
UC Santa Cruz
UC Santa Cruz Previously Published Works

Title
Conservation of biodiversity as a strategy for improving human health and well-being

Permalink
https://escholarship.org/uc/item/23t7j54h

Journal
Philosophical Transactions of the Royal Society B Biological Sciences, 372(1722)

ISSN
0962-8436

Authors
Kilpatrick, A Marm
Salkeld, Daniel J
Titcomb, Georgia
et al.

Publication Date
2017-06-05

DOI
10.1098/rstb.2016.0131
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/23t7j54h
https://escholarship.org/uc/item/23t7j54h#author
https://escholarship.org
http://www.cdlib.org/


rstb.royalsocietypublishing.org
Review
Cite this article: Kilpatrick AM, Salkeld DJ,

Titcomb G, Hahn MB. 2017 Conservation of

biodiversity as a strategy for improving human

health and well-being. Phil. Trans. R. Soc. B

372: 20160131.

http://dx.doi.org/10.1098/rstb.2016.0131

Accepted: 18 January 2017

One contribution of 13 to a theme issue

‘Conservation, biodiversity and infectious

disease: scientific evidence and policy

implications’.

Subject Areas:
ecology, health and disease and epidemiology

Keywords:
dilution effect, biodiversity, land use,

disease risk, public health, conservation

Author for correspondence:
A. Marm Kilpatrick

e-mail: akilpatr@ucsc.edu
& 2017 The Author(s) Published by the Royal Society. All rights reserved.
Conservation of biodiversity as a
strategy for improving human health
and well-being

A. Marm Kilpatrick1, Daniel J. Salkeld2, Georgia Titcomb3 and Micah B. Hahn4

1Department of Ecology and Evolutionary Biology, University of California, Santa Cruz 95064, USA
2Department of Biology, Colorado State University, Fort Collins, CO 80523, USA
3Department of Ecology, Evolution, and Marine Biology, University of California, Santa Barbara, CA 93106, USA
4Centers for Disease Control and Prevention, Fort Collins, CO 80521, USA

AMK, 0000-0002-3612-5775; GT, 0000-0002-2206-1125

The Earth’s ecosystems have been altered by anthropogenic processes, includ-

ing land use, harvesting populations, species introductions and climate

change. These anthropogenic processes greatly alter plant and animal commu-

nities, thereby changing transmission of the zoonotic pathogens they carry.

Biodiversity conservation may be a potential win–win strategy for maintain-

ing ecosystem health and protecting public health, yet the causal evidence to

support this strategy is limited. Evaluating conservation as a viable public

health intervention requires answering four questions: (i) Is there a general

and causal relationship between biodiversity and pathogen transmission,

and if so, which direction is it in? (ii) Does increased pathogen diversity

with increased host biodiversity result in an increase in total disease

burden? (iii) Do the net benefits of biodiversity conservation to human well-

being outweigh the benefits that biodiversity-degrading activities, such as

agriculture and resource utilization, provide? (iv) Are biodiversity conserva-

tion interventions cost-effective when compared to other options employed

in standard public health approaches? Here, we summarize current knowl-

edge on biodiversity–zoonotic disease relationships and outline a research

plan to address the gaps in our understanding for each of these four questions.

Developing practical and self-sustaining biodiversity conservation inter-

ventions will require significant investment in disease ecology research to

determine when and where they will be effective.

This article is part of the themed issue ‘Conservation, biodiversity and

infectious disease: scientific evidence and policy implications’.
1. Introduction
The need to feed, clothe and house humanity has altered most of the Earth’s eco-

systems [1]. The dominant anthropogenic processes include the conversion of

natural landscapes for agriculture and urbanization, the accidental or purposeful

introduction of non-native species, and direct harvesting of wild populations

(figure 1). These activities have greatly altered the composition of biotic commu-

nities [3] and they sometimes (but not always) reduce local diversity [3,4]. Human

activities have substantially impacted ecosystems, including changes in veg-

etation structure and microclimates, nutrient cycling, water purification and the

emergence of infectious diseases [5,6].

The effects of anthropogenic processes on the transmission of infectious

diseases have gained substantial attention in the past decade due to the simul-

taneous erosion of biodiversity [4] and the increase in emerging disease events

[7]. If these two processes are causally linked, then conservation of biodiversity

might benefit humans by reducing zoonotic disease risk [8]. However, questions

have been raised about the causality and generality of relationships between biodi-

versity and zoonotic disease risk [9–11]. A fundamental question is whether

conservation interventions will increase overall human well-being, including
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Figure 1. A framework for developing biodiversity conservation interventions to improve human well-being by reducing the total infectious-disease burden. The
causality and direction of the effect (positive or negative) of the three numbered black arrows determine the impact of biodiversity conservation interventions on
well-being, and are the topics of sections 2 – 4 in the text. Anthropogenic processes influence biotic and abiotic factors, human behaviour and non-infectious –
disease factors. Host diversity for zoonotic pathogens can be quantified in many different ways and is relative, such that the baseline for comparisons is key. Beige
boxes illustrate six proposed potential mechanisms by which host diversity can influence transmission [2], and an example of a nonlinear relationship between
disease risk and host diversity. Stars indicate possible linkages between host diversity and disease risk. The blue box indicates that spatial and temporal scales
are important at all stages from research to intervention.
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impacts on the total burden of infectious diseases, as well as

other effects on physical, mental and societal well-being.

Determining the effectiveness of biodiversity conservation

as a public health strategy requires addressing four questions

about the link between biodiversity and the transmission of

pathogens, within a context of limited resources and economic

trade-offs. First, is there a general and causal relationship

between host biodiversity and disease risk, and which direc-

tion is it in? Second, if this link is causal and negative for

the majority of individual pathogens, does the increased diver-

sity of pathogens that are present in more diverse host

communities result in a net total increase or decrease in the

burden of infectious disease? Third, is the net benefit of bio-

diversity conservation to human well-being greater than the

benefits provided by diversity-degrading anthropogenic

process (e.g. agricultural land-use change or harvesting a

species)? Fourth, are biodiversity conservation interventions

feasible and cost-effective when compared to other options

employed in standard public health approaches, such as

vaccination or treatment?

In assessing biodiversity conservation interventions, we

consider the two most commonly proposed interventions to

increase biodiversity—reintroducing species, and habitat

conservation, restoration or alteration. Habitat modification

can sometimes target specific species (or suites of species)

and lead to both increases and decreases in of different

hosts. Decreases in abundant species can lead to increases

in diversity metrics that include community evenness.
Here, we consider evidence available to answer each of

these four questions, and we outline steps needed to bridge

the gap to assess the viability of biodiversity conservation

as a public health strategy. Most previous work has

addressed the first question—whether host biodiversity is

correlated with disease risk—and thus our treatment of the

four questions is skewed towards this topic. Nonetheless,

we discuss all four questions in our review because all are

fundamentally important, despite the paucity of evidence

on which to base firm conclusions for the latter three [12].
2. Disentangling the causal effects of biodiversity
on disease from other effects of
anthropogenic change

Urbanization and agricultural expansion have greatly changed

biological communities [3], reducing vertebrate species diver-

sity in many habitats [4,13]. While land use influences

disease in myriad ways [14], researchers have focused on deter-

mining whether erosion of biodiversity will lead to an increase

or decrease in disease risk—hypotheses called the ‘dilution

effect’, and ‘amplification effect’, respectively [8,15,16]. The

name dilution effect originates from the mechanism proposed

for the Lyme disease system; the addition of less competent

host species (birds, raccoons, opossums and skunks) to com-

munities consisting of highly competent hosts (white-footed



Table 1. Summary of different types of evidence for host biodiversity – disease risk relationships in published studies of zoonotic pathogens. The second column
summarizes the correlational analyses presented in the paper between diversity and disease risk. The colour of cells in this column indicates the sign of the
significant coefficient(s) between diversity and disease risk as reported in the cited study, with green indicating only negative significant relationships, red
indicating only positive significant relationships and yellow indicating either both positive and negative significant coefficients, no significant correlations or
uncertain correlations (see notes). The text in each cell in this column indicates the level of significance (not significant (n.s.) ¼ p . 0.05; *0.05 . p . 0.01;
**p , 0.01) and sign of the coefficient (+ ¼ disease risk decreased/increased with host diversity) for all the analyses reported in the paper. Columns 3 – 6
indicate the presence of data for each of the four types of evidence described in the main text in support of mechanistic relationships between diversity and
disease risk. Pathogen abbreviations: SNV, Sin Nombre virus; a hantavirus; WNV, West Nile virus.

pathogen/disease
diversity – disease
risk correlation

community
assembly

host
competence

diversity – host/
vector abundance

diversity – disease
vector contact ref.

anaplasmosis 2 (þ *,2*) [23]

Andes virus 5 (2 *), 11 (n.s.) [24]

hantavirus 1 (? **)a [25]

Lyme disease 1(þ *), 3 (n.s.) [26]

Lyme disease 1 (n.s.) [27]

SNV 1(2 **) [28]

SNV 1(2 **) [29]

SNV 1(2 *) [30]

SNV 2(2 *,**), 4 (n.s.) [31]

SNV 1 (n.s.) [32]

WNV 8 (2 *2**), 4

(n.s.)

[33]

WNV 2 (2 *,**) 2 (n.s.) [34]

WNV 2 (n.s.) [35]

leptospirosis 1 (2 **) [36]

Chagas disease ?b [37]

gut bacteriac 1 (2 *) [38]

negative data present

key mixed/n.s. partial data

positive no data
aThe experiment in this study removed species from plots and measured the change in host infection prevalence, but did not indicate how communities
naturally assemble in this region, so the direction of the relationship between naturally occurring diversity and disease risk is difficult to interpret.
bThe statistical analysis was not reported in the paper.
cThis study correlated combined prevalence of four groups of pathogens: Escherichia coli, Giardia spp., Salmonella spp. and Cryptosporidium spp.
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mice, eastern chipmunks and shrews) is hypothesized to

‘dilute’ the transmission of the Lyme disease bacterium

to larval ticks by these species, thereby reducing infection

prevalence in nymph ticks [17,18].

A suite of mechanisms has been proposed to explain how

diversity (usually of hosts, but possibly also of vectors or

microbiota, and measured in a variety of ways; figure 1)

could influence transmission and result in either a dilution or

amplification effect. These mechanisms include alterations

in host and vector contact rates, abundance, vital rates and

infectiousness (figure 1, beige box with star) [2]. For each

mechanism, either dilution or amplification can occur as host

composition and diversity changes. Anthropogenically altered

habitats tend to have fewer large predators, smaller-bodied

species, and more introduced species than undisturbed habi-

tats [19,20]. The traits of species, including their contact rates,

their infectiousness for each pathogen, and their impact on

other host and vector species will determine whether they are

amplification or dilution hosts [21,22]. Determining whether

increasing biodiversity will result in dilution or amplification
requires data from multiple pathogen systems, and multiple

studies of the same pathogen system to understand how

geographical and ecological variation influence transmission.

A recent meta-analysis of 61 experimental and observa-

tional studies of the dilution effect in plants and animals

found a strong overall negative correlation between diversity

and disease risk, and negative (but not necessarily significant)

coefficients in 182 of 202 effects [16]. Most studies focused on a

single pathogen, and correlated host diversity (usually species

richness) with some measure of disease risk—infection preva-

lence in vectors or the density of infected vectors for vector-

borne diseases, and the density or prevalence of infected

hosts of a focal species for directly transmitted pathogens.

We examined mechanistic evidence for biodiversity influen-

cing disease risk in the 16 studies from this meta-analysis

that examined the effect of host diversity on zoonotic patho-

gens to outline future research needs (table 1). We focused on

zoonotic pathogens, since these are the pathogens with direct

impacts on human health. Although the majority of compari-

sons in these studies were non-significant and there were
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sometimes mixed results for the same pathogen, the majority of

studies found at least one significant negative correlation

(table 1). Thus, overall, the available data suggest that there is

some correlational support in many zoonotic systems for a

dilution effect, and that some species or species groups are

more important than others in transmission.

The next step required to develop biodiversity conserva-

tion as a public health intervention is to determine whether

correlational relationships between host biodiversity and

pathogen transmission are causal and to determine the mech-

anism and host species that are most important in reducing

disease risk. Targeted biodiversity conservation interventions

may be more effective, especially if they are guided by a

mechanistic understanding of transmission ecology. For

example, some conservation actions (e.g. habitat preservation

or restoration) may reduce host species diversity by reducing

human commensals or invasive species, both of which some-

times make up significant components of host diversity in

human-dominated areas, and can act as important reservoirs

of disease [19]. In addition, although many previous studies

of the dilution effect used relatively simple measures of

diversity (e.g. species richness), the impact of biodiversity

conservation interventions is likely to differ depending

on the identity and relative abundance of species in the

community [26].

Theory [2,21,39,40] suggests that determining causal

relationships between naturally occurring patterns of host

diversity on pathogen transmission requires three types of

data:

(1) Predictable patterns of community assembly across natu-

rally occurring diversity gradients including richness,

composition and abundance.

(2) Estimates of host competence, including susceptibility to

infection, and infectiousness (including magnitude and

duration).

(3) Data showing the effect of ‘diluting’ species on: (i) ‘ampli-

fying’ hosts or vector abundance, (ii) contact rates among

amplifying hosts, (iii) contact rates between vectors

and amplifying hosts, or (iv) changes in amplifying host

susceptibility to infection or infectiousness (figure 1).

Establishing a causal link between diversity and trans-

mission requires integrating these three datasets into a

mechanistic multi-host mathematical model of pathogen trans-

mission. Models can be used to quantify the magnitude and

direction of the effect of natural variation in species diversity

on transmission, independent of habitat change effects, or

other factors that change across the natural gradient. A combi-

nation of experimental approaches, which reduce issues with

confounded variables, and observational studies, which have

less experimentally introduced artefacts, larger spatial scale,

sometimes larger sample sizes and less restricted scopes of infer-

ence is often most effective. Theory shows that diversity can

reduce transmission through some mechanisms while increas-

ing it through others [2,21,39,40], and both theory and the

empirical results collected thus far indicate that some species

play a much larger role than others [18,30,41]. An integrative

approach is needed to determine the net effects of diversity,

and the role of each species in transmission.

Some studies on zoonotic pathogens have already col-

lected one or more of these three types of data, but much

more research is needed to show that observed correlations
are causal and to identify the mechanisms by which diversity

is influencing disease risk (table 1). Many of these data gaps

are due, in part, to the greater difficulty of quantifying species

interactions among hosts (or hosts and vectors), especially in

comparison to measuring correlations between estimates of

species richness or diversity with disease risk. However,

additional research to fill these gaps is needed, because

correlations between disease risk and diversity can be mis-

leading in both directions; they can provide spurious

positive evidence of causal relationships (in either direction),

and they can hide causal relationships between host diversity

and transmission. This is because many factors other than

host species diversity influence transmission (e.g. climate,

habitat and vector abundance) and can mask dilution or

amplification effects, resulting in non-significant correlations

between host diversity and disease. Similarly, covariance

between host diversity and other factors can also create

spurious significant correlations.

The likelihood that there will be confounding factors in

observational field studies is very high, because the same dis-

turbance or habitat gradient that creates gradients in host

species diversity also alters many other aspects of trans-

mission. For example, for vector-borne disease such as

Lyme disease or West Nile encephalitis, increasing forest

fragmentation can simultaneously increase vector abundance

[42,43] and decrease host diversity, and the former may be

confused with the latter as the cause of increased disease

risk. Habitat differences can also create spurious correlations

for directly transmitted pathogens. For example, observa-

tional field studies of hantaviruses have found correlations

between host diversity and disease risk, measured as the den-

sity of infected small mammal hosts, and have hypothesized

that these patterns result from increased competition [31] or

predation [32], or reduced contact rates due to behavioural

interference [30] as biodiversity increases. However, differ-

ences in habitat (rather than host diversity) among sites in

these studies could also result in differences in host

abundance and behaviour.

The issue of confounding variables is especially important

when disease risk or incidence data come from much larger

spatial scales than the scale of transmission. Variability in

transmission for most zoonotic pathogens exists at the scale

of tens of metres or hectares [44,45]. By contrast, many studies

that use human incidence data often analyse variation among

counties [33,34], because this is the spatial unit for which

these data are often publicly available. In addition, analyses

at smaller spatial scales are challenging for low-incidence

pathogens like WNV, Lyme disease and hantaviruses, because

the majority of smaller spatial units have zero cases. Aggrega-

tion of human incidence and diversity data over large spatial

scales introduces many additional confounding variables and

noise including variation in human behaviour influencing

exposure to the pathogen, climate and habitat differences

[10,46,47]. For example, correlations between US statewide

Lyme disease incidence and host species diversity data [17]

are difficult to interpret because of confounding variables

associated with large-scale variation in climate and tick quest-

ing behaviour. Latitudinal gradients in climate alter the

phenology of nymphal and larval-stage ticks, which can

decrease infection of larval ticks in more southern states

(where host diversity was also higher), and latitudinal differ-

ences in questing behaviour have been shown to reduce

human–tick encounters in more southern states [48].
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Local-scale studies and more mechanistic data help avoid

many of these confounding variables. This is illustrated by a

recent study that collected both mechanistic and disease-risk

data on a directly transmitted fungal pathogen in Daphnia
and showed that an apparent disease risk–diversity correlation

was in fact spurious, and stemmed from differences in habitat

structure [49]. If habitat structure, rather than host diversity, is

the causal variable influencing pathogen transmission, then

interventions that focus on habitat structure will be more effec-

tive than those that alter host diversity without changing the

important aspects of habitat structure.

It is important to note that data gaps in studies of the

dilution effect (table 1) do not mean a dilution effect is not

operating in these systems. The data gaps simply indicate

that causal inference is not warranted. If correlations are

spurious and interventions increase host diversity but not

the actual causal factor, the intervention will fail to reduce

disease risk. Similarly, there may be missed opportunities

in the systems where non-significant correlations have been

found if dilution effects are being masked by other factors.

An additional challenge that arises in assessing the causal-

ity and generality of relationships between diversity and

disease risk is that the relationship is usually nonlinear and

may be unimodal with a peak at some intermediate level of

diversity for most diseases (figure 1, lower left box). When

habitats are so degraded that few host species remain (such

as in highly urbanized cities), the likelihood that some patho-

gens will persist is often low. For example, the risk of Lyme

disease in downtown New York City is near zero because

there are no deer, little leaf litter and therefore few ticks. To

reduce disease risk by conserving or restoring biodiversity, it

is obviously important to determine on which side of the

peak a given location falls before attempting an intervention.
3. Determining the net impact of increased
biodiversity on total disease burden:
accounting for multiple pathogens
and human behaviour

Most individual studies of the dilution effect examine only a

single pathogen [10,16], making it impossible to predict the

total or net patterns of disease risk and diversity. This is a

major shortcoming in our understanding of biodiversity–dis-

ease processes, and raises an important question: how would

conservation interventions that increase host biodiversity

affect total disease burden in humans (figure 1)? Answering

this question would require measuring the impact of diversity

on disease risk for all the important zoonotic pathogens in the

study area, and converting them to a common currency (e.g.

disability-adjusted life years [50,51]). There is strong evidence

that pathogen richness increases with host species richness

[52], and the vast majority of hosts are infected with many

different pathogens [53]. However, interactions between patho-

gens can be negative, positive or undetectable [54–56], and

both pathogen and host dynamics occur within a tangled

bank of species interactions [57]. A rigorous study of the net

impact of host diversity on total disease burden has never

been done for any habitat or location. It is obviously a daunting

task, but is required to assess the net impact of interventions

focused on conserving biodiversity.
Broad-scale patterns suggest that the number or burden

of infectious diseases is higher in tropical than in temperate

regions, and decreases with wealth, but shows mixed

patterns with biodiversity [58–60]. However, the spatial

scale of these studies (countries) is too large to determine

whether these correlations are causal. Further, most conserva-

tion interventions are likely to take place within countries, at

much smaller scales, making these patterns of limited value

for guiding public health interventions.

An important step in determining the impact of biodiversity

conservation is to determine how an intervention might affect

human behaviour and contact with wildlife or vectors. Vari-

ation in human behaviour determines the relationship

between disease risk and incidence (figure 1) [61] and can some-

times overwhelm differences in disease risk. For example, while

the density of infected ticks carrying the Lyme disease bacteria,

Borrelia burgdorferi, is higher in forested areas than on grass or

forest edges [45], human incidence often increases with edge

habitat [62], probably due to higher human use of forest

edges than intact forest. Similarly, some studies have found

opposing trends; forest fragmentation was correlated with

increased disease risk (the density of nymphal ticks and preva-

lence of the Lyme disease bacteria) but decreased human

incidence [63]. If a biodiversity conservation intervention

entailed creating a large forested park in a residential area, it

would be important to ensure that use of the park did not

increase exposure to vectors or infected wildlife so much that

other benefits of the park were outweighed by increased

exposure to ticks or infected wildlife and resultant disease

burden.

Our understanding of the overall impact of biodiversity

conservation interventions could be greatly improved by

studying changes in multiple infectious diseases as large-

scale development projects are implemented, as has been

done with dams and several water-borne diseases [64,65].

These projects represent landscape-scale experiments that

can provide unparalleled insight into the impact of conserva-

tion interventions. In addition, developing knowledge of net

impacts on public health in collaboration with development

organizations will maximize the impact of disease ecology

research on policy decisions [66].
4. Balancing biodiversity conservation
interventions with benefits of diversity-
degrading anthropogenic processes in
contributing to human well-being

Biodiversity conservation interventions may reduce or increase

the total burden of infectious diseases, and they also have other

impacts on human health and well-being [12,64]. Well-being

includes physical, mental and social aspects and is not merely

the absence of disease or infirmity [67]. Increasing biodiversity

through habitat conservation or restoration may have positive

effects on several aspects of well-being, including both physical

and mental health benefits associated with spending time in

nature [68,69] (e.g. decreased medical recovery time [70]).

However, while conservation of land or species may pro-

vide some increased ecosystem services [5], it may also

reduce the food or resources that are obtained from agriculture

or hunting [71,72]. A full assessment of the impact of biodiver-

sity conservation interventions must include both effects on
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infectious diseases and effects on other aspects that contribute

to human well-being, such as nutrition, non-infectious diseases

and economic wealth, and weighing them in a common cur-

rency [12,71,73]. For example, disease risk may increase with

forest clearing for agriculture [46,72], but this may be out-

weighed by benefits of the food grown on that land [74].

More inclusive assessments could use more inclusive indices

of human well-being such as those used in the United Nations’

Human Development Index [75] and the World Happiness

Report [76], but these efforts have just begun.
 g
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5. Targeted approaches and cost-effectiveness of
biodiversity conservation interventions and
other strategies

If biodiversity conservation can be shown to be causally effec-

tive in reducing disease burden in a region and to have a net

positive impact on human well-being, then the next question

is whether such conservation actions are feasible and cost-

effective at the appropriate scale. A recent review suggested

that anthropogenic land use often correlates with increased dis-

ease incidence, transmission or risk for individual diseases [14].

One might therefore hypothesize that protecting land from

anthropogenic disturbance might reduce overall disease risk.

A recent study examined how three types of diseases correlated

with the size of two types of protected natural areas (strictly

protected areas and sustainable-use protected areas) and

other land-use activities (roads and mining), in municipalities

in the Brazilian Amazon, while controlling for socioeconomic

and climatic variables [46]. Significant negative correlations

existed between strictly protected area size and malaria inci-

dence, acute respiratory infection and diarrhoeal disease in

Brazilian municipalities, supporting this biodiversity conser-

vation intervention as a strategy to benefit public health.

However, malaria incidence increased with the size of sustain-

able-use protected areas and this effect was twice as large as the

reduction in malaria incidence with strictly protected areas.

This pattern of increasing malaria incidence with the size of

sustainable-use protected areas is consistent with another

recent study that found increased malaria incidence with

forest cover around cities in Brazil [77]. The contradictory cor-

relations with different types of protected areas point to a key

challenge in developing biodiversity conservation interven-

tions as public health strategies—our understanding of the

mechanisms driving disease incidence patterns is still too

poor to predict the outcome of broad-scale land-use interven-

tions on even the most well-studied diseases like malaria

[46,78].

These challenges and the mixed patterns evident in pre-

vious studies of zoonotic pathogens (table 1) suggest that

more targeted strategies might be useful. This is supported

by many studies of multi-host pathogens that show that one

or two species appear to play the dominant role in transmission

[18,41,79,80]. Interventions targeting these focal species might

be more effective and more feasible in mitigating disease than

conserving biodiversity generally or protecting land, and they

might also have fewer detrimental secondary effects.

Designing effective targeted interventions requires identify-

ing the key hosts in transmission and developing interventions

that target those hosts. This requires a deep understanding of

both disease and population ecology, which is a substantial
challenge. For example, for Lyme disease, white-footed mice,

Peromyscus leucopus, were initially thought to be the dominant

host for infecting larval ticks with the Lyme bacteria Borrelia
burdorferi, and were targeted with a vaccine in an experimental

study [81]. Unfortunately, the impact was only modest with

significant reductions in prevalence in nymphal ticks at three

of six sites and 19% and 25% reductions overall in the 2 years

of the study. Subsequent work provided a possible explanation

for the smaller than expected impact; other small-mammal

hosts, including chipmunks and shrews, infect at least as

many ticks as mice, especially in years without oak masting,

when mice are less abundant [18,82,83]. In addition, reservoir

hosts for Lyme disease vary substantially across different

habitats and continents [44]. This variability suggests that inter-

ventions, such as restoring key predators [84], that reduce the

abundance of multiple reservoir hosts might be more effective

than simply targeting mice.

Species reintroductions to reduce pathogen transmission

are intriguing, because they potentially offer self-sustaining

impacts. For example, a recently suggested intervention to

suppress Lyme disease incidence was the reintroduction of

wolves to reduce coyote predation on foxes, with the aim to

increase predation on small-mammal host populations [84].

This intervention is based on recent work in the Midwestern

USA that showed that higher wolf abundance was correlated

with lower coyote density which in turn was correlated with

higher fox abundance [85]. Reintroducing wolves was

hypothesized to increase predation on small mammals,

because foxes can occur at higher densities than coyotes

and have a more carnivorous diet focused on small mammals

[84]. The introduction of wolves might also reduce the den-

sity of deer, the most important host for adult ticks [86],

although it is unclear whether densities would be depressed

enough to impact tick population dynamics [44].

This work is so far purely correlational and rests on

untested assumptions (i.e. that wolf reintroduction will

increase small-mammal predation rates, and decrease the

abundance of infected nymphal ticks–the metric of disease

risk for human Lyme disease incidence; [47]). Clearly, further

study is needed to understand whether the correlational

relationships among predator densities are causal and to

explore the mechanistic interactions among predators and

prey species to determine the potential efficacy of this

approach. In addition, the general public sometimes opposes

reintroducing large predators, so this type of intervention

might be challenging politically as well as logistically. None-

theless, we discuss this example because it illustrates a

potential targeted biodiversity conservation intervention

suggested by three decades of research on Lyme disease

[44,87], and, as noted above, targeted approaches may be

more effective, cheaper, and may have fewer incidental

impacts on other aspects of human well-being.

The final question for developing biodiversity conservation

interventions is to determine whether targeted or broad-scale

interventions can be cost-effective compared to other more

traditional public health interventions. Most current public

health spending is devoted to the development and distri-

bution of vaccines and drugs for treatment, promoting

personal protective measures (including avoiding contact

with vectors or human–wildlife contact), sanitation, develop-

ment (e.g. screens on windows) and vector control. Some of

these methods are relatively cheap, including hand washing,

using insecticide-treated bed-nets for mosquito-borne disease,
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or checking oneself for ticks. Others require perpetual action

and often come with substantial costs, including vaccination,

drug treatment and vector control.

The most rigorous approach to assessing the impact of

public health control interventions is analyses that explicitly

compare the cost of intervention to a monetary value of dis-

ease averted, across a range of transmission intensities. These

analyses have guided the roll-out of vaccines, bed-nets and

HIV treatment [88–90], and have been done for some ecosys-

tem services [91]. Similar cost–benefit analyses are needed

for biodiversity conservation interventions once they can be

shown to be efficacious [12].

Previous research provides initial estimates of some of the

costs of biodiversity conservation interventions, but much

more work is needed for estimating both costs and benefits.

For example, setting aside land for protected areas, altering

urban planning and large-scale restoration to reduce forest

fragmentation all carry both initial costs as well as recurring

management costs that vary with the local setting [62,92].

Recurring costs for maintaining protected areas measured

per square kilometre per year decrease approximately four

orders of magnitude as the size of protected areas increase

from 1 to 10 000 km2 [92]. Costs for reintroductions of extir-

pated species can also be substantial; initial costs for wolf-re-

introduction to Yellowstone National Park included several

hundred thousand dollars for translocation and release, in

addition to substantial resources to address lawsuits by parties

opposed to the reintroduction. Some smaller-scale biodiversity

conservation interventions can be cheaper, including removal

of invasive vegetation that provides attractive habitat for

overly abundant deer [93], or installing owl or bat boxes to

increase predation on small mammals and mosquitoes,

respectively. However, the effectiveness of these inexpensive

measures on large spatial and temporal scales is unknown.

Once the efficacy of biodiversity conservation interven-

tions can be determined, the next step is to combine the

cost of the intervention with the benefits of the disease

burden alleviated. This is often done for different monetary

valuations of disease burden. The final step is to compare

the cost–benefit calculations for biodiversity conservation

interventions with other approaches to determine which
might be most efficacious. Some biodiversity conservation

interventions (e.g. species reintroductions, protected natural

areas) may have lower recurring costs than many standard

public health strategies. This advantage would increase

their net benefit in long-term assessments.
6. Conclusion
Humans are continually altering Earth’s ecosystems. The high

and increasing living standards in developed and rapidly

developing countries, respectively, result in the conversion of

additional land to agriculture and urban area, increased

energy use, climate change and biotic homogenization.

These changes present new challenges as novel pathogens

spill over from wildlife when human activities encroach into

natural areas, pathogens are introduced to new regions,

novel host species are introduced to new continents or islands,

populations of animals increase or decrease as land-use

changes, and climates shift to become warmer, and wetter or

drier. These challenging threats to public health may demand

novel interventions and strategies. We summarized research

needed to develop biodiversity conservation interventions

into public health tools. Substantial increases in knowledge

are required before the impacts and cost-effectiveness of

these interventions on human well-being can be accurately

determined, and we have outlined methodologies to advance

this approach. If diverse communities can be shown to provide

net benefits to human well-being, this could provide powerful

motivation for preserving Earth’s remaining biodiversity.
Authors’ contributions. All authors developed the conceptual framework.
A.M.K. wrote the first draft of the manuscript. All authors provided
feedback.

Competing interests. We have no competing interests.

Funding. We acknowledge grants from the National Science Foun-
dation (EF-0914866, DEB-1115895 and DEB-1336290) and the
National Institutes of Health (1R01AI090159).

Acknowledgements. We thank Jeff Vincent, Alan Hitch, and the attendees
of the 2015 Catalysis Meeting, Biodiversity, Conservation and Infec-
tious Disease.
References
1. Foley JA et al. 2005 Global consequences of land
use. Science 309, 570 – 574. (doi:10.1126/science.
1111772)

2. Keesing F, Holt RD, Ostfeld RS. 2006 Effects of
species diversity on disease risk. Ecol. Lett. 9,
485 – 498. (doi:10.1111/j.1461-0248.2006.00885.x)

3. Dornelas M, Gotelli NJ, McGill B, Shimadzu H,
Moyes F, Sievers C, Magurran AE. 2014 Assemblage
time series reveal biodiversity change but not
systematic loss. Science 344, 296 – 299. (doi:10.
1126/science.1248484)

4. Dirzo R, Young HS, Galetti M, Ceballos G, Isaac NJB,
Collen B. 2014 Defaunation in the Anthropocene.
Science 345, 401 – 406. (doi:10.1126/science.1251817)

5. Cardinale BJ et al. 2012 Biodiversity loss and its
impact on humanity. Nature 486, 59 – 67. (doi:10.
1038/nature11148)
6. Hooper DU et al. 2012 A global synthesis reveals
biodiversity loss as a major driver of ecosystem
change. Nature 486, U105 – U129. (doi:10.1038/
nature11118)

7. Jones KE, Patel NG, Levy MA, Storeygard A, Balk D,
Gittleman JL, Daszak P. 2008 Global trends in
emerging infectious diseases. Nature 451,
990 – 993. (doi:10.1038/nature06536)

8. Keesing F et al. 2010 Impacts of biodiversity on the
emergence and transmission of infectious diseases.
Nature 468, 647 – 652. (doi:10.1038/nature09575)

9. Randolph SE, Dobson ADM. 2012 Pangloss revisited: a
critique of the dilution effect and the biodiversity –
buffers – infection paradigm. Parasitology 139,
847 – 863. (doi:10.1017/S0031182012000200)

10. Salkeld DJ, Padgett KA, Jones JH. 2013 A meta-
analysis suggesting that the relationship between
biodiversity and risk of zoonotic pathogen
transmission is idiosyncratic. Ecol. Lett. 16,
679 – 686. (doi:10.1111/ele.12101)

11. Wood CL, Lafferty KD, DeLeo G, Young HS, Hudson
PJ, Kuris AM. 2014 Does biodiversity protect
humans against infectious disease? Ecology 95,
817 – 832. (doi:10.1890/13-1041.1)

12. Pattanayak SK, Kramer RA, Vincent JR. 2017
Ecosystem change and human health:
implementation economics and policy. Phil. Trans. R.
Soc. B 372, 20160130. (doi:10.1098/rstb.2016.0130)

13. Ricketts T, Imhoff M. 2003 Biodiversity, urban areas,
and agriculture: locating priority ecoregions for
conservation. Conserv. Ecol. 8, 1. (doi:10.5751/ES-
00593-080201)

14. Gottdenker NL, Streicker DG, Faust CL, Carroll CR.
2014 Anthropogenic land use change and infectious

http://dx.doi.org/10.1126/science.1111772
http://dx.doi.org/10.1126/science.1111772
http://dx.doi.org/10.1111/j.1461-0248.2006.00885.x
http://dx.doi.org/10.1126/science.1248484
http://dx.doi.org/10.1126/science.1248484
http://dx.doi.org/10.1126/science.1251817
http://dx.doi.org/10.1038/nature11148
http://dx.doi.org/10.1038/nature11148
http://dx.doi.org/10.1038/nature11118
http://dx.doi.org/10.1038/nature11118
http://dx.doi.org/10.1038/nature06536
http://dx.doi.org/10.1038/nature09575
http://dx.doi.org/10.1017/S0031182012000200
http://dx.doi.org/10.1111/ele.12101
http://dx.doi.org/10.1890/13-1041.1
http://dx.doi.org/doi:10.1098/rstb.2016.0130
http://dx.doi.org/10.5751/ES-00593-080201
http://dx.doi.org/10.5751/ES-00593-080201


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

372:20160131

8
diseases: a review of the evidence. Ecohealth 11,
619 – 632. (doi:10.1007/s10393-014-0941-z)

15. Ostfeld RS, Keesing F. 2012 Effects of host diversity
on infectious disease. In Annual review of ecology,
evolution, and systematics, vol 43 (ed. DJ Futuyma),
pp. 157 – 182. Palo Alto, CA: Annual Reviews.

16. Civitello DJ et al. 2015 Biodiversity inhibits
parasites: broad evidence for the dilution effect.
Proc. Natl Acad. Sci. USA 112, 8667 – 8671. (doi:10.
1073/pnas.1506279112)

17. Ostfeld RS, Keesing F. 2000 Biodiversity and disease
risk: the case of Lyme disease. Conserv. Biol. 14,
722 – 728. (doi:10.1046/j.1523-1739.2000.99014.x)

18. LoGiudice K, Ostfeld RS, Schmidt KA, Keesing F.
2003 The ecology of infectious disease: effects of
host diversity and community composition on
Lyme disease risk. Proc. Natl Acad. Sci. USA 100,
567 – 571. (doi:10.1073/pnas.0233733100)

19. Young HS, Parker IM, Gilbert G, Guerra AS, Nunn CL.
2017 Introduced species, disease ecology, and
biodiversity – disease relationships. Trends Ecol.
Evol. 32, 108 – 117. (doi:10.1016/j.tree.2016.09.008)

20. Estes JA et al. 2011 Trophic downgrading of planet
earth. Science 333, 301 – 306. (doi:10.1126/science.
1205106)

21. Joseph MB, Mihaljevic JR, Orlofske SA, Paull SH.
2013 Does life history mediate changing disease risk
when communities disassemble? Ecol. Lett. 16,
1405 – 1412. (doi:10.1111/ele.12180)

22. Faust CL, Dobson AP, Gottdenker N, Bloomfield LSP,
McCallum HI, Gillespie TR, Diuk-Wasser M,
Plowright RK. 2017 Null expectations for disease
dynamics in shrinking habitat: dilution or
amplification? Phil. Trans. R. Soc. B 372, 20160173.
(doi:10.1098/rstb.2016.0173)

23. Foley JE, Nieto NC, Foley P. 2009 Emergence of tick-
borne granulocytic Anaplasmosis associated with
habitat type and forest change in Northern
California. Am. J. Trop. Med. Hyg. 81, 1132 – 1140.
(doi:10.4269/ajtmh.2009.09-0372)

24. Piudo L, Monteverde MJ, Walker RS, Douglass RJ.
2011 Rodent community structure and Andes virus
infection in Sylvan and Peridomestic habitats in
Northwestern Patagonia, Argentina. Vector-Borne
Zoonotic Dis. 11, 315 – 324. (doi:10.1089/vbz.
2009.0242)

25. Suzan G, Marce E, Giermakowski JT, Mills JN,
Ceballos G, Ostfeld RS, Armien B, Pascale JM, Yates
TL. 2009 Experimental evidence for reduced rodent
diversity causing increased hantavirus prevalence.
PLoS ONE 4, e5461. (doi:10.1371/journal.pone.
0005461)

26. Logiudice K, Duerr STK, Newhouse MJ, Schmidt KA,
Killilea ME, Ostfeld RS. 2008 Impact of host
community composition on Lyme disease risk.
Ecology 89, 2841 – 2849. (doi:10.1890/07-1047.1)

27. Prusinski MA et al. 2006 Habitat structure associated
with Borrelia burgdorferi prevalence in small
mammals in New York State. Environ. Entomol. 35,
308 – 319. (doi:10.1603/0046-225X-35.2.308)

28. Mills JN. 2005 Regulation of rodent-borne viruses in the
natural host: implications for human disease. Arch.
Virol. 19, 45 – 57. (doi:10.1007/3-211-29981-5_5)
29. Dizney LJ, Ruedas LA. 2009 Increased host species
diversity and decreased prevalence of Sin Nombre
Virus. Emerg. Infect. Dis. 15, 1012 – 1018. (doi:10.
3201/eid1507.081083)

30. Clay CA, Lehmer EM, Jeor SS, Dearing MD. 2009 Sin
Nombre Virus and rodent species diversity: a test of
the dilution and amplification hypotheses. PLoS ONE
4, e0006467. (doi:10.1371/journal.pone.0006467)

31. Carver S, Kuenzi A, Bagamian KH, Mills JN, Rollin PE,
Zanto SN, Douglass R. 2011 A temporal dilution
effect: hantavirus infection in deer mice and the
intermittent presence of voles in Montana. Oecologia
166, 713 – 721. (doi:10.1007/s00442-010-1882-z)

32. Orrock JL, Allan BF, Drost CA. 2011 Biogeographic
and ecological regulation of disease: prevalence of
Sin Nombre Virus in Island Mice Is Related to Island
Area, precipitation, and predator richness. Am. Nat.
177, 691 – 697. (doi:10.1086/659632)

33. Ezenwa VO, Godsey MS, King RJ, Guptill SC. 2006
Avian diversity and West Nile virus: testing
associations between biodiversity and infectious
disease risk. Proc. R. Soc. B 273, 109 – 117. (doi:10.
1098/rspb.2005.3284)

34. Allan BF et al. 2009 Ecological correlates of risk and
incidence of West Nile virus in the United States.
Oecologia 158, 699 – 708. (doi:10.1007/s00442-008-
1169-9)

35. Loss SR, Hamer GL, Walker ED, Ruiz MO, Goldberg
TL, Kitron UD, Brawn JD. 2009 Avian host
community structure and prevalence of West Nile
virus in Chicago, Illinois. Oecologia 159, 415 – 424.
(doi:10.1007/s00442-008-1224-6)

36. Derne BT, Fearnley EJ, Lau CL, Paynter S, Weinstein
P. 2011 Biodiversity and leptospirosis risk: a case of
pathogen regulation? Med. Hypotheses 77,
339 – 344. (doi:10.1016/j.mehy.2011.05.009)

37. Xavier SCD, Roque ALR, Lima VD, Monteiro KJL,
Otaviano JCR, da Silva L, Jansen AM. 2012 Lower
richness of small wild mammal species and Chagas
disease risk. PLoS Negl. Trop. Dis. 6, e0001647.
(doi:10.1371/journal.pntd.0001647)

38. Kilonzo C, Li XD, Vivas EJ, Jay-Russell MT, Fernandez
KL, Atwill ER. 2013 Fecal shedding of zoonotic food-
borne pathogens by wild rodents in a major
agricultural region of the Central California Coast.
Appl. Environ. Microbiol. 79, 6337 – 6344. (doi:10.
1128/aem.01503-13)

39. Dobson A. 2004 Population dynamics of pathogens
with multiple host species. Am. Nat. 164,
S64 – S78. (doi:10.1086/424681)

40. O’Regan SM, Vinson JE, Park AW. 2015 Interspecific
contact and competition may affect the strength
and direction of disease-diversity relationships for
directly transmitted microparasites. Am. Nat. 186,
480 – 494. (doi:10.1086/682721)

41. Kilpatrick AM, Daszak P, Jones MJ, Marra PP, Kramer
LD. 2006 Host heterogeneity dominates West Nile
virus transmission. Proc. R. Soc. B 273, 2327 – 2333.
(doi:10.1098/rspb.2006.3575)

42. Allan BF, Keesing F, Ostfeld RS. 2003 Effect of forest
fragmentation on Lyme disease risk. Conserv. Biol.
17, 267 – 272. (doi:10.1046/j.1523-1739.2003.
01260.x)
43. Andreadis TG, Anderson JF, Vossbrinck CR, Main AJ.
2004 Epidemiology of West Nile virus in
Connecticut: a five-year analysis of mosquito
data 1999 – 2003. Vector-Borne Zoonotic Dis. 4,
360 – 378. (doi:10.1089/vbz.2004.4.360)

44. Kilpatrick AM et al. 2017 Lyme disease ecology in a
changing world: consensus, uncertainty and critical
gaps for improving control. Phil. Trans. R. Soc. B
372, 20160117. (doi:10.1098/rstb.2016.0117)

45. Horobik V, Keesing F, Ostfeld RS. 2006 Abundance
and Borrelia burgdorferi-infection prevalence of
nymphal Ixodes scapularis ticks along forest-field
edges. Ecohealth 3, 262 – 268. (doi:10.1007/s10393-
006-0065-1)

46. Bauch SC, Birkenbach AM, Pattanayak SK, Sills EO.
2015 Public health impacts of ecosystem change in
the Brazilian Amazon. Proc. Natl Acad. Sci. USA 112,
7414 – 7419. (doi:10.1073/pnas.1406495111)

47. Pepin KM, Eisen RJ, Mead PS, Piesman J, Fish D,
Hoen AG, Barbour AG, Hamer S, Diuk-Wasser MA.
2012 Geographic variation in the relationship
between human Lyme disease incidence and density
of infected host-seeking Ixodes scapularis Nymphs in
the Eastern United States. Am. J. Trop. Med. Hyg. 86,
1062 – 1071. (doi:10.4269/ajtmh.2012.11-0630)

48. Arsnoe IM, Hickling GJ, Ginsberg HS, McElreath R,
Tsao JI. 2015 Different populations of blacklegged
tick nymphs exhibit differences in questing behavior
that have implications for human Lyme disease risk.
PLoS ONE 10, e0127450. (doi:10.1371/journal.pone.
0127450)

49. Strauss AT, Shocket MS, Civitello DJ, Hite JL,
Penczykowski RM, Duffy MA, Cáceres CE, Hall SR. 2016
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