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Abstract

The way goal-oriented birds adjust their travel direction and route in response to the wind
significantly affects their travel costs. This is expected to be particularly pronounced in
albatrosses, which employ a wind-dependent flight style called dynamic soaring. Dynamic soaring
birds in situations without a definite goal, e.g. searching for prey, are known to preferentially fly
with tail-to-side winds to increase the speed and search area. However, little is known about their
reaction to wind when heading to a definite goal, such as returning to their nest. For example,
returning tracks of albatrosses vary from beelines to zigzags similar to that of sailboats; however,
there is no empirical test of whether the wind causes this variation. Here, based on the similar
wind-dependent speed between albatrosses and sailboats, we tested whether the time-
minimizing strategies used by yacht racers can explain the locomotion patterns of wandering
albatrosses. We predicted that when the goal is located upwind or downwind, albatrosses should
(i) deviate their travel directions from the goal on the microscale and (ii) increase the number of
turns on the macroscale. Both hypotheses were supported by track data from albatrosses and
racing yachts in the Southern Ocean confirming that albatrosses qualitatively employ the same
strategy as yacht racers. Nevertheless, albatrosses did not strictly minimize their travel time, likely
making their flight robust against wind fluctuations. Our study provides the first empirical evidence
of tacking in albatrosses and demonstrates that man-made movement strategies provide a new
perspective on the laws underlying wildlife movement.

Introduction

Birds routinely traverse great distances to reach their destination. Some species partake in globe-
spanning migrations from their wintering spot to their breeding grounds (1, 2), and some species
repeat long-distance foraging trips during the breeding season, foraging hundreds or thousands
of kilometers from their nests and returning to feed their chicks (3, 4). Their routinal long-distance
flights entail enormous travel cost, such as energy and time. Wind is an environmental factor that
significantly impacts this cost; tailwinds increase the travel speed of birds, headwinds slow them
down, and crosswinds can divert them from their intended route (5-7). Therefore, through natural
selection, birds are expected to have acquired a navigational capacity that allow them to select
efficient, travel cost-saving routes under any wind conditions they may encounter (8-10). This
macro-scale route selection consists of a series of decisions pertaining to the travel direction in
response to the goal and wind directions (called orientation) (6). The orientation is expected to be
further influenced by microscopic flight dynamics, i.e., how energy and time required to travel unit
distance varies depending on the travel direction relative to the goal and wind directions (11, 12).
To better understand the birds’ hierarchically structured navigation in wind flow, it is imperative to
predict their orientation and route selection based on micro-scale flight dynamics and to test
predictions using real data (12). Although bird orientation and route selection based on the wind
has been extensively investigated at a coarse scale, empirical studies on how microscopic flight
dynamics shape orientation and route selection are lacking.

Among the spectacular journeys exhibited by various bird species, those of procellariform
seabirds (i.e., petrels, shearwaters, and albatrosses) are one of the most distinctive because of
their underlying wind-utilizing flight style and may thus provide excellent opportunities to test the
implications of micro-scale flight dynamics to orientation and route selection in response to the
wind. These pelagic seabirds fly several hundreds or thousands of kilometers away from their
nests during their breeding period (3, 4). During these foraging trips, the birds flap their wings for
only a small fraction of their flight time (e.g., 1-15% for wandering albatrosses (13)). This efficient
travel strategy is enabled by their flight style, called dynamic soaring, in which the birds can
harvest aerodynamic kinetic energy from the atmosphere by utilizing wind speeds that increase
with the altitude above the sea surface (14-16). This wind-dependent flight dynamic creates a
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dependence on wind-direction for travel speed and energy consumption rate (17-19), and may
thus affect orientation and route selection. However, despite the numerous tracking studies on
procellariiform seabirds over the last three decades (20—22), the orientation and route selection of
the birds heading to their goals remain largely unexplored.

To elucidate the navigation strategies of goal-directed birds in wind, it is necessary to study their
movements in relation to not only wind direction but also goal direction (6), which requires us to
define the bird's goal location in the first place. Many studies have shown that procellariiform
seabirds prefer tail-to-side winds during their foraging trips (17, 23-27); yet, these studies have
not focused on situations in which the bird’s goal is defined. Foraging trips of pelagic seabirds,
like those of other central place foragers (28), are often categorized into three phases: outbound,
middle, and returning (29). In the outbound and middle phases, there are no goal locations, or, if
any, are large areas with a scale of several hundred kilometers, such as a frontal zone (30), while
the nest is a definite goal in the returning phase. Hence, the factors that constrain bird behavior
are distinctly different between the returning and non-returning (outbound and middle) phases. In
the non-returning phase, the constraint to reach the goal is weak or absent, and the bird is
expected to prioritize maximizing speed and consequently, the search area. By contrast, in the
returning phase, the priority is reaching the goal with less travel cost by simultaneously taking the
wind and goal direction into account. Previous studies on procellariiform seabirds examined their
travel direction relative to wind direction throughout their entire trip, without distinguishing the
returning and non-returning phases (17, 23—-27). Thus, while the tail-to-side wind preferences of
dynamic soaring birds reported in these studies are consistent with predictions of maximizing
prey-searching efficiency in the non-returning phase, they do not provide insights into navigation
strategies in the returning phase as they did not take goal direction into account. Although
returning and non-returning have been analyzed separately in some studies (29, 31), the focus
has only been on the birds’ travel directions relative to the wind direction. Thus, there is little
information on how the goal-oriented procellariiform seabirds adjusts its movement in response
wind direction in relation to the goal direction. Moreover, we re-examined the returning portion of
previously published albatross track data (32, 33) and found that their returning tracks show a
variety of patterns ranging from beeline to zigzag like a sailboat (Fig. 1); however, whether this
diversity in flying patterns can be explained by variation in the wind direction relative to the goal
has not been verified as yet.

In this study, we examined the orientation and route selection of yacht racers, who’s speed is
wind-direction dependent, similar to that of procellariiform seabirds, to help elucidate the
dynamics of soaring birds in returning. The kinetic mechanism of sailing maximizes the speed of
a sailboat in a crosswind and reduces it in tailwind and headwind (34). Due to this wind-direction
dependence of travel speed, yacht racers are known to orient their course away from the goal
when the goal is located leeward or windward in order to reach the goal faster, resulting in a
zigzag route at the macro-scale, called “tacking” (34, 35). Recent theoretical studies have
reported that the kinetic mechanism that harvests energy from the wind in dynamic soaring is
similar to that of sailing (16). Another study reported that wandering albatrosses show wind-
direction dependence of travel speed, similar to that of sailboats (19). If albatrosses are expected
to try to minimize energy expenditure to reach their goal, and if we can assume that elapsed time
is a good approximation of energy expenditure (this assumption is discussed in more detail in
Results), we can derive the hypothesis that albatrosses returning to their nests use a time-
minimizing strategy similar to that of sailboat racers. One of the difficulties in testing this
hypothesis is the need to examine the travel speed of albatrosses in various wind directions, as
well as the travel direction of returning albatrosses in various wind conditions for various goal
directions in detail , which requires a large amount of high-resolution tracking data, and not low-
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resolution data (such as satellite tracking data with sampling intervals of several hours used in
some studies; (17, 19, 26, 29) ).

In the present study, we tested whether the time-minimizing strategies used by yacht racers can
explain the locomotion patterns of wandering albatrosses using large amount of tracking data of
their foraging trip during the incubation period (149 tracks consisting of 407,659 data points in
total) recorded at high sampling interval (1 data point every 2 min). We predicted that when the
goal is located upwind or downwind, albatrosses should (i) deviate their travel directions from the
goal at the microscale and (ii) increase the number of turns at the macroscale. We tested these
predictions with tracking data from albatrosses and racing yachts in the Southern Ocean.

Fig. 1 Tracks of
albatrosses and racing
sailboats. (A) Foraging
trips of wandering
albatrosses recorded
by GPS (N = 149).
Portions of tracks in
returning phase are
shown in black lines
and the other portions
are shown in grey
lines. (B) Returning
tracks of albatrosses
within 500 km from the
nesting island
" (Possession Island).
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Results

First, we confirmed the similarities in wind-dependent travel speeds between sailboats
and albatrosses (19). Thereafter, we derived predictions of albatross movement based
on the time-minimizing orientation strategies used by sailors. Then, we tested these
predictions qualitatively and quantitatively by using track data of albatross and sailboats.

Similarities in wind-dependent travel speeds between sailboats and albatrosses

We analyzed track data (1 data point every 2 min) from 149 foraging trips made by
wandering albatrosses during their breeding period from Possession Island, Crozet
Islands, and track data (1 data point every 30 min) from 28 yachts participating in the
2020 “Vendée Globe”, a non-stop round-the-world yacht race across the Southern
Ocean (Fig. 1). Both albatrosses and sailboats mainly traveled in 40-60°S latitudes and
were constantly exposed to strong winds (average wind speed was 8.7 + 3.4 m s for
albatross and 8.1 + 3.0 m s for sailboats).

We calculated the speed and direction of the albatross and yacht by computing a vector
connecting two successive data points (N = 407,659 for albatrosses and N = 102,922 for
sailboats); the average distances traveled between the two observation points by the
albatrosses and sailboats were 1.49 + 0.62 km and 12.1 + 3.4 km, respectively.
Consequently, the average travel speed was 12.4 + 5.2 m s for albatrosses and 6.7 +
1.9 m s for sailboats. Their travel speed changed according to the travel direction
relative to the wind direction (Fig. 2). Such plots are called “polar diagrams” in the field of
sailing. In theory, the speed of sailboats decreases in tailwinds and headwinds, thereby
creating butterfly-shaped polar diagrams (34). A recent study reported that the polar
diagrams of wandering albatrosses were also butterfly-shaped, based on track data at 1
h sampling intervals (19). We confirmed the butterfly-shaped polar diagrams of the
sailboats and albatrosses in our data by fitting non-parametric functions (see Methods).
As described below, these butterfly-shaped polar diagrams are expected to shape the
movement strategies of both the yacht racers and albatrosses.
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Fig. 2 Similarities in wind-dependent travel speeds between sailboats and albatrosses. Two-
dimensional histogram of the ground velocity of albatrosses (A) and sailboats (B).
Histograms in bins of 1 m s for albatrosses and 0.5 m s for sailboats. Colors represent
the number of data points in each bin. The white lines indicate polar diagrams obtained by
applying the general additive models (GAM) to the data. The solid line shows the polar
diagrams with a 9 m s wind speed, dotted lines with 6 m s*' wind speed, and dashed lines
with 12 m s™! wind speed.
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Prediction of albatross movement based on time-minimizing orientation strategy by
sailors

We focused on a situation in which sailboat racers and albatrosses targeted defined
goals, i.e. an intermediate check line south of Australia for sailboats and a nesting island
for birds, respectively (Fig. 1). Their decision-making may be influenced by multiple
factors including wind-dependent speed (19) and energy expenditure (17), the
spatiotemporal pattern of wind conditions, and the prediction of wind conditions to the
goal. In this study, we assumed that 1) albatrosses and yacht racers decide on their
travel direction based on the local wind at their position and 2) that yacht racers and the
albatrosses would try to minimize their elapsed time to reach their respective goals. The
second assumption is obviously true for racing yachts but would also apply to
albatrosses for two reasons. First, an earlier return to the nest would reduce the risk of
nest abandonment by the partner protecting the eggs or chicks (36, 37). The second
reason is that minimizing energy expenditure during travel should be advantageous to
the survival and reproduction of wandering albatrosses, as for other animals (38). The
consumed energy per unit distance traveled is proportional to elapsed time if the
dependence of energy consumption rate on travel direction relative to wind is negligibly
small. Hence, elapsed time is a good metric for energy consumption, and thus
minimizing travel time leads to minimizing consumed energy (We will discuss the validity
of this assumption in Discussion).

Under these assumptions, we derived two hypotheses from the maximum VMC (Velocity
Made good on Course) strategy—a basic sailing strategy wherein the sailboats travel in
the direction that maximizes the VMC, i.e., the parallel component of the velocity to the
goal (Fig. 3A) (35). When the crosswind is blowing against the goal, the maximum VMC
direction is approximately in line with the goal direction (Fig. 3B). In contrast, when the
goal is located downwind (leeward) or upwind (windward), two maximum VMC directions
deviate from the goal (Fig. 3B). This orientation also affects large-scale movement (Fig.
3C). In a crosswind, the route to maximize VMC will be a straight line. When the goal is
located downwind or upwind, the traveler should alternatively switch travel directions
(called “tacking” in sailing), resulting in zigzag track patterns. Note that, if the wind is
steady and tacking is not costly, there is flexibility in the frequency of tacking, i.e., the
size of the zigzag.

To summarize our hypotheses, when the goal is located downwind or upwind, yacht
racers and albatrosses employing a maximum VMC strategy would deviate their travel
direction from the goal (hypothesis 1) and increase the number of turns (hypothesis 2)
compared to when the crosswind is blowing against the goal.

Qualitatively similar movement patterns between albatrosses and sailboats

To test these hypotheses, we analyzed the tracks of sailboats and albatrosses. The
Vendée Globe has several checkpoints that racers must pass on the way, with the
115°08'09"E longitude line of Cape Leeuwin being one of them and hereafter referred to
as the “finish line”. We used the tracks of sailboats within 500 km from the finish line
(Fig. 1F). For albatrosses, we used the portion of their tracks returning to and within 500
km from the nesting island (Fig. 1B).
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Fig. 3 Prediction of albatross movement based on time-minimizing orientation strategy by
sailors and test in track data. (A) Definition of velocity made course (VMC). (B) Travel
directions that maximize VMC for each wind condition. Blue arrows indicate wind
direction, orange arrows indicate the goal direction, and black arrows indicate travel
directions that maximize the VMC. (C) Macroscale travel patterns predicted from the
maximum VMC strategy. Red points represent turning points. (D—E) Histograms of the
travel direction of sailboats (D) and albatrosses (E) relative to the goal direction. Each row
indicates the different wind directions relative to the goal direction. The histograms are
generated from the track data in Fig. 1 (within 500 km from the finish line or nesting
island). The orange arrows indicate the goal direction. The cyan fans indicate the range of
wind directions. The black arrows indicate the maximum VMC direction. For the
albatrosses, the travel directions that maximize the travel distance along the goal per
currency are shown with pink arrows. In addition, the fitted probability distribution of our
stochastic model (see Methods for detail) is shown by pink lines. (F-G) The number of
turns in response to wind direction relative to the goal for sailboats (F) and albatrosses
(G). (H) The fitted line of datain (F) and (G). Albatrosses evidently made more turns than
sailboats. (I) Example of tracks (black solid lines) of albatrosses (upper row) and sailboats
(lower row) within 500 km from their goals. The orange dots in the upper row represent the
nesting island of birds. The orange line in the lower row shows the finish line (one of the
middle checkpoints of the race corresponding to the longitude of Cape Leeuwin). The blue
arrows represent the wind direction on the track. The red points represent the identified
turning points. When the goal was located downwind and upwind (first and third column),
more turns occurred compared to the crosswind condition (the second column).

The data supported the first hypothesis. Fig. 3D and E show histograms of the travel
direction with different wind directions to the goal. These travel directions are every 2
min (1.49 £ 0.62 km in distance, N = 27,776) for albatrosses and every 30 min (12.1 +
3.4 km in distance, N = 1,253) for sailboats. The peaks of the travel direction of sailboats
and albatrosses both deviated from the goal when the goal was located downwind (and
upwind for albatrosses).

The data also supported the second hypothesis. We defined a meander with >10 km
width as one turn. Then, we counted the number of turns for three sections according to
the distance from the goal (500-340 km, 340-180 km, and 180—-20 km). The average
wind direction of each section was also determined. We obtained 226 sections from 95
tracks for albatrosses and 84 sections from 28 tracks for sailboats (See Methods for
details). The number of turns increased significantly with the downwind goal for both
sailboats and albatrosses and with the upwind goal for albatrosses (Fig. 3F—H and Table
S1-S2). Examples of zigzag patterned tracks in downwind and upwind goals, as well as
those of straight patterned tracks in crosswind goals, are shown in Fig. 3I. All tracks are
shown in Fig. S2-S7.

Quantitative difference between movement patterns of albatrosses and sailboats

While our analysis showed qualitative similarities between the movement patterns of
albatrosses and yacht racers, it also implied some quantitative differences that were
further examined as follows.

(i) Deviation from time minimization as primary travel currency
The travel direction of albatrosses slightly deviated from the optimal time-minimizing
flight directions (black arrows in Fig. 3E). This discrepancy indicates that, for albatross in
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returning, time is not the only “currency of travel” (i.e., the variable albatrosses tried to
minimize during their travel). In this regard, energy might be the true currency of travel.
For instance, as not only the travel speed but also the energy consumption rate depends
on the wind direction in wandering albatrosses (17), preferred travel directions are
expected to differ based on whether time or energy is being minimized, which might
explain this observed discrepancy. Alternatively, the currency might be a combination of
time and some unexpected factors.

To quantify the deviation from the time minimization prediction and explore the
characteristics of the currency albatross employed, we constructed a stochastic
movement model (see Methods). Our model assumes a bird moves with a higher
probability in the travel direction, which results in a greater travel distance along the goal
direction per consumed currency. This probability is governed by how the travel speed
and the currency consumption rate (CCR; i.e., currency consumed per time) vary
depending on the travel direction of the bird. If the currency is time (e.g., maximum VMC
strategy), the CCR does not depend on the travel direction. If the currency is energy, the
CCR should increase in the headwind based on the observed heart rate pattern (17).
Furthermore, we can obtain insights into the characteristics of unforeseen factors in
currency by testing the CCR functions that would better explain the data.

Here, we employed three CCR functions in which the travel direction is a variable.
Though simplified, these capture the features of potential currencies: constant (assumed
currency: time), linear (assumed currency: energy), and quadratic (assumed currency:
unknown). Models assuming each function were applied to the track direction data (Fig.
3E), and the quadratic function model was selected based on the Bayesian information
criterion (BIC), i.e. the CCR increased with headwind and tailwind (Fig. 4A and Table
S3). This result indicates that the travel currency is not exactly time or energy.

Overall, although time can be regarded to be the main currency as it well explained the
qualitative movement patterns of albatrosses, the quantitative analysis indicated that
additional factors should be included in the currency (Potential factors are explained in
further detail in the Discussion).

(ii) Difference in frequency of large-scale turns

There were qualitative differences in the frequency of turns in large-scale movement
(Fig. 3H). Firstly, turns occurred more frequently for albatrosses than for sailboats.
Secondly, the frequency of the occurrence of turns was independent of the distance to
the goal for the yacht, whereas albatrosses had a predominantly higher frequency of
turns when the goal was closer (340—20 km) than when it was farther away (500-340
km. See Table S1-2).

Discussion

This is the first study to compare the track data of wandering albatrosses and sailboats,
and the results of our study determined that wandering albatrosses and sailboats show
similar orientation and routing when heading to their goals, along with some quantitative
differences.
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Qualitative findings: albatrosses show similar orientation as sailboats and “tacking”

The way birds adjust their travel direction in response to the wind directions relative to
their goal directions is fundamental information for understanding the movement
strategies of birds (6). However, in dynamic soaring birds, the relationship between
these three directions (i.e., the travel direction of the bird, wind direction, and goal
direction) has rarely been explored. Although previous studies reported that dynamic
soaring birds preferentially fly with tail-to-side winds (17, 23, 24, 26, 27, 29), these
studies only explored the relationship between the wind direction and the travel direction
of the bird. Here, we showed that albatrosses flexibly adjust their travel direction
according to “the wind direction relative to the goal direction”. Albatrosses, like sailboats,
deviate their travel direction from leeward and windward goals in small-scale (1-2 km)
movements and switch travel direction more frequently when the goal is located upwind
or downwind in large-scale (>10 km) movements (similar to tacking in sailing), and some
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tracks showed clear zigzag patterns. Note that this large-scale zigzag is different from
the well-known several-100 m-scale zigzag pattern which stems from the S-shape track
of one cycle of dynamic soaring (39-41).

To the best of our knowledge, this is the first empirical verification that albatrosses adjust
their direction of movement in response to wind direction similar to sailboat racers. Two
studies (25, 40) have reported that tracks of albatross proceeding upwind exhibit zigzags
at 100 m to 1 km scales, and this phenomenon was discussed using yacht tacking as an
analogy (19, 40) (yet, these discussions were based on data arbitrarily selected from the
entire available data sets, and the total length of these selected tracks is less than 20 km
even when the two studies were combined). In addition, a recent study (27) reported
"zigzag flights" in the dynamic soaring birds, the blue petrels. The blue petrels made a
series of approximately 180° turns during their foraging trips. This zigzag was explained
by their crosswind preference for efficient prey search. However, because these studies
(19, 27, 40) were conducted in situations where the animal's goal was not clearly
defined, it was unclear whether the bird's turn was caused by the wind. Our study
focused exclusively on situations in which the goal was clearly defined (i.e. returning),
allowing us to systematically examine how the flight direction and number of zigzag turns
of albatrosses vary with the wind direction relative to the goal. Consequently, we were
able to provide the first experimental evidence that albatrosses turn with wind, i.e.,
evidence of tacking in albatrosses.

Quantitative findings

(i) Albatrosses make more turns than sailboats

We found that albatrosses made turns more frequently than sailboats. This may reflect
on the cost of turning for sailboats and albatrosses. In sailboats, turns require changing
the direction of the sail, and, in the Vendée Globe race, only one person is allowed on
the sailboat, so turns could be more costly in terms of both time and energy than for
albatrosses. As a result, it is expected that a strategy to reduce the number of turns is
adopted in yacht races.

We also found that the number of turns increased as albatrosses approached their
goals, but it did not increase for sailboats. This may reflect the difference in their goals;
in sailboats, the goal is a line, while in albatrosses, it is a point. Therefore, albatrosses
may make more turns to fine-tune their travel direction when they are close to the goal.

(i) Albatrosses do not maximize their speed

We found that the travel currency for returning albatrosses is not time alone. This finding
challenges the conventional idea that dynamic soaring birds prefer crosswinds to
maximize their travel speed (17, 26).

Previous studies have indicated that the currency of travel is time for wandering
albatrosses. Since albatrosses capture prey that are randomly and widely distributed,
maximizing the prey encounter probability should be prioritized during prey search (i.e.,
the non-returning phase), and thus albatrosses are expected to prefer the direction that
maximizes the travel distance per currency. The previous study showed that wandering
albatrosses prefer the speed-maximizing direction during the entire foraging trip(17),
thus, indicating that time is the currency of their travel. Similar results have also been
reported for another dynamic soaring species, Gadfly petrels (26).
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However, our results suggested that time was not the currency in the “returning” of
wandering albatrosses. Two possible hypotheses consistently explain our findings and
that of previous studies. First, time is the travel currency during non-returning (previous
studies) but not during returning (our results). Second, the currency is not time, even
during non-returning. As previous studies used tracking data of 1- to 2-h sampling
intervals (17, 26), the coarse temporal resolution may have obscured the small-scale
movement patterns.

Using our data (2-min intervals), we calculated the travel direction of albatrosses during
non-returning (Fig. 4D), which did not match the speed maximizing direction (black lines
from Fig. 4B), unlike that in the previous studies, thus supporting the hypothesis that
time is not the travel currency of wandering albatross even during non-returning.
Meanwhile, the peak of the travel direction during non-returning matched well with the
travel direction that maximizes the travel distance per the currency that albatrosses
employed during “returning” (pink lines from Fig. 4C). Thus, our results suggest that time
is not the travel currency of albatross even during non-returning.

Speed or robustness: Which will be the priority for the dynamic soaring birds in
fluctuating winds?

The next question to address is what the additional factor in the currency (Fig. 4A and D)
could be. Although it cannot be identified from the present results alone, a potential
candidate currency is the risk-aversion of costly flapping flights. Soaring birds are spared
from flapping flight by exploiting the energy from wind. However, wind conditions are
unpredictable and dynamic, which may necessitate birds to conduct flapping flights,
which is known to be very costly. Hence, for soaring flight, not only speed but also the
robustness to stochastic changes in the winds should be key factors, whereby birds try
to minimize the duration of flapping flight. This is particularly important for the largest
species like wandering albatrosses which apart from taking off, use flapping flight
extremely rarely (13).

This risk-aversion strategy is already known in thermal soaring birds (42—44). Thermal
soaring is a flight style in which birds repeatedly ascend with updrafts (convection
currents) and then glide. If the bird knows the distance and updraft speed of successive
thermals, the theory predicts an "optimal speed" that maximizes horizontal travel speed
(45, 46). However, in practice, large bird species employ a slower airspeed than this
“optimal speed” (42). The slower airspeed allows them to traverse long distances with
less descent in altitude. In this manner, birds can reduce the risk of not finding the next
thermal because of its stochastic distribution and thus being forced to perform flapping
flights (42).

Our results may indicate that dynamic soaring species also employ a risk-aversion
strategy. In the theory of dynamic soaring, the wind gradient is often simplified to be
invariant in time and space, except in the altitude (16, 47, 48). However, real wind
gradients are turbulent and fluctuate spatiotemporally (49). This uncertainty of the wind
may force the albatross to prioritize wind energy harvesting efficiency. At a small scale,
the energy harvested from wind gradients by dynamic soaring increases when the
direction of bird flight is aligned upwind when the bird is ascending and downwind when
the bird is descending (15, 16, 31). Accordingly prioritizing speed reduces the time to
satisfy this condition and compromises the energy harvesting efficiency. Therefore, a
strategy that maximizes speed would have, compared to a strategy that prioritizes
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energy harvesting efficiency, a higher risk of failing to exploit energy and being forced
into costly flapping flights when the bird experiences unexpected fluctuations in the wind.
To avoid this risk, wandering albatrosses may have favored travel directions that
prioritize energy-harvesting efficiency, despite their slower speeds. A recent study
reported that Manx shearwaters, which use both dynamic soaring and flapping flight,
prefer energy harvesting efficient travel (31). In future work, testing the energy-
harvesting efficiency prioritizing hypothesis using detailed tracking data of wandering
albatrosses, specialists of dynamic soaring, would be an intriguing prospect.

Navigation strategies of yacht racers provide a new perspective on seabird navigation
Pelagic seabirds are a unique group in the animal kingdom with the richest accumulation
of track data (22, 50-52). As demonstrated in this study, leveraging the knowledge of
sailboat racers and engineers can be a powerful tool to uncover this vast data and
determine the underlying rules that govern the motion of pelagic seabirds. For example,
although our study made the simplification that albatrosses choose their travel direction
based solely on local wind direction, birds may perceive or empirically predict a wide
range of wind environments and determine their travel direction based on these (17, 26,
27). Autonomous sailing algorithms should be applied to examine these more complex
movement strategies (53, 54). These algorithms determine the feasible travel direction
by taking into account not only the goal location, real-time local-scale wind
measurements, and the polar diagram of the sailboat, but also global-scale wind
predictions and tacking costs (53, 54). Appropriating these algorithmic formulations to
the study of dynamic soaring bird travel should help reveal the currency of travel and the
cognition capability of these birds, which would be an interesting future challenge.

Methods

Track data

We used the track data of wandering albatrosses from 2003-2005 and 2016-2019
collected in previous studies (32, 33) (Fig. 1A-D). All data were obtained from breeding
individuals on Possession Island (46°25'S. 51°45'E). Portions of tracks within 20 km of
the Island were excluded from the analysis to avoid the influence of land. Trips of
incomplete recordings that stopped before the nest was reached were excluded from the
analysis. In total, we obtained data for 149 foraging trips. An iterative forward/backward
averaging filter was applied to each track to exclude unrealistic points with speeds of
more than 100 km ht. Furthermore, since sampling intervals differed among the data (10
s to 2 min), the data were resampled every 2 min.

Additionally, data from the Vendée Globe, a long-distance yacht race held in 2020, was
used for sailboats (Fig. 1LE—H). Of the participating boats, we used data from 28 boats
that passed through the middle checkpoint (longitude 115°08'09"E line). For the
analysis, we used the route below a latitude of 30 degrees north. The positions of all the
boats were recorded every 30 min.

Defining the returning phase of wandering albatross

We identified the returning start points for each albatross track. The portion of tracks
after the returning start point was defined as the returning phase, while that prior to the
start point was defined as the non-returning phase. We employed a backward path
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analysis to determine the returning start point (55, 56). In this method, by starting at the
goal location and moving backward along the path, the backward beeline distance (BD)
and the backward path length (BL) were calculated for each point. The point at which BD
stopped increasing linearly with respect to BL was defined as a returning starting point.
Although previous studies visually determined the point of change from linear to non-
linear, in this study, we defined the returning starting point using the following procedure
to ensure reproducibility. First, we calculated the BD and BL for each point. The BL and
BD data set was then resampled to record BL for every 10 km. We then applied a 50 km
moving average to the BL. Subsequently, BD was plotted against BL, and the peak
points of BD were detected. Among these peaks, point P with the smallest BL was
determined. In the BD vs. BL plot, a linear and broken line with one change point was
respectively fitted to the region where BL < P, and the BIC were calculated for the two. If
the broken line showed a lower BIC than the linear line, and the slope of the line that
was further away from the nest was less than half of the slope of the line that was closer
to the nest, the position corresponding to the change point of the broken line was
determined as the returning start point. In all other cases, the position corresponding to
point P was determined to be the returning start point.

Calculation of ground velocity vector, wind vector, and goal direction

For each data point, we calculated (i) the ground velocity vector (travel direction and
speed to the ground) and (ii) wind direction and wind speed. In addition, for data points
in the returning phase and within 500 km of the goal, we also calculated (iii) the direction
of the goal as follows.

(i) Ground velocity (ground speed and travel direction)

The ground velocity was calculated for each position by dividing the vector connecting
two consecutive data points by the elapsed time. Since there were some instances of
recording deficit, the ground velocity was not calculated for data points corresponding to
these deficits; i.e., the ground velocity vectors were calculated only when there was a
pre-resampling data point within 2 min before and after the two consecutive post-
resampling data points. The track data included data when the albatross was flying at
the sea surface. Therefore, albatross data points with a speed of less than 2 m s were
regarded as data points during their stay at the sea surface and were excluded from the
analysis.

(if) Wind direction and speed

For the wind direction and speed data, we used ERA5 ECMWF, hourly on a 0.25° grid
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-
levels?tab=overview). For each track data point, the estimates of wind direction and
speed predictions at the closest point in time and distance were used.

(iii) Goal direction

The direction of the goal from the bird or sailboat was calculated for each data point for
data within 500 km from the goal in the returning part of albatrosses and within 500 km
from the finish line of the sailboat. For the albatrosses, the goal direction was calculated
from GPS observation points, setting Possession Island as the goal, and for the
sailboats, the goal direction was set to due east.
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Identification of polar diagram using GAM

Based on the ground velocity vector and the wind vector obtained in the previous
section, the polar diagrams of the albatrosses and sailboats were determined using a
generalized additive model (GAM), a non-parametric smoother method (57). The ground
speed (V) was used as the response variable, and the absolute value of the direction of
movement relative to the wind (difference between the direction of ground velocity, i.e.,
travel direction, and the wind direction: ;) and the wind speed (w) were the explanatory
variables. The calculations were performed in R v3.6.3 with the “gam” function of the
“mgcv” package. We employed the “te()” function setting the tensor product smooths for
the model formula (57). From these, the ground speed was obtained as a function of the
direction of movement and wind speed relative to the wind, i.e., V;(8;, w), and the polar
diagram was obtained by displaying this function in polar coordinates.

Counting turns in tracks

To quantify the number of large-scale turns (>10 km wide), we applied the following
procedure to portions of track data from sailboats and albatrosses within 500 km and
>20 km from their goals.

(1) For distances less than x = 500, 420, 340, 260, or 180 km, at which the albatrosses started
returning.
1-1: A point of track x km from the goal was selected as well as a point at (x—160) km
from the goal, and a beeline was drawn by connecting these two points (Fig. S1A).

1-2: A time series of the PDB (Perpendicular Distance of the position of the traveler
from the Beeline) was computed for points from x to (x-160) km from the goal point
(Fig. S1B). The PDB was defined as positive when the traveler was on the left side of
the beeline and negative when the traveler was on the right side.

When the track is straight, the PDB does not show a clear peak. In contrast, when
the track is zigzag, PDB shows a distinct peak. The number of peaks in the PDB
time series corresponds to the number of turns, and the degree of change
represents the width of the zigzag pattern. Therefore, in this study, we detected the
large-scale turns from the PDB. Specifically, we performed the following two
procedures.

(2) For each PDB time series obtained in (1), the peaks with a prominence of 10 km or more
were calculated at the bottom (blue points in Fig. S1C-D) and top (green points in Fig.
S1C-D). The prominence of a peak is an index to quantify how much a peak stands out
from the surrounding baseline of the signal, and is defined as the vertical distance
between the peak and its lowest contour line. The “findpeaks” function in MATLAB v2019a
was used to detect the peaks.

(3)For the detected peaks, if there were consecutive peaks with the same side (top-top or
bottom-bottom), the one with the highest absolute value of the peak was selected (Fig.
S1E-F). The points selected through these procedures were defined as “turns” (red points
in Fig. S1E-F).
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We tested the effect of wind direction and distance from the goal on the occurrence of
these turns. First, the number of turns per 160 km in three sections (500—-340 km, 340—
180 km, and 180—-20 km from the goal) were counted. Then, we determined the mean
goal direction to the wind; defined as the absolute difference between the mean wind
direction and the mean goal direction experienced by the bird or sailboat every 160 km.
We fitted “glm” by setting the mean goal direction to the wind (from O to 11 rad) and the
section of the movement (three categorical variables 500—340 km, 340-180 km, and
180-20 km) as the explanatory variables, and the number of turns in the 160 km section
as the response variable. The log link function and the Poisson distribution were
employed. To capture the feature that the number of turns increased with a tailwind and
upwind, the square of the mean goal direction to the wind was added to the linear
predictor in addition to the average direction of the goal to the wind and the section of
the movement.

Model to estimate currency of travel from track data

We constructed a stochastic movement model to clarify what travel currency best
explains the albatross movement data. Our model assumed a bird moves with a higher
probability in the direction of the greater “travel distance along the goal direction per
consumed currency” As described in detail below, this probability was determined by the
ground speed of the bird and the rate of consumption of currency, both of which were
represented as functions of the travel direction of the bird relative to the wind. The
former was a polar diagram already determined, whereas the latter was unknown, and
its shape was dependent on the currency of the travel. Our goal was to identify the form
of this currency function from experimental data and obtain an implication on the nature
of the currency employed by birds. First, we formulated our model and showed that its
behavior was determined by the currency function (Step 1). Then, we presented several
candidates for the currency function (Step 2). Finally, from the experimental data, we
estimated the currency function that best explained the data (Step 3).

[Step 1] formulation of the model

To formulate “travel distance along the goal direction per currency”, we should first
formulate the “travel distance per currency” that is given by dividing the travel speed with
CCR (currency consumed per time), i.e.,

(distance traveled [m])

(travel distance per currency [m]) = (currency consumed []) —

(distance traveled [m])/(time consumed [s]) _ (travel speed [m s7)

(currency consumed [ ])/(time consumed [s]) (CCR[s71]D

If we denote the travel and goal directions relative to the wind direction at time point t by
8¢+ and 6p ¢, then “the travel distance along the goal direction per currency” at time point
tis represented as

(travel distance along the goal direction per currency)

= (travel distance per currency) X (cos g, cos8p; + sinfg;,sinfp,)
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(travel speed) X (cos 8¢ cosOp + sin O, sin Op ;)
(CCR)

Hence, by denoting travel distance along the goal direction per currency at time point t
as F(6¢ ¢, we, 0p ) Where w, represents the wind speed at time point t, the above
equation was represented as

V(6 ¢ we) (cos B¢ cosBp, +sinbg,sinOp )

F(QG,tl Wt' GP,t! C) = 6(9 c)
Gt

The function V(6 ., w,) represents the travel speed [m s™] when the birds moved in the
direction 6, , under wind speed w,. Here, we used the polar diagram obtained in a
previous section as V(6; ¢, w,). The function C(E}G,t, c) represents the CCR [1/s]. For

simplicity, we assumed the CCR only depended on the travel direction of the bird relative
to the wind (65 ¢).

Then, we introduced a model whereby the probability distribution of track direction 8 ¢,
represented as P(6; ), was proportional to the exponent of F(6; ;).

ePF(0Gewt.0p tc)

Z(we.0p.cB)

P(HG,tlwt! HP,D ¢, ﬁ) =

where Z(wy, 05, ¢, §) is the normalizing constant for f_"nP(QG_t|wt, Opr, C B)d0g, = 1,
and is represented as

f
Z(Wt; HP,t; C,,B) = f eEF(QG,t‘Wt,gP,t:C)dHG,t_
-1

Our model was formulated by the above equations. The behavior of this model is
governed by the functions V(6; ¢, w,) and C’(GG,t, c). The V(8; ¢, w¢) is already determined
from the experimental data (see Identification of polar diagram using GAM). Our goal
was to find a currency function C(QGI, c) that explains the experimental data well.

[Step 2] Formulation of currency consumption functions

The currency function should be able to capture the characteristics of the assumed
currency and is ideally simple. Therefore, as the currency function, we employed
polynomials up to the second-order of |95,t|- We describe the assumed currency for
each of the functional forms. Note that we allow only parameters for which the currency
function is always positive in 0 < |6, ;| < .

For the constant function: currency is time,
C(0g) = 1.

The CCR does not change depending on the travel direction. In this case, the currency
of travel is time.

For the linear function: currency is energy (c1 >0) or unknown (c; <0),
C(QG,t) = 1 + Cllec‘tl.
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When c; >0, the CCR increases as the travel direction is upwind. As it is reported that
the energy consumption of albatrosses increases as they move upwind (17), when c¢; >0,
the currency function is a model that assumes energy as currency. When c; <0,
however, the CCR decreases as the direction of movement is upwind, and this currency
is neither time nor energy.

For the quadratic function: currency is unknown,
C(66) =1+ c2(|0e] — c3)*

In this scenario, we assume that c; >0. This function minimizes the CCR when the travel
direction is toward cs, and the CCR increases when the travel direction deviates from cs
in either the upwind or downwind direction.

[Step 3] Stochastic model and calculation of the likelihood from the data

Our goal was to estimate the currency function that best explains natural bird movement
data. For this purpose, the likelihood of the model on experimental data should be
calculated. We denote the travel direction to the wind, wind speed, and goal direction to

the wind at time t obtained from individual i as Q(Gi,)t' Wt(i),and Gg)t (t=1,..., T),
respectively. In this case, when the observation data is obtained from n individuals, the

likelihood is given by

n Ti
wep =] || [refm.ofcm.
i=1 t=1

Therefore, we computed the BIC for each of the models that employed the currency
functions described above and chose the currency function that best explained the data
via model selection. The “fminunc” function in MATLAB 2019a was used to calculate the

BIC. The normalization constants Z (I/l/t("),@g)t,c,ﬂ) (t=1,..., T;, i=1,..., N) were computed

numerically by Gaussian quadrature with 360 integration points. The estimated values of
BIC and parameters for each model are shown in Table S3.
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