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Food webs: “Who eats whom?”

Caribbean Reef Trophic Web

50 Nodes (groups of species)
556 Directed Edges (feeding relations)
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Food webs: “Who eats whom?”

Caribbean Reef Trophic Web

50 Nodes (groups of species)
556 Directed Edges (feeding relations)

Topology of networks

The structure of the food web is going to influence its dynamics
and ultimately the ways in which it responds to human disturbance.



Introduction Dominators Strength of Interaction Functional and Redundant Links Challenges

Notation
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Typically, a food web is
constituted by:

Nodes → species or trophic
species.

Edges (Arcs, Links) →
feeding relations among
species.

Example

7 nodes. (S)
8 edges. (E )
Connectance = E/S2 = 0.16.
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Adjacency Matrix
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This graph can be associated
with a matrix:

A =



0 0 1 0 0 0 0
0 0 1 0 0 1 0
0 0 0 1 1 0 0
0 0 0 0 1 0 1
0 0 0 0 0 0 0
0 0 0 1 0 0 0
0 0 0 0 0 0 0



Adjacency Matrix

aij = 0→ species i and j do not
interact directly.
aij = 1→ species i is a prey of j .
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Causes of Extinction

Habitat destruction/degradation

Alien species invasion

Pollution

Overexploitation

Diseases
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Mechanism of Extinction

Mortality/Fecundity

Increase in mortality or removal rate; decrease in reproduction
rate

Fishing; Disease; Pollution

Competitive Exclusion

Presence of better competitors

Invasive species; Extinction of predators or other species that
regulate competition

Lack of resources

Decrease in growth rate

Habitat destruction; Overexploitation of prey

The last mechanism is connected to network structure
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Secondary Extinctions
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Secondary Extinctions
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Secondary Extinctions
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Best Case Scenario

Other mechanisms can add to, but not subtract from, these
“bottom-up” extinctions.
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... although some food webs have small-world and scale-free
structure, most do not if they exceed a relatively low level of
connectance. Although food-web degree distributions do not
display a universal functional form, observed distributions are
systematically related to network connectance and size. Also,

although food webs often lack small-world structure because of low
clustering, we identify a continuum of real-world networks

including food webs whose ratios of observed to random clustering
coefficients increase as a powerlaw function of network size over 7

orders of magnitude. Although food webs are generally not
small-world, scale-free networks, food-web topology is consistent

with patterns found within those classes of networks.
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Control Flow Graphs
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Dominators

A control flow graph G (V , E , r) has V nodes, E edges
and starts in r .

A node v dominates w 6= v if every path from r to w
contains v .

v is the immediate dominator of w (v = imdom(w)) if v
dominates w and every other dominator of w dominates
v .

Connecting each node with its immediate dominator yields
the Dominator Tree.

In food webs the r is the external environment, that provides
energy to primary producers (plants).
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Dominator Tree
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Chesapeake Bay: Who Eats Whom?
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Chesapeake Bay: Who Dominates Whom?
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Errors & Attacks

Borrowing notation from studies on the Internet structure we call:

Error Sensitivity the average effect of random extinction of
one species.

Attack Sensitivity the effect of the disconnection of the most
”critical” species (i.e. the one that causes the maximum
damage in terms of secondary extinctions).

ES =
∑

i 6=R
dom(i)−1
(N−1)2

AS = MAXi 6=R
dom(i)−1

(N−1)

where dom(i) is the number of species the species i dominates and
N is the size of the system.
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Extreme cases: Chain

R 1 2 3 4 5 6 7

Chain-like Dominator Tree

Error Sensitivity

ES =
∑
i 6=R

dom(i)− 1

(N − 1)2
=

N(N − 1)

2(N − 1)2
' 1

2

Attack Sensitivity

AS = MAXi 6=R
dom(i)− 1

(N − 1)
=

N − 1

N − 1
= 1
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Extreme cases: Star

R

1 2 3 4 5 6 7

Star-like Dominator Tree

Error Sensitivity

ES =
∑
i 6=R

dom(i)− 1

(N − 1)2
=

1 + 1 + 1 + . . . + 1

(N − 1)2
=

N − 1

(N − 1)2
=

1

N − 1

Attack Sensitivity

AS = MAXi 6=R
dom(i)− 1

(N − 1)
=

1

N − 1
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Different Flows

R

1 2
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Different Flows

R

1 2

3 4

?
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Example with Flows

Gramminoid Marshes

67 Nodes, 798 Links Bondavalli et al. 2000.
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Example with Flows
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Example with Flows
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Example with Flows
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Dominators Analysis

Dominator trees are compact, elegant tools for studying the
effects of extinctions in food webs.

This method represents a more systematic approach to the
study of food web robustness.

Extension to quantitative flows is promising for applications to
the “real world”.

Dominators also illustrate which species are key players in
mantaining the flow of energy. Surprisingly, they are not
trivially the most connected species.

Allesina & Bodini, Journal of Theoretical Biology, 2004.

Allesina et. al., Ecological Modelling, 2006
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MacArthur 1954

High Complexity

Multiple Paths

Decrease effect of prey
fluctuation on predators

More Complex = More
Stable

Are all links contributing to
robustness?

Generalized Dominators

Using a generalization of
dominators we can divide links
into functional & redundant.
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Functional and Redundant Connections

Functional-Redundant

Functional connections contribute to robustness to extinctions.

Redundant connections can be removed without altering
extinction patterns.
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Skipwith Pond



Introduction Dominators Strength of Interaction Functional and Redundant Links Challenges



Introduction Dominators Strength of Interaction Functional and Redundant Links Challenges

Change in Degree

Hubs

Are the “hubs” conserved?
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Change in Degree
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Empirical Data
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Fragility

Red Curve
Effect of removing
species in random
order
No secondary
extinctions up to
75% removal
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Fragility

Blue Curve
Fraction of the
original functional
connections
remaining after
removal
After 20% removal
50% of functional
connections are lost



Introduction Dominators Strength of Interaction Functional and Redundant Links Challenges

Fragility

Green Curve
After each removal
we compute the
max damage we can
make removing the
most critical species
After less than 50%
removal we can find
a species that if
removed makes the
whole web collapse
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Patterns

the presence of multiple independent pathways from primary
producers to top predators enhances food web resistance to
species extinction.

The fraction of functional links in empirical food webs is high
(> 90%) and is invariant for size and complexity.

Consequences

Most connected species are not necessarily the most
important species for food web robustness.

Even when secondary extinctions are not observed, the loss of
species will make ecosystems more fragile to further
extinctions.

This sobering message underscores the possibility of surprises
and tipping points in the collapse of ecological network.

Allesina et al., Phil. Trans. Roy. Soc. B, 2009
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Challenges: Realistic extinctions

Plausible Scenarios

Input: a priori extinction risks

Output: a posteriori extinction risk



Introduction Dominators Strength of Interaction Functional and Redundant Links Challenges

Challenges: Charachterizing species at risk
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Challenges: Sequential extinctions
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Challenges: Predator switching

Possible solution

Consider a “potential” food web that draws potential prey
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Challenges: Top-down extinctions

Considering dynamics

Human pressure is skewed toward higher trophic levels (esp.
marine systems)

Top-down effects are known and important (e.g. trophic
cascades)

Caveat

To exactly predict top-down extinctions one needs a complete
description of the system and its dynamics.

Initial conditions

Functional responses

Interaction strengths

Allometric relationships could simplify the problem
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Challenges: Top-down extinctions
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