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ABSTRACT—New specimens of procellariiform birds are described from the Oligocene of Germany and Belgium,
including a virtually complete and extraordinarily well preserved articulated skeleton. These birds show a peculiar foot
morphology which to a striking degree resembles that of the recent Polynesian Storm-petrel Nesofregetta fuliginosa
(Oceanitinae, Hydrobatidae). The pedal phalanges are dorso-ventrally compressed and especially the proximal phalanx
of the fourth toe is grotesquely widened. The Oligocene Procellariiformes trenchantly differ, however, from Nesofre-
getta, the closely related genus Fregetta, and all other taxa of recent Hydrobatidae in the remainder of the skeleton.
Possibly the feet served as a brake for rapid stops in order to catch prey, and we consider the similarities to Nesofregetta
to be a striking example of convergence among birds. The specimens described in this study are referred to Diome-
deoides brodkorbi, D. lipsiensis, and to Diomedeoides sp. The genus Frigidafons is a junior synonym of Diomedeoides,
and Diomedeoides minimus is a junior synonym of Diomedeoides (= ‘‘Gaviota’) lipsiensis. An incomplete articulated
specimen of Diomedeoides brodkorbi is of special taphonomic interest, since in the close vicinity of its left wing two
fairly large shark teeth can be discerned which probably stuck in the soft tissues of the bird when it was embedded in

the sediment.

INTRODUCTION

Today the avian order Procellariiformes (tubenoses or pe-
trels) comprises four families of exclusively marine and highly
pelagic birds, the Diomedeidae (albatrosses; two recent genera),
Procellariidae (fulmars, petrels, shearwaters; 12 recent genera),
Hydrobatidae (storm-petrels; eight recent generain two subfam-
ilies, Oceanitinae and Hydrobatinae), and Pelecanoididae (div-
ing-petrels; a single recent genus). The members of this order
greatly differ in size, with albatrosses being among the largest
and storm-petrels the smallest seabirds. All Procellariiformes
are characterized by more or less tubular nostrils which are
associated with a well developed olfactory sense. All species
either feed on marine invertebrates (mainly squid), or on fishes.
The Procellariiformes are generally thought to be an ancient
order which probably originated in the Southern Hemisphere
where most of the recent species occur (see Carboneras, 1992
for general information on the order).

The early evolution of procellariiform birds is very poorly
understood. Olson and Parris (1987) tentatively assigned an iso-
lated humerus from the Upper Cretaceous or Paleocene (see
Hope, 1999) of New Jersey to the Procellariiformes which, if
correctly identified, would be the earliest fossil record of the
order. In dire need of arevision are the fragmentary specimens
described by Harrison and Walker (1977) from the Lower Eo-
cene London Clay formation of England. The genus Neptu-
niavis Harrison and Walker, 1977, for example, most likely rep-
resents a pseudo-toothed bird of the extinct family Pelagorni-
thidae, rather than a member of the Procellariidae as suggested
by the authors. Panteleyev and Nessov (1987) described Mu-
runkus subitus, a new genus and species which is based on an
isolated carpometacarpus from the Middle Eocene of Uzbeki-
stan and which was classified into the Diomedeidae. Feduccia
and McPherson (1993) assigned an isolated distal tibiotarsus
from the Late Eocene of Louisiana to the Procellariiformes,
they found this specimen to be morphologically close to the
recent genus Pterodroma (Procellariidae). ““Larus’ raemdon-
ckii van Beneden, 1871 from the Rupelian of Belgium was clas-

sified into the genus Puffinus by Brodkorb (1962); this species
is based on an isolated humerus.

The so far most complete record of a Paleogene procellari-
iform bird was studied by Cheneval (1995) (see also Cheneval
and Pharisat, 1995). The specimen, a dissociated skeleton from
the Rupelian of France, was assigned to Frigidafons brodkorbi,
a new genus and species of the Procellariidae; due to its pres-
ervation, however, it allows the recognition of only few oste-
ological details. A second species of the genus Frigidafons,
Frigidafons babaheydariensis, was described by Peters and Ha-
medani (2000) from the Oligocene of the Iran. Fischer (1983,
1985, 1997) described various bones from the German site Es-
penhain (also Rupelian) as Gaviota lipsiensis Fischer, 1983
(distal humeri), Diomedeoides minimus Fischer, 1985 (femora),
and Frigidafons brodkorbi (tarsometatarsi). Most likely these
bones and a distal tibiotarsus assigned to ?Rupelornis definitus
by Fischer (1983) belong to a single species which is closely
related to Frigidafons brodkorbi (see below).

In this study we present new or previously unrecognized ma-
terial of procellariiform birds from the Oligocene of Germany
and Belgium, including a virtually complete and extraordinarily
well preserved articulated skeleton. These birds show a peculiar
foot morphology which closely resembles that of the recent
Polynesian Storm-petrel Nesofregetta fuliginosa (Oceanitinae,
Hydrobatidae). Further, we undertake a taxonomic revision of
the genus Frigidafons Cheneval, 1995 and of the above-men-
tioned taxa that were described by Fischer (1983, 1985, 1997).

Institutional Abbreviations—The specimens are deposited
in the Bayerische Staatssammlung fur Palaontologie und His-
torische Geologie, Miinchen, Germany (BSP), the Museum fur
Naturkunde, Berlin, Germany (MB), the Forschungsinstitut
Senckenberg, Frankfurt aM., Germany (SMF), the Staatliches
Museum fur Naturkunde, Karlsruhe, Germany (SMNK), and in
the National Museum of Natural History, Washington, USA
(USNM).

For comparisons, skeletons of the following recent procel-
lariiform species were studied: Diomedeidae: Diomedea sp.;
Hydrobatidae: Fregetta tropica, Nesofregetta fuliginosa,
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Oceanites oceanicus, Oceanodroma sp.; Procellariidae: Puffinus
puffinus, P. ITherminieri, Fulmarus glacialis, Daption capensis,
Calonectris diomedea, Bulweria bulwerii, Pterodroma neglecta
(partial skeleton), Procellaria aequinoctialis (skull), Macronec-
tes sp. (skull); Pelecanoididae: Pelecanoides urinatrix. In ad-
dition, representatives of all other higher avian taxa were in-
vestigated. If not indicated otherwise, the anatomical terminol-
ogy used in this study follows Baumel and Witmer (1993); the
dimensions are in millimeters.

SYSTEMATIC PALEONTOLOGY

AVES Linnaeus, 1758
ProcELLARIIFORMES FlUrbringer, 1888
DiomebeoIDIDAE Fischer, 1985

Amended Diagnosis—The Diomedeoididae Fischer, 1985
differ from all extant procellariiform birds in the smaller pro-
cessus supracondylaris dorsalis (humerus). The large processus
supracondylaris dorsalis may suggest monophyly of recent Pro-
cellariiformes to the exclusion of the Diomedeoididae. Auta-
pomorphic for the fossil family is the unique morphology of
the feet: the peda phalanges (including the ‘‘nail-like"’ claws)
are dorso—ventrally flattened, the proximal phalanx of the fourth
toe is greatly widened mediolaterally, a hallux is absent. The
tarsometatarsus bears an unusually deep sulcus extensorius.

Diomedeoides Fischer, 1985

Remar ks—The genus Diomedeoides is well characterized by
the morphology of its femur. Diagnostic features are the very
marked fovea ligamenti capitis, the proximo-distally narrow ca-
put femoris and the cranio-caudally very narrow and in caudal
view rectangularly-shaped trochanter femoris. We consider the
genus Frigidafons Cheneval, 1995 a junior synonym of Diome-
deoides Fischer, 1985. Although owing to the poor preservation
of the specimen, details of the femur cannot be discerned in the
holotype of Frigidafons brodkorbi, this element is well pre-
served in the referred specimens from Frauenweiler which per-
fectly match with the type specimen in size and osteological
details (the holotype of Frigidafons brodkorbi also shows the
highly characteristic flattened pedal phalanges which, however,
for some reasons have not be mentioned by Cheneval, 1995).

Rupelornis definitus van Beneden, 1871, the type and only
species of the genus Rupelornis, was based on a distal end of
a tibiotarsus from the Rupelian of Belgium which is similar in
its morphology to the distal tibiotarsus of Diomedeoides (see
below and Fischer, 1983). Unfortunately, van Beneden (1871)
neither indicated where he deposited the type specimen (prob-
ably the Institut Royal des Sciences Naturelles de Bruxelles,
Belgium) nor gave a detailed description. It is possible that
future studies will show the genus Diomedeoides Fischer, 1985
to be ajunior synonym of Rupelornis van Beneden, 1871. How-
ever, until the type specimen of R. definitusis directly compared
to the specimens treated in this study, we maintain classification
of the latter into the genus Diomedeoides.

Diomedeoides brodkorbi (Cheneval, 1995)
(Figs. 1-5)

Frigidafons brodkorbi Cheneval, 1995:189-197:figs. 1-4.

Referred Specimens—SMNK.PAL.3812 (nearly complete
skeleton; the distal left carpometacarpus, the distal right hu-
merus, and the proximal right ulna were fabricated by the pre-
parator of the specimen, Fig. 1); SMNK.PAL.3811 (incomplete
articulated skeleton lacking the left leg and the distal part of
the left wing, Fig. 2).

L ocality—Frauenweiler south of Wiesloch (Baden-Wurttem-
berg, Germany), clay pit of the Bott-Eder GmbH (** Grube Un-
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terfeld’’) (for information on the site see Micklich and Parin,
1996; Trunkd and Munk, 1998; Mayr, 2000).

Horizon—Rupelian, Early Oligocene (MP 22) (Micklich and
Parin, 1996; Legendre and Lévéque, 1997).

Dimensions (Maximum Length in mm)—See Tables 1 and 2.

Description and Comparison—The beak (Fig. 3) is very
slender and, apart from the less hooked tip, most similar to that
of the recent genus Puffinus in shape. In other recent Procel-
lariiformes it is either much shorter (all Hydrobatidae) or more
robust. The narial openings measure about 1/3 of the entire
length of the beak and are positioned near its dorsal side. There
is a groove from the distal end of the narial openings towards
the ventral margin of the beak which is aso present in recent
Procellariiformes. Like in the latter, the rami mandibulae are
high at the level of the orbitae (contrary to Cheneval, 1995,
who based his observation on a poorly preserved specimen).
The os praefrontale has been lost in SMNK.PAL.3812 and ob-
viously was not fused with the os frontale like in some recent
Procellariidae (e.g., Macronectes, Procellaria). Due to preser-
vation it cannot be discerned if, like in recent Hydrobatidae,
the frontal part of the os praefrontale was separated by a wide
gap from the os frontale. The fossae glandularum nasales (im-
pressions of the ‘‘salt glands’) are narrow like in Puffinus,
though they appear to have been much shallower. In the recent
genera Fregetta and Nesofregetta (Hydrobatidae), these fossae
are very shallow, too, but much wider than in Diomedeoides.
There are no conspicuous projections at the caudal end of the
fossae glandularum nasales, contrary to recent Hydrobatidae
and some Procellariidae (e.g., Bulweria bulwerii). Like in recent
Puffinus and Calonectris, the septum interorbitale is perforated
by a large fenestra. The processus postorbitales are distinct,
similar in size to those of Calonectris diomedea; they direct
ventrally. The fossae temporales are marked like in most recent
Procellariidae except, for example, Bulweria; in recent Hydro-
batidae they are shallow and much smaller.

The cervical vertebrae are fairly long and bear rather short
processus costales. Recent Procellariiformes have 15 cervical
vertebrae (Forbes, 1882), and a similar number seems to have
been present in Diomedeoides (although the exact number cannot
be discerned). In SMNK.PAL.3812 seven or eight free caudal
vertebrae can be counted, at least one of which bears a large
processus ventralis. The pygostyle (visible in SMNK.PAL.3812)
is large, the lamina pygostyli has a rounded tip.

In its overall morphology, the coracoid is similar to the cor-
responding bone of recent Procellariiformes. The facies arti-
cularis clavicularis does not protrude far medially. The cotyla
scapularis is cup-like, a small foramen nervi supracoracoidei is
situated near the medial margin of the bone. Cheneval (1995:
189) mentioned a ‘“‘slightly developed sterno—coracoidal pro-
cess [=processus lateralis],” but in the specimens from Frauen-
weiler this process appears to be fairly long. Like in some re-
cent Procellariiformes (e.g., Calonectris diomedea), the ventral
side of the extremitas sternalis bears a marked depression
(SMNK.PAL.3812, right side).

The furculais very widely U-shaped, wider than in all recent
Procellariiformes we investigated. Due to preservation, the
apophysis furculae is not visible in any of the specimens; it is
large in some recent Procellariiformes (e.g., Fregetta, Nesof-
regetta), but small in others (e.g., Puffinus).

The scapula resembles that of recent Procellariiformes (e.g.,
Calonectris diomedea), the acromion is very short. The sternum
is similar to that of Fulmarus glacialisin its general outline but
is peculiar in that its caudal margin apparently only had one
pair of small incisurae laterales. Within recent Procellariifor-
mes, the configuration of the caudal margin of the sternum
shows great variation (Forbes, 1882; Pycraft, 1899). Most Pro-
cellariidae have two pairs of notches, if incisions are reduced,
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FIGURE 1. Complete articulated skeleton of Diomedeoides brodkorbi from the Rupelian of Frauenweiler, Germany (SMNK.PAL.3812). The

specimen was coated with ammonium chloride to enhance contrast.

these are the lateral not the medial ones. The caudal margin of
the sternum of recent Hydrobatidae completely lacks incisions.

In its proportions, the humerusis similar to the corresponding
bone of recent Procellariidae whereas it is shorter and stouter
in the Oceanitinae (southern storm-petrels: Oceanites, Pelago-
droma, Garrodia, Fregetta, and Nesofregetta). The shaft is
nearly straight, the crista deltopectoralis has a triangular shape.
The attachment site of the musculus latissimus dorsi is a marked
scar (SMNK.PAL.3811). Apart from being smaller, the distal
end is very similar to the distal humerus of Diomedeoides lip-
siensis which is described below. The humerus of Diomedeo-
ides differs from that of recent Procellariiformes in the smaller
processus supracondylaris dorsalis. The dorsal margin of the
sulcus humerotricipitalis exhibits a ventrally protruding edge
(SMNK.PAL.3811), like in some recent Hydrobatidae (e.g.,
Fregetta, Nesofregetta).

The ulna resembles that of recent Procellariidae in its pro-
portions. In the Oceanitinae this bone is much shorter and stout-
er. As far as comparable, the morphology of the proximal and
distal end is similar to that of Fulmarus and Calonectris; in
Puffinus (which is a wing-propelled diver) the proximal end is
more compressed dorso—ventrally and the distal margin of the
cotyla ventralis protrudes more cranially.

The carpometacarpus resembles that of recent Fulmarus in
its proportions; again, it is proportionally shorter in recent

Oceanitinae. Judging from the illustrations in Panteleyev and
Nessov (1987), the bone also resembles the carpometacarpus of
Murunkus subitus. Like in some recent Procellariiformes (e.g.,
Fulmarus), the processus pisiformisis only alow elevation. The
0s metacarpale minus bears a ventrally projecting tubercle at its
proximal end (SMNK.PAL.3812).

The phalanx proximalis digiti majoris has a similar shape like
that of recent Procellariiformes, a short processus internus in-
dicis (terminology after Stegmann, 1963) is present. Like in
many recent Procellariiformes, the phalanx distalis digiti ma-
joris bears a small projection at its caudal margin
(SMNK.PAL.3812). The phaanx digiti minoris is long and
slender. The crus longum of the os carpi ulnare exceeds the
crus breve in length.

The pelvis is narrow like in all recent Procellariiformes, in
its proportions it is similar to the pelvis of recent Calonectris
diomedea. The crista spinosa synsacri is very distinct and raised
above the cristae iliacae dorsales. The aae praeacetabul ares ilii
are medio-laterally narrow. The foramina obturata are not com-
pletely closed. Contrary to recent Procellariiformes, the proces-
sus terminales ischii do not meet the ossa pubes in specimen
SMNK.PAL.3812 (in SMNK.PAL.3811 they are not completely
preserved).

In hindlimb proportions, Diomedeoides closely resembles re-
cent southern storm-petrels (Oceanitinae) in having very long
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FIGURE 2. Incomplete articulated skeleton of Diomedeoides brodkorbi from the Rupelian of Frauenweiler, Germany (SMNK.PAL.3811). Note
the two shark teeth next to the left wing (arrows). Abbreviations: lw, left wing; rw, right wing; rl, right leg.

tibiotarsi and tarsometatarsi (see Cheneval, 1995). The femur
is dlightly curved like in Fulmarus and Calonectris (not as
strongly as in Puffinus). The caput femoris is very narrow in
proximo—distal direction, the fovea ligamenti capitis marked
(SMNK.PAL.3812).

The tibiotarsus is the longest limb element. The cristae cne-
miales are large and protrude proximally, though not as strongly
as in the recent genus Puffinus; they do not taper to a point.
The crista cnemialis cranialis does not bear a distal hook (like,
for example, in Fulmarus). The sulcus extensorius is strongly
marked as in the unnamed procellariiform bird described by
Feduccia and McPherson (1993). The condylus medialis is
dightly narrower than the condylus lateralis. The incisura in-

tercondylaris is wide. The fibula measures 2/3 of the length of
the tibiotarsus.

The tarsometatarsus of Diomedeoides (Fig. 4A) has already
been described in some detail by Cheneval (1995), Fischer
(1997), and Peters and Hamedani (2000); a few additional de-
scriptive notes are made below. The bone is stouter than the
tarsometatarsus of Diomedeoides (=‘‘Frigidafons”) babahey-
dariensis (which has about the same length but a minimum
width of 3.5 vs. 4.2). Its distal end is a nearly identical but
larger replica of the distal tarsometatarsus of Nesofregetta fu-
liginosa (Oceanitinae, Hydrobatidae). A characteristic feature
of the tarsometatarsus of Diomedeoides is the strongly marked
sulcus extensorius which, to a dlightly lesser degree, is very

TABLE 1. Maximum length of the major bones of Diomedeoides brodkorbi (Cheneval, 1995) (left/right).
Skull Humerus Ulna Carpometacarpus Femur Tibiotarsus Tarsometatarsus
SMNK.PAL.3811 ~83 ~67/ /65.6 /36.3 /~81 /54.8
SMNK.PAL.3812 85.8 ~66.0/ 66.9/ 36.3/36.8 /1~32 84.3/~82.5 51.0/52.3
holotype? 69.0 70.7/71.7 40.0/40.2 37.7/38.0 81.6/83.0 55.4/56.4

aAfter Cheneval (1995).
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TABLE 2. Length of the pedal phalanges of Diomedeoides brodkorbi (Cheneval, 1995).
11 12 11 112 13 11 12 113 114 V1 V2 V3 V4 V5
SMNK.PAL.3811 — — 26.7 26.3 94 6.0 26.3 9.7 6.1 4.9
SMNK.PAL.3812 — — 27.0 10.5 5.0 27.0 9.6 6.6 5.0 26.5 9.1 6.7 4.6 4.1

distinct in Nesofregetta, too. The distal tarsometatarsus of Fre-
getta does not exhibit this unique morphology and more closely
resembles that of other procellariiform birds.

To a striking degree, the peculiar feet of Diomedeoides re-
semble those of the extant Nesofregetta fuliginosa (Figs. 4B,
5). The distal phalanges and the proximal phalanges of the third
and fourth toe are dorso-ventrally compressed; the proximal
phalanx of the second toe is flattened only in its distal third.
As is the case in Nesofregetta, the proximal phalanx of the
fourth toe is grotesquely widened, just distally of its proximal
end it strongly projects laterally. A more detailed description
of the proximal pedal phalanges is given below. Like in recent
Hydrobatidae, the proximal phalanx of the third toe is longer
than that of the next two phalanges taken together (in recent
Procellariidae it is always shorter, see Forbes, 1882). The fourth
toe exceeds the third and second in length. Like in Fregetta
and Nesofregetta, the ungua phalanges are dorso-ventrally flat-
tened, and appear somewhat ‘‘ nail-like’” with a blunt distal end.
They are medio-laterally wider than the adjacent phalanges. A
hindtoe cannot be discerned in any of the specimens of Diome-
deoides brodkorbi, within recent Procellariiformes it is absent
in Pelecanoides and extremely vestigial in many other taxa (es-
pecially most Diomedeidae and Hydrobatidae). The feet of Di-
omedeoides differ from those of Nesofregetta in that the prox-
imal ends of the distal phalanges of the fourth toe lack distinct
laterally protruding tubercles, the distal phalanges are dorso-

ventrally compressed (in Nesofregetta, this compression has a

stronger medio-lateral component and it is rather the lateral
[fourth toe] respectively medial [second and third toe] surface
which directs dorsally), and in that the claws are symmetric
(asymmetric in Nesofregetta). As aready noted by Olson
(1985), the feet of Fregetta are less specialized than those of
Nesofregetta, the phalanges are less flattened and the proximal
phalanx of the fourth toe is less widened. Flattened pedal pha-
langes also occur in recent grebes (Podicipediformes), but in
this taxon the proximal phalanges are medio-laterally com-
pressed not dorso-ventrally like in Diomedeoides (grebes are
adapted to foot-propelled diving and medio-laterally com-
pressed phalanges reduce drag when the feet are moved for-
wards).

FIGURE 3. Skull of Diomedeoides brodkorbi (SMNK.PAL.3812).
The specimen was coated with ammonium chloride to enhance contrast.

Diomedeoides lipsiensis (Fischer, 1983)
(Figs. 6-7)

Gaviota lipsiensis Fischer, 1983:152-153, figs. 1, 2.

?Rupelornis definitus Fischer, 1983:153, fig. 5.

Diomedeoides minimus Fischer, 1985:113-118, figs. 1-6, 12,
13, 15, 16.

Frigidafons brodkorbi Fischer, 1997:278-280, figs. 17-23.

Referred Specimen—BSP 1973 VII 226 (incomplete right
humerus lacking the proximal end).

L ocality—Steendorp, Belgium.

Horizon—Rupelian, Early Oligocene (MP? 23-24) (see Che-
neval, 1996).

Dimensions (in mm)—Length as preserved, 73.3; estimated
total length, ~85; minimum width of shaft, 5.5; distal width,
11.3.

Differential Diagnosis—Diomedeoides lipsiensis (Fischer,
1983) differs from Diomedeoides brodkorbi (Cheneval, 1995)

FIGURE 4. A. Distal end of left tarsometatarsus of Diomedeoides sp.
in plantar (ventral) view (SMF Av 3070). B. Diomedeoides brodkorbi,
reconstruction of the right foot in dorsal view (after SMNK.PAL.3812).
Scale bars equal 10 mm.
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FIGURE 5. A, left foot of recent Nesofregetta fuliginosa (USNM 498014) in dorsal view. B,

(SMNK.PAL.3812) in dorsa view. Scale bars equal 10 mm.
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Lot

right foot of Diomedeoides brodkorbi

in its larger size (Table 3). It further has a somewhat straighter
femur than the Frauenweiler specimens of Diomedeoides brod-
korbi.

Taxonomic Remarks—This species has a fairly complex
taxonomic history because Fischer (1983, 1985, 1997) assigned
four different skeletal elements from the same early Oligocene

TABLE 3. Comparison of major long bone dimensions between Di-
omedeoides brodkorbi (Cheneval, 1995) and D. lipsiensis (Fischer,
1983).

Humerus, Femur,
distal width maximum length
Diomedeoides brodkorbi? ~85 ~32-38
Diomedeoides lipsiensis® 9.3-11.2 44.0

aAfter the holotype, SMNK.PAL.3811, and SMNK.PAL.3812.
bAfter Fischer (1983, 1985).

site (Espenhain near Leipzig, Germany) to four different spe-
cies. ““Gaviota’ lipsiensis Fischer, 1983 was based on five dis-
tal humeri (Figs. 6A, C, 7) and was considered to be a gull
(Laridae, Charadriiformes). This species trenchantly differs,
however, from recent gulls in the shorter processus supracon-
dylaris dorsalis, and apart from being much smaller and much
older (early Oligocene vs. Upper Miocene) it differs from Gav-
iota niobara Miller and Sibley, 1941 in the presence of a ven-
trally protruding edge at the dorsal margin of the sulcus hu-
merotricipitalis, the smaller fossa musculi brachialis, and the
more pronounced epicondylus ventralis. Asrevealed by the new
specimens described above, the humeri referred to ** Gaviota”
lipsiensis are identical to the corresponding bone of Diomedeo-
ides brodkorbi. A distal tibiotarsus from Espenhain was as-
signed to ?Rupelornis definitus van Beneden, 1871 by Fischer
(1983); this bone is very similar to the distal tibiotarsus of D.
brodkorbi, too, and also exhibits a marked sulcus extensorius.
Fischer (1983) considered the possibility that the tibiotarsus be-
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FIGURE 6. A, C, holotype (distal
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D

right humerus) of Diomedeoides lipsiensis (Fischer, 1983) (MB.Av.732). B, D, referred specimen from the

early Oligocene of Steendorp, Belgium (BSP 1973 VII 226). A, B, caudal view. C, D, crania view.

longed to the same species as the humeri, but found it to be
proportionally too large (taking the proportions of recent gulls
as a basis). Also from the Rupelian of Espenhain, Fischer
(1985) described three femora as Diomedeoides minimus, a new
genus and species of the Procellariiformes which he believed
to be closely related to recent abatrosses, and for which he
erected the new family Diomedeoididae. Apart from being larg-
er, these bones closely resemble the femora of the articulated
specimens from Frauenweiler in the proximo-distally narrow
caput femoris and in the marked fovea ligamenti capitis. In
1997, Fischer finally assigned 15 isolated tarsometatarsi from
Espenhain to Frigidafons brodkorbi, but for some reasons did
not consider the possibility that these bones belonged to one of
the species he described in his earlier studies.

C

FIGURE 7. Original material of Diomedeoides lipsiensis (Fischer,
1983) described by Fischer (1983, 1997), from the early Oligocene of
Espenhain near Leipzig (Germany). A, complete left tarsometatarsus
(MB.Av.896); B, distal end of left tarsometatarsus (MB.Av.898); C,
distal end of right humerus (MB.Av.733); D, distal end of right humerus
(MB.Av.732, holotype). Note the great difference in size between the
specimens.
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The above-mentioned specimens from Espenhain greatly dif-
fer in size (Fig. 7) and might represent more than one species.
The type specimens of ‘‘Gaviota lipsiensis’ and ‘‘ Diomedeo-
ides minutus,” however, are compatible and from the upper size
range. We consider these specimens to be from a single species
for which the earliest available name is Diomedeoides lipsiensis
(Fischer, 1983). Diomedeoides minimus Fischer, 1985 is ajunior
synonym of Diomedeoides lipsiensis. For the remains assigned
to ““Gaviota lipsiensis,” ‘‘Diomedeoides minimus,” and *‘Fri-
gidafons brodkorbi’’ which are represented by a fair number of
specimens, a specific identity is also supported by statistical
reasons since avian remains in general are rare at the Espenhain
site (other taxa described so far include a rail, a galliform bird,
and an owl, see Fischer, 1997).

We identified several other previously unrecognized skeletal
elements of Diomedeoides lipsiensis in the collection of the
Museum fur Naturkunde in Berlin: aleft carpometacarpus lack-
ing the os metacarpale minus (MB.Av.1141, maximum length:
39.3), a proximal phalanx of the third toe (MB.Av.1148), and
three proximal phalanges of the fourth toe (MB.Av.1146 [two
specimens with the same number], MB.Av.1154). A complete
right ulna (MB.Av.1152, maximum length: 60.5) and a distal
right ulna (MB.Av.1145) probably also belong to this species.

Description and Comparison—The specimen from Steen-
dorp, BSP 1973 VII 226, amost perfectly matches with the
holotype of ““Gaviota lipsiensis’ (Fig. 6), the slightly shorter
tuberculum supracondylare ventrale and the slightly less
marked ventral margin of the fossa musculi brachialis probably
are due to individual variation. Apart from being larger, BSP
1973 VIl 226 aso corresponds well with the humeri of the
known specimens of Diomedeoides brodkorbi from Frauen-
weiler (see above). Compared to recent Procellariiformes, it
most closely resembles the humerus of Fulmarus glacialis in
overal morphology. The attachment site of the musculus latis-
simus dorsi is a marked scar. The shaft of the humerusis nearly
straight and dlightly flattened cranio-caudally like in Fulmarus
(not as strongly as in Puffinus). The processus supracondylaris
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dorsalis is smaller than in recent Procellariiformes (this process
is especially large in Puffinus, including the Oligocene P. raem-
donckii). Condylus dorsalis and condylus ventralis also resem-
ble those of the recent genus Fulmarus in shape. The incisura
intercondylaris is very shallow. The tuberculum supracondylare
ventrale is large and its proximal end protrudes cranially. The
distal end of the bone is not compressed in cranioventral-cau-
dodorsal direction as in recent wing-propelled divers like Puf-
finus. The fossa musculi brachialis is of similar depth as in
Fulmarus. There are two distinct depressions on the epicon-
dylus ventralis and on the epicondylus dorsalis each. The dorsal
margin of the sulcus humerotricipitalis bears a ventrally pro-
truding edge, like in recent Hydrobatidae (Oceanodroma, Fre-
getta, Nesofregetta).

Diomedeoides sp.
(Figs. 8-9)

Referred Specimens—SMF Av 302a (right tarsometatarsus
lacking distal end); SMF Av 303 (complete left tarsometatar-
sus); SMF Av 305a (proximal phalanx of left fourth toe); SMF
Av 305d (various fragments on a slab, including proximal right
humerus and both coracoids); SMF Av 305f (incomplete distal
end of right tarsometatarsus); SMF Av 305 (distal right tar-
sometatarsus); SMF Av 307a (fragmentary articulated skeleton
on a dab, including distal part of the beak); SMF Av 307c
(distal left tibiotarsus and proximal left tarsometatarsus); SMF
Av 307g (articulated thorax on a slab); SMF Av 307h (distal
tibiotarsus on a dlab); SMF Av 307] (left carpometacarpus);
SMF Av 307k (incomplete distal end of left tarsometatarsus);
SMF Av 307! (proxima phalanx of right third toe); SMF Av
3070 (distal left tarsometatarsus); SMF Av 307p (several pedal
phalanges including the proximal phalanx of the right second
toe).

L ocality—Florsheim (Hessen, Germany).

Horizon—L ate Oligocene (MP 30) (see Mlikovsky and Hes-
se, 1996).

Dimensions (in mm)—SMF Av 303. Maximum length, 51.0;
distal width, 11.0. SMF Av 305a. Maximum length, about 29.
SMF Av 307c. Distal width of tibiotarsus, 8.2. SMF Av 307].
Maximum length, 40.5. SMF Av 307]. Maximum length, 30.2.
SMF Av 3070. Length as preserved, 48.2; estimated total
length, approximately 60—65; distal width, 11.8.

Remarks—The remains from Florsheim were mentioned by
Lambrecht (1933); however, Mlikovsky and Hesse (1996) con-
sidered their whereabouts to be unknown. Like the specimens
from Espenhain (see above), the tarsometatarsi from Florsheim
greatly differ in size, the estimated length of SMF Av 3070,
for example, is nearly 20% longer than that of SMF Av 303.
Recent Procellariiformes do not show such an extreme variation
in size (neither by individual variation nor by sexual dimor-
phism) and there might be more than one species represented
by the material. The tarsometatarsi SMF Av 302a and SMF Av
303 correspond with those of Diomedeoides brodkorbi in size.
The tarsometatarsus SMF Av 3070, however, is distinctly larger
than that of the type of D. brodkorbi. It matches with a tarso-
metatarsus from the early Miocene of Weisenau (Germany)
which—despite its much larger size—was referred to D. brod-
korbi by Cheneval (1995). Like the latter, the bones from
Florsheim are from younger deposits than the specimens of Di-
omedeoides from Espenhain, Frauenweiler, and Froidefontaine
(the type locality of Diomedeoides brodkorbi).

Description and Comparison—The tarsometatarsi from
Florsheim are much stouter than the tarsometatarsus of Diome-
deoides babaheydariensis. SMF Av 303 has the same length as
the tarsometatarsus of the type of D. babaheydariensis, its distal
width, however, is 11.0 vs. 8.0, the minimum width of the shaft
is 5.0 vs. 3.5. The specimens have a dorso-ventrally wider shaft
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FIGURE 8. Various skeletal elements of Diomedeoides sp. from the
late Oligocene of Florsheim (Hessen, Germany). A, proximal phalanx
of the right second toe, dorsal view (SMF Av 307p); B proximal pha-
lanx of right third toe, ventral view (SMF Av 3071); C, distal end of
left tarsometatarsus, dorsal view (SMF Av 3070).

than the tarsometatarsi of Diomedeoides lipsiensis from Espen-
hain (with which they compare best in size). The trochlea meta-
tarsi 1V reaches as far distally as the trochlea metatarsi 111. The
latter directs medially and is asymmetric in plantar view (Fig.
4A). A fossa metatarsi | is absent. The incisura intertrochlearis
lateralis is much wider than the incisura intertrochlearis medi-
ais.

The proximal pedal phalanges closely resemble those of Ne-
sofregetta fuliginosa. The proximal phalanx of the second toe
(SMF Av 307p; Figs. 8A, 9A) is dorso—ventrally flattened only
in its distal third end, the proximal part of the shaft has a trap-
ezoid cross section. The distal articular surface is asymmetric.
The proximal end bears a distinct tendinal groove on its ventro-
medial side and is strongly protruding laterally. Like in Nesof-
regetta, the lateral projection probably interlocked the phalanx
with the adjacent phalanx of the third toe.

The proximal phalanx of the third toe (SMF Av 307I; Figs.
8B, 9B) is gresatly flattened dorso-ventrally, only the proximal
articular surface is widened. In distal view, the distal articular
surface merely is a narrow stripe. In medio-lateral width the
phalanx glightly tapers towards its distal end. Along the lateral
margin of the dorsal surface there is a narrow but deep sulcus
for the tendon of the extensor muscle; in Nesofregetta this sul-
cus is situated more laterally. Along the ventral side of this
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FIGURE 9. Diomedeoides sp., proxima pedal phalanges in ventral
view. A, right second toe (SMF Av 307p); B, right third toe (SMF Av
3071); C, left fourth toe (SMF Av 305a); 1, cotyla articularis; 2, fossa
on lateral side of phalanx. Scale bar equals 10 mm.

phalanx there is a very marked groove for the tendon of the
flexor muscle which extends over the whole length of this pha-
lanx (although in its distal half it is only very shalow). In
proximal view, the proximal articular surface is symmetric with
two cotylae for the rims of the trochlea metatarsi 111.

The proximal phalanx of the fourth toe (SMF Av 305a; Fig.
9C) is greatly flattened dorso-ventrally and becomes gradually
narrower towards its distal end. Especially the proximal end
has a very weird morphology: Like in Nesofregetta and Fre-
getta, there is a distinct medially projecting process on its ven-
tro-medial side which probably interlocked this phalanx with
the adjacent one of the third toe. Situated directly next to this
process is the small, oval cotyla articularis (Fig. 9C, no. 1). The
phalanx is greatly expanded laterally and most part of its prox-
imal end was not in direct articulation with the rather small
trochlea metatarsi 1V. Like in Nesofregetta there is a strongly
marked sulcus on the lateral side of the proximal end (Fig. 9C,
no. 2).

DISCUSSION

If only the feet of Diomedeoides were known, this genus
would certainly have been described as an extinct giant species
of the genus Nesofregetta (Oceanitinae, Hydrobatidae). The
similarities between Nesofregetta and Diomedeoides are so
much the more astonishing since the two taxa greatly differ in
size (the fossil genus is about two times larger). Yet whereas
the peculiar feet of Diomedeoides resemble those of Nesofre-
getta fuliginosa even in detail, the Oligocene genus trenchantly
differs from Nesofregetta, the closely related genus Fregetta,
and all other taxa of recent Hydrobatidae in the remainder of
its skeleton. The wing proportions of Diomedeoides are like
those of recent Procellariidae (see Cheneval, 1995); in the
Oceanitinae the wing is much shorter and the tibiotarsus is at
least two times longer than the humerus. Apart from being larg-
er, Diomedeoides further differs from all recent Hydrobatidae
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in its longer and more slender, Puffinus-like beak, the absence
of conspicuous projections at the caudal end of the fossae glan-
dularum nasales, the much more marked fossae temporales, the
presence of lateral incisions in the caudal margin of the sternum
(which is entire in all recent Hydrobatidae), and in the confor-
mation of the hypotarsus (see Cheneval, 1995). Of these char-
acters at least the short wing, the wing-like projections at the
caudal end of the fossae glandularum nasales, and the entire
caudal margin of the sternum are derived characters, shared by
Fregetta, Nesofregetta and the other Oceanitinae, but absent in
Diomedeoides.

As aready noted by Olson (1985), Fregetta is intermediate
in its foot morphology between the highly specialized Nesof-
regetta and the other Oceanitinae (see also above). Although
being strikingly similar, the feet of Nesofregetta and Diome-
deoides do differ in some details (see description), and we con-
sider the congruences to be one of the more striking examples
of parallelism within birds.

Both Fregetta and Nesofregetta mainly feed on the wing, by
**pattering and dipping”’ (Carboneras, 1992:268) and ** use their
feet to bound rapidly across the [water] surface, often against
strong head winds’ (Olson, 1985:125). According to Strese-
mann (1927-1934), some small recent storm-petrels, including
Fregetta, further use their feet as a brake for rapid stops when
they catch sight of prey near the water surface. Perhaps a sim-
ilar habit could also be assumed for Diomedeoides, the obvi-
ously well developed extensor muscles of the digits probably
prevented the toes from swinging back once they were dipped
into the water.

In al recent procellariiform birds the three anterior toes are
connected by webs, and this certainly was aso true in Diome-
deoides, so much the more since in the articulated skeletons
from Frauenweiler the toes cluster close together. As noted by
Olson (1985:125) the feet of Nesofregetta are ‘‘fused by the
skin of the web into a nearly inflexible paddle.”

Crucia for our understanding of the functional and adaptive
significance of the feet of Nesofregetta (and thus also Diome-
deoides) is the question why the similarly-sized species of the
genus Fregetta differ so distinctly in details of their feet mor-
phology. Whether this is, for example, related to a different
immersion depth of the feet or to different flight speeds (which
effects the resulting forces on the immersed feet) can, however,
not be said without further observations of these birds in life.

Specimen SMNK.PAL.3811 is of special taphonomic inter-
est, because in the close vicinity of its left wing two fairly large
shark teeth can be discerned (Fig. 2). Isolated shark teeth are
very rare in the deposits of Frauenweiler and hence this asso-
ciation is unlikely to be a postmortal accumulation as a result
of sea-floor currents. The position of these fossil teeth next to
the incomplete left wing further suggests, that either the living
bird or its drifting carcass was attacked by a shark. Shark teeth
are easily shed and the fossil ones obviously stuck in the feath-
ering or musculature of the bird whilst it was embedded in the
sediment.
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