SCIENCE ADVANCES | RESEARCH ARTICLE

EVOLUTIONARY BIOLOGY

Anthropogenic extinctions conceal widespread
evolution of flightlessness in birds

F. Sayol"?3%, M. J. Steinbauer*®, T. M. Blackburn®$, A. Antonelli>”8, S. Faurby'?

Human-driven extinctions can affect our understanding of evolution, through the nonrandom loss of certain
types of species. Here, we explore how knowledge of a major evolutionary transition—the evolution of flightless-
ness in birds—is biased by anthropogenic extinctions. Adding data on 581 known anthropogenic extinctions
to the extant global avifauna increases the number of species by 5%, but quadruples the number of flightless
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species. The evolution of flightlessness in birds is a widespread phenomenon, occurring in more than half of bird
orders and evolving independently at least 150 times. Thus, we estimate that this evolutionary transition occurred at
arate four times higher than it would appear based solely on extant species. Our analysis of preanthropogenic
avian diversity shows how anthropogenic effects can conceal the frequency of major evolutionary transitions in
life forms and highlights the fact that macroevolutionary studies with only small amounts of missing data can

still be highly biased.

INTRODUCTION

Humans have substantially modified the world’s environments and
have already caused the extinction of hundreds of vertebrate species
(1). Well-known consequences of these impacts include the loss of
phylogenetic diversity (PD) (2), the disappearance of key species for
ecosystem functioning (3, 4), and the dissociation of species inter-
actions (5). However, a less appreciated consequence of human-
driven extinctions is the distortion of biological patterns (6-8).
Such changes might limit our capacity to unveil underlying natural
rules (9-12), leading to biased conclusions about how evolu-
tion works.

Anthropogenic biases may originate from the selective impact of
humans, with some traits enhancing the vulnerability of species to
human-driven extinctions (13). It is widely recognized, for instance,
that larger mammals are more prone to going extinct than smaller
mammals (14-17). This anthropogenic effect weakens multiple
biological patterns related to body size, such as Bergmann’s rule
(11, 18), which predicts that animals are larger at higher latitudes
(19). Examples of how humans can affect observed natural phenome-
na are mainly restricted to biogeographical patterns of megafaunal
extinction (5, 11, 12, 18), whereas the way in which extinctions can
hide major evolutionary transitions is not well understood (20).

Birds are an excellent group to investigate how major evolution-
ary transitions might be obscured by human-driven extinctions.
While they are generally considered to be the best-known major
clade in terms of phylogeny, geographic distributions, and species
traits (21-23), many human-related extinctions have occurred
(24, 25). Although anthropogenically extinct species represent a low
proportion of current biodiversity, they may exhibit different traits
compared with living representatives (26), distorting the history of
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evolution depicted in the extant avifauna. One trait where this
distortion could be particularly acute is flightlessness, the evolution
of which renders species more vulnerable to hunting by humans
and predation by human-introduced, non-native species such as
rats and cats.

The loss of flight, or secondary flightlessness, has occurred inde-
pendently in several clades of birds (27), generally accompanied by
a suite of morphological, physiological, ecological, and genetic
changes (28-31). Nevertheless, our capacity to study the real phylo-
genetic and geographical distribution of this phenomenon is limited,
as the diversity of flightlessness has been reduced markedly by
human-driven extinctions (Fig. 1). Previous studies have shown
that flightless species are overrepresented among extinct species,
but so far, these studies have been restricted to recent extinctions
(27, 32) or particular regions, such as the Pacific islands (25, 33).
Because human influence on biodiversity is globally widespread
and can be traced back thousands of years (34), such studies may be
underestimating the bias and, thereby, the effect of extinctions on
our inference of evolutionary transitions.

Here, we compile a comprehensive list of all bird species known
to have gone extinct since the rise of humans (i.e., in the Late Pleis-
tocene and Holocene) and use it to quantify the extent to which
inferences about evolutionary transitions and rates of evolution to
flightlessness are biased by anthropogenic extinctions. In addition,
because flightless species are normally found in isolated and more
vulnerable systems, such as islands, we use simulations to explore
how trait- and geographic-dependent extinctions might interact to
explain observed biases.

RESULTS

An exhaustive compilation of bird extinctions from the Late Pleis-
tocene until the present revealed the known loss of 581 species from
85 different families, with substantial variation in taxonomic and
geographical distribution (fig. S1). On the basis of the morphological
descriptions, 166 of these species were considered flightless (or, at
best, only weak flyers), representing 29% of the extinct birds. The
complete list of known flightless birds therefore increases from
60 to 226 when both extant and extinct species are considered.
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Fig. 1. Trait selectivity during extinction, taking New Zealand as an example. New Zealand was the island with the largest known diversity of flightless species, here
represented by the heavy-footed moa (Pachyornis elephantopus), Lyall’s wren (Traversia lyalli), kakapo (Strigops habroptilus), and common kiwi (Apteryx australis). Flightless
species have undergone extinction disproportionately more often than others, ever since the first settlements by Maori, and this trend may continue into the future. The
drawing illustrates an imaginary transition in time from 126 thousand years ago (far left) to 2100 (far right). lllustration by I. Voet.

Flightlessness was far more phylogenetically and geographically
widespread before human impacts (Fig. 2). It was common in many
of the island archipelagos (Fig. 2A), with remarkable hotspots in
Hawaii (23 species) and New Zealand (26 species), including giant
flightless geese and moa, respectively. Before human impacts, more
than half of all bird orders had at least one flightless representative
(23 orders out of 39), of which 16 orders still had a living represent-
ative before historic extinctions [500 years before the present
(B.P.)]. In contrast, only nine orders include flightless species today
(Fig. 2B). The evolutionary diversity of flightless forms has thus de-
creased markedly through time, from being present in 40 different
families to just 12 today (Fig. 3). Just two families—the rails (Rallidae)
and penguins (Spheniscidae)—account for 58% of extant flightless
species, but represent 44% of the species when including extinct
species.

Although extinct flightless species only represent 5% of the total
number of bird species, the extinction of this subset leads to a more
than fourfold underestimation of the rate of transition to flightless-
ness. When using data on extant species, flightlessness is estimated
to have evolved at least 35 times in the extant phylogeny of birds,
but this jumps to at least 150 transitions when we include human-
caused extinct species in the analysis. Thus, the estimated rate of
evolution when including Late Pleistocene and Holocene extinc-
tions is more than four times higher (11.70 x 10~ transitions/million
years or Ma of evolutionary time, hereafter transitions/Ma) than
estimates based on living species only (2.85 x 10™* transitions/Ma).
Estimates of rates of evolution based on two additional time
frames—including historic extinctions (i.e., 500 years B.P.) reported
by the International Union for Conservation of Nature (IUCN) Red
List (35) and predicted in 100 years based on IUCN extinction risk
probabilities from (36)—show that the bias in the estimated rate of
evolution of flightlessness has been gradually increasing and is likely
to increase further in the future as more threatened flightless species
go extinct (Fig. 4). These observed differences—between the esti-
mated rate of evolution of flightlessness at present (based solely on
extant species) and the estimated rates including anthropogenic
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extinctions—are not artefacts of archipelago definition (fig. S2) or
potential sampling biases in the fossil record (fig. $3). Even though
flightless species are not distributed at random with respect to
phylogeny and disproportionate numbers of extinct and extant
flightless species are rails (Rallidae), our conclusions also hold when
excluding this family: The estimated rate including anthropogenic
extinctions is 7.04 x 10”* transitions/Ma, still more than four times
higher than the estimated rate at present (1.58 x 10™~* transitions/Ma)
(fig. S4). It therefore represents a general pattern, not driven by a
single clade.

The most obvious reason for the observed bias in the estimate of
the evolutionary rate of flightlessness is higher extinction risk in
flightless bird species (e.g., because they are easier to hunt or vul-
nerable to predation by introduced species). This is reflected in the
TUCN threat categories, where the proportion of flightless species
decreases from higher to lower categories of threat (fig. S5). However,
other indirect mechanisms could lead to similar biases. For in-
stance, the disproportionate extinction of island bird species (up to
80% of extinct known species), in which flightlessness is more prev-
alent, could also cause a disproportionate loss of flightless species.
In addition, both mechanisms could interact; although flightless
species are overall more prone to extinction, the probability is three
times greater on islands than in nonisland settings (Fig. 5). Simula-
tions that emulate nonrandomness in human-caused extinctions
provide strong support for this interaction between region and trait
selectivity: The combination of insularity and flightlessness pro-
vides the best predictor of the observed bias in evolutionary rates
(simulated bias of 68%, on average, compared with a real bias of
75%; fig. 56), followed by an extinction model based on flightless-
ness alone (simulated bias of 65%).

DISCUSSION

Our study highlights the fact that differences in extinction risk re-
lated to trait differences can substantially bias evolutionary pat-
terns inferred from extant taxa. Extant species make up 95% of bird
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Fig. 2. Geographical and phylogenetic distribution of flightless birds through time. (A) The global distribution of flightless species is shown by the locations of cir-
cles, where the area of the circle represents the total diversity of known flightless species per archipelago and continent. The fraction of this diversity that is extant is
shown in blue, the fraction representing historical extinctions (i.e., after 1500 CE) in yellow, and the fraction representing prehistoric extinctions (i.e., Late Pleistocene and
Holocene up to 1500 CE) in red. (B) The phylogenetic distribution of flightlessness depicts a decrease in the number of orders with flightless species. The number of living
flightless species for each order is shown for each time frame. Original silhouettes are deposited at phylopic.org under a public domain license. Entirely extinct orders are

marked with 1. yBP, years before the present.

species in our study, but strong biases still arise from the imbalance
in trait distributions between extant and extinct species. These re-
sults add further insight into the general problem of sampling biases
in comparative phylogenetic analyses (37, 38) and highlight the
need for better integration of paleontological, ecological, and evo-
lutionary studies. Despite previous calls to restrict macroevolution-
ary analysis to species with genetic information (39), doing so could
potentially lead to a greater bias if the excluded species represent a
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nonrandom sample of the total. As human-related extinctions have
been shown to be highly selective in relation to species traits, evolu-
tionary studies focusing on such traits may reflect anthropogenic
impacts rather than fundamental biological rules.

Here, we show that the evolutionary path from the sky to the
ground in birds was not nearly as rare as it appears from studying
the extant avian phylogeny. Ecologically and phylogenetically di-
verse flightless birds occupied most of the world’s archipelagos
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Fig. 3. Occurrence of flightlessness among extant and extinct species. When

including extinct species (red) together with extant species (blue), there are 27 bird

families with flightless species (darker shade of red or blue). Silhouettes are available at phylopic.org under a public domain license.
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Fig. 4. Inferred rate of evolution toward flightlessness in birds across differ-
ent time frames. In each case, the mean and 95% confidence interval for 100 estima-
tions are shown, after repeating the analysis over a distribution of 100 phylogenetic
trees. Prehistoric extinctions include known extinct species within the Late Pleistocene
or Holocene (the last 126,000 years B.P.). Historic extinctions include species that
went extinct after 1500 CE, whereas future patterns are predicted on the basis of
the probability of extinctions in the next 100 years based on simulations of extinction
risk based on the IUCN category.
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Fig. 5. Proportions of extinct species in relation to the capacity for flight. The
percentage of extinct species is shown for volant and flightless species, including
all bird species as well as distinguishing between island and mainland settings.
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when humans arrived, filling the niche of absent mammal species
(28, 40). Although other flightless species also existed and went
extinct in prehuman times (41, 42), anthropogenic extinctions are
expected to be highly selective with respect to flightlessness: Be-
cause flightless species often evolved in response to the absence of
mammals, they were particularly vulnerable to human arrival and
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the associated introduction of non-native mammals (43, 44). The
extinctions of flightless birds on islands also resulted, in some cases,
in the disappearance of important ecological roles that were unlikely
to be replaced (45, 46). The impacts of these losses are likely to be
underestimated, given that many species will have gone extinct
without leaving a fossil record (24, 25), many of which are likely also
to have been flightless (24, 25). The remaining flightless bird species
now represent a tiny fraction of a once larger group with significant
ecological importance for key ecosystem functions including seed
dispersal, pollination, and herbivory (47, 48).

Flightless species—such as the iconic dodo (Raphus cucullatus)—
are often caricatured as naive animals, whose inevitable fate was to
go extinct. Instead, these unique life forms should be regarded as a
great example of convergent evolutionary shifts following the colo-
nization of new environmental settings. Flightless birds showcase
parallel transformations involving a suite of behavioral, morpho-
logical, and ecological changes that have become largely erased by
human-driven extinctions.

MATERIALS AND METHODS

Data on anthropogenic extinctions

To obtain a list of all known bird extinctions during the rise of
humans (i.e., from the Late Pleistocene onward), we reviewed the
published literature on the topic. First, for historic extinctions (after
1500 CE), we extracted the information from the IUCN Red List of
Threatened Species (Accessed on June 2019) (35), which includes
162 species that are categorized as extinct (EX) or extinct in the wild
(EW). To search for older extinctions or undescribed species, we
carried out a literature search using Google Scholar including the
terms “geographical location AND (extinct OR fossil) AND (avian
OR bird)” up to August 2019. For the geographical locations, we
used all the main island archipelagos in the world as well as the con-
tinents. After accessing relevant studies, we also checked extinct
species or archaeological sites cited within these papers. We com-
plemented the search with scrutiny of relevant books on the subject
(49-51). For the prehistoric extinctions, we only included species
that were extinct after the last interglacial during the Late Pleistocene
(126,000 years B.P.), which is determined by their presence in fossil
deposits of later age or by contemporary records of the species.
Although we distinguish between historic (after 1500 CE) and pre-
historic (between 126,000 years B.P. and 1500 CE) extinctions in
subsequent analyses, these terms are only temporal and do not im-
ply different causes of extinction. Similarly, our list includes all ex-
tinctions dated within the mentioned time frame, assuming that all
are related to human impacts. Although it is possible that some of
the extinctions have natural causes (e.g., climatic changes or over-
competition by other lineages), this does not alter our conclusions:
The observed bias we report arises when we compare the list of species
that lived before and after the human impacts of Late Pleistocene
and Holocene.

Species taxonomy and traits

For species taxonomic classification, we followed the Handbook of
the Birds of the World and BirdLife International digital checklist of
the birds of the world (52) and used the most recent evidence to
classify extinct species. To classify extinct species into flightless or
volant, we relied on authors’ morphological descriptions and infer-
ences of flight ability. Species described as weak flyers were considered
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flightless in the main analysis, but considering them as volant does
not change our conclusions (see the “Estimation of evolutionary
transitions” section and fig. S2). Species with insufficient morpho-
logical data to assess flight ability were assumed to be volant, which
ensures that our inferences of the magnitude of biases are conserva-
tive. In the case of extant species, we used the exhaustive classifica-
tion from (23). For each species, we also recorded its geographical
distribution and whether the species is an oceanic island endemic,
considered to be so if it only occurs on islands that were not con-
nected to the continent when the sea level decreased 120 m in the
last glaciation (53). The complete list of extinct birds, their traits,
and geographical locations are available in data file S1. A complete
list of all extant bird species (N = 10,964), including their flight ability
and island endemicity, is available in data file S2, whereas the list of
islands where extant or extinct flightless species are found is avail-
able in data files S3 and S4.

Estimation of evolutionary transitions

To estimate the number of transitions toward flightlessness, we
identified monophyletic flightless groups (e.g., entire orders, fami-
lies, or genera of flightless birds). Assuming that flightlessness is ir-
reversible, this approach gives us a minimum number of transitions
and therefore could be considered a conservative estimate (i.e., it
would not consider independent transitions within monophyletic
clades). In species for which we did not have phylogenetic informa-
tion and for which both flightless and volant genera exist, we assumed
that genera within archipelagos are monophyletic entities, and hence,
several flightless species from the same genus within an archipelago
were considered to reflect a single transition. In the case of the
white-throated rail (Dryolimnas cuvieri), only one of the subspecies
(D. cuvieri aldabranus) is flightless, which was also considered an
independent transition. To test the robustness of our analyses when
inferring the number of transitions (N), we redefined archipelagos
based on distances to avoid subjectivity in archipelago definition
that could inflate transition rates. For instance, Madeira and the
Canaries are traditionally considered distinct archipelagos, but they
are closer to each other than islands within other archipelagos like
the Azores. We thus built a cluster analysis of all islands based on
geographical distances; classified archipelagos based on different
distance thresholds every 100 km, from 100 to 5000 km; and recal-
culated transitions toward flightlessness in each new archipelago
classification, which did not change our conclusions (fig. S2).

Estimation of evolutionary rates

To quantify the rate of evolution toward flightlessness, we divided
the number of transitions (N) inferred in each bird family by the
sum of all branch lengths of the clade, measured as Faith’s PD (54),
which means that we assume that regaining the ability to fly is
impossible once it is lost. This allows us to estimate the number of
transitions relative to the amount of evolutionary time (i.e., inde-
pendently evolving lineages). To quantify PD, we first calculated the
total PD on a sample of 100 phylogenetic trees of all extant birds (21),
from the Hackett’s backbone distribution (55) available at Birdtree.org.
To estimate the PD of the missing species in the tree (e.g., known
extinct species since the Late Pleistocene), for each family, we first
fitted a logarithmic curve on PD as a function of the number of
species, by resampling for each given number of species from 1 to
the maximum number of species from the family present in the tree.
Then, we used the terms of the function to infer the added PD (APD)
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when adding the corresponding number of missing species (i.e.,
present in our list but not in the tree). We then added the APD
for each family to the total PD (fig. S7). As some fossil species from
the Late Pleistocene could be direct ancestors of extant species,
rather than distinct species, the inferred PD could, in principle, be
overestimated. Nevertheless, because the cases where a Late Pleistocene
extinction has the same genus and location as an extant species are
very low (N = 48 species) compared with the total number of species
in the tree that are used to compute PD (more than 11,000 species),
the potential overestimated PD is marginal. The estimation of evo-
lutionary rates was repeated 100 times, one for each tree, so we
obtained a distribution of 100 inferences of evolutionary rates.
When estimating evolutionary rates toward flightlessness of 100 years
into the future, we used previously estimated extinction probabili-
ties for each IUCN category (35). Then, for each phylogenetic tree,
we simulated 10 future scenarios by randomly removing extant spe-
cies based on their extinction probabilities. Therefore, in this case,
we estimated 1000 evolutionary rates based on simulating extinc-
tions 10 times in each of the 100 phylogenetic trees.

Simulation of a sampling bias to explain the

observed patterns

The disproportionate number of flightless birds in extinct fauna,
which caused the observed bias in the evolution of the trait, might
come from a bias in the fossil record, where flightless birds have a
greater probability of being preserved. We thus performed an addi-
tional simulation to test how many potentially missing volant spe-
cies would need to be missing from the extinct record to remove the
bias in evolutionary rates. To do so, we sequentially added species to
random positions of the phylogeny and recalculated the number of
transitions and rates toward flightlessness until the estimated rate
met the observed rate. The analysis was run 1000 times, and we
estimated the range of species that should be added to make the bias
disappear. On the basis of these simulations, we found that the
number of extinct volant species potentially missing from the fossil
record would need to be as high as 60,000 to 80,000 species to
remove the bias in the rates of evolution toward flightlessness (fig.
S$3). This number is unrealistic given the current standing diversity
of birds, which is around 10,000.

Randomizations of extinctions within trait categories

To identify the mechanism responsible for the observed bias in the
evolutionary rate of flightlessness, we performed four groups of
randomizations, aiming to show the consequences of random ver-
sus nonrandom extinctions and whether island selectivity, rather
than flightlessness selectivity in extinctions, is behind the observed
bias. For instance, a higher extinction of flightless birds would tend
to make the inferred evolutionary rate toward flightlessness de-
crease, but the same pattern could appear if island species, but not
flightless species, have higher chances of going extinct (since flight-
lessness is more common on islands). We built four different ran-
domization models by permutating the status (extant versus extinct)
over the full list of species and then recalculating the rates of evolu-
tion toward flightlessness. Therefore, the total number of extinc-
tions (N = 581) is the same in all the models, but the probability of
extinction based on different traits will change among the models.
In the first model (null model), permutations were done among all
species, so any species had the same chance of going extinct. In the
second model (island-dependent extinction model), permutations
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were done within island versus mainland groups, so the propor-
tions of extinctions of island (N = 468) versus mainland (N = 113)
species are maintained, and hence, island species have a higher
probability of going extinct. In the third model (flightless-dependent
extinction model), permutations were done within flightless (N = 166)
and volant (N = 415) categories, whereas in the fourth model
(island- x flightless-dependent extinction model), we fixed both
flightlessness and insularity; therefore, volant-island (N = 314),
flightless-island (N = 154), volant-continent (N = 101), and flightless-
continent (N = 12) taxa went extinct (fig. S6). We ran each model
1000 times, each time recalculating the rate of evolution of flight-
lessness, and compared the bias in the estimate with the observed
bias. We also repeated this analysis after excluding cases where a
Late Pleistocene extinction could be an older form of an extant species
(N =48 species; see section on “Estimation of evolutionary rates”), but
the conclusions do not change (fig. S8).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/49/eabb6095/DC1

View/request a protocol for this paper from Bio-protocol.
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