 4). Fish 1973 is an example of a resident fish, remaining off the coast of Baja California and southern California between December 2003 and August 2004. This fish showed generally low HIF (<50°C hr) during winter months, increasing into the spring and summer. Fish 1987 migrated a short distance offshore in spring of 2004 before returning to the southern California Current. This albacore also showed higher HIF of up to 150°C hr during warmer months, similarly to fish 1973. Fish 1475 was located off southern California in late 2004, before moving offshore in early 2005. Although this fish showed some higher HIF values offshore in January, it appeared to gain the most energy in coastal waters in early summer. Fish 1045 showed long-migratory behavior, moving offshore in November 2006, and reaching ∼190°E by January 2007. It showed highest HIF values (>100°C hr) in early spring while offshore in the North Pacific Transition Zone region, with high values also evident in the California Current in summer and fall. HIF values were lowest during the offshore migration in November – December 2006 (Figure 4).
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FIGURE 4. Daily locations (left), and daily mean HIF (right) for four example fish showing different migration patterns (see Table 1). Colors denote month, arrows show migration directions. Boundaries of modified Longhurst regions from Figure 1 are also shown.


The majority of tags recovered were from fish with around a year or less of temperature data available (Table 1). However, some fish were at large for long enough to allow the observation of repeat migrations. Where this was possible, the fidelity of fish to similar migration routes across years was striking (Figure 5). Fish 1045 and fish 2393 showed very similar tracks between consecutive years, leaving the northern California Current in October, spending winter and early spring in the central North Pacific, and then returning to the California Current via the subtropical gyre in May and June. Both fish showed high values of HIF in October before leaving the California Current, and high values again in April–May while in the subtropical gyre, with lowest in late fall and early winter. Fish 1090251 and 1090269 also showed similar migration tracks across consecutive years, but in contrast to fish 1045 and fish 2393, migrated much further west (Figure 5). Fish 1090521 and 1090269 also showed a very strong seasonal signal in HIF, which was consistent between years. These two fish had much lower HIF values in fall and winter, and higher values in spring and early summer, when they were in the western North Pacific and moving eastwards back toward the California Current.
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FIGURE 5. Left: daily locations, and right: daily mean HIF for the 4 fish which were at large the longest, during both years at liberty. Years were defined from September 1st through August 31st, to coincide with typical migration timing leaving and returning to the West Coast. Boundaries of modified Longhurst regions from Figure 1 are also shown. “CCALN” denotes the northern California Current.


Of the 18 albacore that showed migratory behavior (Table 1), 15 moved offshore during the fall, and returned to the California Current during spring (The other three moved only a short distance offshore of southern California during spring and returned in summer). For these 15 fish, HIF recorded during fall and winter was correlated with the farthest distance traveled westwards. Albacore with lower fall/winter HIF moved further westwards away from the North American coast during their migrations (Figure 6). The latitude at which fish left the California Current to begin their offshore migration was also important in determining their movements, with fish leaving from the southern California Current not migrating as far west as those leaving from the north.
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FIGURE 6. Mean December HIF versus farthest westward location (degrees east, reached between January and June) for the 15 fish which moved offshore of the California Current in fall, and returned during spring, with tag number also shown. Blue circles show fish which departed the California Current in fall north of 40°N, red circles show fish which departed the California Current south of 40°N. Inset shows linear correlation coefficient between mean HIF and farthest west (degrees east) by month.


The diversity of movement patterns in tagged albacore clearly resulted in different seasonal patterns in HIF, and in movement costs. Long-migratory albacore incurred much greater movement costs on average during their onshore migration from March through July, and again during November during offshore migration (Figure 7). However, both HIF and HIF-cost ratios for long-migratory fish were more stable throughout the year, showing a less pronounced seasonal cycle compared to short-migratory and resident fish. The linear mixed-effects model (Supplementary Figure 2) showed that there were few significant (p < 0.05) differences in HIF by month across migration types. Resident fish showed significantly higher values than short migratory fish in May, whereas short-migratory fish showed higher values than resident fish in December. Long-migratory fish also had higher mean HIF values than short-migratory fish in September, and higher HIF than resident fish in December. When mean HIF-cost ratios were examined, mixed models showed that values were significantly higher in resident fish than in long-migratory fish from May through July, and higher than short-migratory fish from April to June. Mean HIF-cost ratios were higher in short-migratory fish than long-migratory fish in August, but the reverse was true in September. These results suggest that the resident strategy may have been the most advantageous energetically, when both energy gain from foraging and energetic costs of movement were considered. However, the weak results for the model comparing HIF only suggest that these differences were primarily driven by the higher movement costs estimated for the migratory fish. Although sample sizes in the current study were very small, we note that there was no difference in estimated daily growth rates (Table 1) across the three migratory strategies (ANOVA, p = 0.65).


[image: image]

FIGURE 7. (A) Mean monthly HIF, (B) mean monthly movement costs based on water temperature and swimming speed, and (C) HIF-cost ratio, normalized against the maximum value. Annual mean values of (C) are shown as solid black lines. Tagged fish are split into “long-migratory” fish, “short-migratory” fish, and “resident” fish (see Table 1 and Figure 1). Note that fish at large for more than one migration year always showed the same migratory pattern.


The GAMM predicting daily HIF across all regions highlighted fish length as the most influential predictor, with higher HIF predicted for larger fish (Supplementary Figures 3, 4 and Supplementary Table 1). HIF was also predicted to be greater when fish foraged shallower in the water column, when they encountered less variable ambient temperatures, and when mesozooplankton biomass was higher. GAMMs within the four main Longhurst regions showed that fish length was strongly important in the southern California Current and Transition Zone (also positive relationships), but less so for the other regions. Mesozooplankton biomass was an influential predictor in the Transition Zone region, but was much less important in the California Current (Supplementary Table 1). However, of the two estimates of productivity, mesozooplankton biomass was always more influential to the GAMMs than was depth-integrated chlorophyll. Partial relationships for the region-specific GAMMs generally reflected those from the cross-region GAMM (figures not shown). The fixed effects portion of each GAMM generally had a moderate to low ability to predict daily HIF (except for in the NPTZ, where adjusted R2 was 0.49). Re-running the GAMMs without the first-order temporal autocorrelation process improved predictive ability substantially (Supplementary Table 1), suggesting that the serial autocorrelation in HIF observations (see Figures 4, 5) was not well captured by the environmental and behavioral predictors included.

A closer examination of HIF and the most influential environmental predictor (mesozooplankton biomass) for the more migratory albacore showed strongly fish-dependent and track-dependent relationships (Supplementary Figure 5). Fish 1090251 and 1090269 migrated along the Transition Zone between the California Current in summer and the western North Pacific in winter. Seasonal variability in HIF for these two fish was strongly correlated with the predicted mesozooplankton biomass along their tracks. The raw correlation coefficient was >0.70 for both fish, but only the relationship for tag 1090269 remained significant at p < 0.05 after the substantial (>0.8) temporal autocorrelation was accounted for. In contrast, fish 1045 and 2845 used the eastern Transition Zone in fall before moving into the subtropical gyre in winter and spring. HIF observed for these two fish was not well predicted by mesozooplankton biomass (r < 0.2), particularly in the subtropical gyre. In this region, mesozooplankton biomass was predicted to be low, but HIF could be as high as that recorded in the California Current.



DISCUSSION


Spatiotemporal Structure of Heat Increment of Feeding in Albacore

Foraging migrations allow mobile animals to increase their fitness by accessing caloric resources in spatially distant ecosystems (Alerstam et al., 2003; Abrahms et al., 2021). Here, we use biologging tags that provide high-frequency environmental and physiological data to quantify the movement costs and foraging benefits associated with migration for juvenile albacore in the North Pacific. As the fish included in our analyses were likely not spawning, the primary motivators of movement are assumed to be energetic drivers. These include remaining in thermal environments that reduce metabolic costs while keeping internal body temperature optimum for locomotion and digestion, and maximizing energy acquisition. By estimating both foraging success and movement costs, we were able to examine the energetics of juvenile albacore in time and space across three distinct migratory strategies. Our results show that daily increases in albacore internal temperature on foraging grounds are clearly visible from internal archival tag measurements, and can be substantial (>5 – 7°C above predicted baseline body temperature). Thermal excess was usually at a maximum during the day, and decreased steadily overnight, consistent with most foraging activity taking place during daylight hours.

The albacore included in this study were distributed across foraging areas separated by thousands of kilometers, ranging from productive coastal upwelling systems to epipelagic offshore environments. Examination of HIF across these areas suggested that the most favorable areas were in the southern California Current in spring and summer, and along the offshore North Pacific Transition Zone in spring. All but one fish with at least a month of data available overlapped with one of these two areas during their time at large. Albacore that used the southern California Current foraging area tended to display more residential behavior, either staying in the area throughout the year or undertaking shorter migrations offshore. In contrast, fish that used the transition zone foraging area were often more migratory, moving offshore in fall and back toward the California Current in spring. Three of these highly migratory albacore crossed to the west of the 180° meridian during their time at large, a round trip of more than 8,000 km.

The modeled energetic movement costs among each of the three migratory strategies shown by albacore in this study were clearly distinct. Albacore exhibiting the long-migratory pattern were estimated to spend as much as twice the energy on locomotion between fall and spring each year than did fish that were resident in the southern California Current year-round. This difference was primarily due to the much larger distances traveled by long-migratory albacore: all three movement patterns allowed fish to occupy thermal environments that enabled them to stay approximately within their metabolic thermal minimal zone. However, based on the ratio of HIF to movement costs, migratory behavior did not necessarily lead to fish obtaining more resources. While mean HIF by month was similar among the three migratory strategies, the HIF-cost ratio was higher for the resident fish during spring and early summer. This suggests that the resident migratory strategy may have been more advantageous than the other two, at least for the years where we had data.

Although our results suggest that a non-migrating strategy may be a beneficial one for albacore, this subgroup of the population is not always present. Abundance of albacore off southern California and Baja California has been low since the mid-2000s, with most fisheries landings of this species in the northern California Current (Frawley et al., 2021). This decadal-scale variability is not necessarily a new phenomenon, as low landings of albacore off California were also recorded in the 1930s and early 1940s (Clemens and Craig, 1965), and in the late 1980s (Glaser, 2011). It is possible that the foraging environment in the southern California Current is periodically unfavorable for albacore, due to fluctuating abundance of key prey species such as anchovy (Pinkas et al., 1971) or variability in other components of the ocean environment such as water temperature or persistence of fronts. Other factors such as vertical distributions, varying migration pathways and recruitment to the fishery, or stock size may also influence fisheries landings in the region. However, due to the short time period covered by this study, it is difficult to determine the relative importance of local conditions in the California Current versus drivers of migration routes or other large-scale phenomena on the persistence of the southern subgroup. There are several other uncertainties associated with this analysis. For example, Snyder et al. (2017) showed that several albacore in the southern California Current foraged successfully across thermal fronts. These sub-daily horizontal movements would not be captured by our coarse daily distance traveled estimates. In addition, repeated movements across strong temperature gradients may incur higher metabolic costs than those captured by our simple models, if they require a fish to expend more energy to maintain its preferred internal temperature. If so, this could somewhat offset the energetic advantages of the resident migratory strategy.

Other key uncertainties in our results include the lack of available parameters for physiological modeling of HIF and metabolic processes. Albacore are difficult to keep in captivity, and so we chose to use a metabolic model developed using experimental data for Pacific bluefin tuna. Although the two species are quite similar ecologically, they are far from identical, and the uncertainty introduced by this choice could be substantial. Incorporating physiological processes into ecological models is widely considered to be advantageous, and to provide more robust results when compared to models which are purely correlative. However, our study demonstrates one of the main drawbacks with mechanistic models: they can require detailed experimental data to properly parameterize, and where these are not available, researchers may have to resort to “parameter stealing” (Peck et al., 2018), where measurements from one species are used to represent another.

In addition, we also did not have direct information on albacore diet composition, competition with other large pelagic predators which may target similar prey, energy intake, and caloric costs of movement and digestion. We also assume that mechanisms of HIF in albacore are similar to those recorded in the laboratory for Pacific bluefin tuna. Some previous work has shown that juvenile albacore sampled in the southern California Current (i.e., fish more likely to be resident than migratory) had higher growth rates than those from the northern California Current (Wetherall et al., 1987; Renck et al., 2014). Although sample sizes in the current study were very small, we found no difference in estimated daily growth rates across the migratory strategies. Analyzing otolith growth rates or nutritional condition from additional archival tagged fish could provide much more insight into this possibility, but would be difficult to achieve given the low recapture rates for tagged juvenile albacore, and the low probability of recovering the fish (rather than just the tag) after recapture.



Drivers of Spatial and Temporal Variation in Heat Increment of Feeding

Spatiotemporal structure in HIF was only modestly predicted by a suite of environmental and behavioral variables. Fish size was positively correlated with HIF, particularly in the southern California Current. This may be due to larger stomach volumes in larger fish allowing the ingesting of more calories, or increased thermal inertia with mass resulting in a slower rate of heat transfer (Boye et al., 2009). Satellite-based chlorophyll measurements were not especially useful to the GAMMs, but mesozooplankton biomass from the food web model of Park et al. (2018) provided some skill, particularly in the offshore Transition Zone region. The daily HIF of some albacore that migrated long distances along the Transition Zone was strongly related to predicted mesozooplankton biomass along their tracks. In contrast, mesozooplankton biomass lost its ability to predict HIF in the southern Transition Zone region and in the subtropical gyre. In these areas, HIF was often much higher than would be expected in such oligotrophic waters (see Supplementary Figure 5).

The productivity of these foraging areas may not be well represented by satellite measurements or ocean models. Studies using biogeochemical drifters in the subtropical gyre suggest that eddies may facilitate episodic vertical transport of nutrients into the euphotic zone, in some cases leading to a surface expression of chlorophyll (Johnson et al., 2010; Wilson, 2021). Oceanographic mechanisms supporting productivity in this ecosystem may therefore be fine-scale enough to be missed by the coarse spatial resolution of our analyses, or be occurring largely below the surface. This part of the subtropical gyre is also an important foraging area for many other animals, including white sharks, seabirds, whales, and cephalopods (Jorgensen et al., 2010; Costa et al., 2012; Domeier et al., 2012) and is a productive fishing ground for bigeye tuna (Choy et al., 2016). Additional sampling of the region, in particular subsurface measurements of biogeochemistry and lower trophic levels, could thus clearly improve our understanding of migration dynamics and foraging ecology of multiple species in the North Pacific.

Additional complexity in relationships between ocean productivity and HIF could result from the broad prey assemblage upon which albacore forage. Their diet includes a wide variety of taxa, from coastal pelagic fishes associated with highly productive upwelling systems to vertically migrating pelagic squid associated with the deep scattering layer of more offshore, oligotrophic regions (Laurs and Lynn, 1991; Glaser, 2010). Studies in the California Current show that albacore primarily eat fairly small prey, particularly young-of-the-year finfish and cephalopods (Glaser, 2010). Peak abundance of these prey is more closely related to spawning phenology than to overall ecosystem productivity. Previous work from the western North Pacific has shown a high prevalence of Japanese anchovy (E. japonicus) in the diets of albacore collected west of the 180° meridian (Watanabe et al., 2004). Some of the longest long-migrating fish in our study (e.g., tags 1090251 and 1090269: Figure 5) showed very high HIF in this area during late spring: a potential energetic payoff after the high energetic costs incurred to reach the area. The presence of anchovy so far from their coastal spawning grounds is likely due to strong offshore transport from the Kuroshio Extension, rather than primary productivity characteristics at locations where albacore were sampled (Komatsu et al., 2002).



Foraging Behavior and Migratory Strategies: Risks and Rewards

Other tuna species also undertake migrations to reach foraging areas, but the extent of these movements varies strongly by species. For some, these are relatively short movements within a region, such as for skipjack tuna (Katsuwonus pelamis) and yellowfin tuna (T. albacares) (Schaefer et al., 2007; Aoki et al., 2017). Others, such as Pacific bluefin tuna and Atlantic bluefin tuna (T. thynnus) make trans-ocean movements in a matter of weeks to months (Block et al., 2005; Kitagawa et al., 2009; Fujioka et al., 2018). Some species, such as Pacific bluefin tuna, travel long distances from natal spawning grounds to reach juvenile foraging grounds but are then resident in these areas for many years at a time (Boustany et al., 2010; Carroll et al., 2021). In contrast, immature southern bluefin tuna (T. maccoyii) undertake large-scale, seasonal, out-and-back movements between coastal and offshore foraging grounds (Patterson et al., 2018), a pattern more similar to the long-migratory albacore described in the present study. In the northeast Atlantic, juvenile Atlantic bluefin tuna have also been observed to aggregate in the Bay of Biscay during summer, before dispersing far offshore in cooler months (Arregui et al., 2018). Migration patterns can be flexible, and shift in response to thermal habitats, abundance of prey, or other unknown drivers (Patterson et al., 2018; Chust et al., 2019; Jansen et al., 2021).

Drivers of migratory timing remains one of the main unanswered questions in movement ecology (Nathan et al., 2008). Migratory movements in animals can be initiated by local conditions at the origin of the migration, or anticipated conditions at a distant target. The most predictable foraging migration routes with highest track fidelity should result when resources have the most predictable variation in time and space (Mueller and Fagan, 2008). This can allow “resource tracking,” in which organisms can optimize their energy intake by tracking phenological variation in resources across space (Abrahms et al., 2021). A key question, though, is how animals can locate and return to favorable foraging environments, especially those separated by large distances, and without obvious waypoints (Lennox et al., 2019). In this study, many long-migratory albacore moved offshore of the North American coast in fall, and appeared to show relatively low energy intake through early winter. These fish were then able to access apparently favorable foraging grounds along the offshore Transition Zone in spring. Similar patterns were observed in numerous animals during the tracking of multiple species from distinct taxa during the Census of Marine Life TOPP program (Block et al., 2011), indicating there were optimal periods for being within the California Current and more favorable times to be in the adjacent subtropical gyre. Water temperatures in the northern California Current in winter are likely below optimal metabolic levels for albacore (Snyder, 2016), and cooling temperatures in fall may initiate their offshore migration. However, long-migrating albacore moved much further westward than would be required purely to avoid low temperatures. They may therefore be migrating in anticipation of favorable foraging conditions several months into the future: an energetic reward to balance the risks associated with long migrations through unfavorable foraging habitat.

The source of this prior knowledge of favorable foraging areas remains unclear. The interplay between inherited characteristics (Jorgensen et al., 2010; Kess et al., 2019), responses to environmental cues (Olsson et al., 2006; Horton et al., 2017; Carroll et al., 2021), memory (Abrahms et al., 2019) and learning (Huse et al., 2002) is a key source of uncertainty in studies of animal migration (Lennox et al., 2019). In our study, the degree of track fidelity between years was striking for the few fish with times at large longer than 18 months. However, our data are not sufficient to show whether these fish were following similar environmental gradients across consecutive years, or whether memory or school dynamics were more influential. The negative relationship between HIF in fall as fish moved offshore, and eventual maximum distance from the West Coast, suggests that albacore may respond to foraging conditions en route by modifying their migration speed. However, the mechanisms behind these relationships are not clear from our data. Fish may have modified their westward movements based on foraging success as they moved offshore. Alternatively, other non-foraging cues may have caused fish to follow different migration routes across different years, and their foraging success then varied depending on their spatial overlap with suitable prey.

Overall, our results further demonstrate the value of HIF measurements in endothermic tunas and highlight the value of archival tagging studies in understanding the ecology and physiology of highly migratory fishes. We show how the three migratory strategies observed are associated with diverse risks and rewards in terms of energy expended on locomotion, and energy gained from foraging. Many questions remain regarding the plasticity of migration routes in albacore, the impacts of a variable forage base, and drivers of the appearance and disappearance of substantial numbers of albacore in the southern California Current. In the future, incorporation of data from studies on diet, nutritional condition, and growth rates will likely help us to better understand the energetic consequences of albacore migrations, and how these may be shaped by climate variability and change.
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Tag number Release date Recover date Days at large Length at HIF days Farthest west Release Migratory Growth rate

release latitude pattern (cm/day)
390167 7/25/2003 7/2/2004 343 84.0 310 238.15 29.23 Resident 0.031
390191 7/27/2003 7/10/2004 349 87.0 315 237.18 29.27 Resident 0.019
390173 7/27/2003 10/18/2003 83 89.0 53 240.00 29.27 NA 0.024
1973 11/7/2003 8/14/2004 281 89.9 251 237.14 31.13 Resident 0.022
1974 11/7/2003 8/6/2004 273 81.0 243 238.02 31.89 Resident 0.020
1967 11/7/2003 8/27/2004 294 86.5 264 241.07 30.66 Resident 0.014
1246 11/8/2003 8/27/2004 293 87.5 263 241.30 30.25 Resident 0.020
1987 11/8/2003 8/21/2004 287 88.0 257 222.10 30.23 Short-migratory NA
1991 11/8/2003 8/16/2004 282 87.8 252 225.35 32.09 Short-migratory 0.016
2082 11/10/2003 8/20/2004 284 81.5 254 223.21 30.74 Short-migratory NA
2088 11/10/2003 8/20/2004 284 75.0 12 224.75 45.23 NA NA
2393 6/30/2004 5/27/2006 696 66.0 666 180.72 44.71 Long-migratory 0.035
2398 7/1/2004 9/19/2005 445 64.0 415 183.75 44,52 Long-migratory NA
2381 7/1/2004 9/1/2005 427 65.0 285 202.58 44.53 Long-migratory 0.019
2605 7/1/2004 9/1/2004 62 65.0 32 231.82 44,51 NA 0.037
1475 8/11/2004 7/23/2005 346 85.5 316 211.98 31.1 Short-migratory 0.016
2942 8/12/2004 7/5/2005 327 82.5 277 219.01 31.28 Short-migratory 0.021
2864 8/18/2004 4/14/2006 604 93.3 574 207.69 31.37 Spawning? NA
2845 8/18/2004 9/1/2005 379 80.7 349 198.05 31.37 Long-migratory 0.024
2783 8/18/2004 7/17/2005 333 88.4 303 206.59 31.35 Long-migratory NA
2867 8/20/2004 10/2/2004 43 914 7 238.36 30.31 NA NA
1460 8/5/2005 7/26/2006 355 90.4 30 235.14 31.02 NA NA
1442 8/6/2005 7/23/2006 351 90.4 3 241.07 32.02 NA NA
1014 8/9/2005 7/26/2006 351 914 232 223.30 32.02 Short-migratory 0.035
184 8/9/2005 2/10/2006 185 96.2 157 210.86 31.78 Short-migratory NA
917 8/9/2005 12/12/2006 490 93.3 68 232.34 32.02 NA NA
1464 8/6/2006 8/21/2007 380 75.0 237 218.76 46.05 Short-migratory 0.037
1045 8/6/2006 6/16/2008 680 80.0 649 191.63 46.02 Long-migratory 0.009
3240 7/11/2008 8/23/2008 43 63.2 13 241.64 31.09 NA NA
396 8/3/2011 5/16/2013 652 63.5 487 161.50 44.89 Long-migratory 0.016
1090251 8/3/2011 8/24/2013 752 65.0 645 165.29 44.8 Long-migratory NA
394 8/3/2011 8/15/2012 378 68.0 306 182.68 44.82 Long-migratory 0.020
1090269 8/4/2011 6/26/2013 692 64.5 650 143.90 44.85 Long-migratory NA

Migratory pattern was determined based on whether the fish moved west of 210°E during the deployment period (“Long-migratory”), moved west of 230°E but not west
of 210°E (Short-migratory), or remained in the California Current region (“Resident”). One fish (tag 2864) made a putative spawning migration. “NA” denotes fish with
<90 days where HIF could be calculated (HIF Days). Note that fish at large for more than one migration year always showed the same migratory pattern.
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