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Research Questions:
1. What was the ancestral feeding strategy 
in baleen whales?

- Biting, suction, filter

2. When and how did tooth loss occur and 
baleen evolve?



• Feeding strategies in living baleen whales

• Evidence for teeth and baleen 
• anatomy of modern whales and fossils 

baleen and blood supply
• tooth genes 
• developmental and growth of skull

• Integration: Feeding in an Evolutionary 
Framework and Tooth to Baleen Transition

Outline



Modified from Gatesy et al., 2013

Modern mysticete diversity and feeding types

• Skim filter feeding
• Lateral suction 

filter feeding
• Engulfment/lunge 

filter feeding

14 spp. in 
4 families



Cetotheriidae†

CROWN 
Mysticeti

Ekdale, El Adli, Deméré and Berta, in prep.

Majority Rule
Balaenopteridae

Eschrichtiidae

53 fossil spp. 

Neobalaenidae

Balaenidae

Preliminary Results: Mysticete Phylogeny

STEM
Mysticeti
(in part)

TOTAL EVIDENCE



Feeding in Fossil Mysticetes
• Common ancestor 

mysticetes and 
odontocetes: 
archaeocetes

• Earliest baleen whales
(36 Ma) 5 new fossils in       
last 2 years!

(No. and So. Pacific, 
So. Atlantic)

vary few-many teeth

• Feeding Hypotheses: 
Ancestrally, were they 
biters, suction, or filter 
feeders?

Archaeocete
Basilosaurus

Mystacodon
suction

biting

Janjucetus
biting

Aetiocetus
biting + filter

Eomysticetus
filter

Lambert et al., 2017



Current Hypotheses
• Teeth to Baleen Transition: 

Teeth ->   no teeth      ->   baleen only 
or

Teeth ->  teeth + baleen–>  baleen only 
Peredo et al., 2017

Peredo et al., 2017



Transition from teeth to baleen in 
modern mysticete whales

• baleen whales develop teeth that are resorbed before birth
• adult baleen whales lack teeth and possess baleen employed in 
filter feeding
• hypothesis for origin of filter feeding: teeth, teeth + baleen, baleen only 

baleen

tooth germs

Deméré, McGowen, Berta and Gatesy 2008 



Balaenoptera physalus
USNM 269153
fetus

open 
alveolar groove

Evidence for teeth- open alveolar groove



Balaenoptera physalus – USNM 268925, fetus

Openings and grooves

ossified
alveolar groove

Evidence for teeth- ossified alveolar groove



Balaenoptera
bonaerensis
NSMT (fetus)

Baleen Development



(modified from Deméré and Berta, 2008 (ventral view)

Fossil Evidence for baleen-
Stem Toothed Mysticete

Aetiocetus weltoni

anterior

sulcus

24-28 Ma



(modified Deméré and Berta, 2008: figs. 1 
& 5)

(ventral view)

Extinct Aetiocetus weltoni

anterior

Evidence for baleen in fossil and and 
extant whales

Extant minke whale

lateral 
sulcus

alveolus

(NMST-32711)
(ventral view)

lateral 
sulcus?

Homologous structures?



Transitional stem mysticete: teeth + baleen

C. Buell



Gray whale neonate head Dissection 
• live stranded January, 2012 Moss Landing, euthanized and head
transported SDSU for dissection
• female calf 394 cm body length, weighing 225-320 kg., 
comparisons suggest <1 month old

• neonate based on fetal folds and unhealed umbilicus
6 papers published 
April, 2015
Anatomical Record



anterior

Dermal 
Papillae

Gray whale neonate 
(Eschrichtius robustus; 

SDNHM 25307)



Young Deméré, Ekdale, Berta and Zellmer 2015

Adult (7-10 yrs)

Yearling

Neonate

Whole 
Gray Whale 
Baleen racks



Young, Deméré, Ekdale, Berta and Zellmer 2015 Anat. Rec

Results: Gray whale Baleen morphometrics

Neonate

Adult
Yearling

Longest, widest, 
thickest plates 
posterior rack 

= greatest 
filtration area 



Young, Deméré, Ekdale, Berta and Zellmer 2015 Anat. Rec.

Gray Whale Baleen Histology
• baleen-epidermal 
tissue 
3 layers: basale, 
spinosum
corneum

• baleen plates -
invaginations of 
dermal tissue into Z 
substance

• baleen plate –
tubules 



baleen

dorsal

Gray whale neonate 
(Eschrichtius robustus

SDNHM 25307)

Blood supply to Baleen-Modern whale



Bony Canals
superior 
alveolar 
canals

anterior

Gray whale neonate 
(Eschrichtius robustus

SDNHM 25307)
(ventral view)

baleen

Ekdale, Deméré and Berta 2015



Arteries

superior 
alveolar
arteries

superior 
alveolar

canals

greater 
palatine 
canal

infraorbital
canal

anterior

Gray whale neonate 
(Eschrichtius robustus

SDNHM 25307)
(ventral view)

baleen

Ekdale, Deméré and Berta 2015 



Blood Source Confirmed

superior 
alveolar

greater 
palatine 

infraorbital 

baleendorsal

superior 
alveolar

Gray whale neonate 
(Eschrichtius robustus; SDNHM 25307)

(anterolateral view)
Ekdale, Deméré and Berta 2015



Update: CT scan of fossil mysticete
Aetiocetus weltoni (ventral view)

5 cm

Anterior
lateral palatal
foramina

lateral palatal
canals (blue)dental 

canals (red)

infraorbital 
canal (red)

canal for superior 
alveolar vessels (red)

right
dentary

upper
dentition

greater palatine
foramen

canal for palatine
vessels (yellow)

lateral palatal
canals (blue)dental 

canals (red)

infraorbital 
canal (red)

canasl for nasal 
vessels (red)

canal for superior 
alveolarvessels (red)

maxillary 
canal (red)

canal for palatine
vessels (yellow)

Aetiocetus weltoni (lateral view)
Anterior

5 cm lateral palatal canals (blue)
canal for palatine
vessels (yellow)

canals for nasal 
vessels (red)

canals for nasal 
vessels (red)

maxillary 
canal (red)

right dentary

premaxilla
maxilla naris

orbit

premaxillary
canals (red)

lateral palatal 
canals (blue)

canal for superior 
alveolar vessels (red)

canal for palatine
vessels (yellow)

dental
canal (red)

infraorbital
canal (red)

Ekdale and Deméré, in prep.

• homology of foramina and sulci in fossils questioned

• morphology (CT scans): 3 branches of artery-medial (yellow) palatine vessel,
intermediate (red) premaxilla teeth and molars, lateral (blue)-palatal foramina  



Comparative anatomy living and 
fossil whales

Eschrichtius robustus (Mysticeti)
5 cm

lateral palatal canals (blue)

infraorbital 
canal (red)

canal for superior alveolar vessels (red)

canal for palatine vessels (yellow)

Anterior

La
te

ra
l

Tursiops truncatus (Odontoceti)

5 cm

Anterior

La
te

ra
ldental canals (red)

infraorbital 
canal (red)

canal for superior alveolar vessels (red)

canal for palatine vessels (yellow)

Aetiocetus weltoni (Mysticeti)
5 cmAnterior

dental canals 
(red)

infraorbital 
canal (red)

canal for superior alveolar vessels (red)

canal for palatine vessels (yellow)

La
te

ra
l

lateral palatal 
canals (blue)

Ekdale and Deméré, in prep.

• branching pattern of vessels in fossil similar to living Odontocete (dolphin) and 
Mysticete (gray whale) 
• lateral branch transmits sup. alveolar artery->teeth in dolphin (red) and lateral 
palatine foramina-> baleen (blue) in gray whale
• branching pattern supports teeth + baleen in fossil (red + blue)



Genes Function
Enamelin (ENAM) enamel formation

Ameloblastin (AMBN) enamel formation

Dentin Matrix 
Phosphoprotein 1 (DMP1) dentin / bone formation

Amelogenesis Imperfecta

Tooth genes

Prediction: Enamel-specific 
genes would be present in the 
baleen whale genome but 
would be non-functional.



Molecular changes in tooth genes

frameshift mutation
indel in multiple of 3 bases Deméré, McGowen, Berta, and Gatesy, 2008 Syst. Biol. 



Development: Teeth to Baleen Transition
SDSU/UCR Evol. Biol. Ph.D. student: Agnese Lanzetti
Humpback fetus 70+ days



• Embryological evidence: Tooth germs/buds + baleen proteins
• Requires additional testing (e.g. histology) for confirmation
• Baleen development posterior to anterior

Hypothesis: Co-occurrence 
of Teeth and baleen 

Minke whale fetus 7-8 months old  – A: cross section; B: ventral view 
A B

Lanzetti, Berta, Ekdale 2018



Lanzetti, Berta, Ekdale 2018

• Accelerated growth in 
mysticetes vs odontocetes

• Teeth and baleen co-occur 

• Teeth-to-baleen transition in 
mysticetes: 7-9 months

Fetal growth in mysticetes and odontocetes



Specimen He1
Results

• Carnegie stage 17/18 
(ca. 2 months)
• Initiation of ossification in 

rostrum and mandible
• No endochondral ossification
• Tooth germs (red) present

– upper jaw 20+ each side
– lower jaws more sparse, less 

than 10 each side
• Only postcranial ossification-

pelvic elements AMNH 232597 in 
lateral view (A) 
and 3D rendering 
of diceCT scans 
(B)

5 cm

A

B

Lanzetti, Berta, Ekdale 2018



Specimen Hf4
5 cm

• Fetal stage 24 
(ca. 6 months)
• Ossification mostly complete
• More foramina in palatine and 

maxilla
• Tooth germs:

– 40 each upper jaw, alveolar 
groove smaller

– 36-38 each lower jaw, groove 
shallower ZMCU-CN15 in lateral view (A) 

and 3D rendering of skull CT 
scans (B)

B

A

Lanzetti, Berta, Ekdale, 2018



What we know…

SuctionSuctionTeeth

1. What was the ancestral feeding strategy in baleen 
whales?
Earliest mysticetes evolved 36 Ma likely employed suction 

feeding but others used teeth 

Suction with/out teeth?

Filter with teeth

Filter with teeth and baleen

Biting with teeth

Filter with baleen 

Ancestral
whales

Baleen
whales



What we know….

- anatomical and fossil evidence of tooth loss and 
replacement with baleen – 7-9 months of gestation, at least 
30 Ma

- lateral sulci and foramina on palate= osteological 
correlates of baleen in fossil stem mysticetes

- blood supply to baleen confirmed-superior alveolar 
arteries

- presence of pseudogenes in mysticete genome confirm 
their toothed heritage

- teeth resorbed and lost followed by baleen development 
(anatomical, embryological and genetic evidence) from back to 
front of mouth

2. When and how did tooth loss occur and baleen 
evolve?



What we don’t know…
• many new fossils but no comprehensive phylogeny of 
fossil and extant mysticetes

earliest mysticetes exploring different feeding 
strategies- biting, filter and suction 

• lack of evidence/speculation about functional basis for 
teeth + baleen

proto-baleen different than modern baleen

• blood supply to gum tissue not baleen
CT scans upper jaw show gums + baleen



Moving forward…
• Biomechanical modeling studies of tooth wear and feeding 

in extinct mysticetes

• Histological study of “baleen” proteins

• Sequencing of baleen genes

• Gene expression patterns in keratinous feeding structures 
of close artiodactyl relatives (hippo, cow, sheep, deer)

• Need for interdisciplinary efforts



QUESTIONS? 

Self promotion…

The Rise of Marine Mammals
5 0  M I L L I O N  Y E A R S  O F  E V O L U T I O N

Annalisa Berta Graphics Editor James L. Sumich

Marine mammals have long captured the atten-

tion of humans. Ancient peoples etched seals 

and dolphins on the walls of Paleolithic caves; 

today, engineers develop microprocessors to 

track these denizens of the deep. This ground-

breaking book from highly respected marine 

mammal paleontologist Annalisa Berta delves 

into the story of the extraordinary adaptations 

that gave the world these amazing animals. The 

Rise of Marine Mammals reveals remarkable fossil 

record discoveries that shed light on the ori-

gins, relationships, and diversification of marine 

mammals. 
 Focusing on evolution and paleobiology, 

Berta provides an overview of marine mammal 

species diversity, enhanced with gorgeous life 

restorations by Carl Buell, Robert Boessenecker, 

William Stout, and Ray Troll and extensive line 

drawings by graphics editor James L. Sumich. 

The book also considers ongoing conservation 

challenges, demonstrating how the fossil record 

of adaptation in response to past environmen-

tal shifts may illuminate the way that marine 

mammals respond to global climate change. This 

invaluable biological framework is essential for 

helping us understand how best to protect and 

conserve today’s polar bears, whales, dolphins, 

seals, and fellow warm-blooded ocean dwellers.
 The Rise of Marine Mammals also describes 

exciting breakthroughs that rely on new tech-

niques of study, including 3-D imaging, and 

molecular, finite element, and morphometric 

analyses, which have enhanced scientists’ 

understanding of everything from the anatomy 

of fetal whales to the genes behind limb loss 

in cetaceans. Mammalogists, paleontologists, 

and marine scientists will find Berta’s insights 

absorbing, while developmental and molecular 

biologists, geneticists, and ecologists exploring 

integrative research approaches will benefit 

from her fresh perspective.

Annalisa Berta is emerita professor of biology at 

San Diego State University. She is the author of 

Whales, Dolphins, and Porpoises: A Natural Histo-

ry and Species Guide. James L. Sumich is emeritus 

professor of biology at Grossmont College. He is 

the coauthor of Introduction to the Biology of Ma-

rine Life. Together, he and Berta are coauthors of 

Marine Mammals: Evolutionary Biology.

Jacket design: Glen Burris

Jacket illustrations: (front) illustration by Ray Troll; (back) <TO BE 

DECIDED>

Author photo: Mike Van Patten

To see more books in your areas of interest, visit

www.press.jhu.edu

Johns Hopkins University Press

�� Enaliarctos emlongi—TUFN�
QJOOJQFEJNPSQI

�� Cornwallius sookensis—EFTNPTUZMJBO
�� Kolponomos newportensis—CFBS�MJLF�
DBSOJWPSBO

�� Simocetus rayi—TUFN�PEPOUPDFUF
�� Aetiocetus cotylalveus—TUFN�UPPUIFE�
CBMFFO�XIBMF

��
��

Fucaia buelli—TUFN toothed CBMFFO�XIBMF
Desmatophoca oregonensis—EFTNBUPQIPDJE

�� Physeteroid indet.—VOJEFOUJGJFE�sperm 
whale 

��  Macrodelphinus kelloggi—PEPOUPDFUF
�
VODFSUBJO�GBNJMZ

��� Archaeoparadoxia weltoni—
EFTNPTUZMJBO

��� Llanocetus sp.—TUFN toothed CBMFFO�
XIBMF�

��� Goedertius oregonensis—BMMPEFMQIJOJE
��� Sitsqwayk cornishorum—TUFN toothless 

CBMFFO�XIBMF
���  Squalodontid—unnamed shark-

tPPUIFE�EPMQIJO�

J O H N S  H O P K I N S
Baltimore | www.press.jhu.edu

ISBN 13:  978-1-4214-2325-8
ISBN 10:  1-4214-2325-1

B
E

R
T

A
 The Rise of

M
arine M

am
m

als

'PTTJM��.BSJOF�.BNNBMT



Aging the specimens Results



Mysticete Phylogeny, Feeding and Tooth-Baleen 
Transition

Modified from Peredo et al. 2017

Engulfment/Lunge
feeding

Suction 
Feeder?

Biting Filter
Feeder?

Teeth + baleen
Stem mysticetes- biting, suction, filter 



Specimen Hf2

MVZ 123560 in 
lateral view (A) and 
3D rendering of 
diceCT scans (B)

• Fetal stage 20 
(ca.4-5? months)

• Rostrum clearly defined, 
infraorbital foramina 
on maxilla

• Supraoccipital present and 
elongated anteriorly

• Tooth buds:
– 28-26 each upper jaw
– 11-16 each left jaw, smaller

• Vertebrae centers, ribs, fore-
limb bones

5 cm B



Future work

• New discoveries and re-description of fossil 
specimens 

• More sequences of genes related to baleen whales 
feeding adaptations (e.g. teeth) should be 
collected, to trace the patterns and time of loss of 
function on the phylogeny

• Changes in ontogeny:
– Shifts in timing of ossification among mysticetes and compared to other 

mammals – more characters to associate with bulk filter feeding
– Shape of the skull and of the individual tooth buds – how they relate to 

ancestral condition



Filter feeding in fishes V

Friedman et al. (2012)



Prey location: vision II

Plots of orbital 
diameter/byzigomatic width against 
orientation of the orbit (from Marx, 
2011)

Left eye of a neonate gray whale 
(Eschrichtius robustus – SDNHM 25307) 
(modified from Berta et al., 2015)



Prey location: vibrissae II

Head of neonate gray whale

(Eschrichtius robustus – SDNHM 25307) in lateral 

view,  showing distribution of vibrissae and close up 

of single vibrissa (modified from Berta et al., 2015)



Prey location: olfaction II

A

B

Neonate gray whale 
(Eschrichtius robustus –
SDNHM 25307)
A) palate of in ventral view,  
with close up of incisive 
papilla and nasopalatine ducts
B) external nares 
(modified from Berta et al., 
2015)



Prey location: sound reception
II

T. truncatus (C. 
Buell)

B. musculus (C. Buell)
Ekdale & 
Racicot (2014)



Hypotheses for teeth – baleen transition

1. Dental Filtration

2. Medial Baleen

3. Posterior Baleen

4. Suction Feeding

Peredo et al., 2017 Peredo et al. , 2018



CT study of mysticete fetuses
skull and dentition development

3 months old

6 months old

4-5 months old

Lanzetti, Berta, Ekdale 2018

Humpback whale






