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Species are being lost at an unprecedented rate during the Anthropocene.
Progress has been made in clarifying how species traits influence their
propensity to go extinct, but the role historical demography plays in species
loss or persistence is unclear. In eastern North America, five charismatic
landbirds went extinct last century, and the causes of their extinctions
have been heavily debated. Although these extinctions are most often attrib-
uted to post-colonial human activity, other factors such as declining ancestral
populations prior to European colonization could have made these species
particularly susceptible. We used population genomic data from these
extinct birds and compared them with those from four codistributed
extant species. We found extinct species harboured lower genetic diversity
and effective population sizes than extant species, but both extinct and
non-extinct birds had similar demographic histories of population expan-
sion. These demographic patterns are consistent with population size
changes associated with glacial–interglacial cycles. The lack of support for
overall population declines during the Pleistocene corroborates the view
that, although species that went extinct may have been vulnerable due to
low diversity or small population size, their disappearance was driven by
human activities in the Anthropocene.
1. Introduction
Anthropogenic activities are impacting biodiversity by causing range shifts,
population size reduction, local extirpation and ultimately extinction [1]. Why
particular taxa are more susceptible to these factors is unclear, but species
loss does not appear to be random [2,3]. Traits such as ecological specialization
and body size are linked to extinction risk [4], but trait–extinction relationships
may vary widely across regions [5], datasets [6] or assemblages [7]. Under-
standing how species traits shape demography and identifying the sorts of
demographic histories that lead to extinction would clarify why some species
are extinction-prone. However, the role of demography in shaping extinction
and persistence remains poorly understood [8].

The demography of a population affects neutral genetic variation, which
can be used to identify historical demographic events important for under-
standing contemporary population trajectories (e.g. loss of genetic diversity
due to range size reduction). Declining genetic diversity could make a species
vulnerable to changing environmental conditions [9], infectious diseases [10]
and inbreeding depression [11], which are observed in most species prior to
extinction [12]. Historical demography can also indicate rates of population
decline. Estimates for the duration that species persist range from 1 to 10
Myr [13], but the speed at which they decline to extinction is unknown. Relative
to evolutionary time scales, species loss in the Anthropocene may be rapid and
similar to rates of ongoing range size reductions and declines in population
sizes being observed in many species [14–16]. Alternatively, background

http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2020.1945&domain=pdf&date_stamp=2021-02-03
mailto:briantilstonsmith@gmail.com
https://doi.org/10.6084/m9.figshare.c.5271365
https://doi.org/10.6084/m9.figshare.c.5271365
http://orcid.org/
http://orcid.org/0000-0001-8782-6400
http://orcid.org/0000-0001-9899-1970
http://orcid.org/0000-0001-8050-6068


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

288:20201945

2

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

29
 S

ep
te

m
be

r 
20

21
 

extinction may result from more gradual and long-term
declines that progressively erode genetic diversity.

Prior analyses using ancient DNA in large mammals have
provided evidence of the historical demographics of extinction.
Population declines prior to extinction have been observed
(e.g. [17,18]), although at the community or assemblage level
genetic patterns are heterogeneous [19]. Notably, the latter
study compared demographic histories of extinct species with
those of species that persisted to the present, providing a con-
trast useful for identifying the unique demographic features
associated with extinction. Across taxa, there is evidence of
both gradual [20–22] and rapid [23–25] loss of genetic diversity
before extinction. However, the general dynamics underlying
the demography of extinction are poorly known.

The avifauna of eastern North America is a system that lost
a number of species in the last 200 years and for which bio-
geographic histories are generally well understood. During
the Pleistocene, the Laurentide Ice Sheet covered large areas
in North America, shifting and reconfiguring communities
to southern latitudes [26,27]. Many vertebrates across eastern
North America show a genetic signature of population
expansion in response to glacial retreat, albeit with species
expanding at different times and the magnitude of expansion
varying depending on species’ ecology [28]. During the
Anthropocene, the North American landscape was dramati-
cally altered by European colonization, population growth
and the industrial revolution [29]. A distinctive subspecies
of the greater prairie-chicken, Tympanuchus cupido cupido
(Heath Hen), Ectopistes migratorius (Passenger Pigeon),
Campephilus principalis (Ivory-billed Woodpecker), Conuropsis
carolinensis (Carolina Parakeet) and Vermivora bachmanii
(Bachman’s Warbler) went extinct during this period.
Although the exact extinction dates are debated, the last gen-
erally recognized sightings for these five birds were between
1901 and 1988 [30]. Prior authors attributed these extinctions
to habitat changes, disease and hunting [31–38], but the
long-term demographic trajectories and causes of decline
are not agreed upon [39,40]. Whole-genome data indicate
that the C. carolinensis did not undergo a strong bottleneck
during the Pleistocene [41]. By contrast, genomic patterns in
the E. migratorius have been used to argue either that demo-
graphic fluctuations helped facilitate its extinction [42], or
that selection greatly reduced its neutral genetic diversity
[43]. There has been no concerted effort, however, to address
eastern North American bird extinctions using genetic data
across multiple species.

We modelled the demographic histories of T. c. cupido,
E. migratorius, C. carolinensis, C. principalis and V. bachmanii,
and compared them with those of four co-occurring extant
species. We sampled genome-wide markers and estimated
population genetic summary statistics to characterize the
amount of variation for each species. We tested the probability
of demographic scenarios representing population bottle-
necks, constant size and expansions. We used a supervised
machine-learning (SML) approach that entailed simulating
the alternative demographic scenarios, training a neural net-
work (NN) to differentiate among models and classifying
the empirical data into the models. If extinct species were
genetically compromised over historical time scales prior to
extinction, we expect that they would harbour lower genetic
variation than extant species and would show evidence of
long-term declines during the Pleistocene. Our results lever-
age the power of machine learning and genomic markers to
provide insight into the historical demographies associated
with the extinction of charismatic North American birds.
2. Material and methods
(a) Taxon sampling and genomic data
We sampled five extinct bird taxa from museum skins at the
American Museum of Natural History. In addition, we also
sampled four extant species from similarly aged specimens repre-
senting common, ecologically varied species not known to exhibit
phylogeographic structure across their ranges. For each taxon, we
maximized geographical coverage of the available specimens and
selected 7–10 individuals (electronic supplementary material,
table S1) represented by specimens that were collected during a
similar time period to those of the extinct birds to maximize the
comparability of the data (figure 1). We collected ultraconserved
elements (UCEs) using the Tetrapod UCE 5 K probe set to
enrich 5060UCE loci [44]. Details on UCE processing are available
in the electronic supplementary material.

(b) Genetic diversity
Weexplored intraspecific diversity andpopulation structure using
principal components analysis (PCA) using the R 3.4.4 [45] pack-
age adegenet v. 2.1.2 [46], sNMF [47] and NgsAdmix [48]. Using
PipeMaster v. 0.0.9 [49], we estimated the mean and variance of
seven population genetic summary statistics. Additional meth-
odological details are available in the electronic supplementary
material. Because the number of loci for extant birds ended up
being larger than what was obtained for the extinct birds, we sub-
sampled 705 loci in the extant species (the lowest numberof loci for
any of the extinct species) 100 times and estimated summary stat-
istics from the subsamples. We assessed variation in the estimated
statistics across the 100 subsamples, to evaluate whether the sub-
sampled values still supported any differences in diversity levels
among extinct and extant birds.

To evaluate whether genetic diversity was positively corre-
lated with geographical area, we converted the georeferenced
coordinates of each sample to minimum-convex polygons in
ArcGIS v. 10.7.1 (Redlands, CA). Minimum-convex polygons
were clipped to the United States to remove portions of polygons
that were in the ocean.We then estimated the area of each polygon
in km2 using the calculated geometry function. Because all of the
T. c. cupido samples come from a small island (Martha’s Vineyard,
MA, USA), we used the area of the island. We then performed a
regression of various mean genetic diversity metrics and the log
converted area of each polygon in R.

(c) Demographic model selection
We simulated data under alternative demographic models and
estimated the probability of each model using a SML approach.
SML is statistically robust and outperforms traditional methods
[50]. To specify model parameters, simulate data, and estimate
summary statistics, we used the R package PipeMaster v. 0.0.9
[49], which has been used to test alternative evolutionary histories
using both approximate Bayesian computation [51] and SML [52].
For all nine species, we independently tested a constant popu-
lation size model (CS) plus two single-epoch models: population
expansion (EXP) and population bottleneck (BN). We also evalu-
ated two-epoch models where there was either a population
expansion and then a bottleneck (BN2) or a bottleneck then a
population expansion (EXP2). For each model, we specified
parameter prior distributions (table 1) and simulated 100 000
datasets per hypothesis. The workflow also estimated the same
14 summary statistics from these simulations that were estimated
for each species. We assessed the sensitivity to the results by



T. c. cupido
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C. virginianus
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Z. macroura

D. villosusC. carolinensis

V. bachmanii

Figure 1. Sampling map of focal extinct and extant birds. Shown are the sampling localities of nine extinct (circles) and extant (triangles) species that are denoted
with different colours. The age ranges of museum specimens for the extinct birds (Tympanuchus cupido cupido: 1896–1900; Ectopistes migratorius: 1875–1894;
Campephilus principalis: 1876–1909; Conuropsis carolinensis: 1889–1904; and Vermivora bachmanii: 1890–1915) were similar to those of the extant species (Colinus
virginianus: 1898–1911; Megascops asio: 1894–1915; Zenaida macroura: 1905–1919; and Dryobates villosus: 1887–1925). (Online version in colour.)

Table 1. Prior settings for demographic model selection. Shown are the five models and their corresponding parameters. The number of Ne (effective
population size) and t.Ne (time of population size) parameters differ per model and range from the present (Ne0) to ancestral (Ne1;Ne2). Sampling from prior
distributions under models with demographic shifts were specified so that Ne0 > Ne1 (EXP), Ne0 < Ne1 (BN), Ne0 > Ne1 < Ne2 (EXP2) and Ne0 < Ne1 > Ne2
(BN2). All Ne and t.Ne priors had a uniform distribution where K = thousand and M = million. Time priors were scaled to generations using four different
generation times for each taxon, which were 1, 2 and 3 years, and an estimated generation length [53], the mean age of parents average over 10 years, which
were estimated from published data or extrapolated from the mean of closely related taxa. The estimated generation lengths are as follows: T. c. cupido: 5.5
years; E. migratorius: 5.3 years; C. principalis: 6.5 years; C. carolinensis: 7.3 years; V. bachmanii: 3.8 years; C. virginianus: 3.7 years; M. asio: 7 years; Z. macroura:
6.7 years; and D. villosus: 4.9 years.

model Ne0 Ne1 Ne2 t.Ne1 t.Ne2

constant population size (CS) 1 K–2 M

population expansion (EXP) 1 K–2 M 1 K–2 M 5 K–300 K

population bottleneck (BN) 1 K–2 M 1 K–2 M 5 K–300 K

expansion with post LGM bottleneck (BN2) 1 K–2 M 1 K–2 M 1 K–2 M 5 K–300 K 20 K–300 K

bottleneck with post LGM expansion (EXP2) 1 K–2 M 1 K–2 M 1 K–2 M 5 K–300 K 20 K–300 K
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simulating data under different generation times (table 1) and
mutation rate uncertainty. We specified a mutation rate distri-
bution with little variance (1.55 × 10−9 subs site year−1; s.d.
5 × 10−10 [54]), which represents a fixed rate, and a wide uniform
prior to account for uncertainty in the rate (5 × 10−11− 5 × 10−9)
where a rate mean and s.d. were sampled from the distribution.
The model parameter settings for the priors are presented in
table 1.

We used the simulated data to train a NN algorithm to clas-
sify the simulations into the five categories. Before training the
models, we ensured that the variance of the simulated data con-
tained the observed data by plotting the principal components
of the simulated data against the observed data (electronic sup-
plementary material, figures S1–S8). In R, we used Keras [55]
to build and train a NN with two hidden layers with 32
node units each and a relu activation function. The output layer
had five nodes, one for each model (i.e. class), and a softmax
activation function. As an optimizer, we used adam, a sparse_cate-
gorical_crossentropy for the loss function and accuracy as
validation metrics. We used 80% of the simulations for training
and the remaining 20% for testing, and trained the NN for 300
epochs with batches of 50 000 and a validation split of 0.1. For
the most probable model for each species and generation time,
we estimated model parameters with a NN with a similar archi-
tecture as above, but here we set up an output layer with a single
node and a relu activation. We used the mean absolute percen-
tage error (MAPE) as optimizer and trained this NN for 3000
epochs with batch size of 10 000 and a validation split of 0.1.
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We used 88% of the simulations for training and 12% for testing.
As an additional measure of the power of the regression model,
we calculated the coefficient of correlation between estimated
and true values of the testing data. For each estimate, we per-
formed 100 replicates and calculated the mean across estimates.
ypublishing.org/journal/rspb
Proc.R.Soc.B

288:20201945
3. Results
(a) Summary of genetic variation
Read numbers varied across individuals, the percentages of
reads mapped were typically low, and PCR duplicates were
high. However, there was no qualitative bias among the
data collected between extinct and extant species (electronic
supplementary material, tables S2 and S3). From the de novo
assemblies, we obtained 705–2269 and 1244–3519 loci across
extinct and extant species, respectively. The mean number
of phased alleles per species was similar among groups:
T. c. cupido: mean 15.5 (range 3–17); E. migratorius: 15.8
(2–21); C. carolinensis: 16.2 (2–19); C. principalis:17.2 (2–19);
and V. bachmanii: 16.2 (3–19); and Colinus virginianus: 13.2
(2–19); Megascops asio: 14.7 (2–19); Zenaida macroura: 12.6
(2–17); and Dryobates villosus: 16.1 (2–19). Average locus
length was similar across all taxa (259–293 bps). The
number and proportion of variable loci was higher in
the extant (50–71%) than extinct birds (27–51%). Extinct
birds had lower mean genetic diversity than the extant
species for θW (extinct range = 0.13–0.29; extant range = 0.31–
0.48), number of haplotypes (extinct range = 1.34–1.70;
extant range = 1.71–2.35), π (extinct range = 0.0005–0.0011;
extant range = 0.0010–0.0020) and S (extinct range = 0.37–0.80;
extant range = 0.80–1.60). The higher genetic variation in extant
species was even observed after random subsampling to 705
loci (electronic supplementary material, figures S9–S12). The
only exception was M. asio, the least genetically diverse extant
taxon, which had 29% of its subsampled values lower than the
mean segregating sites value forE.migratorius. Tajima’sD, a stat-
istic that measures deviations from a constant population size,
showed both highly negative and positive values across taxa
(electronic supplementary material, figure S13).

The area of minimum-convex polygons created from
the location of samples ranged from 226 km2 (T. c. cupido)
through 3 056 787 km2 (M. asio) (electronic supplementary
material, table S4). Polygon area was positively correlated
with the average number of segregating sites (n = 9; R2 =
0.31; p-value = 0.07), π (R2 = 0.28; p-value = 0.08), θW (R2 =
0.36; p-value = 0.05), number of haplotypes (R2 = 0.35;
p-value = 0.05) and haplotype diversity (R2 = 0.35; p-value =
0.05), explaining approximately 30% of the variation in genetic
diversity. Average estimates of Tajima’s D and the denomi-
nator of Tajima’s D were uncorrelated with polygon size.

Despite limited geographical sampling, our results were
consistent with low population structure in most species
(electronic supplementary material, figures S14–S22). The
best K was 1 based on sNMF analyses for all species except
C. virginianus, C. carolinensis, E. migratorius and M. asio,
where the best K was 2 (electronic supplementary material,
table S5). Of those, E. migratorius had structure that appeared
to be associated with geography, with a possible east/west
divide between the northeast and upper midwest samples.
NgsAdmix results (K = 2) showed the same pattern, as did
the PCA, which further indicated the separation of an indi-
vidual from the west (electronic supplementary material,
figures S15 and S23). Structure in the other three species
with K = 2 based on sNMF did not have a clear geographical
association. Although sNMF indicated K = 1 was the best fit
for C. principalis, the PCA and NgsAdmix results showed
that a sample from South Carolina was separated from
southern and western individuals (electronic supplementary
material, figures S16 and S23). The remaining species
showed no clear evidence of population structure.
(b) Demographic models
Best-fit models were sensitive to generation time and the
amount of uncertainty in the mutation rate. In general, the
shortest generation times tended to find support for a bottle-
neck followed by post LGM population expansion (BN2). As
generation time was increased support switched to either a
constant population size (CS) or one of the expansion
models (EXP; EXP2). When we allowed for greater uncer-
tainty in mutation rate, there was more support for constant
population sizes. By contrast, the fixed-rate recovered best-
fit models supporting population expansions (EXP; EXP2).
There was support for multi-epoch population models, par-
ticularly population declines prior to post LGM expansions,
however, there was no compelling evidence for the bottleneck
model across any of these runs. We focus on the results from
taxon-specific generation times with the fixed mutation rate
because it accounts for generation-time differences among
species and the resolution of the data is not overly compro-
mised by a wide mutation rate. The trained NN under
these conditions generally had high accuracy for assigning
simulated data to models (electronic supplementary material,
figure S24 and table S6). The consistency of values across
replicates varied among parameters. Ancestral populations
(Ne.1; Ne.2) typically had the most reliable parameter esti-
mates with correlation coefficients greater than 0.81 among
replicates, whereas the Ne of expanding populations (typi-
cally Ne.0) had lower correlation coefficients (0.32–0.49).
Model parameter estimates and relevant statistics for each
generation time are available in electronic supplementary
material, tables S7–S10.

The most probable model for the extinct species was
either expansion (C. carolinensis [Prob: 0.76] and V. bachmanii
[0.99] or a bottleneck followed by a post LGM expansion
(T. c. cupido [0.75], E. migratorius [0.90]) and Campephilus prin-
cipalis [0.65]; figure 2; electronic supplementary material,
table S6). Model probabilities using the wide mutation rate
are available in electronic supplementary material, figure
S24 and table S6. The best-fit model for C. carolinensis and
V. bachmanii indicated a 8–10-fold population expansion in
the last 50 K years (figure 3). Population fluctuations in
other extinct species showed 2–3-fold population declines
from 81 K–155 K years ago to 6–18-fold population expan-
sions in the last 8 K years. The four extant species showed
similar demographic trends of either being best supported
by expansion (M. asio [Prob: 0.83], Z. macroura [1.00] and
D. villosus [0.98]) or a bottleneck with post LGM expansion
(C. virginianus [0.99]; figure 2). The single-epoch expanding
species underwent 11–12-fold population expansions from
5 K to 114 K years ago (figure 3). The best-fit two-epoch
model for C. virginianus showed a 1.6-fold population decline
starting 170 K years ago and an almost fivefold population
expansion at around 13 K years ago.
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4. Discussion
We estimated lower genetic diversity and effective population
sizes in extinct species, but we found these taxa had similar
demographic histories of population expansion to extant
birds. Model selection showed some sensitivity to generation
time and mutation rate. Under shorter generation times and
wider mutation rate priors there was higher support for con-
stant population sizes. In some species, we did find evidence
for fluctuating population sizes across the mid to late Pleisto-
cene, but in no case did we find strong evidence of continued
loss in genetic diversity. Overall, the demographic patterns
inferred for the nine focal species are consistent with the expec-
tation of population expansions associated with glacial–
interglacial cycles. The lack of support for a bottleneck in the
extinct species supports the view that the declines leading to
their extinctions were associated with recent events rather
than longer-term trends. These findings are particularly alarm-
ing in light of recent evidence of dramatic demographic declines
in Nearctic birds over the last 50 years [16].
(a) Extinction in eastern North American birds
Our comparative demographic results add another dimension
to the knowledge of factors contributing to species extinctions
during a period of dramatic change in eastern North America.
Indigenous peoples of eastern North America had a long his-
tory of converting forests for agriculture and burning areas to
improve habitat for game [56]. However, after the European
colonization of North America, deforestation greatly acceler-
ated as forests were converted to meet the growing
agricultural and fuel needs of the expanding population, a
process which started along the eastern seaboard and moved
westward as people began colonizing new areas [56]. Defores-
tation stabilized by 1920, but by that time the focal extinct
species studied in this paper were either extinct or close to
extinction. These birds are thought to have been strained by
habitat loss, for example, the logging of eastern old growth
for C. principalis [36] and the clearing of bottomland forest
with cane breaks for agriculture in V. bachmanii [57]. Some
were clearly impacted by hunting for food (e.g. E. migratorius
[34] and T. c. cupido [31]), or because they were perceived as
pests (e.g. C. carolinensis [38]). Disease is also suspected to
have played a role (e.g. T. c. cupido and C. carolinensis; [30]).
In any of these scenarios, events in the last 200 years would
have been a major cause of decline and extinction. Our results
support these hypotheses generally in that they recovered
signatures of low genetic diversity. Estimated effective popu-
lation sizes for extant populations were also higher for the
extant species (189 K–308 K) than the extinct species (111 K–
153 K). In the decades prior to their extinction, the extinct
species harboured lower genetic variability than the extant
species we sampled. This depleted diversity may have made
these species more susceptible to disease or inbreeding
depression or less adaptable (e.g. [43]).

We evaluated whether the extinct species were susceptible
to extinction due to long-term population declines or bottle-
necks during the Pleistocene—in other words, whether they
were ‘on their way out’. Our results do not support histories
involving Pleistocene bottlenecks representing continual loss
of genetic diversity over evolutionary time scales. We found
support for population declines, but these size reductions
were followed by population expansions in four extinct and
one extant species. Previous work has indicated that popu-
lation fluctuations made E. migratorius more susceptible to
extinction [42], but we found evidence for dynamic histories
in birds that persisted and fluctuating population sizes have
been recovered in other living species (e.g. [58]). The model
selection using a generation time of 1 year, which is probably
unrealistic for most species, did find support for bottle-
necks after population expansion, but this was only in one
extinct (V. bachmanii) and all extant species. While machine
learning is a powerful approach for modelling demographic
history [50], it is possible that the recent loss of genetic
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supplementary material, tables S7–S10. Bird illustrations reproduced by permission of Lynx Edicions. (Online version in colour.)
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diversity progressed too far at the time of sampling, biasing
the reconstruction of historical population dynamics.

Compared to other systems in which the demography of
extinction has been examined (e.g. [19,22,25,59,60]), our
results show a similar pattern of species-specific demographic
trajectories. Withinmammals and the birds studied here, there
are commonly recovered genetic signatures such as popu-
lation expansion. For the birds, this matches prior work, for
example, a comparative study on Nearctic vertebrates includ-
ing 13 extant bird species, showing that all underwent a
population expansion during the Pleistocene [28]. That extinct
birds as well as extant birds showed this pattern is perhaps not
surprising given the presumed impact of glacial–interglacial
cycles on species distributions, but it indicates that the species
that were lost were on upward trajectories over evolutionary
time scales prior to their dramatic declines. Despite support
for common demographic modes in mammals and the eastern
North American birds studied here, the timing andmagnitude
of demographic changes varies among taxa. For example, two
of the extant species were estimated to have the earliest popu-
lation expansions (Z. macroura and D. villosus) during the late
Pleistocene, whereas the extinct species expanded at the end of
the Pleistocene or in the Holocene.
(b) Comparison with prior genetic data
Our results are comparable to previously published mtDNA-
based and whole-genome studies in our study species.
A study of D. villosus [61] and C. virginanus [62] found a pat-
tern of population expansion comparable to our results.
Previous work on T. c. cupido [63,64] andM. asio [65] recovered
low genetic diversity in those taxa. The only species for which
we could not compare to previously published data was Z.
macroura, which was inferred to have undergone a population
expansion. Whole-genome data of E. migratorius [42,43] and
our data showed a comparable signature of the species har-
bouring low genetic diversity and evidence of population
expansion. A similar approach applied to C. carolinensis
found that the species expanded its population in the mid-
Pleistocene and then underwent a subsequent population
decline towards the present [41], a result that is only partially
similar to ours. The whole-genome demographic analyses in
E. migratorius and C. carolinensis provide a more detailed per-
spective of demographic fluctuations by showing how
population size changes over time intervals, but we found
similarities in our results and inferences in that neither
approach found support for a continual genetic bottleneck
during the Pleistocene. These overall consistencies across
demographic histories estimated using different approaches
for obtaining data and subsets of the genome suggest that
inferences often hold even as datasets are supplanted by
new techniques.

Genetic diversity was positively correlated with the
geographical extent of the specimens that were sampled.
Our sampling was limited by the available specimens col-
lected at the turn of the twentieth century, but we chose
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samples to maximize geographical spread. While the mini-
mum-convex polygons produced from our sampling points
do not represent the full geographical area of where each
species occurred, they likely capture the relative differences
in range sizes among taxa. The smaller sampling areas of
extinct birds reflects their distribution in the decades leading
up to their extinction. Among the last strongholds, C. caroli-
nensis were in remnant tracts of intact bottomland forests
and cypress swamps in Florida [66,67]. At the time of the
extinction of T. c. cupido the taxon was restricted to a
226 km2 island, Martha’s Vineyard [30]. Both T. c. cupido
and C. virginanus are open-habitat species, which may have
caused them to have been impacted by Pleistocene climatic
dynamics differently than the forest-dependent species. Tym-
panuchus c. cupido showed the lowest genetic diversity,
whereas C. virginanus was among the genetically most vari-
able taxa in our dataset. However, both species underwent
population expansion during the LGM. The estimated Ne
of the extant population of T. c. cupido was much larger
than the known census size (Ne = 138 K versus Nc < 2 K
[30]). The reason for the disparity could represent a lag-
time in loss of diversity due to drift. The low variation in
the DNA sequences, for example in T. c. cupido, could also
limit the power of the model selection to accurately identify
a particular model and estimate parameter values. An associ-
ation between range size and diversity metrics is expected in
neutrally evolving markers [68], and low genetic diversity
and reduced range size may be inextricable factors in the
demographic decline and extinction of species.

(c) Future directions
The causes of species extinctions are of great interest to both
the general public and the research community. While histori-
cal investigations and distributional modelling have helped
characterize some conditions leading to species extinction,
DNA obtained from museum specimens can help complete
the picture. As historical DNA techniques progress along
with powerful statistical approaches for modelling spatial
and temporal changes in genetic variation, there are numerous
aspects of the genetics of extinct eastern North American birds
that can be investigated. Expanded geographical and genomic
sampling will provide information at higher temporal and
spatial resolution. More extensive sampling of protein-
coding and regulatory regions of the genome will reveal
how loci under selection were impacted by declining
populations and whether deleterious mutations accrued.
Population structure also merits further investigation. We
found evidence of geographical structure in E. migratorius
that is consistent with previously described mtDNA phylo-
geographic structure [43] and possible structure in
C. principalis that may represent a genetic break or an artefact
of uneven sampling [69]. Deep phylogeographic structure
(i.e. reciprocally monophyletic groups) is generally uncom-
mon within eastern North American birds [70], but other
patterns like isolation-by-distance caused by geographically
restricted gene flow may have structured genetic variation
across their ranges. It is still unclear whether genomic tech-
niques will satisfy the desire to understand the loss of these
charismatic species. Nonetheless, genomic approaches are a
powerful tool to provide detailed information on the evol-
utionary history of species that went extinct before their life
histories and population ecologies could be fully understood.
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