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SUMMARY

As a result of the COVID-19 pandemic, there is heightened public interest in the risk factors that
lead to such events. This report contains an overview of the literature linking declines in the
integrity of ecosystems to impacts on human health, in particular the risk of emerging infectious
disease outbreaks that originate in wildlife. The review identified four key findings, as follows.

1. Degradation has significantly altered ecological systems worldwide and continues to
expand into new areas.

2. The majority of emerging infectious disease! threats are zoonotic, originate from wildlife,
and often cause major social and economic impacts.

3. Ecological degradation increases the overall risk of zoonotic disease outbreaks
originating from wildlife.

a. This relationship has been shown for multiple individual diseases, in regional
and global studies and in theoretical models, although the proportion of cases of
degradation that lead to substantially increased risk is not well understood.

a. The increased risk results from multiple interacting pathways including increased
human contact with pathogens and disruption in pathogen ecology.

b. The key “ingredients” that accentuate the risk of an emerging infectious disease
spillover event are activities (e.g., creation of new habitat edges, wildlife trade and
consumption, agricultural intensification) in areas of high biodiversity that
elevate contact rates between humans and certain high-risk wildlife species.

4. Degradation of ecosystems also has complex effects, feedback loops, and some notable
negative impacts on many other aspects of human health, including: the prevalence of
long-established (endemic) zoonotic diseases, the prevalence of vector-borne and water-
borne diseases; air quality; nutrition; mental health; and access to traditional medicines;
as well as effects on human health through the impacts of climate change.

Hence, avoiding ecosystem degradation (by keeping ecosystems as intact as possible and
avoiding the creation of high-risk interface zones and high-risk activities that increase human-
wildlife contact), combined with broader One Health? approaches that address the full range of
risk factors, will help to reduce the risk to humanity from emerging zoonoses and can have other
beneficial health outcomes as well.

Protecting ecological integrity should be a priority action within any comprehensive plan to
avoid future zoonotic outbreaks, alongside other critical measures such as ending the
commercial wildlife trade for human consumption, closing commercial wildlife markets,
building surveillance and response systems, providing global access to health care, and
mitigating disease risks associated with domestic animals.

A One Health approach, optimizing human health and ecological integrity, can be used to find
solutions for different landscape contexts (e.g. remote intact landscapes, mixed, partly natural
landscapes, and heavily human-dominated landscapes).

! ‘Emerging infectious diseases can be defined as infections that have newly appeared in a population or have
existed but are rapidly increasing in incidence or geographic range’ (Morse 1995).
2 www.wcs.org/one-planet-one-health-one-future; www.onehealthglobal.net/what-is-one-health/
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These conclusions are based on a range of evidence types including detailed case studies, global
analyses, modelling, and broad expert consensus.

Whilst the key conclusions are clear, it is important to acknowledge that the science is still
somewhat incomplete and it is difficult to make predictions at the scale of individual
ecosystems, locations or infectious agents, especially as outbreaks are inherently rare events and
the exact relationship between pathogen dynamics and ecosystem change is often context-
specific and subject to interactions with many other environmental, socio-economic, political
and cultural factors.

In addition to lowering disease spillover risk, avoiding environmental degradation has many
related benefits, including: climate change mitigation; climate change adaptation and
environmental resilience; maintenance of watersheds and rainfall patterns; biodiversity
conservation; and the protection of the homelands and livelihoods of Indigenous Peoples and
local communities.

INTRODUCTION

The devastating emergence of the virus causing COVID-19 has led to increased interest in the
factors that result in pandemics and other disease outbreaks. There is an extensive body of
literature on emerging infectious diseases that originate from wild animals, much of it built up
since the SARS epidemic of 2002-2004 raised global awareness of the topic. The wildlife trade
has been identified as one key risk factor and has rightly drawn a great deal of attention. This
review examines information relating to another commonly postulated risk factor - damage to
the integrity of ecosystems. It was developed to inform the institutional position WCS takes on
this topic, and the advice we share with our many partners around the world.

The review, whilst not intended to be a comprehensive or systematic review, considers a wide
sample of publications through to March 2020, with a focus on the peer-reviewed literature, and
draws on the combined expertise of scientific and policy staff from across WCS, including our
dedicated programs on wildlife health and on the conservation of intact forests.

In broad terms the integrity of an ecosystem is the degree of naturalnessor, equivalently, degree
of absence of human modification. A widely used definition of ecosystem integrity is 'the ability
of an ecological system to support and maintain a community of organisms that has species
composition, diversity, and functional organization comparable to those of natural habitats
within a region (Parrish et al. 2003).

Damage to the integrity of ecosystems can take many forms, including deforestation,
fragmentation, construction of linear infrastructure, mining, extraction of oil or gas, pollution,
altered fire regimes, logging and the draining or flooding of natural habitats. As described
below, such changes often increase the likelihood that humans will be exposed to unfamiliar
and sometimes deadly micro-organisms. We do not review data on the wildlife trade in detail,
but it is closely linked to the issue of ecological integrity, because so much of the wildlife trade is
associated with areas where degradation is taking place, often enabled by increases in access to
newly fragmented or exploited frontier regions. Furthermore, the loss of wildlife populations
(‘defaunation’) is itself an important form of ecosystem degradation, disrupting many ecological
processes.

Beyond the health aspects discussed here, high ecological integrity is also important for a wide
range of other critical values and benefits to humanity, as reviewed recently by Watson et al.
(2018) for forests.
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REVIEW OF THE EVIDENCE

The following sections cover the four linked points set out in the summary.

Point 1. Degradation has significantly altered ecological systems

Humanity has been reshaping Earth’s ecosystems for millennia. We engage in large-scale
conversion of natural habitats to agricultural crops and urban areas to feed and house our
burgeoning population, and we change the state of natural systems through activities like
hunting, logging, resource extraction, infrastructure construction, recreation and fire
management. There has been a myriad of recent attempts to map the level of anthropogenic
environmental degradation across the land and ocean with some estimates showing that ~80%
of both realms have clear evidence of anthropogenic modification, varying in extent across
particular ecosystems (Venter et al., 2016; Jones et al. 2018).

The IPBES global synthesis report released in 2019 (IPBES 2019) clearly outlined the recorded
evidence of the multitude of impacts of human activity on ecological systems, including:

o significantly altered global patterns of species composition and abundance,

e loss and appropriation of primary productivity,

e changes in land-surface hydrology and albedo,

e alterations to the biogeochemical cycles of carbon, nitrogen, and phosphorus.

Many natural scientists argue that the anthropogenic degradation placed on ecosystems has
meant Earth has entered a human-dominated geological era termed the Anthropocene (Malhi et
al. 2014) and we are increasingly transgressing catastrophic environmental boundaries (Steffen
etal. 2015).




Point 2. The majority of emerging infectious disease threats are zoonotic, originate
from wildlife, and often have major social and economic impacts.

The World Organization for Animal Health (OIE) defines zoonotic diseases ‘as infectious
diseases that are naturally transmitted from vertebrate animals to humans and vice versa’ (Wang
and Crameri 2014). Emerging infectious diseases can be defined as infections that have newly
appeared in a population or have existed but are rapidly increasing in incidence or geographic
range (Morse 1995). An outbreak is the occurrence of one or more cases in a group of individuals
in a defined region. Spillover occurs when an animal pathogen successfully jumps to humans.

2a) The majority of emerging infectious disease threats are zoonotic

More than 335 emerging infectious disease outbreaks (involving 183 distinct pathogens)
were reported worldwide during 1940-2004, more than 50/decade, and the rate of
outbreaks is increasing (Jones et al. 2008).

In recent years, 52% of all emerging infectious disease events originated in wildlife.
Among emerging zoonoses specifically, 72% of outbreaks have originated in wildlife
(with the rest from domestic animals). The frequency of outbreaks originating in wildlife
is increasing. All facts under this bullet are from Jones et al. (2008).

Populations of wild animals carry a high diversity of the types of infectious agents that
could potentially jump to humans, with higher diversity of such agents where the
diversity of host animals is higher (e.g. Anthony et al. 2017). Most diseases in wild
animals remain very poorly studied, many pathogens remain unidentified, and many
spillover events are overlooked (Johnson et al. 2020).

The global connectivity of human society greatly increases the long-distance transport of
disease vectors (Tatem et al. 2006) and of animals infected with infectious pathogens
(Can et al. 2019), increasing the number of human-wildlife interfaces where pathogens
can spill over into humans. Connectivity also facilitates subsequent human-human
transmission.

Less than 300 viruses from 25 high-risk viral families are known to infect people, yet
scientists have estimated there are around 1.7 million viruses from these same viral
families that are not yet discovered in mammals and birds, of which 700,000 are believed
to have zoonotic potential (Carroll et al. 2018).

2b) Economic and societal impacts of zoonotic diseases

Zoonoses of domestic and wildlife origin combined are mostly long-established as
endemic threats. The 13 top ranked zoonotic diseases by scale of impact largely fall into
this category and annually they are estimated to be responsible for over 2 million deaths
and 2 billion illnesses (ILRI 2012).

Emerging zoonoses have significant implications in terms of both public health and
economic stability, with the costs of many individual recent major outbreaks such as
SARS, MERS and Ebola reckoned in the tens of billions of US dollars and exceeding 1-2%
of GDP in less wealthy countries (GPMB 2019).

o The impact of the 2002-2004 SARS Coronavirus epidemic (774 deaths) on
tourism, food and travel in mainland China alone was estimated at US$8.5bn
(Beutels et al., 2009). The total global cost, associated with lost economic activity,
is estimated to have been around $40 billion (Knobler et al. 2004).

o The 2014 Ebola outbreak in West Africa cost an estimated US$2.2bn in GDP
alone and wiped out many of the recent development gains in Guinea, Liberia,




and Sierra Leone, which had been among the fastest growing economies in the
world (CDC, 2016; International Working Group On Financing Preparedness,
2017).

e The costs of a single severe future influenza pandemic, which are also indicative of the
potential costs of a pandemic originating from wildlife, were predicted to reach US$1.5
trillion or 3.1% of global GDP for one year at 2006 prices (Burns et al. 2006), whilst the
annualized cost to the global economy of occasional severe pandemics averaged over
long periods was estimated at $80-$500 bn/year (up to 0.6% of global GDP) depending
on whether or not deaths were ascribed an economic cost (Fan et al. 2018).

e Recent estimates suggest that the cost of the unfolding COVID-19 pandemic to the world
economy, in purely monetary terms, will be US$1-2 trillion, possibly more (UNCTAD
2020), with huge additional costs to human life and wellbeing.

Point 3. Ecological degradation increases the overall risk of zoonotic disease
outbreaks originating from wildlife

There are multiple interacting lines of evidence that support this conclusion, which is reflected
in numerous recent reviews of the topic (e.g. Patz et al. 2004, Karesh et al. 2012, Gottdenker et al.
2014, Murray et al. 2016, UNEP 2016, Watson et al. 2018, DiMarco et al. 2020). The issue is also
reflected in the recently issued ‘Berlin Principles on One Health’ white paper?.

The land-use changes* that tend to elevate disease risk include deforestation, forest degradation
(e.g. through logging), fragmentation, expansion of infrastructure (e.g. roads, railways,
powerlines, dams), changes in drainage, and hunting and capture for trade (Patz et al. 2004, Loh
et al. 2015). Risks are further multiplied by large movements of human populations, agricultural
intensification near to natural areas, and climate change, among other factors (Gebreyes et al.
2014, Karesh et al. 2012).

The main lines of evidence summarized below are (a) case studies, (b) global/regional analyses
and (c) theoretical modelling. They point to (d) a range of different pathways or mechanisms by
which the effects take place.

a) Case studies

Multiple examples of zoonotic disease outbreaks from wildlife have been reported in the
literature as being associated with forest degradation, human encroachment on forests, and
wildlife trade chains that connect biodiverse forests to markets:

e SARS and COVID-19. The evolutionary host of the SARS virus (SARS-CoV) and the
closely-related COVID-19 virus (SARS-CoV-2) are bats and in both cases, index cases
were associated with wildlife markets. It is thought that SARS-CoV passed through civets
(wild or farmed) before infecting humans and it is unknown at this stage if SARS-CoV-2
also passed through an intermediate host (Hu et al. 2017; Lu et al. 2020; Li et al., 2006).
Here the main issue is the volume, mixing, unsanitary conditions, and overcrowding of
wildlife that brought a bat virus into contact with a variety of animals in wildlife trade
chains originating in natural habitats and ending at urban markets.

3 https://www.wcs.org/one-planet-one-health-one-future
4 Following the infectious disease literature, the term 'land-use change' is used here in a broad sense to include
both damage to ecosystems (often called degradation) and ecosystem cover loss (e.g. deforestation)



https://www.wcs.org/one-planet-one-health-one-future

e Hendra virus. In Australia, science suggests declining eucalyptus habitat has altered
flying fox foraging behaviour and increased spillover risk of Hendra virus to humans
(Giles et al. 2018).

e Nipah virus in Malaysia. The emergence of Nipah virus in 1998 is linked to the ecology
of bats in changing landscapes. During this time period, Pteropid fruit bats experienced a
large reduction of flowering and fruiting trees as a result of slash and burn deforestation
and an ENSO-linked drought. This led to these bats ranging into cultivated fruit orchards
that adjoined pig farms which had recently expanded into forest-edge situations (Chua et
al. 2002).

e Nipah virus in Bangladesh. Case villages with Nipah virus spillovers had higher human
population density than control villages and more forest fragmentation than other parts
of the country. The number of bat roosts increased with fragmentation and was thought
to be associated with home gardens of diverse fruit trees that may provide a more
reliable food source than nearby intact forests (Hahn et al. 2014).

e Ebola. In Central Africa, an association was found between Ebola outbreaks and fine-
scale measures of forest fragmentation, consistent with suspected transmission pathways
from forest-dwelling bats to forest-edge human communities (Rulli et al. 2017,
Wilkinson 2018).

e HIV. Human viruses responsible for AIDS have resulted from at least four cross-species
spillovers of simian immunodeficiency viruses involving the Sooty mangabey,
chimpanzee, and western gorilla, all of which live in extensive forests. These lentiviruses
can penetrate mucous membranes so it is believed contact with ape bodily fluids
associated with the hunting, butchering and consumption of animals in trade led to the
spillovers. One of these transmission events, likely occurring between 1910 and 1930,
gave rise to the HIV strain behind pandemic AIDS (Sharp and Hahn, 2011).

e Malaria in Malaysia. In Malaysian Borneo the main vector is Anopheles leucosphyrus
and the malaria parasite is Plasmodium knowelsi, which primarily infects macaques.
Since 2004 it appears deforestation has altered the dynamics of the entire system,
impacting vector habitats as well as abundance and distribution of macaques and
humans. Cleared land within 1 km and deforestation within 4-5 km of households
influenced vector abundance and high historical forest loss is correlated with higher
incidence of infections (Fornace et al. 2016; Brock et al. 2019).

e Lyme disease. In this system, home of the ‘dilution effect’, one reservoir host, the white-
footed mouse, is more competent at transmitting the bacteria that causes Lyme disease to
biting Zxodesticks than other small-mammal hosts (which therefore provide a
dampening or ‘dilution’ effect). The larval and nymphal ticks feed non-selectively so
changes in host composition end up impacting human disease risk. In the presence of
fragmentation, the white-footed mice are more abundant for the larval and nymphal
ticks to feed on (and white-tailed deer are also more abundant for the adult ticks to feed
on). Hence when biodiversity is lost, resilient species like the mouse are more prevalent,
more ticks take more blood meals from the mice and subsequently have higher
prevalence of the bacteria that causes Lyme disease (Keesing et al. 2009, Turney et al.
2014).

b) Global and regional analyses

There are few truly global-scale quantitative analyses of the relationship between emerging
infectious disease risk and land-use change, but those large-scale studies that do exist
support the conclusion that large-scale disturbance of ecosystems is associated with
increased risk of spillover events.




e During 1940-2004 34% of emerging zoonoses were believed to be associated primarily
with either land-use change or activities relating to bushmeat (Loh et al. 2015, UNEP
2016).

e Mapping outbreaks globally suggests that land-use change in tropical forest regions is
one of the key risk factors associated with disease spillovers from wildlife into humans
(Allen et al. 2017).

e Two regional multi-pathogen studies present strongly suggestive evidence that
biodiversity decline and loss of ecosystem integrity play a role in driving zoonotic
outbreaks, for the Asia-Pacific (Morand et al. 2014) and for Australia (McFarlane et al.
2013).

e The number of zoonotic diseases found in different wildlife species varies depending on
anumber of factors, including some which relate to threats to the ecosystems that they
occupy. For example, more zoonotic diseases are found in threatened species facing
declines in their habitat, or high pressure from exploitation, compared to those
threatened for other reasons (Johnson et al. 2020).

Following biodiversity loss, abundant species with no extinction risk and increasing
populations (e.g. adaptable or ‘weedy’ species that thrive in heavily modified landscapes) are
also significant carriers of zoonoses, indicating that degradation of intact ecosystems is not
the only pathway to increasing the risk of wildlife-human transmission (Johnson et al. 2020,
Keesing 2010, Salkeld et al. 2013).

¢) Theoretical modelling

Several recent modelling studies provide theoretical support to the plausibility of increased
spillover risk being linked to ecosystem degradation (e.g. Myers et al 2013, Gortazar et al.
2014, Faust et al. 2018, Wilkinson et al. 2018, Borremans et al. 2019).

d) Mechanisms
Across these various lines of evidence, several multiple interacting pathways are known or
suspected to lead to increased risk of disease transmission. These include:

e Increased contact between humans, livestock and pathogens along newly created edges

o These edges represent areas where newly arrived human and livestock
populations without immunity mix with unfamiliar pathogens, with contacts
sometimes further increased by the movement of host species in response to the
disrupted ecology of their habitat (Bloomfield et al. 2020, Brownstein et al. 2005,
Johnson et al. 2020, da Silva-Nunes et al. 2008). Fragmentation has placed over
70% of the world’s forests within 1 km of an edge (Haddad et al 2015) and is
worsening across the tropics (Taubert et al. 2018).

e Increased contact with humans along wildlife trade chains.

o Much wildlife trade originates from recently opened frontier areas where
populations have not yet been significantly depleted by over-harvest. There is
abundant evidence that large trade volumes, mixing of diverse species, and poor
hygiene practices expose people all along these trade chains to increased risk of
infection (Bloomfield et al. 2020, Greatorex et al. 2016, Pruvot et al. 2019).

e Changes to pathogen abundance due to changes in host abundance, diversity and
susceptibility.

o Degradation can cause increases in the local populations of host or vector species,
raising the chance of transmission. Habitat damage can also place individuals
under increased stress, making them more susceptible to infections (Levi et al.




2012, Civitello et al. 2015, Rulli et al. 2017, Olson et al. 2010, Vittor et al. 2006,
2009).
o Rapid evolution/mutation of pathogens due to novel conditions and novel hosts is also
suspected to be a contributory factor (Zohdy et al. 2019).

It is also possible that changes in the biodiversity within ecosystems (e.g. extinctions or local
extirpations of some species) can alter the likelihood of diseases being transmitted among the
remaining species (‘dilution’ and ‘amplification’ effects), although there is insufficient evidence
to confirm how common these alternative patterns are (Keesing et al. 2009, Randolph & Dobson
2012). It is well known for Lyme disease (see above) but has been looked for in other disease
systems (Hanta virus and West Nile virus) with mixed results (Suzan et al. 2009; Luis et al. 2018;
Tran et al. 2017; Koenig et al. 2010; Salkeld et al. 2013).

Point 4. Degradation of ecosystems also has complex effects, often negative, on many
other aspects of human health

Vector-borne and parasitic disease

There are several studies of the prevalence of non-zoonotic vector-borne disease in relation to
ecosystem change. Some show increases, others do not:

e Malaria

o The Amazon. Deforestation has altered mosquito ecology, resulting in more
larval breeding habitat and higher human biting rates of Anopheles darling;,
which is a highly competent vector for the more deadly falciparum malaria. This
phenomenon is ephemeral and occurs at the frontier of deforestation events
where new human migrants are also arriving.

In one community, after adjusting for access to care, health district size,
and spatial trends, a 4.3% increase in deforestation was associated with a

48% increase of malaria incidence (Olson et al. 2010, Vittor et al. 2009, 2006).

o Africa. Although data were too limited to take a longitudinal approach, the latest
data-rich assessment at multiple scales and using a pre-registered hypothesis
testing approach (which makes it less subject to selective interpretation) shows no
relationship between deforestation and malaria in Africa. Differences between
Africa and the Amazon are attributed to the fact that forest-human associations in
Africa are long-standing, and do not involve human migration to a deforestation
frontier (Bauhoff & Busch 2020). There are a few local ecological studies from
Kenya that suggest deforestation increases vectorial capacity of Anopheles
gambiaethrough changes in microclimates that influence sporogonic
development and mosquito reproductive fitness (Afrane et al. 2006, 2008).

e Schistosomiasis. In one studied region, dam construction degraded freshwater
ecosystems and led to local extirpation of native prawns. Restoration of these prawns,
which are ‘voracious predators of the snail intermediate hosts for schistosomiasis’,
reduced snail host abundance and as a result, human schistosomiasis prevalence
(Sokolow et al. 2017; Sokolow et al. 2015).




Water-borne disease

There are examples of water-borne bacterial disease increases associated with ecosystem
degradation:

e Diarrheal disease in children. There is a significant association between tree cover in
upstream watersheds and probability of diarrheal disease among rural children under
age 5, as measured from a dataset from 35 developing countries. The effect of a 30%
increase in upstream tree cover is similar to the effect of improved sanitation (Herrera et
al. 2017).

e Typhoid occurrence. Fragmentation of riparian forests and density of roads crossing
creeks within a watershed is significantly related to incidence of typhoid in Fiji Jenkins
etal. 2016).

Other established connections between environmental degradation and human health effects
include air quality, nutrition, pharmaceuticals and biomedical discoveries, mental health, access
to traditional medicines, endemic zoonotic diseases, and indirect effects on human health
through the impacts of climate change. More detailed coverage of these topics can be found in
the broad reviews by ILRI (2012), Romanelli et al. (2015), Rohr (2019), Kilpatrick (2017), and
Whitmee et al. (2015).

s .
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SOLUTIONS AND RESPONSES

As described above, there are multiple clear lines of evidence pointing towards the conclusion
that declines in the integrity of ecosystems increase the global risk of zoonotic disease spillovers,
and hence the risk of pandemics. Enough is already known to identify the broad steps needed to
ensure that our interactions with nature occur in a way that lowers pandemic risk. It should be
acknowledged that the science is not complete and there are important questions to answer
before we know everything that we would ideally wish to know around the linkages between
the integrity of ecosystems and emerging zoonotic diseases. However, the precautionary
principle necessitates that strong action is taken while this additional research is undertaken




The One Health framework, adopted and championed by WHO, FAO, OIE, the Centers for
Disease Control, the World Bank, WCS and many other organizations and institutions, is a
widely applied approach to address zoonotic challenges (Waltner-Toews 2017; Gebreyes et al.
2014). The core One Health principle is that ‘communicable and non-communicable diseases
demand a truly comprehensive understanding of health and disease, and thereby a unity of
approach that is achievable only through convergence of human, domestic animal, wildlife,
plant, and environmental health, on a planetary scale’. One Health should be used as an
umbrella framework to find convergence among ecological and human health challenges. The
Berlin Principles’ state, ‘going forward...we must overcome sectoral and disciplinary silos; apply
adaptive, forward reasoning, and implement multidisciplinary and multilateral solutions, while
boldly integrating current uncertainties to address the opportunities and challenges ahead’.

Ecological changes are important factors in driving disease outbreaks and as such need
increased levels of attention at international, national and local levels. One Health approaches
relating to the integrity of ecosystems must be placed in the context of how much land
degradation has already occurred in an area, and the ‘three conditions’ described by Locke et al.
(2019) are one useful way to frame these solutions. This framing recognises that there have been
diverse human influences on the Earth’s surface and it is possible, at least broadly, to categorize
landscapes by integrating nature-centric (what remains of nature) and human-centric (human
land-use) assessments of drivers and pressures on biodiversity. Three broad “conditions”
emerge:

e large, intact, mostly natural areas;
e ‘shared’, partially natural landscapes;
e farms and cities with very limited natural space remaining

According to each condition, broad suites of responses can be proposed to improve the state of
ecosystem integrity, to secure nature’s contributions to people, and minimise the risk of future
pandemics. These responses are outlined below. To be achieved, they need to be placed in the
appropriate policy, regulatory and legal frameworks, be supported by finance, engage the full
range of stakeholders in effective ways and be supported by additional science. It is beyond the
scope of this paper to discuss these critical aspects of implementation in detail.

In large wild landscapes we need to retain ecosystem integrity to the greatest extent possible as
by doing this we will minimize the various pathways that increase the risk of pandemics and
other spillover events.

e Maintaining ecosystem integrity means not modifying ecosystems beyond their natural
range of variation, which in practice means avoiding the expansion of large scale
extractive uses (e.g. industrial logging, large-scale harvest of animal and plant products),
not fragmenting areas with infrastructure, pastures and farmland, and not disrupting
natural fire and flood regimes.

e Since many of these areas are inhabited by, and protected by, Indigenous Peoples and
local communities, we must strengthen health care infrastructure to meet the needs of
these populations, and enhance emerging infectious disease surveillance in collaboration
with them (Munster et al. 2018) as well as better understanding the patterns of exposure
and immunity that they experience.

5 https://www.wcs.org/one-planet-one-health-one-future
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In shared landscapes we need to manage significant ongoing levels of contact between humans,
wildlife and livestock, and be aware of factors (e.g. changing farm practices) that may increase
these levels. In this context we should consider nature-based or ‘One Health’ solutions that
support both human health and the restoration of ecosystem integrity to the fullest extent
possible.¢ Solutions that benefit both human health and environmental targets have the
advantage of contributing to multiple Sustainable Development Goals. A broad
recommendation for shared landscapes is that infectious disease interfaces and pathways that
have been created must either be removed or mitigated.

o Forest edges are an example of an interface that can be reduced in extent in some
settings, e.g. through restoration that reduces fragmentation.

e In other settings forest edge contact zones may be a part of the landscape that cannot be
reduced, in which case the focus should be on mitigating the risks they present.”

e The commercial wildlife trade is an example of a high-risk interface that can and should
be removed in many cases, and whose risks should be mitigated in the remaining cases.

e Where restoration is not attainable, management decisions should nonetheless avoid
any further degradation of ecological systems

In the ‘third condition’ of the Locke et al. (2019) framework - highly human-dominated, farmed
and urban areas - there remain zoonotic diseases originating from wildlife, such as rabies from
bats or skunks, West Nile virus from birds via mosquito vectors, as well as tularemia, plague, and
hantavirus. Alongside these, such areas are also risky areas for emerging infectious disease
outbreaks from wildlife due to connections between remote source areas and urban and peri-
urban centres of demand for the wildlife trade.

e Inthese areas, commercial wildlife trade, particularly for human consumption, should
be halted and other forms of domestic animal trade should be improved to ensure
excellent hygiene standards. Public health, biosecurity and disease surveillance and
response systems tend to be more robust for known pathogens in these places, but
defences are less robust for the new, emerging pathogens that also occur in commercial
wildlife markets.

Julie Larsen Maher © WCS

6 see e.g. the Berlin Principles and IUCN’s new standards for Nature-based Solutions

7 For example, an intervention used after the discovery of Marburg, and Bombali and Zaire Ebolaviruses in West
Africa was as simple as information and resources on how to exclude insectivorous bats from homes and cover
food sources https://www.ecohealthalliance.org/living-safely-with-bats. In the case of Nipah virus in Bangladesh, a
simple tree skirt can prevent bats from urinating in vessels that are used to collect tree sap (Khan et al 2012).

11



https://www.ecohealthalliance.org/living-safely-with-bats
https://www.wcs.org/one-planet-one-health-one-future
https://www.iucn.org/news/nature-based-solutions/202002/iucn-council-adopts-first-ever-global-standard-nature-based-solutions

REFERENCES

Afrane et al. (2006) Effects of microclimatic changes caused by deforestation on the survivorship and
reproductive fitness of Anopheles gambiae in western Kenya Highlands. Am J Trop Med Hyg. 74:
772-778.

Afrane et al. (2008) Deforestation and vectorial capacity of Anopheles gambiae Giles mosquitoes in
malaria transmission, Kenya. Emerg Infect Dis. 14: 1533-1538. d0i:10.3201/eid1410.070781

Allen et al. (2017) Global hotspots and correlates of emerging zoonotic diseases. Nature Comums.
8(1124):1-10. doi: 10.1038/s41467-017-00923-8

Anthony et al. (2017) Global patterns of coronavirus diversity. Virus Evol. 3(1): vex012. doi:
10.1093/ve/vex012

Bauhoff and Busch (2020) Does deforestation increase malaria prevalence? Evidence from satellite
data and health surveys. World Devel. 127: 104734.

Beutels et al. (2009), The economic impact of SARS in Beijing, China. Trop. Med. & Internat. Health
14: 85-91. d0i:10.1111/j.1365-3156.2008.02210.x

Bloomfield et al. (2020). Habitat fragmentation, livelihood behaviors, and contact between people
and nonhuman primates in Africa. Landsc. Ecol. 0123456789. doi:10.1007/s10980-020-00995-w

Borremans et al. (2019) Cross-species pathogen spillover across ecosystem boundaries: mechanisms
and theory. Phil. Trans. R. Soc. B374:20180344.

Brock et al. (2019) Predictive analysis across spatial scales links zoonotic malaria to deforestation.
Proc. R. Soc. B Biol. 5ci. 286. doi:10.1098/rspb.2018.2351

Brownstein et al. (2005). Forest fragmentation predicts local scale heterogeneity of Lyme disease
risk. Oecologia 146: 469-475.

Burns et al. (2006). Evaluating the economic consequences of avian influenza (English).
Washington, DC: World Bank.

Can et al. (2019) Dealing in deadly pathogens: Taking stock of the legal trade in live wildlife and
potential risks to human health. Glob. Ecol. and Conserv. 17 (2019) e00515.

Carroll et al. (2018) The Global Virome Project. Science. 359: 872-874. doi:10.1126/ science.aap7463

CDC (2016). Cost of the Ebola epidemic. 2016. Aug 8 [cited 2020 April 2].
https://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa/cost-of-ebola.html

Chua et al. (2002) Anthropogenic deforestation, EI Nifio and the emergence of Nipah virus in
Malaysia. Malaysian J. Pathol24(1): 15-21.

Civitello et al. (2015) Biodiversity inhibits parasites: Broad evidence for the dilution effect. Proc.
Natl. Acad. Sci. 112: 201506279. doi:10.1073/pnas.1506279112

da Silva-Nunes et al. (2008) Malaria on the Amazonian frontier: trans-mission dynamics, risk factors,
spatial distribution, and prospects for control. Am. J. Trop. Med. Hyg. 79:624-35.

diMarco et al. (2020) Sustainable development must account for pandemic risk. PNAS117(8): 3888-
3892. doi: 10.1073/pnas.2001655117

Fan et al. (2018) Pandemic risk. How large are the expected losses? Bull. World Health Organ.
96:129-134. doi: 10.2471/BLT.17.199588.

Faust et al. (2018), Pathogen spillover during land conversion. Ecol. Lett. 21: 471-483.
doi:10.1111/ele.12904

Fornace et al. (2016) Association between Landscape Factors and Spatial Patterns of Plasmodium
knowelsiInfections in Sabah, Malaysia. Emerg. Infect Dis. 2016;22: 201-209.
doi:10.3201/e1d2202.150656

Gebreyes et al. (2014), The Global One Health Paradigm: Challenges and Opportunities for
Tackling Infectious Diseases at the Human, Animal, and Environment Interface in Low-Resource
Settings. PLoS Negl. Trop. Dis. 8: €3257. doi:10.1371/journal.pntd.00032571

Giles et al. (2018) Environmental drivers of spatiotemporal foraging intensity in fruit bats and
implications for Hendra virus ecology. Sci. Rep. 8:9555. doi:10.1038/s41598-018-27859-3

Gortazar et al. (2014) Crossing the Interspecies Barrier: Opening the Door to Zoonotic Pathogens.
PLoS Pathog. 10(6): €1004129. doi:10.1371/journal.ppat.1004129

12



https://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa/cost-of-ebola.html

Gottdenker et al. (2014) Anthropogenic Land Use Change and Infectious Diseases: A Review of the
Evidence. EcoHealth 11, 619-632. doi: 10.1007/s10393-014-0941-z

GPMB (2019) A world at risk. Annual report on global preparedness for health emergencies. Global
Preparedness Monitoring Board.

Greatorex et al. (2016) Wildlife Trade and Human Health in Lao PDR: An Assessment of the
Zoonotic Disease Risk in Markets. PLoS One. 11: €0150666. doi:10.1371/journal.pone.0150666

Haddad er al (2015) Habitat fragmentation and its lasting impact on Earth’s ecosystems. Sci Adv.
2015;1:€1500052.

Hahn et al. (2014) The Role of Landscape Composition and Configuration on Preropus giganteus
Roosting Ecology and Nipah Virus Spillover Risk in Bangladesh. Am. J. Trop. Med. Hyg., 90(2):
247-255.

Herrera et al. (2017) Upstream watershed condition predicts rural children's health across 35
developing countries. Nature Comms. 8:811. doi: 810.1038/s41467-41017-00775-41462

Hu et al. (2017) Discovery of a rich gene pool of bat SARS-related coronaviruses provides new
insights into the origin of SARS coronavirus. PLOS Pathog. 2017;13: e1006698.
doi:10.1371/journal.ppat.1006698

ILRI (2012) Mapping of poverty and likely zoonoses hotspots. Zoonoses Project 4. International
Livestock Research Institute. Report to Department for International Development, UK.

International Working Group On Financing Preparedness (2017) From Panic and Neglect to
Investing in Health Security: Financing Pandemic Preparedness at a National Level’ Accessed at:

http://documents.worldbank.org/curated/en/979591495652724770/pdf/115271-REVISED-

FINAL-IWG-Report-3-5-18.pdf
IPBES (2019) Summary for policymakers of the global assessment report on biodiversity and

ecosystem services of the Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services. IPBES secretariat, Bonn, Germany.

Jenkins et al. (2016) Health at the sub-catchment scale: typhoid and its environmental determinants
in Central Division, Fiji. EcoHealth13:633-651

Johnson et al. (2020) Global shifts in mammalian population trends reveal key predictors of virus
spillover risk. Proc. R. Soc. B287:20192736. doi: 10.1098/rspb.2019.2736

Jones et al. (2018). The location and protection status of Earth’s diminishing marine wilderness.
Current Biol. 28: 2506-2512. doi: 10.1016/j.cub.2018.06.010

Jones et al. (2008). Global trends in emerging infectious diseases. Nature 451(7181), 990-993. doi:
10.1038/nature065362

Karesh (2012) Ecology of zoonoses: natural and unnatural histories. Lancet 380: 1936-45.

Keesing et al. (2009) Hosts as ecological traps for the vector of Lyme disease. Proc. R. Soc. Lond. B
276,3911-3919.

Keesing et al. (2010) Impacts of biodiversity on the emergence and transmission of infectious
diseases. Nature 462:647-652. doi:10.1038/nature09575

Khan et al. (2012) A randomized controlled trial of interventions to impede date palm sap
contamination by bats to prevent Nipah virus transmission in Bangladesh. PLoS One7: 1-7.
doi:10.1371/journal.pone.0042689

Kilpatrick et al. (2017). Conservation of biodiversity as a strategy for improving human health and
well-being. Phil. Trans. R. Soc. B Biol. 5¢i372:20160131. doi:10.1098/rstb.2016.0131

Knobler et al. (eds) (2004). Learning from SARS: Preparing for the Next Disease Outbreak:
Workshop Summary. Washington (DC): National Academies Press (US).

Koenig et al. (2010) Ecological determinants of American crow mortality due to West Nile virus
during its North American sweep. Oecologia 163: 903-909. doi:10.1007/s00442-010-1627-z

Levi et al. (2012) Deer , predators , and the emergence of Lyme disease. Proc. Natl. Acad. Sci. doi:
10.1073/pnas.1204536109

Lietal. (2006) Animal Origins of the Severe Acute Respiratory Syndrome Coronavirus: Insight from
ACE2-S-Protein Interactions /. Virol. 80 (9) 4211-4219. doi: 10.1128/JV1.80.9.4211-4219.2006.

Locke et al. (2019). Three global conditions for biodiversity conservation and sustainable use: an
implementation framework. Nat. Sci. Review, nwz136, doi: 10.1093/nsr/nwz136

13



http://documents.worldbank.org/curated/en/979591495652724770/pdf/115271-REVISED-FINAL-13
http://documents.worldbank.org/curated/en/979591495652724770/pdf/115271-REVISED-FINAL-13
http://documents.worldbank.org/curated/en/979591495652724770/pdf/115271-REVISED-FINAL-13

Loh et al. (2015) Targeting Transmission Pathways for Emerging Zoonotic Disease Surveillance and
Control. Vector-Borne Zoonotic Dis. 5: 432-437. doi:10.1089/vbz.2013.1563

Lu et al. (2020) Genomic characterisation and epidemiology of 2019 novel coronavirus: implications
for virus origins and receptor binding. Lancet. doi:10.1016/S0140-6736(20)30251-8

Luis et al. (2018). Species diversity concurrently dilutes and amplifies transmission in a zoonotic
host-pathogen system through competing mechanisms. Proc. Natl. Acad. Sci. 2018; 201807106.
doi:10.1073/pnas.1807106115

Malhi et al. (2014) Tropical forests in the Anthropocene. Annu. Rev. Environ. Resour. 39:125-59.
doi 10.1146/annurev-environ-030713-155141

McFarlane et al. (2013) Land-Use Change and Emerging Infectious Disease on an Island Continent
Int. J. Environ. Res. Public Health 10,2699-2719; d0i:10.3390/ijerph10072699

Morand et al. (2014) Infectious Diseases and Their Outbreaks in Asia-Pacific: Biodiversity and Its
Regulation Loss Matter. PLoS ONE 9(2): €90032. doi:10.1371/journal.pone.0090032.

Morse SS. (1995) Factors in the Emergence of Infectious Diseases. Emerg Infect Dis. 1: 7-15.
doi:10.3201/eid0101.950102

Munster et al. (2018) Outbreaks in a Rapidly Changing Central Africa - Lessons from Ebola. . Engl.
J. Med. 379: 1198-1201. doi:10.1056/NEJMp 1807691

Murray et al. (2016) Emerging Viral Zoonoses from Wildlife Associated with Animal-Based Food
Systems: Risks and Opportunities. Chapter 2 in M. Jay-Russell, M.P. Doyle (eds.), Food Safety
Risks from Wildlife, Food Microbiology and Food Safety. doi 10.1007/978-3-319-24442-6_2

Myers et al. (2013) Human health impacts of ecosystem alteration. PNAS110(47): 18753-18760.

Olson et al. (2010). Deforestation and Malaria in Mancio Lima County, Brazil. Emerg. Infect. Dis. 16:
1108-115. doi:10.3201/eid1607.091785

Parrish et al. (2003) Are we conserving what we say we are? Measuring ecological integrity within
protected areas. Bioscience 53(9): 851-860.
Patz et al. (2004) Unhealthy Landscapes: Policy Recommendations on Land Use Change and
Infectious Disease Emergence. Environ. Health Perspect. 112:1092-1098. d0i:10.1289/ehp.6877.
Plowright et al. (2008) Causal inference in disease ecology: investigating ecological drivers of disease
emergence. Front. Ecol. Environ. 6: 420-429.

Pruvot et al. (2019) Toward a quantification of risks at the nexus of conservation and health: The
case of bushmeat markets in Lao PDR. Sci. Total Environ. 676: 732-745.

Randolph and Dobson (2012) Pangloss revisited: a critique of the dilution effect and the
biodiversity-buffers-disease paradigm. Parasitology 139: 847-63. doi:10.1017/S0031182012000200

Rohr et al. (2019) Emerging human infectious diseases and the links to global food production. Nat.
Sustain. 2: 445-456. doi:10.1038/s41893-019-0293-3

Romanelli et al. (2015) Connecting global priorities: biodiversity and human health: a state of
knowledge review. Rome, Italy: World Health Organization/Secretariat of the UN Convention on
Biological Diversity.

Rulli et al. (2017) The nexus between forest fragmentation in Africa and Ebola virus disease
outbreaks. Sci. Rep.7,41613. d0i:10.1038/srep41613

Salkeld et al. (2013). A meta-analysis suggesting that the relationship between biodiversity and risk
of zoonotic pathogen transmission is idiosyncratic. £col Lett. 16: 679-686. doi:10.1111/ele.12101

Sharp and Hahn (2011). Origins of HIV and the AIDS pandemic. Cold Spring Harb. Perspect Med.
1(1):a006841. d0i:10.1101/cshperspect.a006841

Sokolow et al. (2015) Reduced transmission of human schistosomiasis after restoration of a native
river prawn that preys on the snail intermediate host. Proc. Natl. Acad. Sci. USA. 112: 9650-9655.
doi:10.1073/pnas.1502651112

Sokolow et al. (2016) Nearly 400 million people are at higher risk of schistosomiasis because dams
block the migration of snail-eating river prawns. Phil Trans. R. Soc. B Biol. Sci. 372: 20160127
doi:10.1098/rstb.2016.0127

Steffen et al. (2015) Planetary boundaries: Guiding human development on a changing planet.
Science 347(6223): 1259855. doi: 10.1126/science.1259855

14




Suzan. et al. (2009) Experimental evidence for reduced mammalian diversity causing increased
hantavirus prevalence. PLoS ONE 4, e5461.

Tatem et al. (2006) Global traffic and disease vector dispersal. PNAS 103 (16) 6242-6247; doi:
10.1073/pnas.0508391103.

Taubert et al. (2018) Global patterns of tropical forest fragmentation. Nature 554: 519-522.

Tran et al. (2017) An Integrative Eco-Epidemiological Analysis of West Nile Virus Transmission.
Ecohealth 14: 474-489. d0i:10.1007/s10393-017-1249-6

Turney et al. (2014) The negative relationship between mammal host diversity and Lyme disease
incidence strengthens through time. Ecology95(12) 3244-3250.

UNCTAD (2020) The coronavirus shock: a story of another global crisis foretold, and what policy
makers should be doing about it. Global Trade and Development Report, 9 March 2020.

UNEP (2016). UNEP Frontiers 2016 Report: Emerging Issues of Environmental Concern. United
Nations Environment Programme, Nairobi.

Venter et al. (2016) Sixteen years of change in the global terrestrial human footprint and
implications for biodiversity conservation. Nat. Commun. 7, 12558.

Vittor et al. (2006) The effect of deforestation on the human-biting rate of Anopheles darlingi, the
primary vector of falciparum malaria in the Peruvian Amazon. Am. J.Trop. Med. Hyg. 6;74:3-11.

Vittor et al. (2009) Linking deforestation to malaria in the Amazon: characterization of the breeding
habitat of the principal malaria vector, Anopheles darlingi. Am J Trop Med Hyg. 81:5-12.

Waltner-Toews (2017) Zoonoses, One Health and complexity: wicked problems and constructive
conflict. Phil. Trans. R. Soc. B Biol. Sci. 372: 20160171. doi:10.1098/rstb.2016.0171

Wang and Crameri (2014). Emerging zoonotic viral diseases. OIF Rev Sci Tech. 33: 569-581.
doi:10.20506/rst.33.2.2311.

Watson et al. (2018) The exceptional value of intact forest ecosystems. Nat. Ecol. Evol. 2: 599-610.
doi: 10.1038/s41559-018-0490-x

Whitmee et al. (2015) Safeguarding human health in the Anthropocene epoch: report of The
Rockefeller Foundation-Lancet Commission on planetary health. Lancet 6736.
doi:10.1016/S0140-6736(15)60901-1

Wilkinson et al. (2018) Habitat fragmentation, biodiversity loss and the risk of novel infectious
disease emergence. /. R. Soc. Interface 15: 20180403. doi: 10.1098/rsif.2018.0403

Wood et al. (2017) Human infectious disease burdens decrease with urbanization but not with
biodiversity. Phil. Trans. R. Soc. B Biol. Sci. 372: 20160122. d0i:10.1098/rstb.2016.0122

Zohdy et al. (2019) The Coevolution Effect as a Driver of Spillover. Trends Parasitol. 35: 399-408.
doi:10.1016/j.pt.2019.03.010

15




