What is a vertebrate?
· Animals that belong to subphylum Vertebrata (or craniata)
· Features of ancestral skeleton
· Notochord (skeletal supporting element)
· Vertebral column with skull
· Living forms: fish, amphibians, reptiles, birds and mammals
· <0.1 gram (fish) – 100,000 kg (blue whale) [smallest to largest, large diversity]

Phylum Chordate
		________________________________|_________________________
/				|			\
    Subphylum Cepholochordata	Subphylum Urochordata	   Subphylum Vertebrata
lancelets				tunicates, seasquirts
Branchiostoma, amphioxus
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Characteristics of all 3 subphyla
· pharyngeal slits
· wall of the pharynx (at least in the larval form)
· notochord
· notochord = skeletal supporting rod
· mesodermal – not bone or cartilage
· embryo, larva or adult
· important adaptation**
· muscle contractions of the notochord stiffens the body
· allows body to move back and forth… in a forward motion
· Dorsal Hollow Nerve Cord
· Present in all groups
· At least in the larval form
· Not present in adult Urochordata
· Post Anal Tail (tail starts behind the anus)
· Present at least in all embryos 

Point of Note (figure 2-1) same as pharyngeal slits
· Endostyle
· ciliated glandular groove on floor of pharynx
· homologous to thyroid gland

Characteristics of Subphylum Vertebrata
· Pharyngeal slits
· Usually gill slits
· Note on terminology
· Gill slits = for respiration
· Pharyngeal slits may be used for feeding
· Gills
· Highly vascularized tissue around the pharyngeal slits
· Notochord (in all embryos)
· In most adults
· Part of the discs between the vertebrae
· Single Dorsal Hollow Nerve Cord
· Modified, widens to form the brain
· Post Anal Tail
· Remnants present in all vertebrates
· Bilaterally Symmetrical (cutting in half, left and right ~ identical)
· Cephalization – sense organs and nervous tissue concentrated around head
· Segmentation – at least in early embryonic stages
· Successive segments are different (even in humans, head-torso-legs)
· Coelom – body cavity is lined with mesoderm (holds digestive system)
· Closed Circulatory System
· Heart pumps blood through a series of tubular vessels
· Blood flow, anteriorly -> ventrally and posteriorly -> dorsally
· Oxygenated blood goes out dorsally, comes back ventrally
· Endoskeleton
· Well developed
· Made of bone or cartilage
· In almost all vertebrates brain is enclosed in cranium (skull)
· Vertebral column composed of vertebrae
· Appendages
· Two pairs of appendages (most have)
· Main: pectoral and pelvic (fins or limbs) [shark]
· Paired appendages are not ancestral
· Arose early
· Snakes: secondarily lost appendages
· Genital and Excretory Systems
· Two systems are usually closely associated
· Excretory and genital ducts are often shared 
· Males: one opening for both, Females: two openings

Origins of Vertebrata
· Starts ~540 million years ago
· An early chordate – Pikaia (figure 2-3a)
· Found in Burgess Shale, Yoko National Park, BC
· Pikaia was once thought to be a possible ancestor of vertebrates

Recent Fossil Finds – Cephalochordate
· 1999 – 1 fossil discovered in Yunnan Province, China
· called Cathaymyrus diadexus
· 10 million years older than Pikaia
· has pharyngeal slits, notochord, myomere muscle blocks (important feature)
· Chen (2011) suggests might be Yunnanozoan (~haikouella – perhaps a vertebrate)
First Known Vertebrates
· 530 million year old fossils of the first fish: Myllokuminigia and Haikouichthys [try to know the proper names to be able to talk about them, spelling not needed]
· Very similar looking (if name ends in –ichthys it is a fish)
· Pushed the origin of vertebrates back by 40 million years
· Very important fossil finds since vertebrate discovery was thought to be much sooner than actuality 

Characteristics of first known fish
· ~3 cm long
· Have a cranium
· W-shaped myomeres (structure of the muscles)
· (Important vertebrate feature, other things have V-shaped muscles)
· (Start of improvement of movement)
· Jawless (have mouths, but no jaws)
· No bone or mineralized scales, (probably have cartilage)
· Dorsal fin and ribbon-like pairs of ventrolateral appendages
· (Not considered true appendages)
· Cartilaginous gill supports (Haikouichthys)

Incredible BC Fossils
· Metaspriggina
· Marble Canyon, Kootenay National Park
· 100 specimens were found
· Vertebrate features present
· Notochord
· W-shaped myomeres
· Post-anal tail
· Eyes with camera-type lenses (really well developed eyes)
· Paired nasal sacs (advanced sense of smell)
· Gills with supports plus a slightly larger anterior arch with no gill tissue

Origin of Vertebrates
· No fossils of intermediate forms between earlier groups (first known Chordates – Cathaymyrus(?) and Pikaia and the first vertebrates (not found yet)
· Comparative anatomy, embryology, molecularly (using these tools since fossils are not available)
· (Look at how embryo develops and similarities)
· (Looking at genes in common, looking at DNA, when genes are turned on/off)
· -> subphyla Cephalochordata and Urochodata are our closest invertebrate relatives
· = common ancestor

Subphylum Cephalochordata
Cephalochordata
· Example: Amphioxus = Branchiostoma
· <5 cm long, fish-like form
· (22 species are known, all small fish-like and marine, living on continental shelves)
· more ancestral features than living fish

Characteristics of Amphioxus
· No Paired Fins
· Free swimming
· Mostly buried in the mud (except for the mouth which is exposed, this is thought to be an ancestral feature)
· Notochord (mainly for structural support)
· Cartilage-like material around pharyngeal region and dorsal fin
· No cranium 
· Major Blood Vessels ~~ vertebrate pattern
· No blood cells or respiratory pigments
· No true heart
· Has contractile vessels
· Digestive Tract
· Buccal cavity with circle of stiffened cirri (cirri main function is to prevent objects too large for digestion to enter the buccal cavity)
· Pharynx for food collection
· Gut is a simple one way tube
· Pharyngeal Slits
· Primarily for feeding and not respiration (gas exchange happens through the skin)

Two important differences between Cephalochordata and Vertebrata
1. Method of expression is flame cells
· Flatworms, annelids and mollusks 
2. Lacks strong cephalization
· Few sense organs associated with a head 

Subphylum Urochordata (seasquirts)
· Adult – pharynx is an enlarged set of internal gills
· Inhalant and exhalant siphons
· Sessile (will find a location and attach to it, doesn’t move around)

Subphylum Urochordata (tunicates)
· (Tunicates are the larval form, seasquirts are adult form)
· Larva – tadpole like
· Pharyngeal slits
· Muscular post anal tail
· Dorsal hollow nerve cord
· Notochord
· Free swimming 


How did the first vertebrate evolve?
· (during Cambrian explosion time)
· Many groups proposed as the ancestral group for vertebrates
· Anthropod
· Annelid (segmented worms)
· Hemichordate (includes acorn worms)
· Echinoderm (sea stars)

· Garstang 1928
· Vertebrates originated from an ancestral urochordata larvae
· Garstang’s hypothesis
· Proposed that larva failed to metamorphose
· Formed mature gonads in larval form
· Paedomophosis – process of being sexually mature while having larval characteristics (must have happened for larvae to become free swimming)
· Larval form acquired a number of changes
i. Elongation (became larger)
ii. Slits in the pharynx (pharyngeal slits)
iii. Segmented muscles (myomere muscle blocks)
iv. Bone
· Embryological evidence
i. Cleavage
ii. Mesoderm and coelom formation
iii. Pelagic larva (urochordates, tunicates, 
iv. One way gut
v. Bilaterally symmetrical
· Mount Seymour brown salamander
· Elevation effects development time
· (Mid-elevation, still goes through metamorphosis and becomes a terrestrial adult, but takes several years instead of one)
· High elevation adults retain larval characteristics
· Amphioxus and lampreys have the same genes operating in the same parts of their body



Hox Genes (homeobox genes)
· Master regulators of development
· Have been highly conserved throughout evolution
· Expressed in embryo and the adult
· Critical in anterior to posterior organization of an organism
· (Important in deciding organization of the body)
· Found in all animals
· Number of Hox genes tends to increase with the complexity of the body
· (mutations in Hox genes have been found to lead to cancers)
· Hox genes are usually clustered together (tend to be on the same chromosomes, and are read from 3’-5’)
· Also present in plants and fungi
· But not clustered (scattered around the genomes)

Invertebrate to Vertebrate
· It has been hypothesized that this may be linked to the duplication of the entire cluster of Hox genes in ancestral chordate (about 500 million years ago)
· Agnathans have twice as many Hox genes as the cephalochordates
· Urochordates have lost some Hox genes (may have lost genes throughout evolutionary time)
· Duplication of Hox genes is important
· (If there is a mutation in one of them, it does not affect the survivability of that individual because the other gene is still functioning)
· (Mutation in one copy does not necessarily lead to detriments, it may also lead to positive outcomes)
· New germ layer – neural crest may also be involved
· (Many important characteristics of vertebrates come from the neural crest)
· MicroRNAs 
· Involved in gene regulation
· >50 miRNA families evolved in vertebrates
· many are associated with vertebrate specific tissues (liver, pancreas, pronephros) 
or structures that are much more complex in vertebrates (brain)
· (Happens prior to Hox gene duplications)
Classification = a grouping of organisms
· Taxonomy – the naming and classification of species
· Phylogeny – the evolutionary history of a species or group of related species
· Systematics – the study of biological diversity in an evolutionary context

Why are we concerned with the classification of organisms?
· Museums (involved in education of the public) [shoot, stuff, store, show]
· Conservation biology and biodiversity (large collections show change in distribution of species, show how genetics of the species has shifted)
· Understanding the biology of vertebrates requires an appreciation of the diversity of the organisms that make up this group (collections and classifications is important)

Classification
· Systematics/taxonomy
· Concerned with the diversity of organisms
· Originally designed by Carl Linneaus
· Organisms are grouped into taxa (singular taxon)
· Originally based upon similarities
· Now based upon evolutionary relationships

Hierarchy of Classification 
Domain – Kingdom – Phylum – Class – Order – Family – Genus – Species 
Species: the basic unit; a group of naturally interbreeding populations that are genetically isolated from other groups

Rules for Classification
1. ‘Narrow’ taxa – subsets of ‘broader’ taxa
a. Each higher taxon is an assemblage of evolutionary related lower taxa
b. At Order level and below – shared structural features (teeth/dentation, developmental pattern, appendages)
2. Broader taxa have fewer characteristics common to all members of the taxon
a. Ancestral features (inherited from ancestor of the entire group)
3. Broader taxa originated earlier in evolutionary time

Phylogenetic Trees
· Relationship between organisms
· Have two significant structural features
· Location of the branch point (where two groups separate from each other)
· Symbolizes the relative time of origin of different taxa (where they separate and two new taxa evolve)
· Extent of divergence between the two taxa (how much evolutionary time has gone by since they were together and part of the same group)
· Divergence from the common ancestor
· If classification is based upon the evolutionary history of the group, which property (location or divergence) should be given the most weight?
· Two different approaches to classification
· Phenetics
· Cladistics
1. Phenetics of Numerical Taxonomy
a. Tries to be less subjective
i. No phylogenetic assumptions are made (only numbers are significant)
ii. Taxonomic affinities based entirely on measurements
1. Uses many anatomical characteristics (more characteristics = the stronger the diagram will be at the end)
a. This reduces bias (good thing)
b. Homology vs. analogy (you don’t now whether it will be homologous evolution or analogous evolution)
b. Computer analysis of multiple quantitative comparisons
i. Important tool
ii. Molecular comparisons (proteins, DNA, RNA)
c. Critics – morphological similarities does not mean there are genetic similarities (different things can evolve to look like each other because of environment)
2. Phylogenetic Systematics of Cladistics
a. Classifies organisms based upon the branching pattern in the Cladogram (a much younger way of looking at classification of organisms)
i. Each taxon evolved by dichotomous splitting from a sister group
1. Objective – identify a series of nesting sister groups
a. Increasingly inclusive levels of evolutionary hierarchy
ii. Lines do not consider the degree of evolutionary divergence (no time line)
iii. Each branch point is a novel feature unique to that taxon
1. Features should establish ancestry (different features can lead to a very different looking tree, make sure which feature you pick will represent the ancestry of the group (vertebrate bone, amniotic egg etc.))

Cladograms
· Each cladogram represents an evolutionary hypothesis/history
· Features are called character-states
· Ancestral (or plesiomorphic) or derived (apomorphic)
· Evolutionary sequence of character-states
· Cladograms constructed to express probably ancestry
· Cladograms – are not scaled to geological time (remember)
· In cladistics:
· All taxa must be monophyletic
· Ie. Each taxon must contain all the descendants of the common ancestors (none can be left out)
· Other classification systems:
· May have taxa that are polyphyletic
· More than one ancestor for members of the taxon
· Or paraphyletic
· May exclude some species that share the same common ancestor


Overview of Vertebrates
· 9 classes
· All the jawless fish are members of “Class Agnatha”
1. “Class Agnatha” – jawless fish
a. All extinct for 360 million years, except for lampreys and hagfish
b. Most extinct forms were ostractoderms (ostrac = shell; derm = skin)
c. Extinct agnathans possess important vertebrate features (some, not all) #
i. Head with cranium, a brain, paired eyes
ii. No true vertebrae – some have cartilaginous elements on surface of notochord (they used dermal armor...)
iii. Bone present as scales; armor in some species (spp)
iv. Mouth, but no jaws; no true teeth
v. No pectoral or pelvic girdle
vi. Most have no appendages (when talking about appendages, think in pairs)
vii. Have pectoral spikes or folds (not true fins, more like a spine)
viii. Gills in pouches (so they are protected inside the animal)
d. Adults – predators sucked in small prey and detritus (but could not process things too big because they could not break them down, no /jawteeth)
e. Living agnathans (lampreys and hagfish) (still alive today)
 - Have cartilaginous skeletons (no bone at all)
 - Lack true teeth (jawless), pectoral and pelvic girdles, paired appendages
 - Many lampreys are parasitic
 - Larval form of lamprey very similar to ancestral body plan of vertebrates 
2. Class Placodermi (= plate skin)
a. Extinct group of fishes
i. Covered with bony armor
1. Especially on the anterior of the body (large plates of armor)
ii. Head is joined to body by hinge in armor (can move head up and down, shows some advancement)
iii. Persistent notochord
iv. Novel features
1. Jaws – enlargement and adaptation of a visceral arch (no true teeth)
a. Can eat larger and harder food  
2. Have paired appendages
a. Greater mobility and more efficient locomotion
3. Gas bladder (some way of determining buoyancy)
3. Class Chondrichthyes 
a. Skates, rays, sharks, chimeras (ratfish), and extinct species
b. Arose at the same time as Acanthodii and Osteichthyes (bony fish)
c. Chondrichthyes Characteristics #
i. Very little or no bone
1. Modern species – have cartilaginous skeleton
ii. Small toothlike scales called denticles
1. No bones, but made of dentine and enamel (like human teeth)
iii. Multiple external gill openings
iv. No gas bladder (use their liver for buoyancy)
v. Paired nostrils -> end in blind olfactory sacs
vi. True teeth anchored to skin at margins of jaws
4. Class Acanthodii
a. “stout spines”
i. Numerous paired fins
1. Thin membrane supported by a stout spine 
b. All extinct
c. Evolved with placoderms, cartilaginous and bony fish (all at the same time)
d. Characteristics
i. Small (<20 cm in length), some were 2 meters
ii. Streamlined bodies, large eyes, wide mouths with many teeth, bony heads, small hard scales
1. Active swimmers and predators
5. Class Osteichthyes (bony fish)
a. Evolved from an ancestor common with Acanthodii ~400mya
b. For the last 250 million years – dominant fish in habitat
c. Since the Mesozoic (65 mya), have been the most abundant vertebrates
d. Osteichthyes Charateristics
i. Bone – skulls, vertebrae, girdles, fin supports, scales
ii. Some have cartilage
1. Secondarily substituted cartilage for ancestral bone (ancestor of sturgeon had bone)
iii. Gills in common chamber covered by moveable bony operculum
iv. Either lung or gas bladders for buoyancy
e. Subclass of Osteichthyes [letters]
i. A Subclass Actinopterygii – ray finned fishes
1. Most bony fish  
ii. B Subclass Sarcopteryii – fleshy-finned fishes
1. Lungfishes (Dipnoi) and coelocanths (Crossopterygii)
2. (important for the story of vertebrate evolution…)

Tetrapods and their Adaptations
1. Terrestrial -> streamlining not as important as in fishes
2. Neck becomes advantageous
a. Improves feeding and vision without reducing streamlining of the body
3. Loss of median fins (dorsal/anal fin)
a. Paired fins are converted to limbs (pectoral and … Fins)
4. Stronger limbs, firmer attached to the girdles
a. Increasing strength to vertebrate column (strength increases through evolutionary time)
5. Lungs and pulmonary circulation replaces gills
6. Increased keratinization of skin (protects the body from water loss)


6. Class Amphibia
· Evolved from Scarcopterygii ~350 mya
· Skin is moist; not keratinized (most live in very damp environments)
· Problem – long exposure to air (will desiccate)
· Eggs develop in water or moisture (tied to water for reproduction)
· Respiration – gills, lungs, skin of their body, lining of mouth and throat 
· Ectothermal (cold-blooded)
· 3 chambered heart – 2 atria and 1 ventricle 
· Living orders #
· Frogs and toads
· Salamanders
· Caecilians (legless amphibians)

7. Class Reptilia
· First vertebrates that were well adapted to land (can live far away from water sources)
· Amniotic egg with a shell (does not need water to reproduce)
· Extraembryonic membranes
· Lungs for respiration (solely lungs, no skin or gills for respiration)
· Limbs adapted for terrestrial locomotion
· Heart – 2 atria, ventricles are partially or fully divided (depending on how you look at it, it could be -3 or 4 chambers)
· First group to have claws, made of keratin (important for defense, digging, protecting the ends of digits)
· Heavily keratinized scales that make up the outside of the body
· Living reptiles
· Alligators and crocodiles
· Turtles and tortoises
· Lizards, snakes and Tuatara

8. Class Aves
· Endothermic
· Have feathers for thermal regulation and streamlining 
· Oviparous (egg laying)
· Forelimbs modified into wings
· Other modifications associated with flight:
· Loss of teeth (except for embryos and some parrots) (for less weight)
· Loss of right ovary
· Lightweight bones
· No bladder 
· Have 4 chambered heart (2 atria, 2 ventricles)




9. Class Mammalia
· True hair and mammary glands (other groups have hair-like structures)
· Endothermic 
· Viviparous (live bearing)
· Except Monotremes (oviparous) (platypus)
· Teeth in sockets (makes teeth attach to jaw strongly, can process foods that other vertebrates cannot)
· Lower jaw is a single bone (dentary) (incredibly strong because only one bone) (humans are only vertebrates who chew food, others rip/tear it)
(defining feature of mammal is having one bone in the lower jaw)
· Other jaw bones lost or moved into the middle ear
· 4 chambered heart
· Muscular diaphragm separates abdominal and thoracic cavity (other vertebrates have a septum instead)

Vertebrate Species Diversity
· Fish (living species) => 31882
· Amphibians => 6987 (changes day by day because they are threatened)
· Reptiles => 9112
· Birds => 10000
· Mammals => 5489 
· ~75% of living vertebrates are fish, amphibians and reptiles

Class Agnatha
· Earliest vertebrates
· Paraphyletic assemblage of jawless fishes, usually called “ostracoderms” (extinct group with boney plates and armour)
· Plus others (do not belong to ostracoderms)
· Living agnathans
· New fossil evidence 

Climate During the Paleozoic Era
· Majority of fossil Agnathans found in North America: some from Australia and China
· Continental positions different
· North America, Europe and Asia were equatorial (warmer areas)
· Most of North America was covered by Tethys Sea
· Fossil bed analysis
· All animals were marine
· First vertebrates were benthic (living associated with the bottom of a body of water, in the mud)
· Abundant flora (a lot of different types of plant material available at this time, lots of food and detritus to feed on)

Phylogenetic Relationship of Agnatha
· Looking at Agnatha, can be divided into three groups
· 1. Cambrian Agnathans
· 2. Ostracoderms
· Pteraspida
· Cephalaspida 
· 3. Cyclostomata
· Hagfishes and lampreys (includes the living agnathans)

1. Cambrian Agnathans
· Myllokunmingia and Haikouichthys (earliest representatives)
· Early Cambrian (~540 million years ago) (definitely vertebrates)
· Have vertebrate characteristics
· 1. Cranium
· 2. W-shaped myomeres (true vertebrate characteristic)
· 3. Notochord with vertebral elements (perhaps made of cartilage)
· 4. Combination of complex sense organs clustered in anterior head region
· 5. Branchial arches (very similar to the ones found in lampreys)
· Appear to be more derived (advance) than the hagfish
· No bone or mineralized scales

Metaspriggina
· 505 million years ago
· Anterior branchial arch without gill tissue (important feature, may be first step in the evolution of jaws)
· Liver (vertebrate characteristic)
· W-shaped myomeres
· Large eyes with lens (very prominent and complex)
· Nasal capsule at the front (complex sense organs)

Conodonta
· Microfossils, from Late Cambrian to Late Jurassic
· Conodont elements
· Classified into 7 different types – cutting, grasping, grinding
· Made out of apatite (calcium/phosphorous mineral)
· Similar to dentine 
· People think that it was an early experimentation with teeth
· Have vertebrate characteristics
· 1. Notochord
· 2. Cranium (vertebrate characteristic)
· 3. V-shaped myomeres
· 4. Fin rays in caudal fin (cartilaginous elements supporting the caudal fin)
· 5. Large eyes 
· 6. Muscular pharynx (no slits) (important for operating the conodont apparatus; contained ‘S’ elements for grasping, ‘P’ elements for grinding, to help with feeding)
· More derived than hagfish
· Relationship to other vertebrates uncertain 

2. Ostracodermata
· Paraphyletic assemblage (grouped together by having boney armour, but many differences in body shape and habitat)
· All had covering of dermal bone/armour
· Have cerebellum present
· Not present in hagfish and lampreys
· No jaw (some had moveable mouth plates, used to scrap/manipulate objects but not true jaws)
· Have muscular pharyngeal pump (to suck food in, filter feeders)
· Have gills 
· 2 semi-circular canals 
· Midline dorsal fins
· More derived forms had lateral paired appendages (primarily for stabilization of the body)
· 1. Pteraspida
· 2 nasal openings 
· 2. Cephalaspida
· 1 nasal opening
· Some have paired appendages 
1. Pteraspida
· Head shield of fused body plates
· Lateral and dorsal spines on shield (called projections or indentations, important for stabilizing the body as they moved through water)
· Post-cranial exoskeleton – made of small plates and scales (more flexibility to help with movement)
· No paired appendages or dorsal or anal fins
· Mouth bordered by 2 rows of oral plates (used for scraping or grasping; are not jaws)
· Hypocercal tail 
· Evolutionary Trends seen:
· Increased efficiency in locomotion (because of projections stabilizing the body)
· Increased feeding efficiency (with evolution and placement of the oral plates)

2. Cephalaspida
· Body shape varied
· 5 distinct groupings 
· 1. Anaspida
· 2. Galeaspida
· 3. Osteostraci
· 4. Pituriaspida
· 5. Thelodonti
· Heavily armoured – head shield and smaller plates on body (Anaspida – head naked, no head shield; and only has small scales on the body)
· Fusiform (torpedo shaped) or flattened body
· Most have hypocercal tails; some have hypercercal tails 
· Stabilizing projections or folds for body
· Thelodonti – well developed stomach (put into Cephalaspida because of its external anatomy)

Adaptations of Ostracoderms
· 1. Tail shape
· homocercal (upper lobe and lower lobe of tail fin are the same size, when tail beats all motion is forward)
· heterocercal (two lobes of the tail are different sizes)
· hypocercal (lower lobe is bigger than upper; when tail beats, tail goes down and the head goes up; bottom-feeders)
· hypercercal (upper lobe is bigger than lower; when tail beats, tail gets pushed up and head gets pushed down)
· 2. Bony flanges, appendages (for more mobility through the water)
· 3. Bone and denticles
· 4. Branchial basket (important in bringing water in for filter-feeders)
· 5. Semicircular canals in inner ear (only had 2 canals, can determine what their body position is with the canals)
· 6. Electric organs and lateral line system (able to sense their surroundings)

3. “Cyclostomata”
· Hagfishes
· Lampreys
· Extant Agnathans (they are the living ones)

Order Myxinoidea (hagfish)
· Marine bottom feeding scavengers
· Characteristics:
· 1. Vertebrae rudiments in tail (= hemal arch)
· 2. Scale-less 
· 3. 2 multicusped horny plates border side on tongue-like structure -> pincher like action
· 4. Have 1-15 gill openings
· 5. Kidney – primitive vertebrate system
· 6. Only have 1 semicircular canal (may originally have had 3, but through time have lost one)
· 7. Accessory hearts; capacious blood sinuses, low blood pressure (circulatory system)
· 8. Very few immune reactions (poor immune system)
· 9. Blood osmotic concentration is very similar to seawater (isotonic to seawater, do not have to worry about too much water going into or out of body)

Petromyzontoidea (lampreys)
· Anadromus (eggs laid in small streams and rivers, then migrate towards to lakes (then will travel back to streams to lay eggs and die, similar to salmon))
· Most are parasitic (does not directly kill the host, host dies through secondary infection or something else attacks the wound)
· Free living larval stage ammocoete
· Characteristics:
· 1. Small vertebral elements present throughout the life
· 2. 2 semicircular canals
· 3. 7 pairs of gill pouches (number of gills correspond to number of gill pouches)
· 4. Primitive vertebrate nervous system
· 5. Chloride cells in gills and kidneys to regulate ions, water and nitrogenous wastes -> adaptations so they can exist in a variety of salinities 
· 6. Heart not aneural (heartbeat is regulated by nervous system, can change heartbeat depending on metabolic function)
· Ammocoetes – (larval lampreys)
· Worm-like
· Burrow in sand (with only head exposed)
· Filter feeders
· Metamorphosis after 3-7 years
· Migrate downstream to large lakes or oceans (becomes sexually mature in the lake and comes back to streams to spawn and die)


Bone, Cartilage and Bone-like Materials
· The earliest vertebrates supported their body axially by the notochord
· Urochordata
· Cephalochordata
· Ostracoderms – bone supports the body (have notochord and bone)
· Hard mineralized tissue that are ancestral vertebrate structures
· Advantages:
· 1. Calcium and phosphorous reserves (may have originally evolved to be reservoirs)
· 2. Efficient movement (muscles could attach to the skeleton)
· 3. Protection 
· 4. Buffer for blood pH
· 5. Increase body weight (weighed down to stay near food sources at the bottom of waters)
· Three main skeletal support elements
· 1. Notochord
· 2. Cartilage
· 3. Bone
· Bone – hard mineralized tissue with salts of calcium phosphorous (hydroxyapatite) deposited in or on an organic matrix of fibrous collagen, cemented by a mixture of water and mucopolysaccharides

1. Notochord
· First structural supportive tissue 
· Present in all vertebrates 

2. Cartilage
· Mesenchyme cells called chondrocytes secrete a matrix of chondromucoprotein
· Less salts than bone (less dense material)
· Cells lack canaliculi (connections between the cells, causes slow …
· Deep lying tissue (never directly exposed)
· Embryos and young vertebrates
· Cyclostomata, Chondrichthyes and a few Osteichthyes 

3. Bone
· Mesenchymal cells called osteoblasts secrete a thick matrix of collagen fibers
· Hydroxyapatite deposited on fibers (more being deposited means harder bone)
· Mature tissue – osteoblasts called osteocytes
· Lacunae (cavities ….
· Small branches of the osteocyte are called canaliculi (all cells in bone are in direct contact with each other, chemical messaging/nutrient transfer is faster)

Types of Bone
1. Dermal Bone
· Formed directly from mesenchyme cells (no cartilage precursors)
· Mesenchyme deposits thin plates of collagen matrix; salts deposited
· Plates expand outer margin and thicken by adding new layers on inner and outer surface 
· Bones of the skull are dermal 

2. Replacement Bone
· Bone can replace cartilage = replacement or endochondral bones (bone starts off as cartilage)
· Osteoblasts enter along the blood vessel
· Typical of vertebrate long bones (all long bones form this way)
· Bone can also be added to the margins and outer surface

Mineralized Tissues
· Three types
· Bone
· Dentine
· Enamel
· 1. Bone
· Formed deep in the dermis (below the epidermis)
· Cells are alive in the matrix
· 25-30% organic matter (mineralized portion of the bone)
· 2. Dentine
· Produced at the mesoderm-ectoderm boundary by mesodermal cells 
· Always internal to enamel and external to bone (enamel->dentine->bone)
· Found in teeth, denticles, scales, external armour 
· Made of inorganic salts of hydroxyapatite
· 25% organic matter 
· Harder than bone (because of the way it is composed)
· Cells do not stay in the matrix
· 3. Enamel (outer most cap of the tooth)
· Hardest tissue in the vertebrate body
· Produced by ectoderm on top of dentine
· Found in teeth, superficial denticles, scales, armour plates
· 3% organic matter (97% made of minerals, very hard material)
· No internal cells – dead tissue (doesn’t change once it is laid down…)

Dermal Scales and Derivations
· Ostracoderm armour (heavy scales that made up the armour)
· Sometimes called Cosmoid scales
· Have four layers:
· 1. Lamellar bone (has layers)
· 2. Vascular or spongy bone (more air spaces/cavities for blood flow or nutrient storage)
· 3. Dentine
· 4. Enamel
· Structure is similar to bony elements in living vertebrates

Evolution of Bone
1. Degeneration and loss of superficial layers
· Ganoid scales (very thick layer of enamel and bone)
· Elasmoid scales (have slightly demineralized layer of bone and very thin layer of enamel, allows for flexibility)
2. Progressive loss of deep layers
· Denticles (made of enamel and dentine only, no bone associated)
· Teeth (similar to denticles, no bone)

· Other hard structures that have evolved form boney scales
· 1. Osteoderms in under the horny scutes of crocodilians and other reptiles 
· 2. Membrane bones (lost the dentine and enamel…)
· 3. Fin rays of boney fishes (fin rays are derived from dermal armour)

Superclass Gnathostomata (= jaw mouth)
· Jawed Fishes
· Shark-like scales found from mid Ordovician
· Early Silurian – definitely present
· Devonian – many full body fossils
· Fossil record gives little insight into the evolution of jawed fishes 
· Evolved from an Agnathan lineage
· Probably due to duplication of Hox gene complex
· Devonian
· 4 clades of Gnathosomes present 
· 1. Placoderms
· 2. Acanthodians
· 3. Chondrichthyes
· 4. Osteichthyes

Class Placodermi (= plate skin)
· All extinct and have no descendants 
· Benthic – bodies are generally dorsal-ventrally flattened (means they were bottom feeders)
· Have jaws (but no true teeth) (have structures that look like teeth, but made of bone)
· Have paired appendages with girdles (fins can work together, adds strength for maneuverability)
· Males have claspers for internal fertilization 
· Vertebrae
· Have both neural and hemal arches 
· Gas bladder for buoyancy 
· Heavy armour
· Gap in bony plates allowed for head articulation (jaws could open wider when animal was at rest)
· Class Placodermi diverges early
· (Recent Study) 
· 1. Placoderm with a premaxilla, maxilla and dentary all of which previously was thought to have evolved first in osterichthyes 
· 2. Results of phylogenetic analysis and palatoquadrate conditions among major gasthostome groups
· Places placoderms as the stem gnathostome group
· Placoderms are close to Osteichthyes and to Acanthodii and Chondrichthyes

Class Acanthodii (= spine form)
· Have a well developed cranium and vertebral column; large notochord
· Dorsal and anal fins & numerous paired fins
· Locomotion 
· Fins had stout spine with tissue flap (flexible, could move around and create drag)
· Fast swimming aggressive predators
· Shark-like teeth (has dentine, but no enamel, not as hard)

Placoderms and Acanthodii versus Ostracoderms (overview)
· Jaws
· Paired fins
· Internal support; girdles 
· Vertebrae (hemal and neural arches)
· Spiral valve in the small intestine (increases surface area for absorption, food kept in digestive system longer for digestion)
· Renal portal system 
· Oviducts and mesonephric ducts (separate in females)
· Pancreas with endocrine and exocrine functions (more complex digestion)
· Spleen (reservoir for blood, involved in immune response, shows much more developmental complexity)
Vertebrate Skeleton
1. Visceral skeleton = splanchnocranium 
· Ancestral condition – supports gill or support pharyngeal muscles before gills evolved
· (Eventually gills evolved and the visceral skeleton supports them)
· Made of mesenchyme cells derived from the neural crest
Gill Arch
· Each arch consists of a series of cartilaginous or bony elements (5 pieces: pharyngobranchial, epibranchial, ceratobranchial, hypobranchial, basiobranchial)
2. Somatic skeleton = vertebrae, ribs, portions of the cranium, girdles and limbs (probably bones that started off as cartilage and were replaced with bone; replacement bones)
3. Dermal skeleton = dermal bones (derived from dermal armour, no more enamel/dentine elements, found in pectoral girdle and in the bones around the cranium; primarily used to protect sensory organs and gives sites for muscle attachment)

Jaws
· Jaws – teeth
· Teeth – grasping objects, biting, grinding, manipulation of objects, defense
· Can exploit resources that other vertebrates cannot (bite bits off large prey, manipulate the environment; competitive advantage: feed better, grow faster, reproduce sooner, have more young, are positive feedback and have strong selective pressure)
· Jawless -> Jaws
· Jon Mallat “Breathe before you Bite” hypothesis
· Enlarged arch -> ventilation (gets more oxygen into circulatory system; gets more muscle attachment for stronger suction, ventilates gills more efficiently)
· More powerful branchial muscles -> strong sucking action -> capture more prey
· Strong selective pressure for larger arch (also, strong selection to moving arch forward to prevent backflow)
· Specialization as feeding structures (lost respiratory function, then would be considered ‘jaws’ instead of branchial/gill arch)
· Oral cavity reduced in size
· Metaspriggina
· No gills associated with enlarged first branchial arch – may represent the first step in hypothesis
· Jaws
· Arose from the spanchocranium
· 7 visceral arches (numbered 2-8)

· Evolution of Jaws
· First gill arch is lost – incorporated into the base of the cranium (forms part of the basal plate)
· Second gill arch becomes the mandibular arch (upper and lower jaws)
· Epibranchial forms the palatoquadrate (upper)
· Ceratobranchial forms Meckel’s cartilage (lower)
· Greater support for the jaws
· Jaw attached to the cranium (at the hyomandibular)
· Hyoid arch (III) used as a strut to brace the jaws; site of articulation between the jaws and the cranium
· Gill slit between arches II and III reduced to form the spiracle
· Changes in the arches as evolution of jaws and hyoid arch occurs

· Jaw suspension
· Jaw function was changed and enhanced by different types of jaw suspension
· 3 types
· 1. Amphistylic
· 2. Hyostylic
· 3. Autostylic 
· Amphistylic
· Palatoquadrate attached by ligaments to cranium and the hyomandibular 
· Hyomandibular also attached to the cranium (through ligaments)
· Palatoquadrate is not fused to the cranium (not a strong attachment)
· Fossil sharks, some living sharks, Crossopterygii, Acanthodii
· Hyostylic
· Hyomandibular attached to the jaw and to the cranium by ligaments
· Minor attachment of jaw to cranium by tissue at anterior end of jaw (no real firm attachments from ligaments)
· Derived condition found in most living sharks and rayfinned fishes 
· Gives protrusible jaws (allows for bigger volume in the mouth, and allows for consumption of larger things, increases feeding opportunities)
· Autostylic
· Palatoquadrate firmly associated with or fused with the cranium
· Hyoid arch does not participate in jaw suspension
· Stronger bite, capability for cutting and grinding with teeth
· Lungfish, all tetrapods, Placodermi, Holocephali (ratfish)

Hyoid Arch
· Hyomandibular once freed from jaw support, becomes reduced, and moved to form the columella (stapes) (all tetrapods have stapes; malleus, incus and tympanic only found in mammals) (bones of the middle ear are only in autostylic)
(hyomandibular moves to middle first, all tetrapods have it; articular, angular, and quadrate are only found in mammals)
(mutations occurred to change the function of hyoid arch, bones moved to the middle ear and became involved in amplifying vibrations to be able to hear; strong selective advantage for this, to be able to hear predators/prey moving)

Advantages of Jaws
1. Manipulation of objects (position prey items, nest building, hold onto mates, move offspring around)
2. Grasp objects more firmly with teeth
3. Teeth (process prey, cut into smaller pieces to swallow easily)
4. Defense
5. Opens up new food items and habitats
a. Beginnings of evolution of herbivores and carnivores 

Acanthodoii and Placoderms
· Three major adaptations
· 1. Jaws
· 2. Paired fins
· 3. Vertebrae

2. Paired Fins
· Improved mobility and steering 
Advantages:
· Increased control of movement (can chase and capture prey)
· Increased surface area for greater maneuverability (drag) (for changing directions, up and down, left and right, very quickly)
· Provide lift and allow descent (shape of fins is important)
· Convert forward thrust to other directions (using the tail (main muscle))
· Defense (for some fish)
· Visual communication (brightly coloured, for species identification or communication, sometimes camouflage to prevent predation)
Origins of Paired Fins
· Agnathans had spines or enlarged scales
· Ostracoderm “fins” derived from dermal armour: were solidly attached to body
· Stabilizers 
· New fossil with paired anal/pectoral fins
· Paired fins present in Acanthodii and Placoderms
· Acanthodii (had different structure of paired fins from other fish) – had 2 rows of spines with attached tissue flaps: some had internal skeleton of cartilage inside flap of skin for support
· Placoderms
· Had pectoral and pelvic fins
· Some were narrow at the base where it attached to the body (similar to the more modern sharks) (allows for maneuverability to create/reduce drag)
· Internal skeleton of cartilage and flexible fin rays
· May have been adjustable (only in later placoderms, used to create/reduce drag)
Pitch, Roll, Yaw
· Water is 3-dimensional, fish must be able to move in 3-dimensions effectively
· Yaw – moving side to side/left to right
· Pitch – moving up and down
· Roll – rotating around central axis of the body
· Different fins control pitch, roll, and yaw
· Yaw – mid-dorsal and mid-ventral line fins
· Pitch – pectoral fins
· Roll – fins used to counteract where they are
Theories of the Origin of Paired Fins (no strong evidence of how fins evolved in fossil record)
· Three major theories
· 1. Gill Arch Hypothesis
· 2. Fin-Fold Hypothesis
· 3. Fin Spine Hypothesis
· 1. Gill Arch Hypothesis
· Paired fins and girdles arose from gill arches
· Girdle was from the gill arch
· Fin was from gill rays (because there are fin rays)
· Hypothesis was not accepted by everyone because did not explain:
· Appearance/origin of posterior pelvic girdle
· Presence of dermal bone in pectoral girdle (gill arches are visceral bones, not all the girdle could have come from gill arches)
· Embryological origin of girdle and gill arches (discrepancies on how girdle and gill arches form, fins are mesodermal (derived from mesoderm) have somatic musculature in innovation, whereas gills come from mesenchyme cells from the neural crest; looks like they come from different parts of the embryo)
· If the theory was correct, you should be able to: Predict gill arch and fin rays should have common mechanisms of how they form, and mechanisms would have same functional roles in gill arch area and fin ray area
· Gnathostome fin and limb bud growth directed by Shh (sonic hedgehog) and FGF (fibroblast growth factor)
· What does Shh do?
· Shh involved in limb growth and pattern
· Summary of Gillis et al. 2009
· SHH and FGF are involved in both development of the gills and the fins in skate
· Treatment of RA (retinoic acid) mimics SHH in both gills and fins and caused duplications
· Treatment with inhibitors of SHH and FGF cause similar mutations in both gills and fins
· Although not conclusive, functional similarities in skeletal development support Geganbaur’s hypothesis
· 2. Fin-fold Hypothesis
· Paired fins arose within a paired continuous fleshy folds stiffened by endoskeletal rays 
· Based on Anaspids, which had lateral continuous folds (used to help with stability)
· (Mutations had to happen to cause some areas to weaken and some to strengthen, while bits in the middle were lost)
· If true, then explains how both pelvic and pectoral fins arose at the same time
· (checkmark) Seen in embryonic shark development
· Do not have any direct evidence to support this hypothesis
· 3. Fin Spine Hypothesis
· Early Acanthodians had a series of hollow spines with fleshy membrane along trunk (at the anterior of their many paired fins)
· Later Acanthodians had weak fin rays in the fleshy membranes of pectoral and pelvic fins only
· Acanthodians lost all spines except 2 pairs containing fin rays (theory: membranes of pectoral and pelvic area start getting fin rays, eventually all other pairs of fins are lost, only pectoral and pelvic remain)

3. Vertebrae
· Agnathans
· Cambrian Agnathans – have notochord with vertebral elements (cartilage)
· Ostracoderms lack vertebrae
· Notochord, dermal armour
· Hagfish have very reduced hemal arches in embryo (no neural arches)
· Lampreys have reduced neural arches (no hemal arches)
· Acanthodii and Placodermii the beginnings of full vertebrae
· Mesodermal in origin (mesenchyme cells accumulate around notochord, and the cartilage forms around vertebrae; starts off cartilaginous and may ossify, cartilage forms around the notochord and nerve chord, protecting it)
· Forms around the notochord and the nerve chord
· Ancestral condition
· Ancient sharks, Acanthodii, Placoderms
· Notochord runs right through the vertebrae
· Derived condition
· Notochord reduced to discs between the vertebrae
Structure of Vertebrae
· Centrum
· Neural arch (cartilage over top the neural canal)
· Hemal arch (goes ventral to the hemal canal, only in caudal vertebrae)
· Neural and hemal spines (can go up into the muscle, increase surface area for muscle attachment)
· Apophyses (projections where different vertebrae articulate; where ribs attach)
Advantages of Vertebral Column
· Stronger and more flexible than notochord
· Greater lateral movement (side to side)
· Prevents collapse during movement (no compression of the spine during motion)
· Solid surface for muscle attachment (bone shape can change and muscle can attach at many places (projections, spines))
· Light body than ostracoderms (can now live in the water column, opened up new habitats for vertebrates by having a lighter internal skeleton)

· Devonian
· 4 clades of gnathostomes present
· 1. Placoderms
· 2. Acanthodians
· 3. Chondrichthyes
· 4. Osteichthyes

Class Chondrichthyes
· More commonly known as cartilaginous fishes
· Subclass Elasmobranchii (consists of:)
· 2 extinct orders of early sharks 
· 2 extant orders
· Order Selachii – living sharks
· Order Batoidea – skates and rays
· Subclass Holocephali (ratfish)
· Order Chimaeriformes 

Classifications of Chondrichthyes
· Cartilaginous skeleton (believed that dermal armour was lost and only kept cartilaginous precursors, allowed lighter/flexible skeleton for faster swimming to catch prey, avoid predators, get bigger)
· Placoid scales (have dentine and enamel, no bone)
· Teeth in replacement families (a series of teeth are forming inside the jaw that can replace the functioning one)
· Series of gill openings (every gill has it’s own gill opening)
· Spiracle  (reduced gill slit between hyoid arch and mandibular arch that formed when hyoid arch went forward to support the jaw)
· No lungs or gas bladder (rely on oil filled liver for buoyancy)
· Claspers (modern forms) (allows internal fertilization)

Evolution of Chondrichthyes
· First Elasmobranchii occurred in the late Ordivician
· First Elasmobranchii were very similar to Placoderms 
· 3 major radiations of Elasmobranchii (different systems evolved at different times/rates)
· 1. Paleozoic
· 2. Early Mesozoic
· 3. Extant Radiation (Triassic) (essentially modern sharks at this point)
· During these 3 radiations, changes to teeth, jaws, jaw suspension, fins occur (for becoming better predators, having better locomotion)
1. First Radiation - Paleozoic – Early “Sharks”
· Often talked about as the “Stem Chondrichthyes” 
· Amphistylic jaw suspension
· Teeth had 3 cusps (central cusps was bigger than 2 side cusps, and there was bone at the bottom)
· Teeth attached to the jaw by ligaments, teeth fall out all the time and are replaced, teeth do not dull and remain razor sharp this way 
· Notochord continuous throughout the body 
· Only have neural arch (no centrum or hemal arch)
· Vertebrae – beginnings of primitive centrum
· Have pectoral/pelvic fins, but no girdles, not attached so not as strong

Fin Attachment
· Broad attachment to paired fins (triangular shape attachment) (does not have flexibility, cannot tuck fin in/out to reduce/increase drag, not as streamline as later groups of sharks)
· No claspers (believed to have no internal fertilization)
2. Second Radiation – Early Mesozoic
· Usually called “Stem Elasmobranchii”
· Carboniferous to late Cretaceous (about 200 million years)
· Some show amphistylic jaw suspension
· Heterodont teeth (had different shapes of teeth in mouth, anterior teeth were sharp for piercing whereas teeth at the back were more suitable for crushing; tells that these sharks were eating different diets)
· Vertebrae – hemal arch was added in the caudal region
· No pectoral/pelvic girdle
· Have narrow based paired fins (tells us they were more maneuverable)
· Has claspers and internal fertilization
3. Third Radiation – Modern Radiation
· Triassic (Mesozoic Era)
· “Modern” appearance by Jurassic
· Many Jurassic and Cretaceous genera extant (groups have sharks have been around for millions of years…)
· 3. Modern Sharks
· Hyostylic jaw suspension
· Upper jaw attached loosely to the cranium by ligaments
· Articulation between jaw, cranium and hyomandibular -> protrusible jaws
· Teeth: single cusp or flat crown
· Notochord constricted to form disks (in some sharks)
· Full vertebrae (neural arches, full centrums, hemal arches in caudal region)
· Evolution of pectoral/pelvic girdle is seen
· Fins narrow based
· Claspers
· During Jurassic Elasmobranchii split into two groups
· Selachii (sharks)
· Batoidea (rays and skates) (look very different from sharks)
· Are a highly specialized group of sharks
· Adapted to bottom dwelling
· Pectoral fins are greatly enlarged, and extend back and attach to the body
· Tail can be greatly reduced or lost, pectoral fins are flapped for movement through water
· Rays = viviparous, Skates = oviparous 

Subclass Holocephali
· Modern forms evolved during the Jurassic, no radiations occurred
· Within Holocephali there is the one Order Chimaeriformes 
· Autostylic
· No teeth (have keratinized plate instead)
· Single gill covering – “operculum” (a kind of fleshy covering over the gills)
· Large fan-like pectoral fins (used for primary source of power for locomotion, have a flapping motion)
· Normally deep water fish, comes to shallow water to lay their eggs
· Have claspers – oviparous (derived condition, some extinct species were viviparous)
· Have a poison gland associated with tail


Evolutionary Trends

	
	Early
	Mesozoic
	Extant

	Jaw suspension
	Amphistylic
	->
	Hyostylic

	Vertebrae
	Continuous notochord, neural arches, primitive vertebrae
	Added the hemal arch
	Disks: vertebrae

	Girdles
	Separated
	->
	Fused

	Paired fins
	Broad based attachment
	Narrow based
	->

	Reproduction
	No claspers
	Claspers
	->



Studying for midterm:
“Fairy Tale Principles”
· Everything comes in 3’s
· Bears, pigs, bowls of porridge
· Ex. Placoderms had jaws, paired fins, and vertebrae
· Ex. 3 radiations of sharks 
· Ex. 3 taxa of Chondrichthyes – Selachii, Batoidea, Chimaeriformes
“Red Riding Hood Principle”
· “Better to eat you with”
· Evolution of jaws
· Teeth
· Improved mobility, speed (faster can chase prey down to eat)
· Improved maneuverability, control
· Improved foraging efficiency and greater foraging opportunity
· Devonian
· 4 clades of gnathosomes present
· 1. Placoderms
· 2. Acathodii
· 3. Chondrichthyes
· 4. Osteichthyes 

4. Class Osteichthyes (boney fish)
· Subclass Actinopterygii (ray finned fish)
· Infraclass Chondrostei (sturgeons, paddlefish)
· Infraclass Neopterygii
· Series Holostei (gars, bowfins)
· Series Teleostei (salmon, trout, cod, guppies, goldfish) 
· Subclass Sarcopterygii (fleshy finned fish)
· Order Dipnoi (lungfish)
· Order Crossopterygii (lobe-finned fish)

Characteristics of Osteichthyes
· 1. Bony skeleton (parts derived from dermal armour, others are replacement cartilage/bones (evolved later))
· 2. Dermal bones (bones of skull and pectoral girdle are dermal in origin); teeth attached to bones of jaws
· 3. Fish scales
· Cosmoid scales – bone, dentine, enamel
· Ganoid scale – bone, enamel
· Elasmoid scales – demineralized bone, very thin layer of enamel (makes them very flexible)
· 4. Internal support for fins
· Ray finned fish have no fleshy base; fin rays come out directly from the side of the body
· Lobe-finned fish – has an appendage that comes out from the body and rays come from the appendage (very different structure from ray finned fish)
· 5. Hyostylic jaw suspension (most)
· Dipnoi – autostylic
· Crossopterygii – amphistylic 
· 6. Caudal fin
· Primitive forms – hypercercal tail 
· Most have homocercal tail (both lobes same size, all movement of tail goes unto forward thrust)
· 7. Diverticulum – lungs or gas bladder (can fill this with different amounts of gas to change buoyancy; determines location in water column depending on amount of gas filled)

Subclass Actinopterygii
· 3 major groups
· 1. Infraclass Chondrostei – sturgeon, paddlefish 
· 2. Series Holostei – gars, bowfins 
· 3. Series Teleostei – salmon, herring, cod, guppies, goldfish
1. Infraclass Chondrostei
· Early forms abundant in Devonian to Permian 
· Modern forms lack ossification of skeleton (early forms had bony skeletons)
· Hypercercal tail
· Thick ganoid scales
· Gas bladder
· Number of fin rays is greater than the number of radial bones 
2. Series Holostei
· Very abundant in Triassic (numbers are declining)
· Slightly hypercercal tail (upper part slightly larger)
· Decrease in bony armour
· Light ganoid scales; modern forms have remnants only around the head
· Number of fin rays ≈ equals the number of radials (less fin rays makes the fin more flexible, able to create/reduce drag)
· Gas bladder for buoyancy 
· Hyostylic jaw suspension
3. Teleostei
· Evolved later; most abundant in Cretaceous
· Homocercal tail 
· Gas bladder well developed
· Thin elasmoid scales (thin glaze of enamel and demineralized bone, flexible and light (typical fish scales))
· Many dermal bones in skull – fairly complex skull
· Fins tucked close to body to reduce drag
· Hyostylic jaw suspension
· 7-8 bones in upper and lower jaw; maxilla and premaxilla

Trends in Actinopterygii
· Reduction in amount of bone that makes up skeleton and skull
· Simplification of scales (cosmoid -> ganoid -> elasmoid)
· Improvements in feeding mechanisms
· Hypercercal to homocercal tail (changes how they steer)
· Tied with gas bladder
· Number of fin rays > number of radials to number of fin rays = number of radials
· Increased flexibility and movement of fins
Subclass Sarcopterygii
· Fleshy finned fish (not sure why two groups are related)
· Order Dipnoi (lungfish)
· Order Crossopterygii (lobe finned fish)

Order Dipnoid (lungfish)
· Evolved during mid Devonian to present (most populations left are endangered)
· Early forms had two dorsal fins; more advanced have no dorsal fins (or dorsal fins fused with the caudal fins)
· Fossil forms
· Elongated bodies 
· Thick cosmoid scales (had two layers of bone, dentine and enamel)
· Hypercercal tail
· Unconstricted notochord (solid rod that runs through the center of the vertebrae through the centrum; gives extra support)
· Amphistylic jaw suspension
· Modern forms:
· Still have unconstricted notochord
· Decrease in ossification (reduced bone, lighter scales; weigh less than ancestral ones)
· Have autostylic jaw suspension
· Homocercal tails
· Have lungs with diverticulum (pouch that comes off esophagus, used to capture air) (not as complexly divided as mammal lungs) (gulps air and uses muscles to push air back or dive to get air into lung) (burps to get air out) (have gills and lungs)
· Aestivation (dig down into the mud during hot/dry season, slows down metabolic rate, like hibernation (but during hot periods instead of cold)) (prevents desiccation by secreting a mucous that covers entire body except mouth)

Order Crossopterygii (lobe finned fish)
· Evolved in Devonian and are still present today
· Early forms:
· Lobe fins with fin rays in lower part; internal skeleton in fin
· Thick cosmoid scales (ancestral and modern forms)
· Ancestral ones had autostylic jaw suspension
· Had unconstricted notochord
· Modern forms:
· Cosmoid scales (scale size does not change through evolutionary time)
· Amphistylic jaw suspension
· Latimeria chalumnae or Coelacanth, 1938 first capture

Osteichthyes
· Devonian to Permian – Chondrostei (still exist today)
· Larger number of fin rays compared to radials (fins are not as flexible)
· Hypercercal tail
· Thick heavy ganoid scales
· Triassic to Cretaceous – Holostei (still exist today)
· Fewer rays in the fins than radials (about equal)
· Symmetrical tail (slightly hypercercal)
· Reduction in scale size (ganoid scales are just around the head, not whole body)
· Cretaceous to modern – Teleostei (most numerous group on the planet today)
· Homocercal tail
· Thin elasmoid scales
· Many feeding adaptations (lots of specializations for specific feeding types)
· Sarcopterygii – fleshy-finned fish forms gave rise to tetrapods

Life in Water (for all fish)
· Locomotion (being able to move) in water provides:
· 1. Access to a variety of habitats
· 2. Food in various habitats
· 3. Escape from predators or unfavourable conditions

Swimmers (fish) must:
· 1. Reduce their resistance in the water
· 2. Have some means of propulsion through a relatively dense medium
· 3. Have control of their movement

1. Resistance (that a medium offers to the movement through an object)
· Resistance = drag
· Two types of drag:
· Viscous drag
· Inertial drag
· Viscous drag:
· Boundary layer – layer of water (lamina) move past each other (boundary layer moves with the fish)
· As layers move, creates shearing forces = viscous drag (slows down the fish) (amount of viscous drag a fish experiences varies)
· Eddies created in boundary layer (created by moving tail back and forth)
· Less eddies = less drag, more eddies = more drag
· Number depends upon shape, texture of surface, speed of the fish (fusiform shape can cut through the water, smoother surface has less turbulence, more water adheres to fish as it moves faster)
· Increasing the number of eddies = increasing the amount of drag
· Inertial drag:
· As the fish moves through the water, it pushes the water out of the way, this creates a brief vacuum, which displaces water
· Water flows in to replace this displaced water and creates a suction (inertial drag)
· Shape and speed of the fish affects the amount of inertial drag that is created
· Adaptations to the body form to reduce drag (shape and structure is very important)
· Reduce or eliminate the number of projections
	
	Viscous drag
	Inertial drag

	Long thin fish
	High
	Low

	Short fat fish
	Low
	High

	Intermediate shaped fish
	Minimal
	Minimal



2. Propulsion
· 1. Caudal fin
· Aspect ratio = height of caudal fin/width
· 2. Undulation of body (amount of body undulating affects how much viscous/inertial drag and how much power they can produce towards thrust)
· Anguilliform (undulates majority of body to create thrust to move forward; ex. eel)
· Carangiform (undulate their caudal fin in last 1/3-1/2 of the body)
· Ostraciform (undulate only their tail to move normally, not fast swimmers)
· 3. Fins

3. Control of movement
· Stability, braking and steering
· A. Stability (little changes in the stability of the body can have great effects)
· Body of fish can move in several directions
· Fin placement, relative density of fish, shape of head, liver, gas bladder, lungs
· B. Steering
· Creating drag on one side (pulling on one fin) (primarily use pectoral fins)
· C. Braking
· Stick pectoral fins out on both sides to create drag (fins control where they are in the water column, how fast they are going, which direction they are moving in)
Respiration in Fish
· All living animals need to acquire O2 and expire CO2 (need some kind of respiratory system)
· Both O2 and CO2 move across cell boundaries by diffusion (surfaces must be moist and concentration gradients must be present for diffusion to occur)
· Diffusion is too slow for vertebrates (circulatory system is an evolved way for vertebrates to move dissolved gases through the body quickly)

Basic Vertebrate Model
· Pumps transport water or air (ventilation) and blood to diffusion sites (perfusion)
· (insert fishy drawing here)
· At diffusion sites, concentration gradients are steep and gas exchange is rapid
· Gases come into the body at mainly the gills and lungs (for most vertebrates)
· There are other structures to get gases (i.e. skin)

Oxygen in Water and Air
· O2 => 30x more air than in water
· O2 diffuses 300,000x more rapidly in air than in water
· => Aquatic organisms have to handle a greater volume (water) to acquire the same amount of O2 as terrestrial organisms
· Water is more dense than air => more energy is required to get the same amount of air (respiration in water is much more energy expensive than in air)

Gills
· 1. Large surface area for diffusion
· Elaborate design of gill and filaments (greatly increases surface area)
· Primary lamellae
· Secondary lamellae
· Number of filaments 
· 2. Structural support and separation of specialized tissues (number of gills declining through time, those gills must be up and separated; arches and rays are changing)
· 3. Diffusion distances are very short (only one cell thickness between capillaries, increases speed of diffusion)
· 4. Water and blood flow in counter current system (both run in different opposite directions to maximize exchange efficiency)
· 5. Pumping mechanism to move water over the gills
· Fish have two types of ventilation pumps
· A) Buccal pump
· B) Opercular pump

A. Buccal Pump
· Is a type of pressure pump
· Starts when fish is opening the mouth and increases size of buccal cavity, creating a vacuum
· Water pours into the mouth (and the spiracle) filling the vacuum (water cannot go through the gill slits (they are closed), so it goes through the spiracle and through the mouth)
· Then fish closes the mouth and raises floor of buccal cavity towards roof of mouth (this pushes open the gill slits)
· Water is then forced over the gills (most of the water gets pushed out, not all)

B. Opercular Pump
· Operculum – bone and associated tissues that cover the gills with one large plate
· Lowering the floor of the buccal cavity, opens the mouth
· Water flows into cavity
· Close mouth and push water over the gills
· Operculum pushed sideways which creates suction and pulls last of the water out 
· More efficient (never have a residual amount of water in mouth, can get all the oxygen out of the water they sucked in)

Ram Ventilation
· Some fish have lost the ability to pump water across the gills
· Must swim constantly or have the current push water over the gills
· Some sharks, tuna, swordfish (open water fish that swim all their lives)

Evolution of Gills
· 1. Reduction in the number of gill arches
· Lampreys have 8, Sharks have 5 = (4+1) (4 holobranch, 1 demibranch), teleost have 4
· 2. Interbranchial septum is reduced (allows for more surface area, can have respiration on both sides of the gill rays)
· 3. Gill rays become divided into two elements to support the gills’ additional surface area (twice as many gill rays to help support the tissue)
· 4. Development of operculum pump that increases flow of water over the gills
· 5. Spiracle is lost (opercular pump does not function with a spiracle)
Adaptations to Increase Gas Exchange
· In some fish:
· 1. Buccal cavity is highly vascularized (blood vessels inside the buccal cavity)
· Electric eel (ex. Can respire through mouth and gills)
· 2. Skin highly vascularized (cutaneous respiration)
· Smaller fish with more surface area
· 3. Diverticulum (pouch) off pharynx, esophagus or stomach
· May act as a receptacle for gas exchange
· AO (air filled organ)

How did the air organ evolve?
· Formation of diverticula is a common mutation in vertebrates
· Diverticulum associated with gills may have occurred when a gill slit failed to form an external opening
· Could be able to hold air
· Vascular tissue present, so potential for gas exchange

Air Filled Organs
· Early Osteichthyes used diverticulum to assist in buoyancy (no vascular tissue, so function was mainly with buoyancy)
· Diverticulum evolution coupled with change to caudal and pectoral fins in increased mobility
· Some fish under selective pressure to use diverticulum as a source of oxygen
· (Some fish would eventually have formed a structure called a lung)
· (Most diverticulum are dorsal to the digestive system, high in the body cavity)

Diverticulum to Lung (2 theories)
1. Low oxygen water theory 
· (Evolved in fish living in water that was warmer, had lower oxygen content or temporary/seasonal pools) 
· (Vegetation growing in water, lots of organic matter in pools -> decreasing oxygen levels) 
· (Mutation that allows for gulping of air into an structure to be able to do gas exchange would be an advantage)
2. No coronary artery theory 
· Colleen Farmer – 1997 
· Active/bigger fish need more O2 to heart 
· (Mutation to an efferent branchial artery to go to the diverticulum, the blood vessels could pick up oxygen and bring it back to the heart)

Characteristics of Osteichthyes gas bladder or lung
· Crossopterygii (lobe-finned fish)
· Most early forms had lungs
· Modern forms have lungs as embryo, but greatly reduced and non-functional in adults
· Latimeria – gas bladder (fatty organ) arising from esophagus
· (Walls of this organ are ossified (very rigid), does not contract easily, does not contain air)
· Large amounts of oils/fat associated with gas bladder function in buoyancy 
· Dipnoi (lungfish)
· Early and modern forms have lungs
· Lungs are highly divided into many little chambers
· Air pushed into lungs by closing of mouth or diving
· Air expelled by opening pharynx (basically burp air out)
· Same physical action used to vent water over the gills with the buccal pump
· Probably similar system to vent lungs as the first tetrapods
· Lung evolved into a gas bladder in most Actinopterygii
· Actinopterygii – rayfinned fishes (Holostei and Chondrostei)
· Early forms had lung-like structures
· Modern forms have gas bladder (off esophagus)
· Functions as a hydrostatic organ (buoyancy)
· Gas bladder most often attached to esophagus by dorsal pneumatic duct
· Gar gas bladder (different from fishes in the group, no pneumatic duct and had a slit that opens from pharynx into gas bladder) (pulmonary artery did go to it)

Attachment of gas bladder
· 1. Joined to esophagus by pneumatic duct
· Open pneumatic duct to release gas
· 2. No connection to esophagus (in most teleosts)
· (Mutations through evolutionary time, lost connection between digestive system and gas bladder)
· Gas added and removed via the circulatory system
· At anterior end of the gas bladder there is the Red body – folded epithelium (made up of capillary beds) 
· (Red body made of gas gland and a network of capillaries (arteries and veins)
· Rete mirabile – thousands of afferent and efferent blood vessels counter current arrangement, associated with the Red body 
· (If oxygen levels are low, area surrounding red body will release lactic acid)
· (Lactic acid causes hemoglobin to lose affinity for oxygen, causing oxygen levels to increase in that area)
· (When oxygen concentration in Red body is higher than in the gas bladder, oxygen diffuses from Red body into the gas bladder)
· (Moves in by the process of diffusion)
· Removed gas absorbed by oval body (highly vascularized area)
· (Oval body is at the posterior, works in reverse, removes gas via capillary beds through gas bladder by oval body)
· (Under control of the nervous system)
· Counter current arrangement
· (Advantage of system: don’t need to come to surface and gulp air, can be anywhere within the water column; no longer restricted to the top layer of waters)

Evolution of the lung 
· Important for the vertebrates to make the transition from living in water to living on land. 
· Allowed for fish that had the capabilities of using atmospheric oxygen to leave the water and move away from having just gills for respiration
· Opens up new habitats (can live in low oxygen water or shallow water)

Evolution of Fins (Review)
· 1. Fin fold theory
· Lateral fold along the length of the body (Anaspida)
· Fold provided some stability
· Over time, mutations happened and some areas of fold were lost, others were enhanced to form the fins we see today
· 2. Fin Spine Theory
· Early fish (Acanthodii) had 2 or more ventral lateral spines
· Had spines (for support) and a fleshy web of tissue (increased surface area)
· 3. Gill Arch Theory
· Interest renewed due to molecular evidence
· Same molecules and pathways involved in gill and fin/limb growth
· (The evolution of paired fins was largely influenced by selective pressures related to their role in locomotion)
· (Mutations selected for based on the ability to increase the ability for fish to move)

Paired Fins
· Placoderms
· Fin was supported by dermal plates, some species had internal cartilaginous skeleton 
· Chondrichthyes
· Axial (run the length of the fin) or basal elements with parallel or radiating radials (come off the basal elements)
· Actinopterygii (ray-finned fish)
· Internal skeleton associated with fin
· Radials close to body and fin rays in tissue of fin made the fin very flexible 
· Sarcopterygii (ex. Lungfish)
· Similar to fossil sharks (internal skeleton)
· Central row of axials – center of fish
· Radials on both sides of the central row of axials
· Crossopterygii (coelacanth)
· Fin bones arrangement similar to early tetrapods ( Ichthyostegids) limbs
· Proposed that they have bones homologous to humerus, radius, ulna 

Paired Fins and Limbs
· Homology between Crossopterygii and Ichthyostegids limb not due to direct evolution of limb, but to a common pattern of development 
· (A lot of bones came from splitting of the ulna during development, more from the ulna than from the radius) (All bones that make up the fingers/digits are derivatives of the ulna)

Fin to Limb
· 1. Formation of the stylopod (upper bone: humerus or femur) and zeugopod (two bones following: (ulna/radius), (tibia/fibula)) (in Sarcopterygii)
· 2. Formation of autopod region (wrist/hand/digits bones) (in Sarcopterygian)
· 3. Mutations that determine the number of bones and digits in the hand/foot (in Sarcopterygian)
· 4. Loss of fin ray (not until the tetrapods)

· Sarcopterygian fish share some characteristics with early tetrapods
· Earlier tetrapods are more fish like than once thought 
· (the tetrapods still had afferent branchial arteries and functional operculums)
Why did the first limbs evolve?
· Some environments had fluctuating water levels and decreasing oxygen supply
· Selection pressure favoured the evolution of lungs and limbs
· (To be able to push self above the water and gulp air in, required more structural limbs to be steady and bare the weight)
· Limbs evolved from fins with axial skeleton (bigger bones that were down the middle to support the actual structure of the fin)
· Fin rays allowed the fins to be flexible
· Axial skeleton gave support
· Theory: (changing fin to a structure that can support weight out of water would be advantageous towards movement from temporary small pools of water to larger pools and survive as temporary pools started to dry up)

Selective Pressures that Favoured Limbs
· 1. Exploit unoccupied habitats
· 2. Exploit abundant food in shallow water (small fish and invertebrates)
· 3. Escape from unfavourable environments (ex. Climbing perch)
· 4. Avoidance of predators in shallow water
· 5. Improve locomotion; use pectoral fins as anchor point to undulates forward
· 6. Improve locomotion; acts as a strut to prevent body from tipping on side 

During Ordivician and Silurian
· There were extensive shallow seas
· Inside the seas there were: Ostracoderms, Placoderms, Chondricthyes, Acanthodii
· Osteichthyes (Devonian) – a radiation causes a huge diversification of the bony fish

Tetrapods
· First skeletal evidence of tetrapods appears in early Devonian
· Continental land masses were moving closer together
· Fewer epicontinental seas (fewer habitats for fish)
· Eventually two large land masses arose, Laurasia and Gondwanaland, and were separated by the Tethys Sea 
· Still have big land masses near the equator, tropical to subtropical climates, continents have lots of vegetation (mosses, early vascular plants) 
· Land masses getting more complex in terms of living organisms, by the time vertebrates moved to land there was vegetation there
· Carboniferous Time
· Pangea present throughout the Permian and the Triassic
· Around for 160 million years
· Pangea covered 36% of earth’s surface (now ~31% of surface is covered by land masses, so Pangea covered more land than now)
· Few epicontinental seas
· Pangea colonized by vertebrates
· Devonian Time
· Large horsetails and giant club mosses (early vascular plants)
· First fossil seeds appeared late Devonian (vegetation is getting very complex)
· Carboniferous Time
· Increased diversity of terrestrial invertebrates and plants
· Invertebrates: some specialized as herbivores and some as predators (millipedes, arachnids, cockroaches, dragonflies, scorpions)
· Land offered novel foods and habitats
· Higher oxygen levels
· (Advantageous to utilize atmospheric oxygen, and to move from the declining epicontinental seas to the terrestrial habitats that were well populated with different foods for tetrapods to eat)

Class Amphibia
· Early tetrapods – “Labyrinthodontia”
· 1. “Stem tetrapods” or Labyrinthodontia
· Acanthostega & Ichthyostega (most famous ones)
· 2. Batracomorpha
· Lepospondyli &  Temnospondyli
· 3. Reptiliomorpha (group that reptiles will evolve from)
· 4. Lissamphibia (modern amphibians and their ancestors)

Origins of Tetrapods
· Sarcopterygii (lobe-finned fish)
· 1. Osteolepiformes
· 2. Elpistostegidae (Pandrichthyes)
· Tiktaalik rosaea

1. Osteolepiformes (sister group to the tetrapods)
· “The gap between fishes and tetrapods has been narrowed”
· Cylindrical body (important for streamlining when moving through the water)
· Thick scales (bad for streamlining, but good for protection from abrasion)
· Variable tail shapes (tells us that these fish were living in different types of habitats, no one tail shape for all of them)
· Paired crescent shaped vertebrae (support is needed as fish move to shallow waters)
· Very similar to earliest tetrapods
· Ribs project dorsally from vertebrae 
· (Good for muscle attachment, but do not protect organs well) 
· (Means fish did not drag body along the ground because no protection)
· Labyrinthodont teeth (all the first tetrapods have these type of teeth)
· Long snout and teeth -> believed that they stalked or ambushed prey 
· Similar behavior to extant frogfish
· Capable of walking and doing a slow gallop

2. Elpistostegidae
· Resemble the early tetrapods
· No dorsal fin (preventing roll and stabilizing the body is not as important for them)
· Reduced tail (used other things for primary source of locomotion)
· Relatively large fish > 1m long
· Long snout (would snap at prey rather than use buccal pump to suck in)
· Dorsally flattened with eyes on top of head (would stay just below the surface of water with only eyes above water to look for prey)
· Lungs -> Front pectoral fins used to prop up body in order to gulp air
· Elpistostegidae and tetrapods have:
· 1. Fin/limb skeleton similar (arrangement of bones is very similar)
· 2. Bones of skull in similar positions
· Frontal bones distinct (shows the dimensions of the skull are changing, proportions of the head are changing as transitions from sub-aerial to terrestrial occur)
· 3. Lungs
· 4. Ribs project ventrally (gives some protection (more than if projected dorsally) and sites for muscle attachment)
· 5. Labyrinthodont teeth
· Complex folded tooth (increases surface area for attachment and makes it stronger)

Tiktaalik rosaea
· Ancestral characteristics
· 1. Have body scales 
· 2. Have fin rays within fins
· 3. Lower jaw and palate are the same as in fish
· 4. Well developed gills
· 5. Pelvic girdle has only ilium and pubis bones
· 6. Pelvic girdle not attached to vertebral column (no bone to bone contact, only muscle from pelvic girdle to vertebral column)
· Derived characteristics (not normally found in fish but present in Tiktaalik)
· 1. Flattened skull with eyes on the dorsal side; very long snout
· For snapping, not sucking in prey
· 2. Wide spiracular notch
· Assisted in air breathing (tells us they were probably breathing in air a lot of the time)
· 3. Loss of opercular, subopercular, and extrascapular (bones associated with pectoral girdle and head)
· Have a mobile neck
· 4. No dorsal fin (used pectoral fins to anchor and did not worry about rolling)
· 5. Pectoral girdle and fin capable of complex movements and could support body weight (had functional wrist/ankles and digits with joints)
· 6. Pelvic girdle is as large as pectoral girdles
· Pelvic and pectoral fin same size (both working equal amount)
· 7. Ilium is elongated up towards the vertebral column
· 8. Overlapping ribs with uncinate process (overlapping ribs give a lot of strength to the body cavity)
· 9. Bony connections between vertebrae (locking them together)

New fossil tetrapods tracks (Nature 2010)
· 18 million years before first skeletal fossil of a tetrapod
· 10 million years before epistostegalian fishes 
· 0.5-2.5 m long (fairly big animal)
· Marine environment, not freshwater/stream/forest habitat (very different from first hypotheses of where tetrapods first arose)
Tetrapod Groups
1. Stem Tetrapods
· Paraphyletic assemblage of Late Devonian genera
· (Two major genera recognized)
· Acanthostega
· Ichthyostega

Acanthostega
· Mainly aquatic – had both gills plus lungs 
· Head designed to bite not sucking in prey (more snapping type prey capture)
· Forelimb is more fin-like than Ichthyostega (more designed for aquatic lifestyle)
· Small articulation surface on vertebrae (not spending a lot of time supporting own body weight on land)
· Neural arches weakly ossified (don’t need the strength for muscle attachment)
· Ribs short and straight (internal organs not protected very well)

Ichthyostega
· Skeleton had basic structural features of terrestrials vertebrates (bodies were designed for terrestrial locomotion)
· Structure of the body looked like “Suspension bridge” type of support
· (Pectoral girdle/front leg and pelvic girdle/hind leg taking weight from skeleton down to the ground)
· (In between two girdles, weight of the body hangs like a suspension bridge, head is also heavy and hangs to the ground, tail is also pulled down)
· Vertebral column must resist collapsing when out of water
· Girdles and limbs must be firmly attached to the vertebral column to get weight down to the ground
· Osteolepiformes – 2 sets of bones form centrum (intercentrum and pleurocentrum) (centrum is not one solid element, made of many bones)
· Ichthyostega – similar but articulation between neural arches transfers force to adjacent vertebrae
· Counters twisting movement of spinal column when moving on land
· Broad overlap of the ribs (gives a much more rigid body)
· Large interclavicle braces ventral muscles for pectoral girdle
· Forelimb bent at elbow (bent permanently, forelimbs more as props than for articulation)
· Pelvic girdle – bony plates in fish enlarged to form a skid-like structure attached to vertebral column by sacral rib

Stem Tetrapods
· Combination of fish-like and terrestrial characterics
· Fish-like characteristics:
· 1. Groove in ceratobranchial indicates afferent branchial arteries in gills 
· 2. Flange on cleithrum (part of pectoral girdle) that supports the posterior wall of operculum (means they still need to use operculum)
· 3. Sensory canals of lateral line embedded in dermal bone of skull (same pattern as Sarcopterygii, tells us they spend a significant amount of time in the water)
· 4. Caudal fins broaden dorsally/ventrally -> means they were aquatic
· 5. Opercular bone lost, but pre-opercular bone present
· Terrestrial characteristics:
· 1. Scales – V-shaped rows of ventral armour across abdomen (makes under-belly less susceptible to rips/tears as they moved along the land)
· 2. Bent forelimb used as a prop (to help support when they come out of water)
· 3. Pelvic limbs used as paddles or for steering
· Capable of locomotion on land
· Well developed limbs etc.
· Why did they retain their gills which can only function in water?
· Living amphibious fish have retained their gills
· Excrete CO2 and nitrogenous wastes

Origin of Tetrapods
· Origins of tetrapods and that of terrestrial lifestyle must have been two separate events
· Late Devonian to early Carboniferous- stem tetrapods into 2 lineages (clades)
· Batrachomorpha
· Reptilomorpha

2. Batrachomorpha
· Had a broad flat skull
· More aquatic than anthracosaurs
· Includes Temnospondyls – the largest and longest lasting groups of primitive non-amniote tetrapods
· Living amphibians are derived from this group (Temnospondyls)

3. Reptilomorpha
· Diverse array of animals (diverse group of body shapes)
· Domed shaped skulls (skull is higher…)
· Anthracosaurs are the predominant group in reptilomorpha
· Largely terrestrial
· Ancestors of amniotes appear in late Carboniferous

4. Lissamphibia
· Amphibia 
· Modern species (body shape…)
· 1. Urodela – tailed amphibians – salamanders, mudpuppy
· 2. Anura – tailless amphibians – frogs and toads (primarily as adults will hop)
· 3. Gymnophionans – legless amphibians - caecilians
First Vertebrates on Land
· Advantages
· New food sources and virtually competitor/competition free
· Disadvantages
· 1. Respiration
· 2. Gravity
· 3. Dessication

1. Respiration
· Lung used to acquire oxygen from air
· Crossopterygii and Dipnoi
· Tetrapod lung greatly increased in complexity especially when associated with endothermy 
· Problem:
· How do you get the air into the lungs? (Must devise a mechanism to get air into the lungs)
How do you get the air into the lung?
· 1. Limbs to assist in raising the body off the ground (to expand the body cavity)
· 2. Long stout ribs for muscle attachment
· Contraction and relaxation of muscles changes volume of thoracic cavity (costal pump)
· 3. Head becomes flatter and broader
· Possibly related to development of stronger buccal pump (able to push air back more with stronger pump)
· 4. Cutaneous respiration (allow gas exchange through the skin) 

2. Gravity
· Fish body supported by water (don’t need to worry about gravity in water)
· Need strong support fore and aft to prevent buckling of the body
· On land gravity pulls the body down 
· Puts all weight on the ventral surface of the animal
· Spine must support limbs and resist bending in some places and have increased mobility in other places
· Requirements on land are:
· 1. Vertebrae need to have a firm centrum
· 2. Intervertebral joints (joint between vertebrae) that could move or resist motion (flexibility in some places and none in others)
· 3. Vertebral column and girdles closely associated
· Pectoral and pelvic girdles:
· Are getting larger and stronger as we get from fish to tetrapods
· For fish
· Girdles do not support the body; act as pivot or anchor points (…)
· Pelvic girdle is not attached to vertebral column
· For Amphibians
· Appendages are attached to girdles
· Pelvic girdles and limbs attached to vertebral column
· Pectoral girdle acts as a sling
· Pectoral girdle fused to sternum in later tetrapods and all modern amphibians
· Orientation of the limbs (limbs come out at right angles)
· Reduces contact with ground
· Head movement
· Osteichthyes:
· Pectoral girdle attached indirectly to vertebral column by muscles and head attached to pectoral girdle =>head and body move as one unit (whole body must be rotated to look in one direction)
· Articular surface at back of skull is a single flattened surface (back of skull is flat, and back of first vertebrae is also flat, and all vertebrae are flat)(vertebrae/skull do not need to lock together because gravity is not pulling down in water)
· Tetrapods:
· Occipital condyle divided into a rounded pair: one articular surface on each side (ball and socket type joint)
· Allows the head to move up and down independently of the body
· For fish:  simple discs or rings to the shape of its vertebrae
· Interlocking vertebrae (through neural arches or centrum locking together)
· More efficient transfer of weight from one part of animal to the other
· Maintain flexibility
· Enhance strength
· (This part comes at the end of lecture 27) following 2 points 
· Stronger centra + processes (that interlocked adjacent vertebrae) => flexibility and prevented twisted of the vertebral column
· Adaptation of girdles and vertebral column, amphibians were able to lift their bodies and use their limbs to move about in new terrestrial environment

3. Desiccation (this is part of lec 28)
· Moisture can be lost from lungs and skin (lungs must be moist in order to work)
· Adaptations to help with osmoregulation:
· 1. Can tolerate relatively high concentrations of salt in tissues
· 2 times normal levels
· 2. Behavioral adaptations – moisture/shade seeking
· 3. Permeable skin (Can absorb water but can also lose water)
· Restrictions to reproduction
· Water needed to reproduce
· Lay eggs in moist environments (directly in water, or damp areas)

Structure of Vertebrae
· Centrum – principle component that makes up the vertebrae
· Located below the spinal cord (neural canal)
· Can consist of one or two elements (depending on the group)
· If two – intercentrum and pleurocentrum 
· If one – it may be the intercentrum (some extinct tetrapods), OR the pleurocentrum (amniotes, birds)

Evolution of Vertebrae Structure
· Sarcopterygians, Elpistostegidae and some stem tetrapods
· 2 sets of ossifications in centra region
· Posterior end below neural arch = pleurocentra
· Anterior end below notochord = intercentrum
· This type of centra in Ichthyostega and other early tetrapods
· Later “Labyrinthodonts”
· Trend toward expansion of either:
· 1. The pleurocentrum
· 2. The interceutrum
· (As one element becomes bigger/more dominant at the expense of the other, the centrum becomes more solid and stronger) (Doesn’t matter which one is lost, as long as there is reduction in one and enlargement in other)
· Stem reptiles and modern reptiles, birds and mammals
· Enlargement of pleurocentrum
· Eventual loss of the intercentrum (in most vertebrae)
· Three conditions evolved
· 1. Intercentrum develops – extinct line
· 2. Intercentrum and pleurocentrum develop -> two equal centra formed – extinct line
· 3. Pleurocentrum expanded and fused to form a complete ring – present in amniotes, reptiles, birds and mammals
· Lissamphibia
· No clear story of how their centrum formed
· Centrum – no evidence of intercentrum or pleurocentrum
· No cartilaginous preformation

Structure of Vertebrae
· Adjacent vertebrae articulate through their centra
· Some may also articulate by processes coming off the neural arches
· Zygapophyses (give strength, allow rotation in some directions and no rotation in other directions)(prevents movement in unwanted directions) 

Types of Centra Articulation
· Shape of the articulatory surfaces at the end of the centra are important both functionally and evolutionary
· 5 conditions:
· 1. Amphicoelus – both anterior and posterior surfaces are concave (in fish)
· Limited motion in any direction
· 2, Procoelus – centra concave anteriorly and convex posteriorly (in frog)
· (Ball and socket type joint, vertebrate can lock through shape of centrum)
· 3. Opisthocoelus – centra concave posteriorly and convex anteriorly (in turtle)
· Procelus and opisthocoelus permit motion in any direction and resist dislocation
· 4. Acoelus – centra has flat ends
· Withstand compression and limit motion front to back
· 5. Heterocoelus – saddle shaped ends (in birds)
· Allow vertical and lateral flexing
· Prevents rotation around the axis of the spine
· Non-amniotic Tetrapods
· Opisthocoelus
· Procoelus
· Amphicoelus

Tetrapods and their Adaptations (in lecture 28)
· 1. Terrestrial -> streamlining not as important as in fish
· 2. Neck advantageous – improves feedings and vision without reducing streamlining (can move head to look for prey and avoid predation)
· 3. Loss of median fins; paired fins are converted to limbs
· 4. Stronger limbs, firmer attachment to girdles, increased strength to vertebral column
· 5. Gill are lost, become more complex lungs and pulmonary circulation develops
· 6. Increased keratinization of the skin (keratin deposited in the cells that make up the epidermis, protects against abrasion and desiccation)
Amniotes
· Classification used to be based upon temporal fenestra
· Lyson et al.  Biological Letters 2012
· MicroRNA
· Turtles + lepidosaurs
· All miRNA found in diapsids are found in turtles
· 4 unique miRNA found in only turtles and lepidosaurs
· Cotylosauria – Amniotia + Diadectomorphs (the next biggest group after reptilomorpha)
· Amniotia splits into:
· 1. Synapsida (mammals and mammals-like reptiles)
· 2. Sauropsida (reptiles and birds) (leads to modern day reptiles and birds)

2. Sauropsida
· A. Parareptiles – contains many lineages that are not related to modern amniotes
· B. Eureptiles (true reptiles) – other reptiles and birds

B. Eureptiles
· i. Lepidosauromorpha (lizards, snakes, turtles) 
· Tend to shed their skin as one big piece
· ii. Archosauromorpha (crocodiles, dinosaurs and birds; “ruling reptiles”) 
· Tend to shed their skin in many pieces, have a muscular gizzard

Adaptations in Amniotes
· 1. Modifications to the skull
· 2. Modifications to the cranio-vertebral joint
· 3. Modifications to the limbs and girdles
· 4. Evolution of scales
· 5. Amniotic egg

1. Evolution of the Skull
· Amniotes – changes in jaw muscle attachment to the skull
· Stronger and more efficient 
· Several linages developed openings in the dermal skull roof (temporal fenestra)
· Muscles exit the skull and can attach to outer surface of cranium (can get big jaw muscles and big brains)
· Evolved independently several times

2. Cranio-vertebral Joint
· Head movement
· Fish – amphicoelus; cranial vertebral joint has little mobility (head of body attached to pectoral girdle, must turn whole body to move head - for all fish except tiktaalik)
· Amphibians have convex pair of occipital condyles which insert into concave vertebrae (atlas)
· Allows up and down head movement
· Amniotes have increased flexibility and movement 
· Atlas and axis + other modifications of cranio-vertebral joint
· Cranio-vertebral joint is really a joint between two vertebrae
· Proatlas (pra) – modified vertebrae
· Is a neural arch reduced in size
· Partly fused to skull
· Atlas and Axis
· Atlas – neural arch and intercentrum of vertebrae 1
· Higher vertebrates – the only place the intercentrum occurs
· Axis – pleurocentrum 1 + neural arch from 2 and pleurocentrum from 2
· Odontoid process = pleurocentrum 1
· Higher vertebrates (birds, reptiles and mammmals)
· Interlocking elements in skull, atlas, axis joint
· Strength
· Maintain flexibility and rotation of the skull
· Advantages:
· 1. Increased feeding opportunities (and avoid predation)
· 2. Repositioning head improves the use of sensory organs 

3. Girdles and Limbs
· Stem reptiles – similar to non-amniotic tetrapods
· Short legs
· Proximal elements of limbs at right angles to body
· Movement by thrusts of limbs and body undulations 
· Amniotes evolved appendicular skeletons more suitable for terrestrial environments 
· Reduction in the number of bones in pectoral girdle (reduction of bones means fewer suture lines = improves stability of structure and makes it stronger)
· With the pelvic girdle, improved anchorage of the hind limbs
· Trend – more vertebrae attached to pelvic girdle
· All tetrapods have 3 bones in pelvic girdle (number of bones remains constant)
· Ilium and pubis elongate and directed downward
· Greater leverage for muscles and greater range of movement
· Limbs moved directly beneath the body (a much better way to support the weight)
· More efficient support and locomotion
· Therapsids (ancestor to mammals)
· Archosaurs (dinosaurs, ancestors of birds)
· In advanced amniotes, the elbows rotate backwards and knees forward
· Feet now all point forward
· Faster, more efficient locomotion
· In modern reptiles (snakes excluded) locomotion very similar to early amniotic tetrapods

4. Scales
· Keratinized scales increased amniotic tetrapods ability to live in terrestrial environments
· Generalized Skin of Vertebrates
· Has two principle layers
· 1. Epidermis – superficial; stratified into several layers; derived from ectoderm of embryo
· 2. Dermis – deeper; derived from mesoderm
· 1. Epidermis
· Stratum germinativum – living inner layer (makes new cells and pushes older cells to outside of body)
· Stratum corneum – dead outer layer of cells filled with a protein called keratin
· (Gives the protection that is needed if to be on land)
· Fish Skin
· Epidermis 
· Dermis – acellular ‘bony scales’ embedded in this layer
· Derived from bony plates of ostracoderms
· Amphibian Skin
· Lacks bony plates
· Epidermis is very thin
· Stratum corneum is very thin, with little keratin (important for cutaneous respiration, need thin layers for gas exchange)
· Mucus gland (prevents desiccation)
· Moisture 
· Reptile Skin
· Epidermis forms a complete body covering of keratinized scales
· Epidermis consists of stratum germinativum and outer stratum corneum (very thick)
· Molting:
· Several times per year the epidermis is replaced by molting
· 1. Stratum germativum proliferates to form a new set of inner epidermal layers
· 2. Outer epidermal layer separates at the separation zone
· 3. Outer skin is shed
· 4. Upper cells die, dry out and form new scales
· Formation of Scales
· Scales formed by folds in the integument
· Each bump consists of epidermis and underlying dermis = papilla
· Papilla have differential growth (cells on anterior surface grows faster than cells on posterior inner surface)
· Stratum corneum becomes thicker
· One scale overlaps the next
· Function of Scales
· 1. Thick layers of keratin reduce water loss
· Less dependent on moisture in environment 
· 2. Protection from abrasion

5. Amniotic Egg
· Cotylosauria – Amniotia + Diadectomorphs
· Different from the non-amniotic egg by having several special extra-embryonic membranes
· Allows development independent of water
· *As significant as jaws to the evolution of vertebrates
· Structure of the Egg
· Reptiles have a telolecithal egg
· Large amount of yolk, that is unevenly distributed
· Small amount of protoplasm in germinal disc
· Cleavage only occurs in germinal disc (meroblastic cleavage)
· Development of the Egg
· Periphery of disc spreads out over yolk
· Eventually covers entire yolk
· Is then called yolk sac (all vertebrates have a yolk sac, its the other membranes that are different)
· Yolk sac is infiltrated by blood vessels
· Nutrients from yolk to the embryo
· Other extra-embryonic membranes expand up over the embryo to form coelom between the two layers 
· Extra-embryonic Membranes
· 4 membranes
· 1. Yolk sac
· 2. Amnion – Envelopes the embryo
· 3. Chorion – Outer membrane 
· 4. Allantois (important in getting rid of nitrogenous wastes)
· Cavities are fluid filled (amnion and chorion)
· Embryo attached to yolk sac by umbilical cord
· Advantages of the Layers
· 1. Provides the embryo with a fluid medium for development
· Embryo floats – no compression from gravity (gravity pulls down on embryo and flattens embryo on one side BAD)
· 2. Protects the embryo from desiccation
· 3. Fluid is a shock absorber
· Even pressure on all sides of the embryo
· Problems for the Embryo
· 1. Isolates the embryo from the environment
· Chorion and amnion prevent embryo from being near surface – no access to atmospheric gases (oxygen)
· Problems with gas exchange (O2 in and CO2 out)
· 2. No means of disposing of nitrogenous wastes
· Allantois
· Function is storage of wastes
· Develops from hind gut of the embryo
· Forms the allantoic sac
· Expands very rapidly to fuse with chorion
· Develops blood vessels on the surface of the egg which are connected to the umbilical cord
· Also the respiratory organ for the embryo (where gas exchange happens, birds – porous shell)

Success of Amniotic Tetrapods
· 1. Amniotic eggs ended the dependence on water for reproduction
· 2. Keratinized epidermis
· 3. Better jaw muscle operation (jaw muscle attachment)
· 4. Better modes of locomotion
· 5. Changes to head articulation
· Amniotes have been the dominant vertebrate life form on land since the Mesozoic Era
· Paleozoic ~375 million years
· Mesozoic lasted ~180 million years
· End of the Mesozoic – massive extinctions of reptiles
· Cenozoic Era covers the last 65 million years
· Age of Mammals
· Evolved in the Triassic
· Birds in Jurassic 

Mesozoic
· Pangea started to break up during early Jurassic
· Into Laurasia and Gondwana
· Creates epicontinental seas and oceans 
· Late Jurassic Gondwana splits to form Asia, Africa
· Mesozoic – diversification of vertebrates (creating different habitats, separating different populations leading to speciation)
· Triassic – Dinosaurs, first mammals, sphenodontids, turtles, crocodiles, ancestors of frogs
· Jurassic – birds (Archaeopteryx), lizards, modern amphibians 
· Cretaceous (last period in Mesozoic)
· South America separates from Africa, Antarctica, Australia
· Evolution of snakes, modern types of crocodiles; diversification within the mammals, monotremes, marsupials, placental mammals

Origins of Birds
· Archosauria gave rise to the birds
· Within Archosauria, there are two independent radiations of flying vertebrates
· 1. Pterosauria
· 2. Dinosauria
· Diapsid
· Legs were held close to the body 
· Many were bipedal
· -> Saurischia (have S shaped neck)
· -> Aves 
Pterosaurs
· Abundant from late Triassic to Cretaceous
· From sparrow sized to wing spans of 13 meters (different biology based on size)
· Membrane forms the surface of the wing (stretches from the fingers back to the body)
· Some evidence of feather-like structures on the body (hypothesized to be endothermic)
· Are not precursors to modern birds (separate evolution of flight for birds)
· Wings are formed differently from birds
· 4th digit elongated – supports membrane of wing
· Digits 1, 2, 3 present as claws (very small)
· Birds – remaining digits are fused together
· Tip of wing supported 3rd digit
· 2nd and 4th digit very reduced
· Air foil is made of feathers rather than skin

Origins of Birds
· Thomas Huxley (1860-70)
· “Birds are nothing but glorified reptiles”
· Suggested putting birds into Class Sauropsida
· Traditional systematic
· Put birds in Class Aves and reptiles in Class Reptilia (not connecting the two)

Class Aves (Birds)
· Saurischia dinosaurs
· 1. Sauropodomorpha
· 2. Theropoda
· Birds and all saurischian dinosaurs which are more closely related to birds than to the sauropodomorph dinosaurs

Theropoda
· 1. Large predators – jaws used as weapons
· Ceratosaurs, allosaurs, tyrannosaurs
· 2. Fast moving predators – forelimbs to capture prey
· Ornithomimids
· 3. Fast moving predators – huge claw on hind foot used to attack prey
· Dromeosaurs

· Sinosauropterynx – fringe of hair-like or down-like structures along neck, backbone and flanks
· Closely related to basal coelurosaurs
· Caudipterynx and Protoarchaeopterynx
· Long feathers with central rachis (shaft)
· Possibly interlocking – barbs (for strength)

Archaeopteryx
· Oldest known birds are from the late Jurassic
· More dinosaur-like than living birds
· Relatively small in size, about the size of a crow

Characteristics of Archaeopteryx
· 1. Feathers
· 2. Vertebrae possibly amphicoelus
· 3. Pelvic girdle and hind limb resemble some of the Archosaurians – elongated ilium to pubis (more surface area for muscle attachment, hind limbs are important for being primarily bipedal for locomotion)
· 4. 5 trunk vertebrae fused to form synsacrum
· 5. Forelimb relatively short and rounded
· Wing-like – capable of short flights
· Ended forelimb with 3 clawed digits
· 6. Long tail (instead of a pygostyle)
· Vertebrae formed the central axis with muscle on top of it
· Extant birds – pygostyle (adaptation for flight, lighter)
· 7. Have a furcula; flat and attached to rectangular sternum
· Modern birds have very large sternum
· 8. Have teeth – thecodont

Archaeopteryx
· Bipedal terrestrial cursorial (they ran on two feet)
· Running, flapping to capture prey (helps to run faster)
· Short flights to escape predators
Classification of Birds
· Class Aves
· 1. Subclass Archeornithes – all extinct by end of Jurassic 
· Archaeopteryx
· 2. Subclass Neornithes (living birds)
· 28 extant orders, 157 families, 10,000 species
· Two major radiations happened
· Eocene (mainly water fowl and non-passerine forest dwelling birds)
· Miocene (passerine/song birds)

Characteristics of Birds
· 1. Modified diapsid
· 2. Single occipital condyl
· 3. Lower jaw composed of several elements
· Still have the quadrate –> articular 
· 4. Single ear ossicle (middle ear) – columella
· 5. Uncinate process (helps give strength in the rib cage)
· 6. Ankle joint is between two rows of tarsal bones
· 7. Pubis extends backwards (elongates the pelvic girdle for more muscle attachment)
· (Pubic bones do not attach, makes the cavity bigger, important for females for laying eggs)
· 8. Epidermal scales on legs and feet
· 9. Few glands in skin (some glands (on tail) that are important for waterproofing)
· 10. Respiratory air sacs associated with lungs
· 11. Amniotic egg with shell

Non-Reptilian Bird Characteristics
· 1. High metabolic rate; high body temperature
· Endothermic 
· 2. No wings (not called wings until they are long enough to support weight for flight)
· 3. Large sternum with keel
· 4. Synsacrum
· 5. Pygostyle
· 6. Four chambered heart
· 7. Retained right aortic arch; double circulatory system
· 8. Keratinized bill (loss of teeth, bill was for helping manipulate food and objects)

Integument of Birds
· Skin of reptiles has thick keratinized cuticle
· Birds have thin slightly keratinized skin with feathers
· Only legs and feet have scales

Feathers
· Keratinized outgrowths of the skin
· Functions
· 1. Provide insulation (less heat loss, energy requirements will be lower)
· 2. Provide streamline contouring of the body during flight
· Reduces drag
· 3. Provide large surface area for wings and tail

Structure of Feathers
· 1. Contour Feathers
· Rachis (central shaft running through the feather)
· Calamus (end of the feather, embedded in the follicle)
· Barbs (little filaments coming off the rachis)
· Vane (all the barbs put together on one side of the feather)
· Barbs
· Ramus (central shaft of a barb)
· Barbules (comes off the ramus)
· Barbicels  (comes off the barbules) (for increasing surface area)
· Hamuli (little hooks that locks barbules together)
· Forms a strong flexible web

Development of Feathers
· Feather starts as a dermal papilla (a bump in the skin)
· Depression around papilla deepens to form the feather follicle
· Feather formed only from ectoderm
· Mesoderm extends the length of the shaft
· Nourishes the developing feather
· Shaft lengthens and barbs form along the edge
· Regulated by 2 genes
· Alternating on/off
· Sheath protects developing feather
· When growth complete:
· 1. Mesoderm reabsorbed
· 2. Sheath shed
· 3. Feather unfurls and hardens
Origin of Feathers
· Prum 1999
· Evo-Devo
· 5 stages

Stage 1
· Elongation of feather follicle -> hollow unbranched filament
Stage 2
· Differentiation of tissue to form inner (barb ridges) and outer layer (sheath)
· Inner layer forms a tuft of barbs fused at the base (calamus)
Stage 3
· Tufts of barbs with branched barbules
· Open pennaceous vane with rachis and barbs (pennaceous = flight feather)
Stage 4
· Differentiation of barbules and hamuli (closed pennaceous vane is formed, forms tight rigid structure)
Stage 5
· Specialization of feathers – asymmetrical flight feathers

Flight
· Archaeopteryx – had full plumage and capable of flight
· Feathers evolved earlier in non-flying ancestor
· Feathers were selected for:
· 1. Display (to look more appealing to mates)
· 2. Foraging (can bat insects out of air or have a longer reach)
· 3. Insulation
· Nest
· Young
· Endothermy

Origin of Flight
· Two main theories
· 1. Arboreal Theory
· 2. Cursorial Theory
· 1. Arboreal Theory
· Archaeopteryx were tree climbers (claws used to climb)
· Jumped from branch to branch (their long tail was important for balance)
· Selected against animals that couldn’t jump long distance or break their fall
· Strong selection for gliding and steering
· Gliding led to flapping (forward propulsion)
· 2. Cursorial Theory or Ground Up Theory
· Wings used as insect nets
· Extended forelimbs provided lift
· Then some gliding
· Then forward propulsion, if combined with fast running

Wing Assisted Incline Running (WAIR)
· Tread mill tests on ground based birds
· Flap wings to increase traction on steep inclines and vertical surfaces
· “Spoilers” effect
· Climb cliffs of trees to escape predators
· Increased control during descent

Requirements for Flight
· 1. Upward force to overcome gravity – lift
· 2. Streamline body – reduce drag
· 3. Some means/method of propulsion
· 4. Stabilizers and steering
· 5. Light weight and strong framework
· 6. Efficient method of production and utilization of power

Advantages of Flight
· 1. Improve access to food sources (can get foods that other animals cannot reach, can fly long distance to utilize seasonal food abundance)
· 2. Greater mobility
· 3. Escape from predators
· 4. Exploit refugia for nests 
· 5. Can easily cross barriers
· Migration to exploit seasonal abundance
· 6. Dispersal

Disadvantages of Flight
· 1. Very energy expensive (need efficient respiratory/circulatory system in order to deliver oxygen to the muscles)
· 2. Restricts body size and shape (needs to be as light and streamline as possible)
· 3. Niches filled by mammals can not be occupied by birds (restricts number of niches for birds)
· No birds that prey on large prey 
· Birds are not bulk feeders
· No herbivores (no long special digestive system with microorganisms)
Origin of Mammals
· Mammals evolved from the reptilian lineage of Synapsida  
· (Synapsida includes mammals and their extinct ancestors (the mammal-like reptiles))
· Order Therapsida had basic features of mammals (mammal-like reptiles)
· Therapsids evolved in the Carboniferous
· Therapsids had a marginal existence until the Cenozoic
· First mammals appear at the end of the Triassic

Morphological Trends in Therapsid-Mammalian Line
· Simplification of the skeletal system
· Skull and jaw
· Reduction in number of bones
· Skull is extended backwards (because there were vertebrae that joined to back of skull)
· Limbs and girdles are simplified (fewer bones, fusion of bones, loss of bones)
· Mammals are not radically different from Therapsids
· Most features discussed will be osteological characteristics (bone features)

Features Distinguishing Mammals from Reptiles
· 1. Jaw articulation with skull
· Dentary to squamosal 
· 2. Middle eat bones
· Incus, malleus, stapes
· Tympanic bone
· Surrounds and protects the middle and inner ear
· 3. 2 occipital condyls
· 4. Single external nareal opening
· Nostrils separated by cartilage
· 5. Mammals have a secondary palate
· Extensions of premaxilla, maxilla, sometimes palatine
· Separates nasal cavity from oral cavity
· (Secondary palate evolved because only mammals chew food, mouth and nasal cavity needed to be separated)
· 6. Teeth
· Reptiles – most single cusped pleurodont teeth
· Mammals – complex shape to teeth (heterodont)
· Specializations to acquire and process food
· 7. Post-cranial features
· Marked distinction among types of vertebrae
· Legs are rotated in and under the body
· Rotation of knee and elbow
· 8. Soft Anatomy (features rarely seen in fossil record because they do not fossilize)
· A. Hair – present at some stage in life cycle
· Some aquatic forms only have a few stiff bristles
· Some reptiles – hair-like structures (made of different keratin)
· Some mammals have keratinized scales (armadillo)
· B. External ear openings (pinnae) (mammals are only ones who have outer, inner, and middle ear)
· Fleshy structure that surrounds the external openings of the ear
· C. Mammary glands
· Provide nutritious milk for young
· D. Sweat glands
· Promotes evaporative cooling
· Eliminates some forms of nitrogenous wastes
· Pheromones associated with sweat glands
· Various patterns of distributions (variations from species to species)
· E. Muscular diaphragm – separates thoracic and abdominal cavity
· Helps to ventilate the lungs
· Only in mammals
· Birds – wing muscles pull sternum up and down which expands and contracts the thoracic cavity
· Reptiles – move liver and ribs to expand and collapse the body cavity
· F. Divided ventricle
· G. Most mammals are viviparous
· Embryo receives nutrients through the placenta
· Some oviparous (monotremes)
· H. Endothermic
· Allows homeostasis to maintain body temperature within a narrow range (important for enzymes that have evolved to function efficient in that range)

Origins of Mammals
· Triassic to Cretaceous – great extinction of terrestrial vertebrates
· Many herbivorous Therapsids died out
· Carnivorous Therapsids survived (small body forms)
· These reptiles were acquiring more mammal-like characteristics
· First mammals appear in Triassic
· 2 major radiations of mammals happened:
· 1. Triassic to the Cretaceous 
· Stem mammals
· Docodonts
· Monotremata
· Triconodonts
· Multituberculates
· Spalacotheroids
· Most do not survive to the end of Mesozoic
· 2. Second Radiation => Jurassic (lec 35)
· First true therian mammal with tribosphenic molar
· Marsupial + true placentals
· First monotreme fossil in early Cretaceous deposits
· Separate from other lineages since beginning of Jurassic
Mammalian Teeth
· 1. Most ancestral type
· 3 cusped teeth arranged in a row
· Found in Triconodonta
· Carnivores
· Size – ranges from a mouse to a large cat
· 2. Reversed Triangle
· Found in Holotherians
· Insectivores
· Upper tooth points inward; lower tooth points outward
· Creates large surface area for shearing action (important for breaking through exoskeletons of insects)
· 3. Tribosphenic Molar
· Found in Tribosphenida
· Includes Theria
· New cusp is added (4 in total) – called protocone
· Grinding and puncturing as well as shearing and cutting can now be done
· Results in greater diversity in diet
· 4. Multituberculates (Multis)
· Found from late Jurassic to late Eocene
· “Rodents of the Mesozoic”
· Broad multicusped teeth
· Specialized for grinding

Origin of Mammals
· Three lineages survive the Mesozoic
· 1. Monotremes
· 2. Multituberculates (become extinct)
· 3. Therians
· Extant orders of mammals
· 1. Monotremes (Subclass Prototheria)
· 2. Marsupials (Subclass Metatheria)
· 3. Eutherians
· 5468 species of extant mammals

1- Subclass Prototheria
· Most ancestral of the living mammals
· Oviparous – no placenta
· No pinnae (outer ear) and inner ear is simpler (cochlea is not curved)
· Pectoral girdle has 5 bones (other living mammals have 2 bones)
· Skull – has more bones than Eutheria
· 1 living order – Monotremata
· Echnidnas, platypus
· Mammalian features
· Hair
· Suckle their young
· Endothermic
· Dentary-squamosal articulation 
· Order Monotremata (reproduction)
· Have large ovaries and ova
· Large amount of yolk in egg
· Uterus (egg coated with leathery mineralized shell) => urogenital sinus => cloaca (single opening) (same opening for urinary and reproductive system)
· Platypus – 2 eggs laid into a nest
· Lactate hatchlings
· Echidnas hold the eggs and young in a ‘pouch’
· Eggs hatch and are held in the pouch until stiff hairs start to form
· Suckle young for ~10 months

2- Subclass Theria
· Viviparous – has a placenta
· “Placenta-like” structures in other groups (some fish, some reptiles), but is refined and well adapted in mammals
· Placenta does nutrient transfer, respiratory gases and waste exchange
· Placenta consists of embryonic and maternal tissues
· Have 17 living orders
· 2 infraclasses
· A. Metatheria
· B. Eutheria

A- Metatherians
· Order Marsupialia
· Only living order today
· They have a choriovitelline placenta
· Have a very short gestation period (embryos do not spend much time in uterus)
· Many found in the southern hemisphere
· (Reproduction)
· Ovum has more yolk than Eutherians but a lot less than Monotremes
· Zygote goes to the uterus
· Blastocyst sinks into shallow depression in wall of uterus
· Uterine milk (sustains the embryo until placenta forms)
· Slight wrinkling of surface of chorion and yolk as it abuts the endometrium
· Uterine wall thickens and becomes highly vascularized = endometrium
· Choriovitelline Placenta
· Marsupials – except Family Peramelidae (bandicoots)
· Yolk sac enlarged
· Yolk sac + chorion forms fetal tissues of the placenta
· Short gestation period (about 10 days in opossum)
· Born at a very early stage of development 
· Young crawls to marsupium (pouch) on their own (no help from mom, have developed forelimbs)
· Young attaches to a nipple 
· Nipple swells to firmly attach the young
· Completes development inside marsupium
· (...)

B- Infraclass Eutheria
· Currently 16 living orders within Eutheria
· Have a chorioallantoic placenta
· “Placental “ mammals
· Primary animals of the Northern hemisphere
· Have a long gestation period
· More advanced state of development at birth (because of long gestation period)
· Variability in female reproductive tract 
· Ovum has very little yolk (because egg produced is very small, only needs yolk until the embryo implants into the wall of the uterus)
· Embryo nourished from secretions and fusion with the wall of the uterus 
· Zygote => uterus (wall thickens) => blastocyst implants very deeply into endometrium (embryo sinks in deeply into wall of uterus)
· A very close association between fetal and maternal blood supply
· Chorion extends from the fetal side to form chorionic villi
· Initial nourishment is supplied by breaking down the uterine tissue
· Chorioallantoic Placenta
· In Eutheria, bandicoots
· Yolk sac relatively small
· Chorion + allantois 
· Allantois greatly enlarged 
· Improved design
· Provide nutrients for long periods of time
· Provide large quantities of nutrients 
· Uterus becomes highly vascularized
· Great surface area for rapid exchange of nutrients and gases
· Total length of human chorionic villi = 50km

Lactation and Mammary Glands
· Unique feature to mammals
· Monotremata
· Lack nipples
· Mammary glands resemble modified sweat glands
· 2 mammary gland regions on abdomen
· Secrete milk and the young laps it up
· Eutheria
· Glands are concentrated into specific areas
· 2 ways milk exit the glands
· Nipples
· Numerous ducts that release milk during suckling
· Teats
· One common duct (in cows, deer…)
· Mammary glands are thought to have evolved from sweat glands or scent glands
· Therapisids or early mammals incubated their nest
· Sweat glands may have moistened the nest and young
· Prevents desiccation 
· Nutrient secretion -> increased survival of young 

Advantages of Lactation
· 1. Smooth out feeding pattern (…)
· 2. Young do not need to forage
· Decreased mortality in initial stages
· 3. Female are free to forage
· Can leave young in protected areas

Hair
· Hair like structures in: birds, insects, plant
· True epidermal hair found only in mammals
· Keratinized structure
· Same development of hair as in feathers

Structure of Hair
· 1. Medulla – central core
· Keratinized remnant of cells; may contain a pigment
· Absent in some species (undulates)
· 2. Cortex (around the medulla)
· 3. Cuticle – outer layer
· Smooth or overlap in distinctive patterns 

Keys to Success of Mammals
· 1. Development and enhancement of viviparity (mammary glands, different types of uteri, placentas)
· 2. Development of mammary glands (important to increase survival of young)
· 3. Endothermy (maintain body temperature between a narrow range, allows for optimal functioning)
· 4. Increased locomotion abilities 
· 5. Stronger jaws (changes to the skull)
· 6. Few, strong specialized teeth





