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A — Altricial-precocial spectrum

Many categories can be defined within the altricial-precocial spectrum [1]. A simplified classification
used by Ricklefs [2], adapted from Nice [3], is presented here. In this classification, four categories
can be defined: (i) Altricial birds hatch with their eyes closed, with little or no down, and unable to
leave the nest (e.g. Passeriformes). (ii) Semi-altricial birds hatch covered with down but are unable
to leave the nest. Their eyes may be open at hatching, e.g. herons (Ardeidae) and hawks
(Falconiformes), or closed, e.g. owls (Strigiformes). (iii) Semi-precocial birds hatch covered with
down and with their eyes open,
they are able to walk but remain
in the nest until they can fly and
are fed by their parents, e.g. gulls
and terns (Laridae). (iv) Precocial
chicks hatch covered with down,
with their eyes open, and leave
the nest during the first day or
two, e.g. ducks (Anatidae) and
shorebirds (Charadriidae). For
each category, an example
species at the pre-juvenile and
adult stage is presented in Figure
S1.

Figure S1. Pre-juvenile and adult birds
belonging to different categories of the
altricial-precocial spectrum, following
Nice’s classification [3]. Altricial pre-
juvenile (A) and adult (B) red-vented
bulbul (Pycnonotus cafer); semi-altricial
pre-juvenile (C) and adult (D) great
horned owl (Bubo virginianus); Semi-
precocial pre-juvenile (E) and adult (F)
river tern (Sterna aurantia); precocial
pre-juvenile (G) and adult (H) mallard
(Anas platyrynchos).




B - Developmental timing of flight in precocial birds

In most altricial species, flight becomes possible at the end of the nestling period. Pre-juvenile
altricial birds do not have to search for food in an environment where they would be exposed to
adverse conditions and predators, something that most precocial birds have to do. Therefore,
selection may act more prominently on parental care for altricial birds, but on pre-juvenile anatomy
and performance for precocial birds [4]. Indeed, precocial species rapidly leave the nest and have
to rely on terrestrial and/or aquatic locomotion before flight. Resource allocation to different
locomotor modules varies during ontogeny, so the timing of flight development in these species is
likely to reveal developmental trade-offs shaped by selective pressures.

The development of several precocial species illustrates how the behavioural development of flight
is constrained by anatomical development. For example, in mallards (Anas platyrhynchos), walking
and swimming are prioritised early in development through musculoskeletal growth of hindlimbs
during the first month post-hatching, while wings grow mainly during the next month, allowing flight
only in 2-month-old mallards [5,6]. In other precocial species, hindlimbs and forelimbs may be used
more concurrently during development. For example, pre-juvenile chukar partridges (Alectoris
chukar) use their wings and legs cooperatively to crawl up slopes when they are just 4 days [7]. Then,
flight feathers begin to unfurl and these birds start to engage in wing-assisted incline running
through inconsistent, asymmetrical flapping. This behaviour allows them to access elevated refuges
and has been extensively studied in the context of flight ontogeny and evolution [4,7-12].
Afterwards, pre-juvenile chukars use symmetrical flapping during wing-assisted incline running and
engage in controlled flapping descents [13]. Finally, sustained level flight becomes possible later in
ontogeny. In these birds, the transition is mainly due to maturation of feathers. Older wings with
stiffer and more asymmetrical feathers generate greater lift than younger wings with flexible and
relatively symmetrical feathers. Thus, feather morphology and flapping behaviour may be
developmentally “tuned” to one another [7]. These differences of timing between mallards and
chukars were hypothesised to be due to different escape strategy, with mallards swimming to safety
and chukars flap-running up slopes to take refuge [5].

As an extreme example, in Australian brush turkeys (Alectura lathami), chicks hatch with fully
developed forelimbs and are immediately able to practice true flight and wing-assisted incline
running [14]. Yet, as brush turkeys grow, their forelimb-dependent locomotor performance
declines. This ontogenetic decline in incline running performance is accompanied by an increased
wing-loading. Thus, Dial and Jackson [14] hypothesised that Australian brush turkeys develop from
forelimb-dominated young exploiting a variable terrain (e.g. mound nests, boulders, bushes, trees)
into hindlimb-dominated adults dependent on size and running speed to avoid predation.

In all the previous examples, the developmental trade-offs on flight development were
hypothesised to be linked with predator escape, which seems to be a ubiquitous and strong selective
pressure amongst pre-juvenile precocial birds. Precocial species exhibit various developmental
strategies to allow free-living pre-juveniles to escape predation. This affects resource allocation
dynamics between hindlimbs and forelimbs, and consequently influences the developmental timing
of flight behaviour.

Hoatzins (Opisthocomus hoazin) are another particular case of locomotory development. According
to Starck and Ricklefs [1], they are difficult to classify as altricial or precocial because they hatch with
sparse down, but their eyes are wide open 24 hours after hatching. When disturbed, chicks as young
as 5 days can jump out of the nest into the water, swim and climb trees using their characteristic
wing claws [15]. This behaviour allows them to escape nest predators. Abourachid et al. [16] have
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studied the locomotion of hoatzin nestlings and have shown that they were able to perform
synchronous movements of the forelimbs while swimming, and asynchronous movements while
climbing a slope. This asynchronous movement is typical of quadrupedal walking coordination and
would thus represent the reappearance of a trait lost during bipedal saurischian dinosaur evolution
[17]. This trait is not present in adult hoatzins which lose their claws and only use synchronous
movements of the forelimbs for flight.

It is rare to have a broad picture encompassing the great diversity of developmental processes
involved in flight development (kinematics, morphology, anatomy). The most studied case is
arguably the chukar partridge, for which these different aspects have been studied independently
and interactively through the study of its wing-assisted incline running and flight behaviours. First,
kinematics of flight development have been studied and it was demonstrated that variables like
stroke amplitude, stroke angles, wing-beat frequency, wing loading and disc loading showed a
coordinated developmental pattern allowing 8 days old birds to perform wing-dependent
behaviours and 20 days old birds to achieve adult escape performance at just a fraction of adult size
[13]. Skeletal development has also been studied, and it was shown that developing chukars acquire
an “avian” flight stroke despite their non-ossified bones, by using their wings and legs cooperatively
[8]. Pre-juveniles and adults demonstrated similar patterns but different magnitudes of joint
movements, with pre-juveniles having more exaggerated and more extreme movements than
adults, for example with a greater stroke amplitude and more extended wings during the
downstroke. Neuromuscular control and contractile dynamics were also described in developing
chukars, and it was shown that neuromuscular recruitment is disorganized in early development
with nearly-continuous low-level activation of the muscle, but develop more adult-like
electromyographic bursts of activity by day 12 [18]. Pre-juveniles exhibited less pectoralis strain
(relative change in length), fractional shortening and contractile velocity compared with adults, and
these differences are consistent with external wing kinematics described above [13]. Together,
these studies provide a useful template for specific studies investigating the timing and relative
importance of different developmental mechanisms involved in the development of flight. Such
researches should be particularly encouraged in altricial species for which these developmental
dynamics appear less known.

C - Fledging timing in altricial birds

Even if the development of locomotor modules seems to be under strong selection pressures in
precocial birds, altricial species also have to cope with predation, inside and outside the nest, and
variable predation constraints might favour different developmental strategies in the fledging
timing of altricial birds. For example, Martin et al. [19] have shown that offspring of songbird species
suffering greater mortality in the nest leave the nest at a younger age and have less developed wings
that cause poorer flight performance and greater mortality after fledging. Yet, staying in the nest
for longer may not offer greater fitness benefits for species exposed to nest predation, because
predation in the nest often results in the loss of the entire brood, while predation outside the nest
often results in the loss of an individual offspring. A trade-off has to be found between mortality in
and outside the nest, and this influences patterns of wing growth and flight development. Tropical
birds resolve this trade-off in a different way. Indeed, tropical birds’ nestlings become mobile more
rapidly due to faster wing growth [20]. Thus, they are able to leave the nest early without sacrificing
a lot of locomotor performance. This strategy is facilitated by smaller clutch sizes, allowing higher
provisioning of offspring.



These studies show how predation is a crucial selection pressure influencing the development of
flight organs and flight behaviours, even in altricial birds, and studies focusing on a wide range of
species exhibiting diverse gradients of life history traits allow to draw meaningful patterns.

D - Anatomical differences of the flight apparatus between juveniles and adults

Juvenile birds often reach the size and body mass of adults. However, some anatomical differences
may last much longer. Behavioural development is often constrained by anatomical development,
so understanding the differences between the flight apparatus of juveniles and adults may indirectly
help to explain the development of some flight behaviours.

In many bird species, a shorter wing length was reported for juveniles compared to adults [21,22].
Several hypotheses were proposed to explain this difference. Some authors [23,24] have suggested
that wing length is probably influenced by food conditions, which means that juvenile birds cannot
grow primary feathers as long as older birds because of nutritional constraints. For other authors
[21], this explanation alone is not convincing. The fact that the phenomenon is so widespread would
mean that the majority of juvenile birds are undernourished. These authors suggested a different
explanation of shorter wings: juvenile birds would benefit from the possession of short wings
through increased manoeuvrability. Increased manoeuvrability for inexperienced birds may
increase survival in response to several selection pressures, such as predator avoidance and prey
capture. For example, Mueller et al. [25] suggested that the shorter wings of juvenile sharp-shinned
hawks (Accipiter striatus) were an adaptation to compensate for less prey capture experience,
potentially offering a greater manoeuvrability. However, long wings allow higher speeds for adults,
which strike prey more strongly. Thus, shorter wings exist at the expense of high speed, longer
distance flight, and this affects juvenile foraging behaviour.

Figuerola & Gutiérrez [26] studied this age-related difference in wing length in moustached warblers
(Acrocephalus melanopogon), and proposed an additional explanation. The difference could be the
result of two distinct processes: a lower migratory return rate of short-winged individuals and an
age-related increase in wing-length. Indeed, in migratory species, wing length is especially important
for migration speed and distance [21]. Thus, short-winged juveniles would be counter-selected
during migration, which would cause a lower return rate of short-winged individuals during the
following breeding season.

In addition to shorter wings, juveniles usually have more rounded wings than adults, especially in
passerines [27,28]. Similarly, rounded wings in juveniles would favour a greater manoeuvrability for
predator escape and foraging, while pointed wings in adults would improve endurance during
migration. In pied flycatchers (Ficedula hypoleuca), a migratory species, longitudinal data have
shown that the wings of juveniles are more rounded and become longer and more pointed as they
grow [28]. The importance of these features for migration was further demonstrated in blackcaps
(Sylvia atricapilla), where this age difference in wing length and shape was only visible in migratory
populations, and absent from a sedentary population [27]. Overall, migratory adult blackcaps have
longer and more pointed wings than sedentary blackcaps.

In summary, anatomical differences of the flight apparatus between juveniles and adults seem
extremely widespread in birds. The dominant selective pressure in juvenile birds seems to be
predation pressure, which would favour short and rounded wings for manoeuvrability. In adult
birds, migration speed and distance may become greater constraints, and the wings may grow
longer and more pointed. When they are present, these differences undoubtedly constrain and
influence the development of flight behaviours in juvenile birds.



References

1.
2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Starck JM, Ricklefs RE. 1998 Avian Growth and Development. Oxford, New York: Oxford University Press.
Ricklefs RE. 1973 Patterns of growth in birds. Il. Growth rate and mode of development. /bis 115, 177-201.
(d0i:10.1111/j.1474-919X.1973.tb02636.x)

Nice MM. 1962 Development of behavior in precocial birds. Transactions of the Linnaean Society of New York.
Heers AM. 2016 New Perspectives on the Ontogeny and Evolution of Avian Locomotion. Integr. Comp. Biol. 56,
428-441. (doi:10.1093/icb/icw065)

Dial TR, Heers AM, Tobalske BW. 2012 Ontogeny of aerodynamics in mallards: comparative performance and
developmental implications. Journal of Experimental Biology 215, 3693—-3702. (doi:10.1242/jeb.062018)

Dial TR, Carrier DR. 2012 Precocial hindlimbs and altricial forelimbs: partitioning ontogenetic strategies in
mallards (Anas platyrhynchos). Journal of Experimental Biology 215, 3703—3710. (doi:10.1242/jeb.057380)
Heers AM, Tobalske BW, Dial KP. 2011 Ontogeny of lift and drag production in ground birds. Journal of
Experimental Biology 214, 717-725. (d0i:10.1242/jeb.051177)

Heers AM, Baier DB, Jackson BE, Dial KP. 2016 Flapping before Flight: High Resolution, Three-Dimensional Skeletal
Kinematics of Wings and Legs during Avian Development. PLoS ONE 11, e0153446.
(doi:10.1371/journal.pone.0153446)

Heers AM, Dial KP. 2012 From extant to extinct: locomotor ontogeny and the evolution of avian flight. Trends in
Ecology & Evolution 27, 296—-305. (doi:10.1016/j.tree.2011.12.003)

Bundle MW, Dial KP. 2003 Mechanics of wing-assisted incline running (WAIR). Journal of Experimental Biology
206, 4553-4564. (doi:10.1242/jeb.00673)

LeBlanc C, Tobalske B, Szkotnicki B, Harlander-Matauschek A. 2018 Locomotor behavior of chickens anticipating
incline walking. Front. Vet. Sci. 4, 233. (doi:10.3389/fvets.2017.00233)

Dial KP, Jackson BE, Segre P. 2008 A fundamental avian wing-stroke provides a new perspective on the evolution
of flight. Nature 451, 985-989. (doi:10.1038/nature06517)

Jackson BE, Segre P, Dial KP. 2009 Precocial development of locomotor performance in a ground-dwelling bird
(Alectoris chukar): negotiating a three-dimensional terrestrial environment. Proc. R. Soc. B. 276, 3457-3466.
(doi:10.1098/rspb.2009.0794)

Dial KP, Jackson BE. 2011 When hatchlings outperform adults: locomotor development in Australian brush
turkeys (Alectura lathami , Galliformes). Proc. R. Soc. B 278, 1610-1616. (doi:10.1098/rspb.2010.1984)

Strahl SD. 1988 The social organization and behaviour of the Hoatzin Opisthocomus hoazin in central Venezuela.
Ibis 130, 483-502. (d0i:10.1111/j.1474-919X.1988.tb02714.x)

Abourachid A, Herrel A, Decamps T, Pages F, Fabre A-C, Van Hoorebeke L, Adriaens D, Garcia Amado MA. 2019
Hoatzin nestling locomotion: Acquisition of quadrupedal limb coordination in birds. Sci. Adv. 5, eaat0787.
(doi:10.1126/sciadv.aat0787)

Gatesy SM, Dial KP. 1996 Locomotor modules and the evolution of avian flight. Evolution 50, 331-340.
(d0i:10.1111/j.1558-5646.1996.tb04496.x)

Tobalske BW, Jackson BE, Dial KP. 2017 Ontogeny of flight capacity and pectoralis function in a precocial ground
bird (Alectoris chukar). Integrative and Comparative Biology 57, 217—230. (doi:10.1093/icb/icx050)

Martin TE, Tobalske B, Riordan MM, Case SB, Dial KP. 2018 Age and performance at fledging are a cause and
consequence of juvenile mortality between life stages. Sci. Adv. 4, eaar1988. (doi:10.1126/sciadv.aar1988)
Martin TE. 2015 Age-related mortality explains life history strategies of tropical and temperate songbirds. Science
349, 966—970. (d0i:10.1126/science.aad1173)

Alatalo RV, Gustafsson L, Lundbkrg A. 1984 Why do young passerine birds have shorter wings than older birds?
Ibis 126, 410-415. (d0i:10.1111/j.1474-919X.1984.tb00264.x)

Marchetti K, Price T. 1989 Differences in the foraging of juvenile and adult birds: the importance of
developmental constraints. Biological Reviews 64, 51-70. (doi:10.1111/j.1469-185X.1989.tb00638.x)

Slagsvold T. 1982 Sex, size, and natural selection in the hooded crow Corvus corone cornix. Ornis Scandinavica
13, 165. (doi:10.2307/3676294)

van Balen JH. 1967 The significance of variations in body weight and wing length in the great tit, Parus major.
Ardea 55, 1-59. (doi:10.5253/arde.v55.p1)

Mueller HC, Berger DD, Allez G. 1981 Age and sex differences in wing loading and other aerodynamic
characteristics of sharp-shinned hawks. The Wilson Bulletin 93, 491-499.

Figuerola J, Gutiérrez R. 2000 Why do juvenile Moustached Warbler have shorter wings? Ornis Fennica 77, 183—
187.

Perez-Tris J, Telleria JL. 2001 Age-related variation in wing shape of migratory and sedentary Blackcaps Sylvia
atricapilla. Journal of Avian Biology 32, 207-213.

de la Hera |, Pulido F, Visser ME. 2014 Longitudinal data reveal ontogenetic changes in the wing morphology of
a long-distance migratory bird. Ibis 156, 209-214. (doi:10.1111/ibi.12112)



