

[image: Age-Related Interactions with Wind During Migration Support the Hypothesis of Developmental Learning in a Migrating Long-Lived Seabird]
Age-Related Interactions with Wind During Migration Support the Hypothesis of Developmental Learning in a Migrating Long-Lived Seabird





ORIGINAL RESEARCH

published: 26 July 2022

doi: 10.3389/fmars.2022.938033

[image: image2]


Age-Related Interactions with Wind During Migration Support the Hypothesis of Developmental Learning in a Migrating Long-Lived Seabird


Kevin D. Powers 1*, Isabeau Pratte 2, Robert A. Ronconi 2,3, Sarah N. P. Wong 2,3, Peter G. Ryan 4, Linda J. Welch 5, Tammy L. Silva 1, Kent A. Hatch 6, Andrew J. Westgate 7,3 and David N. Wiley 1


1 Stellwagen Bank National Marine Sanctuary, National Oceanic and Atmospheric Administration (NOAA) National Ocean Service, Scituate, MA, United States, 2 Environment and Climate Change Canada (ECCC), Canadian Wildlife Service, Dartmouth, NS, Canada, 3 Grand Manan Whale and Research Station, North Head, NB, Canada, 4 FitzPatrick Institute of African Ornithology, University of Cape Town, Rondebosch, South Africa, 5 United States Fish and Wildlife Service, Maine Coastal Islands National Wildlife Refuge (NWR), Rockland, ME, United States, 6 Department of Biological and Environmental Sciences, Long Island University Post, Brookville, NY, United States, 7 Department of Biology and Marine Biology, University of North Carolina Wilmington, Wilmington, NC, United States




Edited by: 

Guillermo Luna-Jorquera, Universidad Católica del Norte, Chile

Reviewed by: 

Frank A. La Sorte, Cornell University, United States

Katsufumi Sato, The University of Tokyo, Japan

*Correspondence: 

Kevin D. Powers
 kdpowers24@gmail.com

Specialty section: 
 This article was submitted to Marine Megafauna, a section of the journal Frontiers in Marine Science


Received: 10 May 2022

Accepted: 24 June 2022

Published: 26 July 2022

Citation:
Powers KD, Pratte I, Ronconi RA, Wong SNP, Ryan PG, Welch LJ, Silva TL, Hatch KA, Westgate AJ and Wiley DN (2022) Age-Related Interactions with Wind During Migration Support the Hypothesis of Developmental Learning in a Migrating Long-Lived Seabird. Front. Mar. Sci. 9:938033. doi: 10.3389/fmars.2022.938033



Wind patterns shape migratory pathways and detours of many procellariiform bird species that seasonally migrate between hemispheres. These seabirds are long-lived, and the period of immaturity is presumed to be a time of development and learning the environment, specifically how to use wind to their advantage. We assess how wind encountered by individual Great Shearwaters (Ardenna gravis) varies along the migration journey and compare responses between presumed mature and immature birds (early and late, respectively) in southbound migration and mature birds in northbound migration. We analyze modeled Argos locations from 71 individual tracks of migratory Great Shearwaters with concurrent U (East/West) and V (North/South) wind components. Migration in seabirds is well studied, but there is limited quantitative work measuring individual birds directly interacting with wind and their associated changes in flight behavior during migration. We show that Great Shearwaters made optimal use of winds, and that different age groups made decisions that exposed them to different wind constraints. Overall, Great Shearwaters derived positive responses from wind under most conditions and did not rely on a drifting strategy, which would be suggested if wind effect (difference between ground and airspeed) was predominantly positive during migrations. Instead, they appeared to use a compensating strategy to achieve an acceptable course and speed. The difference we observed in migration phenologies suggests that by migrating later, immature birds might travel the path of least resistance and experience flight conditions that are less risky furthering their ability to withstand a variety of wind conditions encountered later in life as done by adults, which migrate earlier and are subject to more variable flight conditions. We conclude that like other procellariiforms, a longer period of sexual maturity is required to enhance flight performance and mediate energy expenditure through experiential learning and increased fitness.
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Introduction

The adaptive behavior of bird flight relative to wind has important implications for migration, orientation, foraging, and energetics (Enri et al., 2005; Shamoun-Baranes et al., 2007). Winds influence the transport economy of birds and the selection of favorable tailwinds for migratory flights is of overriding importance for optimal migration performance (Liechti and Bruderer, 1998). Long-distance migrants cross or circumvent large barriers such as oceans or deserts with ramifications (e.g., wind selectivity, stop-overs, detours, predation) for navigation, energetics, and survival. Optimal use of wind is obtained by selecting trajectories that avoid headwinds and minimize the potential negative effects of wind on energy expenditure associated with geographic barriers (Alerstam, 2011; Gill et al., 2014). Focusing on spatial and temporal variability and ways in which migration is correlated with environmental conditions can further our understanding of the scope of flexibility in migratory behavior (Vardanis et al., 2011).


Many species of the order Procellariiformes (albatrosses, petrels, shearwaters, storm petrels) are inter-hemispheric migrants and have evolved on the high seas and their associated wind patterns (Warham, 1996). The optimal path for several species of shearwaters migrating across the Equator between breeding and wintering areas, is not necessarily the shortest path (Schaffer et al., 2006; Dell’Ariccia et al., 2018). These birds rather often fly longer distances along corridors where winds are more favorable, and flight requires less energy (Felicisimo et al., 2008; González-Solis et al., 2009). When cruising with favorable tail or side winds, Wandering Albatrosses (Diomedea exulans) achieve high flight speeds while expending little more energy than birds resting on land (Weimerskirch et al., 2000). Whether it is while foraging or migrating, petrel and shearwater movements clearly benefit from favorable wind strength and direction (Schaffer et al., 2006; Adams and Flora, 2010; Ventura et al., 2020), yet intensification of storm activities may increase seabird mortality by forcing them off migratory routes or causing them to spend too much energy just to survive in rough seas (Tavares et al., 2019).

Investigating the link between seabird movements and wind conditions over vast expanses of the open ocean requires knowledge of a bird’s location, and its travel direction relative to wind direction and magnitude (e.g., Adams and Flora, 2010). Satellite-tracking devices such as platform terminal transmitters (PTTs) mounted on birds provide fine-scale (km range) data on location, time, and travel direction that can be used to infer a bird’s behavioral state (e.g., area-restricted search or transit) (Powers et al., 2017). These data can be combined with satellite-derived data for location-specific wind direction and magnitude (e.g., Illan et al., 2017), thereby allowing calculation of times and areas in which flight is wind-aided. During long-distance migration periods, these data can also be used to calculate where birds need to compensate for changing wind conditions to reach destinations, such as a nesting site or foraging areas.

In most procellariform species, juveniles leave their natal grounds independently from their parents, and thus explore and learn the environment on their own (de Grissac et al., 2016). There are innate aspects of juvenile movements that correspond to those of adults (Sergio et al., 2014), but timing, movement behavior, or route choices often differ (Thiers et al., 2014). These birds are long-lived with varying periods of immaturity before they return to nesting colonies to breed: 5 – 9 years for shearwaters (Bradley et al., 1999; Fletcher et al., 2013; Campioni et al., 2019), and 3 – 12 years for albatrosses (Porter and Colson, 1987; Crespin et al., 2006; Orben et al., 2018). This period of immaturity in Wandering Albatross is related to experiential learning about spatial, behavioral, and resource constraints (Riotte-Lambert and Weimerskirch, 2013). Likewise, Cory’s Shearwaters (Calonectris diomedea) show remarkable age-related differences in migration timing, trajectory, and oceanographic conditions experienced (Péron and Grémillet, 2013). Given their longevity, the extended period of immaturity in procellariiforms is a time when individuals must learn to navigate within their changing environment while responding adequately to the phenology of changing seasons (Campioni et al., 2019). Such developmental learning is essential to survive and then recruit to the breeding population.Foraging and home ranges of Great Shearwaters (Ardenna gravis) have been examined in the S Atlantic (Ronconi et al., 2018; Schoombie et al., 2018) and western N Atlantic (Brown, 1986; Powers et al., 2017; Powers et al., 2020), but we understand little about their interhemispheric migrations between breeding and wintering areas except for earlier accounts summarized by Cramp and Simmons (1977). The goal of this work is to describe Great Shearwater migration and investigate migration trajectories in relation to age, orientation, and spatial interactions with wind. Previous studies in the western N Atlantic found that older Great Shearwaters tend to migrate earlier than juveniles (Powers et al., 2017; Ronconi et al., 2018; Powers et al., 2020). Moreover, the longer period of immaturity in procellariiforms is thought to be reflective of developmental learning, as suggested by existing differences in migration strategies between younger birds and adults at age of breeding (Orben et al., 2018; Campioni et al., 2019). Thus, we predict that early migrants (adults) are confronted with different wind conditions during the southbound migration over the Equator than late migrants (immature birds) (Felicisimo et al., 2008).



Study area and methods


Tracking Data

Great Shearwaters (n = 128) were tracked with PTTs deployed at three sites in the western N Atlantic during their non-breeding season, and while breeding in the Tristan da Cunha archipelago (Inaccessible and Gough Islands) from the S Atlantic (Table 1). The locations and techniques used to capture and deploy these PTTs are described in Powers et al. (2017); Ronconi et al. (2018), and Powers et al. (2020). PTTs used for birds in New Brunswick, Maine, and Tristan da Cunha were battery-only Kiwi Sat 202 PTT from SirTrack Wildlife Tracking Solutions (30 g). Solar PTT-100 tags from Microwave Telemetry (15 g) were used in Massachusetts. Duty cycles for tags deployed in Massachusetts were 24-hr [on]; tags used in Maine and New Brunswick were set at 8-hr [on] and 16-hr [off]; tags deployed on breeding birds in Tristan da Cunha were set at 8-h [on] and 42-h [off]. Argos locations were obtained from the time of their release until the transmitters stopped working. No device information was available when transmissions ended. Sex was identified genetically from blood or feather samples provided (see Acknowledgements).


Table 1 | Breakdown by location, years, mean PTT1 longevity, and total number of Great Shearwaters tagged, and number of individuals used in this study.





Location Estimation and Behavioral Classifications

To improve the confidence of Argos location estimates and evenness of sampling intervals along chronologically ordered tracks (Reid et al., 2014; Jodice et al., 2016), we fitted a Bayesian switching state-space model (SSSM) to all tracking data using the ‘bsam’ (v 1.1.3) R package (Jonsen et al., 2005; Jonsen et al., 2013). While a standard state-space model provides improved location estimates and evenness of sampling, the “switching” part of the model provides an estimated state behavior expressed as a coefficient (b) on a scale between 1 and 2, representing transitory or area-restricted search (ARS) behaviors, respectively (Jonsen et al., 2013; Powers et al., 2017). Estimated locations were derived using the hierarchical first difference correlated random walk with switching method (hDCRWS), where all individuals were modeled collectively by year tagged. The modeling approach used a Markov chain Monte Carlo method with 10,000 iterations (thinned by every 10th record) after a burn-in of 40,000 iterations to eliminate effects of initial values. The model was run with a 6-h time-step to match the time resolution of derived wind data.

Since the behavior estimate (b) is two-state but on a continuous scale and we used PTTs with differing duty cycles, we applied a confidence interval around each behavior: b >= 1.75 for ARS and b<= 1.25 for transit (Silva et al., 2013; Powers et al., 2017; Ronconi et al., 2018). We considered migrating behavior as a category on its own given the bird’s intent is clearly distinct during this time of their annual cycle (i.e., achieving migration). Start of migration was determined using a combination of two days of consistent transit behavior combined with continual unidirectional change in latitude or longitude, as two days distinguished migration from short-term transits between foraging sites during non-migratory periods. Migration ended when there was no further unidirectional change in latitude or longitude combined with mostly ARS behavior over two days. Finally, we eliminated any individual that did not start or show migratory behavior, leaving 71 birds for further analysis (Table 1). Most excluded birds came from the SW Gulf of Maine, which comprised mostly younger birds and PTTs were deployed 1.5 months earlier (Powers et al., 2020) than those in the other parts of the Gulf of Maine, which were mostly older birds (Powers et al., 2017; Ronconi et al., 2018).



Wind and Flight Analysis

Wind vector data was obtained from the North American Regional Reanalysis dataset via the ‘RNCEP’ R package (Kemp et al., 2012) with a spatial resolution of 2.5° x 2.5°, and a temporal resolution of 6 h. We extracted the U (East/West) and V (North/South) wind components at each predicted SSSM location for each bird (n = 71) as measured at the surface. Shearwaters typically fly within 2 m of the ocean’s surface (Pennycuick, 1982). Interpolation in time and space was used so the resulting wind components were adjusted using a trilinear interpolation in latitude, longitude, and time (Kemp et al., 2012). Following Shamoun-Baranes et al. (2007), using the SSSM locations and data on wind, we calculated three orthogonal vectors essential in the study of bird flight in relation to wind. A vector (velocity) is made of two components namely its magnitude (speed), and its direction.

We first determined ground speed (m·s-1) and track bearing (°), the magnitude and direction components of the ground vector (Vg). The ground vector is associated with the observed trajectory of the bird. We then calculated the two components of the wind vector (Vw): the wind speed, the square root of the sum of squares of the east- and northward components (U and V) (Shamoun-Baranes et al., 2007); and the wind direction, defined as the direction toward which the wind is blowing. Lastly, we calculated the airspeed vector (Va) and its components, namely airspeed and true heading of the bird’s displacement relative to the airflow (see Shamoun-Baranes et al., 2007). This vector can be understood as the original bird displacement if the bird was moving in no wind conditions. Thus, on a perfectly still day Va= Vg. Accordingly, the airspeed vector (Va) is equal to the difference between the ground vector (Vg) and the wind vector (Vw). The airspeed vector also represents the energy expended in given wind conditions (Shamoun-Baranes et al., 2007; Kogure et al., 2016). We calculated wind support (Vs), which represents how ground speed in the direction of flight is influenced by wind. In other words, wind support is the resulting wind speed experienced by the bird in its direction of travel. Wind support is calculated as:

 

where θ is the angle between the wind vector (Vw) and the ground vector (Vg). Wind support can be negative (headwind) or positive (tailwind). We considered relative wind support (relVs), a metric spanning from -1 to 1 that quantifies the use of wind by birds independently of the wind speed, with -1 meaning the bird flies directly into the wind, and +1 the bird flies exactly in the direction of the wind. We also calculated wind effect (We), which is the difference between ground speed and airspeed (i.e., the effect wind has on the flight speed whether it is negative or positive). Table 2 lists and describes each of these wind/flight metrics.


Table 2 | List and definition of wind/flight metrics apparent to Great Shearwaters at each predicted switching state-space model location-time.





Statistical Analyses

Migration periods were separated by flight direction: southbound and northbound. We defined migratory pathways by calculating kernel density utilization distributions of migrating birds using the ‘adehabitatHR’ package (Calenge, 2006) in R (R Core Team, 2020). Based on migration start-date, we separated southbound migrants into two groups: early (mid-August to late-September) and late (October to December), which we attributed to age (Figure 1; Powers et al., 2020). Since we only tagged known breeding birds on nesting islands for the northbound migration, only a single age group (adult) was described.




Figure 1 | Histogram of starting dates for Great Shearwaters by calendar week showing bimodal peaks by early (n = 42) and late (n = 20) phases of the southbound migration. ‘early’ peak is 4-Sep and occurred in week 36, and ‘late’ peak is 16-Nov and occurred in week 46.



We examined the statistical significance of selected comparisons of wind/flight metrics using Spearman’s Rank Correlation Test and used the correlation coefficient (rho) to assess how well the relationship between the selected variables could be described using a monotonic function. Based on literature and logic, we expected correlations between selected wind analysis parameters; Vg and Vs should be positively correlated as ground speed is expected to increase with positive wind support (Safi et al., 2013; Kogure et al., 2016; Krietsch et al., 2020), and We and Vashould be negatively correlated as a bird experiencing negative wind effect is expected to expend more energy to continue flight (Shamoun-Baranes et al., 2007).

To examine the relationship between flight metrics and latitude during migrations we used generalized additive mixed models (GAMM) including individual as a random effect. For southbound migrants, we tested for differences between early and late migrants, and thus added migrant group into the GAMM as a fixed term and as the “by” argument within the smooth term (Wood, 2017). We then compared a model with the fixed term migrant group to a model without fixed term using a likelihood ratio test to assess whether migrant group explained differences in the relationship between flight metrics and latitude. For each GAMM model, we limited the number of knots to five to ease interpretation of results. For each migration, we present the trend in metrics along latitudes, but also present the smooth function obtained from the final GAMM to describe the effect of latitude on the flight metrics.

To explore migration path decisions and orientation, we divided southbound and northbound migrations into five and four areas based on the geography of the migration trajectory and where there were principal changes in wind patterns. The boundary limits of each geographic area are shown in Figures 2 and 3. The areas are ordered from start to finish of migration. The southbound migration starts on wintering areas in the western N Atlantic and tracks birds going across the Equator into the S Atlantic. The northbound migration tracks birds from the Patagonian Shelf back into the western N Atlantic after the breeding season. We considered ground track bearing, true heading, and wind direction. The circular values (angles) did not follow the von Misses distribution (all; p< 0.05), and the concentration parameter (measure of dispersion and uniformity of distribution of angles) differed between areas-migrant groups (southbound), or areas (northbound). Thus, we used Watson-Wheeler non-parametric test to examine if either the mean or variance differed between groups compared. We also examined if migration duration and distance differed by migration groups using analysis of variance (ANOVA).




Figure 2 | Utilization distribution areas at 50% and 25% densities (yellow and red polygons) are shown for (A) early (n = 42) and (C) late (n = 20) southbound migrations of Great Shearwaters with locations of each predicted location (blue dots). Relative wind support (relVs) along individual trajectories is shown for (B) early and (D) late migrants. For relative wind support, a value of -1 means perfect headwinds and a value of +1 means perfect tailwinds. The Atlantic Ocean was broken into five geographic areas (1S – 5S) from north to south based primarily on latitude. Four-pointed stars denote tagging areas within the Gulf of Maine in the N Atltantic and hexagonal stars denote breeding colonies on Inaccessible and Gough Islands in Tristan da Cunha in the S Atlantic.






Figure 3 | (A) Utilization distribution areas at 50% and 25% densities (yellow and red polygons) of the northbound migration of Great Shearwaters (n = 10) with locations of each predicted location (blue dots). (B) Relative wind support (relVs) along individual trajectories. For relative wind support, a value of -1 means perfect headwinds and a value of +1 means perfect tailwinds. The Atlantic Ocean was broken into four geographic areas (1N – 4N) based on latitude from south to north. Four-pointed stars denote tagging areas within the Gulf of Maine in the N Atltantic and hexagonal stars denote breeding colonies on Inaccessible and Gough Islands in Tristan da Cunha in the S Atlantic.





Results

Using the entire dataset of 41,722 SSSM locations obtained from 71 birds, 7,472 locations (18%) were birds in migration (6,570 southbound and 902 northbound). We corroborated the expected correlations for the three migration groups (S – early, S – late, N) between wind support (Vs) and ground speed (Vg), and airspeed (Va) and wind effect (Table 3). As expected, Vgwas positively aided by Vsduring migration (Table 3). The overall magnitude of wind effect on Vawas negatively correlated as birds would increase Vawhen facing headwinds, but it nevertheless resulted in reduced Vg. Hence, the effect of wind on flight in terms of speed achieved for energy expended was negative, on average.


Table 3 | Spearman’s rank correlation coefficients (rho) by migration direction (North or South) and age group (‘early’ or ‘late’) for 71 Great Shearwaters for selected statistically significant wind interactions.



We examined the southbound migration of Great Shearwaters based on datasets from 62 individuals tagged in the Gulf of Maine off the NE United States and Bay of Fundy off New Brunswick, Canada. One bird tagged while breeding on Inaccessible Island in the middle of the S Atlantic was evaluated in both directions. Another bird tagged in the SW Gulf of Maine was determined to be a female using a feather sample and went directly to Inaccessible Island maintaining the schedule expected of a breeding female (Cuthbert, 2005; Ronconi et al., 2010; Ronconi et al., 2018). Only two of the birds tracked southbound were confirmed breeding adults. However, most early migrants (83%) but zero late migrants later visited the breeding colonies. Starting dates of the southbound migration showed a bimodal distribution (Figure 1); an ‘early’ peak on 4 September followed by a ‘late’ peak on 16 November (Table 4). Following Powers et al. (2020), early migrants were believed to be older (subadults and adults), and late migrants were younger (primarily juveniles). PTTs for 86% of early migrants lasted long enough to record the end of migration as opposed to only 35% of the late migrants. SirTrack PTTs deployed in W Gulf of Maine and Bay of Fundy lasted for 112 – 129 days (Table 1) and were deployed in late August to mid-September on mostly early migrants. By comparison, Microwave Telemetry PTTs used in the SW Gulf of Maine lasted 101 days (Table 1) and were deployed in mid-July on mostly late migrants, which did not migrate until November. The southbound migration took 27 – 32 days to complete. Although early migrants took on average 5 days less to complete it, and consistently traveled over a longer distance and at a higher rate of speed than late migrants, these differences were not significant (Table 4; duration: t = -1.36, df = 6.5, p = 0.2189; distance: t = 1.05, df = 8.0, p = 0.323).

The post-breeding northward migration of Great Shearwaters was based on 10 individuals, nine tagged on Inaccessible Island and one on Gough Island. The flight from the Patagonian Shelf off Argentina started on 26 May, was shorter, and took less time to complete than the southbound migration (Table 4). Although the overall distance traveled north was 1622 km shorter than going south, the distance covered per day, and velocity of Northbound Migrants were nearly equivalent to that of early migrants going south (Table 4). Only 4 of 10 birds were tracked all the way to their non-breeding areas. Six PTTs stopped transmitting between NE Brazil and west to Tobago and Trinidad, or north to Puerto Rico along with islands of the Lesser Antilles. The dates of their last locations ranged from 18-June to 11-July; these PTTs may have stopped transmitting due to tag failure as the average duration of all PTTs deployed from Tristan da Cunha was 202 days (Table 1), which occurred on 19 June. One-way ANOVA showed no significant difference in means of the three migrant groups for migration duration and distance (duration: F = 3.16, df = (2, 44), p = 0.052; distance: F = 3.12, df = (2, 44), p = 0.054).


Table 4 | Migration statistics by direction (North or South) and group (early or late) for 71 Great Shearwaters. 






Distribution and Orientation Along Migration


Southbound Migrants

Migration tracks for selected individual birds from early and late migrant groups are shown in Figure 4 and illustrate the dynamic changes and subsequent responses between ground track bearing, true heading, and wind direction and wind effect by modeled location during the flight. The distribution of locations during migration for early and late phases are separately shown with their 25% and 50% kernel density utilization distributions with the five defined geographic regions (area 1S – 5S) of the Atlantic Ocean (Figures 2A, C). The distributions and means for southbound migrants’ ground track bearing, true heading, and associated wind direction differed amongst geographic regions and migrant groups (all Watson-Wheeler test; W > 201.66, p< 0.001; Figure 5A; Supplementary Tables 1, 2). Despite highly variable winds, the overall path of the southern migration was well defined in area 1S as both early and late migrants maintained easterly trajectories from waters near Atlantic Canada north of 40° N. In area 2S, the path became less defined for early migrants as they broadly changed direction to the south after passing east of 40° W (Figure 2A), while late migrants continued to move in a more defined path towards the coast of N Africa (Figure 2C). Both groups generally used SE true headings to achieve an effective southerly trajectory under a mostly favorable SW blowing wind.




Figure 4 | Examples of flight paths for three individual Great Shearwaters as representatives of each migrant group analyzed (southbound – early, southbound – late, northbound). Trajectories are colored according to wind effect and illustrate dynamic changes and subsequent responses to wind by individual during migration with the magnitude (length of arrow) and direction of each vector at each state-space modeled location. Four-pointed stars denote tagging areas in the Gulf of Maine within the N Atltantic and hexagonal stars denote breeding colonies on Inaccessible and Gough Islands in Tristan da Cunha in the S Atlantic.






Figure 5 | Rose diagrams showing the density distribution in 15° bins of the different direction vectors in relation to one another for (A) southbound migrants (early and late phases) and (B) Northbound Migrants by geographic regions (Figure 2). Wind bearing is depicted blowing towards as this is how it relates to the other vectors for the calculation of flight metrics. Area shaded on the vertical axis reflects greater probability of occurrence in that bin.



In area 3S while approaching the Equator and the doldrums region, all flight paths were southerly in direction across a wide range of longitude east of 40° W. Early migrants had both a southerly ground track bearing and true heading, and faced northerly blowing headwinds in that area; their flight paths coalesced as their speeds slowed approaching the Equator (Figure 2A). This convergence occurred south of the Equator for late migrants (Figure 2C). Late migrants used primarily a SE true heading to maintain their southerly ground track under more favorable WSW blowing tailwinds (Figure 5A). The median week for early migrants to pass through area 3S was 17 – 23 September, whereas late migrants passed through it more than two months later between 1 – 7 December. In area 3S almost half of the early migrants experienced a northerly blowing headwind (circular mean ± s.d. 347° ± 1.4°; Supplementary Table 1), which resulted in negative relative wind support in that region (Figure 2B). Conversely, most late migrants had positive relative wind support in that same area (Figure 2D) due to the presence of SW blowing tailwinds (Figure 5A). The overall strength of the wind vector in this area was light (5 – 6 m·s-1) for both groups.After passing the Equator off the coast of Brazil in area 4S, flight paths for both migrant groups became spatially unified on the outer continental shelf where both groups experienced a similar W - NW blowing wind and used SSE true heading (Figure 5A) to achieve an overall displacement to the SSW along the coast of Brazil (Figure 2). South of 20° S in area 5S, there was a divergence in migration trajectories for early migrants: most went to the Patagonian Shelf, while others moved east continuing across the S Atlantic before their direct transit flight stopped and foraging started (Figure 2A). All late migrants went only to the Patagonian Shelf (Figure 2C). SW blowing winds dominated in this area, and ground track bearings and true headings for all late migrants, and those early migrants going to the Patagonian Shelf aligned with wind direction (Figure 5A). The remaining early migrants that continued toward the nesting islands in the Tristan da Cunha archipelago used a wider range of true headings seeking favorable wind support to take them there (Figures 2A, B).



Northbound Migrants

The overall path of the northern migration was well defined from the start around 40° S north to 20° N as shown in an example individual flight track for a northbound migrant (Figure 4). All birds moved along the edge of the continental shelf until reaching the Equator (Figure 3). The distribution of angles and their means differed amongst areas for ground track bearing, true heading, and wind direction (all Watson-Wheeler test; W > 478.92, p< 0.001; Figure 5B, Supplementary Tables 1, 2). At the start of migration in area 1N, birds leveraged a steady tailwind blowing N keeping a NE true heading to achieve NNE ground track bearing. By area 2N winds shifted direction to the NW but birds maintained an E to NE true heading to achieve N ground track to the Equator. At the Equator, their flight paths were consolidated longitudinally and most dense at the northeast corner of Brazil as they started to move into the N Atlantic in area 3N. There, winds were light approaching the Equator but began to increase in magnitude, while wind direction progressively changed to blowing WSW as they passed the Equator (Figures 4, 5B). Birds that completed the migration responded by heading NE to maintain a displacement to the NW towards the Caribbean Sea (Figure 3). North of 20° N wind direction became variable but birds modified their true heading to maintain a northerly displacement (Figures 3B, 4). Two birds stopped migrating on the Scotian Shelf (62.9° W, 42.2° N and 57.3° W, 46.4° N), one on the Grand Banks off Newfoundland (45.7° W, 45.0° N), and the other at the North Atlantic Current and Evlanov Seamount (NACES) MPA in the mid North Atlantic to the northwest of the Azores (47.7° W, 35.0° N).




Flight Metrics Along Migrations


Southbound Migrants

For southbound migrants, group (early vs late) explained variation in ground speed (Vg), airspeed (Va), wind support (Vs), and wind effect smoothed by latitude (LRT, p< 0.001). Overall, late migrants traveled more slowly in the N Atlantic before passing the Equator (Figure 6A). In that region, latitude negatively affected airspeed (decreased Va) for early migrants and positively affected airspeed (increased Va) for late migrants (Figure 6A). Although Vgvariation was more pronounced in early migrants, both groups initially increased Vgat higher latitudes before slowing down on their approach to the Equator (Figure 6A). South of the Equator the effect of latitude on Vgbecame negative and no longer explained ground speed especially for early migrants. The negative effect of latitude was noted only past the Equator for late migrants (Figure 7A). Accordingly, for both groups, passing the Equator and the doldrums region was associated with increased flight effort (greater Va), and decreased wind support (Vs). Again, both effects were slightly more pronounced for early migrants (Figure 7A). Wind support varied at greater amplitude for early migrants overall compared to late migrants, and late migrants achieved greater Vsthan early migrants throughout their migration (Figure 6A). In the S Atlantic, the effect of latitude on Varelaxed especially for late migrants (Figure 7A), and both groups found more wind support at those southern latitudes (Figure 6A). It was not until reaching the S Atlantic that both migrant groups experienced a positive wind effect (i.e., Vgexceeding Va (Figure 6A). This shift in wind effect contrasted with the beginning of their southbound migration (> 25° N), where the wind had a highly negative effect on flight (Figure 7A) (i.e., birds’ airspeed was higher than their achieved ground speed) (Figure 6A). The wind effect relaxed when they started approaching 25° N and found a desirable southbound course near the African continent, particularly for early migrants (Figure 7A).




Figure 6 | Flight metrics across latitude during (A) southbound migration for ‘early‘ and ‘late’ migrants, and (B) during northbound migration for Great Shearwaters tracked with platform terminal transmitter devices. Wind speed (Vw) is presented for reference.






Figure 7 | Smoothed functions obtained from the generalized-additive mixed models (GAMM) fit for each metric according to latitude during (A) southbound migration for early and late migrants, and (B) during northbound migration. 0 on the y-axis corresponds to the scaled mean, such as the closer the smooth is to zero the more it indicates that latitude is not explaining variation in the metrics’ response; on either side of 0 latitude either explained a positive or negative response. Vg - Ground speed, Va - Airspeed, Vs - wind support, We - wind effect.





Northbound Migrants

The effect of latitude on Vgwas positive as Great Shearwaters began migrating north from the Patagonian Shelf (Figure 7B). However, like the southbound migration, Vs and Vgstarted to decrease as birds approached the Equator (Figure 6B). At the Equator itself, the effect of latitude on Vs was null, and not until ca 40° N did that effect become positive (Figure 7B). Farther north, Great Shearwaters augmented ground speed with more airspeed while experiencing a constant negative effect of wind. They traveled slower (Vg) than energy deployed (Va) even though they managed to find mostly tailwinds (Vs) throughout the northbound migration (Figure 6B). Despite finding tailwinds to improve flight efficiency, the magnitude of that wind support remained small (< 5 m·s-1), and much energy was still needed to achieve a desired course and speed.





Discussion

This study highlights the range of wind conditions encountered by Great Shearwaters during their southbound and northbound migrations and provides insight as to how individuals manage their flights in response to changing winds during migration. The expected correlation between flight metrics supported the relationships with latitude that we found for Vs and Vg, and Va and We. Wind support was significantly positive during both southbound and northbound migrations except in equatorial areas. Wind effect was typically negative during migration and airspeed was dynamically adjusted in response as compensation.

The southbound migration of Great Shearwaters occurred in two phases (early and late), reflecting the maturity of the birds. Early migrants (older sub-adults and adults) started migration more than two months earlier, traveled further on average and at higher speeds, and took less time to complete migration than late migrants (younger birds). Such dissimilarity in departure date from the non-breeding area also occurs in Cory’s Shearwaters, with adult breeders departing more than two months before immature birds (Campioni et al., 2019). The slower pace traveled by late migrants suggests that younger birds are still improving their flight skills. Nonetheless, the southbound path undertaken by early and late migrants was similar except for a divergence south of 20° S where some early migrants went east from Brazil toward the nesting colonies in the Tristan da Cunha archipelago, but with the other early migrants ultimately visiting the nesting islands later. Whereas all late migrants tracked directly south to the Patagonian Shelf and did not visit the breeding colonies.Late migrants took a more consistent trajectory and true heading while crossing the N Atlantic towards N Africa. There, Great Shearwaters found a suitable tailwind to take them south. However, the area where they veered south was considerably more variable for early migrants (Figure 2), perhaps due to higher variability in wind experienced compared to late migrants, which had more consistent SE blowing tailwinds while crossing the Atlantic to the east. Similarly, during the southbound equatorial crossing in September, early migrants slowed down as they encountered headwinds during the West African monsoon in the Atlantic Intertropical Convergence Zone (ITCZ). These seasonal winds emanating from the west occur over a wide range of longitudes and north blowing winds are characteristic of this convergence zone (Grodsky et al., 2003) and have been shown as barriers to other migratory seabirds (Felicisimo et al., 2008). Even though late migrants also faced diminishing winds in the equatorial Atlantic, they maintained a consistent S ground track across the Equator using a SW true heading because westerlies from the W African monsoon season had mostly dissipated by November, two months later than the passage of early migrants. Late migrants might benefit from winds that are more favorable during their migration by initiating migration later thus gaining knowledge about migration route at potentially lower cost. Campioni et al. (2019) tracked multiple age classes of Cory’s Shearwaters and observed that departure dates from non-breeding areas, and migration distance traveled decreased as birds approached breeding age likely due to improved navigational abilities. Similarly, immature Great Shearwaters require time to learn and improve navigation and spatial recognition of the migration route. The dichotomy we observed in migration phenologies also suggests that by migrating earlier, immatures might travel the path of least resistance, experiencing flight conditions that are less risky in terms of survival compared to early migrants.In the absence of favorable tailwinds, crossing the equatorial region during both southbound and northbound migrations appeared to be a decisive challenge for shearwaters leading them to increase energy expenditures. Reliance on compensatory flight to move across the equatorial region was stressed by the positive effect of those latitudes on airspeed (Va), which resulted in the strongest negative wind effect. However, during the southbound migration, the magnitude of those effects was lower for late migrants (younger birds). Moreover, migrating birds showed a widespread lack of wind support (Supplementary Figure 1) as they mostly experienced headwinds or a lack of any wind near the Equator. Again, this effect was not as pronounced for late migrants (younger birds), which experienced positive wind support on average throughout their southbound migration (Figures 2, 3).

The difference in phenology between the migrant groups may have evolved due to the necessity of breeding birds to be at the nesting islands by mid-September; their arrival is highly synchronized and occurs in just a few days (Cuthbert, 2005). Similarly, as part of the maturation process, pre-breeders must learn to reach the colony in time for courtship as mating happens from late September to mid-October before birds leave the colonies during a pre-egg laying exodus (Cuthbert, 2005). Thus, a shortened migration time and an earlier departure date from non-breeding areas might serve to improve future fitness of individuals in search of a new mate and burrow in preparation for their first breeding attempt. The southbound migration took 27 – 32 days. Accordingly, pre-breeders and breeding birds must leave the wintering areas by mid-August to be at the breeding colonies in time. Cory’s Shearwaters have been observed delaying their southern migration from the western N Atlantic across the Equator until the monsoon breaks down (Felicisimo et al., 2008). However, given Great Shearwater breeding phenology, starting migration earlier would not prevent their negative interaction with West African monsoons, which start in July (Grodsky et al., 2003). Thus, early migrants (pre-breeders and breeders) must face the prevailing headwinds blowing at that time of year to get across the doldrums and the Equator during a required time window. Such spatial and temporal constraints are often typical of seasonal movements (e.g., migrations: Dell’Ariccia et al., 2018), and during central-place foraging for breeding seabirds (Hedd and Gales, 2005; Magalhães et al., 2008; Boyd et al., 2014). The cost of getting across the doldrums and equatorial regions as efficiently as possible must be warranted by increased fitness through a successful mating or breeding attempt. Immature Great Shearwaters are not yet on an annual schedule to breed, and thus might choose an energetically easier path by leaving later. Younger birds may also be slower in acquiring reserves to migrate (Delord et al., 2021), and/or have no selective advantage of migrating earlier to compete with adults at foraging areas in the S Atlantic. Differential foraging strategies and segregation in trophic niches exist between breeders and immatures in procellariids (Riotte-Lambert and Weimerskirch, 2013; Campioni et al., 2016). These differences support competition avoidance mechanisms through either progressive developmental learning of the constraints of central place foraging (Riotte-Lambert and Weimerskirch, 2013), or developmental shift in prey selection (Campioni et al., 2016).

Great Shearwaters started their northbound migration off Argentina under optimal conditions until approaching the Equator off NE Brazil. At this point birds were exposed to SW blowing winds of greater velocity than either their ground or air speeds (Figure 6B), but they adjusted to a NE true bearing under stress and maintained a NW ground track (Figure 4). Manx Shearwaters use this area as a stop-over to either refuel (forage) or delay migration due to adverse weather (Guilford et al., 2009). Adult Sooty Shearwaters breeding in the Falkland Islands also migrate north off NE Brazil en route to non-breeding areas in the N Atlantic (Hedd et al., 2012). Going northbound from the Equator, wind support remained low, and much energy was still needed to keep the desired course as birds experienced a mixture of wind directions.

The implications of climate change for seabirds are a broad topic that has been discussed in general terms (Grémillet and Boulinier, 2009; Chambers et al., 2011; Quillfeldt and Masello, 2013; Orgeret et al., 2021), but this study provides insights to future research on mechanisms of seabird migrations that may be affected by changes in wind patterns due to global warming. As global warming progresses (Stocker et al., 2013), headwinds and tailwinds encountered by migrant terrestrial birds breeding in North America and traveling to the Caribbean or South America are projected to remain relatively unchanged, as the need for these species to counter or drift under the influence of strong crosswinds may be diminished (La Sorte and Fink, 2017). However, the strength of the prevailing westerly winds encountered early in their migration is projected to weaken substantially (La Sorte and Fink, 2017). Great Shearwaters (early and late migrants) leverage westerly winds during the early part of the southbound migration to cross the Atlantic before heading south, but early migrants are slowed by headwinds resulting from the West African monsoons to cross the Equator. Diminished westerly winds from global warming would likely reduce ground speed during their southbound migration, but a reduction in headwinds encountered during the Equatorial crossing would be beneficial by reducing energy demands for increased airspeed.

Summarily, even when facing poor or less favorable conditions as noted by overall low wind effect along all migration paths, Great Shearwaters managed to find positive wind support, especially for late migrants traveling south, and during northbound migration. Given the common migration trajectory undertaken by the population tracked, the capacity of individuals to achieve the general desired course even when the effect of wind on the energy deployed to achieve a given speed is negative, indicates that Great Shearwaters do not solely rely on a drifting strategy while migrating. Great Shearwaters are constantly compensating to achieve a favorable course, using wind support when available. In the absence of wind support, they augment their voyage performance by working harder by increasing airspeed (i.e., compensating to achieve the desirable trajectory). Although migration routes may have evolved to maximize the benefit from average wind conditions, younger birds may be less adept at using the wind than breeding birds. These early years require improvement in their ability to withstand a variety of wind conditions, and likely in part explain the difference observed in migration strategies between the two groups. While constrained by the imminence of the breeding season, early migrants’ flight throughout migration was subject to conditions that were more variable, highlighting the importance for Great Shearwaters to gain the ability required to face a range of conditions and ultimately maximize fitness.
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