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ARTICLE INFO ABSTRACT

Keywords: Shorebirds (Charadriiformes) are a globally distributed clade of modern birds and, due to their ecological and

Phylogeny morphological disparity, a frequent subject of comparative studies. While molecular phylogenies have been key

Birds to establishing the suprafamilial backbone of the charadriiform tree, a number of relationships at both deep and

Charadriiformes . . . . . . .
PSR shallow taxonomic levels remain poorly resolved. The timescale of shorebird evolution also remains uncertain as

Fossil calibrations . . . . . . .

Macroevolution a result of extensive disagreements among the published divergence dating studies, stemming largely from

different choices of fossil calibrations. Here, we present the most comprehensive non-supertree phylogeny of
shorebirds to date, based on a total-evidence dataset comprising 353 ingroup taxa (90% of all extant or recently
extinct species), 27 loci (15 mitochondrial and 12 nuclear), and 69 morphological characters. We further clarify
the timeline of charadriiform evolution by time-scaling this phylogeny using a set of 14 up-to-date and thor-
oughly vetted fossil calibrations. In addition, we assemble a taxonomically restricted 100-locus dataset specif-
ically designed to resolve outstanding problems in higher-level charadriiform phylogeny. In terms of tree
topology, our results are largely congruent with previous studies but indicate that some of the conflicts among
earlier analyses reflect a genuine signal of pervasive gene tree discordance. Monophyly of the plovers (Chara-
driidae), the position of the ibisbill (Ibidorhyncha), and the relationships among the five subfamilies of the gulls
(Laridae) could not be resolved even with greatly increased locus and taxon sampling. Moreover, several
localized regions of uncertainty persist in shallower parts of the tree, including the interrelationships of the true
auks (Alcinae) and anarhynchine plovers. Our node-dating and macroevolutionary rate analyses find support for
a Paleocene origin of crown-group shorebirds, as well as exceptionally rapid recent radiations of Old World
oystercatchers (Haematopodidae) and select genera of gulls. Our study underscores the challenges involved in
estimating a comprehensively sampled and carefully calibrated time tree for a diverse avian clade, and highlights
areas in need of further research.

1. Introduction behaviors in the Charadrius plovers (Joseph et al., 1999), and plumage in

gulls and terns (Crochet et al., 2000; Bridge et al., 2005; Dufour et al.,

Shorebirds (Charadriiformes) are an ecologically diverse and glob-
ally distributed order of more than 380 species of neoavian birds (Boyd,
2019; Clements et al., 2020). Given the variation in habitat use, foraging
mode, and behavior present in the group, the Charadriiformes have been
a frequent subject of comparative research. A number of studies have
investigated the origins and macroevolution of ecological, behavioral, or
phenotypic traits in specific charadriiform genera or families, shedding
light on questions such as the evolution of beak morphology in the
Charadrii and Scolopacidae (Barbosa and Moreno, 1999), locomotor
ecologies in auks and relatives (Smith and Clarke, 2012), migration
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2020). Despite these efforts, comparative analyses of shorebird
morphology, ecology, and behavior at the ordinal level have been
hampered by the lack of a robust, comprehensive time-calibrated phy-
logeny for the clade as a whole.

A division of Charadriiformes into three suborders has become well-
established since molecular data started to replace or supplement the
osteological (Strauch, 1978; Bjorklund, 1994; Chu, 1995), syringeal
(Brown and Ward, 1990), integumentary (Jehl, 1968, 1975, 2000), and
behavioral (Moynihan, 1959) characters that were used (often together,
e.g. Chu, 1998; Jehl, 1968) to generate the earliest hypotheses of
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charadriiform phylogenetic relationships. This three-suborder structure
consists of the Charadrii (plovers, thick-knees, oystercatchers, avocets),
Scolopaci (jacanas, sandpipers, snipes), and the Lari (gulls, auks, skuas,
coursers). This basic structure was first identified by the DNA-DNA hy-
bridization work of Sibley and Ahlquist (1990), which also helped
resolve the position of several taxa whose charadriiform affinities had
been controversial, such as the auks (Verheyen, 1958; Gysels and
Rabaey, 1964) and the plains-wanderer (Wetmore, 1960; Cracraft,
1981). The inclusion of the auks within Lari suggested by Sibley and
Ahlquist (1990) agreed with earlier hypotheses suggesting their close
relationship to the gulls (Storer, 1960; Kozlova, 1961), while a sister-
group relationship between the plains-wanderer and seedsnipes within
Scolopaci corroborated the earlier morphological study of Olson and
Steadman (1981). Topology-wise, Sibley and Ahlquist (1990) found the
Scolopaci as the sister group of (Charadrii + Lari). Later studies using
sequence data altered this topology by placing the Charadrii as sister to a
clade formed by the Scolopaci and Lari, and by recovering the enigmatic
buttonquails (Turnicidae), previously considered to be either gruiforms
(Wetmore, 1960; Cracraft, 1981; Rotthowe and Starck, 1998) or a
separate early-branching neoavian order (Sibley and Ahlquist, 1990), as
early-diverging members of the Lari (Paton et al., 2003; Cracraft et al.,
2004; Fain and Houde, 2004, 2007; Paton and Baker, 2006; Baker et al.,
2007; Hackett et al., 2008; Prum et al., 2015; Hu et al., 2017; Kuhl et al.,
2020).

Despite this general consensus, there remain several outstanding
questions regarding higher-level charadriiform phylogenetic relation-
ships, some of which concern the position of several monotypic families.
The ibisbill (Ibidorhyncha struthersii) has been recovered as the sister
group to the Recurvirostridae in morphological (Chu, 1995; Livezey,
2010) and supertree (Thomas et al., 2004) studies, while molecular
analyses have allied it with the Haematopodidae (Baker et al., 2007;
Chen et al., 2018) or a (Haematopodidae + Recurvirostridae) clade
(Burleigh et al., 2015). The monotypic crab plover (Dromas ardeola) was
not represented in the early molecular phylogenetic studies on chara-
driiforms (Paton et al., 2003; Paton and Baker, 2006; Baker et al., 2007;
Fain and Houde, 2007), and larger phylogenomic studies that did
include it failed to sample shorebirds densely enough to unambiguously
resolve its position within the order (Hackett et al., 2008; Reddy et al.,
2017). Recent molecular evidence indicates a sister-group relationship
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of Dromas to the coursers and pratincoles (Glareolidae), albeit with
varying degrees of support (Pereira and Baker, 2010; Burleigh et al.,
2015; De Pietri et al., 2020; see also the supertree of Kimball et al.
(2019)). Finally, the monophyly of lapwings and plovers (Charadriidae)
has been contested, with multiple studies finding the gray and golden
plovers (genus Pluvialis) to be more closely related to the Haematopo-
doidea than to the rest of the family (Baker et al., 2007; Fain and Houde,
2007; Burleigh et al., 2015; Chen et al., 2018), or to fall outside of the
clade formed by the Haematopodoidea and other plovers (Ericson et al.,
2003). This contradicts the traditional morphological hypothesis of
charadriid monophyly (Chu, 1995; Livezey, 2010) as well as the nuclear
sequence analysis of Baker et al. (2012), who attributed the earlier
molecular results to stochastic gene tree estimation error stemming
primarily from the use of fast-evolving mitochondrial loci. However,
phylogenies based on complete mitogenomes have since recovered
Pluvialis within the Charadriidae (Hu et al., 2017; Chen et al., 2018),
whereas the taxonomically comprehensive analysis of Burleigh et al.
(2015), in which the position of Pluvialis was informed by three nuclear
loci in addition to mtDNA data, again supported plover paraphyly.

The timescale of charadriiform evolution also remains uncertain due
to incongruence among studies employing different types of molecular
data and different interpretations of the fossil record. Notably, there is a
threefold difference between the oldest (95% credible interval: 68-107
Ma; Paton et al., 2003) and the youngest (95% credible interval:
35.1-60.3 Ma; Prum et al., 2015) estimates of the age of the charadrii-
form crown (Fig. 1), with the two values implying drastically different
scenarios for the tempo and mode of shorebird diversification. Early
molecular dating studies based on mitochondrial DNA or small samples
of nuclear loci placed the origin of crown shorebirds deep in the Late
Cretaceous (Paton et al., 2002; Paton et al., 2003; Pereira and Baker,
2006), and in some cases suggested that many of their interfamilial di-
vergences predated the Cretaceous-Paleogene (K-Pg) boundary (Baker
et al., 2007; Brown et al., 2007; Brown et al., 2008; Pereira and Baker,
2008). These divergence time estimates are incompatible with the lack
of any Cretaceous fossils that could be reliably attributed not only to
charadriiforms (Smith, 2015), but even to neoavians in general (Field
et al., 2020), and with phylogenomic evidence for an explosive origin of
neoavian orders that largely (Ericson et al., 2006; Jarvis et al., 2014;
Kimball et al., 2019; Kuhl et al., 2020) or perhaps entirely (Claramunt
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Fig. 1. Previous age estimates for the Charadriiformes, plotted against the publication year and the oldest crown-charadriiform fossil known at the time (solid line).
Mean estimates across different studies are shown separately for the total group (dotted line) and crown group (dashed line). After a long period during which the
molecular divergence times drastically predated the known fossil record, the converse problem has started to occur with the advent of phylogenomic studies in the

mid-2010s. See References for the full citations of the studies shown.
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and Cracraft, 2015; Cracraft et al., 2015; Prum et al., 2015) postdated
the K-Pg boundary, reflecting a rapid radiation into the ecological
niches emptied by the Cretaceous-Paleogene mass extinction (Ksepka
and Phillips, 2015; Suh, 2016; Berv and Field, 2017).

In part, the implausibly old divergence times inferred by early ana-
lyses can be attributed to the reliance on mitochondrial data (Brown and
van Tuinen, 2011), which frequently overestimate node ages as a result
of substitution saturation and small effective population sizes (Zheng
et al., 2011; Smith and Klicka, 2013). However, inadequate calibration
choices also play a role (Mayr, 2011; Smith, 2015). A number of early
studies relied primarily on external calibrations phylogenetically distant
from the clade of interest (Paton et al., 2002; Pereira and Baker, 2006),
or re-used previous and excessively old divergence time estimates as
secondary calibrations (Paton et al., 2003). The choice of calibration
points within the Charadriiformes has been equally problematic, as the
relevant taxa were drawn from obsolete fossil compilations without
considering more recent re-assessments. Thus, Baker et al. (2007) cali-
brated the split between charadriiforms and their sister group with the
~66 Ma old taxa Ceramornis and Cimolopteryx, which were regarded as
charadriiforms by Brodkorb (1967) but subsequently re-evaluated as
crown birds (Neornithes) of uncertain affinities by Hope (2002). More-
over, both fossils may be either latest Cretaceous or early Paleocene in
age (Mayr, 2009), making them poorly constrained both phylogeneti-
cally and stratigraphically. Similar problems extended to nearly all
calibrations used by Baker et al. (2007) and Pereira and Baker (2008)
(see Mayr, 2011; Smith, 2011 for detailed criticisms), rendering the
resulting divergence time estimates untrustworthy.

More recent node-dating analyses have generally inferred much
younger divergence times for the Charadriiformes (Fig. 1), estimating
their origin to be younger than the K-Pg boundary (Jarvis et al., 2014;
Kuhl et al., 2020) and often as young as Eocene in age (Claramunt and
Cracraft, 2015; Prum et al., 2015; Kimball et al., 2019). While this shift
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to younger dates may have been aided by the transition to more slowly
evolving and less saturated nuclear loci, as well as by the smaller branch
length estimation error resulting from the use of larger quantities of
sequence data (Yang and Rannala, 2005), the fact that a similar estimate
was obtained by a study using a short mtDNA-dominated alignment
along with carefully vetted calibrations (Smith and Clarke, 2015) points
to calibration choice as the decisive factor. Indeed, a number of recent
phylogenomic studies have cited and followed the “best practices”
outlined by Parham et al. (2011), according to which calibrations should
be assigned to nodes based on a list of apomorphies or the results of
phylogenetic analysis, and explicit reasoning should be provided for the
conversion of the available stratigraphic information into numeric ages.
However, an overly conservative interpretation of these guidelines may
have caused recent studies to over-correct and disregard pertinent fossil
evidence, possibly resulting in the underestimation of divergence times
(Fig. 1). In the worst case, this bias may even give rise to “zombie lin-
eages” (sensu Springer et al., 2017) whose estimated divergence time
postdates their first appearance in the fossil record. For example, Jarvis
et al. (2014) used the ~32 Ma old Boutersemia to calibrate the diver-
gence of the Charadriiformes from their sister group, despite the fact
that an almost 50% older fossil had already been described by Mayr
(2000) and assigned to the Charadriiformes based on apomorphies
determined by outgroup comparison. Other fossils older than 32 Ma had
been recovered as crown-group charadriiforms in a formal phylogenetic
analysis by Smith (2011), demonstrating that even this more stringent
criterion did not justify basing the calibration on Boutersemia.
Near-complete species-level phylogenies are increasingly available
for many avian clades (e.g. Garcia-R et al., 2014; Marki et al., 2017;
Olsson and Alstrom, 2020), providing a robust basis for inferences
ranging from diversification rate estimation to historical biogeography.
In shorebirds, however, such phylogenies (summarized in Fig. 2) remain
subject to methodological shortcomings and limited data availability.

Charadriiform family
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Fig. 2. Taxonomic coverage of previous phylogenetic analyses of the Charadriiformes. Outgroups were not included in counts of family-level coverage. Bars are
labeled with the number of characters used; asterisks denote morphological characters. See References for the full citations of the studies shown.
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With 227 species, the charadriiform matrix of Strauch (1978) still rep-
resents one of the largest morphological phylogenetic datasets ever
constructed in terms of the number of taxa, but this early achievement
has not been followed by subsequent morphological and molecular
studies, whose taxon sampling has mostly remained either broad but
sparse (Baker et al., 2007; Mayr, 2011) or dense but narrow (Cohen
etal., 1997; Whittingham et al., 2000; Pons et al., 2005; Chu et al., 2009;
Smith and Clarke, 2015). As a result, attempts to construct a compre-
hensive shorebird phylogeny have so far relied on supertree techniques.
The supertree of Thomas et al. (2004) succeeded at including all 350
then-recognized non-turnicid species, but aside from problems inherent
to the method used (Gatesy and Springer, 2004; Bininda-Emonds, 2014),
it also suffered from poor resolution and the reliance on obsolete source
trees incompatible with the emerging consensus about shorebird phy-
logeny. Using a more advanced “backbone-and-patch” approach, Jetz
et al. (2012) first inferred separate time trees for Charadrii, Scolopaci,
Turnicidae, and Larida from sequence data, and attached them to a
phylogenomic backbone to produce a set of phylogenies comprising a
total of 278 charadriiform species. These were then expanded to all 369
then-recognized species by using taxonomy to constrain the placement
of those taxa for which no molecular data were available, and stochas-
tically resolving the resulting polytomies. While accommodating un-
certainty better than the approach of Thomas et al. (2004), this
workflow, too, suffers from important drawbacks. The information
about topology and divergence times present in the sequence data is not
allowed to inform the backbone, and the placement of many taxa
(> 25% of the extant charadriiform diversity) is not based on actual data
and may reproduce the errors of previous taxonomies. Moreover, the use
of birth-death polytomy resolvers may lead to unreliable downstream
inferences (Rabosky, 2015; Weedop et al., 2019). The more recent
phylogeny of Burleigh et al. (2015), based on a single molecular
supermatrix, avoided these problems at the cost of reduced taxon sam-
pling (272 charadriiform species; Fig. 2).

Here, we assemble the most comprehensive molecular dataset for the
Charadriiformes to date, and combine it with a pre-existing morpho-
logical character matrix to estimate the phylogenetic interrelationships
of 353 species of shorebirds (~90% of the known extant or recently
extinct species). This taxon sample exceeds that of any previous study
not based on data-free polytomy resolvers (Fig. 2), making it possible to
address outstanding areas of uncertainty due to insufficient sampling.
Furthermore, we combine the resulting comprehensive total-evidence
phylogeny with an up-to-date, extensively vetted set of 14 fossil cali-
brations to resolve the controversial timescale of shorebird evolution,
shedding light on the tempo and mode of charadriiform diversification.

2. Materials and methods
2.1. Data assembly and alignment

We obtained published sequences from GenBank (Benson et al.,
2017) and BOLD (Ratnasingham and Hebert, 2007) using Geneious
(Kearse et al., 2012) or manual queries. We further included several
unpublished sequences from Dos Remedios et al. (2015) that were too
short to be deposited in GenBank, an as-yet undeposited CytB sequence
of the Madagascan jacana (Actophilornis albinucha; D’Urban Jackson
et al., 2019), and a recently published but undeposited COI sequence of
Saunders’s tern (Sternula saundersi; Almalki et al., 2021). Additional
sequences for the nuclear loci were obtained from the whole-genome
scaffolds generated by the B10K project (Feng et al., 2020) and other
ongoing sequencing efforts by BLASTing existing samples against the
NCBI wgs database using BLASTn 2.12.0+. To ensure all available se-
quences were obtained, taxonomic coverage was further checked
against previous molecular phylogenies attempting to comprehensively
sample charadriiforms and their individual subclades (Bridge et al.,
2005; Gibson and Baker, 2012; Burleigh et al., 2015; Dos Remedios
et al., 2015). Several sequences were excluded a priori based on
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previously reported problems (Sangster and Luksenburg, 2021; Packert,
2022; Laurent Raty pers. comm.) including misidentification, chimeric
assembly, or sequencing errors (Appendix A, Table A.2). Whenever
multiple conspecific accessions were available, the longest sequence was
used unless otherwise problematic.

Our taxonomy followed the Taxonomy in Flux (TiF) checklist (Boyd,
2019) (v3.05 from August 2019), with the following exceptions: the
Magellanic snipe Gallinago magellanica was split from the South Amer-
ican snipe Gallinago paraguaiae following Miller et al. (2020), the
Eastern Eurasian oystercatcher Haematopus osculans was split from the
Western Eurasian oystercatcher Haematopus ostralegus following Senfeld
et al. (2020), the short-billed gull Larus brachyrhynchus was split from
the common gull Larus canus following the American Ornithological
Society (Chesser et al., 2021), the white-faced plover Ochthodromus
dealbatus was split from the Kentish plover Ochthodromus alexandrinus
following Sadanandan et al. (2019) and Wang et al. (2019b), and the
West African crested tern Thalasseus albididorsalis was split from the
royal tern Thalasseus maximus following the American Ornithological
Society (Chesser et al., 2020). In contrast, following Senfeld et al.
(2020), we did not consider Haematopus meadewaldoi to represent a
species distinct from Haematopus ostralegus (though see Collar et al.,
2021), and we treated Prosobonia ellisi as a junior synonym of Prosobonia
leucoptera following Jansen et al. (2021). Finally, we preferred the
spelling Vanellus malabaricus for the scientific name of the yellow-
wattled lapwing following Dickinson and Remsen (2013). In total, we
recognized 391 extant or recently extinct species. The reconciliation of
the NCBI taxonomy with the TiF checklist was performed manually.

To date, phylogenomic analyses have not conclusively identified the
sister group of shorebirds (Hackett et al., 2008; Kimball et al., 2013;
McCormack et al., 2013; Yuri et al., 2013; Jarvis et al., 2014; Burleigh
etal., 2015; Prum et al., 2015; Reddy et al., 2017; Kuhl et al., 2020). The
Charadriiformes represent one of the six (Houde et al., 2019) to nine
(Suh, 2016) major neoavian lineages whose interrelationships remain
unresolved even with genome-scale data (Bravo et al., 2021), and which
may constitute a hard polytomy (Suh et al., 2015; Suh, 2016). Here, we
chose a gruiform species as the outgroup, as the Gruiformes were found
to be the sister group of shorebirds in two recent genome-scale analyses
(Jarvis et al., 2014; Kuhl et al., 2020). This hypothesis is also supported
by phylogenetic analyses of phenotypic data from extant taxa (McKi-
trick, 1991; Livezey and Zusi, 2007) and a high degree of morphological
similarity between the early members of both clades (Musser and Clarke,
2020). To maximize data coverage for this outgroup, we specifically
selected the gray-crowned crane (Balearica regulorum), a taxon for which
both the complete nuclear genome (Zhang et al., 2014) and the complete
mitochondrial genome (Krajewski et al., 2010) are available.

In assembling our dataset, we prioritized the number of available
sequences, and accordingly required more than 15 species to be sampled
for each gene (not counting the BLAST hits) to exclude low-coverage
loci. The final sample included 2 mitochondrial ribosomal genes, 13
mitochondrial protein-coding genes, and 11 nuclear protein-coding
genes represented by intronic and/or exonic sequences (Table 1). We
aligned the sequences using MUSCLE (Edgar, 2004) as implemented in
Geneious (Kearse et al., 2012), and further refined them using the
standalone version of the program if necessary. Reading frames in
exonic sequences were identified using amino acid translation and were
employed to check for poorly aligned sequences.

In addition to molecular data, we also employed the morphological
matrix of Strauch (1978), which we modified following the recom-
mendations of Chu (1995). Due to taxonomic changes that have taken
place since the publication of the original matrix, there were several
instances in which a single operational taxonomic unit (OTU) corre-
sponded to multiple currently recognized species (e.g., Thalasseus
sandvicensis — Thalasseus sandvicensis + Thalasseus acuflavidus), or in
which multiple OTUs corresponded to a single valid species (e.g., Hae-
matopus palliatus + “Haematopus frazari” — Haematopus palliatus). To
avoid the accidental creation of chimeras combining morphological data
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Table 1
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Information for the 27 markers used to construct the concatenated alignment. The table includes alignment length, number of sequences available (based on the TiF

taxonomy and after the exclusion of conspecifics), and average pairwise identity.

Code Gene Aligned length (bp) Species sampled Avg. pairwise identity (%)
Mitochondrial

128 12S ribosomal RNA 1081 222 85.1
16S 168 ribosomal RNA 1781 133 84.7
ATP6 ATP synthase membrane subunit 6 674 125 83.2
ATP8 ATP synthase membrane subunit 8 174 122 79.9
COI Cytochrome c oxidase subunit I 1554 312 86.0
CcoIl Cytochrome c oxidase subunit II 684 94 85.8
COIII Cytochrome c oxidase subunit III 787 97 87.1
CytB Cytochrome b 1148 277 83.6
ND1 NADH dehydrogenase subunit 1 982 105 82.9
ND2 NADH dehydrogenase subunit 2 1049 232 81.7
ND3 NADH dehydrogenase subunit 3 353 123 84.0
ND4 NADH dehydrogenase subunit 4 1374 91 83.2
ND4L NADH dehydrogenase subunit 4L 297 89 84.4
ND5 NADH dehydrogenase subunit 5 1825 117 83.4
ND6 NADH dehydrogenase subunit 6 525 95 82.8
Nuclear

ADH Alcohol dehydrogenase 1, exons 5-6 916 87 89.4
ALDOB Fructose-bisphosphate aldolase B, exons 3-8 2287 57 85.7
BDNF Brain-derived neurotrophic factor 688 48 97.9
CMOS Oocyte maturation factor Mos 999 60 93.5
FGB Fibrinogen beta-chain, introns 6-7 2009 106 84.1
GAPDH3-5 Glyceraldehyde-3-phosphate dehydrogenase, introns 3-5 817 55 83.2
GAPDH11 Glyceraldehyde-3-phosphate dehydrogenase, intron 11 526 88 84.4
MB2 Myoglobin, intron 2 814 91 91.9
MUSK Muscle skeletal receptor tyrosine kinase, intron 4 687 48 89.0
NTF3 Neurotrophin-3 728 54 97.0
ODC Ornithine decarboxylase, introns 6-7 768 62 87.3
RAG1 Recombination activating gene 1 3004 196 93.5

from one species with molecular data from another species, we excluded
the former OTUs from the matrix. The latter OTUs were merged and any
differences between the original codings were re-scored as poly-
morphisms. After these modifications, the matrix comprised a total of 69
characters scored for 218 taxa (original matrix: 70 characters, 227 taxa),
including 60 parsimony-informative characters and 9 autapomorphies.
Unlike the molecular alignment, the morphological matrix did not
include an outgroup nor any representatives of the buttonquails
(Turnicidae).

2.2. Gene tree analyses

We subjected the 27 individual locus alignments to multiple itera-
tions of tree searches to identify mislabeled or chimerical sequences.
Preliminary maximum-likelihood (ML) gene trees were inferred using
RAXML-NG (Kozlov et al., 2019) under the general time-reversible
model with discrete gamma-distributed among-site rate variation
(GTR+TI), no partitioning, and 100 tree searches based on 50 random
and 50 parsimony-based starting trees. The resulting trees were
inspected following the criteria broadly based on those of Sangster and
Luksenburg (2021). We checked for unusually long branches, suspicious
placement (e.g., a species of one genus deeply nested within another
genus), and conflicts between phylogenetic positions inferred from
different mitochondrial loci. Individual sequences that violated the
monophyly of traditional families were usually regarded as misplaced.
However, several closely related families failed to exhibit reciprocal
monophyly in multiple gene trees (Laridae and Alcidae with respect to
each other and Stercorariidae; Charadriidae with respect to Haemato-
podidae, Recurvirostridae, and Ibidorhynchidae), and their early-
diverging representatives (e.g., Rynchops, Fraterculinae) were often
separated from the remaining members of the same family by non-
members. Such sequences were not excluded unless they exhibited
other problems. In addition, we further monitored for gene tree mis-
rooting, which has been shown to negatively impact phylogenomic
studies (Simmons et al., 2022), following the unanimous consensus
among molecular analyses that the correct root lies between a

monophyletic Charadrii and all other shorebirds (Ericson et al., 2003;
Baker et al., 2007; Fain and Houde, 2007; Hackett et al., 2008; Prum
et al., 2015; Kuhl et al., 2020). Rooting errors were often successfully
addressed by the removal of the outgroup, whose relatively short branch
in the nuclear gene trees frequently caused the root to fall inside the
ingroup (cf. Simmons et al., 2022), particularly within Charadrii.

The misplacement and misrooting criteria for sequence exclusion
were not applied to very short loci that did not contain enough infor-
mation to resolve even well-established clades, such as ATP8 with just
174 base pairs (Table 1; Appendix A, Figure A.8). For data-poor loci, the
removal of problematic sequences occasionally resulted in cascading
changes to the topology of the tree. In such cases, multiple tree searches
were conducted to find the optimum combination of excluded taxa that
maximized the number of recovered “benchmark clades” (Agnarsson
and May-Collado, 2008) whose monophyly was robustly established by
prior studies (Cracraft, 2013). Several instances of sequences that were
misplaced or subtended by unusually long branches proved to be due to
alignment errors; these were corrected by algorithmic refinement (using
MUSCLE) or manual editing in AliView (Larsson, 2014), and by veri-
fying that the RAXML-NG tree estimates exhibited higher likelihoods
when inferred from the edited as opposed to original alignments. The
refined and/or pruned alignments were then used for the final iteration
of gene tree inference, conducted under the same settings as in the first
iteration. In addition, bootstrap analysis with 1000 pseudoreplicates
was performed on the final alignment of each nuclear gene.

We used DiscoVista (Sayyari et al., 2018) to assess gene tree
discordance by calculating and visualizing the proportion of loci that
supported the interfamilial relationships present in the concatenation-
based trees. To accentuate those gene tree conflicts that might be due
to genuinely different evolutionary histories of the loci analyzed, as
opposed to mere stochastic or systematic error, the mitogenome was
treated as a single unit for the purposes of DiscoVista analyses, since it
constitutes a single nonrecombinant “superlocus” due to linkage (Reyes
et al., 2004; Brown and van Tuinen, 2011; Doyle, 2022). In contrast, we
opted to treat GAPDH3-5 and GAPDH11 as independent loci, since they
are separated by over 1300 bp in the killdeer (Charadrius vociferus)
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genome, and recombination rates within the nuclear genome are known
to be high enough for a single gene to potentially comprise multiple
coalescent genes (c-genes) with independent histories (Springer and
Gatesy, 2018; Doyle, 2022).

To obtain a single gene tree representative of the entire mitogenome,
we used Phyluce (Faircloth, 2015) to concatenate the pruned and
refined alignments for all 15 mitochondrial loci. We used the Parti-
tionFinder algorithm (Lanfear et al., 2016) as implemented in IQ-TREE
v2.1.2 (Minh et al., 2020) under the -m TESTMERGEONLY flag to find the
best partitioning scheme by greedily merging an initial scheme parti-
tioned by locus and by codon position for the protein-coding genes (41
partitions), evaluating the Bayesian Information Criterion (BIC) for each
candidate set of partitions and substitution models. We retained the
resulting best-fit scheme of 16 partitions for the subsequent maximum-
likelihood analysis conducted using RAXML-NG, but modified the best-
fit models to use ML rather than empirical estimates of equilibrium
base frequencies, and to account for cases when the best-fit model
included both the proportion of invariant sites (+I) and the I" rate het-
erogeneity model (4G). Since these two parameters are not identifiable
(Yang, 2014), we only employed the more flexible I" distribution of site
rates in conjunction with the preferred substitution model. Except for
partitioning, the RAXML-NG settings for the main tree search and
bootstrapping followed those applied to other gene tree analyses.

2.3. Concatenated analyses

We used Phyluce (Faircloth, 2015) to concatenate the pruned and
refined alignments of all 27 loci, and calculated partial decisiveness
(Sanderson et al., 2010) for the resulting supermatrix using the Python
package SUMAC (Freyman, 2015). We again used IQ-TREE 2 to identify
the best partitioning scheme, and to select the best-fitting substitution
and rate heterogeneity models for the final partitions. A greedy search
was initialized with a set of 135 preliminary partitions (2 for the ribo-
somal RNA genes, 39 for the three codon positions of the 13 mito-
chondrial protein-coding loci, 78 for the three codon positions of 26
nuclear exons, and 16 for nuclear introns), which were iteratively
merged into 23 partitions comprising the final best scheme. As before,
we passed this scheme and the selected models to RAXML-NG for a
maximum-likelihood tree search, with the same settings and model
modifications as in the gene tree analyses. Thorough bootstrap analysis
with 1000 pseudoreplicates was performed to assess node support.

Resampling-based support measures such as nonparametric boot-
strap have recently been criticized for their tendency to yield high values
even in the presence of substantial intra-dataset conflict (Salichos and
Rokas, 2013; Suh, 2016). To take this criticism into account, we further
estimated internode certainty (IC; Salichos and Rokas, 2013; Salichos
et al., 2014; Kobert et al., 2016) for our ML tree. IC is an entropy-based
measure of incongruence that is calculated for a reference tree based on
a collection of (partial) alternative trees. It ranges from 1 (in the absence
of conflict) through O (if the bipartition in the reference tree is present in
the same percentage of trees as the most prevalent conflicting biparti-
tion) to negative values (if there are more frequent alternatives to the
bipartition present in the reference tree; Kobert et al., 2016). Since IC is
only robust as a measure of support when the collection of alternative
trees is sufficiently large (Salichos et al., 2014), we chose to use the
bootstrap set for this purpose, and scored the ML tree accordingly using
RAXML v8.2.12 (Stamatakis, 2014) with the -£ i -t flags.

In addition to the ML analysis, we also performed Bayesian phylo-
genetic inference using ExaBayes v1.5.1 (Aberer et al., 2014) via the
CIPRES portal (Miller et al., 2010). We used the best partitioning scheme
described above, except that individual partitions were assigned sepa-
rate GTR+T" models rather than the optimum models selected by IQ-
TREE, which were not available in ExaBayes. We linked branch
lengths across partitions while placing flat Dirichlet priors on the
exchangeability and state frequency vectors, a U(0,200) prior on the
shape parameter of the I' distribution, and an Exp(10) prior on branch
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lengths (all defaults). A total of 4 independent runs were executed, each
consisting of one cold and three incrementally heated Metropolis-
coupled chains of 5 million generations. Topological convergence was
assessed by verifying that the average standard deviation of split fre-
quencies (ASDSF) did not exceed 5%. In addition, following a visual
inspection of trends in parameter values in Tracer v1.7 (Rambaut et al.,
2018), we set burnin to 20%, combined the post-burnin portions of each
run, and verified that the resulting effective sample sizes (ESS) exceeded
200 for all scalar parameters. Finally, we used the ‘consense’ utility to
generate the extended majority-rule (MRE) consensus tree as a summary
of the combined posterior sample.

To determine which regions of the ML and Bayesian trees may have
been affected by alignment incompleteness, we used the protocol
introduced by McCraney et al. (2020) to calculate per-branch locus
coverage, i.e., the number of genes informative (but not necessarily
supportive) with respect to a given branch. We first pruned both trees
down to the species sampled for each of the 27 loci, and used ASTRAL-III
v5.7.3 (Mirarab et al., 2014; Zhang et al., 2018) with the -g and -t 2
flags to score and annotate the original RAXML-NG and ExaBayes trees
based on the resulting set of subsampled trees. Since the pruned trees
only differed from the reference trees in taxon coverage rather topology,
the effective number of loci computed by ASTRAL (defined as the
number of gene trees that contain one of the three possible quartets
around the branch of interest; Sayyari et al., 2018) amounted to per-
branch locus coverage.

2.4. Combined analyses

We employed two different methods to expand our taxon sample
with species represented only by morphological data. First, we com-
bined the concatenated alignment with the morphological character
matrix of Strauch (1978), modified as described above. The resulting
total-evidence supermatrix consisted of 29 partitions: 23 for the nucle-
otide data, delimited according to the best scheme described above; and
6 for the morphological characters, which were grouped into partitions
according to the number of states (Appendix A, Table A.1). This super-
matrix was then analyzed using RAXML-NG, using the previously
selected models for the nucleotide partitions and appropriate Mk models
(with k ranging from 2 to 8) for the morphological partitions. A I" dis-
tribution discretized into 4 categories was used to account for among-
site rate variation within all partitions except those comprising 5-
state, 6-state, and 8-state morphological characters, for which the
number of rate categories would have exceeded the number of charac-
ters. Since the matrix of Strauch (1978) only contained variable char-
acters, an ascertainment bias correction (Lewis, 2001) was applied to all
morphological models. We conducted 100 tree searches (with 50
random and 50 parsimony starting trees) and a bootstrap analysis with
1000 pseudoreplicates. In these total-evidence (TE) analyses, the
morphological characters helped determine the overall topology of the
tree by informing the relationships among taxa represented by both
morphological and molecular data.

Second, we performed alternative analyses using the evolutionary
placement algorithm (EPA; Berger and Stamatakis, 2010; Berger et al.,
2011), in which the ML estimate from the concatenated analysis served
as a fixed molecular scaffold, and the contribution of the morphological
characters was limited to attaching to this scaffold the 19 species from
Strauch, 1978’s (Strauch, 1978) matrix that lacked sequence data. To
achieve this, we first pruned the 335-tip concatenated ML tree down to
the 199 tips that were represented by both molecular and morphological
data, and then used RAXML (-f u) to compute weights for the 69
characters based on their fit to this subsampled reference phylogeny,
expressed in terms of per-site log likelihood scores (Berger et al., 2011).
Since the weights were equal for all characters, we ran an unweighted
EPA analysis using the - £ v RAXML flag on the complete 335-tip scaf-
fold. Next, we passed the resulting .jplace files to GAPPA (Czech
et al., 2020) and ran it both with and without the —-fully-resolve
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flag, which allows the edges of the scaffold tree to be split by the
insertion edges according to the proximal length of the placements. If
this option is not selected, all the insertions grafted onto the same edge
of the scaffold tree are collected at the end of a single base edge,
potentially allowing for multifurcations. However, our analyses never
placed more than two insertions onto the same scaffold edge, and thus
yielded fully resolved (strictly bifurcating) trees under both settings. For
clarity, we therefore refer to the resulting topologies as “split scaffold
edges” and “group together” evolutionary placement trees (SSE-EPA and
GT-EPA), respectively. We used a suite of likelihood tests implemented
in IQ-TREE 2, including the Shimodaira-Hasegawa (SH; Shimodaira and
Hasegawa, 1999) and approximately unbiased (AU; Shimodaira, 2002)
tests, to compare the fit of the TE, SSE-EPA, and GT-EPA trees to the
combined dataset.

2.5. Testing the positions of Ibidorhyncha and Pluvialis

We assembled an additional dataset to help resolve two of the most
uncertain higher-level relationships among shorebirds: those of the
ibisbill (Ibidorhyncha struthersii) and the four species of gray and golden
plovers (genus Pluvialis). We subsampled the phylogenomic dataset of
Prum et al. (2015) down to 100 loci and restricted its taxonomic
coverage to the 16 sampled species of charadriiforms as well as a single
gruiform outgroup (Balearica regulorum). We then expanded each of the
resulting alignments with the two target taxa as well as additional
species of plovers (Charadriidae) and stilts (Recurvirostridae) to in-
crease taxon sampling in the focal region of the tree. Specifically, we
BLASTed Prum et al, 2015’s (Prum et al., 2015) sequences of the
American oystercatcher (Haematopus palliatus) against the NCBI whole-
genome shotgun database to obtain orthologous sequences from the
killdeer (Charadrius vociferus; Zhang et al., 2014), white-headed stilt
(Himantopus leucocephalus; Galla et al., 2019), ibisbill (Feng et al., 2020),
Kentish plover (Ochthodromus alexandrinus; Wang et al., 2019a), and
unpublished, recently deposited sequences of the European golden-
plover (Pluvialis apricaria;, JAGGDV010000002-010000025 and
JAGGDW010000013-010000778). These new samples were manually
aligned against the original sequences using AliView, resulting in a set of
expanded alignments with a mean length of 1550 bp (range: 616-2066
bp) that formed the input for two subsequent sets of analyses.

First, we obtained ML gene tree estimates for the 100 loci using
RAXML-NG (under settings identical to those used in previous analyses),
and conducted additional bootstrap analyses with the number of pseu-
doreplicates determined by the autoMRE bootstopping criterion based
on topological convergence (Pattengale et al., 2010). We then used the
resulting gene trees as the input for ASTRAL-III, a summary species-tree
method known to be statistically consistent under the multispecies
coalescent (Zhang et al., 2018). Given a profile of unrooted and possibly
only partially resolved gene trees, ASTRAL-III performs a limited tree
search restricted to combinations of bipartitions observed in the source
trees to find the species tree sharing the largest number of induced
quartets with the profile. Assuming error-free gene trees, the method can
correctly infer the species tree even in the presence of heavy incomplete
lineage sorting (ILS) that renders concatenation-based approaches
positively misleading (Mirarab et al., 2014; Mirarab et al., 2016). To
minimize gene tree error, we used a custom R script (R Core Team,
2019) to collapse all branches with bootstrap support of <10%,
following previous simulations that showed this cut-off to outperforme
both unfiltered analyses and more aggressive filtering (Zhang et al.,
2018). Bootstrap pseudoreplicates were used to expand the search space
but did not affect quartet scores, which were calculated from the ML
estimates alone. We used the -t 2 flag to annotate the species tree with
internal branch lengths in coalescent units (inversely proportional to the
amount of gene tree discordance if the latter were due entirely to ILS)
and local posterior probabilities (localPP; Sayyari and Mirarab, 2016).
The localPP metric is a conservative measure of support that assumes
error-free gene trees and perfect accuracy of the four subtrees
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surrounding the focal branch. Its value depends on the frequency with
which the branch appears in the input gene trees, as well as the total
number of gene trees evaluated (Sayyari and Mirarab, 2016). In addi-
tion, we used the -t 10 flag to test whether the null hypothesis of a
polytomy (zero-length internal branch) could be rejected for any given
quartet (Sayyari and Mirarab, 2018).

Second, we used Phyluce to concatenate all 100 single-locus align-
ments into a supermatrix of 155,040 sites (total proportion of gaps and
missing data = 1.72%), which we subjected to a partitioning analysis
using IQ-TREE 2. The initial scheme consisted of 100 partitions (one for
each locus), and was reduced by a greedy search to a final set of 15
partitions. After modifying the best-fit models to employ ML base fre-
quency estimates and remove the proportion of invariant sites, we per-
formed a partitioned ML analysis of the concatenated alignment using
RAXML-NG (50 random + 50 parsimony starting trees; thorough boot-
strap with 1000 pseudoreplicates).

2.6. Fossil calibrations

We assembled a total of 14 calibrations (Table 2): five from a recently
published, expert-vetted compendium (Smith, 2015), two that were
utilized in a previous divergence time analysis (De Pietri et al., 2020),
and seven that were used here for the first time. Seven out of the 14
calibrations were described in or after 2010; four were described in or
after 2015. All calibrations were thoroughly vetted to ensure compliance
with the criteria of Parham et al. (2011). The seven calibrations taken
from earlier studies were revised following recent geochronological and
phylogenetic studies; in all cases, this resulted in changes to their
numeric ages, and in three cases, the reassignment of a calibration to a
different node (see Appendix A for details). We paid particular attention
to the choice of the root calibration, since multiple fossils have been put
forward as the earliest known record of shorebirds (Mayr, 2000; Mayr,
2016; Smith, 2015; Hood et al., 2019). In particular, recent phylogenetic
analyses suggested a crown-charadriiform affinity for at least three
fossils dating to the earliest Eocene (Musser and Clarke, 2020; Heingard
et al., 2021). However, the trees in question either exhibited a lack of
resolution within Charadriiformes or contradicted well-established
molecular results, rendering the placement of the fossils within the
crown inconclusive.

Table 2

Fossil calibrations used for divergence time estimation. Specimen numbers are
given for remains belonging to extant species and fossils not assigned to a named
species. t;, = minimum, ty = maximum. Detailed justification and additional
references for the choice of calibrations and their numeric ages are provided in
Appendix A.

# Fossil Node calibrated t ty
(Ma) (Ma)
1 CASG 71892 (Uria Uria lomvia + U. aalge 2.58 23.57
lomvia)
2 Alca stewarti Alca + Pinguinus 6.91 33.68
3 Miocepphus bohaskai Crown-group Alcidae 18.1 57.54
4 LACM 18275 Crown-group Fraterculinae 9.3 44.80
5 USNM 192994, USNM Fratercula arctica + 3.92 22.55
215783 F. corniculata
(Fratercula aff. arctica)
6 GCVP 5690 Crown-group Alcoidea 34.44 69.88
7 Mirolia spp. Calidris + Arenaria 12.6 37.80
8 Gallinago azovica Gallinago + Coenocorypha 6.1 28.37
9 Elorius spp., Parvelorius Crown-group Scolopacidae 20.0 48.31
spp.
10  Nupharanassa tolutaria Crown-group Jacanoidea 30.5 59.08
11  Oligonomus milleri Crown-group 24.47 48.95
Thinocoroidea
12 NMB S.G.20252 Crown-group 20.0 68.43
Haematopodoidea
13 Chionoides australiensis Crown-group Chionida 24.76 68.83
14 IGM 100/1435 Crown-group 55.88 66.0
Charadriiformes
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To assess the confidence in the phylogenetic position of the early
Eocene fossils, we re-analyzed the morphological character matrix of
Heingard et al. (2021) under three sets of “soft” topological constraints
which fixed the relationships among most of the extant taxa but allowed
the 8 included fossils to attach anywhere in the tree. The constraints
enforced interfamilial relationships within all orders represented by
more than two taxa (Anseriformes, Charadriiformes, Gruiformes) in
addition to all applicable supraordinal relationships from three recent
avian phylogenomic trees (Prum et al., 2015; Reddy et al., 2017; Kimball
et al., 2019). All three analyses were performed using MrBayes v3.2.7a
(Ronquist et al., 2012) under the Mk+I" substitution model and an
Exp(10) branch length prior. For each analysis, we ran 4 independent
replicates, each with 4 Metropolis-coupled chains (three of which were
incrementally heated) of 40 million generations. After discarding the
first 40% of states as burn-in, we verified that the analyses reached
convergence based on the ASDSF (<0.01), ESS values for scalar pa-
rameters (>200), and potential scale reduction factor (PSRF; ~1.00).
Finally, we used the MRE consensus tree to summarize the post-burnin
sample.

A long-recognized problem of node-dating analyses is the fact that
fossil calibrations can only provide a reliable lower bound on the age of
any given clade (Yang and Rannala, 2005; Benton and Donoghue, 2006;
Wilkinson et al., 2010). To avoid arbitrary upper bounds, we used a
simple Bayesian method devised by Hedman (2010) and first applied to
fossil calibration design by Friedman et al. (2013). In this approach, the
age of origin of a clade is informed by the sequence of the first
appearance dates of its successive outgroups. The algorithm starts with
the assumption that the age of the node connecting the most distant
outgroup to the clade of interest is uniformly distributed between the
first appearance of that outgroup and some arbitrary upper bound ty.
The next outgroup diverges at a time that is uniformly distributed be-
tween its own first appearance date and the divergence time of the
previous outgroup, integrating over the uncertainty in the latter. The
process is then repeated until a non-uniform posterior distribution is
obtained on the interval [t, to|, where t; is the oldest known fossil
belonging to the clade of interest (Hedman, 2010). Following Friedman
et al. (2013), we took the conservative approach of excluding strati-
graphically inconsistent outgroups (i.e., those that appear later in the
fossil record despite diverging earlier). Together with the uncertain re-
lationships within Neoaves (Jarvis et al., 2014; Prum et al., 2015; Suh,
2016) and the fact that few neornithine lineages predate the oldest
known charadriiform records from the Paleocene/Eocene boundary
(Mayr, 2014; Ksepka et al., 2017), this required extending the outgroup
sequence into the neornithine stem group. We used recent phylogenies
of Mesozoic birds to construct several alternative sequences
(Appendix A). After setting t; = 160 Ma and evaluating the node age
distributions at 1000 discrete time steps, we calculated the 95% credi-
bility interval (CI) for the age of each calibrated node. We then averaged
the 95% CI upper bounds across the different outgroup sequences to
account for phylogenetic uncertainty, and used the resulting value as an
upper bound for the corresponding calibration (Table 2).

2.7. Divergence time estimation

We used two independent approaches to infer charadriiform diver-
gence times. First, we utilized the program MCMCTree from the PAML
v4.9j suite (Yang, 2007) to carry out a two-step procedure involving the
selection of the best-fit relaxed clock model, followed by the Bayesian
inference of node ages on a fixed topology (set here to that of the total-
evidence RAXML-NG tree after excluding the outgroup). MCMCTree
provides a likelihood approximation method that offers significant
speed-ups for large datasets (dos Reis and Yang, 2011), but does not
implement models of morphological evolution. As a result, the diver-
gence times of the 19 species sampled solely for morphological data
were fully determined by the user-specified birth-death prior. Second,
we used a penalized-likelihood rate-smoothing approach (Sanderson,
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2002) implemented in treePL (Smith and O’Meara, 2012), which takes
as its input one or more phylograms (trees with branch lengths in units
of substitutions per site) and a set of calibrations specified as hard-
bounded age ranges. The method makes no direct use of either molec-
ular or morphological character data, and is computationally inexpen-
sive as a result, facilitating comparisons between different analytical
choices and calibration sets. Below, we focus on the treePL framework; a
detailed description of the MCMCTree analyses is provided in
Appendix A.

Following the protocol of Maurin (2020), we first performed a
“priming” analysis to choose the best settings for gradient-based, auto-
differentiation-based, and autodifferentiation cross-validation-based
optimizers. The analysis was performed using the full set of 14 cali-
brations listed in Table 2 and the total-evidence RAXML-NG tree stripped
of the outgroup. Since treePL implements all calibrations as hard bounds
(placing zero probability mass on ages outside the bounds), this effec-
tively led to the truncation of calibrations 6, 12, and 13. Next, we per-
formed the random subsample and replicate cross-validation procedure
to determine the optimum value of the smoothing parameter. We tested
for values ranging from 10° to 1073, with each new value 10 times
smaller than the last (cvmultstep = 0.1), 10 random node removal
iterations (cviter, default = 2), 10° cross-validation simulated
annealing iterations (cvsimaniter, default = 5000) and with the
thorough option enabled to ensure that the analysis iterates until
convergence (Zaher et al., 2019). We repeated the procedure 5 times to
test for the stability of the rate-smoothing value. Across the 5 runs, the
estimates associated with the lowest chi-squared value spanned two
orders of magnitude; for the following analyses, we used the median
(107?), which was close to zero and thus allowed for relatively large
differences in substitution rates among adjacent branches (Sanderson,
2002; Beaulieu and O’Meara, 2018). We performed sensitivity analyses
under the values favored by the remaining four runs (10~%,1071%), and
found that they had little effect on the resulting node ages (Appendix A,
Table A.4).

Preliminary analyses performed on the full calibration set revealed
that the estimated root age always coincided with the upper bound
placed on the corresponding calibration (Appendix A, Table A.4), sug-
gesting that the rate-smoothing algorithm favored ages beyond the
range we considered plausible. This behavior is known to be typical of
treePL (Maurin, 2020) and has affected a large number of analyses
performed using the method (Du et al., 2021; Wahlsteen et al., 2021;
Roquet et al.,, 2022); as such, we did not interpret it as genuinely
indicative of a Cretaceous crown age for the charadriiforms. To address
this issue, we combined two previous protocols (Stein et al., 2018; Li
et al.,, 2019) and repeated the analysis on each of the 1000 bootstrap
pseudoreplicates generated for the total-evidence analysis. We used the
R package rriskDistributions (Belgorodski et al., 2017) to parameterize a
lognormal root calibration density so as to satisfy the following con-
straints: to relax the upper bound, we placed 5% probability mass on
ages exceeding 66.0 Ma. To account for uncertainty in the phylogenetic
position of IGM 100/1435 (calibration 14), we averaged the posterior
probability of its membership within the shorebird crown across the
three analyses described in Section 2.6, and used the complement (1 —
average PP = 2.4%) as the probability mass to be placed on ages younger
than the lower bound (55.88 Ma). For each bootstrap pseudoreplicate,
the root age was then fixed to a random draw from the fitted distribution
(log-scale mean = 4.1141, log-scale standard deviation = 0.0460)
following Stein et al. (2018).

All 1000 analyses were performed under the previously found opti-
mum smoothing value and optimization settings. Following Eberle et al.
(2018), we increased the number of penalized-likelihood optimization
iterations (pliter = 10, default = 2) and penalized-likelihood simu-
lated annealing iterations (plsimaniter = 10000, default = 5000).
The thorough option was used to ensure that the specified optimiza-
tion routine converged. Every calibration other than calibration 14 was
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treated as a hard-bounded range assigned to the most recent common
ancestor (MRCA) of a pair of anchor taxa. In the ML topology, this MRCA
corresponded to the node listed in Table 2; however, this could not be
guaranteed for the individual bootstrap pseudoreplicates, which
differed from the ML tree in topology as well as branch lengths. Finally,
we used TreeAnnotator v2.6.6 (Bouckaert et al., 2019) to summarize the
estimated divergence times as common-ancestor node heights. Using
this method, the age of a given clade is averaged over the MRCA ages of
the set of all taxa comprising that clade in the target tree (set here to the
total-evidence ML tree), regardless of whether this set is monophyletic in
a given tree or not (Heled and Bouckaert, 2013). In effect, this approach
allowed us to incorporate a limited amount of calibration, topological,
and branch length uncertainty into our divergence time estimates,
which we quantified using 95% confidence intervals (CIs).

2.8. Macroevolutionary rate estimation

To infer the diversification dynamics of the Charadriiformes, we used
Bayesian Analysis of Macroevolutionary Mixtures (BAMM) v2.6, a
model-averaging approach that employs a time-scaled phylogeny to
detect clade-specific shifts between distinct macroevolutionary regimes
(Rabosky, 2014; Mitchell et al., 2018). The method relies on reversible-
jump Markov chain Monte Carlo (fjMCMC) to sample models with
different numbers of parameters, which correspond to within-regime
rates of speciation and extinction. The number of regimes and the lo-
cations of the shifts between them are inferred from the data, and the
estimates of macroevolutionary rates through time are marginalized
over the models involving different regime numbers and shift configu-
rations. After taxonomic reconciliation, 508 stratigraphically unique
species-level fossil occurrences associated with the tips of the treePL
time tree were located in the Paleobiology Database (http://www.
paleobiodb.org; last accessed May 26, 2022) to inform the estimated
extinction and fossil preservation rates (Mitchell et al., 2018).

We used the R package BAMMtools (Rabosky et al., 2014) to set the
initial rate priors and the hyperprior on the exponential rate change
parameter. The expected number of shifts was set to 1, and within-
regime speciation rates were allowed to vary through time. The global
sampling fraction was set to 0.903 (353 out of 391 shorebird species
sampled in the tree). We performed two rjMCMC runs consisting of 4
Metropolis-coupled chains (one cold and three incrementally heated) of
50 million generations, sampling every 10,000 generations. After
examining the posterior traces, the first 10% of samples were discarded
as burnin, and convergence was assessed by calculating the ESS (> 200)
and PSRF (< 1.01) using the R package coda (Plummer et al., 2006). We
used BAMMtools to process the output, compare the prior and posterior
probabilities of different diversification models, and calculate their
Bayes factors relative to the best-supported model. Additionally, we
computed the 95% credible set of rate shift configurations, and extracted
the single maximum a posteriori (MAP) configuration. Finally, we sum-
marized marginal macroevolutionary rates through time, calculated the
mean rates inside and outside the shifted clades to determine the
magnitude of each shift (Upham et al., 2021), and obtained the 95%
credible intervals about the root and tip speciation rates within each
regime to evaluate the support for rate variation over time.

3. Results
3.1. Data assembly and alignment
The final supermatrix obtained by concatenating all 27 loci (Table 1)

included 28,531 sites from a single outgroup and 334 species of chara-
driiforms (Table S1), accounting for ~85% of the extant or recently
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extinct diversity (Dickinson and Remsen, 2013; Boyd, 2019; Clements
et al., 2020). This concatenated alignment contained a total of
3,009,803 complete cells (excluding gaps and indeterminate residues),
corresponding to 68.5% missing data. The number of loci per taxon
(gene occupancy) ranged from 1 to all 27, with an average of 9.5 and a
median of 6 (Appendix A, Fig. A.2). Every species was represented by at
least 275 (white-eyed gull, Ichthyaetus leucophthalmus; Olrog’s gull,
Larus atlanticus; lava gull, Leucophaeus fuliginosus) and up to 26,852
(Charadrius vociferus) base pairs (average = 8984, median = 6063). The
dataset included representatives of all 19 extant families, of which 5
monospecific (Dromadidae, Ibidorhynchidae, Pedionomidae, Pluvia-
nellidae, Pluvianidae) and 7 multispecies (Chionidae, Haematopodidae,
Jacanidae, Recurvirostridae, Rostratulidae, Stercorariidae, Thinocor-
idae) families were sampled exhaustively. The partial decisiveness of
our concatenated alignment was 0.93, meaning that the subtrees
induced by the incomplete taxon coverage of the individual genes
uniquely define 93% of all possible trees when combined. The inclusion
of morphological data increased the number of sampled charadriiform
species to 353 (>90% of the extant or recently extinct diversity).

3.2. Gene tree analyses

In total, 34 sequences were excluded after the initial round of gene
tree inference described in Section 2.2; the full list of the corresponding
accession numbers and reasons for their removal are given in
Appendix A (Table A.2). The final gene trees contained between 48
(BDNF, MUSK) and 312 (COI) tips (Table 1), with an average of 118 and
a median of 95 tips per gene tree. On average, more species were
included in the trees based on mitochondrial rather than nuclear loci
(149 vs. 79 tips, respectively). Treating the entire mitochondrial genome
as a single locus for the purposes of the DiscoVista analyses yielded a tree
of 332 tips (including the outgroup).

Individual gene trees generally yielded high support for the mono-
phyly of the three charadriiform suborders as well as the sister-group
relationship of Scolopaci and Lari to the exclusion of Charadrii
(Fig. 3). Gene tree discordance was nearly absent at the subordinal level
except for the monophyly of Charadrii, which was weakly rejected by a
single locus (MB2) that found Chionida alone to be the sister group of all
shorebirds, albeit with virtually no bootstrap support (41%). Relation-
ships within suborders were also in agreement with recent molecular
phylogenies, and almost all of the “superfamily” or “parvorder’-level
clades of Cracraft (2013) were strongly supported by 7-13 gene trees
with little to no contradicting signal (Fig. 3). We found surprisingly
ambiguous support for the monophyly of Alcoidea (Alcidae + Stercor-
ariidae), which was weakly rejected by 7 nuclear genes (BDNF, CMOS,
FGB7, MB2, MUSK, NTF3, and ODC). However, with the exception of
FGB7, which yielded a poorly supported sister-group relationship be-
tween Laridae and Alcidae to the exclusion of Stercorariidae (bootstrap
= 64%), this result was usually associated with a lack of reciprocal
monophyly between Alcidae and Laridae, and with poor taxon sampling
in the relevant region of the tree (Appendix A, Figs. A.9-A.10,
A.18-A.19, A.27-A.28). Similarly, the higher-level relationships
involving Dromadidae and Pluvianidae, two monotypic families with
historically uncertain affinities, were subject to no appreciable gene tree
conflict. Although the Egyptian plover (Pluvianus aegyptius) was only
sampled for five of the analyzed genes (ADH, FGB7, GAPDH3-5, RAG1,
and the mitogenome), these unanimously agreed on its sister-group
relationship to the rest of Charadriida (Fig. 3). Similarly, the position
of the crab plover (Dromas ardeola) as the sister taxon of coursers and
pratincoles (Glareolidae) was only contradicted by a single gene (ADH),
which instead lent moderate support to a clade uniting it with Laridae
and Alcoidea (bootstrap = 73%).
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Fig. 3. Gene tree support for higher-level clades of shorebirds summarized using DiscoVista. Strong support or rejection are defined by the focal or conflicting clade
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3.3. Concatenated analyses

The average internode certainty (IC) value across the branches of the
RAXML-NG tree was 0.63; of the 332 internal branches present in the
unrooted tree, 9.6% had negative IC values (indicating that a conflicting
bipartition had greater prevalence in the bootstrap set than the biparti-
tion present in the maximum likelihood tree), and 88.6% had strictly
positive internode certainties (indicating that the bipartition in the
RAXML-NG tree occurred in the bootstrap set more frequently than any
conflicting bipartition). Nearly all the branches associated with negative
IC values represented internal relationships within species-rich genera
such as Calidris, Larus, or Vanellus. The average bootstrap support (BS)
across the RAXML-NG tree was 81%, with 72.9% of branches exceeding
the threshold of BS = 70%. In contrast, the IC value exceeded by the same
percentage of branches only amounted to 0.21. On average, the branches
of the RAXML-NG tree were informed by 7.8 genes. Almost 88% of
branches were informed by two or more loci, with 64% of branches
represented by at least 5 loci. Using Bayesian correlation testing imple-
mented in the R package bayestestR (Makowski et al., 2019), we found
decisive evidence (sensu Kass and Raftery, 1995) that the locus coverage
of a branch was positively correlated with both its internode uncertainty
(p = 0.25, Bayes factor in favor of a nonzero p = 5.79 x 10%) and its
bootstrap support (p = 0.21, Bayes factor = 3.14 x 10%).

The average posterior probability (PP) on the ExaBayes tree was
0.89, with 76% of nodes exceeding the threshold of PP = 0.95. The
average locus coverage of a branch in the ExaBayes tree was 7.6 genes,
with 89% of branches informed by at least two loci and 64% of branches
represented by 5 or more loci. Bayesian correlation analysis found
decisive evidence for a relationship between the posterior probability of
a branch and its locus coverage (p = 0.22, Bayes factor = 6.80 x 102).
The average posterior probability of the 34 bipartitions present in the
ExaBayes tree but not the RAXML-NG tree was 0.37, while the average
bootstrap and internode certainty of the conflicting branches from the
RAXML-NG tree amounted to 29% and —0.07, respectively.

The RAXML-NG and ExaBayes analyses of the concatenated align-
ment agreed on all family-level relationships except the monophyly of
the plovers (Fig. 4), which was weakly supported by Bayesian analysis
(PP = 0.74) but not maximum likelihood. The latter method found
Pluvialis outside of a poorly supported clade comprising all the
remaining Charadriidae and Haematopodoidea (BS = 36%, IC = 0). The
sister-group relationship between Haematopodidae and Ibidorhyncha
was strongly supported by ExaBayes (PP = 0.99) but only weakly so by
RAXML-NG (BS = 61%, IC = 0.14). Both analyses found strong support
for the sister-group relationships between Dromas and Glareolidae (BS =
99%, IC = 0.94, PP = 1) and between Pluvianus and the rest of Chara-
driida (BS = 99%, IC = 0.91, PP = 1). The two approaches also agreed on
the interrelationships of the five major lineages of the Laridae, albeit
with negligible support. Both analyses found a clade comprising the
noddies (Anous) and white terns (Gygis) (BS = 46%, IC = 0.03, PP =
0.72) in a sister-group relationship with the true terns (Sterninae) (BS =
40%, IC = 0.01, PP = 0.7), with the resulting clade in turn forming the
sister group of the skimmers (Rynchops) to the exclusion of the gulls
(Larinae) (BS = 60%, IC = 0.10, PP = 0.87).

In contrast, among the auks, the interrelationships of Brachyramphus,
Synthliboramphus, Cepphus, and the true auks and murres (Alca, Alle,
Pinguinus, Uria) differed between the two methods, though again with
poor support values (BS < 50%, IC < 0, PP < 0.6) in both cases. Another
notable intrafamilial conflict reflecting a near-total lack of resolution
concerned the position of the pied plover (“Vanellus” cayanus), which
was nested within Charadriinae in the maximum-likelihood tree (BS =
27%, IC = —0.14) but formed the sister group to a clade uniting all other
lapwings (Vanellus) and Anarhynchinae in the ExaBayes tree (PP =
0.22). Aside from these limited conflicts, the two concatenation-based
analyses yielded highly similar topologies, as evidenced by the fact
that the RAXML-NG/ExaBayes Robinson-Foulds (RF; Robinson and
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Foulds, 1981) distance (0.102) was significantly smaller than the
average distance between either of the two trees and 1000
sequence-only topologies from the Jetz et al. (2012) pseudoposterior
(RAXML-NG: 0.352, 95% CI: 0.322-0.377; ExaBayes: 0.350, 95% CI:
0.322-0.377). To a lesser extent, this was also true for their distances
from the supermatrix-based tree of Burleigh et al. (2015) (RAXML-NG =
0.297, ExaBayes = 0.305).

3.4. Combined analyses

The two trees generated by the evolutionary placement algorithm
each differed from the total-evidence (TE) tree in the positions of 7 out of
the 19 species without sequence data (Appendix A, Figs. A.35-A.36).
Both rendered the lapwings (Vanellus) polyphyletic by allying the
Senegal lapwing (V. lugubris) and the black-winged lapwing
(V. melanopterus) with the tawny-throated dotterel (Oreopholus), while
the TE analysis found a clade comprising the two species and the yellow-
wattled lapwing (V. malabaricus) to form the sister group of all other
lapwings (Fig. 6). However, only one of the nodes present in the TE tree
but not the EPA trees received a bootstrap support value greater than
50% (average BS = 39.0%), and the same was true of most of the nodes
connecting the morphology-only species to the rest of the tree (average
BS = 54.6%). The TE/GT-EPA (0.097), TE/SSE-EPA (0.100), and GT-
EPA/SSE-EPA (0.009) RF distances show that all three topologies are
substantially closer to one another than to a sample of 1000 all-taxa
trees from the Jetz et al. (2012) pseudoposterior (TE: 0.551, 95% CI:
0.518-0.578; GT-EPA: 0.549, 95 % CI: 0.515-0.578; SSE-EPA: 0.550,
95% CI: 0.518-0.578). Given this high degree of congruence, none of the
three trees was found to fit the combined data significantly better than
the other two (Table 3).

When pruned down to the taxon sample of the concatenated trees,
the TE tree differed from the ML topology in 23 nodes (RF distance =
0.069); however, these were generally poorly supported in both the
concatenated ML tree (average BS = 29.2%, average IC = —0.06) and in
the TE tree (average BS = 31.1%). The same was true of the concate-
nated Bayesian topology, from which the TE tree differed in 35 nodes
(RF distance = 0.105) that generally exhibited low posterior probabili-
ties in the former (average PP = 0.424) and low bootstrap values in the
latter (average BS = 32.4%). Out of the 23 nodes present in the
concatenated ML tree but not the TE tree, 17 were also absent from the
concatenated Bayesian tree. Most prominent among these was a clade
uniting Haematopodoidea with all plovers except Pluvialis, which was
rejected by the Bayesian and TE trees in favor of a monophyletic Char-
adriidae (total-evidence BS = 47%). However, except for plover mono-
phyly, higher-level relationships were nearly identical among the TE
and concatenated trees (Fig. 4), with topological conflict largely
restricted to intrageneric relationships within species-rich genera such
as Calidris, Larus, or Ochthodromus. The only notable deviation from the
sequence-only topologies involved the position of the jack snipe (Lym-
nocryptes), which was found within Limnodromini (and nested in the

Table 3

Likelihood support for the total-evidence (TE) and group-together (GT-EPA) as
well as split-scaffold-edges (SSE-EPA) evolutionary placement algorithm trees
calculated from the combined dataset using IQ-TREE. Significance levels (p) and
the inclusion in (+) or significant exclusion from (-) the 95% confidence set are
given for the Kishino-Hasegawa (KH; Kishino and Hasegawa, 1989),
Shimodaira-Hasegawa (SH; Shimodaira and Hasegawa, 1999), and approxi-
mately unbiased (AU; Shimodaira, 2002) tests; ¢ (ELW) denotes confidence as
measured using expected likelihood weight (Strimmer and Rambaut, 2002).

Tree IQ-TREE log p (KH) p (SH) p (AU) ¢ (ELW)
likelihood
TE —512510.587 0.739 + 1+ 0.742 +  0.730 +
GT-EPA —512531.904 0.261 + 0.261+ 0278+  0.195+
SSE- —512534.968 0.234+ 0.234+ 0.076+ 0.075+
EPA
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genus Limnodromus) in the concatenated trees (BS = 62%, IC = 0.06, PP
= 0.96) but within Scolopacini (as the sister group of Scolopax) in the TE
tree (BS = 74%).

3.5. Testing the positions of Ibidorhyncha and Pluvialis

Within the main supermatrix, the greatest amount of gene tree
discordance underlay the relationship between the genus Pluvialis and
the remaining “core” plovers (Charadriidae), as well as the position of
the ibisbill (Ibidorhyncha) relative to the oystercatchers (Haematopodi-
dae) and stilts and avocets (Recurvirostridae) (Fig. 3). We therefore
assembled an accessory dataset that included fewer taxa but many more
sites to determine whether these conflicts can be resolved using a greater
quantity of sequence data. However, the placement of both taxa
continued to be subject to conflict between the ASTRAL species tree and
the concatenated ML estimate, suggesting that the increase from 13 to
100 independent loci was insufficient to conclusively resolve their
phylogenetic position (Fig. 5).

In contrast to the main analyses, which allied it with the oyster-
catchers (Fig. 3), the ibisbill emerged as the sister group of a (Haema-
topodidae + Recurvirostridae) clade in the multispecies coalescent tree
(Fig. 5a), albeit with negligible support (localPP = 0.41). The quarter
frequencies for the three alternative topologies around the branch of
interest almost perfectly approached the 1 ratio expected for a hard
polytomy (q; = 0.348, g2 = 0.31, g3 = 0.342), and the polytomy test
performed in ASTRAL failed to reject this hypothesis (p = 0.882). In the
concatenated tree, the ibisbill formed the sister group to the Recurvir-
ostridae alone (Fig. 5b), in contrast to both the main analysis and the
multispecies coalescent tree. The resulting clade represented the most

a) Multispecies coalescent
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poorly supported node in the tree (BS = 56%), and was subtended by a
near-zero-length branch.

The 100-locus dataset was similarly inconclusive with respect to the
monophyly of the plovers (Charadriidae), which received moderate
support from the concatenated ML tree (BS = 74%; Fig. 5b) but was
rejected by the ASTRAL species tree in favor of a poorly supported
relationship between the core plovers and Haematopodoidea (local PP
= 0.45; Fig. 5a). The longer alignment therefore reproduced the same
conflict observed in the analyses of the main supermatrix (Fig. 3). Here,
too, the quarter frequencies of alternative topologies were nearly uni-
formly distributed (q; = 0.363, g2 = 0.277, g3 = 0.360), failing to reject
the null hypothesis that Pluvialis, the core plovers, and the Haemato-
podoidea form a polytomy (p = 0.491).

3.6. Fossil calibrations

Our Bayesian re-analyses of the morphological matrix of Heingérd
et al. (2021) robustly supported a charadriiform affinity for specimen
IGM 100/1435 from the Paleocene/Eocene boundary of Mongolia,
which predates the previous oldest known remains of the clade (Fig. 1).
Under all three topological constraints, IGM 100/1435 emerged as a
crown-group charadriiform and specifically as a total-group member of
the Chionoidea (average PP = 0.911; Appendix A, Fig. A.37), a position
also supported by several partially constrained parsimony analyses of an
earlier version of the same dataset (Musser and Clarke, 2020). For the
purposes of calibration design, we took the conservative approach of
associating the specimen with the least inclusive clade to which it could
be assigned with a PP >0.95, a condition satisfied only by the entire
charadriiform crown group (Table 2). When constructing the outgroup
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Fig. 6. (continued).

sequences, which require taxa to be associated with branches rather which the specimen could be assigned with a PP >0.95 was again the
than nodes, the fossil was treated as incertae sedis within the total group charadriiform crown group, rendering it redundant as a potential
of Charadrii. The analyses also weakly (average PP = 0.528) but calibration.

consistently placed SMF Av 619, another early Eocene fossil (Fig. 1),

within the total group of Larida. However, the least inclusive node to
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3.7. Divergence time estimation

Our MCMCTree analyses failed to converge, as indicated by low ESS
(<200) and high PSRF (>1.05) values for a number of node ages. We
therefore refer to the treePL results instead, with the exception of the age
of the charadriiform crown, which was assumed rather than estimated in
the treePL analysis (see Section 2.7). The MCMCTree estimates of this
parameter reached moderate (>100) to high (>200) effective sample
sizes in two out of the four runs performed; however, the combined ESS
values were low (<100) due to large amounts of within-chain variation
in the remaining two runs. The among-chain variation was substantial
but tolerable (PSRF = 1.069), reflecting the fact that all four MCMCTree
runs were sampling broadly similar root ages (range of within-chain
means: 56.7-58.2 Ma; combined mean: 57.6 Ma). In all cases, the pos-
terior mean shifted toward the present compared to the mean of the

a)
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user-specified prior (61.1 Ma). These results indicate a highly imprecise
but consistent dating of the origin of crown-group charadriiforms to the
late Paleocene. Importantly, none of the corresponding 95% highest
posterior density intervals (calculated either from the individual runs or
from the combined sample) extended into the Cretaceous, whereas all
extended into the earliest Eocene, slightly beyond the soft lower bound
specified by calibration 14 (Table 2). This result suggests that the root
age prior chosen for the treePL analyses was plausible, and should not
bias the remaining node ages.

The treePL time tree shows Eocene mean stem ages for most (14 out
of 19) of the shorebird families, indicating an early period of steady
diversification (Fig. 6). The estimated timeline suggests that the current
diversity of the second and third most species-rich shorebird families
(Scolopacidae: 97 species, Charadriidae: 68 species) has been accumu-
lated over long periods of time, as the confidence intervals of their
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Fig. 7. Top: phylorate plot for the treePL time tree, with branches colored by the net diversification rate (in sp-Myr ') and rate shifts denoted by red circles (a).
Bottom: corresponding rate-through-time (RTT) plot showing the mean speciation and extinction rates for each rate regime, along with their associated 95%

credibility intervals (b).
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crown ages were concentrated in the Eocene (Scolopacidae: 95% CI =
35.6-43.8 Ma; Charadriidae: 95% CI = 31.1-45.2 Ma), substantially
predating those of the other families. In contrast, the most diverse
charadriiform family, Laridae (107 species), is notably younger
(24.9-29.8 Ma), and its subfamilies did not start diversifying until the
middle Miocene.

The precision of non-root divergence time estimates was moderate in
both absolute (average 95% CI width = 5.31 Ma) and relative terms
(average 95% CI width relative to the mean = 0.713), indicating modest
success at accommodating the uncertainty contained in the source
phylograms. Precision was considerably higher for the 13 calibrated
nodes whose ages were freely estimated (absolute: 4.99 Ma, relative:
0.205) than for the uncalibrated nodes (absolute: 5.32 Ma, relative:
0.732). On average, the 95% CIs on the ages of the calibrated nodes were
much narrower than their specified calibration ranges (median
shrinkage factor = 7.24); the ratio was smallest for calibration 8 (2.60)
and greatest for calibration 6. The latter calibration, assigned to the
(Alcidae + Stercorariidae) clade (Table 2), constituted a clear outlier
whose 95% CI was entirely concentrated at the lower bound of the
specified range, indicating a conflict between the available fossil evi-
dence and the branch lengths of the analyzed phylograms. A similar
problem also affected calibration 5, whose 95% CI was likewise tightly
distributed around the user-specified minimum. Most of the remaining
outliers in terms of node age precision involved the sister-group re-
lationships of taxa that were only sampled for morphological data; this
was the case for 95% CIs that were both unusually narrow and unusually
wide. Many of the latter were concentrated in the lapwing clade (genus
Vanellus; Fig. 6), which contained 10 of the 19 morphology-only taxa
included in our analysis (Appendix A, Figs. A.35-A.36).

3.8. Macroevolutionary rate estimation

The maximum a posteriori (MAP) rate shift configuration (PP =
0.127) on the treePL time tree included two well-supported rate shifts,
associated with (1) the clade comprising the gull genera Larus, Ich-
thyaetus, Leucophaeus, and Chroicocephalus, and (2) the clade uniting the
Old World oystercatchers (Haematopus fuliginosus + Haematopus finschi)
(Fig. 7a). Given the large number of nearly equiprobable rate shift
configurations included in the 95% credible set, we also examined the
maximum shift credibility (MSC) configuration, which contained the
same two shifts. A shift subtending either node (1) or the node imme-
diately above it appeared in 501 out of the 506 configurations included
in the 95% credibility set (cumulative PP = 0.95), while a shift sub-
tending node (2) was present in 423 of these configurations (cumulative
PP = 0.90). Relative to the background regime excluding both of the
shifted clades, the model-averaged time-weighted mean rate of the
(Larus + Chroicocephalus) clade was accelerated by a factor of 8.8 for
speciation and 8.1 for net diversification; for the Old World Haematopus
clade, these ratios amounted to 10.4 and 8.4, respectively. The elevated
net diversification rates were nearly constant through time for both the
gulls (root 95% CI: 0.427-0.905 sp-Myr’l, tip 95% CI: 0.445-0.883
sp-Myr 1) and the oystercatchers (root 95% CI: 0.068-1.614 sp-Myr .,
tip 95% CI: 0.073-1.608 sp-Myr ), whereas the background regime
exhibited gradually declining diversification with a slight uptick in the
last 5 Myr (root 95% CI: 0.044-0.150 spAMyr’l, tip 95% CI: 0.069-0.104
sp-Myr’l) (Fig. 7b).

The rate increases associated with the (Larus + Chroicocephalus)
clade and Old World oystercatchers represented the only shifts present
in the MAP and MSC configurations that were sampled significantly
more often than expected under the prior alone (marginal odds ratio >
5). The total number of shifts was generally greater, as the posterior
probability of models involving 3 (PP = 0.31), 4 (PP = 0.26), and 5 (PP
= 0.16) shifts exceeded that of the 2-shift models (PP = 0.15). The Bayes
factor of the best supported, 5-shift model relative to the 2-shift model
amounted to 8.21, indicating positive evidence in favor of the former
(Kass and Raftery, 1995). After the shifts among the derived larines and
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at the (H. fuliginosus + H. finschi) node, the next most often sampled
transition to a new rate regime occurred within the skuas (Stercorarius),
receiving support from 188 of the configurations included in the 95%
credibility set (cumulative PP = 0.23).

4. Discussion
4.1. Congruence and conflict in higher-level charadriiform relationships

The topologies inferred by our concatenated and total-evidence an-
alyses are broadly consistent with previous estimates based on molec-
ular data (Ericson et al., 2003; Paton et al., 2003; Paton and Baker, 2006;
Baker et al., 2007; Fain and Houde, 2007; Hackett et al., 2008; Prum
et al., 2015; Hu et al., 2017). Our results support the three-suborder
division of the Charadriiformes into Charadrii, Scolopaci, and Lari; the
position of the morphologically aberrant buttonquails (Turnicidae) as
the earliest-diverging lineage within the Lari; and most of the previously
proposed interfamilial relationships (Baker et al., 2007; Burleigh et al.,
2015; Prum et al., 2015). In conjunction with previous work, these
findings indicate that most of the higher-order charadriiform relation-
ships are robustly resolved. However, several localized areas of uncer-
tainty persist despite the comprehensive taxon sampling employed here.

Our analyses failed to resolve the question of whether the typical
plovers (Charadriidae) are monophyletic (Baker et al., 2012; Hu et al.,
2017) or paraphyletic with respect to Haematopodoidea (Ericson et al.,
2003; Baker et al., 2007; Fain and Houde, 2007; Burleigh et al., 2015).
We found the branch in question to be associated with the most exten-
sive gene tree discordance of all the relationships we examined (Fig. 3),
and this phenomenon persisted even in the expanded, 100-locus dataset
(Fig. 5), which showed nearly equal support for all three possible in-
terrelationships between Pluvialis, core Charadriidae, and Haematopo-
doidea. These results strongly suggest that, contrary to the conclusion
derived by Baker et al. (2012) from a much smaller dataset, the observed
discordance is due to incomplete lineage sorting across two successive
speciation events rather than mere stochastic error. Similarly, we find no
evidence that mitochondrial loci are especially prone to inferring plover
paraphyly because of their high mutational variance (Baker et al., 2012),
as the mitochondrial loci analyzed in this study supported charadriid
monophyly when concatenated (BS = 81%), in contrast to the ambig-
uous results from nuclear genes. Our results suggest that resolving the
problem of plover monophyly will require dedicated species-tree ana-
lyses sampling thousands of loci, well beyond the scope of this study.
The same conclusion also applies to the phylogenetic position of the
ibisbill (Ibidorhyncha) vis-a-vis the oystercatchers (Haematopodidae)
and avocets and stilts (Recurvirostridae), which also remained ambig-
uous even after expanding our locus sampling to 100 nuclear genes
(Fig. 5). As a result, the recent taxonomic suggestion to reduce Ibido-
rhynchidae to a subfamily of oystercatchers (Cracraft, 2013) should be
viewed as premature, and the possibility that the base of Haematopo-
doidea forms a hard polytomy cannot be ruled out at present.

Our study helps indicate directions for future research by identifying
other regions of the shorebird tree that could not be confidently resolved
using the relatively small number of loci employed here. One such area
of uncertainty represents the interrelationships of the four major line-
ages comprising the true auks (Alcinae): the guillemots (Cepphus), bra-
chyramphine murrelets (Brachyramphus), synthliboramphine murrelets
(Synthliboramphus), and the tribe Alcini, which unites the extant razor-
bills (Alca), dovekies (Alle), and murres (Uria) with the recently extinct
great auk (Pinguinus). The interrelationships of these clades have so far
proved elusive (Strauch, 1985; Moum et al., 1994; Friesen et al., 1996;
Baker et al., 2007; Burleigh et al., 2015; Smith and Clarke, 2015), and
could not be resolved using our data (Fig. 4). This uncertainty is ex-
pected given the combination of very short internodes connecting the
four taxa and the relatively long branches subtending them, a feature
characteristic of ancient rapid radiations (Lanyon, 1988; Whitfield and
Lockhart, 2007). Indeed, our dating analysis suggests that the three
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speciation events giving rise to the lineages in question took place within
a time span of just 0.8 Myr (Fig. 6). A comparably rapid sequence of
successive divergences also characterizes the interrelationships of the
five major lineages of the Laridae, often classified as separate sub-
families (Cracraft, 2013; Boyd, 2019): the gulls (Larinae), true terns
(Sterninae), skimmers (Rynchops), noddies (Anous), and white terns
(Gygis). Interestingly, although the analyses of our main supermatrix
yielded consistent results (Fig. 4) that also agreed with the phyloge-
nomic tree of Prum et al. (2015) in grouping the skimmers and true terns
to the exclusion of the gulls, this was not the case for the taxon-poor 100-
locus alignment derived from Prum et al., 2015’s (Prum et al., 2015)
data, where concatenated and species-tree analyses contradicted each
other as well as the main supermatrix (Fig. 5). This disagreement in-
dicates that in order to resolve the early stages of the larid radiation,
extensive sampling of both species and loci will be necessary as a means
for resolving the short internodes and breaking up the branches sub-
tending the five subfamilies.

Finally, topological conflict also occurs among the sandpipers (Sco-
lopacidae), especially with regard to the position of the jack snipe
(Lymnocryptes; Fig. 4), for which little sequence data is currently avail-
able. As a result, the sister-group relationship between the jack snipe and
woodcocks (Scolopax) inferred by our total-evidence analysis may
represent the only case in which the molecular topology was overturned
by a strong signal in Strauch, 1978’s (Strauch, 1978) morphological
data, since a (Lymnocryptes + Scolopacini) clade is conspicuously pre-
sent in the morphology-only tree (Appendix A, Fig. A.30) and exhibits a
long branch indicative of a high number of shared apomorphies. Addi-
tional sequence data will be required to test this morphology-based
hypothesis against the previously suggested alternative of a sister-
group relationship between the jack snipe and dowitchers (Limno-
dromus) (Baker et al., 2007).

Despite maximizing taxon sampling based on the available molecular
and morphological data, our study still contains gaps in taxonomic
coverage that suggest where additional sampling effort should be
directed. Of the 13 charadriiform families comprising more than one
species, the buttonquails (Turnicidae) had the lowest coverage in the
present study (7 out of 17 species), and currently available sequence
data do not even make it possible to test whether Turnix is monophyletic
with respect to the monotypic Ortyxelos. We suggest that sequencing the
latter genus as well as additional Turnix species should be a priority for
future studies seeking to improve taxon sampling within the
Charadriiformes.

4.2. Taxonomic implications

While the higher-level phylogeny of shorebirds is generally well-
established, the comprehensive taxon sampling of our study helps
reveal instances of nonmonophyly at the genus level. These may
represent genuine conflicts between phylogenetic relationships and
established taxonomy that have gone undetected by earlier molecular
analyses with limited taxon sampling. However, it is also possible that at
least some of these cases reflect the relatively low number of loci
available to inform shallow divergences (stochastic error), or phenom-
ena such as introgressive hybridization and persistence of ancestral
polymorphisms across a rapid succession of speciation events (system-
atic error). Accordingly, our taxonomic recommendations primarily
focus on ensuring genus-level monophyly under multiple phylogenetic
hypotheses put forward both here and in previous studies.

Our analyses yield a scolopacid topology that is generally similar to
the phylogeny of Gibson and Baker (2012), as expected given our reli-
ance on much of the same sequence data. Accordingly, our findings are
consistent with the changes implemented by recent taxonomies in
response to the latter study, including the expansion of the genera Cal-
idris and Tringa to ensure their monophyly (Dickinson and Remsen,
2013; Boyd, 2019; Clements et al., 2020), and the reassignment of the
imperial snipe to a separate genus (Chubbia) to preserve the monophyly
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of Gallinago (Boyd, 2019). However, our results suggest that the disin-
tegration of the genus Gallinago initiated by Gibson and Baker (2012)
may proceed even further as taxon sampling continues to improve, since
we find the giant snipe (“Gallinago” undulata) to be more closely related
to Coenocorypha and Chubbia than to the rest of the genus. While
recovered consistently and with high statistical support (RAXML-NG BS/
IC = 94%/0.68, ExaBayes PP = 1, TE BS = 89%), this relationship is for
now only supported by the single locus for which “G.” undulata is
sampled (COI); we were able to confirm that it persists regardless of
which of the giant snipe COI sequences currently available from BOLD
(Ratnasingham and Hebert, 2007) is used. Given that the result is based
on just one gene, we refrain from advocating for immediate generic
reassignment, but note that if corroborated by analyses with broader
locus sampling, it may require resurrecting the genus Homoptilura Gray,
1840 for the giant snipe to maintain generic monophyly.

The narrow concept of the genus Charadrius and the reassignment of
most of its former species to the resurrected genera Afroxyechus, Eupoda,
and Ochthodromus, as well as the expansion of the pre-existing genera
Anarhynchus and Thinornis, was adopted by the taxonomy employed
here (Boyd, 2019) to reflect recent phylogenetic findings (Barth et al.,
2013; Dos Remedios et al., 2015), but is only partially compatible with
our own results. We corroborate previous findings (Barth et al., 2013;
Burleigh et al., 2015; Dos Remedios et al., 2015) showing that most of
the species traditionally assigned to Charadrius are more closely related
to Anarhynchus, Erythrogonys, and the Vanellinae than to the type
(C. hiaticula), thus violating the monophyly of the genus and of the
subfamily Charadriinae as traditionally conceived (Cracraft, 2013). We
also find the wrybill (Anarhynchus frontalis) to be deeply nested within
the clade consisting of most of the former Charadrius species (“CRD II”
sensu Dos Remedios et al., 2015; Anarhynchinae sensu Boyd, 2019).
Within this clade, the Caspian plover (Eupoda asiatica), greater sand-
plover (E. leschenaultii), lesser sand-plover (E. mongola), and the orien-
tal plover (E. veredus) form a well-supported clade (RAXML-NG BS/IC =
82%/0.47, ExaBayes PP = 0.98, TE BS = 83%) corresponding to Boyd,
2019’s (Boyd, 2019) genus Eupoda, which represents an early-diverging
lineage that branches off immediately after the red-kneed dotterel
(Erythrogonys) and the inland dotterel (Peltohyas) (Fig. 6).

In contrast, the relationships among the derived anarhynchines that
form the sister group of Eupoda are less clear, and we find no support for
the reciprocal monophyly of the genera Anarhynchus and Ochthodromus
sensu Boyd (2019). Following Barth et al. (2013) and Dos Remedios et al.
(2015), the former genus was supposed to unite the wrybill with the
double-banded plover (“Charadrius” bicinctus) and the New Zealand
plover (“Charadrius” obscurus). Our concatenated and total-evidence ML
analyses find negligible support for a sister-group relationship between
A. frontalis and “C.” bicinctus (BS/IC = 32%/ —0.01, TE BS = 34%), with
“C.” obscurus as the sister group to Ochthodromus (BS/IC = 37%/0, TE
BS = 42%), whose monophyly likewise received virtually no support
(BS/IC = 22%/0, TE BS = 22%). Conversely, the ExaBayes tree finds
A. frontalis alone as the sister group to Ochthodromus and nests a poorly
supported (“C.” bicinctus + “C.” obscurus) clade (PP = 0.75) deep within
the latter genus as the sister group to the red-capped plover
(O. ruficapillus), also with negligible support (PP = 0.59). A detailed
examination of gene tree support reveals that of the five loci that
recovered the monophyly of (A. frontalis + “C.” bicinctus) in the analyses
of Dos Remedios et al. (2015, Fig. 2), only three (ADH, COI, ND3)
continue to do so here (Appendix A, Figs. A.5, A.11, A.22). In contrast,
while a clade uniting all three putative species of Anarhynchus was not
present in any of the six gene trees of Dos Remedios et al. (2015, Fig. 2),
despite receiving maximum possible support (PP = 1) in their concate-
nated analysis, our ADH and COI phylogenies do recover such a group.
These differences between the gene tree estimates obtained here and by
Dos Remedios et al. (2015) may be due to analytical approach (ML vs.
Bayesian inference), sampling scheme (single vs. multiple individuals
per species), or taxonomic scope (all shorebirds vs. paraphyletic
assemblage of non-vanelline charadriids). To safeguard generic
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monophyly under all plausible hypotheses, we suggest combining the
genera Anarhynchus and Ochthodromus, in which case Anarhynchus Quoy
and Gaimard, 1832 takes the priority. The subfamily Anarhynchinae
would then comprise the genera Anarhynchus, Erythrogonys, and Pelto-
hyas, which are universally recognized by major taxonomies (Dickinson
and Remsen, 2013; Boyd, 2019; Clements et al., 2020), as well as the
genus Eupoda (sensu Boyd, 2019), whose monophyly is robustly and
consistently supported by recent analyses.

The second major assemblage of the former Charadrius species (“CRD
I” sensu Dos Remedios et al., 2015; Charadriinae sensu Boyd, 2019) is
rendered paraphyletic by the inclusion of the genera Thinornis and
Afroxyechus. Like Barth et al. (2013) and Dos Remedios et al. (2015), we
find that the former genus is itself nonmonophyletic, as its two tradi-
tionally accepted species (T. novaeseelandiae and T. cucullatus) span a
clade that also includes three plovers usually assigned to Charadrius (the
little ringed plover, “C.” dubius; Forbes’s plover, “C.” forbesi; and the
long-billed plover, “C.” placidus) as well as the black-fronted dotterel,
occasionally placed in its own separate genus (“Elseyornis” melanops).
These results therefore support the expansion of Thinornis following
Boyd (2019). Moreover, we find the three-banded plover (“Afroxyechus”
tricollaris) to be nested within the expanded Thinornis as well, con-
trasting with the results of Dos Remedios et al. (2015) who found it
outside the (Charadrius + Thinornis) clade. The latter result was
extremely weakly supported (PP = 0.47) and only appeared in the
concatenated analysis despite its absence from any of the individual
gene trees, whereas we find strong support for the inclusion of “A.”
tricollaris within Thinornis (RAXML-NG BS/IC = 75%/0.52, ExaBayes PP
=0.99, TE BS = 70%), a position also favored by 5 out of the 6 gene trees
of Dos Remedios et al. (2015). We therefore suggest that the species be
reassigned to the latter genus as a new combination, Thinornis tricollaris.

Our final recommendation concerns the pied plover (“Vanellus”
cayanus), whose affinity to lapwings (Vanellus) is rejected by our ana-
lyses (Fig. 4). Instead, we variously recover it as the sister group to an
early-diverging charadriine clade comprising the diademed sandpiper-
plover (Phegornis) and the rufous-chested plover (Zonibyx) in the
concatenation-based and total-evidence maximum-likelihood trees (BS/
IC = 27%/ —0.14; TE BS = 29%), or to the (Vanellinae + Anarhynchi-
nae) clade in the ExaBayes tree (PP = 0.22). Both positions have no
appreciable support, and further contradict the COI gene tree (the only
locus for which the pied plover is sampled; Appendix A, Fig. A.11),
which finds it to be the earliest-diverging member of Vanellus, as well as
the tree inferred from Strauch, 1978’s (Strauch, 1978) morphological
data (Appendix A, Fig. A.30), which allies it with Phegornis and
“Afroxyechus”. To account for this range of hypotheses, we propose to
resurrect the genus Hoploxypterus Bonaparte, 1856 for the species.

4.3. A new timeline for charadriiform evolution

Despite wall-clock run times of more than 80 days, our MCMCTree
node-dating analyses failed to reach convergence, suggesting that the
size of our tree (353 tips) may be close to the upper limit at which
Bayesian divergence time estimation remains feasible without
consortium-scale computational resources. The modest effective sample
size for the root age parameter did not allow us to constrain the origin of
the charadriiform crown beyond the mid- to late Paleocene, in agree-
ment with the recent phylogenomic study of Kuhl et al. (2020). Such a
dating is consistent with an explosive radiation of neoavian lineages in
the wake of the end-Cretaceous mass extinction (Ericson et al., 2006;
Suh, 2016; Berv and Field, 2017), and (unlike the early mitogenomic
timescales; Paton et al., 2002; Pereira and Baker, 2006; Baker et al.,
2007) does not require positing a long period during which the clade
supposedly diversified but failed to leave behind a fossil record. Indeed,
our MCMCTree results, while imprecise, lend no support to a Cretaceous
origin of shorebirds, despite relying on a root calibration that was
designed to allow for this possibility. At the same time, our age estimates
for the charadriiform crown are slightly older than the early Eocene
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dates favored by many earlier studies (Smith, 2011: 53.6 Ma; Claramunt
and Cracraft, 2015: 53.5 Ma; Prum et al., 2015: 48.8-50.6 Ma; Smith and
Clarke, 2015: 49.3 Ma; cf. Fig. 1). These earlier estimates contradict the
recent evidence for the crown-charadriiform affinities of fossil speci-
mens from the early Eocene of Virginia (SMF Av 619; Mayr, 2016) and
the Paleocene-Eocene boundary of Mongolia (IGM 100/1435; Hood
et al., 2019), which received support from the phylogenetic analyses of
Musser and Clarke (2020) and Heingard et al. (2021), as well as our own
re-analyses of the dataset employed by the latter study.

While our re-analyses of the Heingard et al. (2021) character matrix
found weak but consistent support for the placement of SMF Av 619 and
IGM 100/1435 within the total groups of Larida and Chionoidea,
respectively, only the former phylogenetic position is compatible with
our divergence time estimates. Our treePL point estimate for the age of
the Larida/Turnicidae split (56.7 Ma) exceeds the age of SMF Av 619
(54.17-53.7 Ma based on calcareous nannoplankton zonation; Antho-
nissen and Ogg, 2012; Mayr, 2016), which lies well within the corre-
sponding 95% confidence interval (51.0-61.9 Ma). In contrast, our
dating of the Chionoidea/Burhinidae divergence (48.7 Ma) is substan-
tially younger than the estimated age of IGM 100/1435 (~55.88 Ma; see
Appendix A), which even falls outside the relevant 95% CI (43.5-53.5
Ma). Should more evidence emerge for a deeply nested phylogenetic
position of this fossil, the timescale presented here would have to be
altered by shifting the root age even deeper into the past, and/or by
positing a more rapid succession of interfamilial divergences.

Our timescale diverges somewhat from recent phylogenomic studies
with respect to the age of individual charadriiform subclades. Compared
to the pseudoposterior of Jetz et al. (2012), our treePL common-ancestor
ages were so young as to be excluded from the 95% pseudoposterior CIs
for Charadriidae (37.0 Ma vs. 37.5-59.2 Ma) and Recurvirostridae (10.4
Ma vs. 13.8-27.4 Ma). For Larida and a number of its constituent sub-
clades (Alcidae, Alcoidea, Glareoloidea, Laridae), the difference was
even more pronounced but opposite in direction, as we found these taxa
to be significantly older than suggested by the Jetz et al. (2012) time tree
distribution. Not only their means but also their entire 95% CIs fell
outside of those derived from the Jetz et al. (2012) pseudoposterior,
which produced a mean age for the Alcidae that was almost 50%
younger than the common-ancestor mean age yielded by our treePL
analysis (16.0 vs 27.7 Ma). Our estimates for the ages of Alcoidea, the
(Alcoidea + Laridae) clade, and Larida also exceed those of other recent
analyses (Claramunt and Cracraft, 2015; Prum et al., 2015; Kuhl et al.,
2020), although they are not as old as suggested by early studies that
relied on obsolete calibrations (Pereira and Baker, 2008).

The difference can be largely attributed to our use of calibration 6
(Table 2), representing a late Eocene pan-alcid of uncertain affinities
whose position within the clade was nevertheless supported by a formal
phylogenetic analysis (Smith, 2011). The post-Eocene dates suggested
for the Alcidae/Stercorariidae divergence (or even more inclusive
clades) by recent studies may thus exemplify the “zombie lineage”
problem described by Springer et al. (2017), in which molecular
divergence times turn out to be younger than the known fossil record
allows. The same underestimation of divergence times was recently re-
ported for the Gruiformes by Musser et al. (2019), and may be relatively
widespread as a result of efforts to correct for the implausibly old di-
vergences yielded by earlier studies by means of overly stringent cali-
bration choice. Conversely, the criteria employed here that allowed
calibration 6 to be used could be criticized as too lax given the frag-
mentary nature of the material and the long temporal gap separating it
from the next oldest pan-alcid occurrence. To assess its impact on the
node ages within Larida, we conducted an additional treePL analysis in
which we stripped calibration 6 of its lower bound. The resulting time
tree suggested substantially younger ages for Alcoidea (29.8 vs. 34.4
Ma) as well as its immediate child (Alcidae; 24.4 vs 27.7 Ma) and parent
(Alcoidea + Laridae; 32.5 vs. 35.6 Ma) nodes; in all these cases, the new
point estimate fell outside the 95% CI around the original value
(Appendix A, Table A.4). However, this effect already became
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insignificant at the level of Larida (40.1 vs 42.7 Ma), indicating that the
relatively low amount of rate smoothing employed in our analysis
localized the impact of any given calibration to a small part of the tree.
Removal of the lower bound from the deeply nested calibration 5, which
likewise prevented treePL from sampling younger ages for the corre-
sponding divergence, had even less of an appreciable effect on the
remaining divergence times (Appendix A, Table A.4).

Unlike Bayesian node dating, which can rely on a birth-death
branching-process prior in the absence of informative data, treePL
merely time-scales a previously inferred phylogram, and its results
necessarily reflect the limitations of the data from which the phylogram
was inferred. In our analysis, this was evident in the highly precise and
implausibly young ages inferred for the divergences between the cream-
colored courser (Cursor cursor) and Burchell’s courser (Cursor rufus)
(0.004-0.01 Ma), and between Temminck’s courser (Cursor temminckii)
and the Indian courser (Cursor coromandelicus) (0.004-0.467 Ma). In
both cases, the second member of the pair was only represented in the
combined matrix by morphological data, and its codings were indistin-
guishable from those of its sister group. This induced near-zero-length
branches in the total-evidence phylogram, which could only be
accounted for by means of near-zero divergence times (Fig. 6). At the
same time, morphology-only taxa were relatively free to move across the
tree in the bootstrap analysis, since the 69 morphological characters
contributed little to the overall tree likelihood, and as such incurred only
a negligible likelihood penalty upon separating these taxa from their
close relatives. Their stem ages were consequently averaged across both
shallow and deep divergences, resulting in very low precision. This
problem is exemplified by the node uniting the yellow-wattled, Senegal,
and black-winged lapwing (Vanellus malabaricus + V. melanopterus),
three taxa sampled exclusively for morphological data. As a result, the
corresponding divergence was associated with the widest 95% confi-
dence interval observed in our tree (0.004-32.3 Ma; Fig. 6).

4.4. Tempo and mode of shorebird diversification

Our BAMM analysis of shorebird macroevolutionary dynamics shows
that a clade comprising 4 genera of gulls (including a total of 49 species)
entered a new diversification regime characterized by accelerated rates of
speciation and extinction that have not appreciably declined since the
clade’s origin. This scenario is consistent with the findings of Jetz et al.
(2012), who identified a gull clade of similar composition and size (44
species) as the single fastest-diversifying group of extant birds. Their es-
timate of the gull net diversification rate (0.74 sp-Myr ) falls well within
the 95% credibility interval obtained in this study (0.44-0.87 sp-Myr 1),
further confirming a large degree of congruence between the two ana-
lyses. In contrast, we were unable to corroborate Jetz et al., 2012’s (Jetz
et al,, 2012) inference of a diversification shift at the origin of the
(Alcoidea + Laridae) clade, which we found to be much older (35.6 vs.
21.1 Ma); note that this difference is reduced but still present even after
removing the lower bound from calibration 6 (Appendix A, Table A.4).
Conversely, our BAMM analysis lends support to an additional rate shift
associated with a clade comprising 8 species of Old World oystercatchers,
which was not detected by Jetz et al. (2012). However, our inference of an
extremely rapid radiation for this clade is consistent with the high degree
of ecomorphological similarity and incomplete reproductive barriers
among its constituent species (Senfeld et al., 2020). Both factors have in
fact rendered species delimitation problematic within the group, sug-
gesting that the support for the shift and its inferred magnitude may
decrease if several proposed synonymies (e.g., of Haematopus finschi or
H. osculans with H. ostralegus; Senfeld et al., 2020) were to be recognized
and reduced the total diversity of the clade.

5. Conclusions

The densely sampled, time-calibrated, total-evidence tree of shore-
birds presented here is a major step toward understanding the evolution
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of one of the most ecomorphologically diverse and species-rich clades of
non-passerine birds. It represents a substantial advance over earlier
studies that were not consistent with the fossil record of the group, did
not include as many species, or only did so without informing their
placement by character data. We expect that the availability of a
generally well-resolved phylogeny accounting for over nine tenths of the
extant diversity of the clade will greatly facilitate future comparative,
biogeographical, and macroecological studies of shorebirds. In addition
to highlighting areas of robust support, which span most of the supra-
familial backbone of the charadriiform tree, we also identify regions of
persisting uncertainty to be prioritized by future analyses with increased
taxon and locus sampling. Our study demonstrates the difficulties
intrinsic to estimating a large, comprehensively sampled time tree from
a sparse molecular supermatrix, and presents a protocol that can be
readily applied to other clades posing similar challenges.
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