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Evolutionary ecology:
Interacting organisms + Evolution

Evolving bio-net

Each type will see an ever changing environment

Focus on system level properties
stability
mode of evolution
nature of the adaptation
ecological characteristics: SAD, SAR, Connectance,...
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Interaction and co-evolution
The Tangled Nature model
• Individuals reproducing in type space
• Different types influence the livelihood of each other
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Definition
Individuals

, where

and

L= 3
Dynamics – a time step
Annihilation
Choose indiv. at random, remove with
probability
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Reproduction:

► Choose indiv. at random
► Determine

occupancy at the location
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e number of other genotypes.

graduate machines left running overnight and at weekends.

with colonies of billions of bacteria.

The degree and strength distribution plots below show results from the
simulation and the null hypothesis. For this, the number of individuals
at a given time was read in from the simulation and these were then
thrown down at random on to the network with the constraint that the
diversity was the same. This provides a check on whether any trends are
real or just illusions created by an expanding diversity.

From our results, it is tempting to speculate that the observe
of diversity, complexity and adaptation of living matter may be
related to a high level of interdependence between organisms.
Darwin’s entangled bank may be a particularly useful image to
mind when studying the evolution of large collections of individ

The coupling matrix J(S,S’)

The Model and Methods

individual is represented by a vector Sα = (S1α, S2α, ..., SLα) in the
notype space S, where the “genes” Siα may take the values ±1, i.e.
denotes a corner of the L-dimensional hypercube. We take L = 20.
e evolutionary dynamics determines whether a genotype is occupied
not. The total number of occupied sites is called the diversity.

Other features of the Tangled Nature model include a punctuated dynamic as shown below — where the network spends long periods in a
so-called quasi-Evolutionary Stable Strategy (q-ESS) terminated by hectic rearrangements of genotype space until a new q-ESS is found — and
the appearance of quasi-species [5].

r simplicity, an individual is removed from the system with a connt probability pkill per time step.
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p, pmut. 500 individuals are placed randomly on the network to
rt the simulation.

Genotype Position

Either consider J(S,S’) to be uncorrelated

e probability that an individual reproduces, pof f , is controlled by
weight function H(Sα, t) related to its interactions with other sites.
production is asexual and mimics fission: two individuals are proced with the parent being killed.
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or to vary smoothly through type space

time step consists of one annihilation attempt followed by one reduction attempt. One generation consists of N (t)/pkill time steps,
ich is the average time taken to kill all currently living individuals.
neration time is used throughout.
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Results

unoccupied site.
Links are deactivated
positive interaction
negative interaction

Not all sites are occupied. There are several isolated species, in the sense that
they are not interacting with anyone. Most sites are in two-clusters. These act as
building blocks for larger groups. They are usually plugged together by mutants.
Large clusters do not persist and the mutually positive two-clusters are the only
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Not all sites are occupied. Notice how all nodes are connected in one giant cluster
and there are no isolated species. With such a high background connectivity, all
occupied sites belong to one cluster at all time steps, although an individual species
may only be interacting with a few other genotypes. In the simulation, the nodes
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Asexual reproduction:

Replace
by two copies

with probability
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Mutations
Mutations occur with probability
, i.e.

See also work on similar models by Rikvold et al.
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RESULTS
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Segregation in genotype space
Initiation
Only one genotype
Jn term = 0

Total population
Diversity
N(t) adjusts

Time steps
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Macro dynamics:
Non correlated
Graph courtesy to
Matt Hall
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Complex dynamics:

Exergy ? ?

Intermittent, non-stationary
Jumping through collective adaptation space: quake driven
Transitions

f(t)

Log(t)
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Macro dynamics - the transitions
Non correlated
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Fig. 2. The initial diversification from a single position
in genome space. The system is initialized at time t = 0 with
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500 identical individuals and allowed to develop autonomously.Jensen
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Stability of the q-ESS:
Consider simple adiabatic approximation.
Stability of genotype S assuming:
Consider

Stationary solution
Fluctuation
Fulfil

i.e. stability
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Transitions between q-ESS caused by co-evolutionary
collective fluctuations
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incur a greater extinction rate for species of such sparse
numbers thus reducing the diversity. This is one reason
proposed to explain why productivity–diversity relationships
have increasing functional forms at low productivity ranges
(Preston, 1962; Abrams, 1995).

Macro dynamics:
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Fig. 1 – An occupation plot of a single run for a system with
R = 10,000. For each timeslice a point appears where a
phenotype is in existence but as the full space is in 16
dimensions a projection onto a single trait is used.

Henrik Jeldtoft Jensen

Lifeti

Statistical an
power law fo
quantities in
sents species
of a ’ 2 has
criticised an
(Newman an
distributions
form althoug
comparable e

Imperial College London

Bottom: y ¼ 0:25: Solid lines, random; dotted lines, simulation. From
the left, the pairs of curves are for t ¼ 500; 5000 and 500,000. At later
times, the number of active links increases for both the simulation and
random data.
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From Anderson & Jensen
J Theor Biol. 232, 551 (2005)
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Fig. 3. Interaction distributions. Top: Distribution of interaction
num
strengths between individuals for y ¼ 0:005: Bottom: y ¼ 0:25: Inset:
occu
Entire distribution. Solid lines, random; crosses, simulation at t ¼ 500;
the l
dotted lines, simulation at t ¼ 500; 000: All plots are normalized so
one
that their area is one. For high y; a significant increase in positive
interactions is seen. For low y; a change is seen but for trivial reasons.
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Time evolution of
Distribution of active coupling strengths
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High connectivity
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initial results obtained in Hall et al. (2002) and can
consider the evolution of the SAD for high and low y
integrated across all 500 runs, as seen in Fig. 5. The

Time evolution of

Species abundance distribution
Non Correlated
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Fig. 5. Species abundance distributions. Species abundance distributions for the simulations only. Dashed line, t ¼ 500; dashed–dotted
line, t ¼ 5000; solid line, t ¼ 500; 000: Low y on the left, high y on the
right. The ecologically realistic log-normal form is only seen for high y:
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Fig. 2. Degree histograms. Top: Degree histogram for y ¼ 0:005:
Bottom: y ¼ 0:25: Solid lines, random; dotted lines, simulation. From
the left, the pairs of curves are for t ¼ 500; 5000 and 500,000. At later
times, the number of active links increases for both the simulation and
random data.
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tion of couplings JðSa ; Sb Þ between all
genotype space is determined at t ¼
constant. Imperial
The network
of occupied
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The evolved degree distribution
Correlated
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Figure 1: Degree distributions for the Tangled Nature model simulations. Shown are ensemble
averaged data taken from all networks with diversity, D = {19, 26, 29} over 50 simulation runs
of 106 generations each. The exponential forms are highlighted by comparison with a binomial
distribution of D = 29 and equivalent connectance, C!0.145 to the simulation data of the same
diversity.

Exponential becomes
1/k in limit of vanishing mutation rate
a greater degree of resilience to random species extinctions. The stability arguments
are certainly valid but it may actually be the case that the distributional forms appear

From Laird & Jensen,
Ecol. Model.
In Press
as a consequence
of the internal
dynamics. When we perform simulations with random
degree76,
distributions
revert back to binomial form. This implies that
See also Laird & inheritance
Jensen,the
EPL,
710 (2006)
the correlations are an essential requirement for constructing our exponential networks.
To support this theory we shall now present a network model that produces a range of
non-binomial distributions through correlated dynamics, without any form of selection.
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Diversity and interaction
Weight function

k
α
H 0 (S , t ) =
J
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, S )n (S, t ) − µ N (t )
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α
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(
S
, t)
ε E (Sα )
N (t )

Density dependent

ε E (Sα )

Density independent
Fujiyama lanscape

H (Sα ) = H0 + {

with E ∈ [0,1] and ε a scale parameter
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Diversity and interaction

From Lawson, Jensen & Kaneko, J Theo. Biol. 243, 299 (2006)

Origin of threshold in k:
A balance between inter-species and intra-species
Interaction.
n( S α , t )
H = H0 + ε E(S , t)
,
N (t )
α

where E ∈ [0,1] and
k
α
H (S , t ) =
J
(
S
, S ) n ( S, t ) − µ N ( t )
∑
N (t ) S
α

Mean field sketch

Weight function for D = 1 : H1 = εE − µN1
Weight function for D = 2 : H 2 =

Assume n2 =

1
N 2 and N1 ≈ N 2 then
2

H1 > H 2 ⇒ k >
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The evolved connectance

# Edges
!C" =
# Possible Edges

Correlated
1

Mean connectance

0.8

0.6

0.4

0.2

0

0

25

50
Diversity

75

100

Figure 4: Plot of ensemble-averaged mean connectances, < C > against species diversity. Error
bars represent the standard error. The lower dotted line marks the null system connectance,
CJ = 0.05, which the evolved systems clearly surpass. The overlaid functional form is that given
by Eq.(8) using the correct background connectance, C J = 0.05 and with a value of, s = 5.5 for
the selection parameter.
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underlying point remains valid. Selection is driving the system to higher edge numbers
and equivalently higher connectances. But as we increase the number of nodes in our
Jeldtoft
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subnetwork the probability of achieving a given connectance diminishes, resulting in a
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Fig. 3. (a) SAR Data for Hertfordshire
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Rosenzweig et al. (1995, Fig
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shape and start point remains the same, with only the exponent changing.
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The introduction of space has many implications for the
model. In the non-spatial case, there were two timescales:
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The individual in ever evolving surroundings:
Collective system level adaptation towards
mutualistic biased webs of interactions
Macro-Evolution through intermittent transitions
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We consider two different types of populaons: (1) a purely asexual population and (2) a
urely sexual population.
ASEXUAL REPRODUCTION

In
this subsection,
we discuss
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Fig. 2. The initial diversification from a single position
in genome space. The system is initialized at time t = 0 with
500 identical individuals and allowed to develop autonomously. Time is plotted horizontally. Similar to ordinary
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