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Body mass and geographic
distribution determined
the evolution of the wing
flight-feather molt strategy
in the Neornithes lineage

Yosef Kiat'™, Alex Slavenko? & Nir Sapir*

The evolutionary history of many organisms is characterized by major changes in morphology and
distribution. Specifically, alterations of body mass and geographic distribution may profoundly
influence organismal life-history traits. Here, we reconstructed the evolutionary history of flight-
feather molt strategy using data from 1,808 Neornithes species. Our analysis suggests that the
ancestral molt strategy of first-year birds was partial or entirely absent, and that complete wing
flight-feather molt in first-year birds first evolved in the late Eocene and Oligocene (25-40 Ma), at least
30 Myr after birds first evolved. Complete flight-feather molt occurred mainly at equatorial latitudes
and in relatively low body mass species, following a diversification of body mass within the lineage.
We conclude that both body mass and geographic distribution shaped the evolution of molt strategies
and propose that the evolutionary transition towards complete juvenile molt in the Neornithes is a
novel, relatively late adaptation.

Modern birds (Neornithes) constitute one of the most diverse groups of terrestrial vertebrates in terms of spe-
cies richness and geographic distribution. Recent advances in our knowledge of phylogenetic relationships and
biogeography of Neornithes provide a better understanding of the diversification processes of this lineage! ™.
Despite this progress, it is still unclear how distributional and morphological factors affect the evolution of basic
organismal life-history and annual-routine processes, including feather molt, an important process in the avian
yearly cycle.

Wing flight-feather renewal is essential for maintaining plumage utility because feathers accumulate abra-
sions, and accordingly, their functionality deteriorates with time*. Consequently, adult birds molt all of their
wings’ flight-feathers periodically, and most species molt at least once per year, presumably because a longer time
interval between consecutive molts is disadvantageous. Yet, first-year birds exhibit high interspecific variation
in their molt strategies*. In many species, birds undertake their first complete wing-feather molt during the first
year of their life while in other species, this first complete wing-feather molt takes place later in life and instead
they either partially molt or do not molt at all in their first year>®. Notably, feather molt strategy, which includes
the extent, timing, duration and sequence of the molt (as well as differences in these characteristics across age
groups), is an important life-history process in the avian annual cycle, with important consequences for plumage
attractiveness and camouflage as well as flight aerodynamics and thermoregulation’ ™.

Both geographic distribution and body size can substantially alter various ecological, physiological and
phenological processes and consequently may affect various life-history traits''"*”. For example, feather molt
strategy in birds is affected by body mass and breeding latitude and longitude'®-?!. The amount of food required
for molt increases with bird body mass, in accordance with the isometric relationship between feather mass and
body size”*2. Moreover, the physiology of feather development sets an upper limit on the speed at which birds
can grow individual feathers, resulting in a negative allometry of the primary feather growth rate in relation
to body mass”**?*. Consequently, heavier species require more time to complete their molt due to their larger
feathers*?*%,
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In addition to bird size, geographic distribution may also affect the evolution of molt strategies because
environmental conditions that vary across geographic ranges have direct physiological effects on birds. Envi-
ronmental conditions, including seasonality and ecological interactions, may limit the availability of resources,
such as food, that are essential for molting and might also restrict the time available for utilizing these resources.
Consequently, molt duration, molt extent and the timing of molt within the annual cycle are strongly affected
by the species’ spatio-temporal distribution, including its breeding and over-wintering latitudes and the length
of its migration®*>26,

Unlike adult birds, the relatively low foraging success and survival of first-year birds**® may prevent them
from taking full advantage of the time and resources available for molt during the yearly cycle. In addition,
juveniles fledge with fresh plumage that may enable them to forgo replacing part or all of their plumage during
their first year of life*!. Due to these factors, geographic distribution and body size could critically shape the
evolution of molt in the early stages of life?>*°. Empirical evidence®**! suggest that two strategies have evolved to
attain durable wings’ flight-feathers in first-year birds. The first strategy involves growing durable flight-feathers
during development within the nest, or outside the nest among nidifugous species. Due to the high amount of
resources that are required to create durable feathers, this strategy involves a longer nestling period over which
these resources are provided to the young by their parents®, or a longer flightless period among nidifugous spe-
cies. The second strategy involves growing relatively poor quality flight-feathers in the nest and replacing them
with durable feathers soon after fledging, or after flight capability has been acquired among nidifugous species®*!.

The occurrence of the latter strategy, which involves the molt of all the wings’ flight-feathers (hereafter ‘com-
plete molt’), largely depends on the time available for molting the juvenile feathers during the first year of the
bird’s life*®21. As such, the occurrence of complete molt may be influenced by the time and resources available,
both largely affected by the bird’s species distribution and body mass. Furthermore, a complete molt during the
bird’s first year of life is probably the optimal strategy under favorable conditions, when food is abundant, the
bird has no time constraints, and the development of the durable plumage occurs when the bird is full-grown
and predation risk is lower®.

Here we study the physiological and environmental correlates as well as the evolutionary history of the most
important component of this second strategy, comprised of relatively poor quality juvenile feathers and a com-
plete molt during first year of the bird’s life. Towards this goal, we apply an ancestral trait reconstruction analysis
in the Neornithes lineage to decipher the evolution of molt strategies in first-year birds. We also examine how the
evolution of molt strategies is correlated with the evolution of body mass in modern birds, while also considering
their geographic distribution. We predict that complete molt during the first year of life evolved among species
who molt in localities where the time available for molt is longer (e.g., close to the equator). Similarly, we predict
that this strategy evolved among species with a lower body mass and hence a smaller feather surface area, due
to the reduced time and resources needed in molt in these species.

27,28

Materials and methods

Species characteristics classification. We classified each bird species in this study by its molt strategy
during the first year of life, based on information published in the literature (Supplementary Note 1), as either
‘complete molt, partial molt’ or ‘absent molt’ (Supplementary Table 1). We defined the molt strategy as complete
molt’ when at least most of the individuals of a species were found to molt all of their secondary and primary
wings’ feathers before the end of their first year of life, either at the breeding areas (e.g., Sturnus vulgaris) or at the
over-wintering grounds, as in many migratory species (e.g., Hydroprogne caspia). The ’partial molt’ strategy was
recorded in species in which the molt cycle of most individuals during the first year includes the wings’ flight-
feathers but no complete molt of these feathers took place, such that the birds molted only part of their wings’
flight-feathers (e.g., Lanius senator). The ’absent molt’ strategy was recorded in species in which the molt cycle
during the first year did not include molt of the wings’ flight-feathers at all (e.g., Accipiter gentilis).

We collected species-specific mean body mass data from published literature®***. To quantify the duration
of the time available for molt, we developed an index which provides a basis for between-species comparison.
Using published distribution maps produced by Birds of the World (Cornell Laboratory of Ornithology) and
by BirdLife International and NatureServe®>*¢, we calculated the mid-distribution latitude of each species as an
absolute value of the distance of each species’ mid-distribution latitude from the equator. Species-specific dis-
tribution ranges were considered as the area used by the birds during at least part of the yearly cycle, including
periods of breeding, migration, or over-wintering. We used this wide definition due to the possibility that the
molt took place anywhere within the species” distribution range, including the breeding area, stop-over sites and
over-wintering areas*>!°. The index we used was designed to provide a proximate estimate of the time available
for molt in both resident and long-distance migratory species across the entire geographic range of the species,
by considering the timing of the molt within the annual cycle. In this index, a lower value represents a longer
duration available for molting and a higher value represents a shorter duration available for molting. For example,
resident species at high latitudes will be characterized by a high value since their molt takes place in the breeding
areas and in a highly seasonal environment (far from the equator). A long-distance migratory species that breeds
in high latitudes of the northern hemisphere and molts during the austral summer in the southern hemisphere
will have a low value since its molt period is longer, as it takes place during a peak of resources (summer in the
southern hemisphere during which the bird does not breed), similar to a tropical species® (see examples of this
index in Supplementary Table 2). For each bird species, we followed the taxonomy that was published by Birds
of the World (Cornell Laboratory of Ornithology®; Supplementary Table 1).

Phylogenetic analysis. The phylogenetic tree (Fig. 1) was obtained from an analysis of global bird
diversity>*, using a random sample of 1,000 trees that were downloaded from the BirdTree project using the
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Figure 1. The evolutionary history of molt strategies during the first year of life among modern birds
(Neornithes). Ancestral trait reconstruction analysis (1,808 species; continuous-time Markov chain, all rates
different model) using a comprehensive phylogeny of modern birds>*. Pie charts at the nodes denote the
posterior probabilities for each of three molt strategies. Our results indicated that the ancestral molt during the
first year of life for all modern birds is probably partial or absent molt and that the transition to complete wing
flight-feather molt occurred independently several times in the history of this group, mainly among passerines
(order Passeriformes). The scale (bottom left) represents 10 Myr.

Ericson backbone (Ericson all species: a set of 10,000 trees with 9,993 OTUs each; BirdTree.org™®). This tree is
the most detailed time-calibrated phylogeny that is currently available at the species level. The consensus tree
was built using BEAST TreeAnnotator version 1.8.4 (common ancestor heights). In order to study the evolution
of molt strategies during the birds’ first year of life (complete, partial or absent molt), as well as to estimate and
visualize the ancestral molt strategy, we used an ancestral trait reconstruction analysis under a continuous-time
Markov chain model in the R package ’phytools’ (version 0.6-99; Phylogenetic Tools for Comparative Biology)®.
We explored three models of discrete character evolution: (I) an equal transition rates model, (II) a symmetrical
transition rates model and (III) an all rates different model. Then, we selected the best model based on the Akaike
Information Criterion, modified for small sample sizes (AICc)*. We selected a specific model only if it attained
AAICc>2.00 compared to the other models. In addition, we estimated the Maximum Likelihood ancestral states
and the evolution of bird body mass each as a continuous character evolving under a Brownian Motion model.

The phylogenetic analysis included 1,808 bird species belonging to 146 families and 27 orders in the class
Neornithes (Supplementary Table 1). The phylogenetic tree included 1,629 species (90.1%) with genetic data
and 179 species (9.9%) that were placed in the tree under birth-death polytomy resolution (BDPR). Due to the
uncertainty involved with the BDPR method when reconstructing trait evolution*!, we repeated the ancestral
trait reconstruction analysis without these 179 species using Ericson sequenced species (a set of 10,000 trees
with 6,670 OTUs each; BirdTree.org; Supplementary Fig. 1).

Despite recent progress in resolving the phylogenetic relationships of modern birds, there is still no consen-
sus regarding the higher-order topology of this group*2. Due to this uncertainty, we repeated the ancestral trait
reconstruction analysis using the phylogeny published by Prum et al.*’ at the family level to asses if differences
in the placement of higher-level taxa affected the results of the ancestral molt strategy reconstructed for modern
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birds. The two phylogenies we used differed mostly in the positions of a few key groups such as Grebes, Cranes,
Waders, Hummingbirds, Swifts and Nightjars*2. Therefore, we created two family-level phylogenies that included
the 84 families sampled in this study, one based on the Prum et al.** phylogeny (by pruning it to include only
representatives of families for which we had data) and one based on the Jetz et al.*” phylogeny (by pruning it to
include only one species per family for which we had data). We assigned a molt strategy for each family based
on the reconstructed molt strategy with the highest posterior probability for the most recent common ancestor
of each family in our species-level analyses described above. Overall, we had 14 families with posterior prob-
ability values supporting an ancestral complete molt, 13 families with posterior probability values supporting
an ancestral partial molt and 57 families with values supporting an ancestral absent molt. Then, we performed
ancestral trait reconstruction analysis as described above on these two phylogenies and compared the results
between the two trees.

Statistical analysis. We used phylogenetic logistic regressions* (using the R package ’phylolm™®) to
explore the effects of species-specific mid-distribution latitude (independent continuous factor) and mean body
mass (independent continuous factor) on species-specific molt strategies during the first year of life (dependent
categorical variable; complete molt’ or ’absent molt’; n=1,591 species): a model which fits a logistic regression of
a discrete trait on continuous variables while the discrete traits change along the phylogeny according to a two-
state stochastic process*. We fitted two univariate models (one with mass as an independent variable, and one
with latitude), where molt strategy was coded as a binary dependent trait (complete molt’ arbitrarily assigned
a value of 1 and "absent molt’ arbitrarily assigned a value of 0), using the species-level phylogeny to account for
phylogenetic connectedness between species. Partial molt species (n=217) were removed from the sample in
this analysis due to the inability in determining their exact molt extent in the category based on the information
given in the literature as this information is rarely provided. Three out of 27 orders in our sample are represented
by the two molt strategies, complete and absent, and have sample sizes that are sufficiently large (>20 spe-
cies) in each category to allow order-level analysis. These order-specific phylogenetic logistic regressions were
undertaken for the orders Caprimulgiformes, Charadriiformes and Passeriformes. Analyses (two-tailed, critical
a =0.05) were performed using R (version 4.1.1; R Development Core Team 2021).

Results

In order to uncover the ecological and environmental conditions that affected the evolution of flight-feather molt
strategies in first-year birds, we collected wing molt data from a total of 1,808 bird species. These included 532
species (29.4%) with a complete wing flight-feather molt; the remaining species undertake partial molt (n=217,
12.0%) or completely avoid molting within their first year of life (n=1,059, 58.6%; hereafter partial molt’ or
’absent molt), respectively; Supplementary Table 1).

An ancestral trait reconstruction analysis of these 1,808 species, set in the framework of a comprehensive
phylogeny of modern birds>¥, indicated that the most probable ancestral molt strategy among yearling modern
birds is absent (posterior probability =53.3%) or, slightly less likely, partial molt (posterior probability = 39.6)
but probably not complete molt (posterior probability = 7.1%; continuous-time Markov chain, all rates different
model - see Methods; AAICc >43.52; Supplementary Table 3). Notably, among passerines (order Passeriformes;
n=1,130 species), the largest and most diverse order of birds, the posterior probability for an ancestral complete
molt was much lower (1.7%; Fig. 1). In addition, the reconstructed phylogenetic tree of these three molt strategies
indicated that complete molt of the wing’s flight-feathers independently evolved several times in the evolutionary
history of the Neornithes lineage, mainly among passerines. Furthermore, the two family-level ancestral trait
reconstruction analyses using the phylogenetic trees by Prum et al.** and by Jetz et al.”’, produced very similar
results. The posterior probability of complete molt among yearling modern birds as an ancestral molt strategy
in these family trees is 0.8% and 1.9%, respectively (Fig. 2).

Additionally, our analysis indicated that the evolution of molt strategies during a bird’s first year of life was
strongly affected by body mass and geographic distribution (P <0.001; phylogenetic logistic regression; Table 1).
Specifically, low body mass and overall low latitude distribution promoted the transition from partial or absent
molt to a complete molt of the wings’ flight-feathers. This strategy rarely evolved among high body mass species
(Fig. 3) or in species distributed away from the equatorial region, in temperate and polar regions (Fig. 4). In
contrast, the order-specific analyses found that molt strategies during a bird’s first year of life was not affected by
body mass among the three tested orders (Caprimulgiformes, Charadriiformes and Passeriformes, separately).
Yet, latitude affected the evolution of molt strategies among two orders, Charadriiformes and Passeriformes, and
not among Caprimulgiformes (Supplementary Table 4).

The results of the ancestral trait reconstruction analysis of bird body mass suggest that the mean body mass
of the modern bird’s ancestor was slightly less than 1,000 g (Fig. 3). The mean body mass of species that are
characterized by a complete molt during their first year of life is 50.0 g (+106.1 g standard deviation, range 2.5
- 1,250 g; n=>532 species). In contrast, the mean body mass of species that are characterized by either a partial or
absent molt during their first year of life is 387.5 g (+ 1,016.9 g standard deviation, range 4.5 - 11,000 g; n=1,276
species; Fig. 3). Furthermore, our results indicate that complete molt is more common near the equator. The mean
mid-distribution latitude (absolute value) of species that are characterized by a complete molt during their first
year of life is 17.4° (+ 12.1° standard deviation; n =532 species). In contrast, the mean mid-distribution latitude
(absolute value) of species that are characterized by either partial or absent molt during their first year of life is
26.8° (£ 16.0° standard deviation; n=1,276 species; Fig. 4).
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Figure 2. Ancestral trait reconstruction analysis (continuous-time Markov chain) among 84 modern birds
families using two phylogenetic trees published by Jetz et al.*” (left) and by Prum et al.*® (right). Pie charts at the
nodes denote the posterior probabilities for each of three molt strategies. Lines in the center connect the same
branches on the two different trees, with the color gradient reflecting the order on the left tree, from top (red) to
bottom (blue).

Parameter | « | Estimate (+ SE) | Z-value | P-value

Phylogenetic logistic regression with body mass as independent factor
Body mass [ 9.66E-03 [ - 4.25e-03 + 6.90e-04 [-617 [ <0001

Phylogenetic logistic regression with latitude as independent factor

Latitude ‘ 9.66E-03 ‘ —8.96e-03 + 2.55e-03 ‘ -3.51 ‘ <0.001

Table 1. Phylogenetic logistic regression parameter estimates for the effects of body mass (g) and latitude (°)
on molt strategy (0 =absent molt, 1 = complete molt) during the first year of life of 1,591 bird species.

Discussion
Our analysis indicated that the evolution of molt extent, an important feature of the molt strategy during the
first year of life, took place in parallel with a substantial increase in the variability of bird body mass. Specifically,
complete molt of flight-feathers evolved in modern birds after a considerable decrease in body mass and is rarely
found among relatively heavy birds. Moreover, this strategy evolved mainly in tropical environments such as those
currently located in equatorial regions where molt can take place over extended periods during the annual cycle.
These two important factors, body mass and geographic distribution, vary within modern birds and influence
the extent of wing feather molt in the early stage of a birds life. These factors may have also shaped the evolution
of other important life-history traits and annual-routine processes such as reproduction and migration®*.
An important selection factor that affects the duration of the nestling period, in which the nestlings are
vulnerable, is the risk of nest predation. A short nestling period, or flightless period among nidifugous species,
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Figure 3. The evolutionary history of bird body mass in modern birds (Neornithes) in relation to molt strategy
(complete, partial or absent molt) during the first year of the bird’s life. Ancestral trait reconstruction analysis
indicated that the mean body mass of the modern bird’s ancestor was slightly less than 1,000 g. Body mass
diversification, mainly the declining body mass of later taxa during the evolutionary history of modern birds,
took place in parallel to the evolution of complete wing flight-feather molt in yearling birds. The scale (top

left) represents 25 Myr. The boxed inset (top right) displays the fitted phylogenetic logistic regression in red
(complete vs absent molt; P<0.001, n=1,591 species).
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Figure 4. The molt strategy during the first year of the bird’s life (complete vs absent molt) in relation to the
mid-distribution latitude (°) of modern birds (Neornithes; n=1,591 species). Our results indicated that complete
wing flight-feather molt is more common in lower latitudes than in higher ones (P <0.001; fitted phylogenetic
logistic regression in red).
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which may reduce predation risk, results in the growth of poor quality feathers of the nestlings or chicks®>. Yet,
natural selection may also act against growing poor quality plumage in the early stage of the bird’s life since the
lower performance of this plumage could lower survival®.. As a result, the growth of poor quality feathers by
juveniles takes place only if they are later replaced by durable, higher quality feathers after fledging®®*!. Several
internal and external factors, such as solar exposure, climate, migration distance, body size, plumage coloration
and sexual dichromatism level (indicative of sexual selection level), hatching date and environmental condi-
tions related to geographic distribution, are known to influence the extent of wing feather molt in the early stage
of a bird’s life»*1-?3%50-35_ This is presumably due to their effects on the time available for this process to take
place®®®L, as well as their influence on the need to undertake an extensively molt¥. Hence, the shortening of the
risky nestling period by the growth of poor quality feathers by juveniles is possible only in those species in which
juveniles have a long enough time during the first year of their life to undertake a complete molt during which
they grow more durable plumage. Other factors that likely affect the durability of the juvenile feathers are low
nest predation risks and high-protein nutrition provisioned for the nestlings.

Our results indicate that the evolution of complete molt during the first year of life occurred in parallel with
body mass diversification and that complete molt is associated with a decrease in bird body mass (Fig. 3). This
is presumably because low body mass enables molting more feathers in a given time window?*?*. Moreover, the
complete molt during the first year of life likely evolved mainly in low latitudes where conditions are usually
favorable during most of the year, and hence molt can take place over an extended period throughout the annual
cycle, compared to temperate or polar areas where there are greater constraints on molting due to the onset of
winter conditions and associated reduction in food resources (Fig. 4). We note that none of the species exhibiting
complete molt of flight-feathers had a mid-latitude distribution higher than 50°. In contrast, the order-specific
analyses did not provide as clear a view about the evolution of molt strategies among the entire modern birds
clade, likely because the phylogenetic signal at the order level affecting body mass, distribution and molt. The
variation in the examined traits within each order is low, probably reflecting the strong phylogenetic dependency
within the order. Therefore, the relationship and the influence of body mass or geographic distribution on bird
molt strategy may not exist, or is substantially weaker, within orders, reinforcing the importance of considering
phylogenetic scale and non-stationarity in studying macroevolutionary patterns®®>’. For example, Passeriformes
are almost all small compared to the size range of modern birds and therefore cannot be used to study how size
variation may influence molt strategy.

Among species that breed in temperate or polar zones, migration to the tropics provides first-year birds a
long period to complete the molt of their wings’ flight-feathers®, which is not possible for temperate and polar
residents or short-distance migrants. Therefore, among species that breed in temperate or polar zones, the growth
of poorer quality feathers by nestlings to be later replaced by more durable feathers, and the related shortening
of the risky nestling period, seem to be possible mainly in species that undertake long-distance migration. We
accordingly suggest that the evolution of the complete molt strategy in high-latitude species could be tightly
linked to the evolution of long-distance migration to latitudes where conditions facilitate feather molt over an
extended period. These long-distance trans-equatorial migrants benefit from living in two summers throughout
a single annual cycle and thus presumably are experiencing abundant food resources. These birds likely need
to undergo complete molt also due to the increased annual solar exposure®. Therefore, our work unveils the
evolution of the relationships between bird body mass, species biogeography and major annual-routine processes
(breeding, migration and feather molt) in the Neornithes clade.

Our results indicate that the mean body mass of modern birds’ ancestor was slightly less than 1 kg, which is
compatible with known body sizes of many Mesozoic birds (Avialan), for example, Archaeopteryx, Sapeornis,
Jeholornis, and Confuciusornis, compared to the larger body size of many earlier Pennaraptora species®®*. The
diversification of bird body mass within the modern birds (Fig. 3), which included a prominent decline of body
mass in several taxa®-%, is probably an outcome of selection forces related to flight performance®%. Never-
theless, this decline of body mass apparently also had implications for the evolution of molt strategies, which
likely first evolved long before the appearance of modern birds’. Due to the larger flight-surface and longer molt
duration that are associated with high body mass, a complete molt in first-year birds remains almost impossible
in relatively heavy bird species. For example, in our sample, of species with body mass > 1,000 g, yearlings of
only two species (Phasianus colchicus and Stercorarius maccormicki) undergo complete molt compared to 126
species characterized by partial or absent molt. Complete molt evolved mainly among passerines (414 out of
1,130 Passeriformes species in our sample; Fig. 1), a clade characterized by relatively low body mass. Yet, it is
noteworthy that complete molt of first-year birds is a common and ancestral trait in non-passerine clades char-
acterized by low body mass, primarily if they also have tropic or temperate-tropic distribution. For example,
among Hummingbirds (family Trochilidae), the clade with the lowest body mass in birds, 85.0% of species are
characterized by this strategy (mean body mass=5.1 g; n=40 species in our sample). Nonetheless, this strategy
is also common among Doves (family Columbidae) which is probably the earliest clade in which complete molt
during the first year of life evolved (Fig. 1). Two more interesting clades are Bee-eaters (family Meropidae)
and Terns (subfamily Sterninae), in which complete molt of yearlings is common. These two clades are widely
distributed in the tropics or undertake long-distance migration into the tropics or to the opposite hemisphere
during the winter at their breeding areas. Presumably, this provides the birds with ample food resources and
time to complete their molt®2%°!,

Among passerines, the Sylvioidea superfamily is an interesting clade due to the widespread occurrence of
complete molt of the wing’s flight-feathers during the first year of life. This clade, which includes the Swallows,
Larks, Old World Warblers and Babblers, and Bulbuls (~ 13% of all extant bird species), has an Afrotropical ances-
tral distribution®. In our sample, 82.8% of the Sylvioidea species were characterized by a complete molt during
their first year of life (n =203 species). Our ancestral trait reconstruction analysis (Fig. 1) indicated that complete
molt during the first year of life evolved in Sylvioidea during the Oligocene (~ 30 Ma), while the geographic
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distribution of this clade was likely restricted to the Afrotropical zone®. Nowadays, many species of Sylvioidea
that breed in the temperate and polar zones of the Palearctic, Nearctic, Neotropic, and Afrotropic, undertake
their molt at or near the tropics, their ancestral molting area, where prevailing environmental conditions are
usually favorable. Many of these species undertake long-distance migration to the tropics, which allows them
to molt their flight-feathers during the non-breeding period. This strategy is common among most Swallows
(family Hirundinidae), many Reed-Warblers (family Acrocephalidae), Grass-Warblers (family Locustellidae),
and several species of other Sylvioidea families (e.g., Sylviidae and Phylloscopidae).

The phylogenetic analysis in this study includes a large sample of modern birds. We included an extensive
and comprehensive sample of all the species for which we were able to obtain data. This work is one of the largest
phylogenetic analyzes published to date, which includes ~ 17% of all extant bird species, and encompasses 146
families (58.6%) and 27 orders (65.9%) of extant modern birds. Therefore, although our sample is incomplete, it
is still representative of the diversity of modern birds, as well as their molt strategies. Yet, data on molt strategy is
still sorely lacking for many bird species and clades, and future phylogenetic analyzes may benefit from increased
sampling, which would require a strong foundation of fieldwork.

In this work we reconstructed the evolution of flight-feather molt strategy during the first year of life among
modern birds and found that partial or absent molt is the ancestral molt strategy. Our phylogenetic analysis
suggests that body size diversification, and specifically the evolution of small body size, as well as low latitude
geographic distribution, are important internal and external factors that affected the evolution of complete
flight-feather molt among species in the Neornithes lineage. These findings have multiple implications for the
evolution of other life-history processes, biogeography and bird reproductive ecology.

Data availability
The phylogenetic trees generated and used in this study are available at OSF: https://osf.io/s8rn2/.
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