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Abstract  

 

Global environmental change is increasingly recognized to influence risk of numerous 

zoonotic (animal-borne) infectious diseases. There is a fast-growing body of research into 

climate change effects on zoonotic risks, but broad-scale studies have rarely investigated how 

climate interacts with other key drivers, in particular land use change. Here, I evaluate effects of 

land use and climate on zoonotic disease risk, both generally and in a case study disease, by 

integrating multiple data types (ecological, epidemiological, satellite) and tools from 

biodiversity science, spatiotemporal epidemiology and land use modelling. First, I compile and 

analyse a global database of local species communities and their pathogens, and show that 

ecological communities in anthropogenic land uses globally are increasingly dominated by 

zoonotic host species, including mammalian reservoirs of globally-significant zoonoses, and that 

these trends are likely mediated by species traits. Second, I examine interacting effects of land, 

climate and socioeconomic factors on Lassa fever (LF), a neglected rodent-borne viral zoonosis 

that is a significant public health concern in West Africa, focusing on disease risk projection at 

both short (interannual) and long (multi -decadal) time horizons. In an epidemiological analysis 

of case surveillance time series from Nigeria, I show that present-day human LF incidence is 

associated with climate, agriculture and poverty, that periodic surges in LF cases are predicted 

by seasonal climate-vegetation dynamics, and that recent emergence trends are most likely 

underpinned by improving surveillance. At longer timescales, I then couple a mechanistic 

disease risk model with a dynamic land change model and climate projections, to show that 

different economic and climate policy futures (Shared Socioeconomic Pathways) may result in 

markedly different outcomes for LF risk and burden by 2030 and 2050 across West Africa. 

Finally, I synthesise the implications of these results for our understanding of the global change 

ecology of zoonotic disease, the epidemiology and control of LF, and for broader Planetary 

Health perspectives on managing zoonotic risks. 
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Impact statement  

 
Zoonotic diseases (diseases with an animal reservoir) are a growing threat to global public 

health. Human-induced environmental changes are reshaping ecological communities and 

changing human patterns of contact with wildlife, and in turn driving the spillover, emergence 

and spread of zoonoses. This thesis applies tools and concepts from biodiversity modelling, risk 

modelling and epidemiology to understand how human pressures affect the risks of zoonotic 

disease spillover, both in general and for a case study disease (Lassa fever in West Africa). This 

is a highly topical area, given the SARS-CoV-2 pandemic and recent severe epidemics of other 

zoonoses including Zika and Ebola. Consequently the subject matter and findings will be of 

significant interest for academic research and policy audiences in ecology, public health and 

land use policy, as well as being of broader public interest.  

 

From an ecological science perspective, the thesis provides significant and novel insights into 

the global change ecology and drivers of zoonotic disease, that contribute to recent debates 

around how best to manage landscapes to reduce disease risk. For example, Chapter 2 enhances 

our understanding of the global generality and predictability of the effects of land use on 

zoonotic host communities, and from a policy perspective suggests that lower use-intensity 

landscapes may often assist in reducing zoonotic hazards and preserving biodiversity. This 

work  has recently been accepted for publication in Nature. All of the analyses in this thesis have 

also involved developing methodological innovations that are applicable more broadly (see 

discussion in Chapter 6), including several statistical approaches to control for biases in 

research effort, and the incorporation of dynamic land use models into disease risk modelling. 

 

The findings from Chapters 3 to 5 will contribute significantly to public health efforts to prevent 

and control Lassa fever, a high-burden priority disease in West Africa. Chapter 3 is the first 

substantial review of the eco-epidemiology of Lassa fever, was published in 2017 in Pathogens & 

Global Health, and identifies and outlines key knowledge gaps and research priorities. Chapters 

4 and 5 address some of these gaps, and will contribute directly to control of Lassa fever via an 

ongoing collaboration with the Nigeria Centre for Disease Control (NCDC). Chapter 4 identifies 

important areas of Nigeria for enhancing disease surveillance, shows that recent high case 

surges are likely to have been driven by improving surveillance, and shows the potential scope 

for an early-warning system to prioritise clinical resources ahead of seasonal peaks in infection 

risk. The long-term ecosystem perspective of Chapter 5 goes on to identify key regions of West 

Africa (including north Nigeria) that are expected to experience significant increases in Lassa 

fever risk in the coming decades. These results are timely, as several Lassa fever vaccine 

candidates are currently in development, and the efficacy of vaccine trials and vaccination 

campaigns will depend on improving our understanding of at-risk populations. 

 

Finally, the published research from this thesis will contribute to enhancing public 

understanding of the environmental context of zoonoses, which is especially important in light 

of the COVID-19 pandemic.  
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Thesis outline of contents  and collaborators  
 

Chapter 1 

Introduction . 

This chapter synthesises current knowledge of the interacting effects of land use and climate 

change on zoonotic disease risk and incidence. Some of the material from this introduction and 

the discussion (Chapter 6) is published in an Analysis article at BMJ under the title Ȱ%ÃÏÓÙÓÔÅÍ 

perspectives are needed to manage zoonotic disease risks in a changing climateȱ. 

 

Chapter 2 

Global effects of land use on local zoonotic host diversity. 

In this chapter, I conduct a global-scale analysis of the effects of human land modification on 

local zoonotic host community diversity and composition. The work  was conducted in 

collaboration with David W. Redding, Kai Qing Chin, Tim Newbold, Christl A. Donnelly, Tim 

Blackburn and Kate E. Jones. The study was conceived by myself and DWR, I designed and 

conducted all analyses with statistical advice from CAD, preliminary analyses (using the EID2 

pathogens database only) were conducted by KQC and DW2 ÄÕÒÉÎÇ ÔÈÅ ÆÏÒÍÅÒȭÓ ÍÁÓÔÅÒȭÓ 

degree, and all authors contributed to the paper. This work was published in Nature under the 

title ȬZoonotic host diversity increases in human-dominated ecosystemsȭ. An earlier version of 

these results was published as a meeting abstract in Lancet Planetary Health (Gibb et al., 2018), 

and I have presented this chapter at the 2018 Planetary Health Meeting (Edinburgh), 2018 

International Statistical Ecology Conference (St. Andrews), 2018 ISS Symposium on Health and 

Climate Change (Istituto Superiore di Sanita, Rome) and the British Ecological Society Annual 

Meeting 2018. Additional thanks to L. Enright, A. Etard, L. Franklinos, R. Freeman, R. Lowe and 

R. Pearson for discussion and comments. 

 

Chapter 3 

Understanding the  ecology, epidemiology and drivers of Lassa fever in West Africa. 

In this chapter, I review and synthesise current knowledge of the ecology, epidemiology and 

distribution of Lassa fever, a rodent-borne disease endemic to West Africa, to identify 

knowledge and data gaps for later chapters. This work was conducted in collaboration with Lina 

M. Moses (Tulane University), DWR and KEJ. I undertook the literature review and wrote the 

paper with feedback from all coauthors. The Lassa fever case dataset was originally  collated by 

LMM with contributions from Kelsey Confreda, and updated and analysed by myself. This 

chapter was published in July 2017 in the journal Pathogens and Global Health under the title 

Ȭ5ÎÄÅÒÓÔÁÎÄÉÎÇ ÔÈÅ ÃÒÙÐÔÉÃ ÎÁÔÕÒÅ ÏÆ ,ÁÓÓÁ ÆÅÖÅÒ ÉÎ 7ÅÓÔ !ÆÒÉÃÁȭ (Gibb et al., 2017), and the 

typeset published paper is provided in Appendix 4. Additional thanks to J. Koninga, D. Grant, A. 

Kamara, A.B. Gogra, M. Lahai, M. Leach and D. Rogers. 

 

Chapter 4 

Climate, land use and reporting effort shape the present day distribution  and dynamics of 

Lassa fever in Nigeria. 

In this chapter, I conduct a spatiotemporal epidemiological analysis of the climatic, ecological 

and socioeconomic drivers of acute human Lassa fever in Nigeria. This work  was a multi-

institution  collaboration with  the Lassa Fever Technical Working Group at the Nigeria Centre 

for Disease Control (NCDC), initia ted during a large seasonal surge in LF cases during 2018. The 
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collaborators were DWR and KEJ (UCL), Lauren Enright and CAD (Imperial College London), 

Ibrahim Abubakar (Institute for Global Health), Chioma Dan-Nwafor, Elsie Ilori, Yashe 

Rimamdeyati Usman, Saliu Oladele, Michael O. Amedu, Akanimo Iniobong, Ipadeola Oladipupo 

and Chikwe Ihekweazu (all NCDC and affiliated organisations). The data were collected and 

collated by collaborators at NCDC. I jointly led and designed the study with DWR, and I led and 

conducted all the analysis, data processing and modelling, and wrote the chapter (and 

manuscript) wi th input from all coauthors. This work is currently in review at Nature 

Communications under the title ȬSpatiotemporal analysis of surveillance data enables climate-

ÂÁÓÅÄ ÆÏÒÅÃÁÓÔÉÎÇ ÏÆ ,ÁÓÓÁ ÆÅÖÅÒȭ. I presented results from this chapter at the 2019 Lassa Fever 

Internation al Conference in Abuja, Nigeria. 

 

Chapter 5 

The nexus of future agricultural and socioeconomic change and Lassa fever risk in West 

Africa . 

In this chapter, I analyse the effects on integrated agricultural, socioeconomic and climatic 

pathways on LF risk across West Africa, using a dynamic land change model and a process-

based disease risk model. I conceived, developed and conducted all analyses with  additional 

advice from Piero Visconti and LMM, and technical support from Tamás Krisztin (who 

conducted land use downscaling) and Henry Ferguson-Gow. This chapter significantly expands 

on preliminary concepts I developed during a -ÁÓÔÅÒȭÓ ÒÅÓÅÁÒÃÈ project (2015, UCL) that 

applied a simpler disease model to a single climate-land cover scenario. Most of the work was 

undertaken during a summer short fellowship in the Ecosystems Services & Management 

program at the International Institute for Applied Systems Analysis (IIASA), which was funded 

by a IIASA YSSP grant from NERC. An earlier version of this chapter was submitted as a report 

to IIASA. Additional thanks to F. Gaupp, A. Palazzo and M. Gidden for discussion and ideas. 

 

Chapter 6 

Discussion and synthesis. 

In this chapter I evaluate the key findings and methodological contributions of the thesis, and 

assess future research priorit ies, with a focus on understanding the global change ecology of 

zoonotic disease, and the scope for Planetary Health approaches to zoonoses. 
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Chapter 1: 

Introduction.  

 

1.1. Understanding the effects of environmental change and biodiversity loss on human health and 

wellbeing: a whole-systems challenge. 

 

We are living through an era of profound and global environmental change. As recent 

debates around defining the Anthropocene have emphasised, human societies have been 

reshaping the Earth system over thousands of years (Lewis and Maslin, 2015). However, these 

impacts have drastically accelerated since the mid-20th century, as rising energy use has driven 

exponential growth in fossil fuel emissions (IPCC, 2018), and as globalising economies have 

placed increasing demands on ecosystems for sustenance and profit, leading to widespread 

deforestation, agricultural expansion, urbanisation, and biodiversity losses (Díaz et al., 2019; 

Foley et al., 2005; Grimm et al., 2008; MA, 2005)Ȣ 4ÈÉÓ ÃÅÎÔÕÒÙȭÓ ÄÅÆÉÎÉÎÇ ÃÈÁÌÌÅÎÇÅ ÉÓ ÔÏ 

understand and address the impacts of these changes on the health and wellbeing of human and 

non-human life. Globally, many metrics of human health (e.g. longevity, child mortality) have on 

average improved significantly in the last 50 years as a consequence of economic development 

(Whitmee et al., 2015). Yet these improvements are unequally distributed, and aggregate 

statistics mask stark inequalities across regions and countries, for example in terms of poverty, 

food security, child mortality and infectious disease burdens (Osgood-Zimmerman et al., 2018; 

Weiss et al., 2019, 2018). Many economically marginalised people, especially in developing 

countries, are directly dependent on ecosystems for their livelihoods and sustenance, making 

them particularly susceptible to the impacts of natural hazards (e.g. drought, extreme weather 

events, disease outbreaks) (Peduzzi et al., 2009). Ongoing climate change and ecological 

degradation are likely to only further exacerbate these vulnerabilities (Cardona et al., 2012).  

 

Biodiversity loss and biodiversity change, and their effects on ecosystem structure and 

function, are critical aspects of the environment-health nexus (Cardinale et al., 2012; Isbell et al., 

2017). Current discourses around biodiversity conservation recognise the intrinsic value of 

non-human nature, while also emphasising the fundamental material contributions of 

ecosystems to human wellbeing (Díaz et al., 2015; Mace, 2014). The landmark Millennium 

Ecosystem Assessment in 2005 conceptualised these contributions as ecosystem services (ES) 

mediating stocks and flows of goods (e.g. food, timber) and services (e.g. carbon sequestration, 

pollination) to people (MA, 2005). The Intergovernmental Panel on Biodiversity and Ecosystem 

Services (IPBES) has expanded this concept to ÎÁÔÕÒÅȭÓ ÃÏÎÔÒÉÂÕÔÉÏÎÓ to people, incorporating 
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indigenous knowledges and more diverse cultural perspectives on nature (Díaz et al., 2018). 

These frameworks emphasise that ecosystems provide both direct and indirect benefits to 

human populations. Conversely, the processes that erode biodiversity and ecosystem function ɀ 

most significantly land use change, climate change, and industrial and agrochemical pollution ɀ 

can negatively impact many dimensions of human health, including food and water security, 

exposure to natural hazards (e.g. climatic extremes, infectious disease), and mental health and 

wellbeing (Myers et al., 2013; Sandifer et al., 2015; Watts et al., 2019). Land use and related 

pressures in particular (e.g. agriculture, plantations, roads, extractive industry, urbanisation) 

ÁÒÅ Á ÄÏÍÉÎÁÎÔ ÅÃÏÌÏÇÉÃÁÌ ÆÏÒÃÅ ÇÌÏÂÁÌÌÙȡ ͯχυϷ ÏÆ ÔÈÅ ÅÁÒÔÈȭÓ ÔÅÒÒÅÓÔÒÉÁÌ ÓÕÒÆÁÃÅ ÉÓ ÅØÐÅÒÉÅÎÃÉÎÇ 

detectable human impacts (Venter et al., 2016), and natural vegetation is increasingly 

fragmented and pockmarked through a matrix of human-dominated habitat (Fahrig, 2003; 

Taubert et al., 2018). These trends are ongoing, with deforestation, agricultural and urban 

expansion expected to continue throughout this century (Hurtt et al., 2011; Popp et al., 2017; 

Seto et al., 2012). Resulting declines in biodiversity and ecosystem services will likely have 

complex, multifactorial effects on health and wellbeing (Cardinale et al., 2012; Isbell et al., 2017; 

Myers et al., 2013). 

 

 Measuring and predicting the interacting effects of biodiversity change and other 

anthropogenic processes (e.g. climate change, deforestation) on human health is therefore a 

critical challenge spanning ecology, epidemiology and public health (Myers et al., 2013). 

Although a wealth of research has identified relationships between biodiversity loss and 

declines in ecosystem service provision (e.g. pollination, carbon sequestration) (Isbell et al., 

2017, 2011; Tilman et al., 2014), there is far less evidence of clear causal links between such 

changes and downstream public health outcomes. The challenge of attributing causality is a 

reflection of underlying system complexity. For instance, although deforestation for agriculture 

may provide immediate local nutritional and/or economic benefits to health, these benefits can 

mask underlying negative effects of ecological degradation, that may also manifest over longer 

timescales (e.g. due to extinction debts or lagged climate change) (MacDonald and Mordecai, 

2019; Wearn et al., 2012). Such effects are also increasingly spatially displaced, for example by 

ÇÌÏÂÁÌÉÓÅÄ ÔÒÁÄÅȟ ×ÈÉÃÈ ÅØÔÒÁÃÔÓ ÎÁÔÕÒÅȭÓ ÂÅÎÅÆÉÔÓ ɉÅȢÇȢ ÁÇÒÉÃÕÌÔÕÒÁÌ ÐÒÏÄÕÃÔÓȟ ÔÉÍÂÅÒȟ 

groundwater) away from sites of ecosystem degradation, often in the global South, towards 

richer economies in the global North (Bergmann and Holmberg, 2016; Dalin et al., 2017; Tsing, 

2005; Wallace et al., 2016). Such spatial inequalities both drive and obscure the negative health 

outcomes of environmental change. Populations and regions on the frontiers of ecosystem 

degradation and informal urbanisation generally experience the greatest exposure and 

vulnerability to natural hazards (e.g. extreme weather, endemic disease risk), but are also 
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systematically under-researched and under-resourced (Baeza et al., 2017; Barrett et al., 2011; 

Nixon, 2013; Sachs et al., 2009; Titley et al., 2017). 

 

We therefore need to develop a fuller understanding of the pathways through which 

biodiversity change and ecosystem degradation, and their upstream drivers (e.g. food demand, 

trade, global inequality), can lead to positive or negative health outcomes. Such knowledge will 

be critical to developing and targeting interventions, either aimed at mitigating changing risks 

or at adapting to them (Cardona et al., 2012). For instance, land use decisions invariably involve 

trade-offs and synergies between different health-relevant ecosystem services, such as food and 

water security, disease risk and biodiversity conservation (Bateman et al., 2013, 2011; Howe et 

al., 2014). Historically, a focus on provisioning services and for-profit extraction (e.g. crop and 

timber production) has driven the rapid, unsustainable global expansion of plantation 

ecosystems, leading to massive biodiversity losses and erosion of locally- and globally-

important regulating services (e.g. carbon sequestration, pollination) (Foley et al., 2005; Gibbs 

et al., 2010; Newbold et al., 2016a, 2015). More sustainable approaches are needed, to both 

conserve natural systems and reduce human exposure to the hazardous effects of biodiversity 

loss. Achieving these outcomes sustainably and equitably requires systems-based perspectives 

that recognise the complex interdependencies and trade-offs between human, wildlife and 

ecosystem health (Carpenter et al., 2009; Nicholson et al., 2009; Ostrom, 2007). Such 

complexities are acknowledged in interdisciplinary science-policy frameworks such as 

EcoHealth, One Health and Planetary Health (Galaz et al., 2015; Kingsley and Taylor, 2016; 

Whitmee et al., 2015), and to some degree in global governance targets such as the UN 

Sustainable Development Goals (SDGs) (Scharlemann et al., 2016). Nonetheless, the siloed 

nature of institutional and disciplinary perspectives means that operationalising more holistic 

management of ecosystems for people and nature remains challenging. For example, the SDG 

framework includes some discrete conservation-related targets, but does not articulate the 

fundamental extent to which socioeconomic goals ɀ including global health and poverty 

alleviation ɀ depend on preserving functional and resilient ecosystems. 

 

1.2. Zoonotic and vector-borne disease risk and emergence: a neglected ecosystem disservice. 

 

One key aspect of health that can be rapidly affected by anthropogenic environmental 

change is the risk and burden of infectious disease, and especially zoonotic (animal-borne) and 

vector-borne infections (Kilpatrick and Randolph, 2012; Lloyd-Smith et al., 2009; Patz et al., 

2004). These are human-infectious pathogens whose transmission cycles involve animal 

reservoir hosts and/or arthropod vectors (e.g. mosquitoes, ticks) (Taylor et al., 2001). Globally, 
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zoonoses are a massive burden on public health and economies. For example, endemic diseases 

that typically arise from zoonotic (animal-to-human) transmission (e.g. leptospirosis, 

leishmaniasis, brucellosis, Lyme disease, zoonotic malaria, trypanosomiasis) have been 

estimated to cause around 1 billion human infections per year, mainly in the tropics (Halliday et 

al., 2015a; Karesh et al., 2012). Many originate from wildlife, although domesticated animals are 

also intermediate or reservoir hosts of many infections (Gortazar et al., 2014; Robinson et al., 

2016; Wiethoelter et al., 2015). Crucially, animal-borne infections appear to be on the rise 

globally, have comprised around 60% of newly emerging human pathogens since 1950 (Jones et 

al., 2008), and have been responsible for almost all of the most severe epidemics and pandemics 

of recent decades (e.g. COVID-19, SARS, novel influenzas, dengue, Ebola, Zika). The economic 

costs of such large outbreaks can be extremely severe. For example, the economic burden of the 

2013-15 West African Ebola epidemic may have been as high as $54 billion USD (Huber et al., 

2018). At the time of writing, ~4 million cases of COVID-19 have so far been confirmed globally, 

which has destabilised economies, overwhelmed health systems, and led to social distancing 

measures being imposed on ~50% of the global population (Andersen et al., 2020; Cash and 

Patel, 2020). 

 

Zoonotic disease risk and emergence are inherently socio-ecological and environmental 

problems, since multi-host disease systems involve complex interactions among people, 

animals, pathogens and landscapes (Karesh et al., 2012; Lloyd-Smith et al., 2009; Patz et al., 

2005). Consequently, reservoir host, vector and pathogen geographies, and their relationships 

to environmental factors such as climate and vegetation, underpin distributions of human 

zoonotic disease risk (Murray et al., 2018, 2015; Peterson, 2008). In turn, environmental change 

and ecosystem degradation can play significant roles in driving cross-species transmission 

(ȬÓÐÉÌÌÏÖÅÒȭ) risks from animals to humans. Anthropogenic landscapes such as cropland, pasture 

and plantations can significantly influence disease risks, for example by altering host, vector and 

pathogen communities, and/or altering landscape structure in ways that affect contact rates 

(e.g. fragmentation, hydrology, resource provisioning) (Burkett -Cadena and Vittor, 2018; Cox 

and Gaston, 2018; Faust et al., 2018; Murray and Daszak, 2013; Ostfeld et al., 2000; Suzán et al., 

2015; Young et al., 2014). Climatic factors such as temperature, humidity, rainfall and 

vegetation seasonality can impact disease systems via numerous pathways, including by 

limiting environmental suitability for hosts and pathogens (i.e. climatic niches) (Murray et al., 

2018; Pulliam, 2000), driving reservoir population dynamics (Fichet-Calvet et al., 2008; Tian et 

al., 2017) and affecting host, vector and pathogen reproduction and physiology (Lafferty, 2009; 

Mordecai et al., 2017, 2013a).  
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Such environmental and ecological forcings of disease systems shape spatial and temporal 

distributions of zoonotic hazard (i.e. the latent potential for pathogen spillover to humans) 

(Figure 1.1). But significantly, socio-ecological changes simultaneously modulate the other 

components of risk, exposure (i .e. opportunities for contact and transmission) and vulnerability 

(i.e. potential for adverse impacts caused by infection, either individually or at population-level) 

(Figure 1.1) (Hosseini et al., 2017). These changes can exacerbate disease risks directly (e.g. by 

increasing human-wildlife -livestock contact rates) or indirectly (e.g. via climate-driven impacts 

on food security, nutrition and susceptibility to infection), or could dampen risks, for example 

via improvements in sanitation and housing through urban planning or poverty alleviation. 

Such interactions are crucial to understanding and managing risks, since exposure and 

vulnerability are generally the key factors determining the severity of natural hazard impacts 

(e.g. extreme weather events, drought) on individuals and populations (Cardona et al., 2012; 

Hagenlocher and Castro, 2015). For example, although Leptospira bacteria are found in urban 

rodent populations worldwide, the vast majority of leptospirosis burden globally is 

concentrated in poor and informal urban settlements with inadequate sanitation and 

consequent high exposure levels (Torgerson et al., 2015).  

 

Future pathways of socioeconomic and environmental change will therefore likely lead to 

complex outcomes and trade-offs in terms of zoonotic disease and other contributors to health 

(e.g. agricultural production  and food security) (Carpenter et al., 2009; Garchitorena et al., 2017; 

Ngonghala et al., 2017a; Rohr et al., 2019). Approaches addressing zoonotic and vector-borne 

disease management within such a multifunctional ecosystems context ɀ rather than as distinct 

problems to be addressed individually ɀ are being successfully explored for some diseases (e.g. 

Daszak, 2019; Sokolow, 2015; Sokolow et al., 2019). Yet zoonoses have generally been neglected 

in global change assessments, despite disease regulation being considered a key regulating 

service (MA, 2005; Marco et al., 2020; UK National Ecosystem Assesment, 2011). This problem 

is not simply of ecological interest, but also limits our ability to address current and emerging 

vulnerabilities. Zoonoses have often been framed in Global North sciences in terms of 

biosecurity and novel pandemic risk, sometimes even for pathogens with scant evidence of 

sustained human-to-human transmission (Holmes et al., 2018; Morse et al., 2012; Pigott et al., 

2017; Wilkinson, 2016). Such systemic risks are clearly important, but a focus on pandemics 

alone is not sufficient: sustained human-to-human transmissibility is relatively rare among 

zoonotic pathogens (Wertheim et al., 2012), and the highest disease burdens are generally 

suffered by structurally vulnerable populations in endemic areas (Cleaveland et al., 2017; 

Dzingirai et al., 2016; Halliday et al., 2015a).  
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Figure 1.1. Components of zoonotic and vector -borne disease risk over space and time. 
Risk is classically defined as the product of hazard, exposure and vulnerability (Cardona et al., 
2012; Peduzzi et al., 2009). This schematic shows examples of contributors to hazard, exposure 
and vulnerability for zoonotic disease systems, although these vary between diseases and 
contexts. Environmental and socio-ecological changes over space (blue arrows) and time (red 
arrows) (e.g. seasonality, climate change, land use, urbanisation and other socioeconomic 
factors) can impact one or multiple of these components simultaneously, leading to complex 
and dynamic emergent landscapes of disease risk. These effects could be synergistic (e.g. land 
change both favouring high reservoir host abundance and high human-wildlife contact) or 
antagonistic (e.g. land change favouring high vector abundance but improving food security and 
reducing disease susceptibility). 
 

 

Several regions are at the convergence of already-high zoonotic and vector-borne disease 

incidence, rapid land use and climatic change, growing populations, and existing socioeconomic 

vulnerabilities (e.g. West and Central Africa, tropical South America, Southeast Asia). Land use 

and climate change processes are themselves linked by feedbacks; for example, regional 

warming can negatively impact crop yields leading to further agricultural land expansion. 

Reconciling potential trade-offs between food and water security, disease risks and 

conservation will therefore be critical challenges facing decision-makers in these regions 

(Palazzo et al., 2017), and interventions will likely involve some combination of mitigation (e.g. 

vaccination, land use policy) and adaptation measures (e.g. health systems and surveillance 

capacity building) (Campbell-Lendrum et al., 2015; Ihekweazu and Abubakar, 2017). To date, 

predictive models at policy-relevant scales have mainly focused on climate change alone, for 

example using climate model ensemble outputs to project future transmission potential (e.g. 

Caminade et al., 2014; Messina et al., 2015). Better accounting for multiple drivers could enable 

zoonotic hazards and risks to be more fully integrated into the socioeconomic and climate 
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scenario frameworks used for assessment and decision-making around other systemic risks 

arising from global change (e.g. food security, extreme weather) (Gaupp et al., 2019; Palazzo et 

al., 2017; Redding et al., 2016; Riahi et al., 2015; Rosa et al., 2017; Willenbockel, 2015). Doing so, 

however, will require developing a clearer understanding of the processes that drive emergent 

disease risks in changing environments (Figure 1.1). 

 

1.3. Challenges and knowledge gaps for understanding and predicting land use and climate change 

effects on zoonotic disease risks. 

 

Until recently there have been relatively few integrated efforts to quantify net zoonotic 

disease risks within global change and sustainable development contexts. In part, this is likely a 

consequence of disciplinary and institutional divides. The dynamics, drivers and spillover of 

zoonoses from wildlife reservoir populations have been studied in detail in their own fields (e.g. 

disease ecology, EcoHealth) (Plowright et al., 2017). Epidemiology and public health research 

has instead tended to focus on modelling, mapping and short-term (e.g. interannual) forecasting 

at policy-relevant scales, usually for priority diseases (e.g. malaria, dengue) and often without 

incorporating much ecological information (Caminade et al., 2014; Feachem et al., 2019; Hay et 

al., 2013; Lowe et al., 2016; Messina et al., 2015). However, such disciplinary boundaries are 

shifting with increasing research focus on operationalising One Health perspectives (Bardosh et 

al., 2017b; Leach et al., 2017; Scoones et al., 2017), the development of large platforms such as 

the Lancet Commissions and Planetary Health (Watts et al., 2016; Whitmee et al., 2015), and 

multisectoral epidemic preparedness initiatives such as PANDORA (https://www.pandora -

id.net/ ) that integrate zoonotic ecology and surveillance, institutional capacity building, 

epidemiology and clinical work.  

 

Perhaps more problematic is the formidable challenge of quantifying and predicting the 

effects of environmental and ecosystem change on disease risks. The system complexity that 

drives pathogen transmission in changing environments ɀ involving multi -scale feedbacks 

between reservoir, vector and human populations, landscape structure, climate and 

socioeconomic factors (Figure 1.2) ɀ makes causal relationships difficult to identify (Kraemer et 

al., 2019; Plowright et al., 2008). This problem is compounded by imperfect or biased 

observation, especially for neglected and emerging diseases. Reservoir and maintenance 

communities and their geographical distributions are often poorly characterised, even for many 

priority wildlife -borne zoonoses (e.g. Ebola, Crimean-Congo haemorrhagic fever) (Murray et al., 

2018). Disease surveillance in humans has been historically patchy and is often geographically 

skewed towards known hotspots and/or regions with stronger health infrastructure. The result 

https://www.pandora-id.net/work-packages
https://www.pandora-id.net/work-packages
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is that we have poor baseline understanding of the present day incidence, burden and 

geographical distribution of numerous zoonoses, which may often be significantly 

underestimated, particularly when non-specific febrile diseases can be misdiagnosed as 

ubiquitous infections (e.g. malaria) (Gire et al., 2012; Halliday et al., 2015a). These knowledge 

gaps both harm present-day disease control efforts, and confound inference of spatial patterns, 

trends, and environmentally-driven emergence (Campbell-Lendrum et al., 2015). For example, 

top-down correlative mapping approaches (i.e. regressing reported case locations against 

environmental predictors) are often used to project zoonotic transmission potential to novel 

climates and locations. Yet if applied without sufficient caution, such models often replicate 

underlying reporting biases (Peterson et al., 2014) and generally assume linear and non-

hierarchical relationships between predictor variables that may act upon different components 

of risk (Figure 1.1) so can be poorly generalizable to novel conditions (Washburne et al., 2019). 

For example, Ebola models would have significantly underestimated risk in West Africa prior to 

the catastrophic 2013-15 epidemic (Pigott et al., 2014), while successive Lassa fever mapping 

exercises have consistently underpredicted risk across large areas of Africa where the disease 

has subsequently been found (Fichet-Calvet and Rogers, 2009; Mylne et al., 2015). 

 

Addressing these problems requires clearer understanding of the ecological factors that 

drive true (and observed) zoonotic transmission risk over space and time, and in changing 

ecosystems (Figure 1.2) (Murray et al., 2018; Plowright et al., 2017). For example, there is 

compelling evidence that anthropogenic landscapes are commonly associated with increased 

zoonotic disease risks at the local (i.e. eco-epidemiological) scale (Brearley et al., 2013; 

Gottdenker et al., 2014; Shah et al., 2019), but it is unclear whether this trend is underpinned by 

consistent and predictable ecological processes. For some better-studied diseases clear causal 

pathways have been identified, including bat-livestock interactions for Nipah and Hendra 

viruses (Plowright et al., 2011; Pulliam et al., 2012), reservoir community change for Lyme 

disease, hantavirus and West Nile virus in North America (Kilpatric k, 2011; Kilpatrick et al., 

2017a; Luis et al., 2018; Ostfeld et al., 2000; Ostfeld and LoGiudice, 2003), and forest-agriculture 

ecotones for Plasmodium knowlesi in southeast Asia (Fornace et al., 2019, 2016). However, 

funding for long-term research is often difficult to access and maintain, so the evidence for most 

diseases and contexts instead comes from short-term observational studies that measure broad 

ȬÓÎÁÐÓÈÏÔȭ ÉÎÄÉÃÁÔÏÒÓ ÏÆ ÐÁÔhogen transmission intensity, such as vector abundance or host 

serology (Gottdenker et al., 2014), which are often insufficient to elucidate underlying drivers. 

The evidence base for impacts of ecosystem disturbance and biodiversity on disease risk thus 

often appears to be contradictory, system-specific and scale-dependent (Halliday and Rohr, 

2019; Hosseini et al., 2017; Keesing et al., 2010; Wood et al., 2017).  



Rory Gibb ɀ Effects of global change on zoonotic disease (doctoral thesis) 

18 
 

Recent years have seen significant efforts towards developing a more general theory and 

evidence base for ecological drivers of disease risk, but these have often focused more on 

species and community characteristics than on environmental drivers of change (Stephens et 

al., 2016; Suzán et al., 2015). For example, species-level macroecological analyses are providing 

insights into the traits and processes that influence reservoir host status and pathogen sharing 

(Albery et al., 2020; Brierley et al., 2015; Cooper et al., 2012a; Luis et al., 2015; Stephens et al., 

2016) and highlighting putative reservoir species for targeted surveillance (e.g. Babayan et al., 

2018; Han et al., 2015; Olival et al., 2017; Wardeh et al., 2020). Meanwhile, community-level 

research has been dominated by understanding whether community diversity has consistent 

buffering effects on pathogen transmission rates (i.e. dilution effects) (Faust et al., 2017; 

Johnson et al., 2013; Keesing et al., 2010; LoGiudice et al., 2003). Although such effects appear to 

be common in nature (Civitello et al., 2015), poor understanding of their idiosyncrasies has 

prompted contentious debates about the operational usefulness of such an idealised model 

(Randolph and Dobson, 2012; Rohr et al., 2020; Salkeld et al., 2013; Wood et al., 2017; Young et 

al., 2013). Indeed, given that species turnover and homogenisation (rather than absolute 

richness loss) appear to be dominant features of biodiversity responses to human pressures 

(Blowes et al., 2019; Gonzalez et al., 2016; Newbold et al., 2018), understanding specific drivers 

and processes of local community disassembly and turnover is likely to be more useful than a 

focus on biodiversity per se (e.g. species richness) (Johnson et al., 2015; Joseph et al., 2013; 

Suzán et al., 2015). For example, disease risk in real-world systems often appears to be most 

strongly influenced by the abundances of one or a few key reservoir (i.e. maintenance) host 

species (Fichet-Calvet et al., 2007; Morand et al., 2019; Young et al., 2014), which may respond 

in predictable ways to local habitat and climatic factors (Titcomb et al., 2017; Young et al., 

2017). Yet we have a poor understanding of whether pressures such as agricultural 

intensification and climate change have global, directional effects on reservoir and vector 

communities and distributions (i.e. on zoonotic hazard; Figure 1.2) in ways that could impact 

emergent patterns and trends of zoonotic disease risk. 
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Figure 1.2: The effects of land use on zoonotic pathogen transmission.  Pathogen 

transmission between potential hosts shown as black arrows. Land use change (green driver) 

acts on both the composition of the ecological community (white boxes), and on environmental 

features that influence contact and transmission both locally (light blue box) and at broader 

geographical scales (dark blue box). These processes occur within a broader system context 

also influenced by additional environmental (e.g. climatic), socioeconomic and demographic 

factors. 

 

1.4. Opportunities for ecological process perspectives on components and pathways of zoonotic 

spillover risk: thesis aims and objectives. 

 

Changing zoonotic disease risks under future environmental forcings will be multi-driver, multi -

factorial and will emerge from the interplay of ecological hazard, exposure and vulnerability 

(Figure 1.1). As discussed above, our understanding of the complexities of these interactions is 

patchy, and it is unclear how effective regression-based models fitted to present-day disease 

data will be for projecting to novel future conditions (a consistent challenge in ecological and 

biodiversity forecasting; Evans et al., 2013). Some potential routes forward are offered by 

process-based perspectives on components of risk (Figure 1.1) and recent conceptual 

developments that have unpacked the complexities of cross-species transmission.  

 

In particular, Plowright et al. (2017) usefully conceptualise zoonotic spillover as a path-

dependent phenomenon: in order for spillover and human disease to successfully occur at a 

given place and time, a series of conditions must be simultaneously met, which include those 

relating to ecology (e.g. reservoir host presence and abundance; pathogen presence within 

reservoir), host-pathogen interactions (e.g. reservoir competence, human and host immune 

responses, pathogen shedding), pathogen biology (e.g. persistence in the environment, 
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adaptations to successfully infect and replicate within a human host) and opportunities for 

exposure and transmission (e.g. landscape structure, competent vector abundance). Their 

model provides a more concrete theoretical basis for the evolution, emergence and spread of 

novel human infections than previous, more descriptive attempts (e.g. Wolfe et al., 2007). It also 

provides a clear and operationalizable conceptual framework within which to explicitly analyse 

(or hierarchically model) the environmental and socio-ecological dependencies of key 

components of zoonotic spillover risk (i.e. hazard, exposure, vulnerability), either generally or 

for specific disease systems (Becker et al., 2019; Washburne et al., 2019). Indeed, several recent 

modelling studies have highlighted the improved benefits afforded by incorporating pathogen-

specific transmission processes into ecological risk models (Childs et al., 2019; Perez-Saez et al., 

2015; Redding et al., 2019; Redding et al., 2016). For example, a recent analysis of present and 

future Ebola risk in Africa showed markedly different geographical distributions of spillover 

potential (at human-bat interfaces) and potential for large epidemics following spillover (driven 

by human-human contact rates and socioeconomic factors) (Redding et al., 2019). Similarly, 

incorporating existing vaccination coverage (i.e. vulnerability) significantly improves spatial 

predictions of present-day yellow fever outbreak risk in Brazil (Childs et al., 2019). 

 

In this thesis, I use a risk components-based framework (Figure 1.1) as a conceptual 

model for understanding and predicting effects of land use and climate change on zoonotic 

disease, both in general and for a case study of Lassa fever in West Africa (McCormick et al., 

1987b). Land use change is a key driver of zoonotic disease in many systems but whether this 

occurs through general and predictable processes has been unclear and intensely-debated 

(Keesing et al., 2010; Rohr et al., 2020). In Chapter 2, I use a comparative, empirical approach to 

address the question of whether anthropogenic land uses (secondary, managed and urban 

ecosystems) have globally consistent effects on a key component of zoonotic hazard: the 

diversity and taxonomic composition of zoonotic host communities (inset box, Figure 1.2). To 

do this, I compile and combine a large database of host-pathogen relationships with a global 

database of local ecological communities (6801 sites from 184 published studies globally). I aim 

to answer the question: does human land modification have consistent and predictable effects 

on the diversity and community composition of zoonotic reservoir host taxa, and if so, is there 

evidence that these effects may be related to species traits that facilitate host status? 

 

Hierarchical, mechanistic ecological models offer the potential to better link zoonotic 

disease risks to global environmental change projections, and to evaluate the potential risk 

trade-offs associated with future different land use, climate and socioeconomic pathways (Riahi 

et al., 2015). However, data and research gaps have hindered our ability to quantify the present-
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day environmental dynamics of many neglected zoonoses (Gire et al., 2012; Wilkinson, 2017) 

and thus to parameterise more complex models, limiting capacities to forecast disease risk 

either in the short-term (interannual) or the long-term (decadal). In this thesis I focus on 

understanding and addressing some of these gaps for a case study disease, Lassa fever, a 

rodent-borne viral haemorrhagic fever that is generally considered to be a significant 

contributor to the burden of disease in rural West Africa (Andersen et al., 2015; McCormick et 

al., 1987b). Historically biased surveillance has led to poor baseline ËÎÏ×ÌÅÄÇÅ ÏÆ ÔÈÅ ÄÉÓÅÁÓÅȭÓ 

incidence, geographical distribution and drivers (Wilkinson, 2017, 2016). Localised evidence 

from endemic areas suggests that Lassa risk may be seasonal and climatically-dependent (Lo 

Iacono et al., 2016; Shaffer et al., 2014), and its association with rural livelihoods suggests that 

widespread expansion of agriculture in West Africa (Sultan and Gaetani, 2016) may 

substantially increase risk in the coming decades. A recent modelling study suggested that 

projected climate change under the HadGEM-3 model may favour increased Lassa incidence by 

2070, but did not explicitly examine how different agricultural pathways may interact with 

these climatic shifts to determine realised risk (Redding et al., 2016). Lassa fever is now an 

increasing priority on the global health agenda following several large case surges in recent 

years, and significant funding is being channelled into vaccine and diagnostic development 

(Emperador et al., 2019; Purushotham et al., 2019; Rottingen et al., 2017). Given that Lassa is an 

endemic, spillover-driven disease, better ecological understanding of its distribution, drivers 

and dynamics is needed to better target control measures towards vulnerable communities.  

 

In Chapter 3 I synthesise current knowledge on the ecology and epidemiology of Lassa 

fever, and ask: what is the current evidence of the ecological factors linked to Lassa 

transmission and what are the key knowledge gaps from the perspective of improving our 

ability to predict and forecast risk? Then, in Chapter 4, I conduct an in-depth spatiotemporal 

epidemiological analysis of the first long-term human case surveillance dataset for Lassa fever, 

as part of a collaborative study with the Nigeria Centre for Disease Control (NCDC). Here, I 

explicitly analyse the roles of surveillance effort and environment in shaping current 

understanding of Lassa incidence in Nigeria and, controlling for effort, examine the seasonal and 

spatial dynamics and drivers of disease risk. In Chapter 5, I use knowledge, parameters and 

methods obtained from the previous chapters to extend an ecological risk model for Lassa fever 

to explicitly incorporate effects of land use on zoonotic hazard and exposure. I combine this 

model with a dynamic land model and socioeconomic scenarios to explore the nexus of 

agricultural and socioeconomic change and Lassa risk in West Africa in the coming decades. 

Finally, in Chapter 6 I synthesise and discuss the key insights and findings from the thesis, and 

propose critical future research directions and policy relevance. 
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Chapter 2: 

Global effects of land use on local zoonotic host diversity.  

 

In this chapter, I combine a global biodiversity database with comprehensive host-pathogen 

interactions data, to conduct a global-scale analysis of the present-day effects of human land 

modification (secondary, managed and urban ecosystems) on local zoonotic host diversity and 

community composition. 

 

2.1. Abstract 

 

Land use change (e.g. agriculture, urbanization) is widely recognised to influence zoonotic 

disease risk and emergence in humans. but whether this is underpinned by predictable 

ecological changes remains unclear and has been intensely debated.  In particular, it has been 

×ÉÄÅÌÙ ÈÙÐÏÔÈÅÓÉÓÅÄ ÔÈÁÔ ÓÙÓÔÅÍÁÔÉÃ ÄÉÆÆÅÒÅÎÃÅÓ ÉÎ ÓÐÅÃÉÅÓȭ ÒÅÓÉÌÉÅÎÃÅ ÔÏ ÁÎÔÈÒÏÐÏÇÅÎÉÃ ÉÍÐÁÃÔÓȟ 

linked to traits, life-histories and phylogeny, might result in habitat disturbance causing 

predictable changes in the diversity and species composition of potential zoonotic hosts. Here, I 

analyse 6801 ecological assemblages and 376 host species worldwide to show that land use has 

global and systematic effects on local zoonotic host communities. Controlling for research effort 

and survey methods, known wildlife hosts of human-shared pathogens and parasites comprise a 

significantly greater proportion of site-level species richness (18%ɀ72% increase) and total 

abundance (21%ɀ144% increase) in intensively-used secondary, human-managed and urban 

ecosystems than in nearby undisturbed habitats. This effect varies in magnitude among 

mammalian and avian taxonomic orders. In particular, rodent, bat and passerine bird zoonotic 

host species increasingly dominate disturbed assemblages, which may be one factor 

underpinning the global importance of these taxa as zoonotic disease reservoirs. Crucially, I 

further show that mammal species that harbour more pathogens overall (either human-shared 

or non-human shared) are more likely to occur in managed ecosystems, suggesting that my 

overall results may be mediated by ecological or life-history traits that influence both host 

status and human-tolerance. These results suggest that global changes in mode and intensity of 

land use are creating growing interfaces between people, livestock and wildlife reservoirs of 

zoonotic disease, and highlight the need to prioritise wildlife and human disease surveillance in 

agriculturally intensifying and urbanising habitats. 
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2.2. Introduction 

 

Anthropogenic environmental change impacts many dimensions of human health and 

wellbeing, including the incidence and emergence of zoonotic and vector-borne diseases (Myers 

et al., 2013). Although large-scale research into environmental drivers of disease has mostly 

focused on climate, there is growing consensus that land use change (conversion of natural 

habitats to agricultural, urban or otherwise anthropogenic ecosystems) is a globally-significant 

mediator of human infection risk and disease emergence (Gottdenker et al., 2014; Keesing et al., 

2010). Land use change directly and indirectly drives biodiversity loss, turnover and 

homogenisation (including through biological invasions and rare species losses) (Newbold et al., 

2018, 2015), modifies landscape structure in ways that modulate epidemiological processes 

(e.g. fragmentation (Faust et al., 2018), resource provisioning (Becker et al., 2018)) and can 

increase human-wildlife contact (e.g. via agricultural practices or hunting) (Myers et al., 2013). 

These processes interact to influence transmission dynamics in reservoir and vector 

communities and ultimately spillover risk to humans (Plowright et al., 2017; Shah et al., 2019), 

with  land use change implicated in driving both endemic (e.g. trypanosomiasis (Gottdenker et 

al., 2012), malaria (Fornace et al., 2016)) and epidemic (e.g. Nipah (Pulliam et al., 2012), West 

Nile (Kilpatrick, 2011) ) zoonoses. However, the complexity of these systems (Figure 1.2) has 

made it difficult to identify whether land use has consistent effects on the ecological factors 

underpinning zoonotic disease risk (Gottdenker et al., 2014), a critical knowledge gap given the 

extensive global land change anticipated this century (Popp et al., 2017). 

 

Although there is broad evidence for regulatory effects of local species diversity on 

pathogen transmission (Civitello et al., 2015), such effects are not universal: higher disease risk 

in depauperate assemblages has been observed for some disease systems (e.g. Borrelia 

(LoGiudice et al., 2003), West Nile (Kilpatrick, 2011) , Ribeiroia (Johnson et al., 2013)) but not 

others. One ecological factor underlying these inconsistencies may be differences in host species 

sensitivity to human pressures (Ostfeld and LoGiudice, 2003). It is often proposed that more 

effective zoonotic host species might be generally more likely to persist in disturbed 

ÅÃÏÓÙÓÔÅÍÓȟ ÓÉÎÃÅ ÃÅÒÔÁÉÎ ÔÒÁÉÔ ÐÒÏÆÉÌÅÓ ɉÅȢÇȢ ȬÆÁÓÔȭ ÌÉÆÅ-histories, higher population densities) 

correlate to both reservoir status and reduced extirpation risk in several vertebrate taxa 

(Johnson et al., 2015; Purvis et al., 2000). Alternatively, any such tendencies might be 

taxonomically or geographically idiosyncratic: for example, mammals that are more closely 

phylogenetically-related to humans are more likely to be zoonotic reservoirs (Olival et al., 

2017), but may also be highly variable in their sensitivity to human impacts (Purvis et al., 2000). 

Reservoir host responses to disturbance have been investigated in certain taxa (e.g. primates 
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(Young et al., 2013)) and disease systems (Gottdenker et al., 2012; LoGiudice et al., 2003), but to 

date there has been no comprehensive analysis of the effects of land use on zoonotic host 

diversity and species composition. 

 

 

Figure 2.1: Combined ecological communities and zoonotic host species dataset.  Points 

show the geographical locations of surveyed assemblages (n=6801 sites), with mammal survey 

locations coloured black and all other sites in red, and countries containing sites shaded in blue. 

Inset chart shows the taxonomic distribution of hosts of human-shared pathogens (birds, 

invertebrates, mammals, reptiles and amphibians; see Methods). Boxplots and points show, for 

each study, host species richness as a percentage of the total per-study sampled richness, split 

across temperate and tropical biomes (n=184 studies; boxes show median and interquartile 

range, whiskers show values within 1.5*IQR from quartiles). 

 

2.3. Results and Discussion 

 

Here, I use a global dataset of 6801 ecological assemblages derived from the Projecting 

Responses of Ecological Diversity in Changing Terrestrial Systems (PREDICTS) biodiversity 

database, to test whether land use has systematic effects on the zoonotic potential of local 

wildlife communities. I identified records of wildlife hosts of known human pathogens and 

endoparasites (henceforth ȬÐÁÔÈÏÇÅÎÓȭ) within PREDICTS using a comprehensive host-pathogen 

associations database, and classified species as zoonotic hosts (henceforth ȬÈÏÓÔÓȭ) based on 

evidence of association with at least one human-shared pathogen (Methods). PREDICTS 

compiles >3.2 million species records from 666 studies that sampled biodiversity across land 

use gradients, enabling global comparisons of local assemblages in primary vegetation 

(minimally -disturbed baseline) to nearby secondary (recovering from past disturbance), 

managed (cropland, pasture, plantation) and urban sites, of varying use intensities (here, 

minimal or substantial-use), sampled using the same protocols (Hudson et al., 2017). I identified 

records of 376 host species in a dataset of 6801 survey sites from 184 studies across 6 

continents, with a taxonomic distribution broadly representative of known zoonotic host 

diversity (Figure 2.1, Table S2.1, Table S2.2; Methods). I compared host responses to land use to 
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those of all other species at the same locations (ȬÎÏÎ-ÈÏÓÔÓȭ, approximating the response of 

background biodiversity; n=6512 species), using Bayesian mixed-effects models to control for 

study methods and sampling design (Methods). Pathogen detection is sensitive to research 

effort, such that some poorly studied species might be misclassified as non-hosts. I account for 

this uncertainty in the models using a bootstrap approach, with each iteration transitioning a 

proportion of non-host species to host status, with species-level transition rates determined by 

both publication effort and taxonomic order (Text S2.1, Figure 2.2a-e). In each bootstrap model 

the total number of host species in the dataset was increased by median 32% (range 24-40%, 

Figure 2.2f), and all parameter estimates are obtained across each full bootstrap ensemble (by 

calculating from posterior samples; Methods).  

 

I first estimated the effects of land use type and intensity on two community metrics: 

site-level host species richness (number of host species; related to potential pathogen richness) 

and host total abundance (total number of host individuals; a more epidemiologically-relevant 

metric related to opportunities for transmission) (Lloyd-Smith et al., 2009). Both host richness 

and total abundance either persist or increase in response to land use, against a background of 

consistent declines in all other (non-host) species in human-dominated habitats (Figure 2.3a-b). 

Together these changes lead to hosts comprising an increasing proportion of ecological 

assemblages in secondary, managed and urban land (Figure 2.3c-d, Tables S2.3-S2.5). Notably, 

land use intensity has clear positive effects on community zoonotic potential both within and 

between land use types, with largest increases in substantial-use secondary and managed 

(posterior median: +18-21% host proportion richness, +21-26% proportion abundance) and 

urban sites (+62-72% proportion richness, +136-144% proportion abundance; but with higher 

uncertainty due to sparser sampling). These results are robust to testing for sensitivity to 

random study-level variability ( Figure S2.1a), geographical biases in data coverage (Hudson et 

al., 2017) (Figure S2.1b), and strictness of host status definition (Figure S2.2). The last of these 

is crucial to understanding disease risk, since species capable of being infected by a given 

pathogen may not contribute substantially to transmission dynamics or zoonotic spillover risk. I 

therefore repeated analyses for mammals only (the major reservoirs of zoonoses globally) with 

reservoir status strictly-defined as an association with at least one zoonotic agent (aetiologic 

agent of a specific human disease with a known animal reservoir), based on pathogen detection, 

isolation or confirmed reservoir status (143 host species, 2026 sites, 63 studies). Overall trends 

remain consistent, although with notably stronger effects on host proportion of total abundance 

(+42-52% in secondary and managed land), and weaker effects on host richness that may 

reflect underlying variability in  responses between mammal taxa (Figure S2.2). 
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Figure 2.2: Approximating research effort bias for non -host species within the PREDICTS 

dataset . For all non-host species, I approximated the likelihood of false classification given 

research effort (i.e. probability of being a host, but not detected), based on the distribution of 

publication effort across known zoonotic hosts within the same taxonomic order (Text S2.1). 

Line graphs show, for several orders, the cumulative curve of publication counts for known 

zoonotic hosts (A; shown on log-scale), and approximated false classification probability, which 

declines and asymptotes with increasing levels of research effort (B) (line colours denote 

taxonomic order). Boxplots show the distribution of PubMed publications for all host and non-

host species in PREDICTS (C), and false classification probabilities (used as bootstrap transition 

rates) for all non-hosts per taxonomic class in PREDICTS (D), and per key mammalian and avian 

order (E) (bracketed numbers denote number of non-host species per-group; boxes show 

median and interquartile range, whiskers show values within 1.5*IQR from quartile). Histogram 

shows the number of non-host species transitioned to host status for each of 1000 bootstrapped 

models of the full dataset (E; median 121, 95% quantile range 102ɀ142). 
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Figure 2.3: Effects of land use on site -level host species richness and total abundance.  

Points, wide and narrow error bars show modelled percentage difference in diversity metrics 

(posterior marginal median, 67% and 95% quantile ranges respectively, across 1000 bootstrap 

models) relative to a baseline of primary land under minimal use (dashed line) (n=6801 sites: 

primary (1423 and 1457 for minimal and substantial use, respectively), secondary (1044, 629), 

managed (565, 1314), urban (136, 233)). Models are of species richness (A) and total 

abundance (B) of host species and of all other (non-host) species, and of hosts as a proportion of 

total site-level richness and abundance (C-D). Point shape denotes land use intensity (minimal 

or substantial) and colour denotes host (brown) or non-host (green). All posterior estimates 

were calculated across an ensemble of 1000 bootstrapped models, each with a proportion of 

non-hosts probabilistically transitioned to host status (median 121, range 90ɀ150; Figure 2.2f) 

to account for variability in species-level research effort (Methods, Text S2.1). Models also 

included fixed effects for human population density and random effects for study methods and 

biome (Methods). Parameter estimates represent averaged effect sizes across multiple studies 

with differing survey methods and taxonomic focus, so do not have an absolute numerical 

interpret ation. 
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To examine the possibility of such taxonomic variability in host responses to land use, I 

separately analysed mean land use effects on species-level occurrence and abundance of 

zoonotic host (strictly-defined) and non-host species, for several mammalian (Carnivora, 

Cetartiodactyla, Chiroptera, Primates, Rodentia) and avian orders (Passeriformes, 

Psittaciformes) that are well-sampled in PREDICTS and harbour the majority of known 

zoonoses (Methods). I again used bootstrapping to account for host status uncertainty, and 

predicted abundance change using a hurdle model-based approach to account for zero-inflation 

(combining separately-fitted occurrence and zero-truncated abundance models; Figure S2.3). 

Within most orders, non-host species tend to decline more strongly in response to land 

disturbance than host species, but with substantial between-order variation in the direction and 

clarity of effects (Figure 2.4, Table S2.6). Notably, within passerine birds, bats and rodents, hosts 

and non-hosts show clear divergent responses to land use, with host species abundances on 

average increasing (+14-96% Passeriformes, +45% Chiroptera, +52% Rodentia) while non-host 

abundances decline (-28-43% Passeriformes, -13% Chiroptera, -53% Rodentia) in human-

dominated relative to primary sites (Figure 2.4). Although such a tendency has been observed in 

some disease systems, these results suggest this is a more general phenomenon in these taxa, 

which may contribute to numerous documented links between anthropogenic ecosystems and 

bat-, rodent- and bird-borne emerging infections (e.g. corona-, henipa-, arena- and flaviviruses, 

Borrelia spp.) (Kilpatrick, 2011; LoGiudice et al., 2003; Pulliam et al., 2012). In contrast, primate 

and carnivore host responses are not clearly distinguishable from overall species declines in 

these orders, consistent with past studies that found no consistent links between land 

disturbance and disease in primates (Young et al., 2013) and highlighting the importance of 

ecotonal or edge habitats as human-primate epidemiological interfaces (Fornace et al., 2016; 

Goldberg et al., 2008) (although sparser urban sampling means that the urban adaptations of 

certain primates, such as macaques, are likely underrepresented). 

 

The differing responses of host and non-host species may be mediated by covariance 

between traits influencing both host status and human-tolerance (Joseph et al., 2013), but could 

also reflect histories of human-wildlife contact and coevolution of shared pathogens (Plowright 

et al., 2017). If the former is the case I hypothesised that harbouring a higher number of 

pathogens overall (richness of either zoonotic or non-zoonotic pathogens; a metric often 

correlated to species traits  (Kamiya et al., 2014)), would be associated with more positive 

species responses to land use. I tested this across all mammals in the dataset (due to more 

complete pathogen data availability than for other taxa; 546 species, 1950 sites), here 

controlling for species-level differences in research effort by analysing residual pathogen 

richness not explained by publication effort (Methods, Figure S2.4). I find that increasing 
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ÐÁÔÈÏÇÅÎ ÒÉÃÈÎÅÓÓ ÐÏÓÉÔÉÖÅÌÙ ÐÒÅÄÉÃÔÓ ÓÐÅÃÉÅÓȭ ÐÒÏÂÁÂÉÌÉÔÙ ÏÆ ÏÃÃÕÒÒÅÎÃÅ ÉÎ ÍÁÎÁÇÅÄ ÂÕÔ ÎÏÔ 

primary sites, a result that is consistent for either human-shared or non-human-shared 

pathogens (no documented infection of either people or domestic animals; Figure 2.5, Table 

S2.7). For human-shared pathogens, the strength of this relationship (slope parameter) is 

significantly larger in managed sites than in both primary and secondary land, and for non-

human-shared pathogens the strength of this relationship is larger in both managed and 

secondary sites than in primary land (Figure 2.5d-f; slopes for primary land not significantly 

different from 0). This result suggests that the net increase in zoonotic host diversity in 

disturbed sites is at least partly trait-mediated: in particular, species traits associated with a 

faster pace-of-life are often correlated both with reservoir status and infection outcomes 

(Johnson et al., 2012; Joseph et al., 2013) (potentially owing to life-history trade-offs between 

reproductive rate and immune investment (Lee et al., 2008)) and with population resilience to 

anthropogenic pressures (Purvis et al., 2000). A trait-mediated explanation is also supported by 

my finding that differential host and non-host species responses to land use are most clearly 

detected when comparing across large clades with a wide diversity of life-histories, such as 

rodents, passerines and, notably, mammals overall (Figure S2.3). In contrast, generally longer-

lived, large-bodied clades (e.g. primates, carnivores) show more idiosyncratic or negative 

responses to landscape disturbance (Figure 2.4). 

 

Overall, my results indicate that the homogenising impacts of land use on biodiversity 

globally (Newbold et al., 2018) have produced systematic changes to local zoonotic host 

communities, which may be one factor underpinning links between human-disturbed 

ecosystems and disease emergence. By leveraging site-level survey data, these analyses reflect 

community changes at the epidemiologically-relevant local landscape scale (Pieter T J Johnson 

et al., 2015), negating the need to ignore community interactions or generalise ecological 

processes to coarser spatial scales (a typical limitation of global studies that can confound or 

mask biodiversity-disease relationships (Rohr et al., 2020)). These results reflect zoonotic 

potential, since proximity to reservoir hosts is not necessarily sufficient for zoonotic spillover 

(Hosseini et al., 2017), and emergent disease risk will depend on contextual factors (e.g. 

pathogen prevalence, intermediate host/vector populations, landscape structure, human 

socioeconomics) that may synergistically or antagonistically affect contact and transmission 

dynamics (Plowright et al., 2017). Nonetheless, land use also predictably impacts other factors 

that can amplify within- and cross-species transmission (Brearley et al., 2013) (e.g. resource 

provisioning (Becker et al., 2018), vector diversity (Burkett -Cadena and Vittor, 2018)), and 

increases potential for human-wildlife contact (Shah et al., 2019): for example, human 

populations are consistently higher at disturbed sites in this dataset (Figure S2.5). Global 
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expansions of agricultural and urban land forecast for the coming decades, predominantly in 

low- and middle-income countries (Popp et al., 2017), thus have the potential to create growing 

risk interfaces for zoonotic pathogen exposure. In particular, the large effect sizes but sparser 

data availability for urban ecosystems (especially for mammals; Figure S2.2) highlight a key 

knowledge gap for anticipating urbanisation effects on public health and biodiversity. My 

findings therefore strongly support calls to enhance proactive human and animal surveillance 

withi n agricultural, pastoral and urbanising ecosystems (Hassell et al., 2016; Holmes et al., 

2018), and highlight the need to incorporate disease-related costs into future land use and 

conservation planning.   
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Figure 2.4: Effects of land use on species abundance of mammalian and avian zoonotic 

hosts and non-hosts. Points, wide and narrow error bars show average difference in species 

abundance (posterior median, 67% and 95% quantile ranges respectively, across 500 bootstrap 

models) in secondary (Sec.), managed and urban sites relative to a primary land baseline 

(dashed line), across all host (brown) and non-host (green) species in each mammalian or avian 

order. For mammals, zoonotic host status was defined strictly (direct pathogen detection, 

isolation or confirmed reservoir status), and urban sites were excluded owing to sparse urban 

sampling (only 2 studies; additionally, no non-host primates were recorded in managed land, 

and urban 95% quantile range for Psittaciformes is not shown due to high uncertainty). 

Abundance differences were predicted using a hurdle model approach (by combining estimates 

from separately-fitted occurrence and zero-truncated abundance models; see Figure S2.3, Table 

S2.6, Methods). The inset table shows per-order numbers of species in the dataset (between 8% 

and 35% of total described species in each order), known zoonotic hosts (prior to bootstrap), 

and sampled sites. 
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Figure 2.5: Effects of land use on the relationship between mammal species pathogen 

richness and occurrence probability.  Points and error bars show the intercept (A-B) and 

slope parameters (C-D) of the relationship between residual pathogen richness (scaled to mean 

0, sd 1) and mammal species occurrence probability on the linear predictor (log-odds) scale 

(median ± 95% credible interval). Intercept parameters represent the average occurrence 

probability of a species with residual pathogen richness of 0 (i.e. with average pathogen 

richness given research effort and taxonomy), and slope parameters represent the change in 

occurrence probability for one scaled unit (standard deviation) increase in residual pathogen 

richness (Figure S2.4). Intercept and slope parameters for primary and secondary land measure 

the differences relative to managed land (i.e. delta-intercept or delta-slope; B, D). Plotted lines 

show these relationships on the probability scale (E-F), showing the median (black line), 67% 

(dark shading) and 95% (light shading) credible interval, based on 000 samples from the 

approximated joint posterior. Full model summaries and results of sensitivity analyses are in 

Table S2.7. 
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2.4. Materials and Methods 

 

I combined a global database of ecological assemblages (Projecting Responses of Ecological 

Diversity In Changing Terrestrial Systems, PREDICTS) (Hudson et al., 2017) with data on host-

pathogen and host-parasite associations, to create a global, spatially-explicit dataset of local 

zoonotic host diversity. I define pathogens and parasites (henceforth ȬÐÁÔÈÏÇÅÎÓȭ) as including 

bacteria, viruses, protozoa, helminths and fungi (excluding ectoparasites). PREDICTS contains 

species records compiled from 666 published studies that sampled local biodiversity across 

land use type and intensity gradients, allowing global space-for-time analysis of land use effects 

on local species assemblages (i.e. comparison between sites with natural vegetation considered 

to be a baseline). I analysed relative differences in wildlife host community metrics (zoonotic 

host species richness and abundance) between undisturbed (primary) land and nearby sites 

under varying degrees of anthropogenic disturbance. I subsequently conducted further analyses 

to examine how host species responses to land use vary across different mammalian and avian 

orders, and to test whether mammal pathogen richness (including both human and non-human 

pathogens) covaries with tolerance to land use.  

 

2.4.1. Datasets 

 

Ecological community and land use data. Each of the >3.2 million records in PREDICTS is a per-

species, per-site measure of either occurrence (including absences) or abundance, alongside 

metadata on site location, land use type and use intensity. The database provides as 

representative a sample as possible of local biodiversity responses to human pressure, 

containing 47,000 species in a taxonomic distribution broadly proportional to the numbers of 

described species in major terrestrial taxonomic groups (Hudson et al., 2017). I first pre-

processed PREDICTS following previous studies (Newbold et al., 2015): records collected during 

mult iple sampling events at one survey site (e.g. multiple transects) were combined into a single 

site record, and for studies whose methods were sensitive to sampling effort (e.g. area 

sampled), species abundances were adjusted to standardise sampling effort across all sites 

within each study, by assuming a linear relationship between sampling effort and recorded 

abundance measures (both following (Newbold et al., 2015)). My analyses of species occurrence 

and richness are therefore based on discrete count data, whereas abundances are pseudo-

continuous (counts adjusted for survey effort). Due to the multi-source structure of PREDICTS 

(multiple studies with differing methods and scope), the absolute species richness and 

abundance measures are non-comparable between studies (Hudson et al., 2017), so these 

analyses necessarily measure relative differences across land use classes. 
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Host-pathogen association data. I compiled animal host-pathogen associations from several 

source databases, to provide as comprehensive a dataset as possible of zoonotic host species 

and their pathogens: the Enhanced Infectious Diseases (EID2) database (Wardeh et al., 2015); 

the Global Mammal Parasite Database v2.0 (GMPD2) which collates records of parasites of 

cetartiodactyls, carnivores and primates(Stephens et al., 2017); Plourde et alȢȭÓ ÒÅÓÅÒÖÏÉÒ ÈÏÓÔÓ 

database (Plourde et al., 2017) ; Olival et alȢȭÓ mammal-virus associations database (Olival et al., 

2017); and Han et al.ȭÓ ÒÏÄÅÎÔ ÚÏÏÎÏÔÉÃ ÒÅÓÅÒÖÏÉÒÓ ÄÁÔÁÂÁÓÅ (Han et al., 2015) augmented with 

pathogen data from the Global Infectious Disease and Epidemiology Network (GIDEON) (Table 

S2.8). I harmonised species names across all databases, excluding instances where either hosts 

or pathogens could not be classified to species level. To prevent erroneous matches due to 

misspelling or taxonomic revision, all host species synonyms were accessed from Catalogue Of 

,ÉÆÅ ÕÓÉÎÇ ȬÔÁØÉÚÅȭ ÖȢπȢψȢω (Chamberlain and Szocs, 2013). Combined, the dataset contained 

20,382 associations between 3883 animal host species and 5694 pathogen species. 

 

Each source database applies different methods and taxonomic scope. EID2 defines 

associations broadly, based on evidence of a cargo species being found in association with a 

carrier (host) species, rather than strict evidence of a pathogenic relationship or reservoir 

status (Wardeh et al., 2015). The other 4 databases were developed using targeted searches of 

literature and/or surveillance reports, focus mainly on mammals, and provide more specific 

information on strength of evidence for host status (either serology, pathogen 

detection/isolation, and/or evidence of acting as reservoir for cross-species transmission). I 

therefore harmonised definitions of host-pathogen associations across the full combined 

database. Across all animal taxa I broadly defined associations based on any documented 

evidence (cargo-carrier or stronger, i.e. including all datasets). Additionally, for mammals only 

(due to more comprehensive pathogen data availability), I was able to define two further tiers 

based on progressively stronger evidence: firstly, serological or stronger evidence of infection, 

and secondly, either direct pathogen detection, isolation or reservoir status. Across all 

pathogens, I also harmonised definitions of zoonotic status. Each pathogen was classified as 

human-shared if recorded as infecting humans within either one of the source host-pathogen 

databases or an external human pathogens list collated from multiple sources (Table S2.8). 

Because the source datasets contain some organisms that infect humans and animals rarely or 

opportunistically, or that may not strictly be zoonotic (e.g. pathogens with an environmental or 

anthroponotic reservoir), pathogens were also more specifically defined as zoonotic agents 

(aetiologic agent of a specific human disease with a known animal reservoir) if classed as such 

in GIDEON, Wertheim et al.ȭÓ !ÔÌÁÓ ÏÆ (ÕÍÁÎ )ÎÆÅÃÔÉÏÕÓ $ÉÓÅÁÓÅÓ (Wertheim et al., 2012) or 

Taylor et alȢȭÓ ÈÕÍÁÎ ÐÁÔÈÏÇens database (Taylor et al., 2001).  
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Combined datasets of hosts and land use. I combined PREDICTS with the compiled host-pathogen 

database by matching records by species binomial, and each species record was given a binary 

classÉÆÉÃÁÔÉÏÎ ÏÆ ȬÈÏÓÔȭ ÏÒ ȬÎÏÎ-ÈÏÓÔȭ ÏÆ ÈÕÍÁÎ-shared pathogens. I adopted a two-tiered 

definition of host status, to examine the impact of making more or less conservative 

assumptions about the likelihood of a species contributing to pathogen transmission dynamics 

and spillover to humans. Firstly, I defined host status broadly: as any species with an association 

with at least one human-shared pathogen (as defined above), which for mammals must be 

based on serological or stronger evidence of infection (henceforth referred to as the ȬÆÕÌÌ 

ÄÁÔÁÓÅÔȭ). 177 studies in PREDICTS contained host species matches (190 mammals, 146 birds, 1 

reptile, 2 amphibians, 37 invertebrates, listed in Table S2.1). Secondly, since mammals are the 

predominant reservoirs of both endemic and emerging zoonotic infections due to their 

phylogenetic proximity to humans (Han et al., 2016; Rottingen et al., 2017), I also defined 

mammal species as zoonotic reservoir hosts based on stricter criteria: an association with at 

least one zoonotic agent (as defined above) which must be based on direct pathogen detection, 

isolation or confirmed reservoir status (henceforth referred to as ȬÍÁÍÍÁÌ ÒÅÓÅÒÖÏÉÒÓ ÓÕÂÓÅÔȭ). 

Within PREDICTS, 63 studies contained host matches based on this narrower definition (143 

mammal reservoir hosts; Table S2.1). 

 

Prior to analysis, I filtered PREDICTS to include only studies that sampled taxa relevant 

to zoonotic transmission, since the full database includes many studies with a different 

taxonomic scope (e.g. plants or non-vector invertebrates) (Hudson et al., 2017). I retained all 

studies that sampled any mammal or bird species, as these groups are the main reservoir hosts 

of zoonoses. For all other taxa, given that zoonoses and their hosts occur globally, I made the 

more conservative assumption that studies with no sampled hosts represent false absences (i.e. 

resulting from study aims and methodology) rather than true absences (i.e. no hosts are 

present), and only included studies with at least one host match in one sampled site in 

community models. This resulted in a final dataset of 530,161 records from 6801 sites in 184 

studies (full dataset) and 51,801 records from 2066 sites within 66 studies (mammal reservoirs 

dataset; including mammal studies only) (Figure 2.1). Some host records were of arthropod 

vectors, but as these are a small proportion of records (around 2%; Table S2.1) I generically 

refer to all matched species as 'hosts'. By matching on species binomial I assume that pathogens 

ÁÒÅ ÅÑÕÁÌÌÙ ÌÉËÅÌÙ ÔÏ ÏÃÃÕÒ ÁÎÙ×ÈÅÒÅ ×ÉÔÈÉÎ ÔÈÅÉÒ ÈÏÓÔÓȭ ÇÅÏÇÒÁÐÈÉÃÁÌ ÒÁÎÇÅȠ evidence from 

terrestrial mammal orders suggests that this assumption is reasonable globally (Cooper et al., 

2012a; Harris and Dunn, 2010). Although overlooking geographical variation in pathogen 

occurrence, pathogen geographical distributions are poorly understood and subject to change, 

making it difficult to define geographical constraints on host status.  


















































































































































































































































































































































