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SUMMARY

Movement allows animals to access resources and pursue fitness.1–4 Yet, this requires balancing movement 

costs against other potential benefits. These trade-offs can change over lifetimes, as optimality is contextual 

and depends on ability and need.5–16 For migratory soaring birds, efficient movement requires exploiting at

mospheric uplift— a challenging task that negates the cost of flight.17–19 Due to this link between costs and 

the environment, soaring birds are limited in when and where they fly. Thus, soaring performance goes 

beyond movement skills and also involves coping with potentially imperfect conditions to reduce time or 

competition. Here, we asked whether, over repeated migrations, white storks (Ciconia ciconia) improve their 

ability to soar. Using high-resolution lifetime tracking data from 151 storks, we found that juveniles outper

formed adults under supportive conditions, but, with age, migration difficulty increased and adults performed 

well under challenging conditions. Adults traveled in less-supportive conditions and spent more energy on 

flight, indicating a change in ability and motivation. Thus, understanding how animals improve is not simply 

described by a learning curve but requires a multifaceted perspective on individual needs and skills.

RESULTS

Movement is fundamental to organisms seeking shelter, energy, 

and mates, from chemotactic foraging in bacteria2 to conspicu

ous animal migrations. Individual animals must make decisions 

about how to maximize their payoffs based on their internal 

state, their environment, and their knowledge of these. Ulti

mately, performance is measured in fitness. Proximately, the 

question of how well an individual performs can be defined as 

how well it maximizes its payoffs, which requires minimization 

of its costs (energetic, time, and opportunity) and maximization 

of its benefits at the scale of individual decisions. Because deci

sions are made across a range of environmental conditions 

and internal states, optimal movement is contextual and may 

be different for every individual. Such a dynamic, individual 

perspective has historically been difficult to integrate with 

broader ecological theory.1,3,4

Age is one example of an individual-level variable that can 

affect the value of movement by altering an individual’s physi

ology, knowledge, and skill.5–7 In some cases, juveniles have 

more restricted movements than adults because they lack 

movement capacity20,21 or face greater predation risk than 

adults.22 Alternatively, young animals may move more, investing 

in exploration during dispersal23 or migration24 and using expe

rience to settle and become resident25 or to migrate more 

directly26 and efficiently.24 It has been shown that experience 

can improve movement performance, allowing adults to outper

form juveniles in navigation,11,12 timing,27 innovation,28 and fine- 

scale time efficiency13 or energy savings.14 These improvements 

can allow adults to access resources that juveniles could not 

simply because they lacked movement capacity.15,16 For migra

tory animals, movement skills may also affect when they can 

travel and how much energy that travel costs.

Soaring flight is a type of movement that is limited by the envi

ronment because the availability and strength of uplifts vary in 

space and time. Soaring flight is riding atmospheric uplifts, using 

the environment to pay the cost of transport for the soaring ani

mal.4,17 Thus, soaring flight can allow large, heavy birds, for 

which flapping flight is exhausting, to cross vast distances over 

land and sea with only trivial energetic expenditure.29,30 Thermal 

soaring requires birds to locate and enter invisible thermal up

lifts, turn in the direction of the core, and then constantly adjust 

their banking angles to remain inside of the thermal. Thermals 

are turbulent, highly variable, and often shared by flocks of birds. 

Because thermal soaring is challenging, we expected soaring to 

be learned and to improve over time.

Using high-resolution GPS data from 151 white storks (Ciconia 

ciconia), we recorded soaring in 55,643 thermals and were able 

to scrutinize fine-scale changes in soaring flight over up to eight 

consecutive migrations. We investigated pre-migration flight 
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performance in a subset of 27 individuals, all of which were 

tagged in 2024. Out of these 27 individuals, we detected soaring 

from nine storks on the day they fledged (Figure S1) and another 

12 birds within a week of fledging (Figure 1; Figure S2A). An initial 

increase in time spent thermaling was matched by a decrease in 

detected flapping flight (Figure S2).

Although differences were marginal, white storks on their first 

migrations tended to perform slightly better than they did in later 

migrations. Younger storks soared with smaller circling radii and 

higher vertical speeds, indicating that they were soaring near 

the cores of the thermals where uplift is strongest (Figure S3; 

Table S1). Younger storks also showed a slightly smaller stan

dard deviation of the turning angles in thermals, which indicates 

that they circle smoothly with few corrections (Figure S3; 

Table S1). Although strong wind can pose a challenge to thermal 

soaring as it tilts and shifts thermals, younger storks flew in 

marginally stronger and more variable winds than older storks 

did (Figure S3; Table S1).

Ultimately, the goal of performing well in terms of turning an

gles, circling radii, vertical speeds, and appropriate responses 

to wind is to remain inside of a thermal and avoid losing it. We 

defined losing a thermal as any time that a stork spent at least 

10 and fewer than 60 s not thermal soaring between two thermal 

soaring bouts each lasting at least 30 s. The data contained 

48,491 thermals in which we did not detect thermal loss and 

7,152 thermals that were lost (Figures 1A and 1B). Storks lost be

tween 11% and 14% of the thermals they rode each migration, 

with marginally more losses in spring than in fall (Figures 2E 

and 2F). Losing thermals was associated with weak thermals 

and wind gusts (fall root mean square error [RMSE] = 0.32, spring 

RMSE = 0.33). In both seasons, thermal strength and age had 

significant negative effects on thermal loss and deviation in 

wind speed had a positive effect (Figures 2G and 2H). Thus, 

storks were more likely to lose thermals in which they were 

climbing slowly and experiencing gusty winds, and younger 

storks were more likely to lose thermals than older storks.

To determine the consequences of these thermal losses for 

time minimization, we estimated per-hour soaring-gliding effi

ciency in meters per second. In hours that contained thermal 

loss, storks of all ages experienced lower soaring-gliding effi

ciency (Figures 3A and 3B), gaining less distance per second 

spent soaring. Thermal loss had a significant negative effect on 

soaring-gliding efficiency and older storks had lower soaring- 

gliding efficiency (Figures 3C and 3D, fall RMSE = 0.98, spring 

RMSE = 0.97).

Finally, we identified flapping—the most energetically costly 

form of flight—using triaxial accelerometer data. We found 

that older storks flapped more than younger ones in both sea

sons (fall χ2(3) = 90, p < 2.2e− 16 and spring χ2(3) = 120, 

p < 2.2e− 16, Table S2; Figure 4). This pattern of older storks 
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Figure 1. Thermal soaring trajectories with thermal strength and wind speed estimates 

(A) Stork trajectory on first flight day. 

(B) Stork trajectory during fourth spring migration. Point size indicates flight classification, color scale corresponds to wind speeds (m/s). 

(C and D) Vertical speeds (m/s) of the trajectories above colored by thermal strength. Means ± standard deviation. 

See also Figures S1 and S2.
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flapping more was correlated with route straightness (Figure S4) 

and strongest in spring, when pressure to rush to the breeding 

grounds is highest. Flapping was also correlated with time of 

year, and storks traveling earlier in spring and later in fall tended 

to flap more (Figure S5).

DISCUSSION

The development of soaring flight is a fast process that involves 

multiple steps. Strikingly, soaring flight occurred right after 

fledging, allowing storks to exhibit efficient flights already in their 

first migration. Our longitudinal data of the same individuals 

show that juveniles even slightly outperformed older individuals 

with regard to simple movement characteristics. This is likely 

because, with age and the onset of reproduction, storks shifted 

their migration timing (Figure S5) and thus encountered deterio

rating environmental conditions. However, the decrease in envi

ronmental support was not matched by an equal decrease in 

soaring performance. From early in life, storks were able to 

locate and ride thermals. Yet, as they gained experience, they 

were increasingly able to avoid losing thermals under chal

lenging conditions. Thermal loss was strongly influenced by 

wind gusts and thermal strength, such that migratory storks 

encountering weak, wind-blown thermals had higher probabili

ties of losing those thermals. This was especially true for younger 

storks, even though they travel under overall superior environ

mental conditions31 (Figures 2A and 2C). Because thermal loss 

is associated with reduced soaring-gliding efficiency, success

fully remaining inside thermals has a strong effect on the total 

effort required to complete a migration.

Depending on supportive thermaling conditions limits the 

movements of soaring birds in space and time.32,33 As they 

gain experience, young storks improve in their use of thermals 

under sub-optimal environmental conditions. This improvement 

may allow storks to broaden the set of conditions available to 

them and shift their migrations. By performing migrations later 

in fall, older storks may gain a chance to recover from their 

breeding efforts and defend their nests for as long as possible. 

By advancing the spring migration, breeding adults can compete 

to arrive early at the breeding grounds, which can help them to 

recover from migration, prepare for breeding, and potentially in

crease the number of young fledged.34–36 But because environ

mental conditions, particularly thermal strength and wind re

gimes, change over the year, storks on early spring migrations 
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Figure 2. Storks lose weak, windy thermals, especially when young 

(A–F) Distributions of mean thermal strength (A) and (C) and deviation in wind speed (B) and (D) in fall (A) and (B) and spring (C) and (D) across different ages, 

classified by thermal loss or no thermal loss (Box-Cox transformed). Percentages of thermal loss across ages in fall (E) and spring (F). 

(G and H) Posterior means (centered, scaled) and 95% confidence intervals for fixed effects in linear mixed-effects models. 

See also Figures S3 and S5 and Table S1.
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and late fall migrations are faced with less-supportive weather 

than migrations closer to summer.31,37,38 Thus, the task of migra

tion is more difficult for older storks than for young ones, yet we 

found that their rate of thermal loss (i.e., failure rate) is not higher. 

This suggests that adults have learned to cope with difficult soar

ing conditions and that adults choose to migrate at times when 

they will likely encounter difficult soaring conditions (Figure S5).

Although flapping flight is energetically expensive and can be 

exhausting for large birds, older storks flapped more than young 

ones (Figure 4). The amount of flapping flight that storks used 

was particularly high in spring and correlated positively with 

the straightness of the routes they traveled, delayed fall depar

ture, and advanced spring arrival (Figures S4 and S5). This rela

tionship between flapping and direct routes traveled at less-sup

portive times suggests that older birds avoided being limited by 

supportive soaring conditions by flapping instead, allowing them 

to select their routes and timing rather than follow patterns of up

lifts. By taking more direct routes, older storks also reduce their 

migration durations,38 apparently choosing to invest energy to 

save time. Like soaring, flapping efficiently may be a learned skill. 

For example, homing pigeons adjust their wing beat frequency 

and amplitude in response to turbulence.39 Whether that is a 

learned response and whether it is true of much larger birds 

have not been addressed, but it is possible that more experi

enced birds are better at flapping. The increasing flapping rates 

for older storks could also be supported by superior fueling rates 

as adults may be more efficient in prey capture40 and be able to 

out-compete juveniles for access to food resources.41 This could 

mean that adults are heavier and have higher costs of trans

port.42 But, if adults have more energy when they begin their mi

grations, they may not have as much need to save energy and be 

able to afford more time in energetically expensive flight. As with 

our findings regarding soaring, these results suggest that adults 

are choosing to migrate under difficult conditions and coping 

with that choice.

In comparing storks of different ages, we could not account for 

the aerodynamic effects of wing and feather morphology. 

Different parts of a wing serve different purposes and are acted 

on by different forces.43 The shape of a wing affects lift and 

drag44 and, if adults and juveniles differ in their wing shape,45–48

that could explain differences in their soaring performance. For 

example, juvenile and adult frigatebirds differ in wing shape 

and soaring performance,6 which may be evidence for age-spe

cific optima in flight performance. Whereas some measures of 

wing morphology have been published for adult white storks,44

data from juveniles are not available for comparison. The perme

ability of individual feathers also affects lift and drag.49,50 If indi

viduals or ages differ in the quality of their feathers, that differ

ence could affect comparisons of soaring performance. White 

storks replace their flight feathers in the breeding season,51

and individuals that have molted (1+ years old) may have better 

feathers for harnessing lift.52,53 Adults may also groom their 

feathers more.40 However, if older birds do have better feathers, 

this would not explain our findings that younger birds tended to 
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Figure 3. Thermal loss corresponds to reduced soaring-gliding efficiency (meters gained in gliding per soaring second) 

(A and B) Distributions of soaring-gliding efficiency in fall (A) and spring (B) across different ages, classified by thermal loss or no thermal loss. 

(C and D) Posterior means (centered, scaled) and 95% confidence intervals for fixed effects in lmer model. 

See also Figures S3 and S5 and Table S1.
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have higher vertical speeds. Finally, wing loading is the ratio of a 

bird’s mass to its wing area, and, if ages have consistently 

different weights,54 that could also affect soaring performance. 

Heavier birds, even with identical wings, have to use larger 

circling radii and experience lower lift in thermals. White stork 

weights vary within and between ages, and whether there are 

consistent differences is unclear (see STAR Methods).

Our analysis of flight skills in the days following fledging re

vealed that storks learn remarkably quickly to soar. That some 

storks soared on their first day outside the nest contrasts with 

findings from raptors that require 2 weeks or more.55–59 White 

storks probably stay on the nest until later in their development. 

Many raptors have a post-fledging dependence period during 

which they are fed by their parents outside the nest. Thus, 

some raptors may be able to leave the nest more than a week 

before they are prepared to fly and forage,60–62 whereas storks 

may only fledge once they are developmentally closer to inde

pendence. In addition, white storks in this population migrate 

within 2 months of fledging, potentially motivating them to 

perform more long-distance flight behaviors than resident birds 

would,59,63 and they are not in a territorial system that would limit 

their movements through aggression. Regardless of the reason 

for the difference between fledging in raptors and storks, it is 

clear that, in principle, soaring is not too difficult a task for fledg

ling storks.

Our results highlight the contradictory pressures on animals of 

different ages.38 The inherent value of movement is not a fixed 

quantity. Value is decided by the cost and the benefit of a move

ment; thus, the same movement can have different payoffs for 

animals of different ages. The energetic expenditure of flapping 

between weak thermals may reward adult storks with better 

breeding opportunities and fewer conflicts but is probably not 

outweighed for younger individuals that may still have lower suc

cess or fail to breed at all.35,64 To understand the different perfor

mances of age groups, we need first to understand whether and 

how the value of that performance varies.7,24,65–67

In fact, it is not age groups that make decisions but individuals. 

Each individual must assess its own needs and whether its inter

nal state and external environment meet those needs. Each 

individual will have its own optimal performance based on 

what maximizes its payoffs, even if that does not reflect the 

best payoff for another individual. This is rooted in fundamental 

behavioral ecology, with optimal clutch size68 used to demon

strate that optimal strategies (how many eggs to lay) depend 

on individual variation (territory quality).69 Similarly, improvement 

in a task is itself contextual and individual specific. Here, we 

found that as they gained experience storks used worse condi

tions and spent more energy. Yet, defining what constitutes 

improvement depends on defining the costs to an individual at 

the time a decision is made and afterward.70,71 This cannot be 

done by examining only one cost (e.g., time, energy, opportunity, 

and exposure to pathogens or predators) and requires a holistic 

approach4,72–75 to account for the fact that what constitutes the 

greatest cost to an individual at one point in its life may not cost 

as much later.76,77 This is essentially an n-dimensional reaction 

norm,78 considering that a single genotype (individual) can ex

press different behavioral traits in different internal environments 

(ages), thus changing the set of optimal solutions to external 

environmental conditions (weather).79,80 This can be extended 

to consider other behaviors; for example, red deer decrease their 

social connectedness as they age in response to reduced value 

of social information and increased infection risk.81

Across up to eight consecutive migrations, white storks 

improved in their use of deteriorating weather conditions. 

Although older storks encountered weaker thermals, they did 

not lose thermals more than younger birds. However, older 

storks did have lower soaring-gliding efficiency and use more 

energetically expensive flapping flight than juveniles did, espe

cially in the pre-breeding spring migration. Our results indicate 

that the motivation underlying a decision drives what is 

perceived as the optimal balance of costs and benefits. Experi

enced storks investing in breeding effort choose to cope with 

more difficult migratory journeys and inexperienced storks 

without this pressure choose easier, more energetically 

rewarding migrations. This demonstrates an ontogenetic re- 

balancing of movement trade-offs from juveniles saving energy 

to adults spending energy on opportunities. Thus, defining per

formance is not as simple as measuring the energetic cost of a 
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Figure 4. Older birds flap more 

Proportion of flight classified as flapping against age in fall (A) and spring (B). 

See also Figures S3–S5 and Table S2.
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behavior or the time invested in it; rather, whether or not an an

imal is improving its performance at a task can only be deter

mined in the context of that task.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND SUBJECT DETAILS

White storks are large birds. Adults have wingspans of 2.02 ± 0.10 m44,82 and weigh

3.22–3.43 kg in Poland83 and 3.53 ± 0.53 kg in Southwestern Germany44 during the breeding season. Data for wild juveniles are 

sparse, but juveniles kept in a care center in Northern Germany (and thus assumed to represent healthy individuals) weighed 3.37 ± 

0.38 kg54 White storks make seasonal, long-distance migrations. To accomplish these long-distance flights in spite of their large size, 

storks rely on exploiting thermal uplifts,84,85 which results in avoiding inclement weather.86,87 As they age and begin to breed (at 

around age 3-464), white storks alter their migration timing, distance, and duration so that they can arrive earlier and stay longer 

at their breeding sites.31,38,40 Whether these broader changes are accompanied by improvements in soaring flight has remained 

unclear.

Permits for tagging and tracking the white storks were issued by the authorities of the Federal States (G-13/28 and G-268 15/47 by 

Regierungspräsidium Freiburg, 54- 2532.1-14/14 by Regierung von Mittelfranken, MPI269 O-1/14 by Regierungspräsidium Tübin

gen, G15-20-032 by LUA Rheinland-Pfalz, ROB-55.2Vet-270 2532.Vet_02-17-95 by Regierung von Oberbayern).

METHOD DETAILS

Tracking data

We used existing data from tracking of white storks (Ciconia ciconia) from southwestern Germany. 494 juvenile white storks were 

tagged on the nest with solar GSM-GPS- ACC tags between 2013 and 2024 (e-obs GmbH, for details see38,85,88 GPS data 

were transmitted in 1 Hz bursts lasting 300 or 600 seconds and separated by 5 to 15 minutes. Triaxial acceleration (ACC) data 

were collected in four-second bursts of 10 Hz per axis immediately following the GPS bursts. In total, 151 storks transmitted 1 Hz 

GPS data over up to four years, generating data from 290 migration tracks as well as 10 Hz ACC data from 223 tracks (Table S3).

Classifying fledging and migration

We defined fledging as the first time the bird flew out of the nest horizontally. Be- cause the radius of GPS error can be larger than the 

distance of these first flights, we determined fledging times manually to exclude any error.

We identified migration dates using two ground speed thresholds31 We defined migratory days as those on which a stork showed 

at least a 70 km displacement between 02:00 and 20:00. Because young storks tend to start and end their migrations at relatively 

lower speeds, we then included any days with at least a 40 km displacement within one week of a migratory (70 km) day.

Classifying flight

We used 1 Hz bursts of GPS data to classify thermal soaring and gliding flight. First, we calculated the turning angles and vertical 

speeds between consecutive flight locations (using the R package move 89). We applied a k -means clustering algorithm with 

k =2 on the average vertical speed to distinguish between soaring (rising) and gliding (sinking) flight. When riding thermals, birds 

turn in circles to remain inside the pockets of rising air. We defined soaring as thermal soaring if the bird turned at least 10 degrees 

per second for at least 20 seconds. We then applied three steps of smoothing based on the duration of consecutive behaviors to 

reclassify behaviors lasting ≤ five seconds using the behaviors before and after them. For details see Bronnvik et al.90 and supple

mental code.

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Processed GPS and ACC 

data

Edmond repository https://doi.org/10.17617/3. 

9B8VCK

Experimental models: Organisms/strains

White stork (Ciconia ciconia) See https://doi.org/10.1016/ 

j.cub.2024.03.052

See https://doi.org/10.1016/ 

j.cub.2024.03.052

Software and algorithms

R code Github repository https://github.com/ 

hesterbronnvik/stork_flight_ 

performance_public.git
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Our classification of flight behaviors yielded 65,071 thermal soaring events that lasted at least 30 seconds and were separated by 

at least 60 seconds.19

Estimating wind speed

We estimated the velocity of the wind in each thermal event following Weinzierl et al. 91 (using the package moveWindSpeed ). The 

approach assumes that individuals are trying to turn perfect circles to maintain a constant bank angle. Thus any distortion in the 

observed track from a perfect circle is assumed to be due to wind. The wind speed is estimated as the vector needed to produce 

the observed distortion from a circle. Estimating wind speeds this way requires that individuals turn consistent circles that last 

more than 29 seconds, thus not all of the thermal soaring events we identified were useful for wind estimates. Of the 65,071 thermal 

soaring events that we identified, we obtained wind estimates for 58,413.

Estimating thermal strength

We proxied thermal strength using the vertical speed of a stork at the 1 Hz scale.19 The vertical speed of a bird inside an uplift is not 

powered by the bird, but it is affected by the bird’s morphology, banking angle, and location within the uplift. In fact, the uplift intensity 

varies within an uplift and soaring birds will never be in the strongest part of a thermal (angles of bank too high cause sink) or in the 

weakest (areas not strong enough to carry a bird cause sink). But, assuming that birds are attempting to maximize their realized lift, 

vertical speed represents the strength of the part of the thermal the bird was in given the physical properties of the bird. For each 

thermaling event, we took the mean of the 1 Hz vertical speeds to represent the overall uplift strength experienced in that thermal.

QUANTIFICATION AND STATISTICAL ANALYSIS

We performed all statistical analyses in R 4.4.1 ("Race for Your Life"),92 with criteria for significance set at p < 0.05. Sample size and 

the other relevant statistical details are provided in the supplemental tables.

Quantifying thermal soaring performance

To describe how individuals used thermals, we took descriptive metrics of each thermal event. We extracted the mean of the wind- 

corrected circling radii,91 the standard deviation and the mean of the wind speeds, and the overall vertical speed (total height gained 

over total time spent) of each thermal.

For each individual in each hour, we estimated soaring-gliding efficiency as the distance of all glides (on the ellipsoid,93) divided by 

the total seconds classified as thermal soaring.

We defined losing a thermal as any time that a stork spent at least 10 and fewer than 60 seconds not thermal soaring between two 

thermal soaring bouts each lasting at least 30 seconds. This allowed us to use only soaring that lasted long enough to have wind 

estimates, and to consider only times that the animals were certainly not moving as they would inside a thermal (Figure 1).

Classifying flapping

For each burst of GPS data that was classified as flight, we classified the following ACC burst as either containing flapping or not. We 

used the moveACC94 package to apply a Fast Fourier Transform to the ACC data and then to cluster them using the variance in the 

largest peak of the wave and the eigenvalue of the wave of the first principle component (see supplemental code for details). This 

provided us with a True/False identification of flapping in each ACC burst.

Statistical analysis

We used linear mixed-effects models95 to explore the effect of age on soaring performance. We used only thermals with thermal 

strengths in the middle 95% of the data (between 0.20 m/s and 2.63 m/s) to exclude outliers (-0.11 m/s to 0.20 m/s and 2.63 m/s 

to 8.22 m/s). This left us with 55,643 thermals. For each season, we predicted whether a thermal was lost or not (1/0) using the esti

mated thermal strength, the standard deviation of the 1 Hz wind speeds, and the age of the stork. We Box Cox transformed both 

speeds (thermal strength λ = 0.14, wind speed λ = 0.34) and standardized all variables by calculating their z-scores. We included 

individual as a random effect on the intercept.

We explored how changes in flight affect time minimization by comparing soaring- gliding efficiency across ages. We used linear 

mixed-effects models predicting log- normalized, scaled per-hour soaring-gliding efficiency using whether that hour contained ther

mal loss (1/0) and scaled age with individual as a random effect on the intercept.

Finally, we explored how changes in flight affect energy minimization by comparing flapping across ages. We used χ2 proportion 

tests92 to determine whether significant differences existed in the amount of flapping each age transmitted. All the R code used in our 

analyses is available as a GitHub repository.
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