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Abstract: In today’s landscape of zoonotic pathogen outbreaks, the dilution effect 
theory, i.e., the theory that greater biodiversity can help curb pathogen transmission 
among wildlife, has gained significant attention. However, the positive link 
between animal diversity and pathogen richness urges us to apply this concept with 
caution. It is crucial to explore how conservation biology can safeguard human 
health by preventing the emergence of zoonotic diseases. By investigating the 
implications of conservation strategies on animal communities and pathogen 
transmission as well as the adaptive capabilities of pathogens, we propose that 
biodiversity conservation based on small reserves can effectively reduce pathogen 
spread in wildlife, provided certain measurable conditions are met. Given the urgent 
need to tackle both zoonoses disease emergence and biodiversity loss, these 
interventions should be prioritized and implemented without delay.  
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1. Introduction  

The urgency to reverse the loss of biodiversity [1] has increased societal interest in environmental 
conservation, pushing it onto political agendas. However, many decision-makers remain hesitant to implement 
sustainable conservation programs [2]. The COVID-19 pandemic, driven by SARS-CoV-2, has highlighted the 
global threat of zoonotic diseases, which jump from animals to humans, causing significant health, social, and 
economic disruptions. No longer just a topic for debate, the emergence of zoonoses is now clearly linked to human-
induced changes in our natural environments [3]. 

While geopolitical factors and financial resources often dominate discussions on international policies, short-
term economic costs tend to overshadow the long-term impacts of these decisions. A key barrier is the lack of 
demonstrated synergies among crises that would maximize investment. To tackle this, we need a comprehensive 
cost-effectiveness analysis of how different habitat conservation strategies can mitigate disease emergence, 
encouraging authorities to engage more actively. Since the groundbreaking research by Ostfeld and Keesing (2000), 
numerous studies have highlighted the potential prophylactic effects of biodiversity conservation on infectious 
disease transmission [4]. This is evidenced by a frequent negative correlation between species richness and 
pathogen transmission [5–7]. However, the so-called ‘dilution effect’ is often non-linear and predicting the impact 
of biodiversity protection on zoonosis emergence in humans remains complex [8]. Thus, leveraging conservation 
biology tools to reduce the risk of emerging infectious diseases [9] demands a deeper understanding of how the 
dilution effect applies across various ecosystems [10–12] and processes, such as those involved in biodiversity 
loss [13]. Most studies focus on transmission dynamics within ecosystems, particularly whether altered pathogens 
are zoonotic [13,14]. However, pathogen circulation among animals is just the initial step toward spillover, 
overlooking critical animal-human interactions that biodiversity protection could influence. To safeguard human 
health, we must examine both the biological and sociological links between biodiversity loss and human exposure 
to zoonotic diseases, including direct human-animal interactions. 

Recent studies linking conservation strategies and infectious diseases highlight a significant dependence on 
local contexts and the specific pathogens involved [15]. It is important to point out here that we use the term 
“pathogen” to represent any kind of parasitic microbe. Obviously, the host spectrum and its adaptive potential 
(which are key components for a potential dilution effect) will be extremely different according to the kind of 
microbes considered (e.g., viruses, bacteria, helminths, etc.). This variability of contexts and community 
assemblages complicates efforts to identify universally applicable win-win solutions for environmental protection 
and public health. Unlike research on the dilution effect, these studies often prioritize human disease burden [16]. 
Since human disease burden depends on pathogen circulation, socio-economic factors, and pathogen adaptation 
(whether partial or complete), this perspective falls short in explaining how biodiversity conservation reduces 
spillover risks [17]. While the general applicability of the dilution effect has garnered considerable support 
[6,8,12,13,18], it is evident that policies rooted in this effect cannot be universally applied across all diseases and 
contexts. A deeper mechanistic understanding is essential. Additionally, pathogens play a pivotal role in 
maintaining both vertebrate and invertebrate biodiversity—aligning with the Janzen-Connell hypothesis [19,20], 
which underscores the need for a multi-pathogen approach to this issue. In this light, it becomes crucial to identify 
the specific conditions and settings where broad-scale policies can effectively impact local ecosystems. 

This study explores how conservation biology can reduce pathogen transmission among wildlife, ultimately 
lowering spillover risks to humans. Instead of focusing on direct human transmission, which is influenced by 
socio-economic and behavioral factors beyond this study, we concentrate on enzootic pathogen circulation, the 
early stage of potential epidemics. Our investigation examines global conservation strategies and their impact on 
wildlife pathogen transmission, pinpointing critical knowledge gaps for designing strategies with dual benefits for 
biodiversity and public health. By assessing the risks and rewards of each approach, we identify strategies that 
offer the safest public health co-benefits while minimizing zoonotic risk. 

2. Potential Impacts of Landscape Conservation Strategies on Pathogen Transmission—The Role of 
Pathogen Adaptation and Habitat Connectivity 

Since early research on the dilution effect [21,22], using conservation biology to reduce the risk of emerging 
infections has been considered. However, our understanding of the dilution effect, its mechanisms, and 
applicability was then underdeveloped. Since then, knowledge in conservation biology has significantly grown, 
highlighting the need to merge these fields. 

Many reviews have outlined the conditions under which a dilution effect can be observed—such as significant 
variability in host competence, horizontal transmission, a link between host abundance and competence, and 
frequency-dependent transmission. Similarly, conservation strategies have been extensively explored, from 
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identifying key species to target, determining the optimal size of protected areas, and ensuring connectivity 
between habitats patches [23]. Rather than delving into an exhaustive review of this literature here, more detailed 
discussions are available in the supplementary materials. What remains clear is the pressing need to align these 
advances in conservation and disease ecology, paving the way for strategies that not only protect biodiversity but 
also mitigate the risk of pathogen spread. 

In this study, we focus on the potential effects of concrete conservation strategies on host communities and, 
consequently, the expected circulation of pathogens within ecosystems (results are summarized in Table 1). To do 
so, we consider the balance between hazard (pathogen diversity, defined by the number of pathogen species, as a 
potential source of harm) and risk (actual exposure to a given pathogen through circulation), as described by 
Hosseini et al. (2017) [24]. Our focus is specifically on landscape selection strategies, particularly the debate over 
whether a single large reserve or several small reserves (i.e., the SLOSS debate) is more effective. It is important 
to note that we center our analysis on pathogens with minimal virulence in their wild hosts. We define here 
“virulence” as the infection cost for the host, for which a “minimal virulence” has a negligeable impact on host 
abundance. As such, they do not significantly disrupt hosts community diversity or assembly—so as to avoid 
introducing complex host-pathogen dynamics. Additionally, we have chosen to maintain a broad perspective rather 
than focusing on a single pathogen to keep our findings widely applicable (for specific examples of how 
conservation strategies affect pathogen transmission, see Lambert et al., 2020) [25]. 

Table 1. Summary of different conservation strategies, their impact on animal communities, and their potential 
impact on pathogen transmission. We assume the conditions necessary for a dilution effect: (1) horizontally 
transmitted pathogen (i.e., no vertical transmission), and (2) animal communities with a high probability of 
extinction for low abundance species. As shown in Figure 1, ecosystem A assumes a perfect positive correlation 
between competence and species abundance (a perfect context for a dilution effect). Conversely, in ecosystem B 
we assume a perfect negative correlation between competence and species abundance (a perfect context for an 
amplification effect). 

Conservation Strategies 
Consequences 

on Animal 
Communities 

Ref 

Consequences 
on Pathogens 

Communities on 
the Ecosystem A 

Consequences 
on Pathogens 

Communities on 
the Ecosystem B 

Several Small Reserves 
Maximize regional diversity by 

combining small patches with several 
different species 

Many patches, 
inter-connected, 
with low species 
richness in each 

[26,27] 

Rapid pathogen adaptation: high 
pathogen transmission within each 

reserve, which may lead to different 
pathogen adaptation within each patch 

(local speciation) 
Slow pathogen adaptation: hot and 

cold spots of transmission and 
adaptation 

Strong genetic drift effects may limit 
adaptation if interconnectivity between 

patches is strong 

Intermediate Strategy 
Maximize the time to population 

extinction 

Few patches with 
a reasonably high 
species richness 

[28,29] 

Medium level of transmission. 
Determining the ideal patch size could 

be considered by looking at the 
pathogen communities 

Single Large 
Reserves 

Larger areas 
contain more 
species than 
smaller areas 
(species-area 
relationship 
theory and 
equilibrium 

theory of island 
biogeography) 
Decrease the 
probability of 

species extinction 

Classic Reserves 
One patch with 

high species 
richness 

[30,31] 

More pathogens 
species but less 

transmission 
(dilution effect) 

More pathogens 
species and more 

transmission 
(amplification 

effect) 

Biodiversity 
Hotspots 

One patch with 
high species 

richness 
[32,33] 

More pathogens 
species but less 

transmission 
(dilution effect) 

More pathogens 
species and more 

transmission 
(amplification 

effect) 

Key Biodiversity 
Areas (KBAs) Case-by-case [34,35] 

Host communities being 
heterogeneous between KBAs, it is 
difficult to extrapolate for pathogen 

communities 
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Figure 1. Examples of dilution and amplification effect. The competence (number of circles) and abundance 
(number of individuals per species) within animal communities, and their influence on pathogen transmission. Both 
ecosystems show a perfect positive (Ecosystem A), null (Ecosystem B) and negative (Ecosystem C) correlation 
between competence and abundance of each species (species 1 to 9). A dilution effect is expected in Ecosystem A, 
an amplification effect in ecosystem C while no impact on pathogen transmission is expected on Ecosystem B. 

In a landscape-scale conservation strategy using multiple small reserves, two critical factors come into play: 
the adaptive capacity of pathogens and the connectivity between patches [36,37]. It is worth pointing out that 
pathogen adaptation is always challenging to forecast and can take many different forms. Nevertheless, the 
likelihood of pathogen adaptation (i.e., increased transmission in this case) is linked to its adaptation potential, 
which is the quantity that could be directly measured (e.g., pathogen mutation rate, pathogen substitution rate, etc.). 
When inter-patch connectivity is low, patch sizes are reasonable, and pathogens adapt quickly to their environment, 
this approach can foster local pathogens adaptation. In other words, each patch would host its own strain (i.e., a 
genotype), leading to low pathogen diversity at the patch level but high diversity across the entire region. Pathogen 
transmission would likely be high within individual patches, but low between them [38,39]. While the pathogen 
hazard remains high due to its wide geographical distribution, the risk of widespread transmission would be more 
contained. 

On the other hand, if a pathogen adapts more slowly to its environment, we would expect a mosaic of ‘hot’ 
and ‘cold’ spots of adaptation [40]. In hotspots—where pathogens are well adapted—transmission would be high. 
But in cold spots, where environmental changes outpace pathogen adaptation, transmission would be low, possibly 
even leading to local pathogen extinction. Compared to fast adapting pathogens, this scenario would see a decrease 
in overall transmission and pathogen diversity at the landscape level. As a result, both the hazard and the risk of 
the remaining pathogens would likely be lower. 

These impacts can be significantly influenced by increasing patch connectivity. When patches are fully 
connected, the dynamics resemble those of a single large population, where high pathogen adaptation and 
transmission are favored—though predicting exact outcomes becomes more challenging (see Table 1). On the 
other hand, with low or intermediate connectivity, pathogens may struggle to adapt due to conflicting pressures 
between local and regional environments [38]. This tension limits a pathogen’s ability to thrive in both contexts, 
potentially resulting in a global reduction in both hazard and risk. However, if connectivity becomes too strong, it 
can create a complex mosaic of adaptive responses, especially under high genetic drift, making patterns of 
pathogen adaptation difficult to predict. 

To leverage this type of conservation strategy for reducing pathogen transmission, it is essential to strike the 
right balance—determining the ideal patch size and connectivity level to maintain this local-regional adaptation 
conflict. Doing so could help minimize transmission levels [22] and offer a clear benefit in terms of the hazard-
risk trade-off. Such a threshold, when identified, can become a key tool to develop win-win strategies between 
biodiversity protection and human health. 

This approach contrasts with the design of traditional large reserves, which are often based on specific 
conservation needs, such as protecting biodiversity hotspots or preventing area-sensitive species loss. While large 
reserves may offer ecological benefits, they often result in high species and pathogen richness, making their impact 
on pathogen circulation harder to predict. These areas might target Key Biodiversity Areas (KBAs), but due to the 
diversity of host communities within and between KBAs, the effects on pathogen dynamics remain uncertain. 
Some conservation strategies focus on specific species, like keystone species, to maintain high species richness. 
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In these cases, the outcome for pathogen transmission depends heavily on the makeup of surrounding animal 
communities—particularly the ratio of competent versus non-competent species in the ecosystem. Similarly, 
focusing on flagship species may boost conservation efforts but have little impact on pathogen dynamics unless 
that species plays a pivotal ecological role. Translocation strategies are also unlikely to affect pathogen 
transmission unless they significantly alter the structure of animal communities. In summary, developing large 
reserves to mitigate zoonotic risks may produce highly variable results, making it a less reliable option for 
protecting human health from zoonoses. 

3. Discussion and Perspectives 

In this analysis, we explored the potential impact of conservation strategies on the enzootic circulation of 
pathogens, which is the critical first step before pathogens spillover into human populations. We highlighted that 
conservation strategies can have a broad range of effects on pathogen transmission—some positive, some negative. 
Notably, while some of these impacts may be anticipated, others remain unpredictable, raising concerns about the 
safety of their implementation. From our current understanding, establishing several small reserves with moderate 
interconnection between patches seems to offer the most reliable outcome. This approach hinges on the adaptive 
capacity of pathogens, a factor that can be measured, making it a more manageable strategy. Today, our knowledge 
is not sufficient to model quantitatively and provide forecast on the impact of conservation biology on the reduction 
of pathogen circulation. Therefore, it’s essential to quantify both host species’ competence, its evolution and patch 
connectivity to fine-tune the optimal reserve size, striking a balance between species richness and low pathogen 
transmission. Conceptually, a win-win scenario appears achievable with this strategy of several small reserves. 

Our findings present a more optimistic perspective compared to earlier work, yet align with studies suggesting 
that the dilution effect often arises in the context of biodiversity loss [13]. The difference likely stems from the 
metrics we employed. Our focus was on enzootic circulation of pathogens, whereas the link between enzootic 
transmission, human exposure, and subsequent human-to-human spread involve distinct processes that require 
separate, careful consideration. While our study addresses a crucial gap by assessing how specific conservation 
strategies may affect pathogen transmission within animal communities, it does not provide direct 
recommendations for public health policy. However, we believe that fully understanding the mechanisms at play 
in each stage of pathogen transmission—from wildlife to humans—will be key to developing successful, win-win 
strategies that benefit both biodiversity and human health. 

Indeed, the success of conservation approaches in supporting public health hinges on carefully balancing the 
risks, benefits, and hazards they introduce [24]. Achieving an ecosystem with high biodiversity, which also implies 
greater pathogens diversity, but low pathogen transmission—the ultimate goal—requires delicate balance. While 
this approach reduces risk (by preventing pathogen amplification), it increases hazard (more pathogens within the 
ecosystem [24]). Managing these hazards effectively calls for a better characterization of the interface between 
enzootic circulation and human exposure. It is also important to recognize potential tensions between the most 
ecologically beneficial conservation strategies and those aimed at reducing pathogen transmission. Identifying and 
navigating these trade-offs is essential to designing sustainable, locally tailored solutions that engage all 
stakeholders. 

Conservation strategies are not solely about maximizing species richness; they may prioritize preserving 
genetic diversity or species’ evolutionary potential [41]. In addition, social or ethical objectives often influence 
these strategies, such as reintroducing iconic species or eradicating invasive ones [42]. Socio-economic factors, 
like indigenous land rights or sustainable food production, also play a crucial role [43]. Reducing pathogen 
transmission is not without trade-offs either, as pathogens play a crucial role in shaping biodiversity [44] and 
habitat quality [45]. Therefore, efforts to limit pathogens should focus on those with zoonotic potential. Meanwhile, 
certain conservation strategies, like managing habitat matrices or establishing ecological corridors, are too context-
dependent to predict their broader impact on pathogen transmission accurately. Strategies aimed at promoting the 
dilution effect or mitigating pathogen amplification could offer pathways to reducing pathogen transmission. 
Targeting species that contribute to dilution could help manage zoonotic outbreaks [46]. Ecological traits also 
matter: fast-living species, which often serve as disease reservoirs [47] tend to thrive in degraded landscapes, 
potentially increasing their number and elevating transmission risks. Developing surveillance systems in areas 
where human-wildlife interactions are frequent, like urban parks, could provide crucial insights into zoonotic 
pathogens transmission [18]. 

In conclusion, exploring ‘win-win-win’ strategies benefiting public health, biodiversity, and the economy is 
both feasible and essential. Mathematical models exist to test these ideas, and further research based on local data 
is needed to understand their effectiveness in diverse environments. While more data is required for safe 
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application of large reserves, our study demonstrates the potential of conservation strategies based on small 
reserves to limit pathogen circulation and reduce human exposure safely. However, caution is necessary, as 
pathogen transmission effects can be complex. Now more than ever, integrating conservation with public health 
strategies is crucial. 
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