Sex-specific effects of wind on the flight decisions of a sexually-dimorphic soaring bird
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Abstract 
1. In a highly dynamic airspace, flying animals are predicted to adjust foraging behaviour to variable wind conditions to minimize movement costs. 
2. Sexual size dimorphism is widespread in wild animal populations, and for large soaring birds which rely on favourable winds for energy-efficient flight, differences in morphology, wing loading and associated flight capabilities may lead males and females to respond differently to wind. However, the interaction between wind and sex has not been comprehensively tested. 
3. We investigated, in a large sexually-dimorphic seabird which predominantly uses dynamic soaring flight, whether flight decisions are modulated to variation in winds over extended foraging trips, and whether males and females differ. 
4. Using GPS loggers we tracked 385 incubation foraging trips of wandering albatrosses Diomedea exulans, for which males are c. 20% larger than females, from two major populations (Crozet and South Georgia). Hidden Markov models were used to characterize behavioural states - directed flight, area-restricted search and resting - and model the probability of transitioning between states in response to wind speed and relative direction, and sex. 
5. Wind speed and relative direction were important predictors of state transitioning. Birds were much more likely to take off (i.e. switch from rest to flight) in stronger headwinds, and as wind speeds increased, to be in directed flight rather than area-restricted search. Males from Crozet but not South Georgia experienced stronger winds than females, and males from both populations were more likely to take-off in windier conditions. 
6. Albatrosses appear to deploy an energy-saving strategy by modulating taking-off, their most energetically expensive behaviour, to favourable wind conditions. The behaviour of males, which have higher wing loading requiring faster speeds for gliding flight, was influenced to a greater degree by wind than females. As such, our results indicate that variation in flight performance drives sex differences in time-activity budgets and may lead the sexes to exploit regions with different wind regimes. 
1. Introduction 
[bookmark: __Fieldmark__205_17659186]Optimal foraging theory predicts that foraging animals should adjust their behaviour to maximise both time and energy efficiency (Pyke 1984, Ydenberg et al. 1994, Stephens et al. 2008). Over the course of a foraging trip, individuals must make a number of movement decisions, including when and where to forage, which route to take and how fast to travel (Alerstam and Lindström 1990, Hedenström and Alerstam 1995, van Loon et al. 2011, Shamoun-Baranes et al. 2017). Analogous to the distribution of resources (MacArthur and Pianka 1966), the movement costs associated with acquiring them are often unevenly distributed in space and time (Wilson et al. 2012, Gallagher et al. 2017). For flying animals, the medium (air) through which they move is highly dynamic, influenced by fronts and other pressure changes, and with winds that vary in strength and directionality across a range of timescales (from seconds to decades; Shamoun-Baranes et al. 2017). Through direct effects on flight efficiency wind plays a crucial role in determining the energy (Shepard et al. 2013, Elliott et al. 2014) and time-activity budgets of foraging animals (Alerstam and Lindström 1990). However, the extent to which movement decisions along foraging trips, such as when to forage or rest, are modulated according to variable wind encountered, is not well understood (Shepard et al. 2011, Harel et al. 2016).  
Large soaring birds are particularly well-adapted to exploit a dynamic airspace (Hedenström 1993, Richardson 2011, Shepard et al. 2016), extracting kinetic energy from wind for soaring-gliding flight (Pennycuick 1982, 1998). This substantially reduces time spent flapping, which is metabolically costly compared with gliding (Weimerskirch et al. 2000, Duriez et al. 2014). Their large wingspans and high wing loading (mass per unit wing area) enable rapid flight speeds through the air, and some species, particularly seabirds, travel vast distances in search of patchily distributed prey (MacArthur and Pianka 1966, Weimerskirch et al. 2005). However, unfavourable or unpredictable winds can increase time and energy costs of movement (e.g. Horvitz et al. 2014, Harel et al. 2016). Activities such as taking-off, which requires intense flapping flight, are energetically demanding in windless conditions (Weimerskirch et al. 2000, Duriez et al. 2014), so individuals are predicted to modulate decision-making so that these activities are assisted by wind (Harel et al. 2016, Shamoun-Baranes et al. 2017, Alarcón et al. 2017). However, if birds have to wait for favourable conditions, they inevitably miss foraging opportunities. Ultimately, the sequence of movement decisions determines the success of a foraging trip, with downstream effects on individual fitness and population dynamics (Nathan et al. 2008). 
	Individual variation in morphology and its effects on flight performance may lead to divergent behavioural responses to environmental conditions (e.g. Spear and Ainley 1997a, Barbraud et al. 1999, Clay et al. 2019). Sexual size dimorphism is widespread in soaring birds and foraging strategies often differ between sexes as a result of size-mediated competitive exclusion or niche divergence (González-Solís et al. 2000, Phillips et al. 2004, Ruckstuhl and Neuhaus 2006, Wearmouth and Sims 2008). As body size has a functional influence on flight, differences in performance are expected (Møller 1991, Shaffer et al. 2001). For sexually dimorphic albatrosses, whereby males are often around 20% larger than females and have greater wing loading requiring faster speeds for gliding flight (Pennycuick 1982, Shaffer et al. 2001), males attain faster speeds through the air on foraging trips (Wakefield et al. 2009). Males often, but not exclusively, forage further south than females (e.g. Weimerskirch et al. 1993, Phillips et al. 2004), where in the Southern Ocean mean wind speeds are stronger on average. The proximate role of wind in determining spatial distributions is debated (Shaffer et al. 2001, Phillips et al. 2004, Wakefield et al. 2009), and it remains unclear whether males and females differ in flight decisions in response to wind conditions, with implications for time-activity budgets and relative energy expenditure.
We investigated the extent to which wind shapes the movement decisions of a sexually-dimorphic soaring seabird, the wandering albatross Diomedea exulans, and whether males and females respond to wind differently. Foraging trips of incubating birds can last up to around 30 days and often take the form of loops, following prevailing wind patterns regimes at ocean-basin scales (Jouventin and Weimerskirch 1990, Weimerskirch et al. 2000, Murray et al. 2003). Over fine scales (metres and seconds), birds conduct zig-zag dynamic soaring flight taking advantage of wind velocity gradients close to the sea surface (Sachs 2005, Richardson 2011). Over larger scales (kilometres and minutes, or hours), movements can be split into bouts of long directed flight at high speeds (relocating between foraging patches), interspersed with sinuous flight associated with searching for prey (Pinaud and Weimerskirch 2005), and periods of sitting on the water (Weimerskirch et al. 1997, Phalan et al. 2007). At this scale their movements are predominantly thought to reflect the distribution of prey patches (Weimerskirch et al. 2005), yet movement decisions may also reflect hourly to daily changes in winds, related to the passage of low pressure weather systems.
[bookmark: _Hlk35358244]We tracked males and females during incubation from two major populations, the Crozet Islands (southwest Indian Ocean), and South Georgia (southwest Atlantic Ocean). Both are in some of the windiest oceanic regions on Earth; yet, wind speeds are stronger around Crozet than South Georgia (Wakefield et al. 2009, Weimerskirch et al. 2012). We first tested whether birds from different populations and sexes experienced different wind conditions during foraging trips. We then used hidden Markov models (HMMs) to identify behavioural states (i.e. directed flight, area-restricted search [ARS] and rest) from movement data and model the effects of wind speed and direction, and sex, on the probability of changing state, representing decision-making by foraging animals (Patterson et al. 2009). We hypothesized that if birds pursued an energy-saving strategy, they should adjust their behaviour according to the wind conditions they encounter, such that wind speed and direction influence the probability of changing state. In particular, as taking-off is the most energetically expensive behaviour (Weimerskirch et al. 2000), birds should switch from rest to flight coincident with favourable (i.e. high) wind speeds (H1). When in flight, wind speed and direction should influence the degree to which birds conduct prey search or more directed travel. Optimal foraging theory predicts that when travelling between foraging patches, birds should minimize movement costs (Hedenstrom and Alerstam 1995) and preferentially use crosswinds and tailwinds to maximise ground speeds (Spear and Ainley 1997b, Weimerskirch et al. 2000, Wakefield et al. 2009); in contrast, optimal flight speeds should be lower when searching for prey to facilitate prey detection (Alerstam et al. 1993, Hedenstrom and Alerstam 1995). As such, we predict that increases in wind speeds and a greater similarity between wind and bird directions, should favour directed flight over ARS (H2). Lastly, due to sex differences in flight performance (Shaffer et al. 2001), we predict that behavioural responses of males will be more strongly influenced by wind. Specifically, due to their higher wing loading, males should both remain in directed gliding flight, and be more likely to take off in stronger winds than females (H3). 
2. Methods 
2.1. Data collection and processing
	Wandering albatrosses on Possession Island, Crozet Islands (46°24’S; 51°46’E) and Bird Island, South Georgia (54°00’S, 38°03’W) were individually marked and sexed from field observations (size and plumage, copulatory position) or from genetic analyses. GPS loggers (IgotU 120/600 Mobile Action Technology©) were deployed on incubating albatrosses from Crozet in 2010-2016 (n = 276) and from South Georgia in 2012 (n = 42), and in 2016, X-GPS radar loggers were also deployed on birds at Crozet (n = 47; see Weimerskirch et al. 2018 for details). IgotU devices were programmed to record a location (longitude and latitude) every 15 and 25 min, at Crozet and South Georgia, respectively, and X-GPS devices recorded locations at a much finer sampling rate (1 Hz). Devices were attached to the back feathers using Tesa© tape and left on birds for one or more foraging trips (Table S1 in Appendix S1).
[bookmark: __Fieldmark__809_1078180896]	All data processing and statistical analyses were conducted in R v. 3.5.2 (R Core Team 2019). We defined the start and end of each foraging trip as the last GPS fix at departure, and the first after arrival back at the colony, and filtered out unrealistic positions, i.e. those that required an estimated flight speed above 90 kmh-1, based on an iterative forward/backward averaging filter (McConnell et al. 1992). As HMMs require regular time intervals but GPS devices take variable times to acquire satellites, the fixes were linearly interpolated to 15 and 25 min intervals for birds from Crozet and South Georgia, respectively, using the adehabitatLT package (Calenge 2006).
2.2. Wind data
[bookmark: __Fieldmark__662_17659186][bookmark: __Fieldmark__4775_1917108671][bookmark: __Fieldmark__863_1078180896]	We obtained hourly zonal (i.e. latitudinal, Vu) and meridional (i.e. longitudinal, Vv) wind speed components from the European Centre for Medium Range Weather Forecasts (ECMWF) ERA5 reanalysis dataset (Copernicus Climate Change Service 2017). Data were available at a spatial resolution of 0.28°, corresponding to around a 15-30 km resolution given the latitudes used by the tracked birds. We selected winds at 10 m above sea level as this is similar to the mean observed flight height (8 m; Pennycuick 1982). Wind data nearest in time to each tracking location were extracted using the raster package (Hijmans et al. 2016). We computed wind speed and direction at each location from zonal and meridional components and calculated flight direction relative to wind direction (hereafter relative wind direction), which was the absolute difference between the bearing of the bird and wind direction, scaled to between 0° (tailwind) and 180° (headwind) to remove directionality.	
2.3. Comparing wind conditions
We first assessed whether wind speeds experienced by birds varied by population and sex using linear mixed effects models (LMMs) in the lme4 package (Bates et al. 2015). Wind speed was modelled as the response variable with a Gaussian error distribution, and the factors population, sex, their two-way interaction and year included as covariates. A random effect of trip identity nested within individual identity was included to account for variation in the number and duration of trips per individual, respectively. We performed multi-model inference on the full set of predictor combinations and assessed the best-supported model as that with the lowest Akaike Information Criterion (AIC). As small differences in AIC are not considered to be meaningful (Burnham and Anderson 2002), if multiple models were within two AIC units, the best model was deemed to be that which had the fewest number of parameters (i.e. the most parsimonious) (Harrison et al. 2018). Additionally, we compared wind directions experienced by sex and population using Watson’s two-sample tests of homogeneity in the circular package (Lund et al. 2017). 
2.4. Behavioural classification 
[bookmark: __Fieldmark__986_1078180896][bookmark: __Fieldmark__1016_1078180896]	We fitted three-state hidden Markov models (HMMs) to the interpolated tracks within the momentuHMM package (McClintock and Michelot 2018) in order to: 1) identify states as proxies of discrete behaviours, and 2) model the effect of covariates on the probability of transitioning between states (Patterson et al. 2009, Grecian et al. 2018). We considered the three states using two input variables, step lengths and turning angles; directed flight (high speeds, shallow turning angles), ARS (moderate speeds, moderate to wide turning angles) and rest (low speeds, shallow to moderate turning angles). A gamma distribution was chosen for step lengths and a von Mises distribution for turning angles. We used the Viterbi algorithm to estimate the most likely sequence of behavioural states from the fitted model (Rabiner 1989). HMMs require initial values of step and angle distributions to be specified for each state to facilitate parameter estimation, so to fix these values, we first chose them at random 100 times within a range of biologically realistic values, and then determined the most appropriate values as those closest to the most frequently estimated. HMMs were run separately for each population due to differences in the sampling resolution. 
[bookmark: _Hlk35358575]We used an expert-driven approach to assess if the model was assigning appropriate sequences of behaviours. Briefly, for a random selection of trips, we manually iterated through trajectories and classified states based on movement patterns. The performance of HMMs was then assessed by comparing model- and visually-assigned behaviours at each step (see Appendix S3 for details). Immersion loggers (MK19; British Antarctic Survey, Cambridge), which recorded bouts of wet or dry at 6 s resolution, were also deployed on birds at South Georgia (Froy et al. 2015); these data were used to compare model-assigned behavioural bouts with finer-scale activity sequences (Appendix S3). 
2.5. Modelling covariates on behavioural transition probabilities
[bookmark: _Hlk35358646][bookmark: __Fieldmark__1162_1078180896][bookmark: __Fieldmark__1150_1078180896]	We tested whether the probability of transitioning between states was influenced by sex and wind variables. To do so, we first removed complete trips or sections of trips over the shelf areas of Crozet and South Georgia (see Appendix S1 for details), representing regions where birds are frequently attracted to fishing vessels (Xavier et al. 2004, Collet et al. 2015, Weimerskirch et al. 2018). In these areas, changes in behaviour through attraction to vessels (Corbeau et al. 2019) could weaken our ability to detect responses to environmental cues such as wind. While fishing vessels operate throughout other parts of their foraging range (e.g. off South America or southern Africa), the likelihood of encounter is substantially lower and so is less likely to influence our results (Weimerskirch et al. 2018, Corbeau et al. 2019). As foraging and flight behaviour of albatrosses varies by day and night (Weimerskirch et al. 1997, Phalan et al. 2007), for each GPS location we also assigned daylight (including civil twilight, when the sun is 6° below the horizon) or darkness using the R package maptools (Bivand et al. 2017) and included this variable (hereafter LoD) in models to test for different responses to wind by day and night. 
	We ran a series of HMMs including all combinations of the covariates sex, wind speed, LoD, as well as the two-way interactions between wind speed and LoD, and wind speed and sex. For models which included wind speed, three further model combinations were run, including 1) the quadratic effect of wind speed to capture non-linear responses, 2) relative wind direction, and 3) relative wind direction and its interaction with wind speed. We specified the transition matrix allowing covariates to influence transition probabilities between all states. In total, 40 models were run for each site and model selection was based on AIC. To check that best supported models were not over-parameterized, we also compared AIC with models where covariate values had been reshuffled (see Appendix S3). 
	As models were run separately for South Georgia and Crozet, we assessed whether responses differed between populations by checking if parameters on the beta (i.e. working) scale (Patterson et al. 2017) and their 95 % CIs overlapped. We also determined if transitions between individual states (e.g. ARS to rest) were significantly influenced by covariates based on whether these parameters and CIs overlapped zero. In order to visualize how covariates influenced overall time-activity budgets, we plotted stationary probability distributions, which represent the equilibrium of the Markov process (i.e. whether it changes as time progresses; Patterson et al. 2009). Lastly, to determine the sensitivity of our results to the selected flight height (10 m above sea level), we reduced wind speeds to reference heights of 5 m and 2 m above sea level, and carried out model selection as previously described (see Appendix S3 for details). Goodness of fit and autocorrelation were assessed by QQ, pseudo-residual and autocorrelation plots (Patterson et al. 2009, Pohle et al. 2017). Unless otherwise specified, all means are presented ± standard deviation. 
3. Results 
Wandering albatrosses were tracked for a total of 347 trips (176 male and 171 female) from Crozet and 38 trips (21 male and 17 female) from South Georgia (for details of sample sizes at Crozet by year, see Appendix S1), and at both populations, females foraged further north than males (Fig. 1; sensu Weimerskirch et al. 1993, Froy et al. 2015). 
3.1. Wind conditions experienced 
	Albatrosses from both populations experienced similarly large ranges of wind speeds (Crozet: 0.5 – 23.0 ms-1; South Georgia: 0.1 – 23.6 ms-1). The best model comparing wind speeds experienced retained the covariates sex, population, their two-way interaction, and year (Table 1). Individuals from Crozet experienced marginally stronger winds on average than those at South Georgia (modelled mean difference ± 95 % CI: 1.4 ± 0.7 ms-1; Fig. 2). While we found no sex difference for South Georgia birds, males at Crozet experienced greater wind speeds on average, than females (modelled mean difference ± 95 % CI: 0.9 ± 0.5 ms-1). Individuals predominantly experienced south-westerly winds (mean [lower – upper 95% CI] = 281° [277° – 284°]) and we found no difference in the mean wind direction experienced between populations (Watson’s two-sample test for homogeneity, U2 = 0.08, p > 0.10). As with wind speeds, when split by population, there was a marginal, but significant, sex difference in average wind directions experienced at Crozet (U2 = 0.35, p < 0.01) but no difference at South Georgia (U2 = 0.12, p > 0.10).  
3.2. Behavioural classification
[bookmark: _Hlk35357969]Both males and females spent roughly a third of their time on foraging trips in each of the three states: directed flight, ARS and resting on the sea surface (Table 2). Distributions of step lengths and turning angles for each state were very similar between populations, indicating similar behaviour by both sets of birds (Fig. 3a-d). The probability of transitioning between or remaining in states was also similar; a high probability (at least 0.75) of remaining in each state indicated that behavioural bouts generally lasted longer than the GPS sampling interval (Fig. 3e-f). However, inspection of transition matrices revealed that the probability of transitioning from rest to directed flight was negligible (Fig. 3e-f, S5, S6 in Appendix S3); instead, the model often classified an intermediate ARS location, probably because the GPS sampling resolution could not capture the precise timings of take-offs or landings (Fig. S2 in Appendix S3). When comparing outputs of HMMs to finer-scale immersion data for birds at South Georgia, there was a good match for directed flight and rest, but during ARS, birds undertook finer-scale sequences of wet and dry activity likely associated with prey capture attempts, which were not apparent from the lower-frequency GPS fixes (Table S3 in Appendix S2). 
3.3. Effects of covariates on transition probabilities
	For both populations, behavioural responses varied according to wind speed and relative direction, and sex, as indicated by their three-way interaction (Table S4 in Appendix S3). The best supporting models had overwhelming support (ΔAIC of 408.3 and 16.8 compared to next best models for Crozet and South Georgia, respectively; Table S4). Although models were run separately for each population, there was little evidence of divergent responses to wind between the two populations, based on substantial overlap in model coefficients (beta parameters) and their CIs (Table S5, Fig. S3 in Appendix S3). For both populations, models were robust to the selection of flight height (Appendix S3). 
3.3.1. Effect of winds on movement decisions
Wind speed influenced the likelihood of switching between all behavioural states based on the estimated CIs (Table S5, Fig. S5). Transition probabilities generally increased with increasing wind speed, except for ARS to rest (i.e. landing), directed flight to ARS in Crozet birds and ARS to directed flight in South Georgia, for which the probability decreased (Fig. 3, S5). Relative wind direction (i.e. from tailwind to headwind) followed a similar pattern to wind speed; in headwinds, birds were more likely to transition from directed flight to ARS and less likely to land (Fig. 3, S5). However, while there was only slight variation in transition probabilities with respect to wind speed and relative direction for most state transitions (i.e. probability difference of ca. 0.1-0.2 for range of wind values), the effect of both wind speed and relative direction on the transition from rest to ARS (i.e. taking-off) was much more pronounced (i.e. probability difference of ca. 0.1-0.6). Birds were much more likely to take off in stronger winds and in crosswinds to headwinds, with probabilities increasing substantially in winds above 10 ms-1 (Fig. 4). 
3.3.2. Sex differences in responses to winds
[bookmark: _Hlk35421376]	Sex differences in responses to wind were similar for both populations (Table S5, Fig. S4). In low wind speeds (<5 ms-1) the probability of taking-off was slightly higher for females than males (Table 3, Fig. 4). This pattern was reversed as wind speeds increased, with a higher probability of take-off for males than females in moderate to high wind speeds (>5 ms-1). Notably, in wind speeds >20 ms-1, males were much more likely to take off than females, by a probability of ca. 0.20 (Fig. 4). In addition, males were more likely to transition from ARS to directed flight in stronger winds and much more likely to land in weaker tailwinds. Between populations, model-estimated effects of winds were similar (Table S5, Fig. S3); however, the probability of transitioning from directed flight to ARS increased slightly with increasing wind speed for birds from South Georgia, but decreased slightly for those from Crozet (both by a probability of ca. 0.03 from 0 – 20 ms-1; Fig 4).  
3.3.3. Time-activity budgets
[bookmark: _Hlk35357455]Time-activity budgets with respect to the covariates were calculated from stationary probability distributions (Fig. 5). For mean values of wind, males were more likely to be in directed flight and less likely to be in ARS than females, with greater sex differences at Crozet. With increasing wind speeds and relative wind direction, birds were more likely to be in directed flight or ARS, than rest (Fig. 5). Increases in the probability of directed flight appeared to be driven more by increasing wind speeds (from 0 to 20 ms-1 by 0.47 and 0.32 for Crozet males and females and by 0.12 and 0.07 for South Georgia males and females), and of ARS by increasing orientation into headwinds (from 0˚ to 180˚ by 0.46 and 0.48 for Crozet males and females and by 0.39 and 0.34 for South Georgia males and females). The latter suggests that directed flight and ARS are favoured in tail- and headwinds, respectively. Behaviour also varied by day and night; as expected, birds were more likely to rest during darkness than daylight; however, a substantial amount of ARS behaviour (stationary probability of ca. 0.25) still took place during darkness (Fig. 5).
4. Discussion 
[bookmark: _Hlk35421915]Our study provides strong evidence that wandering albatrosses adjust their foraging behaviour according to variation in wind conditions. We found that flight decisions of foraging birds, particularly the decision to take off from rest to flight, were influenced by wind speed and relative direction, and were remarkably similar between populations, indicating a shared, likely morphological, constraint on flight. Moreover, while the sexes responded to wind in a broadly similar manner, the response was markedly stronger in males, which were much more likely than females to take off in stronger winds (by ca. 20% in wind speeds >20 ms-1). Owing to their different foraging distributions, resulting in variation in wind speeds and directions experienced, as well as variation in responses to those conditions, overall time-activity budgets differed between males and females. Thus, our results confirm that wind strongly influences sex-related foraging behaviours (Shaffer et al. 2001, Phillips et al. 2004) with wider implications for population dynamics (Weimerskirch 2018).
4.1. Wind effects on movement decisions and time-activity budgets 
Many species of soaring seabirds are known to conduct looping trips which take advantage of ocean basin-scale wind circulation patterns (e.g. Weimerskirch et al. 2000, Adams and Flora 2009, Clay et al. 2019), yet foraging decisions at the scale of hours to days are thought to predominantly be linked to the distribution of prey (Pinaud and Weimerskirch 2005, Weimerskirch et al. 2005). We show that over the course of a foraging trip, birds adjust their behaviour according to variation in wind encountered. Moreover, the effect of wind on behavioural responses (as determined by the slope of the relationship) was most pronounced for behaviours which are known to be the energetically expensive, i.e. taking-off, indicating that birds seem to pursue an energy-saving strategy, modulating their behaviour to reduce unnecessary flight costs where possible (Shepard et al. 2013). 
Due to their long wings, soaring birds such as albatrosses produce low thrust at slow speeds (Alerstam et al. 1993) and so the muscular effort associated with take-off is particularly costly (Bevan et al. 1995, Weimerskirch et al. 2000, Duriez et al. 2014). As predicted (H1), the probability of take-off increased in stronger winds, and in relatively windless conditions, birds were more likely to spend time resting on the sea surface. Prey is often captured just after landing, after which birds can spend long periods on the sea surface, thought to be related to prey handling or digestion, sleep or rest (Weimerskirch et al. 1997). As the probability of resting was substantially reduced in moderate to strong winds, our results support previous suggestions that birds have flexible sleep, rest and digestion requirements (Phalan et al. 2007), and that extensive periods on the water may be indicative of light winds that prevent flapping flight. Indeed, anecdotal evidence suggests that albatrosses remain “grounded” in windless high pressure zones for several days, particularly in subtropical regions, where they might be at risk of starvation (Jouventin and Weimerskirch 1990).
[bookmark: _Hlk35358135]Our analysis also revealed that birds were more likely to transition from rest to flight into headwinds. Aerodynamic theory predicts that birds should take off into the wind, as they would commence with an airspeed equal to the wind speed, reducing the effort required to accelerate to the minimum power speed (the flight speed which requires the lowest energy to maintain flight; Pennycuick 2008). Indeed, this has also been recently demonstrated in the pursuit-diving European shag Phalacrocorax aristotels (Kogure et al. 2016). As far as we are aware, this has not been demonstrated previously in a soaring seabird; yet, due to the relatively coarse resolution of our analysis, future studies using higher resolution wind and behavioural data are needed to confirm this observation (see below). 
[bookmark: _Hlk35777761]As wind speeds increased beyond the minimum threshold for dynamic soaring (3-4 ms-1; Sachs 2005), there was an increased likelihood that birds would be in directed flight rather than ARS in stronger winds, which supported our second prediction (H2). This is in line with theoretical expectations that birds should fly at lower speeds, closer to the minimum power speed when searching for prey, to facilitate prey detection and handling (Hedenström and Alerstam 1995, Richardson et al. 2018). Following odour plumes is probably more challenging in strong winds, as is visual detection of prey due to higher swells and rippling to the sea surface (Dunn 1973, Nevitt et al. 2008). As wind speeds increased, the probability of transitioning from ARS to directed flight increased for Crozet birds, but the opposite pattern was found at South Georgia; the reason for this is unclear, but may be related to different availability of winds or prey between the two regions (Phillips et al. 2009). Nonetheless, for both populations there was a greater probability of search behaviour in headwinds than tailwinds indicating that birds preferentially orient into winds, likely using olfaction to localize prey (Nevitt et al. 2008). 
4.2. Sex differences in responses to winds 
[bookmark: _Hlk35421900]	In support of our third prediction (H3), we found the decisions of males were more strongly influenced by wind than females; in particular, males were much more likely to take off in strong headwinds. In albatrosses and giant petrels Macronectes spp., males can be larger by 20% or more, and have higher wing loading (González-Solís et al. 2000, Shaffer et al. 2001, Phillips et al. 2004). As a result, males have a higher minimum power speed (i.e. greater power required for take-off), so are predicted to be more reliant on wind for uplift (Shaffer et al. 2001). Indeed, differences between the sexes were most pronounced for take-off, with males less likely to do so in windless conditions, indicating a constraint on energetic flapping flight (Bevan et al. 1995, Weimerskirch et al. 2000). In contrast, sex differences in transitions between other behaviours, such as from directed flight to ARS or vice versa, were slight, implying that when in flight, males and females respond to wind more subtly, likely through changes to air speeds (Wakefield et al. 2009, Richardson et al. 2018). 
While this is the first study to examine behavioural-state changes in response to wind in a soaring seabird, in a recent study of sexually dimorphic Andean condors Vultur gryphus, larger males scheduled their daily routines to align more closely with the availability of thermal uplift than smaller females (Alarcón et al. 2017). In contrast, for griffin vultures Gyps fulvus, which are monomorphic, flight decisions did not differ between the sexes (Harel et al. 2016). Thus, it appears that sex-specific flight behaviour in soaring birds is well-explained by morphological differences, rather than other factors, such as reproductive constraints (Shaffer et al. 2001, Phillips et al. 2004). While male wandering albatrosses are on average larger and have higher wing loading than females (Shaffer et al. 2001), there is a small degree of overlap, such that if wing loading was the predominant factor explaining differential foraging distributions and flight responses, smaller males should be more similar in behaviour to larger females than larger males. Future studies which link individual body and wing characteristics of males and females with wind use might further disentangle the roles of sex and size on flight behaviour.  
[bookmark: _Hlk35357782]Responses of birds from both populations to winds (using two independent models) were very similar, despite large differences in sample size and regional differences in wind fields and in other environmental characteristics related to prey abundance and distribution (Phillips et al. 2009), indicating shared morphological constraints on flight. At low wind speeds (<5 ms-1) males from both populations were less likely to take off than females; this indicates that it may be more energetically challenging for them to routinely forage in areas with persistently low wind speeds. Indeed, it has been proposed that flight performance explains the more southerly distribution of males in regions with more persistent low pressure cells and their associated stronger wind speeds (Shaffer et al. 2001). While it was not our aim to examine the proximate drivers of sexual segregation, that males and females from South Georgia experience broadly similar wind speeds (Wakefield et al. 2009) suggests that flight performance is only one of several non-exclusive factors, such as size-mediated competitive exclusion, explaining sexual segregation (Weimerskirch et al. 1993, Phillips et al. 2004). Indeed, the reduced geographic area over which to forage in the southwest Atlantic Ocean compared to the southwest Indian Ocean, and reduced variability in wind fields, likely leads to the more nuanced patterns of sexual segregation (see also Wakefield et al. 2009). 
4.3. Model limitations
[bookmark: _Hlk35592100][bookmark: _Hlk35592128]State classifications were remarkably similar between the two populations suggesting that the models were biologically meaningful, however we acknowledge that due to the GPS sampling resolution, we could not resolve behaviour at finer scales. Moreover, global circulation models are designed to represent an averaged state of the atmosphere and currently do not resolve wind patterns on micro- and mesoscale levels, e.g. from turbulence and gusts (Shamoun-Baranes et al. 2017). As biases were similar across groups (sex and population) and as major transitions between resting and flight (either directed flight or ARS) were still detected, these factors should not have material effects on our results. When we compared HMM-assigned states to finer-scale immersion activity for South Georgia birds, the two datasets accorded well for directed flight and rest, but during ARS flight we were not able to capture sequences of take-offs and landings, likely associated with prey capture (Weimerskirch et al. 1997). We note that birds expend substantial energy locating and capturing prey (e.g. Amélineau et al. 2014), behaviours which are presumably influenced to a lesser degree by variation in modelled wind averaged at the resolution of interest (hourly). Hence, studies which complement GPS loggers with other sensors such as immersion loggers or accelerometers, as well as barometric pressure sensors and anemometers, should provide a better understanding of flight responses to in-situ variation in the atmosphere (Williams et al. 2019). Lastly, we were unable to measure flight heights of the tracked birds. Wind speed varies with altitude, and while models run using wind values at 2 m, 5 m and 10 m above sea level were similar, we acknowledge that wind speeds will vary according to behavioural state (and associated flight height) and may differ from those reported here. As this bias is similar across sexes and populations, it is unlikely to detract from our main conclusions.
4.4. Conclusions 
We have demonstrated in a soaring seabird that behaviour is adjusted flexibly to wind conditions, and that due to differences in flight morphology, males were more likely to modulate flight decisions to wind than females. Their reliance on stronger winds for energy-efficient flight may also explain the preference of males for windier habitats (Shaffer et al. 2001), at least at Crozet, where the greater availability of oceanic habitat promotes segregation between the sexes. While we did not predict how time-activity budgets would change under future wind scenarios, the greater proportion of time spent in flight in strong winds supports empirical evidence that over recent decades foraging albatrosses in the Indian Ocean have increased travel speeds and reduced time spent on the water in response to increases in average wind speeds (Weimerskirch et al. 2012). Given that global circulation patterns are changing as a result of climate change (Young et al. 2011), a greater understanding of the mechanistic links between wind, movements and energetics is crucial for predicting how seabird populations may respond in the future (Weimerskirch et al. 2012, Lewis et al. 2015, Thorne et al. 2016).
Acknowledgements
We are grateful to all those involved in data collection at Possession Island and Bird Island, in particular Hannah Froy for considerable assistance with GPS tracking. We thank Dominique Fillipi for developing the X-GPS loggers, Jeff Zeyl and Emiel van Loon for useful discussions, Andy Wood, Karine Delord and Dominique Besson for database support and the European Centre for Medium Range Weather Forecasts (ECMWF) for making modelled wind data available. We would also like to thank the two anonymous reviewers for their constructive comments, which helped improve the manuscript. The Institut Polaire Français and the Terres Australes Antarctique Françaises (TAAF) provided logistical and financial support at the Crozet Islands. T.A.C., S.C.P., R.J., S.C.T., M.B., O.d.O. and J.A. were funded by a Human Frontier Science Program Young Investigator Grant (SeabirdSound; RGY0072/2017). This study represents a contribution to the Ecosystems component of the British Antarctic Survey Polar Science for Planet Earth Programme, funded by NERC.
Author contributions 
T.A.C, S.C.P. and R.J. conceived the ideas and designed the methodology; H.W. and R.A.P. oversaw tracking data collection and T.A.C. and O.d.O. acquired wind data; T.A.C. processed and analysed the data with assistance from R.J.; T.A.C. led the writing of the manuscript. All authors contributed critically to the drafts and gave final approval for publication.
Data availability statement – GPS data can be downloaded from the BirdLife International Seabird Tracking Database (http://seabirdtracking.org/mapper/; dataset ids: 1133, 1134, 1135, 1136, 1137, 1138, 1503). The datasets and R codes to run analyses and reproduce Figures 2, 4 and 5, are freely available on Zenodo: http://doi.org/10.5281/zenodo.3824065 (Clay et al. 2020). The ECMWF ERA5 data are available through the Copernicus Climate Change Service Climate Data Store (https://cds.climate.copernicus.eu/#!/home).
References
Adams, J., and S. Flora. 2009. Correlating seabird movements with ocean winds: linking satellite telemetry with ocean scatterometry. Mar. Biol. 157:915–929.
Alarcón, P.A.E., J. M. Morales, J.A. Donázar, J.A. Sánchez-Zapata, F. Hiraldo, and S.A. Lambertucci. 2017. Sexual-size dimorphism modulates the trade-off between exploiting food and wind resources in a large avian scavenger. Sci. Rep. 7:11461.
Alerstam, T., and Å. Lindström. 1990. Optimal Bird Migration: The Relative Importance of Time, Energy, and Safety. Pages 331–351 in E. Gwinner, editor. Bird Migration. Springer Berlin Heidelberg.
Alerstam, T., Gudmundsson G.A., and B. Larsson 1993. Flight tracks and speeds of Antarctic and Atlantic seabirds: radar and optical measurements. Phil. Trans. R. Soc. B. 340:55–67.
Amélineau, F., C. Péron, A. Lescroël, M. Authier, P. Provost, and D. Grémillet. 2014. Windscape and tortuosity shape the flight costs of northern gannets. J. Exp. Biol. 217:876–885.
Barbraud, C., H. Weimerskirch, G.G. Robertson, and P. Jouventin. 1999. Size-related life history traits: insights from a study of snow petrels (Pagodroma nivea). J. Anim. Ecol. 68:1179–1192.
Bates, D., M. Maechler, B. Bolker, S. Walker, R.H.B. Christensen, et al. 2015. lme4: Linear Mixed-Effects Models using “Eigen” and S4.
Bevan, R.M., P.J. Butler, A.J. Woakes, and P.A. Prince. 1995. The Energy Expenditure of Free-Ranging Black-Browed Albatrosses. Phil. Trans. R. Soc. B. 350:119–131.
Bivand, R., N. Lewin-Koh, E. Pebesma, E. Archer, A. Baddeley, et al. 2017. maptools: Tools for Reading and Handling Spatial Objects.
Burnham, K.P., and D.R. Anderson. 2002. Model Selection and Multimodel Inference: A Practical Information-Theoretic Approach. Second edition. Springer-Verlag, New York.
Calenge, C. 2006. The package adehabitat for R software: a tool for the analysis of space and habitat use by animals. Ecol. Model. 197:516-519. 
Clay, T.A., S. Oppel, J.L. Lavers, R.A. Phillips, and M. deL. Brooke. 2019. Divergent foraging strategies during incubation of an unusually wide-ranging seabird, the Murphy’s petrel. Mar. Biol. 166:8.
Clay, T.A., R. Joo, H. Weimerskirch, R.A. Phillips, O den Ouden, M. Basille, S. Clusella-Trullas, J.D. Assink, S.C. Patrick. 2020. Sex-specific effects of wind on the flight decisions of a sexually-dimorphic soaring bird: data and R code (Version v.1.0) [ Data set]. Zenodo. http://doi.org/10.5281/zenodo.3824065. 
Collet, J., S.C. Patrick, and H. Weimerskirch. 2015. Albatrosses redirect flight towards vessels at the limit of their visual range. Mar. Ecol. Prog. Ser. 526:199–205.
Copernicus Climate Change Service (C3S) (2017): ERA5: Fifth generation of ECMWF atmospheric reanalyses of the global climate. Copernicus Climate Change Service Climate Data Store (CDS), 05/06/2018. https://cds.climate.copernicus.eu/cdsapp#!/home
Corbeau, A., J. Collet, M. Fontenille & H. Weimerskirch. 2019. How do seabirds modify their search behaviour when encountering fishing boats? PLOS ONE 14, e0222615.
Dunn, E.K. 1973. Changes in Fishing Ability of Terns associated with Windspeed and Sea Surface Conditions. Nature, 244, 520–521. 
Duriez, O., A. Kato, C. Tromp, G. Dell’Omo, A.L. Vyssotski, et al. 2014. How Cheap Is Soaring Flight in Raptors? A Preliminary Investigation in Freely-Flying Vultures. PLoS ONE 9:e84887.
Elliott, K.H., L.S. Chivers, L. Bessey, A.J. Gaston, S.A. Hatch, et al. 2014. Windscapes shape seabird instantaneous energy costs but adult behavior buffers impact on offspring. Mov. Ecol. 2:17.
Froy, H., S. Lewis, P. Catry, C.M. Bishop, I.P. Forster, et al. 2015. Age-Related Variation in Foraging Behaviour in the Wandering Albatross at South Georgia: No Evidence for Senescence. PLoS ONE 10:e0116415.
González-Solís, J., J.P. Croxall, and A.G. Wood. 2000. Foraging partitioning between giant petrels Macronectes spp. and its relationship with breeding population changes at Bird Island, South Georgia. Mar. Ecol. Prog. Ser. 204:279–288.
Grecian, W.J., Lane, J.V., Michelot, T., Wade, H.M., & Hamer, K.C. (2018). Understanding the ontogeny of foraging behaviour: insights from combining marine predator bio-logging with satellite-derived oceanography in hidden Markov models. J R Soc Interface, 15(143), 20180084. 
Harel, R., O. Duriez, O. Spiegel, J. Fluhr, N. Horvitz, et al. 2016. Decision-making by a soaring bird: time, energy and risk considerations at different spatio-temporal scales. Phil. Trans. R. Soc. B. 371:20150397.
Harrison, X.A., L. Donaldson, M.E. Correa-Cano, J. Evans, D.N. Fisher, et al. 2018. A brief introduction to mixed effects modelling and multi-model inference in ecology. PeerJ, 6, e4794.
Hedenström, A. 1993. Migration by soaring or flapping flight in birds: the relative importance of energy cost and speed. Phil. Trans. R. Soc. Lond. B. 342:353–361.
Hedenström, A., and T. Alerstam. 1995. Optimal flight speed of birds. Phil. Trans. R. Soc. Lond. B. 348:471–487.
Hijmans, R.J., J. van Etten, J. Cheng, M. Mattiuzzi, M. Sumner, et al. 2016. raster: Geographic Data Analysis and Modeling.
Horvitz, N., N. Sapir, F. Liechti, R. Avissar, I. Mahrer, and R. Nathan. 2014. The gliding speed of migrating birds: slow and safe or fast and risky? Ecol. Lett. 17:670–679.
Jouventin, P., and H. Weimerskirch. 1990. Satellite tracking of Wandering albatrosses. Nature 343:746–747.
Kogure, Y., K. Sato, Y. Watanuki, S. Wanless, and F. Daunt. 2016. European shags optimize their flight behavior according to wind conditions. J Exp. Biol. 219:311–318.
Lewis, S., R.A. Phillips, S.J. Burthe, S. Wanless, and F. Daunt. 2015. Contrasting responses of male and female foraging effort to year-round wind conditions.. J Anim. Ecol. 84:1490–1496.
Lund, U., C. Agostinelli, H. Arai, A. Gagliardi, E.G. Portugues, D. Giunchi, et al. 2017. circular: Circular Statistics.
MacArthur, R.H., and E.R. Pianka. 1966. On Optimal Use of a Patchy Environment. Am. Nat. 100:603–609.
McClintock, B.T., and T. Michelot. 2018. momentuHMM: R package for generalized hidden Markov models of animal movement. Methods Ecol. Evol. 9:1518–1530.
McConnell, B.J., C. Chambers, and M.A. Fedak. 1992. Foraging ecology of southern elephant seals in relation to the bathymetry and productivity of the Southern Ocean. Antarct. Sci. 4:393–398.
Møller, A.P. 1991. Influence of wing and tail morphology on the duration of song flight in skylarks. Behav. Ecol. Sociobiol. 28:309–314.
Murray, M.D., D.G. Nicholls, E. Butcher, and P.J. Moors. 2003. How Wandering Albatrosses use weather systems to fly long distances. 2. The use of eastward-moving cold fronts from Antarctic LOWs to travel westwards across the Indian Ocean. Emu 103:59–65.
Nathan, R., W.M. Getz, E. Revilla, M. Holyoak, R. Kadmon, et al. 2008. A movement ecology paradigm for unifying organismal movement research. Proc. Nat. Acad. Sci. U.S.A 105:19062-19059.
Nevitt, G.A., M. Losekoot, and H. Weimerskirch. 2008. Evidence for olfactory search in wandering albatross, Diomedea exulans. Proc. Nat. Acad. Sci. U.S.A 105:4576–4581.
Patterson, T.A., M. Basson, M.V. Bravington, and J.S. Gunn. 2009. Classifying movement behaviour in relation to environmental conditions using hidden Markov models. J. Anim. Ecol. 78:1113–1123.
Patterson, T.A., A. Parton, R. Langrock, P.G. Blackwell, L. Thomas, and R. King. 2017. Statistical modelling of individual animal movement: an overview of key methods and a discussion of practical challenges. AStA Advances in Statistical Analysis 101:399–438.
Pennycuick, C.J. 1982. The flight of petrels and albatrosses (Procellariiformes), observed in South Georgia and its vicinity. Phil. Trans. R. Soc. Lond. B 300:75–106.
Pennycuick, C.J. 1998. Field Observations of Thermals and Thermal Streets, and the Theory of Cross-Country Soaring Flight. J. Avian Biol. 29:33–43.
Pennycuick, C.J. 2008. Modelling the Flying Bird. Academic Press, Amsterdam and London.
Phalan, B., R.A. Phillips, J.R. Silk, V. Afanasyev, A. Fukuda, J.W. et al. 2007. Foraging behaviour of four albatross species by night and day. Mar. Ecol. Prog. Ser. 340:271–286.
Phillips, R.A., J.R. Silk, B. Phalan, P. Catry, and J.P. Croxall. 2004. Seasonal sexual segregation in two Thalassarche albatross species: competitive exclusion, reproductive role specialization or foraging niche divergence? Proc. Biol. Sci. 271:1283–91.
Phillips, R.A., E.D. Wakefield, J.P. Croxall, A. Fukuda, and H. Higuchi. 2009. Albatross foraging behaviour: no evidence for dual foraging, and limited support for anticipatory regulation of provisioning at South Georgia. Mar. Ecol. Prog. Ser. 391:279–292.
Pinaud, D., and H. Weimerskirch. 2005. Scale-dependent habitat use in a long-ranging central place predator. J. Anim. Ecol. 74:852–863.
Pohle, J., R. Langrock, F.M. van Beest, and N.M. Schmidt. 2017. Selecting the Number of States in Hidden Markov Models: Pragmatic Solutions Illustrated Using Animal Movement. J. Agr. Biol. Envir. St. 22:270–293.
Pyke, G.H. 1984. Optimal Foraging Theory: A Critical Review. Ann. Rev. Ecol. Syst. 15:523–575.
R Core Team. 2019. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria.
Rabiner, L.R. 1989. A tutorial on hidden Markov models and selected applications in speech recognition. Proceedings of the IEEE 77:257–286.
Richardson, P.L. 2011. How do albatrosses fly around the world without flapping their wings? Prog. Oceanogr. 88:46–58.
Richardson, P.L., R.A. Phillips, and E.D. Wakefield. 2018. Flight speed and performance of the wandering albatross with respect to wind. Mov. Ecol. 6:3.
Ruckstuhl, K., and P. Neuhaus. 2006. Sexual Segregation in Vertebrates. Cambridge University Press.
Sachs, G. 2005. Minimum shear wind strength required for dynamic soaring of albatrosses. Ibis 147:1–10.
Shaffer, S.A., H. Weimerskirch, and D.P. Costa. 2001. Functional significance of sexual dimorphism in Wandering Albatrosses, Diomedea exulans. Funct. Ecol. 15:203–210.
Shamoun-Baranes, J., F. Liechti, and W.M.G. Vansteelant. 2017. Atmospheric conditions create freeways, detours and tailbacks for migrating birds. J. Comp. Physiol. A. 203:509–529.
Shepard, E.L.C., D. Vallmitjana, S.A. Lambertucci, and R.P. Wilson. 2011. Energy beyond food: foraging theory informs time spent in thermals by a large soaring bird. PLoS One 6:e27375.
Shepard, E.L.C., R.P. Wilson, W.G. Rees, E. Grundy, Lambertucci S.A., and S.B. Vosper. 2013. Energy Landscapes Shape Animal Movement Ecology. Am. Nat. 182:298–312.
Shepard, E.L.C., C. Williamson, and S.P. Windsor. 2016. Fine-scale flight strategies of gulls in urban airflows indicate risk and reward in city living. Phil. Trans. R. Soc. B. 371:20150394.
Spear, L.B., and D.G. Ainley. 1997a. Flight behaviour of seabirds in relation to wind direction and wing morphology. Ibis 139:221–233.
Spear, L.B., and D.G. Ainley. 1997a. Flight speed of seabirds in relation to wind speed and direction. Ibis 139:234–251.
Stephens, D.W., J.S. Brown, and R.C. Ydenberg. 2008. Foraging: Behavior and Ecology. University of Chicago Press.
Thorne, L.H., M.G. Conners, E.L. Hazen, S.J. Bograd, M. Antolos, et al. 2016. Effects of El Niño-driven changes in wind patterns on North Pacific albatrosses. J. Royal Soc. Interface 13:20160196.
[bookmark: _Hlk22030188]van Loon, E.E., J. Shamoun-Baranes, W. Bouten, and S.L. Davis. 2011. Understanding soaring bird migration through interactions and decisions at the individual level. J Theor. Biol. 270:112–126.
Wakefield, E.D., R.A. Phillips, J. Matthiopoulos, A. Fukuda, H. Higuchi, et al. 2009. Wind field and sex constrain the flight speeds of central-place foraging albatrosses. Ecol. Monogr. 79:663–679.
Wearmouth, V.J., and D.W. Sims. 2008. Chapter 2 Sexual Segregation in Marine Fish, Reptiles, Birds and Mammals: Behaviour Patterns, Mechanisms and Conservation Implications. Pages 107–170 in David W. Sims, editor. Advances in Marine Biology. Academic Press.
Weimerskirch, H. 2018. Linking demographic processes and foraging ecology in wandering albatross - conservation implications. J. Anim. Ecol. 87:945–955.
Weimerskirch, H., M. Salamolard, F. Sarrazin, and P. Jouventin. 1993. Foraging Strategy of Wandering Albatrosses through the Breeding Season: A Study Using Satellite Telemetry. Auk 110:325–342.
Weimerskirch, H., R.P. Wilson, and P. Lys. 1997. Activity pattern of foraging in the wandering albatross: a marine predator with two modes of prey searching. Mar. Ecol. Prog. Ser. 151:245–254.
Weimerskirch, H., A. Gault, and Y. Cherel. 2005. Prey distribution and patchiness: factors in foraging success and efficiency of wandering albatrosses. Ecology 86:2611–2622.
Weimerskirch, H., T. Guionnet, J. Martin, S.A. Shaffer, and D.P. Costa. 2000. Fast and fuel efficient? Optimal use of wind by flying albatrosses. Proc. Biol. Sci. 267:1869–74.
Weimerskirch, H., M. Louzao, S. de Grissac, and K. Delord. 2012. Changes in wind pattern alter albatross distribution and life-history traits. Science 335:211–4.
Weimerskirch, H., D.P. Filippi, J. Collet, S.M. Waugh, and S.C. Patrick. 2018. Use of radar detectors to track attendance of albatrosses at fishing vessels. Conserv. Biol. 32:240–245.
Williams, H.J., L.A. Taylor, S. Benhamou, A.I. Bijleveld, T.A. Clay, et al. 2019. Optimising the use of bio-loggers for movement ecology research. J. Anim. Ecol.
Wilson, R.P., F. Quintana, and V.J. Hobson. 2012. Construction of energy landscapes can clarify the movement and distribution of foraging animals. Proc. Biol. Sci. 279:975–980.
Xavier, J.C., P.N. Trathan, J.P. Croxall, A.G. Wood, G. Podesta., and P.G. Rodhouse. 2004. Foraging ecology and interactions with fisheries of wandering albatrosses (Diomedea exulans) breeding at South Georgia. Fisheries Oceanography, 13, 324–344.
Ydenberg, R.C., C.V.J. Welham, R. Schmid-Hempel, P. Schmid-Hempel, and G. Beauchamp. 1994. Time and energy constraints and the relationships between currencies in foraging theory. Behav. Ecol. 5:28–34.
Young, I.R., S. Zieger, and A.V. Babanin. 2011. Global Trends in Wind Speed and Wave Height. Science 332:451–455.









Tables
Table 1. Generalized linear mixed models comparing wind speeds experienced by foraging wandering albatrosses Diomedea exulans from Crozet and South Georgia. a) Selection of the top five best supported models; the most parsimonious is in bold, and b) its parameter estimates (± SE). X: predictor variables retained, and –: not retained, in the most parsimonious models; ΔAICc: change in Akaike information criterion, corrected for small sample sizes, from the best-supported model. 

	a) 
	
	
	

	Covariates
	df
	AICc
	∆AICc

	Year
	Sex
	Population
	Population:Sex
	
	
	

	X
	X
	X
	X
	13
	2036088
	0.0

	X
	X
	X
	–
	12
	2036093
	4.6

	X
	X
	–
	–
	11
	2036109
	20.7

	X
	–
	X
	–
	11
	2036116
	27.8

	X
	–
	–
	–
	10
	2036130
	41.5

	b) 

	Parameter 
	Estimate

	Intercept (Crozet, Female, 2010)
	8.37 ± 0.41

	Sex (Male)
	-0.80 ± 0.43

	Population (South Georgia)
	0.90 ± 0.15

	Population (South Georgia):Sex (Male)
	-1.19 ± 0.47

	Year (2011)
	-1.08 ± 0.46

	Year (2012)
	1.38 ± 0.48

	Year (2013)
	0.26 ± 0.43

	Year (2014)
	0.21 ± 0.51

	Year (2015)
	-0.46 ± 0.54

	Year (2016)
	0.14 ± 0.43
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Table 2. The percentage of time spent in each of the three behavioural states (directed flight, area-restricted search [ARS] and rest) on foraging trips for male and female wandering albatrosses Diomedea exulans from the Crozet Islands and South Georgia. Values are mean percentages ± standard deviation for each group. 
	
	Crozet
	South Georgia

	
	Male
	Female
	Male
	Female

	Directed flight
	27.6 ± 17.2
	32.4 ± 15.7
	33.4 ± 10.3
	34.6 ± 8.6

	Area-restricted search
	36.0 ± 13.0
	34.9 ± 12.9
	35.2 ± 7.1
	39.5 ± 5.8

	Rest
	36.4 ± 16.0
	32.6 ± 14.1
	31.3 ± 7.8
	25.9 ± 7.8



















[bookmark: _Hlk35358339]Table 3. Sex differences in the predicted probability of transitioning from rest to area-restricted search, representing take-off behaviour, at different wind speeds. Predictions are derived from hidden Markov models for foraging male and female wandering albatrosses from Crozet and South Georgia during daylight hours. Wind speeds have been averaged over 5 ms-1 intervals encompassing wind speeds encountered (wind speeds at 5-10 ms-1 and 10-15 ms-1 representing moderate and high wind speeds, respectively, have been pooled as sex differences were similar), and 95 % confidence intervals provided in parentheses.
	[bookmark: _Hlk35358426]Wind speed
	Crozet
	South Georgia

	
	Females
	Males
	Females
	Males

	Low  (< 5 ms-1)
	0.10 
(0.10–0.11)
	0.08 
(0.07–0.09)
	0.13
(0.11–0.15)
	0.12 
(0.10–0.15)

	Moderate-high (5-15 ms-1)
	0.15 
(0.14–0.16)
	0.17 
(0.16–0.18)
	0.18 
(0.16–0.20)
	0.22 
(0.20–0.26)

	Very high (>15 ms-1)
	0.23 
(0.21–0.25)
	0.36 
(0.33–0.39)
	0.25 
(0.20–0.31)
	0.41 
(0.3 –0.51)
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Figure 1. Foraging trips of female (blue) and male (black) wandering albatrosses Diomedea exulans tracked with GPS loggers during incubation from a) South Georgia and b) Crozet. The colony locations are shown by black triangles and both maps are shown in the Azimuthal Equal Area projection centred on the colony. 
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Figure 2. Wind speeds (at 10 m above sea level) experienced by foraging wandering albatrosses Diomedea exulans tracked during incubation with GPS from Crozet and South Georgia. Points are modelled means ± 95 % confidence intervals from generalized linear mixed models comparing wind speeds experienced by sex and population. 
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Figure 3. Histograms of observed step lengths (a, b) and turning angles (c, d) for Crozet (left column) and South Georgia (right panel). Lines represent HMM-fitted state distributions coloured according to the state: directed flight, area-restricted search (ARS) and rest. The GPS sampling resolution of the two populations was different, but for plotting purposes, step lengths for South Georgia have been transformed so they match Crozet (15 min resolution). e-f) Transition probability matrix for the final three-state e) Crozet and f) South Georgia HMMs. For a given state at time t, the matrix shows the probabilities of transitioning to each of the other states, or remaining in the same state at time t+1.
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[bookmark: _Hlk22030715]Figure 4. Model-estimated transition probabilities in relation to wind speed (a-b, e-f, i-j, m-n; at 10 m above sea level) and wind direction relative to bird trajectories (c-d, g-h, k-l, o-p) derived from hidden Markov models for foraging male and female wandering albatrosses Diomedea exulans from Crozet and South Georgia during daylight hours. The major behavioural transitions shown are: directed flight to area-restricted search (a-d), search to directed flight (e-h), search to rest (i-l) and rest to search (m-p). As the probability of transitioning from directed flight to rest and vice versa was zero, we consider the transition from rest to search to represent taking-off behaviour, and from search to rest, landing on the sea surface. Model-estimated coefficients are shown as black lines for females (continuous) and males (dashed) with 95 % confidence intervals as grey shading. Note that the y-axis extents differ. 
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Figure 5. Time-activity budgets in relation to covariates. Hidden Markov model (HMM)-estimated stationary probabilities of being in each of the three states (blue = directed flight; red = area-restricted search; yellow = rest) for given values of wind speed (a-b; at 10 m above sea level), sex (c-d; F = females, M = males), relative wind direction (e-f) and photoperiod (g-h; D = darkness, L = daylight), for foraging wandering albatrosses Diomedea exulans from Crozet and South Georgia. As the two-way interactions between sex and wind speed and direction were retained in best supported HMMs, probability distributions are shown as separate lines for females (continuous) and males (dashed) in a-b and e-f. All plots are shown either with 95 % confidence intervals as shaded polygons or error bars. Note that the stationary distribution represents the equilibrium of the process (i.e. it remains unchanged as time progresses). 
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