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Understanding of ecologic factors favoring 
emergence and maintenance of highly pathogenic 
avian infl uenza (HPAI) viruses is limited. Although 
low pathogenic avian in-fl uenza viruses persist and 
evolve in wild populations, HPAI viruses evolve in 
domestic birds and cause economically serious 
epizootics that only occasionally infect wild 
populations. We propose that evolutionary ecology 
considerations can explain this apparent paradox. 
Host structure and transmission possibilities differ 
considerably between wild and domestic birds and 
are likely to be major determinants of virulence. 
Because viral fi tness is highly dependent on host 
survival and dispersal in nature, virulent forms are 
unlikely to persist in wild populations if they kill 
hosts quickly or affect predation risk or migratory 
performance. Interhost transmission in water has 
evolved in low pathogenic infl uenza viruses in wild 
waterfowl populations. However, oropharyngeal 
shedding and transmission by aerosols appear more 
effi cient for HPAI viruses among domestic birds.

Wild birds, especially waterbirds of the orders 
Anseriformes (ducks, geese, and swans) and Chara-
driiformes (gulls, terns, and waders), are natural 
hosts for infl uenza A (avian infl uenza) viruses. 
Avian infl uenza viruses are classifi ed on the basis 
of genetic, antigenic, and structural charac teristics 
of hemagglutinin and neuraminidase pro teins. 
These proteins are involved in binding of virus to 
host cells and release of new virions from these 

cells, respectively. Sixteen hemagglutinins (H1–
H16) and 9 neuraminidases (N1–N9) have been 
described. For avian infl uenza viruses of subtypes 
H5 and H7, there are 2 types of virulence: low 
pathogenic avian infl uenza (LPAI) virus generally 
produces benign intestinal tract or respiratory 
infections; highly pathogenic avian infl uenza 
(HPAI) virus generally produces multiorgan sys-
temic infections.

LPAI viruses naturally infect wild waterbirds 
according to host species, age, immune status, 
feeding behavior, premigration aggregation, and 
aquatic survival of the virus. Long-term studies in 
Europe and North America also identifi ed seasonal 
variation in prevalences of infection of LPAI virus 
and circulating subtypes. HPAI viruses primarily 
infect poultry in which viruses of subtypes H5 and 
H7, presumably from wild birds or contact with 
their derivatives, sporadically switch to highly 
virulent strains.

At the end of the 19th century, a disease that 
caused high mortality rates and spread rapidly was 
described in domestic birds in Italy. This fowl 
plague spread through Europe in the early 20th 
century, most likely through trading of domestic 
birds. In 1955, the pathogen responsible for the 
disease was classifi ed as an infl uenza A virus, and 
its relationship to human infl uenza viruses was 
recognized. Domestic birds have been affected by 
recurrent outbreaks of HPAI viruses, generally 
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limited to localized geographic areas but responsible 
for high mortality rates and substantial economic 
losses. In contrast, wild birds have rarely been 
involved in HPAI virus infections. Before 1996, 
only 1 HPAI virus outbreak was documented in the 
wild, resulting in the death of ≈1,300 common terns 
(Sterna hirundo) in South Africa (1). Since then, 
emergence and spread of the HPAI virus lineage 
from Asia (H5N1), fi rst discovered in domestic geese 
in southern People’s Republic of China in 1996, has 
been responsible for the death of thousands of wild 
birds, occasionally through mass mortality events 
(e.g., Lake Quinghai, People’s Republic of China, in 
May–June 2005). Extensive surveillance of 
apparently healthy wild populations has rarely 
detected HPAI virus (H5N1), even in areas where 
the virus is endemic in domestic birds (2). In addition, 
some reports of asymptomatic infection by HPAI 
virus (H5N1) in apparently healthy free-living wild 
birds lack important substantiating information and 
such cases of infection have yet to be convincingly 
demonstrated (3).

Although recent studies have focused on enviro-
nmental factors that contributed to the persistence 
and spread of HPAI virus (H5N1) in southeastern 
Asia, Europe, and Africa (4–6), general knowledge 
concerning mechanisms of emergence and persis-
tence of HPAI viruses is limited. We propose that 
because the ecologic landscape in which avian 
infl uenza viruses evolve differs markedly between 
natural (i.e., wild birds) and artifi cial (e.g., intensive 
poultry farming, free-grazing ducks, and live bird 
markets) conditions, selective pressures differ. 
These phenomena are likely to explain virulence 
heterogeneity among avian infl uenza viruses and 
why HPAI viruses do not naturally emerge or persist 
in natural ecosystems.

NATURAL SELECTION

The avian infl uenza virus genome is composed 
of 8 segments of negative single-stranded RNA 
coding for 11 proteins. Replication by these viruses 
is termed low fi delity because RNA mutations, due 
to imprecision in the replication processes, lead to 
a wide diversity of genetic variations in progeny. 
Genetic reassortment between segments of different 
virus subtypes during co-infection of a host cell 
further contributes to progeny diversity, providing 
a basis for rapid evolution and emergence of new 
avian infl uenza viruses in the wild (7). The switch 
from an LPAI virus to an HPAI virus phenotype is 
achieved mainly by introduction of multiple basic 
amino acid residues into the hemagglutinin cleavage 

site. This introduction generally occurs in poultry, 
as has been demonstrated experimentally (8,9).

Transmission–virulence trade-off models pro-
posing that high rates of pathogen transmission 
indirectly select for higher levels of virulence have 
long dominated scientifi c thinking. Along with 
recent criticisms of these simplistic models (10), 
we consider that differences in host conditions and 
environments are also major determinants of 
virulence evolution. In many host-pathogen interac-
tions, evolution toward an optimal virulence can 
occur, more or less rapidly, after successful intro-
duction into a new host species (11). Virulence evo-
lution involving the occasional switch from an 
LPAI virus to an HPAI virus, after introduction into 
domestic birds (12), does not solely result from 
host species switch but is probably driven by a 
larger set of ecologic parameters encountered in 
artifi cial ecosystems. These ecosystems include 
poultry farming (especially when intensive), free-
grazing duck production, and live bird markets. 
Thus, it is likely that LPAI viruses and HPAI viruses 
are adapted respectively to natural and artifi cial 
ecosystems in which they face different ecologic 
constraints such as host population structure, 
density and genetic diversity, and optimal oppor-
tunities for virus transmission (Figure).

Under the conditions in which domestic birds 
are maintained, the range of host species available 
for infection, compared with natural ecosystems, is 
considerably reduced and limited mainly to 
galliform birds and waterfowl, often in monospecifi c 
fl ocks. Poultry host density is often considerably 
higher than the virus would encounter in the wild, 
and in intensive systems the high density is main-
tained throughout the life of the fl ock. Age structure 
is generally more uniform and environmental con-
ditions are frequently kept more equable and 
constant. In addition, wider opportunities for viral 
transmission exist in the form of multiple physical 
transport mechanisms for living poultry and their 
products. The latter mechanisms include feces, 
feathers, and meat, and physical transport can 
include cages, packaging, farm workers and their 
clothes, and vehicles used on farms and over long 
distances. During these physical modes of transport, 
the ability of the virus to survive in the various 
environments encountered is likely to be subject to 
selection, but at this stage pathogenicity per se to 
potential hosts will assume no major role, unless 
this also affects environmental survival. Under 
these circumstances, selective pressures differ 
greatly from those encountered by the virus in their 
natural, primarily aquatic, ecosystems. Avian 
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infl uenza virus strains that have evolved to survive 
under these domestic conditions are highly likely to 
be maladapted to natural ecosystems and hosts. In 
particular, HPAI viruses, which often induce high 
and rapid lethality in their hosts, require high and 
sustained host contact rates that are rare under natural 
conditions, being restricted to extreme weather 
conditions or to particular stages of the life cycle.

only high (even extreme under intensive poultry 
production), but consistently so, which may be a 
major determinant for selection of high virulence.

In the wild, in addition to variable host contact 
and thus transmission rates, avian infl uenza viruses 
encounter high host-species diversity, as in 
multispecies waterfowl aggregations. In this 
context, generalist pathogens are probably favored 
because they can infect a large spectrum of host 
species, thereby maximizing replication and 
dispersal opportunities (17). LPAI viruses have 
been isolated from >105 bird species in 26 families 
(13), suggesting that they are able to infect a large 
diversity of host species. Under farming conditions, 
the low (sometimes null) host species diversity is 
likely to select for species-specifi c or ecosystem-
specifi c pathogens.

Recently, some studies investigated species-
related variation in susceptibility (from ducks to 
passerine birds) and clinical signs generated by 
infection with HPAI virus (H5N1). Among the bird 
species artifi cially challenged with virus, some 
laboratory-maintained mallards (Anas 
platyrhynchos) did not show clinical or pathologic 
signs related to HPAI virus (H5N1) infections 
(18,19). Variations related to virus excretion have 
been reported between studies, but 1 study reported 
that the domestic mallard can excrete HPAI virus 
(H5N1) for long periods (<17 days depending on 
the virus strain) (20). Such a long duration contrasts 
with LPAI virus excretion recently reported in wild 
mallard populations, in which virus was shed for 
<8 days with a mean minimum duration of only 3 
days (21). The domestic mallard could act as an 
effi cient host reservoir in domestic birds and favor 
viral transmission during an extended period, 
without clinical evidence of infection. Such 
evolution of host specifi city is believed to have 
contributed to the spread and endemicity of HPAI 
viruses (H5N1) in Asia through domestic ducks 
(20,22,23).

Similarly, LPAI viruses must evolve in the face 
of intraspecifi c variability between individuals of a 
host population. In the wild, immune response 
varies among birds of the same species, depending 
on their genetic backgrounds, age, breeding, 
molting, migration, health status, and exposure to 
previous infections with pathogens and other 
parasites (24). LPAI viruses are adapted to this 
diversity in wild birds. Conversely, under many 
modern farming conditions, potential hosts have 
low genetic diversity and highly structured age 
distribution and are regularly protected from some 
pathogens through vaccination and antimicrobial 

FIGURE 1. Comparison of natural versus artifi cial 
ecosystems showing different ecologic constraints for 
evolution of avian infl uenza virus (AIV).

HPAI viruses in wild birds appear to retain their 
high virulence, leading to infections being 
discovered almost entirely in sick or dead birds 
(13). After HPAI virus outbreaks in wild birds, 
LPAI viruses with genetic affi nities to HPAI virus 
lineages have not been reported. Although there 
have been examples of mutual host–pathogen 
coevolution when new highly virulent viruses enter 
new wild hosts, e.g., amelioration of myxomatosis 
virulence in wild rabbit (Oryctolagus cuniculus) 
populations (14), there is no indication that co-
evolution occurs when HPAI viruses gain access to 
wild bird populations.

Host Density and Diversity
The infl uence of host population structure in 

selection for virulence is often critical (15). Levels 
of virulence are, in part, determined by and 
proportional to the frequency with which interhost 
transmission opportunities occur (10). Low 
virulence can be selected for when host–host 
contacts are infrequent, and high virulence can be 
selected when the host contact rate is high (16). In 
wild bird populations, contact rates between 
individuals differ markedly between seasons (e.g., 
reproductive period, molt, migration, wintering), 
species (e.g., colonial birds), and age. High densities 
of birds are reached by some species in molting and 
wintering areas. However, these seasonal 
aggregations do not lead to selection and emergence 
of HPAI viruses. Compared with conditions in the 
wild, host densities in farming conditions are not 
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drugs. Such artifi cial conditions are likely to select 
for specialist pathogens. Knowledge on the effects 
of intraspecifi c diversity on the evolution of avian 
infl uenza viruses is limited to extrapolations from 
experimental studies. However, these experimental 
conditions do not refl ect intraspecies diversity 
encountered in the wild and avoid detection of 
potential individual variation in response to avian 
infl uenza virus infection, according to host life 
history traits. Development of experimental and 
theoretical studies focusing on the effects of host 
density and diversity at the community and species 
levels and in different environments (ranging from 
totally enclosed to open air) should provide useful 
information regarding evolution of virulence of 
avian infl uenza viruses in natural and artifi cial 
ecosystems.

SHOULD I KILL MY HOST?

In many host–pathogen associations, the 
pathogenesis related to infection leads to an overall 
weakening of infected individuals. Although LPAI 
virus infections in wild birds are generally 
considered to be benign, in poultry they can cause 
mild disease, depression, and problems with egg 
production (25). However, physiologic and 
behavioral effects in wild birds may have been 
overlooked. van Gils et al. (26) reported impaired 
foraging and migration effi ciencies in infected 
Bewick swans (Cygnus columbianus bewickii), 
suggesting that host behavior might be affected by 
LPAI viruses in subtle ways not previously 
envisaged. Latorre-Margalef et al. (21) also reported 
that body mass was lower in infected wild mallards 
than in uninfected wild mallards and that the amount 
of virus shed by infected juveniles was negatively 
correlated with body mass. These recently 
discovered effects of LPAI virus infection, although 
mild, could nevertheless have implications for host 
fi tness. For example, delayed migration and 
impaired foraging of Bewick swans likely retarded 
their arrival on their arctic breeding grounds, 
reducing the chances of these birds reproducing 
successfully in the year of infection. The 
implications of such mild symptoms for transmission 
and evolution of avian infl uenza viruses remain to 
be determined.

Given that predators sometimes prey pre-
ferentially on sick animals, differential susceptibility 
between several host species (or individuals) can 
lead to greater predation on the more susceptible 
ones (27). Adverse physiologic or behavioral effects 
of infection might decrease host antipredator 

performance, favor predation on infected birds, and 
thus decrease transmission of avian infl uenza 
viruses among target hosts of the pathogen (i.e., 
immunologically unexposed waterbirds). Conver-
sely, host antipredator performance reduc tion can 
favor infection of predators, and host fatality can 
lead to infection in scavengers. Such virus trans-
mission between prey and predators and scavengers 
has been shown for HPAI virus (H5N1), with 
reported deaths in crows, birds of prey, and 
mammals (e.g., Felidae and Mustelidae). However, 
transmission of avian infl uenza viruses has not been 
sustained within predator and scavenger populations, 
indicating that these host infections represent a 
dead-end for virus transmission. Viruses inducing 
strong physiologic effects, even if they do not 
directly lead to death, are therefore unlikely to be 
selected in wild waterbird populations if they affect 
host antipredator performance. Studies focusing on 
differential fi tness and predation rates on avian 
infl uenza virus–infected wild bird species, consi-
dering the effects of the infection itself, but also 
differences in behavior induced by infection, would 
help to clarify these aspects. In terms of fi tness, 
experiments on artifi cially infected captive water-
fowl, examining egg mass, clutch size, incubation 
behavior, hatching success, chick mass, and chick 
survival could also be illuminating.

Pathogen distributions and abundances in the 
environment can alter the decisions hosts make 
with regard to whether to stay and resist or to 
disperse from 1 place to another with lower patho-
gen risk (28). Pathogen transmission and dispersal 
are intricately linked, and it is widely acknowledged 
that pathogens may benefi t from investing in 
dispersal strategies. Dispersal of avian infl uenza 
viruses is poorly documented in natural conditions. 
For HPAI viruses, current knowledge of the 
potential for virus dispersal through long-distance 
migration is mainly limited to extrapolations from 
experiments on captive-reared ducks performed 
under laboratory conditions (19). These birds are 
not subjected to sustained high-energy expenditure 
and unlikely to experience immunosuppression, for 
which there is increasing evidence in birds 
undertaking migration (29). Although infected 
birds might be able to disperse virus over short 
distances, e.g., during periods of cold weather (4), 
experiments in which birds are subjected to 
physiologic stresses associated with migration are 
needed to determine their capacity to spread virus 
over long distances. Experimental studies with 
captive wild waterbirds could test responses to 
infection during exposure to realistic physiologic 
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or nutritional stresses that replicate long-distance 
migration or winter food shortage. In addition to 
monitoring the extent of virus shedding, effects on 
physical activity, response to stimuli, or time spent 
feeding should be investigated. Indirect estimations 
of virus dispersal derived from knowledge of bird 
migrations could also provide complementary infor-
mation related to the spread of avian infl uenza 
viruses.

LIFE OUTSIDE THE HOST

Transmission of LPAI viruses among wild 
waterbirds is considered to be mainly by the fecal–
oral route, with virus particles excreted from 
infected birds directly from feces into water and 
contracted by potential hosts by ingestion of virions 
in water or on food therein (30). Although no 
evidence has been provided, potential fecal–fecal 
transmission through fecal drinking could also 
favor infection of the cloaca and the lower part of 
the digestive system. Recent studies have high-
lighted that HPAI virus (H5N1) replicates more 
(and for longer periods) in the host bird trachea 
than in the digestive tract (18,19). In addition, 
severe lung congestion and alveolar and bronchiolar 
edema, together with virus isolation from tracheal 
swab specimens, suggested that oropharyngeal ex-
cretion occurred in infected wild birds (31). 
Preponderance of oropharyngeal excretion is asso-
ciated with systemic infections caused by HPAI 
viruses, in contrast to the propensity for cloacal 
virus excretion associated with digestive tract 
infections of LPAI viruses. Thus, oropharyngeal 
and fecal excretion represent 2 strategies that may 
be selected according to ecosystem characteristics. 
Production of viral particles in aerosols is probably 
the most effi cient transmission strategy in confi ned 
environments with high densities of birds, high 
ambient temperature and humidity, and forced air 
circulation, as under intensive farming conditions 
(32). Selection for systemic infection, accompanied 
by oropharyngeal excretion and airborne trans-
mission, could potentially be favored under these 
circumstances (33). Experimental studies focusing 
on the evolution of wild-origin LPAI viruses in 
domestic birds in confi ned environments could 
provide interesting insights regarding selection for 
oropharyngeal excretion and airborne transmission.

However, after excretion, virus must survive in 
the environment long enough to be able to contact 
and infect susceptible hosts. Although persistence 
of avian infl uenza viruses in water appears to be the 
natural mechanism to maintain and transmit 

infl uenza viruses in wild bird populations, Brown 
et al. (34) compared 2 strains of HPAI virus (H5N1) 
with several wild bird–origin LPAI viruses and 
found that HPAI virus (H5N1) does not persist in 
water as long as LPAI viruses, at least under 
experimental conditions. This fi nding suggests that 
HPAI viruses could be less adapted than LPAI 
viruses to spread by the fecal–oral route in water. 
Inactivation processes of avian infl uenza viruses in 
the environment are far from being well understood, 
but abiotic factors such as salinity, temperature, 
relative humidity, or ultraviolet radiation are likely 
to play a key role (33,35).

AVIAN INFLUENZA VIRUS IN A HUMAN-MADE 
WORLD

Technologic and cultural changes in human 
populations open new ecologic niches for pathogens, 
which differ from niches available in the wild, and 
inevitably infl uence their evolution (36). Networks 
of poultry production are likely to favor persistence 
of virulent strains, with continuous circulation of 
avian infl uenza viruses between connected farms or 
markets. Such networks probably favor the ende-
micity of HPAI virus (H5N1) in Southeast Asia (6). 
Multispecies live-animal markets are good examples 
of how humans have artifi cially created a dynamic 
system in which a large variety of avian infl uenza 
viruses can be generated and maintained, thus 
offering enhanced opportunities for genetic reassort-
ments (37). Connectivity in modern human popula-
tions through transportation has increased during 
the past century, especially during the past few 
decades, in volume and, with regard to virus spread, 
in speed and geographic extent. The past 2 decades 
have seen a huge increase in poultry production and 
associated national and international trade in 
Southeast Asia. After adapting to intensive farming 
processes, avian infl uenza viruses can be spread 
intercontinentally among domestic bird populations 
by human activities. This fi nding appears to be the 
most likely scenario for spread of HPAI virus (H5N1) 
from Asia to Europe and Africa, in which the poultry 
trade (legal, unregulated, and illegal) seems to have 
been the predominant mechanism (38).

Thus, human activities are likely to artifi cially 
shape evolutionary ecology of avian infl uenza 
viruses and select for traits (e.g., virulence, 
oropharyngeal excretion, host specialization) that 
confer optimal viral fi tness under the artifi cial 
conditions of poultry production, distribution, and 
processing. Evolution of this host–pathogen system 
created by humans might represent one of the main 
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threats to human health. Because of an increasing 
number of studies focused on genetic characteristics 
of avian infl uenza viruses, we are aware of the 
mechanistic basis of high pathogenesis. However, 
our efforts to predict and control emergence of 
these viruses through this complex host–pathogen 
system must consider host ecology and ecosystem 
characteristics (natural or linked with human 
activities) in which these viruses evolve.

If application of evolutionary theory to medical 
sciences enables a predictive framework for long-
term host–pathogen interactions, it also provides 
interesting possibilities for design of medical and 
public health protection measures (39). Integration 
of ecologic and evolutionary theory in epidemiology 
and human diseases has shown increased interest 
(40). These theories could provide useful information 
for long-term disease management. However, such 
approaches and their possible applications for avian 
infl uenza viruses are lacking.

Do we have to favor developments of poorly 
diversifi ed farming conditions with high densities 
of genetically impoverished birds? What are the 
long-term effects of mass vaccination? Can we 
avoid virus exchanges between wild and domestic 
birds? Answering such key questions fi rst requires 
sound understanding of natural mechanisms of 

virulence selection and, from that knowledge, 
taking account of ecologic features that may select 
for HPAI viruses in artifi cial ecosystems.

ACKNOWLEDGMENTS

We thank Muriel Dietrich, Thierry Lefèvre, and 
Benjamin Roche for valuable comments during the 
preparation of this manuscript and 3 anonymous 
reviewers for constructive comments.

This study was supported by the Agence Inter-
établissements de Recherche pour le Développement 
(ARDIGRIP project), the European Union’s 
Framework Program for Research and Technological 
Development (NEW-FLUBIRD project, contract 
no. FP6-2005-SSP5B Infl  uenza), the Région 
Provence-Alpes-Côte d’Azur, the Institut de 
Recherche pour le Développement, and the Centre 
National de la Recherche Scientifi  que. C.L. was 
supported by a PhD fellowship from the Centre de 
Recherche de la Tour du Valat/Région Languedoc-
Roussillon. Dr Lebarbenchon is a postdoctoral 
research associate at The University of Georgia, 
Athens, GA. His research interests are interactions 
between pathogens and ecosystems, in particular, 
the ecology and epidemiology of avian infl uenza 
viruses in wild birds.

Becker WB – The isolation and classifi cation of tern virus: infl uenza A/
tern/South Africa-1961. J Hyg (Lond). 1966;64:309–20.
Chen H, Smith GJD, Li KS, Wang J, Fan XH, Rayner JM, et al – 
Establishment of multiple sublineages of H5N1 infl uenza virus in Asia: 
implications for pandemic control. Proc Natl Acad Sci U S A. 
2006;103:2845–50. DOI: 10.1073/pnas.0511120103
Feare CJ, Yasué M – Asymptomatic infection with highly pathogenic 
avian infl uenza H5N1 in wild birds: how sound is the evidence? Virol J. 
2006;3:96. DOI: 10.1186/1743-422X-3-96
Kilpatrick AM, Chmura AA, Gibbons DW, Fleischer RC, Marra PP, 
Daszak P. – Predicting the global spread of H5N1 avian infl uenza. Proc 
Natl Acad Sci U S A. 2006;103:19368–73. DOI: 10.1073/
pnas.0609227103
Gilbert M, Xiao X, Pfeiffer DU, Epprecht M, Boles S, Czarnecki C, et 
al – Mapping H5N1 highly pathogenic avian infl uenza risk in Southeast 
Asia. Proc Natl Acad Sci U S A. 2008;105:4769–74. DOI: 10.1073/
pnas.0710581105
Fang L, de Vlas SJ, Liang S, Looman CWN, Gong P, Xu B, et al – 
Environmental factors contributing to the spread of H5N1 avian infl uenza 
in mainland China. PLoS One. 2008;3:e2268. DOI: 10.1371/journal.
pone.0002268
Dugan VG, Chen R, Spiro DJ, Sengamalay N, Zaborsky J, Ghedin E, 
et al – The evolutionary genetics and emergence of avian infl uenza 
viruses in wild birds. PLoS Pathog. 2008;4:e1000076. DOI:10.1371/
journal.ppat.1000076

1.

2.

3.

4.

5.

6.

7.

Ito T, Goto H, Yamamoto E, Tanaka H, Takeuchi E, Kuwayama H, et 
al. – Generation of a highly pathogenic avian infl uenza A virusfrom an 
avirulent fi eld isolate by passaging in chickens. J Virol. 2001;75:4439–43. 
DOI: 10.1128/JVI.75.9.4439-4443.2001
Swayne DE, Slemons RD – Using mean infectious dose of high- and 
low-pathogenicity avian infl uenza viruses originating from wild duck and 
poultry as one measure of infectivity and adaptation to poultry. Avian Dis. 
2008;52:455–60. DOI: 10.1637/8229-012508- Reg.1
Ebert D, Bull JJ – Challenging the trade-off model for the evolution of 
virulence: is virulence management feasible? Trends Microbiol. 
2003;11:15–20. DOI: 10.1016/S0966-842X(02)00003-3
Ebert D, Bull JJ – The evolution and expression of virulence. In: Stearns 
SC, Koella JC, editors. Evolution in health and disease. 2nd ed. New York: 
Oxford University Press; 2008. p. 153–67.
Banks J, Speidel EC, McCauley JW, Alexander DJ – Phylogenetic 
analysis of H7 haemagglutinin subtype infl uenza A viruses. Arch Virol. 
2000;145:1047–58. DOI: 10.1007/s007050050695
Olsen B, Munster VJ, Wallensten A, Waldenström J, Osterhaus AD, 
Fouchier RA. – Global patterns of infl uenza a virus in wild birds. 
Science. 2006;312:384–8. DOI: 10.1126/science.1122438
Mead-Briggs AR, Vaughan JA – The differential transmissibility of 
myxoma virus strains of differing virulence grades by the rabbit fl  ea 
Spilopsyllus cuniculi (Dale). J Hyg (Lond). 1975;75:237–47.
Dieckmann U, Metz JA, Sabelis MW, Sigmund K, editors – Adaptive 
dynamics of infectious diseases: in pursuit of virulence management. 
Cambridge: Cambridge University Press; 2002. p. 39–59.

8.

9.

10.

11.

12.

13.

14.

15.

REFERENCES



REVISTA ROMÂNÅ DE BOLI INFECºIOASE – VOLUMUL XIII, NR. 3, AN 2010 133

Bull JJ –  Virulence. Evolution. 1994;48:1423–37. DOI: 10.2307/ 
2410237
Keesing F, Holt RD, Ostfeld RS – Effects of species diversity on 
disease risk. Ecol Lett. 2006;9:485–98. DOI: 10.1111/j.1461-0248 
.2006.00885.x
Brown JD, Stallknecht DE, Beck JR, Suarez DL, Swayne DE – 
Susceptibility of North American ducks and gulls to H5N1 highly 
pathogenic avian infl uenza viruses. Emerg Infect Dis. 2006;12:1663–70.
Keawcharoen J, van Riel D, van Amerongen G, Bestebroer T, Beyer 
WE, van Lavieren R, et al – Wild ducks as long-distance vectors of 
highly pathogenic avian infl uenza virus (H5N1). Emerg Infect Dis. 
2008;14:600–7. DOI: 10.3201/eid1404.071016
Hulse-Post DJ, Sturm-Ramirez KM, Humberd J, Seiler P, Govorkova 
EA, Krauss S, et al – Role of domestic ducks in the propagation and 
biological evolution of highly pathogenic H5N1 infl uenza viruses in Asia. 
Proc Natl Acad Sci U S A. 2005;102:10682–7. DOI: 10.1073/
pnas.0504662102
Latorre-Margalef N, Gunnarsson G, Munster VJ, Fouchier RA, 
Osterhaus AD, Elmberg J, et al – Effects of infl uenza A virus infection 
on migrating mallard ducks. Proc Biol Sci. 2009;276:1029–36. DOI: 
10.1098/rspb.2008.1501
Sturm-Ramirez KM, Hulse-Post DJ, Govorkova EA, Humberd J, 
Seiler P, Puthavathana P, et al – Are ducks contributing to the 
endemicity of highly pathogenic H5N1 infl uenza virus in Asia? J Virol. 
2005;79:11269–79. DOI: 10.1128/JVI.79.17.11269-11279.2005
Gilbert M, Chaitaweesub P, Parakamawongsa T, Premashthira S, 
Tiensin T, Kalpravidh W, et al – Free-grazing ducks and highly 
pathogenic avian infl uenza, Thailand. Emerg Infect Dis. 2006;12:227–34.
Sheldon BC, Verhulst S – Ecological immunology: costly parasite 
defences and trade-offs in evolutionary ecology. Trends Ecol Evol. 
1996;11:317–21. DOI: 10.1016/0169-5347(96)10039-2
Capua I, Marangon S – Control of avian infl uenza in poultry. Emerg 
Infect Dis. 2006;12:1319–24.
van Gils JA, Munster VJ, Radersma R, Liefhebber D, Fouchier RA, 
Klaassen M. – Hampered foraging and migratory performance in swans 
infected with low-pathogenic avian infl uenza A virus. PLoS One. 2007;2:
e184. DOI: 10.1371/journal.pone.0000184
Møller AP – Parasitism and the regulation of host populations. In: 
Thomas F, Renaud F, Guégan JF, editors. Parasitism and ecosystems. 
New York: Oxford University Press, 2005. p. 43–53.
Boulinier T, McKoy KD, Sorci G – Dispersal and parasitism. In: Cloberts 
J, Danchin E, Dhondt AA, Nichols JD, editors. Dispersal. New York: 
Oxford University Press, 2001. p. 169–79.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Weber TP, Stilianakis NI – Ecologic immunology of avian infl uenza 
(H5N1) in migratory birds. Emerg Infect Dis. 2007;13:1139–43.
Hinshaw VS, Webster RG, Turner B – Water-borne transmission of 
infl uenza A viruses? Intervirology. 1979;11:66–8. DOI: 
10.1159/000149014
Teifke JP, Klopfl  eisch R, Globig A, Starick E, Hoffmann B, Wolf PU, 
et al. – Pathology of natural infections by H5N1 highly pathogenic avian 
infl uenza virus in mute (Cygnus olor) and whooper (Cygnus cygnus) 
swans. Vet Pathol. 2007;44:137–43. DOI: 10.1354/vp.44-2-137
Tsukamoto K, Imada T, Tanimura N, Okamatsu M, Mase M, Mizuhara 
T, et al. – Impact of different husbandry conditions on contact and 
airborne transmission of H5N1 highly pathogenic avian infl uenza virus to 
chickens. Avian Dis. 2007;51:129–32. DOI: 10.1637/0005- 
2086(2007)051[0129:IODHCO]2.0.CO;2
Weber TP, Stilianakis NI – Inactivation of infl uenza A viruses in the 
environment and modes of transmission: a critical review. J Infect. 
2008;57:361–73. DOI: 10.1016/j.jinf.2008.08.013
Brown JD, Swayne DE, Cooper RJ, Burns RE, Stallknecht DE – 
Persistence of H5 and H7 avian infl uenza viruses in water. Avian Dis. 
2007;51:285–9. DOI: 10.1637/7636-042806R.1
Brown JD, Goekjian G, Poulson R, Valeika S, Stallknecht DE – Avian 
infl uenza virus in water: infectivity is dependent on pH, salinity and 
temperature. Vet Microbiol. 2009;136:20–6. DOI: 10.1016/j. 
vetmic.2008.10.027
Lebarbenchon C, Brown SP, Poulin R, Gauthier-Clerc M, Thomas F – 
Evolution of pathogens in a man-made world. Mol Ecol. 2008; 17:475–84. 
DOI: 10.1111/j.1365-294X.2007.03375.x
Vijaykrishna D, Bahl J, Riley S, Duan L, Zhang JX, Chen H, et al – 
Evolutionary dynamics and emergence of panzootic H5N1 infl uenza 
viruses. PLoS Pathog. 2008;4:e1000161. DOI: 10.1371/journal. 
ppat.1000161
Gauthier-Clerc M, Lebarbenchon C, Thomas F – Recent expansion of 
highly pathogenic avian infl uenza H5N1: a critical review. Ibis. 
2007;149:202–14. DOI: 10.1111/j.1474-919X.2007.00699.x
Stearns SC, Ebert D – Evolution in health and disease: work in 
progress. Q Rev Biol. 2001;76:417–32. DOI: 10.1086/420539
  Stearns SC, Koella JC – Evolution in health and disease. 2nd ed. New 
York: Oxford University Press; 2008. 

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.


