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1 | INTRODUCTION

Crocodiles are commonly found in late Cenozoic deposits
throughout the East African Rift Valley System (EARS),
but most of what we know comes from units no older
than about 7Ma in the Turkana Basin of Kenya and
Ethiopia. From that point through the Pliocene and

wall. Kinyang co-occurs with the osteolaemine Brochuchus at some localities,
and together, they reinforce the phylogenetic disparity between early Neogene
osteolaemine-dominated faunas and faunas dominated by crocodylines begin-
ning in the Late Miocene in the Kenya Rift. The causes of this turnover remain
unclear, though changes in prevailing vegetation resulting from tectonic and
climatic drivers may provide a partial explanation.

Africa, Crocodylia, Crocodylidae, Osteolaeminae, paleoecology, phylogenetics

Pleistocene, we see diverse crocodylian faunas dominated
by Crocodylus Laurenti, 1768 (Figure 1f,g) and the
tubulirostrine osteolaemine Euthecodon Fourtau, 1920
(Figure 1i; Arambourg, 1947; Azzard et al, 2021;
Brochu, 2020; Brochu & Storrs, 2012; Brochu et al., 2010;
Harris et al., 2003; Joleaud, 1930; Storrs, 2003;
Tchernov, 1986). Sharp-nosed crocodiles (Mecistops

FIGURE 1

Living and extinct crocodylians from the late Cenozoic of East Africa. (a) Crocodylus niloticus (Neoafrican Crocodylus),
Murchison Falls National Park, Uganda. (b) Osteolaemus tetraspis (osteolaemine), Lincoln Park Zoo, Chicago, IL, USA. (c) Mecistops
cataphractus (relationships debated), St. Augustine Alligator Farm, St. Augustine, FL, USA. (d) NHMUK PV R 7729, holotype, Brochuchus
pigotti (osteolaemine), Rusinga Island, Kenya, early Miocene. (e¢) KNM LT 23104, Mecistops sp., Lothagam, Kenya, late Miocene. (f) KNM ER
1683, holotype, Crocodylus thorbjarnarsoni (Paleoafrican Crocodylus), Koobi Fora, Kenya, Pleistocene. (g) KNM LT 23108, cf. Crocodylus
checchiai (crocodyline), Lothagam, Kenya, late Miocene. (h) KNM LT 22943, holotype, “Eogavialis” andrewsi (gharial), Lothagam, Kenya,
late Miocene. (i) KNM ER 1773, Euthecodon brumpti (osteolaemine), Koobi Fora, Kenya, Pleistocene. Scale bar = 10 cm (page width)
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Gray, 1844) and gharials are also present in the Late
Miocene of the region (Figure 1le,h; Adams, 2020;
Storrs, 2003), though in smaller numbers.

Less is known about Early or Middle Miocene croco-
diles in the EARS. Euthecodon (Buffetaut, 1979;
Tchernov & Couvering, 1978) and gharials referred by
Storrs (2003) to Eogavialis Buffetaut, 1982 (Figure 1h)
have been reported from sites near Lake Victoria and
Lake Turkana, but otherwise, the crocodylian faunas
appear to have been very different from those at higher
stratigraphic levels. The only crocodylian not sporting a
tubelike snout thus far reported from this interval is the
small osteolaemine Brochuchus Conrad et al., 2013
(Figure 1d), which is unrelated to any generalized
crocodylid found later in the Neogene and may not have
exceeded 2.5 m in total length (Conrad et al., 2013;
Cossette et al., 2020; Tchernov & Couvering, 1978). Noth-
ing ecologically equivalent to large Crocodylus has previ-
ously been reported.

There thus appears to have been a fundamental shift
in the diversity, phylogenetic identity, and ecology of the
crocodiles found at either end of the Miocene in the
EARS. Tubulirostrine Euthecodon and gharials persist,
but small flat-snouted osteolaemines are replaced by
Crocodylus (Figure 1f), some of which were gigantic, with
exceptional individuals possibly exceeding 7 m in total
length (Brochu & Storrs, 2012).

These changes broadly correlate with several events
that impacted East African environments. One of these is
the end of the Miocene Climatic Optimum at around 15
Ma (Westerhold et al., 2020), which led to a drop in
global mean annual temperatures, a decline in the
amount of CO, in the atmosphere, and increasingly dry
conditions in East Africa. These, in turn, are thought to
have led to diminishing woodlands and expansion of C,
plants (e.g., Feakins et al.,, 2013; Jacobs et al., 2010;
Linder, 2017; Saarinen et al., 2020). This prompted Cos-
sette et al. (2020) to suggest that changes in crocodylian
faunas might have reflected changes in vegetation; mod-
ern African dwarf crocodiles (Osteolaemus Cope, 1861;
Figure 1b) are generally limited to forested wetlands
(Amoah et al., 2021; Eaton, 2010; Kofron, 1992; Leaché
et al, 2006; Riley & Huchzermeyer, 1999;
Smolensky, 2015; Waitkuwait, 1986).

But this suggestion was dampened by compara-
tively weak sampling in Early to Middle Miocene units
and the co-occurrence of regional tectonic effects,
including changes in topography and river drainage,
the appearance of deep graben-fill lakes like Lake
Turkana, and volcanic events related to the opening of
the Rift Valley itself (e.g., Bergner et al.,, 2009;
Chorowicz, 2005; Feibel, 2011; Rooney, 2020; Wichura
et al., 2015). More information is needed about
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Miocene crocodylians in East Africa to understand the
causes of this turnover.

Here, we describe a new genus of osteolaemine croco-
dile from Early and early Middle Miocene sites in the
Turkana and Lake Victoria Basins in Kenya (hereafter
TB and LVB; Figure 2). At least two diagnosable species
can be recognized—one from Maboko Island in Lake
Victoria dating to approximately 15Ma, and another
from Loperot (TB) and Karungu (LVB) dating to approxi-
mately 18 Ma. Some of the specimens preserve unex-
pected derived states, especially within the rostrum, that
suggest higher levels of homoplasy and intraspecific vari-
ation for some of the characters used to reconstruct
crocodylid phylogeny than previously anticipated.
Although not unusually large for a crocodylid, they are
substantially larger than Brochuchus, which is known
from some of the same sites, and they are larger still than
their closest living relatives, diminutive Osteolaemus. The
cranial proportions of the new species differ from those
of any extant crocodylid. They thus reinforce the stark
morphological, phylogenetic, and presumably ecological
contrasts between older and younger Neogene
crocodylian faunas in East Africa.

1.1 | Institutional abbreviations

AMNH, American Museum of Natural History, New
York, United States; BRSUG, Department of Earth Sci-
ences, University of Bristol, United Kingdom; FMNH,
Field Museum of Natural History, Chicago, IL,
United States; KNM, National Museums of Kenya, Nai-
robi; NHMUK, Natural History Museum, London,
United Kingdom; SUI, Paleontological Repository, Uni-
versity of Iowa, Iowa City, United States; UFMNH, Uni-
versity of Florida Museum of Natural History,
Gainesville, United States; USNM, United States National
Museum of Natural History, Smithsonian Institution,
Washington, DC, United States.

1.2 | Anatomical abbreviations
Alveolar/tooth positions will be indicated with a letter
indicating the bone on which they appear (p for premax-
illa, m for maxilla, d for dentary) and a number indicat-
ing position in the tooth row from mesial to distal. The
fourth maxillary tooth posterior to the premaxilla would
thus be m4, for example.

Abbreviations ending in “ss” indicate sutural surfaces
for the angular (anss), articular (arss), ectopterygoid
(ectss), (fss), jugal (jss), lacrimal (Iss), maxilla (mxss),
nasal (nss), palatine (palss), parietal (pass), prefrontal



BROCHU ET AL.

ETHIOPIA

<«— LAKETURKANA

UGANDA
VITVINOS

LAKE

VICTORIA
TANZANIA
5 100km
. % @ Moruorot
€ 2 ¢
s 3 £8 5 ® Loperot
< 5 I8 x5
, ARNE @ Maboko
7 [&|%|a|% .
=278 ® Chianda
gla =
1348 S @ Karungu
L = .
= T2|8
1440 a9y
3|5 b
S(E|2] |2
1542 | 2|8 [{F
3 2
° -
D 16 il (C)
4 3
= SELE
0 17 mEE
- 5| ||£ I
9 s |=|F
E 87 |F|al= A
=2
= o d|= 0006
1945
v
.é =
01> s
5| %
24" 5|g| |2
.5 [-%
2+ | &
HEE
FIGURE 2 Spatiotemporal positions of sites discussed in this

article. Columns in lower figure include European Neogene
Mammal (MN) Zones, African Faunal Sets proposed by

Pickford (1981, 1983), and African Land Mammal Ages proposed by
Van Couvering and Delson (2020) (column width)

(prss), premaxilla (pmss), splenial (spss), and postor-
bital (poss).

an, angular; ans, axis neural spine; ar, articular; bo,
basioccipital; bp, blind pit on caviconchal recess medial
wall; bs, basisphenoid; cc, circumchoanal crest; ccr,
caviconchal recess medial wall; ch, choana; co, coronoid;
cof, coronoid foramen; d, dentary; dpc, deltopectoral
crest; dss, dentary symphyseal surface; ect, ectopterygoid;
emf, external mandibular fenestra; en, external naris; eo,
exoccipital; eor, external otic recess; f, frontal; fae, fora-
men aéreum; fic, foramen intermandibularis caudalis;
fim, foramen intermandibularis medius; fin, foramen
magnum; gf, glenoid fossa; h, hypophysis; if, incisive fora-
men; itf, infratemporal fenestra; j, jugal; I, lacrimal; Icf,
lateral carotid foramen; Iclf, fossa for lateral collateral lig-
ament; leu, lateral eustachian foramen; If, lingual fora-
men on surangular; Isc, lateral surangular crest; Isg,
lateral squamosal groove; meu, median eustachian fora-
men; mg, Meckelian groove; mx, maxilla; mcs,
midchoanal septum; n, nasal; npdm, mold of nasopha-
ryngeal duct; oc, occipital condyle; od, odontoid; op,
occlusal pit; or, orbit; p, parietal; pal, palatine; pf, pre-
frontal; pfp, prefrontal pillar; pmx, premaxilla; pnr, pre-
narial rostrum; po, postorbital; pob, postorbital bar; poz,
postzygapophysis; pp, palatine process; pt, pterygoid; ptf,
posttemporal fenestra; g, quadrate; gj, quadratojugal; glh,
quadrate lateral hemicondyle; gmh, quadrate medial
hemicondyle; rap, retroarticular process; sa, surangular;
sal, ascending lamina of surangular; so, supraoccipital;
sof, suborbital fenestra; sp, splenial; sq, squamosal; stf,
supratemporal fenestra; vf, vagus foramen; xii, foramen
for 12th cranial (hypoglossal) nerve.

1.3 | Taxonomic notes
We use the phylogenetic definitions formulated by Bro-
chu (2003), with Crocodylidae applied in the molecular
context (last common ancestor of Osteolaemus tetraspis
Cope, 1861 and Crocodylus niloticus and all of its descen-
dants. This does not impact the taxonomic status of
Kinyang, which would be a member of Crocodylidae
regardless of context, but it does bear on more rootwardly
located species such as Prodiplocynodon langi
Mook, 1941 or “Crocodylus” affinis Marsh, 1871; these
were treated as crocodyloids under the morphological
context, but are here called “stem longirostrines.”
Cossette et al. (2020) applied the term “Paleoafrican
Crocodylus” to an assemblage including extinct
Crocodylus thorbjarnarsoni Brochu and Storrs, 2012
(Figure 1f) and C. anthropophagus Brochu et al., 2010.
The two living species of Crocodylus found in Africa
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(C. niloticus and C. suchus; Figure la) were called
Neoafrican Crocodylus. These are informal terms, and
Neoafrican Crocodylus may not be monophyletic
(e.g., Hekkala et al., 2011). We continue this practice
here. Paleoafrican Crocodylus does not include fossils
referred to Crocodylus checchiai Maccagno, 1947 from
the Late Miocene of Kenya by Brochu and Storrs
(2012); the results of analyses in this article would sup-
port inclusion, but other analyses do not
(e.g., Brochu & Storrs, 2012; Cossette et al., 2020;
Delfino et al., 2020).

2 | SYSTEMATIC HIERARCHY
Crocodylia Gmelin, 1789 (sensu Benton & Clark, 1988)
Crocodylidae Gray, 1825 (sensu Brochu, 2003, inde-
pendent of context)
Osteolaeminae Brochu 2003

21 | Kinyang, tax. nov.

2.1.1 | Type species

Kinyang mabokoensis Brochu et al. (this publication).

2.1.2 | Etymology

Kinyang is based on words for “crocodile” in the Nilotic
languages spoken where these fossils have been found in
northern and western Kenya, such as akinyang
(Turkana), nyang (Dholuo), kinio (Bari), lkinyang
(Samburu), and lkinian (Maa).

2.1.3 | Diagnosis

Crocodylid with robust skull and broad, deep rostrum.
Shares a linear frontoparietal suture with Osteolaemus;
Voay Brochu, 2007; Rimasuchus Storrs, 2003; Brochuchus
Conrad et al, 2013; and “Crocodylus” gariepensis
Pickford, 2003. Shares forked or cleft maxillary
ectopterygoid ramus with Crocodylus and Brochuchus.
Dorsal lamina of surangular adjacent to glenoid fossa
truncated. Quadratojugal extends to, or almost to, dorsal
corner of infratemporal fenestra. Plesiomorphic dental
occlusion pattern with deep occlusal pits between the
sixth through eighth maxillary teeth, but an overbite oth-
erwise. Ectopterygoid forms broad shelf medial to maxil-
lary toothrow. Lateral margins of palatine process
oriented anteromedially, but process does not terminate
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in acute point. Fossa on surangular for lateral collateral
ligament subdivided; 12 or 13 maxillary alveoli.

2.2 | Kinyang mabokoensis, sp. nov.

221 | Holotype

KNM-MB 29176, skull and jaws (Figures 3, 4, 5a, and 6).

2.2.2 | Referred material

KNM-MB 21977, left articular (Figure 7p); KNM-MB
25727, partial right squamosal (Figure 71j); KNM-MB
25729, partial left postorbital; KNM-MB 25747, frontal;
KNM-MB 25748, right nasal (Figure 7f); KNM-MB 25749,
left premaxilla (Figures 7c-e and 7a); KNM-MB 25752,
frontal (Figure 7g); KNM-MB 25756, partial left sur-
angular (Figure 7k,1); KNM-MB 25757, right maxilla
(Figure 7ab); KNM-MB 28136, right prefrontal
(Figure 7h); KNM-MB 28143, left dentary (Figure 7m-o0);
KNM-MB 83205, right articular. KNM-MB 25747, 25748,
and 25749 might be associated.

223 | Occurrence

Middle Miocene Maboko Formation, Maboko Island,
Kenya (Figure 2). All identified specimens were exca-
vated and mapped in place within in situ Bed 3 sediments
at Maboko Main (Benefit, 1999; Benefit &
McCrossin, 1989). All were found just above the undulat-
ing surface of Bed 2 bentonite, which underlies Bed
3. Ooids and oncoids in Bed 3 sediment collected in direct
association with the type specimen, as well as topo-
graphic features, indicate deposition in a low energy
freshwater environment that appears to have been the
beach ramp of a lake of unknown size and depth
(Watkins, 2004). Isotopic analysis of mammalian herbi-
vore enamel from Bed 3 indicates an open forest/
woodland vegetation close to the site of deposition, as
well as the absence of C4 grasses (Arney et al., In review;
Arney et al.,, 2018). Since analysis of microwear and
macrowear on Maboko gomphotheriid proboscidean
enamel indicates grass-dominated mixed feeding
(Saarinen et al., 2020), C3 grasses must have been present
at Maboko. Local fluctuations in water table are indicated
by the presence of Bed 4 calcrete above the Bed 3 sandy
clay, followed by a later transition to Bed 5 mudstone.
Primate and ungulate faunas as well as carbon isotope
signatures indicate a more densely wooded environment
in the lower portion of Bed 5 (Bed 5b) (Benefit, 1999;
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FIGURE 3 KNM-MB 29176, holotype, Kinyang mabokoensis, skull, dorsal (a, b) and ventral (c, d) view. Scale = 10 cm (page width)

Retallack et al., 2002). The abundant bird fauna from et al., 2002) indicative of a transition toward a wetter and
higher sediments in Bed 5 (5w) include pelicans, storks, possibly more open woodland. Thousands of isolated and
cormorants, and flamingos (Mayr, 2014; Retallack unidentifiable crocodile teeth (N = 4,703) and scutes
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FIGURE 4 KNM-MB 29176, holotype, Kinyang mabokoensis, skull, right lateral (a, b) and posterior (c, d) view. Scale = 10 cm. (page
width)

(N = 458) were recovered from a circumscribed 16 x 16
m? excavated area of 2 m depth within Bed 5. This exceeds
the abundance of isolated crocodile remains (N = 378
crocodile teeth and N = 57 scutes) in a circumscribed area
of the same size from Bed 3. Since none of the Bed 5 croco-
dile fossils are identifiable, we cannot presently confirm
whether K. mabokoensis and/or the sympatric species
Brochuchus parvidens survived the localized changes in
water table within the Maboko Formation.

“OAr/*Ar dating of the Bed 8 tuff upsection of Bed
3 resulted in a mean age of 15.4 Ma, with the youngest
date being 14.7 (Feibel & Brown, 1991). Hence, Bed 3 fos-
sils are older than 14.7 Ma, but radiometric dating of
material underlying Bed 2 has yet to be successful. The
presence of several mammalian groups (bovids,
giraffoids, hippopotamids, derived choerolophodont
gomphotheres, and large-bodied kenyapithecine homi-
noids) that do not occur in the Early Miocene of nearby
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Rusinga indicates that Maboko Bed 3 is more recent than
17 Ma and thus Middle Miocene (Andrews et al., 1981;
Peppe et al, 2011, 2017; Pickford, 1983; Retallack
et al., 2002).

224 | Etymology
mabokoensis, for Maboko Island, where the holotype was
found.

2.2.5 | Diagnosis

Linear array of pits on medial wall of caviconchal recess
(Figure 8a; unknown in Kinyang from other localities,
and shared with extant Crocodylus). Suborbital fenestra
broad (length-width ratio = 1.83). Naris opens dorsally.
Maxillary ramus of ectopterygoid broad, but medial mar-
gin linear or only slightly convex.

2.2.6 | Description

The holotype skull (Figures 3 and 4) is nearly complete
and undistorted, and the snout is remarkably short and
deep for a crocodylid of this size. Unfortunately, very few
sutures can be seen on the specimen. Most such informa-
tion comes from isolated cranial elements.

The external naris is large and projects dorsally, and
there is virtually no prenarial rostrum (Figure 5a). An
isolated left premaxilla (KNM-MB 25749) strongly sug-
gests that the nasals either did not reach the naris exter-
nally or did so as a pair of very thin processes; the
midline sutural surface anterior to the naris is very nearly
on the same sagittal plane as the sutural surface emerg-
ing from the posterior narial margin. A small process
within the narial chamber may be an anterior expression
of the nasals, suggesting that if they did not contact the
naris externally, they passed anteriorly between the
premaxillae. The posterior premaxillary process on the
dorsal surface extends no further than the third maxillary
alveolus (m3), and KNM-MB 25749 (Figure 9d) suggests
that the lateral margin of the process was indented. In
ventral view, each premaxilla bears five alveoli, the larg-
est of which is the fourth. The incisive foramen is circular
and situated near the center of the premaxillary palate.
The palatal premaxillary-maxillary sutures are incom-
pletely preserved, but the right suture is clearly convex
(Figures 2d and 4e), which would have given the com-
plete suture a W shape.

A right nasal (KNM-MB 25748, Figure 9f) bears a
posteromedial indentation, indicating the sutural surface

FIGURE 5
mabokoensis, snout, dorsal view. (b) USNM 194830, Crocodyus
suchus, snout, dorsal view. Scale = 1 cm (column width)

(a) KNM-MB 29176, holotype, Kinyang

for the frontal anterior process. Attachment surfaces for
the prefrontal and lacrimal are preserved posterolaterally.
The lateral and medial surfaces are nearly parallel for
most of the length of the nasal, with an anteromedially-
oriented surface for contact with the premaxilla. We
believe the anterior tip is complete, and that a small chip
of bone near the anterior end is a small fragment of the
right premaxilla; if this interpretation is correct, the nasal
was excluded from the external naris externally.

The palatal lamina of the maxilla is elevated, giving the
palate as a whole a vaulted appearance. The number of
maxillary teeth is ambiguous, but would have been compar-
atively low; the holotype suggests 13 alveoli on either side,
but the isolated maxilla KNM-MB 25757 (Figure 9a) indi-
cates no more than 12. Maxillary tooth counts in modern
crocodylians can vary by one (Brown et al., 2015, and CAB,
personal observation), so this is not remarkable. Occlusal
pits are absent except between mé6 through m8, and these
are more lingually placed than in other crocodylids.

KNM-MB 25757 bears a series of blind pits on the
medial wall of the caviconchal recess (Figure 8a). These
are present from dorsal to m4 to the posterior end of the
recess as preserved, and they are especially large and
deep dorsal to m5 and mé6. This specimen also preserves
the sutural surface for the nasal, which forms a deep
groove in medial view and convex in dorsal view,
suggesting that the nasals may have been constricted
between the maxillae.

Little else can be said about the rostrum in dorsal
view. There are no prominent rostral crests or bosses, but
a modest crest, presumably on the prefrontal, extends
anteriorly from the orbital rim. Dorsally, the prefrontal
pillar is anteroposteriorly expanded with a thin lateral
lamina.
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FIGURE 6
width)

The jugal underlying the infratemporal fenestra is
flattened. A convexity along its lateral surface,
anterolateral to the infratemporal fenestra, bears a shal-
low ventral fossa.

The medial orbital margin is upturned, and a modest
crest extends anteriorly from the orbital rim. The frontal
bears a long anterior process, but its anteriormost extent
is unclear. Intersection of the frontal-prefrontal suture
with the orbit is nearly perpendicular. Sutural contacts
with the postorbital and parietal are nearly rectilinear,
and the frontoparietal suture is entirely on the skull
table.

The postorbital bar is slender and inset from both the
skull table and lateral jugal surfaces. The postorbital
forms the anterolateral margin of the circular
supratemporal fenestra, and the squamosal forms its pos-
terolateral margin. There is a deep, unflared groove on
the lateral surface of the dorsally flat skull table. The lat-
eral margins of the skull table are nearly parallel, though
they have a slight anteromedial orientation and bear a
modest rounded lateral projection dorsal to the otic
aperture.

The D-shaped infratemporal fenestra is relatively
small. The jugal forms the posteroventral corner, and the
quadratojugal extended to, or very near to, the dorsal cor-
ner (Figure 6a). Damage to the posterior margin makes it
impossible to assess the presence of a quadratojugal spine
or a quadrate contribution to the fenestra.

The quadrate rami are short and project
posteroventrally. The small foramen aéreum is on the
dorsomedial surface of the ramus. The quadratojugal
extends nearly to the posterior end of the ramus, and the
medial quadrate hemicondyle is dorsally expanded.

(a and b) KNM-MB 29176, holotype, Kinyang mabokoensis, left infratemporal fenestra, dorsolateral view. Scale = 1 cm (page

The jugal and quadratojugal approach each other closely
on the ventral surface before the jugal-quadratojugal and
quadratojugal-jugal sutures diverge anteriorly. A thin
crest on the ventral surface, merging anteriorly with a
boss, represents the attachment surface for the adductor
musculature.

The palatines meet at the midline and extend anteri-
orly forward of the oval suborbital fenestrae. The anterior
palatine process has a characteristic shape combining fea-
tures usually associated with both broad- and slender-
snouted crocodyliforms. In most broad-snouted forms,
the lateral margins of the process are parallel and the
process as a whole is U-shaped. Slender-snouted forms,
by contrast, typically have V-shaped processes with
anteromedially oriented lateral margins that converge
anteriorly at a point. Only the right lateral margin can be
seen on the holotype, and it is oriented anteromedially.
But the segment of the anterior margin preserved on the
specimen is almost linear, strongly suggesting that the
process was not V-shaped. The palatines are constricted
and flare anteriorly between the suborbital fenestrae, and
the palatine-pterygoid contact is anterior to the posterior
margins of the fenestrae.

The maxillary ramus of the ectopterygoid is robust
and lies adjacent to the posteriormost four or five maxil-
lary alveoli. Although its ventral surface is broad, its
medial margin is only modestly convex. It thus does not
impart a deep concavity to the outline of the suborbital
fenestra. Its anterior tip is deeply cleft, and its sutural sur-
face with the maxilla is deeply inset. The ascending
ramus of the ectopterygoid forms the posteroventral part
of the postorbital process, and the pterygoidal ramus lies
on the ventral surface of the pterygoid wing. The anterior
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surface of the pterygoidal ramus, forming the posterior
margin of the suborbital fenestra, is flattened, with only a
modest convexity in its outline.

The pterygoids remain separate anterior to the inter-
nal choana, but are fused posterior to it. Their surfaces
are deeply elevated anterolateral to the internal choana,
which opens posteroventrally and lacks a septum. The
elevated margins form a thin crest that nearly surrounds
the choanal aperture (Figure 10a).

The lateral braincase wall is exposed, but sutures are
largely obliterated. If there was a sulcus between the basi-
sphenoid rostrum and pterygoids, it was shallow. D-shaped
depressions indicate the posterolateral exposure of the basi-
sphenoid, and in both cases they are ventral to the lateral
carotid foramen. A thin crest extends on the ventral surface
of the quadrate from the base of the quadrate ramus to
approximately the ventralmost tip of the exoccipital.

The skull table overhangs the occipital surface in poste-
rior view. The triangular supraoccipital bears a prominent
sagittal crest and forms the floors of the small postorbital
fenestrae, but whether it was exposed on the skull table dor-
sally is unknown. There are bosses on the posterior surface
of the exoccipitals near the lateral tips of the paroccipital
processes. The exoccipitals meet at the midline and pre-
clude the supraoccipital from contributing to the foramen
magnum. Foramina for the hypoglossal nerve are not pre-
served on either side of the foramen magnum, but oval
depressions filled with matrix represent the vagus fossae.
The lateral carotid foramina are small and circular. The
exoccipitals extend along the lateral margins of the
basioccipital, but do not reach the basioccipital tubera. The
basioccipital forms the occipital condyle and the floor of the
foramen magnum. It is broad ventral to the condyle, bear-
ing a sagittal crest and less prominent lateral bosses.

The suture for the basisphenoid itself cannot be
traced ventral to the basioccipital, but the morphology of
the basioccipital and pterygoid strongly suggests a
plesiomorphic arrangement for the eustachian foramina
and an extensive basisphenoid exposure. The large
medial eustachian foramen is preserved at the ventral tip
of the basioccipital. The lateral eustachian openings are
not directly preserved, but the ventral surface of the
basioccipital is oriented dorsolaterally on either side of
the medial foramen. This is inconsistent with a place-
ment of the three eustachian foramina on the same trans-
verse plane. The pterygoid is deep ventral to the medial
eustachian foramen, and the posterior processes are dor-
soventrally tall. In other crocodylians with this condition,
the basisphenoid extends ventrally below the
basioccipital and is broadly exposed posterior to the pter-
ygoid. Moreover, V-shaped crests extending ventrolateral
to the medial eustachian foramen might represent the
lateral margins of the basisphenoid.

Based on the right ramus of the holotype and an
isolated left dentary (KNM-MB 28143), there are 15 den-
tary alveoli. The fourth and eleventh are largest. The
small third and much larger fourth are not confluent.
There are diastemata, corresponding with notches on the
lateral surface of the dentary, between d2 and d3
and between d7 and d9. The dentary symphysis extends
to the level of d6. Posteriorly, the dentary forms the
anterodorsal margin of the external mandibular fenestra.

The splenials do not meet at the midline (Figure 7e,{).
Each terminates anteriorly at the level of the seventh or
eighth dentary alveoli, and although it extends further
anteriorly ventral to the Meckelian groove than dorsally,
the disparity between the dorsal and ventral tips is slight.
The splenial expands dorsoventrally from its anterior tip
to the level of d11, and it forms the medial margin of the
distalmost four or five alveoli. It is imperforate, and its
dorsal surface is flattened and medially expanded posteri-
orly. The foramen intermandibularis medius is not pre-
served on either side, but the splenial forms the
anterodorsal margin of the foramen intermandibularis
caudalis (Figure 71,j). The splenial bears a posterior pro-
cess between the coronoid and angular dorsal to the fora-
men intermandibularis caudalis.

Dorsally, the left coronoid of the holotype is well pre-
served (Figure 71,j). Its dorsal margin is horizontal and its
anterior margin is rounded. It presumably formed the
posterior margin of the foramen intermandibularis med-
ius, but the anterior margin is damaged. Its main body is
imperforate. A small part of the ventral process along the
dorsal rim of the Meckelian fossa is preserved on the
right, lapping over the medial surface of the ascending
lamina of the angular. The angular extends from its ante-
rior tip level with d14 to the distal tip of the retroarticular
process. Laterally, it forms the posteroventral margin of
the external mandibular fenestra. There is a sharp discon-
tinuity between its heavily pitted surface adjacent to the
dentary and surangular and inset smooth surface where
it contacts the articular. In medial view, it forms the pos-
terior and dorsal margins of the foramen
intermandibularis caudalis and bears a robust ascending
lamina, which forms the medial wall of the Meckelian
fossa.

The surangular extends from the dentary toothrow,
with a thin spur lying along the medial margin of the last
dentary alveolus, to the distalmost tip of the
retroarticular process. It bears a pair of anterior pro-
cesses, the dorsalmost of which is longer than its ventral
counterpart. Its dorsal surface is flattened. The pit for the
lateral collateral ligament adjacent to the glenoid fossa is
subdivided, with a crest splitting it into anterior and pos-
terior subfossae; this subdivision is modest on an isolated
surangular (KNM-MB 25756), but prominent on the
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FIGURE 7 KNM-MB 29176, holotype, Kinyang mabokoensis, lower jaw, dorsal (a, b) and right lateral (c, d) view. Anterior part of right
ramus, medial view (e, f). Articular region of right ramus, lateral view (g, h). Meckelian fossa and surrounding area, left ramus, medial view
(@, j)- Scale = 10 cm (a—-d), 5 cm (e—j) (page width)
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FIGURE 8

Crocodylid right maxillae, medial view. (a) KNM-MB 25757, Kinyang mabokoensis. (b) UFLMNH 34784, Osteolaemus

tetraspis (left maxilla, image reversed). (c) BRSUG 27279,?Rimasuchus lloydi, Gebel Zelten, Libya (left maxilla, image reversed). (d) BRSUG
27275,7Rimasuchus lloydi, Gebel Zelten, Libya. (¢) KNM-OR 19, Crocodylus niloticus. (f) AMNH R 29300, Mecistops cataphractus.

Scale = 1 cm. (page width)

holotype (Figure 7gh). Its suture with the articular
within the glenoid fossa is bowed, and although it bears a
dorsal process adjacent to the posterior wall of the
glenoid fossa, the process is truncated and does not
extend to the dorsal rim. Its posteriormost tip is rounded.
Laterally, it forms the dorsal and part of the posterior
edge of the external mandibular fenestra, but the
surangular-angular suture appears to intersect the fenes-
tra at its posteriormost end and not to pass ventrally and
anteriorly along the fenestral margin.

The glenoid fossa of the articular bears two subfossae,
one for each of the quadrate hemicondyles. The posterior
rim of the fossa is expanded dorsally. The foramen
aéreum was very small and located on the medialmost
corner of the posterior glenoid fossa rim. The main artic-
ular body bears a thin anterior lamina on the medial

surface of the surangular dorsal to the lingual foramen,
which lies on the articular-surangular suture. The
retroarticular process projects posterodorsally and bears a
broad dorsal midline crest.

Postcranial crocodylian material is known from
Maboko. All of it comes from comparatively small
animals. Because the small crocodylid Brochuchus is also
known from Maboko (Cossette et al., 2020), it is not
possible to refer any of it to either species.

2.3 | Kinyang tchernovi, sp. nov.

2.3.1 | Holotype

KNM-LP 69374, partial skull (Figure 11).
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FIGURE 9 Isolated craniomandibular remains referred to Kinyang mabokoensis. NM-MB 25757, right maxilla, ventral (a) and dorsal

(b) view. KNM-MB 25749, left premaxilla in lateral (c), dorsal (d), and ventral (e) view. KNM-MB 25748, right nasal, dorsal view (f). KNM-
MB 25752, frontal, dorsal view (g). KNM-MB 28136, right prefrontal, dorsal view (h). KNM-MB 25727, partial right squamosal, lateral (i) and
dorsal (j) view. KNM-MB 25756, partial left surangular, lateral (k) and medial (1) view. KNM-MB 28143, left dentary, lateral (m), medial (n),
and dorsal (o) view. KNM-MB 21977, left articular, dorsal view (p). Scale = 10 cm (page width)
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FIGURE 10

Choanae and surrounding area in crocodylids.
(a) KNM-MB 29176, holotype, Kinyang mabokoensis. (b) FMNH
98936, Osteolaemus tetraspis (skull length = 8.2 cm). (c) AMNH R
10083 (holotype), Osteolaemus osborni. (d) FMNH 44410,
Osteolaemus tetraspis (small individual; skull length = 6.2 cm).

(e) SUI unnumbered, Crocodylus niloticus (small individual; skull
length = 18.7 cm). (f) KNM OR 408, Crocodylus niloticus (larger
individual; skull length = 42.7 cm). Scale = 1 cm (column width)

2.3.2 | Referred material

KNM-KA 68749, large partial skull, jaws, and skeleton
(Figures 12 and 13); KNM-KA 66212, incomplete right
maxilla (immature; Figure 14); NHMUK PV R 37628,
posterior end of right maxilla; NHMUK PV R 37626, par-
tial right surangular; NHMUK PV R 37627, osteoderm
(Figure 15). The three specimens from the NHMUXK col-
lections may be associated.

2.3.3 | Occurrence

Holotype: Lower Miocene Lokone Member, Lokone For-
mation, Loperot, southwest of Lake Turkana, Kenya

(Figure 2). Within the Loperot locality, the specimen is
from LpM4. Radiometric dates put the age of LpM4 ear-
lier than 17 Ma (Liutkus-Pierce et al., 2019), and faunal
analysis indicates strong similarities with the Hiwegi For-
mation at Rusinga Island, which is approximately 18 Ma
in age. Referred Material: Lower Miocene Ngira site,
Gully 13, Karungu, near Lake Victoria, Kenya. They were
derived from units 21-22 of Driese et al. (2016). Overlying
unit 25 has been dated to between 17.7 +0.06 and 17.5 +
0.2 Ma (Drake et al., 1988), dating this material to before
17 Ma, though these dates may have to be revised because
of post-depositional alteration (see McCollum et al., 2013;
Peppe et al., 2017). A lower Miocene age is nonetheless
strongly supported by extensive faunal similarities to the
Hiwegi Formation at Rusinga (Driese et al., 2016).

234 | Etymology

tchernovi, in honor of Dr. Eitan Tchernov, whose work
on the crocodile record of North and East Africa in gen-
eral, and of Kenya in particular, is foundational to cur-
rent efforts to understand their surprisingly complex
regional history.

2.3.5 | Diagnosis

Suborbital fenestra narrow (length-width ratio > 2.27 in
morphologically mature individuals). Narial aperture
opens anterodorsally anteriorly, but dorsally posteriorly.
Maxillary ramus of ectopterygoid convex. Prominent
shelves, forming a V-shaped crest, on posterolateral sur-
face of lower jaw (diagnostic for species only if specimens
from Karungu and Loperot are conspecific).

2.3.6 | Description

The holotype from Loperot (Figure 11) is a largely com-
plete skull. The pterygoid wings, braincase, right quad-
rate ramus, and parts of the dorsal rostral surface are not
preserved, and the specimen is dorsoventrally com-
pressed, but sutures are clearly visible where bone is pre-
served. KNM-KA 68749, from Karungu, from a much
larger individual, includes the anterior end of the skull
fixed to the lower jaw (Figure 12) and associated material
(Figure 13). Cranial sutures are much more difficult to
trace on the specimen. KNM-KA 66212 (Figure 14) is a
partial right maxilla; although substantially smaller than
other specimens from Karungu or Loperot, we refer it to
Kinyang because of the markedly vaulted palate.
NHMUK PV R 37628, PV R 37626, and PV R 37627 are
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FIGURE 11 KNM-LP 69374, holotype, Kinyang tchernovi, Loperot locality. Skull, dorsal (a,b) and ventral (c,d) view. Scale = 10 cm
(page width)

referred to K. tchernovi based on the broad ectopterygoid = unequivocally demonstrated, its size and overall robust-
shelf evident on a fragment of the right maxilla. ness, along with the absence of duplicated parts, are con-
Although association of this material cannot be sistent with a single individual.
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FIGURE 12 KNM-KA 68749, Kinyang tchernovi, Karungu locality. Partial skull and jaws in dorsal (a) and ventral (b) view.
Posteroventral fragment of braincase with occipital condyle, right lateral (c) and posterior (d) view. Partial right articular, dorsal view (e).
Fragment of right surangular, lateral view (f). Fragment of right squamosal, dorsal view (g). Scale = 10 cm (a,b) or 5 cm (c-g) (page width)

Each premaxilla bears five alveoli. The second is pri- alveoli and the third and fourth alveoli. The
marily visible on the right premaxilla, and the fourth is  premaxillary-maxillary suture was W-shaped. The inci-
largest. There are deep occlusal pits between the first two sive foramen is relatively large and set posterior to the
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FIGURE 13

KNM-KA 68749, Kinyang tchernovi, Karungu locality. Postcranial material associated with skull and jaws in Figure 11.

(a) Axis, right lateral view. (b) Cervical vertebral centrum, left lateral view. (c) Dorsal vertebra from posterior part of series, right lateral
view. (d) Base of right scapula, lateral view. (e) Right coracoid, lateral view. (f) Right humerus, ventral view. (g) Proximal end of right radius,
lateral view. (h) Distal end of right radius, lateral view. (i) Distal end of right ulna, medial view. (j) Distal end of right ulna, lateral view.

(k) Proximal end of right tibia, anterior view. (1) Proximal end of right tibia, posterior view. (m) Osteoderm. Scale = 5 cm (page width)

tooth row. The premaxillae form nearly all of the narial
rim, and there is essentially no prenarial rostrum. The
lateral margin of the posterior premaxillary process is
angled medially and reaches the level of the second or
third maxillary alveolus.

The external naris of KNM-LP 69374 is remarkable.
As with K. mabokoensis, it is comparatively large, and as
with K. mabokoensis, it opens dorsally along its posterior
margin. The premaxillae are inflated in this area. But the
narial rim visibly slopes ventrally toward its anterior mar-
gin, and the naris thus opens anterodorsally anteriorly
(Figure 16). The appearance of this feature is accentuated
by damage to the front of the premaxillae, but most of

the narial rim is preserved, and this is not the result of
postmortem compression.

The naris of KNM-KA 68749 opens anterodorsally,
but not to the same degree as in KNM-LP 69374. There
appears to be less disparity in dorsoventral depth
between the anterior and posterior margins. However,
there is a distinct indentation in the narial rim near the
anterior end. This depresses the anteriormost part of the
naris. This, too, has been affected by postmortem dam-
age, but surface bone is preserved within the indentation.

The nasals of KNM-LP 69374 can be seen contacting
the external naris as a pair of very thin processes between
the premaxillae. The same is true, though less clearly, on
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FIGURE 14

KNM-KA 66272, Kinyang tchernovi, Karungu
locality, partial left maxilla, dorsal (a), ventral (b), and medial
(c) view. Scale = 5 cm (column width)

KNM-KA 68749. Although KNM-LP 69374 is com-
pressed, we do not believe the external exposure of the
nasals at the naris is artefactual. The nasals also pene-
trate the narial chamber ventral to the narial rim on
KNM-KA 68749. The lateral margins of the nasals are
parallel between the premaxillae and lacrimals, though
they are also modestly concave, imparting a constricted
appearance to the bones. The nasals taper medially as
they pass along the lacrimals and prefrontals, extending
between the prefrontals and frontal as a pair of acute pro-
cesses nearly reaching the level of the orbit.

In dorsal view, the maxillary-premaxillary suture
emerges from the occlusal notch for the fourth dentary
tooth and extends to the level of m2 or m3. There may
have been bosses for the fifth maxillary tooth roots on the
holotype, but damage to both elements makes such an
assessment difficult. Such bosses are barely present on
KNM-KA 68749. Although the anteriormost tip of the
right lacrimal can be seen, we do not know whether the
maxilla extended posteriorly into the lacrimal.

FIGURE 15 Kinyang tchernovi, incomplete remains from
Karungu. NHMUK PV R 37626, partial right surangular in lateral
(a) and medial (b) view. NHMUK PV R 37628, fragment of right
maxilla preserving distalmost four alveoli in lateral (c) and ventral
(d) view. (e) NHMUK PV R 37627, osteoderm from dorsal shield.
Scale = 5 cm (column width)

FIGURE 16

KNM-LP 69374, holotype, Kinyang tchernovi,
anterior end of rostrum, dorsolateral view. Scale = 2 cm (column
width)

Ventrally, the maxillary-premaxillary suture is con-
vex, imparting a W-shape to the suture on an intact skull.
The palate adjacent to the first five alveoli is elevated.
The maxillae contact the palatines posteromedially and
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extend between the palatines and suborbital fenestrae for
a short distance.

A precise maxillary tooth count is difficult to assess.
The tooth row is largely obscured on KNM-KA 68749.
Although exposed on the holotype, the distalmost alveoli
are poorly preserved. The right maxilla shows clear evi-
dence for 12 alveoli, but there is sufficient room between
m12 and the jugal for an additional alveolus. Preservation
is worse on the left maxilla, but again, the space available
where the tooth row would have been is consistent with
13 alveoli.

The lacrimal outlines are not well preserved, but they
extended further anteriorly than the prefrontals. The
right lacrimal of the holotype preserves a modest longitu-
dinal crest. The prefrontals are crescentic, terminating
anterior to the frontal anterior process. The remnants of
prefrontal pillars are visible on the holotype, but nothing
meaningful can be said beyond their presence.

The frontal bears a slender, acute anterior process
that passes between the nasals. The frontal-prefrontal
suture intersects the orbit at a high angle, but not perpen-
dicular to it. The dorsal surface of the frontal is concave
and the orbital rim is thus upturned. Although there is
damage to the frontal posteriorly, the frontoparietal
suture was entirely on the skull table surface and linear.
There is a sagittal groove on the ventral surface of the
frontal for the olfactory tract.

The postorbital bears a crescentic dorsal body forming
the posterior margin of the orbit and anterolateral mar-
gin of the supratemporal fenestra. The slender, columnar
descending ramus, inset ventral to the dorsal body, forms
the dorsal part of the postorbital bar.

Because the lateral surfaces of the squamosals are ori-
ented anteromedially, the skull table is somewhat trape-
zoidal in shape. Although the dorsal surfaces are
damaged, there is no indication of an upturned squamo-
sal boss. The lateral groove for the ear flap musculature
has parallel dorsal and ventral margins. The squamosal-
postorbital suture extends anteriorly ventral to the groove
to the postorbital bar. The degree to which the squamosal
forms the margin of the otic aperture is unclear. The
squamosal extends posterolaterally along the paroccipital
process.

The parietal lies between the circular supratemporal
fenestrae. Its sutural contact with the frontal is linear and
entirely on the dorsal surface of the skull table. The pari-
etal extended to the posterior margin of the skull table,
but because this surface is damaged at the midline, we
cannot tell if it was disrupted by a dorsal exposure of the
supraoccipital.

The anterior margins of the jugals are not well pre-
served, but their lateral surfaces anteriorly, lateral to the
orbits, are flattened. An ascending process forms the

ventral part of each ventrally inset postorbital bar, but
the contact between the jugal and postorbital cannot be
seen. The jugal is mediolaterally compressed ventral to
the infratemporal fenestra, with a convexity on its ventro-
lateral surface bearing a ventral fossa, and the jugal forms
the posteroventral corner of the fenestra. The medial sur-
face is damaged on the left and covered with matrix on
the right, preventing us from determining the size of the
jugal foramen.

Anteriorly, the quadratojugal extends from the dorsal
angle of the infratemporal fenestra. Because the posterior
margin of the fenestra is damaged, we cannot tell if the
quadratojugal bore an anterior spine. The quadratojugal
expands posterior to the infratemporal fenestra and
extends almost to the posterior end of the quadrate
ramus.

The quadrate forms most of the surface of the otic
recess ventral to the skull table. A curved discontinuity
emerging from the posterior margin of the left otic aper-
ture may be the squamosal-quadrate suture, but it could
also be a crack. A fragment of the right quadrate, how-
ever, is less ambiguous—the suture itself is not preserved,
but the quadrate can clearly be seen forming the poste-
rior wall of the otic aperture, at least ventrally. There is
no indication of a preotic foramen, but again, this area is
damaged. The left quadrate ramus is incomplete medi-
ally, and neither the medial hemicondyle nor quadrate
foramen aéreum are preserved. Bosses on the ventral sur-
face for the adductor musculature are not prominent.

The conjoined palatines bear an anterior process
extending to the level of m7. The anterior end of the pro-
cess is broad and almost linear, and the lateral margins
are oriented anteromedially. The palatines form the
medial borders of the suborbital fenestrae, and they are
flared anteriorly. The suture with the pterygoids is linear
and located forward of the posterior margins of the
fenestrae.

The maxillary ramus of the ectopterygoid is robust,
with a broad, flattened ventral surface that projects later-
ally, forming a concavity in the outline of the suborbital
fenestra. Based on the left ectopterygoid, the maxillary
ramus extended anteriorly to the level of m9, forming a
slender, acute process and abruptly expanding laterally
adjacent to m10. Although not forked in the strictest
sense, the anterior end is nevertheless deeply cleft. The
ascending rami formed part of the postorbital bar, but to
an unknown degree.

The pterygoids appear to have been concave anterior
to the choana, but the choana itself is not preserved. Nei-
ther are the pterygoid wings.

Very little can be said of the occipital surface or brain-
case. The supraoccipital is too damaged to assess. The
skull table appears to have extended posteriorly dorsal to
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the occipital surface. The paroccipital process of the left
exoccipital is preserved in contact with its corresponding
squamosal. The basioccipital bears a rounded occipital con-
dyle, but although the exoccipital appears not to have
extended ventrally to the basioccipital tubera, this cannot
actually be determined, because the tubera themselves are
not preserved. Likewise, the right lateral carotid foramen
and vagus fossa are visible, and the carotid foramen was
dorsal to the D-shaped posterolateral exposure of the
basisphenoid.

The lower jaw is not known from Loperot. The skull
and jaws are in occlusion in KNM-KA 68749, preventing
us from seeing many details (including the dentary tooth
count), but we can nonetheless make some observations
about the lateral and medial surfaces. The dentary sym-
physis extends to approximately the level of d5 or d6
based on its length, but we cannot rule out slightly
shorter (d4) or slightly longer (d7) symphyses. The imper-
forate splenials do not meet at the midline, and the ante-
rior tip of the splenial is slightly longer ventral to the
Meckelian groove than dorsal to it. The external mandib-
ular fenestra is similar and shape and size to that of
K. mabokoensis, but sutural details are difficult to see.
The collateral ligament pit was subdivided. The sur-
angular did not extend to the dorsal tip of the posterior
glenoid fossa wall.

There are robust shelves on the lateral surface of the
right mandibular ramus immediately anterior to the
articular. A lateral shelf along the dorsal margin of the
surangular is seen in several short-snouted
crocodyliforms (see below), but this specimen also bears
a similar that extends from the posterior end of the dorsal
shelf along the posteroventral margin of the lateral
sculpted surface. These meet posteriorly to form a promi-
nent V-shaped crest, with its apex lateral to the glenoid
fossa. Although what is known of the left ramus is insuf-
ficient to assess the presence of the ventral shelf, a frag-
ment of the left surangular includes the dorsal shelf,
suggesting the feature was at least symmetrically present
on the specimen and not pathological in origin.

Part of the left hyoid is preserved fixed to the ptery-
goid. The anterior projection is a flattened structure, but
the dorsal projection is not preserved.

KNM-KA 68749 includes postcranial material. It is
consistent with an animal of the same size as the skull,
and there are no duplicated elements. Moreover, the
skull and postcranial remains were collected in the same
wash. We therefore accept the association. The vertebrae
are strongly procoelous, and their neurocentral sutures
are either completely or partially closed, with partially
closed sutures prevailing in the cervical region. A single
cervical centrum preserves sutural surfaces for the neural
arch peduncles; this might at first suggest open sutures,

but specimens with partially closed sutures maintain car-
tilaginous laminae between the neural arch and centrum
(i.e., they are not actually fused), and no other cervical
shows open sutures. It is simplest to assume the speci-
men with sutural surfaces broke along partially closed
but still weak sutural contacts.

The atlas-axis complex is represented by the atlas inter-
centrum, poorly preserved atlas neural arches, and nearly
complete axis. The atlas intercentrum is wedge-shaped in
lateral view and although the parapophyseal surfaces are
prominent, the parapophyses themselves are not broadly
separated. The axial centrum bears a sagittal hypapophysis
at its anterior end, immediately behind the odontoid. The
neural spine is incomplete, but its dorsal surface is hori-
zontal anteriorly and oriented posterodorsally as it
approaches the level of the postzygapophyses. There is no
trace of either the axial neurocentral suture or the suture
between the axial centrum and odontoid.

There are several pectoral elements associated with
the specimen. Neither the scapular nor coracoid blades
are preserved, but their bases indicate a comparatively
broad articulation surface adjacent to the shoulder
socket. The deltoid crest of the scapula was broad and set
in somewhat from the anterior surface of the bone. The
only completely preserved appendicular bone is the right
humerus, which is morphologically consistent with most
crocodylian humeri—its deltopectoral crest is concave
proximally, there is only a single insertion tubercle for
the teres major and dorsalis scapulae musculature, and
the bone as a whole bears proportions similar to those of
extant crocodylian humeri from animals of similar size.
The proximal end of the ulna has a broadly rounded
olecranon.

Osteoderm morphology varies, presumably based on
location on the body. Several subrectangular osteoderms
with smooth anterior imbrication zones are from the dor-
sal shield. All bear keels.

2.4 | Kinyang sp. (Chianda locality)

24.1 | Referred material

KNM-CU 10511 (Figure 17), incomplete skull with cen-
tral region of palate, small amount of dorsal rostrum sur-
face, and natural molds of the nasopharyngeal duct and
rostral pneumatic structures.

2.4.2 | Occurrence

Chianda, Uyoma Peninsula (Figure 2). The fauna recov-
ered from the Uyoma Peninsula is equivalent to that of
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FIGURE 17 KNM-CU 10511, Kinyang sp., Chianda locality,
partial skull in dorsal (a) and ventral (b) view. Scale = 10 cm
(column width)

Rusinga, which is conservatively dated to between 17 Ma
and 20 Ma (Peppe et al., 2017; Pickford, 1986).

24.3 | Discussion

The only specimen from Chianda that can be referred to
Kinyang, KNM-CU 10511, is an incomplete skull. Very
little of the dorsal surface of the rostrum is preserved.
The concavity at the front of the specimen is the posterior
wall of the narial chamber, but sutures cannot be traced.
But several aspects of the internal morphology of the ros-
trum are preserved as natural molds. Parallel cylindrical
structures represent the nasopharyngeal duct. An irregu-
lar expansion of the matrix where the dorsal surface of
the left maxilla has worn away is here interpreted as a
mold of the caviconchal recess, and a rounded protuber-
ance dorsolateral to the left palatine may indicate a ptery-
goid bulla.

The maxilla is highly vaulted medial to the first five
alveoli. The palatine process is U-shaped, but the lateral
margins are oriented anteromedially and not parallel
with each other. The former is consistent with Kinyang,
and the latter is diagnostic for it.

The suborbital fenestra appears to have been com-
paratively wide. Maximum width cannot be measured,
but its overall shape is more similar to that of
K. mabokoensis than that of K. tchernovi. However, the
specimen is too incomplete to comfortably refer to any
particular species.

FIGURE 18

KNM-MO 90, Kinyang sp., Moruorot locality.
Right quadrate ramus, dorsal (a) and ventral (b) view. Left quadrate
ramus, dorsal view (c). Fragment of left maxilla and ectopterygoid,
ventral (d) and lateral (e) view. Incomplete right surangular and
angular, lateral view (f). Scale = 5 cm (column width)

2.5 | Kinyang sp. (Moruorot locality)

2.5.1 | Referred material

KNM-MO 90 (Figure 18), fragments of skull and lower
jaw including both quadrate rami; part of the left maxilla,
ectopterygoid, and jugal; the articular region of the right
mandibular ramus; and additional craniomandibular
pieces.

2.5.2 | Occurrence

Kalodirr Member, Lothidok Formation, Moruorot, west
of Lake Turkana (Figure 2). Radiometric dates from
under- and overlying tuffs bracket the age of these
deposits to between 17.7 and 16.6 Ma (Boschetto
et al., 1992).

2.53 | Discussion

This specimen is represented by chunks of skull and
lower jaw, most of which hold little systematic value, but
three features merit discussion. The first is the left
ectopterygoid; little remains of the pterygoid ramus, but
the maxillary ramus is preserved in articulation with the
maxilla. The anterior end is deeply cleft, but the maxil-
lary ramus of this specimen is also mediolaterally broad.
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As a result, the margin between the two anterior projec-
tions is almost linear. It forms the medial margin of the
distalmost two alveoli, and extends forward medial to
two additional alveoli. A fragment of the left maxilla and
squamosal suggests a similar condition, but only one dor-
sal projection—the one that would be visible on the pala-
tal surface—is preserved.

The second and third important features are pre-
served on the right surangular, which is preserved in
articulation with the articular and angular. The dorsal
fossa for the lateral collateral ligament is subdivided, and
although the posterior surface of the glenoid fossa is
damaged, the dorsal surangular lamina lateral to it is low
and flattened, indicating the truncated condition. The lat-
eral surface lacks the prominent shelves seen in
K. tchernovi from Karungu. Assuming the shelves are a
consistent feature in K. tchernovi, we can reject referral to
that species; nevertheless, the truncated dorsal sur-
angular lamina is found in both K. tchernovi and
K. mabokoensis, and K. mabokoensis also has a subdivided
collateral ligament pit on the surangular. These features
support referral to Kinyang.

3 | MATERIALS AND METHODS

3.1 | Parsimony analysis

We conducted maximum parsimony analyses based on a
matrix of 195 discrete morphological characters and
47 ingroup taxa (Data S1). The matrix is based on that of
Brochu and Storrs (2012), but with characters added to
express variation among crocodylids. Trees were rooted
using Borealosuchus sternbergii (Gilmore, 1910) as an out-
group. Notably, 1,000 random-seed heuristic searches
were conducted in PAUP* 4.0a169 (Swofford, 2002). Mul-
tistate characters were left unordered, and all characters
received equal weight.

Six new characters were added to the matrix:

190: Maxilla-premaxilla suture on palate W-shaped (0) or
U- or V-shaped (1). This refers to the suture with the left
and right maxillae and premaxillae in articulation. The
sutures on either side of the sagittal plane converge ante-
riorly in some forms, but posteriorly in others. Among
crocodylids, W-shaped sutures are seen in Mecistops,
most species of Crocodylus, Kinyang, and “Crocodylus”
gariepensis. U- or V-shaped sutures occur in Osteolaemus,
Voay, Euthecodon, and Brochuchus. The acuteness of the
midpoint of the suture varies within species, which is
why we did not treat U-shaped and V-shaped sutures as
different states.

The suture in the specimen of Rimasuchus lloydi used in

this and all previous phylogenetic analyses (NHM PV
R14154), which comes from the type locality in Egypt,
appears to us to be U-shaped, but sutures on that part of
the skull are imperfectly preserved enough to leave open
the possibility of the opposite state. Moreover, specimens
referred to R. lloydi from slightly younger deposits in
Libya (Llinas Agrasar, 2004) bear W-shaped sutures,
albeit with a short midline process of the conjoined max-
illae resembling that of “C.” gariepensis. A short process
such as this could be easily masked by postmortem
distortion.

191: Frontal terminates posterior to anteriormost extent
of prefrontal (0) or frontal and prefrontals terminate
nearly in the same transverse plane (1). The prefrontals
extend further anteriorly than the frontal in most
crocodylians. This is not the case in Mecistops, in which
the prefrontals and frontal extend to approximately the
same transverse plane. This is because the prefrontals are
short, not because the frontal is long.

192: Nasals separate (0) or fused (1) at maturity. It can
often be difficult to find the suture between the nasals in
fossil skulls. This is nearly always a matter of
preservation—the suture simply cannot be seen. The
nasals of Euthecodon, however, are unambiguously fused.
No trace of a suture has been found in any of the many
Euthecodon specimens we have examined, many of
which preserve other sutures clearly. Skulls from very
young specimens of Euthecodon have not been identified,
and so we do not know whether this condition pertained
throughout posthatching ontogeny.

193: Minimal prenarial rostrum (0) or substantial pre-
narial rostrum (1). In modern species of Crocodylus, the
premaxillae extend anterior to the naris to a greater
extent than in other crocodylians (Figure 5b), including
Paleoafrican Crocodylus (Brochu et al., 2010: Figure 1).
The only fossil species in our data set sharing this feature
is Turkana C. checchiai, though we might reconsider this
decision as we re-evaluate C. checchiai from Libya. In
other crocodylids, including Kinyang (Figure 5a), the
naris lies much closer to the anterior tip of the snout.
One would think that the slender-snouted forms in our
data set would also have the derived condition. But in
fact, only the alveoli for d1 are elongated in these forms.
The prenarial rostrum in Crocodylus includes d2 and d3.
194: Maxilla bears 12 or 13 (0), 13 or 14 (1), 14 to 16 (2),
17 to 19 (3), 20 to 22 (4), 23 to 24 (5), or more than
24 (6) teeth. Characters similar to this have appeared in
other phylogenetic analyses (e.g., Jouve, 2007; Lee &
Yates, 2018; Rio & Mannion, 2021). That the character
states overlap is discussed below.

195: Pit for lateral collateral ligament on surangular sin-
gle (0) or subdivided (1). Subdivided pits are only found
in Kinyang (e.g., Figure 7g,h).
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3.2 | Bayesian inference analysis

We also conducted an analysis using Bayesian inference
on data sets that combined molecular and morphological
information. We used the mtDNA data analyzed by
Hekkala et al. (2021), which includes DNA extracted
from subfossil remains of extinct Voay robustus from
Madagascar. The morphological data set used by Hekkala
et al. (2021), which was derived from that of Lee and
Yates (2018), was replaced with ours. We used their
alignments and we excluded from our analyses the
sequences from taxa that are not included within our
morphological dataset (e.g., Alligatoridae, Gavialis, some
of the outgroup taxa).

The best nucleotide substitution models for each of
the 15 mitochondrial genes from the Hekkala et al.
(2021) data set were selected using JModelTest v.2.1.10
(Darriba et al., 2012; Posada, 2008), according to the
Akaike Information Criterion for small sample sizes
(AICc; Akaike, 1973). The DNA sequences were manu-
ally concatenated with the morphological data, resulting
in a dataset with 14,174 DNA base pairs and 195 discrete
morphological characters from 51 taxa (Data S2). The
Markov k model of character evolution (Mk model;
Lewis, 2001) was implemented in the morphological data
partition and Borealosuchus sternbergii was established as
the outgroup. Phylogenetic reconstructions were
obtained through Bayesian inference carried out with
MrBayes v.3.2.7a (Huelsenbeck & Ronquist, 2001;
Ronquist & Huelsenbeck, 2003) at the Centro de Com-
putacion de Alto Rendimiento CCAR-UNED. The analy-
sis was run for 50 million generations with
2 simultaneous runs. A 25% burn-in was implemented
after assessing stationarity and convergence of continu-
ous parameters with Tracer v.1.7.2 (Rambaut
et al., 2018). The Effective Sample Size (ESS) value was
above 200 and the Potential Scale Reduction Factor
(PSRF) value was 1.

3.3 | Taxon sampling

Kinyang tchernovi is based on data from both Loperot
and Karungu. Experiments with codings modified to
exclude Karungu material do not change the resulting
tree topologies.

We include both living species of Mecistops
Gray, 1844—M. cataphractus (Cuvier, 1825) and
M. leptorhynchus (Bennett, 1835). The only morphologi-
cal character separating them in our matrix concerns the
presence of upturned squamosals in M. cataphractus. The
squamosal horns of M. cataphractus, described as “nub-
bins” by Shirley et al. (2014), are not nearly as prominent
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as in other forms sharing this state, such as Voay and Pal-
eoafrican Crocodylus, but the condition between the two
species is sufficiently different to justify assigning differ-
ent states. We also include both species of Neoafrican
Crocodylus; although their morphological expressions in
this matrix are the same, molecular data clearly
differentiate them.

Although we include specimens from the Late Mio-
cene at Lothagam referred to Crocodylus checchiai by
Brochu and Storrs (2012), we do not include material
from the type locality in Libya. The Libyan material was
recently reviewed by Delfino et al. (2020), whose results
suggested a distant relationship between the Libyan and
Kenyan forms and a close relationship between Libyan
C. checchiai and Neotropical Crocodylus. Following
recent first-hand assessment of some of the Libyan mate-
rial by one of us (CAB), we interpret some aspects of its
morphology differently. A full discussion is beyond the
scope of this article.

Asiatosuchus nanlingensis Young, 1964 from the Mid-
dle Eocene of China is included in this analysis. Codings
are based on direct study of the material, which includes
specimens formerly referred to FEoalligator chunyii
Young, 1964 from the same deposits. Based on our obser-
vations, we concur with Wang et al. (2016) and consider
E. chunyii to be a junior synonym of A. nanlingensis. We
disagree with the arguments presented by Wu et al.
(2018) in support of their species-level separation.

Codings for Asiatosuchus grangeri Mook, 1940 have
been revised following a reconsideration of the morphol-
ogy of referred material. Codings for Crocodylus anthro-
pophagus Brochu et al, 2010 have been modified
following Azzara et al. (2021).

Sampling among taxa falling out as tomistomines in
most morphological analyses was reduced, and Gavialis
was left out entirely. This was intended to streamline the
analysis by limiting points of disagreement between dif-
ferent analyses that are not central to the relationships of
Kinyang. No analysis published to date using a version of
this matrix has found support for a close relationship
between any of the crocodylids analyzed here and any-
thing that might be regarded as a gharial.

4 | RESULTS

4.1 | Parsimony analysis

The maximum parsimony analysis recovered 12 equally
optimal trees (length = 278, CI without uninformative
characters = 0.463, RI = 0.713). The consensus trees
derived from these results (Figure 19) are largely congru-
ent with those of previous analyses based on this matrix
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Borealosuchus sternbergii 1
Prodiplocynodon langi t
Asiatosuchus germanicus t
Crocodylus affinis t
Crocodylus depressifrons 1
Asiatosuchus grangeri t
Brachyuranochampsa acer t
/C Brachyuranochampsa eversolei t
Kentisuchus spenceri t
Dollosuchoides densmorei 1
Tomistoma schlegelii 1
Asiatosuchus nanlingensis 1
Kambara implexidens t
Mekosuchinae Australosuchus clarkae 1
Trilophosuchus rackhami t
Crocodylus megarhinus t
Osteolaemus tetraspis
Osteolaemus osborni
Voay robustus 1
Rimasuchus lloydi t
Crocodylus gariepensis t
Euthecodon brumpti t
Euthecodon arambourgii t
Brochuchus pigotti t
Brochuchus parvidens t
Kinyang mabokoensis t
- - Kinyang tchernovi t
- - _ - -~ Aldabrachampsus dilophus t
e - -7 Mecistops cataphractus
P . Mecistops leptorhynchus
oozioIil Crocodylus anthropophagus T | pajeoafrican
Crocodylidae®C ======="222727° |Crocodylus thorbjarnarsonit_, Crocodylus
________ Crocodylus checchiai (Turkana) t
Crocodylus palaeindicust
\Crocodylus palustris
1Crocodylus siamensis
\Crocodylus ossifragus 1
. \Crocodylus novaeguineae
Crocodylinae \Crocodylus raninus ?t
\Crocodylus mindorensis
|Crocodylus johnstoni

Gavialoidea

Osteolaemini

Osteolaeminae

Crocodyloidea

Indopacific
Crocodylus

1Crocodylus intermedius

1Crocodylus moreletii

I

I

| Neotropical
' Crocodylus
I

I

1Crocodylus niloticus ' Neoafrican
\Crocodylus suchus _______ ! Crocodylus
FIGURE 19 Results of maximum parsimony analysis of 194 morphological characters. Solid lines indicate relationships in Adams
consensus of 12 equally optimal trees if Aldabrachampsus dilophus is included (length = 278, CI = 0.463) and strict consensus of 6 equally
optimal trees if A. dilophus is excluded (length = 277, CI = 0.465). Dotted lines indicate lost resolution in a strict consensus tree with
A. dilophus included (page width). { is a standard indicator for extinct taxa
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Majority-rule consensus tree showing results of Bayesian analysis of mtDNA from Hekkala et al. (2021) and

195 morphological characters. Numbers at nodes represent posterior probabilities (page width)

(e.g., Brochu & Storrs, 2012; Cossette et al., 2020), but res-
olution among crocodylids in the strict consensus is low.
An Adams consensus recovers some of the topology lost
by the inclusion of incompletely-known, and thus labile,
Aldabrachampsus dilophus Brochu, 2006. Exclusion of
A. dilophus results in six equally optimal trees
(length 277, CI without uninformative charac-
ters 0.465, RI 0.713) with a strict consensus
(Figure 20) topologically matching that of the Adams
consensus of the full set of taxa.

Several aspects of these results are worth mention.
First, with Aldabrachampsus excluded, Paleoafrican
Crocodylus and Turkana C. checchiai form a clade outside
crown-genus Crocodylus. In several previous analyses,
Paleoafrican Crocodylus and Turkana C. checchiai inde-
pendently were part of a polytomy including
C. palaeindicus as well as Neoafrican, Neotropical, and
Indopacific Crocodylus. In this, our results replicate those
of Azzara et al. (2021), who also recovered a

monophyletic Paleoafrican assemblage exclusive of
extant Crocodylus, though that analysis did not include
Turkana C. checchiai.

Second, these results objectively exclude
Aldabrachampsus from Crocodylus. A previous analysis
including this diminutive form (Brochu, 2006) found that
Aldabrachampsus assumed one of two positions in the
set of optimal trees—either as an osteolaemine or related
to Crocodylus palaeindicus Falconer, 1859. Here, it falls
in one of two places. In one, it is closely related to
Crocodylus thorbjarnarsoni and C. anthropogagus. In the
other, it is a euthecodonin osteolaemine related to
“Crocodylus” gariepensis. This bimodal position explains
the collapse of Osteolaeminae and the imprecise position
of Turkana C. checchiai in the strict consensus tree.

Our analysis also suggests that Asiatosuchus
nanlingensis is more closely related to Crocodylidae than
are the gharials. This contrasts with the results in previ-
ous analyses, where A. nanlingensis assumed a more
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basal position among crocodyloids (or stem
longirostrines) or (in its incarnation as Eoalligator
chunyii) as an alligatoroid along with the enigmatic
Southeast Asian orientalosuchins (e.g., Wang et al., 2016;
Wu et al., 2018; Massonne et al., 2019; Groh et al., 2020;
Shan et al., 2021).

Kinyang mabokoensis and K. tchernovi are recovered as
osteolaemines. Together, they are in a sister group rela-
tionship with a clade including Euthecodon, Brochuchus,
and “Crocodylus” gariepensis within Euthecodontini.

4.2 | Bayesian inference analysis

The results of the combined mtDNA-morphological analy-
sis (Figure 20) are consistent with those of the parsimony
analysis of morphology (Figure 19). They are also largely
consistent with those obtained by Hekkala et al. (2021)
using the same mtDNA data, though there are some
points of phylogenetic disagreement that cannot be dis-
missed as artifacts of dampened resolution. In particular,
K. mabokoensis and K. tchernovi are more closely related
to Osteolaemus than to Crocodylus in this analysis.

Some differences between our results and those of
Hekkala et al. (2021) undoubtedly reflect differences in
the morphological data. In particular, Hekkala et al.
(2021) recovered a close relationship between Euthecodon
and Mecistops. Hekkala et al. (2021) used the morphologi-
cal data set of Lee and Yates (2018), who also recovered a
Euthecodon-Mecistops grouping. Lee and Yates (2018)
relied on Conrad et al. (2013) for data on Brochuchus,
and our scores for Brochuchus (as well as other
crocodylians) differ in several ways (Cossette et al., 2020).
Support for a Brochuchus-Euthecodon relationship in our
combined analysis was comparatively low (posterior
probability value of .6141), but this is nonetheless consis-
tent with the morphology analysis.

The most notable difference between our results and
those of Hekkala et al. (2021) reflect resolution. Crocodylus
is monophyletic, and it includes the familiar Paleoafrican,
Indopacific, and Neotropical groups, and consistent with
previous molecular analyses (e.g., Hekkala et al., 2011;
Meredith et al., 2011), the Neoafrican assemblage is
paraphyletic with respect to the Neotropical clade. But our
results do not recover a monophyletic Osteolaeminae con-
forming with anything recovered in our morphological
analysis or by Hekkala et al. (2021). We recovered a
polytomy including Mecistops; Voay; Rimasuchus; a
Euthecodonini comprising Euthecodon, Brochuchus,
“Crocodylus” gariepensis, and Aldabrachampsus; and a
group including Osteolaemus and Kinyang (Figure 20).

There are several possible explanations for the loss of
resolution in our results. The first could be the exclusion

of Gavialis and the alligatorids in our analysis. Another is
the use of different morphological sets; ours might pro-
vide stronger support for an osteolaemine affinity for
Voay than that of Lee and Yates (2018), rendering the
analysis incapable of pinpointing its relationships to
either Crocodylus or Osteolaemus. Further analyses are
needed to explore these issues.

Notably, our results still support an osteolaemine
affinity for Kinyang. Indeed, in this analysis, Kinyang is
the only unambiguous osteolaemine in the sample of
taxa, albeit with modest support (posterior probability
value of .7507).

5 | DISCUSSION

5.1 | Monophyly of Kinyang

These two species are very similar, and evidence for their
close relationship is substantial. Both had short, robust
snouts, with virtually no prenarial rostrum; inflated
premaxillae around the naris (at least posteriorly); and
ventrally broad, flattened ectopterygoids adjacent to the
maxillary tooth row. The shape of their palatine
processes—flattened anteriorly, but with anteriorly-
converging lateral margins—is unique among crocodylids.

Four characters provide unambiguous support for the
monophyly of Kinyang in our analysis. The first is what
appears to be a less derived occlusal pattern. In both spe-
cies, there are occlusal pits between m6 and m8, but
nowhere else in the maxillary toothrow. In contrast,
occlusal pits occur more extensively between m1 and mé6
in all other crocodylids.

Ancestrally, crocodylians have a complete overbite
behind the maxillary-premaxillary notch. Interfingering
dentition arose independently in multiple crocodylian
clades, with an intermediate condition—occlusal pits
between mé6 through m8, but lingual to the maxillary
alveoi proximally—sometimes occurring at phylogenetic
levels rootward of those with full interdigitation
(Brochu, 2003). The ingroup in this analysis preserves
what appears to be a transitional series from full overbite
(Prodiplocynodon  langi, Asiatosuchus  germanicus
Berg, 1966) to full interdigitation (crocodylids, gavialoids,
Brachyuranochampsa Zangerl, 1944) with a handful of
Eocene stem longirostrines (e.g., “Crocodylus” affinis)
having occlusal pits limited to mé through m8. Reversals
to a partial or complete overbite are uncommon, to our
knowledge only having happened among mekosuchines
(Buchanan, 2009; lijima, 2017; Molnar, 1981) in addition
to Kinyang.

The second unambiguous synapomorphy in this anal-
ysis actually has a convoluted history among crocodylids.
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In both species of Kinyang, the quadratojugal extends
anterodorsally to the dorsal corner of the infratemporal
fenestra, largely blocking the quadrate from the posterior
margin of the fenestra (Figure 6). This is the ancestral
condition for Crocodylia, and it pertains to Paleoafrican
Crocodylus, Turkana C. checchiai, and to extant
Osteolaemus and Crocodylus novaeguineae Schmidt 1928,
as well as possibly extant C. raninus Miiller and
Schegel, 1844. This character could not be assessed for
either species of Brochuchus.

The third unambiguously diagnostic character for
Kinyang in this analysis is the subdivided lateral collat-
eral ligament (Figure 7g,h). This is known in no other
crocodylian. The functional or biomechanical reason for
this subdivision is unclear, but it clearly differentiates
Kinyang from all other crocodylids.

The fourth synapomorphy for Kinyang is based on the
number of maxillary teeth. In Kinyang, each maxilla has
either 12 or 13 alveoli. This is also true in Osteolaemus
and Voay. In contrast, other crocodylids typically have at
least 14. This merits further discussion, both because the
typical number in Kinyang is unclear and, because tooth
counts in extant crocodylians can vary to a modest
degree, states used here to express the maxillary tooth
count overlap.

Most of the Kinyang maxillae described here either
preserve an incomplete tooth row or are insufficiently
preserved posteriorly to fix the absolute number of tooth
positions. One specimen of K. mabokoensis (KNM-MB
25757) preserves 12, but other specimens are consistent
with 13. Because the specimens themselves are ambigu-
ous, so is our assessment of the maxillary tooth count in
Kinyang—it is 12 or 13.

Although the maxillary tooth row can vary by one
alveolus in crocodylians, variation is always caused by a
small number of specimens that appear to have lost an
alveolus at some point in life. Variation in crocodylians is
always to have a handful of individuals with fewer alveoli,
not more. Taxa with state 1 nearly always have 14 alveoli.
Individuals of species that otherwise have 14 alveoli, but
which have 13, are frequently asymmetrical—one maxilla
has 13, and the other 14—and the missing alveolus is typi-
cally the last in the series (CAB, personal observation).

We acknowledge the ambiguity the overlapping char-
acter states in this analysis can cause. Nevertheless,
although we are unsure whether Kinyang typically had
12 or 13 maxillary alveoli, we are very confident it did
not have 14 or more. We scored both species accordingly.
Had only one complete maxilla been known for Kinyang,
we would have been unable to assign a state to either
species.

We propose that the lack of complete interdigitation
and the reduced number of maxillary teeth may reflect

changes in the size and distribution of maxillary alveoli,
which appear to be larger and more closely spaced than
in other crocodylids of similar size (personal observa-
tion). This would have been inconsistent with the pres-
ence of occlusal pits between most alveoli, and there may
no longer have been sufficient space for the additional
alveoli seen in other crocodylids. In this sense, Kinyang is
the opposite of Brochuchus, in which maxillary alveoli
and teeth are comparatively small and widely spaced
(Conrad et al., 2013; Cossette et al., 2020).

5.2 | Differentiation of Kinyang
mabokoensis and Kinyang tchernovi

Differences between the two species are subtle, but consis-
tent. For example, the suborbital fenestra is comparatively
wider in K. mabokoensis than in K. tchernovi. In both
skulls referred to K. tchernovi, anteroposterior length to
mediolateral width ratio is substantially greater than 2. In
K. mabokoensis, it is 1.83. Care must be taken when com-
paring the dimensions of the suborbital fenestra—the
shape of the fenestra changes ontogenetically and is sub-
ject to distortion in fossils—but we do not believe either is
a factor here. The fenestra is narrow in both skulls
referred to K. tchernovi, one of which (the type) is smaller
than the K. mabokoensis type skull and the other of which
(KNM-KA 68749) is much larger. Likewise, although the
type is dorsoventrally compressed, KNM-KA 68749 is not,
indicating that the narrow fenestra is not taphonomic.

Orientation of the external naris also distinguishes
the two forms. The naris opens dorsally in
K. mabokoensis. The naris appears to open anterodorsally
in K tchernovi, and the species was coded that way in our
phylogenetic analyses, but its orientation is more com-
plex (Figure 16). Posteriorly, the narial rim lies in a trans-
verse plane. Its orientation changes to anterodorsal about
halfway to its anterior margin, roughly at the same fron-
tal plane as p4. The reoriented naris is more pronounced
in the holotype from Loperot than in the larger skull
from Karungu, but given the differences in size and
degree of dorsolateral distortion, we believe the differ-
ence is intraspecific in nature.

5.3 | Relationships of Kinyang to other
crocodylids

Kinyang mabokoensis preserves the choanal neck diag-
nostic of Osteolaeminae, albeit with a less prominent
crest (Figure 6a). It also preserves a squamosal that
extends onto the dorsal surface of the quadrate ramus
anterolateral to the paroccipital process. The internal
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choana lacks a septum. None of these could be confirmed
for K. tchernovi.

The single unambiguous synapomorphy Kinyang that
shares with other euthecodontins—a forked ectopterygoid
maxillary ramus—is problematic. There are two reasons
for this. First, its expression is variable within modern spe-
cies of Crocodylus (Brochu & Storrs, 2012). Most modern
Crocodylus specimens have forked ectopterygoids, but a
few lack this feature.

Second, it is homoplastic among crocodyloids. Among
crocodylines, extant species of Crocodylus variably have
forked maxillary rami, as do extinct Crocodylus palaeindicus
and C. ossifragus, but they are uniformly absent from Pal-
eoafrican Crocodylus and Turkana C. checchiai. They are
also absent from Mecistops and osteolaemines, with the
exceptions of Kinyang, Brochuchus pigotti, and Euthecodon
brumpti Fourtau, 1920. (The condition in Brochuchus
parvidens is unknown, and it is absent in Euthecodon
arambourgii Ginsburg & Buffetaut, 1978, although only one
specimen of E. arambourgii—the holotype—preserves this
part of the skull.) Thus, although this character state diag-
noses Euthecodontini in this analysis, the level of support it
provides is less than robust.

We acknowledge that support for euthecodontin
affinities of Kinyang is weak. Moving Kinyang to a basal
position as the sister to all other osteolaemines increases
tree length by only one step. Many alternative positions
within Osteolaeminae—closer to osteolaemins or
“Crocodylus” gariepensis, for example—only increase tree
length by two steps. This obviously reflects the incom-
plete nature of several of the species included in our anal-
ysis, but it may also arise from the highly derived status
of most osteolamines. Most deviate from what most
might presume is the ancestral overall morphotype for
Crocodylidae—that of a generalized form resembling
most extant species of Crocodylus. Illumination is likely
to come from inclusion of any pre-Miocene
osteolaemines that might eventually come to light.

We are skeptical of the sister-group relationship
between Osteolaemus and Kinyang recovered in our com-
bined mtDNA-morphology analysis. We suspect lability
on the part of Voay is breaking up what would otherwise
be a more inclusive Osteolaeminae. There is, nonetheless,
morphological support for this assessment—in particular,
both Kinyang and Osteolaemus have fewer teeth than
most other crocodylids.

5.4 | Variability of caviconchal pits in
crocodylids

The presence of an array of blind pits on the medial wall
of the caviconchal recess has been considered diagnostic

for Crocodylus (Brochu, 2000). They are absent from
Mecistops (Figure 8e), Osteolaemus (Figure 8b),
Euthecodon, Voay, and “Crocodylus” gariepensis, but pre-
sent in all extant species of Crocodylus (e.g., Figure 8d)
and extinct C. anthropophagus (Brochu, 2007; Brochu
et al., 2010; Brochu & Storrs, 2012; McAliley et al., 2006).
The smaller maxilla from Karungu lacks these pits
(Figure 14c), though only the anteriormost part of the
wall is preserved. Assuming the pits would have been
absent along the length of the wall in the Karungu speci-
men, our analysis suggests that K. mabokoensis acquired
them independently.

A review of other putative osteolaemine specimens
suggests a low level of variability in this feature. Pits as
deep and extensive as those of Crocodylus have never
been observed in Osteolaemus, but the specimen figured
by Brochu (2007) nevertheless reveals a pair of shallow
depressions toward the anterior end of the recess
(Figure 8b). Deep pits are absent in Brochuchus pigotti
specimens from Rusinga, but some shallow pits are pre-
sent on one specimen (KNM-RU 52950) and three small
pits are present at the anterior end of the recess in a left
maxilla of B. parvidens Cossette et al., 2020 from Maboko
(KNM-MB 25736; CAB, personal observation).

More significantly, although most maxillae from the
Early Miocene of Gebel Zelten (Libya) that may be refer-
able to Rimasuchus lloydi (Llinas Agrasar, 2004) bear at
most two or three modest depressions at the posterior
end of the recess (e.g., Figure 8d), the pits on one speci-
men (BRSUG 27279, Figure 8c) are quite deep, and shal-
low depressions can be found along the entire
recess wall.

To test the impact of caviconchal pit polymorphism,
we re-ran the analysis with a modified matrix.
Rimasuchus lloydi, as wused in previous analyses
(e.g., Brochu, 2000; Brochu & Storrs, 2012), was based on
a specimen from the Early Miocene of Wadi Moghra,
which is where the type specimen was found
(Fourtau, 1918). This time, we added character informa-
tion from Gebel Zelten material housed at the University
of Bristol and the Natural History Museum in London
(Llinas Agrasar, 2004). The character expressing presence
or absence of pits (character 101 in the matrix) was coded
as polymorphic for this version of R. lloydi. The results
were topologically and numerically identical to those
when R. lloydi is treated as unknown for this character.

Pneumatic structures in bones can be notoriously var-
iable (e.g., Sherwood, 1999; O'Connor, 2006; Wedel &
Taylor, 2013; Zurriaguz & Alvarez, 2014; Buchmann
et al., 2021). Taylor and Wedel (in review) suggest that,
for sauropods at least, this reflects variability in vascula-
ture associated with pneumatic diverticula, but it could
more simply reflect the comparatively late appearance of
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osseous pneumatic structures in development; the air
sacs and bones appear substantially before they contact
each other. It is thus possible that what appears to be a
complete absence in some taxa reflects comparatively low
sample sizes more than a consistent lack of the feature.
Further work is needed to assess the variability of these
pits in the crocodylid rostrum.

5.5 | Variability in choanal morphology
On first blush, many specimens of Crocodylus niloticus—
especially larger individuals—bear what appear to be
circumchoanal crests (Figure 10f). The pterygoid surfaces
are indeed elevated anterolateral to the choana in most
crocodylids, which makes the choanal rim appear more
prominent. One might thus conclude that these skulls
share the derived state also found in Osteolaemus
(Figure 10b,c,d), Voay, and Kinyang (Figure 10a).

In fact, the condition in C. niloticus differs from those
of Osteolaemus and Kinyang, and it appears to be a mat-
ter of ontogenetic variation. In modern Osteolaemus, the
crest—which is more prominent in O. osborni
(Figure 10c) than in O. tetraspis (Figure 10b)—is present
throughout posthatching ontogeny and evident in very
small specimens (e.g., Figure 10d). In contrast, smaller
specimens of C. niloticus lack this feature (Figure 10e). In
larger individuals, it lies along the anterolateral sides of a
triangular choana that opens nearly at the posterior mar-
gin of the pterygoids (Figure 10f). This reflects an ontoge-
netic shift in position of the choana rather than a change
to the choanal rim per se.

Further work on this feature could prove enlighten-
ing. Triangular choanae appear to be less common in
skulls we refer to Crocodylus suchus (CAB, personal
observation), but our sample is much smaller with few
large individuals, and in many cases, we refer such speci-
mens to C. suchus based on their geographic origin. Tri-
angular choanae sometimes occur in other species of
Crocodylus, but a more complete survey is needed to
properly assess variation in this structure.

5.6 | Crocodylian diversity and
paleoecology in East Africa

Kinyang reinforces several observations about late Ceno-
zoic crocodylians, and late Cenozoic continental verte-
brates in general, in the EARS. First, it suggests
uniformity in crocodylian faunas along the Kenya Rift.
Sites in the TB and LVB share the same genera and, in at
least one case (K. tchernovi), the same species. The only
exception is Euthecodon, which has been reported from

the LVB, but which does not appear in the TB until the
Late Miocene. But Euthecodon is very rare in the LVP—
only two fragments have been reported (Buffetaut, 1979;
Tchernov & Couvering, 1978), and their referrals and
provenance are debatable (CAB, personal observation).
The rarity of Euthecodon from the southern Kenya Rift
suggests its absence further north is a matter of sampling.

Second, it highlights the different phylogenetic com-
positions of crocodylian faunas before 15Ma and after
7.2 Ma. Between the deposits at Loperot and Karungu
and those at Maboko, we find the osteolaemines
Brochuchus (Figure 1d) and Kinyang. Units in the Turk-
ana Basin, starting with the Lower Member of the
Nawata Formation, preserve Crocodylus (Figure 1f,g) and
Mecistops (Figure 1e). The only lineages found through-
out the Miocene in the Kenya Rift are “Eogavialis”
(Figure 1h) and Euthecodon (Figure 1i), both of which
are tubulirostrine. (Although living Mecistops have com-
paratively long and slender snouts [Figure 1c], this was
not as true of the earliest-known occurrences of the
genus in the Lower Nawata [Figure le; Storrs, 2003].)

Third, the skull of Kinyang has proportions unlike
those of any other crocodylid, living or extinct, which
implies functional or ecological attributes with no good
modern analogue. A robust quantitative analysis is
beyond the scope of this article, and there are several fac-
tors that make direct comparison difficult—most impor-
tantly, ontogenetic and ecophenotypic variation in
craniomandibular proportion within extant crocodylian
species (e.g., Drumheller et al., 2016; Foth et al., 2015,
2018; Kilin, 1933; Monteiro & Soares, 1997). Moreover,
available skulls of K. tchernovi are incomplete, crushed,
or both. Nevertheless, we note some visual differences.

At first glance, the snout of Kinyang mabokoensis
appears to be short relative to skull length compared with
those of most extant crocodylids. In fact, the snout is only
slightly shortened in Kinyang, at least when skulls of sim-
ilar size are compared—the ratio of rostrum length (tip of
snout to front of orbits) to skull length (tip of snout to
back of skull table) is 0.62, only slightly shorter than the
average (0.68) for five modern C. niloticus skulls in the
KNM, all collected at Lake Turkana and within 10% of
the total length of the K. mabokoensis holotype skull.

The real difference is the relative width of the skull.
For the K. mabokoensis holotype, the ratio of skull width
at the quadrates to skull length is 0.72, and the ratio of
skull width at m5 to skull length is 0.53. No extant
crocodylid appears to have a skull that wide. The mean
width/length ratios for the KNM sample of C. niloticus
skulls are 0.52 at the quadrates and 0.28 at m5. The skulls
of the smallest crocodylids (Osteolaemus) are deep and
short, but not unusually wide; the width/length ratio for
the holotype of Osteolaemus osborni (AMNH 10082) is
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0.59 at the quadrates. Osteolaemus also shows additional
modifications not seen in Kinyang, but shared with the
unrelated  smooth-fronted caimans  (Paleosuchus
Gray, 1862) of South America, such as restricted
supratemporal fenestrae, labiolingually compressed teeth
(though to a modest degree), and a heavily ossified com-
pound palpebral. Better analogues might be found among
alligatorids, such as the broad-snouted caiman (Caiman
latirostris Daudin, 1801), whose skull is also unusually
broad relative to its length (Bona & Desojo, 2011; Foth
et al., 2018; Monteiro et al., 1997; Piras et al., 2009).

The broad, rounded snout seen in Kinyang falls
within the ecomorphotypic range expected for a general-
ized semi-aquatic ambush predator (Brochu, 2001;
Wilberg, 2017). A recent morphometric analysis of snout
shapes across Crocodyliformes (Drumheller &
Wilberg, 2020) further splits this broad-snouted mor-
photype into two functional groups. V-shaped snouts,
such as that seen in Crocodylus niloticus (Figure 1a), cor-
relate with diverse diets and prey species that range up to
a similar size as the predator. Wider, less acute snouts,
such as that of Caiman latirostris, correspond with a
macro-generalist feeding strategy. These taxa are capable
of taking diverse prey items that are as big or bigger than
themselves. Kinyang's robust dentition further supports
this paleoecological interpretation (D'Amore et al., 2020).

The differences between early and late Neogene croc-
odile faunas in the Kenya rift are thus phylogenetic as
well as morphological. Generalized crocodylids from the
Early and early Middle Miocene are generally smaller,
and the skull of the larger one is geometrically dissimilar
from anything found in younger East African deposits.
They are also unrelated to the generalized crocodylids
seen in the Late Miocene through Holocene. What cau-
sed this turnover?

Cossette et al. (2020) suggested that this turnover was
related to the trend in the EARS toward more expansive
grasslands that began with the appearance of Cs-
dominated grasslands driven by seasonal changes in rain-
fall in the Middle Miocene (Retallack, 1992; Retallack
et al., 2002) and accelerated with the spread of C, grass-
lands in the Late Miocene and Pliocene (Cerling, 1992;
Feakins et al., 2013; Feibel, 2011; Jacobs et al., 2010;
Linder, 2017; Polissar et al., 2019; Saarinen et al., 2020;
Wichura et al., 2015). These have been correlated with
regional changes in nonmarine fauna; herbivorous mam-
mal assemblages, for example, were dominated by
browsers in the Early and Middle Miocene, but the pro-
portion of grazers began rise later in the epoch and into
the Pliocene (e.g., Bobe, 2006; Cerling et al., 2015; Hall &
Cote, 2021; Leakey et al., 2011).

Modern Osteolaemus (Figure 1b) is generally limited
to forested lowlands throughout western and central

Africa (Eaton, 2010). The same is true for Mecistops,
which falls out as an osteolaemine in most molecular
phylogenetic analyses (e.g., Hekkala et al., 2021; McAliley
et al.,, 2006; Meredith et al.,, 2011; Oaks, 2011; Pan
et al., 2021). Assuming extinct osteolaemines shared simi-
lar environmental preferences, the regional reduction of
woodland might have promoted their replacement by
crocodylids more tolerant of open conditions.

The depositional systems at sites preserving Kinyang
and Brochuchus all reflect mixed riparian woodlands and
mixed open habitats that formed under comparatively
dry conditions (Butts et al., 2018; Driese et al., 2016;
Liutkus-Pierce et al., 2019; Lukens et al., 2017; Michel
et al., 2020; Retallack et al., 2002). But living dwarf croco-
diles are not restricted to closed-canopy rain forests; they
can be found in riparian woodlands and seasonal wet-
lands (e.g., Eaton, 2010; Ceriaco & de Sa, 2018; Amoah
et al., 2021). Thus, the kinds of biomes that dominated
Early to Middle Miocene sites preserving generalized
osteolaemines might not reflect different ecological pref-
erences from modern Osteolaemus.

There are several caveats that must be borne in mind
when assessing the link between Miocene osteolaemines
and vegetational change. The most important is the sub-
stantial stratigraphic gap between around 15Ma and
around 7 Ma. The last appearances of Kinyang and
Brochuchus roughly coincide with the end of the Miocene
Climatic Optimum and the onset of lower global average
temperatures and a drop in atmospheric CO, content
(Westerhold et al., 2020). The EARS experienced a trend
toward drier conditions following this event, which
would have created conditions favorable to grasslands.
But because we do not know how closely the last appear-
ance datum for Kinyang approximates its extinction, the
relationship between the loss of generalized
osteolaemines and environmental change prompted by
the end of the Miocene Climatic Optimum is less than
robust.

This gap leads to several other complications.
Regional drying in the EARS might have been driven by
weakening of summer monsoons as the Tethys Sea
shrank during the Late Miocene (Zhang et al., 2014).
Reductions in atmospheric CO, may have played a major
role in driving the expansion of grasslands, even in the
absence of xerification (Polissar et al.,, 2019). Each of
these would reflect climatic changes substantially after
the end of the Miocene Climatic Optimum.

Moreover, climate is not the only plausible factor for
Miocene crocodylid faunal turnover. Most tectonic activ-
ity associated with faulting of the Kenya Rift is thought
to have begun at around this time. This led to the forma-
tion of large, deep rift lakes and changes in fluvial drain-
age patterns (Feibel, 2011; Wichura et al., 2015). There
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were also major volcanic events beginning at around 12
Ma (Rooney, 2020). Any of these, with or without climate
change, could have driven changes in crocodylid faunas
in the EARS.

Yet another complication is Mecistops. Like modern
Osteolaemus, it prefers forested wetlands (Kofron, 1992;
Kouman et al., 2021; Shirley, 2010). In the Kenya Rift, it
is only known from sites no older than the Lower Nawata
(Storrs, 2003). Mecistops is less common at Turkana Basin
sites than other co-occurring crocodylids (CAB, personal
observation), and so it might not represent the prevailing
ecosystems of the relevant sequences in the same way as
Euthecodon and Paleoafrican Crocodylus, but there does
appear to be a conflict with the expected pattern based
on regional vegetational change.

However, patterns of extant crocodylian diversity are
driven by a complex array of environmental factors,
including direct and indirect effects of vegetation. Plants
provide food and habitat for prey species; contribute to
landscape structure and chemistry; and supply cover,
concealment, and nesting materials to crocodylians
themselves. That said, few crocodylian taxa would be
described as  vegetative specialists (Somaweera
et al., 2019). An exception to this seems potentially rele-
vant to the paleontological discussion at hand: the
nesting ecology of Mecistops and Osteolaemus.

Crocodylian nest types can differ between and even
within species, with preferences for mount or pit style
nests varying across populations and environments. That
said, all extant crocodylians generally prefer concealed,
elevated areas that simultaneously keep developing eggs
safely above the water table until hatching while also
providing the adults with easy access to water. Most spe-
cies will incorporate both sediment and vegetation into
their nests, and the plant material used can have a large
impact on overall size and appearance as the vegetation
provides protection from predators and the sun and the
decomposing organics produce heat, which warms and
stabilizes the internal temperatures of the nests
(e.g., Joanen & McNease, 1989; Murray et al., 2020; Platt
et al.,, 1995; Thorbjarnarson, 1996; Thorbjarnarson &
Wang, 2010; Webb et al., 1977, 1983). The loss of sources
of appropriate nest-building vegetation can prevent or
displace successful nesting (Somaweera et al., 2019), and
smaller-scale vegetative changes that affect nest struc-
tural integrity and microclimate have been shown to
decrease nesting success, due to either inadequate protec-
tion of incubating eggs or to temperature fluctuations
beyond the tolerances of the developing embryos
(Somaweera et al., 2019; Thorbjarnarson & Wang, 2010).

Both Mecistops and Osteolaemus prefer to live in for-
ested areas, though Mecistops nests have been found in
more open woodland and disturbed or cultivated areas

than Osteolaemus (Shirley, 2010; Shirley et al., 2009;
Waitkuwait, 1986). Both exhibit specializations related to
nest building that are strongly linked with the vegetation
present in their environments. Both build mostly mound-
style nests, constructed nearly entirely of decaying vege-
tation, particularly leaf litter, the size and shape of which
are governed by a combination of available vegetation
and the height of the water table (Murray et al., 2020;
Shirley, 2010; Waitkuwait, 1986). In areas where the two
taxa are sympatric, nesting is not syntopic. It is par-
titioned both temporally and spatially; Mecistops nests
are typically found parallel to the riverbanks while
Osteolaemus nests in swampier regions, further from
sources of flowing water (Waitkuwait, 1986).

This reproductive specialization suggests one driver of
the changeover in crocodylian communities preserved in
the EARS. The earlier, forested environments with abun-
dant rivers and swampy areas would have been within
the ecological tolerances of both Mecistops and
Osteolaemus, but as the region dried, giving way to grass-
lands and drainage systems dominated by lakes, the new
environment may have favored taxa with more flexible
reproductive requirements, including Crocodylus, a
mound or hole-style nest builder with more variable veg-
etative preferences, and gharials, whose communal nests
are largely sediment, rather than plant, based (Lang &
Kumar, 2013; Murray et al., 2020; Vashistha et al., 2021).
That Mecistops nests are more likely than those of
Osteolaemus to be found in more open settings may
explain its presence in the Late Miocene and Plio-
Pleistocene.

That said, any definitive link between fossil
crocodylid faunal content and vegetational change
requires additional testing, much of which is reliant on
collection of new crocodylids in the EARS. In particular,
fossils in the Kenya Rift from within the temporal gap
separating Maboko and Lothagam could shed consider-
able light on this issue by helping narrow down the strat-
igraphic interval within which osteolaemines were
replaced by crocodylines. So would a more precise assess-
ment of the paleocology of Late Miocene and Plio-
Pleistocene sites preserving crocodylids.
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