Using networks to
Integrate ecology, evolution,
and environment
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The Flask model

Individual-based evolutionary simulation
of a continuous culture of microbes
suspended in liquid medium.

Medium supplied with a steady flow of
nutrients. Abiotic factors (pH,
temperature, salinity, etc.) affect growth.
Microbes grow by consuming nutrients
and affect their environment through their
metabolism.

Each individual has a genetic code
specifying metabolic traits: nutrient
consumption, waste nutrient excretion,
optimal environmental conditions,
byproduct environmental effect.

Microbes grow, reproduce, mutate and
evolve.



Nutrient recycling / selection pressures
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Nutrient cycling ratio = consumption/supply
Single flask seeded with a single species. Mutation creates diversity

Selection acts on nutrient consumption patterns (evolution of specialist consumers) and
environmental preferences, but not on other traits

Nutrient cycling loops emerge, cycling ratios increase, correlated rise in population size.



Cross-feeding network supports
nutrient recycling

t=100



Adaptive radiation

« Nodes are genotypes

— Only include those that

— Red: surviving . .
— Grey: extinct .
reproduce at least . .

once
 Edges are mutational . .

steps
o0

e Seed at t=100 with 10
t=100

randomly generated
genotypes
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Adaptive radiation

e Adaptive radiation shows
a single large component
representing phylogeny

* Hubs represent well-
adapted phenotypes:
many offspring, long
duration

 New edges/nodes can
only come from existing
nodes — preferential
attachment makes
network scale-free (?)



Evolutionary divergence of

populations

What about the
community at a particular
point in time?

Lets look at development
of same network when
extinct genotypes are
removed.

Nodes — genotypes
Edges — single mutations
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Evolutionary divergence of
populations

e At any point in time the total
population is fragmented into
unconnected subpopulations

« Each component represents a
group of related genotypes — a
dense cloud in genetic space

* This shows the divergence of
differentiated ecotypes —
groups of phenotypes/species
with similar metabolic and
environmental functions



Environmental regulation by higher
level selection in spatial model
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» Actions of local communities create environmental heterogeneity
* Slow diffusive mixing between neighbouring flasks reduces gradients
» Higher level selection process:

— Local communities that improve their environment grow rapidly

— Local communities that degrade their environment starve

— Big communities are better colonisers

— Environment-improving communities spread rapidly across system



Spatial network topology makes no
difference (?!)



Catastrophic regime shifts

Scheffer et al 2003

Ecological systems can
have multiple stable states

Environmental conditions
can trigger a shift from
one to another

System displays
hysteresis in bistable
region

What happens in an
evolutionary system?



Nonlinear system transitions in
response to linear forcing

Piecewise linear forcing of abiotic environment

Collapses in nutrient cycling and population correlated with sudden
shifts in environment and community composition

What triggers the transitions?



Adaptive radiation network tells us
little (no temporal information)



Phylogenetic tree shows transitions
correlated with mass extinctions



First extinction caused by loss of

specialist consumer

Loss of specialist
consumers when
environment
forced beyond
tolerance
threshold

This leads to
reduced nutrient
recycling and
population crash

Evidence in
cross-feeding
network
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Second extinction caused by
reestablishment of specialist consumer

Colimitation means
that non-specialist
consumers do not fully
exploit nutrient supply

Substantial nutrient
stocks are built up

When a specialist
consumer re-emerges,
exploitation of stocks
allows rapid growth

Rapid growth causes
sudden environmental
change, making many
species extinct

Evidence in cross-
feeding network

t=24000 t=25000



Conclusions

* Networks have allowed us to conceptualise spatial structure, identify
adaptive radiation and extinction phenomena, and understand
reasons for ecological collapse

« Aim should be prediction: can changes in network properties
anticipate ecosystem phenomena?

 Open questions:
— Why does spatial network topology make so little difference?

— How to formalise link between cross-feeding network structure and ecological
robustness?

— How to usefully combine phylogeny with functional trait information, e.g., how to
combine adaptive radiation network (undirected/directed) with cross-feeding
networks (directed)?
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