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

Dear participants,

This test consists of three tasks: O] &3 A|&2 3 7||0] ItH| 2 L=,

Task 1: Determine presence or absence of characters [42 points] @ Z&I°o| EX| &£ 4dH

Part 1.1: Description of morphological characters
OHE 1.1: HEfSHE AH A 7| =517
Part 1.2: Determine all character states [42 points]

oE 1.2: RE A ME| AASH7]

Task 2: Resolve phylogenetic relationships [24 points] A S<tX QH2HA| off &

Part 2.1: How maximum parsimony works

OHE 2.1: 2|0 CHEA 9IE| & 8317

Part 2.2: Resolve the phylogenetic relationship using parsimony [10 points]
OHE 2.2: g @ 2| ArESH0] AlS =32 s 25t 7|

Part 2.3: Identify characters reflecting diet [4 points]

OHE 2.3: HO| 4 A A5 58517

Part 2.4: How UPGMA works

O}E 24: A HTZ S S83HH| 7S (IS ETHE M H M 8317

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

A
OHE 25 ME¥os 280 HIIS HSEEEHE AESHO ASs &

ol Z23t7]

Task 3: Rate of morphological evolution [34 points] HE|SHH ZIglo| &£

Part 3.1: Obtain necessary skull measurements [15 points]

OHE 3.1: WR3H SIHE SHA| 187

Part 3.2: Calculate the morphological distance between species pairs [15 points]
OHE 3.2: M2 Mol HEfSHE 2| At}

Part 3.3: Plot the phylogenetic versus the morphological distance [2 points]
OHE 3.3: WENSHY 742|0f Ch3t A SR 2|o| dajm 2|7

Part 3.4: Interpret the results [2 point]

IHE 3.4: Z 3} s A 317

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

22 RE A2 YW YEHEW 95
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IBO 2013, SWITZERLAND Practical Exam “Comparative and Functional Biosystematics”

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

of

CHAl O

O - —

YD (student code)E HX|0f Q= Hl 7FH 50 M SO 2.

J

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.

C}

22 FOX= HAl= 83 2 H

*HEE.

rin
mjo

slMo = AsE Hzk S0 AT M

O

oAl2. 2 o]l 7k otof H3 Gt

—_

J

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.

L= Of2tH|Of==AtZ EAIGLCL <At “173t 772 20| HIohM 28 & + AL MEXt

) —
SHOIELZ AE T 4 UES GO0l B0 Ol =AHS S HE YA S o2l ZHetof i 22 A2,

- ] - [

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.

2Ol 22|H FA| HE Us gt HdS SALL

a2 2= AR et EX[E F0T S5 0] E5LCH
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IBO 2013, SWITZERLAND Practical Exam “Comparative and Functional Biosystematics”

Material and equipment(Xj & 2! 7| T)

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.

ztzto| WHIE YIsH HIBE MZot 7| S-S SHOIBIA| 2. Qroto| HEst 20| YUCHH £8 =A@

Equipment (7| %)
e 1 sliding caliper (150 mm) ( 150mm ZHZ|IH A 1 7})
e 1 ruler (300 mm) (300mm A} 1 7|
e 1 calculator (A &H7] 1 7))
e scratch paper (| E2&X|)

Skull specimen (S F71Z)

e Arvicola terrestris arte European water vole (5 & 22 = F|)
e Capreolous capreoulus caca European roe deer (S T D ALAS)
e Felis catus feca domestic cat (%] 1 QF0|)
e Lepus europaeus leeu European/brown hare (5 & ZA E7]|)
e Meles meles meme European badger (& 2422|)
e Sciurus vulgaris scvu Eurasian red squirrel  (S2}A|QF HSELCEHE)
e Vulpes vulpes vuvu red fox (F2 220 2)
Additional taxa for which data is provided
e Ceratotherium simum cesi white or square-lipped rhinoceros (B &£ A )
e Didelphis marsupialis dima common opossum(FH L| F|)
e Fquus ferus egfe horse ()
e Galago senegalensis gase Senegal bushbaby (M| 4| Z A 2=0])
e Genetta genetta gege common genet (AF2F 11 2F0|)
e Hippopotamus amphibius hiam hippopotamus (S}0})
e [nia geoffrensis inge Amazon river dolphin (OtOFEZ =11 2H)
e Manis pentadactyla mape Chinese pangolin (5= 2 7}0|gt7|)
e Macropus rufus maru red kangaroo (224 H &)
e Mustela nivalis muni least weasel (2 2Z K| H|)
e Pipistrellus pipistrellus pipi common pipistrelle (O] L| 2FF|)
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IBO 2013, SWITZERLAND Practical Exam “Comparative and Functional Biosystematics”

e Procavia capensis prca rock or cape hyrax(H} 9| 5|2 A )

e Pteropus vampyrus ptva Malaysian large flying fox(2¥2{ O| A|O} 1t 2 BFF)
e Sorex minutus somi Eurasian pygmy shrew(IL| ZLO| & F|)

e Tachyglossus aculeatus taac short-beaked echidna(ths = HH5 5 F)

e Tolypeutes matacus toma southern three-banded armadillo

(5f0/0t=0rE 2)

Print outs (Z 2 E &)

e skull diagrams (57| = C}O| O} 1 ZH)
e color print outs illustrating the presence (1) and absence (-) of the morphological characters.
Note legend on top. (FE{E EZ 0| EXYSH (1), EXHSIXA| LA H(-) 2 BA|E ZHef

TZES YT = #e S =25t L)
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IBO 2013, SWITZERLAND Practical Exam “Comparative and Functional Biosystematics”

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 2g, whereas the
blue whale, the largest animal that ever existed, is more than 100 million times larger.

5700 0| B/ e1ESts ZRF= AFJOM o2 XG0 210 A0, ZAX}QL ZAXZ A
o
_.Elr

o dEfA 2 =S YENA S I dot=H SRt 92 S of
o

N
|.|-|
rot
i
Hel
=[o
qu
rir
0%t
flu}
1
|0
Hu
|.|-|

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.

ol M AHOME S2O| SIHT(O|®I E)o| HERH ST EXMEBeHH [ o|Eto]
27810 20 BB FTHO| E 552 10 HES NS XS S Zs|oF & Ho|ct
olajee TSI BAS £2317| Y8 27|22 ALSIH 2 HO|Ch 02f3t Iz L 22
ZlTho] URHE{ Ol FIB OIALS JPHS T YL D202 2E HEHe 150| OHX|% BE K A(ast
common ancestor) © 2 2 E| Q23 ZETMMS TS S Jx| 1 YLt o YRS 0] £2 Rt Ct2
22 Fog pwsls S48 K 1 Yot

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.
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222 =7|=0|t | 27k d=2

ASSH BAE FE25H0 LEtH LT 29

C}O|Of 1 2H(dendrogram)O| C}.
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IBO 2013, SWITZERLAND Practical Exam “Comparative and Functional Biosystematics”

Task 1: Determine presence or absence of characters[42 points]
WA 1 @O EX {57 A (42 H)

Part 1.1: Description of morphological characters

mE 1.1 HENEN B 7|87

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) (e.g. [P?] refers to the third
premolar on the upper jaw).

EXHSHE (1), EXHSIR| R H()Z BAIZ[Of QUL 2 HEO| 052 Zet ZEEF(Z H0[X]|2

| l:

2|
THOf| R 7t EAIZ[Of QUCH Of M =HRIE 4= QUCE Y& 7 HO|A 10 #7tX| Q] BR= EEO|
Mote()=s OES LIEtWZD RACE = o] AL OE S8 [Pl 22 A2 FHE
Crojorazo] Qe XS LiEtUHE ZAOIEE. 2L(), SXU(C), Oz Ll(premolar, P),
ofgHMel fIXIE2 oM FHE FIF ez SO0tEHAM =ME SA-ANAE) £
OlzfHXHOLH E) 2 HAISIRUICL (& ST [Pl= SEO| Z0FL oM YOoMEH FIZRCZ

MERYOf 2| X|ot 24 o|OfghEt)

Number Description

1 Incisors [l] are present on the upper jaw.
L= |Eo| ExetCt.

2 Elongated incisors [I] with abrasive (rubbed) edges indicating continuously growth through
life on upper and/or lower jaw.

7V XE|7F OrEE AX|Fo| T|CHEt ALEN dEAL 7|7 S0 S Es
OF2fE Ol M Al Kt2t A4S LIEHHCE

3 Incisors [I] on the front side coated with dental enamel (orange color).
OiLIEBZ 22 0l A= HZFQ| ALIN)(L2EIX] A4

4 Third upper incisors [I*] reduced and positioned behind the second incisors.
SRR QL] F Ol U= ZHORTI MY KU QL[]
5 Diastema on upper jaw. A diastema is defined as a large gap (more than two times the

width of the largest tooth adjacent to the gap) between the position of incisors [l]or
canines [C]and the premolars [P]Jor molars [M]. Some of these teeth may be absent.

SEOl 0|F. 0|52 U £ SXRUC RO{FHP] £= OlgLIM] ALO[Q]

4T oA
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IBO 2013, SWITZERLAND Practical Exam “Comparative and Functional Biosystematics”

6 Canines [C] are present on the upper jaw.
SXUI[Cl= Y| =X}

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.
SIEio] P2 7h9] Bl OF3E0] YUk MI2 X2 £ 5= 0| 17| 2 7|0
US2 O[O HEZ SR 2Lt Y 7|0l = FX STt

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.
(FI0AM & I o|&e| AFZE0| FEHAM UL (low crown) ZEE 22| Z7|(cusp)/t
U K| oM BT o2t 20| 7|50 0|0 Tl HEf = Hi B [0 UCE)

9 Lophodont teeth, characterized by elongated ridges that run between cusps. Ridges are

perpendicular to the jaw (like an old-fashioned washboard).
(£7|50] HZAE0f 7l Ef%34 20| 7|2 FalE E44K. 0] 87|52 (7Y

ey 2 2k ar 2H0) §at X232 0| 2Lt)
10 Teeth characterized by a well-developed V- or W-shaped ectoloph (crest).

(V X|- e w Eoto| O‘”EEJ_L(Ol o| 57|)7|_ = |:||-|:|-5| OlHHI-)

11 Pointed teeth forming conical tips.
(E0| AEd 22l #=ot 0|'H)

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).

Of2jElo| Xl =% 5 (angular extension)[Ang. Pr.] (Processus Angularis)7} QtZ O 2
N /A0 (SAE HiskO 2) [Cond. Pr.J(Processus condularis) 2Ct O SE0
o|X|5T ULt

Part 1.2: Determine all character states[42 points]
otE 1.2:. 2= A& ArElj(character state) 2™ 5}7|[42 &

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 Appendix(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.

oA O|R0{& EA(later analysis)2 QSHALE, BA0| ZEE 2t S50 HEfSHA & A Q|
M RFE 4 2E5tn, FEOHX T o|X)oj| MSE HO|l 7|=5t= 20| Helg ZOo|Ct
T2 HEENY, = ISEEXSH| @SS LEHLOL FUiES TE Mo= SE9
ZHOIAN L. EE Al HS0|H, HIE XtHAEHE 20 MSE ZA0|CH
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IBO 2013, SWITZERLAND Practical Exam “Comparative and Functional Biosystematics”

Task 2: Resolve phylogenetic relationships[24 points]
A 2: A SEE F A2 s A24 ]

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.

Of Mol 82 Fo IR Mo A& 2HES s dot= A0ILE 022 He=
SMB 28 F 7HX| S-S AFEE AO[Ch IHE 2.1 0 A 2.3 77HX]|, O 2{Z2 2HA| 1(Task 1)0f| A
Fgot O EX RFE EME AN HEd(maximum parsimony)| JHEE HESHM F2
ZaR JUS tizste 2 Mo 2RI ASSH HAE FEE A0ICh TE 24 0N
25 HK|, ZArd =Sty HIO|HZRE A2 MY ASS 2Hdst7| ?Is) |sAs=2SUe A8S
SiAot=s H2 Yy UPGMA (M= BT S 280 HI7IS LIS E =M #)S Ar83lor & AO|Ct.

Part 2.1: How maximum parsimony works

LtE 2.1: X|CH Eh=

Y

2| X837

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.

Of
N
=
ofm
S0
Il
K
rl'IJ
x
mjo
2
iy
Ot
N
a0
Of
<
LS
A
0
pal
ry
T

2 ASS 2-JotEHA Z|Of B d(the
£ Hol(state change) & F-otCt=

o
ALk 3 HES LOEY| 2[5, A B2t C37H2
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IBO 2013, SWITZERLAND Practical Exam “Comparative and Functional Biosystematics”

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).

ASS SOIM HEiSHY| RISHA, 2442 =FT0A 10A 4 7HX| 2] HEHY HEO| &= RFS
GIIoto] otz O MA[SHRICE. O] Y& RF& 7Mh2 7Y 242 2RT0= Sl AL=2
24X RUALCE A S2| 2R (root of phylogenies, @2 CHO|OF 1RO BA|El H2 & F2)0 = 0=

SEE EXSHA| =Lk

7

1 2 3 4
A - 1 1
B 1 1 - 1
C 1 1 - -

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.

MW, XA AEH BSH(minimal number of state changes)&= Zt2to| H &1t 7| H A ES AH™sI=0|
ALEEICHL OE W, 92 4= 2R A BOl= EXSHL, 2R CcOl= 8l=0H, A BE
Ol0jX|= AS0M= HEEIS(absent)O| A HEERl(present)=2| H3lEl HENE LIEFHCE
Olg{et Hat= 27| A2 BOM= SEHLZ AoE = UKX[T, HEfHS}(state changes)2| &[4
TR (E|CHCted SHZ) A FB O 7MY 72 £ 22l 3& R0 AL = tHY Btz 243

= ULt

As shown in the following figure, two equally parsimonious Solutions la and Ib 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).
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CHE 20N 2X0|, HE dEE 13 W A& | oM Z(Of Ched E2E HE%
Sl| & (parsimonious solution)2 £ la @} Ib 5 Z}X| 7} UL} S la(solution la)0| M= &A1} 2 =

=7/l Bt coM Y22 YJElttd 7Pgstn ULt o|ks EE2|(2F Ib, solution Ib)of M=

oj2iet YEO| ASe ZH=2RH 27|51 27| AMAME ARREEICE o 2 B =

5|5 20| (open circle)e= @REO0| M7l A2 LIEHLHH(AEZEQS > FEJUS 29| AE{fHT]),
A28l (black bar)= HZEO| At2tEl A2 LIEHLH= A(FEUS > AEHQUSCZ A B30
=O|8tA| 2.
3
la — A |Ib 39 2| 1|A
4 4
21 -
. —©o©o-B 21 —B
OO
21
—©9°9oC 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 regareded as
uninformative and discarded prior to the analysis.

r
=2
x
ot

12 e

OF
0z
I
mjn
I
m
=
rr
0%t
[1hal
mujn
rlo
=o]
oo o
ot
ox
HT
mjn
on
Kl
30
Ral
o2
0
=
=
>
=4
<)
3
=
=
o

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.

Chte 382 & 7K 83882 AS 3 otLE W87 /o ztiE=dRZE 0[&3HA

0

A EH 02 LIEHH Z40|Ch HiA Otof= 0f2{st 847 THOIA Qe & E AEf @ SHcharacter

=
state changes)2| =7t LIEtLE QICH Z|CH Ehedol 7HESIOIM AS Il = 27T A B 2 C A0

LYt ASHABA S 2|22 o =F3H0] dE 2 AO|Ct.

—
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2 1
| T+ A I A
4
0 4
e o
2 1 —B — B
o0 2 1
T 7] 4
C —+—C

Part 2.2: Resolve the phylogenetic relationship using parsimony [10 points]

ItE 2.2:

ra

e lE] AFRSHO] A SR 1B BHZ 5t 7| (10 F)

—

You will now use maximum parsimony to resolve the phylogenetic relationship among the following taxa,
representing a major mammal clade:

2ol F#2 /7 27|22 LBt = 27z 2t AlS 7 A2A S S 25| ?IoH

e Arvicola terrestris (arte)
Ceratotherium simum (cesi)
Equus ferus (eqfe)

e Genetta genetta (gege)

e Lepus europaeus (leeu)

e Capreolus capreolus (caca)
e  Sorex minutus(somi)

First, indicate with a tick(Vv) if Characters 1 through 12(page 8-9) 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.

—

RNR, 10| 12 77HK| HE S0 A(page 8-9) EF T2 AS2 Si&sH7| ?lsl 523 WEE
= (VEE StAR. A &2 Z&(root)d
ZMol= & 1, 61 11 2 K8t = O] EEFZE2| 2 (root of these taxa)0f| 2= S Z 0|

EMSHA| = Ao F2l5HA 2.

U= (informative) Zd0} JHX| Q2(not informative) Zd

LS —

Character 1 2 3 4 5 6

~N
00
o

10 11 12

informative

not informative
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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.

Ch, 2T A @RS MB3to] WL AR HSE 12310 T2I0| Y EAISL0] AS 1 2 £ I
REE YN HES 250t B2 BIsA0|E, FEO| At 3R+ U2 BAISHD,
AOM MAlE FEe HoE HOoAQ. OiX|Et ez of2fol A Q= HEfBSIF Lot &
+EHoAR
I ——— arte " arte
L— leeu leeu
.—
somi cesi
gege P caca
 caca eqfe
— cesi somi
L eqfe gege

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

Z|oH Srd A o 28 7 7 2 F2tel 2ol T ASeH 7 A2

L O — i | —

x_l_
EHS A

i
mjo

=ct Ot2fe| EOf (V)ESIA|L.

Preferred phylogeny according to the concept of maximum parsimony
o) Tt g Aol /EE H 850 A2 XM As
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Part 2.3: Identify characters reflecting diet [4 points]
OHE 2.3: HO| A A& 375H7([4 )

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 life style.

T2 HEO0| m=otE|of RUX| UCHH, =[O Ered@dE2 XLXA et 20| &
FHAZH 2R AsS d2otA 2857| o Lt 2/ ¢ R 712l FE LE{2| XtO[ 7}
Assts EZE LEH= 4= (phylogenetic signal)2t7| HCh= O[O0 CHst AEtEl HF
HFISHY | = Sh= A2 AMEOIL}. 0|2t 7HE & E715}7| fISiM |49 E= =4d Ao thet
HEH O HES SHNOF oLt

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:

X S490| ZotH EXs=, GHs= dds=

—

rir

chgol MEBSL 0P AT
=

de|2 HFEFSE 5= HO|2 oot
e Didelphis marsupialis (dima)
e Galago senegalensis(gase)

e |nia geoffrensis (inge)

e  Mustela nivalis (muni)

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

e Tolypeutes matacus (toma)

The following are very distantly related species but are known to be highly herbivorous and feed on
grass, leaves, fruits and roots:

[fe ME2ESS 0j9 QUTH S YUX|OH £AMO| L3t HOZ YK Yo, B, U, Y7}
83| 2 0{0| 2 B},

e Arvicola terrestris (arte)

e Capreolous capreolus (caca)
e Fquus ferus (eqfe)

e lepus europaeus(leeu)

e Macropus rufus (maru)

e Procavia capensis (prca)

e Pteropus vampyrus (ptva)
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Indicate with a tick (V) in the table below for each Character 1 through 12 whether its presence or
absence is typical for either a 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.

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

typical for carnivores

(SAs=2 HIH HF)

typical for herbivores

(A S20 HHH ¥

not typical for either
(FA4s=0|LI =4 S=2

Yol HE Q1S

Part 2.4: How UPGMA works

I} E 2.4: UPGMA (At T

mjo
Mot

gt H|I7HE S EZ 4 ") HE517

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.

HEfets WA o X R R0 2AS HD wHe £aRte| HgH
QIS) ALBBIXIS SHECH SARSH MEHEIS JHSMS ZHE HEQ| B2 HEE(a large set of

StR G|0|E 2 HEf
Hole Chedm gHEEQl HI YHO0| UPGMA
)OIt O] W2 7hat 74t 72| 0| 222 (pair of

=
clusters) 02 XTI HIESIOoZMN O =2 £=F9| EZ|(higher level cluster)2 L}EIL=
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To illustrate that concept, consider the molecular distances (e.g. number of base pair differences)
between the Taxa A, B, C and D.

Of 7ZHES LIEIUZ| ?I3ll, 27 A B, C2f Do XA HE[(0E =H, G714 X0l )&

L b
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.

ube 1 XY, JHY 272|e Sal(duste)2l %S C 9t Do| Holck O o £Fo| Ra2
ZYECH B FHE 2alo| HTHN Lol £ Pa| Ao|o] 7alo| Bo 2 AMEITE 0] ZRE

FE|of X Lol 2 O|Lf.

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.

CHE, BE AHEZlol MER HE2 £ R0 ZE& 2R OHE RE|9 ZE 27U E
HeE|2 Rt A E AN EZN dEECH OE =8, F2| AL F2((C D) A0|2] HE[= A 2F
C 2| AHE[(d(A, C)2t A 2} D AtO[2] HZ|(d(A, D)2| Bt gf 22 A AFEICE O 7|0 A d(x, y)= =& x 2F
y AO|2] A2 & LIEFHLCE.

A
A 0 B
B 6 0 (c,D)
(co)| 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)).
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gh= 2: O|X| 7te 2A2|e] F2[2] 42 A2t B o ¥O|Ct. O] ¢LiH Lt0[7t 3 2l &2 +&2
F2[(A, B)OICE. CHAl, H2|= {0 MAlEl 241t Z0f ChA| A LI (A, B)2E (C, D)2

d(A,C), d(A,D), d(B,C) 2} d(B,D)2| ™ O|LC}. O| = d(A,(C,D)) 1t d(B,(C,D))Q| Tt ZC}.

(A,B)
(A,B) 0 (C,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.

gh= 3: OFX| 9} BEROM = LIMX] = 74e] 2F=2 M22 72| (AB), (CD)2=2 =L O

Felo SUiA Ltol= 4 7t =t

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.

=7 AH2| A4k RE ERS T F2E Zget £, O 202 OHT tree = 24422 £
ATHE QI Lo] 2 T247IC} 0| 2{s ATHA AlZto 2 HE Y 27| H2| 2 A Arsict,
L 4 |

: 3 1

2

O O o »r
N
OO o >r
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Part 2.5: Resolve the phylogenetic relationship using UPGMA [10 points]

oHE 25 MHEBF RTHE A AL S10] 215 RATZY S1Z5}7](10 F]

mjo
utok

125+ 6|75 O

—

olo

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.

Off UPGMA S AIE3tE 2dOM= 5 T2 S4FS=2 AS RAUEAS ZsH0F oot
Mt L

-1 O
FE79| 2= Aall pairs of these taxa) 2t 2| EF3t=l XA 72| = ot B AN QLY.

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 | 496 | 2.82 | 496 | 0.00

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).

92 DS TS0l WS BRI 2|8 Bol M PAIQ. Helot MRIT Ho| Rajof sHTsts
J|BE HoAlQ. 52 +E0| g2

= = IS BAISH| 2SN RN 270 LHES AFESHAIR. O
=8, (ky)2Ete 80= 72| (x, y)it z 2 & F2[0|Ch Eoh, Z42fo] Hh=0f ofs] M|

AMEl 22| MLHA LiO|(relative age of newly formed cluster)S 7|E5IA|2(EH, ~H

Iteration 1

Relative age of newly

formed cluster
0.00

0.00

0.00

0.00
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Iteration 2

Relative age of newly
formed cluster

0.00

Q7 0.00

Iteration 3
- Relative age of newly
. formed cluster
0.00
s P
Iteration 4
- Relative age of newly
- formed cluster

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 5mm indicates 0.1 unit of relative age of your

calculated tree.

O[X| 5 7}X| =& AlSs 122 LIEtLEAL D2 ™ 20 Z4 =7|2 H2[S LIEIH
AN RLERN = B2l 7|28 M. Aoty 8 ASE| §A Lto|2| Thel= smm &

0.1unit 2 2 AHASHA| 2.
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Task 3: Rate of morphological evolution [34 points]
hH| 3: FHENSHS Tiot £ [34 )

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).

O —

=XAHA CIO|HEREH FHOA Y2 I ASH HIlet =2 42 EOOF ol O]
MMM €Ee FIE F-E2 Sl 0|2{et 782 ASStAt otCt B2 MEFH0| izt
A7 FIFE o2 = X| K| B, Arvicola terrestris (arte) 2} Lepus europaeus (leeu) AH-S4H0|| CH3|

Part 3.1: Obtain necessary skull measurements[15 points]
OHE 3.1: Hast FIE FEKX| 7#517| [15 E]

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.

—

Otel #= (0 elgst & 4= o2 Z0| FF8or & L3 FH= FE=S MAlst
|
=

ULt 2= FZX|= FHE CHO|of Q- M = A5 T AO|Ct

Description A &

M, distance in mm between [I'] and [NF1].
[I"RHNF1]ALO[ Q] 2 2|(mm)
M, distance in mm between [Ang. Pr.] and end of masseter depression (masseter
muscle attachment point).
[Ang. Pr]Qt M ZfZ 22| SFI 2 X (ME 2 FE22]) AHO|2] AHE[(mm)
M; distance in mm between [Ang. Pr.] and [Cond. Pr.]
[Ang. Pr.]2}Cond. Pr.JAFO| 2] 7HZ|(mm)
M, distance in mm between [I] and [Cond. Pr.]
[1]2} [Cond. Pr.] AFO|2] HZ|(mm)
Ms distance in mm between end of eyes and end of [PA]
w2 21+ [PAIC] & AFO|2] AHE[(mm)
Ms distance in mm between eyes and [PMX]
=1} [PMX]A}O] 2] AH2](mm)
My distance in mm between [PMX] or [NA]or [I]Jand [Cond. Pr.]

[PMX] EE = [NAJEE=[112} [Cond. Pr.JAFO| 2] 7{2|(mm)
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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 0.1mm.

oF Me Off Cigh Zat= Of2iet Z0] =OE AOIL). & =T (arte, leeu)Of CHSt 5 7HX|
EdM 8#H M, J2|30 My)E FEIHAR. FIEe LEZ J[HU(FMES Hgts I, ¥%
SHO| ELho =28& &1 FYoIAR. 0.1mm 7HX| FetstA 58510 ZitE mm EHR2

HO M AISHA| 2.

M, M, M; M,

arte
Arvicolaterrestris

leeu
Lepuseuropaeus

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

DHE 32 M2 E 4 ALO| o] HENSHE 2| A Ak} [15 ]

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:

rﬂ
-
me
+

got 2Me 222 T 27|E F¥ot= Hlof UL

OE
FE 20 ot A0 FolE A A7 FES Z20[(My)= L1 O] H[E2
=
—

X (Mi={My, ..., MY)E A LA 2.

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

otz 0| 58 Z1HE 25 Olot AW XI2[7HX] 7| F5HA2.
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i, i, M, i, M 73
arte -0.367 -0.478
Arvicola terrestris
leeu -0.547 -0.382
Lepus europaeus

Next, compute the absolute morphological distance d;(x, y)between the two species x and y for each
measurement j as

Ob

Chs, 24 S8 0 tiet & =T x ek y Aol HENH A2 di(x,y)2| ZCHEtE Ol A=

di(x,y) = |Mi(x) - Mi()’)|

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 (indicated by |-|). Report your results with a precision of
three digits after the decimal point in the table below.

H7IMM; ()= 82T x o BESE HFAX i o|Ch. Hrjgtel Xoj= B2 O0|HAZE
DE{SHR| B2 AHO|(I-| = LtEFHEN O[T A 4tet 2 247 OfSh MM Xt2|7HX| Of2f =0

—

I|ESHA|L.

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:

0%
\l
3
I
o
)
3

CH2FR ol Z=obzte ofzfo| FOf| M A| = 0] QUCt.
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di(x,y) dy(xy)  ds(xy)  di(xy)  ds(xy)  de(x,y)
0.084 0.139 0.067 0.026 0.110 0.082

Standardize all distances and report your results with a precision of three digits after the decimal point
in the table below.

2E 72l BELSL, Athet At

mjn

27 0|5t A Xt2|7HX| of2i 2] 20 7| FoHA| 2.

E dxy) | &y | dxy) | daxy) | dstey) | de(y)

arte and leeu E
Q14

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

standardized distances of that pair:

(x, vV HEfSHY HE| D(x,y)E 1 42 B= HEEE A2l e 2 Folotrt.

6
DY) = ) di(xy)

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.

arte 2} leeu Of LTt D(x,y)E A 4totd O ZutE 247 Olst AW Xt2|7tX| of2fel o

I 2EHA| Q.

"
% D(x,y)
"
arte and leeu %
Q15
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Part 3.3: Plot the phylogenetic versus the morphological distance [2 points]

Part 3.3 HE[SHH | of Ciet AIS A AHele ez a&2]7|[2 H]

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.

ofgfel JPZE L2l FAHE UL WSF Wo| HEHSH H2| D)0 CfE A5
72| Phylo(x,y)8 TS 78 T Yot M B LIEFYD L CHE H(the other

points) it FALSHA Of =0 Rz Ml 8S 0[8ot0 Alitet AH2[E EA[SHEL
0

40 o
-
|F}
30
> ,
X 20 P
10 e
3 ol
RONIPX 201
0 -
0 5 10 15 20
Phylo(x,y) %
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Part 3.4: Interpret the results [2 point]
Part 3.4 ZA1}sj A s}7| [2 ™]

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.

SENSHA AHe2|of| CHet ASSHA AHelE LEHY == F 702 2el& X[H P AT E 2o ECt.

Ct=el 2t 7td0l of 22| & X[ HE &2 23 = A=A E= UEXE (V2 BEAISHA 2.

yes no

Both species of pair P are closely related but were geographically separated
and evolved convergent adaptations to very similar habitats.

POl RHE F2 LTS A= UK B LN
QO DI QALSH MAIX| 2 22X L0 2 XSS FCH

The ancestor of one species of pair P colonized a totally different
environment with very different selection pressures, changing its skull
morphology dramatically.

P d4=F T otLtel ¢ 2 012 CHE UE Y= 7M|E FH9| CHE
=1

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

radiation.
THO| £ MEX BSE WA MEIBHOR Lot HSuitol
Asio|ct.

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

TYO F 42T 5= RAEAZL X2 O AL HO[ XHAS

HIO 7|20, DS FIHE2 +BHIS2E Tt RALY. .

End of practical exam-AE A& B -
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Appendix: Character states (presence or absence) of all specimens

SR EE MR AE YEI(EM /7

Presences are indicated with a “1” and absences with a

EAots A2 12 BASIR LD EXSHA| fs A2 "= BAISHAC

Character 1 2 3 4 5 6 7 8 9 /10|11 | 12

arte Arvicola
terrestris

caca Capreolus
capreolus

feca Felis
catus

leeu |Llepus
europaeus

meme | Meles
meles

scvu Sciurus
vulgaris

vuvu | Vulpes
vulpes

cesi | Ceratotherium ) ) ) ) 1 ) ) ) 1 . ) )
simum

dima | Didelphis 1 _ _ - _ 1 - - - - 1 1
marsupialis

eqfe | Equus 1 N N N 1 1 . - 1 } ) )
ferus

gase Galago 1 _ _ _ _ 1 B _ B _ 1 _
senegalensis

gege | Genetta 1 _ _ _ _ 1 1 _ _ _ 1 _
genetta

hiam | Hippopotamus 1 1 _ _ _ 1 _ _ 1 _ _ _
amphibius

inge |Inia - - - , , - - - - - 1 -
geoffrensis

mape | Manis _ _ _ _ _ _ _ _ _ _ _ _
pentadactyla

maru | Macropus 1 1 _ _ 1 _ _ _ 1 _ _ 1
rufus

muni | Mustela 1 _ _ _ _ 1 1 _ _ _ 1 _
nivalis

ipi Pipistrellus

PiP pipistrellus 1 ) ) ) ) 1 ) ) ) 1 1 )

rca Procavia

P capensis 1 1 ) ) 1 ) ) ) 1 ) ) )

ptva Pteropus 1 _ _ _ _ 1 _ _ _ _ _ _
vampyrus

somi So.rex 1 _ _ _ _ 1 _ _ _ 1 1 _
minutus

taac Tachyglossus
aculeatus ) ) ) ) ) ) ) ) ) ) ) )

toma | Tolypeutes _ _ _ _ 1 _ _ _ _ _ 1 _
matacus
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