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Abstract

The incidence and frequency of epidemic transmission of zoonotic diseases, both known and newly
recognized, has increased dramatically in the past 30 years. It is thought that this dramatic disease
emergence is primarily the result of the social, demographic, and environmental transformation that
has occurred globally since World War II. However, the causal linkages have not been elucidated.
Investigating emerging zoonotic pathogens as an ecological phenomenon can provide significant
insights as to why some of these pathogens have jumped species and caused major epidemics in
humans. A review of concepts and theory from biological ecology and of causal factors in disease
emergence previously described suggests a general model of global zoonotic disease emergence. The
model links demographic and societal factors to land use and land cover change whose associated
ecological factors help explain disease emergence. The scale and magnitude of these changes are more
significant than those associated with climate change, the effects of which are largely not yet under-
stood. Unfortunately, the complex character and non-linear behavior of the human-natural systems
in which host-pathogen systems are embedded makes specific incidences of disease emergence or
epidemics inherently difficult to predict. Employing a complex systems analytical approach, however,
may show how a few key ecological variables and system properties, including the adaptive capacity of
institutions, explains the emergence of infectious diseases and how an integrated, multi-level approach

to zoonotic disease control can reduce risk.
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Introduction

The growing problem of globally emerging infectious
diseases (EIDs) has prompted a substantial effort by the
biomedical research establishment to identify the causes and
recommend action. As reported in the most recent of a series
of volumes (1), a main finding is that the current episode of
global infectious disease emergence is the result of a conver-
gence of factors involving complex interactions among numer-
ous variables. This includes genetic, biological, social, economic,
political, ecological, and physical environmental factors, and
calls for an interdisciplinary research agenda. It is also
concluded that “human development and large scale social
phenomena are closely associated to infectious disease threats
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at a global level,” which points to the need for research focused
on “social and ecological factors affecting infectious disease
emergence” (1).

The phenomenon of globally emerging infectious diseases
requires understanding biological systems in the broadest sense
and dealing with their extraordinary complexity. This includes
processes operating at the level of transmission and evolution
of a pathogen within and among host species and humans. It
extends to and includes processes involving ecosystems and
regional environmental change occurring on a global scale (2).
In fact the scale and magnitude of anthropogenic activity has
reached a point of virtual co-dominance with natural processes
of energy and material flows globally (3).

Understanding these kinds of processes traditionally has
been the domain of classical ecology, or natural history, plus
systems ecology (4, 5). Adding to this are recent ecological
perspectives and models applied at the molecular, cellular level,
and organismal levels (6), and others addressing the complexity,
multiple variables, cross-scale influences, and dynamic behav-
ior at the level of natural ecosystems (7), and social-ecological
systems (8).

Along with the research at the organismal level and below,
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that aimed at the level of social-ecological (coupled human-
natural systems) is critical to the development of the compre-
hensive scientific framework necessary for understanding
zoonotic infectious disease emergence in particular. Not only
does this new area address the dynamic behavior of complex,
large scale systems, but also bridges theory from the tradition-
ally separate biological and social science disciplines, thus
contributing to the interdisciplinary research agenda also called
for in the above reports.

The purpose of this paper is to consider how regional and
global zoonotic disease emergence trends might be explained
on the basis of current thought in biological ecology including
the very recent developments new to the field of infectious
disease ecology. Here we draw on ecological science as broadly
defined as a basis for identifying causal mechanisms of
zoonotic disease emergence, the ultimate goal being to enhance
disease prevention and control programs.

Disease Ecology and Factors in Emergence

Several authors have categorized causal factors of infec-
tious disease emergence, including explicitly citing ‘ecological’
ones involving land use change (9-12) or ‘land use drivers’
(13), human movement (10, 12), encroachment and wildlife
translocation (10, 11), rapid transport (9, 10) and climate
change (11, 12). Most recently, the Institute of Medicine (1)
described these along with others (13 categories of factors in
all) and a model stating the major categories of factors have
historically converged to bring about the current global emerg-
ing infectious disease crisis. Ecological factors are described as
one of four major categories of factors that have converged with
social, political, and economic factors; genetic and biological
factors; and physical environmental factors. We take a different
approach to understanding the interaction of the above factors
and their causal relationships by focusing on disease emergence
as an ecological-evolutionary phenomenon influenced by
human factors. Our interest is in how human factors interact
with natural processes and, in particular, how mechanisms
operating at levels meaningful to understanding pathogen
transmission and evolution can result in regional and ulti-
mately global phenomena (i.e., regional endemism, epidemics,
or global pandemics).

As a first step we distinguish between the two broad

Table 1 Human factors in disease emergence

Demographic and societal Disease and intervention policy

Urban-industrially related
» unprecedented human population

Pathogen, vector, or human biology
* drug resistance

growth « insecticide resistance
* unplanned and uncontrolled « pathogenicity and susceptibility
urbanization

* non-biodegradable packaging
« increasing modern transportation

Public health policy

» emphasis on emergency response

* de-emphasis on prevention

* complacency

* deterioration of the public health
infrastructure

Rural development related
« agricultural practices
* deforestation

Based on Gubler (1998).
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categories of human factors, ‘demographic and societal’ and
‘disease intervention and policy’ suggested previously by
Gubler (10) (Table 1). This categorization differentiates
between factors associated with specific kinds of environments
or ecosystems and those involving biological and policy factors
not so associated. However, both can be described as part of a
single ecological framework involving interaction of systems of
essentially natural versus human design, respectively. Our focus
is on the first category from the standpoint of how disease
emergence is explained by ecological concepts and principles.
This includes some relatively new models and theory not
previously used to explain the current trend in increasing
emerging infectious diseases. We present a general model of
zoonotic disease emergence on this basis. We also discuss
recent explanations based on complexity theory for how
human behavior and ecosystems interact to contribute to
disease emergence.

Classical ecology, or natural history, has been the basis and
mainstay of infectious disease research since its origins with
‘Koch’s Postulates’ and subsequent development of micro-
biology and zoonotic disease epidemiology during the 19th and
20th Centuries (14, 15). Throughout much of its early history,
zoonotic disease research involved this descriptive, empirically-
based ecology: identifying the life cycle, transmission, inciden-
tal and natural hosts of pathogens, along with demographic, life
history, dispersal, and habitat attributes of reservoirs and
vectors. A substantial theoretical dimension has developed,
beginning with Ross’s mathematical analysis of malaria trans-
mission (16) and extending to Anderson and May’s (17) recent
synthesis Infectious Diseases of Humans.

Although essential to designing effective prevention and
control programs, empirical field based, disease ecology has
been neglected in recent years (18). Fortunately, theoretical
disease ecology, stimulated largely by the work of Anderson,
May and others has flourished and led to a significant syntheses
involving application of ecological-evolutionary biology to the
study of infectious diseases (19, 20). Parallel to this, systems
ecology has begun to extend its domain by applying complexity
theory to emerging infections with at least initial suggestions of
its implications (6). This development in particular, along with
observations from several decades of applications of systems
ecology to natural resources and economic development (8, 21—
23), have resulted in important insights of significant potential
in understanding zoonotic disease emergence as a cross-scale
process. This area uses complex systems theory applied to
coupled, human-natural systems to explain how processes such
as local phenomena can result in a cascade of effects ultimately
reaching global proportions. The finding suggests this cross-
scale behavior is controlled by relatively few variables, and is
mitigated by social and ecological resilience. The loss of this
resilience in ecological systems is observed to lead inevitably
to unpredictable events or the ‘surprise’ characteristic of
complex systems generally. This combination of social-
ecological systems and resilience theory helps explain the
unpredictability of disease emergence events. It represents
another potentially useful area of application to understanding
emerging infectious diseases along with those areas generally
considered within the domain of ecology mentioned above:
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population ecology and genetics, community ecology, and sys-
tems ecology.

Population ecology, genetics and disease emergence

Of particular relevance to disease emergence is the
explanation provided by theoretical population biology, already
mentioned, of how host (including human) population size
determines whether or not a pathogen can persist in a popula-
tion. The accumulated findings demonstrate thresholds exist,
depending on the type of pathogen and host population, below
which a pathogen cannot be sustained. Considered in light of
the exponentially increasing size of human and domestic host
and vector populations in the world, the breaching of thresholds
of pathogen persistence can explain much of the increase in
emerging infectious diseases.

This can be explained as follows. Although zoonotic
disease emergence is not entirely a tropical phenomenon, it is
mostly associated with tropical developing regions undergoing
the most rapid population growth and ecological changes. Prior
to the post-WWII economic era, most regional ecosystems in
the tropics consisted of relatively scattered human settlements,
and only a few large cities (>500,000) (24). These were sepa-
rated by large expanses of cropland and pastureland and
relatively undisturbed forest. Since then, in what has been the
most rapid period of large scale ecological transformation in
human history, the pattern has essentially reversed (25). The
once scattered settlements and few large cities have coalesced
into expansive megacities and surrounding periurban settle-
ments with only remnant patches of undisturbed forest
remaining in a sea of cropland, scrub, and ecologically
degraded lands. Dacca, Bangladesh, which grew from a popula-
tion size of 200,000 to 13 million from 1970 to 2003, is one of
many examples.

Thus the existence of population density-dependent
thresholds for disease emergence is particularly relevant (26,
27). This explains the abrupt transitions of urban diseases
between non-persistence to endemic and endemic to epidemic
behavior as population densities of susceptible humans, hosts,
and vectors reach critical densities. The classic illustration is
that of measles which, given its particular transmission rate,
requires human settlements with population sizes in excess
(>250,000) of what historically existed in most pre-industrial
states and geographically isolated populations even today (28).
Thus, for example, many infectious diseases endemic on
continents have not become established on islands despite their
occasional introduction and the occurrence of local outbreaks.
The same mathematical ecology that explains why measles and
virtually all diseases have threshold densities, explains the
much lower thresholds existing for vector-borne diseases such
as arboviruses (29). Particularly noteworthy is the theoretical
demonstration that the pathogen ‘reproductive rate’ increases
with the square of vector population density. This indicates
threshold densities can fast be breached as domestic and peri-
domestic hosts and vectors expand (or re-expand) their
geographic ranges (once they are introduced or re-introduced)
and increase their densities. This helps explain the explosive
re-emergence of dengue and dengue hemorrhagic fever in the
American Tropics as vector populations responded to relaxed
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controls and new breeding habitats associated with urbanization
(30). This phenomenon can be likened to the gradual build-up
of ‘dead and down’ wood across a forested landscape with a
history of fire suppression. The build-up of fuel, like that of
host or vector populations, becomes an ‘accident waiting to
happen’ when a single ignition event in one locality, similar to a
single infection event, spreads to the entire region.

Another consequence of the dramatically increased den-
sities of humans, host reservoirs, and vectors is the increased
number of pathogen genomes. The resulting increased levels of
genetic variability can accelerate microbial adaptation, in-
cluding evolution of pathogenesis, and antimicrobial resist-
ance. Genetic variability increases with population size and
density through a variety mechanisms including mutation. The
probability of producing more virulent variants not only in-
creases with host population size but also with crowding and
co-mingling of different host species (31). In general, parasite
(pathogen)-host relations naturally constitute a co-adaptive/
evolutionary ‘dance’ along the pathogenicity threshold, which
is likely to be crossed with greater frequency due to unnatural
anthropogenic disturbances (32) independent of increasing
population sizes and pathogen genetic diversity.

Community ecology and disease emergence

The study of ecological communities and the ‘community
ecology’ theory it has yielded includes a number of principles
and mechanisms that describe how human disturbances as well
as natural environmental variation can contribute to any of the
above population level factors (33). There are a number of
implications to zoonotic disease emergence, although most
have not yet been described in terms of disease emergence or in
the medical, public health, or zoonotic disease literature. Of
critical significance from this area of ecology is the general
principle of community assembly. Research has demonstrated
that communities of arranged predicably in terms of ‘assembly
rules’ (34). This order, in terms of the spatial distribution,
composition and the abundance of each species in an ecological
community, is affected by interspecific interactions (predation,
competition, and parasitism). Density independent factors (e.g.,
weather, natural catastrophes) play an important, but a more
ephemeral role in most ecosystems. The process of community
assembly (and disassembly) has been particularly well demon-
strated through studies of insular ecosystems, the so-called
‘species area relationship,” and the phenomenon of faunal
collapse (35-37). A principal outcome and the ecological
significance of this body of research first described in terms of
the process of ‘habitat fragmentation’, has been identified as
the principal mechanism by which human land and resource
use contributes to species extinction (38). Although initially
debated, a significant amount of evidence has since accumu-
lated resulting in its general acceptance and applicability,
particularly to tropical forest ecosystems (36, 39, 40).

The critical significance of habitat fragmentation and
related human disturbances to disease emergence stems from it
contribution to the disassembly of orderly natural communities.
For example, human activities such deforestation, use of pesti-
cides, and various forms of pollution often result in the loss of
predators. In fact, carnivorous mammals typically are the first
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species to disappear following forest fragmentation. Their local
extinction represents the loss of ‘top down’ natural control in
ecological communities. This can in turn result is an increase in
abundance, even ‘hyper-abundance’ (41), of species such as
rodents and biting insects.

Community disassembly and the resulting loss of natural
population control mechanisms for such species generally is
associated with the conversion of natural landscapes to urban
and agriculture landscapes. Broad spectrum pesticide use and
habitat simplification, along with habitat fragmentation, are
important contributing factors. The reduction in species diver-
sity can contribute to the phenomenon of ‘ecological release’ in
remaining species, whose predators, competitor and parasites
are reduced in numbers or eliminated. Some of these may be
already serving as zoonotic reservoirs or vectors. If so, ecologi-
cal release may result in their proliferation. This helps explain
why many emerging zoonotic diseases occur in areas where
settlement and agricultural expansion recently have encroached
into tropical forests. A similar phenomenon, associated with
the regrowth of forests in developed regions, can lead to
zoonotic disease emergence. The pattern of reforestation in
Eastern North America during the past half-century resulted in
increased habitat favored by forest edge adapted species such as
whitetail deer and white-footed mice. White-tailed deer, the
principle host of the adult tick Ixodes scapulari, reinvaded the
area and with few predators and competitors the population
exploded. This pattern of ecological change arguably has been a
major factor in the emergence of Lyme disease in this region.

An extension of the concept of ‘ecological release’ has
been suggested to explain the invasive species phenomenon in
which super-successful introduced (alien) species have escaped
from their natural complement of parasites (42), as well as
predators and competitors. This may explain in large part our
most successful invasive domestic species, Rattus and Aedes
species, which are hosts and vectors of some of our current and
historically most problematic urban zoonotic diseases.

In sum, zoonotic infectious disease emergence can be
explained in part as a consequence of the disruption of natural
ecological communities, and the breakdown of naturally exist-
ing predator-prey, competitive, and host-parasite relationships
that tend regulate and stabilize species’ abundance. This can
occur through the use of non-selective pesticides through
changes in land use and land cover that affect the distribution
and abundance of species. It should be noted that the disassem-
bly of natural ecological communities that results from habitat
fragmentation is a protracted process compared to exponential
decay. Depending on the extent of habitat loss and other factors
such as the sizes, shapes and spatial relationships of remaining
fragments, the process may require decades, centuries or longer
as communities ‘relax’ toward a new equilibrium (36, 43, 44).
It follows that the frequency of disease emergence can be
expected to follow a similar path: highest rates at first, followed
by gradual decline as an ecosystem ‘stabilizes’.

Systems ecology and disease emergence

The application of systems thinking to ecological commu-
nities centers on the ecosystem concept and has been the basis
of significant research activity in ecological science since the
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1960’s (4). Much of the focus has been on describing and
understanding energy and nutrient fluxes across different kinds
of ecosystems, and more recently emphasizing the human
dimensions of global environmental change (45). Although
global scale ecosystem change has been considered in reference
to human and infectious diseases (13, 46), no systematic
framework has yet been presented in this regard. The evidence
presented has been anecdotal.

However, the development and application of systems
theory independently of and largely outside the realm of
mainstream systems ecology (47) shows significant promise in
providing a basis for more systematic interpretation of the role
of ecosystem change in disease emergence. Recent thinking
draws in particular on the application of the theory of ‘complex
adaptive systems’ to ecological systems in which ecosystems
are represented as scaled, self-organizing, far from equilibrium,
evolutionary, and non-linear (6). Organization, diversity, and
resilience are important ‘emerging’ properties of complex
systems—often equated with a ‘healthy’ state. ‘Surprise’, or
qualitative disagreements of system behavior with a priori
expectations, is another property (48). Their association with
loss of system resilience and increased vulnerability applies
both to increasing inflexible social systems ‘managing’ and
attempting to ‘control’ natural variables (i.e., vectors, patho-
gens) and that of the ecosystems whose component variables
(e.g., vector and pathogen populations) are targeted for manage-
ment or control.

Alteration of natural disturbance regimes (via control of
natural variation via flood control projects for example) reduces
resilience, while secondary disturbance events (wildfires, storms,
floods, and earthquakes) precipitate events caused by cross-
scale influences (e.g., a thunderstorm igniting a fire locally that
spreads regionally as a result of fuel build-up from years of
artificial fire suppression). Regional environmental change such
as that associated with population growth development often
does not accommodate the need to maintain resilience (21).
Such ecosystems have been described as ‘over-connected’ or
‘brittle’ and, as stated above, ‘accidents waiting to happen’ (8,
22). Floods, often associated with waterborne disease outbreaks,
occur more frequently and with greater severity as a result of
lost resilience in natural systems due to attempts to ‘control’ (in
contrast to manage) natural variation. Conversion of upland
forests to plantations or cropping systems for more ‘efficient’
natural resource production is another, as is agriculture gener-
ally. Both result in a reduction of heterogeneity in ecosystems
that tend to ‘buffer’ against disease outbreaks, which can spread
more readily across the more uniform landscape including
immunologically vulnerable domesticated species. Gunderson
et al. (8, 23) describe this as general pattern of institutional
behavior. It begins with the targeting of a natural variable for
control, followed by increasing institutional efficiency and
inflexibility in the control methods used. As the target variable
and ecosystem changes and initial signs of failure are ignored,
the ultimate result is a crisis. This ‘pathology of regional
resource and ecosystem management’ and is apparently appli-
cable to infectious disease management as well.
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Causal Schema of Zoonotic Disease Emergence

The above body of ecological theory and observations
involving specific emerging infectious disease cases suggests a
causal schema that links ecological phenomena on the scale of
pathogen transmission and evolution to regional and global
transformations. This is represented by Figure 1, focusing on
the role of demographic and societal factors in disease emer-
gence (shown in Table 1). This schema is constructed using the
generally adopted view of human-environment interaction in
which the impact of human population and technology is taken
as the driving force, or ultimate cause. Clark et al. (25)
elaborate on this in their seminal treatment on global and
regional change. Here, the combination of population, tech-
nological capacity, and sociocultural organization act as the
system drivers of regional environmental change. These and
‘mitigating’ forces are in turn influenced by ‘human behavior’,
referring to patterns of actions and the rationales giving rise to
them. Broadly speaking, these forces and their affects on eco-
systems represent the ‘ecological factors’ in social-ecological
systems, while human behavior represents the ‘social factors’
for the purposes of discussion.

This schema represents zoonotic disease emergence from
the perspective of the ecosystems within a regional environ-
ment, the large scale processes involved, and the associated
ecological effects and processes involved in disease emergence.
Thus, referring to Table 1, the factors under ‘Demographic and
Societal Changes’ can be identified in reference to particular
ecosystems and processes (i.e., urban and urbanization, agri-
culture and agricultural intensification, forest and forest alter-
ation), and associated factors operating on regional and global
scales. These are unprecedented population growth, unplanned
and uncontrolled urbanization, non-biodegradable packaging of
consumer goods, and modern transportation, all contributing to
conditions that promote pathogen transmission and persistence.

For zoonotic diseases, which by definition involve the
jumping of a pathogen from its natural host to humans, and in
some instances extension of its host cycle to include humans,
conditions can be described for this simple schema as follows.
The likelihood or frequency of transmission events change
when the natural host or pathogen changes, humans change, or
the ecosystem supporting both changes. Thus, fundamentally
the processes influencing transmission of zoonotic pathogens
can be described as a consequence of one or a combination of
three possible kinds of change: expansion of the habitat or
geographic range of a host, of a pathogen or both; expansion of
human’s habitat or geographic range; or change in the habitat
or ecosystem occupied by both humans and the natural host.
Evolutionary adaptation of pathogens is omitted from the
figure. However, it can be assumed any factor contributing to
increased likelihood of transmission, as well as increased popu-
lation size of hosts and pathogens will contribute to the poten-
tial that new, increasingly pathogenic, infectious, antimicrobial
resistant variants will emerge. Anthropogenic climate change,
while not incorporated in the diagram, can be considered to
potentially contribute to disease emergence through its contri-
bution to habitat alteration.

Our review of ecological theory and the resulting complex
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model described here demonstrates the limitation of classical
disease ecology and natural history. For example, without
incorporation of population genetic theory in ecology as ‘evolu-
tionary ecology’, along with the concepts of pathogen spillover
and cross-scale ecosystem dynamics, classical disease ecology
cannot explain recent emergence events like those involving
HIV/AIDS, SARS, avian influenza, E. coli 0:157, dengue,
malaria, West Nile virus, and Nipah virus, among others. The
resurgence of vector populations, having acquired pesticide
resistance and lost predators and competitors as natural con-
trols after a regimen of inappropriate pesticide use, similarly is
explained by modern ecology and evolutionary biology. This
has direct application to control and intervention policies and
practices. For example, it points to the need to adopt control
strategies that integrate landscape and habitat management with
careful rotation of targeted chemical and biological agents (30).
Developing such strategies requires detailed field studies, built
on traditional natural history and classical disease ecology, but
supplemented with advanced molecular techniques, as well as
ecological research that takes into account the community
and systems level dimensions of a particular pathogen-host
complex.

Discussion

The continual expansion of human populations since
prehistoric times, and particularly since the advent of settled
agriculture with its associated domesticated animals exposing
humans to their pathogens as well as those spilling over from
wild animal populations, has incrementally added to the patho-
gen load through successive invasions by different organisms
over time (49, 50). Well established principles of population
ecology, applied via mathematical epidemiology as Anderson
and May and others so aptly have done, readily explain why,
ceteris paribus, infectious disease incidence should generally
be increasing with human population size, as it has in the
world’s poorest and most populous regions. Yet in spite of what
are in general commonly understood principles, and warning
signs that went unheeded in the 1970’s and 1980’s (10, 30),
biomedical and public health institutions were unprepared for
the recent surge in emerging infectious diseases (1, 9, 10, 51).
Not until the 1990’s, prompted in part by the HIV/AIDS
pandemic and the failure of ‘quick-fix’ solutions based on
drugs, vaccines, and pesticides (18), did the biomedical science
and public health communities begin to launch a significant
response.

In light of the complexity of the factors involved, this lack
of preparedness should perhaps not be surprising. As explained
by the infectious disease ecology described here, zoonotic
disease emergence involves biological processes operating on
the scale of molecules and cells to that of coupled, regional
scale human-natural systems. The latter involve political
economic factors and policies driving regional environmental
change, spreading geographically across the globe. It is this
process of globalization—its ecological underpinnings and
consequences—to which the current EID global trend of
zoonotic disease emergance can be largely attributed.

Lack of awareness of the ecological implications of
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Fig. 1 Diagram depicting infectious disease ecology causal schema. The aggregate variable at the top of the diagram, representing population
and consumption, along with mitigating socio-cultural attributes, is the driver or ‘forcing function’ responsible for land use and land cover change
characteristic of a particular region. The result is varying degrees (and types) of urbanization, agricultural intensification (including food production
and distribution), and alteration of natural habitat. These changes at the level of landscapes and habitat produce conditions influencing the ecological
and evolutionary dynamics of vector and host species and vector/host-pathogen dynamics. In turn, these conditions facilitate the geographic expansion,
novel appearance, or increased epidemic activity of a disease.

268



Environ. Health Prev. Med.

regional environmental transformations, and of their synergy
with the ecological and evolutionary consequences of inade-
quate or inappropriate policies or methods of vector control and
disease prevention, have unwittingly promoted disease emer-
gence. The ‘ecological’ changes taking place as a result of
public health agencies’ actions (or inaction) involve pathogen
biology and are small scale in time and space: selection for
vector pesticide and antimicrobial resistance. However, the
cumulative effect of micro-scale processes involving pathogen
adaptation and host range expansion (or re-expanding) can
ultimately produce regional and even global consequences.
However, policy action and inaction outside the domain of
biomedical or public health agencies has produced ecological
changes at a historically unprecedented rate and scale. Urban-
ization, agricultural and food production intensification, alter-
ation of natural habitat, along with concomitant loss of eco-
system functions, have transformed entire regional ecosystems
during the past 50 years. The role of urbanization cannot be

Environmental Causes of Zoonotic Disease Emergence

underestimated. The direct land use changes associated with
urbanization effectively concentrate human, animal reservoir
and vector populations at unprecedented densities. But urban-
ization also is strongly tied to socio-economic and cultural
factors, along with human migration dynamics, affecting
agricultural and food production intensification, as well as rural
and natural ecosystems. In the case of food production and
distribution, dramatically increased contact with and transport
of wildlife (e.g., bush meat trade in Africa), and increased rural-
urban transport and concentration of wild species for the exotic
food market (e.g., civet cats in Guangdong, China), is another
contributor to increasing disease emergence. It can be assumed
these impacts on wildlife populations also contribute to changes
in the composition of ecological communities on a regional
scale (52), and often result in a hyper-abundance of small
mammal species low in the food chain, which are likely to
serve as human disease reservoirs. Similar effects of ecological
disruption appear to generally apply to invertebrate commu-
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]
)
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E famil autbreak
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Cross-scale mediators
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Fig. 2 Time and space hierarchy of interacting human, disease, and ecological systems. This figure illustrates the hierarchical character of
human demographic units and environmental disturbances, and how these interact through cross-scale flowing and spreading processes. The boxes
illustrate the hierarchically-scaled structure of human population, in which demographic units (individual, family, town, etc.) form a nested hierarchy.
These units exhibit characteristic behaviors and dynamics occurring in distinct time and space scales, beginning with the infection of one person.
Whether a disease ‘jumps’ to the regional population and the global human population scale is determined by quite different processes. These
depend on demographic and transport patterns related to processes, like urbanization, influencing pathogen transmission and behavior operating on
the regional and global scales. Physical environmental processes such as climate variability (on the right side of the figure), which are episodic by
nature, include short term and small scale variations in the form of seasonal storms (e.g., monsoons), for example, as well as larger time and space
scale variations. These include, for example, decadal and regional scale changes in weather patterns such as El Nifio. These climate changes and
weather events can precipitate floods and droughts. These act as cross-scale mediators that directly affect disease reservoir and vector populations,
or pathogens (e.g, dispersal via flood waters). They cause the disease to jump from a smaller demographic unit to a larger one (e.g., from a single
village to a district). Human Factors such as land use and land cover changes (Table 1 and Fig. 1) produce ecosystem changes contributing or
magnifying the cross-scale processes. For example, urbanization and deforestation increase the magnitude of floods and droughts resulting from
natural or anthropogenic climate variation.
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nities (53), the kinds of organisms most commonly serving as
human disease vectors. The estimated acceleration of natural
species extinction rates by orders of magnitude over non-
anthropogenic extinction rates (54) gives an indication of the
scale and magnitude of change in natural communities, particu-
larly in the tropics. In these regional ecosystems, the original
extent of tropical forest has declined to a fraction of its original
area with concomitant affects on biodiversity (38).

Large scale agricultural expansion (a common proximate
cause of tropical deforestation) has decelerated and all but
ended in many regions. This suggests that further contributions
from what historically has been a main factor in natural habitat
alteration, ecosystem disturbance and biodiversity loss, will
decline. Yet agricultural intensification has replaced expansion
with technologies that further impact native biodiversity (55).
The reduction in plant species richness that accompanies
agricultural intensification leads to changes in the community
composition of the pest complex—herbivorous insects, their
natural enemies (predators and parasites), and the microbial
community attacking crops (56).

Cross-scale influences and coupled human-natural systems

The schema described here demonstrates how regional
environmental change, involving ecological dynamics such as
demographic or landscape transformations on the scale of
decades, interact with change on the scale of host-parasite/
pathogen dynamics. How these cross-scale mechanisms produce
regional or global scale disease emergence patterns is beyond the
realm of conventional epidemiology, or analytical approaches
generally. This may explain why such changes either are not
apparent or their implications in terms of disease emergence
are a low priority to biomedical and public health agencies. Such
cross-scale processes are however characteristic of ecosystems,
whose dynamics involve interaction of variables and operate on
vastly different time and space scales, involving natural processes
that are discontinuously distributed as shown in Figure 2.

Change in such systems is difficult to understand employ-
ing conventional analytic approaches alone, but require new
thinking and analytical methods drawn from complex systems
theory. The discontinuous character of the processes or vari-
ables makes their interaction intuitively improbable except for
the mediating effect of ‘cross-scale influences’ as illustrated in
Figure 2. Examples include the eruption of Hantavirus in the
American Southwest, thought be associated with weather events
precipitated by El Nino Southern Oscillation. Storms events
are similarly episodic, and represent a discontinuous form of
variation transporting pathogens via flood waters in domestic
and natural environments. On the other hand, massive environ-
mental events, like the recent Southeast Asian tsunami, are
potentially capable of producing epidemics across an entire
region, and may episodically extinguish some zoonotic diseases
by temporarily destroying reservoir and vector populations and
habitat. The roles of resilience and vulnerability in determining
the severity of such events, both in terms of social systems and
ecological systems is another critical aspect of social-ecological
systems behavior (8).
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Conclusion

The recent worldwide upsurge of zoonotic infectious
diseases, involving the resurgence of a growing number of
diseases previously believed under control or the emergence of
newly recognized diseases, has been attributed to a list of global
factors characterized in terms ranging from microbial adapta-
tion and land use to changing ecosystems, breakdown of public
health, and poverty (1, 57). The categorization provided by
Gubler (10), elaborated here based on an expanded view of
infectious disease ecology, provides the basis for a schema
describing the causal relations involving factors previously
identified, along with hypothesized mechanisms.

The complicated nature of this problem, which obviously
entails numerous interacting variables operating on different
time and space scales pose a significant challenge to biomedical
science and epidemiological research as well as public health
intervention. However, the current trend of increasing global
emerging infectious diseases is linked with another issue of ‘glo-
bal governance’, sustainable development, with which disease
control and prevent strategies must be integrated. Here too, the
problems of politically stability, population growth, unplanned
urbanization and economic development, income disparity, and
environmental degradation, are all integral to the solution.

This interdisciplinary imperative challenges what histori-
cally has been an increasing disciplinarily focus in infectious
disease research. Greater investment in research has succeeded
in revealing more detail about diseases within specific disci-
plines. Yet this arguably has been at the cost of greater dis-
integration rather than integration among disciplines. The
division is widest between the genetic and biological aspects of
disease and health on the one hand and the social, economic,
political, and physical environmental factors on the other. The
disciplinary distinctions within infectious disease research of
course belie the true transdisciplinary nature of this and most
problems in the global heath and environment arena (59). The
above disciplinary divisions largely reflect the gap between
disciplines focusing on systems at or below and above the level
of the organism or species. The former involve disciplines
addressing the genetics, pathogenesis, or immune response
within particular organisms (humans, vectors of pathogens), for
example, or disease as a statistical phenomena at the species
population level (the mainstay of epidemiology). The latter deal
with social or ecological phenomena, essentially representing
higher levels of biological organization, within which the
organism-level processes operate but that also involve many
other variables or processes operating on a wide range of
biological scales (from genes to the biosphere) characterized
by cross-scale influences, and interactions at multiple societal
and ecological levels.

It follows that for intervention to be globally effective, in
addition to rebuilding public health infrastructure based on the
comprehensive view of infectious disease ecology presented
here, at least three elements are required:

1. a multilevel ecosystem approach, involving cross-scale

integration.

2. incorporated ecological theory and data for the specific

disease system,
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3. local scale intervention using a participatory approach
that matches pathogen management with sustainable
development across ecosystem and institutional scales.
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