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Summary:

Concurrent global rises in temperatures, rates and incidence of species decline, and emergence of 

infectious diseases represent an unprecedented planetary crisis. Recent intergovernmental reports 

have drawn focus to the escalating climate and biodiversity crises, and the connections between 

them, but interactions among all three pressures have been largely overlooked. Non-linearities 

and dampening and reinforcing interactions among pressures make considering interconnections 

essential to anticipating planetary challenges. Here, we elucidate the interconnections amongst 

the three global pressures of climate change, biodiversity, and infectious disease. We define and 

exemplify causal pathways that link these axes of global change to provide a framework for 

probing their interconnections. A literature assessment and case studies show that the mechanisms 

between some pairs of pressures are better understood than others and the full triad of interactions 

is rarely considered. While challenges to evaluating these interactions are significant—including 

a mismatch in scales, data availability, and methodology—current approaches would benefit from 
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expanding scientific cultures to embrace interdisciplinarity, and integrating animal, human, and 

environmental perspectives. Considering the full suite of connections would be transformative for 

planetary health by identifying potential for co-benefits, win-win-win scenarios, and highlighting 

where a narrow focus on solutions to one pressure might aggravate another.

We are experiencing profound planetary changes. The climate is now warmer than at any 

time in the past 125,000 years,1 extreme climatic events are more frequent,2,3 and global 

average temperature increases relative to the 1850–1900 average already exceed 1°C, and 

may top 1.5–2°C in the next two decades.4 Natural habitat is increasingly fragmented 

and intact fragments are decreasing in size.5 This twofold change, in climate and natural 

habitat, is shifting species distributions and rearranging the composition of ecological 

communities, and an estimated one million species are at risk of extinction.6 Simultaneously, 

we are witnessing widespread increases in emergence, spread, and reemergence of 

infectious diseases in wildlife, domestic animals, plants, and people.7–9 These major 

environmental trends are often attributed to common anthropogenic drivers, including 

pollution, deforestation, and agricultural expansion (Fig. 1). However, while meta-analyses 

draw focus to the strength of connections between disease and global change pressures of 

climate change and biodiversity loss,10 the science that mechanistically links all three is 

surprisingly lacking.

The connections between biodiversity loss and climate change have been highlighted 

in recent intergovernmental global assessments (e.g., Intergovernmental Science-Policy 

Platform on Biodiversity and Ecosystem Services [IPBES], 6 Intergovernmental Platform 

on Climate Change [IPCC],4,11 IPBES-IPCC co-sponsored workshop report,12 United 

Nations’ Global Environmental Outlook [GEO],13 World Wildlife Fund’s Living Planet 

Report [WWF]),14 establishing a process of identifying common drivers and responses 

to inform policy and solution pathways.15 The strong interconnections between infectious 

disease and biodiversity, and infectious disease and climate change are also increasingly well 

recognized.9,16–19 There is a pressing need to now investigate the expansion and effects of 

disease as primary and secondary drivers as well as a consequence of biodiversity-climate 

relations.16,20

The World Health Organization’s One Health initiative,21 IPCC, IBES, and GEO all 

recognize the need for a holistic approach to planetary health, but the three global 

pressures of climate change, biodiversity loss, and infectious disease are rarely considered 

together (Box 1). We argue that considering the three pressures together is essential 

for identifying effective management solutions and win-win-win scenarios, and avoiding 

ecological surprises. For example, when implemented thoughtfully, nature-based solutions 

to manage biodiversity can have co-benefits of improving health and mitigating climate 

change (Box 2),22 but when designed poorly may result in trade-offs, such as climate 

mitigation policy supporting planting of non-native trees.23 Further, by investigating the 

interactions among pressures we can also gain new insights into system dynamics; for 

instance, amphibian declines could be explained by the interaction between temperature 

(extremes) and infectious disease, but not by either pressure alone (Box 2).24
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Here, we elucidate the interactions amongst the three global pressures of changes in climate 

(encompassing shifts in the means, variability, seasonality, and incidences of extremes in 

climate variables as well as changes in spatial and temporal correlations among climate 

variables), biodiversity sensu lato (defined as “the variability among living organisms 

from all sources including, inter alia, terrestrial, marine and other aquatic ecosystems and 

the ecological complexes of which they are part; this includes diversity within species, 

between species and of ecosystems”, following the Convention on Biological Diversity), 25 

and infectious disease. Using case studies to illustrate the causal pathways between them 

(Table 1), we demonstrate that the mechanisms between some pairs of pressures are better 

understood than others and that the body of research addressing all pairwise interactions is 

growing rapidly (Box 1). We highlight that (i) the pairwise interactions between biodiversity 

and infectious disease have been extensively studied, although underlying mechanisms 

remain hotly debated, and (ii) climate variability and change has major impacts on both 

biodiversity and disease, while (iii) the paths from biodiversity and disease to climate are 

less frequently observed and likely to be weak, at least over the timescales that define 

the Anthropocene. We discuss how our understanding of the connections among these 

three global pressures can be enhanced by bridging across scales and research disciplines, 

benefitting ecosystem and human health. Finally, we identify outstanding research questions 

to help advance science at this interface.

Mechanistic Links

Climate Change → Biodiversity

Species may adjust to climate change by shifting in space (range shift) and/or time 

(phenology), thermal plasticity and/or acclimation and evolutionary adaptations.26–30 Rapid 

changes in local climate and extreme climatic events (e.g., heatwaves, floods, hurricanes) 

can result in local extirpations, and even global extinctions,31–33 reducing the richness of 

local communities. Climate induced range shifts beyond historical distributions can lead to 

novel community compositions without historical analogs,34 reshaping species interactions 

(Table 1A).

Climate change will restructure biological communities via multiple mechanisms. Changes 

in temperature and precipitation can impact resource production and the flow of energy 

through ecological networks (Table 1A). Warmer temperatures will additionally shift species 

thermal ecologies, decreasing generation times, increasing metabolic needs (Table 1A), 

changing dispersal patterns, and altering seasonal phenologies.35 These climate-induced 

changes can modify the strength of species interactions and the resilience of food webs,36,37 

which could cascade to species extirpations.38,39

Biodiversity → Climate Change

In general, increases in biodiversity are associated with reducing the effects of climate 

change. For instance, more diverse and species rich natural forests and grasslands 

have higher carbon sequestering potential (Table 1C),40 reflecting the general positive 

biodiversity-productivity relationship.41,42 Conversely, the loss of biodiversity through 

deforestation reduces carbon sequestration, and simultaneously increases greenhouse 
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emissions by increasing the plant biomass undergoing decomposition. Post-deforestation 

land is often used for agriculture or urban development, both of which contribute to 

global greenhouse emissions (17% and 60% of global greenhouse emissions respectively).43 

Deforested lands left unmanaged typically undergo succession toward forest regrowth, 

but this secondary forest can have lower diversity, be more fire-prone, and provide fewer 

ecosystem services than primary forest (Table 1C).44,45

At local scales, changes in biodiversity due to loss of natural habitat, agricultural expansion, 

and urbanization can alter the microclimate (Table 1D). Urban areas have higher air and 

surface temperatures compared to surrounding areas—urban heat islands—due to their lack 

of vegetation and greenspace.46 Local extirpations that include the loss of a keystone species 

can have downstream effects that decrease the abundance of primary producers important 

for carbon sequestration (Table 1B). Much of the evidence to support top-down effects, in 

which the loss of consumer diversity results in reduced primary productivity and carbon 

sequestration, comes from the blue carbon (carbon stored in coastal or marine systems) 

literature, with ongoing debate on the role of blue carbon in climate change accounting.47 

In terrestrial systems, the release of producers from top-down control can lead to greater 

biomass accumulation; however, during a temporary carbon sink, increased biomass can 

exacerbate wildfires, leading to a net increase in atmospheric CO2 emissions (Table 1C).

Biodiversity → Infectious Disease

Changes in biodiversity are often linked with a change in disease prevalence.48–53 Greater 

biodiversity can decrease (dilution effect) or increase (amplification effect) disease exposure 

and incidence.53–55 The amplifying and diluting effects of biodiversity on disease prevalence 

are complex, and likely capture multiple mechanisms, sometimes simultaneously.56 Changes 

in reservoir host populations, specifically the introduction of new reservoir species or the 

increase in abundance of existing reservoir species, can additionally increase the potential 

for novel disease spillover,57,58 while decreases in biodiversity can decrease pathogen 

prevalence if infected individuals die or migrate out of a population (Table 1A) or if key 

reservoir or vector species are removed. Similarly, changes in vector abundance, for example 

as a result of ecological release, species introductions, or climate induced range shifts (Table 

1A), can also alter disease transmission, with either positive or negative effects on disease 

prevalence.59–61

In human-managed ecosystems, such as agricultural landscapes, a focus on enhancing 

productivity and efficiency has led to extensive planting of monocultures, vulnerable to 

disease outbreaks.62,63 In contrast, the practice of adding biodiversity (agrobiodiversity) can 

enhance agricultural productivity by reducing crop losses,64 for example, via the dilution 

effect. Increasing genetic or species diversity, specifically including disease-resistant host 

genotypes or promoting natural enemies of pests, can reduce the likelihood and severity of 

pathogen and pest outbreaks.65

Infectious Disease → Biodiversity

Infectious disease is a direct driver of biodiversity loss through species declines, local 

extirpation, and extinction.66 Infectious diseases can cause population declines by reducing 
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the development, fitness, and survival of their hosts (Table 1B), and pose a particular risk to 

already threatened and endangered species.67 In turn, species declines can cascade to wider 

community impacts through competitive release, the removal of top-down regulation, and 

the loss of foundational species (Table 1C).68 Disease can also manipulate the behavior of 

hosts.69,70 For example, parasites can modify host feeding behavior at infection (reviewed in 
71), leading to increases (hyperphagia) or decreases (anorexia) in the uptake of resources.

Not all pathways linking disease to biodiversity are negative. Disease maintains or promotes 

biodiversity through indirect (parasite-mediated) competition or by occupying a critical role 

in a trophic cascade. Parasites increase biodiversity where frequency dependent parasitism 

increases intraspecific relative to interspecific competition—Janzen-Connell hypothesis72,73

—and when parasites are more detrimental to competitively superior or more abundant 

species (Table 1C).74–76 There is increasing evidence that parasites can also function as 

the top predator in trophic networks, either by directly killing their hosts or indirectly by 

mediating host behavior, altering the flow of nutrients within and between habitats.77–79

Climate Change → Infectious Disease

The effects of climate change on infectious disease are well studied (see Box 1) but have 

largely focused on vector borne diseases. Climate change can have a direct impact on 

disease prevalence by altering physiological processes of the host—impacting immune 

activity—and the pathogens or their vectors—modifying generation times, development 

times, and fitness.19 Increases in temperature decrease generation times for pathogens and 

vectors, increasing disease spread and the potential for outbreaks (Table 1D).80,81 However, 

the effects of temperature on infectious disease are often nonlinear,82–84 and vary by 

parasite, host, and vector, depending on species’ thermal optima and disease ecology.85 

Under the thermal mismatch hypothesis, parasites are suggested to have a broader thermal 

niche than their hosts, and thus should maintain thermal performance over a broader 

range of temperatures, driving outbreaks at temperatures at which host performance is 

diminished.86,87 In some systems, thermal performance curves indicate that climate change 

may reduce disease burden over longer timescales due to a lower survival probability of 

infected hosts at higher temperatures.88,89 Broader climatic shifts, such as changes in the 

length of a wet or dry season, can also alter disease dynamics by increasing or decreasing 

the time when the environment is suitable for transmission.86

In general, the relationships between climate change and non-vectored microparasites have 

been less well studied, in part, because of scale differences in dynamics (see Discrepancies 

in scale). Nonetheless, seasonal weather patterns might alter host behaviour and contact 

rates.90 Thus, shifts in seasonality due to climate forcing can drive shifts in infection 

dynamics for diseases such as cholera.91 Climate change can also impact more directly 

the spread of some airborne infections, such as chickenpox (varicella), through changes in 

humidity.92 Similarly, infection risk from fungal pathogens in plants is often closely linked 

to humidity or dew,93 and dispersal of spores can be strongly weather dependent.94

Gradual climatic shifts, including polar ice and permafrost melting, could lead to disease 

spread by releasing pathogenic fungi and viruses (Table 1A),95 and providing new 

opportunities for spillover.96 Hosts shifting distributions to track changing climate (see 
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Climate Change → Biodiversity) increase the potential for disease spillover between 

previously geographically distant species.58,97,98 Climate-induced range shifts have been 

predicted for pathogen vectors,99,100 and shifting disease pressure with climate change has 

been the focus of much recent attention.101,102 However, in many systems it is unclear which 

climatic factors limit the distribution of hosts and parasites, making it difficult to generate 

robust projections.19,103,104

Extreme climate events, such as heat waves or deluges—modify disease pressure through 

induced stress responses and lowered host immunity. Extreme heat and drought can 

additionally have indirect effects on host immunological competence via, for example, 

food shortages.105 Extreme climate events also impact transmission dynamics. For instance, 

in water limited environments, droughts lead to more hosts congregating around scarce 

water sources, facilitating transmission of waterborne or environmentally transmitted 

diseases (Table 1A), and flash floods that cause damage to wastewater and potable water 

infrastructure may increase the transmission of waterborne pathogens in people.106

Infectious Disease → Climate Change

Evidence for direct mechanistic links by which infectious disease alters climate is generally 

lacking. Here we speculate on some possible associations (Table 1F). Disease can modify 

the greenhouse gas emissions of wild and domestic animals, for example, livestock infected 

with helminths release more methane than their unparasitized conspecifics,107,108 but it is 

difficult to know whether such relationships generalize or scale to a magnitude likely to 

affect the global climate. In human systems, healthcare has a large and expanding carbon 

footprint;109 however, when infectious disease occurs at a larger scale, as was the case for 

the SARS-CoV-2 pandemic, policies put in place by governing bodies (e.g., stay-at-home 

orders, travel bans) could reduce transport related CO2 emissions.110–112

We have highlighted some of the many pairwise links between climate change, biodiversity, 

and infectious disease. There are varying degrees of empirical evidence for different links 

(Table 1), and the mechanisms between some pairs of pressures are better studied than 

others, but the volume of research linking pressures is growing (Box 1). These pairwise 

mechanisms are often intricately interconnected, resulting in feedbacks and chains of 

interactions, as we illustrate in the case studies presented in Box 2; however, they are rarely 

studied together.

Key challenges to connecting climate change, biodiversity, and infectious 

disease

What prevents studies of climate change, biodiversity, and infectious disease connectedness? 

Some impediments likely relate to research pedagogy, while other barriers reflect the 

practical challenges of working with complex systems, and access to funding to support 

interdisciplinary research. Ecosystems are complex, dynamic, and nonlinear. The current 

literature addressing the mechanistic links among all three pressures thus comprises a 

tangled web of empirical, conceptual, and synthetic studies, encompassing diverse taxa 

and a myriad of ecological processes (Fig. 2). Changes in infectious disease, climate, and 
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biodiversity are often impossible to experimentally manipulate at large scales. Most research 

investigating interactions among all three is observational or based on natural experiments, 

and interactions are intrinsically difficult to analyze and interpret.

Multiple axes of variation

Climate, biodiversity, and infectious disease are measured in multiple ways, operationally 

tailored to specific questions. For example, numerous climate variables and their means, 

variability, and extremes can be calculated. Measures of biodiversity and disease are equally 

multifaceted,162 and indicators of connectedness amongst the three must consider unit 

scales ranging from local microclimate measures (e.g., °C, millimeters, meters/second) to 

indicators of decline and health in species biodiversity (e.g., species richness, Shannon’s 

entropy, Simpson’s Index, phylogenetic diversity, He, IUCN Red List classification) to 

transmission rates and measures of disease epidemiology (e.g., susceptible populations, 

infected individuals, recovery rates, R0). Even when units are compatible, collecting data 

in overlapping places and times can be difficult, though the increasingly widespread 

availability of remotely sensed environmental data and global databases of species 

occurrences is improving the outlook (see Overcoming Barriers to Research).

Nonlinearity

Trends describing human-caused changes to the environment are non-linear. The growing 

impact of humanity on the Earth System—interacting physical, biological, and chemical 

processes—over the last seven decades has been described as the Great Acceleration.163 It 

is perhaps unsurprising that biological responses to these changes also show nonlinearities. 

For example, phenological responses to recent warming appear to be slowing down164 (but 

see 165), and temperature effects on biological rates—metabolic functions, life history, etc.

—are frequently described by non-linear curves that vary among species and traits.166,167 

Linear predictions will, therefore, often fail. Common machine learning tools, such as 

Random Forest, Neural Networks, and Support Vector Machines allow the fit of complex 

non-linearities, but mechanistic models that capture underlying biological and physical 

process will be required for making predictions beyond the training data that informs them, 

critical for robust future forecasting.82,168,169

Complex Systems

The nexus of climate change, biodiversity of ecosystems, and the transmission of infectious 

diseases presents a complex system that confounds long-term predictability. Complex 

systems are networks of components without central control that can give rise to 

complicated behaviors.170 Critically, complex systems exhibit emergent and self-organizing 

behaviors that usually cannot be anticipated simply by understanding the properties of the 

constituent parts. The climate system is recognized as a complex system.171 Simulations of 

Agent-Based Models (ABM) are one approach to modeling complex systems. ABM models 

start with a set of beliefs about the rules governing the constituent sub-systems and simulate 

(rather than solve for) the possible trajectories of the system. However, there are significant 

challenges to using ABMs for forecasting, including lack of robustness to the underlying 

models, a tendency to overfitting, high computational cost and data demands, and scalability. 

Another approach, perhaps better suited to studying the climate, biodiversity, disease nexus, 
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is to represent complex systems as sets of coupled nonlinear differential equations. Here 

the challenge is a lack of realism and the use of highly simplified models for the behavior 

of the individual parts. However, more recently developed machine learning tools, such as 

symbolic regression172 and physics-informed neural networks173, allow for the construction 

of more complex nonlinear dynamical systems models informed by data (rather than theory).

Discrepancies in scale

A mismatch in the temporal and spatial scales at which relevant mechanisms act creates 

an additional barrier to studying the three-way interaction between pressures. Changes in 

biodiversity and infectious disease prevalence are commonly measured at the community 

and population levels, respectively, at time scales of months to years and spatial scales of 

meters to hectares14,174. The large interannual and spatial variability in climate leads most 

estimates of climate change to be measured at time scales of decades and large spatial scales, 

and complex processes shape how climate change filters down to alter the microclimates 

organisms experience3,175. If pressures interact at different scales, then it is also likely that 

no single scale will capture their full impacts.176

Because of this scale mismatch, it is unsurprising that the bidirectional interactions 

between biodiversity changes and infectious disease prevalence have been more thoroughly 

investigated, whereas the tripartite of interacting pressures including climate change are 

only rarely considered (Box 1). However, there is strong support for both the independent 

pairwise interactions between biodiversity and infectious disease, and between biodiversity 

and climate change (Table 1A). Further, if changes in infectious disease prevalence or 

biodiversity are widespread, then their effects will be felt at much larger time scales, such as 

the wholesale elimination of the American chestnut in eastern U.S. forests due to blight177 

and ongoing climate-driven impacts of white pine blister rust on western U.S. forests,178 

narrowing the mismatch in scales. But whether these effects propagate to impact the climate 

system will depend on the unique role of extirpated species in their ecosystems. In the 

chestnut example, above, if functionally similar species (e.g., oaks and maples) perform the 

roles previously played by the lost elements of biodiversity (i.e., chestnuts), then there are 

limited large-scale effects on the climate system, despite large effects at the community and 

ecosystem scales.

Of course, interactions between climate change (operating at large scales) and infectious 

disease or biodiversity dynamics (operating at finer scales) can also be affected through 

local environmental conditions created by the larger climate system. For instance, a warming 

climate can change the average temperature experienced by disease vectors, impacting 

growth rates and carrying capacity, with implications for disease transmission (Table 

1B). Similarly, climate-induced range shifts can alter population abundances and local 

community composition, as documented in Thoreau’s woods (Table 1A).179 Thus, processes 

that propagate down from the climate system to biodiversity and disease transmission 

are both more prevalent and easier to detect than interactions of biodiversity and disease 

transmission that propagate up to the climate system.

Multi-scale modeling provides a key methodology for better understanding the up-scaling 

and down-scaling of interactions. In multi-scale models, the dynamical transitions among 
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states are commonly solved at two different space and time resolutions.176,180 Changes in 

the fine-grained scale (here, changes to biodiversity and infectious disease prevalence) are 

studied at a high resolution and then aggregated to provide average changes of state that 

are relevant to the dynamics of the coarse-grained system. Solutions of the coarse-grained 

system are then obtained to provide initial states and boundary conditions for the next 

solution of the fine-grained system.

Expanding research cultures

Current methods of research and education on climate change, biodiversity, and infectious 

disease do not facilitate thorough understanding of three-way interactions. Attempts to 

broaden cultures, as also advocated in the 2022 report by the IPCC,11 and integrate animal, 

human and environmental perspectives are captured in the One Health181 and Planetary 

Health182 approaches.

The Centers for Disease Control and Prevention (CDC)’s One Health approach 

acknowledges the climate-biodiversity-disease interface: prioritizing local, regional, and 

global workshops on disease emergence, connectedness of zoonotic spillover, likelihood 

of significant impact on animal and human health, and coordination of medical networks. 

However, gaps remain, for example, disease prioritization in the United States—with priority 

diseases including rabies, salmonellosis, West Nile, plague, and Lyme disease—recognizes 

shifts in range distributions attributed to habitat losses and fragmentation, yet climatic 

effects are not factored in.183 Extensive policy plans that are in the works, such as The One 

Health Joint Plan of Action, with commitment of the Quadripartite organizations (Food & 

Agriculture Organization [FAO], United Nations Environment Programme [UNEP], World 

Health Organization [WHO] and World Organisation for Animal Health [WOAH]), advocate 

for the joint consideration of animal, human and environmental health systems; but we show 

that the science has been lagging and the integration of climate impacts and feedbacks 

remains ambiguous.

A shift to Planetary Health thinking acknowledges that improvements in human health 

over the past century have come at an environmental cost, achieved through unsustainable 

exploitation of natural resources.182 While many concepts central to Planetary Health are not 

new, by explicitly recognising the interconnections between climate, biodiversity, and human 

health, Planetary Health is a call for greater collaboration across disciplines and national 

boundaries. To be successful, however, funding bodies need to recognise and support such 

collaboration.

Other Challenges

While we have highlighted some of the key challenges to considering the intersecting 

pressure of climate change, biodiversity loss, and infectious disease, our list is far from 

comprehensive. In addition, each pressure is accompanied by its own unique list of 

challenges. Studies of infectious disease can be limited by restrictions on data sharing, 

disease incidence is frequently underreported or biased, with different reporting standards 

over space and time, historical records are often sparse, and seroprevalence data can be 

unreliable. Studies of biodiversity change are difficult to compare because our indices 
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often measure different axes of biodiversity, we still lack data for most species, many of 

which have yet to be described, and ecological forecasting is still in its infancy. Climate 

change science has progressed rapidly over recent decades, and advances in climate change 

attribution have been particularly useful in communicating impacts; nonetheless, working 

with data from climate models is not straightforward for non-experts, forecasts come with 

large uncertainties, the temporal resolution of model projections does not necessarily match 

to species life cycles and activity patterns, and we are better at modeling some climate 

attributes (e.g. mean temperatures) than others (e.g. weather anomalies and extremes).

Overcoming Barriers to Research

Challenges to evaluating the interactions amongst climate change, biodiversity, and 

infectious disease remain significant. Interdisciplinary collaboration will be increasingly 

important, as the expertise required, for example, on species identification and 

environmental sensing, is often not available within a single research group. However, 

differences in methodology, statistical frameworks, corpus of literature, and even language 

present barriers to effective interdisciplinary research.184 There is additionally a need for 

data that can be integrated across scales, capturing nonlinear effects and feedback loops, 

and which can be projected forward in time. For instance, there is debate in biodiversity 

and climate change research about what types of data are needed to detect climate change 

effects,185,186 in infectious disease and biodiversity research on both what data and scale 

are best to evaluate relationships,52,53 and in climate change and infectious disease research 

on how to integrate nonlinear effects of temperature along with other concurrent drivers of 

disease dynamics.84,90

Addressing the intersection of climate, biodiversity, and infectious disease will require 

appropriate field observational data for all three pressures, collected at relevant time and 

spatial scales, paired with experiments and mechanistic models (Fig. 3). Global efforts, 

such as Global Biodiversity Information Facility [GBIF], Group on Earth’s Observations 

Biodiversity Observation Network [GEO BON], Global Forest Watch, Integrated Ocean 

Observing System [IOOS], National Ecological Observatory Network [NEON], and Ocean 

Biodiversity Information System [OBIS], provide useful examples of large-scale data 

collection and curation. Citizen science data (e.g., USA National Phenology Network 

and eBird), distributed experiments (e.g., Nutrient Network [NutNet]), and Indigenous 

knowledge networks187 represent novel and increasingly important types of information, 

but such data remain undervalued and need to be better integrated.188

Ultimately, we need to expand research frameworks to truly integrate climate and habitat 

changes, wildlife conservation, food security, and modern agricultural practices, considering 

both their direct and indirect effects, as well as the feedbacks and nonlinearities in the 

pathways that connect them. Expanding course curricula to advance core competencies (e.g., 

integration of animal, human, and environmental sciences, and application of research to 

policy, public health and clinical programs),189 while supporting interdisciplinary hiring 

clusters, and research coordinated networks, will provide part of the solution.190 In addition, 

we must motivate experts to “transgress” outside of their given expertise, to build on, and 

carry over inherent strengths to other fields. For example, predictive, analytical models 
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that are not typically applied in clinical areas of veterinary sciences would extend methods 

and concepts from ecology and environmental sciences. Likewise, advances in medical 

and veterinary fields, alongside their more immediate solutions focus, provide important 

grounding for ecological theory and practice.

Outlook and Future Directions

There is growing urgency for major global action on climate change, biodiversity, and 

infectious diseases, and the international community has responded. The 2022 report by 

the Intergovernmental Panel on Climate Change (IPCC), highlighting widespread human 

and environmental impacts of climate change that are already occurring and which are 

expected to accelerate without extreme and rapid changes in carbon emission mitigation, 

inspired calls for international policy shifts at the UN Climate Change Conference 

(COP27). The 2022 meeting of the Parties to the UN Convention on Biological Diversity 

(COP15) resulted in the unprecedented commitment to protect 30% of land and sea 

area by 2030 by participating countries; an action considered essential for safeguarding 

Earth’s remaining biodiversity. The SARS-CoV-2 pandemic encouraged the establishment 

of various international pathogen surveillance and pandemic prevention initiatives (e.g., 

WHO’s Global Genomic Surveillance Strategy191). These combined efforts look to address 

the primary crises of climate change, biodiversity loss, and infectious disease, and 

increasingly the connections between them.11,12 By recognizing their interconnectedness, 

there is an opportunity to identify shared drivers and develop sustainable solutions with 

multiple co-benefits (see Box 2).192,193 However, doing so requires new approaches to 

scientific research and communication across disciplines.

Given the challenges, how can we advance research and policy at the interface of climate 

change, biodiversity, and infectious disease? Researching the interactions of all three global 

pressures is certainly more complex than studying them individually or in pairs; yet, 

elucidating the full connectedness of climate change, biodiversity, and infectious disease 

may be possible through integrating theory and data across temporal and spatial scales using 

data-driven models. Such efforts could be transformative for planetary health, allowing the 

identification of win-win-win scenarios (e.g. compared to continued planting of fast growing 

tree monocultures, preserving older and more biodiverse forests stores more carbon and 

increases resistance to climate extremes and disease23) and, conversely, highlighting where 

a focus on solutions to one pressure can aggravate another (e.g. tree planting in ancient 

grasslands to mitigate climate drives biodiversity loss and likely overestimates net carbon 

benefits194).

Empirical research that considers the mechanistic links amongst all three global pressures 

is currently aggregated in a few well-studied systems—amphibian chytridiomycosis, 

forest health, and Lyme disease. For instance, chytridiomycosis in amphibians comprises 

approximately a quarter of the studies we identified that jointly address climate, biodiversity, 

and infectious disease measures (Box 1). Although we undoubtedly missed some relevant 

literature, our analysis considered over 1.8 million publications, and demonstrates the 

relative rarity of such integrative research. While these few well-studied systems provide 

useful case studies, there is an urgent need to expand beyond them. Encouragingly, we 
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show that there is already a substantial body of research addressing many of the pairwise 

connections (Table 1). We suggest, however, that Table 1 presents more than a list of 

case studies; it serves as a guide for mapping how all three global pressures can be 

mechanistically linked by identifying adjacent pathways.

One approach for identifying where interactions between pressures could be important is 

to examine how they overlap in space or time. While each pressure can be characterized 

along multiple dimensions, by mapping the axes relevant to a specific mechanistic pathway 

on a common spatial or temporal scale, it is possible to then examine their intersection. 

For example, the intersection between climate and biodiversity loss might exacerbate risk of 

zoonotic spillover in central Brazil given the high richness of zoonotic hosts in that region, 

whereas low zoonotic host diversity might reduce risk of spillover in Australia, despite 

exposure to similar biodiversity loss and climate hazards (Fig. 4). Of course, such coarse 

scale approaches only provide a guide to potential interactions between pressures, and are 

unlikely to accurately capture dynamics for any one particular system; for example, the loss 

of biodiverse native forests in Australia has been linked to increased aggregation of bats 

in human-managed gardens, leading to spillover of Hendra virus to horses.195 Nonetheless, 

such approaches allow for scenario modeling, for example, contrasting additive versus 

multiplicative or threshold-type interactions (Fig. 4A–C). Improved data at appropriate 

scales coupled with a mechanistic understanding of the connections among pressures would 

allow for more fine-grained predictions, such as shifts in transmission of mosquito-borne 

diseases with warming100,196,197 and impacts of the chytrid fungus, B. dendrobatidis, on 

global amphibian declines (see Box 2).24

We have focused our review at the nexus of the intersecting pressure of climate change, 

biodiversity loss, and infectious disease. We have outlined the benefits of considering these 

three pressures together, and some of the costs of failing to do so. Ultimately, there is a need 

to design solution pathways to jointly reduce pressures, and this will require coordinated 

efforts in science and policy.15 Below, we highlight outstanding questions to further advance 

the integration of climate, biodiversity, and infectious disease research, and address the 

combined pressures they pose to ecosystem integrity and human well-being. By better 

understanding the interactions among pressures, we can better map out the solution space. 

Identifying the most effective policy and socioeconomic levers to achieve (transformative) 

change will present new challenges at the interface of natural and human systems.6,11,12

Open questions to further our understanding of the interconnections 

among climate change, biodiversity, and infectious disease:

1. How can existing data sets be augmented to address the data gaps in our 

understanding of the mechanistic pathways linking climate, biodiversity, and 

infectious disease?

2. At what temporal and spatial scales are interactions between pressures most 

likely to arise?

3. Does the spatial coincidence of multiple pressures increase the likelihood of 

interactions?
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4. Are the interactions between pressures mostly reinforcing or dampening?

5. Which are the climate axes, disease attributes, and dimensions of biodiversity 

that are most likely to drive, and be impacted by, three-way interactions among 

pressures?

6. What are the solution pathways that can be targeted by policy and management 

strategies to maximize co-benefits?

7. How might AI and new Machine Learning tools and data streams (genomics, 

remote sensing, social network analysis, etc.) contribute to improving models of 

the interactions among pressures?

8. How will future global change (e.g., climate change, human population growth 

and movement, and habitat transformation) shift interactions among pressures in 

addition to the intensity of the pressures?

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary

Behavior
the way an organism acts, e.g., foraging, movement, social interactions

Climatic pulse events
rapid changes in climate that occur over a short window of time.

Deforestation
intentional clearing of forested land.

Development time of pathogens
the progressive life history changes a pathogen undergoes in its lifetime.

Development time of vectors
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the progressive life history changes a pathogen’s vector (organism that transmits pathogens 

between humans and animals) undergoes in its lifetime.

Dilution / Amplification
when the presence of a species in a population either dilutes or amplifies the transmission of 

pathogens.

Ecosystem services
benefits humans obtain from nature, e.g., carbon sequestration, nutrient cycling, and flood 

regulation.

Extirpation
the loss of a species from a particular geographic area, local extinction.

Food web dynamics
changes in flow or structure of the food chains in an ecosystem.

Gradual climate change
slow and consistent changes in climate over time.

Migration
regular and repeated movements between different areas of an organism’s home range.

Novel disease spread
transmission of a new disease through a population.

Parasite mediated competition
competition between two species driven by parasitism in one or both species.

Physiology
referring to the physiological mechanisms of an organism, e.g., cellular and metabolic 

processes.

Range shifts
a spatial change in the geographic distribution of a species.

Species decline
decrease in habitat, geographic range, or population sizes of a particular species.

Species introductions
the arrival of species into a new geographic area.

Spillover
contact of a host population with pathogen propagules from another host population as a 

result of high pathogen abundance in a population where the pathogen can be permanently 

maintained, reservoir population.

Temporal mismatch
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misalignment of organismal processes or organisms in time. The temporal mismatch theory 

ties the fitness of an organism to the temporal synchrony of the offspring’s energetic needs 

and food source.

Thermal mismatch
misalignment of temperature required for organismal processes. The thermal mismatch 

hypothesis suggests that smaller-bodied parasites will generally be favored over larger-

bodied parasites due to their broader thermal niches and ability to quickly adapt to changing 

environmental conditions.

Trophic cascade
reciprocal changes in the food web as a result of the addition or removal of a top predator.

Urbanization
the process in which large numbers of people concentrate in proportionally small geographic 

areas.

Vector population
the vector species that occupy a particular geographical area.

References

1. Tollefson J IPCC climate report: Earth is warmer than it’s been in 125,000 years. Nature. 2021 Aug 
9;596(7871):171–2. [PubMed: 34373637] 

2. Cai W, Borlace S, Lengaigne M, van Rensch P, Collins M, Vecchi G, et al. Increasing frequency of 
extreme El Niño events due to greenhouse warming. Nat Clim Change. 2014 Feb;4(2):111–6.

3. NOAA. Annual 2021 Global Climate Report | National Centers for Environmental Information 
(NCEI) [Internet]. [cited 2023 Jan 16]. Available from: https://www.ncei.noaa.gov/access/
monitoring/monthly-report/global/202113

4. Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the 
Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, United 
Kingdom and New York, NY, USA: Cambridge University Press; 2021.

5. Haddad NM, Brudvig LA, Clobert J, Davies KF, Gonzalez A, Holt RD, et al. Habitat fragmentation 
and its lasting impact on Earth’s ecosystems. Sci Adv 2015 Mar 20;1(2):e1500052. [PubMed: 
26601154] 

6. IPBES. Global assessment report on biodiversity and ecosystem services of the Intergovernmental 
Science-Policy Platform on Biodiversity and Ecosystem Services [Internet]. Zenodo; 2019 May 
[cited 2023 Jan 14]. Available from: https://zenodo.org/record/6417333

7. Smith KF, Goldberg M, Rosenthal S, Carlson L, Chen J, Chen C, et al. Global rise in 
human infectious disease outbreaks. J R Soc Interface. 2014 Dec 6;11(101):20140950. [PubMed: 
25401184] 

8. Daszak P, Cunningham AA, Hyatt AD. Emerging infectious diseases of wildlife--Threats to 
biodiversity and human health. Science. 2000 Jan 21;287(5452):443–9. [PubMed: 10642539] 

9. Baker RE, Mahmud AS, Miller IF, Rajeev M, Rasambainarivo F, Rice BL, et al. Infectious disease 
in an era of global change. Nat Rev Microbiol 2022 Apr;20(4):193–205. [PubMed: 34646006] 

10. Mahon MB, Sack A, Aleuy OA, Barbera C, Brown E, Buelow H, et al. Global change drivers and 
the risk of infectious disease [Internet]. bioRxiv; 2022 [cited 2023 Oct 3]. p. 2022.07.21.501013. 
Available from: https://www.biorxiv.org/content/10.1101/2022.07.21.501013v1

11. Intergovernmental Panel on Climate Change (IPCC). Climate Change 2022 – Impacts, Adaptation 
and Vulnerability: Working Group II Contribution to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change [Internet]. Cambridge: Cambridge University 

Pfenning-Butterworth et al. Page 15

Lancet Planet Health. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/202113
https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/202113
https://zenodo.org/record/6417333
https://www.biorxiv.org/content/10.1101/2022.07.21.501013v1


Press; 2023 [cited 2023 Oct 3]. Available from: https://www.cambridge.org/core/books/climate-
change-2022-impacts-adaptation-and-vulnerability/161F238F406D530891AAAE1FC76651BD

12. Pörtner HO, Scholes RJ, Agard J, Archer E, Arneth A, X. Bai, et al. IPBES-IPCC co-sponsored 
workshop report synopsis on biodiversity and climate change. IPBES and IPCC; 2021 p. 
DOI:10.5281/zenodo.4782538.

13. Environment UN. UNEP - UN Environment Programme. 2019 [cited 2023 Jan 14]. Global 
Environment Outlook 6. Available from: http://www.unep.org/resources/global-environment-
outlook-6

14. Living Planet Report 2022 [Internet]. [cited 2023 Jan 14]. Available from: https://
livingplanet.panda.org/

15. Pörtner HO, Scholes RJ, Arneth A, Barnes DKA, Burrows MT, Diamond SE, et al. Overcoming 
the coupled climate and biodiversity crises and their societal impacts. Science. 2023 Apr 
21;380(6642):eabl4881. [PubMed: 37079687] 

16. Bernstein AS, Ando AW, Loch-Temzelides T, Vale MM, Li BV, Li H, et al. The costs and benefits 
of primary prevention of zoonotic pandemics. Sci Adv 2022 Feb 4;8(5):eabl4183. [PubMed: 
35119921] 

17. Daszak P, das Neves Carlos, Amuasi John, Haymen David, Kuiken Thijs, Roche Benjamin, 
et al. Workshop Report on Biodiversity and Pandemics of the Intergovernmental Platform on 
Biodiversity and Ecosystem Services | QUT ePrints [Internet]. [cited 2023 Oct 3]. Available from: 
https://eprints.qut.edu.au/208149/

18. Climate change 2007: the physical science basis: contribution of Working Group I to the Fourth 
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge ; New York: 
Cambridge University Press; 2007 p. 976.

19. Altizer S, Ostfeld RS, Johnson PTJ, Kutz S, Harvell CD. Climate change and infectious diseases: 
from evidence to a predictive framework. Science. 2013 Aug 2;341(6145):514–9. [PubMed: 
23908230] 

20. Dobson AP, Pimm SL, Hannah L, Kaufman L, Ahumada JA, Ando AW, et al. Ecology 
and economics for pandemic prevention. Science. 2020 Jul 24;369(6502):379–81. [PubMed: 
32703868] 

21. FAO, UNEP, WHO, and WOAH. One health joint plan of action (2022‒2026): working together 
for the health of humans, animals, plants and the environment [Internet]. Rome; 2022 [cited 2023 
Jan 14]. Available from: 10.4060/cc2289en

22. Colléony A, Shwartz A. Beyond assuming co-benefits in nature-based solutions: A human-
centered approach to optimize social and ecological outcomes for advancing sustainable urban 
planning. Sustainability. 2019 Jan;11(18):4924.

23. Seddon N, Chausson A, Berry P, Girardin CAJ, Smith A, Turner B. Understanding the value and 
limits of nature-based solutions to climate change and other global challenges. Philos Trans R Soc 
B Biol Sci 2020 Jan 27;375(1794):20190120.

24. Cohen JM, Civitello DJ, Venesky MD, McMahon TA, Rohr JR. An interaction between 
climate change and infectious disease drove widespread amphibian declines. Glob Change Biol 
2018;25(3):927–37.

25. Convention on Biological Diversity [Internet]. [cited 2023 May 2]. The Convention on Biological 
Diversity. Available from: https://www.cbd.int/

26. Williams SE, Shoo LP, Isaac JL, Hoffmann AA, Langham G. Towards an integrated framework 
for assessing the vulnerability of species to climate change. PLOS Biol 2008 Dec 23;6(12):e325. 
[PubMed: 19108608] 

27. Valladares F, Matesanz S, Guilhaumon F, Araújo MB, Balaguer L, Benito-Garzón M, et al. The 
effects of phenotypic plasticity and local adaptation on forecasts of species range shifts under 
climate change. Ecol Lett 2014;17(11):1351–64. [PubMed: 25205436] 

28. Pecl GT, Araújo MB, Bell JD, Blanchard J, Bonebrake TC, Chen IC, et al. Biodiversity 
redistribution under climate change: Impacts on ecosystems and human well-being. Science. 2017 
Mar 31;355(6332):eaai9214. [PubMed: 28360268] 

Pfenning-Butterworth et al. Page 16

Lancet Planet Health. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cambridge.org/core/books/climate-change-2022-impacts-adaptation-and-vulnerability/161F238F406D530891AAAE1FC76651BD
https://www.cambridge.org/core/books/climate-change-2022-impacts-adaptation-and-vulnerability/161F238F406D530891AAAE1FC76651BD
http://www.unep.org/resources/global-environment-outlook-6
http://www.unep.org/resources/global-environment-outlook-6
https://livingplanet.panda.org/
https://livingplanet.panda.org/
https://eprints.qut.edu.au/208149/
https://www.cbd.int/


29. Shuert CR, Marcoux M, Hussey NE, Heide-Jørgensen MP, Dietz R, Auger-Méthé M. Decadal 
migration phenology of a long-lived Arctic icon keeps pace with climate change. Proc Natl Acad 
Sci 2022 Nov 8;119(45):e2121092119. [PubMed: 36279424] 

30. McGaughran A, Laver R, Fraser C. Evolutionary responses to warming. Trends Ecol Evol 2021 Jul 
1;36(7):591–600. [PubMed: 33726946] 

31. Pörtner HO, Farrell AP. Physiology and climate change. Science. 2008 Oct 31;322(5902):690–2. 
[PubMed: 18974339] 

32. Smale DA, Wernberg T. Extreme climatic event drives range contraction of a habitat-forming 
species. Proc R Soc B Biol Sci 2013 Mar 7;280(1754):20122829.

33. McDowell W g., McDowell W h., Byers J e. Mass mortality of a dominant invasive species 
in response to an extreme climate event: Implications for ecosystem function. Limnol Oceanogr 
2017;62(1):177–88.

34. Williams JW, Jackson ST. Novel climates, no-analog communities, and ecological surprises. Front 
Ecol Environ 2007;5(9):475–82.

35. Springate DA, Kover PX. Plant responses to elevated temperatures: a field study on phenological 
sensitivity and fitness responses to simulated climate warming. Glob Change Biol 2014;20(2):456–
65.

36. Sentis A, Hemptinne JL, Brodeur J. Effects of simulated heat waves on an experimental plant–
herbivore–predator food chain. Glob Change Biol 2013;19(3):833–42.

37. Bartley TJ, McCann KS, Bieg C, Cazelles K, Granados M, Guzzo MM, et al. Food web rewiring in 
a changing world. Nat Ecol Evol 2019 Mar;3(3):345–54. [PubMed: 30742106] 

38. Dunne JA, Williams RJ, Martinez ND. Network structure and biodiversity loss in food webs: 
robustness increases with connectance. Ecol Lett 2002;5(4):558–67.

39. Gilbert B, Tunney TD, McCann KS, DeLong JP, Vasseur DA, Savage V, et al. A bioenergetic 
framework for the temperature dependence of trophic interactions. Ecol Lett 2014;17(8):902–14. 
[PubMed: 24894409] 

40. Osuri AM, Gopal A, Raman TRS, DeFries R, Cook-Patton SC, Naeem S. Greater stability of 
carbon capture in species-rich natural forests compared to species-poor plantations. Environ Res 
Lett 2020 Feb;15(3):034011.

41. Cardinale BJ, Matulich KL, Hooper DU, Byrnes JE, Duffy E, Gamfeldt L, et al. The functional 
role of producer diversity in ecosystems. Am J Bot 2011;98(3):572–92. [PubMed: 21613148] 

42. Isbell F, Calcagno V, Hector A, Connolly J, Harpole WS, Reich PB, et al. High plant diversity 
is needed to maintain ecosystem services. Nature. 2011 Sep;477(7363):199–202. [PubMed: 
21832994] 

43. FAO. Emissions due to agriculture. Global, regional and country trends 2000–2018. FAOSTAT 
Anal Brief Ser 2020;Series No. 18.

44. Pearson TRH, Brown S, Murray L, Sidman G. Greenhouse gas emissions from tropical forest 
degradation: an underestimated source. Carbon Balance Manag 2017 Feb 14;12(1):3. [PubMed: 
28413847] 

45. de Andrade RB, Balch JK, Parsons AL, Armenteras D, Roman-Cuesta RM, Bulkan J. Scenarios 
in tropical forest degradation: carbon stock trajectories for REDD+. Carbon Balance Manag 2017 
Mar 9;12(1):6. [PubMed: 28413850] 

46. Akbari H, Pomerantz M, Taha H. Cool surfaces and shade trees to reduce energy use and improve 
air quality in urban areas. Sol Energy. 2001 Jan 1;70(3):295–310.

47. Macreadie PI, Anton A, Raven JA, Beaumont N, Connolly RM, Friess DA, et al. The future of 
Blue Carbon science. Nat Commun 2019 Sep 5;10(1):3998. [PubMed: 31488846] 

48. Keesing F, Belden LK, Daszak P, Dobson A, Harvell CD, Holt RD, et al. Impacts of biodiversity 
on the emergence and transmission of infectious diseases. Nature. 2010 Dec;468(7324):647–52. 
[PubMed: 21124449] 

49. Wood CL, Lafferty KD. Biodiversity and disease: A synthesis of ecological perspectives on Lyme 
disease transmission. Trends Ecol Evol 2013 Apr 1;28(4):239–47. [PubMed: 23182683] 

50. Civitello DJ, Cohen J, Fatima H, Halstead NT, Liriano J, McMahon TA, et al. Biodiversity inhibits 
parasites: Broad evidence for the dilution effect. Proc Natl Acad Sci 2015 Jul 14;112(28):8667–71. 
[PubMed: 26069208] 

Pfenning-Butterworth et al. Page 17

Lancet Planet Health. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



51. Young HS, Parker IM, Gilbert GS, Guerra AS, Nunn CL. Introduced species, disease ecology, 
and biodiversity–disease relationships. Trends Ecol Evol 2017 Jan 1;32(1):41–54. [PubMed: 
28029377] 

52. Halliday FW, Rohr JR. Measuring the shape of the biodiversity-disease relationship across systems 
reveals new findings and key gaps. Nat Commun 2019 Nov 6;10(1):5032. [PubMed: 31695043] 

53. Rohr JR, Civitello DJ, Halliday FW, Hudson PJ, Lafferty KD, Wood CL, et al. Towards 
common ground in the biodiversity–disease debate. Nat Ecol Evol 2020 Jan;4(1):24–33. [PubMed: 
31819238] 

54. Wood CL, Lafferty KD, DeLeo G, Young HS, Hudson PJ, Kuris AM. Does biodiversity protect 
humans against infectious disease? Ecology. 2014;95(4):817–32. [PubMed: 24933803] 

55. Keesing F, Ostfeld RS. Impacts of biodiversity and biodiversity loss on zoonotic diseases. Proc 
Natl Acad Sci 2021 Apr 27;118(17):e2023540118. [PubMed: 33820825] 

56. Luis AD, Kuenzi AJ, Mills JN. Species diversity concurrently dilutes and amplifies transmission 
in a zoonotic host–pathogen system through competing mechanisms. Proc Natl Acad Sci 2018 Jul 
31;115(31):7979–84. [PubMed: 30012590] 

57. Plowright RK, Parrish CR, McCallum H, Hudson PJ, Ko AI, Graham AL, et al. Pathways to 
zoonotic spillover. Nat Rev Microbiol 2017 Aug;15(8):502–10. [PubMed: 28555073] 

58. Morales-Castilla I, Pappalardo P, Farrell MJ, Aguirre AA, Huang S, Gehman ALM, et al. 
Forecasting parasite sharing under climate change. Philos Trans R Soc B Biol Sci 2021 Sep 
20;376(1837):20200360.

59. Lindgren E, Tälleklint L, Polfeldt T. Impact of climatic change on the northern latitude limit 
and population density of the disease-transmitting European tick Ixodes ricinus. Environ Health 
Perspect. 2000 Feb;108(2):119–23. [PubMed: 10656851] 

60. LaPointe DA, Atkinson CT, Samuel MD. Ecology and conservation biology of avian malaria. Ann 
N Y Acad Sci 2012;1249(1):211–26. [PubMed: 22320256] 

61. Brady OJ, Hay SI. The global expansion of dengue: How Aedes aegypti mosquitoes enabled the 
first pandemic Arbovirus. Annu Rev Entomol 2020;65(1):191–208. [PubMed: 31594415] 

62. Millennium Ecosystem Assessment (Program), editor. Ecosystems and human well-being: 
synthesis. Washington, DC: Island Press; 2005. 137 p.

63. Drenth A, Kema G. The vulnerability of bananas to globally emerging disease threats. 
Phytopathology. 2021 Dec;111(12):2146–61. [PubMed: 34231377] 

64. Jackson LE, Pascual U, Hodgkin T. Utilizing and conserving agrobiodiversity in agricultural 
landscapes. Agric Ecosyst Environ 2007 Jul 1;121(3):196–210.

65. Gurr GM, Wratten SD, Luna JM. Multi-function agricultural biodiversity: pest management and 
other benefits. Basic Appl Ecol 2003 Jan 1;4(2):107–16.

66. de Castro F, Bolker B. Mechanisms of disease‐induced extinction. Ecol Lett 2005;8:117–26.

67. Pedersen AB, Jones KE, Nunn CL, Altizer S. Infectious diseases and extinction risk in wild 
mammals. Conserv Biol 2007;21(5):1269–79. [PubMed: 17883492] 

68. Ellison AM, Bank MS, Clinton BD, Colburn EA, Elliott K, Ford CR, et al. Loss of foundation 
species: consequences for the structure and dynamics of forested ecosystems. Front Ecol Environ 
2005;3(9):479–86.

69. Ezenwa V, Altizer SM, Hall R. Animal behavior and parasitism. Oxford University Press; 2022. 
369 p.

70. Lafferty KD, Shaw JC. Comparing mechanisms of host manipulation across host and parasite taxa. 
J Exp Biol 2013 Jan 1;216(1):56–66. [PubMed: 23225868] 

71. Hite JL, Pfenning AC, Cressler CE. Starving the enemy? Feeding behavior shapes host-parasite 
interactions. Trends Ecol Evol 2020 Jan 1;35(1):68–80. [PubMed: 31604593] 

72. Janzen DH. Herbivores and the number of tree species in tropical forests. Am Nat 1970 
Nov;104(940):501–28.

73. Connell JH. On the role of natural enemies in preventing competitive exclusion in some 
marine animals and in rain forest trees. In: Boer PJ den, Gradwell GR, editors. Dynamics of 
populations: Proceedings of the Advanced Study Institute on Dynamics of numbers in populations. 

Pfenning-Butterworth et al. Page 18

Lancet Planet Health. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wageningen, the Netherlands: Center for Agricultural Publishing and Documentation; 1971. p. 
298–312.

74. Anderson RM, May RM. The invasion, persistence and spread of infectious diseases within animal 
and plant communities. Philos Trans R Soc Lond B Biol Sci 1997 Jan;314(1167):533–70.

75. Hatcher MJ, Dick JTA, Dunn AM. How parasites affect interactions between competitors and 
predators. Ecol Lett 2006;9(11):1253–71. [PubMed: 17040328] 

76. Mordecai EA. Pathogen impacts on plant communities: unifying theory, concepts, and empirical 
work. Ecol Monogr 2011;81(3):429–41.

77. Lafferty KD, Allesina S, Arim M, Briggs CJ, De Leo G, Dobson AP, et al. Parasites in food webs: 
the ultimate missing links. Ecol Lett 2008;11(6):533–46. [PubMed: 18462196] 

78. Sato T, Egusa T, Fukushima K, Oda T, Ohte N, Tokuchi N, et al. Nematomorph parasites indirectly 
alter the food web and ecosystem function of streams through behavioural manipulation of their 
cricket hosts. Ecol Lett 2012;15(8):786–93. [PubMed: 22583960] 

79. Buck JC, Ripple WJ. Infectious agents trigger trophic cascades. Trends Ecol Evol 2017 Sep 
1;32(9):681–94. [PubMed: 28736043] 

80. Molnár PK, Kutz SJ, Hoar BM, Dobson AP. Metabolic approaches to understanding climate 
change impacts on seasonal host-macroparasite dynamics. Ecol Lett 2013;16(1):9–21. [PubMed: 
23157563] 

81. Eisen RJ, Eisen L, Ogden NH, Beard CB. Linkages of weather and climate with Ixodes scapularis 
and Ixodes pacificus (Acari: Ixodidae), enzootic transmission of Borrelia burgdorferi, and Lyme 
disease in North America. J Med Entomol 2016 Mar 1;53(2):250–61. [PubMed: 26681789] 

82. Lafferty KD. The ecology of climate change and infectious diseases. Ecology. 2009;90(4):888–
900. [PubMed: 19449681] 

83. Lafferty KD, Mordecai EA. The rise and fall of infectious disease in a warmer world. 
F1000Research. 2016 Aug 19;5:F1000 Faculty Rev-2040.

84. Mordecai EA, Caldwell JM, Grossman MK, Lippi CA, Johnson LR, Neira M, et al. Thermal 
biology of mosquito-borne disease. Ecol Lett 2019;22(10):1690–708. [PubMed: 31286630] 

85. Rohr JR, Cohen JM. Understanding how temperature shifts could impact infectious disease. PLOS 
Biol 2020 Nov 24;18(11):e3000938. [PubMed: 33232316] 

86. Cohen JM, Venesky MD, Sauer EL, Civitello DJ, McMahon TA, Roznik EA, et al. The thermal 
mismatch hypothesis explains host susceptibility to an emerging infectious disease. Ecol Lett 
2017;20(2):184–93. [PubMed: 28111904] 

87. Rohr JR, Civitello DJ, Cohen JM, Roznik EA, Sinervo B, Dell AI. The complex drivers of thermal 
acclimation and breadth in ectotherms. Ecol Lett 2018;21(9):1425–39. [PubMed: 30009486] 

88. Gehman ALM, Hall RJ, Byers JE. Host and parasite thermal ecology jointly determine the effect of 
climate warming on epidemic dynamics. Proc Natl Acad Sci 2018 Jan 23;115(4):744–9. [PubMed: 
29311324] 

89. Cohen JM, McMahon TA, Ramsay C, Roznik EA, Sauer EL, Bessler S, et al. Impacts of thermal 
mismatches on chytrid fungus Batrachochytrium dendrobatidis prevalence are moderated by life 
stage, body size, elevation and latitude. Ecol Lett 2019;22(5):817–25. [PubMed: 30816626] 

90. Altizer S, Dobson A, Hosseini P, Hudson P, Pascual M, Rohani P. Seasonality and the dynamics of 
infectious diseases. Ecol Lett 2006;9:467–84. [PubMed: 16623732] 

91. Koelle K, Pascual M, Yunus M. Pathogen adaptation to seasonal forcing and climate change. Proc 
R Soc B Biol Sci 2005 May 7;272(1566):971–7.

92. Baker RE, Mahmud AS, Metcalf CJE. Dynamic response of airborne infections to climate change: 
Predictions for varicella. Clim Change. 2018 Jun 1;148(4):547–60.

93. Garrett KA, Nita M, De Wolf ED, Esker PD, Gomez-Montano L, Sparks AH. Plant pathogens as 
indicators of climate change. In: Letcher TM, editor. Climate Change (Third Edition) [Internet]. 
Elsevier; 2021 [cited 2023 Apr 12]. p. 499–513. Available from: https://www.sciencedirect.com/
science/article/pii/B9780128215753000244

94. Golan JJ, Pringle A. Long-distance dispersal of fungi. Microbiol Spectr 2017 Jul 14;5(4):5.4.03.

95. Wu R, Trubl G, Taş N, Jansson JK. Permafrost as a potential pathogen reservoir. One Earth. 2022 
Apr 15;5(4):351–60.

Pfenning-Butterworth et al. Page 19

Lancet Planet Health. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.sciencedirect.com/science/article/pii/B9780128215753000244
https://www.sciencedirect.com/science/article/pii/B9780128215753000244


96. Post E, Bhatt US, Bitz CM, Brodie JF, Fulton TL, Hebblewhite M, et al. Ecological consequences 
of sea-ice decline. Science. 2013 Aug 2;341(6145):519–24. [PubMed: 23908231] 

97. Martin G, Yanez-Arenas C, Chen C, Plowright RK, Webb RJ, Skerratt LF. Climate change could 
increase the geographic extent of Hendra Virus spillover risk. EcoHealth. 2018 Sep 1;15(3):509–
25. [PubMed: 29556762] 

98. Carlson CJ, Albery GF, Merow C, Trisos CH, Zipfel CM, Eskew EA, et al. Climate change 
increases cross-species viral transmission risk. Nature. 2022 Jul;607(7919):555–62. [PubMed: 
35483403] 

99. Brownstein JS, Holford TR, Fish D. Effect of climate change on Lyme disease risk in North 
America. EcoHealth. 2005 Mar 1;2(1):38–46. [PubMed: 19008966] 

100. Ryan SJ, Carlson CJ, Mordecai EA, Johnson LR. Global expansion and redistribution of 
Aedes-borne virus transmission risk with climate change. PLoS Negl Trop Dis 2019 Mar 
28;13(3):e0007213. [PubMed: 30921321] 

101. Mora C, McKenzie T, Gaw IM, Dean JM, von Hammerstein H, Knudson TA, et al. Over half of 
known human pathogenic diseases can be aggravated by climate change. Nat Clim Change. 2022 
Sep;12(9):869–75.

102. Romanello M, Napoli CD, Drummond P, Green C, Kennard H, Lampard P, et al. The 2022 report 
of the Lancet Countdown on health and climate change: health at the mercy of fossil fuels. The 
Lancet. 2022 Nov 5;400(10363):1619–54.

103. Tabachnick WJ. Challenges in predicting climate and environmental effects on vector-borne 
disease episystems in a changing world. J Exp Biol 2010 Mar 15;213(6):946–54. [PubMed: 
20190119] 

104. Rodó X, Pascual M, Doblas-Reyes FJ, Gershunov A, Stone DA, Giorgi F, et al. Climate change 
and infectious diseases: Can we meet the needs for better prediction? Clim Change. 2013 Jun 
1;118(3):625–40.

105. Kimes NE, Grim CJ, Johnson WR, Hasan NA, Tall BD, Kothary MH, et al. Temperature 
regulation of virulence factors in the pathogen Vibrio coralliilyticus. ISME J 2012 Apr;6(4):835–
46. [PubMed: 22158392] 

106. Khan R, Anwar R, Akanda S, McDonald MD, Huq A, Jutla A, et al. Assessment of risk of 
Cholera in Haiti following Hurricane Matthew. Am J Trop Med Hyg 2017 Sep 7;97(3):896–903. 
[PubMed: 28749774] 

107. Ezenwa VO, Civitello DJ, Barton BT, Becker DJ, Brenn-White M, Classen AT, et al. Infectious 
diseases, livestock, and climate: A vicious cycle? Trends Ecol Evol 2020 Nov 1;35(11):959–62. 
[PubMed: 33039158] 

108. Corrêa PS, Mendes LW, Lemos LN, Sampaio ACK, Issakowicz J, McManus CM, et al. The 
effect of Haemonchus contortus and Trichostrongylus colubriforms infection on the ruminal 
microbiome of lambs. Exp Parasitol 2021 Dec 1;231:108175. [PubMed: 34740587] 

109. Chung JW, Meltzer DO. Estimate of the carbon footprint of the US health care sector. JAMA 
2009 Nov 11;302(18):1970–2. [PubMed: 19903917] 

110. Liu Z, Ciais P, Deng Z, Lei R, Davis SJ, Feng S, et al. Near-real-time monitoring of global CO2 
emissions reveals the effects of the COVID-19 pandemic. Nat Commun 2020 Oct 14;11(1):5172. 
[PubMed: 33057164] 

111. Le Quéré C, Jackson RB, Jones MW, Smith AJP, Abernethy S, Andrew RM, et al. Temporary 
reduction in daily global CO2 emissions during the COVID-19 forced confinement. Nat Clim 
Change. 2020 Jul;10(7):647–53.

112. Sabrin S, Karimi M, Nazari R, Fahad MGR, Peters RW, Uddin A. The impact of stay-at-home 
orders on air-quality and COVID-19 mortality rate in the United States. Urban Clim 2021 Sep 
1;39:100946. [PubMed: 36568324] 

113. Sinden RE, Gilles HM. The malaria parasites. In: Essential malariology [Internet]. CRC Press; 
2017 [cited 2023 Jan 16]. p. 8–34. Available from: 10.1201/9780203756621-2/malaria-parasites-
robert-sinden-herbert-gilles

114. Rossati A, Bargiacchi O, Kroumova V, Zaramella M, Caputo A, Garavelli PL. Climate, 
environment and transmission of malaria. 2016;

Pfenning-Butterworth et al. Page 20

Lancet Planet Health. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



115. Manguin S, Carnevale P, Mouchet J. Biodiversity of Malaria in the world. John Libbey Eurotext; 
2008.

116. Macdonald G The Epidemiology and control of Malaria. Epidemiol Control Malar 
[Internet]. 1957 [cited 2023 Jan 16]; Available from: https://www.cabdirect.org/cabdirect/
abstract/19581000237

117. Cohuet A, Harris C, Robert V, Fontenille D. Evolutionary forces on Anopheles: what makes a 
malaria vector? Trends Parasitol 2010 Mar 1;26(3):130–6. [PubMed: 20056485] 

118. Scott TW, Takken W. Feeding strategies of anthropophilic mosquitoes result in increased risk of 
pathogen transmission. Trends Parasitol 2012 Mar 1;28(3):114–21. [PubMed: 22300806] 

119. Dao A, Yaro AS, Diallo M, Timbiné S, Huestis DL, Kassogué Y, et al. Signatures of aestivation 
and migration in Sahelian malaria mosquito populations. Nature. 2014 Dec;516(7531):387–90. 
[PubMed: 25470038] 

120. Mwangangi JM, Mbogo CM, Orindi BO, Muturi EJ, Midega JT, Nzovu J, et al. Shifts in malaria 
vector species composition and transmission dynamics along the Kenyan coast over the past 20 
years. Malar J 2013 Jan 8;12(1):13. [PubMed: 23297732] 

121. Hoi AG, Gilbert B, Mideo N. Deconstructing the impact of Malaria vector diversity on disease 
risk. Am Nat 2020 Sep;196(3):E61–70. [PubMed: 32813999] 

122. Ramasamy R Zoonotic Malaria – global overview and research and policy needs. Front 
Public Health [Internet]. 2014 [cited 2023 Jan 16];2. Available from: https://www.frontiersin.org/
articles/10.3389/fpubh.2014.00123

123. White MT, Karl S, Battle KE, Hay SI, Mueller I, Ghani AC. Modelling the contribution of 
the hypnozoite reservoir to Plasmodium vivax transmission. Jit M, editor. eLife. 2014 Nov 
18;3:e04692. [PubMed: 25406065] 

124. Howes RE, Battle KE, Mendis KN, Smith DL, Cibulskis RE, Baird JK, et al. Global 
epidemiology of Plasmodium vivax. Am J Trop Med Hyg 2016 Dec 28;95(6_Suppl):15–34.

125. Fornace KM, Topazian HM, Routledge I, Asyraf S, Jelip J, Lindblade KA, et al. No evidence of 
sustained nonzoonotic Plasmodium knowlesi transmission in Malaysia from modelling malaria 
case data. Nat Commun 2023 Jun 1;14(1):2945. [PubMed: 37263994] 

126. Mordecai EA, Paaijmans KP, Johnson LR, Balzer C, Ben-Horin T, de Moor E, et al. Optimal 
temperature for malaria transmission is dramatically lower than previously predicted. Ecol Lett 
2013;16(1):22–30. [PubMed: 23050931] 

127. Yamana TK, Eltahir EAB. Projected impacts of climate change on environmental suitability 
for malaria transmission in West Africa. Environ Health Perspect. 2013 Oct;121(10):1179–86. 
[PubMed: 24043443] 

128. Koenraadt CJM, Githeko AK, Takken W. The effects of rainfall and evapotranspiration on the 
temporal dynamics of Anopheles gambiae s.s. and Anopheles arabiensis in a Kenyan village. 
Acta Trop. 2004 Apr 1;90(2):141–53. [PubMed: 15177140] 

129. Paaijmans KP, Wandago MO, Githeko AK, Takken W. Unexpected high losses of Anopheles 
gambiae larvae due to rainfall. PLOS ONE. 2007 Nov 7;2(11):e1146. [PubMed: 17987125] 

130. Diouf I, Fonseca BR, Caminade C, Thiaw WM, Deme A, Morse AP, et al. Climate variability and 
Malaria over West Africa. Am J Trop Med Hyg 2020;102(5):1037–47. [PubMed: 32189612] 

131. Peterson AT. Shifting suitability for malaria vectors across Africa with warming climates. BMC 
Infect Dis [Internet]. 2009 [cited 2023 Jan 16];9. Available from: 10.1186/1471-2334-9-59

132. Berger L, Speare R, Daszak P, Green DE, Cunningham AA, Goggin CL, et al. Chytridiomycosis 
causes amphibian mortality associated with population declines in the rain forests of Australia 
and Central America. Proc Natl Acad Sci 1998 Jul 21;95(15):9031–6. [PubMed: 9671799] 

133. Daszak P, Cunningham AA, Hyatt AD. Infectious disease and amphibian population declines. 
Divers Distrib. 2003;9(2):141–50.

134. Olson DH, Ronnenberg KL. Global Bd Mapping Project. 2014; Available from: https://
www.fs.usda.gov/pnw/lwm/aem/docs/olson/2014_olson_ronnenberg_froglog111_o.pdf

135. Skerratt LF, Berger L, Speare R, Cashins S, McDonald KR, Phillott AD, et al. Spread of 
Chytridiomycosis has caused the rapid global decline and extinction of frogs. EcoHealth. 2007 
Jun 1;4(2):125–34.

Pfenning-Butterworth et al. Page 21

Lancet Planet Health. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cabdirect.org/cabdirect/abstract/19581000237
https://www.cabdirect.org/cabdirect/abstract/19581000237
https://www.frontiersin.org/articles/10.3389/fpubh.2014.00123
https://www.frontiersin.org/articles/10.3389/fpubh.2014.00123
https://www.fs.usda.gov/pnw/lwm/aem/docs/olson/2014_olson_ronnenberg_froglog111_o.pdf
https://www.fs.usda.gov/pnw/lwm/aem/docs/olson/2014_olson_ronnenberg_froglog111_o.pdf


136. Lips KR. Overview of chytrid emergence and impacts on amphibians. Philos Trans R Soc B Biol 
Sci 2016 Dec 5;371(1709):20150465.

137. McMenamin SK, Hadly EA, Wright CK. Climatic change and wetland desiccation 
cause amphibian decline in Yellowstone National Park. Proc Natl Acad Sci 2008 Nov 
4;105(44):16988–93. [PubMed: 18955700] 

138. Rohr JR, Raffel TR. Linking global climate and temperature variability to widespread amphibian 
declines putatively caused by disease. Proc Natl Acad Sci 2010 May 4;107(18):8269–74. 
[PubMed: 20404180] 

139. Bosch J, Fernández-Beaskoetxea S, Garner TWJ, Carrascal LM. Long-term monitoring of an 
amphibian community after a climate change- and infectious disease-driven species extirpation. 
Glob Change Biol 2018;24(6):2622–32.

140. Sauer EL, Fuller RC, Richards-Zawacki CL, Sonn J, Sperry JH, Rohr JR. Variation in individual 
temperature preferences, not behavioural fever, affects susceptibility to chytridiomycosis in 
amphibians. Proc R Soc B Biol Sci 2018 Aug 22;285(1885):20181111.

141. Woodhams DC, Alford RA, Briggs CJ, Johnson M, Rollins-Smith LA. Life-history trade-
offs influence disease in changing climates: Strategies of an amphibian pathogen. Ecology. 
2008;89(6):1627–39. [PubMed: 18589527] 

142. Stevenson LA, Alford RA, Bell SC, Roznik EA, Berger L, Pike DA. Variation in thermal 
performance of a widespread pathogen, the amphibian chytrid fungus Batrachochytrium 
dendrobatidis. PLOS ONE. 2013 Sep 4;8(9):e73830. [PubMed: 24023908] 

143. Venesky MD, DeMarchi J, Hickerson C, Anthony CD. Does the thermal mismatch hypothesis 
predict disease outcomes in different morphs of a terrestrial salamander? J Exp Zool Part Ecol 
Integr Physiol 2022;337(5):467–76.

144. Teixeira A, Duarte B, Caçador I. Salt marshes and biodiversity. In: Khan MA, Böer B, 
Öztürk M, Al Abdessalaam TZ, Clüsener-Godt M, Gul B, editors. Sabkha Ecosystems: 
Volume IV: Cash Crop Halophyte and Biodiversity Conservation [Internet]. Dordrecht: Springer 
Netherlands; 2014 [cited 2023 Jan 16]. p. 283–98. (Tasks for Vegetation Science). Available 
from: 10.1007/978-94-007-7411-7_20

145. Duarte CM, Marbà N, Gacia E, Fourqurean JW, Beggins J, Barrón C, et al. Seagrass community 
metabolism: Assessing the carbon sink capacity of seagrass meadows. Glob Biogeochem Cycles 
[Internet]. 2010 [cited 2023 Jan 16];24(4). Available from: 10.1029/2010GB003793

146. Duarte CM, Middelburg JJ, Caraco N. Major role of marine vegetation on the oceanic carbon 
cycle. Biogeosciences. 2005;2:1–8.

147. Mcleod E, Chmura GL, Bouillon S, Salm R, Björk M, Duarte CM, et al. A blueprint for 
blue carbon: toward an improved understanding of the role of vegetated coastal habitats in 
sequestering CO2. Front Ecol Environ 2011;9(10):552–60.

148. Barbier EB, Hacker SD, Kennedy C, Koch EW, Stier AC, Silliman BR. The value of estuarine and 
coastal ecosystem services. Ecol Monogr 2011;81(2):169–93.

149. Mateo MA, Romero J, Pérez M, Littler MM, Littler DS. Dynamics of millenary organic deposits 
resulting from the growth of the Mediterranean seagrass Posidonia oceanica. Estuar Coast Shelf 
Sci 1997 Jan 1;44(1):103–10.

150. Ward LG, Zaprowski BJ, Trainer KD, Davis PT. Stratigraphy, pollen history and geochronology 
of tidal marshes in a Gulf of Maine estuarine system: Climatic and relative sea level impacts. Mar 
Geol 2008 Dec 20;256(1):1–17.

151. Filho PWMS, Cohen MCL, Lara RJ, Lessa GC, Koch B, Behling H. Holocene coastal evolution 
and facies model of the Bragança Macrotidal Flat on the Amazon Mangrove Coast, Northern 
Brazil. J Coast Res 2006;306–10.

152. Stevenson A Ó Corcora TC, Hukriede W, Schubert PR, Reusch TBH. Substantial seagrass blue 
carbon pools in the southwestern Baltic Sea include relics of terrestrial peatlands. Front Mar 
Sci [Internet]. 2022 [cited 2023 Jan 16];9. Available from: https://www.frontiersin.org/articles/
10.3389/fmars.2022.949101

153. Borchers M, Thrän D, Chi Y, Dahmen N, Dittmeyer R, Dolch T, et al. Scoping carbon dioxide 
removal options for Germany–What is their potential contribution to Net-Zero CO2? Front 

Pfenning-Butterworth et al. Page 22

Lancet Planet Health. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.frontiersin.org/articles/10.3389/fmars.2022.949101
https://www.frontiersin.org/articles/10.3389/fmars.2022.949101


Clim [Internet]. 2022 [cited 2023 Jan 16];4. Available from: https://www.frontiersin.org/articles/
10.3389/fclim.2022.810343

154. Eong OJ. Mangroves - a carbon source and sink. Chemosphere. 1993 Sep 1;27(6):1097–107.

155. Carugati L, Gatto B, Rastelli E, Lo Martire M, Coral C, Greco S, et al. Impact of mangrove 
forests degradation on biodiversity and ecosystem functioning. Sci Rep 2018 Sep 5;8(1):13298. 
[PubMed: 30185918] 

156. Pendleton L, Donato DC, Murray BC, Crooks S, Jenkins WA, Sifleet S, et al. Estimating global 
“Blue Carbon” emissions from conversion and degradation of vegetated coastal ecosystems. 
PLOS ONE. 2012 Sep 4;7(9):e43542. [PubMed: 22962585] 

157. Renn CE. The wasting disease of Zostera marina: i. a phytological investigation of the diseased 
plant. Biol Bull 1936 Feb;70(1):148–58.

158. Short FT, Ibelings BW, Den Hartog C. Comparison of a current eelgrass disease to the wasting 
disease in the 1930s. Aquat Bot 1988 May 1;30(4):295–304.

159. Groner ML, Eisenlord ME, Yoshioka RM, Fiorenza EA, Dawkins PD, Graham OJ, et al. Warming 
sea surface temperatures fuel summer epidemics of eelgrass wasting disease. Mar Ecol Prog Ser 
2021 Nov 25;679:47–58.

160. Aoki LR, Rappazzo B, Beatty DS, Domke LK, Eckert GL, Eisenlord ME, et al. Disease 
surveillance by artificial intelligence links eelgrass wasting disease to ocean warming across 
latitudes. Limnol Oceanogr. 2022;67(7):1577–89.

161. Röhr ME, Holmer M, Baum JK, Björk M, Boyer K, Chin D, et al. Blue Carbon Storage Capacity 
of Temperate Eelgrass (Zostera marina) Meadows. Glob Biogeochem Cycles. 2018;32(10):1457–
75.

162. Nova N, Athni TS, Childs ML, Mandle L, Mordecai EA. Global change and emerging infectious 
diseases. Annu Rev Resour Econ 2022;14(1):333–54.

163. Steffen W, Broadgate W, Deutsch L, Gaffney O, Ludwig C. The trajectory of the Anthropocene: 
The great acceleration. Anthr Rev 2015 Apr 1;2(1):81–98.

164. Fu YH, Zhao H, Piao S, Peaucelle M, Peng S, Zhou G, et al. Declining global warming 
effects on the phenology of spring leaf unfolding. Nature. 2015 Oct;526(7571):104–7. [PubMed: 
26416746] 

165. Wolkovich EM, Auerbach J, Chamberlain CJ, Buonaiuto DM, Ettinger AK, Morales-Castilla I, et 
al. A simple explanation for declining temperature sensitivity with warming. Glob Change Biol 
2021;27(20):4947–9.

166. Angilletta MJA, Angilletta MJ. Thermal adaptation: A theoretical and empirical synthesis. OUP 
Oxford; 2009. 304 p.

167. Dell AI, Pawar S, Savage VM. Systematic variation in the temperature dependence of 
physiological and ecological traits. Proc Natl Acad Sci 2011 Jun 28;108(26):10591–6. [PubMed: 
21606358] 

168. Briscoe NJ, Morris SD, Mathewson PD, Buckley LB, Jusup M, Levy O, et al. Mechanistic 
forecasts of species responses to climate change: The promise of biophysical ecology. Glob 
Change Biol [Internet]. 2020 [cited 2023 Jan 16];n/a(n/a). Available from: 10.1111/gcb.16557

169. Sunday J, Bennett JM, Calosi P, Clusella-Trullas S, Gravel S, Hargreaves AL, et al. Thermal 
tolerance patterns across latitude and elevation. Philos Trans R Soc B Biol Sci 2019 Jun 
17;374(1778):20190036.

170. Mitchell M Complexity: A Guided Tour. Oxford University Press; 2009. 366 p.

171. Rind D Complexity and Climate. Science. 1999 Apr 2;284(5411):105–7. [PubMed: 10102804] 

172. Schmidt M, Lipson H. Distilling Free-Form Natural Laws from Experimental Data. Science. 2009 
Apr 3;324(5923):81–5. [PubMed: 19342586] 

173. Raissi M, Yazdani A, Karniadakis GE. Hidden fluid mechanics: Learning velocity and pressure 
fields from flow visualizations. Science. 2020 Feb 28;367(6481):1026–30. [PubMed: 32001523] 

174. CDC. Health, United States 2020–2021. Centers for Disease Control and Prevention;

175. Rocklöv J, Semenza JC, Dasgupta S, Robinson EJZ, Wahed AAE, Alcayna T, et al. Decision-
support tools to build climate resilience against emerging infectious diseases in Europe and 

Pfenning-Butterworth et al. Page 23

Lancet Planet Health. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.frontiersin.org/articles/10.3389/fclim.2022.810343
https://www.frontiersin.org/articles/10.3389/fclim.2022.810343


beyond. Lancet Reg Health – Eur [Internet]. 2023 Sep 1 [cited 2023 Oct 3];32. Available from: 
https://www.thelancet.com/journals/lanepe/article/PIIS2666-7762(23)00120-5/fulltext

176. Cohen JM, Civitello DJ, Brace AJ, Feichtinger EM, Ortega CN, Richardson JC, et al. Spatial 
scale modulates the strength of ecological processes driving disease distributions. Proc Natl Acad 
Sci 2016 Jun 14;113(24):E3359–64. [PubMed: 27247398] 

177. Anagnostakis SL. Chestnut Blight: The classical problem of an introduced pathogen. Mycologia. 
1987 Jan 1;79(1):23–37.

178. Dudney J, Willing CE, Das AJ, Latimer AM, Nesmith JCB, Battles JJ. Nonlinear shifts in 
infectious rust disease due to climate change. Nat Commun 2021 Aug 24;12(1):5102. [PubMed: 
34429405] 

179. Willis CG, Ruhfel B, Primack RB, Miller-Rushing AJ, Davis CC. Phylogenetic patterns of 
species loss in Thoreau’s woods are driven by climate change. Proc Natl Acad Sci 2008 Nov 
4;105(44):17029–33. [PubMed: 18955707] 

180. Chesson P Scale transition theory: Its aims, motivations and predictions. Ecol Complex. 2012 Jun 
1;10:52–68.

181. Mackenzie JS, Jeggo M. The One Health approach—Why is it so important? Trop Med Infect Dis 
2019 Jun;4(2):88. [PubMed: 31159338] 

182. Whitmee S, Haines A, Beyrer C, Boltz F, Capon AG, Dias BF de S, et al. Safeguarding human 
health in the Anthropocene epoch: Report of the Rockefeller Foundation–Lancet Commission on 
Planetary health. The Lancet. 2015 Nov 14;386(10007):1973–2028.

183. One Health Zoonotic Disease Prioritization (OHZDP) | One Health | CDC [Internet]. 
2022 [cited 2023 Jan 16]. Available from: https://www.cdc.gov/onehealth/what-we-do/zoonotic-
disease-prioritization/index.html

184. Finkel M, Baur A, Weber TKD, Osenbrück K, Rügner H, Leven C, et al. Managing collaborative 
research data for integrated, interdisciplinary environmental research. Earth Sci Inform 2020 Sep 
1;13(3):641–54.

185. Brown CJ, O’Connor MI, Poloczanska ES, Schoeman DS, Buckley LB, Burrows MT, et al. 
Ecological and methodological drivers of species’ distribution and phenology responses to 
climate change. Glob Change Biol 2016;22(4):1548–60.

186. Urban MC, Bocedi G, Hendry AP, Mihoub JB, Pe’er G, Singer A, et al. Improving the forecast 
for biodiversity under climate change. Science. 2016 Sep 9;353(6304):aad8466. [PubMed: 
27609898] 

187. Cámara-Leret R, Fortuna MA, Bascompte J. Indigenous knowledge networks in the face of global 
change. Proc Natl Acad Sci 2019 May 14;116(20):9913–8. [PubMed: 31043567] 

188. Ericksen P, Woodley E. Using multiple knowledge systems: Benefits and challenges. In: 
Ecosystems and human well-being: multiscale assessments. Washington, DC: Island Press; 2005. 
p. 85–117.

189. O’Callaghan-Gordo C, Moreno A, Bosque-Prous M, Castro-Sanchez E, Dadvand P, Guzmán 
CAF, et al. Responding to the need of postgraduate education for Planetary Health: Development 
of an online Master’s Degree. Front Public Health [Internet]. 2022 [cited 2023 Oct 3];10. 
Available from: https://www.frontiersin.org/articles/10.3389/fpubh.2022.969065

190. Togami E, Gardy JL, Hansen GR, Poste GH, Rizzo DM, Wilson ME, et al. Core competencies 
in One Health education: What are we missing? NAM Perspect [Internet]. 2018 Jun 4 [cited 
2023 Jan 16];8(6). Available from: https://nam.edu/core-competencies-in-one-health-education-
what-are-we-missing/

191. WHO global genomic surveillance strategy for pathogens with pandemic and epidemic potential 
2022–2032 [Internet]. Geneva: World Health Organization; 2022 [cited 2023 Jan 17]. Available 
from: https://www.who.int/initiatives/genomic-surveillance-strategy

192. Shin YJ, Midgley GF, Archer ERM, Arneth A, Barnes DKA, Chan L, et al. Actions to halt 
biodiversity loss generally benefit the climate. Glob Change Biol 2022;28(9):2846–74.

193. Smith P, Arneth A, Barnes DKA, Ichii K, Marquet PA, Popp A, et al. How do we best synergize 
climate mitigation actions to co-benefit biodiversity? Glob Change Biol 2022;28(8):2555–77.

Pfenning-Butterworth et al. Page 24

Lancet Planet Health. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.thelancet.com/journals/lanepe/article/PIIS2666-7762(23)00120-5/fulltext
https://www.cdc.gov/onehealth/what-we-do/zoonotic-disease-prioritization/index.html
https://www.cdc.gov/onehealth/what-we-do/zoonotic-disease-prioritization/index.html
https://www.frontiersin.org/articles/10.3389/fpubh.2022.969065
https://nam.edu/core-competencies-in-one-health-education-what-are-we-missing/
https://nam.edu/core-competencies-in-one-health-education-what-are-we-missing/
https://www.who.int/initiatives/genomic-surveillance-strategy


194. Veldman JW, Aleman JC, Alvarado ST, Anderson TM, Archibald S, Bond WJ, et al. Comment 
on “The global tree restoration potential.” Science. 2019 Oct 18;366(6463):eaay7976. [PubMed: 
31624182] 

195. Eby P, Peel AJ, Hoegh A, Madden W, Giles JR, Hudson PJ, et al. Pathogen spillover driven by 
rapid changes in bat ecology. Nature. 2023 Jan;613(7943):340–4. [PubMed: 36384167] 

196. Ryan SJ. Mapping thermal physiology of vector-borne diseases in a changing climate: Shifts in 
geographic and demographic risk of suitability. Curr Environ Health Rep 2020 Dec 1;7(4):415–
23. [PubMed: 32902817] 

197. Ryan SJ, McNally A, Johnson LR, Mordecai EA, Ben-Horin T, Paaijmans K, et al. Mapping 
physiological suitability limits for malaria in Africa under climate change. Vector-Borne 
Zoonotic Dis 2015 Dec;15(12):718–25. [PubMed: 26579951] 

198. Fan X, Miao C, Duan Q, Shen C, Wu Y. Future climate change hotspots under different 21st 
century warming scenarios. Earths Future. 2021;9(6):e2021EF002027.

199. Sanchez-Ortiz K, Gonzalez RE, Palma AD, Newbold T, Hill SLL, Tylianakis JM, et al. Land-use 
and related pressures have reduced biotic integrity more on islands than on mainlands [Internet]. 
bioRxiv; 2019 [cited 2023 Jan 27]. p. 576546. Available from: https://www.biorxiv.org/content/
10.1101/576546v1

200. Han BA, Kramer AM, Drake JM. Global patterns of zoonotic disease in mammals. Trends 
Parasitol 2016 Jul 1;32(7):565–77. [PubMed: 27316904] 

Supplementary References

201. Hanley ME, Cook BI, Fenner M. Climate variation, reproductive frequency and acorn yield in 
English Oaks. J Plant Ecol JPE 2019 Jun;12(3):542–9. [PubMed: 33414843] 

202. Smaill SJ, Clinton PW, Allen RB, Davis MR. Climate cues and resources interact to determine 
seed production by a masting species. J Ecol 2011;99(3):870–7.

203. Ostfeld RS, Jones CG, Wolff JO. Of Mice and mast: Ecological connections in eastern deciduous 
forests. BioScience 1996 May 1;46(5):323–30.

204. Jones CG, Ostfeld RS, Richard MP, Schauber EM, Wolff JO. Chain Reactions linking acorns 
to Gypsy Moth outbreaks and Lyme disease risk. Science 1998 Feb 13;279(5353):1023–6. 
[PubMed: 9461433] 

205. Mather TN, Wilson ML, Moore SI, Ribeiro JMC, Spielman A. Comparing the relative potential of 
rodents as reservoirs of the Lyme disease spirochete (Borrelia burgdorferi). Am J Epidemiol 1989 
Jul 1;130(1):143–50. [PubMed: 2787105] 

206. Ostfeld RS. Chapter 14 - Ecology of Lyme Disease. In: Weathers KC, Strayer DL, Likens GE, 
editors. Fundamentals of Ecosystem Science (Second Edition). Academic Press; 2021. p. 275–85.

207. LoGiudice K, Ostfeld RS, Schmidt KA, Keesing F. The ecology of infectious disease: Effects of 
host diversity and community composition on Lyme disease risk. Proc Natl Acad Sci 2003 Jan 
21;100(2):567–71. [PubMed: 12525705] 

208. Keesing F, Brunner J, Duerr S, Killilea M, LoGiudice K, Schmidt K, et al. Hosts as ecological 
traps for the vector of Lyme disease. Proc R Soc B Biol Sci 2009 Aug 19;276(1675):3911–9.

209. Chase JM, Knight TM. Drought-induced mosquito outbreaks in wetlands. Ecol Lett 
2003;6(11):1017–24.

210. Landesman WJ, Allan BF, Langerhans RB, Knight TM, Chase JM. Inter-annual associations 
between precipitation and human incidence of West Nile Virus in the United States. Vector-Borne 
Zoonotic Dis 2007 Sep;7(3):337–43. [PubMed: 17867908] 

211. Shaman J, Day JF, Stieglitz M. Drought-induced amplification and epidemic transmission of West 
Nile Virus in southern Florida. J Med Entomol 2005 Mar 1;42(2):134–41. [PubMed: 15799522] 

212. Altizer S, Bartel R, Han BA. Animal migration and infectious disease risk. Science 2011 Jan 
21;331(6015):296–302. [PubMed: 21252339] 

213. Liskova EA, Egorova IY, Selyaninov YO, Razheva IV, Gladkova NA, Toropova NN, et al. 
Reindeer Anthrax in the Russian Arctic, 2016: Climatic determinants of the outbreak and 
vaccination effectiveness. Front Vet Sci 2021 Jun 24;8:668420. [PubMed: 34250061] 

Pfenning-Butterworth et al. Page 25

Lancet Planet Health. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.biorxiv.org/content/10.1101/576546v1
https://www.biorxiv.org/content/10.1101/576546v1


214. Stokholm I, Härkönen T, Harding KC, Siebert U, Lehnert K, Dietz R, et al. Phylogenomic 
insights to the origin and spread of phocine distemper virus in European harbour seals in 1988 
and 2002. Dis Aquat Organ 2019 Feb 21;133(1):47–56. [PubMed: 31089002] 

215. Black S, Diugnan P, Akeeagok J, Raverty S. Marine animal health in a changing Arctic. In: One 
Health Case Studies: Addressing Complex Problems in a Changing World 5m Books Ltd; 2016.

216. Walter J. Dryness, wetness and temporary flooding reduce floral resources of plant communities 
with adverse consequences for pollinator attraction. J Ecol 2020;108(4):1453–64.

217. Adler LS, Michaud KM, Ellner SP, McArt SH, Stevenson PC, Irwin RE. Disease where you dine: 
plant species and floral traits associated with pathogen transmission in bumble bees. Ecology 
2018;99(11):2535–45. [PubMed: 30155907] 

218. Hernández JC, Sangil C, Lorenzo-Morales J. Uncommon southwest swells trigger sea urchin 
disease outbreaks in Eastern Atlantic archipelagos. Ecol Evol 2020;10(15):7963–70. [PubMed: 
32788953] 

219. Pearse JS, Hines AH. Expansion of a central California kelp forest following the mass mortality 
of sea urchins. Mar Biol 1979 Mar 1;51(1):83–91.

220. Williams JP, Claisse JT, Ii DJP, Williams CM, Robart MJ, Scholz Z, et al. Sea urchin mass 
mortality rapidly restores kelp forest communities. Mar Ecol Prog Ser 2021 Apr 15;664:117–31.

221. Steneck RS, Graham MH, Bourque BJ, Corbett D, Erlandson JM, Estes JA, et al. Kelp forest 
ecosystems: biodiversity, stability, resilience and future. Environ Conserv 2002 Dec;29(4):436–
59.

222. Maher SP, Kramer AM, Pulliam JT, Zokan MA, Bowden SE, Barton HD, et al. Spread of 
white-nose syndrome on a network regulated by geography and climate. Nat Commun 2012 Dec 
18;3(1):1306. [PubMed: 23250436] 

223. Verant ML, Boyles JG, Jr WW, Wibbelt G, Blehert DS. Temperature-dependent growth of 
Geomyces destructans, the fungus that causes bat white-nose syndrome. PLOS ONE 2012 Sep 
28;7(9):e46280. [PubMed: 23029462] 

224. Jachowski DS, Dobony CA, Coleman LS, Ford WM, Britzke ER, Rodrigue JL. Disease and 
community structure: white-nose syndrome alters spatial and temporal niche partitioning in 
sympatric bat species. Divers Distrib 2014;20(9):1002–15.

225. Rosenberg E, Koren O, Reshef L, Efrony R, Zilber-Rosenberg I. The role of microorganisms 
in coral health, disease and evolution. Nat Rev Microbiol 2007 May;5(5):355–62. [PubMed: 
17384666] 

226. Jones GP, McCormick MI, Srinivasan M, Eagle JV. Coral decline threatens fish biodiversity in 
marine reserves. Proc Natl Acad Sci 2004 May 25;101(21):8251–3. [PubMed: 15150414] 

227. Price SJ, Leung WTM, Owen CJ, Puschendorf R, Sergeant C, Cunningham AA, et al. Effects of 
historic and projected climate change on the range and impacts of an emerging wildlife disease. 
Glob Change Biol 2019;25(8):2648–60.

228. Teacher AGF, Cunningham AA, Garner TWJ. Assessing the long-term impact of Ranavirus 
infection in wild common frog populations. Anim Conserv 2010;13(5):514–22.

229. Torchio PF, Bosch J. Biology of Tricrania stansburyi, a Meloid Beetle Cleptoparasite of the 
Bee Osmia lignaria propinqua (Hymenoptera: Megachilidae). Ann Entomol Soc Am 1992 Nov 
1;85(6):713–21.

230. Ghoneim K Agronomic and biodiversity impacts of the blister beetles (Coleoptera: Meloidae) in 
the world: A review. Int J Agric Sci Res 2013;2:021–36.

231. Kutz SJ, Hoberg EP, Polley L, Jenkins EJ. Global warming is changing the dynamics of Arctic 
host–parasite systems. Proc R Soc B Biol Sci 2005 Oct 4;272(1581):2571–6.

232. Hoberg EP, Polley L, Gunn A, Nishi JS. Umingmakstrongylus pallikuukensis gen.nov. et sp.nov. 
(Nematoda: Protostrongylidae) from muskoxen, Ovibos moschatus, in the central Canadian 
Arctic, with comments on biology and biogeography. Can J Zool 1995 Dec;73(12):2266–82.

233. Unjust Waters: Climate change, flooding and the protection of poor 
urban communities –experiences from six African cities. ActionAid; 2007. 
Available from: https://reliefweb.int/report/world/unjust-waters-climate-change-flooding-and-
protection-poor-urban-communities-experiences

Pfenning-Butterworth et al. Page 26

Lancet Planet Health. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://reliefweb.int/report/world/unjust-waters-climate-change-flooding-and-protection-poor-urban-communities-experiences
https://reliefweb.int/report/world/unjust-waters-climate-change-flooding-and-protection-poor-urban-communities-experiences


234. Schmidt JP, Park AW, Kramer AM, Han BA, Alexander LW, Drake JM. Spatiotemporal 
Fluctuations and Triggers of Ebola Virus Spillover. Emerg Infect Dis J 2017;23:415–22.

235. Pinzon JE, Wilson JM, Tucker CJ, Arthur R, Jahrling PB, Formenty P. Trigger events: 
Enviroclimatic coupling of Ebola hemorrhagic fever outbreaks. Am J Trop Med Hyg 2004 Nov 
1;71(5):664–74. [PubMed: 15569802] 

236. Formenty P, Boesch C, Wyers M, Steiner C, Donati F, Dind F, et al. Ebola virus outbreak 
among wild chimpanzees living in a rain forest of Côte d’Ivoire. J Infect Dis 1999 Feb 
1;179(Supplement_1):S120–6. [PubMed: 9988175] 

237. Bermejo M, Rodríguez-Teijeiro JD, Illera G, Barroso A, Vilà C, Walsh PD. Ebola outbreak killed 
5000 gorillas. Science 2006 Dec 8;314(5805):1564–1564. [PubMed: 17158318] 

238. Schultz JA, Cloutier RN, Côté IM. Evidence for a trophic cascade on rocky reefs following sea 
star mass mortality in British Columbia. PeerJ 2016 Apr 26;4:e1980. [PubMed: 27168988] 

239. Burt JM, Tinker MT, Okamoto DK, Demes KW, Holmes K, Salomon AK. Sudden collapse of a 
mesopredator reveals its complementary role in mediating rocky reef regime shifts. Proc R Soc B 
Biol Sci 2018 Jul 25;285(1883):20180553.

240. Filbee-Dexter K, Wernberg T. Substantial blue carbon in overlooked Australian kelp forests. Sci 
Rep 2020 Jul 23;10(1):12341. [PubMed: 32703990] 

241. Krause-Jensen D, Duarte CM. Substantial role of macroalgae in marine carbon sequestration. Nat 
Geosci 2016 Oct;9(10):737–42.

242. Short FT, Muehlstein LK, Porter D. Eelgrass wasting disease: cause and recurrence of a marine 
epidemic. Biol Bull 1987 Dec;173(3):557–62. [PubMed: 29320228] 

243. Prentice C, Poppe KL, Lutz M, Murray E, Stephens TA, Spooner A, et al. A Synthesis of blue 
carbon stocks, sources, and accumulation rates in eelgrass (Zostera marina) meadows in the 
Northeast Pacific. Glob Biogeochem Cycles 2020;34(2):e2019GB006345.

244. McCormick JF, Platt RB. Recovery of an Appalachian Forest following the chestnut blight or 
Catherine Keever-You were right! Am Midl Nat 1980;104(2):264–73.

245. Peltzer DA, Allen RB, Lovett GM, Whitehead D, Wardle DA. Effects of biological invasions on 
forest carbon sequestration. Glob Change Biol 2010;16(2):732–46.

246. Hofmann E, Ford S, Powell E, Klinck J. Modeling studies of the effect of climate variability 
on MSX disease in eastern oyster (Crassostrea virginica) populations. Hydrobiologia 2001 Sep 
1;460(1):195–212.

247. Coen LD, Luckenbach MW, Breitburg DL. The role of oyster reefs as essential fish habitat: A 
review of current knowledge and some new perspectives. Am Fish Soc Symp 1999;22:438–54.

248. Ehrich MK, Harris LA. A review of existing eastern oyster filtration rate models. Ecol Model 
2015 Feb 10;297:201–12.

249. Holdo RM, Sinclair ARE, Dobson AP, Metzger KL, Bolker BM, Ritchie ME, et al. A disease-
mediated trophic cascade in the Serengeti and its implications for ecosystem C. PLOS Biol 2009 
Sep 29;7(9):e1000210. [PubMed: 19787022] 

250. Koltz AM, Civitello DJ, Becker DJ, Deem SL, Classen AT, Barton B, et al. Sublethal effects of 
parasitism on ruminants can have cascading consequences for ecosystems. Proc Natl Acad Sci 
2022 May 17;119(20):e2117381119. [PubMed: 35533278] 

251. Allan E, van Ruijven J, Crawley MJ. Foliar fungal pathogens and grassland biodiversity. Ecology 
2010;91(9):2572–82. [PubMed: 20957952] 

252. De Deyn GB, Shiel RS, Ostle NJ, McNamara NP, Oakley S, Young I, et al. Additional carbon 
sequestration benefits of grassland diversity restoration. J Appl Ecol 2011;48(3):600–8.

253. Afrane YA, Little TJ, Lawson BW, Githeko AK, Lo E. Deforestation and vectorial capacity 
of Anopheles gambiae Giles mosquitoes in malaria transmission, Kenya. Emerg Infect Dis 
2008;14:1533–8. [PubMed: 18826815] 

254. Kalnay E, Cai M. Impact of urbanization and land-use change on climate. Nature 2003 
May;423(6939):528–31. [PubMed: 12774119] 

255. Jenerette GD, Harlan SL, Brazel A, Jones N, Larsen L, Stefanov WL. Regional relationships 
between surface temperature, vegetation, and human settlement in a rapidly urbanizing 
ecosystem. Landsc Ecol 2007 Mar 1;22(3):353–65.

Pfenning-Butterworth et al. Page 27

Lancet Planet Health. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



256. Jenerette GD, Harlan SL, Stefanov WL, Martin CA. Ecosystem services and urban heat 
riskscape moderation: water, green spaces, and social inequality in Phoenix, USA. Ecol Appl 
2011;21(7):2637–51. [PubMed: 22073649] 

257. Armson D, Stringer P, Ennos AR. The effect of tree shade and grass on surface and globe 
temperatures in an urban area. Urban For Urban Green 2012 Jan 1;11(3):245–55.

258. Peng S, Piao S, Ciais P, Friedlingstein P, Ottle C, Bréon FM, et al. Surface urban heat 
island across 419 global big cities. Environ Sci Technol 2012 Jan 17;46(2):696–703. [PubMed: 
22142232] 

259. Edmondson JL, Stott I, Davies ZG, Gaston KJ, Leake JR. Soil surface temperatures reveal 
moderation of the urban heat island effect by trees and shrubs. Sci Rep 2016 Sep 19;6(1):33708. 
[PubMed: 27641002] 

260. Araujo RV, Albertini MR, Costa-da-Silva AL, Suesdek L, Franceschi NCS, Bastos NM, et al. São 
Paulo urban heat islands have a higher incidence of dengue than other urban areas. Braz J Infect 
Dis 2015 Mar 1;19(2):146–55. [PubMed: 25523076] 

261. Busby PE, Canham CD. An exotic insect and pathogen disease complex reduces aboveground tree 
biomass in temperate forests of eastern North America. Can J For Res 2011 Feb;41(2):401–11.

262. Ayres MP, Lombardero MJ. Assessing the consequences of global change for forest disturbance 
from herbivores and pathogens. Sci Total Environ 2000 Nov 15;262(3):263–86. [PubMed: 
11087032] 

263. Quirion BR, Domke GM, Walters BF, Lovett GM, Fargione JE, Greenwood L, et al. Insect and 
disease disturbances correlate with reduced carbon sequestration in forests of the contiguous 
United States. Front For Glob Change 2021;4. Available from: https://www.frontiersin.org/
articles/10.3389/ffgc.2021.716582

264. Guo Q, Fei S, Potter KM, Liebhold AM, Wen J. Tree diversity regulates forest pest invasion. Proc 
Natl Acad Sci 2019 Apr 9;116(15):7382–6. [PubMed: 30910953] 

265. Kurz WA, Dymond CC, Stinson G, Rampley GJ, Neilson ET, Carroll AL, et al. Mountain 
pine beetle and forest carbon feedback to climate change. Nature 2008 Apr;452(7190):987–90. 
[PubMed: 18432244] 

266. Ehleringer JR, Marshall JD. Water relations. In: Parasitic Plants Springer Science & Business 
Media; 1995. p. 125–40.

267. De Frenne P, Lenoir J, Luoto M, Scheffers BR, Zellweger F, Aalto J, et al. Forest microclimates 
and climate change: Importance, drivers and future research agenda. Glob Change Biol 
2021;27(11):2279–97.

268. Schneider R, Masselot P, Vicedo-Cabrera AM, Sera F, Blangiardo M, Forlani C, et al. Differential 
impact of government lockdown policies on reducing air pollution levels and related mortality in 
Europe. Sci Rep 2022 Jan 26;12(1):726. [PubMed: 35082316] 

Pfenning-Butterworth et al. Page 28

Lancet Planet Health. Author manuscript; available in PMC 2024 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.frontiersin.org/articles/10.3389/ffgc.2021.716582
https://www.frontiersin.org/articles/10.3389/ffgc.2021.716582


Box 1.

What is the current state of research on the triple crises of climate change, 
biodiversity loss, and infectious disease?

The biodiversity crisis: nature and biodiversity loss, encompassing the decline or 

disappearance of biological diversity, from genes to ecosystems.

The climate crisis: long-term shifts in the means and variances of temperatures 

and weather patterns (including shifts in seasonality, and incidences of extremes in 

climate variables as well as changes in spatial and temporal correlations among climate 

variables).

The crisis in infectious diseases: increasing frequency and prevalence of emerging 

infectious diseases in plants, animals, and people.

Number of publications retrieved for different combinations of search terms 
associated with biodiversity, climate change, and infectious disease research. 
Literature trends are based on Web of Science searches for terms related to climate 

change, biodiversity, and infectious disease. Major events related to the study of climate 

change, biodiversity, or infectious disease are indicated: The Rio Earth Summit (RES) 

in 1992; the first Convention of Biological Diversity (COP 1) in 1994; the first 

Intergovernmental Panel on Climate Change (IPCC 1) meeting in 1998; Millennium 

Ecosystem Assessment (MEA) published in 2005; the formation of the Intergovernmental 

Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) in 2012; the 

Sustainable Development Goals (SDG) published in 2015; and COVID-19 (COVID) 

became pandemic in 2020. Literature reflecting pairwise and three-way combinations of 

search terms are highlighted in the inset.
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Number of publications that discuss mechanistic links between biodiversity, climate 
change, and infectious disease. Mechanistic links describe a process by which one 

global pressure drives another. Mechanisms were identified through our reading of the 

literature, including the papers cited in Table 1, and are consistent across Fig. 1, Fig. 2, 

and Table 1. Arrows illustrate the direction of mechanistic links between pressures; arrow 

width is weighted by relative number of publications (percent of the 128 publications is 

noted next to each arrow), as a proxy for research effort.

Search Strategy and Selection Criteria

We conducted a series of literature searches via the Web of Science Core Collection 

for publications between 1975–2022 using key search terms to identify papers on 

biodiversity, climate change and infectious disease (see Supplementary Methods for 

full details of search criteria). Our search returned 1,878,560 primary research and 

review articles. Among individual drivers, infectious disease had the most publications 

(1,347,124), followed by climate change (282,122), and then biodiversity (235,048). 

Unsurprisingly, there has been an increase in the number of infectious disease studies 

in the past 10 years, and we detect a ‘COVID surge’ represented by a 33.3% increase 

between 2019 and 2021. Pairwise combinations of these global pressures returned far 

fewer publications: infectious disease and biodiversity (17,580), biodiversity and climate 

change (17,652), and infectious disease and climate change (4,751).

We identified 505 studies that matched our search terms for biodiversity and climate 

change and infectious disease within a single publication’s title, abstract, or keywords. 

Within this intersection, we found that few studies (n = 128, 25.3%) discuss mechanistic 

links (see Supplementary Methods) connecting climate change, biodiversity, and 

infectious disease. Only 29 papers (5.7%) quantified measures of climate change, 

biodiversity, and infectious disease, and seven of these were on a single disease system, 

Batrachochytrium dendrobatidis, the causative agent of chytridiomycosis in amphibians.

Undoubtedly, some relevant papers were missed because of our choice of search terms 

(e.g., we did not include more general terms such as “temperature”, “abundance”, or 

“disease” because these are often used in contexts other than the three pressures of 
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focus in this synthesis); however, the overall proportion of papers that intersect axes of 

each global pressure is unlikely to be greatly impacted by their exclusion – few papers 

consider pairwise terms, fewer still consider all three, and those that do tend to focus on a 

single study system.
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Box 2.

Connecting climate change, biodiversity, and infectious disease.

Malaria: Climate → Biodiversity → Infectious Disease

Human malaria, which results from transmission of Plasmodium parasites by Anopheles 
mosquito vectors, involves multiple vector and parasite species with varying climate 

responses and contributions to disease transmission.113–115 Vector biodiversity affects 

malaria transmission through interspecific variation in competence, feeding behavior, 

and seasonality.115–118 For example, the presence of species that can aestivate during 

the dry season sustains high malaria transmission in arid climates such as the Sahel 

desert,119 and both high abundances of anthropophilic vector species and co-occurrence 

of dry and rainy season vectors have been associated with increased disease prevalence 

in Kenya.120,121 Similarly, the presence and abundances of Plasmodium species with 

dormant life stages (e.g., P. vivax) and alternative hosts (e.g., P. knowlesi) can 

affect long-term transmission dynamics through parasite reactivation and spillover 

events, respectively.116,122–125 Climate has complex, nonlinear relationships with vector 

and parasite species distributions and life history traits that contribute to disease 

transmission.126,127 Precipitation impacts the availability and stability of aquatic breeding 

habitat required by mosquitoes,128,129 and temperature impacts vector and parasite 

development rates as well as vector survival, lifespan, reproduction, and biting rates 

that determine contact rates between infected and uninfected hosts and vectors.84,126 

These climatic influences are reflected in malaria incidence patterns that follow rainfall 

and temperature gradients and seasonality,130 and generate complex nonlinearities that 

are not well-captured by simple linear models.84,131 Critically, ignoring the diversity of 

Anopheles vectors, which are each characterized by distinct temperature dependencies 

(influencing developmental rates, biting rates, fecundity etc.), could shift forecasts of 

both the magnitude and direction of temperature effects on disease prevalence.84

Amphibian declines: Climate → Infectious Disease → Biodiversity

Chytridiomycosis, a disease caused by the pathogenic chytrid fungus Batrachochytrium 
dendrobatidis, Bd,132,133 is known to infect over 1000 amphibian species, many of which 

are considered Threatened by the IUCN Red List of Threatened Species.134 The disease 

has resulted in mass mortality and amphibian biodiversity declines globally.135,136 

Climate change has multiple points of impact, including on host abundance, disease 

prevalence, and pathogen transmission.137–139 However, responses of Bd to temperature 

vary across species,140 life stages,141 and pathogen isolates.142 For example, there is 

empirical evidence for increased Bd prevalence in cold-adapted systems under unusually 

warm temperatures (and vice versa)—c.f. thermal mismatch hypothesis89 (but see 143)

—driving amphibian declines in some warming habitats. Disease-driven declines in 

amphibians were thus only revealed when examining the interaction between climate 

(temperature extremes) and pathogen presence, whereas considering either in isolation 

fails to capture the critical dynamics underlying declines24. While this is one of the few 

systems where the links between climate change, biodiversity, and infectious disease 
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have been explored together, more work is needed on how the mechanistic links between 

chytridiomycosis and amphibian biodiversity will evolve over time.

Blue Carbon: Infectious Disease → Biodiversity → Climate

Vegetated marine ecosystems often support high biodiversity and productivity144,145. 

These biodiverse regions provide critical ecosystem functions including water 

purification, maintenance of fisheries, and carbon sequestration.146–148 Radiocarbon 

dating in mangrove soil, salt marshes, and seagrass indicates that these ecosystems can 

store carbon for thousands of years.149–153 However, biodiversity loss due to changes 

in marine and land use (e.g., aquaculture and urban development) can release stored 

carbon—transforming them into a carbon source.154,155 The degradation of vegetated 

coastal ecosystems is estimated to release 0.45 billion tons of carbon dioxide a year.156 

Disease is one of several factors exacerbating biodiversity loss and decline in these 

productive ecosystems. Eelgrass wasting disease, for example, has caused large declines 

in eelgrass density across locations and time,157–159 which reduces the habitat quality 

of eelgrass beds supporting coastal biodiversity. Recent epidemics have been linked to 

increased temperatures.159,160 The interactions between climate change and ecosystem 

health in these systems thus creates a vicious cycle. Eelgrass habitat degradation releases 

stored carbon, which contributes to further climate change and climate related stressors

—increase in air temperature, ocean acidification, sea level changes—feeding back to 

further degrade these biodiverse ecosystems directly, and indirectly through altered 

disease outbreaks. In addition, because eelgrass growth is lower in disease-impacted 

systems, the ability to sequester carbon is also reduced, and ignoring disease status could 

mislead global estimates of Blue Carbon storage capacity.161
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Fig 1: Directionality of mechanistic links between climate change, biodiversity, and infectious 
disease.
Anthropogenic drivers, such as fossil fuel use, deforestation and agriculture, and 

human population growth, are accelerating increases in global temperatures, losses of 

biodiversity, and infectious disease outbreaks. These three global pressures can be connected 

mechanistically (examples listed in the two outer rings illustrate directional links, shown by 

arrows, between pressures) with cascading consequences. In addition to linear paths linking 

pressures, these mechanisms can lead to feedback loops between pressures, stepping from 

one ring to the next. Mechanisms match those identified in Table 1 and are discussed in 

more detail in the main text, but represent only a subset of the many possible mechanisms 

that connect pressures. The 2022 IPCC report provides examples of how the human system 

can be similarly integrated and connected to climate and biodiversity.
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Fig. 2: Classification of literature that discusses mechanistic links between all three pressures: 
climate, biodiversity, and infectious disease.
Summary of the 128 studies that discuss climate change, biodiversity, and infectious 

disease. Each study was scored for publication type, ecosystem (focal habitat), taxon (focal 

organism), and mechanisms. The study specific mechanisms described in each publication 

were assigned to the broader mechanism categories discussed in this synthesis (Table 1). 

For example, studies that describe general increases in temperature and precipitation were 

included in the ‘gradual climate change’ mechanism, whereas studies on extreme heatwaves 

were included in ‘climatic pulse events.’ Line width represents the number of studies (n = 

128). Further details are provided in the Supplementary Methods.
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Fig. 3: Schematic illustrating mechanisms underlying key pathways and feedbacks linking 
between biodiversity, disease dynamics and the climate system (numbers), and the research tools 
and data types that allow us to quantify them (letters).
Climate determines rates of primary productivity (central arrow). Warming temperatures 

and CO2 fertilisation (1) accelerate plant growth (2) and the timing of annual life cycle 

events (3). Increased plant growth sequesters atmospheric CO2 (4), but warming soils 

elevate respiration and decomposition rates of soil microbes (5) which releases CO2 back 

into the atmosphere. Increased biodiversity enhances ecosystem productivity (6), and thus 

rates of CO2 fixation. Pests and disease can regulate and maintain biodiversity through 

Janzen-Connell effects (7) while biodiversity can modify disease outbreaks through the 

dilution effect (8). General climate circulation models (A) and synthesis reports from the 

Intergovernmental Panel on Climate Change (IPCC) provide projections of likely climate 

responses to variation in atmospheric CO2 concentration. Remote sensing using satellites 

and drones (B) allows for real-time monitoring of plant phenological responses (C) to 

changes in climate and associated changes in vegetation structure (D). Remote sensed 

data and ‘on the ground’ biodiversity surveys (E) inform ecological forecasts (F) in 

combination with species distribution modelling (G). Experimental manipulations, such as 

experimental warming (H), and new genomic tools (I) that can detect evidence of selection 

provide quantitative measures of species’ adaptive and plastic potential to environmental 

changes. Nature-based solutions (J), including tree planting (see The Bonn Challenge: 

https://www.bonnchallenge.org/), provide potential for win-win-win scenarios, but only if 

enacted thoughtfully. See Table 1 for citations. We use a terrestrial forest ecosystem as 

example to illustrate system complexity; equivalent schematics could be generated for 

marine and freshwater ecosystems. We do not show interactions with the socio-economic 
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system, including feedbacks with public health policy, disease surveillance, clean energy 

pathways etc. which would add further complexity.
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Fig. 4: Visualizing how pressures overlap in space could reveal the potential for interactions 
between them.
Maps depicting geographical overlap of global pressures: climate risk (C), biodiversity risk 

(B), and infectious disease risk (ID). A) Pressure hotspots, defined as cells falling within 

the upper 20% quantile of each pressure; B) Global pressures combined additively (datasets 

rescaled to between 0 and 1); and C) Global pressures combined multiplicatively (datasets 

rescaled to between 1 and 2). Climate change risk is measured as the standard Euclidean 

distance across multiple climate metrics between a baseline (1995–2014) and future 

(2080–2099) period under the Shared Socioeconomic Pathway (SSP) 2–4.5 scenario;198 

Biodiversity is represented as the inverse of the Biodiversity Intactness Index (1-BII), 

which reflects the proportional loss of species richness in a given area relative to minimally-

impacted baseline sites in 2005;199 Disease risk is represented by mammal zoonotic host 

richness,200 a measure of both biodiversity and zoonotic infectious disease burden. Further 

details are provided in the Supplementary Methods.
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