
1 
 

Alignment dynamics: how environmental restoration reshapes disease risk 1 

 2 

Konstans Wells1, Jonathan Walker1, Alexander Vaux2, Jolyon Medlock2, Tamsyn Uren Webster1 3 

 4 

1 Department of Biosciences, Swansea University, Singleton Park, Swansea, SA2 8PP, UK  5 

2 Medical Entomology & Zoonoses Ecology, UK Health Security Agency, Porton Down, Salisbury, SP4 0JG, UK 6 

 7 

Correspondence: Konstans Wells, e-mail: k.l.wells@swansea.ac.uk 8 

 9 

Authors ORCIDs: K. Wells:  orcid.org/0000-0003-0377-2463; J. Medlock: https://orcid.org/0009-0008-9822-3697; A. Vaux: https://orcid.org/0000-10 

0003-2463-5660; T. Uren Webster:  orcid.org/https://orcid.org/0000-0002-0072-9745 11 

 12 

 13 

 14 

 15 

 16 

 17 

mailto:k.l.wells@swansea.ac.uk


2 
 

Abstract 18 

Ecological change can generate variable infectious disease outcomes even when it produces similar shifts in biodiversity, habitat structure, or 19 

pathogen hazard. Existing disease-ecology frameworks identify the components and pathways governing transmission, but less explicitly formalise 20 

how their relative timing and spatial organisation determine when transmission opportunities emerge. We argue that realised disease risk arises 21 

from the spatiotemporal alignment of hazard, exposure, and regulatory processes. Given that these processes respond asynchronously to 22 

environmental and socio-ecological change, disease risk is best understood as a dynamic state generated by the alignment of these processes rather 23 

than as a direct consequence of hazard alone. We introduce two complementary concepts, coupling regimes and alignment trajectories, to describe 24 

how transmission systems differ in the organisation of hazard, exposure, and regulation, and how these relationships change through time.  25 

We characterise coupling regimes through response-time hierarchy, spatial coupling structure, exposure elasticity and regulation latency, and 26 

derive hypotheses concerning dynamic alignment, differential ecological and social clocks, and epidemiological decoupling. 27 

Ecological restoration provides a powerful context for observing these dynamics because it simultaneously reorganises multiple ecological and 28 

social processes operating on different timescales. By formalising alignment dynamics, this perspective provides a comparative framework for 29 

understanding, predicting, and managing disease risk under ecological change. 30 

 31 
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1. Introduction 38 

Anthropogenic landscape transformation restructures host–vector–pathogen interactions and can either amplify or reduce infectious disease risk.  A 39 

large body of work has demonstrated that landscape influences disease emergence through interconnected effects on biodiversity, ecosystem 40 

structure, host competence, exposure pathways and contact among humans, domestic animals, wildlife, and vectors (Patz et al. 2004; Olival et al. 41 

2017; Wells et al. 2018; Gibb et al. 2020; Manlove et al. 2022; Rulli et al. 2025). These advances have established that disease risk is not 42 

determined by any single ecological factor, but instead emerges from interactions among pathogen hazard, host exposure, susceptibility, 43 

environmental conditions, and management interventions (Keesing et al. 2010; Plowright et al. 2024). 44 

Ecological restoration and rewilding have recently highlighted the complexity of these relationships. Biodiversity recovery, trophic reassembly, 45 

and habitat restoration can increase disease risk in some systems, reduce it in others, or generate transient responses that change through time 46 

(Carvalho et al. 2025; Ecke et al. 2025; Keesing 2025; Fell et al. 2026; Rafael et al. 2026). Similar restoration interventions can therefore produce 47 

contrasting epidemiological outcomes despite generating broadly comparable ecological changes. These observations increasingly suggest that 48 

disease emergence cannot be understood solely by asking whether restoration increases or decreases hazard, but by understanding how ecological 49 

and social processes reorganise following environmental change. 50 

More broadly, this challenge reflects a central principle of complex systems. Across ecology, nonlinear dynamics and coupled human–natural 51 

systems, emergent behaviour is understood to arise from interactions among processes operating across multiple spatial and temporal scales rather 52 

than from the properties of individual components alone. Ecological patterns emerge through cross-scale interactions (Levin 1992); coupled 53 

dynamical systems undergo qualitative changes in behaviour as interactions among their components change (Strogatz 2001, Winfree, 2001 54 

#66155); ecosystems reorganise through adaptive cycles operating across interacting temporal and spatial scales (Gunderson & Holling 2002); and 55 

coupled human–natural systems exhibit emergent dynamics generated through reciprocal ecological and societal feedbacks (Liu et al. 2007). 56 

Disease ecology has developed complementary conceptual and mechanistic frameworks describing the ecological drivers of transmission, the 57 

pathways linking reservoirs, vectors and susceptible hosts, and the mechanisms through which environmental change modifies hazard, exposure, 58 

susceptibility and ecological regulation (Patz et al. 2004; Keesing et al. 2010; Manlove et al. 2022; Plowright et al. 2024). More recently, dynamic 59 

modelling approaches have begun to represent how disease risk evolves under environmental change. For example, (Vinson et al. 2022) showed 60 
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that land reversion can generate contrasting transient and long-term spillover trajectories depending on habitat-transition rates and the 61 

epidemiological properties of regenerating landscapes. These advances increasingly recognise that disease emergence is dynamic and context 62 

dependent. However, they generally describe the mechanisms or trajectories of particular transmission systems rather than providing a general 63 

conceptual framework for understanding how ecological and social processes become organised into the system-specific dynamics that generate 64 

realised disease risk over time under environmental change. 65 

Here we develop such a conceptual framework by integrating established principles of complex systems into disease ecology. We conceptualise 66 

hazard generation, exposure pathways and regulatory processes as three interacting dynamical process classes that evolve on different ecological 67 

and social clocks. Environmental change rarely alters these processes synchronously; instead, it continuously reorganises their relative timing, 68 

spatial organisation and functional coupling. We propose that realised disease risk is therefore best understood as an emergent systems state arising 69 

from the temporary spatiotemporal alignment of hazard, exposure and regulation. To formalise this perspective, we introduce coupling regimes as 70 

transferable descriptors of transmission-system organisation and alignment trajectories as the emergent disease-risk dynamics generated by those 71 

regimes under environmental change. As transferable descriptors of transmission-system organisation, coupling regimes do not replace 72 

mechanistic explanations or mathematical models. Rather, they characterise the system-level organisation of hazard, exposure and regulatory 73 

processes in ways that can be compared across diverse disease systems. In doing so, they provide a common conceptual representation for 74 

integrating empirical observations, mechanistic understanding and quantitative models. Importantly, the objective is not to reduce disease 75 

emergence to four variables or to replace the mechanistic complexity of ecological systems. Rather, coupling regimes identify the organisational 76 

properties through which diverse ecological and social mechanisms become comparable across transmission systems. These properties may be 77 

represented through empirical observations, mechanistic model structure, combinations of model parameters, or inferred system trajectories. 78 

Although these representations differ analytically, we propose that they describe the common organisational properties governing how hazard, 79 

exposure and regulation interact across space and time, thereby providing a common conceptual foundation for comparing otherwise disparate 80 

transmission systems. Alignment trajectories therefore describe not only whether disease risk changes, but when transmission opportunities 81 

emerge, how long they persist, and how they disappear as ecological and social processes become reorganised. 82 

Ecological restoration provides a particularly powerful context in which to observe these dynamics because it simultaneously reshapes hydrology, 83 

vegetation structure, host communities, landscape connectivity, management practices, and patterns of human activity. Importantly, these processes 84 
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rarely reorganise at the same rate. Hydrological conditions may change rapidly following peatland rewetting or floodplain reconnection, creating 85 

habitat for mosquito vectors within weeks or months, whereas tick-associated hazards may emerge more gradually as vegetation structure, host 86 

communities, and microclimatic conditions develop over years. Exposure pathways may be only weakly linked to ecological succession and 87 

instead reflect human decisions regarding public access, livestock management, recreation, infrastructure, or conservation policy (Ostrom 2009; 88 

Gottdenker et al. 2014; Zeimes et al. 2014). Regulatory processes, including trophic recovery, predator establishment, immunity, and adaptive 89 

management, frequently follow different trajectories again. Restoration therefore functions as a natural systems experiment that reveals how 90 

hazard, exposure, and regulation become coupled, decoupled and realigned through time. 91 

Given that ecological and social clocks differ among transmission systems, restoration generates distinct alignment trajectories and disease 92 

outcomes even under similar environmental interventions. By formalising disease emergence as a problem of alignment dynamics, this Perspective 93 

proposes an organising conceptual framework for understanding how environmental change generates transient disease risk through the evolving 94 

spatial and temporal relationships among hazard, exposure and regulation. Coupling regimes describe the structural organisation of these 95 

interactions through response-time hierarchy, spatial coupling structure, exposure elasticity and regulation latency, while alignment trajectories 96 

describe the resulting disease dynamics. Together, these concepts complement rather than replace transmission-pathway frameworks, biodiversity-97 

mediated mechanisms and mechanistic disease models by providing a transferable conceptual representation that can be expressed through 98 

empirical observations, mechanistic models or statistical inference, thereby supporting comparison, forecasting and intervention across 99 

heterogeneous disease systems. 100 

 101 

2. A framework for alignment dynamics in disease risk 102 

We propose a general framework in which realised infectious disease risk emerges from the spatiotemporal alignment of three classes of processes: 103 

hazard generation, exposure pathways, and regulatory processes. Hazard describes the distribution and intensity of infectious potential through 104 

pathogens, vectors, reservoirs, and competent hosts. Exposure describes how susceptible hosts encounter that hazard through movement, 105 

behaviour, resource use, land use, and ecological interfaces. Regulation comprises ecological and anthropogenic processes that constrain 106 

transmission, including predation, competition, immunity, veterinary interventions, vector control, and environmental management. These 107 
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processes can reduce the generation of infectious hazard, limit encounters between hazard and susceptible hosts, or reduce the probability that 108 

exposure results in transmission. In the framework, regulation is treated as a distinct process class because these transmission-constraining 109 

mechanisms can vary independently of the realised hazard and exposure state. 110 

These components are individually well established within disease ecology. Our contribution is to identify their alignment as the co-occurrence in 111 

space and time of high hazard and exposure under conditions of insufficient regulatory constraint, which is a proximate mechanism through which 112 

transmission potential becomes realised disease risk (Figure 1). Hazard alone does not generate transmission, and exposure pathways do not 113 

necessarily produce infection when regulatory constraints are effective. Transmission opportunities emerge when hazard becomes embedded 114 

within active exposure pathways during periods in which regulation is absent, delayed, weakened, spatially disconnected, or otherwise insufficient 115 

to prevent transmission. Disease risk should therefore be viewed not as a property of hazard itself, but as a transient state arising from the 116 

alignment of hazard, exposure, and regulation. 117 

A central feature of this framework is that hazard, exposure, and regulation are governed by different ecological and social clocks. Infectious 118 

hazard may respond rapidly or slowly to environmental change depending on pathogen, vector, reservoir, and host biology. Exposure pathways 119 

may be shaped by ecological processes, behaviour, infrastructure, management decisions, or social practices that operate on different timescales. 120 

Regulatory processes may emerge through trophic recovery, immune responses, recolonisation, management adaptation, or policy interventions, 121 

each characterised by distinct delays and spatial extents. Environmental change therefore rarely produces synchronous responses across all 122 

components; instead, it continuously alters the relative timing and spatial overlap among hazard, exposure, and regulation. 123 

We define coupling regimes as the structural organisation of interactions among hazard generation, exposure pathways, and regulatory processes 124 

that determines how and when alignment becomes possible. Coupling regimes are not defined by the magnitude of hazard or exposure, but by four 125 

analytically distinguishable dimensions that independently constrain the emergence of transmission-favourable alignment.  126 

(i) Response-time hierarchy (temporal ordering of change). Response-time hierarchy describes the relative speed at which hazard, exposure, 127 

and regulation respond to environmental or management perturbation. It captures ordering in time, not delay magnitude or process strength. A 128 

system may exhibit fast hazard dynamics and slow regulation, or the reverse, independent of spatial structure or behavioural responsiveness. This 129 

dimension determines whether alignment tends to emerge early, late, or intermittently following environmental change. 130 
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(ii) Spatial coupling structure (spatial interaction topology). Spatial coupling structure describes how hazard, exposure, and regulation are 131 

connected across space, independent of their temporal dynamics. It ranges from strict local co-location (high spatial coupling) to movement-132 

mediated or networked interactions (intermediate coupling) to spatial decoupling where processes operate in distinct locations. This dimension 133 

determines whether alignment is spatially constrained, spatially diffuse, or dependent on connectivity pathways. 134 

(iii) Exposure elasticity (responsiveness of contact structure). Exposure elasticity describes the magnitude and speed with which exposure 135 

pathways reorganise in response to ecological, behavioural, institutional or management change. It includes changes in human movement, 136 

livestock distribution, access behaviour and contact-network structure. High elasticity indicates that relatively small changes in environmental or 137 

social conditions can rapidly reorganise exposure, whereas low elasticity indicates persistent contact structures that respond weakly or slowly. 138 

Exposure elasticity is distinct from predictability: social exposure pathways may be highly elastic yet either consistently responsive to known 139 

drivers or discontinuous and difficult to forecast. 140 

(iv) Regulation latency (activation delay of suppressive processes). Regulation latency describes the time delay between the emergence of 141 

hazard–exposure conditions and the effective activation of regulatory processes that reduce or interrupt transmission. Crucially, this dimension is 142 

distinct from overall regulation strength or speed of ecological recovery. A system may exhibit strong eventual regulation but still experience 143 

prolonged alignment windows due to delayed activation. 144 

These four dimensions are defined to vary independently, although they may be empirically correlated in particular systems. Together, they define 145 

a four-dimensional coupling-regime space in which transmission systems are positioned. The interaction of these independent axes determines the 146 

likelihood, timing, and duration of spatiotemporal alignment and realised disease risk. Importantly, alignment is not an intrinsic property of any 147 

single dimension, but an emergent outcome of their joint configuration. Systems that differ in only one dimension may nevertheless generate 148 

fundamentally different alignment trajectories under identical environmental forcing. We focus on these four dimensions because each describes a 149 

distinct constraint on alignment that is not reducible to component magnitude: the ordering of process responses, the topology of their spatial 150 

interaction, the responsiveness of contact structure to forcing, and the delay before suppressive feedback becomes effective. Other system 151 

properties, such as stochasticity, seasonality, feedback strength and thresholds, may modify alignment trajectories and represent important 152 

extensions rather than defining dimensions of the proposed framework. 153 
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Environmental change and ecological succession dynamics generate alignment trajectories within these coupling regimes. Alignment trajectories 154 

describe how relationships among hazard, exposure, and regulation evolve through time as ecosystems, host communities, and human activities 155 

reorganise. Similar environmental changes can generate contrasting alignment trajectories because transmission systems differ in their underlying 156 

coupling regimes. Fast-responding vector populations combined with delayed predator recovery may generate transient pulses of alignment, 157 

whereas systems characterised by strong regulation or weak spatial overlap between hazard and exposure may exhibit delayed, diffuse, or absent 158 

transmission responses. Disease outcomes therefore reflect not only the magnitude of ecological change, but also the trajectory through which 159 

alignment emerges, persists, and collapses (Figure 1). 160 

Different transmission systems should therefore comprise different coupling-regime configurations. Mosquito-borne, tick-borne, avian-vector, and 161 

grazing-associated transmission systems each exhibit characteristic coupling regimes and therefore generate distinct alignment trajectories under 162 

restoration despite experiencing some similarities in environmental interventions (Figure 2). 163 

This framework generates explicit, testable predictions about how environmental change reorganises transmission systems. Existing disease-164 

ecology frameworks identify the components, pathways and constraints governing transmission. The alignment perspective builds on these 165 

foundations by predicting how the relative timing, spatial organisation and interaction of those components determine when transmission 166 

opportunities emerge, persist and disappear under environmental change. Consequently, the framework shifts attention from the magnitude of 167 

individual risk factors towards the dynamic organisation of hazard, exposure and regulation through time and space. The specific hypotheses 168 

arising from this perspective are developed in Section 6. 169 

 170 

3. Restoration as differential ecological and social forcing 171 

Environmental change does not act uniformly on the processes that generate disease risk. Restoration, rewilding, and other forms of landscape 172 

reorganisation simultaneously modify hydrology, vegetation structure, host communities, landscape connectivity, management practices, and 173 

patterns of human activity (Haddad et al. 2015; Suding et al. 2015; Bullock et al. 2022). Their epidemiological effects therefore depend not only 174 
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on whether restoration increases or decreases hazard, exposure, or regulation, but on how it reorganises the relative timing and spatial coupling 175 

among these processes. 176 

Across Europe and the United Kingdom, restoration increasingly occurs through large-scale interventions such as peatland recovery, wetland 177 

creation for biodiversity and flood-risk management, coastal realignment, river restoration, woodland expansion, urban green and blue space 178 

expansion, and transitions towards low-intervention grazing systems (Perino et al. 2019; Tickner et al. 2020; Zoderer et al. 2025). These 179 

interventions rarely produce a single ecological state change. Instead, they initiate trajectories of ecosystem reorganisation in which different 180 

ecosystem components and human-use processes respond at different rates. 181 

Peatland restoration illustrates this response-time hierarchy. Hydrological interventions such as drainage blocking can raise water tables and create 182 

shallow aquatic habitats within months to years, facilitating early colonisation by aquatic and semi-aquatic invertebrates (Beadle et al. 2023). 183 

However, peat-forming vegetation, trophic complexity, and long-term hydrological functioning may require decades or longer to recover (Brown 184 

et al. 2016; Alderson et al. 2019; Rydgren et al. 2025). Forest restoration follows similarly extended trajectories, with tree growth, structural 185 

complexity, dispersal limitation, deadwood development, and trophic reassembly unfolding over decades to centuries (Fuentes-Montemayor et al. 186 

2021; Waddell et al. 2024). These transitions are driven by successional and recolonisation processes that operate at different rates across taxa and 187 

functional groups, generating temporal lags in ecological regulation and community assembly (Watts et al. 2020). Consequently, habitat recovery 188 

is often strongly taxon- and system-specific, reflecting differences in dispersal, life-history traits, environmental filtering, and species interactions 189 

(Escobar et al. 2026). Early successional forest stages are frequently dominated by generalist species, whereas later stages increasingly support 190 

specialist taxa and greater structural and functional heterogeneity (Paillet et al. 2010). Because host community structure is a key determinant of 191 

pathogen transmission dynamics in multi-host systems, these successional changes can also reshape dilution and amplification processes in vector-192 

borne disease systems such as Lyme borreliosis and West Nile virus, where shifts in host diversity and competence influence infection prevalence 193 

in vector populations (Kilpatrick et al. 2006; Ostfeld et al. 2006). 194 

Restoration also alters spatial coupling structure. Hydrological restoration can redistribute surface water and create aquatic vector habitat, but 195 

increased vector abundance becomes realised risk only where it overlaps with susceptible hosts before regulatory processes, such as increased 196 

predator abundance or reduced surface areas for ovipositing mosquitoes in more permanent aquatic habitats, become effective (Dworrak et al. 197 
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2022). Vegetation recovery modifies microclimates, host movement, and contact rates, potentially favouring some vectors (for example ticks, that 198 

benefit from increased surface humidity on more dense vegetations) while reducing suitability for others (Medlock et al. 2013; Semenza & Suk 199 

2018; De Frenne et al. 2021). Landscape connectivity can connect or dilute transmission pathways by redistributing hosts, vectors, and pathogens 200 

across space (Prist et al. 2023). Restoration therefore changes not only the magnitude of hazard, but where hazard is positioned relative to 201 

exposure pathways and regulatory processes. 202 

Regulation may lag, strengthen, weaken, or shift scale during recovery. Predator establishment, trophic reassembly, host immunity, competitive 203 

interactions, veterinary management, deer control, or vector management may not track hazard generation. Host-associated and environmental 204 

microbiomes may respond rapidly to changes in diet, habitat, stress, and environmental conditions, potentially altering susceptibility or pathogen 205 

persistence on faster timescales than vertebrate community recovery (David et al. 2014; Rothschild et al. 2018; Caballero-Flores et al. 2023; 206 

Spragge et al. 2023; Burton et al. 2024). Regulatory capacity is therefore not simply absent or present; it changes with its own temporal and spatial 207 

dynamics. 208 

Exposure pathways often follow different social clocks altogether. Human access, recreation, livestock movements, conservation policy, 209 

infrastructure, and land-management decisions may change rapidly and independently of ecological succession (Ostrom 2009; Gottdenker et al. 210 

2014; Zeimes et al. 2014). Hydrological restoration may create mosquito habitat while public access is expanded through new footpaths or visitor 211 

infrastructure, or conversely while access is restricted by management. Grazing systems can shift rapidly through stocking density, veterinary 212 

treatment, or grazing agreements, even when ecological conditions change slowly. More generally, restoration outcomes often depend on whether 213 

management interventions operate on timescales commensurate with ecological recovery processes, highlighting the importance of temporal 214 

alignment between ecological and governance dynamics (Wells et al. 2026 in press). 215 

Restoration therefore provides a powerful setting for studying alignment dynamics. It perturbs ecological and social processes simultaneously, but 216 

rarely synchronously. Disease outcomes depend on how restoration changes response-time hierarchy, spatial coupling structure, regulation latency, 217 

and exposure elasticity across transmission systems. 218 

 219 
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4. Transmission-specific coupling regimes 220 

The epidemiological effects of restoration depend on the coupling regime governing each transmission system. Different systems vary in how 221 

hazard is generated, how exposure occurs, how spatially connected these processes are, and how rapidly regulation becomes effective. These 222 

differences produce distinct alignment trajectories across landscapes.  223 

Mosquito-borne systems are often strongly structured by hydrological conditions. Short vector generation times allow mosquito populations to 224 

respond rapidly to environmental change (Dworrak et al. 2022; Meuti 2026). Exposure depends on local habitat use by humans, livestock, or 225 

wildlife, whereas regulatory processes such as aquatic predation and food-web recovery may lag behind (Chase & Knight 2003). This 226 

configuration produces fast, locally coupled regimes in which vector-mediated transmission pathways may be rapidly activated following 227 

restoration, but can remain transient if regulation strengthens or exposure is managed. 228 

Tick-borne systems, including Lyme borreliosis, are structured by vegetation, microclimate, host density, and host competence, with slower 229 

dynamics in both hazard generation and regulation (Ostfeld et al. 2006; Ogden & Lindsay 2016). Exposure often arises through passive contact in 230 

shared habitats, resulting in transmission pathways that emerge gradually and persist over longer periods. These systems are therefore expected to 231 

generate delayed but potentially persistent alignment trajectories as habitat structure and host communities develop and shift exposure and 232 

regulation. 233 

Bird–mosquito systems, including West Nile virus and avian haemosporidians, introduce a different coupling architecture because mobile reservoir 234 

hosts redistribute pathogens across broad spatial scales (Hellgren et al. 2007; Kirby et al. 2025). Hazard may therefore become partially decoupled 235 

from local environmental conditions if migratory or dispersive hosts dominate pathogen movement. Local restoration may alter vector habitat or 236 

host aggregation, but transmission dynamics may depend on connectivity beyond the restoration site. 237 

Grazing-associated and helminth systems are more tightly linked to management structure. Transitions from intensively managed livestock 238 

systems towards semi-feral or low-intervention grazing can alter hazard, exposure, and regulation simultaneously by changing stocking density, 239 

pasture use, veterinary treatment, and environmental contamination (Kumar et al. 2013; Jenkins et al. 2020). Here, exposure elasticity and 240 
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regulation latency may be especially important because human decisions can rapidly strengthen or weaken coupling between hazard and 241 

susceptible hosts. 242 

These examples are not isolated case studies, but archetypes of coupling-regime space. Mosquito-borne, tick-borne, avian-vector, and grazing-243 

associated systems occupy different positions along response-time hierarchy, spatial coupling structure, regulation latency, and exposure elasticity. 244 

Restoration therefore does not impose a single epidemiological response; it generates system-specific alignment trajectories determined by the 245 

structural organisation of hazard, exposure, and regulation. 246 

 247 

5. Designing restoration for epidemiological decoupling  248 

If realised disease risk emerges from alignment, then restoration can be designed not only to reduce hazard, but to manipulate coupling. This 249 

reframes disease prevention from asking whether restoration increases or decreases disease risk to asking how restoration changes the timing and 250 

spatial organisation of transmission opportunity. 251 

Designing for decoupling can operate through several mechanisms. First, restoration can reduce spatial coupling by separating hazard-generating 252 

habitats from exposure pathways, for example by locating wetland creation away from high-use visitor infrastructure, livestock congregation 253 

areas, or residential interfaces. Second, it can alter response-time hierarchy by delaying exposure until regulation has strengthened, or by 254 

accelerating regulatory recovery through habitat design that supports predators, competitors, or management access. Third, it can reduce regulation 255 

latency through adaptive surveillance, targeted vector control, deer management, grazing plans, or veterinary interventions during periods when 256 

hazard and exposure are likely to align. Fourth, it can modify exposure elasticity by managing how human or livestock behaviour responds to 257 

ecological change through footpath routing, public access timing, grazing agreements, signage, or seasonal restrictions. 258 

This framing also clarifies a challenge for restoration governance and risk communication. Observable indicators of hazard, including mosquitoes, 259 

ticks, or recovering wildlife populations, are often interpreted as direct evidence of elevated disease risk. Yet realised risk depends on whether 260 

hazard becomes aligned with exposure under insufficient regulation. Restoration may therefore increase visible hazard while reducing realised risk 261 

if exposure pathways are decoupled or regulation strengthens. Conversely, modest hazards may generate substantial risk when they coincide with 262 

highly connected exposure pathways and delayed regulation. 263 
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Operationalising alignment-based disease ecology requires a shift from static measurement of individual components towards inference about their 264 

joint dynamics through time and space. In principle, field studies should integrate data on hazard, exposure, and regulation, including measures 265 

such as vector or pathogen abundance, host competence, human and livestock movement, predator presence, and management intensity. However, 266 

these variables are rarely observed at compatible temporal and spatial resolutions, and key regulatory and exposure processes often remain 267 

partially unobserved, particularly at wildlife–human interfaces where multiple ecological and social processes interact across scales (Roberts et al. 268 

2021). For this reason, the coupling-regime framework should be viewed not as an immediately fully parameterisable model, but as a structured 269 

way of organising data collection, hypothesis generation, and comparative inference under ecological change (Box 1). Even when complete 270 

parameterisation is not feasible, identifying response-time hierarchies, spatial coupling patterns, regulatory delays, and exposure elasticity provides 271 

a consistent basis for comparing systems and restoration contexts. 272 

Scenario-based and mechanistic modelling approaches offer one pathway towards partial operationalisation. These may combine species traits 273 

(e.g. generation time, dispersal capacity, host competence, habitat affinity, colonisation potential) with landscape descriptors of hydrology, 274 

vegetation, connectivity, land use, and management. Such approaches can be used to explore how alternative assumptions about coupling structure 275 

influence the emergence and timing of alignment, even when empirical data are incomplete. Emerging integrative modelling approaches, including 276 

digital-twin implementations where data streams are sufficient, may eventually allow continuous updating of system states under monitoring data. 277 

However, these remain aspirational for most ecological systems and should be interpreted as future extensions rather than prerequisites for 278 

applying the framework. 279 

 280 

Crucially, the value of the framework does not depend on complete observability of all components, but on its ability to redirect attention from 281 

isolated drivers of risk towards the conditions under which hazard, exposure, and regulation become temporarily aligned. Even partial data can 282 

therefore be informative when interpreted through the lens of coupling regimes and alignment trajectories. 283 

 284 

6. Research agenda: testing alignment dynamics across disease systems 285 

The alignment framework shifts the central question in disease ecology from whether environmental change increases or decreases disease risk to 286 

how environmental change reorganises the ecological and social processes that generate transmission opportunities. Rather than viewing hazard, 287 
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exposure and regulation as independent determinants of disease emergence, the framework proposes that realised disease risk reflects their 288 

dynamic spatiotemporal organisation under environmental change. This perspective generates a comparative research programme centred on 289 

understanding how coupling regimes shape disease trajectories, why those trajectories differ among transmission systems, and how they can be 290 

modified through management. Three complementary hypotheses provide the foundation for this programme. 291 

H1. Dynamic-alignment hypothesis 292 

Environmental change generates disease-risk trajectories by reorganising the relative timing, spatial configuration and functional coupling of 293 

hazard generation, exposure pathways and regulatory processes. Disease outcomes should therefore depend not only on whether transmission-294 

pathway components are individually permissive, but on how their relationships emerge, persist, recur and dissolve through time and space. 295 

This hypothesis predicts that systems with comparable hazard, biodiversity recovery or restoration state may nevertheless exhibit contrasting 296 

epidemiological trajectories because hazard, exposure and regulation may become organised differently. Dynamic representations of lagged 297 

interactions, spatial overlap and regulatory constraint should therefore improve explanation and, where appropriate data exist, out-of-sample 298 

prediction of the timing, duration and recurrence of disease outcomes relative to hazard-centred, static-state or additive component models. 299 

Repeated environmental disturbances or management interventions are further predicted to generate recurrent alignment windows when they 300 

repeatedly reorganise coupling among hazard, exposure and regulation. 301 

H2. Differential-clocks hypothesis 302 

Contrasting disease trajectories emerge because hazard generation, exposure pathways and regulatory processes respond to environmental change 303 

on different ecological and social clocks. Taxon-specific colonisation, vegetation succession, food-web assembly, host-community reorganisation 304 

and immune development generate characteristic ecological response times. By contrast, exposure and management may respond to land-use 305 

decisions, infrastructure, policy, economic incentives and human behaviour on social timescales that are less tightly constrained by ecological 306 

succession and may change discontinuously. 307 

Exposure elasticity and predictability are therefore distinct. Exposure may respond strongly to ecological or societal drivers while remaining 308 

difficult to forecast because those drivers themselves are variable or institutionally contingent. Consequently, disease trajectories should be highly 309 
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sensitive to temporal mismatches among ecological recovery, human activity and management interventions. Transmission opportunities emerge 310 

when hazard, exposure and regulation become synchronised in space and time, and may therefore increase, decline or recur depending on whether 311 

restoration, public access, grazing, veterinary intervention, vector control or conservation management reinforce or disrupt alignment. Differences 312 

in the ordering, magnitude and predictability of ecological and social responses should therefore determine whether alignment develops rapidly, 313 

gradually, recurrently, persistently or not at all. 314 

Across restoration contexts, this hypothesis predicts relatively rapid hazard responses in mosquito-associated systems where vector populations 315 

closely track hydrological change, but slower and potentially more persistent trajectories in tick-associated systems governed by vegetation 316 

succession and host-community assembly. Systems involving migratory or widely dispersing hosts may generate recurrent or spatially displaced 317 

alignment, whereas grazing-associated systems may shift abruptly following changes in stocking density, livestock movement or veterinary 318 

intervention. These expectations are intended as heuristic predictions rather than deterministic classifications; the same transmission system may 319 

occupy different coupling regimes across landscapes, seasons and management contexts. 320 

 321 

H3. Epidemiological-Decoupling Hypothesis 322 

Disease risk can be reduced by disrupting the temporal or spatial alignment of hazard generation and exposure pathways, or by accelerating 323 

effective regulation, without necessarily reducing ecological hazard itself. Consequently, restoration design and adaptive management should 324 

increasingly focus on modifying coupling regimes rather than exclusively suppressing hazard. 325 

Testing this hypothesis requires natural experiments and intervention studies that compare strategies targeting alignment dynamics with 326 

conventional hazard-reduction approaches. Potential interventions include altering the timing of restoration activities, modifying access or grazing 327 

regimes, redesigning spatial connectivity, accelerating ecological regulation or adaptive surveillance, and coordinating management across 328 

connected landscapes. The effectiveness of such interventions will depend not only on which processes most strongly influence alignment, but also 329 

on which components of a coupling regime can realistically be modified. Ecological and social processes differ markedly in the way they can be 330 

manipulated or engineered: human access, livestock movement, restoration scheduling and infrastructure may often be adjusted rapidly, whereas 331 
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species colonisation, food-web assembly and many ecological regulatory processes frequently respond over much longer timescales or remain 332 

only partially controllable. Effective epidemiological decoupling should therefore prioritise interventions that target the components and clocks 333 

most amenable to management within the relevant alignment trajectory. Importantly, epidemiological decoupling should be evaluated alongside 334 

biodiversity, ecosystem-service and social objectives because interventions that reduce disease risk may involve ecological or societal trade-offs. 335 

 336 

Towards a comparative disease ecology 337 

Together, these hypotheses establish a comparative research programme centred on understanding disease systems as evolving organisations rather 338 

than static collections of risk factors. Testing the framework requires longitudinal studies that quantify hazard, exposure and regulation 339 

simultaneously, comparative analyses evaluating whether similar coupling regimes produce comparable disease trajectories across different 340 

pathogens and landscapes, and quantitative models that explicitly represent response-time hierarchy, spatial coupling structure, exposure elasticity 341 

and regulation latency. Comparative support for the framework would arise if coupling-regime dimensions consistently improve explanation, 342 

forecasting or intervention design relative to approaches based solely on hazard, static environmental conditions or additive transmission 343 

components. 344 

Equally important are the framework's boundary conditions. Alignment dynamics is expected to provide greatest explanatory value where hazard, 345 

exposure and regulation vary independently, respond asynchronously to environmental change or are modified by ecological and social feedbacks. 346 

Conversely, it should contribute relatively little where a single process overwhelmingly limits transmission, exposure remains effectively constant, 347 

or epidemiological outcomes closely track directly measurable hazard. Different ecological mechanisms may also generate similar alignment 348 

trajectories, and similar coupling regimes need not imply identical biological processes. Establishing where alignment dynamics succeeds, where it 349 

fails and why should therefore become a central objective of comparative disease ecology under environmental change. 350 

 351 

7. Conclusion 352 
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Environmental change does not simply alter ecological hazard, but it reorganises the temporal and spatial relationships among hazard generation, 353 

exposure pathways and regulatory processes. We argue that these changing relationships constitute an overlooked systems property governing 354 

when, where and for how long infectious disease risk is realised. 355 

We propose coupling regimes as transferable descriptors of transmission-system organisation and alignment trajectories as their dynamic 356 

expression under environmental change. Together, these concepts provide a conceptual representation that complements rather than replaces 357 

transmission-pathway frameworks, biodiversity-mediated mechanisms and mechanistic disease models by linking empirical observations, 358 

mechanistic understanding and quantitative modelling within a common systems perspective. 359 

Viewing disease emergence through alignment dynamics reframes ecological restoration as a natural systems experiment in which ecological and 360 

social processes continuously reorganise transmission opportunities. More broadly, the framework generates a research programme centred on 361 

testing how coupling regimes shape disease trajectories, forecasting and intervention across diverse transmission systems. Although developed 362 

using restoration as a model context, we anticipate that alignment dynamics provides a general conceptual framework for understanding disease 363 

emergence under environmental change and a common representation for comparing, predicting and managing infectious disease risk across 364 

heterogeneous ecological systems. 365 
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 485 

 486 

Figure 1 | Alignment dynamics govern realised disease risk under ecological change. 487 

 A: Conceptual representation of the alignment mechanism underlying infectious disease risk. Hazard (H), exposure (E), and regulation (R) are 488 

represented as spatially heterogeneous processes operating across landscapes. Realised disease risk emerges where infectious hazard overlaps with 489 
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active exposure pathways during periods or in locations where regulation is insufficient to prevent transmission. The alignment window (dashed 490 

projection) denotes this transmission-favourable configuration, not hazard alone. B: Environmental change alters the relative timing and spatial 491 

overlap of hazard, exposure, and regulation. Because these processes operate on different ecological and social clocks, they respond 492 

asynchronously to restoration and other forms of environmental change.  The shaded region represents an alignment window, during which high 493 

hazard and active exposure coincide under insufficient regulation, generating elevated realised disease risk. Different coupling regimes produce 494 

distinct patterns in the timing, duration, and recurrence of alignment windows, termed **alignment trajectories**. Example alignment trajectories 495 

(right) illustrate conceptual patterns of relative alignment intensity through time, including transient pulses, delayed peaks, sustained alignment, 496 

and diffuse or intermittent alignment. 497 

 498 

 499 
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 500 

Figure 2 | System-specific coupling regimes generate distinct alignment trajectories under restoration.  501 

A. Conceptual schematics of four representative transmission-system archetypes illustrating how hazard (H), exposure (E), and regulation (R) are 502 

organised within different coupling regimes. Mosquito-borne systems are characterised by rapid hazard responses to hydrological change and 503 

delayed ecological regulation. Tick-borne systems exhibit slower hazard generation linked to host–habitat interactions and gradual regulatory 504 



26 
 

recovery. Bird–vector systems are structured by highly mobile reservoir hosts that redistribute pathogens across space, partially decoupling hazard 505 

from local environmental conditions. Extensive grazing systems are strongly influenced by management decisions that alter exposure pathways 506 

and regulatory constraints. B. Alignment trajectories generated by these coupling regimes following restoration. Coloured lines represent 507 

conceptual trajectories of hazard (orange), exposure (blue), and regulation (green). Grey shading denotes alignment windows, during which hazard 508 

and exposure coincide under insufficient regulation, creating opportunities for transmission. Differences in response-time hierarchy, spatial 509 

coupling structure, regulation latency, and exposure elasticity generate distinct temporal patterns of alignment, including transient pulses, delayed 510 

peaks, intermittent coupling, and sustained alignment. C. Positioning of transmission-system archetypes within coupling-regime space. Four 511 

dimensions characterise coupling regimes: response-time hierarchy, spatial coupling structure, exposure elasticity, and regulation latency. Together, 512 

these dimensions determine the likelihood, timing, duration, and spatial extent of alignment among hazard, exposure, and regulation. Differences 513 

in coupling-regime structure explain why similar restoration interventions can generate contrasting disease-risk trajectories across transmission 514 

systems. 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 

 524 
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 Table 1 | Operationalising coupling regimes in alignment-based disease ecology. For each dimension defining coupling regimes (response-525 

time hierarchy, spatial coupling structure, exposure elasticity, and regulation latency), the table provides its ecological interpretation, example 526 

measurable variables, and potential intervention levers through which restoration design or management may alter alignment dynamics and 527 

realised disease risk. 528 

Dimension Ecological meaning Example measurable variables Intervention leverage 

Response-time hierarchy Relative rates at which hazard, 

exposure, and regulation respond 

to environmental change or 

management interventions 

Vector/pathogen generation time; 

host turnover rates; predator 

recolonisation speed; vegetation 

succession rates; timing of 

ecological change and/or 

management actions 

Accelerate or delay system 

components to avoid overlap 

(e.g., timed vector control; staged 

restoration; synchronising 

management with regulatory 

recovery) 

Spatial coupling structure Degree of spatial co-location or 

connectivity among hazard, 

exposure, and regulation 

Spatial co-occurrence of 

vectors/hosts and human use; 

landscape connectivity indices; 

movement corridors (hosts, 

vectors, people, livestock) 

Reconfigure spatial layout to 

decouple risk (e.g., buffer zones; 

spatial zoning of restoration; 

relocation of access or grazing 

areas; fragmentation or 

connectivity management) 

Exposure elasticity 

 

Sensitivity of exposure pathways 

to ecological or social change 

 

Visitor response to habitat 

change; livestock redistribution; 

seasonal recreation intensity; 

behavioural avoidance or 

attraction; policy-driven access 

changes 

Modulate human/livestock 

behaviour (e.g., access design; 

grazing management; seasonal 

restrictions; behavioural 

interventions; infrastructure 

placement) 
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Regulation latency Delay between emergence of 

hazard/exposure and effective 

suppressive or stabilising 

regulation 

Time lag to predator 

establishment; delay in veterinary 

intervention; time to immune or 

community recovery; lag in 

management response or policy 

enforcement 

Reduce delays in regulatory 

response (e.g., proactive predator 

reintroduction; early-warning 

surveillance; rapid adaptive 

management; pre-emptive 

interventions) 

 529 

 530 

 531 

 532 
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 534 

 535 

 536 

 537 

 538 

 539 

 540 

 541 
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Box 1 | From coupling regimes to predictive alignment modelling. 542 

A. Conceptual principle 

Realised infectious disease risk emerges from the dynamic alignment of hazard generation, exposure pathways, and regulatory processes. 

Predicting when and where risk occurs therefore requires quantifying how these components co-vary through time and space under constraints 

imposed by coupling regimes. The objective is not to model hazard, exposure, or regulation in isolation, but to infer when their joint 

configuration permits transmission-favourable alignment 

 

B. Operational workflow 

Step 1: Characterise system components (H, E, R) 

Quantify baseline state and dynamics of the three process classes. 

Hazard: pathogen/vector/host presence, abundance, or environmental suitability 

Exposure: contact processes driven by movement, behaviour, land use, or ecological interfaces 

Regulation: processes that reduce transmission, including predation, immunity, management, and control 

 

Step 2: Infer coupling-regime dimensions (analytically distinguishable system properties) 

Assess four independent structural dimensions governing system dynamics:  

Response-time hierarchy: ordering of temporal responses in H, E, and R 

Spatial coupling structure: degree of spatial co-location versus movement-mediated connectivity among H, E, and R 

Exposure elasticity: sensitivity of exposure pathways to ecological or socio-environmental change 

Regulation latency: delay between emergence of H–E conditions and effective regulatory response 

 

Step 3: Simulate spatiotemporal alignment dynamics 

Model or infer how H, E, and R evolve under environmental or management change while preserving empirically derived coupling constraints.  

Output: time–space trajectories of H, E, and R. 
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Step 4: Identify alignment windows 

Derive periods and locations where:  

- H is sufficiently high and 

- E enables contact with susceptible hosts and 

- R is delayed, weak, or spatially disconnected 

These alignment windows represent conditions under which transmission becomes possible. 

 

Step 5: Evaluate intervention scenarios 

Assess how restoration or management intervention modifies coupling-regime structure and therefore alignment outcomes by altering: 

- response-time hierarchy (e.g., accelerating or delaying ecological recovery) 

- spatial coupling structure (e.g., changing habitat–use overlap) 

- exposure elasticity (e.g., modifying behavioural or land-use responsiveness) 

- regulation latency (e.g., improving speed of ecological or managerial response) 

Output: comparative scenario evaluation of alignment risk. 

 

C. Key implication 

Coupling regimes define the structural constraints on system behaviour, while alignment windows and trajectories describe the emergent 

conditions under which transmission is realised. Predictive disease ecology therefore shifts from estimating risk factors alone to inferring when 

system dynamics permit alignment. 

 

D. Implementation outlook 

This workflow is compatible with multiple modelling and inference approaches, including: 

- mechanistic and spatially explicit transmission models 
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- state-space and Bayesian dynamic systems 

- agent-based models of host–vector–human interaction 

- scenario-based simulation frameworks 

 

Emerging “digital twin” approaches may integrate these components by continuously updating system states (H, E, R) from ecological and 

social data streams to evaluate alignment under alternative restoration or management scenarios. 

Comparative support for the framework would arise if coupling-regime dimensions predict the timing, duration or spatial extent of disease 

outcomes better than hazard, exposure or vulnerability metrics alone. 
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