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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.
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Notation

Typically, a food web is
constituted by:

@ Nodes — species or trophic
species.

e Edges (Arcs, Links) —
feeding relations among
species.

7 nodes. (S)
8 edges. (E)
Connectance = £/5% = 0.16.
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Adjacency Matrix

This graph can be associated
with a matrix:

0 0
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OO O = MFE OO
OO oo o+ro
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O O O O oo
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Adjacency Matrix

ajj = 0 — species / and j do not
interact directly.
ajj = 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

e Fishing; Disease; Pollution

| \

Competitive Exclusion

@ Presence of better competitors

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

v
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.



Error and attack tolerance
of complex networks
Réka Albert, Hawoong Jeong & Albert-Laszlo Barabasi

Department of Physics, 225 Nieuwland Science Hall, University of Notre Dame,
Notre Dame, Indiana 46356, USA

Many complex systems display a surprising degree of tolerance
against errors. For example, relatively simple organisms grow,
persist and reproduce despite drastic pharmaceutical or
environmental interventions, an error tolerance attributed to
the robustness of the underlying metabolic network'. Complex
communication networks’ display a surprising degree of robust-
ness: although key components regularly malfunction, local fail-
ures rarely lead to the loss of the global information-carrying
ability of the network. The stability of these and other complex
systems is often attributed to the redundant wiring of the func-
tional web defined by the systems’ components. Here we demon-
strate that error tolerance is not shared by all redundant systems:
it is displayed only by a class of inhomogeneously wired networks,

lan Magazines Ltd NATURE |VOL 406 27 JULY 2000 | www.nature.com
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Exponential

Scale-free
Figure 1 Visual illustration of the difference between an exponential and a scale-free
network. a, The exponential network is homogeneous: most nodes have approximately
the same number of links. b, The scale-free network is inhomageneous: the majority of
the nodes have one or two links but a few nodes have a large number of links,
guaranteeing that the system is fully connected. Red, the five nodes with the highest
number of links; green, their first neighbours. Although in the exponential netwark anly
27% of the nodes are reached by the five most connected nodes, in the scale-free
network more than 60% are reached, demonstrating the importance of the connected
nodes in the scale-free network Both networks contain 130 nodes and 215 links
k) = 3.3). The netwark visualization was done using the Pajek program for large
network analysis: {http:/Aado.fmf.uni-lj.si/pub/ networks/ pajek/pajekman.htmy.
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Complexity and fragility in ecological networks

Ricard V. Solé¢'?* and José M. Montoya'’

\Complex Systems Research Group, Universitat Politicnica de Catalunye, Campus Nord B4, 08034 Barcelona, Spain
Santa Fe Institute, 1399 Hyde Park Road, New Mexico 87501, USA

*Depariment of Ecology, University of Alcald, 28871 Alcala de Henares, Madrid, Spain

A detailed analysis of three species-rich ecosystem food webs has shown that they display skewed distribu-
tions of connections. Such graphs of interaction are, in fact, shared by a mumber of biological and
technological networks, which have been shown to display a very high homeostasis against random
removals of nodes. Here, we analyse the responses of these ecological graphs to both random and selective
perturbations (directed against the most-connected species]. Our results suggest that ecological networks
are very robust against random removals but can be extremely fragile when selective attacks are used.
These observations have important consequences for biodiversity dynamics and conservation issues,
current estimations of extinction rates and the relevance and definition of keystone species.
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Ecology Letters, (2002) 5: 558-567

REPORT

Network structure and biodiversity loss in food webs:
robustness increases with connectance

Abstract
Jennifer A, Dunne,"?* Richard J.  Food-web structure mediates dramatic effects of biodiversity loss including secondary
Williams' and Neo D. Martinez' and ‘cascading’ extinctions. We studied these effects by simulating primary spedes loss in
"Romberg Tiburon Center,
San Francisco State University,
Tiburon, CA 94920, USA
?Santa Fe Institute,

16 food webs from terrestrial and aquatic ecosystems and measuring robustness in terms
of the secondary extinctions that followed. As observed in other networks, food webs
are more robust to random removal of spedies than to selective removal of species with

the most trophic links to other species. More surprisingly, robustness increases with

Santa Fe, . N

N 87501, USA food-web connectance but appears independent of species richness and omnivory, In
. ! particular, food webs experience ‘rivet-like’ thresholds past which they display extreme
Correspondence: o | of high d 7 . " delanes

E-mail: jdunne@sfsu. edu sensitivity to removal of highly connected species. Higher connectance delays the onset

of this threshold. Removing species with few trophic connections generally has little
effect though there are several striking exceptons. These findings emphasize how the
mumber of species removed affects ecosystems differently depending on the trophic

fundtions of species removed.
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Food-web structure and network theory:
The role of connectance and size

Jennifer A. Dunne*"™, Richard J. Williams*, and Neo D. Martinez*

*Romberg Tiburon Center, San Francisco State University, 3152 Paradise Drive, Tiburon, CA 94920; and 'Santa Fe Institute, 1399 Hyde Park Road
santa Fe, NM 87501

Eited by Burtan . inger, Princetan Uiversy, iceto, N, an ppraved ly 25, 2002 ecived o reiew Al 5, 2002
... 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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Vol 273: 201-302, 2004 MARINE ECOLOGY PROGRESS SERIES Published June 8
Mar Ecol Prog Ser

Network structure and robusiness of marine
food webs

Jennifer A. Dunne®**, Richard J. Wi

iams24, Neo D, Martinez* 4

damental structural and ordering characleristics, Analyses of polential secondary extinctions resull-
ing from species loss show thal the structural robusiness of marine food webs is also consistent with
trends from other food webs. As expected, given their relatively high connectance, marine food wehs
appear fairly robust 1o loss of mosl-connected laxa as well as random taxa. Still, the shorl average
path length beltween marine taxa (1.6 links) suggests thal effects from perturbalions, such as over-
[ishing, can be ransmitled more widely throughout marine ecosystems than previously appredated.
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Control Flow Graphs

T. Lengauer and R. E. Tarjan

Fig. 1. A flowgraph
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Dominators

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

e A node v dominates w # v if every path from r to w
contains v.

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

e 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 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=3 i do/'\;7 2) :
o AS = I\/IAX,-;AR%

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

oo 006066060

Chain-like Dominator Tree

d -1 N(N —1 1
ES — Z o _NN-1) 1
i#R

—1)2 C2(N—1)2 7 2

<

Attack Sensitivity

dom(i) —1 N-—-1
AS = MAX+r (N(—)l) :N—1:1
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Extreme cases: Star

C\,O

Star-like Dominator Tree

Error Sensitivity

d -1 1+1+1+...+1 N—-1 1

¢R(N—1 a (N —1)2 T (N-12 N-1

v

Attack Sensitivity

dom(i)—1 1
(N-1) N-1

AS = MAXizr
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Different Flows
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Different Flows




Strength of Interaction
00e00

Different Flows
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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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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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Fig. 2. Secondary extinctions resulting from 3 types of pri-
mary species removal in 3 marine food webs. 95% error bars
for random species removals fall within the size of the sym-
bols and are not shown. Dashed line shows the points at
which there is =50% total species loss (primary species
removals plus secondary extinctions) in a food web for each
type of species removal. Proportion of species that must
be removed to reach that point is referred to as 'structural
robusiness’. S: species richness; C: connectance (links per
species’, L/5%)
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Change in Degree

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

Ecalogy, 88(3), 2007, pp. 671-682
® 2007 by the Ecological Society of America

RESPONSE OF COMPLEX FOOD WEBS TO REALISTIC
EXTINCTION SEQUENCES

U. Trara Srinivasan,® Tennirer Ao Dusne Joun Harte,™* ano Neo D, Martinez™
l.f:}rt‘rgv and Resources Group, 310 Barrows Hall, University of California, Berkeley, California 94720 USA
:i’m'u_‘f:' Ecoinformatics and Computational Ecology Lab, Berkeley, California 94703 USA
“Santa Fe Institute, 1399 Hyvde Parlk Road, Santa Fe, New Mexico 87501 USA
“Department of Environmental Science, Policy and Management, University of California, Berkeley, California 94702 USA
3 National Center for Ecological Analysis and Synihesis, 735 Siaie Street, Sania Barbara, California 93101 USA

Plausible Scenarios

@ Input: a priori extinction risks

@ Output: a posteriori extinction risk
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Challenges: Charachterizing species at risk

VOL. 171, NO. 5 THE AMERICAN NATURALIST MAY 2008 ®

Trophically Unique Species Are Vulnerable
to Cascading Extinction

Owen L Petchey,"”* Anna Eklof,>" Charlotte Borrvall,>* and Bo Ebenman®$
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Challenges: Sequential extinctions
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Challenges: Predator switching

Possible solution
o 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)

@ 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




Challenges: Top-down extinctions

Ecology Letters, (2006) 9: 435-442 doi: 10.1111/].1461-0248.2006.00893.x

LETTER

Early onset of secondary extinctions in ecological
communities following the loss of top predators

Charlotte Borrvall and Bo
Ebenman*

Department of Biology,
Linképing University, SE-58183
Linképing, Sweden
*Correspondence: E-mail
boebe@ifm.liu.se

Abstract

The large vulnerability of top predators to human-induced disturbances on ceosystems is

a macter of growing concern. Because top predators often exert strong influence on their

for the structure

their extinetion can have far-reaching co

prey population equenc
and functioning of ccosystems. It has, for example, been observed thac the local loss of a

predator can trigger a cascade of secondary extinctions. However, the time lags involved

in's

ch secondary extinetions remain unexplored. Here we show that the loss of a top
predator leads to a significantly carlicr onset of sccondary extinctions in model

communities than does the loss of a species from other trophic levels. Morcover, in most

e

es time to secondary extinction increa

with increasing species richness. If local

secondary extinetions oceur catl

they are less likely to be balanced by immigration of
species from local communities nearby. The implications of these results for community

stence and conservation prioriies arc discus

Challenges
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