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Comprehensive assessments of cumulative impacts to seabirds have been hindered by an incomplete understanding of temporal and spatial patterns in marine habitat use, particularly during the non-breeding season when seabirds can range widely across the global ocean. Alcids are an important component of the meso-predator biodiversity of the North Pacific Ocean, yet the non-breeding movement ecology and distribution for many of the Pacific Auk species remain poorly quantified. Recent and projected declines for historically robust populations of tufted puffin (Fratercula cirrhata) in Alaska highlight the importance of resolving aspects of the species’ non-breeding ecology, especially the pelagic phenology and distribution. We used light-level geolocation to quantify the annual at-sea distribution of tufted puffins between a major Gulf of Alaska nesting colony (Middleton Island) and heretofore unknown migration routes and wintering areas. Geolocator data from 42 complete migration routes of reproductive adult tufted puffins collected primarily between 2018-2020 revealed that both males and females were short-distance migrants, wintering on average 616 km from their breeding colony. Tufted puffins departed the breeding grounds in early September. Males made fewer stops and arrived earlier to wintering areas than females, however the arrival date to the wintering area was later in 2019 compared to 2018. Males took 30.5 ± 16.7 (± standard deviation) days in 2018 and 30.8 ± 24.6 days in 2019 to arrive at wintering areas. Conversely, females took 36.1 ± 16.8 days in 2018 and 59.8 ± 17.3 days in 2019 to arrive at wintering areas. Adult tufted puffins wintered primarily in the deep offshore waters of the eastern Gulf of Alaska and partially in the adjacent Northeast Pacific Ocean over a period of 151.9 days ± 31.6 with spring migrations starting by late March. Males and females showed consistent spatial distributions within seasons, especially during winter. Tufted puffins shifted southwards throughout the non-breeding season, similar to other Atlantic and Northeast Pacific alcids. Our study provides important information on the at-sea non-breeding phenology and distribution of tufted puffins, which can inform risk assessments for the species including vulnerability to spatially and temporally explicit marine pollution, disease, fisheries by-catch, and ocean-climate variability.
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Introduction

The life histories of seabirds have long been recognized as distinctively slow, with low reproductive rates, extended developmental periods, delayed reproductive onset, and long life spans (Ashmole, 1963; Lack, 1968). While the role of a heterogenous marine food supply in shaping seabird life histories has been debated (Ricklefs, 1990), the marine environment is clearly a prime selective force that has shaped seabird physiology, behavior, population vital rates, and diversification (Schreiber and Burger, 2001). Theory generally predicts that populations of species with slow life histories should be buffered from environmental variability (Morris et al., 2008; Sæther et al., 2013). In this context, it might be expected that seabird populations would be particularly resilient to variation in the marine environment. However, seabirds are among the most threatened vertebrates (Dias et al., 2019), and a large literature has documented changes in demographic rates, abundance, or community structure with ocean climate variability (La Cock, 1986; Ainley et al., 1994; Montevecchi and Myers, 1997; Gjerdrum et al., 2003; Morrison et al., 2011; Oro, 2014; Gorman et al., 2021) with recent reports of mass mortality events in association with extreme marine heatwaves (Jones et al., 2018; Jones et al., 2019; Piatt et al., 2020; Arimitsu et al., 2021).

Beyond the effects of ocean climate and food supply on the regulation of marine bird populations, a myriad of other stressors also contribute to the cumulative impacts that affect seabirds such as competition with fisheries and as bycatch, pollution, as well as invasive species (Dias et al., 2019). Comprehensive assessments of cumulative impacts to seabirds have been hindered by an incomplete understanding of their temporal and spatial marine habitat use. This is particularly true for the non-breeding season when seabirds range widely across remote regions of the global ocean often spanning multiple geopolitical boundaries (within the 200 nautical mile exclusive economic zone), as well as regions of the high seas that are considered global commons in terms of marine resource jurisdiction, management, and enforcement (Harrison et al., 2018). To help fill this knowledge gap, here we report a multi-year biologging study designed to assess the at-sea migratory and wintering movements of tufted puffins (Fratercula cirrhata) that breed at a major colony in the Gulf of Alaska (GOA) using light-level geolocation. To our knowledge, this is the first study to report the over-winter seasonal movements and pelagic distribution for the species.

Tufted puffins are among the 23 extant species comprising the auks (Aves: Alcidae) (Weir and Mursleen, 2013; Smith and Clarke, 2015) and are the largest among the puffins (genera Fratercula and Cerorhinca) (Gaston and Jones, 1998). As pelagic, pursuit-diving, flying seabirds, tufted puffins to go ashore only during the breeding season to rear their one offspring per pair in earthen burrows (Gaston and Jones, 1998; Piatt and Kitaysky, 2002). The species is widespread throughout the west coast of North America and Alaska, including the Northeast Pacific Ocean and Bering Sea regions, and while west coast populations (California to Southeast Alaska) have declined (Piatt and Kitaysky, 2002) the historically robust populations of the GOA present new concerns given recent declines that are predicted to continue in the future (Goyert et al., 2017).

In this study, we used light-level geolocation (GLS) to determine the pelagic migration routes, phenology, and wintering areas of adult tufted puffins nesting at Middleton Island − a major GOA breeding population (Institute for Seabird Research and Conservation, 2021). The objectives of our study were to: 1) quantify tufted puffin temporal and spatial patterns at sea during the non-breeding season; 2) assess the effects of sex, body condition, and year as predictors of non-breeding movements; and 3) calculate and compare sex-specific seasonal utilization distributions. Well appreciated as inefficient fliers due to high wing-loading (Spear and Ainley, 1997), we hypothesized tufted puffins may be constrained in their ability to range widely at sea to find productive foraging grounds. Following conclusions by Fayet et al. (2017b) that female and male adult Atlantic puffins (Fratercula arctica) follow similar migratory routes and are synchronous in their timing of return to breeding colonies, we hypothesized that adult male and female tufted puffins would have similar non-breeding behaviors and locations that would be consistent between years. Finally, we hypothesized that tufted puffins with a higher body condition index would travel greater distances given that the balance between energy expenditure and gain is recognized as an important factor underlying migration tactics and the distributions of animals (Shepard et al., 2013).



Methods


Study area

The study was conducted at Middleton Island, Alaska (59.48°N, 146.38°W), a low-lying island located in the north-central GOA (Figure 1). Middleton Island is situated 120 km from the Alaskan mainland and 15 km from the continental shelf. The region is oceanographically influenced by the east-west flowing Alaska Current and seasonally by the Alaska Coastal Current (Stabeno et al., 2004). Approximately 20,000 puffins are present on the island during the breeding season, an increase from ~5,000 individuals in the 1970s (Institute for Seabird Research and Conservation, 2021).




Figure 1 | This study was conducted at Middleton Island, Alaska (59.48 °N, 146.38 °W; denoted by the star), a low-lying island located in the north-central Gulf of Alaska. The dashed gray line represents the 200 nautical mile (nm) exclusive economic zone (EEZ) that delineates the jurisdictional boundaries of the United States and Canada.





Field methods

We deployed 60 archival GLS tags (Migrate Technology, UK; model: Intigeo C-65 super) on adult tufted puffins breeding at Middleton Island over two field seasons (2018: n = 30, 2019: n = 30). The GLS tags recorded ambient light-levels and sea surface temperature (SST), and had an expected battery life of approximately two years. Light intensity was measured every 60 seconds with the maximum value in each 5-minute interval recorded. The maximum, minimum, and mean SST were recorded every 8 hours, with the sensor sampling after 20 minutes of continuous immersion (accuracy ± 0.5°C, resolution 0.125°C).

We used an infrared burrow-scope (PukaNet, Hawaii) to locate occupied breeding burrows and hand-captured adult tufted puffins during the middle of chick rearing (late July 2018 and 2019) to deploy GLS tags. This time period was selected to minimize disturbance effects at the nest and reduce the possibility of nest abandonment (Rodway et al., 1996). We banded each captured bird with a unique USGS metal band on the left leg and a GLS tag mounted on a plastic (darvic) leg band on the right leg. The combined mass of the darvic band, GLS device, and mounting materials (cable tie, self-amalgamating tape, adhesive) was 2.2 g, which was ~0.3% of body weight at the time of deployment (range 631–824 g), well below accepted standards (Barron et al., 2010). We also collected a suite of standard morphometric measurements including wing chord length (mm), tarsus length (mm), bill depth (mm), culmen length (mm), and head-bill length (mm), as well as whole blood samples for molecular sex determination (CHD gene, Antech Diagnostics, Fountain Valley, California). After handling, birds were returned to their burrow. The high site fidelity of tufted puffins (Piatt and Kitaysky, 2002) enabled us to recapture individuals in subsequent summers during the mid-incubation phase of the breeding cycle (late June 2019, 2020, 2021). During recapture, the GLS tag (including the darvic leg band) was removed and standard morphometric measurements were collected again for each individual. Morphometric data were not collected for individuals recaptured in 2021 due to reduced field efforts.



Light-level processing and statistical analysis

We used R versions 4.1.3 for all spatial and statistical analyses (R Core Team, 2022, RRID: SCR_001905). Light-level data from the GLS tags were analyzed following methods outlined by (Lisovski et al., 2020). We processed the raw light-level data and determined daily twilights using twGeos (Lisovski et al., 2015) and then estimated twice-daily locations and the resulting most-probable tracks using probGLS (Merkel et al., 2016). We used both tag-derived and remotely-sensed sea surface temperature (SST) to inform and refine the estimation of most probable locations. Satellite-derived mean SST and mean SST error were extracted from the National Oceanic and Atmospheric Administration (NOAA) Optimal Interpolated SST dataset1). We defined the fastest, most likely speed as 16.5 m/s and the maximum flight speed as 22 m/s following Spear and Ainley (1997) to constrain daily flight distances. The overall median error for probGLS-derived locations is 185 km, with 145 km median error around the spring and fall equinoxes (Phillips et al., 2004; Merkel et al., 2016). Therefore, we did not exclude any data points around the equinoxes from analysis.

We performed a change point analysis to define migratory movements during the non-breeding season (departure date from Middleton Island, arrival date to wintering area, departure date from wintering area, arrival date to Middleton Island) using the GeoLight package (Lisovski and Hahn, 2012) following a similar framework outlined by Hobson et al. (2015). This analysis identified breakpoints in the light data to determine potential residency and migration periods. The approach was valuable for providing an initial estimate of residency periods, however, the error around the estimated location data complicates the determination of exact departure and arrival dates for residency periods. Therefore, using the most-probable locations derived from the probGLS analysis, large (>= 150 km, i.e., the approximate median error for probGLS-derived locations, Merkel et al., 2016), consistent movements away from the breeding and wintering grounds were used as determinants of departure when necessary (e.g., Hobson et al., 2015).

We defined winter as the residency period in which a bird remained in an area for the longest period during the non-breeding season. Fall was defined as the period between departure from the breeding colony and arrival to the wintering area, while spring was defined as the period between departure from the wintering area and arrival back at the breeding area. All residency periods identified during the fall and spring seasons were classified as potential stopovers. We used weekly mean locations (latitude, longitude) to determine the cumulative distance traveled during fall and spring for each individual tufted puffin to estimate migration distance. The mean monthly great-circle distance from the breeding colony and the great-circle distance from the breeding area to the mean wintering location were calculated for each individual using the haversine formula included in the geosphere package in R (Hijmans, 2021).

We developed an a priori set of 11 candidate linear models with sex, body condition, and year as explanatory variables to test for differences in 14 non-breeding movement response variables (see Supplementary Table 1 for the candidate model set details). An individual body condition term was calculated by extracting the residuals from a linear regression of bird weight as a function of the first principal component (PC1) of body size based on the lengths of the wing chord, tarsus, culmen, and head-bill, as well as bill depth that were collected at the time of first capture. Response variables of interest included arrival and departure dates, travel distances between and number of days to reach wintering and breeding areas, and winter longitude and latitude. We used information-theoretic methods to direct model selection and parameter estimation following Burnham and Anderson (2002). The MuMIn package in R (Barton, 2020) was used for full model averaging and estimation of weighed parameter estimates and parameter likelihoods.

We calculated seasonal utilization distributions (UDs) for male and female tufted puffins using the adehabitatHR package in R (Calenge, 2006). To quantify consistency of spatial distributions within each sex, we calculated the proportion of overlap in the core distributions (50% UD) within males and females for each season across years. To compare spatial use between the sexes, we calculated the proportion of overlap in spatial distributions between males and females for each season across years. Seasonal cutoffs were determined using the change point analysis as described above.



At-sea observations

To provide context for our results and broaden our assessment of tufted puffin non-breeding seasonal distributions, we consulted the North Pacific Pelagic Seabird Database (NPPSD v. 3.02). The NPPSD is a database containing abundance and distribution data for >20 million birds representing 160 species and collected over a 40-year time span in the North Pacific Ocean including the Alaskan shelf and deep ocean waters (Drew and Piatt, 2020). Data in the NPPSD database are standardized into 3.3 km transect segments with observations aggregated to the midpoint of each segment.

We queried the full NPPSD and acquired all available at-sea distribution and abundance data for tufted puffins. We aggregated these records into three non-breeding season distributions (fall, winter, and spring) using the mean values derived from the change point analysis. We binned the observations into 100 x 100 km grid cells and calculated the mean density of tufted puffins when present (birds/km2) for each grid cell. All mapping and spatial binning of the NPPSD observations was conducted using ArcMap 10.8 (ESRI, 2020, RRID: SCR_011081).




Results


Geolocator deployment and recovery

Of the 60 GLS tags deployed on reproductive adult tufted puffins during two breeding seasons (2018, 2019), we recovered 42 GLS tags over the course of three subsequent field seasons (2019: n = 16 [deployed in 2018]; 2020: n = 24 [3 deployed in 2018, 21 deployed in 2019]; 2021: n = 2 [deployed in 2019]), achieving a 70% recovery rate (Table 1). Five GLS tags were recovered two years after deployment (2018-2020: n = 3, 2019-2021: n = 2) (see Supplementary Figure 1). Overall, GLS failure rates were low. Of the 42 recovered tags, three tags failed prior to recovery during the first year of deployment (failure dates: Sept. 13, 2019; Feb. 12, 2019; Apr. 12, 2020) and two failed during the second year of deployment prior to recovery (failure date: March 20, 2020 for both). In total we obtained 42 complete and five partial annual migration routes. We note that all recaptures of GLS tagged tufted puffins occurred at the same burrow where the bird was originally located.


Table 1 | The number of light-level geolocator (GLS) tags deployed and recovered, and associated body mass measurements, from adult tufted puffins nesting at Middleton Island, Alaska (2018-2021).



GLS tags were deployed on 27 males (2018: n = 12, 2019: n = 15) and 33 females (2018: n = 18, 2019: n = 15) and recovered from 21 males and 21 females (Table 1). At first capture (late-July 2018 and 2019), body weight of tufted puffins averaged 771.3 g (n = 27) for males and 718.5 g (n = 33) for females. Upon recapture the following year (late-June 2019 and 2020), males weighed 769.2 g (n = 21) and females 714.2 (n = 19) (Table 2). Structurally, male tufted puffins had longer wing chord, tarsus, culmen, head-bill, and weight measurements than females (Table 2).


Table 2 | Comparison of morphometric measurements taken at the time of first capture (except for recapture weight) of adult male and female tufted puffins nesting at Middleton Island, Alaska.



Summary statistics of migration timing and movements are presented below as the mean ± standard deviation. We did not include the second year of data for individuals tracked during 2019-2021 in modeling efforts or in summary statistics due to small sample sizes (n = 2, 2020-2021).



Migration timing

During the study, tufted puffins departed Middleton Island in early September (mean departure date: 5 September ± 10.5 days). Sex, year, and body condition did not explain more variation in breeding site departure dates than the null model (Tables 3, 4). After departing the breeding area, males made fewer stops and arrived earlier to wintering areas compared to females in both years, however the arrival date to the wintering area was later in 2019 compared to 2018 for both sexes (Tables 3, 4). Modeling results suggested males visited 1.1 ± 0.7 stopover locations between the breeding and wintering area, while females visited 1.7 ± 0.8 stopovers, however the confidence intervals for the parameter estimates of the sex term overlapped zero (Table 3). After departure from Middleton Island, males took 30.5 ± 16.7 days in 2018 and 30.8 ± 24.6 days in 2019 to arrive at wintering areas in early October (mean arrival date for 2018: 3 October ± 18.8 days, 2019: 9 October ± 19.0 days). In contrast, females took 36.1 ± 16.8 days in 2018 and 59.8 ± 17.3 days in 2019 to arrive at wintering areas by mid-October in 2018 (10 October ± 16.5 days) and late-October in 2019 (31 October ± 13.3 days).


Table 3 | Models that received Akaike’s Information Criterion values adjusted for small sample size, AICc, less than 2 for linear regression analysis testing the effects of sex, year, and body condition of adult tufted puffins nesting at Middleton Island, Alaska for 14 non-breeding movement response variables.




Table 4 | Parameter estimates, 95% confidence intervals (CI), and parameter likelihoods (PL) for candidate models explaining variation in tufted puffin movements.



The number of days spent in the wintering area, departure date from the wintering area, number of stopover locations, and number of days to reach the breeding area varied widely across individuals but there were no sex, year, or body condition differences detected (Tables 3, 4). On average, tufted puffins remained at their wintering areas for 151.9 ± 31.6 days, departing in late-March (mean departure date: 22 March ± 49.7). Spring movements lasted 49.1 ± 29.4 days on average and tufted puffins visited 1.4 ± 0.9 stopovers. Modeling results provide some support that arrival date back to the breeding colony at Middleton Island varied by year (Table 3), although confidence intervals for the year term overlap zero (Table 4). In 2019, tufted puffins arrived back to the Middleton Island breeding colony in early May (mean arrival date: 5 May ± 5.1 days). In 2020, puffins arrived slightly earlier (mean arrival date 28 April ± 4.1 days).



Seasonal distribution

During the non-breeding season, tufted puffins nesting at Middleton Island were primarily distributed off the continental shelf in the GOA and Northeast Pacific Ocean between 50 – 58 °N and 132 – 150 °W (Figure 2). However, we also documented nearshore habitat use during one winter (2018-2019) of our study.




Figure 2 | Non-breeding season (fall – spring) kernel density utilization distributions (95%, 75%, 50%, 25%; light blue to dark blue) of 47 annual tracks from 42 adult tufted puffins tagged with archival light-level geolocators at Middleton Island, Alaska (2018–2021). The location of Middleton Island is denoted by the black diamond.



After departing the breeding area, female puffins traveled farther on average (674.92 ± 349.77 km) than males (405.71 ± 234.94 km) during the fall season (Tables 3, 4). The sex by year interaction term was significant as demonstrated by the non-overlapping confidence intervals (Table 4), revealing important differences in the post-breeding season movements by male and female puffins across years. In 2018, both males and females traveled roughly the same distance during the fall season before arrival to their wintering areas (females: 561.41 ± 224.18 km; males: 528.70 ± 259.12 km). In contrast, during fall 2019, males traveled 335.42 ± 195.90 km on average, while females covered over twice that distance (770.98 ± 413.28 km) due to the protracted duration of the fall 2019 period for females.

There were no significant differences in the mean winter latitude or longitude by sex, year, or body condition (Tables 3, 4). Mean wintering locations spanned 5.1 degrees of latitude (51.70 – 56.80 °N) and 10.9 degrees of longitude (136.3 – 147.2 °W). The average distance between breeding and wintering locations across all GLS tagged individuals was 615.67 ± 189.71 km. Tufted puffin distributions shifted southward throughout the non-breeding season, with a mean distance from the colony of 560.20 ± 133.96 km in November compared to 716.21 ± 276.22 km in February (Figures 3, 4; see also Supplementary Figures 2, 3 for seasonal kernel density distributions for males and females across years).




Figure 3 | Overlap of core (50%) utilization distributions for male (blue) and female (red) tufted puffins within non-breeding seasons. Adult tufted puffins were fitted with archival light-level geolocators at Middleton Island, Alaska (2018-2020). The location of Middleton Island is denoted by the black diamond. Areas where the distributions overlap are displayed in black. The timing of seasons was determined by a change point analysis for each tracked puffin.






Figure 4 | Overlap of seasonal core (50%) utilization distributions across years (2018/19: darker color; 2019/2020: lighter color) for male and female tufted puffins fitted with archival light-level geolocators on Middleton Island, Alaska (2018-2020). The location of Middleton Island is denoted by the black diamond. Areas where the distributions overlap are displayed in black. The timing of seasons was determined by a change point analysis for each tracked puffin.



In spring, there were no significant differences in the cumulative distance traveled before arrival back to the breeding area by sex, year, or body condition (Tables 3, 4). Due to the southward shift over the winter period, on average, tufted puffins covered more distance during spring (850.97 ± 520.72 km) compared to fall (546.17 ± 326.76 km).

Males and females showed relatively consistent spatial distribution within seasons, especially during winter. Core distributions (50% UD) between the sexes overlapped by over 50% in all seasons and years except for spring 2020 when the female distribution was more spatially constrained (Figure 3). Across years, females demonstrated higher consistency in core (50% UD) non-breeding distribution in all seasons compared to males (Figure 4), especially during winter and spring. For both males and females, the fall distributions in 2019 shifted west and northwards. In winter 2018/2019, both male and female core distribution included a nearshore area in southeastern Alaska near Kuiu Island and the southern end of Baranof Island. During both springs, core distributions for both males and females tended to shift southward from the wintering area.

During the 2018/19 non-breeding season, all estimated UDs (25%-95%) primarily remained north of 50° latitude across all seasons (Supplementary Figure 2). However, in 2019/20, distributions expanded southwards during fall (females), winter (males and females), and spring (males) (Supplementary Figure 3). The farthest recorded distribution reached just south of 45°N during the winter season. The southward expansion of these seasonal ranges resulted in 95% UD areas that were 39% larger for females during fall, 4% larger for males during winter, and 97% larger for males during spring of the 2019/20 non-breeding season as compared to their 2018/19 distributions.



At-sea observations

Of the 460,285 transects we examined in the NPPSD, 50,151 transects contained observations of tufted puffins. These observations were aggregated by the mean seasonal values derived from the change point analysis. Records of tufted puffins included: Fall (September 5 – October 14) 7,516 of the 67,752 transects (11.09%); Winter (October 15 – March 21), 1,423 of 80,087 transects (1.78%); and Spring (March 22 – May 2), 1,246 of 47,986 transects (2.60%) (Figure 5).




Figure 5 | North Pacific Pelagic Seabird Database mean tufted puffin density (birds/km2) by seasons, 1974 – 2019. At-sea observations were binned into 100 x 100 km grid cells and seasons were defined based on mean dates derived from our tracked tufted puffins (Fall: Sep 5 – Oct 14; Winter: Oct 15 – Mar 21; Spring: Mar 22 – May 2. Grayed cells indicate surveyed areas without tufted puffin observations.



Tufted puffins were observed in relatively low densities throughout the non-breeding season. During winter, the highest density was recorded in the Aleutian Islands, and intermediate densities recorded in the nearshore waters of southeastern Alaska and Washington, and off the shelf in the Northeast Pacific (Figure 5). Of the 1,423 winter transects with puffin observations, most occurred in November (31%), February (28%), and October (24%), while few occurred in March (10%), January (4%), and December (4%). 




Discussion


Drivers of non-breeding season spatial distribution

This is the first study to report the non-breeding seasonal movements and over-winter pelagic distribution of tufted puffins. Geolocator data from 42 complete migration routes revealed that tufted puffins were short-distance migrants, wintering in the deep GOA and Northeast Pacific waters ~615 km south and southeast of the Middleton Island breeding colony. Similar to Atlantic puffins (Burnham et al., 2021) and Cassin’s auklets of British Columbia, Canada (Studholme et al., 2019), our study population of tufted puffins shifted southwards throughout the non-breeding season, ranging from ~560 km from the colony in early winter to ~716 km from the colony during late winter. These results are in contrast to previous evidence suggesting tufted puffins winter south of 40°N and in the central North Pacific Ocean (see International North Pacific Fisheries Commission, 1992, noted in Piatt and Kitaysky, 2002). Instead, the core (50% UD) of this population’s non-breeding range extended to just south of 55°N, off the coast of southeast Alaska (Figure 2), while the southernmost locations recorded for tufted puffins in this study were just south of 45°N in the waters west of Washington state. We hypothesized that male and female tufted puffins would share similar migratory locations and our results suggest no segregation of the sexes across fall, winter, or spring seasons. Kernel density utilization distributions of male and female tufted puffins had a high degree of overlap, with no seasonal or annual patterns of non-overlapping areas (Figure 3). Further, we found no sex differences in mean winter latitude or longitude (Figure 3).

The relatively short-distance migration of this population may reflect physical limitations of the species. In a comparative analysis of avian tracking data, Watanabe (2016) found that for birds using powered flapping flight (69 species), migration distance decreased with increasing body mass and wing loading due to rising flight costs. As the largest among the puffins (genera Fratercula and Cerorhinca) (Gaston and Jones, 1998), tufted puffins use powered flapping flight and their high body mass and wing loading (Johnsgard, 1987; Spear and Ainley, 1997) may reduce their capacity to disperse greater distances. In contrast, congeneric Atlantic puffins in Greenland that weighed ~23% (males) and ~39% (females) less at first capture than the tufted puffins included in our study traveled ~1400 – 3700 km from the breeding colony during throughout the winter (Burnham et al., 2021).

Additionally, the GOA and Northeast Pacific Ocean near Middleton Island may sustain rich winter foraging conditions compared to pelagic waters farther away, thereby reducing the need for our study population of puffins to undertake longer migrations after breeding. For example, Atlantic puffins from larger and less productive colonies and/or in areas with poorer local winter conditions migrated further and wintered in less productive waters compared to Atlantic puffins breeding at smaller colonies and in areas with more productive winter habitat (Fayet et al., 2017a). Unfortunately, there is very little data regarding seabird prey abundance and availability during winter in the GOA and the Northeast Pacific Ocean. However, the GOA is considered one of the world’s most productive oceans sustaining large populations of seabirds, marine mammals, and fishes, including economically important groundfish and salmon populations (Mundy and Cooney, 2005). The central basin of the GOA is characterized by dispersed volcanic seamounts (Maloney, 2004), which are areas noted for high productivity and biomass (Pitcher et al., 2007) and provide important habitat for demersal fish and mid-water cephalopods (Clarke, 2007). Based on data from historical surveys, seamounts may provide reliable foraging habitat for tufted puffins targeting squid, euphausiids, and pelagic fish (Hughes, 1981), which have been identified as primarily components of their diet (Hatch and Sanger, 1992; Piatt and Kitaysky, 2002). It would be fruitful for future studies to compare the non-breeding movements and distribution of tufted puffins with their sympatric congener the horned puffin (F. corniculate) to compare migratory strategies related to their differing morphologies and dietary niches. Past research on the Aethia auklets of the western Aleutian Islands demonstrated that the closely related whiskered (A. pygmaea), parakeet (A. psittacula), and crested (A. cristatella) auklets comprise a migratory continuum from resident to long distance migrants, respectively, driven by each species specific nutritional requirements (Schacter, 2017; Schacter and Jones, 2018).

During winter 2018/2019, we documented evidence of nearshore use by the majority of tagged male and female tufted puffins during the early winter season in both the western GOA’s Lower Cook Inlet/Kodiak Island area and later that same winter in southeastern Alaska’s southern Baranof Island and Kuiu Island within the Alexander Archipelago. This overlap of the sexes in nearshore areas where puffins are not normally observed during the non-breeding season is corroborated by nearshore puffin densities recorded on NPPSD transects in southeastern Alaska. The nearshore distribution shifts may have been in response to local environmental conditions. Oceanographically, these two areas are very different, with the continental shelf relatively wide (>100 km) at Lower Cook Inlet/Kodiak Island and relatively narrow (<30 km) at the southern Baranof Island/Kuiu Island area. However, both areas support large tufted puffin breeding colonies, including >133,000 puffins around the Barren Islands in Lower Cook Inlet and 11,000 puffins at St. Lazaria Island just west of Sitka (North Pacific Seabird Data Portal3). We speculate the presence of forage fish may have been driving winter use of these two areas. In a review of fishes in the GOA, it was noted that juvenile fishes are typically found close to shore during winter in both Lower Cook Inlet and southeastern Alaska (Mundy and Hollowed, 2005). In Lower Cook Inlet, Pacific sand lance (Ammodytes personatus), Pacific herring (Clupea pallasii), walleye pollock (Gadus chalcogrammus), and Pacific capelin (Mallotus catervarius) are abundant forage fish species (Abookire and Piatt, 2005; Speckman et al., 2005), while at Baranof Island the underwater Edgecumbe Pinnacles Marine Reserve just outside of Sitka Sound supports a high density and diversity of juvenile rockfish (Sebastes spp.) and lingcod (Ophiodon elongatus) (Starr et al., 2004) and Sitka Sound supports a robust Pacific herring fishery (Dupuis et al., 2022). Although tufted puffins are thought to forage primarily on squid and euphausiids throughout the year, forage fish such as capelin, sandlance, and juvenile pollock and rockfish, have also been documented as important prey items during the non-breeding season (Piatt and Kitaysky, 2002).



Interannual differences in migration phenology and distance

Similar to other colonies along the coast of the Northeast Pacific Ocean (Piatt and Kitaysky, 2002; Jones et al., 2019), tufted puffins departed from the breeding area at Middleton Island in early September. In 2018, both males and females traveled approximately the same distance from the breeding to wintering area during the fall season. However, in fall 2019, females traveled more than twice the distance traveled by males. Further, despite departing the breeding area at the same time, females arrived at the wintering area on average 22 days after males in 2019, although the effect of sex was not significant due to high variation in arrival date to the wintering area (Table 4). As a result of the protracted fall period, the 95% UD for females was ~10% larger than males and the cumulative distance traveled was more than twice the distance of males during fall 2019. We originally hypothesized that tufted puffins in better body condition would travel greater distances. However, our analysis did not support an effect of female body condition (i.e., model 9 in our candidate mode set, Supplementary Table 1, Tables 3, 4) on migratory phenology or distance metrics. We speculate there may be sex-specific dietary preferences between males and females following the breeding season that drive differences in habitat selection between the sexes.

The annual differences between the 2018 and 2019 fall migration may have been related to the onset of a marine heatwave in June 2019 that resulted in above average SST accompanied by high surface air temperature anomalies over Alaska (Amaya et al., 2020). This Northeast Pacific marine heatwave lasted into January 2020 across much of the GOA waters used by tufted puffins during the non-breeding season. However, in the waters just south of the non-breeding area (40-50° N), the marine heatwave persisted much longer, and included peaks in SST anomalies during April, July, and November 2020 (Chen et al., 2021). Warming ocean conditions in the GOA can be a source of large-scale, major ecosystem perturbations to the marine food web. In particular, the massive 2013-2016 marine heatwave (i.e., The Blob, Di Lorenzo and Mantua, 2016) was shown to reduce the availability of cold-water associated euphausiids (Order: Euphausiacea), as well as the availability and quality of Pacific capelin, sand lance, and herring (Arimitsu et al., 2021; Suryan et al., 2021), all key forage species for tufted puffins (Hatch and Sanger, 1992; Piatt et al., 1997; Piatt and Kitaysky, 2002).

Fall migration for tufted puffins is expected to be more flexible and less constrained by weather conditions and food resources than spring migration, when puffins must arrive in good condition and within a timeframe that allows for successful reproduction. Reduced availability of forage fish and euphausiids during fall 2019 may have caused puffins to use a different migratory strategy that, in turn, prolonged migration time to the wintering grounds. Support for this idea originates from the Middleton Island breeding grounds as the occurrence of Pacific herring and more coastal species of forage fish in seabird diets during the summer of 2019 indicated that the availability of offshore prey such as capelin was reduced (Hatch et al., 2019).



Geolocator recovery rates

This study is among the more successful geolocator studies for a Pacific alcid to date based on our GLS tag recovery rate (70% overall). Other GLS studies of Pacific alcids report tag recovery rates ranging from 33-93%. For Aethia auklets of the western Aleutian Islands (Buldir and Gareloi Islands), Schacter (2017) reported GLS tag recovery rates of 35% for whiskered auklets (see also Schacter and Jones, 2018), 52% for crested auklets, and 72% for parakeet auklets. Two GLS studies of Cassin’s auklets (Ptychoramphus aleuticus) reported variable tag return rates from 33% for birds tagged in British Columbia, Canada (Studholme et al., 2019) to 72% for birds tagged in California (Johns et al., 2020). A GLS tagging study of rhinocerous auklets (Cerorhinca monocerata, grouped within the puffins following Smith and Clarke, 2015) reported an overall recovery rate of 40.5% (range: 0-80%) among birds tagged across 13 eastern Pacific Ocean breeding colonies − only two locations had GLS tag return rates >70%. For larger bodied thick-billed murres (Uria lomvia) of the Pribilof Islands, Alaska, a GLS study reported return rates >90% (Orben et al., 2015). For the congeneric Atlantic puffin, GLS studies have reported similarly high recapture rates ranging from 70-100% (Fayet et al., 2016; Fayet et al., 2017a; Fayet et al., 2017b; Burnham et al., 2021). The high breeding site fidelity of our tufted puffin study population along with their larger body size, relatively small weight of the GLS tags, and environmental conditions favorable for survival and breeding are all key factors that contributed to the high GLS tag return rates during this study.



Conservation implications

Tufted puffins spend ~75% of the year away from their breeding colonies, highlighting the importance of understanding the ecology of the non-breeding phase of the annual cycle for the species. Our study provides an important first step in uncovering the non-breeding phenology and distribution for tufted puffins nesting in the GOA. Puffins were overwhelmingly pelagic and occupied a broad swath of the GOA and Northeast Pacific Ocean. The at-sea, non-breeding distribution of our study population of tufted puffins at Middleton Island spanned geopolitical boundaries between the U.S. and Canada (within 200 nm exclusive economic zone, Figure 1), as well as regions of the high seas that are considered global commons (Harrison et al., 2018), complicating conservation and management of the species.

Given the projected declines for northern GOA populations of tufted puffins (Goyert et al., 2017), we recommend further investigations identify similar temporal and spatial patterns in the non-breeding distributions of the other major nesting colonies in the region, as well as for the closely related horned puffin. The coarse resolution of geolocator data relative to the short distances traveled by this population importantly limited our power to detect relationships between migratory patterns and potential drivers (i.e., sex, body condition, year). Further understanding the ecological drivers of migratory strategies and winter distributions of tufted puffins throughout the GOA could have large conservation implications in the face of changing ocean-climate conditions. For example, the two recent marine heatwaves described above upset trophic dynamics throughout the food web (Arimitsu et al., 2021; Suryan et al., 2021), resulting in a massive seabird mortality event and breeding colony failures for common murres (Uria aalge, Piatt et al., 2020) and unusual mortalities of marine mammals (e.g., Christiansen et al., 2021). Marine heatwaves are predicted to increase in frequency, intensity, and duration in the future (Frölicher et al., 2018; Barkhordarian et al., 2022). Further, a long-term Pacific warming pool was recently identified at the southern extent of the non-breeding distribution for our study population (Barkhordarian et al., 2022). The warming pool is marked by a pronounced increase in annual mean sea surface temperature, a reduction in winter cooling, and winters that are warmer and shorter. The persistence of the warming pool and the potential development of a positive feedback loop could have profound ecological impacts on the region (e.g., Arimitsu et al., 2021), particularly for species with limited dispersal capacity such as tufted puffins based on our results. Tufted puffin bycatch is also a conservation concern, despite the decline in high-seas drift net fisheries (Piatt and Kitaysky, 2002). Our findings suggest that seamounts may provide important wintering habitat for tufted puffins. While bottom-contact fishing is currently prohibited on the GOA’s 15 seamounts in federal waters (North Pacific Fisheries Management Council4), there are no prohibitions on fishing in the mid-and near-surface waters where puffins are likely to forage.
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