GE/BI307 Reading: Quammen pp. 21-114

1. Early theories of biogeography: beyond Noah’s ark

2. Barriers and Isolation: a foundation of biogeographic theory
* Exemplified by Wallace’s Line

Thinking during Linneaus’ time:
From maximizing noah’s ark size to “special creation”

“This newly imagined God of the late 18" century was a
hands-on, follow-through sort of guy who committed himself to
details and showed no knack for delegating power” -
Quammen




1. Early theories of biogeography
Linnaeus’ (1707-78) Theory:

» Accepted Noah’s Ark hypotheses

*Species Immutable

*Plato, Aristotle (300-400 BC)
*The Bible

eLinneaus (1700s) ->

Carl vom Linne
Fainting by A. Roslin, 1775

Linnaeus theory of
origin of species
treated species as
immutable:

*Noah’s Ark landed on
Mt. Ararat and species
disembarked.

*Species found suitable
habitats in the
heterogeneous
environments of Mt.
Ararat.

*When flood waters
receded, species
migrated to suitable
locations throughout
earth




Ironically, while Linneaus treated
species as immutable, his Binomial
Classification scheme recognized
relatedness of species (grouped
into genera), and was an early form
of a ‘tree of life’.

Also, Linneaus got the “niche”
concept right.

Linneaus’ scheme became a focus
for Darwin ...
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Haeckel’s ver tree of life

There are a couple of problems with this explanation:

1. Organisms would have to cross inhospitable
boundaries to get to suitable environments

2. We see different kinds of animals and plants in very
similar, but isolated environments (Buffon’s Law)

Comte de Buffon (1707-88) pointed these
problems out and offered another
explanation...




Buffon’s key
contribution was to
posit the mutability of
species:

*Northern Origin hypothesis

*Species originated in the
North during a warmer
period (climate variation!)

*During climate cooling,
species migrated and
adapted to new habitats.

Lamarck (1744-1829) got
closer:

*Key contribution: Species evolve in
response to environment

*They do so by inheritance of
acquired traits (e.g. Giraffe's necks).
There is no evidence for this.

eUnfortunately, Lamarck is most
remembered for being wrong.




Some other major contributors:

*Charles Lyell (1797-1875, Geologist extrodinaire):
changeable earth, climate, but species immutable!
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*Alexander von Humboldt (1769-1859): floristic belts,

latitude=altitude
«Johann Forster (1729-98): island size and species diversity
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Darwin and Wallace's

Charles Darwin Breakthrough
(1809-1882

(jointly published July 1,
1858 — The Linnaen Society
of London)




Some of their key observations:

eDarwin: Mockingbird (not finch) variation on Galapagos Islands led
Darwin to question the fixity of species.

*Wallace: was a paid specimen collector; thus he collected many
individuals of species rather than single individuals. Variation
among individuals was prominent in his mind.

*Wallace (1855): “Every species has come into existence coincident
both in space and time with a pre-existing closely allied species”

Darwin and Wallace’s Breakthrough

Thomas Malthus provided a key insight that crystallized the concept of
natural selection to both Darwin and Wallace:

*Almost all species can reproduce at far greater rates than the
environmental carrying capacity and observed population sizes.

*So what keeps the population numbers stable? It must be that relatively
few individuals survive. Which ones survive? The ones that are best

fitted to their environment. Thomas Malthus
(1766-1834)
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A Eureka Moment:

Wallace: “...no satisfactory conclusion was
reached till February 1858. At that time | was
suffering a rather severe attack of intermittent
fever at Ternate in the Moluccas, and one day
while lying on my bed during the cold fit... the
problem again presented itself to me, and
something led me to think of the ‘positive checks’ -
described by Malthus in his “Essay on
Population”...these checks —war, disease, famine =<
and the like — must, it occurred to me, act on
animals as well as on man. Then | thought of the
enormously rapid multiplication of animals,
causing these checks to be much more effective
than in man; and while pondering vaguely on this
fact there suddenly flashed upon me the idea of
the survival of the fittest.

... In the two hours that elapsed before my fit was
over | had thought out almost the whole of the
theory, and the same evening | sketched the draft
of my paper..."”

1. Barriers and Isolation: a foundation of biogeographic theory
» Exemplified by Wallace’s Line

2. Filters versus corridors versus barriers




2. Barriers and Isolation: a

foundation of biogeographic BIOG EOG RAP HY

theory
SECOND EDITION
* Exemplified by Wallace’s s N
Line ; - '

James H. Brown
Mark V. Lomolino

2. Barriers and Isolation: a foundation of biogeographic theory

Background: Before Wallace there were already 6 recognized
major faunal regions:
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Lyell and others assumed impassable barriers were the cause
(they were generally correct)

But the regions between 5 and 6 presented a puzzle — not a lot of
water separation, and not explained by simple water
distance...




Wallace’s Line
*Wallace spent 8 yrs in the Malay Archipeligo

eIn 3" yr of travels (1856) made his way from
Bali to Lombock

“on crossing over to Lombock, | naturally
expected to meet with some of these birds again,
but during a stay there of 3 months | never saw
one of them, but found a totally different set of
species...”

Also, Sulawesi (Celebes) “was at once the
poorest in number of species and the most
isolated in character of its productions of all
indonesian islands

Wallace noted that species break corresponded to
the edge of the deep water shallow seas on the
Sunda Shelf. He thought there was land

subsidence going on rather than sea level change.
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Wallace also didn’t know about plate tectonics

We now know that the deep water channel between
Bali and Lombock represents the edge of the
eurasian continent. Further east is the australian
continent. In between are continental fragments
and volcanic arcs.

Wallace also didn’t appreciate glacial cycles and
influence on barrier formation/removal

There are other lines besides Wallace’s, for
different taxonomic groups.
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Wallace’s line continues to have relevence to
biogeographic research and conservation today.

articles
—

Biodiversity hotspots for
conservation priorities

, Gustave A. B. da Fonseca’ & Jonnifor Kent;

Ol 063 852, LK
I

us
o, 2500 M Soreet N, Wishingson, D6 20057, LS4

ists are far from able 1o assi

and 35%

of the world's species at risk.

=

ios under threat, it only for lack of funding, This places a premiurm on priorities:
how can we support the most species at the least cost? One way is to identify ‘biodiversity hotspots' where exceptional
of i habitat. As many as 44% of all species of vascular plants
ios i 1025 sing only 1.4% of the land surface of the Earth,
This opens the way for a ‘silver bullet’ stralegy on the part of conservation planners, focusing on these hatspats in proportion ta
heir share i i
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current relevence to human
biogeography research...

Palymesian arlglns

Slow boat to Melanesia?

he origin of the Polynesian islanders
T:lrl-.l of the Austronesian languages thal

they speak has been debated for maore
than 200 years. Diamond bas presented the
predominantly held modern viewpoin,
described as the "express train 1o Polyneszn®
muxded, which propeses thal the ancestors of
the Polynesians wene early farmers wheo das
persed south from a homeland in South
Chinaaivwan, through Bland Southeast
Asia {replacing an indigenous ‘Australoid”
bunter-gatherer populstion), and then on
esl, oul into the Pacific all within the
past 6,000 vears”. However, evidence is
accumuating from several genetic markers
that Polynessan lineages have a mauch devp
er ancestry within tropical Blind Southeast
Asia than this hvpothesis would sogpest.
The new evidence implies that the Foly
nesiang aviginaled nol in Chinalaiwan,
bul  in eastern Inadonesia,  somewhene
between Wallace's line and the sland of
Mew Luinea.

MATURE | VOLa80| 6 MARCH 2K | wivew sabere oo

PALEOANTHROPOLOGY.

Ancient Island Tools Suggest Homo erectus Was a
Seafarer

Ann Gibbons

In 1968, a Dutch missionary living on the
Indonesian island of Flores found stone tools
alongside the bones of an extinct type of
elephant called a Stegodon, known to have
lived at least 750,000 years ago. If the tools
were as old as the Stegodon, this was a
spectacular discovery, for Flores lies beyond a
deep-water strait that separates most Asian and
Australian faunas. The tools meant that the
only human species then living in Southeast
Asia, Homo erectus, must have been able to
cross this biological barrier, called Wallace's
line.

2. Filters versus corridors versus barriers
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Wallace’s line and others really represent a biotic
‘filter’ rather than a barrier.

“Filters” differentially allow/exclude organisms based on
dispersal ability

“Corridors” allow most species to pass — e.g. Bering strait,
Great American Exchange
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Figure 9.14 The Lesser Sunda 100
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Islands between Java and New \ \ / /

Guinea serve as a two-way filter

for the reptilian faunas of south- &

eastern Asia and Australia. The

bars quantify the decline in Ori- g

ental species and the increase in

Australian species going from

west to east down the island

chain. {After Carlquist 1965.) 0

Percentage

The Great American Interchange was really actually
a filter...

510 Chapter 16

Stopped by filter  Crossing filter

Rabbits
Field mice
Pocket gophers Foxes
Bears
Raccoons
‘Weasels
Cats Primates
Mastodons Octodonts
o S
P;P . Nutna§
Camels Capybaras
Deer Cavies
pines Three-toed sloths
gﬁodoms Two-tued sloths
Armadillos Anteaters
Giant ground sloths Shrew opossums.
Cpossums
Crossing filter Stopped by filter
SOUTHERN ANCESTRY

i i ican landbridge, with
13 showing the location of the Central American landt :
Esgé“:i :‘:e mamﬁ?flan fami]%es of both North and South American on_[g,'mél'lafral::
crossed through the filter of tropical lowland habitaisupCen;r;‘lE %)mmenc;n ﬂf{ "
American Interchange to colonize temperate regions of er e
gr::smppe;ﬁ or near thge filter. Note the asymmetry, wgt_h mare groups of Nnﬂi
American origin passing through the filter and more families of South American

gin stopped by the filter.

13



Many other biogegraphic lines —an example from N. America
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The role of dispersal:
Clearly, the nature of barriers depends not only on the

physical/environmental separation between habitats, but on
dispersal properties of plants and animals.

Two kinds of dispersal:

1. Active
2. Passive

Active Dispersal:
Flying, locomotion.

Sometimes surprising:

- Golden plover covers the globe each year.

15



Active Dispersal:

from Sri Lankal

Other examples of active dispersal:

-Monarch butterflies (canada to mexico)

-Elephant cow+calf documented to voluntarily swim 50 km

Passive Dispersal:

Rafting (lizards,
rodents)

Windblown,
hitchhiking.

Windblown
fruits

Adherent v d
fruits =
¥ 15x Ix

Krameria
grayi

Ambrosia
dumosa

)

.

Acer
negundo

Bidens

pilosa

=
i

Dodonea

16



Differential dispersal ability is a (A) Enmmontiblone
key reason for selective filtering — I B Veiiand
l.e. why ‘barriers’ are almost
always really ‘filters’

Number of species

On islands, this leads to Amplibians  Reptiles— Birds
‘disharmonic biotas’. That is,
island communities do not
represent a balanced subset of the
species on mainlands.

Disharmonic biotas

O island
I Mainland

Number of species

Amphibians _Reptiles  Birds

Figure 14.1  Two hypothetical exam-
ples of patterns in species composition
illustrating the difference between har-
monic and disharmonic biotas. In both
examples, the insular communities
have fewer species of each taxonomic
group than the mainland biota. Dishar-
mony refers to marked differences in
the composition of insular communi-
ties from that of mainland biotas, with
overrepresentation of some taxonomic
or functional groups (e.g., birds in B)
and scarcity of others that tend to be
common elements of the mainland
biota (amphibians and reptiles in B).

Evolution

1. Patterns of Evolution on Islands: insightful
absurdities

2. Mechanisms of Evolution I: without natural
selection

3. Mechanisms of Evolution Il: by natural selection
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1. Patterns of Evolution on Islands: insightful
absurdities

« Gigantism and Dwarfism
* Flightlessness/reduced dispersal ability
» Loss of defensive adaptations

Examples: Giant jumping rat, madagascar
(hypogeomys antimena) (size of rabbit)

@ Piotr Lukasik 2004
on WildMadanascar.org
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Komodo dragon (varanus komodoensis)

Giant burrowing cockroach (macropanesthia
rhinoceros) - Australia

19



Nestor notabilis, carnivorous parrot, New
Zealand

Flightless duck (anas aucklandica), auckland
island

ESD@2002
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Flightless moth,
dimorphinoctua
cunhaensis, Tristan
da Cunha

\% Commidendron robustum
I AYp  te-7mnigh)

Aﬂ'&ﬂo dron

(5m high) (6—7m high)

i

Fig. 6.7 The varied trees that have evolved from immigrant sunflowers on
St Helena Island. From Carlguist [38].
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Giant tortoise, Geochelone gigantea,
Aldabra

@ Siun

Msp1 A, Location of the islands of the Aldebra Group within the westem
Indian Ocean; B, Aldahra, showing localities cited i the text.

R - - TR T T R - M O R = D om oz
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Gigantism/Dwarfism v

Foster’s Island Rule s e,
-:E“ o . © Artiodactyls
Small mainland organisms i
become large on islands El-
R
8
Larger mainland organisms 3
become smaller on islands

L — L - -
g 100g 10kg 1000 kg

Ecological release: small
organisms can appropriate more
resources due to less competition
(also, komodo dragon and pygmy
elephant example)

200

B)

Resource limitation: large

organisms with large energy
needs struggle to get enough
resources, and are selected out Body size on the mainland (5)

Relative importance of
factors promoting - - -

«—— Dwarfism ———— Giantism —>
:
-

* Flightlessness/reduced dispersal ability

» Loss of defensive adaptations

Lack of selective forces (predation, competition)
lead to evolutionary stagnation.

The Taxon Cycle:

1. Invasion by generalists adapted to disturbed
envts.

2. Differentiation to highly specialized and
restricted habitats

3. Extinction by envt. Change or new invaders




Evolution

1. Patterns of Evolution on Islands: insightful
absurdities

2. Mechanisms of Evolution |; without natural
selection

3. Mechanisms of Evolution II: by natural selection

There is Evolution without natural selection:

A. Artificial Selection (can be intense, but basically operates
similarly to natural selection: differential reproduction
based on favored traits)

24
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There is Evolution without natural selection:
B. Genetic Drift: In small populations, evolution over time

may simply be due to ‘rolls of the dice’ of allele

transmission. This is purely random and has nothing to
do with environmental selection.
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There is Evolution without natural selection:

B. The bottleneck effect is genetic drift that occurs with a
catastrophic reduction in population size — it reduces
population genetic variability — and can presage
extinction.

@ v
{briginal » DBottlenecking __ » SUrviving
ipulation event population

David Quamman on Genetic Drift:

these are alleles of the sock gene...

Imagine a selection of variants...black socks and brown socks and
argyles and flamingo pink socks...

Some alleles are common in a population; some are rare.
If the population is large, the rare alleles and common will be passed on.

If the population is small, the rare alleles will most likely disappear in the
course of reproduction, because chance operating at low numbers
produces aberrations...

When you pack hastily for a trip, groggy in the early morning darkness
and grabbing socks at random, you're likely to miss the one flamingo
pink pair. But what if your plane makes an unscheduled stop in Las
Vegas on Halloween. Of course you'll wish you had them...

Genetic drift deprives small populations of rare and seemingly useless
alleles that might later, under changed circumstances, turn out to be
useful.”

26



The Founder Effect is an example of Genetic Drift

Small, colonizing populations diverge with no apparent
differences in environment
-but may occur in concert with natural selection...

Figure 8.4 Divergence of populations of the Old World flycatcher (Momnar-

Bougainville Island cha casteneoventris) on the Solomon Islands east of New Guinea. These
5 seemingly chance differences among populations were interpreted by Mayr
\ (1942) as reflecting the founder effect: the random sampling of genes pre-
\'\ sent in the ancestral population due to the small number of individuals in
\\ \\ the initial colonizing populations. (From Mayr 1942.)
\ T

Pavuvu Island ‘Mala Tsland CIWhite

[ Chestmut
Bl Black

'I'\ Chaoiseul Island
\5‘; %g T~ (1,2) ©) @ . ®
1 \
. Ymd\ \q
S

‘Guadalcanal Island

i : Bauro Island

There is Evolution without 'RICHARD LEWONTIN

s G TR LY

populations then grow
back to large populations,
the chance allele
differences can lead to
relatively ‘fixed’ different : 7 -~
phenotypes. B U0 TR

Horn differences between
african and indian rhinos
likely not due to natural
selection. (at least
according to Lewontin)
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There is Evolution without natural selection

C. Gene Flow: Genetic exchange between nearby
populations can prevent local adaptation to the

environment. This is a force that counters natural
selection. =

Without
Gene Flow->

(or more precisely with gene flow, lack of evolution with natural selection).

oF
e
o
2
©
()
Q.
5
— .
Distance (km)
With Gene
Flow:
@)
e
o
2
©
()
Q.
5
|_

Distance (km)
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Recap: Artificial Selection, Genetic Drift and
Gene Flow are not examples of evolution by
natural selection.

Let’s discuss evolution by natural selection
now...

Evolution

1. Patterns of Evolution on Islands: insightful
absurdities

2. Mechanisms of Evolution I: without natural
selection

3. Mechanisms of Evolution Il: by natural selection
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2. Evolution by natural selection

A) Micro and Macro Selection

B) Sympatric vs. Allopatric selection/speciation
C) The Ecological Niche

D) Adaptive Landscapes

E) Character Displacement

2. How does the Environment Select?
A) Micro Selection:

- Generation-to-generation change in a population’s allele frequencies, in
response to the environment.

-Evolution on the smallest scale - populations
-Gradual (but rates can vary widely for different species or loci)
%

An example:

— Original population

Frequency of in

s,

Phenotypes (fur color)

Original Evolved ;
population  population \
. / '

0,

qariants

(b) Diversifying selection favo,
of opposite extremes. Here, the relative

A K& HISFUptivE J&éﬁ'@"n ,
adgptivieradidtone "

e g L of frees
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2. How does the Environment
Select?

A) Macro Selection:

-Puncuated Equilibrium:

-Paleontologists rarely find gradual
transitions in fossils

-Long periods of stasis separated by
rapid speciation.

-May mirror the time pattern of
climate and environmental change

-This is not incompatable with w

micro-selection, but emphasizes the ; i
widely variable rate of micro- —Mobegal. e M —
selection. (a) Gradualism model. Species descended  (b) punctuated equilibrium model.

A new species changes most & 1t buds
from a parent species, and then changes
itthe for the rest of its exstence

from a common ancestor gradually
diverge more and more in morphology
as they acquire unique adaptabions

FIGURE 24.17 Two models for the tempo of spediation.

2. How does the Environment Select?
A) Macro Selection:

- Species Selection: Analagous to selection on individuals, but instead
at the species level (or higher).

-Big example:
Dinosaur extinction,
mammal proliferation
65 Mya.

-Metabolic temperature
regulation in mammals
may have conferred an
advantage during the
nuclear winter.

Don Davis, NASA

31



Dinosaur extinction likely had nothing to do with “the traditional
view of them as being slow, stupid, lethargic beasts...”

- Credits:
Qld ) ) Tom Weller
view i
Recent
thinking

2. How does the Environment Select?

A) Micro and Macro Selection
B) Sympatric vs. Allopatric selection/speciation

C) The Ecological Niche, character displacement, adaptive
Landscapes
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2. How does the
Environment Select?

B) Sympatric vs. Allopatric
selection/speciation

Sympatric — selection/speciation
occuring in the same location

Allopatric — selection/speciation
occuring in geographically isolated
populations.

AIIOpat”C spemathn can be due.to (a) Allopatric speciation: a pop- (b) Sympatric speciation:
both natural selection and genetic ulation forms a new species small population becone
drift while geographically isolated new species without ge

. from its parent population graphic separation from#
parent population

FIGURE 2_4.5 Two modes of speciation, These sketches simpty
geographic relationships of new species to their parent species.

Sometimes _ :

. @ The populations become allopatric.
geographical 5 .
isolation leads to \
speciation,

sometimes not.
Often it is a matter
of length of time of
separation, and
differential

@ The mountain
. symbolizes a period of

environmental geographic isolation.

selection. R R T~ -
© If the two populations inter- O I the evolutionary diver-
breed freely and produce fertile gence of the two populations
fospnn_g when they become results in reproductive isolation,
sympatric again, their gene then they will not interbreed,
pools merge. Speciation has even if they come back into
not occurred. contact. Speciation has accurred.

FIGURE 24.8 Has speciation occurred during geographic
isolation?




Are these different species?
Ipswich Sparrow Savannah Sparrow

Passerculus princeps Passerculus sandwichensis

What is a species, anyway?

Several definitions. The two most prevalent are:

1. The Biological Species concept: Based on sexual reproduction. E.g.
Horses and Donkeys represent distinct species because they do not
produce viable offspring. Problem: asexual reproducing organisms?

2. Morphological species concept: The classic definition. Based on
phenotypic (physical) characters. Now uses genetic characters.
Criteria for determining which traits are important and how much they
must differ are subjective.
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One key mechanism of Sympatric Speciation: Polyploidy
Polyploidy — mistakenly unreduced gametes can recombine

It's arare event, but if it happens, a new species is formed
‘immediately’ due to reproductive isolation.

Natural selection works on these ‘hopeful monsters’

Unreduced gamete with
6 chromosomes

Karyotype of Zygote ..
parent species (autopolyploid) This is an exam ple
& —__ ¢ Offspring with of a self fertilizing
Meiotic Self- Lohped plant — but a similar
error fertilization karyotypes may
_ ?;[\jfn:t:tlﬁeand process can occur
even across different
4n=12 H
i Tetr:aploid S p ecies
Unreduced te with i
il tbdoi (allopolyploidy)!

FIGURE 24.13 Sympatric speciation by autopolyploidy in plants.

One allopolyploidy mechanism:

Unreduced gamete Unreduced gamete
with 4 chromosomes with 7 chromosomes
Hybrid with

7 chromosomes

Viable fertile
(allopolyploid)

Meiotic error;
chromosome
number not
reduced from
2nton

Sy, |

. 04

: 4 Normal gamete Normal gamete

- n=3 n=3

i

Species B
2n=6

FIGURE 24.15 One mechanism for cannot pair during meiosis. However, the species. The new species has a
allopolyploid speciation in plants. A hybrid hybrids may be able to reproduce asexually. number equal to the sum of the
between two species is normally sterile because  This diagram traces one mechanism that can in the two parent species.

its chromosomes are not homologous and produce fertile hybrids as new polyploid




Example: polyploidy in goatsbeard:

Genus Tragopogon, native to
Europe, 3 species introduced to
Pacific NW US early 1900s (T.
dubius, T. pratensis, T. porrifolius)

Two new species arose in mid
1900s:

T. Miscellus = allotetraploid hybrid
of T. dubius and T. pratensis

T. Mirus = alloploid from T. dubius
and T. porrifolius

b B pratens Is

Other mechanisms of sympatric speciation

-sexual selection (e.g. coloration)

-Adaptive radiation

F nyererei

(a) Normal light (b) Monochromatic orange light

FIGURE 24.16 Mate choice in two species of Lake Victoria
q:h!ids. (a) In normal lighting, two sympatric species of the
achlid genus Pundamilia are noticeably different in coloration
! females of each species mate only with males of their own
g5, (b) With monochromatic lighting in laboratory experiments
%€ apparently cannot distinguish males of the two species and’
ndiscriminately, producing fertile hybrids.

Diverse Cichlid Fishes of Lake Malawi

Genyochromis mento:
eats fish scales and fins

Caprichromis orthognathus:
eats baby fish and eggs

Trematocranus placodon:
eats mollusks

Rhamphochromis:
eats small fish

Melanochromis labrosus:
eats insect larvae
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Traditionally, more importance has been placed on
allopatric speciation rather than sympatric speciation.

However, active research is revealing that sympatric
speciation is a strong force of evolution.

Researchers at BU currently examine relative strengths of
allopatric vs. sympatric speciation! (PBS - Evolution)

Prof. Chris
Schnieder, BU
Biology Dept.

2. How does the Environment Select?

A) Micro and Macro Selection
B) Sympatric vs. Allopatric selection/speciation

C) The Ecological Niche, Character Displacement, Adaptive
Landscapes
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The Ecological Niche and Evolution

The environment selects species that ‘fit’ into resource niches.

Temperature range, light level, salinity, size range of prey, all can be
dimensions that describe a niche space.

Niche space is easily visualized in two dimensions:

Salinity

Temperature

And can easily be mapped onto geographical space.

The Ecological Niche

and Character
Displacement QA
Competition tends to

prevent different species .
occupying similar niches. [

G. fuliginosa G. fortis

Abingdon Bindloe

Clear evidence of this is the
observation of Character

Displacement: 5
m Charles Chatham

G. magnirostris

b4
&
H
3 ar
@ N Daphne
nNr
0F
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0 Crossman
y. |}
10
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Ecological Niches map how species fit
within their environment.

Conversely, adaptive landscapes are
maps of what phenotypes the
environment favors in organisms.

Natural Selection leads to ‘peak
climbing’

Species often get stuck on local
mountaintops though.
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Evolution before our eyes

Evidence of Natural Selection

A contemporary example:
DDT selects for insecticide
resistance

FIGURE 22.12 Evolution of
insecticide resistance in insect
populations. By spraying crops with poisons
to kil . humans have un

tin, avored the reproductive
insects with inherent
resistance to the poisons

Insecticide application

Chromosome with
gene conferring
resistance to
insecticide

T @ Resistant

individuals

)
( 5 nd
(% % - | reproduce,
S TN 4 passing the
gene for
insecticide
© Additional C
applications of the \£
in the population /
wil grow & Eﬁ gﬁ
\ N N

resistance to
offspring.

>
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A famous example of natural selection: Kettlewell’'s
Peppered moth and industrial melanism
o e R o TN S

GE/BI307

Extinction: A Litany of Cases and
Causes
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1. Factors causing extinction
- Rarity: intrinsic or forced
- Trophic cascades

2. Examples

The fate of all species is extinction

-The Taxon Cycle

-The Red Queen Hypothesis: “it takes all the
running you can do to keep in the same place” —
cessation of evolutionary change may lead to
extinction.

-Abiotic and biotic environments are always
changing, and it becomes increasingly difficult for
highly evolved, specialist species to respond
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Factors causing extinction
- Rarity: intrinsic or forced

Key points:

Small populations are vulnerable to extinction,
whether intrinsic to that species (e.g. top
predators) or caused by external forces.

Once a population is small, it is the population’s
smallness itself that drives it to extinction.

This is what Quammen implies by ‘rarity unto death’

Why?

The
extinction
VO rtex Inbreeding & 5;%::{;92? I

Lower
reproduction

Even in a favorable
environment, small
populations may

Higher
mortality

Loss of
genetic

lose genetic variabilty
e suction
diversity due to the 2ve

_bottlene_ck effecF and kol
inbreeding, leading
ultimately to even

smaller populations

until extinction. FIGURE 55.10 The extinction vortex of the small-population
approach. Small populations can fall into a vortex of positive feedback
loops leading to smaller and smaller population size
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Population growth models suggest that even with high
birth/death ratios, extinction becomes likely at low population
sizes.

Potentially exponential population growth leads to very non-
linear population growth, which makes extinction estimates

very difficult. g B =
" | | [ |

{1000 10 2 11

population density, or
v, (K) and the ratio of
Heath rate (d). The

ht the probability of ex- f
(expected time to ex- 1

10F

10 1
1000 -
E
utput of a mathemati- g 0
. = 00
ng how estimated g |_ 1.0
n depends on two de- 8
hcteristics of a popula- 8

wvhen populations are | —————— b/d=05—

rates are low relative to gai

decreases rapidly as oal i
e o Wik i 10 00 000 1 10 00 1000

{acArthur and Wilson

Equilibrial population size (K)

Researchers have tried for along time to
determine Minimum Viable Population sizes
(we’ll talk more about this later in the
semester)

Population Viability Analysis: predicts
probability of survival over a given time range
(e.g. 15% chance of extinction in next 50 yrs).
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It is not simply the number of individuals that
matter in population viability analyses: it is
the effective population size:

-depends on % of individuals capable of breeding, and the
sex ratios:

N = 4NiNp/(Nr+Np,)

N, = effective population size
N; = # females that can effectively breed
N, = # males that can effectively breed

e.g. 1000 individuals, all can breed, 50% male/female:
N, = 4*500*500/(500+500) = 1000

e.g. 1000 individuals, 50% can breed, 25%male/75%female:
Ne = 4*375*125/(375+125) = 375

So how do populations become small
and endangered?

Five major threats:

1. Habitat destruction
2. Introduced species
3. Overexploitation
4. Food Chain Disruptions (trophic cascades)
5. Climate Change (can act as #1)

Often, these factors interact
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So how do populations become small
and endangered?

A central point of Quamman:
humans often reduce population numbers to a
point of diminishing returns, but do not
directly finish species off.

The low population sizes then finish off the
species.

Examples Galore:

‘ RTHERN TERRITORY

e 5 ‘,t

45



Tasmanian ‘tiger’, Thylacinus cynocephalus:

Eastern quoll
(survived)

Mauritius kestrel
6in 1970s

mauritianus largest
parrot ever - extinct

Crab-eating macaque Macaca fascicularis Native: southeast asia
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Passenger Pigeon: Ecopistes migyatorious

Social behavior (huge dense
flocks) eased Killing. But likely
not coup de grace.

1880's still nesting in millions.

1888: sighting of 175 was
noteworthy.

Last wild bird killed 1900

“5000 thylacines may be
sufficient in tasmania, 5 million
too few for pigeons. Why?
Social structure and its
ecological correlates impose
different thresholds of
population stability on different
species” - Quamman

“The puzzling aspect of the passenger pigeon’s demise lies in the fact
that during the last years the species continued to decline at a rate that
seems too great to be accounted for simply by hunting” - Halliday

“this bird had to live in vast numbers or not at all”
-finding food, guard against enemies, incubating eggs, fledging young,
thythms of mating/nesting, all apparantly were supported by big

population sizes.

“Critical Mass” — here social factors, rather than genetic extinction vortex
likely played arole.
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Trophic cascades: examples from Guam,
Panama

Definition (Diamond): “Since species
abundances depend on each other in
numerous ways, disappearance of one
species is likely to produce cascading
effects on abundance of species that use it
as prey, pollinator, or fruit disperser. “At the
low extreme of abundance, a species faces
rarity unto extinction”
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male

Guam: White-throated ’
1980s Ground dove
Extinctions

Mariana fruit dove

Ruf

fantail

Micr
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Guam native skinks

Cyrtophora moluccensis: exploded due to lack of birds/reptiles
Butterfly extinctions?
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Characteristics of the Brown Tree Snake:

Boiga irregularis

Map Legend \.sl‘am‘ler hody
Red = brown tree snake AN B
native range £ A RN

A brown tree snake
eating a bird.

Trophic cascades: example from Panama

sLake Gatun dammed early 1900s, BCI protected beginning
1923
*By 1980s, 45/108 breeding birds locally extinct: why?
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Led to profusion of
mid-sized omnivores,
feeding on ground bird

eggs

Gato solo, Coati mundi,
white nosed coati
Nasua narica

Collared Peccary
Tayassu tajacu

Agouti paca, Paca 9 banded armadillo

A few of the many dozens of local
extinctions on Barro Colorado Island

Rufous-vented ground
cuckoo

Black faced antthrush

Phota by Chan Rebbins
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Summary: Fragmentation and trophic
cascades

Insularization -> extinction -> more
extinctions
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Leaf cutter ants: herbivores
Leaf cutter colonies on small islands ~ 1-7 /ha
On large islands/mainland: .01-.04/ha

@ Palle Villesen

Howler monkeys: 10-
50 x as dense on small
islands as on mainland
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Capuchin monkeys: omniverous, absent from small, and medium
Islands...

Persisting on small islands:

Predators of invertebrates: spiders,
anurans (frogs/toads), lizards, birds
Seed predators (small rodents)
Herbivores (howler monkeys, iguanas,
leaf cutter ants)

Absent from small islands:
Frugivores (principal seed dispersers)
and predators of vertebrates.

Medium islands: + armadilos, agoutis,
phorid fly parasitouds of ants

Large islands: + deer, peccaries, tapir,
monkeys

Mainland: jaguar, puma, harpy eagle
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Meeting

Diverse, bizarre outcomes Loss of Dung Beetles Puts
of insularization too Ecosystems In Deep Dao-Doo

e da

numerous to list!

L
B
Et

Summarizing the trophic cascade on Lago Guri:

1. [Insularization: top predators gone quickly

Herbiverous consumers flourish

3. Recruitment of trees severly diminished (only 20% of saplings
on small islands vs. mainland)

4. Lianas, shrubs, grasses favored, canopy trees eaten.

N

“Hyperabundant folivores threaten to reduce species-rich forests
to an odd collection of herbivore-resistant plants... the
endpoint is likely to be a biologically impoverished system,
much like that found today on 85-yr old islands in Lake Gatun,
Panama” — Terborgh et al.
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Lessons from the trophic cascade on Lago Guri:

e Hyperabundant grazers in US (cows, deer, etc) — e.g. native
grasses -> shrubs

e Top-down regulation of ecosystem primary productivity and
diversity can be as important as ‘bottom-up’ regulation.

GE/BI1307

The Species-Area Relationship
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“The species-area relationship is one of ecology’s
oldest and most profound generalizations... It pertains
to the preservation or loss of biological diversity on
our planet, where the total area of natural landscape
grows smaller and more fragmented every year.”

- David Quammen

History of the Species-Area relationship

Forster 1778: “Islands only produce a greater or less number of
species, as their circumference is more or less extensive”

Watson (1859), deCandolle (1855), Jaccard (1902, 1908),
Brenner (1921), Arrhenius (1921), Gleason (1922, 1926).

Arrhenius was the first to generalize the relationship in
mathematical form.
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The species-area relationship: A fundamental pattern of biodiversity
# of species = C x Area?

or, Log(# species) = C + z x Log (Area)

1000

| | L PR
pl) 100 1000 10,000 100,000
Area of island (km?®)

Reptiles/amphibians of West Indies, Darlington 1957
West Indies — Caribbean Vicinity
R I:‘[‘:C-’-;

=

31wl

~hMontserrar
St Vincent
L= St Vincen
Martinigue- 2.7k, e 5 e
! K = e Aoy

af

10| 1 L 1
30 100 7000 10000 100 000
Island area (km?)

Fig. 6.2 The relationship between island area and diversity of conifer and flowering -
plant genera in the Pacific Islands. The more isolated islands are indicated by
triangles. The data from the other islands lie very close to a straight line [the
regression coefficient], suggesting that generic diversity in these islands is almost
wholly controlled by island area — the corrclati fficient is 0-94, indicating a very
high degree of correlation. For abbreviations, see legend of Fig. 6.1, plus Loy, Loyalty
Islands. Data from Van Balgooy [5].
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Beetles in urban UK roundabouts

ABOUT THE BES | CONTACT US | HOW TOJOIN | LOG IN | SITE MAF | HELP

@2 British Ecological Society

— 15
AREA OF INTEREST:  General — Researcn  Stugdents  Teachers  Journalists  Authors  MEMBERS: [LOGH y= 01273 + 0ET44
it > Grants & Prizes > Grank regorts database > Grant Reports - SEPG 1918 14
Home Grant regorts database > Grant Report G 1 E R2=(.2048
Journals & Pubdications SEPG 1918 - Graﬂt Grants B Prizes ﬁ 12
Education & Careers H
Awarded 2001 MNew Award and Changes z 1
Megtings to an Existing Award "
Girants & Prizes Urban roundabouts - potential Hanorary Member List g 08
sources of biodiversity? Research grants a
News Simon R Leather o g
; N Depariment of Biclagical Sciences General notes a
Spacialist Groups Imperial College at Siwood Park Grants to attend mestings 1]
Ascol B courses 04
Membership SLE 7PY éﬂ
Gri t t &
R UK e.::g 0 run meetings J 02
Beyond the BES Introduction Grant reports database
There iz increasing pressure on natural Haneurs, Awards and I T T T T T
ABEH habitats both within the UK and around the Prizes 0 1 2 3 ) ]
world (Davis, 1978; Anon, 109). Potential
Enter Keywords: sources of biodiversity need to be identifiad, List of Tansley Lectures

Loy Area

E| and once identified, strategies developed to
maximise their potential. The species-area
relationehip states that as island area increases, so will the number of species
sssociated with that island increase (MacArthur & Witson, 1967). Roundabouts, a - - B
common festure cof urban landscapes, are, for many species of plant and animal, Figure 1. Relationship between Area and Number
effectively islande. They are also, in many cases, well maintained and planted il
with a diverea flora, slbeit, often of introduced plant species. Given their almost Or Species
ubiquitous presence in our towns and cities, they potentially provide a large arsa
of habitat that could enhance the envirenment if properly managed. A preliminary

survey in 1839 (essentially a spot check) showed that there was a relatively large
insect arthropod fauna present on Bracknell roundabouts and that the area of the
roundabout had a strong influence on the number of species present. Carabid
beetles are easy to sample, relatively azsy to identify and have proved extramealy
usaful as indicators of fion potential and sfal.
1095; Boscaini o al., 2000, Munsg et al., 2000}

A few comments on the Species-Area Curve:
S=CxA?

*The C and Z values of the Species-Area Curve differ by taxonomic group (family or
genus). “One size does not fit all”

*The C and Z parameters do not lend themselves easily to ecological intepretation and
are really more just statistical fits to data

For example, high Z has been equated with rapid increase in species richness with area
(due to perhaps small body sized organisms), but that is not necessarily true.

*When plotted linearly, we see diminishing returns at larger areas — implications for
conservation?

*Useful for estimating # of species, not necessarily how much we value them.

Species # increases more
here,
Even though Z is smaller

Species number
Nk @

o

Island area
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A few comments on the Species-Area Curve:

S=CxA?
*The species-area curve depends on whether we are considering area
“samples” within a large, uniform area, versus true “isolates”, like
islands or landscape fragments.

100 -

e g——— ‘ﬁ*‘ = - :—f’."
Figlre13:3 The slope of the species-area relationship in log-
lngspane!smuchsteeperforisolatedislands than for sample
a.teasofdlffermlsizawiﬂnjnasing]e large landmass. These
!ialaarefcrpomerin_eantscn the Moluccan and Melanesian
ISla:l'lds (below) and mregiunsofincreasingsizeonNew
| : : ; Gﬁaﬁmm diEfe_rence between the two curves can be
10 100 1000 . 10,000 100,000 1,000,000 o . i greater e e I
; / placement by immigration of i i i
- " - by l%ljv,ra rare species on isolated islands.

Frank Preston:

Dr. Frank Preston in 1981

“...on isolated islands we must have an
approximation to internal equilibrium...since an
island can hold only a limited number of
individuals... but on the mainland a small area
is not in internal equilibriumm; itisin
equilibrium with areas across its boundaries
and is a sample of a vastly larger area”




What causes the species-area relationship?
2 factors:

Larger areas provide more habitat/resources/range size for more species.
Also, the statistical probability of finding rare species increases with area
—the smaller the area, the less the chance. (analagous to bottleneck
effect on rare alleles in small populations)

In stats jargon, the species-area r’ship arises from the lognormal
distribution of rarity and commonness: Preston’s bell

30

Vell line

20 — - Maoths at a

/ light trap
-

Number of species

10 7/

o 1 I2 AIL Eli 1I6 312 6‘4 1218 25’56 52‘[2 1(;24 20‘48 40‘96-
Rare species ----> moderate ------ -> common
Ferrari mercedes ford

Ahundance

Frank Preston:

“...itis not possible to preserve in a state or
national park, a complete replica on a small
scale of the fauna and flora of a much larger
area”
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Of what practical use is the Species-Area relationship?

1. Puts biodiversity on a quantitative basis: underpins the
Equilibrium theory of Insular Biogeography

2. Local: Allows conservationists to estimate how big a
patch is needed to preserve X% of flora and fauna.

3. Global: Can be used to estimate global biodiversity and
expected biodiversity loss.

Estimates of global extinction threats: Based on applying the
species — area relationship.

m
2
?
) o Estimated
Habi .8 — :
Iogg tat < / Species loss
(@]
|

Log(Area)

20 —

Extinction threatened
a
|

(percentage of global species)
5
I

o
|

e Birds Mammals Fish Plants

Source: Chapin et al. 2000 (Nature) Estimates
From Pimm et al. Science 269:347-350 (1995)
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Biogeography in the backyard — adapted from Henry Horn
(1993)
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GE/BI307
The equilibrium theory of insular
biogeography

- aframework for predicting biodiversity in
all kinds of fragmented landscapes.

Question:

Now we know something about how the size of an ‘island’ influences
biodiversity...

What’s another major geographical factor that you might think
influences biodiversity of landscape fragments?

Answer:

Degree of Isolation of the Fragment from other fragments or the
‘mainland’
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While species richness increases with area of habitat, it declines with
degree of habitat isolation.

] Jtl__b_| g
-]
= Slope = K
@
w
£
o
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w

Island isolation (I)

The form of the relationship is generally much less general than the
species-area relationship and reflects taxonomic differences in
mechanisms/effectiveness of dispersal.

Some examples of species-isolation relationships.

(A} 10 (B) r

ZL . Small mammals
. Upstate NY St. Lawrence River
Thousand islands region

Species-area residua
|

Degree of saturation (%)

525 Land birds off New Guine.a

I T EN— E— e
0 2000 4000 6000 8000 10,000

Distance from New Guinea

L [ B R
025 0.50 0.75 100 1.25
Distance (km)

Figure 13.5 A sample of graphs illustrating the effects of A . .
Iﬁ(gﬂﬂtll'm on the species richness of various il\bsular biotas (see ©) leards,_ gulf_of california
also Figure 13.22). (A) Resident land birds in the Moluccan | Land bridge islands
and Melanesian archipelagoes. Here species richness is ex- |

pressed as saturation, which is the species richness of iso-
lated islands expressed as a percentage of that found on an |
island of equivalent size, but closer to New Guinea. (B) Non-
volant mammals of the Thousand Island region of the St.
Lawrence River, New York. Here the ordinate equals the
residuals about the species-area relationship (i.e., the differ-
ence between the observed insular species richness and that |
predicted for an island of its size based on the regression | :
model & = 6.51(A%%5), (C) Species richness of lizards on land- |

bridge islands in the Gulf of California. Here, species rich- |

ness is graphed as a function of time since isolation of these D-‘E:l‘_l bl —W'[m—' i |-‘>Jlm
landbridge islands following rising sea levels of the most re- - ’ 57
cent glacial recession. (A after Diamond 1972; B after Lo-
moling 1982; C from Wilcox 1978.)

Species richness
=)
—T
.
.

Years before the present
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We’ve discussed two ingredients of a theory of insular
biogeography

1. Species Richness increases with area

2. Species Richness decreases with isolation.

Athird and last key ingredient:

3. Species turnover: Colonized islands over time tend toward a

balanced rate of immigrations and extinctions. Example:
Rakata/krakatau

BEFORE 1883 ERUPTION AFTER 1883 ERUPTION

1 1 Lang
b Istand E\\'..
laten ﬁ aben -
/fm‘_d/ 5 C i
e o
™
KRAKATAU
T‘-’B & KRAKATAU f
L__ﬂ Rakata ualuu lsland

dkm
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The wave lifted the steamship

Painting of the River Thames Berouw up the Koeripan River

Nov. 26, 1883 (William Ascroft) Va”e|y' dfpe;iti;;\g thfe shipt)Jover
. ) a mile inland, thirty feet above
(eruption Aug. 26-27) sealevel, killing all 28 of its

crew members.

http://www.geology.sdsu.edu/how_volcanoes_work/Krakatau.html

A few species on Anak Krakatau

Mangrove whistler,
Pachycephala cinerea

1953 Loraine & Roger Farus

Komodo dragon

Flyeater, Gerygone sulphurea

Casuarina equisetifolia Halcyon chloris
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Krakatau flora and fauna (MacArthur, Wilson)

After eruption, species quickly colonized, and approached an

equilibrium species richness

*Species ‘turned over’ — some new ones came, some went extinct,

equilibrium roughly maintai

= @«
= .
Surida & -
c. gkuan,
Krakatau Islands

Ujung Kulon

Table 13.1
Number of species of land and freshwater birds on Rakata and Sertung

Number of species found

Rakata Sertung
Nonmigrant Migrant Total Nonmigrant Mig;ant Total
1908 13 0 13 1 0 1
1919-1921 27 4 31 27 2 29
1932-1934 27 3 30 29 5 34

Number of extinctions and colonizations between censuses
Rakata Sertung
Extinctions  Colonizations  Extinctions Colonizations

1908 to 1919-1921 2 20 0 28

1919-1921 to 1932-1934 E 2 7

Source: After MacArthur and Wilson 1967,

Note: The number of species increased from the census of 1883 to that of 1919=1921 and then
remained relatively constant despite extinction of some species and colonization of wders.

73



Robert MacArthur and E.O. Wilson put fragment area, isolation and
turnover together in an elegant theory called “The Equilibrium Theory of
Island Biogeography”

Hypothesis: For any island (or isolate), there is a dynamic equilibrium
between the influx and extinction of species.

Kind of like water molecules evaporating and condensing at equal rates
in a closed, half-filled jar.

Then, they considered how island size and isolation would change
equilibrium species richness:

Immigration Extinction

Rate of immigration and extinction

Number of Species
Predictions: Large, near-to-mainland islands should have the most
species richness, small, far islands the least

Also, small, near islands should show the most species change over time,
larae far islands the least
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There have been many
indications that the general
processes described by the
theory do indeed occur.

California Channel Island birds
(Diamond) — large turnover,
most on smallest islands

Florida keys insects (Simberloff
& Wilson) — approach to
equilibrium.

Florida Keys

- Islands of mangrowe trees were

surveyed and the numbers of
arboreal arthropods recorded.

« Theislands were then covered
in plastic tents and fumigated
with methyl-bromide

« Theislands were then re-
surveyed at intervals to

document the process of
recolonisation.

Fi1c. 1. The southern tip of Florida and the Florida Keys.
shown in detail in Figures 3-5,

The rectangles enclose the experimental areas
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Florida keys insects (Simberloff & Wilson)

eInsects quickly recolonized after fumigation (“relaxation’)
Farthest, smallest islands had fewest species at equilibrium

Fic. 8. Upper: The scaffolding constructed around F
complete except for the top walkway., Lower; the fun

|gation tent over 7.

Fia. 2. Upper: Island E1, the second sma it

the experimental series. Lower: Island E9, the largest
island in the experimental series; note also the presence
of supratidal mud,
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Florida keys:
-relaxation (works the other way too!)
-Overshoot (non-interactive equilibrium?)

-Interactive equilibrium — decrease after overshoot
-Assortative equilibrium — slow subsequent increase: succession,

niche filling...

Number of species present

L 1 1

(]

Il 1 1 x\
/] 40 80 120 160 200 240 280 320 360 400
Days after defaunation

680 720 780

Figure 13.11

Recolonization by terrestrial arthg
pods of four small mangrove islaz
a function of time since the fauna
removed. The initial number of sg
present is indicated along the ver{
axis. Note that after defaunation {
number of species increases rapid
tends to overshoot the initial num
declines, and then increases gradi
to approximately the initial numb
land E1, with a lower rate of colog
tion and a smaller number of spet
was more isolated from a source ¢
colonists than the other islands. (£
Simberloff and Wilson 1970.)

But there are important limitations to the equilibrium theory

. All species treated the same, disregards requirements for range

size by different species.

. Doesn’t account for Speciation

. Doesn’t account for habitat heterogeneity

*Extinction also depends on island isolation (rescue effect) and
immigration depends on island size (target area effect). Rescue effect
provides both individuals and genetic diversity to near islands. Target
island effect — larger islands may be better seen or encountered by
potential immigrators. “The factors affecting the arrival of new
species are not independent of those influences the extinction of

species already present” — James Brown.
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Finally, we know that not all islands are at equilibrium: great basin
isolation of small mammals is near perfect — distance doesn’t matter,

there is zero immigration.

“instead of turnover, Brown found only extinction” - Quamman

California T Neona | uitah

l
a

Rocky
Mountains

Figure 13.17 Isolated
mountain ranges of the Great
Basin in western North Amer-
ica are islands of cool, mesic
forest habitat in a sea of sage-
brush desert. The ranges
shown, with peaks mostly
higher than 3000 m, lie be-
tween two montane “main-
lands”: part of the Rocky
Mountains to the east, and the

’—_ —————— Sierra Nevada to the west. The
Arizong desert valleys between the

mountains are readily crossed

by birds, but they are virtually

absolute barriers to small
mammal dispersal. (After Bar-
bour and Brown 1994.) |

Kingdom: Animalia
Phylum: Chordata
Subphylum: Vertebrata

Class: Mammalia

Order: Lagomorpha

Family: Ochotonidae

Genus: Ochotona (26 species)
Species: Ochotona princeps

Genus: Sorex (dozens of N. Am. species
Species: Sorex palustris
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-All species treated the same -> limitations to (A) Harmonicbiotas
theory

Ll Island
B Mainland

Islands usually show ‘disharmonic’ biotas —
immigration is selective.

Number of species

Amphibians Reptiles Birds

B) Disharmonic biotas

I 1sland
B Mainland

Number of species

Amphibians  Reptiles Birds

Figure 14.1  Two hypothetical exam-
ples of patterns in species composition

monic and disharmonic biotas. In both
examples, the insular communities
have fewer species of each taxonomic

mony refers to marked differences in
the composition of insular communi-
ties from that of mainland biotas, with
overrepresentation of some taxonomic
or functional groups (e.g., birds in B)
and scarcity of others that tend to be
common elements of the mainland
biota (amphibians and reptiles in B),

illustrating the difference between har-

group than the mainland biota, Dishar-

Strengths of the theory:
-Graphical model accessible, easily understandable

-Leads to clear, testable predictions based on measureable
variables.

-Implications for conservation, reserve design
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