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Summary

Although of zoonotic origin, pathogens or infections posing a global threat to human health such as human immunodeficiency virus (HIV), severe acute respiratory syndrome (SARS) or emerging Influenza type A viruses may actually have little in common with known, established zoonotic agents, as these new agents merely underwent a transient zoonotic stage before adapting to humans. Evolution towards person-to-person transmission depends on the pathogen’s biological features but may well be triggered or facilitated by external factors such as changes in human exposure or contact rate. Disease emergence may thus be depicted as an evolutionary response to changes in the environment including anthropogenic factors such as agricultural practices, urbanisation, or globalisation, as well as climate change. Here we argue that in the case of zoonotic diseases emerging in livestock, change in agricultural practices has become the dominant factors determining the conditions in which zoonotic pathogens evolve, spread, and eventually enter the human population. Livestock pathogens are subjected to pressures resulting from the dynamic production, protein processing and retail environment  which together alter host contact rate, population size and/or microbial traffic flows in the food chain. This process is illustrated for two study cases, (i) livestock development in the ‘Eurasian ruminant street’ and the adjacent Arabian peninsula, and, (ii) the poultry production dynamics in Southeast Asia. In both scenarios, environmental factors relating to demography, land pressure and imbalances in production intensification have led to an unstable epidemiological situation, as evidenced by the highly pathogenic avian influenza (HPAI) upsurge early 2004, when the main outbreaks were located at the interface of high density of smallholder poultry units and large scale, peri-urban commercial holdings.

Introduction
Disease emergence and zoonotic disease agents: Not seeing the wood for the trees

Zoonoses are defined as infectious diseases that can be transmitted naturally between humans and wild or domestic animals. The zoonotic pool is particularly important in the context of emerging infectious diseases of humans as the majority of these pathogens are of zoonotic origin: a comprehensive review by Cleaveland et al. (6) identified 1415 species of infectious organisms known to be pathogenic to humans, including 217 viruses and prions, 538 bacteria and rickettsia, 307 fungi, 66 protozoa and 287 helminths.  Out of these 868 (61 percent) were classified as zoonotic and 175 pathogenic species considered to be associated with emerging diseases. Of this group of 175 emerging pathogens, 132 (75 percent) were zoonotic. 

The definition of zoonoses actually fits a wide array of epidemiological situations. Some pathogens are largely confined to animal reservoirs - human cases are infrequent or represent dead-end infections (e.g. anthrax, rabies, West Nile and Nipah/Hendra viruses), whereas others are well-established in both animals and humans (e.g. bovine tuberculosis, salmonellosis). Again, others present an intermediate situation with animals as main hosts but with occasional outbreaks occurring in humans, counting a variable number of infections, but with a transmission chain leading to eventual extinction (e.g. monkeypox, Hanta, Lassa and Ebola viruses). Also, some zoonotic agents are readily transmissible between humans and gradually adapt to human-to-human transmission (human tuberculosis). Finally, there are pathogens of animal origin rather suddenly appearing in human populations (HIV, Influenza type A and, probably, SARS).

The more classical zoonotic diseases may still be classified as emerging diseases but only if an emerging zoonosis is defined as “ a zoonosis that is newly recognized or newly evolved, or has occurred previously but shows increases in incidence or expansion in a geographic, host or vector range. Some of these diseases may further evolve and become effectively and essentially transmissible from human to human” (46, 8). An emerging zoonosis may thus be an existing infection or disease which appears again or invades new territories. Many diseases, zoonotic and otherwise, which had once been controlled in many parts of the world, have started to re-emerge: cholera, tuberculosis, dengue fever, yellow fever and malaria. In the United States the infectious disease mortality increased at an annual rate of 4.8 percent from 1981 to 1995. This compares to a decrease of 8.2 percent between 1938 and 1952, the period when antibiotics and immunisation became commonplace (3).

Zoonotic diseases have relatively little impact on human health when compared to major diseases such as influenza (flu), measles, smallpox, diphtheria, or HIV/AIDS. It is, however, increasingly clear that most of these diseases started out as zoonotic (11), and the etiology of the pandemics that have occurred during the 20th century tend to support the notion that emerging diseases in humans originated directly from animal reservoirs rather than gradually evolving from known and existing zoonotic agents. The major influenza type A epidemics which have occurred in 1918, 1957 and 1968 all had in common that a novel pathogen was suddenly seen to circulate in the human population. Indeed, the level of susceptibility of humans to these new strains may have dictated the size of the human influenza epidemic (45). The human immunodeficiency viruses (HIV type 1 and 2) have long since abandoned their zoonotic status and despite the fact that HIV viruses may have been present for many years before assuming pandemic proportions there was no sign of development towards an equilibrium stage. Instead, there may have been a somewhat delayed visible emergence because of the heterogeneous spatial structure of the human population in the early stages of HIV evolution (32). 

It appears, therefore, that we should be particularly concerned with those pathogens which may undergo a transient, perhaps hardly discernable zoonotic stage, characterized by haphazard outbreaks that may go largely unnoticed by local health authorities, and then adapt and shift to humans as their main hosts. In the latter stages of this process, environmental change may increase the basic reproductive number, R0, leading to longer transmission chains, which provide an opportunity for the pathogen to adapt to human hosts, and thus for the disease to emerge (2). Whilst the pace of evolution towards full human-to-human transmission is strongly influenced by a pathogen’s biological features relating to genetic shift, drift or quasi-species behaviour, external factors may be equally important (40)

Factors affecting the emergence of zoonotic diseases

Rather than concentrating solely on zoonotic disease agents, we may first consider the conditions affecting disease emergence in general and then examine factors which may explain why and how pathogens found in animal reservoirs become progressively introduced into human populations and evolve exclusively into either a human or a zoonotic pathogen.

Factors associated with the emergence of pathogens in human, wildlife and domestic animals have been explored in Morse (34), Schrag & Wiener (40) and more recently in Daszak et al. (9), Dobson & Foufopoulos (13) and Cleaveland et al. (6). 

Schrag & Wiener (40) argued that changes in pathogen and/or host ecology are primarily responsible for the majority of emerging diseases and that those resulting from evolutionary changes alone are comparatively rare. “Ecological changes” embrace a number of very different processes under the same umbrella: changes in agricultural practices, urbanisation, globalisation or climate change. This last is a factor of growing concern as it may affect the areas where primary agricultural production takes place, alter vector distribution and abundance, migration patterns of birds and other wildlife, and affect the survival time of pathogens outside the host (40, 34). A common feature of all these processes is that they are largely a consequence of human activity. The title of Schrag & Wiener’s paper “Emerging infectious disease: what are the relative roles of ecology and evolution?” could actually be substituted by “Emerging infectious disease: what are the relative roles of human activities and evolution”? In the short term, it seems that humans are probably responsible for many emerging diseases through creating and maintaining the conditions for existing pathogens to enter, persist and develop in new host populations (13). 

The reason that most emerging diseases are reported to be related to ecological changes rather than evolution may also be a matter of time-scale: environmental change may have been the main factor influencing disease emergence over the last few decades because such changes have been fast, whilst evolution has played a major role in the emergence of diseases over the longer term (11). This does not, however, prevent evolution from playing a role in the short-term adaptations of pathogens to human hosts (23, 14), and assessing the respective roles of environment and evolution separately is therefore unwarranted, as they are closely intertwined. One can simply view emerging diseases as an evolutionary response to (anthropogenic) environmental change. 

From another perspective, disease emergence is basically the result of two sequential processes i) the adaptation of a pathogen to a new host: as elegantly demonstrated by Antia et al. (2), pathogen strains entering a new host population may initially have an overall reproductive number R0 < 1 that leads to the pathogens’ extinction, but prior to extinction, some may evolve and increase their virulence to give an R0 > 1, allowing them to persist and spread into a new host population; and ii) the spread of the pathogen into the new population. Different questions relate to each of these processes. 

How did a pathogen enter a human population? What are the characteristics of potentially invasive pathogens? These questions relate to the adaptation of a pathogen to a new host, and can be addressed by comparisons between emerging diseases and invasive plant and animal species. Invasive alien species are defined as species introduced outside their natural, past or present, distribution (UN Convention on Biological Diversity, Decision VI/23). Generally introduced by human activities, these species have adverse effects on indigenous fauna and are now considered as the second most important cause of the global biodiversity crisis (44) and are recognized as a clear threat to ecosystems, habitats or species, with severe economic and environmental consequences (UN Convention on Biological Diversity, Decision VI/23). 

Questions concerning emerging diseases and invasive species essentially address how an organism adapts to a new environment and then spreads (32, 39). In biological invasion ecology, it has long been recognised that successful invaders are generally those species able to maximise fitness in changing environments, i.e. r-strategists
. Such organisms are generally characterised by short generation time, high numbers of offspring and usually have efficient ways of dispersing to new habitats (28) such as weeds (as opposed to trees), or generalist (as opposed to specific) herbivores. Although not expressed in such terms, emerging disease pathogens are acknowledged to follow approximately the same pattern (6), i.e. most successful emerging pathogens are RNA viruses (r-strategists, that are small, with a short generation time, and for which minor changes in the genome may change host-specificity), whereas helminths are considered as unlikely candidates to jump host-species barriers (K-strategists, with longer generation times, and higher host-specificity). Likewise, endemic diseases are generally linked to a static environment whilst epidemic agents are more usually associated with changing ones. 

Following introduction and initial ‘colonisation’, the spread of disease within the new host population will determine the success of an emerging pathogen in the newly invaded host. Factors facilitating the spread into new populations are not specific to emerging diseases and apply equally to any epidemic disease. As developed in May et al. (32), the spread mainly depends on the overall reproductive number being higher than 1, which is subject to change as consequence of both a better adaptation to the host, and changes in the spatial structure of the host population (e.g. changes in the geography of human population may have contributed to drive the R0 above 1 in the emergence of HIV/AIDS in Africa; 32, see also 30). 

Standard epidemiological models predict that the size of epidemics relates to the size of the susceptible population. If we think of the susceptible population as a network of susceptible hosts, then this general statement can be refined by taking into account the spatial structure of social groups (30). For diseases which trigger lifelong immunity, local extinctions are observed, and one may consider a network where each node is a group of hosts, i.e. a village or city, and so can use the analogy with metapopulation to explore diseases’ spatial dynamics (27). If the size of the epidemic is closely related to the number of the susceptible hosts, then using the metapopulation analogy, it is also related to the size of the host metapopulation  (in the rest of this text, we will use the term metapopulation defined as a set of host-subpopulations connected by possible microbial traffic). In a given landscape for a given disease affecting a given host species, the risk that a disease assumes epidemic proportions can therefore be assessed on the basis of the size and structure of the host metapopulation, and the level of isolation of each sub-population. Naturally, this applies also to the spread of emerging diseases. For example, the current global network of human populations meets all the basic requirements for a novel disease agent to turn into a pandemic.  

The factors cited in the literature as contributing to the emergence of livestock diseases and associated zoonotic infections may be assigned to four main epidemiological risk categories (Table 1): production intensification (which determines production structure and the local biosecurity level); the host metapopulation, i.e. the ‘static’ environment in which disease spread is taking place; the transmission pathways other than those within the animal host populations, comprising the entire food chain (from feed, to live animals, processing, marketing/distribution, food preparation and consumption); and finally the pathogen’s innate ecological characteristics (virulence, host-range, infective period, vector distribution, reproductive strategy). 

A distinction must be made between diseases originating from wildlife and domestic animals. Zoonotic infections originating from wild animal reservoirs are generally associated with anthropogenic forces favouring high contact rates with the wild animal host (e.g. rodents as host of several zoonotic diseases) or biological invasions by vectors (e.g. West Nile virus, Lyme disease) or by the pathogen itself (e.g. anthrax spores). 

Many zoonotic diseases and human pathogens result from our intimate contacts with domesticated animals, a process that has continued since the early days of domestication. The capture and controlled breeding of the major animal domesticates was part of a suite of transformations in human society known as the Neolithic transition. This is best described in the archaeological record of the Near East, particularly the Fertile Crescent, which witnessed the development of the first agricultural economy in the world, starting more than 10,000 years ago. The biological products of this remarkably innovative region are now widespread and include plants such as barley, the wheats, lentils, and  four of the major domestic livestock species (in temporal order: goats, sheep, pigs and cattle; Fig. 1). It is likely that “crowd diseases” such as smallpox, measles, rubella and pertussis emerged  following the advent of agriculture and associated settlements. The domestication of farm animals enabled surplus food production, and this paved the way for human population clusters, and the first urban centres, which were large enough for these infections to be maintained (11,1). 

Identifying the processes underlying the transformation of livestock production and its intensification are thus central to an understanding of the forces affecting disease emergence and spread. For example, in large areas of the developing world, the majority of livestock production is still kept in extensive systems, varying from pastoral livestock kept in drylands and other  harsh environments, to free ranging, scavenging smallstock in backyards of village dwellings characteristic of the humid, perennial cropping areas. In most situations, with sufficient rainfall where technology levels are low, inputs are scarce and markets are poorly developed, the integrated crop/livestock systems remains the most efficient and sustainable means of increasing off take from a fixed land base (33). 

However, this resource driven pattern has been supplanted in some of the densely populated patches of the moister agroecological zones where population pressure has triggered a progressive intensification of agriculture (4, 37) most notably during the 20th century. This is best illustrated by the Green Revolution that took place in Asia during the sixties and seventies and which led to a successful and rapid, technology driven increase in crop productivity,  made possible by improved seeds, fertilisers, pesticides, irrigation and other inputs. 

Similarly, it can be argued that the current ‘Livestock Revolution’ is a response to an increased demand for the production of animal protein, e.g. eggs, milk and meat (7,10). However, whilst crop production levels are constrained by the physical limits of the available land resource, no such limit applies to modern livestock industries that can be detached from the land where feed crops are grown. Unlike the Green Revolution, therefore, an important feature of the intensification of the livestock sector is the severance of the traditional links between the amount of available local land and feed resources. The location of the livestock production has shifted, together with the associated processing industry, to the proximity of markets supplying, and usually close to, urban centres.

As a consequence, major geographical imbalances -in terms of concentration of production- may develop. This is best demonstrated by the recent history of the poultry sector. Most of the demand for poultry protein stems from the emergence of a global middle income class living in the megacities of transition economies and developing countries. This has triggered the establishment of large scale peri-urban poultry industries that supply meat and eggs to the urban centres of Latin America, the Near East, North Africa, East Asia and, also, South Asia (31). Only in sub-Saharan Africa has this development yet to become firmly established. 

Extrapolating from the spatial patterns of livestock systems discussed above, and guided by the events in the world poultry sector, four distinct, sequential, albeit overlapping stages in the intensification of livestock production may therefore be distinguished. First are the low input, low output production systems typical of pastoral communities and remote villages beyond the reach of the urban markets  and in which animal production is characterised by a rich diversity of livestock well adapted to environmental stress.. The subsistence farmers keep ruminants, pigs, backyard poultry or other small stock and today persist in large tracts of the developing world where population pressures are low. 

Second comes the transition from integrated crop-livestock farming to the development of specialized, commercial production units, generating a surplus for the market. This involves the creation of production environments free of OIE List A diseases (36), genetic selection of animals for higher yields and more efficient feed conversion, provision of balanced nutrition, and health care. Large numbers of animals are housed in confined feeding operations, mostly located in a rural setting though processing and marketing operations tend to be moved nearer to the urban centres. 

Third, producers find themselves in areas of high land pressure. Feed is brought in from outside and both animal production and processing become integrated in a vertical chain. Industrial scale production, 'harvesting', processing and marketing thus form one continuum. The process is driven by automation and standardisation, with bulk production of protein commodities to supply the regional market, or to export to other countries.

Fourth, animal productivity approaches physiological limits and feed conversion rates converge in all modern production units, irrespective the geographical setting. Production and processing are driven by multinational enterprise and tend to shift to areas and countries where grain is relatively cheap - often where agricultural land is plentiful, such as in southern Brazil, the United States corn belt or the Ukraine  – or to coastal port areas which can sustain high levels of imports by ship (Southeast Asia).

Thus, with the advent of modern livestock production, (in particular of poultry but also of swine), the local enterprises with expertise in the exploitation of economies of scale have little problem meeting upsurges in protein demand from  the world’s growing number of megacities . A consequence of this rapid intensification is, however, that the traditional smallholder producers have less of a role to play. This chain of events also explains why animal populations keep expanding in the most populous places on earth while most of the income generated from livestock remains concentrated in rich countries and a few transition economies (Fig. 2). 

The intensification process can be illustrated by pig production dynamics in China. According to the size of the pig holding farmers may be grouped into: backyard production (e.g. 1-5 pigs), specialised (e.g. 5 – 1000) and industrial (>1000 head). For the country as a whole, most production remains with backyard units but intensification matches the exponential increase in demand for pig meat (Fig. 3). The change is most prominent near urban centres.

The Livestock Revolution, supported by advances in biotechnology and life sciences (aggregation of production, biosecurity, vaccination, multiple stage production systems), coupled to ‘global change’ events and associated risk factors, has thus profoundly altered the conditions in which livestock diseases may emerge, evolve, spread, and eventually enter the human population.  If we consider that many important human diseases may have emerged as the consequence of changes that took place during the Neolithic era, we have to also accept the reality that new diseases may emerge in response to the profound changes taking place today (41). 

Hence, the remainder of this review considers how ecological changes may affect patterns of disease in two contrasting production environments and geographical areas, (i) the ‘Eurasian ruminant street’ and Arabian peninsula, with extensive ruminant livestock and localised, modern poultry and dairy plants, and (ii) the monogastric livestock sector in East Asia, mainly with peri-urban, industrial poultry and pig production which may be pushing the very high number of smallholders out of the market.

Disease ecology and emergence: the Eurasian ruminant street and the Arabian peninsula
The area extending from central Asia to the eastern Mediterranean basin, and including the Arabian Peninsula, forms an area of particular interest as it presents an environment where disease spread frequently goes unchecked. A number of zoonotic and other diseases are believed to be on the increase in the area, particularly in sheep: peste des petits ruminants (PPR), sheep pox, blue tongue (BT), Rift Valley Fever (RVF), Old World Screwworm (OWS) as well as other forms of myiases, and also Foot and Mouth Disease (FMD). The ‘Eurasian ruminant street’ is formed by a high ruminant livestock density area stretching from southern Asia to the Mediterranean basin, creating a narrow east-west connection just south of the Caspian Sea in Iran (Fig. 4), and acting as a corridor for the spread of pathogens (e.g. FMD; 25). In the harsh and often dry environments of Central Asia, livestock husbandry forms a pivotal role in the economy. Iran has over eighty million small ruminants and is believed to play an active role in the international livestock trade, with animals imported from Turkmenistan, Afghanistan and Pakistan and exported to countries to its west. The local animal movement is considerable with seasonal contraction and expansion as transhumance patterns respond to grazing availability (Fig 6). 

Livestock production in the Arabian peninsula has been extensively reviewed in FAO (18). Pastoral livestock production mainly involves sheep and, to a lesser extent, goats and cattle. Sheep production in the rangelands has intensified through utilization of crop residues from expanding cultivation and increasing use of supplementary feeds. The main market for live animals in the region is the Gulf States, especially Saudi Arabia and Kuwait, where the main demand is for sheep to use in religious festivals. Over the past half century completely new methods of production have been introduced, though to relatively small areas, and traditional forms of livestock production have been adapted to changing circumstances. Feedlot ruminant production has, however, been expanding in the region for decades and there has been increasing use of imported animal feed concentrates (35), and widespread subsidies of these grain imports (animal feeds) have encouraged the processes of intensification and modernization.

Historically, traditional livestock movements in the Arabian Peninsula were related to one of three primary activities: trade and the passage of caravans between markets; stock for sale or slaughter at markets near permanent settlements; and seasonal transhumance/nomadism in response to rainfall and fodder availability. There is much evidence to suggest that seasonal and tribal movement patterns of traditional nomadism and transhumance have been transformed by oil wealth and the various changes in livestock production. Vehicles are widely used to move animals and transport feed and water supplies. Modern telecommunications provide access to information on rainfall, rangeland condition, pasture availability and market prices. Pastoral livestock production is therefore no longer as dependent on rainfall and range condition as it used to be. Traditional seasonal patterns of movement to and from specific areas are no longer followed, and have been replaced by more erratic and opportunistic transport to areas with pasture and/or where water and supplementary feed can be supplied. 

As the human population becomes more urbanized, towns and cities generate the main demand for animal protein, which traders and producers supply from local production and/or by importation from further afield (Fig. 6). Accordingly, a dichotomy in livestock production has emerged, with “high-tech” capital-intensive poultry and dairy units at one extreme, and transitional, relatively small-scale, “low-tech” dairy and sheep producers at the other. Levels of capital investment in the two systems are obviously very different, as are abilities to afford and implement disease control measures. 

In this scenario, the urban demand cannot usually be met by local producers and necessitates a  substantial transport of live animals which, in turn, raises the probability of long-distance disease dispersal, as has been shown for FMD type O incidence in Turkey (Fig. 7). The disease persists in provinces such as Ankara and Erzurum, where there is the highest absolute difference between demand and supply of small ruminant meat (25).

Other than international and national level trade and traffic there is of course the considerable temporal and spatial heterogeneity of the livestock production systems, the structure of the animal population and the diversity of husbandry practices contributing to local patterns of disease behaviour. However, a fuller understanding of subnational level disease patterns requires more information than currently available, particularly where this concerns data on local gene flows as revealed by molecular fingerprints of disease agents, vectors and host associations (29). In the example of FMD spread in Turkey, genetic analysis of FMD type O and A, spanning over four decades, showed evolutionary rates (1% nucleotide substitution per year in type A and 0.6 % per year in type O) far below that implied by the nucleotide difference between (sub-)lineages encountered (e.g. type A: 18% nucleotide differences between isolates from 1997 and 1995; 21). The fact that these isolates were found to match isolates from the Middle-East, indicates that most, if not all FMD virus strains entering and spreading into Turkey arrive from the east (21). This corroborates with the fact that live animals enter Turkey at the eastern border and are then trucked towards the western half of the country where most consumption centres are located. Again, the demand-supply discrepancy triggers movement of live animals and presents risk of disease introduction, both at sub-national and international level. 


Not only do the environmental changes favour disease spread across a wider geographical area, but indications are that FMD type O may also be broadening its host range and developing a greater affinity for sheep (25). Furthermore, the increasingly closer links, in terms of trade and traffic, between the Eurasian ruminant street, the Middle East, the Horn of Africa and the Sudano-Sahelian ruminant populations also encourage ruminant disease agents to become more aggressive and may lead to increased exposure of humans. Trade of live animals is also reported to contribute to the spread of Crimean-Congo hemorrhagic fever (CCHF) (38), an important zoonotic disease affecting cattle, sheep and goats throughout Central Asia, the Balkans, the Middle East and North Africa. Unofficial records available to FAO suggest a rising incidence in most of these areas of RVF, FMD, PPR, sheep pox, OWS, BT, CCHF and tick borne encephalitis which is unlikely to be due to improvements in disease reporting alone.
Structural changes in the East Asian livestock sector and the risk of disease emergence

FAO provides general statistics on trends in world food and agriculture, including livestock and animal protein commodities (FAOSTAT). The projections presented in a recent study on the future of world agriculture (5) suggest that the current world population of 6.2 billion will reach 7.2 and 8.3 billion in the years 2015 and 2030 respectively. Over half of the world’s population will be concentrated in East and South Asia. With a projected per capita GDP growth of 5.3 and 3.9 percent for East and South Asia respectively, running to the year 2015, meat and milk consumption in East Asia would rise to 50.0 and 14 kg/capita/year while the figure for South Asia will show the opposite proportions, with 88 kg of fresh milk equivalents and only 7.6 kg of meat per capita per year. 

The related FAO cereal balance sheets suggest that by 2015 East and South Asia jointly will require 42 percent of the total world demand of 2379 million tonnes of grain. The feed required in East Asia by 2015 is estimated to amount to 218 million tonnes, or 24 percent of total world feed demand. It is speculated that in 2015 East Asia, with this amount of feed, may produce 35 percent of global meat production of 300 million tonnes. 

Animal disease risk following rapid shifts in production systems are poorly documented because in most countries where monogastric production systems are now industrial, intensification has been a gradual process, lasting several decades and involving the entire production sector (e.g. Belgium, Netherlands, Denmark). In East and South Asia the rapid establishment of specialised farms and industrial production units mostly takes place in area with high densities of small production units, with relatively low biosecurity, and thus comparatively high prevalence and persistence of disease pathogens. Intensification implies the creation of relatively disease-free production environments and this condition becomes hard sustain when surrounded by abundant smallholder units.

Hence, one possible way to characterise the likelihood or risk of disease spread or emergence is to consider this to be a function of i) the productivity level or degree of production intensification (with production evolving from open, extensive systems in which pathogens freely circulate and animals become carriers or suffer chronic infections, to large scale, confined production units of which all animals are susceptible), and ii) the spatial structure of production units, taken as the set of sub-populations of hosts between which microbial traffic occurs. For example, a high density of smallholders surrounding intensive or industrial production units would create a particularly risky situation. These two critical variables, productivity level and production structure, can be derived from surrogate variables of which statistics are available at the country level: the productivity level can be estimated from the output/input ratio (kg meat / animal / year), whereas the density of the agricultural population (AgPop) forms a surrogate estimate of the density smallholders. Thus we may plot, for individual animal production subsectors, and for any given country or region, the data pairs, for each year, for smallholder density (x-axis) and productivity (y-axis). The pattern formed by the sequence of years form a trajectory of agricultural intensification for the period under consideration. FAO country statistics are available from 1961 onwards whilst future trends in agricultural development, including the productivity levels and labour force dynamics, have been projected for the years 2015 and 2013 (5). The thus observed trajectories of agricultural intensification may now be used to explore the patterns of disease risk. 

Fig. 8 illustrates the agricultural intensification trajectories of countries grouped by continent (26). The first and most obvious observation is the marked difference between the continents. Very little change in the size of the agricultural population is observed in industrial countries and a sharp rise in chicken meat productivity is seen over the last forty years. For the same period, developing countries show very little increase in productivity, and a very significant increase in the agricultural population density, mostly as consequence of generally rising population levels. North-America and Australia  had a low and stable AgPop density at the startr of the period, and have steadily increased their productivity since then; Europe and South-America have reduced their AgPop and progressively enhanced the levels of intensification; and in Asia and Africa there has been a very significant increase in AgPop density with a relatively little productivity increase (although the increase in productivity in Asia is higher than in Africa and projections are that in Asia, unlike Africa, the density of small holders will start to decline in the decades ahead).

These trajectories support three main observations. Firstly, countries in Asia, and East and Southeast Asia in particular, are distinct from other regions in the world, and are characterised by relatively minor overall increases in productivity alongside a very significant rise in the agricultural population density. The implication is that this area should not be compared to other regions in the world in relation to epidemic risk estimations. Secondly, the fact that intensification is not accompanied by reduction of agricultural population density suggests that any decline in the number of producers due to production intensification is outweighed by the increase in farmer numbers resulting from rising overall populations. Thirdly, epidemic risk may be higher where production is in the process of transformation. Certainly, this applies to Asian countries where gradual intensification proceeds in the face of persisting high density smallholder producers. 

In some countries, intensification creates a dichotomy in production structure, with a very high number of smallholders and a restricted number of large scale, intensive production units concentrated around consumption areas, which are responsible for the gradual overall productivity increase at national level. The mismatch between increases in productivity and demographic growth can be examined further by modelling the intensification trajectory of an hypothetical country in Southeast Asia (Fig. 9). The model shows that with a logistic population growth (Fig. 9a) the proportion of farmers decreases inversely as a function of gains in productivity (Fig. 9b). This implies that the number of farmers reaches a peak (Fig. 9c) and a bump is observed in the plot of changes in productivity as a function of the number of farmers (Fig. 9d). The slope of the latter trajectory in the productivity versus agricultural population plot is determined by the pace at which the density of smallholders increases in response to general increases in human population compared to the pace of smallholders’ reduction consequent upon production intensification.  These results suggest that, irrespective the pace of intensification, high densities smallholder producers will remain a reality for a considerable period and that this trend is an inherent characteristic of the intensification process in countries with ever increasing human populations. 

In Southeast Asia the transformation of animal production is largely a response to and driven by the growing demand in major urban centres. It follows that the location of poultry and pig production and feed crops is a function of the geographical distance to the nearest megacity (Fig. 10 & 11; 24). In fact, land utilisation pattern and livestock density may be the outcome of two main, underlying forces working in opposite directions. First, as animal protein products are highly perishable and require swift processing, distribution and retail, production must be in the vicinity of urban centres, particularly where there is no adequate infrastructure.  

Following the upsurge in urban demand, there is a progressive concentration and contraction of animals into peri-urban environments. At the same time, the progressive increase in population and land pressure around expanding cities force rural people to disperse into the more remote land areas hitherto considered less attractive. This creates a decline in level of agricultural productivity along an urban to rural transect, with high input-high output systems more prominent in the peri-urban settings whilst extensive low input systems are typical of the more remote environments.

This productivity gradient becomes particularly pronounced in situations where agricultural technologies take full advantage of the economies of scale. For example, modern poultry production units mostly count many thousands of birds and produce low cost animal protein of standard quality. These poultry units may be located wherever it is considered convenient. 

The heterogeneity in production structure of poultry holdings is also reflected in the differential animal health protection strategies. Commercial production enterprises will invest more to protect their birds because of the economic gains acquired when keeping more healthy and productive livestock. The return from animal health investment rapidly decays in remote areas. Also, the cost of health protection is proportional to the size of the area protected, irrespective of the number of animals kept.  It follows that the biosecurity measures progressively improve near a city.

This geographic stratification in disease protection and risk may be considered in relation to the epidemiology of the HPAI H5N1 epidemic in Asia of 2003/2004. Virus introduction from wild waterfowl are most likely to occur in the extensive smallholder production units, and areas with a higher density of poultry smallholders were therefore more prone to the initial spread of infection. For a subsequent spread of the disease some of the more sizeable holdings must be infected, whereupon the considerable movement of people, live animals, and feed between small commercial scale holdings promotes secondary spread of infection. In this way, the commercial broiler chains may well have played a major role in the ‘seeding’ of HPAI H5N1. The highest outbreak risk is thus likely to be where smallholders and commercial units coexist. This is confirmed by an exploratory quantitative analyses of the recent HPAI distribution which shows the distribution of avian flu outbreaks to be concentrated at the interface of extensive and commercial poultry production (26). Similarly, as was observed during the HPAI outbreaks in 2003 in the Netherlands, poultry kept by smallholders or hobby farmers for recreational purposes in the vicinity of large scale commercial units appear to have been an important risk factor and may have fuelled the epidemic. 


Apart from the unstable avian influenza situation in East and Southeast Asia, there is evidence that changes in food demand and agricultural practices play a role in a number of additional zoonotic infections. Apart from SARS, of which the animal origin remains uncertain, there is evidence that Nipah/Hendra-like viruses are now found to occur in a number of countries where intensification is widespread, including Australia, Malaysia, Singapore, Cambodia and Bangladesh (12). Also Japanese encephalitis appears to be increasing its range in South Asia (43). 

The potential future role of disease ecology 

The study of the ecology of invasive diseases may arguably assist in identifying the links between environmental change, new forms of disease and microbial adaptation, though the approach is still in its infancy. Lessons learned from epidemics of existing pathogens have highlighted some of the factors associated with the spread of a disease within a population, and methodological tools are available to explore these patterns (1). In parallel, some of the processes of environmental change (e.g. how quickly climate change or deforestation may occur, what are the demographic pressures, what are the critical contacts with wildlife animals, etc.) have also been quantified. The missing link is how pathogens currently restricted to wildlife or domestic animals will evolve toward humans in response to abrupt environmental changes. In this context, it may be helpful to consider the full spectrum of pathogens from animals to humans: i) true animal pathogens, ii) pathogens confined to an animal reservoir but sometimes producing limited human infection, iii) well established multiple host and zoonotic pathogens, iv) pathogens increasingly affecting human populations but stuttering to extinction, v) transient agents which evolve into human pathogens, and finally vi) full blown human pathogens. 

It is likely that new pandemics will occur in the future, that RNA viruses in animal reservoirs will be implicated and that food and agricultural practices will play an important role in the emergence of disease in human populations as well as in veterinary health and food safety hazards. Agricultural intensification will be fraught with structural problems such as unchecked land pressures and imbalances in socio-economic development.  For all these reasons, we should perhaps pay fuller attention to the inherent epidemiological instability that is caused by innate characteristics of livestock development and food chains in some parts of the world. Of particular concern is the progressive ‘urbanisation’ of animal production and processing. Not only does the enhanced contact of people with live animals, perishable meat and dairy commodities and waste products increase the number of occupational hazards, also the general public is at risk through the microbial contamination of water sources, food poisoning and of course flare-ups of zoonotic infections.

Disease ecology shows us that disease spread and the emergence of zoonotics and other veterinary public health concerns are largely the product of human activity. Hence, the solution to these problems is also a matter of human choice.
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Figure captions

Figure 1. Approximate locations of suggested domestication centres for sheep, goat, cattle pig and water buffalo. Horse domestication was probably a more diffuse process in time and space (adapted from 20)

Figure 2. Livestock farm income density for 2002 (all continents except Oceania; 16)

Figure 3. Evolution of pigs production structure in China from 1985 to 1999 (adapted from 42)

Figure 4. Sheep density in the Middle East (17, 19)

Figure 5. Cumulative presence of grazing during different seasons along the Eurasian ruminant street (17,19)

Figure 6. Production-demand discrepancies in the Middle East 2000. (22). Blue: Production exceeds demand, Red: Demand exceeds production 

Figure 7. Number of years of presence of FMD type O by province in 1990-1996 (left), and 1997-2002 (right). Provinces of Ankara (An.) and Erzurum (Er.) are located (adapted from 25)

Figure 8. Change in chicken meat output/input and agricultural population density grouped by continent between 1961 and 2001 (empty circles) and predictions for 2015 and 2030 (full circles) derived from Bruinsma (5).

Figure 9. If the total population increase with a logistic growth (a), the proportion of farmers decreases inversely as a function of gains in productivity, (b), then the number of farmers shows a maximum (c), and a bump is observed in the plot of changes in productivity as a function of the number of farmers (d). Pop: Total population; Pry: productivity per farmer; Pf: proportion of farmers in the total population; Nf: number of farmers (26)

Figure 10. Estimated poultry density in Thailand, Laos and Vietnam (animals per km2) (adapted from 24)

Figure 11. Spatial distribution of humans, livestock and feed-crops around Bangkok, 2001 (adapted from 24).

 Table 1 Factors influencing the spread of livestock (including zoonotic) diseases categorised in accordance to four main epidemiological domains.


Husbandry1
Metapopulation2
Pathway3
Pathogen4
Human demography
x
x
x


Technological progress
x
x
x

Economic development
x
x
x



Land pressure
x
x
x



Animal movement and trade
x
x
x


Urbanisation
x
x
x


‘Peri-urbanisation’ of livestock
x
x
x


Veterinary services/campaigns
x
x
x


Wildlife contacts (incl. birds and rodents)
x

x
x

Farming systems/intensification
x
x
x


Agro-Ecological zones

x

x

Dietary habits/demand elasticity


x


Waste management
x

x


Hobby / cultural animals

x



Infrastructure
x

x


Seasonality in livestock management
x
x
x


Population structure (age, sex, etc.)
x
x
x


Phylogeography/gene flows:


- Pathogens



x


- Animals



x

Globalisation:


- People’s mobility


x



- Trade and traffic

x
x


Climate change: 


- Primary production location
x
x
x
x


- Vector distribution/abundance

x

x


- Migration pattern wildlife/stock

x
x



- Pathogen survival outside host


x
x


- Distribution of rural population
x
x
x


1 Animal husbandry factors pertaining to feeding, breeding, housing/animal movement management, and health protection practices are together responsible for the production structure. 2 Metapopulation, the ‘static’ animal host environment in which the disease spread is taking place, made up of the number and size of holdings, the spatial structure (clumping) of production units; the metapopulation fixes the possible microbial traffic within the host population. 3 Pathways which extend also to beyond the host population concern the flow of pathogens in the food production-processing-distribution chain, from the land and water resource to feed crops, live animals, processing, marketing & distribution/trade, to food preparation and consumption, and waste disposal. 4 Factors relating to the pathogen innate biology: reproductive (r/K) strategy, host range, mode of transmission, virulence, infective period.

� Organisms can be classified according to their strategies to maximise their fitness: in a predictable environment, it pays to invest resources in long-term development and long life (K-selection) whereas in a risky environment, it is better to produce as much offspring as quickly as possible (r-selection)
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