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ABSTRACT KEYWORDS
Extant beaked whales (family Ziphiidae) are deep diving suction feeders and none of them can Cetacea,

be considered as a permanent resident of the shallow southern North Sea. The rich fossil Ziphiidae,
record of ziphiids from Neogene deposits of this area is thus surprising. However, fossil,
chronostratigraphic intervals of most recorded taxa remain poorly constrained, preventing palynology,
from assessing the evolution of their local diversity. In this work, we describe a new ziphiid Serravallian,
cranium from the Neogene of Antwerp (north of Belgium), which is attributed to Caviziphius Tortonian,
aff. C. altirostris. Sediment samples were extracted from 15 fossil ziphiid cranial remains from radiation

this area (including the one described herein), referred to eight species. The samples were
analysed for their palynological content, leading to improved chronostratigraphic ranges for
several species. Seven to eight ziphiid species from the southern North Sea, all from the
Messapicetus clade, are proposed to originate from a Serravallian to Tortonian (late Middle to
early Late Miocene) interval, and three to six more precisely from the mid- to late Tortonian.
Added to the fossil record of other regions, these results point to a Late Miocene radiation of
members of the Messapicetus clade, possibly related to the synchronous worldwide decline of
several hyper-longirostrine dolphin clades.
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1. Introduction

Beaked whales (Ziphiidae) are a successful family of
echolocating toothed whales, whose many medium to large-
sized extant species are known to feed on deep water oceanic
squid and fish that they capture via suction in meso- to
benthopelagic regions worldwide (Heyning & Mead, 1996;
Tyack et al., 2006; McLeod, 2018). While no extant beaked
whale can be considered a permanent resident of the shallow
southern North Sea (McLeod et al., 2006), a surprisingly high
number of extinct ziphiid species are recorded from Neogene
continental shelf deposits of the North Sea, in Belgium (Cuvier,
1823; Melville, 1851; du Bus, 1868; Abel, 1905; Bianucci &
Post, 2005; Lambert, 2005; Lambert & Louwye, 2006; Lambert
& Louwye, 2016), the Netherlands (Bosselaers, 2014; Post &
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Reumer, 2016; Bisconti et al., 2019), and Denmark
(Ramassamy, 2016; Ramassamy & Lauridsen, 2019). Many of
the records from northern Belgium are based on historical,
nineteenth-century finds that are generally not associated with
precise data on locality and horizon, being often referred to now
disused regional stages (du Bus, 1868; Misonne, 1958; Laga et
al., 2006). Therefore, the chronostratigraphic range of several
species remains poorly constrained (see Lambert, 2005;
Bianucci & Post, 2005). A similar shortcoming applies to many
fossil ziphiid remains recovered by trawling or long-line fishing
from offshore deposits around the world (Bianucci et al., 2007;
Bianucci et al., 2013; Gol’din & Vishnyakova, 2011; Lambert et
al., 2018), contrasting with inland fossil deposits from only a
few regions of the world (e.g., Bianucci et al., 2016a; Buono &
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Cozzuol, 2013; but see Leidy, 1877, for another inland sample
that is similarly poorly chronostratigraphically defined).

Consequently, despite such an increasingly rich fossil
record, it remains difficult to properly assess the evolution of
the diversity of this highly successful cetacean family through
time, the lack of temporal resolution preventing from adequately
testing proposals for radiation events and extinctions.
Nevertheless, new developments including the in situ discovery
of additional specimens (Bosselaers et al., 2004; Ramassamy,
2016), isotopic analyses of fossil bones and attached minerals
("¥0s/"*80s; Nozaki et al., 2017; “C; Lambert et al., 2018), and
palynological analyses of sediment associated with fossil
remains (Lambert & Louwye, 2006; Lambert & Louwye, 2016;
Mijan et al., 2017) provide directions for future improvements.
Focusing on the southern North Sea, recent works suggest that
ziphiids occupied this region in a time interval ranging from the
Middle Miocene to the Early Pliocene.

In this study, we describe a ziphiid cranium that was
collected in 1974 in Neogene sediments from Deurne (Antwerp
eastern suburb, north of Belgium) and was recently donated to
the Institut royal des Sciences naturelles de Belgique (IRSNB).
In addition, sediment sampled from cavities in 15 fossil ziphiid
rostra and partial crania from the Neogene of the Antwerp area
(including the specimen described here) and referred to eight
species, is analysed for its palynological content. The
biostratigraphic interpretations are confronted with updated litho-
and chronostratigraphy of the Belgian Neogene (e.g., De
Schepper et al., 2009; Goolaerts et al., 2020; Louwye et al.,
2020) and past fossil records, allowing for an improvement of
our knowledge of the Middle to Late Miocene ziphiid diversity
in the southern North Sea.

2. Material and methods

2.1. Institutional abbreviations

IRSNB, Institut royal des Sciences naturelles de Belgique,
Brussels, Belgium; NMB, Natuurhistorisch ~ Museum
Boekenberg, Antwerp, Belgium; SGHN, Museo da Natureza da
Sociedade Galega de Historia Natural, Ferrol, Spain.

2.2. Anatomical terminology

Terminology for cranial anatomy is mainly taken from Mead &
Fordyce (2009), except for a few features more specific to
ziphiids, taken from Lambert (2005) and Bianucci et al. (2013).

2.3. Ziphiid fossil specimens and sediment sampling

All the ziphiid fossil partial crania (generally including the
rostrum and part of the facial region) and isolated rostra from
which sediment was sampled for palynological analysis were
recovered from the area of Antwerp (north of Belgium). For
most of them, the precise geographic locality and horizon were
not recorded (for more details on a majority of the specimens,
see Lambert, 2005 and below). All the sediment samples were
taken with a long needle from deep in the crania, via dorsal
infraorbital foramina, major palatine foramina, and/or the tunnel-
shaped mesorostral groove. Considering (1) that most of the
crania sampled here were collected more than a century ago and
underwent several phases of preparation/restoration, and (2) that
sediment samples were obtained thanks to the application of
some force on the needle, we estimate that the sediment was at
least partly indurated/cemented to the bones. It is hypothesized
that in most (if not all) cases the sediment recovered from the
crania entered there during the initial burial phase; it is indeed
difficult to imagine sediment from deep openings being
removed and replaced by geologically younger sediment in a
second phase of burial (for reworked material). We thus propose

that the geological age of the sediment corresponds to the time
of initial burial for the ziphiid specimen and makes a reliable
source for the age interval of the latter, as proposed earlier for
specimens of Beneziphius brevirostris and Mesoplodon posti
from the same region (Lambert & Louwye, 2016; Mijan et al.,
2017). Z1 to Z16 indicate sediment samples analysed for

palynology.

Aporotus recurvirostris: IRSNB 3812-M.1887 (holotype,
partial cranium) (Z15); IRSNB 3816-M.1888 (partial rostrum)
(Z16)

Caviziphius aff. Caviziphius altirostris: new specimen
IRSNB M.2333 (partial cranium) (Z9)

Choneziphius planirostris: IRSNB 3774-M.1881 (partial
cranium) (Z1); IRSNB 3770 (partial cranium) (Z3); IRSNB
3767 (partial cranium) (Z4); IRSNB EDO001 (partial cranium,
probably found in Rupelmonde) (Z5); IRSNB 1719¢ (partial
cranium) (Z6)

Ziphiidae indet. (Choneziphius macrops sensu Lambert,
2005; see also Bianucci et al.,, 2013): IRSNB 3778-M.1884
(partial cranium) (Z2 + Z10)

Ziphiidae indet. (holotype of Ziphiopsis servatus sensu du
Bus, 1868 and Ziphiidae aff. Eboroziphius sensu Lambert,
2005): IRSNB 3806-M.540 (partial rostrum) (Z14)

Ziphirostrum marginatum: IRSNB 3846-M.1875 (partial
cranium) (Z7); IRSNB 3783-M.1878 (holotype, partial cranium)
(28)

Ziphirostrum recurvus: IRSNB 3805-M.544 (holotype,
rostrum) (Z13)

Ziphirostrum turniense: IRSNB 3785-M.539 (lectotype,
partial cranium) (Z11); IRSNB 3784-M.1880 (paralectotype,
rostrum) (Z12)

2.4. Methodology for palynological analyses

The samples were prepared following the standard
palynological maceration technique described in Louwye et al.
(2004). The treatment involves decalcification of the sample
with HCI followed by the removal of silicates with HF. The
residues were filtered on a 16 um nylon screen and strew
mounted on microscope slides with glycerine jelly. The
dinoflagellate cysts were analysed with a ZEISS Axioimager Al
light microscope at 200x and 400x magnifications. The
presence and numbers of acritarchs, green algae, pollen, spores,
invertebrate remains and other incertae sedis were noted during
the systematic count in non-overlapping traverses. The poor
preservation of the palynomorphs and the low diversity and
richness of the assemblage did not allow to reach the standard
count of 200 specimens (cf. infra).

3. Systematic palaeontology

Order Cetacea Brisson, 1762
Pelagiceti Uhen, 2008

Neoceti Fordyce & Muizon, 2001
Suborder Odontoceti Flower, 1867
Family Ziphiidae Gray, 1850

Genus Caviziphius Bianucci & Post, 2005

Caviziphius aff. Caviziphius altirostris Bianucci & Post, 2005
3.1. Previously referred specimen from the north of Belgium

NMB 002, partial cranium discovered during the construction of
the Antwerp Tower, in 1972, at De Keyserlei 5, Antwerp
(Belgium) (Fig. 1). Geographic coordinates: 51°13°05”N - 4°
24°59”E. This specimen was briefly described and figured in
Lambert (2005) as Ziphiidae aff. Eboroziphius.
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Figure 1. Localities of ziphiid fossil crania discussed in this paper.
A. Location of Antwerp in Belgium. B. Detailed map of Antwerp and its
eastern suburb showing the localities of Caviziphius aff. Caviziphius
altirostris NMB 002, at Antwerp Tower along De Keyserlei in Antwerp
(black star), and of Caviziphius aff. Caviziphius altirostris IRSNB
M.2333, east to Ruggeveldlaan and south to Turnhoutsebaan in Deurne
(red star).

3.2. Newly referred specimen

IRSNB M.2333, partial cranium discovered in April 1974
during the construction works for a school east to
Ruggeveldlaan and south to Turnhoutsebaan, in Deurne (eastern
suburb of Antwerp, Belgium) (Fig. 1). Geographic coordinates:
51°12°14”N - 4°29°14”E.

3.3. Horizon and age

Palynological analysis of a sediment sample (Z9) taken from
IRSNB M.2333 yielded a late Langhian to Tortonian age. Based
on the presence of Bitectatodinium? arborichiarum, an origin in
the Diest Formation (9.54-8.8 Ma, Tortonian) could be
tentatively proposed, but we keep a more cautious approach, not
excluding a late Langhian to late Serravallian age (see below).

3.4. Brief description and comparison of IRSNB M.2333

This new specimen (Figs 2, 3), including part of the rostrum
(anterior tip and part of the dorsomedial region missing), of the
right supraorbital region, and the anterior portion of the
premaxillary sac fossae, shares many similarities with NMB 002
(at the level of dimensions, anatomy, and preserved parts), only
being slightly more incomplete. Preserved length and maximum
width are 608 and 210 mm, respectively, with a rostrum that
was originally longer than 390 mm. At mid-preserved length,
the robust, cylindrical rostrum is 95.5 mm wide and more than
89 mm high. The lateral margins of the rostrum remain
subparallel for most of the posterior half, only diverging
abruptly posterolaterally and slightly dorsally as a gradually
thinning plate towards the incomplete antorbital region.
Minimum width and height at rostrum base are 171 and 119
mm, respectively. In lateral view (Fig. 3), the ventral margin of

the rostrum raises markedly anterodorsally, much more than in
NMB 002, with the condition in aff. Caviziphius sp. SGHN
MAO0920 being intermediary.

The damage on the dorsomedial portion of each premaxilla
on the anterior half of the rostrum reveals the open mesorostral
canal, with a transverse diameter of 16 mm at a level 140 mm
posterior to the anterior tip of the rostrum (Fig. 2A). The
dorsomedial elevation of the incomplete left premaxilla in this
region is interpreted as the base of a medial bulge of the
premaxillae above the mesorostral canal, as in Tusciziphius
atlanticus, aft. Caviziphius sp. SGHN MA0920, and NMB 002
(see Lambert, 2005; Bianucci et al., 2013). Based on the dorsal
break surfaces of both premaxillae, the bulge ended posteriorly
more than 230 mm anterior to the anterior margin of the right
premaxillary sac fossa; this is more anterior than in 7. atlanticus
(81-128 mm) and, to a lesser extent, SGHN MA0920 (186
mm), closer to the condition in NMB 002 (300 mm). Posterior
to the bulge, the medial portion of the premaxillae is dorsally
thickened, making a median elevation that broadens posteriorly,
up to the approximate level of the antorbital notches, before
narrowing and markedly turning towards the left side of the
cranium, extending between highly asymmetric premaxillary
sac fossae. A similar medial elevation is observed in T.
atlanticus, Caviziphius altirostris, Choneziphius leidyi, NMB
002, and SGHN MAO0920. Lateral to this elevation, each
premaxilla is marked by a longitudinal depression, ending
posteriorly just before the corresponding premaxillary sac fossa.
The right depression is considerably deeper than the left one and
posteriorly defined by a steeper wall; it is also broader and
longer than in NMB 002. The maxillary portion of the lateral
wall of each depression displays an irregular surface, with pits
and humps that are reminiscent of the excrescences observed in
this area in Beneziphius spp., Choneziphius spp. and, to a lesser
extent 7. atlanticus, and interpreted as areas of origin for rostral
and facial muscles (Bianucci et al., 2013; Mijan et al., 2017). As
in many other ziphiids, the right premaxillary sac fossa is much
broader than the left. Similar to Caviziphius altirostris, SGHN
MAO0920, and NMB 002, the anterior margin of each fossa is
rounded in dorsal view. Each fossa is similarly transversely and
anteroposteriorly deeply concave, with a dorsoventrally thick
anterior margin (32 and 29 mm higher than preserved floor of
the right and left fossae, respectively). No premaxillary foramen
could be detected on the irregular surface of any fossa. Similar
to NMB 002 and SGHN MA0920, a rostral maxillary eminence
is only preserved on the right side. Either a left eminence was
present originally, being lower and more laterally located, as in
three specimens of 7. atlanticus, or there was no left eminence
at all, as in two specimens of the latter species. The right rostral
maxillary eminence has a maximum height of 33 mm (taken
from the ventral margin of the maxilla), and an anterior slope
that is not as steep as in NMB 002. The eminence overhangs a
deep and broad sulcus leaving anteriorly from the main dorsal
infraorbital foramen, located anterolateral to the premaxillary
sac fossa. This sulcus disappears at about the anterior margin of
the eminence, whereas a narrower sulcus, though with a similar
depth, leaves posterolaterally. A smaller, second dorsal
infraorbital foramen is located 40 mm anterior to the large
foramen. The right maxilla is similarly pierced by a large
foramen anterolateral to the premaxillary sac fossa (partly
preserved, anteroposterior diameter estimated at 10 mm) and a
second, smaller foramen (transverse diameter smaller than 4
mm) located 57 mm more anteriorly.

No individual alveoli could be detected along the highly
reduced (though somewhat worn) alveolar groove (Fig. 3). A
few foramina, each followed anteriorly by a deep sulcus, are
observed just dorsal to this vestigial groove on the anterior half
of the rostrum.
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Figure 2. Partial cranium of Caviziphius aff. Caviziphius altirostris IRSNB M.2333, Late Miocene of Deurne (Belgium), in dorsal (A) and ventral (B)
views. Oblique hatching indicates major break surfaces. Scale bar = 100 mm.
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Figure 3. Partial cranium of Caviziphius aff. Caviziphius altirostris IRSNB M.2333, Late Miocene of Deurne (Belgium), in right (A) and left (B)
lateral views. Oblique hatching indicates major break surfaces. Scale bar = 100 mm.
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On the palate, ventromedial portions of the two palatines are
preserved as a thin plate covering the corresponding maxilla
(Figs 2B, 3). Linear marks of the maxilla-palatine suture are
observed anteriorly and laterally to these palatine fragments.
The pterygopalatine canal is exposed for most of its length on
the left side, with its anterior end corresponding to the major
palatine foramen. Two pairs of palatine foramina are visible
along the ventral exposure of the vomer. The latter has a
maximum width of 13 mm and a preserved length of 230 mm.
The vomer is also exposed between the palatines at rostrum
base; this exposure gradually broadens posterolaterodorsally,
along the anteromedial wall of the partly preserved choanae.

3.5. Discussion on systematic affinities

The many similarities in dimensions and shape of IRSNB
M.2333 with NMB 002, also from the area of Antwerp, strongly
suggest that these two specimens belong to the same species.
Particularly, the extent of the bulge of premaxillac on the
rostrum, the presence of a similar elevation and longitudinal
depressions anterior to the premaxillary sac fossae, the rounded
anterior outline of the highly asymmetric, deeply concave, and
thick-margined premaxillary sac fossae, and the morphology of
the right rostral maxillary eminence and surrounding features all
support a referral to the same taxon. Unfortunately, this new
specimen does not allow for a more detailed comparison with
the holotype of Caviziphius altirostris, also from the Neogene of
the Antwerp area, due to the minimum overlap of the preserved
parts. Still, the new specimen has a height of the rostrum at its
base that is intermediary between the holotype of C. altirostris
and NMB 002, further strengthening the systematic affinities
proposed by Bianucci et al. (2013). Pending the discovery of a

more complete cranium, including both the rostrum and the
vertex, we provisionally refer both NMB 002 and IRSNB
M.2333 to Caviziphius aff. C. altirostris and confirm the many
similarities with Caviziphius aff. Caviziphius sp. SGHN
MA0920 dredged from the seafloor off Galicia (Spain).

4. Biostratigraphy
4.1. Palynological content of sediment samples

The dinoflagellate cyst diversity and richness are very low to
poor in all samples and most of the cysts are furthermore badly
preserved. Consequently, only limited number of species could
be identified in every sample. Sixteen samples were analysed
(Table 1) and three samples (Z13, Z14 and Z16) held no
palynomorphs at all. Three other samples (Z1, Z3 and Z6) are
considered as almost sterile, holding only a few partly
deteriorated, robust specimens of the genera Spiniferites and
Achomosphaera. A total of 32 dinoflagellate cyst species, 3
acritarch species, and one green alga species were recorded. The
relative dating of the ten samples yielding sufficient marine
palynomorphs relies on the presence of seven dinoflagellate cyst
index species with a well-known stratigraphic range (Fig. 4).
The other dinoflagellate cyst species are long-ranging and have
therefore no biostratigraphic significance.

4.2. Age interval for ziphiid taxa from the Neogene of the
North Sea

As discussed in the material and methods section above, we
consider it likely that the geological age of the analysed
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Figure 4. Stratigraphic range of the dinoflagellate cyst index species together with the relative dating of sediment samples taken from ziphiid fossil
crania and rostra of the IRSNB collection, based on the range of selected dinoflagellate cyst index species. Z2, Z4, ..., Z15 are sediment samples that
yielded sufficient marine palynomorphs for a biostratigraphic assessment. Numbers 1-8 associated to sediment sample numbers Z2, Z4, ..., Z15
correspond to the dinoflagellate cyst index species listed below. Q: Quaternary. Chronostratigraphy is based on the International Chronostratigraphic

Chart v2023/04 (International Commission on Stratigraphy).
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Table 1. Distribution of the marine palynomorphs (raw counts) in samples Z1 to Z15 taken from ziphiid fossil crania and rostra housed in the IRSNB

collection.

Sample Z1 72 73 Z4

Z5 z6 77 Z8 79 710 711 712 715

Dinoflagellate cysts

Achomosphaera ramulifera

Apteodinium tectatum 1
Barssidinium evangelineae

Barssidinium graminosum

Barssidinium pliocenicum

Batiacasphaera minuta 1
Bitectatodinium? arborichiarum
Cleistosphaeridium placacanthum

Dapsilidinium pseudocolligerum 1
Habibacysta tectata

Homotryblium sp. ind.

Hystrichokolpoma rigaudiae

Hystrichosphaeropsis obscura 1
Impagidinium sp. ind.

Invertocysta sp. ind. 1
Labyrinthodinium truncatum

Lejeunecysta sp. ind

Lingulodinium machaerophorum

Melitaphaeridium choanophorum 1
Operculodinium centrocarpum 3
Operculodinium? eirikianum 1
Operculodinium israelianum

Operculodinium piaseckii

Pyxidinopsis sp. ind.

Quinquecuspis concreta

Reticulatosphaera actinocoronata 4
Spiniferites solidago

Selenopemphix brevispinosa

Spiniferites spp. ind. 3 29 5
Tectatodinium pellitum

Trinovantedinium glorianum

Tuberculodinium vancampoae 1

N
=
N
N W Rk R

Lo B R o T ©, B R V]

11

[y
P W N P P NN
N
w

12 3 5 3 10 14 45 20 26

Acritarchs

Cyclopsiella elliptica/granosum 1
Paralecaniella indentata 1
Small spiny acritarch

Green algae
Tasmanites sp. ind.

Total marine palynomorphs 3 45 6 22

35 4 39 14 25 19 84 41 59

sediment corresponds to the time of initial burial for the
sampled ziphiid specimen. Combining the new ages recovered
here (Fig. 4) with data from previous works, the list of temporal
ranges for ziphiids of the North Sea Neogene can be updated
compared to Bianucci et al. (2016a, table 5) (Fig. 5):

Aporotus recurvirostris - early Serravallian to Tortonian
(13.15-7.6 Ma) - this work (sample Z15). Based on the presence
of Bitectatodinium? arborichiarum in the sample, an origin in
the Diest Formation (9.54-8.8 Ma, Tortonian) could be
tentatively proposed, but we keep a more cautious approach, not
excluding an early to late Serravallian age (that would imply a
winnowing and reworking phase, unfortunately difficult to test
with the data in hand). Fragmentary remains of A. recurvirostris
recovered in Kessel (15 km SE from Antwerp) were tentatively

referred to the Middle Miocene Antwerpen Sands Member of
the Berchem Formation (Lambert, 2005).

Archaeoziphius microglenoideus - Langhian to early
Serravallian (15-13.2 Ma) - Lambert & Louwye (2006). This is
the geologically oldest named ziphiid species, a member of the
subfamily Berardiinae.

Beneziphius brevirostris - early to mid-Serravallian (13.2—
12.8 Ma) - Mijan et al. (2017). This time interval is shorter than
the interval for the sister species Beneziphius cetariensis, from
the Middle Miocene to Early Pliocene of the seafloor off Galicia
(Mijan et al., 2017).

Caviziphius aff. Caviziphius altirostris - late Langhian to
Tortonian - this work (sample Z9). Based on the presence of
Bitectatodinium? arborichiarum in the sample, an origin in the
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Figure 5. Chronostratigraphic ranges of extinct ziphiid species from the
Neogene of the North Sea. Except for Dagonodum mojnum (Jutland,
Denmark), all species are based on fossils from the north of Belgium.
Ranges are based on past studies (Lambert & Louwye, 2006; Lambert &
Louwye, 2016; Ramassamy, 2016; Mijan et al, 2017) and new
palynological analyses of sediment associated to fossils. Ziphiid species
for which no informative age interval is available were omitted. Thin
lines correspond to time intervals obtained from index dinoflagellate
species (see Fig. 4), thicker dotted lines to more tentative intervals
proposed due to the record of Bitectatodinium? arborichiarum, and
thicker solid lines to ziphiid specimens found in situ in well-dated
lithological units. Red for Berardiinae, blue for members of the
Messapicetus clade, green for Hyperoodontinae. Abbreviations: Aquit,
Aquitanian; Chat, Chattian; H, Holocene; Lang, Langhian; M, Middle;
Mess, Messinian; Olig, Oligocene; Pi, Piacenzian; Ple, Pleistocene;
Plioc, Pliocene; Serr, Serravallian; Zan, Zanclean.

Diest Formation (9.54-8.8 Ma, Tortonian) could be tentatively
proposed, but we keep a more cautious approach, not excluding
an early to late Serravallian age. The Belgian specimens share
anatomical similarities with aff. Caviziphius sp. SGHN
MAO0920, recorded by trawling off the Galician coast, but for
which no precise age data is available (Bianucci et al., 2013)

Choneziphius planirostris - early Serravallian to mid-
Tortonian (13.15-8.8 Ma) - this work (combining samples Z4
and Z5). This interval overlaps with the report of an in situ find
in the Deurne Sands Member (or possibly the recently described
Borsbeek Member) of the Diest Formation by an avocational
palaeontologist (the late P. Gigase; Lambert, 2005), being older
than the proposed interval of the sister species Choneziphius
leidyi, from the Atlantic seafloor off Portugal and Spain,
tentatively dated from the Messinian to Zanclean (6.1-4.4 Ma)
(Bianucci et al., 2013; Antunes et al., 2015).

Dagonodum mojnum - Tortonian (c. 9.9-7.2 Ma) -
Ramassamy (2016). Recovered from the Gram Formation
(southern Jutland, Denmark), this longirostrine ziphiid is a
member of the Messapicetus clade.

Mesoplodon posti - Zanclean (4.86-3.9 Ma) - Lambert &
Louwye (2016). This species provides an upper calibration point
for the divergence date of the species-rich genus Mesoplodon
(subfamily Hyperoodontinae), as the only relatively precisely
dated extinct species.

Ziphiidae indet. IRSNB M.3778 - early Serravallian to
early Zanclean (13.01-4.7 Ma) - this work (combining samples
Z2 and Z10). Previously referred to Choneziphius macrops
(Lambert, 2005), this specimen is now considered Ziphiidae
indet. due to its fragmentary state (Bianucci et al., 2013). Still,
this record indicates the presence of an additional, large species
of the Messapicetus clade in the southern North Sea sometime
in the late Middle Miocene - earliest Pliocene interval.

Ziphirostrum marginatum - early Serravallian to latest
Tortonian (13.15-7.6 Ma) - this work (combining samples Z7

and Z8). Based on the presence of Bitectatodinium?
arborichiarum in sample Z8, an origin in the Diest Formation
(9.54-8.8 Ma, Tortonian) could be tentatively proposed, but we
keep a more cautious approach, not excluding a Serravallian
age. Nevertheless, such an origin in the Diest Formation
matches the in situ find of one specimen of Z. marginatum in
the Borsbeek Member of the Diest Formation at AZ Monica
(previously Middelares Hospital), Deurne (Antwerp suburbs)
(Lambert, 2005; Goolaerts et al., 2020).

Ziphirostrum turniense - late Langhian to latest Tortonian -
this work (samples Z11 and Z12). Based on the presence of
Bitectatodinium? arborichiarum in the two samples, an origin in
the Diest Formation (9.54—8.8 Ma, middle Tortonian) could be
tentatively proposed, but we keep a more cautious approach, not
excluding a Serravallian age.

5. Discussion

Most extant ziphiids are deep divers, preying upon meso- to
benthopelagic squid and fish (McLeod, 2018). As a
consequence, no modern ziphiid species can be considered a
permanent resident of the shallow southern North Sea (McLeod
et al., 2006), and rare strandings along the Belgian and Dutch
coasts generally correspond to two species, Sowerby’s beaked
whale Mesoplodon bidens, and, even more rarely, the northern
bottlenose whale Hyperoodon ampullatus, whose habitat has to
be found farther north in the North Sea or in deep regions of the
North Atlantic (De Smet, 1974; Haelters et al., 2018; Keijl et al.,
2021 and references therein).

During the Neogene, the water depth in the southern part of
the North Sea changed through time, with among others a
marked decrease in the area of deep marine (200—-600+ m) and
outer shelf deposits, occurring from the Middle Miocene to the
Late Miocene and Pliocene, in relation with climate cooling and
eustatic sea-level fall following the Mid-Miocene Climatic
Optimum (Huuse, 2002; Anell et al., 2012).

While the oldest ziphiid records from the North Sea
originate from Langhian to earliest Serravallian deposits (the
small berardiine Archaeoziphius microglenoideus), a higher
number of ziphiid species (seven to eight, all of them being
members of the Messapicetus clade) is recovered from a late
Langhian to Tortonian interval. Based on in situ finds (for
Dagonodum  mojnum,  Choneziphius  planirostris, and
Ziphirostrum marginatum) and more tentative biostratigraphic
intervals (for Aporotus recurvirostris, Caviziphius aff. C.
altirostris, and Ziphirostrum turniense), the chronostratigraphic
range of three to six of these taxa can be further narrowed to the
mid- to late Tortonian. It is suspected that these numbers could
be underestimates, as the chronostratigraphic range of several
other ziphiid species (Aporotus dicyrtus and at least three
additional taxa represented by isolated rostra) from the Belgian
Neogene is even more poorly constrained (Lambert, 2005).
Noteworthily, several of the Tortonian species (C. planirostris,
Z. marginatum, and, more tentatively A. recurvirostris) are
known from a relatively high number of specimens in the
IRSNB collection (18 for C. planirostris, 17 for Z. marginatum,
and 10 for A. recurvirostris), all originating from the north of
Belgium (Lambert, 2005). Though the preservation of so many
specimens is at least partly due to the high compactness and
thickness (= pachyosteosclerosis) of rostral and facial bones in
these species (Lambert et al., 2011), recovering a higher ziphiid
diversity in the North Sea at times of local shallowing may
sound counterintuitive considering the deep, pelagic habitat of
most extant beaked whales. It is therefore likely that at least part
of the Neogene ziphiids, especially in the Messapicetus clade,
were not deep divers, a hypothesis that has been previously
supported by sedimentological and taphonomic data from
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ziphiid-rich localities of the Late Miocene of Peru and Italy
(Bianucci et al., 2010; Lambert et al., 2015; Bianucci et al.,
2016b). Interestingly, with the exception of the longirostrine
Dagonodum mojnum, all the ziphiids from the Late Miocene of
the North Sea share anatomical features (vestigial upper alveolar
groove, located relatively high along the lateral surface of the
rostrum, and generally lacking any deep marks for individual
alveoli) that suggest a strong reduction of the dentition and point
to a suction feeding strategy (Lambert, 2005; Johnston & Berta,
2011; Ramassamy, 2016). Among extant odontocetes, such a
feeding strategy is often associated with deep diving, not only in
ziphiids, but also in physeteroids and some large delphinids
(Werth, 2006; Watwood et al., 2006; Soto et al., 2008).
Nevertheless, suction feeding is also recorded in odontocetes
that are known to feed at various depths, including shallower
waters (e.g., the delphinid Grampus griseus and the
monodontids Delphinapterus leucas and Monodon monoceros;
Johnston & Berta, 2011), and specialization towards suction
feeding should not be considered too strictly as a proxy for deep
diving in toothed whales. Still, it is worth noting that, as
mentioned above, most of these North Sea specimens display
various degrees of pachyosteosclerosis in cranial bones, a
character that has been proposed to have evolved convergently
in at least two ziphiid lineages, possibly in relation with the
acquisition of deep diving abilities (Gol’din, 2014; Bianucci et
al., 2016a).

One may ask which physical and/or biological parameters
drove this local increase in ziphiid diversity. On a broader
geographic scale, taxonomic similarities were noted between
Miocene ziphiid faunas from (1) the North Sea and the
northeastern Atlantic off the Iberian Peninsula, with several
genera from the Messapicetus clade recovered in both areas
(Beneziphius, Choneziphius, and more tentatively Caviziphius
and Ziphirostrum), (2) the Mediterranean, the northeastern
Atlantic off the Iberian Peninsula, and the east coast of USA
(Tusciziphius), and (3) the Mediterranean and the southeastern
Pacific (Messapicetus) (Bianucci et al., 2013; Bianucci et al.,
2016b; Mijan et al., 2017; Bianucci et al., 2019). Furthermore,
when available, chronostratigraphic data point to a Tortonian to
Messinian age for a majority of the fossil records of the
Messapicetus clade (Bianucci, 1997; Bianucci et al., 2016a;
Bianucci et al., 2016b; Ramassamy, 2016; this work). A more
global Late Miocene radiation and long-distance dispersion of
this clade may thus be proposed, pending further improvement
of the chronostratigraphic context for fossils recovered from the
seafloor off the Iberian Peninsula and the east coast USA. If
confirmed, such a radiation should be confronted to Middle to
Late Miocene global climatic and oceanographic changes,
including temperature and sea level drops and the establishment
of the Northern Hemisphere ice sheets (Zachos et al., 2001). In
this context, it is worth noting the synchronous decline of
several clades of hyper-longirostrine dolphins (Marx et al.,
2016; Lambert & Goolaerts, 2022), which may have freed
ecological niches for beaked whales of the Messapicetus clade
in coastal environments, as represented by the East Pisco basin
in Peru, the southern North Sea basin, and part of the
Mediterranean. More palaeontological, palacoecological, and
biostratigraphic data will be needed to investigate on the one
side the extinction of the Messapicetus clade during the Plio-
Pleistocene and, on the other side, the mode and tempo of the
shift of crown beaked whales to deeper, meso- to benthopelagic
feeding grounds, focusing for example on the rich ziphiid
assemblages from deep sea deposits of the Southern Ocean.
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