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Five well-supported fossil calibrations within
the "Waterbird" assemblage (Tetrapoda, Aves)

Nathan D. Smith and Daniel T. Ksepka

ABSTRACT

The "waterbird" assemblage is a group of aquatic and semi-aquatic birds that are
characterized by extremely diverse morphologies, ecologies, and life histories. The
group also includes fossil representatives that constitute some of the oldest records of
Neoaves and are critical to calibrating the temporal diversification of modern birds.
Herein, we provide a set of five well-supported fossil calibrations from the waterbird
clade that will serve to provide robust temporal calibrations for the origins of: stem
Phaethontes (tropicbirds); stem Threskiornithidae (ibises and spoonbills); stem Peleca-
nidae (pelicans); stem Fregatidae (frigatebirds); and stem Phalacrocoracidae (cormo-
rants). We apply stringent criteria to justify both the phylogenetic placement and
geochronologic context of these specimens, and discuss potentially older records to
help focus future research and collection. The fossils described here affirm previous
studies in recognizing that most major cladogenetic splits within the waterbird assem-
blage occurred by the Eocene, supporting interpretations of both rapid lineage diversi-
fication of waterbirds in the early Paleogene, and also the rapid establishment of body
plans and possibly ecologically relevant morphologies during this time period.

Nathan D. Smith. Department of Biology, Howard University, 415 College Street NW, Washington, DC
20059, USA and Department of Paleobiology, National Museum of Natural History, Smithsonian Institution,
Washington, DC 20013 USA. nathan.smith@howard.edu

Daniel T. Ksepka. Bruce Museum, 1 Museum Drive, Greenwich, Connecticut 06830, USA.
dksepka@brucemuseum.org

Keywords: Aves; Pelecaniformes; fossil calibrations; phylogeny; molecular clock

INTRODUCTION sensu Mayr, 2011a) is a diverse avian group that
includes loons, penguins, herons, pelicans, and
their allies. The group has a disparate set of mor-
phologies, ecologies, and life history strategies

The ‘'waterbird’ assemblage ("Natatores”
sensu Livezey and Zusi, 2007; "Aequornithes"
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Calibrations published in the Fossil Calibration Series are accessioned into the Fossil Calibration Database (www.fossilcalibra-
tions.org). The Database is a dynamic tool for finding up-to-date calibrations, and calibration data will be updated and annotated as
interpretations change. In contrast, the Fossil Calibration papers are a permanent published record of the information on which the cal-
ibrations were originally based. Please refer to the Database for the latest data.
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TABLE 1. Fossil calibrations within the waterbird assemblage.

Calibration Node Taxon Specimen Geological Context erxgneum
1 Phaethontidae + extant Lithoptila OCP.DEK/GE 1087 Bed lla, Ouled Abdoun 56.0 Ma
sister taxon abdounensis Basin, Morocco
2 Threskiornithidae + extant Rhynchaeites sp. MGUH 20288 Fur Formation, NE 53.9 Ma
sister taxon Denmark
3 Pelecanidae + extant sister Pelecanus sp. NT-LBR-039 Pichovet limestone 28.1 Ma
taxon deposits, SE France
4 Fregatidae + Suloidea Limnofregata USNM 22753 Green River Formation, 51.81 Ma
azygosternon Wyoming, USA
5 Phalacrocoracidae + ?Borvocarbo PW 2005/5022-LS Enspel Lagerstatte, W 24.52 Ma
Anhingidae stoeffelensis Germany

(Smith, 2010; Simons et al., 2011; Smith, 2012;
Felice and O'Connor, 2014). Relationships within
the waterbird assemblage have also been fairly
controversial, with morphological (Livezey and
Zusi, 2007; Smith, 2010; Mayr, 2011b) and molecu-
lar (Fain and Houde, 2004; Ericson et al., 2006;
van Tuinen et al., 2006; Brown et al., 2008; Hackett
et al., 2008; Gibb et al., 2013; McCormack et al.,
2013) analyses often differing considerably in
ingroup topologies, particularly in regard to the
monophyly and relationships of the traditional
avian orders Ciconiiformes and Pelecaniformes. In
addition, though most analyses are consistent in
recovering a "core" group of waterbirds, a growing
number of molecular datasets are recovering trop-
icbirds (Phaethontidae); grebes (Podicipedidae),
and flamingos (Phoenicopteridae) as distantly
related to other waterbirds, with strong support for
a sister-taxon relationship between grebes and fla-
mingos (van Tuinen et al., 2001; Fain and Houde,
2004; Ericson et al., 2006; Hackett et al., 2008). A
lack of consensus on higher-level relationships
within the waterbird assemblage has hindered
progress toward understanding aspects of their
temporal diversification and broader evolutionary
patterns (Smith, 2010). This phylogenetic uncer-
tainty also warrants caution in uncritically accepting
taxonomic identifications of fossil members of
waterbird clades that may help inform on these
temporal patterns (Ksepka et al., 2011).

A variety of waterbird fossils have previously
been utilized in divergence time estimation studies
of higher-level avian phylogeny (e.g., Ericson et al.,
2006; van Tuinen et al., 2006; Brown et al., 2008).
Additionally, potential fossil calibrations for numer-
ous groups within the waterbird assemblage have
been discussed in the literature (Dyke and van Tui-
nen, 2004; Lindow and Dyke, 2006; Mayr, 2009a,
2014; Smith, 2010; Smith et al., 2013). However, in
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very few cases have these waterbird fossils actu-
ally been justified as calibrations following a 'best
practices' approach that emphasizes explicit phylo-
genetic and geochronological criteria be marshaled
to support fossil calibrations (Parham et al., 2012).
Herein we present five well-justified fossil calibra-
tions (Table 1) for members of the traditional avian
orders Pelecaniformes and Ciconiiformes within
the waterbird clade. These calibrations follow the
'best practices' guidelines recently described by
Parham et al. (2012), which emphasize: 1) estab-
lishing each calibration on a single specimen
(though in some cases we discuss additional spec-
imens that support a calibration as well); 2) estab-
lishing the phylogenetic relationships of this
calibration through either a phylogenetic analysis
that supports its sister-taxon relationships, or an
explicit apomorphy-based diagnosis (e.g., Bell et
al., 2004; Bever, 2005; Nesbitt and Stocker, 2008)
that does the same; 3) resolving any conflict
between morphological and molecular phyloge-
netic datasets regarding both the relationships of
the fossil calibration, and the node being cali-
brated; 4) providing a detailed description of the
geographic locality and stratigraphic context of the
specimen serving as a calibration; and 5) providing
a chain of evidence between this stratigraphic con-
text and a specific temporal age, based on either a
radioisotopic date (preferable) or reference to a
numeric geological timescale.

We place an emphasis on identifying hard
minimum ages for the phylogenetic nodes being
calibrated, which includes the estimated age of a
fossil specimen, as well as the error associated
with that age (van Tuinen et al., 2004; Benton and
Donoghue, 2007; Donoghue and Benton, 2007; Ho
and Phillips, 2009; Parham et al., 2012). Although
maximum age constraints may be particularly use-
ful for informing clade age distribution priors in



analyses of temporal diversification (e.g., Thorne et
al.,, 1998; Yang and Rannala, 2006; Yang, 2007;
Drummond et al., 2006; Drummond and Rambaut,
2007), establishing maximum constraints is not as
straightforward as justifying hard minima (Muller
and Reisz, 2005; Benton and Donoghue, 2007;
Donoghue and Benton, 2007; Ho and Phillips,
2009; Parham et al., 2012), and the implications of
maximum age constraint/parameter misspecifica-
tion has only recently been explored (Ho and Phil-
lips, 2009; Inoue et al., 2010; Clarke et al., 2011;
Lee and Skinner, 2011; Parham et al., 2012; War-
nock et al., 2012). Coupled with the heterogeneous
nature of the avian fossil record and phylogenetic
uncertainty of higher-level relationships, we feel it
is imprudent to assign maximum age constraints to
the higher-level waterbird nodes discussed here.
We utilized the Geological Time Scale 2012 (Grad-
stein et al., 2012; Walker et al., 2013), and the
International Chronostratigraphic Chart (Cohen et
al., 2013) when translating global stratigraphic
boundaries into numeric ages in cases where
direct radiometric dates could not be tied directly to
fossil specimens (note that these two estimates of
global chronostratigraphy are not independent of
each other). The waterbird calibrations described
here are by no means an exhaustive list, but
include those that we believe are the most robust
and well-supported calibrations currently, and
those that offer the most potential for providing
information about temporal diversification within
the waterbird assemblage.

MATERIALS AND METHODS
Institutional Abbreviations

BMS, Buffalo Museum of Science, Buffalo, New
York, USA; FMNH, The Field Museum of Natural
History, Chicago, lllinois, USA; FSL, Université
Lyon 1, Villeurbanne, France; GMNH, Gunma
Museum of Natural History, Tomioka, Gunma Pre-
fecture, Japan; MGUH, Geological Museum of the
University of Copenhagen, Denmark; NHMUK (for-
merly BMNH), Natural History Museum, London,
United Kingdom; NT, N. Tourment collection, Mar-
seille, France; OCP.DEK/GE, Office Chérifien des
Phosphates, Direction des Exploitations de Khou-
ribga, Service Géologie, Khouribga, Morocco; PW,
Landesamt fir Denkmalpflege Rheinland-Pfalz,
Mainz, Germany; SMF, Forschungsinstitut Senck-
enberg, Frankfurt am Main, Germany; USNM,
National Museum of Natural History, Smithsonian
Institution, Washington, D.C., USA; UWGM, Uni-
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versity of Wyoming Geological Museum, Laramie,
Wyoming, USA.

STEM PHAETHONTES
Tropicbirds

Node Calibrated. This node represents the split
between Phaethontidae and their extant sister
taxon, which has not been rigorously established
by phylogenetic studies at this point.

Fossil Taxon. Lithoptila abdounensis Bourdon et
al. 2005.

Specimen. OCP.DEK/GE 1087 (partial skull)
Phylogenetic Justification. Phylogenetic justifi-
cation is based on analyses of morphological data
(Bourdon et al., 2005; Smith, 2010). The analysis
of Smith (2010) recovered 10 unambiguous cranial
synapomorphies of Phaethontes, with four of these
exhibiting no homoplasy on the most-parsimonious
trees. The synapomorphies supporting Phaethon-
tes, presented in the format: "Character(character
state)", with boldface indicating no homoplasy in
the character on the most-parsimonious trees,
include: 29(1) Quadrate, orientation of the squamo-
sal and otic condyles relative to the long axis of the
skull: nearly perpendicular, angle between 75-90°;
50(1) Squamosal, relative length of rostral border
of squamosal that joins zygomatic process and
caudal wall of orbit: elongate and thin, with con-
stant thickness throughout; 54(1) Squamosal/
Prootic, pila otica elongated, strongly protruding
caudoventrolaterally, so that cotyla quadratica otici
faces laterally: present; 64(1) Parasphenoid, lam-
ina parasphenoidalis (‘basitemporal plate’) essen-
tially flat and rostrolaterally bordered by marked
osseous walls, tubercula basilaria well-developed:
yes; 68(1) Dorsal tympanic recess, greatly
enlarged, much longer than large, extending rostral
to and between cotylae quadratica in a figure-8
shape: present; 72(1) Foramen nervi maxilloman-
dibularis location relative to entrance of recessus
tympanicus rostralis: caudal; 83(1) Cranium, elon-
gate, concave, triangular lamina bordered by cris-
tae (i) nuchalis transversae, (ii) nuchalis lateralis,
(iii) otica dorsalis, and (iv) post zygomatica, status:
present. Mayr (2015a, p. 59) described an addi-
tional character supporting Phaethontes mono-
phyly which is also present in OCP.DEK/GE 1087:
"strongly developed and laterally prominent pro-
cessus postorbitalis, which, in dorsoventral view,
contributes to a marked semicircular concavity of
the skull in the area of the fossa temporalis.”
Although laterally prominent postorbital processes
are plesiomorphic for waterbirds (see Smith, 2010,
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character 47), the distinct shape of these pro-
cesses in Lithoptila, Prophaethon, and Phaethon
most likely represents a synapomorphy of Phae-
thontes.

Additionally, there are several synapomor-
phies present in referred specimens of Lithoptila
(Bourdon et al., 2008) that also support a relation-
ship between Lithoptila and Phaethontidae (Smith,
2010). These include: 223(2) Humerus, relative
location of muscle scar for insertion of M. pronator
superficialis (= “m. pronator brevis”): only slightly
posterior, and proximal to tuberculum supracondy-
lare ventrale; 433(1) Tarsometatarsus, degree of
development of area of origin for m. abductor digiti
IV, and also passage/sulcus for joint tendon of m.
fibularis longi and m. flexor perforans et perforatus
digiti 11l on the lateral half of the plantar face of the
tarsometatarsal shaft: well-excavated and distinct
sulcus, distally extensive; 437(1) Tarsometatarsus,
relative development of distal end of sulcus exten-
sorius in area of foramen vasculare distale: sulcus
extremely deep.

Minimum Age. 56.0 Ma

Soft Maximum Age. None specified.

Age Justification. OCP.DEK/GE 1087 was col-
lected from Bed lla, Ouled Abdoun Basin, from
near Grand Daoui (Recette 4 + Sidi Daoui; see
also Gheerbrant et al., 2003, figure 3), Morocco.
This horizon can be constrained only to the level of
the Thanetian stage. Tethyan phosphates of the
Ouled Abdoun Basin (Oulad Abdoun of some
authors) span the Late Cretaceous (Maastrichtian)
to middle Eocene (Lutetian). These deposits have
been extensively mined, and individual units are
dated primarily based on biostratigraphy. No radio-
metric ages have yet been reported from the strati-
graphic section vyielding Lithoptila abdounensis.
The holotype specimen was collected from an
unspecified quarry but can be assigned to Bed lla
of the mining lithostratigraphical terminology
(Office Chérifien des Phosphates, 1989; Gharbi,
1998), based on selachians identified in the matrix
(Bourdon et al., 2005). As both the numerical age
of Bed lla deposits and the precise horizon from
which the Lithoptila abdounensis holotype was col-
lected remain uncertain, we conservatively suggest
the entire span of the Thanetian (56.0-59.2 Ma;
Gradstein et al., 2012; Walker et al., 2013) be
included in the possible range of ages for this
taxon. Following best practices for justifying mini-
mum age constraints (Parham et al., 2012), we
apply the youngest possible age for the Thanetian,
inclusive of error: 56.0 Ma.

Phylogenetic position of Phaethontes and
Lithoptila abdounensis. Phaethontes is used as
the name for the larger clade uniting Prophaethon-
tidae (Lithoptila abdounensis + Prophaethon
shrubsolei) and Phaethontidae (Olson, 1985).
Higher-level relationships of Phaethontes remain
poorly understood. Fain and Houde (2004) were
among the first to provide robust molecular support
that tropicbirds were not allied with other Pelecani-
formes, recovering them as sister taxon to a swift +
hummingbird clade in a much larger, diverse group
termed "Metaves". Ericson et al. (2006) were
unable to completely resolve the position of Phae-
thontidae but recovered a large polytomy including
Phaethontidae, Pteroclididae, Mesitornithidae, and
Columbiformes and several other taxa of
"Metaves". A large-scale analysis of mitochondrial
genomes recovered Phaethontidae as the sister
taxon to Sphenisciformes (penguins) with a group
including most Pelecaniformes (though Pelecani-
dae was not included in this analysis), as the suc-
cessive sister taxon to this clade (Brown et al.,
2008). In a phylogenomic analysis, Hackett et al.
(2008) recovered Phaethontidae as sister to a
clade uniting Pteroclididae, Mesitornithidae, and
Columbiformes, but the branch subtending this
clade is one of the least well-supported in the tree.
In contrast, morphological analyses have tended to
place Phaethontes in a far removed position,
united either with Procellariiformes (Bourdon et al.,
2005; Smith, 2010) or Pelecaniformes (Livezey
and Zusi, 2006, 2007).

Placement of the fossil taxon on the tropicbird
stem lineage is less controversial. Bourdon et al.
(2005) conducted a phylogenetic analysis that
recovered a clade uniting Lithoptila abdounensis
and the Eocene Prophaethon shrubsolei as the sis-
ter taxon of the extant Phaethontidae. In a more
recent phylogenetic analysis, Smith (2010) instead
found Lithoptila and Prophaethon to form succes-
sive sister taxa to Phaethontidae. This slight differ-
ence does not affect the utility of Lithoptila as a
calibration point for stem Phaethontes.

Fossil record of Phaethontes. Widely geographi-
cally distributed fossils that represent stem mem-
bers of the tropicbird lineage are known from the
Paleogene, Eocene, and Miocene. These occur-
rences result in relatively small temporal gaps in
the early record (late Paleocene-middle Eocene) of
tropicbirds, though each temporal data point com-
prises very few specimens. The record of morpho-
logical evolution for tropicbirds is likewise very
sparse due to the incomplete nature of most fossils
reported thus far. It has been suggested that the



poor Miocene record of trobicbirds could be due to
a shift to strictly pelagic habits, similar to modern
Phaethon which breed on offshore islands (Olson
and Walker, 1997; Mayr, 2015a). Additional Paleo-
cene records include fragmentary remains
assigned to Prophaethon sp. from the Thanetian
(note that the now discarded Landenian stage
name is referenced in the original description)
Aquia Formation of Maryland (Olson, 1994).
Although these specimens overlap in age with
Lithoptila abdounensis, we prefer to use the more
complete specimen to define the calibration. Early
Eocene specimens from Intercalary Beds 1/2 (low-
ermost Ypresian) and Bed 1 (lower Ypresian) of the
Phosphates Series of Ouled Abdoun Basin, which
overlay the Bed lla horizon have also been
assigned to Lithoptila abdounensis (Bourdon et al.,
2008). Because these specimens do not overlap
the holotype, assignment to the species rests on
the assumption of a single species of Prophae-
thontidae in the deposits. Regardless, morpholo-
gies of these fossils support assignment to
Phaethontes. Two specimens, including nearly
complete skulls and partial skeletons of Prophae-
thon shrubsolei from the early Eocene London
Clay of the Isle of Sheppey represent the most
substantial record of stem Phaethontidae
(Andrews, 1899; Harrison and Walker, 1976a;
Mayr, 2015a). Although Harrison and Walker
(1976a, p. 24) considered the closely related Pro-
phaethon to represent "an intraordinal link"
between Pelecaniformes, Charadriformes, and
Procellariiformes, this taxon is now widely recog-
nized as a member of tropicbird lineage (Olson,
1985; Bourdon et al.,, 2005). Middle Eocene
remains from Belgium have also been reported
(Mayr and Smith, 2002a).

The wide range of possible sister taxa and
poor support levels recovered for most proposed
relationships preclude meaningful discussion of the
congruence between the fossil record of tropicbirds
and their sister taxon at this time.

STEM THRESKIORNITHIDAE
Ibises and Spoonbills

Node Calibrated. This node represents the split
between Threskiornithidae (ibises and spoonbills)
and their extant sister taxon, which has been vari-
able among molecular (Ericson et al., 2006; Hack-
ett et al.,, 2008) and morphological (Livezey and
Zusi, 2007; Smith, 2010; Mayr, 2011b) estimates of
phylogeny.

Fossil Taxon. Rhynchaeites sp.
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Specimen. MGUH 20288 (caudal vertebrae, par-
tial sternum, partial pelvis, distal femur, nearly com-
plete left and right legs from the tibiotarsi to
phalanges).

Phylogenetic Justification. The referral of MGUH
20288 to Rhynchaeites sp. is based on the follow-
ing combination of characters, distributed through-
out the postcranial skeleton (potential
autapomorphies of Rhynchaeites indicated with an
asterisk): sternum with a wide trabecula mediana
bounded by a single pair of caudal incisions (of
similar depth to Rhynchaeites messelensis); a
metatarsal | with a shorter and wider articular pro-
cess for the tarsometatarsus than in extant Thre-
skiornithidae; *a proximomedially projecting medial
portion of the proximal tarsometatarsus (a distinct,
but somewhat similar character is present in Gavia,
Podiceps, and some procellariiforms; see Smith,
2010, character 411); the fossa for metatarsal | is
located close to the medial surface of the shaft of
the tarsometatarsus (a fossa in a fully medial posi-
tion is present in Plotopteridae; see Smith,
2010:Character 435); *the presence of a short ten-
dinal ossification on the plantar surface of the tar-
sometatarsus; and near-identical proportions of the
hindlimb and pedal segments (which are also dis-
tinct from extant Threskiornithidae), with the excep-
tion that MGUH 20288 is slightly larger than some
Rhynchaeites messelensis specimens (Mayr and
Bertelli, 2011, table 1).

Phylogenetic placement of Rhynchaeites
messelensis (Figure 1.2) as a member of total
group Threskiornithidae is based on three apomor-
phic characters discussed by Peters (1983) and
Mayr (2002a): an elongate recurved bill; a
schizorhinal bill with a dorsoventrally broad basal
segment of the ventral bar, and a notarium consist-
ing of at least three fused thoracic vertebrae
(Livezey and Zusi, 2006, character 892). Within
waterbirds, a notarium is present in Podicipedidae,
Phoenicopteridae, Threskiornithidae, and Peleca-
nidae (Livezey and Zusi, 2006; though in Pelecani-
dae, only two vertebrae anterior to the synsacrum
are included, leading these authors to suggest that
this taxon does not have a notarium sensu stricto).
Additional potential apomorphies (optimization as
apomorphies dependent upon topology of extant
waterbird lineages relative to Threskiornithidae)
uniting Rhynchaeites messelensis and Threskiorni-
thidae include: 1) a dorsoventrally deep sternal
keel (Livezey and Zusi, 2006, character 1199; see
also Smith, 2010, character 133); 2) a postacetab-
ular blade of the ilium that is as long as or extends
further caudally than the caudal end of the ischium
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FIGURE 1. Specimens representative of two taxa that provide fossil calibrations within the waterbird assemblage. 1,
Limnofregata azygosternon (USNM 22753) from the early Eocene Green River Formation represents the sister taxon
(with its congener Limnofregata hasegawai) to Fregata, and calibrates the node Fregatidae + Suloidea. 2, Rhyn-
chaeites messelensis (SMF 218) from the middle Eocene of Messel. Together with other Messel Rhynchaeites mes-
selensis specimens and Rhynchaeites sp. (MGUH 20288) from the early Eocene Fur Formation, these represent the
sister taxon to Threskiornithidae, and MGUH 20288 calibrates the node uniting Threskiornithidae and its extant sister

taxon. Scale bars equal 50 mm.

(Livezey and Zusi, 2006, character 1914; Smith,
2010, character 320); 3) a fibula that is at least 3/4
the length of the tibiotarsus, but still does not reach
its distal end (Livezey and Zusi, 2006, character
2191; convergently present in Podiceps within
waterbirds); 4) a medially located sulcus extenso-
rius on the distal tibiotarsus (Livezey and Zusi,
2006, character 2178); and 5) the relative distal
extents of the trochleae metatarsals are Il < Il > 1V,
and Il > IV (Livezey and Zusi, 2006, character
2361; Smith, 2010, character 445). Of these traits,
characters 1, 3, 4, and 5 are present in the calibrat-
ing specimen Rhynchaeites sp. MGUH 20288.
Minimum Age. 53.9 Ma

Soft Maximum Age. None specified.

Age Justification. The specimen was found by
Peter Franz in the lower Eocene Fur Formation of
northwest Denmark (Lindow and Dyke, 2006; Mayr
and Bertelli, 2011). Nearly 180 layers of volcanic
ash are interbedded within the Fur Formation
(Egger and Brtickl, 2006; Lindow and Dyke, 2006).
The upper set of more closely spaced, black basal-
tic ash layers are numbered ranging from +1 to
+140 in ascending stratigraphic order, whereas the
lower set of more widely spaced, light colored lay-
ers are numbered from -1 to -39 in descending
order (Baggild, 1918; Egger and Brickl, 2006).
Two 39Ar/40Ar radioisotopic dates have been
reported from these ash layers, including a date of
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54.04 +/- 0.14 Ma from layer +19 and a date of
54.52 +/- 0.05 Ma from layer -17 (Chambers et al.,
2003). More recently, a reanalysis of the 39Ar/40Ar
radioisotopic dates from layer -17 produced an age
of 55.12 +/- 0.12 Ma (Storey et al., 2007), and
adjusting this estimate based on the recalibration
of the Fish Canton Tuff (~28.201 Ma) sanidine ref-
erence standard (Kuiper et al., 2008) for 39Ar/40Ar
radioisotopic dates yields a corrected age of 55.48
+/- 0.12 (Westerhold et al., 2009). Within the time
period bounding layer -17 and +19, approximately
0.5 m of volcanic ash and 19.5 m of diatomite were
deposited (Beggild, 1918; Egger and Brickl,
2006). However, the precise horizon from which
MGUH 20288 was collected has not been
reported, so whether these dates provide a mini-
mum age, maximum age, or together bound the
age of the fossils cannot be determined. With these
considerations in mind, we apply the youngest pos-
sible age for MGUH 20288, inclusive of error: 53.9
Ma.

Phylogenetic position of Threskiornithidae and
Rhynchaeites. Rhynchaeites messelensis (neo-
type SMF ME 1045; holotype specimen named by
Wittich, 1898 has been lost, a neotype was desig-
nated by Peters, 1983) was the first fossil bird
described from Messel, and was originally
described as a member of Rostratulidae (Charad-
riformes) by Wittich (1898). Hoch (1980) also sup-



ported charadriiform affinities for the taxon. The
threskiornithid affinities of Rhynchaeites messelen-
sis were first noted by Peters (1983), and
described in more detail by Mayr (2002a). The Fur
Formation specimen of Rhynchaeites was previ-
ously described as a "pelecaniform” (Kristoffersen,
2002) and a galliform (Lindow, 2007) in two inde-
pendent Ph.D. dissertations before being referred
to Rhynchaeites by Mayr and Bertelli (2011). Mayr
(2002a, 2009a), and Mayr and Bertelli (2011) dis-
cussed the threskiornithid features of Rhyn-
chaeites in detail. The most salient apomorphies
uniting Rhynchaeites with Threskiornithidae are an
elongate recurved schizorhinal beak and a notar-
ium consisting of at least three fused thoracic ver-
tebrae (Mayr, 2002a, 2009a).

The extant sister-taxon relationships of Thre-
skiornithidae have fluctuated considerably across
morphological and molecular studies, though
nearly all are consistent in recovering them as
closely allied to various members of the traditional
order Ciconiiformes. The main exceptions are the
analysis of FGB-int7 sequences by Fain and
Houde (2004), which recovered Threskiornithidae
as sister taxon to Musophagidae; and the mito-
chondrial genome study of Brown et al. (2008),
which recovered the aberrant sister-taxon relation-
ship between Threskiornithidae and Musophagi-
formes. This clade was the sister taxon to a larger
group including some Ciconiiformes, some
Caprimulgiformes, and Apodiformes (Brown et al.,
2008). Ericson et al. (2006) recovered Threskiorni-
thidae in a basal polytomy with Ardeidae and a
Pelecanidae + Balaenicipitidae + Scopidae clade;
whereas Hackett et al. (2008) recovered a sister
taxon relationship between Threskiornithidae and
Ardeidae, with the Pelecanidae + Balaenicipitidae
+ Scopidae clade forming the sister taxon of this
group. As for analyses of morphological data,
Livezey and Zusi (2007) recovered the Threskiorni-
thidae as sister taxon to a Ciconiidae + Phoenicop-
teridae clade, with this larger grouping as sister
taxon to Scopidae. Smith (2010) recovered Thre-
skiornithidae as part of a polytomy including Ardei-
dae and Ciconiidae, with this larger group
constituting the sister taxon to Phoenicopteridae,
though as noted by Smith (2010), support for vari-
ous subgroups of Ciconiiformes was relatively low
in this analysis. Similarly, Mayr (2011b) recovered
a sister-taxon relationship between Threskiornithi-
dae and Ciconiidae, with this group falling into
large polytomy comprised of Ciconiiformes and
Pelecaniformes.
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Fossil record of total group Threskiornithidae.
Rhynchaeites messelensis is one of the more
abundant medium-sized birds known from the mid-
dle Eocene Messel locality, and is represented by
more than a dozen partial to nearly complete spec-
imens (Mayr and Bertelli, 2011; Smith et al., 2013).
Other records that may pertain to total group Thre-
skiornithidae of similar age include: 1) a distal tibio-
tarsus from the late middle Eocene of Myanmar
referred to cf. Threskiornithidae by Stidham et al.
(2005); 2) Vadaravis brownae, represented by a
nearly complete postcranial skeleton from the early
Eocene Green River Formation of Wyoming (Smith
et al.,, 2013); 3) Eociconia sangequansis, repre-
sented by a distal left tarsometatarsus that may
have Ciconiidae affinities, from the middle Eocene
Yixibaila Formation of Xinjiang, China (Hou, 1982);
and 4) Sanshuiornis zhangi, consisting of a distal
tibiotarsus and complete articulated foot from the
middle Eocene black oil shales of the Huayong
Formation in Guangdong Province, southern China
that shows affinities to Ciconiiformes, as well as
Rhynchaeites messelensis (Wang et al., 2012). In
most cases, these specimens are extremely frag-
mentary and their relationships have not been
tested in a phylogenetic analysis; the exception
being Vadaravis brownae, which was recovered as
the sister taxon of a Ciconiidae + Phoenicopteridae
+ Threskiornithidae clade in a reanalysis of the
Livezey and Zusi (2006, 2007) dataset by Smith et
al. (2013). When the topological constraints of the
Hackett et al. (2008) results for waterbird relation-
ships were enforced, Vadaravis brownae was
recovered as the sister taxon to Threskiornithidae
(Smith et al., 2013). Potential younger members of
total group Threskiornithidae (from the late Eocene
onwards) are briefly reviewed by Smith et al.
(2013), and likewise constitute fragmentary speci-
mens whose relationships are contested and have
not been tested in a phylogenetic analysis or justi-
fied with apomorphy-based diagnoses.

STEM PELECANIDAE
Pelicans

Node Calibrated. This node represents the split
between Pelecanidae (monotypic family comprised
of eight extant species of Pelecanus) and their
extant sister taxon, which has been variable among
molecular (Ericson et al.,, 2006; Hackett et al.,
2008) and morphological (Livezey and Zusi, 2007;
Smith, 2010; Mayr, 2011b) estimates of phylogeny.
Fossil Taxon. Pelecanus sp.
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Specimen. NT-LBR-039 (holotype; FSL-367.087
cast). A nearly complete skull and mandible, and
several articulated cervical vertebrae.
Phylogenetic Justification. Phylogenetic justifi-
cation is based on three cranial apomorphic char-
acters of Pelecanidae that are preserved in the
specimen (Louchart et al., 2011). These include a
long, spatulate rostrum with two ridges on the ven-
tral surface subparallel to the edges, long and thin
mandibular rami, and a rostrally located syndes-
motic intraramal hinge in the mandible. None of
these characters are present in any other bird spe-
cies, thus they will optimize as synapomorphies
uniting NT-LBR-039 and extant pelicans regardless
of which avian group constitutes the extant sister
taxon of Pelecanidae.

Minimum Age. 28.1 Ma

Soft Maximum Age. None specified.

Age Justification. The specimen was collected
from Pichovet, 3 km northeast of Vachéres,
Luberon, in southeastern France (43°55'N, 5°40'E)
(Louchart et al., 2011). The specimen was found in
fine-grained limestone, indicative of a coastal
freshwater lagoon depositional environment
(Louchart et al., 2011). The deposits from Pichovet
have been biostratigraphically correlated with the
Mammal Paleogene biostratigraphic zone MP 24,
which is within the Rupelian (Mourer-Chauviré,
1985; Legendre and Lévéque, 1997; Mayr, 2006).
The temporal age range for the Rupelian has been
inferred to be 28.1-33.9 Ma (BiochroM, 1997;
Gradstein et al., 2012; Cohen et al., 2013; Walker
et al., 2013). Following best practices for justifying
minimum age constraints (Parham et al., 2012), we
apply the youngest possible age for the Rupelian,
inclusive of error: 28.1 Ma.

Phylogenetic position of Pelecanidae and the
Oligocene Pelecanus sp. Traditional taxonomy
and phylogenetic studies based on morphological
data (Cracraft, 1985; Livezey and Zusi, 2007 and
references therein) have suggested the Pelecani-
dae are sister-taxon to Suloidea (Sulidae, Anhingi-
dae, Phalacrocoracidae), with this larger group
constituting the sister taxon to Fregatidae. This
group of "pelecaniforms" exclusive of tropicbirds
(Phaethontidae) is known as Steganopodes (Chan-
dler, 1916). The study of Smith (2010) also recov-
ered a monophyletic Steganopodes, but with
Fregatidae as the sister taxon to Suloidea and
Pelecanidae as the successive sister taxon to this
clade. However, Mayr (2011b) recovered a Peleca-
nidae + Balaenicipitidae clade that is sister taxon to
Scopidae, with this larger group in a basal poly-
tomy with other clades of Ciconiiformes and Pele-

caniformes. Mayr's (2011b) result is more similar to
the topologies that have long been recovered by
molecular studies. Van Tuinen et al. (2001) pro-
vided some of the first molecular support for a
Pelecanus + Balaeniceps + Scopus clade, and
subsequent studies with more taxon-sampling and
diverse genetic data have largely confirmed this
grouping (Fain and Houde, 2004; Ericson et al.,
2006; Hackett et al., 2008). Thus, the relative utility
of the Oligocene Pelecanus sp. (NT-LBR-039) as a
fossil calibration is highly dependent on the topol-
ogy of the phylogeny being temporally calibrated
(e.g., it would represent the oldest record of a Pele-
canus + Balaeniceps + Scopus clade, but not the
oldest record of a monophyletic Steganopodes).
Fossil record of total group Pelecanidae. Pro-
topelicanus cuvieri, represented by an isolated
femur from the late Eocene Paris Gypsum of
France, has previously been considered to share
affinities with pelicans, sulids, and pelagornithids,
but as Mayr (2009a, p. 80) notes, the affinities of
this material should be considered indeterminate
until more complete remains and/or apomorphy-
based diagnoses can be advanced. Beyond NT-
LBR-039, the next oldest fossil stem Pelecanidae
is Miopelecanus gracilis from the early Miocene of
France, which is represented by a cranium and
caudal portion of the rostrum (Olson, 1985). Louch-
art et al. (2011) suggested that this taxon might be
referable to Pelecanus. However, regardless of this
taxonomic uncertainty, there is currently no evi-
dence to support the phylogenetic placement of
either NT-LBR-039 or Miopelecanus gracilis within
crown pelicans (e.g., crown Pelecanidae/crown
Pelecanus). Other Neogene and Quaternary
records of total group Pelecanidae are limited, but
members of the clade are known from all conti-
nents, with the exception of Antarctica (Stidham et
al., 2014).

Based on the topologies of most higher-level
avian phylogenies based on molecular data (e.g.,
Ericson et al., 2006; Hackett et al., 2008), NT-LBR-
039 would calibrate splits within a Pelecanus +
Balaeniceps + Scopus clade. The oldest member
of total group Balaenicipitidae is Goliathia andrewsi
from the early Oligocene lower sequence of the
Jebel Qatrani Formation of Egypt (Brodkorb, 1980;
Rasmussen et al., 1987). The holotype of Goliathia
andrewsi is a complete ulna (NHMUK A883), and a
distal end of a right tarsometatarsus lacking the
trochleae from the upper sequence of the Jebal
Qatrani Formation has also been referred to this
species (Rasmussen et al., 1987; Smith, 2013, fig-
ure 3). Scopus xenopus, represented by a distal



tarsometatarsus and partial coracoid from the early
Pliocene of South Africa, constitutes the only
known fossil record of total group Scopidae (Olson,
1984). Neither Goliathia andrewsi nor Scopus xen-
opus have been evaluated in a phylogenetic analy-
sis.

Based on the topologies recovered from most
morphological studies, NT-LBR-039 would either
calibrate the split between Pelecanidae and a Fre-
gatidae + Suloidea clade (Smith, 2010); or
between Pelecanidae and Suloidea (Cracraft,
1985; Livezey and Zusi, 2007). In the former case,
NT-LBR-039 would be superseded as a fossil cali-
bration by the older stem-frigatebird Limnofregata
(Smith, 2010; see below). In the latter cases, there
are several potentially older members of total
group Suloidea that might supersede NT-LBR-039.
These include (but are not limited to): 1) Masil-
lastega rectirostris from the middle Eocene of Mes-
sel, an isolated skull that may be a stem member of
Sulidae (Mayr, 2002b); 2) Eostega lebedinskyi from
the middle Eocene of Romania, an incomplete
mandible that may also be a stem sulid and/or a
senior synonym of Masillastega (Mlikovsky, 2002,
2007; Mayr, 2009a); 3) Phocavis maritimus, repre-
sented by a tarsometatarsus from the late Eocene
to early Oligocene Keasey Formation of northwest
Oregon (Goedert, 1988) and a member of the
extinct Plotopteridae, which may constitute the sis-
ter taxon to a Phalacrocoracidae + Anhingidae
clade (Smith, 2010); and 4) the enigmatic Protoplo-
tus beauforti, a nearly complete skeleton from
lacustrine sediments of Sumatra (likely Paleocene
in age; Whateley and Jordon, 1989), that has been
allied with various members of the Pelecaniformes
(van Tets et al.,, 1989; Smith, 2010). With the
exception of Protoplotus, most of these specimens
are represented by fragmentary or incomplete
material; and in all cases, their relationships
among extant groups of waterbirds have remained
controversial, and have not been tested in phyloge-
netic analyses.

STEM FREGATIDAE
Frigatebirds

Node Calibrated. This node represents the split
between Fregatidae and their extant sister taxon,
the Suloidea (including Sulidae, Phalacrocoraci-
dae, and Anhingidae). Phylogenetic analyses of
both molecular (Ericson et al., 2006; Hackett et al.,
2008) and morphological (Smith, 2010; Mayr,
2011b) data support a sister-taxon relationship
between Fregatidae and Suloidea.
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Fossil Taxon. Limnofregata Olson, 1977
Specimen. USNM 22753 (holotype of Limnofre-
gata azygosternon; Figure 1.1). Additional support
for this calibration is provided by contemporaneous
specimens of this species including UWGM 6919
(paratype); GMNH PV 167 (referred specimen from
four meters above the "18 inch layer") and of the
species Limnofregata hasegawai including GMNH
PV 170 (holotype; collected 2—-3 meters laterally
from GMNH PV 167); FMNH PA 719 (referred
specimen from Thomson Ranch, F-2 Facies). A
new species of Limnofregata, UCMP 134932, rep-
resented by an articulated right coracoid and
humerus recovered from UCMP locality V70272 in
the Wasatch Formation of Wyoming, also provides
additional support for this calibration (Stidham,
2015).

Phylogenetic Justification. Phylogenetic justifi-
cation is based on analyses of osteological data
from Smith (2010). The analysis of Smith (2010)
recovered 18 unambiguous synapomorphies of a
Limnofregata + Fregata clade, with six of these
exhibiting no homoplasy on the most-parsimonious
trees. Synapomorphies include cranial, axial, pec-
toral, and pelvic characters distributed throughout
the skeleton. The synapomorphies supporting a
Limnofregata + Fregata clade, presented in the for-
mat: "Character(character state)", with boldface
indicating no homoplasy in the character on the
most-parsimonious trees, include: 30(1) Quadrate,
shape of otic head in dorsal aspect: compressed
anteroposteriorly and distinctly elongate mediolat-
erally; 101(1) Number of cervical vertebrae: 15 or
16; 102(1) Osseous bridge from processus trans-
versus to processus articularis caudalis on third
cervical vertebra: present; 103(0) Cervical verte-
brae 8-11 with processus carotici ankylosed along
the midline, forming an osseous canal: no; 108(1)
Sternum, shape and relative craniocaudal length to
mediolateral width of dorsal surface of sternal
body: square-shaped, sternal body wider than
long; 114(2) Number of costal facets on sternum:
six; 133(2) Sternum, relative convexity of ventral
carinal margin in lateral aspect: extremely convex,
approaching semicircular profile; 134(0) Sternum,
apex carinae of sternum pointed and projecting far
rostrally to coracoid sulci: no; 155(0) Scapula, rela-
tive cranial extension of acromion: short, does not
extend cranial to articular facies for the coracoid;
201(2) Humerus, tuberculum m. pectoralis superfi-
cialis, pars deep depth: deep groove medial and
distal to tuberculum, with distal portion of tubercu-
lum hypertrophied as a round swelling; 206(1)
Humerus, relative development and shape of delto-
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pectoral crest: strongly protruding and triangular;
221(2) Humerus, shape of tuberculum supracondy-
lare ventrale in medial (ventral aspect): distal half
of tuberculum distinctly concave, giving the tuber-
culum a triangular, ‘pointed’ appearance in medial
(ventral) aspect; 223(2) Humerus, relative location
of muscle scar for insertion of M. pronator superfi-
cialis (= “m. pronator brevis”): only slightly poste-
rior, and proximal to tuberculum supracondylare
ventrale; 293(1) Manus, proximodistally elongate
fenestra on the distal third of the blade of II-1: pres-
ent; 316(1) Pelvis, interacetabular width relative to
synsacral length: between 1/2 to 1/3; 394(1) Tibio-
tarsus, medial ridge of trochlea cartilaginis tibialis
hypertrophied, robust, and mound-like: present;
404(1) Tarsometatarsus, proximodistal length of
tarsometatarsus relative to the femur: short, tar-
sometatarsus less than 1/2 of the length of the
femur; 408(2) Tarsometatarsus, development and
orientation of eminentia intercondylaris (= “intercot-
ylar prominence”): short, and rounded, weakly
developed with no dorsal component. See Smith
(2010) for full descriptions of characters and
states, as well as original sources for characters.
Synapomorphies of the Limnofregata + Fre-
gata clade that are present in UCMP 134932
include: characters 201(2), 221(2), and 223(2).
Breakage of the deltopectoral crest of UCMP
134932 prevents assessment of character 206.
The presence of several plesiomorphic (relative to
crown frigatebirds) features in UCMP including:
144(0) Claviculae, fenestra (fenestra subacrocora-
coidea claviculae) created by fusion of anterodor-
sal portion of processus omalis claviculae to
coracoid: absent; and 219(0) Humerus, fossa olec-
rani pneumaticity: absent or extremely small pneu-
matic foramina scattered on surface; indicate its
position outside of Fregatidae (Smith, 2010;
Stidham, 2015).
Minimum Age. 51.81 Ma
Soft Maximum Age. None specified.
Age Justification. Both the holotype (USNM
22753; Figure 1.1) and referred specimen (UWGM
6919) of Limnofregata azygosternon were col-
lected near Kemmerer in Lincoln County, Wyo-
ming. Their exact locality data is not known, though
more precise locality data is known for several
referred specimens as well as the holotype and
referred specimens of Limnofregata hasegawai
(see "Specimens" section above). These speci-
mens are from the F-2 Facies, in the middle unit of
the Fossil Butte Member of the Green River For-
mation (Grande and Buchheim, 1994; Grande,
2013). These deposits are late early Eocene, and
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multicrystal analyses (sanidine) from a K-feldspar
tuff (FQ-1) at the top of the middle unit of the Fossil
Butte Member, from Fossil-Fowkes Basin (locality:
N41°47'32.2" W110°42'39.6") have yielded an age
of 51.97 + 0.16 Ma (Smith et al., 2010).

UCMP locality V70272, where specimen
UCMP 134932 was recovered, is located in Sweet-
water County, Wyoming. The specific locality is
from Bitter Creek 22 Level 3, which is a lignite bed
in the Main Body of the Wasatch Formation
(Stidham, 2015). Mammal fossils from Bitter Creek
have been interpreted as Graybullian, roughly cor-
responding to the Wasatchian North American
Land Mammal Age (NAMLA 3-5 subzones of the
Bighorn Basin) (Stidham, 2015). UCMP V70272 is
also stratigraphically below Bitter Creek fossil liz-
ard localities considered to represent the Wasat-
chian subzones late Wa4-Wa6 (Smith and
Gauthier, 2013; Stidham, 2015), suggesting that
these Limnofregata specimens are from an equiva-
lent of the early Wa4 or older subzone. Current
estimates for the age of the Graybullian (Wa3—
Wa5) range from 53.9 to 55.1 Ma (Chew and
Oheim, 2013; Gradstein et al., 2012; Stidham,
2015). Although the evidence for UCMP 134932
being located stratigraphically below other Limnof-
regata specimens (and the possibility that it may be
~2 million years older than these fossils) is compel-
ling, no direct radiometric dates are associated
with this specimen and locality, necessitating a
cross-basin correlation using mammal biostratigra-
phy (Stidham, 2015). For these reasons, the hard
minimum age of UCMP 134932 would actually be
younger than the minimum age that can be estab-
lished for the Green River Formation Limnofregata
specimens.

Phylogenetic position of Fregatidae and Lim-
nofregata. Limnofregata azygosternon (Figure
1.1) was originally described as a stem-frigatebird
by Olson (1977) and placed in the monotypic
genus Limnofregata, and monotypic subfamily Lim-
nofregatinae, within the Fregatidae. An additional
species, Limnofregata hasegawai, was subse-
quently described in 2005, differing only in overall
size and several skeletal proportions from L. azy-
gosternon (Olson and Matsuoka, 2005). The
inferred close relationship between Limnofregata
and Fregata has never been challenged, though
Mayr (2005) noted similarities between Limnofre-
gata and the plotopterid Phocavis maritimus
(Goedert, 1988), represented by a single tar-
sometatarsus. However, the analyses of Smith
(2010) represented the first rigorous tests of the
phylogenetic relationships of Limnofregata, recov-



ering it as the sister-taxon to Fregata with strong
support.

The extant sister-taxon of Fregata has been
slightly more contentious. Most traditional taxono-
mies and studies of morphological data suggested
that Fregata represented the sister-taxon to a Pele-
canus + Suloidea (Sulidae, Phalacrocoracidae,
Anhingidae) clade (Livezey and Zusi, 2007 and ref-
erences therein). However, more recent morpho-
logical (Smith, 2010; Mayr, 2011b) and molecular
datasets (Fain and Houde, 2004; Ericson et al.,
2006; Hackett et al., 2008) are consistent in recov-
ering a sister-taxon relationship between Fregati-
dae and Suloidea. Additionally, molecular datasets
have long contradicted a sister-taxon relationship
between Pelecanus and Suloidea, typically recov-
ering the former as closely related to the shoebill,
Balaeniceps, and the hammerkop, Scopus (van
Tuinen et al., 2001; Ericson et al., 2006; Hackett et
al., 2008). More recently, morphological support
has also been described for a clade uniting Pele-
canus, Balaeniceps, and Scopus (Mayr, 2011b).
Fossil record of total group Fregatidae. The fos-
sil record of total group Fregatidae is extremely
depauperate, with multiple specimens from the
three known species of Limnofregata representing
the only Pre-Quaternary records (Olson, 1985;
Smith, 2010; Stidham, 2015). The Quaternary
records are all from oceanic islands and can all be
referred to extant species of Fregata (Olson, 1985).
Thus, we have little evidence to support a maxi-
mum age for this clade.

STEM PHALACROCORACIDAE
Cormorants and Shags

Node Calibrated. This node represents the split
between Phalacrocoracidae and their extant sister
taxon, the Anhingidae. Phylogenetic analyses of
both molecular (Ericson et al., 2006; Hackett et al.,
2008) and morphological (Livezey and Zusi, 2006,
2007; Smith, 2010; Mayr, 2011b) data strongly sup-
port a sister-taxon relationship between Phalacro-
coracidae and Anhingidae.

Fossil Taxa. 7?Borvocarbo stoeffelensis Mayr
(2007)

Specimen. PW 2005/5022-LS (holotype). The
holotype consists of a slightly dissociated, but still
largely articulated, specimen, missing several ver-
tebrae, the pelvis, and most of the left foot (Mayr,
2007). The original description (Mayr, 2007, p. 931)
notes that while the specimen is currently reposited
in Landesamt fir Denkmalpflege Rheinland-Pfalz,
Mainz, Germany, it will eventually be transferred to

PALAEO-ELECTRONICA.ORG

the Landessammlung fir Naturkunde, Mainz, Ger-
many.

Phylogenetic Justification. Phylogenetic justifi-
cation is based on analyses of osteological data
from Smith (2010). The analysis of Smith (2010)
recovered three unambiguous synapomorphies of
a ?Borvocarbo stoeffelensis + Phalacrocoracidae
clade, one of which exhibits no homoplasy on the
most-parsimonious trees. Synapomorphies are
represented in the mandible and pes of the skele-
ton. The synapomorphies supporting a ?Borvo-
carbo stoeffelensis + Phalacrocoracidae clade,
presented in the format: "Character(character
state)", with boldface indicating no homoplasy in
the character on the most-parsimonious trees, are:
91(1) Mandible, surangular, area at posteromedial
attachment of M. adductus mandibulae externus
profundus: presence of a single robust, knob-like
tuberosity; 446(2) Pes, relative lengths of digits IlI
and IV: digit IV significantly longer than digit lll,
often by nearly the entire distal phalanx of digit 1V;
464(1) Pes, strong dorsoventral compression of
phalanges of pes: present. In addition, there are
two characters described by Mayr (2007) as sug-
gestive of a close relationship between ?Borvo-
carbo stoeffelensis and Phalacrocoracidae that
were not included in the phylogenetic analysis of
Smith (2010). These are a well-developed crista
nuchalis sagittalis along the midline of the skull
(absent in 'microcormorants') and an accessory
transverse cranial crest present caudal to crista
nuchalis transversa.

Minimum Age. 24.52 Ma

Soft Maximum Age. None specified.

Age Justification. The holotype of ?Borvocarbo
stoeffelensis was recovered from the fossil Lager-
statte Enspel, near Bad Marienberg in Westerwald,
Rheinland-Pfalz, Germany. The Enspel deposits
correspond to the upper Oligocene Mammal Paleo-
gene reference level 28 (Mertz et al., 2007). Laser
fusion 40Ar/39Ar radiometric dating of volcanic feld-
spars from the lower and upper basaltic flows that
bound the Enspel lacustrine deposits yielded ages
of 24.56 + 0.04 to 24.79 + 0.05 Ma (Mertz et al.,
2007).

Phylogenetic position of total group Phalacro-
coracidae and ?Borvocarbo stoeffelensis. Mayr
(2001) originally described a partial right foot, tar-
sometatarsus, and distal tibiotarsus to ?Oligocorax
sp. This specimen was later referred to ?Borvo-
carbo stoeffelensis when this new taxon was
erected by Mayr (2007). Although Mayr (2007,
2009b) has suggested that some of the characters
supporting a ?Borvocarbo stoeffelensis + Phala-
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crocoracidae could represent deeper synapomor-
phies of Phalacrocoracoidea (Phalacrocoracidae +
Anhingidae) that are later lost in anhingas, the only
phylogenetic analysis that has tested the relation-
ships of ?Borvocarbo stoeffelensis recovered it as
the sister taxon to Phalacrocoracidae with fairly
strong support (Smith 2010). Both morphological
(Cracraft, 1985; Bourdon et al., 2005; Livezey and
Zusi, 2007; Smith, 2010) and molecular (Ericson et
al., 2006; Brown et al., 2008; Hackett et al., 2008)
analyses have been consistent in recovering
strong support for a Phalacrocoracidae + Anhingi-
dae clade. The primary exceptions to this are the
nuclear dataset based on intron 7 of the B-fibrino-
gen gene from Fain and Houde (2004) and the
mitochondrial dataset of Kennedy et al. (2005),
which both recover the aberrant grouping of Suli-
dae + Anhingidae, a result that may be due in part
to long-branch attraction (Kennedy et al., 2005).
Fossil record of total group Phalacrocoracidae
and ?Borvocarbo stoeffelensis. Potential older
members of total group Phalacrocoracidae include
Piscator tenuirostris, represented by a rostral sec-
tion of the upper mandible and described by Harri-
son and Walker (1976b) as a cormorant; as well as
a partial premaxilla from the early Oligocene Jebel
Qatrani Formation of Egypt that was referred to the
Phalacrocoracidae by Rasmussen et al. (1987).
There are also undescribed cormorant-like speci-
mens from the Eocene-Oligocene Quercy fissure
filings in France (Mourer-Chauviré, 1982), and
from the early Oligocene of Céreste, France (Roux,
2002; Mayr, 2007), that have been suggested as
representing the family. However, in most cases,
these specimens are represented by extremely
fragmentary material, and in all cases, their rela-
tionships have not been evaluated in a phyloge-
netic analysis.

The recently described Anhinga walterbolesi,
a tarsometatarsus from the late Oligocene—early
Miocene Etadunna Formation of South Australia,
likely represents the oldest stem-member of Anhin-
gidae (Worthy, 2012). This specimen has the
potential to be older than ?Borvocarbo stoeffelen-
sis. However, the referral of the type locality of
Anhinga walterbolesi to the Etadunna Formation is
based on the presence of the duck Pinpanetta ted-
fordi in these deposits, and the Etadunna Forma-
tion itself currently has an age range of 24—26 Ma,
based on biostratigraphic and magnetostrati-
graphic data (Woodburne et al., 1994), making the
minimum possible age younger than that for ?Bor-
vocarbo stoeffelensis. It is worth noting however,
that this still suggests the oldest records for stem
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Phalacrocoracidae and stem Anhingidae occur
close to the same time.

DISCUSSION

Waterbird Phylogenetic Relationships and
Temporal Diversification

We consider the results of the phylogenomic
analysis of Hackett et al. (2008; see also McCor-
mack et al., 2013 for congruent results, albeit with
a smaller sample of waterbird taxa) as the best cur-
rent estimate of higher-level relationships within
the waterbird assemblage. This topology, and the
phylogenetic relationships of the five fossil calibra-
tions discussed above, is displayed in Figure 2. An
alternative waterbird phylogeny based on an analy-
sis of osteological data by Smith (2010), which was
also used to establish the relationships of most of
the fossil calibrations discussed here, is displayed
in Figure 3. These two exemplars highlight some of
the current conflict regarding waterbird phylogeny
regarding interfamilial relationships, as well as sup-
port (or lack thereof) for monophyly of traditional
avian orders within the group. It is worth noting that
these conflicts do not represent a fundamental
dichotomy between morphological and molecular
datasets, as disagreement between estimates of
waterbird relationships exists within these two
classes of data as well (Cracraft, 1985; Fain and
Houde, 2004; Ericson et al., 2006; van Tuinen et
al., 2006; Livezey and Zusi, 2007; Brown et al.,
2008; Hackett et al., 2008; Smith, 2010; Mayr,
2011b; McCormack et al., 2013).

Given this phylogenetic uncertainty, one of the
most important aspects of establishing future vet-
ted fossil calibrations within the waterbird assem-
blage will be robustly establishing the phylogenetic
position of fossils, and demonstrating that the sis-
ter taxon relationships of these fossil calibrations
are invariant across different estimates of topologi-
cal relationships (i.e., criterion 3 of Parham et al.,
2012; see also Smith, 2010). What is evident
regardless of phylogenetic uncertainty is that most
major lineages within the waterbird assemblage
had diverged by the Eocene (Figures 2, 3), and
that many of the major body plans and ecomorpho-
types characteristic of extant members of the clade
may have been established by this time (Ksepka
and Clarke, 2010; Smith, 2010; Louchart et al.,
2011; Smith et al., 2013). The fact that oldest mem-
bers of most waterbird lineages are Paleogene in
age, with records of purported Cretaceous mem-
bers questionable (see below), also lends support
to traditional paleontological perspectives on the
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FIGURE 2. Preferred phylogenetic tree based on the phylogenomic analysis of Hackett et al. (2008) showing the fam-
ily-level relationships (with silhouettes of representatives within each family) within the waterbird assemblage, with
five fossil calibrations (Table 1) included. Groups color-coded by membership in traditional avian orders: Pelecani-
formes (green), Ciconiiformes (orange), Procellariiformes (blue), Sphenisciformes (brown), Podicipediformes (gold),
Gaviiformes (purple). Stratigraphy and associated ages from Cohen et al. (2013; see also Walker et al., 2013).
Branches (internodes) outside of fossil calibrations are set to a unit length to make topological relationships clear, and
are not intended to represent actual divergence times. Double hash marks indicate that the clade containing Phae-
thon, Podiceps, and Phoenicopterus is actually recovered as distantly related to the waterbird clade (i.e., it is not its
sister-taxon). Nodes that are numbered correspond to fossil calibrations described in the text. Asterisk next to
Waimanu manneringi references a vetted calibration from Ksepka and Clarke (2015). Abbreviations: E, Early. M, Mid-

dle. L, Late.

timing of the crown radiation of birds, which
emphasize this as being a post-Cretaceous event
(Feduccia, 1995; Mayr, 2009a; Longrich et al.,
2011).

Other Calibrations within the Waterbird
Assemblage

The oldest representative of total group Sphe-
nisciformes (penguins) currently recognized is
Waimanu manneringi, represented by an associ-
ated partial postcranial skeleton from the late early
Paleocene of New Zealand (Slack et al., 2006).
Calcareous nannofossils imply an age of 60.5-61.6

Ma for Waimanu manneringi (Slack et al., 2006).
Phylogenetic support for the placement of
Waimanu manneringi and its congener Waimanu
tuatahi as the basal-most members of Sphenisci-
formes is particularly strong (Slack et al., 2006;
Ksepka and Clarke, 2010, 2015). Coupled with its
late early Paleocene age, this makes Waimanu
manneringi particularly useful as a robust fossil cal-
ibration for studies of waterbird, and higher-level
avian, temporal diversification (Slack et al., 2006;
Ho and Phillips, 2009; Smith, 2010; Smith et al.,
2013; Ksepka and Clarke, 2015).
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Gaviiformes includes some purported stem
members from the Cretaceous, such as Neogaeor-
nis wetzeli, represented by an isolated tarsometa-
tarsus from the Campanian/Maastrichtian of Chile
(Olson, 1992), and Polarornis gregorii, a partial
skeleton including some cranial material from the
Late Cretaceous of Antarctica (Chatterjee, 2002).
The gaviiform affinities of both these specimens
have been questioned (Mayr, 2004; Mayr and
Poschmann, 2009; Smith, 2010; Mayr et al., 2013),
and Mayr et al. (2013) noted the large discrepancy
in morphology between putative Late Cretaceous
gaviiform taxa and those from the early Paleogene.
The next-oldest records of stem Gaviiformes are
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Colmbiculus udovichenkoi from the middle Eocene
of Ukraine (Mayr and Zvonok, 2011; Mayr et al.,
2013) and Colymboides anglicus from the late
Eocene of England (Lydekker, 1891; Storer, 1956,
Harrison and Walker, 1976b). More complete skel-
etal material referable to Gaviiformes is known
from the early Oligocene (Mayr, 2004, 2009c;
Smith, 2010). In most cases, the relationships of
these purported stem members of Gaviiformes
remain to be assessed in a phylogenetic analysis,
and controversy still surrounds the taxonomic
assignments of the oldest purported records
(Smith, 2010; Mayr et al., 2013).



With regard to other potential fossil calibra-
tions within Ciconiiformes, most of the potential
oldest records are fairly controversial, fragmentary,
and untested in phylogenetic analyses and/or
unjustified by apomorphy-based diagnoses (Smith
et al., 2013). The monophyly and interrelationships
of Ciconiiformes are also highly variable across
various estimates of waterbird phylogeny (Fain and
Houde, 2004; Ericson et al., 2006; Livezey and
Zusi, 2007; Brown et al., 2008; Hackett et al., 2008;
Smith, 2010; Mayr, 2011b), which warrants caution
in applying un-vetted fossil calibrations within the
group. Indeed, most molecular studies recover fla-
mingos distantly related to other Ciconiiformes and
waterbirds, as the well-supported sister taxon to
grebes (Fain and Houde, 2004; Ericson et al.,
2006; Hackett et al., 2008). Previous analyses
have used the early Oligocene stem flamingo
Adelalopus hoogbutseliensis (Mayr and Smith,
2002b) to calibrate the grebe-flamingo split (Eric-
son et al., 2006; Torres et al., 2014), and unde-
scribed early Oligocene grebes have also been
referenced in the literature (Ksepka et al., 2013;
Mayr, 2014). Also, regardless of the exact phyloge-
netic position of Threskiornithidae in different mor-
phological and molecular analyses (Fain and
Houde, 2004; Ericson et al., 2006; Livezey and
Zusi, 2007; Brown et al., 2008; Hackett et al., 2008;
Smith, 2010; Mayr, 2011b), most of these analyses
are consistent in recovering Threskiornithidae as
deeply nested within other groups of the traditional
orders Ciconiiformes and Pelecaniformes. Thus,
the stem Threskiornithidae calibration provided by
Rhynchaeites would make additional calibrations
for more deeper nodes within this group unneces-
sary for calibrating minimum times of divergence
(though note that such calibrations may still be very
useful for divergence time estimation methods that
jointly estimate phylogeny and temporal splits; see
e.g., Heath, 2012; Ronquist et al., 2012).

The oldest purported record of Procellarii-
formes is Tytthostonyx glauconiticus, a nearly com-
plete right humerus from the Late Cretaceous or
early Paleocene Hornerstown Formation of New
Jersey (Olson and Parris, 1987). However, both
Olson and Parris in their original description
(1987), as well as Bourdon et al. (2008), have
questioned this referral, noting that this taxon also
shows similarities to Charadriiformes and Pelecan-
iformes. A variety of fragmentary specimens from
the Eocene have been referred to extant procella-
riform families, with more complete material known
from the early Oligocene, but none of these have
been evaluated in a phylogenetic analysis or with
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rigorous apomorphy-based diagnoses (Smith,
2010). Additionally, the large amount of discrep-
ancy between morphological (e.g., Bourdon et al.,
2005; Livezey and Zusi, 2007; Smith, 2010) and
molecular (e.g., Nunn and Stanley, 1998; Kennedy
and Page, 2002; Ericson et al., 2006; Brown et al.,
2008; Hackett et al., 2008) datasets regarding the
interfamilial relationships of Procellariiformes, sug-
gests that utilizing fossil calibrations within this
group based on the existing taxonomic assignment
of fossil specimens may be premature, or at the
least, requires a robust demonstration of the invari-
ant position of a purported fossil calibration across
different estimates of topological relationships (i.e.,
criterion 3 of Parham et al., 2012).

CONCLUSIONS

Understanding the temporal diversification of
the waterbird clade is critical to placing broader
questions regarding their evolutionary history into
context, whether they are analyses of lineage
diversification (van Tuinen et al., 2006; Brown et
al., 2008; Pacheco et al., 2011; Haddrath and
Baker, 2012; Jetz et al., 2012); trait evolution
(Nunn and Stanley, 1998; Simons et al., 2011;
Smith, 2012; Felice and O'Connor, 2014); ecology
(Gibb et al., 2013); or biogeography (Friesen and
Anderson, 1997; Ksepka and Thomas, 2012). We
vetted the phylogenetic placement and geochrono-
logical context of five well-supported fossil calibra-
tions from the waterbird assemblage that will
provide robust temporal calibrations for the origins
of: stem Phaethontes (tropicbirds); stem Threskior-
nithidae (ibises and spoonbills); stem Pelecanidae
(pelicans); stem Fregatidae (frigatebirds); and
stem Phalacrocoracidae (cormorants). This is not
an exhaustive review of potential waterbird fossil
calibrations, but rather an emphasis on those that
are currently among the most robustly supported,
based on the criteria of Parham et al. (2012), and
the most potentially useful for analyses of temporal
diversification within the group. It is our hope that
continued review of the waterbird fossil record and
new analyses and syntheses of waterbird phyloge-
netic relationships will yield additional, well-vetted
fossil calibrations within the clade.

NOTE ADDED IN PROOF

A recently published paper (Mayr, 2015b),
describes a new specimen of stem-cormorant, PW
2013/5000-LS, that represents the same taxon as
PW2005/5022-LS. Mayr (2015b) revises the taxon-
omy of this species from ?Borvocarbo stoeffelensis

15



SMITH& KSEPKA: WATERBIRD FOSSIL CALIBRATIONS

to Oligocorax stoeffelensis. However, this new
record does not alter the inferred phylogenetic
position of this taxon as a stem-cormorant (cali-
brating the Anhingidae-Phalacrocoracidae split),
nor does it alter the temporal age assigned to this
taxon.
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