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Chapter 1

Ideas for moving beyond structure to
dynamics of ecological networks

Daniel B. Stouffer, Miguel A. Fortuna, and Jordi Bascompte
Integrative Ecology Group
Estacion Bioldgica de Doriana - CSIC
Av. de Maria Luisa s/n Pabellén del Peri
41013 Sevilla (Spain)

1.1 Introduction

There are between seven and fifty million different species of plants and
animals on Earth [Pimm and Raven (2000)]. About two-thirds of these
species live in the tropics, largely in the tropical forests [Pimm and Raven
(2000)]. In fact, studies show that about 30-50% of plant, amphibian,
reptile, mammal, and bird species occur in 25 hotspots that occupy no more
than 2% of the terrestrial land mass [Myers et al. (2000)]. It is believed
that fish and other marine organisms are similarly concentrated [McAllister
et al. (1994)].

The concentration of natural species demands that hotspots be man-
aged with particular attention and caution [Ceballos et al. (2005); Ceballos
and Ehrlich (2006); Hurlbert and Jetz (2007)]. Unfortunately only about
one half of the original 16 million square kilometers of tropical rain forests
remain [Skole and Tucker (1993)] and clearing eliminates about 0.2 mil-
lion square kilometers every year [Nepstad et al. (1999); Cochrane et al.
(1999); Hansen et al. (2008)]. This and other factors, such as human popu-
lation growth and global warming, place us in the midst of the sixth largest
extinction event in natural history [Thomas et al. (2004)].

The impacts are far reaching as extinctions of species represent one



September 2, 2008 12:14 World Scientific Book - 9in x 6in ws-book9x6

2 My Book Title

of the most dramatic ecosystem perturbations, taking place on quicker
time scales than evolution and the introduction of new species into a habi-
tat [Thomas et al. (2004)]. Extinctions have the ability to greatly alter an
ecosystem’s biodiversity; they can affect ecosystem stability, its resilience to
environmental change, or its resistance to invasion of exotic species [Chapin
et al. (2000)].

In the ocean, the story is no different. Currently 75% of global fish stocks
are fully- or over-exploited [United Nations Food and Agriculture Organiza-
tion (2006)]. Amongst these stocks are a considerable number of predators,
such as sharks, which occupy the highest trophic levels; it is observed that
these species have been declining at an alarming pace [Myers and Worm
(2003); Worm et al. (2005); Heithaus et al. (2008)]. Moreover, recent empir-
ical and theoretical studies have demonstrated that top predator removal
often induces large-scale cascading effects [Bascompte et al. (2005)]. Many
developed nations have made progress in better fishery management [Grif-
fith (2008)]. However, nearly 20% of fish stocks in the United States, for
example, remain over-fished or are fished unsustainably [National Marine
Fishery Service (2008)]. The problem is more dire in developing countries,
many of which rely upon fishing as an important economic activity [United
Nations Food and Agriculture Organization (2006)].

There are numerous ecological, environmental, economic, and social as-
pects to the problems which stand before us. In order to remedy them,
and avoid recreating such problems in the future, we must develop effective
environmental policies which are firmly based on current environmental
and ecological research. Reflecting upon the recent past and prospective
future, research in the field of ecological networks is a strong candidate to
successfully lead us in this direction.

In more traditional ecology, studies are restricted to an analysis of one to
a few species within an ecosystem. In the study of food webs or mutualistic
networks, in contrast, the focus is upon understanding the properties of
the entire ecosystem [Bascompte et al. (2003); Pascual and Dunne (2006)].
Similarly, in the study of spatial networks, the focus is upon the application
of the network formalism to problems in spatial ecology [Urban and Keitt
(2001)].

The network approach in ecology has the longest tradition in commu-
nity ecology and food webs, where it has been utilized over the last thirty
years [Cohen (1978); Pimm (2002)]. Even so, the static and structural
properties of food webs are only recently becoming better understood [Pas-
cual and Dunne (2006)]. This leaves open a number of important questions
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regarding food-web dynamics and stability. Similar conclusions are reached
when reviewing the mutualistic and spatial network literature.

If we wish to transform ecology, and in particular ecological networks,
from a descriptive to predictive science, we must move beyond static char-
acterization to the topic of dynamics upon these network structures. Con-
sider, for example, the issue of overfishing. The effect of overfishing of a
single species cannot be considered in isolation; it is imperative that the dy-
namics be viewed as a component of a far larger and more complex system.
To effectively manage fisheries, then, we must understand the dynamics of
the complete ecosystem and the influences of individual species upon all
others. Similarly in spatial networks, we understand that species cannot
be managed from the perspective of isolated local processes but through
a combination of local and regional dynamics and exchanges across the
system.

We will cover the topic of ecological networks in three separate sections
which focus on the most developed sub-fields: food webs, mutualistic net-
works, and spatial networks. In this chapter, we authors shall not provide
comprehensive reviews of previous work in the field of ecological networks.
We will instead first briefly discuss the state of the field, emphasizing efforts
and conclusions in understanding the systems’ structural properties. We
then discuss examples of investigations of the networks’ dynamics, followed
by what we believe to be some of the most exciting unanswered questions
regarding the dynamic behavior, both for the near and far term.

1.2 Food webs

The tremendous diversity of ecosystems around the globe is apparent to
even the most casual of observers. These ecosystems can differ in the pop-
ulation, sizes, and type of species present, the type of environment, the
assembly history, and the rate of change. This diversity poses a very real
challenge to the development of a general understanding of community dy-
namics.

Food webs are a description of who eats whom in an ecosystem [Sugihara
(1984); Cohen et al. (1990)]. The food webs reported in the literature
appear increasingly complex [Cohen et al. (1990); Pimm (2002); Pascual
and Dunne (2006)]. Understanding the structure of food webs is of great
importance because it provides insights into, for example, how ecosystems
behave under perturbations [Berlow (1999); Chapin et al. (2000); McCann
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Fig. 1.1 Example of “universal” features of food web structure. (A), We plot the

cumulative distribution of the scaled number of prey per species for 11 empirical food
webs. The values for each web are scaled by twice the average number of predator-prey
interactions per species in that web. The solid line is the analytical prediction for many
successful static food-web models, including the niche model [Williams and Martinez
(2000)]. The cumulative probability measures the fraction of events in a sample which
have values larger than the set value. That the data “collapse” onto the same curve is
a hallmark of universality. The same phenomenon is observed for the distributions of
numbers of predators and links. (Adapted from Stouffer et al. (2005).) (B), We show
the degree of diet contiguity for 14 empirical food webs, as measured by Stouffer et al.
(2007). All 14 empirical food webs exhibit contiguity very close to 1.0, implying that
species and their diets can very nearly be mapped onto a single dimension. This fact
validates an important assumption of the niche model in which species and diets are
explicitly one-dimensional.

(2000)].

1.2.1 The structure of food webs

Recent research on the structure of food webs has lead to a solution to the
problem of developing a general understanding: there exist a number of
universal features that hold for a large number of empirical food webs [Ca-
macho et al. (2002); Dunne et al. (2002b); Cohen et al. (2003); Bascompte
and Melidn (2005); Stouffer et al. (2005); Pascual and Dunne (2006); Stouf-
fer et al. (2006); Camacho et al. (2007); Stouffer et al. (2007); Allesina et al.
(2008); Dunne et al. (2008); Petchey et al. (2008); Williams and Martinez
(2008)]. These quantitative patterns describe the most highly-resolved em-
pirical food webs available in the literature (Fig. 1.1). The most remarkable
aspect of this result is that there were no a priori reasons to believe that
the food webs studied have anything in common; in fact, the food webs
studied have different sizes (ranging from 25 to 155 species), the species
themselves are different, the empirical data was collected by different in-
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vestigators, and they come from a variety of environments located across
the globe—lakes, streams, deserts, rain forests, estuaries, bays, and islands.

Relying upon this “universality” found in food webs, scientists have be-
gun to reach a consensus on their static structural characteristics [Pascual
and Dunne (2006); Williams and Martinez (2008); Allesina et al. (2008)].
These universal patterns demonstrate that there may indeed be fundamen-
tal principles which act as the determinants of food-web structure. Rein-
forcing this conclusion is a study by Dunne et al. (2008) which demonstrated
that Cambrian food webs also exhibit the same structural properties. An
explanation for this universality is the principle that there are emergent
properties in complex systems which arise from constraints acting upon
the system [Amaral and Ottino (2004)]. While bioenergetic constraints
could be considered a major factor controlling food-web structure, it actu-
ally appears that the manner in which species select their prey may be a
stronger driver force [Williams and Martinez (2000); Stouffer et al. (2006,
2007); Petchey et al. (2008); Williams and Martinez (2008)]. These robust
patterns have led to the development [Williams and Martinez (2000)], and
subsequent validations [Stouffer et al. (2005, 2006, 2007); Williams and
Martinez (2008)] of a simple static food web model—the so-called niche
model—that reproduces the key structural features observed in empirical
food webs.

To this point, researchers who study food webs have followed a maxim
observed in other disciplines, such as physics: one must understand statics
before attempting to understand dynamics. As noted above, however, ecol-
ogists have begun to reach a consensus regarding the structure and mecha-
nisms which shape the network of predator-prey interactions [Pascual and
Dunne (2006); Stouffer et al. (2006); Camacho et al. (2007); Stouffer et al.
(2007)]; therefore we believe that the time to advance our understanding
of community-wide dynamics is at hand. In the following sub-sections, we
will outline what we believe to be some of the most exciting and promising
possibilities regarding the topic of food-web dynamics.

1.2.2 The scale of food-web stability

The complexity of empirical food webs has lead many ecologists to con-
centrate on dynamic ecosystem studies in terms of small sub-webs—
“community modules” [Holt (1997); Holt and Hochberg (2001)]—which
bridge the gap between “the baroque complexity of entire communities and
the bare bones of single and pair-wise population dynamics” [Holt (1997)].
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Fig. 1.2 Food-web motifs and the scale of food-web stability. (A), The set of 13 unique
food-web motifs composed of three species [Milo et al. (2002); Stouffer et al. (2007)]. Each
vertex represents a species and arrows represent predator-prey interactions pointing from
prey to predator. (B), A significant unanswered question in the study of food webs is
how the dynamic properties and stability of food-web motifs relates to those of the entire
food web.

Community modules are comprised of three to five species and a set of in-
teractions likely to have ecological relevance, such as a three-species food
chain or intraguild predation.

The dynamic stability of community modules has been investigated pre-
viously; particular focus has been placed upon the implications of varying
species interaction strengths and the role of weak interactions [McCann
et al. (1998); Fussmann and Heber (2002); Emmerson and Yearsley (2004);
Bascompte et al. (2005); Nakazawa and Yamamura (2006); Rooney et al.
(2006)]. More recent research has also uncovered the important role of
predator-prey body size ratios in stabilization of specific community mod-
ules such as a tri-trophic food chain [Otto et al. (2007)]. These bottom-up
studies provide a theoretical foundation for the stability of individual mod-
ules, but leave open the question of which modules empirical food webs
are actually composed of. To address this question, scientists have in-
vestigated “food-web motifs”, the structural counter-part to community
modules [Milo et al. (2002); Bascompte and Melidn (2005); Stouffer et al.
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(2007)]. Food-web motifs consist of the complete set of unique connected
subgraphs containing n-species [Milo et al. (2002)] (Fig. 1.2). These top-
down studies provide an indication of the subgraphs which appear within
empirical food webs more or less often than expected at random. They are
unable, however, to address if there is a dynamic justification for why a
particular subgraph appears with greater or less frequency.

It thusly follows that a significant unanswered question in the study of
food-webs is the integration of the bottom-up and top-down approaches to
better understand food-web dynamics and the origins of food-web stability.
Is there a direct relationship between the “local” stability of a subgraph
and on whether or not that subgraph appears more or less frequently in a
complete food web? If no direct relationship exists, it is worth noting that
this does not preclude the existence of a relationship at a “mesoscale” level
of combinations of motifs.

The identification of each modules’ contribution to community stabil-
ity will provide crucial information regarding the forces acting upon the
ecosystem. We will be able to answer an important question regarding the
mechanisms responsible for maintaining stability in the presence of exter-
nal perturbations. Namely, is a community stable because it is composed
of stable sub-elements, or is a community stable because of cooperative
and synergistic interactions between individual, and potentially unstable,
sub-elements? Do species participate in interactions which would maximize
their own persistence or instead that of the entire community?

1.2.3 Whole food-web dynamics

An ever-present problem in the study of empirical food webs is the relative
scarcity of empirical data. Much of this stems directly from the difficulties
involved in collecting data of high quality [Paine (1988)]. These difficulties
including the long hours required for direct observation and for data col-
lection to conduct stomach content analysis or scatology. Additionally, it
is still an issue to know when a scientist may faithfully declare any data
as complete; how does one account for the brief and sole appearance of a
migratory bird, for example, within the environment under investigation?
Consider also that these difficulties are faced when the food web will ul-
timately represent an aggregate over time and space [Lawton (1989)] and
therefore the result is generally absent of dynamic data.

To date, the most frequently utilized approach to quantitatively measure
a dynamic food-web property is through the interaction strength [Berlow
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et al. (2004)]. Most commonly this is represented as the fraction of a species’
diet or incoming biomass which comes from particular prey; however, many
definitions exist Berlow et al. (2004). While such interaction strengths are
informative and can even help parametrize dynamics models [Yodzis and
Innes (1992); Brose et al. (2006)], they themselves often represent averages
across time and space. This is because of the fact that ecosystem dynamics
necessarily implies dynamics of all aspects of the food web, from abundances
to species’ interaction strengths.

For future characterization and understanding of community dynam-
ics, it is essential that we support initiatives for the collection of dynamic
data for entire ecosystems, potentially even to the scale of the Long Term
Ecological Research Network (LTER) or National Ecological Observatory
Network (NEON) programs in the United States. Such initiatives, however,
will represent decades of coordinated work with the majority of benefits re-
alized far into the future.

A different possibility is to approach the problem from the bottom-
up instead of top-down. There exist databases (e.g., NERC Centre for
Population Biology (1999)) which have compiled species-specific dynamic
data. However, as in the case off food-web stability discussed earlier, it is
not readily apparent how laboratory or field experiments of three species,
for example, might translate to dynamics of greater collections of species.

One should consider that the species-specific data often represent the dy-
namics of individual species not in isolation but actually embedded within
larger communities. We must first develop a robust and general charac-
terization of the dynamic behaviors exhibited in this species-specific data.
This could be conducted through a mixture of data analysis and modeling.
Then the dynamics of species within food-web models should be similarly
characterized for comparison purposes. These two characterizations will
greatly help the refining of dynamic food-web models by determining cause
of differences between dynamics in isolation or within an entire food web.

1.3 Mutualistic networks

To this point, we have defined the broad type of food web, which is the
type of network with a longest tradition in ecological research. In the last
few years, there has been a tendency to consider other types of interactions
besides the strict who-eats-whom. The interactions between hosts and their
animal parasitoids (i.e., insects that lay their eggs near, inside, or on the
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Fig. 1.3 Example of a bipartite plant-animal mutualistic network. Solid and empty
nodes represent plant species, and their seed dispersers, respectively. These mutually
beneficial interactions form networks of dependence involving dozens of species.

surface of the insect host which will provide food for the developing pupa)
is a good example. A second type of interaction is that between plants
and their specific herbivores, or the one between plants and the animals
that pollinate their flowers or disperse their seeds. In all cases, we are now
considering networks represented as bipartite networks (Fig. 1.3). In this
section, we will focus on one type, that which describes the mutualistic
interactions between plants and animals. There are several reasons for
this. On one hand, these interactions of mutual benefit have played a
major role in the generation of Earth’s biodiversity [Ehrlich and Raven
(1964); Thompson (2005)]. On the other hand, ecologists have compiled an
impressive data set amenable to analysis by tools from study of complex
networks.

Mutualistic interactions involve dozens to hundreds of species and form
complex networks (Fig. 1.3). This is a complicated object, and one may
be tempted to conclude that there is no pattern beyond an ocean of links
and nodes. The earliest work on mutualisms was focusing on a highly
specific plant-animal interaction, or on a few interactions among a target
group of species. In the last few years, however, ecologists and evolutionary
biologists acknowledged the community context of these interactions and
worked on small groups of interacting species [Waser et al. (1996); Thomp-
son (2005)]. More recently, these studies have been extended by scaling
all the way up from small to entire networks and by providing a rational
framework to characterize their complexity.

1.3.1 The structure of mutualistic networks

The first round of papers on mutualistic networks were, not surprisingly,
descriptions of their structure, following the tradition in food webs as de-
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Fig. 1.4 The nested structure of mutualistic networks. The mutualistic network is now
represented in matrix format, where rows represent plants, columns represent animals,
and a square indicates an interaction between that plant and animal. (A) represents
a perfectly nested matrix, where specialist species interact with well-defined subsets of
the species generalists interact with, (B) represents a similar matrix with interactions
randomly shuffled, and (C) shows a real mutualistic network where the continuous line
indicates the isocline of perfect nestedness. (Figure modified from Bascompte et al.
(2003).)

scribed in the previous section. The first pattern analyzed was the con-
nectivity distribution, and ecologists found a common structural pattern
defined by truncated power-law connectivity distributions. This put mu-
tualistic networks in a similar context as other networks in the sense of a
heterogeneous distribution. While the bulk of species had only one or a
few interactions with other species, a few generalists had far more inter-
actions than would be expected under conventional models [Jordano et al.
(2003)]. Regardless of the type of mutualism (seed dispersal or pollination)
and other biological differences, all communities had the same structure.
A small difference, in relation to non-biological networks such as the Inter-
net, was the truncation for high numbers of interactions. This truncation
can be explained by several non-exclusive mechanisms such as forbidden
links—some interactions between a plant and an animal can not occur due
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to, for example, size or phenological constraints [Jordano et al. (2003)]—or
a preferential attachment mechanism on a bipartite network with different
set sizes [Guimaraes et al. (2007)].

Mutualistic networks are, thus, heterogeneous. However, this property
only refers to a statistical description of the probability to interact with a
given number of species. It does not tell us anything about the identity
of the interacting species. The next step in the road to disentangle the
structure of mutualistic networks was describing its nested structure (Fig.
1.4). In a nested matrix, the number of interactions per species are arranged
in such a way that specialists interact with proper subsets of the species
with which generalists interact [Bascompte et al. (2003)]. This generates a
network with a core of interactions, generalist plants and generalist animals
interacting among themselves, and asymmetric tails, specialists interacting
with the most generalist species.

This asymmetry in specialization, independently reported by Vazquez
and Aizen (2004), is also evident when looking at weighted networks. The
weight of a link indicates the intensity of the mutualistic effect or depen-
dence of one species on another. The bulk of dependencies between species
are quite weak, but a few are strong. In the few cases in which, for ex-
ample, a plant depends strongly on an animal, the animal depends on the
plant very weakly, and vice versa [Bascompte et al. (2006)]. That is, pair-
wise interactions are very asymmetric. Similarly, one can also look at the
quantitative extension of species degree, species strength. The strength of
a plant species, for example, is the sum of all dependencies of the animals
which depend on that plant. It describes the importance of a species from
the point of view of those in the other set. Species strength varies widely
across species [Bascompte et al. (2006)]. As for binary data, mutualistic
networks are also very heterogeneous in the distribution of species strength.

1.3.2 Assembly of mutualistic networks

So far, we have provided a descriptive account of mutualistic networks. The
dynamics, as always, are more complicated to tackle from the experimental
point of view. There are a few exceptions from the literature, however, that
provide a link from structure to dynamics. Olesen et al. (2008) analyzed
the day-to-day assembly of one pollination network in Zackenberg field
station, Greenland. This is a particularly convenient system since the whole
area is covered by ice the bulk of the year. This implies that from the
beginning of each season, one can record the entire network assembly from
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the appearance of the first flower, the first pollinator, and so on.

One example of a connection between network structure and dynamics
was the pioneering paper by Barabasi and Albert (1999) on the preferential-
attachment mechanism as a simple process leading to a scale-free network.
In this case, one starts with a core of interacting nodes; at each time step,
a new node enters the network and attaches to an existing node with prob-
ability proportional to the existing node’s number of links. This process
results in a network with a scale-free degree distribution [Barabasi and Al-
bert (1999)]. It is one thing, however, to theoretically show that a process
leads to a particular statistical pattern and quite another to demonstrate
that an empirical system truly behaves in such a manner. To elaborate,
upon finding a power-law connectivity distribution it may be tempting to
assume a preferential-attachment process. Similar difficulties have perme-
ated the study of other complex systems when scientists were tempted to
conclude the existence of self-organized criticality from the presence of a
power-law in the frequency distribution of events with a given size or energy.

The Zackenberg pollination network provided a wonderful opportunity
to test the true dynamical assembly mechanism in the field. The tempo-
ral sequence for the whole season can be broken into day-to-day intervals
so that, when a new interaction is formed, one can identify the precise
identity of the species a new one attaches to and then test relative to the
likelihood that a species would attach preferentially to the most connected
species (Fig. 1.5). Olesen et al. (2008) found that attachment is interme-
diate between preferential and random. Intriguingly, this dynamic result is
compatible with the previously reported pattern of a truncated power-law
connectivity distribution.

Despite the previous result on actual processes of assembly, we are miss-
ing information on the dynamics of mutualistic networks, i.e., on how they
change through years (see however Petanidou et al. (2008) and Olesen et al.
(2008) for interesting exceptions). The most natural way to proceed due
to the scarcity of dynamic data, is to use numerical simulations or mathe-
matical models of network dynamics. A few papers have addressed models
of network build-up which are directly comparable to the actual assembly
in Zackenberg. For example, defining a preferential-attachment model on
a bipartite network has provided an analogy to the Barabasi-Albert model
for unipartite networks [Guimaraes et al. (2007)].

Interestingly enough, the nature of these bipartite networks imposes
itself some changes in the resulting connectivity distribution when there
is some difference in size between the two types of nodes. In this case, a
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Fig. 1.5 The dynamics of network assembly. The figure illustrates the turnover in num-
ber of nodes and links between two consecutive days. Knowing whether new species tend
to become attached to the already well-connected species is important in bridging struc-
tural patterns of mutualistic networks to their underlying assembly dynamics. (Figure
courtesy of J. Olesen.)

truncated power-law connectivity distribution (as opposed to a power-law)
naturally arises. Similarly, Santamaria and Rodriguez-Gironés (2007) have
explored a suite of assembly models, concluding that the best fit to the
structure of mutualistic networks is performed by a model that combined
species abundance and phenotypic complementarity between morphological
traits. In line with this previous result, phenotypic complementarity and
the hierarchical evolutionary relationships between species have also been
adduced to be a good explanation for the values of nestedness observed
in nature [Rezende et al. (2007a)]. This is in agreement with conclusions
from observations from the field [Stang et al. (2007)]. A combination of
species abundance and niche-traits (e.g., morphological constraints) seems
also to account for the levels of nestedness observed in nature [Krishna et al.
(2008)].

We need general models that account not only for a network property
such as nestedness but for a broad combination of network patterns, or,
as Allesina et al. (2008) have recently put it, for the likelihood of reproduc-
ing an entire mutualistic network. We believe it is quite feasible to soon
have such a generalized model of assembly of mutualistic networks which
is able to reproduce the full range of network patterns discovered in the
initial studies of mutualistic networks.
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1.3.3 Models of mutualistic-network disassembly

A more difficult challenge—and a much more interesting question, as tends
to be the case—would be to develop an experimental setting to examine the
disassembly of mutualistic networks as a function of some external driver.
This is quite difficult to realize in the field, and even in a mesocosm ex-
periment, yet is probably the most relevant question from the point of
view of exploring the consequences of global change on biodiversity. The
most exciting possibility would be an experimental system where one could
simulate the effects of species extinction or habitat alteration on the net-
work of interactions. In the meantime, we again must rely on numerical
simulations. In the most common methodology a progressive number of
species goes extinct and the influence of network structure on the size of
the coextinction cascade, or the subsequent loss of evolutionary history, is
investigated. The consensus result, as shown by Memmott et al. (2004)
building on the papers by Albert et al. (2000) for the Internet and Solé and
Montoya (2001) and Dunne et al. (2002a) for food webs, is that the het-
erogeneous, nested, structure of mutualistic networks makes them robust
to the loss of specialists or to the random loss of species [Memmott et al.
(2004)].

When one examines, however, the identities of the coextinct species
and their phylogenetic positions, there is a significant phylogenetic signal
on both the number of interactions per species and on whom they inter-
act with [Rezende et al. (2007b)]; this is true for as many as half of the
communities examined. Because of this, coextinction cascades do not in-
volve randomly picked species but phylogenetically close species. The loss
of evolutionary history then proceeds faster than expected in the absence
of such phylogenetic signal, leading to a biased pruning of the evolutionary
tree [Rezende et al. (2007b)].

Another driver of global change is habitat loss. There is only one study
we are aware of that empirically studies the consequences of habitat trans-
formation on network structure. Tylianakis et al. (2007) explored how the
structure of host-parasitoid networks changes across an environmental gra-
dient. They demonstrated that even without a reduction in the number
of species, habitat loss changes the structure of interaction networks with
important implications for their collapse. To further assess the influence of
habitat transformation, requires the use of models.

An important area of research is the study of metacommunities, species
interactions across discrete habitat patches maintained by a balance be-
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tween local processes and regional dispersal across patches [Leibold et al.
(2004); Holyoak et al. (2005)]. This important area has mainly focused on
theoretical work consisting of a small number of interacting species. Melian
et al. (2005) and Fortuna and Bascompte (2006), on the other hand, have
studied real ecological networks across space from a theoretical perspec-
tive but with added realism by using the structure of the real ecological
networks.

A first step towards understanding the consequences of habitat loss on
mutualistic networks was the study of a spatially implicit model of meta-
communities in which two real mutualistic networks were used as a skeleton
for the theoretical model [Fortuna and Bascompte (2006)]. The heteroge-
neous, nested, structure of mutualistic networks confers a higher level of
robustness to habitat loss. While species start to go extinct sooner than
for expected at random, the network as a whole persists for greater val-
ues of habitat loss [Fortuna and Bascompte (2006)]. This is only a first
step, however, because the metacommunity is assumed to live in an ide-
alized spatially implicit model composed by an infinite number of patches
with similar dispersal to any other patch. It maintains the structure of
the mutualistic network but not the structure of the habitat landscape.
We anticipate that the tendency to study full ecological networks on real
ecological landscapes will be an important area in the near future. This
will integrate networks of networks. The spatial component of networks
has already generated important contributions which we will review in the
following section. A next step will be to integrate all sections, that is, to
study the spatial component of networks of ecological interactions.

1.4 Spatial networks

We have thus far examined where we are in bridging the gap between struc-
tural understanding and system dynamics in food webs and plant-animal
mutualistic networks. Such ecological networks depict relationships which
principally affect the population growth rates of the interacting species.
An altogether different type of ecological network, that representing spa-
tial dynamics, has been also studied. Spatial dynamics influences both the
organization and stability of communities [Tilman and Kareiva (1997); Han-
ski and Gilpin (1997); Bascompte and Solé (1998)] and hence, the spatial
aspects in which ecological processes take place cannot be ignored. For ex-
ample, in fragmented landscapes, the spatial distribution of habitat patches
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can influence on the dispersal movements of individuals [Wiens (2001)]. In
plants, gene flow mediated by animals is a key demographic process which
serves to shape the spatial pattern of intraspecific genetic variability [Bar-
rett and Harder (1996)]. In animal societies, the relationships between
individuals are often determined by the common use of resources patchily
distributed across the landscape [Gibbons and Lindenmayer (2002)]. All
these cases can be described and analyzed as networks in which nodes rep-
resent habitat resources and links indicate dispersal, gene flow, or social
interactions. By consider spatial dynamics from a network perspective, we
can shed light into problems as diverse as species persistence in fluctuating
environments and information exchange between individuals in an animal
society.

1.4.1 The structure of spatial networks

The spatial dynamics which result from the dispersal of individuals from
one population to another has been successfully studied using the metapop-
ulation framework [Hanski and Gilpin (1997)]. In this approach, the
probability for an empty habitat patch to be colonized depends, among
other factors, on the distance between that patch and the rest of occupied
patches [Ovaskainen and Hanski (2004)]. By considering different func-
tional forms for the probability of an individual to reach a patch located
at a particular distance (i.e., the dispersal kernel), we can build stochastic
networks of connected patches in fragmented landscapes. The structure of
the resulting networks of patches provides a straightforward way to quan-
tify the robustness of a patchy population to habitat loss [Urban and Keitt
(2001)]. It also provides useful information for conservation planning be-
cause it allows the identification of the most important patches—termed
keystone patches—that are critical for landscape connectivity and hence
population persistence [Urban and Keitt (2001); Minor and Urban (2008)].

There are a few key examples of how the spatial dynamics resulting
from individual movements between habitat sites shapes the structure of a
spatial network of patches. Fortuna et al. (2006) showed that the structure
of a large network of temporary ponds—used as breeding sites by several
amphibian species—changes with increasing levels of drought (Fig. 1.6A).
When drought was very intense and the number of dry ponds increased,
only a few flooded ponds were accessible from a high number of dry ones.
In this way, a ranking of ponds was established as a function of their con-
nections to dry ponds, constrained by the dispersal abilities of species. In
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Fig. 1.6 Examples of spatial networks. (A), Spatial location of more than 3000
ponds in Donana National Park (Spain). Below, schematic representation of a
subset of ponds showing links from dry (white circles) to flooded (black circles)
ponds mediated by the maximum dispersal distances of an amphibian species.
(B), The mating network of a Prunus mahaleb population. Nodes represent trees
and arrows indicate pollination events mediated by insects. (C), The bipartite
roosting network of a bird-predator bat. On the left, nodes represent individual
bats. On the right, nodes represent individual trees. A link between a bat and a
tree indicates that that particular bat used than particular tree. (Adapted from
Fortuna et al. (2006, 2008a,b).)

similar systems, such as riverine networks, the fragmentation over time of
network of populations of a fish species was investigated and used to pro-
pose mechanisms for ecologically successful restoration [Schick and Lindley
(2007)].

The ecological and evolutionary processes shaping the spatial distribu-
tion of genetic variability include natural selection, genetic drift, mutation,
non-random mating, and gene flow by migration, to name a few. The ces-
sation of gene movement because of limited dispersal or assortative mating
results in genetic isolation and allows drift and other microevolutionary pro-
cesses to differentiate non-connected populations. This in turn can lead to
speciation. Understanding the spatial structure of the genetic variation is
therefore a major goal for conservation and evolutionary biology because it
contributes to the management of threatened populations and, ultimately,
can lead to evolutionary change.
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To this end, molecular markers provide invaluable information about
gene flow at individual and population levels. It is now possible to trace
back pollen movement between the mother and the siring tree using pa-
ternity assignment techniques on collected seeds. One can then calculate
the distance traveled by pollen carried by the wind or mediated by insects.
With sufficient seed collection and by knowing the precise identity and lo-
cation of all the trees of a population, we can build the mating network.
In the mating network, nodes represent trees and links indicate the pollen
movement from donor to mother tree (Fig 1.6B). Fortuna et al. (2008a) have
shown that there exists a non-random pattern of pollen movement in an
insect-pollinated tree. The population was structured in well-defined com-
partments formed by groups of mother trees and their shared pollen donors.
They also found that the few long-distance pollination events reduced the
compartmentalized structure of the mating network, increasing gene flow
and hence reducing the role of genetic drift. As we will see later, there is
a huge potential in the application of the complex network framework to
gene-flow and population genetics.

Some species depend on resources patchily distributed across the land-
scape for shelter, such as hollows in trees [Gibbons and Lindenmayer
(2002)]; bat colonies are a good example. Some bat species constitute
fission-fusion societies whose members spread every day in multiple trees
for shelter. The regular roost-switching movements of animals can be con-
sidered as channels that transport information or parasites among individu-
als. What structural patterns emerge from this spatial dynamics? In public
parklands, the old trees used for shelter by bats are in danger of being re-
moved by management agencies because of the potential danger to people
from falling branches. In this case, the identification of the most important
roosting locations would favor more efficient management solutions.

Using information on radio-tracked bats, Fortuna et al. (2008b) built a
bipartite network establishing links between bats and trees when a partic-
ular bat used a particular tree (Fig. 1.6C). They observed the existence of
well-defined colonies of bats, a compartmentalized structure similar to that
found for the mating network of plants. Moreover, when the pattern of in-
dividual use of each tree inside each colony was examined, a nested network
structure was detected. That is, as observed in mutualistic networks, bats
using a few roosting trees are a subset of the bats that use trees used by a
high number of bats. In the same way, trees that are used by a few bats
are a subset of the trees used by bats that use many trees [Fortuna et al.
(2008b)].
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We have seen how the network approach can be successfully applied to
characterize structural patterns emerging from spatial dynamics in ecology.
What can the topological properties of these networks tell us about the
dynamics of spatial processes?

1.4.2 Unraveling the dynamics of spatial networks

Following with the last case study, the spatial structure of the roosting net-
work can provide insights into the functionality of roost changes and social
grouping or segregation by describing the way that information, diseases,
or parasites can travel through the network. The compartmentalized struc-
ture implies that each colony of bats uses a subset of trees for shelter and
bats from one colony only occasionally use trees belonging to the subset of
trees used by the other colonies. This structure slows down the spread of
diseases and the exchange of information through the entire network. The
correlation between network structure and infection dynamics was showed
by the use of a simple epidemiological model [Fortuna et al. (2008b)]. We
can go further and ask what changes must happen to the spatial dynam-
ics in order to maintain the structure of the roosting network? That is, if
some trees disappear, will the colonies reorganize the use of trees in order
to best preserve individual colonies’ knowledge by minimizing the transfer
of information about food resources to outsiders?

Considering instead the spatial network of temporary ponds used by
amphibian species [Fortuna et al. (2006)]. Habitat loss experiments, anal-
ogous to the removal of species in food webs and plant-animal mutualistic
networks, can tell us the importance of keystone patches on the persistence
of the species. In the same way, we can estimate where would be the most
suitable site to create a new pond in order to most effectively increase the
connectivity during, for example, an especially intense dry season. It would
also be interesting to explore how the structure of the network influences
the dispersal movements of amphibian species. Could particular network
topologies connecting the temporary ponds induce changes in the dispersal
kernels of amphibians?

The most challenging and promising field for the application of net-
works of spatial dynamics is within population genetics. We have seen
how network approaches can shed light into the characterization of gene
flow patterns inside a tree population [Fortuna et al. (2008a)]. We can
also investigate the dynamical implications of the patterns of intraspe-
cific genetic variability among populations. These patterns can be well-
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Fig. 1.7 Hypothetical diagram showing the effect of the structure of simple
trophic modules such as (A), omnivory and (B), the simple trophic chain on
the gene landscape of their constituent species in a spatial network of habitat
patches. Each circle represent a patch holding a population. Black, gray, and
white patches are occupied by the top, intermediate, and basal species, respec-
tively. Solid arrows represent dispersal movements among populations (i.e., gene
flow). Dashed arrows indicate trophic links between species occupying the same
patches. Below, the gene landscape of the basal species is represented for both
cases. In here, links among patches indicate dependent genetic covariance among
them, that is, the holding populations are genetically similar. Isolated patches
represent independent evolutionary units (i.e., their genetic covariance is inde-
pendent of the other populations). If this hypothetical situation is observed
in nature, it could imply that more complex networks (omnivory versus simple
trophic chain) reduce the genetic structure of populations by maintaining the
genetic diversity.

characterized with spatial network approaches, as demonstrated by Dyer
and Nason (2004). They described the statistical relationships between all
populations simultaneously defining a “population graph” that can also be
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viewed as a “genetic landscape”. In a genetic landscape, nodes represent
populations and a link indicates a high degree of genetic similarity between
them [Dyer and Nason (2004)]. What are the dynamical implications of the
topology of the genetic landscape on microevolutionary processes, as these
ultimately can lead to a significant evolutionary change? Do the dynamics
of communities generate a universal spatial pattern in the distribution of
genetic variability between species?

We can go further by coupling the networks of interacting species with
the complex spatial context in which they live. The spatial distribution of
species is heterogeneous. Different species are therefore found in different
habitat patches. We can think about networks of interacting species em-
bedded into the spatial networks of these habitat patches. These represent
“meta-webs” which operate on multiple scales. One component of biodiver-
sity depends on local processes, such as interactions among species, and the
other component depends on regional processes, such as dispersal between
habitat patches. By studying the dynamics of these networks in spatially
explicit landscapes, we could integrate population genetics to explore how
specific interactions among species shape the structure of gene landscapes
(Fig. 1.7).

1.5 Concluding remarks

Throughout this chapter, we hoped to leave the reader with at least one
indelible idea. The time is now in ecology to stop considering species
or patches as independent units but instead as parts of a larger, more
complex, network of interacting pieces. The structural properties which
describe these interactions—food webs, mutualistic networks, and spatial
networks—have begun to take shape, but the understanding of these net-
works’ dynamics is only just beginning. We have provided but a few exam-
ples of where work on ecological network dynamics can lead us. Wherever
this happens to be, the future is bright, the potential results critical, and
the possibilities endless.
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