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I — Linear models

II- Non-linear models

IIT — Spatial models

IV — Speciation

V — Sympatric speciation
VI — Spatial speciation
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FIG. 4. Linear stability diagram: mode 7 as a function of § with fixed a = 1. The shaded
region gives the linearly unstable modes for a given B.

(0] 2:5
t=14
FiG. 3. Initial (- - -) and final spatial distributions for the equation system (9) .with
a=1, f= 00125 and f(u), g(v) as in Fig. 1: zero flux boundary conditions obtain at
x = 0, L(= 2-5).
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Sympatric Speciation



Summary

» Speciation mechanisms: allopatry x sympatry
» The model of Dieckmann & Doebeli

* Sex



Charles Darwin
1809-1882

ON

THE ORIGIN OF SPECIES

EY MEANS OF NATURAL SELECTION,

; on 1w

FRESERVATION OF FAVOURED RACES IN THE STRUOGLE
- YOR LIFE.

By CHARLES DARWIN, M.A,,

CRRLIW O T A

| ‘ Alfred R. Wallace
| 1823-1913

LONDON:
JOHN MUREAY, ALBEMARLE STREET,

1850

T e e

Selecao Natural



Evolution by natural selection

65 60 55 50 45 40 35 30 million years ago

Palzocene Eocene Oligocene Miocene-Recent

Artiodactyla
Pakicetidae

’ ] “bh Ambulocetidae

i G Remingtonocetidae

ll!». 5 Protocetidae

_—
— Basilosauridae
f =1 Dorudontidae
‘ Mysticeti

)A Odontoceti

—




Evolution versus Speciation

C. draconoides

C. tigris U. scoparia
D. dorsalis P. platyrhinos




Speciation

uman
5.4
Chimpanzee
2.5,
Bonobo
J-3
Gorilla
J4
Orang-utan

Nature Reviews | Genetics






Allopatry: the basic mechanism of speciation

W

LR A

w W

initial sample of
of fruit flies

maltose medium

W ¥ ¥
W W (W W W
W w W
starch medium after several generations
ET 2 LA 7
LA AN S 5.1
W -

0%
-

> WUy

w
w

mating preference

Geographic isolation leads to Reproductive isolation.



Classic example: Darwin finches on the Galapagos islands

nluhum ground finch
Tost) (tl® ™

< |
P

sm.lll ;.mund ﬁm h

k ,.

—

ks
K

large tree finch?

woodpecker finch

warbler finch

large gr ound ﬁm h

Geospiza magnirostris-AF 10877i "

Geospiza difficilis-AF108787

Geospiza scandens-AF108783 | Ground
Geospiza conirostris-AF 108769 Q. | Finches
Geospiza loms -AF108771
- APiccess ¢- Cocos
ata-AF108790 Fineh
Cactospiza pallida-AF108792 7> -
Camarhynchus psittacula-AF108799 Tree

Camarhynchus pauper-AF108794 Q| Finches
7 Camarhynchus parvulus- AFroanrq_
F Ve rian
108802',] egeta

ysp
Warbler

i Frar Sy
ertidea 108805 ~~» Finch

002

vegetarian finch

T=ground, A=tree, V=vegetarian, C=singer

Genetic distance

Sato et al, PNAS 1998
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Example: cichlid fishes in lake Victoria (Tanzania, Africa)

No evident geographic separation.

There are approximately 400
species of cichlids with a common
ancestral that lived about

14 thousand years ago.




Is speciation possible without geographic isolation?



On the origin of species hy
sympatric speciation

Ulf Dieckmann & Michael Doebeli

Adaptive Dynamics Network, International Institute for Applied Systems Analysis,

A-2361 Laxenburg, Austria
Zoology Institute, University of Basel, Rheinsprung 9, CH-4051 Basel, Switzerland

NATURE | VOL 40022 JULY 1999 | www.nature.com



Competition and Disruptive
Selection

z = trait associated with resources — beak size
resources are seeds, whose quantity depends on seed size

birds with similar beak size compete for seeds

// \-\,
/ & \"\
/ \
,/'/! (E\} \\,
— & @& @&
| o - X
Xp Y, X Y.



Resources are finite and its distribution dictates how many birds of

each beak size are possible:

2

2

K(2)= K, exp|-—

O

z=0is the beak size corresponding to the most aboundant seed



Competition: individuals with similar phenotypes compete. The strength

of competition is modeled by a Gaussian function:

(Z-vz)z

C(z,w)=exp|- 5
o

c

birds with beak sizes in the interval z-o_ --- z+o, compete significantly with z



Single population with beak size z:

dN(z,0) _ (Z,t)(l ) N(z,t))
dt K(z)

N(z,0)K(2)

Nzt)= N(z,0)+[K(2)- P(z,0)]e ™"

— K(z)




What happens if a mutant with beak size w =z + 6z appears?

M = I/'N(W, l‘) | = C(Z’ W)K(Z) = RN(W, t)
dt K(w)
C(Z,W)=6XP[-(Z_M;) ]=ex _5222 B _ZZ;




As expected, if K(w) > K(z) the effective growth rate is R > 0 and
the mutant grows and invades the population.

If K(w) < K(z) then R < 0 and the population of mutants decreases.

The result is that a small mutation rate makes the population evolve
towards the maximum carrying capacity z=0, where more food is
available.

What happens when the population gets there?

z=0

w=0+0z= 6z



R=rl]1- C(O,(SZ) K(O) —7r|1= 8—622/2038522/2013
K(0z)

Therefore, if

O'k >O'C

R > 0 and the mutants w =0+ 6z AND w =0 -6z both grow and
invade the z = 0 phenotype!



If competition is too strong, it might be advantageous to have a more
extreme phenotype, where there are less resources, but also

less competition:

80000

60000 =

40000

20000 +

Generations
1

T T T T T T T T T T
-06 -04 -02 00 0.2 0.4 0.6 0.8 1.0 1.2

Phenotype



Asexual Individual Based Model

each individual has phenotype -1 <x +1
reproduction occurs at rate r

death rate is |

K(x)

Y N(.1) C(x, )

offspring inherit the parent phenotype, but mutations
occur with probability u. In that case x is chosen from a
normal distribution with average x and variance
0,=0.09.

r=1, K,=500, 6,=1, u=0.001



Time x 10*
Time x 102

4

20— -

0 ) i

0.5 0.5 0 -0.5
Ecological character Ecological character

Figure 1 Convergence to disruptive selection a, Evolutionary branching in the
individual-based asexual model: at the branching point x, = 0, the population
splits into two morphs. Three insets show fitness functions (continuous curves)
generated by the ecological interactions at different points in time (indicated by
horizontal dotted lines). Selection changes from directional to disruptive when
evolution reaches xp. The resource distribution K(x) has its maximum atxg and is
shown for comparison (dashed curve). b, As in a, but with multilocus genetics for
the ecological character and random mating. Shading represents phenotype
distributions (5 diploid and diallelic loci result in 11 possible phenotypes). Despite
disruptive selection atthe branching point (see insets), branching does not occur.



Sexual Model

Ecological character (beak size) is attributed according to 5 diploid biallelic loic

+ + - + +
-+ -+ +  x=(7-3)10 = 4/10=0.4

+ - -+ +

- -4+ + x=(55)/10=0

- - -+ -

- -+ +  x=(3-7)/10 = -4/10=-04



Reproduction:

+ + - + +
-+ -+ + —
-+ -+ + + + - + +
—
o~ - - -+ + - - -+ +
+ - -+ +
- e -+ + —— mutation

Result from simulations: population does not branch.

Intermediate phenotypes keep showing up.



Sexual Model with assortative
mating

Besides the ecological character, two other genetic traits are attributed to
the individual, each with 5 diploid biallelic loci:

- + -+ + x=ecological trait

-1 = mate with opposite
- - -+ + m=mating preference trait: 0 = no preference

+1= mate with similar

- - - + + n=neutral trait (color of feathers)



If mating preference refers to the ecological trait, the dynamics leads to

the fixation of m close to +1, i.e., to the evolution of positive assortativity for
individuals with similar ecological character. This avoids the mixture of

extreme phenotypes and results in disruptive selection as in the asexual model.

a Time 0.0 Time 10.0 Time 30.0 Time 50.0 Time 150.0 Time 180.0 Time 200.0 Time 300.0 Summary
o8 . B o8
| || i
© = | | | ] - [ ] [ a
s g8 o = c
) [3)
Ecological

Ecological
character character



Mating
character

Marker
character

If preference is with respect to the neutral character (color of feathers),
the dynamics still leads to the evolution of positive assortativity, mating
with individuals with similar neutral character.

The population splits in two groups according to the neutral character.
However, each group also has a different ecological character: blue feathers
go with small beak and red feathers with large beak (or vice versa). The time
it takes for splitting, however, is almost 10 times larger.
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Speciation in spatially extended
populations



Allopatry: the basic mechanism of speciation:
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Geographic isolation leads to Reproductive isolation.



Classic example: Darwin finches on the Galapagos islands
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Another example: Cichlid fishes in lake Victoria (Tanzania, Africa)

TANZANIA
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There are approximately 400 species of cichlids with a
common ancestral that lived only 14 thousand years ago.

Super fast speciation.
No geographic barriers.
No evidence of strong competition.



Geography and Genetics work together in Evolution

Dramatic examples of their intertwined roles are provides by RING SPECIES,

where the population is restricted by partial geographic barriers



Greenish Warblers Birds in the Tibetan Plateau
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Figure 1 Geographic range of the greenish warbler species complex, along with research
sites and representative song spectrograms. Different colours illustrate the ranges of six
taxa commonly considered to be subspecies of Phylbscapus trochiloides™: purple, nitidus;
blue, wiridanus; green, ludlowr, yellow, trochiloides, orange, obscuratus, red,
plumbeitarsus. Colours grade together in regions where Ticehurst! described gradual
change between subspecies. Research sites are indicated by their two-letter designation.

Also shown are representative song spectrograms (horizontal axis is time, vertical is
frequency, darkness is amplitude) from eight locations’. Letters and brackets below the
spectrograms indicate distinct song units. Song structure (for example, length of each
unit, repetition of units, frequency range) differs between virdanus and plumbeitarsus,
tut there is a gradient in song around the southemn side of the ring’.
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Hering Gull (polar circle)




Euphrobia Tithymaloides (plant)
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Figure 2. Documented populations of E. uthymaloides in the Caribbean are represented in full circles, colour—coded by subspe-
cies. The 42 populations included in this study are marked with an asterisk and have been assigned names representative of

their localities.



Trumpetfish around the world

1030 B. W. BOWEN ET AL.

Fic. 1. The 16 sample locations for dulostomus species. By conventional distributions, 4. maculatus inhabits the West Atlantic, 4.
smigosus inhabits the East Atlantic, and 4. chinensis inhabits the Indian and Pacific Oceans. Aulostomus chinensis was collected from:
(1) Isla del Coco (Pacific Costa Rica, n = 9); (2) Easter Island (n = 5); (3) Clipperton Island (n = 5); (4) Hawail (n = 15); (5) Guam
(n = 18): (6) Ningaloo Reef (West Australia, n = 7); (7) Reunion Island (n = 7); and (8) Punta del Orro (Mozambique, n = 2). Aulostomus
strigosus was collected from: (9) Sio Tome (Gulf of Guinea, West Africa, n = 16); (10) Cape Verde (n = 16); (11) St. Helena (n =
19); (12) Ascension Island (n = 19); and, based on a revision of species distributions (13) St. Paul’s Rocks (Brazil. n = 14) and (14)
Espirito Santo (Brazil, n = 22). Aulostomus maculatus was collected from: (15) Florida Keys (U.S.A., n = 15); and (16) Belize Barrier

Reef(n = 7).



Summary

* Speciation without barriers
* Partial barriers and Ring species

* Future directions



1. Speciation without barriers




a) finite population with initially identical individuals randomly distributed in space

r 3

v

L periodic boundary conditions



b) haploid and hemafroditic individuals with genome represented by a
sequence of B loci with two alleles

One Haploid Genome
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bit number




(c) sexual reproduction occurs only if:
* individuals are not too different genetically (G)

* individuals are not too distant from each other (S)

Genetic distance:

0+1+1 =12
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(c) sexual reproduction with recombination and mutation occurs if:
* individuals are not too different genetically (G)

* individuals are not too distant from each other (S)
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Recombination and Mutation
(diploid phase)

Cross—over point
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S = spatial restriction on mating
G = genetic restriction on mating

M= mutation rate



(d) The total number of individuals in the population is kept constant.

(e) Initial condition: population of genetically identical individuals

lololololololololo]o]




(f) at each generation every individual tries to reproduce, but there is a
probability Q that it will not make it. In this case a neighbor is chosen
to reproduce in its place. The total number of individuals in the
population is kept constant.

(g) Offspring can be placed exactly at position of the dying individual with
probability (1-D) or somewhere nearby with probability D.



Time Evolution Measured in Number of Generations
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Number of Species as a function of time
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Genetic distance from individuals of the same species
as measured from the center of population
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Trees in Panama Tropical Forest (BCI)
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2. Partial barriers and Ring Species

Ayana B. Martins IB-USP
Yaneer Bar-Yam — NECSI — Boston
Marcus A.M. de Aguiar



Greenish Warblers Birds in the Tibetan Plateau
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Genetic distances and
geographic distances are
strongly correlated.
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Figure 1 Geographic range of the greenish warbler species complex, along with research — Also shown are representative song spectrograms (horizontal axis is time, vertical is
sites and representative song spectrograms. Different colours illustrate the ranges of six  frequency, darkness is amplitude) from eight locations’. Letters and brackets below the
taxa commonly considered to be subspecies of Phyloscapus frochiloides®: purple, niticis;  spectrograms indicate distinct song units. Song structure (for example, length of each
blue, wridanus; green, ludlows, yellow, trechiloides orange, obscuratus red, unit, repetition of units, frequency range) differs between vindanus and plumbeitarsus,
plumbeitarsus. Colours grade together in regions where Ticehurst! described gradual but there is & gradient in song around the southern side of the ring’.

change between subspecies. Research sites are indicated by their two-letter designation.
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Second principal component

Principal Component Analysis

Single mixed species Ring species Two species

First principal component
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