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How animals refine migratory behavior over their lifetime (i.e., the ontogeny of migra-
tion) is an enduring question with important implications for predicting the adaptive
capacity of migrants in a changing world. Yet, our inability to monitor the movements
of individuals from early life onward has limited our understanding of the ontogeny
of migration. The exploration—refinement hypothesis posits that learning shapes the
ontogeny of migration in long-lived species, resulting in greater exploratory behavior
early in life followed by more rapid and direct movement during later life. We test the
exploration—refinement hypothesis by examining how white storks (Ciconia ciconia)
balance energy, time, and information as they develop and refine migratory behavior
during the first years of life. Here, we show that young birds reduce energy expenditure
during flight while also increasing information gain by exploring new places during
migration. As the birds age and gain more experience, older individuals stop exploring
new places and instead move more quickly and directly, resulting in greater energy
expenditure during migratory flight. During spring migration, individuals innovated
novel shortcuts during the transition from early life into adulthood, suggesting a reli-
ance on spatial memory acquired through learning. These incremental refinements in
migratory behavior provide support for the importance of individual learning within a
lifetime in the ontogeny of long-distance migration.

ontogeny of migration | fidelity | timing | routes | energetics

Complex behaviors often change over an animal’s lifetime. This is especially true when
the selective pressures shaping the behavior shift as the animal ages. Studying how behav-
iors develop is a core foundation of behavioral ecology, referred to as ontogeny (1). The
complex and taxonomically widespread behavior of animal migration requires many deci-
sions about when, where, and how to move (2, 3). The outcome of these decisions impacts
individual fitness (4), population dynamics (5), community ecology (6), and ecosystem
functioning (7). Yet, despite the importance of migratory behavior, how migration is
established and refined over an animal’s lifetime—what we refer to as the ontogeny of
migration—is largely unknown for most species (8-10).

Decision-making during migration is often conceptualized as a tradeoff between dif-
ferent optimization criteria or “currencies” required for successful migration (11), with
energy and time being the two most studied currencies (12, 13). Migratory animals may
benefit from reducing the amount of energy expended per distance traveled (14), which
may be particularly relevant for flying and swimming migrants that can use uplift, wind,
or currents to facilitate long-distance movements with minimal energy (15, 16).
Alternatively, many migrants face selective pressures to arrive at their destination early
when there is competition for limited resources at migratory destinations (17). For exam-
ple, in species that require high-quality territories to successfully reproduce, the pressure
to arrive early to secure and defend critical resources may result in faster and earlier
migrations that are energetically costly (17). Examining the currencies that migrants must
balance and how the relative importance of these currencies shifts over a migrant’s lifetime
will likely provide important insights into the ontogeny of migration (11).

Although information has largely been overlooked as a currency shaping migratory
behavior, gaining information and using it to incrementally refine migration behavior
through learning could play an important role in saving both energy and time. The land-
scapes that animals move through are complex and dynamic, requiring that migrants learn
where and when favorable conditions that facilitate movement occur and how to exploit
them efficiently (18, 19). For example, several studies comparing juvenile and adult birds
indicate that older birds used less energy during flight, presumably because they learned
to fly more efficiently as they gain experience (19, 20) and perhaps also because they
learned energy-efficient movement paths. Energy-efficient movement paths are likely to
be circuitous to avoid areas that are costly to move through (e.g., steep terrain, strong
headwinds; refs. 21 and 22). When time is of the essence, however, more direct routes
may be favored and there may even be selective pressure to shorten migration (12, 23-25).

PNAS 2024 Vol.121 No.12 2306389121

https://doi.org/10.1073/pnas.2306389121

Significance

Migratory decision-making is
often conceptualized as reducing
either time or energy
expenditure; however, the
importance of these currencies
may shift throughout life.

The exploration-refinement
hypothesis suggests that
information is an additional
currency shaping the lifetime
development of migration,
predicting that exploration and
information gain should be
favored early in life. Using a
unique early-life tracking dataset,
we show that white storks
incrementally refine migration
timing and routes by innovating
novel shortcuts during migration.
Storks switch from energy-
efficient exploration to rapid and
directed movement as they age.
Together, these results suggest
that learning and early-life
exploration play an important
role in the ontogeny of migration
in a long-lived migratory bird and
that information is a critical
currency shaping migration.
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Moving directly over long distances during migration likely also
requires detailed knowledge of the environment, acquired through
learning and spatial memory (26-28). For example, only after
gaining detailed knowledge of their environment, did fruit bats
learn shortcuts that allowed them to move more directly between
key locations (29, 30). Thus, detailed knowledge of the landscape
may be a prerequisite to moving in a directed and time-minimizing
manner during migration (26).

The relative importance of energy, time, and information may
shift during the ontogeny of migration. For a long-distance migra-
tory bird, learning to fly efficiently likely occurs early because
efficient flight is under significant selective pressure from the onset
of life (31). For example, juvenile albatrosses (7halassarche chrys-
ostoma) quickly learn how to efficiently exploit favorable wind
conditions to travel large distances (32). In contrast, completing
migration earlier to secure breeding territories or nest sites likely
becomes important only during the reproductive phase of life.
The exploration—refinement hypothesis helps to conceptualize
how animals might balance energy, time, and information as they
perform multiple migrations over their lifetime (33). Specifically,
it predicts that exploratory behavior should be favored in early life
to allow migrants to gain critical information about seasonal
ranges or migration routes, but as migrants enter into the repro-
ductive phase of life, they are predicted to move more directly and
quickly between migratory destinations (10, 25, 33). Importantly,
the exploration—refinement hypothesis suggests that the gradual
refinement of migration routes and timing within a lifetime pro-
vides evidence of the critical role of individual learning in the
ontogeny of migration (25, 33). We extend the exploration—refine-
ment hypothesis by predicting that in addition to age-related
changes in migration timing and routes, energetic expenditure
during migratory flight is likely to change as well. Simultaneously
examining how flight energetics, timing, and routes shift from
early life onward is key in understanding the role of learning in
migration development, while elucidating potential trade-offs
migrants face in balancing the relative importance of energy, time,
and information during the ontogeny of migration.

Using a unique tracking and biologging dataset that recorded
movements and activity levels from fledging onward, we tested
the exploration—refinement hypothesis in white storks (Ciconia
ciconia; (34-38)). From June 2013 to 2020, we deployed
solar-powered GSM tags on over 250 juvenile white storks spread
across five breeding areas in southern Germany and Austria
(SI Appendix, Table S1) that use the western flyway (i.e., move-
ments toward Northwestern Africa via the strait of Gibraltar; see
ref. 24 for details). This seven-year data collection effort (June
2013-April 2021) resulted in 301 migration events collected from
40 white storks that completed a minimum of two consecutive
fall migrations (S Appendix, Table S2). Previous work in this sys-
tem has established that selective mortality occurring during the
first fall migration plays a key role in shaping migration distance
and destination (24). Here, we focused on the ontogeny of three
key components of migration: timing (i.c., when to move), routes
(i.e., where to move), and flight energetics (i.e., how to move).
White storks face pressure to reduce both time and energy expend-
iture during migration (39), and their relatively long lives [average
life expectancy = 8 to 9 y (40)] provide ample opportunity to
refine migration through learning. Like many other birds that are
adapted for soaring flight, storks use rising columns of air to gain
altitude and cover large distances with minimal energy (41, 42).
Thus, energy-efficient flight is likely to be essential during
long-distance migrations. Yet, the rapid growth of many stork
populations, including the populations in this study, results in
competition for limited nesting sites that require significant
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investments to build, maintain, and defend (43, 44), increasing
pressure to complete spring migration early. We tested and
extended the exploration—refinement hypothesis by examining
how migration timing, routes, and flight energetics shifted as white
storks aged and gained experience. We estimated information gain
and learning from metrics of the route that provide evidence of
exploration (i.e., low fidelity to previous routes) and exploitation
[i.e., moving directly between migration destinations and inno-
vating shortcuts during migration (26)].

Results

Storks Migrate Faster as they Age. To determine the importance
of time as a currency shaping the ontogeny of migration,
we examined the effect of age on migration duration, while
controlling for the potentially confounding effects of migration
distance, wind support, crosswinds, uplift strength (estimated
using vertical velocity, ref. 31), and season (i.e., fall or spring
migration). As individuals aged, migration duration decreased
(Fig. 1 and ST Appendix, Table S3). Distance was the only other
variable included in the model that had a significant effect on
migration duration (Fig. 14 and SI Appendix, Table S3). In the
fall, younger birds started migration earlier and ended migration
later than older birds (S/ Appendix, Fig. S1 and Tables S4 and S5).
In spring, younger birds started and ended spring migration later
than older birds (S Appendix, Fig. S1 and Tables S6 and S7). We
found no evidence that an increased ability of older individuals
to compensate for adverse environmental conditions during
flight (e.g., drift from crosswinds) influenced migration duration
(SI Appendix, Fig. S2).

In addition to examining the ontogeny of migration timing
and duration, we also explored ontogenetic choices about when
to fly during migration in relation to environmental conditions.
First, we compared mean environmental conditions (i.e., wind
support, crosswinds, and vertical velocity) during periods of flight
and nonflight across spring and fall migrations (S/ Appendix,
Fig. S3). Across all age classes, more favorable environmental con-
ditions (i.e., greater wind support, minimal crosswinds, and
stronger thermal uplift) were experienced during flight in com-
parison to nonflight periods for wind support during spring migra-
tion (SI Appendix, Fig. S3B), crosswinds during both fall and
spring migration (S Appendix, Fig. S3 C and D) and uplift
strength  during fall migration (SI Appendix, Fig. S3E).
Furthermore, we used the difference in environmental conditions
experienced during flight and nonflight periods for each migration
event to examine whether older animals improved choices about
when to fly during migration based on environmental conditions
that should enhance flight performance. This analysis revealed no
age-specific changes in environmental conditions between flight
and nonflight days during fall migration (S Appendix, Fig. S4 and
Tables S8-S10). During spring migration, however, older birds
experienced more favorable wind support and lower crosswinds
but poorer uplift strength during migratory flight in comparison

to nonflight periods (87 Appendix, Fig. S4 and Tables S8-S10).

Energy Expenditure during Migration Increases with Age. To
investigate the importance of energy efficiency, we examined
the effect of age on energy expenditure during migratory flight,
while controlling for season and environmental conditions (i.e.,
wind support, crosswinds, and uplift). We estimated total energy
expenditure during migratory flight using accelerometry (ACC)
data that was recorded on a subset of the tagged storks (82.9% of
animal years). From ACC recordings, we calculated the Overall
Dynamic Body Acceleration (ODBA), which approximates activity
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Fig. 1. The influence of age on migration duration for white storks (Ciconia ciconia) that were born in southern Germany and tracked continuously from early
life onward. (A) The standardized coefficient estimates for fixed effects of the model. (B) The fitted relationship between the natural log of migration duration
in days and age in years. Numbers in parentheses above the x axis in B show the sample size for each age class (including autumn and spring events). In B, the
solid black line shows the fitted relationship, and the gray polygon indicates the 95% Cl estimated by semiparametric bootstrapping (n = 1,000 simulations).

n = 262 migration events (spring and fall migrations) from 40 individuals.

and has been correlated with energy expenditure and wingbeat
frequency in birds (45, 46). Cumulative ODBA during migratory
flight increased with age and was higher during spring migration
in comparison to fall migration (S/ Appendix, Table S11 and
Fig. 2). This pattern was similar when ODBA was calculated as
energy expenditure per distance traveled during migratory flight
(81 Appendix, Fig. S5) and when migration duration was included
in the model of cumulative ODBA (SI Appendix, Fig. S6). We

A B

found no evidence that the change in cumulative ODBA with
age was impacted by an increased ability of older individuals to
compensate for crosswinds (S Appendix, Fig. S2).

Storks Shift from Exploration to Exploitation. To examine
how information shaped migration development, we estimated
exploration and exploitation metrics at various scales of migration.
Exploration would indicate information gathering, while exploitation
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Fig. 2. The influence of age on cumulative energy expended during migratory flight by white storks (Ciconia ciconia) tagged as juveniles in southern Germany.
(A) Standardized coefficient estimates for the fixed effects of the linear mixed-effects model built to examine the effect of age on energy expenditure, while
controlling for the potentially confounding effects of wind support, crosswinds, vertical velocity (a proxy for uplift strength), and season. Energy expenditure
increased with age and was lower during fall migration (purple; B) in comparison to spring migration (green; ). Energy expenditure is calculated as the cumulative
Overall Dynamic Body Acceleration (ODBA) during migratory flight. Numbers in parentheses above the x axis in Band C show the sample size for each age class.
The solid black line in B and C shows the fitted relationship, and the gray polygon indicates the 95% Cl estimated by semiparametric bootstrapping (n = 1,000
simulations). n = 244 migration events (spring and fall migrations) from 40 individuals.
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would indicate the use of existing information to make more
direct movements (26). To quantify exploration, we examined
the degree of fidelity individuals exhibited to previous migration
routes. Specifically, we used Dynamic Time Warping (DTW),
which is a trajectory similarity metric (47). Larger DTW values
represent greater route dissimilarity and are indicative of greater
exploration during subsequent migrations. To examine the impact
of age on route fidelity, we built a model that accounted for season
and environmental variability (i.e., wind support, crosswinds, and
thermal uplift). As animals aged, they became more faithful to
their previous migration route, as indicated by a decrease in route
dissimilarity (Fig. 3 and ST Appendix, Table S12). Thus, younger
individuals were more exploratory, but routes became less flexible
as individuals aged. By their second migration, individual routes
were consistently more similar to their own previous routes than
to all other routes (S Appendix, Fig. S7), excluding the possibility
that individuals were following others or converging on an optimal
route used by the majority of individuals. We found that changes
in route fidelity with age could be explained, in part, by older birds
being better able to compensate for drift, as indicated by a weakly
significant interaction between age and crosswinds (SI Appendix,
Figs. S2 and S8).

To directly quantify exploitation, we compared the length and
directness of the entire route across subsequent migrations
(SI Appendix, Tables S13 and S14). We also compared segments
of the route where individuals deviated from previous migration
(see ST Appendix, Fig. S9 for details) to examine whether individ-
uals were able to innovate shortcuts during migration. As individ-
uals aged, their routes became straighter at the entire route level
(SI Appendix, Fig. S10). Straightness of fine-scale route deviations
and the entire route increased when comparing previous and cur-
rent migrations; however, the effect size was greater during spring
migration, and this effect was not significant for fine-scale route
deviations in the fall (Fig. 4). The increasing straightness in
fine-scale route deviations from the previous year’s routes in the
spring suggests that individuals incrementally refined migration
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routes through shortcuts as they aged and gained more experience
(Fig. 4B). We examined the effect of age, season, and environment
(uplift, wind support, and crosswinds) on migration distance
(measured as the great circle distance between the start and end
of migration) but found no significant effects (S Appendix,
Table S14), indicating that animals did not innovate short-stopping
as a result of increased experience or changes in environmental
conditions.

Discussion

We provide support for the exploration—refinement hypothesis
using a unique tracking and biologging dataset that recorded
detailed information on both migratory movements and energetics
from early life onward for storks that survived to complete at least
two consecutive fall migrations. The incremental changes in tim-
ing, energetics, and routes suggest that individual learning and
information gathering shape the ontogeny of migration in a long-
lived bird. Although previous work has compared route charac-
teristics and timing across juveniles and known-age individuals
(e.g., refs. 8, 25, and 33), we provide the strongest evidence to
date of early-life exploration shaping migration later in life by
quantifying characteristics of migration continuously through
development. Furthermore, our addition of accelerometry data to
quantify flight energetics adds a more nuanced view of the refine-
ment of migratory behavior, revealing that storks switch from an
energy-saving to a time-saving strategy as they age (Figs. 1 and 2).
Migratory flights with low energy expenditure allow young indi-
viduals to explore unfamiliar places, gaining new information
about the landscape (Figs. 2 and 3). For young storks, the first
migration is an especially risky period and early-life mortality is
known to impact population-level shifts in migration distance and
destination (24). Thus, adopting an energy-efficient strategy might
be necessary to successfully complete migration and gather infor-
mation in early life. As animals gain knowledge about their migra-
tory environment, they appear to switch to a more energetically

(26) (1 (6) )
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Fig. 3. The influence of age on route dissimilarity of white storks tracked from fledging onward. (A) Standardized coefficient estimates of the fixed effects of
a model examining the impact of age on route fidelity, while controlling for the potentially confounding effects of season and environmental conditions (i.e.,
wind support, crosswinds, and uplift strength estimated as vertical velocity). (B) As individuals aged, route dissimilarity decreased, suggesting that birds are
exploratory during early life but become more faithful to their migration route as they age. Route dissimilarity is measured as the log of DTW, where smaller
values indicate greater route fidelity. The numbers in parentheses above the x axis in Bindicate the sample size for each age class (including autumn and spring
events). In B, the solid black line shows the fitted relationship, and the gray polygon indicates the 95% Cl estimated by semiparametric bootstrapping (n = 1,000

simulations). n = 174 observations from 39 individuals.
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Fig. 4. A comparison of trajectory straightness for route deviations (i.e., when individuals deviated from segments of the previous year's route; A and B) and
migration routes (C and D) derived from tracking data of white storks tagged as juveniles in southern Germany. Trajectories were compared across fall (A and
C) and spring (B and D) migrations. A straightness value of one indicates the most direct route (i.e., equivalent to the beeline between start and end locations).
Trajectory straightness between previous and current years was compared using paired t-tests such that negative estimated differences in means (abbreviated
mean diff. in A-D) indicated straighter trajectories in the current rather than previous years.

costly but rapid movement strategy, which likely enhances their
ability to compete for breeding territories and increase reproduc-
tive success. Together, these findings highlight that migration is a
complex and dynamic behavior that is shaped by learning.
Individual storks incrementally refined and straightened their
migration routes (Fig. 4). When comparing paired segments of
the routes where individuals deviated from their past movements,
these deviations were more direct ways to move between destina-
tions during the spring migration (Fig. 4B). In resident animals,
innovations of shortcuts between key destinations can be inter-
preted as evidence of a cognitive map used for navigation (29, 30),
but only when alternative hypotheses like social facilitation or
differences in environmental conditions are ruled out. Because we
lacked data on group composition of our tagged storks, we are
unable to rule out the possibility that social facilitation was respon-
sible for innovating shortcuts during migration. In comparison
to other tracked storks, individual routes became increasingly
unique after age one and fidelity increased with age (Fig. 3), sug-
gesting a switch from relying more on personal information
instead of social information during later stages of life. Likewise,
faster and earlier spring migrations of older birds (Fig. 1 and
SI Appendix, Fig. S1) indicate that older individuals are likely
leaders, not followers. A switch from reliance on social learning
to experiential learning has been linked to the timing of migration
in reintroduced whooping cranes [Grus americana (48)], while
experienced homing pigeons (Columba livia) are more likely to
lead during route finding (49). Further research is needed to deter-
mine whether the shortcutting we document is the result of social
transmission of more direct movement paths or large-scale

PNAS 2024 Vol.121 No.12 2306389121

cognitive maps, similar to those discovered in bats. Regardless of
the exact mechanism responsible for the innovation of spring
migration shortcuts, the incremental straightening of the migra-
tion route over time is evidence of a switch from exploration to
exploitation, which highlights the critical role of spatial memory
in the ontogeny of migration (26, 27).

Learning is also critical in shaping the efficiency of migratory
flight. Consistent with previous work, we found that compensa-
tion for wind drift was important in shaping migration routes
(50). Young individuals were more likely to exhibit low route
fidelity when exposed to strong crosswinds, but the influence of
crosswinds diminished as storks aged and gained more experience
(SI Appendix, Figs. S2 and S8). Furthermore, we found that the
importance of environmental conditions extended to influence
decisions about when to fly or remain stationary during spring
migration. Specifically, choices about when to fly shifted toward
increasing wind support and lowering exposure to crosswinds as
birds aged, but these choices came at the expense of experiencing
lower thermal uplift during flight (S7 Appendix, Fig. S4). This
suggests that older birds face a trade-off between favorable winds
and favorable uplift during spring migration. Although we found
some support for the notion that environmental conditions shaped
the ontogeny of route fidelity, we were unable to detect an ontoge-
netic influence of environmental conditions on migration timing
or flight energetics (S7 Appendix, Fig. S2). We suspect this could
be explained by two complementary processes. First, birds of all
ages avoid flying when crosswinds where strong (57 Appendix,
Figs. S3 and S4). Second, there is high selective pressure to learn
to cope with adverse conditions early in life, potentially during
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the first fall migration (20). In fact, learning to cope with chal-
lenging flight conditions could be an early quality filter, where
young storks (<2 y old) of poorer quality are more likely to die
because of their inferior skills in coping with strong crosswinds or
weak thermal uplift (8, 50). Since our analysis excluded individuals
that died before completing two consecutive fall migrations, we
were unable to investigate the existence of an early-life quality
filter. Because few studies track the development of migration
from early life onward, further research across migrants exhibiting
different life histories and flight modalities is needed to investigate
the generalizability of our findings to other species and systems.

Migration is often conceptualized as being underpinned by either
genetic or culturally inherited information, yet emerging research
is calling this simple dichotomization into question (10, 25).
Whether the first migration is guided by genetics or results from
following informed individuals, learning within a lifetime represents
an additional and complementary mechanism shaping animal
migration (10). There is evidence that even when the initial migra-
tion direction appears genetically encoded, increased experience and
learning can improve migratory performance. For example, in sev-
eral bird species, adults who had performed multiple previous migra-
tions were better able to correct for large-scale displacements in
comparison to juveniles during migration (51, 52), highlighting the
importance of both genetics and individual learning. Furthermore,
recent work has discovered the importance of genes related to the
formation of long-term memory in migratory peregrine falcons
[Falco peregrinus (53)], suggesting an important interplay between
genetics, spatial memory, and learning for long-distance migration
(54). Learning, by definition, involves the use of information to
improve future performance on a task (26). Thus, the incremental
refinements in migration timing and routes over a lifetime by white
storks indicate that information is a key, but often overlooked and
rarely quantified, currency shaping animal migration.

Materials and Methods

Early-Life Tracking Data. We compiled tracking data from five study areas
in Germany and Austria, where a total of 258 juvenile white storks were
tagged and tracked from 2013 to 2021. Permits for tagging and tracking the
white storks were issued by the authorities of the Federal States (G-13/28 and
G-15/47 by Regierungsprasidium Freiburg, 54-2532.1-14/14 by Regierung von
Mittelfranken, MPI-0-1/14 by Regierungsprasidium Tibingen, G15-20-032 by
LUA Rheinland-Pfalz, and ROB-55.2Vet-2532 Vet_02-17-95 by Regierung von
Oberbayern). Juvenile white storks were tagged on the nest with solar-powered
GSM-GPS-ACC loggers that are programmed and designed to collect movement
and activity data indefinitely (e-obs GmbH, for details, see ref. 55). All devices
recorded GPS locations and three-dimensional body acceleration for 18 h a day
(between 2:00 and 20:00 UTC). GPS positions were recorded at intervals ranging
from 1 s to 20 min; three-axial body acceleration data were collected in short
bursts (lengths ranging from 1.2 to 4.1 s) every 0.5 to 10 min at 10.54 to 33.33
Hz. Data were stored on the device until downloaded via an ultra-high-frequency
radio link or sent via the mobile phone network.

We only included individuals that completed 2 or more spring and fall migra-
tions along the Western European flyway, which resulted in 40 individuals, 190
animal-years, and 301 migration events (i.e., unique combinations of migra-
tion season, year, and individual) retained for further analysis (see S/ Appendix,
Table S2 for details). The GPS sampling schedules were slightly different across
time and study areas, so we subsampled the GPS data to a consistent, 3-h sam-
pling interval. These subsampled data were used for all subsequent analyses
related to migration timing, route-level metrics, and extraction of environmental
data on wind support and uplift strength.

Quantifying Migration Timing. We used Net Squared Displacement (NSD) to
manually identify the startand end of each migration event (i.e., for each season
and year that an individual was tracked), following the methods of ref. 56. NSD
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calculates the squared Euclidean distance between a reference location (in this
case the initial nest site of each tagged juvenile) and subsequent relocations (54).
Seasonal increases or decreases in NSD that occur rapidly and consecutively are
indicative of highly directed, long-distance migration events (57). In addition to
identifying migration start and end dates using NSD, we examined the spatial
location of each identified start and end of migration to verify the selection (56).
Migration duration was calculated as the difference, in days, between the end
and start of each migration event.

Flight Energetics. Although white storks stop over and refuel during migration,
which affects net energy balance, we focused our analysis solely on the energet-
ics of flight because it can be reliably estimated using ACC data (45). We used
three-axial ACC data collected from a subsample of tagged individuals (82.7% of
animal-years) to estimate total energetic expenditure during migratory flight (43).
We firstidentified periods of migratory flight as time windows when an individual
moved greater than 2 m/s (20). For any raw ACC burst collected during periods of
migratory flight, we converted raw ACC values in millivolts to units of gravitational
acceleration (g) using tag-specific calibration values (55). We used established
methods to calculate ODBA (45, 58), by first applying a running mean over each
of the three ACC axes (x, y, and z) to generate smoothed time series. Then, the
difference between smoothed values and unsmoothed values for each axis was
calculated and summed to calculate ODBA (45, 58). The sampling duration and
rate of ACC bursts varied slightly across study areas and time periods when tags
were deployed. Thus, to yield comparable ODBA values, we first calculated the
daily average ODBA values during migratory flight and then took the sum of those
daily values during the migration period to calculate cumulative ODBA to estimate
the total energetic expenditure during each migration event.

Characterizing Migration Routes. We used several route-level metrics to
approximate exploration and exploitation during migration. We calculated migra-
tion distance as the great circle distance between the startand end points of each
migration event. We calculated the straightness of a trajectory by dividing the
Euclidean distance between the first and last point of the trajectory by the total
length of the trajectory (59). Straightness was calculated over the entire migration
route and forindividual deviations from the previous year's route (see below and
Sl Appendix, Fig. S9 for details). We used the trajectory similarity metric, DTW, to
estimate route fidelity. DTW values range from 0 to infinity, with increasing values
indicating lower fidelity (or increasing route dissimilarity). DTW is calculated by
finding the minimum distance path (i.e., the warping path) between pairs of
points in the trajectories being compared (47). We calculated DTW between all
pairs of previous (t-1) and current (t) migrations for each individual and season.

To determine whether storks were incrementally refining their migration
routes by flying more directly between destinations during migration, we iden-
tified paired segments of the migration route where movement paths deviated
across years but had similar start and end locations (see S/ Appendix, Fig. S9 for
an example). To identify these paired deviations, we first calculated the move-
ment corridor for each individual migration event as the 99% contour from the
utilization distribution of a Brownian Bridge Movement Model (BBMM) (60). The
BBMM utilization distribution was calculated on an identical raster grid (pixel
resolution = 1 km?, spatial extent = the maximum spatial extent of all migration
events, buffered by 10%). Route deviations for the current year were identified as
sequences of at least four consecutive relocations that fell outside of the previous
year's corridor (which is equivalent to a minimum 12-h period spent outside of
the previous year's migration corridor; S/ Appendix, Fig. S9). The corresponding
previous year's route deviation was identified as the series of points between
locations from the previous year that were nearest (in distance) between the first
and last point of the current year's deviation (S/ Appendix, Fig. S9).

statistical Analysis. We were interested in understanding the importance of
time, energy, and information as individuals aged. To estimate this, we built
linear mixed-effects models to estimate the effect size and significance (i.e., if
the estimated 95% Cls did not overlap zero) of age on migration duration, cumu-
lative ODBA, route fidelity, and migration distance. Each model included random
intercepts and slopes to account for repeated measures of the same individual
over time. To control for potential confounders, we included variables known
to impact migration, such as season (spring or fall migration), wind support,
crosswinds, and uplift strength (9, 46, 55). Variables needed to calculate wind
support, crosswinds, and uplift strength were extracted using the movebank.org
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Env-Data track annotation tool (61) from the European Centre for Medium-Range
Weather Forecasts' ERA-5 reanalysis model (spatial and temporal resolution of 30
kmand 1 h, respectively). Specifically, wind support estimates the length of the
wind vector (m/s) in the direction of the animal’s movement, while crosswinds
estimate the length of the wind vector (m/s) in the direction perpendicular to the
animal's movement direction. Both wind supportand crosswinds were calculated
using established methods described in ref. 16. Since we were interested in the
magnitude and not the direction of the crosswinds, we took the absolute value
of crosswinds before calculating an average for each migration event. In our
comparison of environmental conditions during flight and nonflight periods,
we calculated wind support and crosswinds during stationary periods using the
most recent movement heading at the animal's current location. Uplift strength
was estimated using vertical velocity of pressure (Pas™") following the approach
described in ref. 31. Negative vertical velocity values represent upward air move-
ment and positive values represent downward air movement. We transformed
variables with skewed distributions before they were used in any models. The
95% Cls for all fixed effects included in the model were estimated using semip-
arametric bootstrapping (n = 1,000 simulations) using the bootMer function in
the Ime4 package (v 1.1-31) of Rversion 4.2.2 (62).The versions of all R packages
used for analysis can be found in S/ Appendix, Table S15.

To rule out the possible alternative explanation that the changes in migra-
tion characteristics occurred because of selective mortality, we reran all of the
linear mixed-effects models excluding any animals that died during the study
duration. We found no significant difference in coefficient estimates in any of
the models (as indicated by overlap between the 95% Cls), which suggests that
selective mortality had no obvious impact on our results (S/ Appendix, Fig. S11).
Our fidelity analysis required at least 2 y of data, thus initially including only
animals that lived to be at least two years old likely minimized the potential
impact of selective mortality.

We also examined whether there was any change in the directness of the entire
migration route and route deviations between consecutive migration events. The
overall difference in means in the straightness of previous and current routes or
paired route deviations was estimated during fall and spring migration events
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using paired t-tests. A negative difference in means would indicate an overall
straightening of movement trajectories across years.
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