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 1 

 2 

Summary 3 

 4 
Rewilding is emerging as a promising restoration strategy to enhance the conservation status of biodiversity 5 
and promote self-regulating ecosystems whilst re-engaging people with nature. Overcoming the challenges in 6 
monitoring and reporting rewilding projects would improve its practical implementation and maximise its 7 
conservation and restoration outcomes. Here, we present a novel approach for measuring and monitoring 8 
progress in rewilding that respond to a pressing need for developing monitoring guidelines informed by the 9 
best available science. We devised a bi-dimensional framework for assessing the recovery of processes and 10 
their natural dynamics through a) decreasing human forcing on ecological processes and b) increasing natural 11 
complexity of ecosystems. The framework incorporates the reduction of material inputs and outputs 12 
associated with human management, as well as the restoration of natural stochasticity and disturbance 13 
regimes, landscape connectivity and trophic complexity. Furthermore, we provide a list of potential activities 14 
for increasing ecosystem complexity after reviewing the evidence for the effectiveness of common restoration 15 
actions. For illustration purposes, we apply the framework to three flagship restoration projects in the 16 
Netherlands, Switzerland and Argentina. This approach has the potential to broaden the scope of ecological 17 
restoration, facilitate sound decision-making and connect the science and practice of rewilding. 18 

 19 

Introduction 20 

 21 
Increasing global consumption of natural resources, population growth and rapid environmental changes 22 
have led to widespread loss and degradation of ecosystems [1–3], with potentially serious consequences for 23 
biodiversity and human well-being. These global changes involve different degrees of simplification and 24 
homogenization of natural systems, from defaunation that cascades through trophic networks reducing 25 
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ecosystem function [4] to extreme depletions of biodiversity in intensively transformed ecosystems as land use 26 
changes proceed [5].  27 
  28 
Rewilding is emerging as a promising restoration strategy in a human-dominated world to promote self-29 
sustaining ecosystems and enhance the conservation status of biodiversity [6–9]. The idea of rewilding is 30 
gaining momentum and becoming increasingly influential in restoration ecology and conservation science. 31 
Paul Jepson recently posited that rewilding initiatives are leading to the emergence of an empowering 32 
environmental narrative that he labels ‘Recoverable Earth’ [10] and places the restoration of ecological systems 33 
at the centre of societal change. In addition, rewilding is viewed as a possible pathway societies can take 34 
towards sustainability [11], since it has the potential to generate co-benefits that extend beyond natural 35 
heritage conservation [e.g., 12–14].   36 
 37 
Recent studies describe rewilding as a nature restoration action that emphasizes the dynamic character of 38 
ecosystems and that explicitly acknowledges the role of reducing human forcing of the system [14,15]. 39 
Furthermore, rewilding initiatives aim to give response to public demand for a sense of ‘wildness’[16], 40 
strongly supporting the emotional value of exposure to perceived untamed nature. With the number of 41 
rewilding initiatives growing [10,17,18], it is imperative that monitoring and assessment plans are developed 42 
and adopted. Overcoming the challenges in monitoring and reporting in rewilding projects would improve 43 
the practical implication of rewilding and maximise its conservation and restoration outcomes. In this study, 44 
we adopt the definition of rewilding as the process of restoring the structural and functional complexity of 45 
degraded ecosystems while gradually reducing the human influence [15]. Underpinned by this idea, we aim 46 
to provide a framework for measuring and monitoring the natural complexity of ecosystems and reducing the 47 
human forcing on these (thereafter referred to as ‘measuring rewilding progress’). As a starting point, we 48 
focus on rewilding as a nature restoration action, whereas the broad socio-economic consequences and 49 
requirements of rewilding, though important, are out of the scope of this paper. 50 
 51 
Approaches to monitor restoration progress and success rely on the quantification of indices of recovery 52 
progress [19,20], recovery completeness [21] or both [22], which compare degraded, restored, and intact 53 
reference ecosystems. In all these cases, a key step in assessing restoration progress is finding and agreeing on 54 
a reference ecosystem, though increasingly considering environmental change. Furthermore, organizations 55 
such as IUCN and the Society for Ecological Restoration (SER) provide guidelines to audit restoration projects 56 
[23,24]. One of the key principles underpinning these guidance documents is restoring the natural integrity of 57 
ecosystems. To that end, natural integrity is mainly assessed by monitoring the structure, function and 58 
composition of an ecosystem in the IUCN guidance (https://www.iucn.org/content/ecological-restoration-59 
protected-areas-principles-guidelines-and-best-practices)[23], whereas the SER guidelines propose monitoring 60 
the absence of threats, physical conditions, species composition, structural diversity, ecosystem functionality, 61 
and external exchanges (https://www.ser.org/page/SERStandards)[24]. However, there is no restoration 62 
monitoring framework at present that balances the human forcing on natural processes and the changes in 63 
ecosystem complexity. 64 
 65 
Within this restoration context, rewilding is aligned with newer visions of restoration [e.g., ‘Restoration v2.0’ 66 
25, or ‘open-ended restoration’ 26,27] that are process-oriented and recognize the dynamism of landscapes 67 
and of ecological processes (Hiers et al., 2016; Higgs et al., 2014; Rohr et al., 2018). These approaches use 68 
historical knowledge as a guide and not as a template for determining restoration goals, highlight the 69 
continuing dynamic nature of the ecosystem as an embedded restoration goal, accept multiple potential 70 
trajectories for ecosystems, emphasize process over structure and composition, embrace pragmatic approaches 71 
to address human livelihoods and cultural needs, and are particularly useful from landscape to larger scales 72 
(Higgs et al., 2014; Hughes et al., 2012, 2016; Palmer et al., 2005; Stanford et al., 1996). Our framework for 73 
measuring rewilding progress does not conceptually departs from these guiding principles but it rather 74 
emphasizes some specific aspects mentioned above and further developed in the next section. 75 
 76 
Here, we present a novel approach on how to measure and monitor rewilding progress. We devised a bi-77 
dimensional framework to measure and monitor the recovery of processes and their natural dynamics 78 
through a) decreasing direct human inputs and outputs of materials into the system and b) restoring the 79 
natural complexity of ecosystems [15,32]. This framework also allows the comparison of rewilding trends 80 
between areas. For this, we propose the use of state variables and associated indicators describing the human 81 
control over the system and the ecosystem's natural complexity to measure its position along a natural 82 
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condition gradient. This approach has the potential to broaden the scope of ecological restoration, facilitate 83 
sound decision-making and connect the science and practice of rewilding.  84 
 85 

A bi-dimensional monitoring framework 86 

 87 
Conceptual framework 88 
 89 
Building on recent ecological research developments, we assume that the condition of ecosystems is a function 90 
of the intensity of human forcing over natural processes and the system's natural complexity [15]. We defined 91 
a bi-dimensional space to capture these two dimensions (figure 1), and identified a set of state variables 92 
contributing to each of the two axes (table 1). The position of the system in that space can change as a result of 93 
restoration actions, thus allowing the measurement and monitoring of rewilding through time. 94 
 95 
In this framework, both axes capture changes in the natural condition of the system at different temporal 96 
scales. The axis of human inputs and outputs (H), captures the impacts of direct human forcing on the 97 
ecosystem at the time of measurement; thus, changes in management regimes will immediately be captured 98 
by changes in the rewilding score on this axis. This metric of human control can be considered an application 99 
of the 'cultural energy' framework in Anderson, 1991, whereby the 'unnaturalness' of a system can be 100 
quantified by the degree of human-associated energy inputs required to maintain the ecological system in its 101 
current state; however, instead of measuring the actual energy inputs, we propose measuring indicators of 102 
human inputs and outputs that can be readily assessed by practitioners without specialized knowledge or 103 
data. On the other hand, the natural complexity axis (N) is affected by human legacy effects on ecological 104 
composition, structure and functions. Hence, there will be temporal lags – from days to even centuries – 105 
between the implementation of restoration actions and the resulting increase in the complexity of system 106 
[21,34]. In other words, these human legacies (e.g., caused by roads or dams) and the natural dynamics of 107 
ecosystems including species colonization and extinction rates constitute the ecological inheritance of the 108 
ecosystem and will determine its trajectory into the future [26]. Uncovering these human legacies contributes 109 
to explaining the distinctive characteristics of a rewilding area, identify constraints or challenges in shaping 110 
the ecosystem in the future and plan active restoration actions (e.g., road or dam removal).  111 
 112 
The human forcing on natural processes and ecosystem dynamics is defined here as a function of the direct 113 
human inputs and outputs of material into the systems that are linked to today's management: 114 
 115 

� = ���, �	#�2.1	  

 116 
where i corresponds to material inputs into the system (e.g., baiting of wildlife) and o to material outputs (e.g., 117 
timber production, hunting, mining). While some indicators combine both inputs and outputs (e.g., 118 
agricultural production), we do not quantify inputs and outputs separately. Importantly, this axis also 119 
captures impacts from management activities (e.g., removing deadwood for pest control or wildlife 120 
population control) and, in some cases, conservation management activities with a direct influence on the 121 
system dynamics, such as population reinforcements that are expected to have a limited duration. That said, 122 
certain rewilding projects might require an initial level of active restoration to overcome constraints that 123 
prevent full restoration of natural processes that eventually will translate into an increase of natural 124 
complexity. 125 
 126 
Whilst most approaches to monitor restoration progress focus on the composition, structure and function of 127 
ecosystem [24,35], we consider that the natural complexity of ecosystems is defined according to three core 128 
principles critical for self-sustaining ecosystems, namely to 1) allow for natural stochasticity and disturbances 129 
influencing ecological processes [36]; 2) enhance completeness of degraded trophic networks [8]; and 3) 130 
increase landscape connectivity of terrestrial and aquatic systems [37]. For instance, it has been shown that 131 
natural disturbances contribute to ecosystem-level processes (e.g. primary production, sedimentation, 132 
ecological succession), species interactions (e.g. trophic relationships), structural effects (e.g. development of 133 
mosaics of habitats), and allowing intraspecific processes (e.g. migration in rivers) (table 1). Likewise, 134 
recovering diverse species communities requires maintaining viable populations and enabling the recovery of 135 
declining and depleted populations, though rare species could also allow dynamism to the system.  136 
 137 
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We adopt these three guiding principles as normative standards for measuring the natural complexity of the 138 
system in the N axis:  139 
 140 

� = ���, �, �	#�2.2	  
 141 
where d represents the naturalness of disturbances and stochastic events, c the connectivity of terrestrial and 142 
aquatic systems, and t the composition and complexity of the trophic network. The value of these three 143 
components should be increased to initiate a rewilding process.  By considering the interaction among these 144 
ecosystem components, this approach allows us to gauge the ability of an ecosystem to support and maintain 145 
ecological processes and biodiversity as well as for adapting to ongoing and future changes [38]. Human 146 
legacy effects on ecosystem dynamics, for example harmful invasive species competing with ecologically 147 
important native species or altering ecological processes, are accounted for in this axis.  148 
 149 
Within this framework, people can exist and thrive in the rewilding system without the target area being 150 
substantially penalised as long as their activities do not compromise the progress towards decreasing the 151 
human forcing of ecological processes and increasing the natural complexity of the system (e.g., non-extractive 152 
industries, controlled eco-tourism). In other words, there is space for human activities that penalise for a 153 
minimal amount.  154 
 155 
Operationalising the framework 156 
 157 
The framework presented here was developed combining expert knowledge, analysis of data and feedback 158 
from stakeholders including conservation and rewilding practitioners in an attempt to balance between the 159 
reliably recording ecological changes (i.e., how accurately the score reflects the natural condition of the 160 
system) while ensuring real-world applicability (i.e., the degree to which the approach could be routinely 161 
operationalized with the best available knowledge or data). Our focus was on expert practitioners who gained 162 
expertise in rewilding initiatives by applying their practical, technical or scientific knowledge to solve 163 
questions of ecosystems restoration. To select experts from each case study, we first identified the type of 164 
expertise required to monitor rewilding progress including understanding of the complexity of different 165 
ecosystem components and familiarity with spatial information. Then we considered the spatial and temporal 166 
scope of the study. Finally, we selected experts with demonstrated background on the study system in the 167 
field, and the professional connection to conservation or restoration agencies [39].  168 
 169 
Our set of state variables and indicators allows measuring the rewilding progress on a particular unit, namely 170 
the rewilding project. This focal unit may be defined at any spatial and temporal extent. Nevertheless, we 171 
recognize that human infrastructure and activities beyond the spatial boundaries of the rewilding area might 172 
interfere with the recovery of its natural completeness, in particular through their impact on connectivity and 173 
dispersal. In addition, because of the slow speed of expected ecosystem recovery and the long-term nature of 174 
rewilding projects, 5-year or longer monitoring cycles are recommended (Hughes et al. 2016).  175 
 176 
To select state variables and indicators, we drew up a list of the major human inputs and outputs into 177 
ecosystems, and of potential indicators that could be used to describe the naturalness of disturbance regimes, 178 
landscape connectivity and composition, and trophic processes. We then revised the indicators to ensure that 179 
they were conceptually independent and that they were implementable by practitioners without specialist 180 
knowledge (for instance, the deviation of the existing vegetation community from the pre-human baseline 181 
vegetation community was dropped as assessing this baseline with any degree of certainty would require 182 
intensive paleo-ecological analysis). In addition, following best practices, indicators should ideally be: 1) 183 
feasible to monitor; 2) useful at multiple spatial and temporal scales; 3) practical to implement, without 184 
prohibitive technical or financial requirements; 4) respond predictably to human impact; and 5) represent a 185 
causal impact on the desired outcome [40–42]. It was also essential that practitioners can quantify these 186 
indicators in a standardised and replicable manner across a range of scenarios and contexts. We assembled a 187 
suite of 18 indicators tied to particular restoration actions, from passive or non-intervention to active 188 
management (table 1 and table S1). These include a combination of quantitative and qualitative indicators, 189 
with the emphasis given to indicators that best navigate the trade-off between simplicity and accuracy. We 190 
adopted quantitative indicators where we felt the technical capabilities required were realistic for 191 
practitioners. For the qualitative indicators, we adopted an approach that used a combination of multiple 192 
qualitative indicators to reduce biases affecting any individual indicator.  193 
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 194 
In the bi-dimensional space (figure 1), it is possible to compare systems described under the same set of 195 
components and to monitor changes in time. The framework informs on the system's state at a certain time 196 
relative to the maximum plausible long-term improvement that could be achieved for each state variable in 197 
terms of maximizing natural complexity. To do so, we give a score (�) to each state variable. The scores are 198 
described on a continuous 0-1 scale, in which 1 represents the maximum intensity of human forcing (����; for 199 
variables in the H axis) or the maximum natural complexity (���� ; for state variables in the N axis, e.g. 200 
hydrological regime is not regulated), and 0 represents an area without human inputs or outputs into the 201 
system (����) or with minimum influence of human legacy effects on ecosystem composition, structure and 202 
functions (����), respectively. Reference values for each indicator are proposed in tables 1 and S1, which also 203 
provide guidance for expert assessments.  204 
 205 
The score for each of the four components of the framework is calculated as the average standardized scores of 206 
the state variables within such component. Thus, a normalized score on a continuous 0-1 scale is obtained for 207 
the human inputs and outputs into the system (S������), the naturalness of disturbance regimes (S����), the 208 
landscape connectivity (S����), and the trophic complexity (S�� ). Next, the position of a given system in the N axis 209 
is calculated as the geometric mean of the scores for the naturalness of disturbance regimes, the landscape 210 
connectivity, and the trophic complexity. This integration emphasizes the critical role of the interactions 211 
among the three ecosystem components in rewilding. In addition, the use of a geometric mean indicates the 212 
central tendency the set of components defining the natural complexity of ecosystems by using the product of 213 
their scores. 214 
 215 
Finally, the values for the H and N axes describe the position of a given system at a snapshot in time. The 216 
combination of both values yields a total cumulative rewilding score (R): 217 
 218 

�	 ∙ �1 − �	 =  !S���� ∙ 	S���� ∙ 	 S�� " ∙ �1 − S������	#�2.3	  

 219 
where R values range from 0 to 1. For a particular site, a higher positive change in R means a higher success of 220 
rewilding, i.e. a reduction in human forcing over natural processes and/or increase in natural complexity. 221 
Given that they are based on a standardised set of indicators, H, N and R can be compared across diverse 222 
rewilding projects. However, a complementary set of additional indicators could be tailored specifically for 223 
any given rewilding project to capture the local nuances. In this case, however, the general equation including 224 
distinction of the components – namely, direct human inputs-outputs, naturalness of disturbance regimes, 225 
landscape connectivity and complexity of trophic networks – may no longer be comparable between systems.  226 
 227 
Evidence-based restoration actions for rewilding projects 228 
 229 
Rewilding initiatives need to move beyond anecdote, personal experience, expert criteria, and conventional 230 
wisdom, towards a more systematic appraisal of evidence collected by practitioners tackling a given 231 
restoration action. Here, together with the list of state variables and indicators, we provide a list of 232 
management activities for increasing ecosystems complexity based upon the review of evidence related to the 233 
effectiveness of commonly used restoration actions inspired by the Conservation Evidence approach 234 
(www.conservationevidence.com)[43]. Thus, for each state variable and indicator in the framework, we 235 
identified the key restoration action that could be implemented in order to increase the score for that state 236 
variable (e.g., state variable ‘deadwood removal’, restoration action ‘do not remove deadwood in 237 
ecosystems’). 238 
 239 
We gathered evidence on the effectiveness of 16 restoration actions by reviewing 137 primary studies from key 240 
scientific journals for each action. We used Web of Science and Google Scholar to identify and reviewed 241 
primary studies evaluating the evidence for each action where available. When no reviews were identified, we 242 
searched for studies on each topic published since 2014, and used these publications to identify further 243 
relevant studies for evaluating each action. Next, we reviewed the collated evidence and added further key 244 
studies when required. Then, we summarized the evidence for each restoration action in table S2 and scored 245 
these activities from 0 to 4 according to the effectiveness of the intervention (e.g., 2 - 'trade-off between benefit 246 
and harm', 4 - 'Beneficial'). We conceive these evidence syntheses as a key first step towards systematic 247 
revision of evidence for the effectiveness of each restoration action in the context of rewilding projects. 248 
 249 
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Case studies 250 
 251 
To illustrate and test the framework, we applied the assessment to three flagship restoration projects with 252 
very different characteristics: the rewilding area of Millingerwaard in a highly urbanized landscape 10 km 253 
outside Nijmegen (the Netherlands); the Iberá Project (Argentina), which is one of the largest naturalised 254 
inland wetland systems in South America [44]; and the Swiss National Park (southeast Switzerland), which 255 
has been managed to minimize the human control of ecological processes for over a century (table 2, figure 2). 256 
As the knowledge required was highly context-specific (and thus, the number of experts was very limited), we 257 
contacted one practitioner per study area. They were invited to fill in a questionnaire that compiled the 258 
indicators previously mentioned. The expert provided a score for each indicator at the beginning of the 259 
rewilding project and at present. The encoding schemes were documented by a guidance document that 260 
included an extended description of the indicators, reference values, and examples (table S1). This makes it 261 
possible to scrutinize the methods and to reproduce and validate the assessments. Finally, reception of the 262 
questionnaire was followed up by an interview to ensure a consistent assignment of scores. 263 
 264 

Results and Discussion  265 

 266 
The monitoring framework proposed here has been shown to be applicable to measure rewilding progress 267 
across three different restoration contexts. Our results indicate some clear trends resulting from the set of 268 
restoration strategies in the case studies (figure 2), although caution should be used when inferring general 269 
conclusions. Firstly, the overall rewilding score increased across all sites as a result of the rewilding initiatives. 270 
Secondly, the species richness and viability of populations of large animals increased universally since the 271 
beginning of the projects, which is consistent with the successful active reintroduction efforts and spontaneous 272 
recolonisation of species across sites. Thirdly, human outputs from ecosystems either decreased or remained 273 
stable across all sites, including notable reductions in hunting and agricultural production in both 274 
Millingerwaard and Iberá since the projects started. Finally, in areas where fire occurs either naturally or 275 
because of ecological management, fire regimes have become more natural over the course of the rewilding 276 
initiatives. 277 
 278 
Whilst the rewilding scores increased over time in the different areas, the magnitude of changes in natural 279 
complexity and human forcing differed across areas. Although the Millingerwaard project started from a 280 
considerably less wild baseline than the other projects, it experienced substantial increases in the natural 281 
system’s condition along both dimensions. This improvement was in part associated with the transition from 282 
farmland to natural grazing areas and the restoration of the natural hydrological regime via dam and dyke 283 
removal. The Swiss National Park has undergone a complete reduction in direct human inputs and outputs 284 
since 1914, driven by the end of the Alpine ibex (Capra ibex) reintroduction programme occurring in the 285 
reserve's early years and accompanied by artificial feeding initiatives. Over the course of the project, the 286 
ecological succession has significantly progressed in the area. Had it not been for the reservoirs that were built 287 
during this period within the park’s boundaries, the natural complexity would have increased even more. 288 
This infrastructure fragmented the aquatic habitats and affected the natural hydrological regime, which is now 289 
artificially regulated to improve the ecology of the river [45]. Finally, the Iberá project experienced an increase 290 
in natural complexity over the past decades mainly driven by increases in the number of large mammal 291 
species and the viability of populations associated with the project's ambitious reintroduction programme [46] 292 
and woody expansion. On the other hand, the associated intensive management effort to facilitate the 293 
recovery of wildlife species that were hunted to extinction during the twentieth century has increased the 294 
human inputs in the systems. Nevertheless, it is expected that this score improves in future years if the 295 
reintroductions are successful and these management activities can be reduced. 296 
  297 
This is the first attempt at establishing and implementing a generalised practical monitoring framework for 298 
rewilding initiatives, meeting a clear need highlighted in restoration [47]. Our study fills an important gap in 299 
applied rewilding science, namely the identification of a set of restoration actions and their associated results 300 
that define ecological restoration following the rewilding principles. Measuring changes in rewilding 301 
facilitates the achievement of several goals, including i) assessing progress in increasing the natural 302 
complexity of ecosystems and the reduction of human forcing over them, and ii) incentivizing rewilding 303 
ambitions beyond a single component of the framework such as increasing trophic complexity. Further, our 304 
definition of rewilding progress combining human inputs and outputs with measures of the natural stochastic 305 
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and disturbance regimes, landscape connectivity and trophic completeness contributes to a scientifically 306 
robust rationale for the guidance and operationalization of rewilding.  307 
 308 
One strength of this framework is that it recognizes that exclusive reliance on reducing direct human inputs 309 
and outputs into the system might not immediately translate into an increase of the system's natural 310 
complexity. Specifically, this may occur because of long lag times of recovery or land-use legacies in systems 311 
that have undergone intense landscape transformation resulting from intensive management or infrastructure 312 
development. An obvious example - which many rewilding projects address - is the large-scale extirpation of 313 
ecologically important species, where recovery may lie hundreds or thousands of years into the future without 314 
assistance [48]. Therefore, whilst the framework incentivises initial interventions through immediate changes 315 
in the human inputs and outputs, it also intrinsically lays out long-term ecological targets for the system (i.e. 316 
the recovery of more complex ecosystems), providing guiding goals for rewilding in the medium- and long-317 
term. Moreover, the fact that the framework monitors not only the condition of the ecosystem at a given time, 318 
but also how human activities might be expected to influence its future condition, makes the framework an 319 
almost uniquely forward-looking approach for monitoring restoration outcomes. 320 
  321 
The framework provides readily applicable indicators to assess rewilding in projects involving very different 322 
spatial and temporal scales and under contrasting settings from urban areas to extensive natural land. 323 
However, the framework also allows for the refinement and inclusion of new indicators as needed. Future 324 
iterations might incorporate the community composition of aquatic systems in a manner similar to the one we 325 
have implemented for terrestrial communities, and potentially include indicators representing the degree to 326 
which large-bodied terrestrial and aquatic species are able to fulfil their ecological function. The framework 327 
could even be taken forward to marine ecosystems [47]. The addition of biodiversity indicators of small-328 
bodied species such as insect community composition and diversity would assist with capturing rapid 329 
ecological changes resulting from restoration actions (van Klink et al., this special issue). Information from the 330 
surrounding landscape could help identify off-site influences, which in some cases may need to be reduced or 331 
eliminated before restoration can be successful. For instance, expanding the connectivity indicators to capture 332 
regional-scale connectivity would facilitate understanding the role of the area in landscape-scale processes 333 
such as metapopulation dynamics, dispersal, and migration [49]. Finally, indicators that are currently 334 
qualitative because of lack of data availability, or the requirement of prohibitive technical skills, might be 335 
transformed into quantitative indicators when high-quality data is readily available.  336 
 337 
While we contend that our approach reasonably captures rewilding progress, we acknowledge a set of 338 
limitations to be addressed in future work. Firstly, caution should be taken when comparing the progress of 339 
initiatives occurring over considerably different spatial or temporal scales. For example, the Millingerwaard 340 
project scored more positively on the fragmentation indicators than the Swiss National Park project, despite 341 
the latter contains a far greater extent of continuous habitats owing to the project being over 20 times the area 342 
of the former. Furthermore, the changes in natural complexity in the Swiss National Park have occurred over 343 
the last century, in contrast with 28 and 19 years associated with the Millingerwaard and the Iberá projects, 344 
respectively. Comparisons of the absolute magnitude of the changes in R scores between different sites should 345 
appreciate the alternative spatial and temporal contexts, and in any case this framework is designed to 346 
monitor progress in the mid to long term.  347 
 348 
Secondly, some of the indicators are more sensitive to changes than others, meaning that differential amounts 349 
of effort are required to induce changes in the various indicators. For instance, reducing agricultural 350 
production or removing a large dam requires more effort than ceasing deadwood removal. Future iterations 351 
of the framework might weight the different indicator contribution to the overall score relative to the 352 
sensitivity of those indicators [50]; this would prevent rewilding initiatives from 'gaming' their scores by 353 
selecting management actions that are easier to pursue without confronting some of the more critical 354 
constraints [51,52]. In relation to potential constraints, some authors have argued in favour of substitutions for 355 
restoring missing ecosystem functions [8,53]. Recognizing the uncertainties and controversies associated to 356 
these taxon substitutions [54], these could be eventually integrated into the framework for those cases where 357 
evidence-based guidelines for implementing taxon substitution become available. 358 
 359 
As for other type of restoration [23,24], the goals of rewilding projects go beyond improving natural 360 
complexity of ecosystems and its success will be dependent on the local context and the way it benefits and 361 
engages with people [55]. Rewilding is not yet at the stage where a unified framework has been developed for 362 
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integrating economic, social and cultural considerations into projects, but the concept is moving in that 363 
direction and it is an obvious next step for further work. Our method focuses on human management and 364 
ecological complexity, which may in some cases induce trade-offs between rewilding progress and alternative 365 
socio-economic objectives [56]. However, activities are penalized only if they affect ecosystem processes, so 366 
sustainable uses with minimal impacts on ecological processes will be penalized proportionally little. 367 
Therefore, we argue that all but the uppermost extreme system’s scores can be achieved whilst balancing a 368 
multitude of socio-economic benefits [57]. Nevertheless, in order to capture the impacts of non-extractive 369 
human forcing of ecological processes, future developments might define an acceptable upper bound to 370 
indirect human interventions and integrate this within our framework. We stress that achieving the highest 371 
score should not be considered as the default objective or ambition, but that gradual increases in the natural 372 
condition of ecosystems at lower and intermediate scores can constitute a sensitive restoration target in many 373 
situations where it is critical to balance the socio-economic consequences. In these cases, our monitoring 374 
framework should be used in conjunction with other socio-economic management objectives to optimise the 375 
trade-off between maximizing ecosystem complexity and delivering sustainable socio-economic value to 376 
communities and users [58]. For instance, involving people through multiple avenues – from participation to 377 
sustainable consumption of ecosystem goods and services to cultural renewal – can promote public 378 
engagement and stewardship of local ecosystems and improve restoration success [59].  379 
, and non-extractive uses such as wildlife watching are not penalized in its present form. 380 
 381 
The approach presented here responds to calls to better integrate the science and practice of rewilding [60,61]. 382 
Although there are challenges remaining, we believe that the implementation and further development of our 383 
monitoring framework will help catalyse a positive and ambitious vision for rewilding. Furthermore, the 384 
application of this framework provides guidance for practitioners, funders and decision makers to incorporate 385 
or demand a multifaceted perspective for rewilding initiatives and, simultaneously, incentivize conservation 386 
initiatives to go beyond the recovery of species and habitats and include ecosystem function and processes. 387 
 388 

Additional Information 389 

Acknowledgments 390 
We thank organizers and participants of an ad-hoc workshop (Leipzig 25-27 September 2017). We thank Ignacio Jiménez 391 
from Conservation Land Trust Argentina, and Ruedi Haller and Maja Rapp from the Swiss National Park team for their 392 
time, engagement, and participation in this research. 393 
 394 
Data Accessibility 395 
The datasets supporting this article have been uploaded as part of the electronic supplementary material.  396 
 397 
Authors' Contributions 398 
WH, DS, NF, AT, FS and HMP conceived the study. All authors defined the conceptual framework in the context of a 399 
workshop. AT, NF, SzE and AP wrote the draft of the paper. All authors contributed to revisions of the manuscript and 400 
approved the final version to be published.   401 
 402 
Competing Interests 403 
WH, DS and FS works at Rewilding Europe. They have endeavoured to be as honest and balanced as possible and to write 404 
in the spirit of academic discussion rather than organisational promotion. 405 
 406 
Funding 407 
This work was supported by a project from WWF-Netherlands (Promoting and shaping the EU restoration agenda, 408 
including TEN-G, through mobilisation of rewilding principles to create a coherent ecological network in Europe). AT, NF, 409 
AP, SzE and HMP are supported by the German Centre for integrative Biodiversity 302 Research (iDiv) Halle-Jena-410 
Leipzig, funded by the German Research Foundation (FZT 118). JCS considers this work a contribution to his Carlsberg 411 
Foundation Semper Ardens project MegaPast2Future (grant CF16-0005) and to his VILLUM Investigator project 412 
“Biodiversity Dynamics in a Changing World” funded by VILLUM FONDEN (grant 16549). JMRB was additionally 413 
supported by the government of Madrid grant reference S2013/MAE-2719 REMEDINAL-3. NS was partly funded by the 414 
National Science Centre in Poland (2016/22/Z/NZ8/00121, BiodivERsA call).  415 
 416 

References 417 

1. Hallmann CA et al. 2017 

More than 75 percent 

decline over 27 years in 

total flying insect 

biomass in protected 

areas. PLOS ONE 12, 

Page 9 of 20

http://mc.manuscriptcentral.com/issue-ptrsb

Submitted to Phil. Trans. R. Soc. B - Issue

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

 

 

e0185809. 

(doi:10.1371/journal.pone

.0185809) 

2. Ceballos G, Ehrlich PR, 

Dirzo R. 2017 Biological 

annihilation via the 

ongoing sixth mass 

extinction signaled by 

vertebrate population 

losses and declines. Proc. 

Natl. Acad. Sci. 114, 

E6089–E6096. 

(doi:10.1073/pnas.17049

49114) 

3. Hansen MC et al. 2013 

High-Resolution Global 

Maps of 21st-Century 

Forest Cover Change. 

Science 342, 850–853. 

(doi:10.1126/science.124

4693) 

4. Dirzo R, Young HS, 

Galetti M, Ceballos G, 

Isaac NJB, Collen B. 

2014 Defaunation in the 

Anthropocene. Science 

345, 401–406. 

(doi:10.1126/science.125

1817) 

5. Benayas JMR, Bullock 

JM. 2012 Restoration of 

Biodiversity and 

Ecosystem Services on 

Agricultural Land. 

Ecosystems 15, 883–899. 

(doi:10.1007/s10021-

012-9552-0) 

6. Lorimer J, Sandom C, 

Jepson P, Doughty C, 

Barua M, Kirby KJ. 2015 

Rewilding: Science, 

Practice, and Politics. 

Annu. Rev. Environ. 

Resour. 40, 39–62. 

(doi:10.1146/annurev-

environ-102014-021406) 

7. Pereira HM, Navarro 

LM. 2015 Rewilding 

european landscapes. 

Springer.  

8. Svenning J-C et al. 2016 

Science for a wilder 

Anthropocene: Synthesis 

and future directions for 

trophic rewilding 

research. Proc. Natl. 

Acad. Sci. 113, 898–906. 

(doi:10.1073/pnas.15025

56112) 

9. Carver S. 2016 Flood 

management and nature–

can rewilding help? 

ECOS 37, 32–42. 

10. Jepson P. 2018 

Recoverable Earth: a 

twenty-first century 

environmental narrative. 

Ambio 

(doi:10.1007/s13280-

018-1065-4) 

11. Ripple WJ, Wolf C, 

Newsome TM, Galetti M, 

Alamgir M, Crist E, 

Mahmoud MI, Laurance 

WF. 2017 World 

Scientists’ Warning to 

Humanity: A Second 

Notice. BioScience 67, 

1026–1028. 

(doi:10.1093/biosci/bix12

5) 

12. zu Ermgassen SOSE, 

McKenna T, Gordon J, 

Willcock S. 2018 

Ecosystem service 

responses to rewilding: 

first-order estimates from 

27 years of rewilding in 

the Scottish Highlands. 

Int. J. Biodivers. Sci. 

Ecosyst. Serv. Manag. 14, 

165–178. 

(doi:10.1080/21513732.2

018.1502209) 

13. Merckx T, Pereira HM. 

2015 Reshaping agri-

environmental subsidies: 

From marginal farming to 

large-scale rewilding. 

Basic Appl. Ecol. 16, 95–

103. 

(doi:10.1016/j.baae.2014.

12.003) 

14. Navarro LM, Pereira 

HM. 2015 Rewilding 

Abandoned Landscapes 

in Europe. In Rewilding 

European Landscapes 

(eds HM Pereira, LM 

Navarro), pp. 3–23. 

Cham: Springer 

International Publishing. 

(doi:10.1007/978-3-319-

12039-3_1) 

15. Fernández N, Navarro 

LM, Pereira HM. 2017 

Rewilding: A Call for 

Boosting Ecological 

Complexity in 

Conservation. Conserv. 

Lett. 10, 276–278. 

(doi:10.1111/conl.12374) 

16. Corlett RT. 2016 The 

Role of Rewilding in 

Landscape Design for 

Conservation. Curr. 

Landsc. Ecol. Rep. 1, 

127–133. 

(doi:10.1007/s40823-

016-0014-9) 

17. Jørgensen D. 2015 

Rethinking rewilding. 

Geoforum 65, 482–488. 

(doi:10.1016/j.geoforum.

2014.11.016) 

18. Root-Bernstein M, 

Galetti M, Ladle RJ. 2017 

Rewilding South 

America: Ten key 

questions. Perspect. Ecol. 

Conserv. 15, 271–281. 

(doi:10.1016/j.pecon.201

7.09.007) 

19. Meli P, Rey Benayas JM, 

Balvanera P, Martínez 

Ramos M. 2014 

Restoration Enhances 

Wetland Biodiversity and 

Ecosystem Service 

Supply, but Results Are 

Context-Dependent: A 

Page 10 of 20

http://mc.manuscriptcentral.com/issue-ptrsb

Submitted to Phil. Trans. R. Soc. B - Issue

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

 

 

Meta-Analysis. PLOS 

ONE 9, e93507. 

(doi:10.1371/journal.pone

.0093507) 

20. Sinclair ARE et al. 2017 

Predicting and Assessing 

Progress in the 

Restoration of 

Ecosystems. Conserv. 

Lett. 11, e12390. 

(doi:10.1111/conl.12390) 

21. Moreno-Mateos D et al. 

2017 Anthropogenic 

ecosystem disturbance 

and the recovery debt. 

Nat. Commun. 8, 14163. 

(doi:10.1038/ncomms141

63) 

22. Benayas JMR, Newton 

AC, Diaz A, Bullock JM. 

2009 Enhancement of 

Biodiversity and 

Ecosystem Services by 

Ecological Restoration: A 

Meta-Analysis. Science 

325, 1121. 

(doi:10.1126/science.117

2460) 

23. Keenleyside KA, Dudley 

N, Cairns S, Hall CM, 

Stolton S. 2012 

Ecological Restoration 

for Protected Areas: 

Principles, Guidelines 

and Best Practices. , 120. 

24. McDonald T, Gann G, 

Jonson J, Dixon K. 2016 

International standards 

for the practice of 

ecological restoration–

including principles and 

key concepts.(Society for 

Ecological Restoration: 

Washington, DC, USA.). 

Soil-Tec Inc© Marcel 

Huijser Bethanie Walder  

25. Higgs E, Falk DA, 

Guerrini A, Hall M, 

Harris J, Hobbs Richard 

J, Jackson Stephen T, 

Rhemtulla Jeanine M, 

Throop William. 2014 

The changing role of 

history in restoration 

ecology. Front. Ecol. 

Environ. 12, 499–506. 

(doi:10.1890/110267) 

26. Hughes FMR, Adams 

WM, Stroh PA. 2012 

When is Open‐endedness 
Desirable in Restoration 

Projects? Restor. Ecol. 

20, 291–295. 

(doi:10.1111/j.1526-

100X.2012.00874.x) 

27. Hughes FMR, Adams 

WM, Butchart SHM, 

Field RH, Peh KS-H, 

Warrington S. 2016 The 

challenges of integrating 

biodiversity and 

ecosystem services 

monitoring and 

evaluation at a landscape-

scale wetland restoration 

project in the UK. Ecol. 

Soc. 21. 

28. Hiers JK, Jackson ST, 

Hobbs RJ, Bernhardt ES, 

Valentine LE. 2016 The 

Precision Problem in 

Conservation and 

Restoration. Trends Ecol. 

Evol. 31, 820–830. 

(doi:10.1016/j.tree.2016.0

8.001) 

29. Rohr J, Bernhardt E, 

Cadotte M, Clements W. 

2018 The ecology and 

economics of restoration: 

when, what, where, and 

how to restore 

ecosystems. Ecol. Soc. 

23. 

30. Palmer MA et al. 2005 

Standards for 

ecologically successful 

river restoration. J. Appl. 

Ecol. 42, 208–217. 

(doi:10.1111/j.1365-

2664.2005.01004.x) 

31. Stanford JA, Ward JV, 

Liss WJ, Frissell CA, 

Williams RN, 

Lichatowich JA, Coutant 

CC. 1996 A general 

protocol for restoration of 

regulated rivers. Regul. 

Rivers Res. Manag. 12, 

391–413. 

(doi:10.1002/(SICI)1099-

1646(199607)12:4/5<391

::AID-

RRR436>3.0.CO;2-4) 

32. Corlett RT. 2016 

Restoration, 

Reintroduction, and 

Rewilding in a Changing 

World. Trends Ecol. 

Evol. 31, 453–462. 

(doi:10.1016/j.tree.2016.0

2.017) 

33. Anderson JE. 1991 A 

Conceptual Framework 

for Evaluating and 

Quantifying Naturalness. 

Conserv. Biol. 5, 347–

352. (doi:10.1111/j.1523-

1739.1991.tb00148.x) 

34. Flinn KM, Vellend M. 

2005 Recovery of forest 

plant communities in 

post‐agricultural 
landscapes. Front. Ecol. 

Environ. 3, 243–250. 

(doi:10.1890/1540-

9295(2005)003[0243:RO

FPCI]2.0.CO;2) 

35. Gatica-Saavedra P, 

Echeverría Cristian, 

Nelson Cara R. 2017 

Ecological indicators for 

assessing ecological 

success of forest 

restoration: a world 

review. Restor. Ecol. 25, 

850–857. 

(doi:10.1111/rec.12586) 

36. Kulakowski D et al. 2017 

A walk on the wild side: 

Disturbance dynamics 

and the conservation and 

Page 11 of 20

http://mc.manuscriptcentral.com/issue-ptrsb

Submitted to Phil. Trans. R. Soc. B - Issue

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

 

 

management of European 

mountain forest 

ecosystems. For. Ecol. 

Manag. 388, 120–131. 

(doi:10.1016/j.foreco.201

6.07.037) 

37. Bengtsson J, Angelstam 

P, Elmqvist T, 

Emanuelsson U, Folke C, 

Ihse M, Moberg F, 

Nyström M. 2003 

Reserves, Resilience and 

Dynamic Landscapes. 

AMBIO J. Hum. Environ. 

32, 389–396. 

(doi:10.1579/0044-7447-

32.6.389) 

38. Suding KN, Gross KL, 

Houseman GR. 2004 

Alternative states and 

positive feedbacks in 

restoration ecology. 

Trends Ecol. Evol. 19, 

46–53. 

(doi:10.1016/j.tree.2003.1

0.005) 

39. Drescher M, Perera AH, 

Johnson CJ, Buse LJ, 

Drew CA. 2013 Toward 

rigorous use of expert 

knowledge in ecological 

research. Ecosphere 4, 

art83. 

(doi:10.1890/ES12-

00415.1) 

40. Niemeijer D, de Groot 

RS. 2008 A conceptual 

framework for selecting 

environmental indicator 

sets. Ecol. Indic. 8, 14–

25. 

(doi:10.1016/j.ecolind.20

06.11.012) 

41. Collen, Ben et al. 2010 

The Why, What, and 

How of Global 

Biodiversity Indicators 

Beyond the 2010 Target. 

Conserv. Biol. 25, 450–

457. (doi:10.1111/j.1523-

1739.2010.01605.x) 

42. BIP. 2018 Biodiversity 

Indicators Partnership. 

See 

https://www.bipindicators

.net/national-indicator-

development (accessed 

on 19 March 2018). 

43. Sutherland WJ, Pullin 

AS, Dolman PM, Knight 

TM. 2004 The need for 

evidence-based 

conservation. Trends 

Ecol. Evol. 19, 305–308. 

(doi:10.1016/j.tree.2004.0

3.018) 

44. Cózar A, García CM, 

Gálvez JA, Loiselle SA, 

Bracchini L, Cognetta A. 

2005 Remote sensing 

imagery analysis of the 

lacustrine system of Ibera 

wetland (Argentina). 

Ecol. Model. 186, 29–41. 

(doi:10.1016/j.ecolmodel.

2005.01.029) 

45. Robinson CT, Siebers 

AR, Ortlepp J. 2018 

Long-term ecological 

responses of the River 

Spöl to experimental 

floods. Freshw. Sci. , 

000–000. 

(doi:10.1086/699481) 

46. Zamboni T, Di Martino 

S, Jiménez-Pérez I. 2017 

A review of a 

multispecies 

reintroduction to restore a 

large ecosystem: The 

Iberá Rewilding Program 

(Argentina). Perspect. 

Ecol. Conserv. 15, 248–

256. 

(doi:10.1016/j.pecon.201

7.10.001) 

47. Ockendon N et al. 2018 

One hundred priority 

questions for landscape 

restoration in Europe. 

Biol. Conserv. 221, 198–

208. 

(doi:10.1016/j.biocon.201

8.03.002) 

48. Schweiger AH, 

Boulangeat I, Conradi T, 

Davis M, Svenning J-C. 

2018 The importance of 

ecological memory for 

trophic rewilding as an 

ecosystem restoration 

approach. Biol. Rev. 0. 

(doi:10.1111/brv.12432) 

49. Wiens JA. 1997 3 - 

Metapopulation 

Dynamics and Landscape 

Ecology A2  - Hanski, 

Ilkka. In Metapopulation 

Biology (ed ME Gilpin), 

pp. 43–62. San Diego: 

Academic Press. 

(doi:10.1016/B978-

012323445-2/50005-5) 

50. Nardo M, Saisana M, 

Saltelli A, Tarantola S, 

Hoffman A, Giovannini 

E. 2005 Handbook on 

Constructing Composite 

Indicators. 

(doi:https://doi.org/https:/

/doi.org/10.1787/5334118

15016) 

51. Biber E. 2011 The 

problem of environmental 

monitoring. U Colo Rev 

83, 1. 

52. Noon BR. 2003 

Conceptual issues in 

monitoring ecological 

resources. Monit. 

Ecosyst. Interdiscip. 

Approaches Eval. 

Ecoregional Initiat. Isl. 

Press Wash. DC , 27–72. 

53. Donlan CJ et al. 2006 

Pleistocene Rewilding: 

An Optimistic Agenda 

for Twenty‐First Century 
Conservation. Am. Nat. 

168, 660–681. 

(doi:10.1086/508027) 

Page 12 of 20

http://mc.manuscriptcentral.com/issue-ptrsb

Submitted to Phil. Trans. R. Soc. B - Issue

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

 

 

54. Nogués-Bravo D, 

Simberloff D, Rahbek C, 

Sanders NJ. 2016 

Rewilding is the new 

Pandora’s box in 

conservation. Curr. Biol. 

26, R87–R91. 

(doi:10.1016/j.cub.2015.1

2.044) 

55. Wynne-Jones S, Strouts 

G, Holmes G. 2018 

Abandoning or 

Reimagining a Cultural 

Heartland? 

Understanding and 

Responding to Rewilding 

Conflicts in Wales–the 

case of the Cambrian 

Wildwood. Environ. 

Values  

56. Bullock JM, Aronson J, 

Newton AC, Pywell RF, 

Rey-Benayas JM. 2011 

Restoration of ecosystem 

services and biodiversity: 

conflicts and 

opportunities. Trends 

Ecol. Evol. 26, 541–549. 

(doi:10.1016/j.tree.2011.0

6.011) 

57. Hvenegaard GT. 1994 

Ecotourism: A status 

report and conceptual 

framework. J. Tour. Stud. 

5, 24. 

58. Johnston RJ, Magnusson 

G, Mazzotta MJ, Opaluch 

JJ. 2002 Combining 

Economic and Ecological 

Indicators to Prioritize 

Salt Marsh Restoration 

Actions. Am. J. Agric. 

Econ. 84, 1362–1370. 

59. Brooks JS, Waylen KA, 

Mulder MB. 2012 How 

national context, project 

design, and local 

community 

characteristics influence 

success in community-

based conservation 

projects. Proc. Natl. 

Acad. Sci. 109, 21265–

21270. 

60. Jepson PR, Schepers F. 

2016 Making space for 

rewilding: creating an 

enabling policy 

enviornment.  

61. Pettorelli N et al. 2018 

Making rewilding fit for 

policy. J. Appl. Ecol. 

(doi:10.1111/1365-

2664.13082) 

62. Schütz M, Risch AC, 

Leuzinger E, Krüsi BO, 

Achermann G. 2003 

Impact of herbivory by 

red deer (Cervus elaphus 

L.) on patterns and 

processes in subalpine 

grasslands in the Swiss 

National Park. For. Ecol. 

Manag. 181, 177–188. 

(doi:10.1016/S0378-

1127(03)00131-2) 

63. Hurtado-Martinez CM. 

2017 Reintroduction 

success and ecological 

aspects of reintroduced 

peccaries (Pecari tajacu) 

in the Ibera Natural 

Reserve, Corrientes, 

Argentina. Master of 

Science, Towson 

University, Towson, 

Maryland. 

 

 

 

 

 

Page 13 of 20

http://mc.manuscriptcentral.com/issue-ptrsb

Submitted to Phil. Trans. R. Soc. B - Issue

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

 

 

Tables 

Table 1.  

 

State variables Indicator Score Restoration action EF 

DIRECT HUMAN INPUTS AND OUTPUTS 

Artificial feeding 

of wildlife 

Is artificial feeding of animals 

allowed, and how influential 

is it on ecological processes? 

0 - No artificial feeding; 0.5 - Some type of artificial feeding is provided 

at levels unlikely to significantly affect animal movements, species diet, 

seed dispersal and other ecological processes; 1 - High levels of 

artificial feeding and/or evidence for feeding affecting ecological 

processes (e.g. artificial food is an important component in the diet of a 

species). 

Reduce to a minimum or 

eliminate any type of 

artificial feeding that 

may potentially influence 

animal behaviour and 

ecology 

2 

Population 

reinforcement 

Have any animals been (re-

)introduced into the area 

within the last years? 

0 - No population reinforcement at least during the last year;  0.5 - 

Species populations of conservation concern sporadically reinforced to 

improve their conservation status; 1 - Regular to intensive population 

reinforcement for the conservation of populations that would otherwise 

decline, or reinforcement of non-declining populations or populations of 

no conservation concern.  

Establish self-sustaining 

populations so that 

further population 

reinforcement is 

unnecessary 

0 

Agricultural 

outputs 

Cropland area and farming 

intensity 
$�%&'( × 	%%&'( 

Where: %%&'( = proportion of the total rewilding area devoted to 
cropland, 

�%&'( = 0 - No harvested or fallow for at least 5 years (i.e. land 
abandonment); 0.5 - Cropped and harvested under traditional, extensive 

farming practices; 1 - Intensive harvesting, every year 

Reducing farming 

intensity and extent (land 

abandonment) 

2 

Forestry outputs Forest area dedicated to 

forestry production (e.g. 

wood, timber, pulp) and forest 

management intensity 

$�+',, × 	%+',, 

Where: %+',,  = proportion of the total rewilding area devoted to 
production forestry, 

�+',,  = 0 - No logging for at least 5 years; 0.5 - Selective logging; 1- 
Clear-cut logging 

Cessation and/or reduced 

harvesting. This should 

prioritise old-growth 

forest 

4 

Grasslands 

outputs 

Grassland area dedicated to 

hay and livestock production 

and intensity of production. 

Free-roaming wild ungulates 

$�,&�-- × 	%,&�-- 

Where: %,&�-- = proportion of total rewilding area devoted to managed 

grasslands, 

Reducing mowing and 

ploughing in grasslands, 

reducing 

complementation and 

2 
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do not count towards this 

indicator 
�,&�-- = 0 - No harvesting for at least 5 years (land abandonment); 0.5 - 

Mowed under traditional, extensive farming practices; 1 - Intensive 

harvesting or very high livestock stocking densities 

reducing livestock 

intensity  

Mining outputs Area devoted to mining and 

intensity of the impacts of 

mining on the ecosystem 

$����. × 	%���. 

Where: %���.  = proportion of total rewilding area devoted to open 
mining, 

����.  = 0 - No mining for at least 5 years; 0.5 - Mining with non-

destructive production practices (e.g., artisanal mining) and strict 

regulation and mitigation of pollution; 1 - Intensive mining with 

destructive mining practices and clear evidence of degradation 

Reduce mining and 

mining impacts 

3 

Harvesting of 

terrestrial wildlife 

Is hunting allowed? To what 

extent is the ecosystem 

affected by hunting? 

 

0 - No hunting; 0.5 - low levels of hunting unlikely to significantly 

affect the growth rates of wildlife populations, animal movements, or 

other species with which hunted species interact; 1 - High levels of 

hunting and/or probable or demonstrated effects on the growth rates 

and/or the population structure of harvested populations or species 

interactions 

Restriction of hunting 4 

Harvesting of 

aquatic wildlife 

Is extractive fishing allowed? 

To what extent is the 

ecosystem affected by 

extractive fishing? 

0 - No extractive fishing; 0.5 – fishing only in artificial ponds or low 

levels of extractive fishing unlikely to significantly affect the growth 

rates of wildlife populations, animal movements, or species with which 

fished species interact; 1 - High levels of extractive fishing and/or 

probable or demonstrated effects on the growth rates and/or the 

population structure of harvested populations or species interactions 

Restriction of extractive 

fishing  

4 

Carrion removal Does regulation permit 

leaving medium and large 

carcasses in the field? 

0 - Carcasses from wild animals and extensive livestock are left in the 

field; 0.5 - Carcasses of wildlife are left in the field, those from 

extensive livestock are removed; 1 - All carcasses are removed from the 

field 

Legislative change to 

permit leaving carcasses 

in the field 

2 

Deadwood 

removal 

Is deadwood (dead trees and 

woody debris) removed?  

 

0 - No deadwood removal; 0.5 - Low levels of deadwood removal (e.g., 

on roads and footpaths) unlikely to affect disturbance regime, animal 

movements and other ecological processes significantly; 1 - High levels 

of deadwood removal 

Allowing deadwood to 

remain in the forest 

3 

NATURAL COMPLEXITY 

Disturbance regimes    

Natural avalanche 

and/or  rock slide 

Are avalanche and/or rock 

slide regimes regulated? 

0 - Regulation of avalanches and/or  rock slides across the whole 

rewilding area; 0.5 - avalanches and/or  rock slides only in certain places 

with risk for human life; 1 - No regulation of the avalanche and/or  rock 

Restoring the natural 

regime of avalanches and 

  3 
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regimes slide regime. rock slides 

Natural fire 

regimes 

Are there deviations of the 

natural fire regime due to 

human pressures (this might 

be in either direction, i.e. fire 

suppression, or prescribed 

burning)?  

0 - Fire regime heavily modified by human intervention including both 

artificial burning and/or fire suppression; 0.5 - Artificial burning and/or 

fire suppression is very localized and only cause minor ecological 

impacts; 1 - There are no deviations of the natural fire regime  

Restoring the natural 

regime of fires, including 

restoration and/or natural 

regeneration of native 

fire-dependent vegetation  

3 

Natural 

hydrological 

regimes 

Are hydrological regimes 

(including flood regimes) 

heavily modified? 

0 - High regulation of the natural hydrological regime; 0.5 - Dams in 

place, but cause only minor impacts on the overall hydrological regime; 

1 - No regulation of the hydrological regime 

Restoring the natural 

hydrological regime 

(e.g., removing dykes, 

channels, dams) 

3 

Natural pest 

regimes and 

mortality events 

Are natural pest regimes and 

mortality events regulated? 

Are management actions 

implemented after mortality 

events (e.g., storms, pests)?  

 

0 - Management actions implemented to avoid pests (e.g., pesticide or 

vaccination use) or after mortality events (e.g., salvage logging, removal 

of burnt wood); 0.5 - Low levels of management to avoid pests or after 

mortality events, unlikely to affect disturbance regime, animal 

movements and other ecological processes significantly; 1 - No 

management to avoid pests or after mortality events  

Passive restoration after 

mortality events (e.g., 

avoiding pesticide use) 

and avoid acting against 

natural pests  

2 

Landscape connectivity and composition 

Terrestrial 

landscapes 

fragmentation 

To what extent is the 

landscape fragmented by 

human infrastructure? What is 

the effective mesh size of the 

rewilding area? 

0 - Landscape highly fragmented (fully covered with heavily used 

infrastructure); 0.5 - Landscape crossed by low-traffic roads and 

infrastructure1- Landscape not fragmented 

Restoring connectivity. 

Removing, bundling or 

reducing the extent of 

human structures (linear 

transport infrastructure 

and built-up areas 

excluding abandoned 

buildings).  

4 

Aquatic 

landscapes 

fragmentation 

To what extent are migratory 

processes in river systems 

allowed?  

0 - Fish migration fully impeded; 0.5 - Dams in place but alternative 

migration routes or fish cannons provided; 1 - No regulation of fish 

migration. 

Restoring aquatic habitat 

connectivity 

4 

Spontaneous 

vegetation 

dynamics 

What is the state of natural 

regeneration? 
$�/��.	-��%.	�0��1'��.�/ × 	%-21 

Where: %-21  = proportion of area where spontaneous vegetation 
dynamics are allowed, 

�/��.	-��%.	�0��1'��.�/  = 0.1 – early successional stages (< 50 years); 
0.5 - (50 – 200 years); 1 - last successional stages adapted to each 

ecological region or biome (e.g., >200 years old growth forest). For 

Allowing natural 

succession 

4 
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time since abandonment, allocate discrete scores (ie. not on continuous 

scale) 

Harmful invasive 

species 

What is the impact of harmful 

invasive species on the 

rewilding area? 

0 - Very severe impacts of invasive species on ecological communities 

in rewilding area; 0.5 Impacts of invasive species within small, 

localised communities within rewilding area; 1 - No major invasive 

species present 

Removal of harmful 

invasive species 
3 

Trophic processes 

Terrestrial large-

bodied fauna (>5 

kg) 

Species composition of large-

bodied (>5kg) species 

∑�%4&& ∗ 6%4&& ∗ 7%4&&
∑���� ∗ 6��� ∗ 7���

 

Where: S is the space occupied by the species in the area, estimated 

from 0-1; T is the percentage of the time in a year that species are 

present in the area they occupy (estimated 0-1, except for migratory 

species that if present should score 1); V is the viability of the 

population to which the individuals of the species belong, can be larger 

than the focal area (estimated  0-1); curr denotes the values for each 

species at a given time; and max denotes the maximum possible value 

for each variable for that species (always equals 1)  

Functional recovery of 

large herbivores, large 

carnivores, and large 

scavengers due to their 

important ecosystem 

effects via top-down 

trophic and coupled 

bottom-up and non-

trophic effects. 

3 
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Table 2.  

Project  Ecological description Initial sources of 

degradation 

Main restoration actions 

developed 

Ecological responses  

Millingerwaard  

(The Netherlands) 

 

Project start: 1990 

 

Size: 700 ha 

Naturalised floodplain, matrix 

of grasslands, cropland and 

wetlands. 

Use of land for 

agriculture. Dykes 

to reduce the 

flooding risk. 

Dyke removal, restoration of natural 

hydrological regime, release of 

Konik horses (Equus ferus) and 

Galloway cattle (Bos taurus) to 

promote natural grazing, reversion 

of agricultural land to unmanaged. 

Reintroduction of beaver (Castor 

fiber) and Atlantic sturgeon 

(Acipenser oxyrinchus). 

Recovery of riverine vegetation and 

ecological communities. Surplus of 

horses and bovines relocated away 

annually. Recovery of ecosystem 

engineers such as wild boar (Sus 

scrofa) and other native predator 

species including otter (Lutra lutra) 

and white tailed eagle (Haliaeetus 

albicilla). 

Swiss National Park 

(Switzerland) 

 

Project start: 1914 

 

Size: 17,000 ha 

Large extent of alpine and 

sub-alpine habitats, including 

ca. 30% coniferous forest and 

ca. 20% grasslands. The area 

captures full successional 

gradient from short-grass 

pastures to Swiss stone pine 

stands (Pinus cembra).  

Before 1914 the 

area was widely 

used for timber 

production and 

alpine farming.  

 

IUCN category 1A nature reserve, 

affording strict protection to all 

natural ecological processes in the 

park (except fire, which is 

suppressed in most of the park). 

Reintroductions of the ibex (Capra 

ibex) in 1920s-30s and the bearded 

vulture (Gypaetus barbatus) in 

1990s-2000s. 

Uninhibited succession across the 

park, but subalpine grasslands are 

kept open at least partly through 

browsing pressure [62]. Viable 

populations of numerous large 

herbivores, including red (Cervus 

elaphus) and roe deer (Capreolus 

capreolus) and chamois (Rupicapra 

rupicapra), and of smaller predators 

such as the golden eagle (Aquila 

chrysaetos). Sporadic presence of 

lynx (Lynx lynx) and brown bear 

(Ursus arctos). 

Iberá  

(Argentina) 

 

Project start: 1999 

 

Size: 150,000 ha 

Rain-fed wetland, with ca. 

60% permanently flooded. 

Matrix of grasslands and 

forests [63]. 

Hunting of large 

terrestrial animals 

to extinction, 

grazing by 

livestock, burning 

of rangelands and 

logging of trees for 

timber 

Multiple reintroductions including 

giant anteaters (Myrmecophaga 

tridactyla), pampas deer 

(Ozotoceros bezoarticus), collared 

peccary (Pecari tajacu), tapirs 

(Tapirus terrestris) and green-

winged macaws (Ara chloropterus). 

A jaguar (Panthera onca) breeding 

programme has also begun [46]. 

Restrictions on agricultural 

activities. 

Successful reintroductions of large 

animal species have led to recovery 

of viable populations, and 

restrictions on agriculture have 

promoted recovery within remnant 

forest fragments. Recovery of 

resident populations of marsh deer 

(Blastocerus dichotomus), capybara 

(Hydrochoerus hydrochaeris) and 

other species.  
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Figure and table captions  
 

Table 1. List of state variables and indicators proposed for measuring rewilding progress, and associated restoration 

actions. The scores are assigned in a continuous scale from 0 to 1. Reference values provide guidance for expert 

assessments (further details in table S1). Effectiveness of restoration actions (EF) for achieving rewilding objectives – 

namely, to restore trophic processes, landscape connectivity, natural disturbance regimes and/or biodiversity  – was based 

upon the review of evidence (table S2) inspired by the Conservation Evidence approach 

(www.conservationevidence.com) [43], where EF = 0: No evidence or unknown effectiveness of restoration action, EF = 

1: Likely to be ineffective, EF = 2:Trade-off between benefit and harm, EF = 3: Likely to be beneficial, EF = 4: 

Beneficial.  

 

Table 2. Overview of the three rewilding projects used as case studies sorted by increasing size. 

 
Figure 1. Bi-dimensional space representing the condition of the system along axes of direct human inputs and outputs 

(H) and natural complexity of ecosystems (N). Background colours represent the values of the rewilding score quantified 

through the Equation 2.3. (a) Conceptual illustration showing areas associated with common land uses classified within 

our framework; (b) Scheme of how changes in either dimension can lead to changes in overall system condition. 

 

Figure 2. Panel showing the results of applying the monitoring framework to three projects, namely the Millingerwaard 

project (the Netherlands); the Swiss National Park (Switzerland); and the Iberá project (Argentina). (a) Scores obtained 

for the state variables at the beginning of the project and at present. A description of the variables and indicators is 

available in tables 1 and S1. (b) Representation of the estimated scores of direct human inputs and outputs (H) and natural 

complexity of ecosystems (N) in the bi-dimensional framework for each case study. The arrows indicate the trajectory of 

change from the beginning of the projects to present. The rewilding score (R) is placed next to each point in time and has 

been calculated based on the scores shown in (a). Photographs courtesy of Rijkswaterstaat, SNP/H. Lozza and N. 

Fernández. 
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Absence of harmful invasives
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Artificial feeding of wildlife

Population reinforcement
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Forestry production

Grassland production

Mining

Hunting
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Carrion removal

Deadwood removal

Naturalness of avalanche reg.

Naturalness of fire reg.

Naturalness of hydrological reg.

Naturalness of pest reg.

Terrestrial connectivity

Aquatic connectivity

Ecological succession

Species composition

Millingerwaard IberáSwiss National Park
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