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The presence of baleen is made even less likely by the
interdigitating dentition, as judged from the mandibular
alveoli alternating with similarly-sized embrasure pits for
the upper teeth (fig. 1). Interdigitating teeth also occur in
Fucaia goedertorum (Barnes et al., 1995) and Aetiocetus
weltoni (Deméré and Berta, 2008), and suggest a lack of
space and risk of functional interference (i.e. teeth potentially
damaging or disorganising the baleen rack) that speaks
against the presence of functional baleen. Overall, we
therefore conclude that NMV P252567 did not possess baleen
and was hence incapable of filter feeding in a manner similar
to modern mysticetes.

The condition of NMV P252567 reinforces previous, less
decisive evidence against baleen in several other aetiocetids,
such as the well-developed shear facets on the teeth of Fucaia
buelli and the large size of the teeth in both F. buelli and
Morawanocetus (Marx et al., 2015; Sawamura, 2008;
Sawamura et al., 2006). Specifically, shearing in F. buelli
would likely have posed a considerable risk of damage to the
baleen rack after each bite, while the relatively elongate teeth
of Morawanocetus (and, probably, F. buelli) result in short
diastemata, abrogating the need for a baleen filter. Both of
these observations rely on indirect evidence, but the difficulties
in explaining how baleen could have functioned in these taxa
are suggestive.

In extant baleen whales, tall lower lips, marked lateral
bowing and longitudinal (alpha) rotation allow the mandibles
to occlude on to the labial (rather than the ventral) surface of
the baleen plates, thereby preserving the integrity of the rack
(Lillie, 1915) (fig. 4). In Aetiocetus and Fucaia, essentially
straight mandibles, a tall, straight coronoid process, embrasure
pits, and the presence of attritional wear on the teeth (Deméré
and Berta, 2008; Emlong, 1966) demonstrate that the lower
jaw moved largely vertically and was positioned close to the
upper jaw to enable tooth occlusion (fig. 4). An aetiocetid
baleen rack would have been closely associated with the teeth,
as judged from the position of the palatal foramina in A.
weltoni and the juxtaposition of the rudimentary teeth and
developing baleen in extant mysticete foetuses (Deméré et al.,
2008; Ishikawa and Amasaki, 1995). As a result, aetiocetid
baleen would have been constantly disturbed by mandibular
contact.

Teeth could conceivably have acted as protective spacers
between the jaws, allowing baleen to grow between or just
medial to the upper teeth. However, the interdigitating
dentition would still have resulted in considerable disturbance
of the rack. It is also possible that the inherent flexibility of
baleen would have allowed it to withstand compression, e.g. by
folding away posteriorly as in extant bowhead whales (Werth,
2001; Werth, 2004). Unlike in bowhead whales, however, the
presence of teeth in aetiocetids — both adjacent to the rack and
coming from below — would likely have interfered with the
folding process. We therefore suggest that, contrary to past
proposals (Deméré and Berta, 2008; Deméré et al., 2008), the
evolution of baleen likely only became feasible after the
appearance of a laterally bowed mandible capable of clearing
the baleen rack during mouth closure, and likely following the
reduction or loss of emergent dentition (fig. 5).

Current model of baleen evolution

Current ideas on the origin of baleen argue for a direct
transition from raptorial to bulk filter feeding, as seemingly
exemplified by aetiocetids in their retention of functional teeth
alongside features generally associated with filtering (Deméré
et al., 2008). Besides the presence of (i) palatal foramina, these
features include (ii) thin lateral margins of the maxillae; (iii) a
relatively broad rostrum; and (iv) an unsutured, ligamentous
mandibular symphysis. Laterally bowed mandibles, another
feature claimed to be present in aetiocetids (Deméré et al.,
2008), is not apparent in any of the specimens we examined
(NMV P252567, fig. 1B; Aetiocetus weltoni, UCMP 122900;
Fucaia goedertorum, LACM 131146), all of which instead
possess effectively straight lower jaws.

While it is true that these traits facilitate bulk filter feeding
in modern mysticetes (e.g. Lambertsen et al., 1995), their
condition and function in archaic mysticetes is much less
clear. As argued above, evidence from NMV P252567 and
other aetiocetids speaks against the presence of baleen in this
family, with the palatal foramina — the prime evidence for
baleen — more likely supplying enlarged gums. Likewise, we
see no direct link between thin lateral maxillary margins and
filtering, and instead suggest that they may be a consequence
of rostral broadening. The resulting increase in oral capacity
would benefit both suction performance and filter feeding, so
cannot be attributed to filtering alone (Fitzgerald, 2012; Werth,
2006). In any case, broad rostra are not characteristic of all
filter-feeding whales: those of skim-feeding right whales are
narrow and elongate, as essentially are those of the extant
pygmy right (Caperea marginata) and even grey whales
(Eschrichtius robustus).

Finally, the exact dental occlusion and tall, straight coronoid
processes of Fucaia and Aetiocetus imply that longitudinal
(alpha) rotation of aetiocetid mandibles was minimal compared
with extant mysticetes, despite a ligamentous symphysis (Kimura,
2002; Lambertsen et al., 1995; Marx et al., 2015). Among extant
mysticetes, a ligamentous mandibular symphysis enables extant
balaenopterids to rotate their bowed mandible along its long axis,
thereby increasing oral volume during engulfment feeding
(Lambertsen et al., 1995). By contrast, the mandible of aetiocetids
is straight and constrained to largely dorsoventral rotation,
rendering a mobile symphysis ineffective for increasing oral
capacity (Arnold et al., 2005; Marx et al., 2015).

Alternatively, mandibular rotation may initially have
enhanced control of the lower lip. In right whales, lateral lip
rotation serves to create a flow channel lateral to the baleen
rack during skim feeding (Lambertsen et al., 2005; Werth and
Potvin, 2016). This feeding strategy requires a large filtration
area, which in right whales is created by the arched rostrum
and elongate baleen plates. Given its short, flat rostrum and
erupted teeth, space limitations in the aetiocetid skull would
have precluded this feeding mode. In grey whales, lip rotation
appears to assist lateral suction feeding by creating an aperture
for prey and water to be sucked into the oral cavity (Ray and
Schevill, 1974). A similar behaviour in aetiocetids is
conceivable, but the tall coronoid process would likely have
prevented the opening of a wide enough gap.
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Figure 4. Cross section of the rostrum and lower jaws of A, a balaenid, B, a balaenopterid, and C, an aetiocetid, illustrating the relative movement of
the mandible during jaw closure (red arrows). All drawings show the mouth slightly open. In right whales (A) and rorquals (B), the laterally bowed
mandibles and/or tall lower lips rotate inwards on to the labial surface of the baleen plates, thereby leaving the rack intact. In aetiocetids (C), the
movement of the mandible is mostly vertical and the upper and lower jaws need to approach each other enough to allow the teeth to occlude, thereby
risking interference with any baleen present. A and B are adapted from Pivorunas (1979: fig. 3).
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Figure 5. Suction feeding precedes baleen filtering in mysticete evolution. A, consensus tree of aetiocetid evolutionary relationships, based on all
cladistic studies published to date (e.g. Deméré and Berta, 2008; Deméré et al., 2008; Fitzgerald, 2010; Geisler and Sanders, 2003; Marx and Fordyce,
2015; Steeman, 2007), showing major feeding-related synapomorphies; B, life reconstructions (top) and skulls (in lateral view) of a representative
archaeocete (Dorudon atrox), aetiocetid (NMV P252567), eomysticetid (Yamatocetus canaliculatus) and extant suction feeding mysticete (grey
whale, Eschrichtius robustus); C, inferred behaviours and feeding strategies. Life reconstructions by Carl Buell.
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Overall, the function of the ligamentous symphysis in
aetiocetids remains unclear. In particular, there is little
evidence to suggest it was a specific adaptation to filter feeding.
This point is emphasised further by the observations that, even
among extant mysticetes, jaw rotation can be associated with
suction feeding rather than filtration, and that an unsutured
symphysis also occurs in a variety of other mammals,
including — possibly — Mammalodon (Fitzgerald, 2010;
Lieberman and Crompton, 2000).

An alternative model of baleen evolution

NMYV P252567 makes a crucial contribution to the question of
how baleen and bulk filtering first evolved. It is one of a limited
number of fossil whales documenting the transition from
raptorial to filter feeding; its cranial morphology disputes
prior conjecture about the widespread presence of baleen in
aetiocetids; and it provides the first reported evidence of
suction feeding at the pivotal mysticete transition towards
filter feeding and giant size. The ability to generate suction is
fundamental to most marine vertebrates, and widespread
among extant marine mammals, including pinnipeds and
cetaceans (Hocking et al., 2013; Hocking et al., 2014; Kane
and Marshall, 2009; Werth, 2000b; Werth, 2006). Nevertheless,
up to this point it has rarely been associated with mysticete
evolution, other than in reference to the highly unusual
mammalodontids (Fitzgerald, 2010; Fitzgerald, 2012).

Suction is necessary when feeding underwater, where it
enables the transport of food towards the back of the mouth for
swallowing even in raptorial species that still employ teeth in
prey capture (Werth, 2000b; Werth, 2006). This was likely
already the case in archaic whales, soon after their initial
transition to an aquatic environment. However, suction
behaviour — whether for prey capture or intraoral transport — is
generally difficult to demonstrate in fossils, since relevant
osteological correlates, such as blunt, wide jaws (Werth, 2006)
or a large hyoid apparatus (Bloodworth and Marshall, 2007;
Heyning and Mead, 1996), are often either not preserved, or
not always clearly developed, such as in the grey whale,
Eschrichtius robustus (Kienle et al., 2015).

NMYV P252567 offers an extremely rare insight into the
evolution of suction behaviour and, along with Mammalodon,
demonstrates a tendency for early mysticetes to evolve suction-
based feeding strategies. There is currently no evidence that
other aetiocetids relied on suction to a similar degree, although
such a behaviour may be less apparent in animals that feed
higher in the water column, and hence ingest less or no
abrasive (i.e. wear-inducing) sediment. Nevertheless, given the
apparently high degree of specialisation of NMV P252567 and
the widespread occurrence of suction behaviour among extant
marine mammals, it seems highly likely that aetiocetids were
at least able to use suction for intraoral transport.

Use of suction and lack of baleen in aetiocetids suggests an
alternative model — briefly hinted at by Arnold et al. (2005) — of
how and why filter feeding first arose (fig. 5). Archaic mysticetes,
including aetiocetids, likely inherited both a functional dentition
and the ability to use suction for intraoral transport from their
archaeocete ancestors (Werth, 2000b). Water ingested as a
result of suction was expelled prior to swallowing (Hocking et

al., 2013; Hocking et al., 2014; Kane and Marshall, 2009; Werth,
2000a), with the prey either being physically held in place, or
the teeth, jaws and surrounding soft tissues acting as a barrier,
or simple sieve, retaining food items inside the mouth
(Bloodworth and Marshall, 2005; Hocking et al., 2013). Some
of these early whales, including NMV P252567, Mammalodon
and the ancestor of modern mysticetes, honed their suction
capabilities to the point where they became able to capture prey,
and we suggest that it was this transition, not filter feeding, that
ultimately initiated tooth loss in the chacomysticete lineage.

Among both extant (sperm whales, beaked whales and
certain  delphinids) and extinct odontocetes (e.g.
Australodelphis, Odobenocetops), capture suction feeding
strongly correlates with a reduced dentition (Werth, 2000b;
Werth, 2006), and the same may plausibly have been the case
in mysticetes. This scenario avoids potential problems of
functional interference between a working dentition and
incipient baleen (Marx et al., 2015), and explains how teeth
could have been lost without impacting on foraging success.
Further, a loss of functional teeth prior to the origin of baleen
coincides with evidence of foetal development from extant
mysticetes, which shows that baleen growth only initiates once
the tooth buds have already started to degrade (Ishikawa and
Amasaki, 1995; Karlsen, 1962). It is possible that teeth and
baleen nonetheless co-occurred in some archaic
chaeomysticetes, as shown by eomysticetids bearing shallow
alveoli and, possibly, teeth (Boessenecker and Fordyce, 2015);
however, the dentition in these taxa was already reduced. We
also note the similar anterior positioning of teeth in
eomysticetids and extant suction-feeding odontocetes like the
beluga, and the delphinids Grampus and Globicephala.

Suction for capture limited the maximum size of prey that
could be taken, and furthermore would have enabled the
ancestors of modern mysticetes to gather small prey items in
bulk; however, the absence of specialised filtering teeth, such
as those of the extant crabeater (Lobodon) and leopard seals
(Hydrurga), would have permitted the inadvertent expulsion of
small food particles prior to swallowing, as observed in trials
with California sea lions (Zalophus californianus) (Hocking et
al.,2013). This problem was eventually solved by the elaboration
of the gingiva, first potentially as a grasping (Miller, 1929) and,
ultimately, a filtering apparatus — ie. baleen. A similar
condition exists in the extant Dall’s porpoise Phocoenoides
dalli, which supplements its rudimentary dentition with a series
of ‘gum teeth’ that are structurally similar to the early growth
stages of baleen (Miller, 1929). As Miller (1929: 4) himself
observed: “These resemblances are so important that we are
probably justified in regarding the gingival and dental structures
of Phocoenoides as representing anatomical stages closely
parallel to those through which the corresponding parts in the
toothed ancestors of the Mysticeti must have passed.”

The feeding strategy of the earliest baleen-bearing whales
would initially have been a form of intermittent or continuous
suction filter feeding, as inferred for a range of extinct
cetotheriids (El Adli et al., 2014; Gol’din et al., 2014), and still
observed in the extant grey whale, Eschrichtius robustus (Ray
and Schevill, 1974). However, with baleen now in place, other
methods of filtering no longer reliant on suction also became
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possible, including the highly specialised skim (Werth and
Potvin, 2016) and lunge feeding (Lambertsen et al., 1995)
strategies of extant right whales and rorquals, respectively.

Our new model is consistent with all available
palaeontological, developmental and behavioural evidence,
but will benefit from further research effort. This might
include an investigation of dietary stable isotopes, to determine
at what trophic level aetiocetids were feeding (e.g. Clementz et
al., 2014); an increased focus on the oldest (Late Eocene—Early
Oligocene) mysticetes, to test for evidence of suction feeding
in early chaeomysticetes (e.g. tooth wear), or further evidence
regarding baleen in aetiocetids, e.g. in the form of actually
preserved traces (e.g. Esperante et al., 2008; Gioncada et al.,
2016); and further studies of the feeding strategies of extant
marine mammals, to determine possible modern analogues of
archaic mysticetes. Overall, our findings suggest that suction
behaviour was fundamental to the evolution of baleen and
filtering, and thus a crucial early innovation that helped to
trigger the rise of the largest animals on Earth.
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Figure S1. Upper left canine or first premolar of NMV P252567.
e Custom View 1: Lingual view showing horizontal striations.

e Custom View 2: Labial view showing hourglass wear eroding the enamel
surface.

e Custom View 3: Anterior view showing erosion of the lingual surface
above the gum line.
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Figure S2. Double-rooted postcanine 1 of NMV P252567.
e Custom View 1: Lingual view showing horizontal striations.

e Custom View 2: Labial view showing hourglass wear eroding the enamel
surface.

e Custom View 3: Profile view (anterior or posterior) showing erosion of
the lingual surface above the gum line.

e Custom View 4: Close-up view of the horizontal striations showing
polished edges.





