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IBO 2013, SWITZERLAND Practical Exam “Comparative and Functional Biosystematics”

o U2 Y A
Dear participants, %EEB@%EEQ%
This test consists of three tasks: AHIER 1S =145 :

Task 1: Determine presence or absence of characters [42 points]

F—H5 - REEVRARERZ LR R42 47)

Part 1.1: Description of morphological characters

Part 1.2: Determine all character states

1. 2R FrA R IR RE[4257]

Task 2: Resolve phylogenetic relationships [24 points]

FEH - BEEYRISGR G (2497)
Part 2.1: How maximum parsimony works
2.1 FeREEEZ Mok
Part 2.2: Resolve the phylogenetic relationship using parsimony [10 points]
2.2 M ARE&ERE FH&RIARI10 73]

Part 2.3: Identify characters reflecting diet [4 points]
2.3 A nl g & i VR4 73]

Part 2.4: How UPGMA works
2.4UPGMA #11a]/E

Part 2.5: Resolve the phylogenetic relationship using UPGMA [10 points]

2.541fAI I FHUPGMAZ B 4 B (A [1097]

Task 3: Rate of morphological evolution [34 points]

B PRRE(EZ ERE34 77
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Part 3.1: Obtain necessary skull measurements [15 points] 22

3. LERU VB A HIR (E[1557]

Part 3.2: Calculate the morphological distance between species pairs [15 points] 23

3.2 St R YE ARV REEERE [15 53]

Part 3.3: Plot the phylogenetic versus the morphological distance [2 points] 26

3.3 @B A AR P RREEREE (2 53]

Part 3.4: Interpret the results [2 point] 27

3 AGERMER2 7]

Appendix: Character states (presence or absence) of all specimens 28

fifsk: AV RS 1) ZRG

Please write your student code into the box on the title page.

Ay MRS A E 2 T

There is no separate answer sheet. Please fill in your answers into the specific answers boxes indicated

with a gray background. Only answers given inside these boxes will be evaluated.

AREAMAINERE - FREEFEARIROTRIIEEME  RAEEERUEZEEITEL
43 o

The answers have to be given either with a tick (V) or with Arabic numbers. The numbers "1" and "7" can
look very similar in handwriting. To make sure that those two numbers can be well distinguished by the

IBO staff, please write them as you normally would into the following box.

EXRGLFT SRR OB AT - BEIRTESRE - FBLNER - BT HEM T ARYES -
RRAE NI MRERZ 1R -

T
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IBO 2013, SWITZERLAND Practical Exam “Comparative and Functional Biosystematics”

Stop answering and put down your pen IMMEDIATELY when the bell rings at the end of the exam. Put

the entire protocol with all the answers back into the exam envelope. Make sure you wrote your

student code into the box on the title page.

EREER - FIFEUTZIRFERT - £ HETRE - SRR EE E AT At 2 248
§1 o B ARTR BN CIE R A E 5T
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Material and equipment #7} B

Make sure that you have received all the materials and equipment listed for each task. If any of these

items are missing, please raise your hand.
WEERE T E TR ES TR ER S WE RS - BRI T -

Equipment %%
1. 1 sliding caliper (150 mm) JHIEEFIE R
1 ruler (300 mm) ER

2.
3. 1 calculatorgt Bt
4. scratch paperé@E4%

Skull specimen SEEEA

e Arvicola terrestris arte European water vole EM7K B,

e Capreolous capreoulus caca European roe deer BN/ NEE

e Felis catus feca domestic cat 525

e Lepus europaeus leeu European/brown hare BUMEER

e Meles meles meme European badger BN

e Sciurus vulgaris scvu Eurasian red squirrel  BUMALFAER,
e Vulpes vulpes vuvu red fox 4[N

Additional taxa for which data is provided

e Ceratotherium simum cesi white or square-lipped rhinoceros (5 /E)E4
e Didelphis marsupialis dima common opossum & Tk,

e Fquus ferus egfe horse &

e Galago senegalensis gase Senegal bushbaby ZEANIRE [E &

e Genetta genetta gege common genet /NS

e Hippopotamus amphibius hiam hippopotamus ] &

e |nia geoffrensis inge Amazon river dolphin 5o B # A K

e Manis pentadactyla mape Chinese pangolin FHERZE L

e Macropus rufus maru red kangaroo 4[ £S5,

e Mustela nivalis muni least weasel /NF IR

e Pipistrellus pipistrellus pipi common pipistrelle 208

e Procavia capensis prca rock or cape hyrax Jii

e Pteropus vampyrus ptva Malaysian large flying fox &g\ ig

e Sorex minutus somi Eurasian pygmy shrew BN ({5 REEE

e Tachyglossus aculeatus taac short-beaked echidna F4 |4

e Tolypeutes matacus toma southern three-banded armadillo 55 /5 =% 5%
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Print outsgt A&k}

1. skull diagrams 2¢ ¥ B

2. color print outs illustrating the presence (1) and absence (-) of the morphological characters.

Note legend on top. (& FTHRA(NEERZ (VP REFFE R ClE - I EE L5 2 ¥E

ST -
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Introduction

Mammals, which consist of more than 5700 extant species, are omnipresent on earth and often play key
roles in shaping terrestrial and aquatic ecosystems, both as predators and herbivores. Mammals are
morphologically very diverse. The smallest mammals, for instance, weigh only about 2 g, whereas the

blue whale, the largest animal that ever existed, is more than 100 million times larger.

T P57 00TEER A i - IR S A ES - BEREFOKEERATIERRATR > &
ERRENREE - WASEPR LBESR(E » G/ NEHIREEORT - MR ARER
HEERR/NHABEEZ —EHE -

In this practical exam, you will attempt to resolve the phylogeny of some representatives of major
mammal groups based on morphological characters of the skull (teeth and jaw), as well as molecular
data. You will use cladistics, an approach to infer evolutionary relationships, which assumes that
members of a taxonomic group have a common evolutionary history. They have therefore inherited a
set of derived traits (synapomorphies) from their last common ancestor, which distinguishes members

of this group from other groups.

ARBEIERERT - IRAEFIRBER F i K TRNPRSEBA RS T AR ZER  KEAEE
HALEPIRRG TR - (RS EERSUFR - BR—EARFONE LRI EMT - BRI
BV B R A ERBESE - JRENMM B SR BE S —EITARRCGEEER) - B
DABRECAA FEE Z BhPIR R &5 -

Cladistic analysis consists of identifying specific traits and determining their state in all organisms
included in the analysis. Traits can be both molecular (e.g. the specific amino acid at a specific position in
a protein) or morphological (e.g. the presence or absence of a particular bone feature). The outcome of
a cladistic analysis is a cladogram - a tree-shaped diagram (dendrogram) that represents the inferred

phylogenetic relationships between organisms.

eI AT BRI T RET R £ Z VR HIRRR - B R DU T AR EBIL
BB E PRI BRI EERR) KSR B (BRI B SRR B BA S Z )R © STFER Ty
SERESIFE - IR BRI R & B RH TR B
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IBO 2013, SWITZERLAND Practical Exam “Comparative and Functional Biosystematics”

Task 1: Determine presence or absence of characters [42 points]
RHEYEA B TR (42 57)

Part 1.1 Description of morphological characters(JZ eI

The following table lists all morphological characters for which the presence (1) or absence (-) will be
considered in this practical. Examples for each character are found on a color print out (note the legend
on top of each page). For Characters 7 through 10, only examples of presence (1) are shown. All
abbreviations given in brackets (e.g. [P]) refer to positions indicated in the skull diagrams. Note that the
positions of incisors [l], canines [C], premolars [P] and molars [M] are enumerated from the snout to the
back of the skull using superscript (upper jaw) or subscript (lower jaw). For example, [P?] refers to the

third premolar on the upper jaw.

NREURIEICNER T YRR (1) 8k = (1) Z P REREL - IR F] 5 ATt 2 g R E s SR 6
PIGER I EEEE 2R - ERETEI00%E T - REREA OIS - FraiEEE
AR RS E (PRI B T VL E - SR ERAENTE(] ~ KE[C] ~ /NEESP] ~ FoRE

EF[MIR I 2 AR Ry ESRIES B A& Z R - 1 MEEE R AR NS A E & 2K
7 > BIN[P®) Ay L SEEE =/ NI

Number Description

1 Incisors [I] are present on the upper jaw.
FRElH R 58
2 Elongated incisors [I] with abrasive (rubbed) edges indicating continuously growth through

life on upper and/or lower jaw.

JiEF H R BRI G 2 FIEIN BRI d e — 2 a3 afE B3R MER

3 Incisors [I] on the front side coated with dental enamel (orange color).
FIEsIAERT T AR RS (M ORTR)
4 Third upper incisors [I*] reduced and positioned behind the second incisors.
F= EME0ENBARE T 1%
5 Diastema on upper jaw. A diastema is defined as a large gap (more than two times the

width of the next largest tooth) between the position of incisors [I] or canines [C] and the
premolars [P] or molars [M]. Some of these teeth may be absent.

SRR AL - B ZE@FE{E%?ET%@FE?H@J&DFﬁ@[l]ﬁjﬁ@[qu&dﬁl@m&El
1 [M]) HY i o 22 (7 (BB 2B AR AT PE B R AL 2 S R AT e Wi ) - HoATRe) @ A H A Ei o e -

6 Canines [C] are present on the upper jaw.
REF[CIHIERTY F3H
7 Carnassial dentition, characterized by [P?] in the upper jaw and [M,] in the lower jaw

forming a scissor-like structure which allows cutting and breaking, but not chewing.
B () R RN REEIPYIR R T BEIMA R RH BB iR > DA
BT e » BB R IHE -
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8 Selenodont teeth, characterized by low crowns and longitudinal crescent-shaped cusps,
when viewed from above. They form a series of triangular cusps when seen from the side.
MRS E Bl R TEER - S EREE R B BHEGERH HiREe - & Hil
BEIZ > AETIEN TSP = AP ER -

9 Lophodont teeth, characterized by elongated ridges that run between cusps. Ridges are
perpendicular to the jaw (like an old-fashioned washboard).

fiikE e - RSB AR EMEAER ZEy - EEEFE E M HEEE SR

HEAKAR)
10 Teeth characterized by a well-developed V- or W-shaped ectoloph (crest).
HErg BT 2 v BISk W RIGNE (B 2 S 8 -
11 Pointed teeth forming conical tips.
BEAR S T B SR 2R
12 The angular extension [Ang. Pr.] (Processus Angularis) of the lower jaw is bent medial

(towards the centre) and therefore more medial than [Cond. Pr.] Processus condularis).

T SH IR AE {1 [Ang. Pr.] (Processus Angularis) [m] o fii] &5 fify 7 H {i7 & [E [Cond. Pr.]
(Processus condularis)e5 i ] oL ©

Part. 1.2 Determine all character states [42 points)H|EET A ¥ EHIARRE(42 47)

For the later analysis, it is convenient to first determine the presence or absence of each of the
morphological characters considered here in each of the species included in the analysis, and to report
them in the table provided in Appedix (last page). Indicate presence with a “1” and absence with a “-”.
Please be extra careful when handling the skulls. All specimens are originals and part of the collection

of the Natural History Museum of Bern.

LT 2537 - B HIAS T B VAR BN BT s B RN
e — BV 2 F288 TP U — (B R EE 2 e BRI ) - DUV SR VRIS b0
FTRE B - ERERIR TR AL/ © FrAIALS 58 E AR R 2 Yo -
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Task 2: Resolve phylogenetic relationships [24 points] &5 4 Y0 H

Kl %

The goal of this task is to resolve the phylogenetic relationship among major mammalian groups. You
will use two methods that will be explained in detail. In Part 2.1-2.3, you will apply the concept of
maximum parsimony to the presences and absences determined in Task 1 to estimate the phylogenetic
relationship between several taxa representing different major groups of mammals. In Part 2.4 — 2.5,
you will use the UPGMA (Unweighted Pair Group Method with Arithmetic Mean) approach to resolve

the phylogeny among Carnivora to complete a more detailed phylogeny obtained from molecular data.

Koy 2 EEHEY RS F R A BRI GRA% o IR &8 A S E T A il W A
TRREERR R - £ 2.1 B 2.3 BT o IRFREEMRMFER IS - AT ES —E o Frs ZE T
A E WAV R T BRI RS ER &R R o £E 2.4 F] 2.5 &
4rth > S UPGMA(Unweighted Pair Group Method with Arithmetic Mean i fj[1fE 7 #2215 (H i
RVEEF RN HBWMIM GG - FRETE S TAVEER IS < BSR4 E % -

Part 2.1: How maximum parsimony works g KfS&IEZ EE

A common approach to resolve phylogenetic relationships between species is to identify the most
parsimonious (the simplest) among competing phylogenies. A phylogenetic tree is called the most
parsimonious if the fewest number of character state changes are invoked. To illustrate that concept,

consider the following two competing phylogenies | and Il for three taxa A, B and C.

B AR B VBRI B (A 5 A R e IR YRR B AR RR R (5 - SRR (R eE
TEFHERRE B R V& » By TRRIAERES: > 55LEEL A ~ B~ C =R [E 2 EEFTISHY | K2 1l
ER AR

| —A | — A
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To choose among those phylogenies, the presence or absence of morphological characters 1 through 4
was assessed for each taxa and reported in the table below. All of these characters are known to be
absent in closely related taxa, indicating that each character was absent at the root of the phylogenies

(indicated by a black dot in the diagrams above).

1 2 3 4
A - - 1 1
B 1 1 - 1
C 1 1 - -
Fo B RHEITGRA G SO BEIRERE | £ 4 WEASERZ SN TR - SRS IEH%

5

BT o SR AR - IR BB 5 SR U G R R S R = (FE_E D5 iR [ o DA SR RG R
) °

First, the minimal number of state changes has to be determined for each character and phylogeny
individually. Trait 4, for instance, is present in Taxa A and B, but not in Taxon C, indicating that the state
of this character changed from absent to present along the lineages leading to A and B. While this
change could have happened independently on Branches A and B, the explanation leading to the
minimal number of state changes (and hence the most parsimonious solution) is a single change on the

branch leading to the most recent common ancestor of A and B.

B » RS R R SHIERAR I e IR AT B B By ML - (IR 4 906EE A B
B P ELA » {1 C AYERETEAS - B RSERRETE LT A T B (03 & DA B B A
MTILECEML ATAE A 81 B 43 FRITT 34 » FIL AT SR AR RSO0 ZAE A R B R
TS S — el -
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As shown in the following figure, two equally parsimonious Solutions la and lIb can be found for
Phylogeny | when considering all characters. In Solution la, Characters 1 and 2 are assumed to have
arisen independently on Branches B and C. Alternatively (Solution Ib), these characters arose on the
branch coming from the root of the phylogeny, and were lost on the Branch A. Note that throughout
this practical, open circles indicate gains (changes from absent = present) and black bars indicate

losses (state changes from present - absent).

EUESATAREE - GRRE T ARFMAIEER la K ANEFTR) © 72 Ta 0 FE ] 822 12
Worsc B 81 C AT - ZR0MAE b - S R R ARG R AEHRED - /MR AE S A
WK - MR NERIEAREEES > ZHEBERIR B Rt = 2 K ER) > ARG
POIREIF R R R R (R B A E Bk -

la ia b 521,
4 4
21 B -
>~ 21 —B
21
—©o9oC ———C

A key observation is that any character for which the state in a single taxon differs from the state at the
root (such as Trait 3 in this example) invokes a single character change, regardless of the phylogeny
considered. Such characters and those for which the state is identical in all taxa should be regarded as

uninformative and discarded prior to the analysis.

o S PEAY R 222 A S R I ER 4R Bl (5 > (AT — (I S8 AR B — SRy O - HEGIRRRELIR G R
(RMEIVIREDAE] > 40FFE 3 - BEEEZ 3R A A o SRR Z AR > B R AR B RGN
R HEESAIREEA A -
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The following figure finally shows one of the most parsimonious solutions for each of the competing
phylogenies, along with the number of character state changes invoked by these solutions given in the
box. Thus, under the concept of maximum parsimony, Phylogeny Il is chosen as the best estimate of the

true phylogenetic relationship between Taxa A, B and C.

FEf i T B BRI R (A AT TS Y B P 4R o HARFEECE BT R kg S » Frll > iR
B TIRER > BRGRA (R 11 nIR R 0B A » B> C =B ORGRI R B EfEET T -

I 442{/.\ n A
© 4
2 1 — B — B
¢-o—¢ 2 1
T 7 g
C —+—C
5 4

Part 2.2: Resolve the phylogenetic relationship using parsimony [10 points]
FIFH SR E R ARG R 5

You will now use maximum parsimony to resolve the phylogenetic relationship among the
following taxa, representing a major mammal clade:
A B RS RIS E DL ALY B R &R %

e Arvicola terrestris (arte)

e Ceratotherium simum (cesi)

e FEquus ferus (eqfe)

e Genetta genetta (gege)

e Lepus europaeus (leeu)

e Capreolus capreolus (caca)

e Sorex minutus (somi)
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First, indicate with a tick (V) if Characters 1 through 12 (page 5) are informative to resolve the phylogeny
of these taxa, or not. Note that all characters are known to be absent at the root of these taxa, with the

exception of 1, 6 and 11, , which are present at the root.

B SAAENVRE 1 2] 12 RS AN E RS R PG R 2 A R I 2 &
TR BT HRISRGRRARES 2R 1 6 8 11 4b » SR EAE S SHBEHIIRES RS Fylih
= .

Character({z0) 1 2 3 4 5 6 7 8 9 10 | 11 | 12

Informative T]#g
HEAHRR &R

not mformative

A EI R AR &

it

Next, indicate any of the most parsimonious solutions regarding character state changes for each of the
two competing phylogenies | and Il directly into the figure. Indicate gains with empty circles and losses
with bars and write the number of the corresponding characters above it. Finally, indicate the total

number of state changes necessary in the box provided.

FE MR o RIERGRR RS | B 1 EAR MR B B - PIZEAEBARIERS - iRIRARE
AR WEHEHE ERE MEIEER G B E F(ZRIFTR ZAT) - &% > B FTRTANEN
RRE AR TR

I ——— arte " ——— arte
L— leeu L leeu
o
somi ——— cesi
gege o | L caca
caca egfe
— cesi — somi
L eqfe L gege
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Indicate the phylogeny that represents the best estimate of the true phylogenetic relationship among

those 7 taxa according to the concept of maximum parsimony with a tick (V) in the table below

FRIBELERIER > BHIY N R B (V) B (R Ll T 7 R Rk B (e

Preferred phylogeny according to the concept of maximum parsimony

I FH B R R IR BB R 2 B A o ol (At

Part 2.3: Identify characters reflecting diet [4 points] H[&7 0] & FERR & 5 R AV
(L))

Unless a large number of characters are included, maximum parsimony is often too simplistic an
approach to correctly disentangle the phylogeny of distantly related taxa. This is particularly true when
some character state differences between taxa reflect opposing adaptations to diet rather than a
phylogenetic signal. To evaluate this hypothesis, identify the characters that are typical for either an

carnivorous or a herbivorous lifestyle.

EIERERHEFTRA &R o RARLE AT RE & AR (LT A TR W {8 R B Y o R
ZHRGRR R - LR H G HIR AR R I BRGNS A SOEERVER SR - Ky 7 EFAS It
e - sEE R R AT R B e A S RIRE 2 el -

Among the species included in this practical, the following are very distantly related but are highly

carnivorous and prey on living Arthropoda, Mollusca, Annelida and/or Vertebrata:

FELE BRI 2 Y PiE > HALERRGRGRIL A #Y) - EEEEERAREZ S HRES
HAEVINERENY) - WEEEY) - IRENEIYIER) B EEN):

e Didelphis marsupialis (dima)
e Galago senegalensis (gase)
e |nia geoffrensis (inge)

e Mustela nivalis (muni)

e Pipistrellus pipistrellus (pipi)
e  Sorex minutus (somi)

e Tolypeutes matacus (toma)

15/28
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The following are very distantly related species but are known to be highly herbivorous and feed on

grass, leaves, fruits and roots:

Ny HIAR R s - (2

Arvicola terrestris (arte)
Capreolous capreolus (caca)
Equus ferus (eqfe)

Lepus europaeus (leeu)
Macropus rufus (maru)
Procavia capensis (prca)

Pteropus vampyrus (ptva)

Eb
B

EERERMEH SR - B AEYRED -

Indicate with a tick (V) in the table below for each Character 1 through 12 whether its presence or

absence is typical for either an carnivorous or herbivorous lifestyle. Here, a typical character state is

defined as any character state shared by at least three of the taxa from one of the two groups but

absent from all members of the other group.

FETRRER 1 2] 12 o> [EHA N R MEENY) RSN ATE RS - ARV A RIE A A BB =R

e
He Z
N

B

SN

EE A= -

Rl - SRR PR AR EORRRIE Y BAE — B b 2 =R R EA - eSS —

Character 551#

10

11

12

typical for animalivores

N B S SR

typical for herbivores

FatiEh?) 2 AT

not typical for either

FERTEBIY) B TR AT
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Part 2.4: How UPGMA works (UPGMA #1{alfEFR)

An approach that is purely based on the presence or absence of morphological characters does not lend
itself readily for estimating evolutionary distance between taxa quantitatively. This is where molecular
data, which provides a large set of characters with similar state change probabilities, becomes very
handy. A simple, iterative approach to estimate a phylogeny along with the relative length of each
branch from molecular data is UPGMA (Unweighted Pair Group Method with Arithmetic Mean), in
which the pair of clusters with the shortest distance is combined into a higher level cluster at each

iteration.

ERIPERNREEASG S » SER(bHRE bR - Frll - At R E BEAALHRERELRER
Bl BRI E AT EE o [l UPGMA(Unweighted Pair Group Method with Arithmetic
Mean fEIME ~ BELPEEBCENE) e —ERE 5 - FTEENE - AUMEREE (L L2 HE
PEEE S IR % > AF UPGMA ZpMfreh » ] B FE PEEEAYEE (cluster) & OF By 5w — P& HYET ©

To illustrate that concept, consider the molecular distances (e.g. number of base pair differences)

between the Taxa A, B, C and D.

Fo TERIAICRERE S - 3558 EF A ~ B~ C~ D tP 2oy TEEEE(BIARR A A 2 8 H)

A
A 0 B
B 6 0 C
C 7 8 0 D
D 8 9 4 0

Iteration 1: First, the pair of clusters with the smallest distance is the pair C and D, which is combined
into a higher-order cluster (C,D). The relative age of the newly formed cluster is computed as half of the

distance between the two clusters combined. In this case, the relative age of the cluster is thus 2.

B —rE 5 > TR C B D 2 oy TREEERA - Al &0t —EEPE 2 o HER(C,D) 5 LT
2 Gy SRR Z AHBTRERE R A I E o Rl 2 FBORETR - AEILBI - bR AR E
Fy2e
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Next, a new matrix of all distances is generated by computing the distance between clusters as the
average distance between all taxa from one cluster to all taxa of the other cluster. The distance between
cluster A and cluster (C,D), for instance, is computed as the average between d(A,C) and d(A,D), where

d(x,y) is a notation to indicate the distance between clusters x and y.

P2 AR > P BEBERT I B2 8 AR Bek m] e s SR 9 5 SRR (cluster) B R (RIS (18 3 SEEE P 2 Z P
BYREIEEE () - BILIPITERE A KO EEE(C,D)EIRVEEEEE d(A,C) 5 d(A D)1 - HEEEER
{8 d(xy) AT RIS X ey ZiE{LEERE -

A
A 0 B
B 6 0 (C,D)
(cb)| 75 8.5 0 |

Iteration 2: The pair of clusters with the smallest distance is now the pair of A and B, which is thus
combined into a higher level cluster (A,B) with a relative age of 3. Again, distances are recomputed as
indicated above. The distance d((A,B),(C,D)) is thus the average between d(A,C), d(A,D), d(B,C) and

d(B,D), which is the same as the average between d(A,(C,D)) and d(B,(C,D)).

BepF— ¢ ObEy - BERUEERE S B R A B B SENE M S O RECSPERY T AHER(A > B) > 1
FARSTERE Ry 3 o [FERRAYIT /AP F ST R RS e EEaE - WP o B 2 AT EERELd ((A,B),(C,D)] By
AC [H]FERE d(A,C) - AD fHfEEHE d(A,D) - BC [E]FERE(d(B,C) 2 BD fliERE d(B,D)Z PHI(H » HEZFFE?
A B 73 HHEF(C,D)[d(A,(C,D)] K. B = [ 73R (C,D)(d(B, (C,D).Z P49 {H -

(A,B)
(A,B) 0 (¢,D)
(cb)| s 0 |

Iteration 3: In the last iteration, the two remaining taxa are combined into the new cluster ((A,B),(C,D))

and the relative : age of this cluster is 4.

B = FERAR IR A 7y B AT & O R B = P 3 BB ((A,B),(C,D)) > 11 LT e 55 3 SR
VRS AR 4 -
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Computing branch length: After all taxa have been combined into a single cluster, the resulting tree is
plotted with the relative age of each cluster. From these relative times, it is then straight forward to

compute individual branch length.

SR RE  EFTASBEE S h—(EEME R - nIA S B R A SR R B
—{EfSHRIE - $EFiE CEAHBI AR RIREOFRL > mIat R B A S RS -

:4:

E‘:‘?':

2

: f\ 1 3 /\
B S B

@ ®
C , ——¢C
D 2 __ D

Part 2.5: Resolve the phylogenetic relationship using UPGMA [10 points]

AAFIH UPGMA ZREEERG R %(10 57)

Resolve the phylogenetic relationship of all five Carnivora species included in this practical iteratively
using the UPGMA method. Standardized molecular distances between all pairs of these taxa are given in

the table below.

A UPGMA YT AKEE L E R B 2 Tl & A B EINTS&R (% - TR L2
Wy RE 2 B T RERERLE -

A
Vuvu Vulpes vulpes A 0.00 B
Muni Mustela nivalis B 4.18 | 0.00 C
gege Genetta genetta C 496 | 4.96 0.00 D
meme Meles meles D 418 | 0.48 | 4.96 | 0.00 E
feca Felis catus E 496 | 4.96 2.82 4.96 | 0.00
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Proceed iteratively and always fill in the table with the molecular distances considered. Make sure to
always report the code of the cluster in the top and left most row. Use the notation introduced above to
denote higher level clusters. The term ((x,y),z), for instance, should refer to a cluster made of the
clusters (x,y) and z. Also, report the relative age of the newly formed cluster in each iteration (precision:

two digits after the decimal point).

[ ERAE B RTINS T - ESREAETTY 5 Lo RS - WA _Eal 2 For05 3
RUREGS Z 0 3EE - BBOIHGER - (xy), ) FoRH 8RR (xy) fe 2 Al Bos o0 38T - [Fllky - Bt
B ROHMEIEITY R B i SR A B G S 2/ NGRS A1) -

Iteration 1(3&4t—)

- Relative age of newly
formed cluster(#5= [&
0.00 SRR AR )

Q6 0.00
0.00
s
Iteration 2(8& 4t )

Relative age of newly
formed cluster (% /5[
0.00 SRR > AR )

Q7 0.00

Iteration 3(8& =)

- Relative age of newly
. formed cluster(#% = [&
0.00 VBB ML) _
Q8 0.00 .
Iteration 4(Ef4fP0)
- Relative age of newly
. formed cluster(#% =&

SPHERE Z AH ) %
Q9 _
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Now draw the resulting phylogeny of the five species to scale and indicate the length of each branch on
the top and the species code on the right of it. Note that 5 mm indicates 0.1 unit of relative age of your

calculated tree.

AL ER 4 D ARV G Bl (7 - DI T B R — o SO Z AT RERE R 73 52 D5 (R

SRR HA T (M AE ) - 55ERE - L Smm BRATEtE D 2 EHIRE b2 AFE R 0.1 BT -
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Task 3: Rate of morphological evolution [34 points] JEREE{LAYEEE

If morphological changes happen at a constant rate, the morphological difference between pairs species
measured at multiple characters should be highly correlated with the phylogenetic distance between
the species as estimated from molecular data. In this task, you will test this hypothesis by using a series
of skull measurements. While the results are provided for many additional species pairs, you will
perform the necessary measurements and calculations for the species pair Arvicola terrestris (arte) and

Lepus europaeus (leeu).

WIRIPREDE DL — e 3 A4 DI TR RFTANG 2 i i R EIRYIP AR JERZ e D T &
BT (R YIRE R & e = S AHRE - AR BRIy > 55— 2SI EE A E A — 5 -
HEARGE R TR HEET 2 HM YIRS - (R IESAT T BN /K Bl (arte) RIBIM 5 02 (leeu) V) S Y 00 ZEHI &

Pt

Part 3.1: Obtain necessary skull measurements [15 points]

BERUNEAEE R AIEEQS 57)

The table below indicates a series of skull features which you will have to measure for the two species

mentioned above. All measurements are also indicated in the skull diagrams.

N REURATATEEIHY W e EVIREREE 25 R o FrA B AE R AR S Be (B TP U -

Description

M, distance in mm between [I'] and [NF1]. [I'] and [NF1]RZ FEEE DA mm F

M, distance in mm between [Ang. Pr.] and end of masseter depression (masseter
muscle attachment point). [Ang. Pr.]EEIGHL T 702 RS HEAEEL)

M; distance in mm between [Ang. Pr.] and [Cond. Pr.] - [Ang. Pr.] and [Cond.
Pr.]. F]Z FERERA mm R -

M, distance in mm between [I] and [Cond. Pr.] - [I] and [Cond. Pr.] {7 FEE& L
mm R

Ms distance in mm between end of eyes and end of [PA] - [PAIKIHZIREE KiF
ZEEBEDL mm RN

Me distance in mm between eyes and [PMX]. [PMX]EERR B 2 FEEEDA mm T

M, distance in mm between [PMX] or [NA] or [I] and [Cond. Pr.]. [PMX]EX[NA]

¢ [1182[Cond. Pr.] f&] Z FERE DA mm R -
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While results for features Ms and Mg will be provided below, measure the five features (M, through M,
and M) for both specimens (arte and leeu). Focus on the right side of the skull (the left side when facing

the skull). Report your results in mm in the table to a precision of 0.1 mm

TEREEE Ms I Me IUAER - BHZ W (arte 1 leeu) HAAIF(EHIEME (ML E] My DK
M;) - SBEEEESERESESR - EIRLER]) - £ RFPLL mm BEATEHIRIGEER
WAFZEE] 0.1 mm o

M, M, M, M, M,

arte
Arvicola terrestris

leeu
Lepus europaeus

Part 3.2: Calculate the morphological distance between species pairs [15 points]
SR YEN R REIERES 57)

A major hurdle when studying different skull features is that they are primarily determined by the
overall size of the specimen. To study skull shape, begin by correcting for the overall size of the skull by
dividing each measurement by the length of the skull (M;) and taking the logarithm to base 10 from this

ratio. For each measurement M; = {My, ..., M}, calculate:

TEHZE A FEEE RO —E T 2R & - S EMg AR EREE A/ NI EE o BIFFRIEFIR
BN EZ— T EEERE AR N IE » R EII R E R DAEE 12 (M7)1% - IGEVE DL 10 B Emy
HEUE - HEEIEME > M ={My, ..., Mg} > 55515 :

_ M;
M; = log (E)

Report your results in the table below with a precision of three digits after the decimal point.

£ N RPEHIRHEER - WhER) NEORTR S = AL -

—~ o~ o~ o~ o~ —~

M, M, M M, Ms Mg
arte -0.367 -0.478
Arvicola terrestris
leeu -0.547 -0.382
Lepus europaeus
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Next, compute the absolute morphological distance d;(x, y) between the two species x and y for each

measurement i as

HAR > R x Ry MR | VAR REEERE; (x, y)

s

di(x,y) = |M;(x) — M;(y)|

where M;(x) is the standardized measure i of species x. The absolute difference is the difference
regardless of whether it is negative or positive. Report your results with a precision of three digits after

the decimal point in the table below.

HAHIM; () REYITE x AUREE(LAIR | - BEFEREANBEIEAE > RERGEEHE - 751
RPEHIRHIGER - W]/ B 5 = %

di(x,y) | da(xy) | ds(xy) | da(xy) | ds(xy) | de(x,y)

arte and leeu

When combining the different measures into a single distance, it is important to first standardize the
distances in order to give them equal weight. A simple procedure to standardize is to divide the absolute

differences d; (x, y) by the median difference d; across all species pairs considered:

EERARONEAESEIE iy - EIRAVE R R (L - (EHRE S FSHEE -
B LAV BB R IHE IR R d, (v, y) RIS ATA VIS s i 812 d; -

The appropriate medians are indicated in the table below. & & iy ir & FFE P~

di(x,y) dy(x,y)  ds(x,y)  dy(xy)  ds(xy)  de(x,)
0.084 0.139 0.067 0.026 0.110 0.082
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Standardize all distances and report your results with a precision of three digits after the decimal point

in the table below.

RHRFTA SR EIEARAE(L » WA MRPEEER - AR NG = -

‘21(3@3’) &z(x’Y) as(x’Y) ‘24(95'3’) (25(x,y) a6(ny)

arte and leeu

The combined morphological distance D(x,y) of a pair (x,y) is defined as the sum across all

standardized distances of that pair:

AL (x, y) 2 &7 RREERE D(x, y) » Bl Ry BC S FT A FRtE( R B 4R

6
DY) = ) di(x)
i=1

Calculate D(x, y) for arte and leeu and report your results with a precision of three digits after the

decimal point in the table below.

SR Garte R locu) 2 47 ETVARBERE DU, ) » IEAE TR P BSHIRATER - WASHER) B
H=1r -

D(x,y)

"
arte and leeu %
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Part 3.3: Plot the phylogenetic versus the morphological distance [2 points]
GBI R R L BT AREE AR (4]

The graph below shows the phylogenetic distance Phylo(x,y) against the morphological distance
D(x,y) for pairs of some of the species listed in the Appendix, along with a linear regression best
explaining the observed values. Add your calculated distances to this plot by using a dot with a circle

around, similar to the other points. The phylogenetic distance between arte and leeu is 6.80.

T EBEREN SR AR fE S - H AR EAEREEEPhylo (x, y) S RERERED (x, y) AUAH BRI
H AR O S BB R AR RE o RHRFTET BAYEEEE A — (& B B A B B A B (L IR A EE) D AL
&t o arte Al leeu [HEIAYFET 45 FERE £y 6.80 ©

40 |
I
|F}
30
> v
X 20 ——
10 }') -
'-YJ{'),. :E)“G
HONE 7
0 -
0 5 10 15 20
Phylo(x,y)
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Part 3.4: Interpret the results [2 point] §55Rf2FE[2 47]

The plot of the phylogenetic versus the morphological distance shows two obvious outliers, points P and
T. Indicate with a tick (V) for each of the following hypotheses whether it could explain these outliers or

not.

FEZS S HIPRRERERR (B TP PRI T WI(EIHEERY R EE - $F8 MR REE S nl DU s L
BHAE > SHT AW IR E -

yes no

Both species of pair P are closely related but were geographically separated
and evolved convergent adaptations to very similar habitats. P ¥ 0y Ra1{E

VIRERRSGAH AT (H A e - (IR AR IR AL -

The ancestor of one species of pair P colonized a totally different
environment with very different selection pressures, changing its skull
morphology dramatically. P Fc¥f—({&Y)fEry1H S CIOTE EIE AR )
SRR ERVEREE - EEEEE R BB LRI -

Both species of pair T are part of a fast, ecologically driven adaptive

radiation. T FCHIEYIEY)FES Ry— DR ~ A REERB)E I MEERAT 0y —I0

While only distantly related, both species of pair T feed on very similar
resources, for which their skulls evolved convergent adaptations. HEZR H &

B TECHAYWREYIRER IEE R aPER - HEEsAEEE -

End of practical exam

BIFEREMEER
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Appendix: Character states (presence or absence) of all specimens

bt - FrAEAZ EYIR R (R A EER )

Presences are indicated with a “1” and absences with a “-”. B S EEE DLV Fr = 2 4855E 0L
”-"%‘(}:IA_\‘ °

10

11

12

Character
arte Arvicola
terrestris
caca Capreolus
capreolus
feca Felis
catus
leeu |Llepus
europaeus
meme | Meles
meles
scvu Sciurus
vulgaris
vuvu | Vulpes
vulpes
cesi Ceratotherium
simum
dima | Didelphis
marsupialis
egfe |Equus
ferus
gase Galago
senegalensis
gege | Genetta
genetta
hiam | Hippopotamus
amphibius
inge Inia
geoffrensis
mape | Manis
pentadactyla
maru | Macropus
rufus
muni | Mustela
nivalis
pipi Pipistrellus
pipistrellus
prca Procavia
capensis
ptva Pteropus
vampyrus
somi | Sorex
minutus
taac Tachyglossus
aculeatus
toma | Tolypeutes
matacus
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