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How 1s biological diversity
constructed?

 How do organisms/species construct their
own environments, and those of other
species”?

 How have ecological networks been
constructed and how have they evolved?

 How has the evolution of gene regulatory
networks influenced evolution?



Framework of Lecture 1

Nature of the fossil record - types of fossils
Types of biodiversity

Large-scale patterns

Resolving time

Diversity vs. Disparity
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Sott body Fossils

Opabinia regalis, Burgess Shale, 505 Mya



Soft body Fossils

Waptia



T'race Fossils



Trace Fossils



Biomarkers

e Carotenoids are usually yellow, orange or red coloured
pigments
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Types of diversity:

Taxic (no. of species)
Phylogenetic
Morphologic disparity
Functional diversity
Ecospace
Social/behavioral

Developmental



Taxic Diversity
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Morphologic Diversity (Disparity)

Images from /hazen.gl.ciw.edu



Functional and Ecologic
Diversity



Architectural Diversity



Behavioral Diversity



Developmental Diversity



Framework of Lecture 1

e Nature of the fossil record - types of fossils
e Types of Biodiversity

o [arge-scale patterns

e Resolving time

e Diversity vs. Disparity
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Phanerozoic history of marine Orders

n=219

F

e e

e's'plclplry ) T
245 © 65

- Geolégic Timé |

Eble 1998



C ian F o
ambrian Fauna o
£ & c
@ 0 7 %
‘ . 4. Monoplacophora £200 HLI:

\ Trilobita 2. Inarticulata 3. Hyolitha o
—

()]

o L

£

S

Z

»

Q0

8. Anthozoa 10. Cepulopodu {1. Stenolaemata {2. Stelleroida =

400 %

@y, (S -

v/ —

7. Crinoidea 9. Ostracoda 13. Graptolithina r200 S
o

o]

, E

vi € [ e [s[p] ¢ [P[®R] 4 | K | T 2

o
o

Number of Families

24. Mammalia

{6. Malacostraca

/s ,
15. Gastropoda " d
) =
e 3
18. Demospongia  19. Rhizopodea 20. Echinoidea

{7. Gymnolaemata

H
o
o

VI € ] 6 [s[o] ¢ [PIR[ J [ K [ T
600 400 200 o]

Sepkoski, 1984 Geologic Time (10° yrs)




Phanerozoic history of marine genera
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Phanerozoic Marine Diversity
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Causes of Increased Diversity

 Niche subdivision?

e Change in
environmental
conditions?

e Increased nutrient
availability?

* Adaptations providing

access to new
resources?



Framework of Lecture 1

e Nature of the fossil record - types of fossils
e Types of Biodiversity

e [arge-scale patterns

e Resolving time
e Diversity vs. Disparity
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Permo-Triassic Boundary, Meishan
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Limits of Geochronologic Resolution
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Limits of Paleoecologic Resolution
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Framework of Lecture 1

e Nature of the fossil record - types of fossils
e Types of Biodiversity
e [arge-scale patterns

e Resolving time

* Diversity vs. Disparity
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Cone of Increasing Diversity

The Cone of Increasing Diversity

Decimation and Diversification

1.17. The false but still conventional iconography of the cone of increasing
diversity, and the revised model of diversification and decimation, suggested
by the proper reconstruction of the Burgess Shale.
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Disparity vs. Diversity

diversity & disparity
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Constrained Disparity
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Constrained Diversification
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e Rapid early increase in disparity

Prot/Camb acritarchs
Paleozoic gastropods
Paleozoic rostroconchs
Ord. bryozoans
Crinoids

Paleozoic blastozoans
Ord. trilobites

Marine arthropods
Insects

Angiosperm pollen



]

Congruent Increases

L/

Paleozoic trilobites
Paleozoic blastoids
Mes-Cen Aporrhaids
Cenozoic ungulates

N. Am Cenozoic carnivores

Least probable when using discrete

characters because of character
exhaustion



Measurements of Disparity

TaeLe 1. A brief description of each measure of disparity is shown below.

Measures of disparity

Sum of variances

Mean pairwise distance

Range

PCO volume

? V. is the univariate variance associated with
D= v, -
V < Ve character ¢

The mean pairwise distance is defined as the sum of the Euclidean distances
in morphospace between all possible pairwise combinations divided by the
total number of combinations

f The range is defined as the maximal Euclide-
D = [max [E X,.— X, ‘)=l an distance between any two specimens.
Vo % ' X, equals the value of character ¢ in speci-
men s

D = A/ [N PCO volume is defined as the product of the
two largest eigenvalues of the cross-
distance matrix, divided by the square of
the number of species

Average pairwise dissimilarity

The version of the average pairwise dissimilarity used in the study differs
slightly from previously used versions (Wills et al. 1994; Lupia 1999). The
average pairwise dissimilarity is defined as the sum of character-state mis-
matches between all pairwise combinations of taxa divided by the number
of taxon combinations. In this version of the metric we do not distinguish
between ordered and unordered characters and we do not normalize by
the number of characters used

Participation ratio

Number of unique pairwise
characters

The participation ratio is similar to the infor-

D= 1 / ? P3u, z-)l mation statistic (M. Foote personal com-
munication 2001). See text and Appendix 1
for a thorough explanation of the measure

D= S S E(c, t,, C3, t3) The number of unique pairwise characters is
Gh Gty calculated by measuring the number of all
possible pairwise combinations of traits
that are realized, where ¢, ¢,, and ¢, ¢, are
character 1 of taxon 1 and character 2 of
taxon 2, and where E is zero if none of the
specimens possess the combination, and
one otherwise

Differences
Between taxa



Measurements of Disparity

TaeLe 1. A brief description of each measure of disparity is shown below.

Measures of disparity

Sum of variances

? V. is the univariate variance associated with
D= v, -
V < Ve character ¢

Mean pairwise distance

The mean pairwise distance is defined as the sum of the Euclidean distances
in morphospace between all possible pairwise combinations divided by the
total number of combinations

Range

f The range is defined as the maximal Euclide-
D = [max [E X,.— X, 'le an distance between any two specimens.
Vo I ' X, equals the value of character ¢ in speci-
men s

PCO volume

D = A/ [N PCO volume is defined as the product of the
two largest eigenvalues of the cross-
distance matrix, divided by the square of
the number of species

Average pairwise dissimilarity

Participation ratio

Number of unique pairwise
characters

The version of the average pairwise dissimilarity used in the study differs
slightly from previously used versions (Wills et al. 1994; Lupia 1999). The
average pairwise dissimilarity is defined as the sum of character-state mis-
matches between all pairwise combinations of taxa divided by the number
of taxon combinations. In this version of the metric we do not distinguish
between ordered and unordered characters and we do not normalize by
the number of characters used

The participation ratio is similar to the infor-

D= l / ? P3u, z-)l mation statistic (M. Foote personal com-
munication 2001). See text and Appendix 1
for a thorough explanation of the measure

D= S S E(c, t,, C3, t3) The number of unique pairwise characters is
Gh Gty calculated by measuring the number of all
possible pairwise combinations of traits
that are realized, where ¢, ¢,, and ¢, ¢, are
character 1 of taxon 1 and character 2 of
taxon 2, and where E is zero if none of the
specimens possess the combination, and
one otherwise

Patterns of
Morphospace
occupation



Cambrian vs Modern Arthropod

Daisparity

Score on the third principal coordinate axis:

Shaded circles indicate positive values, while
open ones denote negative values. The polarity
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Cambrian vs Modern Arthropod

Disparity
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Cenozoic Carnivore Disparity
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Ammonoid Disparity

Frasnian/Famennian

5 L. Famennian (5 surviv.)
10 U. Frasnian ganera

Devonian/Mississippian

4 L. Mississippian (2 surviv.)
18 U, Devonian genera

Permia

3 L. Trassic (2 survw.)
9 U. Permian genera

Saunders et al. Paleobiology 2004



Results of Disparity Studies

e Disparity generally increases faster than
diversity

e This 1s consistent with diversification into
an ecologically undersaturated ecospace

e Disparity studies across mass extinctions do
not support claims of increased
developmental constraint



“The real problem for the evolutionist
1s not to explain the kinds of
organisms that have ever existed. The
real problem for the evolutionist 1s
how it 1s that most kinds of potential
and seemingly reasonable organisms
have never existed”

R. Lewontin, 2003



Why 15 the distribution ot
morphology clumpy?

* Winnowing of forms through extinction

e Adaptive peaks

e Structure of developmental networks

o)



Framework of Lecture 2
Constructing Biodiversity

 Models of Biodiversity

e Ecosystem engineering and
Niche construction



Adaptive radiation:
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POPULATION OF UNITED STATES

\

€000Q000 ‘ L

POPULATION
S

//

26000000 | — — /] e

/
L=
-"//

"

790 J80C M0 B0 30 Ba0 B50 B0 ET0 880 8o o0

YEAR
FI1G, 3

Showing result of fitting equation (xviii) to population data.



POPULATION OF UNITED STATES
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Logistic Growth

Carrying
Capacity K

Number of Individuals

Time

dN/dT =1 N (1 - N/K)
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[-IV, successive little known or
unknown ancestral stages

"Stufenreihe,”
pseudorthogenetic

Successive

adaptive

|
zones

Simpson, 1944




Linear Diversification

Empty niches are filled at random with some probability u

Linear model

QT’J

dS
<t - w(1-9)




Logistic Diversification

Empty niches are filled at a rate of speciation proportional to
the species present

I+0—— D+ I

Logistic model
J ds

W - MS(1' S)
N -“
" —> 9 —> D —> .
s I.l.




Construction of Biodiversity
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Interactions among species allow new opportunities for speciation.
Increasing numbers of species interactions allow larger
combinatorics, but interactions are difficult to build: delays should
be observable, as well as rapid diversity increase once the number
of both species and interactions reach a threshold.



Hyperbolic Diversification

Empty niches are filled at a rate of speciation proportional to the pairs of
interacting species. The more the interactions,
the larger the opportunities for filling new, species/based niches

V+I+0 —— I+ I+ I

Hyperbolic model

dS 2
ot - S (1-9)

d d d J d IV
J d 2

J —>| —> 7 5, |—» |9 — (2070
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Single model : generalized logistic

The three scenarios are included here

Speciation rate

Limited resources
ecological interactions



Diversification patterns
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Diversification patterns

If species interactions are required in order to
increase diversity, a lag is always present, but is
shorter as speciation rates become larger.



Approaches to Novelty:

‘Genes first’” - novelty arises from genetic and
developmental changes (supply-driven)

Novelty arises from new ecological
opportunities (demand-driven A)

‘Environment first’ - behavioral changes in a new
environment permit success of genetic/ developmental
changes (demand-driven B)



Advantages of latest models

e Attempt to incorporate positive feedback
through cooperation

e Capturing trophic dynamics



Problems with Models

* Niche construction/ecosystem engineering effects
poorly captured



Anabaena - We didn’t make the
atmosphere, we just made it
breathablerw

Onion article announcing a
cyanobacteria IPO



Problems with Models

* Niche construction/ecosystem engineering effects
poorly captured

e Carrying capacity 1s an exogenous, not
endogenous variable



Solow Model of Economic
Growth

Y (output) =K ot
Where:
K = capaital
L = labor
o = variable between 0 and 1

Technology 1s exogenous; constant returns to
scale



The Solow model will not generate
sustained, per-capita growth

Generating growth requires addition of a
technology variable (A):

Y (output) =K A L)'
Where:

A = Technological variable with technological

growth at a constant rate g, where A=A ¢

gt
0
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Rivalrous Non-rivalrous

high iPod GPS signal
Degree of
Excludability
Tragedy of the
Commons
Fish calculus
low




Rivalrous Non-rivalrous

high IPod GPS signal
Degree of
Excludability
Public Goods
Fish Calculus
low




Rivalrous Non-Rivalrous

high | intertidal
space

Degree of
Excludability

ow
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space
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bioturbation

Oxygen




Rivalrous Non-Rivalrous

high intertidal

space
Adaptations Adaptations
between clades within a clade
Degree of
Excludability
Positive
Feedback
Spillover
Effects

ow




Non-rivalrous, low excludability settings
(low competition) have significant
positive feedback effects, facilitating
rapid expansions of diversity






Niche inheritance

Natural selection _
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Ecosystem Engineering

Species 2

Species 1

Natural selecti Natural selectlo

Genetic inheritance
Genetic inheritance

Natural selectlo

Natural selecti




Ecosystem Engineering

Species 1 Species 2

........ Natural selecti ....Natural selectio

Spillover

Genetic inheritance
Genetic inheritance

Natural selecti

Spillover




Crassostrea virginica

Image: WHOI



Oysters 1n Chesapeake Bay

e In 1988 oyster populations could potentially filter
the water column above 9m (where they live) 1n
244 days, and the entire volume of the Chesapeake
Bay in 325 days.

e Populations before 1870, when extensive
harvesting began, could filter in 2.5-4 and 3-6 days

e This provided a ‘top-down’ control of the pelagic
ecosystem.



Oysters 1n Chesapeake Bay

e The virtual elimination of the oysters has shifted
the Chesapeake estuary from an ecosystem with
extensive benthic and pelagic primary

productivity, high mesozooplankton density and
abundant fish stocks, to one dominated by
ctenophores, jellyfish, pelagic microbes, and
particulate organic carbon.



Ecosystem Engineering & Niche Construction

Paleozoic 1 Mesozoic |Cenoic

600 500 400 300 200 100 0
Millions of years ago



Problems with Models

* Niche construction/ecosystem engineering effects
poorly captured

e Carrying capacity 1s an exogenous, not
endogenous variable

e Carrying capacity does not change endogenously
over time



Problems with Models

Niche construction/ecosystem engineering effects
poorly captured

Carrying capacity 1s an exogenous, not
endogenous variable

Carrying capacity does not change endogenously
over time

Absence of full (toy) model of trophic dynamics
Adaptations vary in their ecological impact



* Niche construction Increases Species
abundance

o Ecosystem engineering increases diversity



Conceptual Framework for
recovery and 1innovation

e Inclusion of invention and innovation as endogenous
parameters

e Positive feedback (spillovers) occur during low
competition situations, particularly for non-rivalrous, non-
excludable products of ecosystem engineering. Diversity
increase should slow as increased competition reduces
spillovers.

e Contrast this with the empty ecospace approach derived
from Simpson and others.



e =it Lower Cambrian Burrows
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Ediacaran-Cambrian Trace Fossils
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Ecological Spillovers

* Sponges: sequestering carbon via filtration.
Oxidation of oceans allow increased
production of collagen.

 Burrowing: change in S 1sotopes, enhances
primary productivity in seds, increases
biodiversity



Ediacaran niche construction

e Microbial substrates
e Grazing (Kimberella) (-)
e Osmotrophy (-)




Cambrian Niche Construction

e Archaeocyathid reefs (+)
* Burrowed sediments (+/-)
e Shelly substrates (+)




Newfoundland
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Metazoan Diversification
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Animal Phylogeny

Deuterostomes

Ecdysozoa

Lophotrochozoa

Vertebrates

Urochordates
Echinoderms

Hemichordates

Arthropods
Onycophorans
Nematodes
Priapulids
Brachiopods
Bryozoans
Platyhelminthes
Molluscs
Annelids
Sipunculids
Acoel Flatworms
Cnidaria
Sponges

Choanoflagellates



Developmental invention: Eye genes in Drosophila

e PAX-6 genes are highly
conserved adult expression in
vertebrates and Drosophila

cephalopods, polychaetes

e Expressed in 2-cell larval eyes
of Platyneris (an annelid)
supporting an ancestral role in
larval eye formation

Gehring 2004



Hox Gene Evolution
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PDA Development: Appendage Development
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Panganiban and Rubenstein, 2002



Comparison of Drosophila and mouse
embryos

melanogaster embryo

Ball et al 2004



Hypothetical Urbilaterian
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Hemichordate ectodermal gene
expression

Chordate hox gene Hemichordate ectodermal hox gene expression
expression in central

nervous system a 1
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From Chris Lowe, U Chicago




Evolution of Gene Networks

Type 1
network

Transduction

of embryonic
spatial cues

Gene battery

modified from Davidson, 2001



Evolution of Gene Networks

Stage 1 Stage 3 Stage 4

Growth and
pattern
formation

GROWTH

o

Spatial Spatial
transcriptional transcriptional Gene battery
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modified from Davidson, 2001




Endomesoderm Specification to 30 Hours
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Endomes oderm Specification 1o 3¢ Hours May 06, 2003

Additional data sources for selecied notzs: 2: McClay lab;
4 Croce and McClay; & C. Calestanl; 7: Angarer lab; 8: McClay lab
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Network functions Evolutionary
affected: consequences:
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