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Recrudescence des cas de rage :
 30 000 vies humaines perdues par an
 32 millions d’euros de coûts
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The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
trapnights), dry pitfall traps (480 trapnights), Tomahawk traps

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: DFA, direct immunofluorescence antibody microscopy; NIP, nymphal infec-
tion prevalence; DIN, density of infected nymphs.
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The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
trapnights), dry pitfall traps (480 trapnights), Tomahawk traps
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The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
trapnights), dry pitfall traps (480 trapnights), Tomahawk traps
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The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
trapnights), dry pitfall traps (480 trapnights), Tomahawk traps
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The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
trapnights), dry pitfall traps (480 trapnights), Tomahawk traps
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The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
trapnights), dry pitfall traps (480 trapnights), Tomahawk traps
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The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
trapnights), dry pitfall traps (480 trapnights), Tomahawk traps
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tion prevalence; DIN, density of infected nymphs.
‡To whom correspondence should be addressed. E-mail: logiudik@union.edu.

www.pnas.org!cgi!doi!10.1073!pnas.0233733100 PNAS " January 21, 2003 " vol. 100 " no. 2 " 567–571

EC
O

LO
G

Y

The ecology of infectious disease: Effects of
host diversity and community composition
on Lyme disease risk
Kathleen LoGiudice*†‡, Richard S. Ostfeld*, Kenneth A. Schmidt*§, and Felicia Keesing*¶

*Institute of Ecosystem Studies, Box AB, Millbrook, NY 12545; †Department of Biological Sciences, Union College, Schenectady, NY 12308; §Department of
Biological Sciences, Texas Tech University, MS 3131, Lubbock, TX 79409; and ¶Department of Biological Science, Bard College, Annandale-on-Hudson, NY 12504

Edited by G. David Tilman, University of Minnesota, St. Paul, MN, and approved November 21, 2002 (received for review June 21, 2002)

The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
trapnights), dry pitfall traps (480 trapnights), Tomahawk traps
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The extent to which the biodiversity and community composition
of ecosystems affect their functions is an issue that grows ever
more compelling as human impacts on ecosystems increase. We
present evidence that supports a novel function of vertebrate
biodiversity, the buffering of human risk of exposure to Lyme-
disease-bearing ticks. We tested the Dilution Effect model, which
predicts that high species diversity in the community of tick hosts
reduces vector infection prevalence by diluting the effects of the
most competent disease reservoir, the ubiquitous white-footed
mouse (Peromyscus leucopus). As habitats are degraded by frag-
mentation or other anthropogenic forces, some members of the
host community disappear. Thus, species-poor communities tend
to have mice, but few other hosts, whereas species-rich commu-
nities have mice, plus many other potential hosts. We demonstrate
that the most common nonmouse hosts are relatively poor reser-
voirs for the Lyme spirochete and should reduce the prevalence of
the disease by feeding, but rarely infecting, ticks. By accounting for
nearly every host species’ contribution to the number of larval ticks
fed and infected, we show that as new host species are added to
a depauperate community, the nymphal infection prevalence, a
key risk factor, declines. We identify important ‘‘dilution hosts’’
(e.g., squirrels), characterized by high tick burdens, low reservoir
competence, and high population density, as well as ‘‘rescue
hosts’’ (e.g., shrews), which are capable of maintaining high
disease risk when mouse density is low. Our study suggests that
the preservation of vertebrate biodiversity and community com-
position can reduce the incidence of Lyme disease.

The inexorable loss of species from ecological communities is
a worldwide phenomenon that has prompted ecologists to

critically examine the relationship between biodiversity and
ecosystem function. Diversity has been causally linked to many
ecosystem characteristics including productivity (1) variability
(2, 3), resilience (4), and resistance to invasion and stressors
(5–7). Here, we present evidence that diversity, in the form of
species richness, can play an important role in determining
disease risk to humans, using Lyme disease as a model system.
Lyme disease (etiologic agent Borrelia burgdorferi), the most
common vector-borne disease in North America, is transmitted
by ticks of the family Ixodidae. We tested the Dilution Effect
model (8, 9), which predicts that high species diversity in the
community of hosts for ticks reduces the infection prevalence
of ticks by diluting the effects of the ubiquitous white-footed
mouse (Peromyscus leucopus), the principal natural reservoir
for B. burgdorferi (10, 11).

In the forests of eastern North America, the immature stages
of the Lyme disease vector, Ixodes scapularis, are extreme
generalists, feeding on numerous mammalian, avian and reptil-
ian host species, most of which are believed or documented to
have low reservoir competence. The white-footed mouse, which
infects from 40% to 90% of the larval ticks that feed on it (10,
11), has wide habitat tolerances, occurring in pristine forest as
well as in degraded woodlots (12–14). Therefore, species-poor
communities tend to have mice, but few other hosts, whereas

species-rich communities have mice, plus many other potential
hosts, which should dilute the impact of mice by feeding but
rarely infecting ticks. The resulting expectation, the Dilution
Effect hypothesis, is decreasing infection prevalence in the tick
population with increasing host diversity. The Dilution Effect
might not be a ‘‘pure’’ diversity effect (1), but could result from
the observed correlations among vertebrate diversity and rela-
tive abundances of pathogen-carrying host species.

Of the three postegg life stages of the tick, the nymphal stage
is most likely to infect humans (15). Because there is no
transovarial transmission (16), the host from which the larval
blood meal is taken is a key predictor of whether a nymph will
be infected with B. burgdorferi. We use nymphal infection
prevalence (NIP) as a measure of disease risk to humans and, by
extending and parameterizing the model of Giardina et al. (17),
investigate the change in NIP as the diversity of the host
community is increased. NIP represents the probability of being
exposed to Lyme bacteria if bitten by a nymphal tick and is a
function of the distribution of larval meals among the commu-
nity of vertebrates. The importance of NIP is well demonstrated
in the varying prevalence of B. burgdorferi in North American
ticks. Although I. scapularis occurs throughout the eastern half
of the United States (18), B. burgdorferi prevalence is low in
southern states (19, 20) and cases of Lyme disease are corre-
spondingly low in these areas (21). Thus, despite high vector
densities, disease risk to humans can be quite low if vector
infection prevalence is also low.

This research was conducted in Dutchess County of south-
eastern New York at the Institute of Ecosystem Studies, a
postagricultural landscape consisting largely of an oak forest
matrix. Lyme disease incidence in this region is among the
highest in the U.S., and NIP for questing ticks is !36%.

Materials and Methods
Model Parameters. Our goal was to sample individuals from all
potentially important avian and mammalian host species (rep-
tilian hosts are rare or absent at our sites) to quantify the impact
of each species of host on the infection prevalence of nymphal
I. scapularis. For each species, we determined the mean number
of engorged larvae collected during a 72-h captive period (‘‘body
burden’’), the proportion of engorged larvae that molted into
nymphs (‘‘molting percentage’’), and the infection prevalence of
the resulting nymphs (‘‘realized reservoir competence’’ see
below). Data were collected during the seasonal peak in larval
activity (August and September) of 2000 and 2001 unless oth-
erwise noted. A random sample of mammalian and avian hosts
was trapped in Sherman live traps (3 " 3.5 " 9 cm; !36,200
trapnights), dry pitfall traps (480 trapnights), Tomahawk traps
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β-diversity
A measure of diversity that 
describes the differences 
between any two ecosystems 
(for example, the UniFrac 
distance metric). Related to 
α-diversity and γ-diversity, 
which are measures of the 
diversity in a single ecosystem 
and across a group of 
ecosystems, respectively.

UniFrac
A β-diversity measure that is 
phylogeny based. Microbial 
communities are more similar if 
they are composed of members 
that are more closely related, 
phylogenetically, as this implies 
a shared evolutionary past. 
UniFrac units range from 0 
(identical communities) to 1 
(totally different communities).

mice can been reduced by exposure to the microbiota 
from NOD mice lacking myeloid differentiation primary 
response protein 88 (MYD88)22. In humans, anecdotal 
evidence suggests that specific microbiota can effec-
tively treat IBD, and microbial transplantation of whole 
microbial communities is sometimes used as therapy 
in pseudomembranous and ulcerative colitis, chronic 
constipation, Crohn’s disease and Clostridium difficile- 
associated diarrhoea23,24. In a recent case study of 
Clostridium difficile-associated colitis, the amelioration 
of symptoms was associated with the persistence of the 
transplanted healthy community in the patient25.

Together, these recent studies suggest that a specific 
combination of microorganisms in the gut can affect 
host health; therefore, host control over the microbiota 
could help maximize fitness. Biogeographical patterns of 
diversity in a single host show that the physiochemical 
properties of the human gut habitat are very important 
selection pressures for its microbial constituents (FIG. 1). 

Variations in those host genes that contribute to proper-
ties of the gut habitat therefore have strong potential to 
affect the variation in the microbiome. Evidence to sup-
port a contribution of host genetics to the diversity of the 
microbial community has been scarce, so the strength 
of the effect is controversial. However, an increasing 
number of studies are now evaluating this effect, and the 
analysis of host genetics is just beginning to be incorpo-
rated into studies of how the diversity of the gut bacteria 
relates to host susceptibility to disease.

In this Review, we describe how environmental fac-
tors can contribute to variation in the diversity and com-
position of the microbiota, and we explore the role of 
host genes in this process. We also highlight an emerg-
ing view of the microbiota: one in which the microbiota 
itself may be considered as a complex trait that is under 
host genetic control and that interacts with environmental 
and host factors in a number of chronic inflammatory 
diseases.

Environmental impact on the microbiota
To measure the impact of host genetics on microbial 
diversity, it is useful to have an understanding of the 
factors that can influence variation in the microbiota in 
the absence of host genetic variation, as these environ-
mental factors constitute the ‘noise’ that can mask host 
genetic effects. Model organisms provide a system for 
controlling variation between identical hosts: genetically 
inbred animals act as replicate hosts, allowing the impact 
of environmental factors on the variation in the micro-
biota to be assessed. Mice are useful models for studies of 
human microbial ecology because the intestines of mice 
harbour communities that are grossly similar in com-
position (that is, have similar phylum and family level 
abundances) to those of human intestines, diverging 
mainly at the genus level (BOX 1). Husbandry conditions 
can be standardized across mice, and experiments can 
incorporate full factorial designs for testing the effects of 
various parameters on microbial diversity.

‘Stochastic variability’ of the microbiome. One of the 
earliest factors that can have a profound influence on 
the microbiota composition is the maternal environ-
ment (BOX 2). Several studies have shown that genetically 
identical mice from the same litters have a more similar 
microbiota than mice from different litters, even though 
they may be reared in adjacent cages22,26,27. This ‘maternal 
effect’ occurs when mouse pups are born vaginally and 
the birth mother’s microbiota is their primary inocu-
lum. Maternal effects can influence bacterial β-diversity28 
(measured by UniFrac) regardless of host genotype22,27, as 
well as affecting the relative abundances of phylotypes26. 
The maternal effect has been documented across two27 

and as far out as four generations26. As a consequence, 
the maternal effect can be a major confounding factor 
when comparing the microbiota of mice with different 
genotypes or under different treatments.

But, despite shared environments and parental inoc-
ula, substantial differences in community composition 
and structure can exist between littermates reared in the 
same cage. Although many bacterial phylotypes can be 

Figure 1 | Microbial community composition at different body locations in a 
healthy human. The relative abundances of the six dominant bacterial phyla in each  
of the different body sites: the external auditory canal (nine subjects), the hair on the 
head (nine subjects), the mouth (ten subjects), the oesophagus (four subjects), the 
gastrointestinal tract (nine subjects), the vagina (eight subjects), the penis (12 subjects), 
the skin (nine subjects) and the nostril (nine subjects). Data taken from REFS 93–97. 
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type 1 diabetes in Europe. A comparison of Europe
and Africa reveals a similar and even clearer trend,

 

22

 

although the epidemiologic data are less well docu-
mented in Africa. There are similar geographic differ-
ences in Europe with respect to allergy

 

23

 

 and Crohn’s
disease
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; in North America with respect to multiple
sclerosis,
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 type 1 diabetes,
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 and Crohn’s disease
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;
and in Australia with respect to multiple sclerosis.

 

28

 

Are these differences real? Perhaps, owing to defi-
ciencies in medical facilities, allergic and autoimmune
diseases are underdiagnosed in less-developed coun-
tries. This general explanation is, however, unlikely be-
cause severe diseases like multiple sclerosis and type 1
diabetes are rarely misdiagnosed. Moreover, the dif-
ferences in frequency also involve southern countries
with ample medical resources, such as Greece and
Spain.

 

Genetic Factors

 

There are several explanations for the gradient oth-
er than underdiagnosis. One is the role of genetic fac-
tors. For example, in Japan, there is a low frequency of
HLA alleles (DR3 and DR4-DQB1*0302) that in-
crease the likelihood of type 1 diabetes, and the inci-
dence of the disease is also low. Conversely, the inci-
dence of type 1 diabetes is high among residents of
Sardinia (as compared with residents of neighboring
regions) as well as in first-degree descendants of Sar-
dinians who migrated to continental Italy.

 

29

 

Environmental Factors

 

The contribution of genetic factors to the north–
south gradient seems small, however, as compared

with the contribution of environment. Environmen-
tal factors could account for the rapid increase in the
incidence of allergic and autoimmune diseases in de-
veloped countries. There are striking data on the inci-
dence of multiple sclerosis, type 1 diabetes, and asth-
ma in populations migrating from one country to
another in which the rates of these disorders differ.
The rate of development of type 1 diabetes among
the children of Pakistanis who migrated to the United
Kingdom is the same as the rate among nonimmi-
grants in the United Kingdom (11.7 per 100,000), or
about 10 times as high as the incidence of type 1 di-
abetes in Pakistan (1 per 100,000).

 

30,31

 

 In Israel, mul-
tiple sclerosis is common among immigrants from Eu-
rope and rare among immigrants from Africa or Asia.
By contrast, among native-born Israelis of European,
African, or Asian origin, the prevalence of multiple
sclerosis is as high as that among the European immi-
grants.
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 It is also notable that the frequency of sys-
temic lupus erythematosus is dramatically lower in
western Africans than in black Americans, two popu-
lations derived from the same ethnic group but ex-
posed to different environments.
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 Conversely, Britons
migrating to northern Australia have a decreased fre-
quency of multiple sclerosis,

 

34

 

 providing a negative
control for the positive migration data, which in prin-
ciple could represent underdiagnosis.

 

Interactions between Genetic and Environmental Factors

 

The degree to which genetic and environmental fac-
tors influence susceptibility to autoimmune and aller-
gic diseases is still ill defined. The best hint derives
from the concordance rates of such diseases in mono-

 

Figure 1.

 

 Inverse Relation between the Incidence of Prototypical Infectious Diseases (Panel A) and the Incidence of
Immune Disorders (Panel B) from 1950 to 2000.
In Panel A, data concerning infectious diseases are derived from reports of the Centers for Disease Control and Pre-
vention, except for the data on hepatitis A, which are derived from Joussemet et al.
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type 1 diabetes in Europe. A comparison of Europe
and Africa reveals a similar and even clearer trend,

 

22

 

although the epidemiologic data are less well docu-
mented in Africa. There are similar geographic differ-
ences in Europe with respect to allergy
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 and Crohn’s
disease
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; in North America with respect to multiple
sclerosis,
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 type 1 diabetes,
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 and Crohn’s disease
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;
and in Australia with respect to multiple sclerosis.
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Are these differences real? Perhaps, owing to defi-
ciencies in medical facilities, allergic and autoimmune
diseases are underdiagnosed in less-developed coun-
tries. This general explanation is, however, unlikely be-
cause severe diseases like multiple sclerosis and type 1
diabetes are rarely misdiagnosed. Moreover, the dif-
ferences in frequency also involve southern countries
with ample medical resources, such as Greece and
Spain.

 

Genetic Factors

 

There are several explanations for the gradient oth-
er than underdiagnosis. One is the role of genetic fac-
tors. For example, in Japan, there is a low frequency of
HLA alleles (DR3 and DR4-DQB1*0302) that in-
crease the likelihood of type 1 diabetes, and the inci-
dence of the disease is also low. Conversely, the inci-
dence of type 1 diabetes is high among residents of
Sardinia (as compared with residents of neighboring
regions) as well as in first-degree descendants of Sar-
dinians who migrated to continental Italy.
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Environmental Factors

 

The contribution of genetic factors to the north–
south gradient seems small, however, as compared

with the contribution of environment. Environmen-
tal factors could account for the rapid increase in the
incidence of allergic and autoimmune diseases in de-
veloped countries. There are striking data on the inci-
dence of multiple sclerosis, type 1 diabetes, and asth-
ma in populations migrating from one country to
another in which the rates of these disorders differ.
The rate of development of type 1 diabetes among
the children of Pakistanis who migrated to the United
Kingdom is the same as the rate among nonimmi-
grants in the United Kingdom (11.7 per 100,000), or
about 10 times as high as the incidence of type 1 di-
abetes in Pakistan (1 per 100,000).
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 In Israel, mul-
tiple sclerosis is common among immigrants from Eu-
rope and rare among immigrants from Africa or Asia.
By contrast, among native-born Israelis of European,
African, or Asian origin, the prevalence of multiple
sclerosis is as high as that among the European immi-
grants.
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 It is also notable that the frequency of sys-
temic lupus erythematosus is dramatically lower in
western Africans than in black Americans, two popu-
lations derived from the same ethnic group but ex-
posed to different environments.
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 Conversely, Britons
migrating to northern Australia have a decreased fre-
quency of multiple sclerosis,

 

34

 

 providing a negative
control for the positive migration data, which in prin-
ciple could represent underdiagnosis.

 

Interactions between Genetic and Environmental Factors

 

The degree to which genetic and environmental fac-
tors influence susceptibility to autoimmune and aller-
gic diseases is still ill defined. The best hint derives
from the concordance rates of such diseases in mono-

 

Figure 1.

 

 Inverse Relation between the Incidence of Prototypical Infectious Diseases (Panel A) and the Incidence of
Immune Disorders (Panel B) from 1950 to 2000.
In Panel A, data concerning infectious diseases are derived from reports of the Centers for Disease Control and Pre-
vention, except for the data on hepatitis A, which are derived from Joussemet et al.
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variation is associated with the 
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variation in a population that is 
attributable to genetic 
variation among individuals.

shared across littermates, often the majority of domi-
nant phylotypes in an animal’s gut bacteria are unique or 
shared with just a subset of other animals22,27. Separating 
littermates into different cages can drive the differences 
in their microbiota further. For instance, when the abun-
dances of the eight members of the altered Schaedler 
flora29 were analysed in isogenic mice, it was found that 
those mice that were cohabiting at weaning, whether 
from the same or different litters, had little variation in 
their microbiota profiles. By contrast, the microbiota of 
litters split among different cages at weaning diverged 
in composition. Interestingly, the degree of divergence 
depended on the genotype of the mouse30. Thus, although 
the initial inoculum may be largely obtained from the 
mother, stochastic differences in the colonization process 
between mice, and subtle differences in their environ-
ments, interact with the mouse genotype to determine 
inter-mouse variation in the microbiome31.

Effect of diet on microbiome variation. Diet is one of the 
most important factors shaping microbial diversity in 
the gut, and its effect on the composition of the human 
microbial community is reviewed elsewhere32,33. Here, 
we highlight how changes in the diet can alter the rela-
tive abundances of the taxa that are already present in 
the community. One family of the Firmicutes in particu-
lar, the Erysipelotrichaceae, has been shown by several 
independent studies to alter in abundance in response 
to changes in the amount of dietary fat. After inducing 
obesity in mice by feeding them a ‘Western’ diet (high 
in saturated and unsaturated fats), a bloom occurred for 
an uncultured member of the family Erysipelotrichaceae 
that is related to the human-associated Eubacterium 
dolichum19. The relative abundance of this uncultured 
phylotype diminished when the mouse diet was changed 
to the usual mouse chow19. In a subsequent set of experi-
ments using ‘humanized’ mice (formerly germ-free mice 
harbouring a human faecal microbiota), human-derived 
erysipelotrichi were found to bloom under a high-fat 
diet34. Other groups have also noted that erysipelotrichi 
respond to dietary fat: for instance, it has been reported 
that four clades of this family reacted differently (either 
increased or decreased in abundance) to high-fat and 
low-fat diets in mice35. In humans, changes in diet 
composition can also lead to shifts in the abundances 
of specific gut taxa. For example, changes in the dietry 
amounts of particular carbohydrates result in changes in 
population levels of the butyrate-producing Roseburia 
spp.36. Bacteroides spp. differ in their ability to use spe-
cific substrates such as inulin, and these differences can 
predict the outcomes of competitive interactions between 
the species37. Microbial specialization to diet substrates 
probably underlies the high species diversity of the gut 
microbiota, as bacterial species partition the niche space 
according to their substrate preference and use and, as 
a result, modulation of the diet composition alters the 
relative abundances of the taxa that are present.

Host genetics and the heritability of the microbiota
A significant association between variation in the com-
position of the gut microbiota and variation in the 

genotype of the host would be a hallmark of genetic con-
trol. This type of influence is distinct from inheritance  
of the microorganisms themselves via ‘non-genetic’ 
transmission between generations (for example, the 
maternal effect). In the simplest scenario, specific host 
alleles would result in a different microbiota that may 
be detrimental or beneficial to host health. Studies 
using human twins, comparisons between mouse lines, 
and a more recent ‘quantitative trait loci’ (QTL) detec-
tion approach have measured the heritability of the gut 
microbiota; these studies have yielded contrasting but 
informative results, as discussed below.

Human twin studies. Several studies have used compari-
sons between monozygotic (MZ; identical) and dizygotic 
(DZ; fraternal) twins to ascertain the heritability of the 
microbiota13. Heritability can be assessed using a classic 
technique in which a measure of the phenotypic trait of 
interest is correlated for twin pairs, and the strength  
of the correlation is compared for MZ versus DZ twin 
pairs (that is, h2 = 2 × (rMZ – rDZ), in which h2 is herit-
ability and r is the correlation between twins). In tradi-
tional twin studies, it is assumed that the resemblance 
between twins that is due to common environmental 
effects is the same for MZ and DZ twins. For any given 
component of the microbiota, a greater within-pair simi-
larity for MZ twins than for DZ twins would be an indi-
cation of heritability. Heritable aspects of the microbiota 
that are under host genetic control could include, for 

Figure 2 | Gut microbial dysbiosis associated with 
disease. The relative abundances of the predominant 
bacterial phyla: in caecal samples from patients with 
inflammatory bowel disease (using clone libraries for 
bacterial identification)17 (part a); in faecal samples from 
VGP�JGCNVJ[�EQPVTQNU�CPF�VGP�RCVKGPVU�YKVJ�V[RG|��FKCDGVGU�
(using pyrosequencing)16 (part b); and in faecal samples 
from ten healthy infants and ten infants with necrotizing 
enterocolitis (using clone libraries)18 (part c).
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dence of the disease is also low. Conversely, the inci-
dence of type 1 diabetes is high among residents of
Sardinia (as compared with residents of neighboring
regions) as well as in first-degree descendants of Sar-
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The contribution of genetic factors to the north–
south gradient seems small, however, as compared

with the contribution of environment. Environmen-
tal factors could account for the rapid increase in the
incidence of allergic and autoimmune diseases in de-
veloped countries. There are striking data on the inci-
dence of multiple sclerosis, type 1 diabetes, and asth-
ma in populations migrating from one country to
another in which the rates of these disorders differ.
The rate of development of type 1 diabetes among
the children of Pakistanis who migrated to the United
Kingdom is the same as the rate among nonimmi-
grants in the United Kingdom (11.7 per 100,000), or
about 10 times as high as the incidence of type 1 di-
abetes in Pakistan (1 per 100,000).
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tiple sclerosis is common among immigrants from Eu-
rope and rare among immigrants from Africa or Asia.
By contrast, among native-born Israelis of European,
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sclerosis is as high as that among the European immi-
grants.
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 It is also notable that the frequency of sys-
temic lupus erythematosus is dramatically lower in
western Africans than in black Americans, two popu-
lations derived from the same ethnic group but ex-
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 Conversely, Britons
migrating to northern Australia have a decreased fre-
quency of multiple sclerosis,
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 providing a negative
control for the positive migration data, which in prin-
ciple could represent underdiagnosis.
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tors influence susceptibility to autoimmune and aller-
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