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Summary 44 

Infectious diseases pose a significant threat to global health security. Key wildlife species, potentially 45 

harboring numerous zoonotic pathogens, are increasingly forced to adapt to disturbances from land 46 

use change, human encroachment, and climate change. While evidence is rather convincing 47 

pertaining to the increased risks of zoonotic diseases with degradation and disturbances, the 48 

scientific literature on the mitigating effects of ecosystem restoration on zoonotic spillover is 49 

scattered, inconclusive and challenged by lack in a conceptual framework and practical guidance. In 50 

the light of rising restoration needs and activities, we outline six critical considerations when 51 

examining impacts of zoonotic diseases from ecosystem restoration: 1. Assessment of zoonotic 52 

disease targets; 2. Time lag between restoration and recovery; 3. Integration of trophic rewilding; 4. 53 

Robust study designs; 5. Controlling for confounding and modifying drivers; 6. Stakeholder 54 

engagement and co-creation with communities. Failure to account for these considerations makes 55 

the scientific contribution of restorations less valuable and may even jeopardize global efforts to 56 

reverse the global biodiversity decline. 57 
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Background 63 

The epidemic potential of infectious diseases, particularly zoonoses with a wildlife reservoir, is a 64 

rising concern for global health security1-4 and mammals, along with birds, constitute the majority of 65 

species that serve as reservoirs for zoonotic pathogens5,6. Among mammalian wildlife, rodents, bats, 66 

and primates are identified as the primary hosts for most zoonotic viruses5. Rodents, in particular, 67 

represent the most species-rich taxon and the largest number of reservoir species7,8.  68 

Pathogen richness is generally positively correlated with species richness and composition. However, 69 

high biodiversity has been shown to reduce overall infection rates in wildlife populations, primarily 70 

due to the higher prevalence of non-reservoir species in species-rich communities9-11. The 71 

phenomenon, known as the "dilution effect"9, occurs when non-reservoir species disrupt pathogen 72 

amplification through various mechanisms, including: a reduction in encounters where competitively 73 

superior non-reservoirs prevent pathogen transmission among competent reservoirs12-15; regulation 74 

of susceptible hosts by maintaining low abundance of reservoirs12; or, increased mortality of infected 75 

hosts due to predation16,17. The protective effects of biodiversity against transmission of zoonotic 76 

pathogens are increasingly threatened, in part due to anthropogenic influences, such as, climate 77 

change, habitat loss, urbanization, pollution, deforestation and forest fragmentation2,18,19. Critical 78 

natural habitats, such as old-growth forest, have been clearcut or converted into managed forests, 79 

grasslands have been turned into cropland, and natural wetlands have been turned into aquaculture 80 

or been drained. These changes disproportionately affect specialist, non-competent reservoir species 81 

that are vital for mitigation of pathogen transmission risk, while generalist species, which are more 82 

likely to serve as reservoirs, thrive in degraded ecosystems20,21. While there is consensus that 83 

biodiversity loss tends to increase disease risk18,21-25, the reverse remains less clear and ambiguous. 84 

There are general suggestions regarding how to address the link between ecosystem restoration and 85 

disease risk26-28, but until now, many more studies document a relationship between disturbances 86 
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and degradation and zoonotic diseases, compared to the reversed effects of restoration26. This gap in 87 

the scientific literature needs to be systematically addressed and carefully studied.  88 

This is particularly important considering the growing investment in ecosystem restoration along with 89 

legal enforcement such as the European restoration law29, which provides the opportunity to reach 90 

multi-functional ecosystem targets, including low pathogen transmission and disease risk, a term 91 

that has been phrased as “landscape immunity”30. 92 

Although ecosystem restoration is increasingly recognized as a critical strategy to counteract 93 

biodiversity loss and its associated disease risks26,31-33, the process of transforming degraded and 94 

ecosystems loaden with zoonotic hazard into biodiversity-rich and healthy ones, requires practical 95 

guidance that hitherto is largely missing. 96 

In this perspective, we aim to advance the evaluation of mitigating impacts of ecosystem restoration 97 

on zoonotic diseases through outlining key considerations when planning, studying and reporting on 98 

restoration and zoonotic diseases (see Fig. 1 for the adaptive design and Table 1 for examples). We 99 

highlight the need to consider both the direct intended and unintended effects of the restoration by 100 

selecting and monitoring zoonotic disease indicators and targets from a range of plausible reservoirs 101 

and hosts affected. We point out existing temporal latencies in such systems to adapt to the 102 

disturbance, as well as the effect of the restoration as a transient disturbance in itself. In addition, we 103 

argue for robust study designs and consideration of confounding and modifying factors such as 104 

multiple context specific anthropogenic factors that co-occur and modify restoration efforts and their 105 

implications for infectious diseases. For example, climate change further exacerbates the biodiversity 106 

crisis by amplifying species loss34, and causing range shifts of both reservoirs and vectors35, with likely 107 

knock-on effects on disease risk36-40. Moreover, we emphasize the importance of engagement with 108 

stakeholders and local communities for gaining local acceptance of restoration measures, for 109 

monitoring and maintaining recovery of biodiversity, disease risk mitigation, and for the identification 110 

of success factors. 111 
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Potential and Challenges of Ecosystem Restoration: Key Considerations 112 

In light of rising restoration needs and activities, we outline six critical considerations when 113 

examining impacts of zoonotic diseases from ecosystem restoration. 114 

1. Assessment and inclusion of relevant zoonotic targets 115 

While selected research projects on ecosystem restoration with infectious disease endpoints have 116 

been implemented32, many of the major international flagship ecosystem restoration programs and 117 

initiatives (e.g., the UN Great Wall Initiative, G20 Global Land Initiative, European Green Deal)41-44, 118 

lack explicit infectious disease endpoints. Improving ecosystem services is an intrinsic aim of 119 

ecosystem restoration45 and disease regulation is one such service46. Restoration activities including 120 

flagship ones tend to have targets for biodiversity, climate change mitigation and human well-being, 121 

but to our knowledge, zoonotic disease risk mitigation as an explicit target is generally missing from 122 

these projects. This is an obvious critical gap and to address this we suggest conducting a context 123 

specific One Health47 assessment of the restoration, considering the local context (48; Table 1). A One 124 

Health assessment entails a multidisciplinary and collaborative process with six distinct steps: a) 125 

define the scope and objectives by identifying specific health issues; b) engage local communities 126 

and experts across relevant sectors to design and review restoration plans; c) conduct cross-sectorial 127 

data collection, monitoring, and surveillance; d) perform ecological and epidemiological risk 128 

assessment using models and statistical tools; e) develop integrated intervention strategies for 129 

disease control and ecosystem restoration; and f) evaluate and adapt the effectiveness of 130 

restorations and interventions (Fig. 1)47,48. 131 

Such a One Health assessment would help to develop zoonotic disease targets for comprehensive 132 

monitoring of dilution impacts and allow better understanding of any potential negative unintended 133 

consequences including health risks to humans, animals and the environment. This is currently a 134 

clear gap in ecosystem restoration practice and consequently multiple opportunities for better 135 
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understanding of zoonotic disease prevention are currently not realized, transferred and upscaled. At 136 

the European level, the importance and opportunity of disease risk mitigation via ecosystem 137 

restoration has been recognized by the European Environment Agency49 but given global restoration 138 

efforts, we argue that disease risk mitigation should be recognized as an integral part of restoration 139 

planning. 140 

Depending on the context, disease risk targets do not necessarily imply immediate monitoring of 141 

potential human disease but rather monitoring of zoonotic hazard, proxies of hazard (e.g., presence 142 

and abundance of vectors and/or reservoirs), and monitoring of target species and species 143 

communities that can either amplify or dilute pathogen transmission and disease risk (Fig. 1).  144 

2. Time lag between restoration and recovery 145 

Initially, restoration activities such as stream re-meandering, shrubland burning, or reforestations, 146 

which aim to increase biodiversity in the long term often involve ecosystem disturbances50-52. Many 147 

of these projects rely on heavy machinery (e.g. for boulder placement), or prescribed burning. These 148 

hitherto understudied restoration-associated disturbances can create temporary habitats dominated 149 

by generalist species, including reservoirs and vectors53. Upon recovery from the restoration-induced 150 

disturbance until succession towards the secondary climax habitat (similar to the pre-degradation 151 

primary habitat), the abundance and proportion of reservoirs and vectors is likely to decrease (Fig. 152 

2). When considering restoration in the context of zoonotic targets, it is important to account for the 153 

transient nature of initial disturbances, as the eventual impacts on pathogen transmission and 154 

disease risk may differ significantly from those observed during early, non-equilibrium phases of the 155 

restored system. 156 

In the same fashion, temporal mismatch between structural and biotic recovery is a common 157 

challenge in restoration efforts, which also may yield misleading conclusions of the long-term effects 158 

on zoonotic diseases if not accounted for. Structural restoration (e.g., re-establishing physical 159 

features of ecosystems) often occurs faster than the recovery of species communities. For example, 160 
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stream restoration via re-meandering or boulder placement can reestablish physical structures 161 

within months, whereas the recovery of biotic communities may take decades51. Rewetting of 162 

drained agricultural fields and forests increases the amount of water in the landscape, viz., structural 163 

restoration, but this is no guarantee that the species originally associated with the undrained 164 

habitats return. The non-response of species to ecosystem restoration might further be challenged 165 

by impoverished species pools at the landscape or regional scale, with species being locally or 166 

regionally already extinct, a process referred to as the ghost of land use past54. During this lag, 167 

generalist species that act as reservoirs or vectors may dominate, increasing disease risk until the 168 

community fully recovers (Fig. 2). 169 

3. Integration of trophic rewilding into comprehensive and system-oriented restoration 170 

Ecosystem recovery tends to be protracted at best, particularly using traditional ecosystem 171 

restoration measures, which leaves critical niches for essential ecosystem functions unoccupied for 172 

extended periods of time. To mitigate this issue, trophic rewilding, a restoration concept focused on 173 

reintroducing keystone and other ecologically significant species, may provide a more immediate 174 

approach to restore ecosystem function. Rewilding by inducing trophic cascades thereby not only 175 

restores ecosystem structures but also biodiversity and trophic interactions55,56. Prominent examples 176 

include the reintroduction of European Bison (Bison bonasus)55, Eurasian beaver (Castor fiber)57, and 177 

rhinoceros (Rhinoceros spp.)58. Additionally, the term rewilding is increasingly used in the context of 178 

“making nature wilder” without automatically restoring degraded ecosystems by reintroducing 179 

predator species that have either been regionally extinct or are at low population size, e.g., lynx (Lynx 180 

spp.)59,60, tigers (Panthera tigris)61, lions (Panthera leo)62, mesocarnivores63,64, raptors 65-67, and 181 

owls68,69. Hence, their reintroduction can also contribute to zoonotic disease mitigation by increasing 182 

mortality of reservoirs and/or sanitizing the environment from pathogen-loaded carcasses16,17,70 (Fig. 183 

3). Trophic rewilding of apex predators potentially causes human-wildlife conflicts71, which need to 184 

be solved in collaboration with concerned stakeholders prior to and throughout any such rewilding 185 
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takes place. In addition, if habitat degradation either directly or indirectly has caused the loss of apex 186 

predators, their reintroduction may only be meaningful if the necessary structures and features are 187 

restored or compensated for71. 188 

In their natural habitats, many raptors and owls rely on nests or holes in old trees for reproduction. 189 

Such habitat features may only become available after full recovery from degradation and the 190 

initialization of ecosystem restoration, resulting in long time lags between restoration and 191 

colonization of more specialized predators. Many raptors and owls accept artificial nesting platforms 192 

and nest boxes72,73. To set these up already during the restoration and recovery phase might 193 

contribute to reducing zoonotic hazard due to predation on reservoirs74,75, especially rodents, during 194 

the phase of temporal mismatch between structural and biotic recovery; a phase likely dominated by 195 

generalists that are overrepresented by reservoirs (Fig. 3). Such trophic rewilding via indirect 196 

rewilding (e.g., nest boxes) avoids potential animal welfare challenges since raptors and owls would 197 

not be translocated but only be attracted by the built structures if the surrounding landscape 198 

provides sufficient food resources.  199 

The potential health benefits of trophic rewilding as an ecosystem restoration measure are not 200 

limited to iconic or large vertebrates. For instance, reforestation of winter-flowering forests can 201 

support nectar-feeding bats and reduce spillover risk in degraded systems33,76 (Table 1). However, just 202 

as artificial roosts for predators must be assessed with broader ecological and health implications in 203 

mind, so too must artificial roosts for bats. Evaluating such structures solely from a conservation 204 

standpoint77 may overlook potential One Health trade-offs—particularly in regions experiencing high 205 

disease risk from bat-borne pathogens such as Henipavirus hendraense also known as Hendra virus. 206 

Control of vectors in addition to reservoirs can be an efficient disease risk mitigation tool. Bats are 207 

important reservoirs but also contribute to ecosystem health by arthropod pest control78. Many 208 

birds, especially within the order of Passeriformes (e.g., swallows, warblers) and Apodiformes (e.g., 209 

swifts, hummingbirds), as well as reptiles and spiders are important predators of adult mosquitoes 210 
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even if they are not specialized on mosquitoes79,80. In addition, many fish and amphibian species 211 

predate on mosquito eggs and larvae79,81 and might hence reduce vector emergence (Fig. 3). 212 

Likewise, reptiles and spiders are predators of ticks and might reduce vector abundance79,82. 213 

Structural restoration that provides habitats and structures for predators, for example stone mounds 214 

for reptiles and spiders as well as nest boxes, nesting platforms, and perches for raptors and owls, 215 

can be an efficient tool towards disease risk mitigation in the early post-restoration phase, when 216 

vectors and reservoirs likely thrive. Indeed, mosquitoes83 and many rodent species84,85 are early 217 

colonizers after disturbances (Fig. 3). Already the mere presence of predators – or even a simulation 218 

of their presence – can create a landscape of fear86 that might change the colonization strategy of 219 

vectors and reservoirs including avoidance of predator-dense habitats82,87. It should be kept in mind 220 

though that trophic rewilding with non-keystone species is a poor substitute for proper ecosystem 221 

restoration towards post-restoration ecosystem functioning (Fig. 3e).  222 

Finally, trophic rewilding implies the relocation of wildlife from either captivity or the wild, including 223 

their associated microbiota and pathogens. To avoid any spillover to other wildlife or infections of 224 

conspecifics due to introduced pathogens, it is therefore crucial to check the pre-release health 225 

status of the animals prior to any release into the wild88. 226 

4. Monitoring and evaluation using robust study designs 227 

A major challenge for prospective evaluation of restoration effects is the implementation of a 228 

rigorous long-term study design including baseline monitoring of restoration contrasts and controls. 229 

Such designs are needed to reduce bias, enable robust statistical evaluation and to reliably guide 230 

ecosystem restoration measures towards reduced disease risk. Restoration processes have both a 231 

geographical (depicted by the restored area and species distribution) and temporal (from restoration 232 

disturbance to reaching equilibrium of the restored system) component. Study and evaluation 233 

designs therefore need to account for spatio-temporal aspects40. Furthermore, it is advisable to 234 

design studies with temporal and spatial controls to distinguish changes occurring in restored areas 235 
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from those in non-restored controls, which may also be influenced by natural succession or other 236 

environmental pressures (Fig. 1). Evaluation of restoration success requires solid restoration design 237 

that adjusts or at least accounts for bias as well as assessment and consideration of confounding 238 

effects (for example environmental pollution). Here, a randomization of restoration and control areas 239 

would be preferable but is often impractical. Instead, before-after (BA; also referred to as interrupted 240 

timeseries or difference-in-difference temporal design), quasi experimental designs or control-impact 241 

(CI) approaches have demonstrated to be more feasible and provide often sufficient adjustment for 242 

bias50,51. Preferably, control-impact studies should include sites that are at different successional 243 

stages after restoration (for example89). In addition, natural experiments such as forest fires – 244 

especially if combined with control sites – offer the opportunity to determine whether prescribed 245 

burning, often used as a restoration tool, may also mitigate zoonotic hazard53. Outcome metrics of 246 

such evaluation would have to capture both intended and unintended impacts on zoonotic disease 247 

relevant indicators. 248 

So far, evaluation of restoration is largely lacking rigorous designs, for example, historic and 249 

monitoring data necessary to define baseline conditions of pre-degradation structures and species 250 

communities. This lack of data became evident for example when defining reference conditions as 251 

needed in the context of the European Water Framework Directive. For many quality factors of this 252 

directive, modelling approaches and expert knowledge had to be used for defining these reference 253 

conditions in the absence of baseline data, which partly resulted in high uncertainty in reference 254 

values90. Such a lack of background data makes it difficult to establish SMART targets in ecosystem 255 

restoration, i.e., targets that are Specific, Measurable, Achievable, Relevant, and Time-based. To 256 

accomplish SMART restoration requires significant considerations and adaptations in the planning 257 

and funding of restoration measures. Planning needs to include a phase – preferably multiple years 258 

to account for between-year differences – for sampling baseline data. Funders have an important 259 

role here as funding need not only to cover the actual restoration measure, but also the collection of 260 

baseline and follow-up data to evaluate its wider impacts. 261 
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Monitoring can benefit from novel technology and approaches to data collection and processing, 262 

including community-based participatory research, and computer vision applied to relevant image, 263 

video and acoustic data 91. 264 

Robust study designs and indicators for monitoring of SMART targets allow the calculation of effect 265 

sizes to quantify the impact of the ecosystem restoration that are comparable across systems and 266 

taxa51. Using models for transfer, upscale and forward prediction or findings from the evaluation can 267 

help to study impacts from modifying spatial contextual and time-varying factors. For example, 268 

scenario projections of the zoonotic indicators under climate change scenarios can provide insights if 269 

the future impact is sensitive to anticipated potential changes in climate. 270 

5. Confounding and modifying factors in ecosystem recovery 271 

Restoration efforts are complicated by several confounding and modifying factors, including climate-272 

induced regime shifts (modifying), and environmental pollution (confounding)2. While the 273 

confounding factors will be addressed and adjusted for by an appropriate design, the modifying 274 

factors and co-drivers may make it impossible to take the restored system back to its historical 275 

pristine situation. For example, climate change may introduce new conditions that alter species and 276 

pathogen dynamics which need to be accounted for on top of the baseline conditions. Specific 277 

habitat types planned to be achieved by restoration measures might be unrealistic due to climate-278 

induced regime shifts of species, with knock-on effects on the presence and abundance of reservoirs, 279 

non-reservoirs, vectors, and pathogens (Fig. 2). These shifts caused by system modification could also 280 

result in non-reservoir species becoming reservoirs and pathogens switching reservoirs (Fig. 2). For 281 

example, restoring old-growth taiga forest that is clear-cut takes >200 years until original structures 282 

and species communities are recovering92. Considering the ongoing and expected further warming at 283 

northern latitudes93, taiga forests, especially at the southern biome range, will likely turn into 284 

temporal broadleaved forest during such a long period. In broadleaved compared to coniferous 285 

forests, trees producing large seeds dominate, which for example will shift the community structure 286 
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of rodents, ungulates, and their associated vectors and pathogens (Fig. 2). Likewise, and within a 287 

similar timeframe, in temperate broadleaved forest in North America, climate change will increase 288 

the severity and frequency of forest fires, which will exacerbate additional forest dieback due to pest 289 

outbreaks (bark beetles). These forests will, driven by climate change, likely turn into temperate 290 

grasslands and savanna94 with associated shifts in species communities and associated zoonotic 291 

hazard. 292 

Given that climate change can alter the trajectory of restoration by shifting species ranges and 293 

transforming habitat types, there is a need for ecosystem restoration projects that have a timeframe 294 

beyond decades to already consider projected modifying and climate-driven regime shifts in the 295 

planning phase, for example by choosing tree species for afforestation that cope with both current 296 

and future climatic conditions.  297 

Another aspect of contextual drivers are compounds introduced into the environment that can either 298 

kill keystone species, alter species behavior95, or impair an organism’s health status, all of which with 299 

devastating cascading effects on ecosystem health including disease risk. Such confounding factors 300 

might vary among restoration sites of varying spatial extent or among seasons and years, and 301 

therefore bias – if not accounted for – the restoration-target relationship. The diclofenac-induced 302 

mass mortality of vultures on the Indian subcontinent is one such striking example. Diclofenac is an 303 

anti-inflammatory drug that has been of veterinary use for treatment of cattle on the subcontinent. 304 

It is highly toxic to vultures and other raptors and has resulted in a more than 95 % decline in vulture 305 

population size until 200396. The almost entire loss of these important scavengers and their 306 

ecological sanitary services has resulted in an increase in the numbers of feral dogs, carcasses of wild 307 

and domestic ungulates, and rats, and consequently an increase in rabies, and water-borne diseases, 308 

which according to an estimate by Markandya, A. et al. (2008) has added an annual burden of 2.4 309 

billion US dollars 1993-2006 to the Indian health care system70. Scavengers like vultures can 310 

potentially be reintroduced. However, any such restoration program using trophic rewilding will fail 311 
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until the environmental threat (like diclofenac and other pharmaceuticals) has been eliminated. 312 

Likewise, ecosystem restoration projects on contaminated land or aquatic systems without necessary 313 

remediation risk 1) confounding any restoration-hazard relationship, 2) the reemergence of polluting 314 

compounds and 3) jeopardizing ecosystem health97. Other confounding effects including light and 315 

noise pollution need to be accounted for in ecosystem restoration. For example, while large efforts 316 

are made to provide nesting and roosting habitats for insectivorous bats in urban areas and managed 317 

forest areas, bats might still not recolonize such areas due to light pollution (sensu98). 318 

6. Stakeholder engagement and co-creation with communities 319 

Ecosystem restoration efforts – regardless of whether mitigating infectious diseases is an explicit goal 320 

– must involve local communities and the integration of local and traditional knowledge. Local 321 

communities possess an intimate understanding of their environment, including the behaviors of 322 

local wildlife, seasonal dynamics, and historical changes in the landscape99,100. This knowledge is 323 

invaluable for identifying ecologically and epidemiologically critical habitats, species interactions, and 324 

potential disease reservoirs and vectors that may not be immediately apparent to outside 325 

researchers28,100. For instance, indigenous knowledge about native plant species and their uses, for 326 

example, can aid in identifying natural repellents for pathogen transmitting vectors, thus contributing 327 

to their control101. 328 

Yet, not all degraded ecosystems are suitable for restoration. Engagement of local communities, 329 

along with that of other stakeholders including representatives of historical archives, veterinary 330 

science, and public health, is needed to identify sites and areas that should be exempt from 331 

ecosystem restoration due to resurrecting disease risk. For example, in vast areas of Europe, anthrax 332 

outbreaks among livestock were common in the 18th century and until the mid-20th century, leading 333 

to affected carcasses being buried in soil to avoid spread of spores102. Such burial grounds include 334 

drained pastureland that is potentially subject to ecosystem restoration. In Sweden, regional county 335 
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administrations responsible for ecosystem restorations are now requested to investigate the 336 

presence of any such burial sites when planning wetland restoration103. 337 

Several successful ecosystem restoration projects have actively involved local communities, 338 

showcasing the critical role these communities play in ecological recovery via co-creation. Reyes-339 

García et al. (2019) highlighted the importance of including indigenous people and local communities 340 

in the planning and execution of restoration activities to ensure both immediate and long-term 341 

benefits104. In Mexico, community-based restoration projects have shown that when local 342 

communities actively participate from the design phase through implementation, the projects yield 343 

better conservation outcomes and sustainable resource management105. Restoration actions that 344 

incorporate local customs, beliefs, and practices are more likely to gain acceptance and cooperation 345 

from the community106.  346 

Local communities are often directly dependent on their natural resources for subsistence and 347 

economic activities. Involving them in restoration efforts ensures that these efforts do not 348 

inadvertently disrupt their livelihoods but rather support them sustainably48. Effective community 349 

participation played a crucial role in the successful control of diseases such as Ebola, rinderpest, and 350 

neglected tropical diseases100. Therefore, stakeholder involvement and engagement can facilitate 351 

rapid response and adaptive management, allowing for timely interventions to prevent the spread of 352 

pathogens28,107. In this context, systemic resilience and community engagement, a transdisciplinary 353 

and grassroots process coined “Lateral Public Health” expands beyond sectorial and disciplinary 354 

boundaries108. Lateral public health aims at developing community capacity for risk reduction 355 

through social capital by connecting parties unequal in power and access (e.g., government with 356 

community members). This process is not aimed explicitly at reducing disease risk but rather at 357 

building social capital through restoration projects108. 358 

Involving local communities in restoration projects can also strengthen local governance and policy 359 

frameworks109. Furthermore, empowered communities are more likely to engage in practices that 360 
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reduce disease risks, such as creating buffer zones, restoring wetlands, or maintaining natural 361 

habitats that support predators of pathogen-transmitting vectors32. Collectively, these examples 362 

illustrate that the success of restoration projects often centers on the meaningful and sustained 363 

engagement of local communities. 364 

 365 

Outlook 366 

While ecosystem restoration presents a promising strategy for mitigating zoonotic disease risk, it 367 

must be carefully evaluated by appropriate zoonotic risk indicators and tailored methodologies that 368 

can also address various confounding and modifying factors of contextual relevance. Thus, the 369 

evidence for ecosystem restoration and pathogen transmission and disease mitigation must adhere 370 

to high standards to maximize its value and facilitate the transfer and scaling of impacts. Currently, 371 

more direct evidence of One Health approaches is needed that link restoration efforts to pathogen 372 

transmission and disease risk reduction. Our six considerations above pave the way towards 373 

restoration-induced landscape immunity where adaptive ecosystem restoration offers a proactive 374 

strategy to reduce zoonotic pathogen transmission and disease risks by re-establishing ecological 375 

integrity, enhancing biodiversity, increasing ecosystem resilience, and regulating pathogen dynamics. 376 

By incorporating the six considerations that address the outlined crucial knowledge gaps into the 377 

suggested adaptive design, we propose a roadmap (Fig. 1) that incorporates 378 

1) Definition of SMART restoration targets 379 

2) Monitoring of the targets based on a robust restoration design  380 

3) Evaluation of restoration goals and pathogen occurrence and transmission and disease risk 381 

or its proxies 382 

4) Adaptation of the restoration approach if goals risk to fall short and specifically if zoonotic 383 

hazard and disease risk amplify 384 
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Given the alarming decline of biodiversity worldwide, ecosystem restoration, including trophic 385 

rewilding initiatives must be urgently and effectively implemented. Our roadmap is critical to guiding 386 

timely action, preventing unintended consequences and accelerating ecosystem recovery. 387 

 388 

Acknowledgements 389 

All authors disclose support for the research of this work from the European Union (grant agreement 390 

No 101060568; project BEPREP). 391 

 392 

Author contributions 393 

F.E., J.C.S, and J.R. conceptualized the study. All authors contributed to write the original draft. 394 

 395 

Declaration of interests 396 

The authors declare no competing interests. 397 

 398 

Data availability 399 

All the data used in this study are included in this Perspective. 400 

 401 

References  402 

1 Jones, K. E. et al. Global trends in emerging infectious diseases. Nature 451, 990-993 (2008).  403 

2 Carlson, C. J. et al. Pathogens and planetary change. Nature Reviews Biodiversity 1, 32-49 404 

(2025). 405 



18 
 

3 Gibb, R., Franklinos, L. H. V., Redding, D. W. & Jones, K. E. Ecosystem perspectives are needed 406 

to manage zoonotic risks in a changing climate. BMJ 371, m3389 (2020). 407 

4 Baker, R. E. et al. Infectious disease in an era of global change. Nat Rev Microbiol 20, 193-205 408 

(2022). 409 

5 Olival, K. J. et al. Host and viral traits predict zoonotic spillover from mammals. Nature 546, 410 

646-650 (2017).  411 

6 Qiu, Y. et al. The global distribution and diversity of wild-bird-associated pathogens: An 412 

integrated data analysis and modeling study. Med 6, 100553 (2025).  413 

7 Han, B. A., Kramer, A. M. & Drake, J. M. Global Patterns of Zoonotic Disease in Mammals. 414 

Trends in Parasitology 32, 565-577 (2016). 415 

8 Han, B. A., Schmidt, J. P., Bowden, S. E. & Drake, J. M. Rodent reservoirs of future zoonotic 416 

diseases. Proceedings of the National Academy of Sciences 112, 7039-7044 (2015).  417 

9 Keesing, F., Holt, R. D. & Ostfeld, R. S. Effects of species diversity on disease risk. Ecol Letters 418 

9, 485-498 (2006). 419 

10 Ostfeld, R. S. & Keesing, F. Biodiversity and Disease Risk: the Case of Lyme Disease. 420 

Conservation Biology 14, 722-728 (2000). 421 

11 Keesing, F. & Ostfeld, R. S. Impacts of biodiversity and biodiversity loss on zoonotic diseases. 422 

Proceedings of the National Academy of Sciences 118, e2023540118 (2021). 423 

12 Khalil, H., Ecke, F., Evander, M., Magnusson, M. & Hörnfeldt, B. Declining ecosystem health 424 

and the dilution effect. Scientific Reports 6, 31314 (2016). 425 

13 Wang, Y. X. G. et al. The impact of wildlife and environmental factors on hantavirus infection 426 

in the host and its translation into human risk. Proceedings of the Royal Society B: Biological 427 

Sciences 290, 20222470 (2023). 428 

14 Tersago, K. et al. Population, Environmental, and Community Effects on Local Bank Vole 429 

(Myodes glareolus) Puumala Virus Infection in an Area with Low Human Incidence. Vector-430 

Borne and Zoonotic Diseases 8, 235-244 (2008).  431 



19 
 

15 Clay, C. A., Lehmer, E. M., Jeor, S. S. & Dearing, M. D. Sin Nombre Virus and Rodent Species 432 

Diversity: A Test of the Dilution and Amplification Hypotheses. PLOS ONE 4, e6467 (2009).  433 

16 Khalil, H., Ecke, F., Evander, M. & Hörnfeldt, B. Selective predation on hantavirus-infected 434 

voles by owls and confounding effects from landscape properties. Oecologia 181, 597-606 435 

(2016). 436 

17 Ecke, F. et al. Selective Predation by Owls on Infected Bank Voles (Myodes glareolus) as a 437 

Possible Sentinel of Tularemia Outbreaks. Vector-Borne and Zoonotic Diseases 20, 630-632 438 

(2020). 439 

18 Mahon, M. B. et al. A meta-analysis on global change drivers and the risk of infectious 440 

disease. Nature 629, 830-836 (2024).  441 

19 Barouki, R. et al. The COVID-19 pandemic and global environmental change: Emerging 442 

research needs. Environ Int 146, 106272 (2021).  443 

20 Ecke, F. et al. Population fluctuations and synanthropy explain transmission risk in rodent-444 

borne zoonoses. Nature Communications 13, 7532 (2022). 445 

21 Civitello, D. J. et al. Biodiversity inhibits parasites: Broad evidence for the dilution effect. 446 

Proceedings of the National Academy of Sciences 112, 8667-8671 (2015).  447 

22 Rohr, J. R. et al. Towards common ground in the biodiversity–disease debate. Nature Ecology 448 

& Evolution 4, 24-33 (2020). 449 

23 Wood, C. L., McInturff, A., Young, H. S., Kim, D. & Lafferty, K. D. Human infectious disease 450 

burdens decrease with urbanization but not with biodiversity. Philos Trans R Soc Lond B Biol 451 

Sci 372 (2017). 452 

24 Magnusson, M., Fischhoff, I. R., Ecke, F., Hörnfeldt, B. & Ostfeld, R. S. Effect of spatial scale 453 

and latitude on diversity–disease relationships. Ecology 101, e02955 (2020).  454 

25 Halliday, F. W., Rohr, J. R. & Laine, A. L. Biodiversity loss underlies the dilution effect of 455 

biodiversity. Ecol Letters 23, 1611-1622 (2020). 456 



20 
 

26 Prist, P. R. et al. Promoting landscapes with a low zoonotic disease risk through forest 457 

restoration: The need for comprehensive guidelines. Journal of Applied Ecology 60, 1510–458 

1521 (2023).  459 

27 Breed, M. F. et al. Ecosystem Restoration: A Public Health Intervention. EcoHealth 18, 269-460 

271 (2021). 461 

28 Reaser, J. K., Witt, A., Tabor, G. M., Hudson, P. J. & Plowright, R. K. Ecological 462 

countermeasures for preventing zoonotic disease outbreaks: when ecological restoration is a 463 

human health imperative. Restor Ecol 29, e13357 (2021).  464 

29 European Commission. Directorate-General for Environment, Nature restoration law – For 465 

people, climate, and planet, Publications Office of the European Union (2022). 466 

https://data.europa.eu/doi/10.2779/86148. 467 

30 Reaser, J. K. et al. Fostering landscape immunity to protect human health: A science-based 468 

rationale for shifting conservation policy paradigms. Conservation Letters 15, e12869 (2022). 469 

31 IPBES. Workshop Report on Biodiversity and Pandemics of the Intergovernmental Platform 470 

on Biodiversity and Ecosystem Services. Daszak, P., das Neves, C., Amuasi, J., Hayman, D., 471 

Kuiken, T., Roche, B., Zambrana-Torrelio, C., Buss, P., Dundarova, H., Feferholtz, Y., Foldvari, 472 

G., Igbinosa, E., Junglen, S., Liu, Q., Suzan, G., Uhart, M., Wannous, C., Woolaston, K., Mosig 473 

Reidl, P., O’Brien, K., Pascual, U., Stoett, P., Li, H., Ngo, H. T., IPBES secretariat, Bonn, 474 

Germany, DOI:10.5281/zenodo.4147317. (2020).  475 

32 Hopkins, S. R. et al. Evidence gaps and diversity among potential win-win solutions for 476 

conservation and human infectious disease control. Lancet Planet Health 6, e694-e705 477 

(2022). 478 

33 Plowright, R. K. et al. Ecological countermeasures to prevent pathogen spillover and 479 

subsequent pandemics. Nature Communications 15, 2577 (2024).  480 

34 IPCC. Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III to 481 

the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Core 482 



21 
 

Writing Team, H. Lee and J. Romero (eds.)]. IPCC, Geneva, Switzerland, pp. 35-115, doi: 483 

10.59327/IPCC/AR6-9789291691647. (2023). 484 

35 Pecl, G. T. et al. Biodiversity redistribution under climate change: Impacts on ecosystems and 485 

human well-being. Science 355 (2017). 486 

36 Lindgren, E., Andersson, Y., Suk, J. E., Sudre, B. & Semenza, J. C. Monitoring EU emerging 487 

infectious disease risk due to climate change. Science 336, 418-419 (2012).  488 

37 Monaghan, A. J., Moore, S. M., Sampson, K. M., Beard, C. B. & Eisen, R. J. Climate change 489 

influences on the annual onset of Lyme disease in the United States. Ticks and Tick-borne 490 

Diseases 6, 615-622 (2015). 491 

38 Semenza, J. C. & Paz, S. Climate change and infectious disease in Europe: Impact, projection 492 

and adaptation. Lancet Reg Health Eur 9, 100230 (2021). 493 

39 Semenza, J. C. & Ko, A. I. Waterborne Diseases That Are Sensitive to Climate Variability and 494 

Climate Change. N Engl J Med 389, 2175-2187 (2023). 495 

40 Pfenning-Butterworth, A. et al. Interconnecting global threats: climate change, biodiversity 496 

loss, and infectious diseases. Lancet Planet Health 8, e270-e283 (2024). 497 

41 UN Decade of Ecosystem Restoration - 10 flagship initiatives boosting nature and livelihoods 498 

around the world. Accessed 1 October 2024. https://www.unep.org/interactive/flagship-499 

initiatives-boosting-nature-livelihoods/#5.  500 

42 African Parks. Accessed 1 October 2024. https://www.africanparks.org/campaign/rewilding-501 

2000-rhino. 502 

43 UNDP Green Aral Sea Initiative – Planting a Forest On The Aral Seabed. Accessed 1 October 503 

2024. https://www.undp.org/uzbekistan/press-releases/green-aral-sea-initiative-planting-504 

forest-aral-seabed. 505 

44 National Geographic. The Great Green Wall. Accessed 1 October 2024. 506 

https://education.nationalgeographic.org/resource/great-green-wall/. 507 

https://www.unep.org/interactive/flagship-initiatives-boosting-nature-livelihoods/#5
https://www.unep.org/interactive/flagship-initiatives-boosting-nature-livelihoods/#5
https://www.africanparks.org/campaign/rewilding-2000-rhino
https://www.africanparks.org/campaign/rewilding-2000-rhino
https://www.undp.org/uzbekistan/press-releases/green-aral-sea-initiative-planting-forest-aral-seabed
https://www.undp.org/uzbekistan/press-releases/green-aral-sea-initiative-planting-forest-aral-seabed
https://education.nationalgeographic.org/resource/great-green-wall/


22 
 

45 United Nations Environment Programme. Becoming #GenerationRestoration: Ecosystem 508 

restoration for people, nature and climate. Nairobi. 509 

https://wedocs.unep.org/bitstream/handle/20.500.11822/36251/ERPNC.pdf (2021). 510 

46 Millenium Ecosystem Assessment. Ecosystems and Human Well-being: Synthesis. (Island 511 

Press, Washington DC, 2005). 512 

47 One Health High-Level Expert, P. et al. One Health: A new definition for a sustainable and 513 

healthy future. PLOS Pathogens 18, e1010537 (2022). 514 

48 Rohr, J. R. et al. A planetary health innovation for disease, food and water challenges in 515 

Africa. Nature 619, 782-787 (2023). 516 

49 European Environment Agency. Briefing no. 09/2023. The importance of restoring nature in 517 

Europe. doi: 10.2800/269094 (2023). 518 

50 Lepori, F., Palm, D. & Malmqvist, B. Effects of a stream restoration on ecosystem functioning: 519 

detritus retentiveness and decomposition. Journal of Applied Ecology 42, 228-238 (2005).  520 

51 Hering, D. et al. Contrasting the roles of section length and instream habitat enhancement 521 

for river restoration success: a field study of 20 European restoration projects. Journal of 522 

Applied Ecology 52, 1518–1527 (2015). 523 

52 Collins, S. L., Knapp, A. K., riggs, J. M. B., Blair, J. M. & Steinauer, E. M. Modulation of diversity 524 

by grazing and mowing in native tallgrass prairie. Science 280, 745-747 (1998).  525 

53 Ecke, F., Nematollahi Mahani, S. A., Evander, M., Hörnfeldt, B. & Khalil, H. Wildfire-induced 526 

short-term changes in a small mammal community increase prevalence of a zoonotic 527 

pathogen? Ecology and Evolution 9, 12459-12470 (2019). 528 

54 Harding, J. S., Benfield, E. F., Bolstad, P. V., Helfman, G. S. & Jones, E. B. D. Stream 529 

biodiversity: The ghost of land use past. Proceedings of the National Academy of Sciences of 530 

the United States of America 95, 14843-14847 (1998).  531 



23 
 

55 Svenning, J.-C. et al. Science for a wilder Anthropocene: Synthesis and future directions for 532 

trophic rewilding research. Proceedings of the National Academy of Sciences 113, 898-906 533 

(2016). 534 

56 Perino, A. et al. Rewilding complex ecosystems. Science 364 (2019). 535 

57 Halley, D. J., Saveljev, A. P. & Rosell, F. Population and distribution of beavers Castor fiber and 536 

Castor canadensis in Eurasia. Mammal Review 51, 1-24 (2021). 537 

58 Awasthi, B., McConkey, K. R., Aluthwattha, S. T., Chen, C. & Chen, J. Restoring ecological 538 

function: Interactions between vertebrates and latrines in a reintroduced population of 539 

Rhinoceros unicornis. Biological Conservation 294, 110611 (2024). 540 

59 Delibes-Mateos, M., Glikman, J. A., Lafuente, R., Villafuerte, R. & Garrido, F. E. Support to 541 

Iberian lynx reintroduction and perceived impacts: Assessments before and after 542 

reintroduction. Conservation Science and Practice 4, e605 (2022).  543 

60 Devineau, O. et al. Evaluating the Canada lynx reintroduction programme in Colorado: 544 

patterns in mortality. Journal of Applied Ecology 47, 524-531 (2010).  545 

61 Johnsingh, A. & Madhusudan, M. Tiger reintroduction in India: conservation tool or costly 546 

dream? Reintroduction of Top-Order Predators, 146-163 (2009).  547 

62 Hayward, M. W. et al. The reintroduction of large carnivores to the Eastern Cape, South 548 

Africa: an assessment. Oryx 41, 205-214 (2007).  549 

63 Parsons, M. A. et al. Habitat selection and spatiotemporal interactions of a reintroduced 550 

mesocarnivore. The Journal of Wildlife Management 83, 1172-1184 (2019). 551 

64 Landa, A. et al. Conservation of the endangered Arctic fox in Norway-are successful 552 

reintroductions enough? Biological Conservation 275, 109774 (2022).  553 

65 Gouar, P. L. et al. Roles of survival and dispersal in reintroduction success of griffon vulture 554 

(Gyps fulvus). Ecological Applications 18, 859-872 (2008).  555 

66 Dzialak, M. R., Lacki, M. J. & Vorisek, S. Survival, Mortality, and Morbidity Among Peregrine 556 

Falcons Reintroduced in Kentucky. Journal of Raptor Research 41, 61-65, 65 (2007).  557 



24 
 

67 Green, R. E., Pienkowski, M. W. & Love, J. A. Long-Term Viability of the Re-Introduced 558 

Population of the White-Tailed Eagle Haliaeetus albicilla in Scotland. Journal of Applied 559 

Ecology 33, 357-368 (1996). 560 

68 Leupin, E. E. & Low, D. J. Burrowing Owl reintroduction efforts in the Thompson-Nicola region 561 

of British Columbia. Journal of Raptor Research 35, 19 (2001).  562 

69 Mitchell, A. M., Wellicome, T. I., Brodie, D. & Cheng, K. M. Captive-reared burrowing owls 563 

show higher site-affinity, survival, and reproductive performance when reintroduced using a 564 

soft-release. Biological conservation 144, 1382-1391 (2011).  565 

70 Markandya, A. et al. Counting the cost of vulture decline—An appraisal of the human health 566 

and other benefits of vultures in India. Ecological Economics 67, 194-204 (2008). 567 

71 Stier, A. C. et al. Ecosystem context and historical contingency in apex predator recoveries. 568 

Science Advances 2, e1501769 (2016).  569 

72 Hörnfeldt, B., Carlsson, B. G., Löfgren, O. & Eklund, U. Effects of cyclic food supply on 570 

breeding performance in Tengmalm's owl. Canadian Journal of Zoology 68, 522-530 (1990).  571 

73 Lapshin, A. S., Andreychev, A. V., Alpeev, M. A. & Kuznetsov, V. A. Breeding Success of the 572 

Eurasian Eagle Owl (Bubo bubo, Strigiformes, Strigidae) in Artificial Nests. Biology Bulletin 50, 573 

1486-1492 (2023). 574 

74 Zagorski, M. E. & Swihart, R. K. Killing time in cover crops? Artificial perches promote field 575 

use by raptors. Annals of Applied Biology 177, 358-366 (2020). 576 

75 Kay, B., Twigg, L., Korn, T. & Nicol, H. The use of artifical perches to increase predation on 577 

house mice (Mus domesticus) by raptors. Wildlife Research 21, 95-105 (1994).  578 

76 Eby, P. et al. Pathogen spillover driven by rapid changes in bat ecology. Nature 613, 340-344 579 

(2023).  580 

77 Crawford, R. D. & O'Keefe, J. M. Improving the science and practice of using artificial roosts 581 

for bats. Conservation Biology 38, e14170 (2024).  582 



25 
 

78 Frank, E. G. The economic impacts of ecosystem disruptions: Costs from substituting 583 

biological pest control. Science 385, eadg0344 (2024).  584 

79 Weterings, R., Umponstira, C. & Buckley, H. L. Landscape variation influences trophic 585 

cascades in dengue vector food webs. Science Advances 4, eaap9534 (2018). 586 

80 Russell, M. C. et al. Both consumptive and non-consumptive effects of predators impact 587 

mosquito populations and have implications for disease transmission. eLife 11, e71503 588 

(2022).  589 

81 Bowatte, G., Perera, P., Senevirathne, G., Meegaskumbura, S. & Meegaskumbura, M. 590 

Tadpoles as dengue mosquito (Aedes aegypti) egg predators. Biological Control 67, 469-474 591 

(2013).  592 

82 Fischhoff, I. R., Burtis, J. C., Keesing, F. & Ostfeld, R. S. Tritrophic interactions between a 593 

fungal pathogen, a spider predator, and the blacklegged tick. Ecology and Evolution 8, 7824-594 

7834 (2018).  595 

83 Bentley, M. D. & Day, J. F. Chemical ecology and behavioral aspects of mosquito oviposition. 596 

Annual Review of Entomology 34, 401-421 (1989).  597 

84 Gliwicz, J. & Glowacka, B. Differential responses of Clethrionomys species to forest 598 

disturbance in Europe and North America. Canadian Journal of Zoology 78, 1340-1348 599 

(2000).  600 

85 Morgan Ernest, S. K. & Brown, J. H. Delayed Compensation for Missing Keystone Species by 601 

Colonization. Science 292, 101-104 (2001). 602 

86 Laundré, J. W., Hernández, L. & Altendorf, K. B. Wolves, elk, and bison: reestablishing the 603 

"landscape of fear" in Yellowstone National Park, U.S.A. Canadian Journal of Zoology 79, 604 

1401-1409 (2001). 605 

87 Staats, E. G., Agosta, S. J. & Vonesh, J. R. Predator diversity reduces habitat colonization by 606 

mosquitoes and midges. Biology Letters 12, 20160580 (2016). 607 



26 
 

88 Hartley, M. & Sainsbury, A. Methods of Disease Risk Analysis in Wildlife Translocations for 608 

Conservation Purposes. Ecohealth 14, 16-29 (2017). 609 

89 Magnusson, M. et al. Spatial and temporal variation of hantavirus bank vole infection in 610 

managed forest landscapes. Ecosphere 6, art163 (2015).  611 

90 Pardo, I. et al. The European reference condition concept: a scientific and technical approach 612 

to identify minimally-impacted river ecosystems. Science of the Total Environment 420, 33-42 613 

(2012).  614 

91 Rocklöv, J. et al. Decision-support tools to build climate resilience against emerging infectious 615 

diseases in Europe and beyond. The Lancet Regional Health – Europe 32 (2023). 616 

92 Pan, Y. et al. The enduring world forest carbon sink. Nature 631, 563-569 (2024). 617 

93 European Environment Agency. Water resources across Europe - confronting water stress: an 618 

updated assessment. Doi:10.2800/320975 (2021). 619 

94 Levesque, K. & Hamann, A. Identifying western North American tree populations vulnerable 620 

to drought under observed and projected climate change. Climate 10, 114 (2022).  621 

95 Brodin, T., Fick, J., Jonsson, M. & Klaminder, J. Dilute Concentrations of a Psychiatric Drug 622 

Alter Behavior of Fish from Natural Populations. Science 339, 814-815 (2013). 623 

96 Oaks, J. L. et al. Diclofenac residues as the cause of vulture population decline in Pakistan. 624 

Nature 427, 630-633 (2004). 625 

97 Stokstad, E. Vultures face new toxic threat. Science 373, 1187 (2021). 626 

98 Stone, E. L., Harris, S. & Jones, G. Impacts of artificial lighting on bats: a review of challenges 627 

and solutions. Mammalian Biology 80, 213-219 (2015). 628 

99 Gaddy, H. G. Using local knowledge in emerging infectious disease research. Soc Sci Med 258, 629 

113107 (2020).  630 

100 Halliday, J. E. B. et al. Driving improvements in emerging disease surveillance through locally 631 

relevant capacity strengthening. Science 357, 146-148 (2017). 632 



27 
 

101 Vora, N. M. et al. Interventions to Reduce Risk for Pathogen Spillover and Early Disease 633 

Spread to Prevent Outbreaks, Epidemics, and Pandemics. Emerg Infect Dis 29, 1-9 (2023). 634 

102 Elvander, M., Persson, B. & Lewerin, S. Historical cases of anthrax in Sweden 1916-1961. 635 

Transboundary and emerging diseases 64 (2015). 636 

103 SVA. Sjukdomsrapportering 2011. SVA:s rapportserie 23. 637 

https://www.sva.se/media/zpmpwfhm/sva-rapport-23-sjukdomsrapportering-2011.pdf 638 

(2011). 639 

104 Reyes-García V et al. The contributions of Indigenous Peoples and local communities to 640 

ecological restoration. Restoration Ecology 27 (1): 3‑8. 27 3‑8 (2018).  641 

105 Santini NS & Y., M. The Restoration of Degraded Lands by Local Communities and Indigenous 642 

Peoples. Front. Conserv. Sci. 3, 873659 (2022).  643 

106 Ortega-Álvarez, R. T., W.; Urquiza-Haas, T.; Ruiz-González, S.P.; Koleff, P. Exploring local 644 

perceptions, implementation, benefits, and limitations of community-based restoration 645 

projects in Mexico. . Restor. Ecol e13604 (2022).  646 

107 Meadows, A. J., Stephenson, N., Madhav, N. K. & Oppenheim, B. Historical trends 647 

demonstrate a pattern of increasingly frequent and severe spillover events of high-648 

consequence zoonotic viruses. BMJ Global Health 8, e012026 (2023).  649 

108 Semenza, J. C. Lateral public health: Advancing systemic resilience to climate change. Lancet 650 

Reg Health Eur 9, 100231 (2021). 651 

109 Hemmerling, S. A., Barra, M., Bienn, H.C. Elevating local knowledge through participatory 652 

modeling: active community engagement in restoration planning in coastal Louisiana. J 653 

Geogr Syst 22, 241–266 (2020).  654 

110 Davidson, G. et al. Forest Restoration and the Zoonotic Vector Anopheles balabacensis in 655 

Sabah, Malaysia. EcoHealth, 1-17 (2024).  656 

111 Allan, B. F. et al. Invasive honeysuckle eradication reduces tick-borne disease risk by altering 657 

host dynamics. Proceedings of the National Academy of Sciences 107, 18523-18527 (2010).  658 



28 
 

112 Federal Emergency Management Agency (FEMA). Understanding Your Risks: Identifying 659 

Hazards and Estimating Losses. FEMA publication 386-2 (2001). 660 

113 United Nations Office for Disaster Risk Reduction (UNDRR). The Sendai Framework 661 

Terminology on Disaster Risk Reduction. Accessed 28 April 2025.  662 

https://www.undrr.org/terminology., (2017). 663 

114 European Environment Agency (EEA). Environmental Indicators: Typology and Use in 664 

Reporting. (Copenhagen, 20 pp., 2003).  665 

 666 

 667 

  668 

https://www.undrr.org/terminology


29 
 

Tables 669 

Table 1. Examples of how ecosystem restoration can mitigate zoonotic disease risk originating in wildlife. For each example, the initial objective of 670 

restoration is given, along with specific challenges associated with this example. The method used to measure restoration outcomes is also given, including 671 

whether a before-after control-impact (BACI) approach was used. The key considerations numbered relate to the considerations discussed in the main text 672 

(1. Monitoring of zoonotic disease targets; 2. Time lag between restoration and recovery; 3. Integration of trophic rewilding; 4. Robust study designs; 5. 673 

Controlling for confounding and modifying drivers; 6. Stakeholder engagement and co-creation with communities). 674 

Initial objective of restoration Challenge Restoration measure and outcome 

including approach (BACI) 

Key 

considerations 

References 

Reduction in prevalence of Schistosoma Schistosomiasis is prevalent due to 

eutrophic waterbodies rich in aquatic 

macrophytes 

Reduction of nutrient input and 

bioremediation (reduction in submerged 

macrophyte biomass) reduce snail 

habitat and abundance and reduce 

disease burden. BACI. 

1-2, 4-6 48 

Forest restoration towards ecotoursim 

opportunities 

Degraded forests in Malaysia have high 

abundance of malarial mosquito vectors 

Forest restoration with native tree 

species reduces vector abundance while 

1-2, 4 110 
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plantation with non-native oil palms 

(Elaeis guineensis) and eucalyptus 

(Eucalyptus pellita) increases the 

abundance. CI. 

Experimental removal of invasive shrub 

Amur honeysuckle (Lonicera maackii) to 

reduce number of infected ticks 

High tick-borne disease risk in areas 

with dense cover of Amur honeysuckle 

Removal of Amur honeysuckle 

decreases deer activity and numbers of 

infected ticks. BACI. 

1-2, 4 111 

Reducing risk of Hendra virus spillover 

by landscape management 

Food shortage in winter-flowering 

forests drives Pteropus bats into 

agricultural areas and risks Hendra virus 

spillover 

Planting of nectar trees away from 

agricultural areas decreases spillover 

risk and restoration of winter-flowering 

forests is a likely long-term strategy to 

reduce spillover risk. BACI. 

1-4, 6 28,33,76 

675 
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Box 1. Definition of terms used in this article 

Confounder A third variable causing bias in the statistical evaluation of a cause-and-effect 

relationship regarding the effect of restoration on zoonotic targets. 

Disease risk The likelihood of infection depending on hazard, exposure and vulnerability112. 

Driver Natural or human-induced factors that directly or indirectly cause a change46. 

Ecosystem restoration The process of halting and reversing degradation, resulting in improved 

ecosystem services and recovered biodiversity. Ecosystem restoration encompasses a wide 

continuum of practices, depending on local conditions and societal choice45. 

Effect The change in indicators of zoonotic targets associated with restoration. 

Evaluation The process of quantitative and qualitative understanding of the spatio-temporally 

sensitive effects of restoration-induced change on zoonotic targets. 

Exposure The situation of people, infrastructure, housing, production capacities and other 

tangible human assets located in hazard-prone areas113. 

Hazard Process or phenomenon of organic origin or conveyed by biological vectors, including 

exposure to pathogenic micro-organisms, toxins and bioactive substances that may cause loss of 

life, injury, illness or other health impacts, property damage, loss of livelihoods and services, social 

and economic disruption, or environmental damage113. Here mainly used as zoonotic hazard, i.e., 

presence, abundance, and prevalence of vector-borne and zoonotic pathogens. 

Indicator Observed value representative of a phenomenon of study. In general, indicators quantify 

information by aggregating different and multiple data114. 

Modifier A third variable modifying the cause-and-effect relationship regarding the effect of 

restoration on zoonotic targets. 

One Health Integrated, unifying approach that aims to sustainably balance and optimize the 

health of people, animals, and ecosystems. It recognizes the health of humans, domestic and wild 
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animals, plants, and the wider environment (including eco-systems) are closely linked and 

interdependent47. 

Projection The process of using models to evaluate long-term change in the targets in relation to 

co-drivers and modifying situations using scenario-based approaches including for example, 

climate change scenarios 

Reservoir Agent in which a pathogen multiplies and evolves 

Trophic rewilding An ecological restoration strategy that uses species introductions to restore top-

down trophic interactions and associated trophic cascades to promote self-regulating biodiverse 

ecosystems55. 

Vulnerability The conditions determined by physical, social, economic and environmental factors 

or processes which increase the susceptibility of an individual, a community, assets or systems to 

the impacts of hazards113. 

Zoonotic target Intended disease outcome (pathogen occurrence, pathogen transmission and/or 

disease risk) that can be monitored and evaluated by indicators. 

 676 

  677 
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Figure legends 678 

 679 

Figure 1. The envisioned One Health based adaptive process for assessment of ecosystem 680 

restoration. The process is founded in stakeholder engagement and co-creation. SMART (specific, 681 

measurable, achievable, relevant, and time-based) targets are developed for environment (diversity, 682 

climate, land use), animals (species community structure, pathogen and disease prevalence, vectors 683 

and reservoir abundance), and humans (pathogen prevalence, cases of disease, exposuree). Based 684 

on a robust restoration design that applies a replicated before-after-control-impact (BACI) approach, 685 

the indicators of the targets as well as identified confounders (factors that potentially can bias the 686 

restoration outcome, such as environmental contaminants and light pollution) and modifiers (factors 687 

that modify the cause-and-effect relationship of the restoration and the targets, such as long-term 688 

changes in climatic and hydrological regime) are monitored. Targets are then evaluated by 689 

quantifying the impact of restoration on target indicators with uncertainty, significance, and 690 

interactions. The assessment process will be adjusted according to evaluation results. 691 

 692 

 693 

Figure 2. Zoonotic hazard as a function of habitat degradation and ecosystem restoration. Zoonotic 694 

hazard, illustrated by red circles in the left panel, represents the presence, abundance, and 695 

prevalence of vector-borne and zoonotic pathogens. Degradation of primary habitat, exemplified by 696 

taiga forest (left panel), increases zoonotic hazard (a-d, right panel) since degradation favours 697 

generalists that are overrepresented among reservoirs. a Ecosystem restoration can reduce zoonotic 698 

hazard once the ecosystem has recovered from degradation and restoration towards a climax 699 

community in the recovered habitat with regained ecosystem functions. a Zoonotic hazard will only 700 

decline if restored habitat is fully recovered and repopulated by non-reservoir species that can dilute 701 
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the hazard. b-c Ecosystem recovery is a tedious process that can take decades or even centuries and 702 

various system modifications – if occurring non-synergistically – risk to keep zoonotic hazard at high 703 

levels despite restoration efforts. b Impoverishment of regional species pools contributes to the loss 704 

of specialist, hazard-diluting species and hence causes the non-decline of zoonotic hazard post-705 

restoration. b Habitat structures are restored (e.g., reforested trees), but important biotic 706 

components, interactions, and ecosystem functions are missing compared to the primary habitat. c 707 

In an increasingly polluted environment, contaminants (illustrated by the metals and organic 708 

compound in the left panel) may immunocompromise organisms and increase their susceptibility to 709 

pathogen infection and hence induce a non-decline of zoonotic hazard despite full ecosystem 710 

recovery from degradation and restoration. d Climate-driven regime shifts (illustrated by the 711 

thermometer) during habitat recovery can result in a community structure typical for a different 712 

biome (here temperate broadleaved forest) with knock-on effects on presence and abundance of 713 

reservoirs, non-reservoirs, vectors, and pathogens as well as zoonotic hazard. This shift could also 714 

imply non-reservoir species becoming reservoirs and pathogens switching reservoirs. d (right panel) 715 

However, climate change modifying ecosystem structure and functioning could also decrease 716 

zoonotic hazard towards lower levels compared to pre-degradation. This could for example be the 717 

case in an increasingly warmer and drier climate where vector-borne or zoonotic pathogens rely on 718 

moist and cloudy conditions for their persistence. We are currently experiencing system 719 

modifications by multiple factors (here b-d in left panel) that might act synergistically to amplify 720 

zoonotic hazard beyond scenarios where these factors occur individually (b-c right panel). 721 

 722 

 723 

Figure 3. Response of zoonotic hazard to nature restoration via rewilding. Zoonotic hazard 724 

outcomes are illustrated for active (a-b) and combined active and passive (c-f) rewilding. a In a 725 

heavily managed and drained boreal forest landscape habitat generalists dominate with high 726 
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pathogen prevalence in reservoirs and vectors and hence high zoonotic hazard (presence, 727 

abundance, and prevalence of vector-borne and zoonotic pathogens; illustrated by red circles). b The 728 

reintroduction of beavers as keystone species induces a cascade of ecosystem responses. b The dam-729 

building activity of beavers rewets the forest landscape and increases habitat heterogeneity, which in 730 

turn boosts biodiversity and the presence of specialist species that reduce zoonotic hazard. c In a 731 

landscape with straightened water courses and impoverished riparian zones, habitat generalists that 732 

are overrepresented among reservoirs dominate with high pathogen prevalence in reservoirs and 733 

vectors (see also a). d The use of heavy machinery can restore previous habitat structure (here 734 

meandering and presence of boulders) but with a resulting similar or even increased zoonotic 735 

hazard, with the latter due to provision of vector habitat (cf. c). d High zoonotic hazard in the post-736 

restoration phase results from the temporal mismatch between structural and biological recovery 737 

where generalists and their pathogens dominate. e This temporal mismatch can be bridged by active 738 

and passive rewilding. Here, raptors and owls can be attracted to the restored area by providing 739 

perching poles, nesting platforms, and nest boxes. e Predators of vectors (here illustrated by 740 

amphibians) can be reintroduced and contribute together with raptors and owls to reduce zoonotic 741 

hazard. f Eventually the restored habitat (see e) recovers also biologically without the need for 742 

artificial structures with resulting increased biodiversity including habitat specialists that further 743 

dilute zoonotic hazard.  744 

 745 

 746 

 747 



• Development of targets for
Environment
Animals
Humans

• Robust restoration design
• Monitoring of target indicators
• Identification and monitoring of 

Confounders
Modifiers

• Evaluation of targets
• Adjust assessment process

Adaptive
process

Evaluation

Ta
rg
ets

Monitoring



Time
Degradation Restoration Recovered habitat

a a

b, c

d

Zo
on

ot
ic

 h
az

ar
d

Zo
on

ot
ic

 h
az

ar
d

Zo
on

ot
ic

 h
az

ar
d

Recovered habitat

Recovered habitat

Recovered habitat
b

c

d

Hg CdZn

De
gr

ad
ati

on

R
estoration

R
ecovery

Primary habitat

R
ec

ov
er

ed
 h

ab
itat

Degraded habitat

Restored habitat



a b

c d

e f


	Ecke_ProductionReady
	Figure 1
	Figure 2
	Figure 3

