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Colomys goslingi
Malacomys longipes

Otomys irroratus
Otomys angoniensis

Heimyscus fumosus

Mylomys dybowskii

Hybomys univittatus

Hylomyscus stella
Hylomyscus aeta

Mus musculus
Mus setulosus
Mus minutoides
Maxomys whiteheadi

Maxomys alticola
Mastomys natalensis

Oenomys hypoxanthus

Cricetus cricetus
Phodopus campbelli

Phodopus roborovskii

Phodopus sungorus

Cricetulus migratorius

Cricetulus barabensis

Holochilus sciureus
Delomys dorsalis

Irenomys tarsalis
Phyllotis xanthopygus

Oecomys trinitatis
Oligoryzomys flavescens

Oligoryzomys nigripes

Nectomys squamipes

Reithrodon auritus
Akodon cursor
Abrothrix olivaceus

Deltamys kempi
Wilfredomys oenax

Zygodontomys brevicauda

Melanomys caliginosus

Oryzomys megacephalus

Oryzomys talamancae

Oryzomys palustris
Oryzomys couesi

Scapteromys tumidus

Neacomys guianae

Neusticomys venezuelae

Neusticomys monticolus

Anotomys leander

Rheomys raptor
Rheomys mexicanus

Rheomys thomasi

Ichthyomys stolzmanni

Ichthyomys tweedii

Ichthyomys pittieri

Ichthyomys hydrobates

Chibchanomys trichotis

Sigmodon hispidus

Sigmodon leucotis
Sigmodon ochrognathus

Nyctomys sumichrasti

Ototylomys phyllotis

Baiomys musculus

Baiomys taylori
Scotinomys teguina

Scotinomys xerampelinus

Ochrotomys nuttalli

Podomys floridanus

Peromyscus melanotis

Peromyscus truei
Peromyscus californicus

Peromyscus pectoralis

Peromyscus melanophrys

Peromyscus mexicanus

Peromyscus attwateri

Peromyscus boylii

Peromyscus aztecus

Peromyscus levipes

Peromyscus polionotus

Peromyscus maniculatus

Peromyscus leucopus

Peromyscus eremicus

Peromyscus crinitus

Onychomys leucogaster

Onychomys torridus

Reithrodontomys gracilis

Reithrodontomys mexicanus

Reithrodontomys fulvescens

Reithrodontomys megalotis

Reithrodontomys humulis

Reithrodontomys montanus

Xenomys nelsoni
Neotoma phenax

Neotoma lepida
Neotoma mexicana

Neotoma stephensi

Neotoma micropus

Neotoma albigula
Neotoma floridana

Neotoma cinerea
Neotoma fuscipes

Delanymys brooksi

Spalax ehrenbergi

Spalax microphthalmus

Eliurus webbi
Lophiomys imhausi

Malacothrix typica
Deomys ferrugineus

Steatomys pratensis

Dendromus mesomelas

Dendromus mystacalis

Beamys hindei
Cricetomys emini
Saccostomus campestris

Saccostomus mearnsi

Mystromys albicaudatus

Castor canadensis

Perognathus merriami

Perognathus inornatus

Perognathus parvus

Perognathus flavescens

Perognathus flavus

Perognathus alticolus

Chaetodipus nelsoni

Chaetodipus penicillatus

Chaetodipus pernix

Chaetodipus fallax

Chaetodipus californicus

Chaetodipus baileyi

Chaetodipus hispidus

Dipodomys ordii
Dipodomys ingens

Dipodomys californicus

Dipodomys panamintinus

Dipodomys heermanni

Dipodomys venustus

Dipodomys microps

Dipodomys phillipsii

Dipodomys elator
Dipodomys nitratoides

Dipodomys deserti

Dipodomys spectabilis

Dipodomys nelsoni

Microdipodops megacephalus

Microdipodops pallidus

Thomomys bottae
Thomomys townsendii

Thomomys bulbivorus

Thomomys mazama

Thomomys talpoides

Geomys personatus

Geomys bursarius
Cratogeomys neglectus

Cratogeomys tylorhinus

Cratogeomys castanops

Heteromys desmarestianus

Heteromys oresterus

Liomys adspersus
Liomys salvini
Liomys pictus
Heteromys anomalus

Octodon degus
Ctenodactylus vali

Pectinator spekei
Massoutiera mzabi

Felovia vae
Ctenomys mendocinus

Ctenomys talarum
Ctenomys torquatus

Heterocephalus glaber

Heliophobius argenteocinereus

Cryptomys zechi
Cryptomys damarensis

Cryptomys mechowi

Cryptomys hottentotus

Georychus capensis

Bathyergus suillus
Bathyergus janetta

Dolichotis patagonum

Cavia aperea
Microcavia australis

Lagostomus maximus

Chinchilla lanigera
Sphiggurus mexicanus

Coendou prehensilis

Coendou rothschildi

Erethizon dorsatum

Cuniculus paca
Trichys fasciculata
Hystrix brachyura
Hystrix africaeaustralis

Hystrix cristata
Atherurus africanus

Myoprocta acouchy

Dasyprocta fuliginosa

Dasyprocta punctata

Dasyprocta leporina

Dinomys branickii
Thryonomys swinderianus

Thryonomys gregorianus

Petromus typicus
Hydrochoerus hydrochaeris

Myocastor coypus
Kannabateomys amblyonyx

Dactylomys dactylinus

Dactylomys boliviensis

Mesomys hispidus

Hoplomys gymnurus

Proechimys semispinosus

Makalata didelphoides

Echimys chrysurus
Phyllomys blainvillii

Geocapromys brownii

Spalacopus cyanus

Tympanoctomys barrerae

Aplodontia rufa
Cynomys gunnisoni

Cynomys leucurus

Cynomys parvidens

Cynomys ludovicianus

Marmota monax
Marmota flaviventris

Marmota olympus
Spermophilus washingtoni

Spermophilus tridecemlineatus

Spermophilus columbianus

Spermophilus richardsonii

Spermophilus armatus

Spermophilus beldingi

Spermophilus adocetus

Spermophilus spilosoma

Spermophilus brunneus

Spermophilus townsendii

Spermophilus tereticaudus

Spermophilus mohavensis

Spermophilus annulatus

Spermophilus saturatus

Spermophilus mexicanus

Spermophilus elegans

Spermophilus lateralis

Spermophilus variegatus

Ammospermophilus interpres

Ammospermophilus harrisii

Ammospermophilus leucurus

Ammospermophilus nelsoni

Tamias striatus
Tamias amoenus
Tamias quadrimaculatus

Tamias durangae
Tamias canipes
Tamias bulleri
Tamias rufus
Tamias quadrivittatus

Tamias cinereicollis

Tamias townsendii

Tamias senex
Tamias obscurus
Tamias ruficaudus
Tamias ochrogenys

Tamias speciosus
Tamias minimus
Tamias alpinus
Tamias panamintinus

Myosciurus pumilio

Heliosciurus rufobrachium

Epixerus ebii
Protoxerus stangeri

Funisciurus congicus

Funisciurus isabella

Funisciurus lemniscatus

Funisciurus anerythrus

Funisciurus pyrropus

Funisciurus carruthersi

Paraxerus cepapi
Paraxerus poensis

Spermophilopsis leptodactylus

Atlantoxerus getulus

Xerus rutilus
Xerus inauris
Xerus erythropus

Nannosciurus melanotis

Dremomys everetti

Rhinosciurus laticaudatus

Sundasciurus lowii

Sundasciurus tenuis

Sundasciurus hippurus

Callosciurus prevostii

Callosciurus orestes

Callosciurus notatus

Lariscus insignis
Exilisciurus whiteheadi

Tamiasciurus hudsonicus

Tamiasciurus douglasii

Sciurus niger
Sciurus granatensis

Sciurus variegatoides

Sciurus anomalus
Sciurus igniventris
Sciurus spadiceus
Sciurus griseus
Sciurus alleni
Sciurus colliaei
Sciurus aureogaster

Sciurus aestuans
Sciurus vulgaris
Sciurus yucatanensis

Sciurus nayaritensis

Sciurus deppei
Rheithrosciurus macrotis

Microsciurus flaviventer

Microsciurus alfari

Aeromys thomasi
Eupetaurus cinereus

Pteromys volans
Petaurista petaurista

Petaurista leucogenys

Glaucomys volans
Glaucomys sabrinus

Ratufa bicolor
Ratufa affinis

Sciurillus pusillus
Eliomys melanurus

Eliomys quercinus
Muscardinus avellanarius

Glis glisGraphiurus murinus

Brachylagus idahoensis

Sylvilagus brasiliensis

Sylvilagus aquaticus

Sylvilagus palustris
Sylvilagus cunicularius

Sylvilagus floridanus

Sylvilagus transitionalis

Sylvilagus audubonii

Sylvilagus nuttallii
Sylvilagus bachmani

Poelagus marjorita

Lepus alleni
Lepus callotis
Lepus flavigularis
Lepus californicus
Lepus americanus
Lepus arcticus
Lepus othus
Lepus timidus
Lepus townsendii
Lepus europaeus
Lepus capensis
Lepus saxatilis
Lepus microtis
Oryctolagus cuniculus

Bunolagus monticularis

Romerolagus diazi

Pronolagus crassicaudatus

Pronolagus rupestris

Pronolagus randensis

Ochotona alpina
Ochotona hyperborea

Ochotona collaris
Ochotona princeps
Ochotona rufescens

Ochotona dauurica
Allenopithecus nigroviridis

Cercopithecus diana

Cercopithecus neglectus

Cercopithecus campbelli

Cercopithecus mona

Cercopithecus pogonias

Cercopithecus wolfi

Cercopithecus erythrotis

Cercopithecus cephus

Cercopithecus ascanius

Cercopithecus petaurista

Cercopithecus mitis

Cercopithecus nictitans

Cercopithecus lhoesti

Cercopithecus preussi

Chlorocebus aethiops

Erythrocebus patas

Miopithecus talapoin

Mandrillus leucophaeus

Mandrillus sphinx
Cercocebus agilis
Cercocebus galeritus

Cercocebus torquatus

Papio hamadryas
Theropithecus gelada

Macaca sylvanus
Macaca arctoides
Macaca assamensis

Macaca radiata
Macaca sinica
Macaca cyclopis
Macaca mulatta
Macaca fuscata
Macaca fascicularis

Macaca maura
Macaca nemestrina
Macaca silenus
Colobus angolensis

Colobus guereza
Colobus polykomos

Colobus satanas
Piliocolobus foai
Procolobus verus
Nasalis larvatus

Trachypithecus obscurus

Trachypithecus phayrei

Trachypithecus geei

Trachypithecus pileatus

Trachypithecus cristatus

Semnopithecus entellus

Trachypithecus vetulus

Trachypithecus johnii

Presbytis comata
Presbytis thomasi
Presbytis potenziani

Presbytis rubicunda

Presbytis melalophos

Rhinopithecus bieti

Rhinopithecus roxellana

Gorilla gorilla
Homo sapiens
Pan paniscus
Pan troglodytes
Pongo pygmaeus
Hylobates lar

Hylobates agilis
Hylobates muelleri
Hylobates moloch

Bunopithecus hoolock

Symphalangus syndactylus

Nomascus concolor

Alouatta caraya
Alouatta belzebul
Alouatta pigra
Alouatta palliata

Alouatta guariba
Alouatta seniculus

Ateles belzebuth
Ateles chamek
Ateles geoffroyi
Ateles paniscus
Brachyteles arachnoides

Oreonax flavicauda
Lagothrix lagotricha

Cacajao calvus
Cacajao melanocephalus

Chiropotes albinasus

Chiropotes satanas

Pithecia albicans
Pithecia pithecia
Callicebus moloch
Callicebus cupreus
Callicebus torquatus

Aotus trivirgatus
Callicebus personatus

Cebus albifrons
Cebus capucinus
Cebus olivaceus
Cebus apella
Saimiri vanzolinii

Saimiri oerstedii
Saimiri sciureus

Callimico goeldii
Callithrix pygmaea
Callithrix kuhlii
Callithrix jacchus
Leontopithecus rosalia

Leontopithecus chrysomelas

Saguinus fuscicollis

Saguinus tripartitus
Saguinus midas
Saguinus geoffroyi

Saguinus oedipus
Saguinus imperator

Saguinus labiatus
Saguinus mystax

Tarsius bancanus
Tarsius tarsier
Mirza coquereli
Microcebus murinus

Cheirogaleus major

Cheirogaleus medius

Phaner furcifer
Avahi laniger
Propithecus tattersalli

Propithecus diadema

Propithecus verreauxi

Indri indri
Daubentonia madagascariensis

Varecia variegata
Eulemur coronatus

Eulemur fulvus
Eulemur macaco
Eulemur mongoz
Eulemur rubriventer

Lemur catta
Hapalemur griseus
Prolemur simus
Hapalemur aureus

Lepilemur ruficaudatus

Lepilemur leucopus

Lepilemur mustelinus

Arctocebus calabarensis

Perodicticus potto
Loris tardigradus
Nycticebus coucang

Nycticebus pygmaeus

Otolemur crassicaudatus

Otolemur garnettii
Euoticus elegantulus

Galago moholi
Galago senegalensis

Galago alleni
Galago demidoff
Galago zanzibaricus

Ptilocercus lowii
Anathana ellioti
Urogale everetti
Dendrogale melanura

Tupaia minor
Tupaia glis
Tupaia montana

Kobus ellipsiprymnus

Kobus leche
Kobus megaceros
Kobus kob
Kobus vardonii
Redunca arundinum
Redunca redunca
Redunca fulvorufula

Pelea capreolus
Aepyceros melampus

Procapra gutturosa

Antilope cervicapra

Gazella cuvieri
Gazella leptoceros

Gazella dorcas
Gazella gazella
Gazella spekei

Eudorcas rufifrons
Eudorcas thomsonii

Nanger dama
Nanger soemmerringii

Nanger granti
Ammodorcas clarkei

Litocranius walleri

Antidorcas marsupialis

Saiga tatarica
Cephalophus dorsalis

Cephalophus silvicultor

Cephalophus spadix

Cephalophus jentinki

Cephalophus ogilbyi

Cephalophus callipygus

Cephalophus niger

Cephalophus leucogaster

Cephalophus zebra

Cephalophus natalensis

Cephalophus nigrifrons

Cephalophus rufilatus

Cephalophus adersi

Sylvicapra grimmia
Philantomba maxwellii

Philantomba monticola

Madoqua piacentinii

Madoqua saltiana
Neotragus moschatus

Oreotragus oreotragus

Neotragus batesi
Ourebia ourebi

Dorcatragus megalotis

Raphicerus campestris

Raphicerus sharpei

Raphicerus melanotis

Madoqua guentheri

Neotragus pygmaeus

Madoqua kirkii
Addax nasomaculatus

Oryx leucoryx
Oryx dammah
Oryx gazella

Hippotragus equinus

Hippotragus niger
Beatragus hunteri
Damaliscus lunatus
Damaliscus pygargus

Alcelaphus buselaphus

Alcelaphus lichtensteinii

Connochaetes gnou

Connochaetes taurinus

Budorcas taxicolor

Ovis ammon
Ovis canadensis
Ovis dalli
Capra hircus
Capra ibex
Ammotragus lervia

Rupicapra rupicapra

Ovibos moschatus
Naemorhedus goral

Capricornis sumatraensis

Oreamnos americanus

Pantholops hodgsonii

Bison bison
Bison bonasus
Bos grunniens
Bos sauveli
Bos taurus
Bos frontalis
Bos javanicus
Bubalus bubalis
Syncerus caffer
Boselaphus tragocamelus

Tetracerus quadricornis

Tragelaphus angasii

Tragelaphus buxtoni

Tragelaphus imberbis

Tragelaphus eurycerus

Tragelaphus spekii
Tragelaphus scriptus

Taurotragus derbianus

Taurotragus oryx
Tragelaphus strepsiceros

Alces alces
Capreolus capreolus

Hydropotes inermis
Pudu mephistophiles

Pudu puda
Blastocerus dichotomus

Mazama americana

Mazama rufina
Mazama nana

Mazama gouazoubira

Mazama bricenii
Mazama chunyi

Hippocamelus antisensis

Hippocamelus bisulcus

Ozotoceros bezoarticus

Odocoileus hemionus

Odocoileus virginianus

Rangifer tarandus
Axis axis

Axis kuhlii
Axis porcinus

Axis calamianensis

Elaphurus davidianus

Cervus nippon
Rusa unicolor

Rusa timorensis
Cervus elaphus

Rucervus eldii
Rucervus duvaucelii

Dama dama
Elaphodus cephalophus

Muntiacus muntjak
Muntiacus crinifrons

Muntiacus reevesi
Muntiacus feae

Muntiacus atherodes

Moschus chrysogaster

Moschus fuscus
Moschus moschiferus

Antilocapra americana

Giraffa camelopardalis

Okapia johnstoni
Tragulus javanicus
Moschiola meminna

Hyemoschus aquaticus

Phocoena sinus
Phocoena spinipinnis

Neophocaena phocaenoides

Phocoena phocoena

Phocoenoides dalli

Orcaella brevirostris

Lagenorhynchus acutus

Grampus griseus
Stenella longirostris

Lagenodelphis hosei

Lagenorhynchus albirostris

Orcinus orca
Feresa attenuata
Pseudorca crassidens

Globicephala macrorhynchus

Globicephala melas

Peponocephala electra

Stenella frontalis
Delphinus delphis
Stenella attenuata
Tursiops truncatus

Stenella clymene
Stenella coeruleoalba

Sotalia fluviatilis
Sousa chinensis
Sousa teuszii

Cephalorhynchus commersonii

Cephalorhynchus hectori

Cephalorhynchus heavisidii

Lagenorhynchus obliquidens

Lagenorhynchus obscurus

Lagenorhynchus australis

Lagenorhynchus cruciger

Lissodelphis borealis

Lissodelphis peronii

Steno bredanensis

Delphinapterus leucas

Monodon monoceros

Inia geoffrensis
Mesoplodon europaeus

Mesoplodon mirus
Mesoplodon densirostris

Mesoplodon carlhubbsi

Hyperoodon ampullatus

Hyperoodon planifrons

Mesoplodon stejnegeri

Mesoplodon grayi
Mesoplodon layardii

Berardius arnuxii
Ziphius cavirostris
Berardius bairdii

Mesoplodon hectori

Mesoplodon bidens

Kogia breviceps
Kogia sima
Physeter catodon
Balaena mysticetus
Eubalaena australis

Eubalaena glacialis
Caperea marginata
Balaenoptera acutorostrata

Megaptera novaeangliae

Balaenoptera musculus

Balaenoptera physalus

Balaenoptera borealis

Balaenoptera edeni

Eschrichtius robustus

Hexaprotodon liberiensis

Hippopotamus amphibius

Potamochoerus porcus

Sus scrofa
Hylochoerus meinertzhageni

Phacochoerus aethiopicus

Phacochoerus africanus

Catagonus wagneri

Tayassu pecari
Pecari tajacu
Camelus bactrianus

Camelus dromedarius

Lama glama
Vicugna vicugna

Rhinoceros unicornis

Dicerorhinus sumatrensis

Ceratotherium simum

Diceros bicornis
Tapirus bairdii
Tapirus pinchaque
Tapirus terrestris
Tapirus indicus
Equus burchellii
Equus grevyi

Meles meles
Taxidea taxus
Melogale moschata

Hydrictis maculicollis

Pteronura brasiliensis

Enhydra lutris
Aonyx capensis
Lontra felina
Lontra provocax
Lontra longicaudis
Lontra canadensis
Conepatus chinga
Mephitis macroura
Mephitis mephitis
Spilogale pygmaea

Martes pennanti
Martes americana
Martes martes
Martes foina
Gulo gulo
Eira barbara
Galictis cuja

Ictonyx striatus
Poecilogale albinucha

Mustela lutreolina
Mustela putorius
Mustela erminea
Mustela nivalis
Neovison vison

Mellivora capensis

Procyon cancrivorus

Procyon lotor
Procyon pygmaeus

Nasua narica
Bassariscus astutus

Potos flavus
Ailurus fulgens
Odobenus rosmarus

Callorhinus ursinus

Otaria flavescens
Eumetopias jubatus

Arctocephalus townsendi

Arctocephalus gazella

Pusa hispida
Pusa sibirica
Phoca largha
Phoca vitulina
Cystophora cristata

Erignathus barbatus

Hydrurga leptonyx
Leptonychotes weddellii

Mirounga angustirostris

Monachus schauinslandi

Monachus monachus

Ursus arctos
Ursus maritimus
Ursus thibetanus
Ursus americanus

Helarctos malayanus

Melursus ursinus
Tremarctos ornatus

Ailuropoda melanoleuca

Cuon alpinus
Chrysocyon brachyurus

Canis latrans
Canis lupus
Canis simensis

Canis mesomelas
Lycaon pictus
Cerdocyon thous

Lycalopex gymnocercus

Lycalopex culpaeus

Lycalopex vetulus
Vulpes rueppellii
Vulpes vulpes
Vulpes lagopus
Vulpes velox
Vulpes cana
Vulpes zerda
Vulpes chama
Urocyon cinereoargenteus

Urocyon littoralis
Panthera leo
Panthera pardus
Panthera onca
Panthera tigris
Uncia uncia
Neofelis nebulosa
Lynx canadensis
Lynx pardinus
Lynx rufus
Catopuma temminckii

Profelis aurata
Leopardus geoffroyi

Leopardus pardalis

Leopardus wiedii
Felis silvestris
Felis chaus
Prionailurus bengalensis

Puma yagouaroundi

Crocuta crocuta
Hyaena hyaena

Proteles cristata
Galerella sanguinea

Herpestes naso
Crossarchus obscurus

Crossarchus ansorgei

Suricata suricatta
Bdeogale nigripes

Liberiictis kuhni
Cynictis penicillata

Atilax paludinosus
Genetta maculata
Genetta genetta
Genetta tigrina
Genetta servalina
Civettictis civetta
Paradoxurus hermaphroditus

Nandinia binotata
Cryptoprocta ferox

Manis crassicaudata

Manis pentadactyla
Manis temminckii
Paranyctimene raptor

Nyctimene cephalotes

Nyctimene vizcaccia

Nyctimene cyclotis

Nyctimene aello
Nyctimene albiventer

Nyctimene major
Nyctimene robinsoni

Cynopterus sphinx

Aethalops alecto
Chironax melanocephalus

Penthetor lucasi
Lissonycteris angolensis

Rousettus aegyptiacus

Rousettus amplexicaudatus

Eidolon helvum
Eidolon dupreanum

Hypsignathus monstrosus

Nanonycteris veldkampii

Micropteropus pusillus

Epomophorus wahlbergi

Epomophorus gambianus

Macroglossus minimus

Syconycteris australis

Melonycteris melanops

Melonycteris woodfordi

Aproteles bulmerae

Dobsonia moluccensis

Dobsonia inermis
Dobsonia praedatrix

Dobsonia minor
Pteralopex anceps

Acerodon jubatus
Pteropus conspicillatus

Pteropus samoensis

Pteropus gilliardorum

Pteropus scapulatus

Pteropus temminckii

Pteropus alecto
Pteropus dasymallus

Pteropus hypomelanus

Pteropus tonganus

Pteropus rufus
Pteropus neohibernicus

Pteropus macrotis
Pteropus rayneri
Pteropus vampyrus

Saccolaimus saccolaimus

Saccolaimus flaviventris

Saccolaimus mixtus

Taphozous australis

Taphozous hildegardeae

Taphozous melanopogon

Taphozous perforatus

Taphozous mauritianus

Mosia nigrescens
Coleura seychellensis

Emballonura raffrayana

Emballonura beccarii

Rhynchonycteris naso

Diclidurus albus
Balantiopteryx plicata

Peropteryx kappleri

Peropteryx macrotis

Saccopteryx bilineata

Saccopteryx leptura

Cormura brevirostris

Centronycteris maximiliani

Craseonycteris thonglongyai

Rhinopoma hardwickii

Rhinopoma muscatellum

Rhinopoma microphyllum

Cardioderma cor
Lavia frons
Megaderma lyra
Megaderma spasma

Macroderma gigas

Nycteris thebaica
Nycteris macrotis
Nycteris woodi
Nycteris grandis
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Testing hypotheses of state-
dependent diversification in 

continuous traits 



•  Does changing from terrestrial to arboreal 
foraging lead to changes in hind limb and 
tail morphology in pigeons and doves?  

Testing hypotheses of state-
dependent diversification in 

continuous traits 

(Lapiedra et al. 2013, Proc. Roy. Soc. 280)	  



•  Do changes in habitat use lead to changes 
in body size and shape in monitor lizards?  

Testing hypotheses of state-
dependent diversification in 

continuous traits 

(Collar et al. 2011 Evolution 65(9), 2664-2680 )	  



•  Does the loss of heterostyly lead to 
changes in floral morphology in primroses ? 

Testing hypotheses of state-
dependent diversification in 

continuous traits 

de Vos et al. 2014 Evolution online early	  



Two main ways a change in behaviour/region/ 
morphology/ecology can promote an 

evolutionary change in continuous traits: 

Testing hypotheses of state-
dependent diversification in 

continuous traits 



Two main ways a change in behaviour/region/ 
morphology/ecology can promote an 

evolutionary change in continuous traits: 
1.  Create the opportunity for further 

diversification through removal of previous 
constraints or allowing new adaptation. 
 

Testing hypotheses of state-
dependent diversification in 

continuous traits 



Two main ways a change in behaviour/region/ 
morphology/ecology can promote an 

evolutionary change in continuous traits: 
1.  Create the opportunity for further 

diversification through removal of previous 
constraints or allowing new adaptation. 

2.  Pull the population towards a new optimal 
phenotype. 

Testing hypotheses of state-
dependent diversification in 

continuous traits 



Ornstein-Uhlenbeck (OU model) 

dX(t)	  	  	  =	  	  	  α[θ	  -‐	  X(t)]dt	  	  +	  σdB(t)	  	  

Brownian motion 
(Brownian motion rate σ2 ) 

Strength of selection  
is proportional to distance of  

current trait value from optimum 

Optimal trait value 
Pull towards optima 
(Strength of selection) 



OU model collapses to Brownian 
motion when α = 0 

dX(t)	  	  	  =	  	  	  0[θ	  -‐	  X(t)]dt	  	  +	  σdB(t)	  	  

Brownian motion 



At a point in time : 
•  A character can 

increase, decrease or 
stay the same 

•  Direction and 
magnitude of change 
is independent of 
current or past 
character states 

•  Constant rate 

Brownian motion dX(t)	  =	  σdB(t)	   

Learn to simulate Brownian motion: BM&OUsimulations.R 



Brownian motion dX(t)	  =	  σdB(t)	   

Variance is proportional to time and rate 
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Ornstein-Uhlenbeck (OU model) 

dX(t)	  	  	  =	  	  	  α[θ	  -‐	  X(t)]dt	  	  +	  σdB(t)	  	  

Brownian motion 
(Brownian motion rate σ2 ) 

Optimal trait value 
Pull towards optima 
(Strength of selection) 



dX(t)	  	  	  =	  	  	  α[θ	  -‐	  X(t)]dt	  	  +	  σdB(t)	  	  
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dX(t)	  	  	  =	  	  	  α[θ	  -‐	  X(t)]dt	  	  +	  σdB(t)	  	  
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dX(t)	  	  	  =	  	  	  α[θ	  -‐	  X(t)]dt	  	  +	  σdB(t)	  	  
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dX(t)	  	  	  =	  	  	  α[θ	  -‐	  X(t)]dt	  	  +	  σdB(t)	  	  
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dX(t)	  	  	  =	  	  	  α[θ	  -‐	  X(t)]dt	  	  +	  σdB(t)	  	  

Variance in trait due to α, σ	  and	  %me 

So are σ and α identifiable? As a decrease 
in rate (σ2) and an increase in α both reduce 
variance of the trait at the tips of the tree. 



dX(t)	  	  	  =	  	  	  α[θ	  -‐	  X(t)]dt	  	  +	  σdB(t)	  	  

Variance in trait due to α, σ	  and	  %me 

So are σ and α identifiable? As a decrease 
in rate (σ2) and an increase in α both reduce 
variance of the trait at the tips of the tree. 
•  Increase in α will erode the 

phylogenetic pattern of the trait but a 
decrease in σ2 will not however there 
will be cases various estimates σ of 
and α are equally likely. 



Testing hypotheses of state-
dependent diversification in 

continuous traits 

Allow α, θ and σ to vary depending on state 
of discrete trait 

dX(t)	  	  	  =	  	  	  α[θ	  -‐	  X(t)]dt	  	  +	  σdB(t)	  	  
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Model-fitting or model-averaging framework 

Testing hypotheses of state-
dependent diversification in 

continuous traits 

Model θ σ α 
BM1 - Universal - 
OU1 Universal Universal Universal 
BMS - State-dependent - 
OUM State-dependent Universal Universal 
OUMA State-dependent Universal State-dependent 
OUMV State-dependent State-dependent Universal 
OUMVA State-dependent State-dependent State-dependent 

Acrobates pygmaeus Tarsipes rostratus Dactylopsila trivirgata Gymnobelideus leadbeateri Petaurus breviceps Petaurus norfolcensis Petaurus australis Hemibelideus lemuroides Petauroides volans Petropseudes dahli Pseudocheirus peregrinus Phalanger orientalis Trichosurus vulpecula Trichosurus caninus Wyulda squamicaudata Burramys parvus Cercartetus caudatus Cercartetus nanus Cercartetus lepidus Dendrolagus bennettianus Dendrolagus lumholtzi Lagorchestes conspicillatus Lagorchestes hirsutus Macropus irma Macropus dorsalis Macropus parma Macropus parryi Macropus rufogriseus Macropus agilis Macropus eugenii Macropus antilopinus Macropus rufus Macropus robustus Macropus bernardus Macropus fuliginosus Macropus giganteus Wallabia bicolor Onychogalea fraenata Onychogalea unguifera Setonix brachyurus Petrogale persephone Petrogale rothschildi Petrogale xanthopus Petrogale lateralis Petrogale assimilis Petrogale godmani Petrogale penicillata Petrogale brachyotis Petrogale burbidgei Petrogale concinna Thylogale billardierii Thylogale stigmatica Thylogale thetis Lagostrophus fasciatus Potorous longipes Potorous tridactylus Bettongia penicillata Bettongia lesueur Bettongia gaimardi Aepyprymnus rufescens Hypsiprymnodon moschatus Lasiorhinus krefftii Lasiorhinus latifrons Vombatus ursinus Phascolarctos cinereus Antechinus bellus Antechinus flavipes Antechinus leo Antechinus stuartii Antechinus godmani Antechinus minimus Antechinus swainsonii Phascogale tapoatafa Dasyurus geoffroii Dasyurus viverrinus Dasyurus maculatus Dasyurus hallucatus Pseudantechinus macdonnellensis Dasycercus cristicauda Dasykaluta rosamondae Parantechinus apicalis Ningaui ridei Ningaui yvonnae Ningaui timealeyi Sminthopsis griseoventer Sminthopsis gilberti Sminthopsis murina Sminthopsis leucopus Sminthopsis dolichura Sminthopsis hirtipes Sminthopsis ooldea Sminthopsis psammophila Sminthopsis longicaudata Sminthopsis granulipes Sminthopsis macroura Sminthopsis crassicaudata Planigale ingrami Planigale gilesi Planigale tenuirostris Planigale maculata Myrmecobius fasciatus Notoryctes typhlops Perameles gunnii Perameles nasuta Perameles bougainville Isoodon auratus Isoodon macrourus Macrotis lagotis Caluromys lanatus Caluromys derbianus Caluromysiops irrupta Chironectes minimus Didelphis albiventris Didelphis aurita Didelphis marsupialis Didelphis virginiana Philander opossum Marmosops incanus Thylamys elegans Marmosa robinsoni Marmosa murina Marmosa mexicana Micoureus demerarae Monodelphis domestica



OUwie package in R 



Two main ways a change in behaviour/region/morphology/
ecology can promote an evolutionary change in 
continuous traits: 
1.  Create the opportunity for further diversification 

through removal of previous constraints or allowing 
new adaptation. BM model fits best with higher σ 
in new state or multi-optima OU with lower α	  in	  
new	  state. 

2.  Pull the population towards a new optimal 
phenotype. Multi-optima OU model fits best with α	  
> 0. 

Testing hypotheses of state-
dependent diversification in 

continuous traits 



1.  Continuous trait measurements 
2.  Tree(s) with meaningful branch 

lengths 
•  Time or relative time 

3.  Discrete character(s) 
4.  Model of evolution – flexible OU 

Testing hypotheses of state-
dependent diversification in 

continuous traits 



Tutorial 

OuwieTutorial.R 





Two centers of marsupial Diversity 

Australasia	  
~	  200	  extant	  species	  

South	  America	  
~	  70	  extant	  species	  





Hypotheses to test in OUwie 
1.  American marsupials exhibit less variable 

body sizes than Australian marsupials. 
Predict: under a BM model lower rates (σ2) or under 
OU stronger pulls towards an optimum (α) in South 
America ) 

 
2.  Diet (Herbivory, Carnivory, Omnivory) 

influences body size evolution – highest 
optimal mass in herbivores. Predict: best-
fitting model are multi-optima OU models. 

Learn how to test these hypotheses using: OuwieTutorial.R 



Caveats 
Really important to make sure the information 
within your dataset is sufficient to distinguish 
between the models and estimate parameters. 
Do you have enough species in your tree and 
within each state?  
•  Check the likelihood surface and standard 

error estimates. 
•  Run forward simulations/parametric 

bootstrapping (e.g. see Boettiger et al. 2012, Evolution 66(7), 
2240). OUwie has a simulation function that 
allows you do this relatively simply. These 
can also help generate an idea of model 
plausibility (see Jeremy Brown’s lecture). 



MACROEVOLUTIONARY EXPERIMENTAL 
DESIGN 

Either pick your questions appropriate to 
your clade (i.e. that you have the power to answer) 

or pick your clade to answer your 
question of interest. 

Caveats 



Other things to consider 
Computational time 
To run an analysis on a reasonably sized 
dataset with multiple stochastic maps per tree 
topology can take many days. Consider: 
•  Access to high performance computing 

–  Many universities have a cluster 
–  Free online access to clusters for particular analyses/taxa 

e.g. iplant discovery environment 
–  Writing grants to get access to NSF xsede (not available to 

grad students L) 
–  Pay to use cloud computing e.g. Amazon EC2 

•  Batch processing your analyses – running 
each tree/model on a different CPU. 



Additional methods 
 NO a priori hypotheses needed 

1.  Identifying BM rate shifts  
–  Eastman et al. 2011: RJMCMC approach for fitting 

multiple shifts in rate class across the tree. geiger 
package in R (formally auteur) 

–  Revell et al. 2012: MCMC approach for fitting a single 
rate shift to a tree. phytools package in R. 

–  Thomas & Freckleton 2011: Stepwise AIC approach 
using Maximum Likelihood for identifying branches 
with (similar to Medusa for lineage diversification). 
MotMot package in R. 

–  Vendetti et al. 2011: RJMCMC with GLS approach for 
fitting multiple shifts in rate across the tree allows OU 
and time-dependent models ? 

	  



1.  Identifying BM rate shifts  
–  geiger package in R (formally auteur) 
–  phytools package in R. 
–  MotMot package in R. 

2.  Identifying optima shifts  
–  Ingram & Mahler 2013: Stepwise AIC approach using 

Maximum Likelihood for identifying branches with 
optima shifts. surface package in R 

Additional methods 
 NO a priori hypotheses needed 


