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10 Abstract 

11 1. The global movement for ecosystem restoration has gained momentum in response to the 

12 Bonn Challenge (2010) and the UN Decade on Ecosystem Restoration (UNDER, 2021-2030). 

13 While several science-based guidelines exist to aid in achieving successful restoration 

14 outcomes, significant variation remains in the outcomes of restoration projects. Some of this 

15 disparity can be attributed to unexpected responses of ecosystem components to planned 

16 interventions. 

17 2. Given the complex nature of ecosystems, we propose that concepts from Complex Systems 

18 Science (CSS) that are linked to nonlinearity, such as regime shifts, ecological resilience, and 

19 ecological feedbacks, should be employed to help explain this variation in restoration 

20 outcomes from an ecological perspective. 

21 3. Our framework, Explore Before You Restore, illustrates how these concepts impact 

22 restoration outcomes by influencing degradation and recovery trajectories. Additionally, we 

23 propose incorporating CSS concepts into the typical restoration project cycle through a CSS 

24 assessment phase, and suggest that the need for such assessment is explicitly included in 

25 the guidelines to improve restoration outcomes. 

26 4. To facilitate this inclusion and make it workable by practitioners, we describe indicators and 

27 methods available for restoration teams to answer key questions that should make up such 

28 CSS assessment. In doing so, we identify key outstanding science and policy tasks that are 

29 needed to further operationalize CSS assessment in restoration.

30 4. Synthesis and applications: By illustrating how key CSS concepts linked to nonlinear 

31 threshold behavior can impact restoration outcomes through influencing recovery trajectories, 

32 our framework Explore Before You Restore demonstrates the need to incorporate Complex 

33 Systems thinking in ecosystem restoration. We argue that inclusion of CSS assessment into 

34 restoration project cycles, and more broadly, into international restoration guidelines, may 

35 significantly improve restoration outcomes. 

36
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39 Background 

40 Complex System Science concepts in an era of restoration

41 A movement for ecosystem restoration has emerged in response to global land and water 

42 degradation and associated loss of biodiversity and ecosystem services (Nicholson et al., 

43 2020; Strassburg et al., 2020). Restoration initiatives aimed at moving ecosystems from an 

44 undesired (i.e. degraded, damaged, or destroyed) to a desired regime are booming worldwide 

45 (Chazdon et al., 2021; Gann et al., 2019). The United Nations (UN) responded to this 

46 momentum by launching the UN Decade on Ecosystem Restoration 2021-2030, which has 

47 encouraged further initiatives (Abhilash, 2021; FAO et al., 2021). By now, many useful 

48 guidelines and tools exist to steer the restoration community towards scientifically sound 

49 restoration, e.g. the UNDER Principles and Standards of Practice for Ecosystem Restoration 

50 (FAO et al., 2021, 2023), the Society for Ecological Restoration’s Principles and Standards 

51 (Gann et al., 2019), and ITTO’s Guidelines for Forest Landscape Restoration in the Tropics 

52 (ITTO, 2020). 

53 Despite these clearly defined targets and guidelines (Sacco et al., 2021), restoration 

54 outcomes vary widely, with multiple failures to establish target ecosystems (Banin et al., 2023; 

55 Brancalion & Holl, 2020; Brudvig & Catano, 2021; Dudney et al., 2022). Examples of 

56 ecological failures, i.e. attributed to biotic and abiotic ecological constraints, include poor 

57 survival of planted or naturally regenerating trees in forest restoration (Banin et al., 2023; 

58 Christmann et al., 2023; Kodikara et al., 2017; Magaju et al., 2020), no population growth of 

59 targeted fish species in lake or coral reef restoration (Boström Einarsson et al., 2020; Fox et 

60 al., 2019; Graham et al., 2013), and failure to restore non-turbid water conditions in lake 

61 restoration (Gulati et al., 2008; Jilbert et al., 2020; Søndergaard et al., 2007). 

62 Undesired ecological outcomes in restoration may occur due to unexpected responses of 

63 ecosystem components to planned interventions. We argue that, as well as overly ambitious 

64 or unrealistic expectations, threshold behavior due to complex system dynamics associated 

65 with ecological systems can explain unexpected restoration responses. In other words, 

66 ecosystem complexity itself poses constraints to restoration success (Munson et al., 2018; 

67 van Nes et al., 2016). Namely, natural ecosystems are Complex Systems, which are studied 
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68 in the discipline of Complex Systems Science (CSS), and defined by eight emergent 

69 properties: heterogeneity, hierarchy, self-organization, openness, adaptation, memory, 

70 nonlinearity, and uncertainty (Appendix 1, Anand et al., 2010; Bullock et al., 2021; Filotas et 

71 al., 2014; Riva et al., 2022). Here, we emphasize three key concepts linked to the specific 

72 CSS property of nonlinearity that we believe hold pivotal implications for restoration outcomes 

73 from an ecological perspective: regime shifts (and potential hysteresis), ecological 

74 resilience, and ecological feedbacks. 

75 Nonlinearity implies that ecosystems may show disproportionately large responses to 

76 environmental disturbances over time (e.g., drought, herbivory). In grasslands, for instance, 

77 herbivory may lead to slight declines in biomass in wet years, but the same levels of herbivory 

78 may also cause major declines in biomass and changes in vegetation composition in dry years 

79 (Stone & Ezrati, 1996). As a result of chronic environmental degradation, nonlinearity can 

80 cause abrupt regime shifts in ecosystems, whereby they shift to an alternative stable state 

81 or regime by crossing a critical (disturbance) threshold (Box 1, Fig. 1a; Dantas et al., 2016; 

82 Scheffer et al., 2001). An abrupt regime shift is reflected by a sudden, dramatic change in 

83 ecosystem state variables, e.g., lake waters shifting from clear to turbid due to eutrophication 

84 (Scheffer, 2001; Scheffer et al., 2001; Seidl & Turner, 2022), coral reefs shifting from coral- to 

85 algal-domination (Graham et al. 2013), or forests shifting to savanna systems (or vice versa) 

86 due to changes in fire regime or dry season length (Fig. 1b; Dantas et al., 2016; Fletcher et 

87 al., 2014; Oliveras & Malhi, 2016; Staver et al., 2011). After such a shift, restoration to the pre-

88 degradation regime is likely slow and requires substantial reductions in the environmental 

89 pressures, possibly even to a level well below the one that led to the shift; a phenomenon 

90 called hysteresis (Box 1, Fig. 1c; Muys, 2013; Selkoe et al., 2015; Staal et al., 2020). Thus, 

91 regime shifts, driven by nonlinear behavior in ecosystems, can influence recovery trajectories 

92 (Mayer & Rietkerk, 2004; Suding & Hobbs, 2009; Suding & Gross, 2006). Further, restoration 

93 trajectories will depend on whether or not a regime shift has already taken place in the 

94 ecosystem at the time when restoration interventions are applied, and if not, on how close to 

95 a critical threshold the ecosystem is at that time (Ghazoul et al., 2015; Ghazoul & Chazdon, 

96 2017). 
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97 A second concept that is intricately connected to nonlinear behavior of complex systems, and 

98 thus to potential regime shifts, is the ecological resilience of degraded ecosystems to 

99 disturbances (Ghazoul et al., 2015; Ghazoul & Chazdon, 2017). Ecological resilience is a 

100 measure of the ecosystem’s ability to absorb change and disturbance and still maintain the 

101 same regime (Appendix 1 Table 2). A decrease in resilience due to environmental 

102 degradation increases the likelihood of a regime shift to occur (i.e. lower helpful resilience 

103 sensu Standish et al.(2014); Box 1, Folke et al., 2004; Rocha et al., 2015). On the other hand, 

104 ecosystems can be in a highly resilient alternative regime after prolonged degradation due to 

105 hysteresis, when the presence of ecological feedbacks maintain the degraded regime (i.e., 

106 higher unhelpful resilience sensu Standish et al.(2014); Box 1, Dornelles et al., 2020; Dudney 

107 et al., 2018; Staal et al., 2020). Both low resilience of the desired regime as well as high 

108 resilience of the undesired regime can hamper restoration performance (Magnuszewski et al., 

109 2015; Standish et al., 2014). 

110 A third concept that is tightly linked to nonlinearity of complex (eco)systems are ecological 

111 feedbacks, i.e. dampening or reinforcing interactions between (a)biotic factors (e.g. 

112 vegetation composition) and disturbance regimes (e.g. fires) that loop back to control 

113 ecosystem dynamics (Box 1). These feedbacks can both maintain an ecosystem in a specific 

114 regime as well as cause it to shift to an alternative one, and can thereby strongly influence 

115 degradation as well as recovery trajectories, thus influencing restoration outcomes (Hobbs et 

116 al., 2011; Scheffer et al., 2009; Verbesselt et al., 2016). 

117 Importantly, potential hysteresis or history-dependence, is tightly linked to each of the three 

118 CSS concepts since this feature i) can occur after a regime shift took place, ii) reflects the new 

119 regime having a high unhelpful resilience, and iii) is governed by the presence of ecological 

120 feedbacks that maintain the new regime.

121 CSS concepts in restoration guidelines

122 Most current restoration guidelines produced by international organizations do not sufficiently 

123 incorporate or operationalize CSS concepts linked to nonlinear threshold behavior (Appendix 

124 2). While some guidelines include concepts of ‘alternative ecosystems’ (Gann et al. 2019, 

125 App. 2 Table 1), most do not. There is limited to no inclusion of concepts related to regime 
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126 shifts, contrasting with frequent inclusion of the resilience concept (App. 2 Table 1: 298 x 

127 ‘resilience’ vs. 0 x ‘regime shift’ across all guidelines). Resilience, however, is rarely 

128 accompanied by a clear definition or concrete measurement tools, limiting its operational use 

129 in restoration practice. Further assessing the meaning of resilience in the guidelines, the focus 

130 is on restoring ecosystems that are resilient to all kinds of shocks (i.e. building general 

131 resilience), rather than on which ecosystem components should be resilient to which 

132 disturbances, and how to quantify and achieve this (i.e. building specific resilience; Dudney 

133 et al., 2018; Folke et al., 2010; App. 2 Table 2: 99% ‘general vs. 1% ‘specific’). Through this 

134 focus on general resilience, the guidelines imply that resilience is always ‘good’, ‘helpful’, or 

135 ‘desirable’ in ecosystem restoration. However, this is not always the case, as resilience can 

136 be an unhelpful ecosystem feature, hindering successful restoration by reinforcing 

137 undesirable regimes, as we discuss above. 

138 We argue that abrupt nonlinear regime shifts, unhelpful ecological resilience, and 

139 ecological feedbacks that maintain undesired ecosystem regimes, can result in divergent, 

140 unexpected, and unpredictable responses to restoration interventions, ultimately leading to 

141 undesired or ‘failed’ restoration outcomes (Krievins et al., 2018; Mayer & Rietkerk, 2004). 

142 Many restoration projects may involve degradation scenarios where a regime shift has not 

143 (yet) occurred, and resilience is still helpful, but we argue that the guidelines should be flexible 

144 and suitable to all degradation scenarios, including those where advanced degradation has 

145 already occurred. Hence, operationalizing these CSS concepts into the current guidelines and 

146 across restoration project cycles, can minimize or even avoid undesired outcomes, as well as 

147 potentially speed up the achievement of desired outcomes. 

148 Importantly, the desired regime in restoration may not necessarily reflect the historic pre-

149 degradation regime (Bardgett et al., 2021; Bullock et al., 2021; Crow, 2014; Gann et al., 2019). 

150 While historic regimes were traditionally the focus of ‘ecological restoration’, restoration 

151 stakeholders often now make a decision on whether their interventions should aim to ‘Resist’, 

152 ‘Accept’, or ‘Direct’ the increasingly unpredictable and unprecedented environmental changes 

153 that ecosystems are facing (Jackson, 2021; Lynch et al., 2022). 
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154 Furthermore, we acknowledge that ecological aspects alone are not sufficient to explain failed 

155 restoration outcomes (Elias et al., 2022; Maniraho et al., 2023). The process of successfully 

156 and efficiently restoring degraded ecosystems also relies on the trust and engagement of 

157 relevant stakeholder groups such as local communities and authorities, and on the social-

158 economic and political settings such as functionality of the land tenure policies (Ahammad et 

159 al., 2023; Metcalf et al., 2015; Petursdottir et al., 2013; G. Walters et al., 2021). Since we aim 

160 to demonstrate here how CS dynamics can explain some of the variation in restoration 

161 outcomes from an ecological perspective, instead of highlighting the various dimensions that 

162 may influence restoration outcomes, inclusion of social-economic factors are beyond the 

163 scope of our manuscript. That is, our framework (i) focuses on the ecological dimension of CS 

164 dynamics, which is nested within a broader social-ecological dimension (Nikinmaa, 2020), and 

165 (ii) assumes that restoration planning is being approached from a social-ecological 

166 perspective, i.e. the interventions are designed with careful consideration of social-economic 

167 as well as ecological dimensions (Crow, 2014; Elias et al., 2022; Lade et al., 2013; Maniraho 

168 et al., 2023; Nayak & Armitage, 2018). 

169 In the following sections of our framework Explore Before You Restore, we demonstrate how 

170 regime shifts, ecological resilience, and feedbacks influence recovery trajectories with 

171 examples from science and practice, and then suggest how these concepts might be included 

172 in restoration practice. In doing so, we identify key science and policy tasks that are needed 

173 to operationalize these concepts into useful tools for the restoration community. Our 

174 framework follows a typical 6-step restoration project cycle (Box 3, App. 3 Table 1: 

175 Assessing, Planning, Implementing, Monitoring & Evaluating, Maintaining, and Adaptive 

176 Management), and is therefore directly applicable for restoration practitioners, scientists, and 

177 policymakers. 
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178 How Complex Systems Science concepts can help explain 

179 restoration trajectories 

180 Regime shifts, possibly coupled with high unhelpful resilience of the new regime in cases of 

181 hysteresis, can strongly influence recovery trajectories and thus determine which restoration 

182 interventions, ranging from simple to more complex, are needed to achieve desired targets 

183 (Fig. 2; Mayer & Rietkerk, 2004; Selkoe et al., 2015; Suding & Hobbs, 2009). Namely, in 

184 ecosystems that have experienced an abrupt regime shift but with no evidence of hysteresis, 

185 reversing degradation to below the threshold level that led to the shift is likely sufficient to 

186 restore the system to the pre-threshold regime (i.e., reverse the shift) (Fig. 2 middle scenario: 

187 halt degradation and/or additional interventions, Chazdon et al. 2021). For example, 

188 regeneration of native vegetation is sometimes constrained by invasive plant species in 

189 severely degraded tropical forests. Effective control of invasives, in these cases, may promote 

190 recovery of native species composition associated with the pre-threshold ecosystem regime 

191 (Brancalion et al., 2019; Douterlungne et al., 2013; Gratton & Denno, 2005). 

192 By contrast, in ecosystems where hysteresis maintains the degraded regime through 

193 ecological feedbacks that strengthen unhelpful resilience (Box 2), restoration efforts need to 

194 do more than simply establish the environmental condition(s) that were prevalent before the 

195 shift. Disrupting the high unhelpful resilience of the new regime typically requires multiple, 

196 coinciding, and often expensive, interventions (Fig. 2 bottom scenario: halt degradation and 

197 additional interventions; (Chazdon et al., 2021; Muys, 2013; Selkoe et al., 2015; Van Nes et 

198 al., 2014). For instance, after several decades of heavy grazing in terrestrial grasslands, 

199 palatable plants may essentially be absent, with natural recovery of these systems taking up 

200 to 100 years or longer due to hysteresis (Cipriotti et al., 2019). In arid ecosystems, increased 

201 aridity may then lead to desertification, making the possibility for vegetation recovery even 

202 lower, even where aridity levels subsequently decrease (Kéfi et al., 2007). Achieving 

203 successful restoration then requires a combination of interventions, such as reducing grazing, 

204 combined with measures such as reseeding with desirable well-adapted species, woody 

205 species control, soil erosion prevention and protection and soil water management (Box 2). 
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206 Furthermore, reduced helpful resilience of a system undergoing degradation, but which is still 

207 in the desired ecosystem regime, can also influence the restoration trajectory (with or without 

208 a pending regime shift) (Selkoe et al., 2015). Even though halting degradation will likely 

209 restore the desired regime (Fig. 2 top scenario), reduced resilience can slow down recovery. 

210 For instance, abandonment of agricultural systems can create favorable conditions for tree 

211 regeneration to restore forests with generally little need for additional interventions (Fig. 2; 

212 Boulton et al., 2022; Poorter et al., 2016; Rolim et al., 2017; Rozendaal et al., 2019). Reduced 

213 helpful resilience of these post-agricultural systems, however, driven by the intensity of the 

214 past agricultural land use and environmental changes, and reflected by e.g. a lack of seed 

215 sources or resprouting ability for native tree species or soil nutrient imbalances, can slow 

216 down regeneration (Broughton et al., 2022; Cramer et al., 2008; Flores & Holmgren, 2021b, 

217 2021a; Lawrence et al., 2010; Styger et al., 2007, 2009; Verheyen, 2021). Here, additional 

218 interventions (e.g. litter addition, enrichment planting) might speed up recovery (Fig. 2; 

219 Sansevero et al., 2017; Styger et al., 2007). 

220 In sum, restoration practice should strengthen ecological feedbacks that increase helpful 

221 resilience, and at the same time weaken or disrupt those that increase unhelpful resilience. 

222 These feedbacks will ultimately determine the likelihood of an abrupt shift between ecosystem 

223 regimes (Fig. 2; Hoffmann et al., 2012; Huang et al., 2018; Stevens et al., 2017). For instance, 

224 if the target regime is grassland, woody encroachment may shift it towards a forest regime. 

225 The reinforcing ‘canopy closure feedback’ (i.e. trees  canopy closure  more trees through 

226 less below-canopy grasses to fuel fires) would drive the shift towards a forest regime, while 

227 the ‘open vegetation feedback’ (i.e. grasses  fire  more grasses through increased fuel 

228 loads) would maintain the desired regime. The canopy closure feedback underpins unhelpful 

229 resilience because it reinforces the undesired regime (and should be weakened), while the 

230 open vegetation feedback underpins helpful resilience because it reinforces the desired 

231 regime (and should be strengthened). Reintroduction of fires or introduction of grazers will 

232 both weaken the canopy closure (decrease unhelpful resilience) and strengthen the open 

233 vegetation feedback (increase helpful resilience) (Johnstone et al., 2016; Pausas & Keeley, 

234 2014a, 2014b). 
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235 Restoration management and guidelines have mainly focused on general resilience, which 

236 stems from the common but incorrect assumption that resilience is always helpful or ‘good’ 

237 (App. 3 Table 2; McDonald, 2000; Nimmo et al., 2015; Standish et al., 2014). This point has 

238 likewise been raised in other socio-ecological disciplines (Dornelles et al., 2020; Oliver et al., 

239 2018; Van De Leemput et al., 2014). The singular focus on increasing helpful resilience is 

240 likely not sufficient to address degradation scenarios with abrupt regime shifts and hysteresis, 

241 where the presence of high unhelpful resilience implies a need for more complex interventions 

242 to actively disrupt those ecological feedbacks maintaining the undesired regime (Box 2).

243 Based on the evidence and examples of how CSS concepts can influence recovery 

244 trajectories and how restoration teams can tailor their interventions, we argue that restoration 

245 guidelines should explicitly incorporate CSS assessments in the restoration project cycle (Box 

246 3). In such CSS assessment, restoration teams should evaluate; i) the likelihood of an abrupt 

247 regime shift to occur, ii) evidence of hysteresis or high unhelpful resilience in the degraded 

248 system, and iii) the underpinning ecological feedbacks that must be strengthened and/or 

249 disrupted to maintain the system in, or shift it to, the desired regime (Fig. 2, Box 2). 

250 CSS assessment in restoration practice 

251 Our framework follows a restoration project cycle which typically comprises six phases, 

252 including five distinct phases (Assessing, Planning, Implementing, Monitoring & Evaluation, 

253 Maintaining), and one phase that cuts across all others (Adaptive management) (Appendix 

254 3). To incorporate CSS thinking in ecosystem restoration, we suggest that the Assessing 

255 phase is extended to involve four key questions related to CS dynamics in degraded systems 

256 (Box 3, Fig. 2). These questions include A) whether an abrupt regime shift has occurred, or 

257 B) is likely to occur, C) where it has occurred, whether there is evidence of hysteresis (high 

258 unhelpful resilience of the degraded regime), and D) which ecological feedbacks underpin 

259 helpful and unhelpful resilience (Fig. 3). During Planning, restoration interventions should be 

260 tailored to the CSS assessment (Fig. 3). Below, we provide an overview of indicators available 

261 to answer these questions during CSS assessment, based on currently available knowledge 

262 and tools. In doing so, we identify key outstanding science and policy tasks needed to further 

263 operationalize CSS assessment in restoration (Box 4).
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264 A) Has a regime shift occurred (lagging indicators)? 

265 A critical question to ask is whether a prior abrupt regime shift has occurred to create the 

266 degraded ecosystem (Fig. 2). If environmental degradation has led to an abrupt regime shift, 

267 the degraded ecosystem will be substantially reorganized into a self-maintaining new stable 

268 regime (Fig. 1a, scenario iii-iv). Importantly, a regime shift could also lead the system into a 

269 new unstable regime, resulting in a spiral of environmental degradation e.g. failure of plant 

270 recruitment and growth leads to greater soil exposure and thence greater erosion and further 

271 vegetative failure. The complexity of restoration interventions will need to be greater after a 

272 regime shift to facilitate successful recovery (Fig. 1, Box 2; Carpenter et al., 2008; Ghazoul 

273 & Chazdon, 2017; Suding et al., 2004).

274 To evaluate whether a regime shift has already occurred in the degraded system, restoration 

275 teams can use lagging indicators of resilience, which assess whether helpful resilience has 

276 decreased (Carpenter et al., 2008; Carpenter & Brock, 2006; Cowan et al., 2021; Ota et al., 

277 2021; Scheffer et al., 2009). Such indicators are ecological attributes that develop over long 

278 periods of time in an ecosystem, hence reflecting a unique regime at a single point in time, 

279 and they can therefore indicate substantial reorganization of the degraded system (Berdugo 

280 et al., 2020; Cowan et al., 2021; Seidl & Turner, 2022). Lagging indicators in terrestrial 

281 vegetated ecosystems, for instance, are metrics describing the above- and below-ground 

282 species diversity, dominance, and composition, vegetation cover and structure, and soil 

283 fertility (Cowan 2021). For lake ecosystems, typical indicators may be nutrient (e.g. Oxygen, 

284 Phosphorus) or chlorophyll concentrations, pH, turbidity, and species diversity (Carpenter & 

285 Cottingham, 1997; Ortiz et al., 2020). Significant differences in these metrics between the 

286 degraded system, and either undisturbed controls (spatial comparison), or historic reference 

287 ecosystems (temporal comparison), at the time of restoration planning, can indicate that an 

288 abrupt shift towards a new stable regime has taken place, since the ‘lagging’ characteristic of 

289 these indicators implies that a new regime has already been in place for some time at the start 

290 of restoration (Fig. 1a, Cowan et al., 2021). 

291 For instance, humid Amazonian forests can shift to an alternative savanna state due to altered 

292 fire regimes (Barlow & Peres, 2008; Brando et al., 2014; Flores & Holmgren, 2021a, 2021b; 

293 Silvério et al., 2013). These vegetation state shifts are correlated with changes in vegetation 
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294 structure and composition, biodiversity and ecosystem functioning that can be used as 

295 ‘lagging’ resilience indicators. For example, repeatedly burnt Amazonian blackwater floodplain 

296 forests lose tree cover, increase herbaceous cover and shift tree species composition from 

297 typically forest species towards an increasing abundance of white-sand savanna species 

298 (locally known as “campinas”, Flores and Holmgren 2021a). These vegetation shifts, from 

299 closed floodplain forests to white-sand savannas as fire occurrence increases, appear to be 

300 caused by both nutrient erosion (Flores & Holmgren, 2021a) and seed dispersal limitation 

301 (Flores & Holmgren, 2021b). Seed dispersal limitation could be caused by shifts in animal 

302 communities responsible for seed dispersal. For example, burnt forests and white sand 

303 savannas show a lower abundance of omnivorous and frugivorous fish that are key seed 

304 dispersers for many forest tree species (Lugo-Carvajal et al., 2023). These complex changes 

305 in soil, plant and animal communities can be used as lagging indicators of resilience. Though 

306 these metrics may only provide an indication of regime shifts that happened at some point in 

307 the system’s degradation history, for restoration this may already be instructive. We argue 

308 that it may be more important in ecosystem restoration to identify whether the degraded 

309 system finds itself in a new and undesired stable regime, which drivers of degradation have 

310 led to the regime, and what is causing the undesired regime to be maintained in the case of 

311 hysteresis, than to identify when exactly the regime shift took place.

312 B) Is a regime shift likely to occur (leading or early-warning indicators)?

313 If the degraded system is not yet substantially reorganized, a shift may still be pending due to 

314 ongoing loss of helpful resilience (Boulton et al., 2022; Scheffer et al., 2001). Assessing the 

315 exact distance of an ecosystem to a critical threshold based on empirical data is not (yet) 

316 feasible, and may always remain challenging (Davidson et al., 2023; Hillebrand et al., 2020; 

317 Van Nes et al., 2014). However, loss of helpful resilience over time, signaling a pending 

318 regime shift, can be evaluated through repeated measurements of leading indicators of 

319 resilience or ‘early-warning signals’ i.e. ecosystem attributes that specifically respond to 

320 environmental disturbances, such as tree growth or vegetation greenness which decrease 

321 due to drought of fire disturbances. Such leading indicators are useful to evaluate ‘early-

322 warning signals’ that signal the vicinity of an abrupt shift (EWS, Box 1; Biggs et al., 2009; 
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323 Carpenter et al., 2008; Cowan et al., 2021; Dai et al., 2012; Dakos et al., 2008; Forzieri et al., 

324 2022). 

325 Specifically, studies show that trends of slower recovery rates, or of increased variability in 

326 these indicators in response to disturbances (i.e. critical slowdown or flickering respectively), 

327 indicate that the ecosystem is approaching an abrupt shift (Carpenter et al., 2008; Dakos et 

328 al., 2015; Scheffer et al., 2001, 2009). For example, slower recovery of vegetation greenness 

329 related to successive droughts, and evaluated using remote sensing time series, has 

330 predicted tree mortality as the onset of a regime shift in different forest types (Boulton et al., 

331 2022; Dakos et al., 2012; Liu et al., 2019; Verbesselt et al., 2016). Since leading indicators 

332 are useful to predict the likelihood of particular outcomes (Carpenter et al., 2008; Carpenter 

333 & Brock, 2006; Cowan et al., 2021; Ota et al., 2021; Scheffer et al., 2009), leading indicators 

334 of ecological resilience can thus be used to assess whether a regime shift might occur in the 

335 future in the context of CSS assessment. 

336 Importantly, to assess a pending regime shift with leading indicators requires evaluating a rate 

337 of change, which is based on repeated measurements of the indicator over time. Repeated 

338 measurements in restoration could be extracted from, among others, indigenous and local 

339 knowledge (ILK), repeated inventories, and remote sensing (Falardeau et al., 2022; Pascual 

340 et al., 2017; Wheeler & Root-Bernstein, 2020). Gathering such data prior to restoration is 

341 generally not feasible for restoration teams, however, as it requires time and money, and 

342 delays restoration on the ground. Therefore, project teams should realistically focus on 

343 incorporating repeated measurements of (the response of) leading indicators (e.g. species 

344 recruitment, biomass) to key disturbances in the ecosystem (e.g. fire, drought) in their M&E 

345 strategies. In this way, they can monitor possible changes in the response of the degraded 

346 ecosystem to disturbances from the restoration onset, which may signal a pending regime 

347 shift, and adjust their interventions if they find indications for the latter.

348 C) Is there evidence of hysteresis? or Which feedbacks underpin unhelpful resilience?

349 If a regime shift is likely to occur or has occurred, evaluating hysteretic behavior in the 

350 degraded system is key, since greater restoration efforts are required to reverse the (potential) 

351 shift when hysteresis is present (Fig. 2). Although trial treatments or driver reversal 
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352 experiments allow quantification of hysteresis in the field by observing whether the system 

353 returns to a previous regime after halting or reversing the driver of degradation (Gann et al., 

354 2019; McDonald, 2000; Ratajczak et al., 2018; Standish et al., 2014), these methods are again 

355 generally not feasible for teams on the ground because of a lack of time and money. 

356 To assess hysteresis, restoration project teams should therefore evaluate whether the 

357 degraded system shows signs of strong ecological feedbacks at the local or landscape scale 

358 that act to maintain the undesired regime (unhelpful resilience). Such feedbacks can signal 

359 hysteretic behavior (Fig. 2, Box 2). In the case of the repeatedly burnt tropical floodplain 

360 forests, for example, lower tree cover due to wildfires in the degradation history of the system 

361 had led to a depleted seed bank, which leads to reduced seed dispersal and consequently 

362 lower seed availability and tree recruitment. This continues low tree cover and constrains 

363 forest recovery through these self-maintaining ‘history-dependent’ feedbacks between low 

364 tree cover and poor seed sources (Flores & Holmgren, 2021b). In many coral reefs, for 

365 instance, a combination of fishing, eutrophication, and global warming has resulted in algal 

366 dominance and low abundance of herbivore fish groups that feed on algae. This feedback 

367 maintains the algal dominance, and prevents successful coral recruitment through 

368 outcompeting successfully recruited corals (Graham et al., 2013). See Box 2 for more 

369 examples of hysteretic behavior across different ecosystem types that can hamper successful 

370 recovery and thus impact ecosystem restoration.

371 D) Which feedbacks underpin helpful resilience?

372 Besides feedbacks that maintain the undesired regime and indicate hysteresis by 

373 underpinning unhelpful resilience (question C), feedbacks that maintain the desired regime 

374 and thus underpin helpful resilience must be identified as well to facilitate successful 

375 ecosystem recovery. In the example of a shift from the floodplain forest to a more open 

376 savanna ecosystem regime, feedbacks that would promote tree cover, such as assisted 

377 natural regeneration or seeding, underpin helpful resilience, and could help force a shift to the 

378 desired forest regime. Intervening in this feedback is key to strengthening helpful resilience, 

379 in addition to weakening unhelpful resilience through, e.g., disrupting feedbacks that maintain 

380 the savanna regime by means of fire protection (Flores et al., 2016; Flores & Holmgren, 

381 2021a, 2021b; Box 2 'Additional interventions'). 
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382 Similarly, in the example of a shift from the coral- to the algal-dominated regime in degraded 

383 coral reefs, intervening in the feedbacks that promote coral recruitment, and underpin helpful 

384 resilience, e.g., by introducing parrot- and surgeon-fishes, can help force a shift to the desired 

385 coral regime (Graham et al., 2013). At the same time, disrupting the feedbacks that maintain 

386 the algal domination, which underpin unhelpful resilience, e.g., by introducing herbivore fish 

387 species that feed on the algae, will help to force the same shift (Graham et al., 2013, Box 2 

388 'Additional interventions').

389 In sum, if restoration teams include CSS assessments in their restoration project cycles, they 

390 can adequately determine the complexity of required interventions based on the presence or 

391 likelihood of regime shifts, and evidence of hysteresis (Fig. 2, Planning). Further, they can 

392 target their interventions to specifically disrupt feedbacks that underpin unhelpful resilience 

393 and strengthen those that underpin helpful resilience. While collecting information about 

394 regime shifts, hysteresis, and feedbacks  may, in practice, be challenging, costly and time 

395 consuming, we reiterate that it can greatly improve restoration outcomes (Magnuszewski et 

396 al., 2015; Maxwell et al., 2017; Qiu et al., 2022; Xiao et al., 2020), possibly saving resources 

397 in the long run.

398 Outstanding tasks

399 Answering questions A and B from the previous section assumes restoration teams select 

400 measurable and feasible indicators that are: i) comparable to relevant reference systems 

401 across time or space, and ii) responsive to the key disturbance(s) in their ecosystem(s) (for 

402 question B) (Cowan et al., 2021). Despite promising prospects of specific resilience indicators 

403 and methods to detect regime shifts (Andersen et al., 2009; Boulton et al., 2022; Lenton, 

404 2011), operationalization of these methods into clear recommendations and tools to use 

405 across different ecosystem types remains a key outstanding task for the scientific community 

406 (Box 4, Selkoe et al., 2015). Specifically, we identify the development of practical tools and 

407 methods to assess ecological resilience loss, abrupt regime shifts, and hysteresis in degraded 

408 systems as outstanding tasks, as these are, to our knowledge, non-existent. The lack of 

409 scientific consensus on the usefulness and applicability of regime shifts in ecology likely also 

410 hampers this operationalization (Higgins et al., 2023; Hillebrand et al., 2023). Further, a helpful 
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411 platform where restoration teams can explore whether ecosystems from similar climates and 

412 degradation settings have experienced a regime shift, is the online database 

413 www.regimeshifts.org (Biggs et al., 2009; Stockholm Resilience Centre, 2022). This evidence-

414 based catalog should, however, be extended, as more scientists and practitioners assess 

415 regime shifts across different ecosystems and biomes (Box 4). Similarly, data-driven networks 

416 where teams can share their M&E restoration performance data (e.g., 

417 https://globalrestorationobservatory.com/) should be encouraged to facilitate global 

418 monitoring of restoration performance as we progress in the UNDER (Ladouceur & 

419 Shackelford, 2021). Further, scientifically testing the hypotheses brought forward in our 

420 framework, i.e., that the loss of helpful resilience and presence of abrupt regime shifts 

421 significantly influence restoration performance, remains another outstanding task (Box 4). 

422 Importantly, this should be done while bringing together different knowledge sources, i.e. 

423 western science. with Indigenous and Local Knowledge (ILK) (Falardeau et al., 2022; Wheeler 

424 & Root-Bernstein, 2020), as well as considering the broader social-ecological dimension of 

425 CS dynamics and ecosystem restoration (Appendix 1 Table 2; Folke et al., 2010; Nikinmaa, 

426 2020). For restoration policymakers, we encourage them to step away from common 

427 assumptions on helpful ‘general’ resilience, and instead introduce the concept of unhelpful 

428 resilience, and further incorporate CSS assessment into their guidelines (Box 4). A crucial 

429 step towards CSS incorporation will be to start ‘learning-by-doing’ (Kato & Ahern, 2008; 

430 Walters & Holling, 1990), i.e. apply the proposed CSS assessment in real-life restoration 

431 projects, tailor the restoration strategies to it, and monitor and evaluate the remaining 

432 constraints and effectiveness (Box 3). Importantly, such inclusion of CSS assessment in 

433 restoration should be done through translating the key concepts in practical and 

434 comprehensible language that are accessible to a wide diversity of restoration teams, e.g. 

435 also those teams with limited or no scientific expertise. 

Page 17 of 43

Confidential Review copy

Journal of Applied Ecology

http://www.regimeshifts.org
https://globalrestorationobservatory.com/


JAPPL-2023-00777 Revised manuscript

18

436 Acknowledgements

437 This publication is the result of ideas discussed at a 3-day scientific expert workshop on 

438 Resilience and Restoration (October 2021, Leuven, Belgium) in which all authors (except GG) 

439 participated. The authors declare no conflict of interest. They wish to thank the Flemish 

440 Research Foundation, WeForest, FNL-Division KULeuven, and ULiège for their support in 

441 facilitating this workshop. We are also grateful to Prof. Stephen Carpenter for attending the 

442 workshop and acting as internal reviewer, and to Prof. Rachel Standish and Dr. Joan Dudney 

443 for bringing fresh ideas to our manuscript through their external reviews. Thank you as well to 

444 Dr. Ebony Cowan and Bethanie Walder for interesting discussions, Profs. Jonathan Chase, 

445 Robin Chazdon, and 1 anonymous reviewer for their comments on the manuscript. During the 

446 preparation of the manuscript, SLM and PNB were funded by the Flemish Research 

447 Foundation (FWO Grant 12ZZV21N; Project G0F6922N), AB-T was funded by the Swedish 

448 Research Council (Formas Grant 2017-00430), JMB by the UKCEH (NC project 06895 and 

449 NERC grant NE/V006525/1), MS by the Science & Engineering Research Board (Grant 

450 DIA/2018/000038, Govt. of India), and UI by the Swedish Research Council (VR Grant 2017-

451 05566 and FORMAS Grant 2016-20005). Thank you to Bernardo Flores for the photos used 

452 in Figure 1b and c. The abstract was written by the authors, rewritten by means of ChatGPT 

453 by providing our initial abstract as input, and further revised by the authors. Although 

454 discussions about the use of generative AI in science are still ongoing (Thorp, 2023; van Dis 

455 et al., 2023), the authors want to highlight with this that allowing the appropriate use of AI tools 

456 for English proofreading can reduce language barriers and improve equity, fairness, diversity 

457 and inclusiveness in science (Amano et al., 2022; Lenharo, 2023; UNESCO, 2022).

Page 18 of 43

Confidential Review copy

Journal of Applied Ecology



JAPPL-2023-00777 Revised manuscript

19

458 References 

459 Abhilash, P. C. (2021). Restoring the Unrestored: Strategies for Restoring Global Land during the UN Decade on Ecosystem 
460 Restoration (UN-DER). Land, 10, 201.
461 Ahammad, R., Hossain, M. K., Sobhan, I., Hasan, R., Biswas, S. R., & Mukul, S. A. (2023). Social-ecological and institutional factors 
462 affecting forest and landscape restoration in the Chittagong Hill Tracts of Bangladesh. Land Use Policy, 125(April 2022), 
463 106478. https://doi.org/10.1016/j.landusepol.2022.106478
464 Amano, T., Ramírez-Castañeda, V., Berdejo-Espinola, V., Borokini, I., Chowdhury, S., Golivets, M., et al. (2022). The cost of being a 
465 non-native English speaker in science. EcoevoRxiv, 1–27.
466 Anand, M., Gonzalez, A., Guichard, F., Kolasa, J., & Parrott, L. (2010). Ecological systems as complex systems: Challenges for an 
467 emerging science. Diversity, 2(3), 395–410. https://doi.org/10.3390/d2030395
468 Andersen, T., Carstensen, J., Hernández-García, E., & Duarte, C. M. (2009). Ecological thresholds and regime shifts: approaches to 
469 identification. Trends in Ecology and Evolution, 24(1), 49–57. https://doi.org/10.1016/j.tree.2008.07.014
470 Anderson, R. C., Schwegman, J. E., & Rebecca Anderson, M. (2000). Micro-scale restoration: A 25-year history of a southern Illinois 
471 barrens. Restoration Ecology, 8(3), 296–306. https://doi.org/10.1046/j.1526-100X.2000.80042.x
472 Banin, L. F., Raine, E. H., Rowland, L. M., Chazdon, R. L., Smith, S. W., Rahman, N. E. B., et al. (2023). The road to recovery: a 
473 synthesis of outcomes from ecosystem restoration in tropical and sub-tropical Asian forests. Philosophical Transactions of the 
474 Royal Society B: Biological Sciences, 378(1867). https://doi.org/10.1098/rstb.2021.0090
475 Bardgett, R. D., Bullock, J. M., Lavorel, S., Manning, P., Schaffner, U., Ostle, N., et al. (2021). Combatting global grassland 
476 degradation. Nature Reviews Earth and Environment, 2(10), 720–735. https://doi.org/10.1038/s43017-021-00207-2
477 Barlow, J., & Peres, C. A. (2008). Fire-mediated dieback and compositional cascade in an Amazonian forest. Philosophical 
478 Transactions of the Royal Society B: Biological Sciences, 363(1498), 1787–1794. https://doi.org/10.1098/rstb.2007.0013
479 Berdugo, M., Delgado-baquerizo, M., Soliveres, S., Zhao, Y., Gross, N., Saiz, H., et al. (2020). Global ecosystem thresholds driven 
480 by aridity. Science, 367(February), 787–790.
481 Biggs, R., Carpenter, S. R., & Brock, W. A. (2009). Turning back from the brink: Detecting an impending regime shift in time to avert 
482 it. Proceedings of the National Academy of Sciences of the United States of America, 106(3), 826–831. 
483 https://doi.org/10.1073/pnas.0811729106
484 Boström Einarsson, L., Babcock, R., Bayraktarov, E., Ceccarelli, D., Cook, N., Ferse, S., et al. (2020). Coral restoration – A systematic 
485 review of current methods, successes, failures and future directions. PLOS ONE, 15, e0226631. 
486 https://doi.org/10.1371/journal.pone.0226631
487 Boulton, C. A., Lenton, T. M., & Boers, N. (2022). Pronounced loss of Amazon rainforest resilience since the early 2000s. Nature 
488 Climate Change, 12(March), 271–278. https://doi.org/10.1038/s41558-022-01287-8
489 Brancalion, P. H. S., Campoe, O., Mendes, J. C. T., Noel, C., Moreira, G. G., van Melis, J., et al. (2019). Intensive silviculture enhances 
490 biomass accumulation and tree diversity recovery in tropical forest restoration. Ecological Applications, 29(2), 1–12. 
491 https://doi.org/10.1002/eap.1847
492 Brancalion, P. H. S., & Holl, K. D. (2020). Guidance for successful tree planting initiatives. Journal of Applied Ecology, 57(12), 2349–
493 2361. https://doi.org/10.1111/1365-2664.13725
494 Brando, P. M., Balch, J. K., Nepstad, D. C., Morton, D. C., Putz, F. E., Coe, M. T., et al. (2014). Abrupt increases in Amazonian tree 
495 mortality due to drought-fire interactions. Proceedings of the National Academy of Sciences of the United States of America, 
496 111(17), 6347–6352. https://doi.org/10.1073/pnas.1305499111
497 Broughton, R. K., Bullock, J. M., George, C., Gerard, F., Maziarz, M., Id, W. E. P., et al. (2022). Slow development of woodland 
498 vegetation and bird communities during 33 years of passive rewilding in open farmland. PLoS ONE, µ17(11), 1–19. 
499 https://doi.org/10.1371/journal.pone.0277545
500 Brudvig, L. A., & Catano, C. P. (2021). Prediction and uncertainty in restoration science. Restoration Ecology, 1–6. 
501 https://doi.org/10.1111/rec.13380
502 Bullock, J. M., Fuentes‐Montemayor, E., McCarthy, B., Park, K., Hails, R. S., Woodcock, B. A., et al. (2021). Future restoration should 
503 enhance ecological complexity and emergent properties at multiple scales. Ecography, 44, 1–11. 
504 https://doi.org/10.1111/ecog.05780
505 Carpenter, S. R., & Brock, W. A. (2006). Rising variance: A leading indicator of ecological transition. Ecology Letters, 9(3), 311–318. 
506 https://doi.org/10.1111/j.1461-0248.2005.00877.x
507 Carpenter, S. R., Brock, W. A., Cole, J. J., Kitchell, J. F., & Pace, M. L. (2008). Leading indicators of trophic cascades. Ecology Letters, 
508 11, 128–138. https://doi.org/10.1111/j.1461-0248.2007.01131.x
509 Carpenter, S. R., Cole, J. J., Pace, M. L., Batt, R., Brock, W. A., Cline, T., et al. (2011). Early warnings of regime shifts: A whole-
510 ecosystem experiment. Science, 332(6033), 1079–1082. https://doi.org/10.1126/science.1203672
511 Carpenter, S. R., & Cottingham, K. L. (1997). Resilience and restoration of lakes. Conservation Ecology, 1(1). https://eur-
512 lex.europa.eu/legal-content/PT/TXT/PDF/?uri=CELEX:32016R0679&from=PT%0Ahttp://eur-
513 lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:52012PC0011:pt:NOT
514 Chazdon, R. L., Falk, D. A., Banin, L. F., Wagner, M., J. Wilson, S., Grabowski, R. C., et al. (2021). The intervention continuum in 
515 restoration ecology: rethinking the active–passive dichotomy. Restoration Ecology, 1–13. https://doi.org/10.1111/rec.13535
516 Christensen, E. M., James, D. K., Randall, R. M., & Bestelmeyer, B. T. (2023). Abrupt transitions in a southwest USA desert grassland 
517 related to the Pacific Decadal Oscillation. Ecology, October 2022, 1–10. https://doi.org/10.1002/ecy.4065
518 Christmann, T., Palomeque, X., Armenteras, D., Wilson, S. J., Malhi, Y., & Oliveras Menor, I. (2023). Disrupted montane forest 
519 recovery hinders biodiversity conservation in the tropical Andes. Global Ecology and Biogeography, 32(5), 793–808. 
520 https://doi.org/10.1111/geb.13666
521 Cipriotti, P. A., Aguiar, M. R., Wiegand, T., & Paruelo, J. M. (2019). Combined effects of grazing management and climate on semi-
522 arid steppes: Hysteresis dynamics prevent recovery of degraded rangelands. Journal of Applied Ecology, 56(9), 2155–2165. 
523 https://doi.org/10.1111/1365-2664.13471
524 Contos, P., Wood, J. L., Murphy, N. P., & Gibb, H. (2021). Rewilding with invertebrates and microbes to restore ecosystems: Present 
525 trends and future directions. Ecology and Evolution, 11(12), 7187–7200. https://doi.org/10.1002/ece3.7597
526 Cowan, E. L., Standish, R. J., Miller, B. P., Enright, N. J., & Fontaine, J. B. (2021). A framework for measuring the effects of disturbance 
527 in restoration projects. Restoration Ecology, 29(4), 1–13. https://doi.org/10.1111/rec.13379
528 Cramer, V. A., Hobbs, R. J., & Standish, R. J. (2008). What’s new about old fields? Land abandonment and ecosystem assembly. 
529 Trends in Ecology and Evolution, 23(2), 104–112. https://doi.org/10.1016/j.tree.2007.10.005
530 Crow, T. R. (2014). Functional Restoration: From Concept to Practice. Journal of Sustainable Forestry, 33(SUP1), 37–41. 
531 https://doi.org/10.1080/10549811.2014.884005
532 Dai, L., Vorselen, D., Korolev, K. S., & Gore, J. (2012). Generic indicators for loss of resilience before a tipping point leading to 
533 population collapse. Science, 336(6085), 1175–1177. https://doi.org/10.1126/science.1219805
534 Dakos, V., Carpenter, S. R., Brock, W. A., Ellison, A. M., Guttal, V., Ives, A. R., et al. (2012). Methods for detecting early warnings of 
535 critical transitions in time series illustrated using simulated ecological data. PLoS ONE, 7(7). 
536 https://doi.org/10.1371/journal.pone.0041010
537 Dakos, V., Carpenter, S. R., van Nes, E. H., & Scheffer, M. (2015). Resilience indicators: Prospects and limitations for early warnings 
538 of regime shifts. Philosophical Transactions of the Royal Society B: Biological Sciences, 370(1659), 1–10. 
539 https://doi.org/10.1098/rstb.2013.0263
540 Dakos, V., Scheffer, M., Van Nes, E. H., Brovkin, V., Petoukhov, V., & Held, H. (2008). Slowing down as an early warning signal for 

Page 19 of 43

Confidential Review copy

Journal of Applied Ecology



JAPPL-2023-00777 Revised manuscript

20

541 abrupt climate change. Proceedings of the National Academy of Sciences of the United States of America, 105(38), 14308–
542 14312. https://doi.org/10.1073/pnas.0802430105
543 Dantas, D. L., Dantas, V. de L., Hirota, M., Oliveira, R. S., Pausas, J. G., Dantas, D. L., et al. (2016). Disturbance maintains alternative 
544 biome states. Ecology Letters, 19(1), 12–19. https://doi.org/10.1111/ele.12537
545 Davidson, T. A., Sayer, C. D., Jeppesen, E., Søndergaard, M., Lauridsen, T. L., Johansson, L. S., et al. (2023). Bimodality and 
546 alternative equilibria do not help explain long-term patterns in shallow. Nature Communications, 14(398), 1–11. 
547 https://doi.org/10.1038/s41467-023-36043-9
548 Desie, E., Van Meerbeek, K., De Wandeler, H., Bruelheide, H., Domisch, T., Jaroszewicz, B., et al. (2020). Positive feedback loop 
549 between earthworms, humus form and soil pH reinforces earthworm abundance in European forests. Functional Ecology, 
550 34(12), 2598–2610. https://doi.org/10.1111/1365-2435.13668
551 Desie, E., Vancampenhout, K., Heyens, K., Hlava, J., Verheyen, K., & Muys, B. (2019). Forest conversion to conifers induces a regime 
552 shift in soil process domain affecting carbon stability. Soil Biology and Biochemistry, 136. 
553 https://doi.org/10.1016/j.soilbio.2019.107540
554 Desie, E., Vancampenhout, K., Nyssen, B., van den Berg, L., Weijters, M., van Duinen, G. J., et al. (2020). Litter quality and the law 
555 of the most limiting: Opportunities for restoring nutrient cycles in acidified forest soils. Science of the Total Environment, 699, 
556 134383. https://doi.org/10.1016/j.scitotenv.2019.134383
557 Dornelles, A. Z., Boyd, E., Nunes, R. J., Asquith, M., Boonstra, W. J., Delabre, I., et al. (2020). Towards a bridging concept for 
558 undesirable resilience in social-ecological systems. Global Sustainability, 3(e20), 1–12. https://doi.org/10.1017/sus.2020.15
559 Douterlungne, D., Thomas, E., & Levy-Tacher, S. I. (2013). Fast-growing pioneer tree stands as a rapid and effective strategy for 
560 bracken elimination in the Neotropics. Journal of Applied Ecology, 50(5), 1257–1265. https://doi.org/10.1111/1365-
561 2664.12077
562 Dudney, J., D’Antonio, C., Hobbs, R. J., Shackelford, N., Standish, R. J., & Suding, K. N. (2022). Capacity for change: three core 
563 attributes of adaptive capacity that bolster restoration efficacy. Restoration Ecology, Falk 2017, 1–9. 
564 https://doi.org/10.1111/rec.13647
565 Dudney, J., Hobbs, R. J., Heilmayr, R., Battles, J. J., & Suding, K. N. (2018). Navigating Novelty and Risk in Resilience Management. 
566 Trends in Ecology and Evolution, 33(11), 863–873. https://doi.org/10.1016/j.tree.2018.08.012
567 Elias, M., Kandel, M., Mansourian, S., Meinzen-Dick, R., Crossland, M., Joshi, D., et al. (2022). Ten people-centered rules for socially 
568 sustainable ecosystem restoration. Restoration Ecology, 30(4), 1–8. https://doi.org/10.1111/rec.13574
569 Falardeau, M., Bennett, E. M., Else, B., Fisk, A., Mundy, C. J., Choy, E. S., et al. (2022). Biophysical indicators and Indigenous and 
570 Local Knowledge reveal climatic and ecological shifts with implications for Arctic Char fisheries. Global Environmental Change, 
571 74(April 2021), 0–2. https://doi.org/10.1016/j.gloenvcha.2022.102469
572 FAO, IUCN CEM, & SER. (2021). Principles for ecosystem restoration to guide the United Nations Decade 2021–2030.
573 FAO, SER, IUCN CEM. (2023). Standards of practice to guide ecosystem restoration. A contribution to the United Nations Decade 
574 on Ecosystem Restoration - Summary Report. https://doi.org/10.4060/cc5223en
575 Filotas, E., Parrott, L., Burton, P. J., Chazdon, R. L., Coates, K. D., Coll, L., et al. (2014). Viewing forests through the lens of complex 
576 systems science. Ecosphere, 5(1), 1–23. https://doi.org/10.1890/ES13-00182.1
577 Fletcher, M., Wood, S. W., & Haberle, S. G. (2014). A fire-driven shift from forest to non-forest: evidence for alternative stable states? 
578 Ecology, 95(9), 2504–2513.
579 Flores, B. M., Fagoaga, R., Nelson, B. W., & Holmgren, M. (2016). Repeated fires trap Amazonian blackwater floodplains in an open 
580 vegetation state. Journal of Applied Ecology, 53(5), 1597–1603. https://doi.org/10.1111/1365-2664.12687
581 Flores, B. M., & Holmgren, M. (2021a). White-Sand Savannas Expand at the Core of the Amazon After Forest Wildfires. Ecosystems, 
582 24(7), 1624–1637. https://doi.org/10.1007/s10021-021-00607-x
583 Flores, B. M., & Holmgren, M. (2021b). Why forest fails to recover after repeated wildfires in Amazonian floodplains? Experimental 
584 evidence on tree recruitment limitation. Journal of Ecology, 109(10), 3473–3486. https://doi.org/10.1111/1365-2745.13769
585 Flores, B. M., Holmgren, M., Xu, C., Nes, E. H. Van, & Jakovac, C. C. (2017). Floodplains as an Achilles’ heel of Amazonian forest 
586 resilience. PNAS, 114(17), 4442–4446. https://doi.org/10.1073/pnas.1617988114
587 Folke, C., Carpenter, S. R., Walker, B., Scheffer, M., Chapin, T., & Rockström, J. (2010). Resilience thinking: Integrating resilience, 
588 adaptability and transformability. Ecology and Society, 15(4). https://doi.org/10.5751/ES-03610-150420
589 Folke, C., Carpenter, S. R., Walker, B., Scheffer, M., Elmqvist, T., Gunderson, L., et al. (2004). Regime shifts, resilience, and 
590 biodiversity in ecosystem management. Annual Review of Ecology and Systematics, 35, 557–581. 
591 https://doi.org/10.1146/annurev.ecolsys.35.021103.105711
592 Forzieri, G., Dakos, V., Mcdowell, N. G., Ramdane, A., & Cescatti, A. (2022). Emerging signals of declining forest resilience under 
593 climate change. Nature, 608(7923), 534–539. https://doi.org/10.1038/s41586-022-04959-9
594 Fox, H. E., Harris, J. L., Darling, E. S., Ahmadia, G. N., & Razak, T. B. (2019). Rebuilding coral reefs : success ( and failure ) 16 years 
595 after low-cost , low-tech restoration. 27(4), 862–869. https://doi.org/10.1111/rec.12935
596 Gann, G. D., McDonald, T., Walder, B., Aronson, J., Nelson, C. R., Jonson, J., et al. (2019). International principles and standards for 
597 the practice of ecological restoration. Second edition. Restoration Ecology, 27(S1), S1–S46. https://doi.org/10.1111/rec.13035
598 Ghazoul, J., Burivalova, Z., Garcia-Ulloa, J., & King, L. A. (2015). Conceptualizing Forest Degradation. Trends in Ecology and 
599 Evolution, 30(10), 622–632. https://doi.org/10.1016/j.tree.2015.08.001
600 Ghazoul, J., & Chazdon, R. (2017). Degradation and Recovery in Changing Forest Landscapes: A Multiscale Conceptual Framework. 
601 Annual Review of Environment and Resources, 42(July), 161–188. https://doi.org/10.1146/annurev-environ-102016-060736
602 Graham, N. A. J., Bellwood, D. R., Cinner, J. E., Hughes, T. P., Norström, A. V., & Nyström, M. (2013). Managing resilience to reverse 
603 phase shifts in coral reefs. Frontiers in Ecology and the Environment, 11(10), 541–548. https://doi.org/10.1890/120305
604 Gratton, C., & Denno, R. F. (2005). Restoration of arthropod assemblages in a Spartina salt marsh following removal of the invasive 
605 plant phragmites australis. Restoration Ecology, 13(2), 358–372. https://doi.org/10.1111/j.1526-100X.2005.00045.x
606 Gulati, R. D., Pires, L. M. D., & Van Donk, E. (2008). Lake restoration studies: Failures, bottlenecks and prospects of new 
607 ecotechnological measures. Limnologica, 38(3–4), 233–247. https://doi.org/10.1016/j.limno.2008.05.008
608 Higgins, S. I., Conradi, T., Kruger, L. M., & Slingsby, J. A. (2023). Limited climatic space for alternative ecosystem states in Africa. 
609 1042(June), 1038–1042. https://doi.org/10.1126/science.add5190
610 Hillebrand, H., Donohue, I., Harpole, W. S., Hodapp, D., Kucera, M., Lewandowska, A. M., et al. (2020). Thresholds for ecological 
611 responses to global change do not emerge from empirical data. Nature Ecology and Evolution, 4(11), 1502–1509. 
612 https://doi.org/10.1038/s41559-020-1256-9
613 Hillebrand, H., Kuczynski, L., Kunze, C., Rillo, M. C., & Dajka, J. C. (2023). Thresholds and tipping points are tempting but not 
614 necessarily suitable concepts to address anthropogenic biodiversity change—an intervention. Marine Biodiversity, 53(3), 1–
615 8. https://doi.org/10.1007/s12526-023-01342-3
616 Hobbs, R. J., Hallett, L. M., Ehrlich, P. R., & Mooney, H. A. (2011). Intervention ecology: Applying ecological science in the twenty-
617 first century. BioScience, 61(6), 442–450. https://doi.org/10.1525/bio.2011.61.6.6
618 Hoffmann, W. A., Jaconis, S. Y., Mckinley, K. L., Geiger, E. L., Gotsch, S. G., & Franco, A. C. (2012). Fuels or microclimate? 
619 Understanding the drivers of fire feedbacks at savanna-forest boundaries. Austral Ecology, 37(6), 634–643. 
620 https://doi.org/10.1111/j.1442-9993.2011.02324.x
621 Holling, C. S. (1973). Resilience and stability of ecological systems. Annual Review of Ecology and Systematics, 4(1), 1–23.
622 Hu, Z., Dakos, V., & Rietkerk, M. (2022). Using functional indicators to detect state changes in terrestrial ecosystems. Trends in 
623 Ecology and Evolution, 37(12), 1036–1045. https://doi.org/10.1016/j.tree.2022.07.011
624 Huang, H., Zinnert, J. C., Wood, L. K., Young, D. R., & D’Odorico, P. (2018). Non-linear shift from grassland to shrubland in temperate 
625 barrier islands. Ecology, 99(7), 1671–1681. https://doi.org/10.1002/ecy.2383
626 Ingwell, L. L., Joseph Wright, S., Becklund, K. K., Hubbell, S. P., & Schnitzer, S. A. (2010). The impact of lianas on 10 years of tree 

Page 20 of 43

Confidential Review copy

Journal of Applied Ecology



JAPPL-2023-00777 Revised manuscript

21

627 growth and mortality on Barro Colorado Island, Panama. Journal of Ecology, 98(4), 879–887. https://doi.org/10.1111/j.1365-
628 2745.2010.01676.x
629 ITTO. (2020). Guidelines for forest landscape restoration in the tropics (Issue ITTO Policy Development Series No. 24.). International 
630 Tropical Timber Organization (ITTO), Yokohama, Japan.
631 Jackson, S. T. (2021). Transformational ecology and climate change. Science, 373(6559), 1085–1086.
632 Jansone, L., Wilpert, K. Von, & Hartmann, P. (2020). Natural Recovery and Liming E ff ects in Acidified Forest Soils in SW-Germany. 
633 Soil Systems, 4(38), 1–33.
634 Jilbert, T., Couture, R. M., Huser, B. J., & Salonen, K. (2020). Preface: Restoration of eutrophic lakes: current practices and future 
635 challenges. Hydrobiologia, 847(21), 4343–4357. https://doi.org/10.1007/s10750-020-04457-x
636 Johnstone, J. F., Allen, C. D., Franklin, J. F., Frelich, L. E., Harvey, B. J., Higuera, P. E., et al. (2016). Changing disturbance regimes, 
637 ecological memory, and forest resilience. Frontiers in Ecology and the Environment, 14(7), 369–378. 
638 https://doi.org/10.1002/fee.1311
639 Kato, S., & Ahern, J. (2008). “Learning by doing”: Adaptive planning as a strategy to address uncertainty in planning. Journal of 
640 Environmental Planning and Management, 51(4), 543–559. https://doi.org/10.1080/09640560802117028
641 Kéfi, S., Dakos, V., Scheffer, M., Van Nes, E. H., & Rietkerk, M. (2013). Early warning signals also precede non-catastrophic 
642 transitions. Oikos, 122(5), 641–648. https://doi.org/10.1111/j.1600-0706.2012.20838.x
643 Kéfi, S., Rietkerk, M., Alados, C. L., Pueyo, Y., Papanastasis, V. P., ElAich, A., et al. (2007). Spatial vegetation patterns and imminent 
644 desertification in Mediterranean arid ecosystems. Nature, 449(7159), 213–217. https://doi.org/10.1038/nature06111
645 Kodikara, K. A. S., Mukherjee, N., Jayatissa, L. P., Dahdouh-Guebas, F., & Koedam, N. (2017). Have mangrove restoration projects 
646 worked? An in-depth study in Sri Lanka. Restoration Ecology, 25(5), 705–716. https://doi.org/10.1111/rec.12492
647 Krievins, K., Plummer, R., & Baird, J. (2018). Building resilience in ecological restoration processes: A social-ecological perspective. 
648 Ecological Restoration, 36(3), 195–207. https://doi.org/10.3368/er.36.3.195
649 Lade, S. J., Tavoni, A., Levin, S. A., & Schlüter, M. (2013). Regime shifts in a social-ecological system. Theoretical Ecology, 6(3), 
650 359–372. https://doi.org/10.1007/s12080-013-0187-3
651 Ladouceur, E., & Shackelford, N. (2021). The power of data synthesis to shape the future of the restoration community and capacity. 
652 Restoration Ecology, 29(1), 4–9. https://doi.org/10.1111/rec.13251
653 Lai, H. R., Hall, J. S., Turner, B. L., & van Breugel, M. (2017). Liana effects on biomass dynamics strengthen during secondary forest 
654 succession. Ecology, 98(4), 1062–1070. https://doi.org/10.1002/ecy.1734
655 Lawrence, D., Radel, C., Tully, K., Schmook, B., & Schneider, L. (2010). Untangling a decline in tropical forest resilience: Constraints 
656 on the sustainability of shifting cultivation across the globe. Biotropica, 42(1), 21–30. https://doi.org/10.1111/j.1744-
657 7429.2009.00599.x
658 Lenharo, M. (2023). The true cost of science’s language barrier for non-native English speakers. In Nature News. 
659 https://doi.org/10.1038/d41586-023-02320-2
660 Lenton, T. M. (2011). Early warning of climate tipping points. In Nature Climate Change (Vol. 1, Issue 4, pp. 201–209). Nature 
661 Publishing Group. https://doi.org/10.1038/nclimate1143
662 Liu, Y., Kumar, M., Katul, G. G., & Porporato, A. (2019). Reduced resilience as an early warning signal of forest mortality. Nature 
663 Climate Change, 9(11), 880–885. https://doi.org/10.1038/s41558-019-0583-9
664 Lugo-Carvajal, A., Holmgren, M., Zuanon, J., & van der Sleen, P. (2023). Fish on Fire: Shifts in Amazonian fish communities after 
665 floodplain forest fires. Journal of Applied Ecology, 60(8), 1637–1646. https://doi.org/10.1111/1365-2664.14434
666 Lynch, A. J., Thompson, L. M., Morton, J. M., Beever, E. A., Clifford, M., Limpinsel, D., et al. (2022). RAD Adaptive Management for 
667 Transforming Ecosystems. BioScience, 72(1), 45–56. https://doi.org/10.1093/biosci/biab091
668 Magaju, C., Winowiecki, L. A., Crossland, M., Frija, A., Ouerghemmi, H., Hagazi, N., et al. (2020). Assessing context-specific factors 
669 to increase tree survival for scaling ecosystem restoration efforts in east africa. Land, 9(12), 1–20. 
670 https://doi.org/10.3390/land9120494
671 Magnuszewski, P., Ostasiewicz, K., Chazdon, R., Salk, C., Pajak, M., Sendzimir, J., et al. (2015). Resilience and alternative stable 
672 states of tropical forest landscapes under shifting cultivation regimes. PLoS ONE, 10(9), 1–20. 
673 https://doi.org/10.1371/journal.pone.0137497
674 Maniraho, L., Frietsch, M., Sieber, S., & Löhr, K. (2023). A framework for drivers fostering social-ecological restoration within forest 
675 landscape based on people’s participation. A systematic literature review. Discover Sustainability, 4(1). 
676 https://doi.org/10.1007/s43621-023-00141-x
677 Marshall, A. R., Platts, P. J., Chazdon, R. L., Seki, H., Campbell, M. J., Phillips, O. L., et al. (2020). Conceptualising the Global Forest 
678 Response to Liana Proliferation. Frontiers in Forests and Global Change, 3. https://doi.org/10.3389/ffgc.2020.00035
679 Maxwell, P. S., Eklöf, J. S., van Katwijk, M. M., O’Brien, K. R., de la Torre-Castro, M., Boström, C., et al. (2017). The fundamental role 
680 of ecological feedback mechanisms for the adaptive management of seagrass ecosystems – a review. Biological Reviews, 
681 92(3), 1521–1538. https://doi.org/10.1111/brv.12294
682 Mayer, A. L., & Rietkerk, M. (2004). The dynamic regime concept for ecosystem management and restoration. BioScience, 54(11), 
683 1013–1020. https://doi.org/10.1641/0006-3568(2004)054[1013:TDRCFE]2.0.CO;2
684 McDonald, T. (2000). Resilience, recovery and the practice of restoration. Ecological Restoration, 18(1), 10–20. 
685 https://doi.org/10.3368/er.18.1.10
686 Metcalf, E. C., Mohr, J. J., Yung, L., Metcalf, P., & Craig, D. (2015). The role of trust in restoration success: Public engagement and 
687 temporal and spatial scale in a complex social-ecological system. Restoration Ecology, 23(3), 315–324. 
688 https://doi.org/10.1111/rec.12188
689 Munson, S. M., Reed, S. C., Peñuelas, J., McDowell, N. G., & Sala, O. E. (2018). Ecosystem thresholds, tipping points, and critical 
690 transitions. New Phytologist, 218(4), 1315–1317. https://doi.org/10.1111/nph.15145
691 Muys, B. (2013). Sustainable Development within Planetary Boundaries: A Functional Revision of the Definition Based on the 
692 Thermodynamics of Complex Social-Ecological Systems. Challenges in Sustainability, 1(1), 41–52. 
693 https://doi.org/10.12924/cis2013.01010041
694 Nayak, P. K., & Armitage, D. (2018). Social-ecological regime shifts (SERS) in coastal systems. Ocean and Coastal Management, 
695 161(April), 84–95. https://doi.org/10.1016/j.ocecoaman.2018.04.020
696 Nicholson, E., Watermeyer, K. E., Rowland, J. A., Sato, C. F., Stevenson, S. L., Andrade, A., et al. (2020). Scientific foundations for 
697 an ecosystem goal, milestones and indicators for the post-2020 global biodiversity framework. Nature Ecology & Evolution, 
698 5(10), 1338–1349. https://doi.org/10.1038/s41559-021-01538-5
699 Nikinmaa, L. (2020). Reviewing the Use of Resilience Concepts in Forest Sciences. Current Forestry Reports, 6(61–80).
700 Nimmo, D. G., Mac Nally, R., Cunningham, S. C., Haslem, A., & Bennett, A. F. (2015). Vive la résistance: Reviving resistance for 21st 
701 century conservation. Trends in Ecology and Evolution, 30(9), 516–523. https://doi.org/10.1016/j.tree.2015.07.008
702 Oliver, T. H., Boyd, E., Balcombe, K., Benton, T. G., Bullock, J. M., Donovan, D., et al. (2018). Overcoming undesirable resilience in 
703 the global food system. Global Sustainability, 1, 1–9. https://doi.org/10.1017/sus.2018.9
704 Oliveras, I., & Malhi, Y. (2016). Many shades of green: The dynamic tropical forest–savannah transition zones. Philosophical 
705 Transactions of the Royal Society B: Biological Sciences, 371(1703), 1–15. https://doi.org/10.1098/rstb.2015.0308
706 Ortiz, D., Palmer, J., & Wilkinson, G. (2020). Detecting changes in statistical indicators of resilience prior to algal blooms in shallow 
707 eutrophic lakes. Ecosphere, 11(10). https://doi.org/10.1002/ecs2.3200
708 Ota, L., Firn, J., Chazdon, R. L., Gregorio, N., Mukul, S. A., Viani, R. A. G., et al. (2021). Using leading and lagging indicators for 
709 forest restoration. Journal of Applied Ecology, 58(9), 1806–1812. https://doi.org/10.1111/1365-2664.13938
710 Pascual, U., Balvanera, P., Díaz, S., Pataki, G., Roth, E., Stenseke, M., et al. (2017). Valuing nature’s contributions to people: the 
711 IPBES approach. Current Opinion in Environmental Sustainability, 26–27, 7–16. https://doi.org/10.1016/j.cosust.2016.12.006
712 Pausas, J. G., & Keeley, J. E. (2014a). Abrupt Climate-Independent Fire Regime Changes. Ecosystems, 17(6), 1109–1120. 

Page 21 of 43

Confidential Review copy

Journal of Applied Ecology



JAPPL-2023-00777 Revised manuscript

22

713 https://doi.org/10.1007/s10021-014-9773-5
714 Pausas, J. G., & Keeley, J. E. (2014b). Evolutionary ecology of resprouting and seeding in fire-prone ecosystems. New Phytologist, 
715 204(1), 55–65. https://doi.org/10.1111/nph.12921
716 Petursdottir, T., Arnalds, O., Baker, S., Montanarella, L., & Aradóttir, Á. L. (2013). A social-ecological system approach to analyze 
717 stakeholders’ interactions within a large-scale rangeland restoration program. Ecology and Society, 18(2). 
718 https://doi.org/10.5751/ES-05399-180229
719 Phillips, O., Vasquez Martinez, R., Arroyo, L., Baker, T. R., Killeen, T., Lewis, S. L., et al. (2002). Increasing dominance of large lianas 
720 in Amazonian forests. Nature, 418(6899), 770–774.
721 Poorter, L., Bongers, F., Aide, T. M., Almeyda Zambrano, A. M., Balvanera, P., Becknell, J. M., et al. (2016). Biomass resilience of 
722 Neotropical secondary forests. Nature, 530(7589), 211–214. https://doi.org/10.1038/nature16512
723 Qiu, Y., Xu, Z., Xu, C., & Holmgren, M. (2022). Can remotely sensed vegetation patterns signal dryland restoration success? 
724 Restoration Ecology, 1–12. https://doi.org/10.1111/rec.13760
725 Ratajczak, Z., Carpenter, S. R., Ives, A. R., Kucharik, C. J., Ramiadantsoa, T., Stegner, M. A., et al. (2018). Abrupt Change in 
726 Ecological Systems : Inference and Diagnosis. Trends in Ecology & Evolution, 1–14. https://doi.org/10.1016/j.tree.2018.04.013
727 Rietkerk, M., Dekker, S. C., Ruiter, P. C. De, & Koppel, J. Van De. (2004). Self-Organized Patchiness and Catastrophic Shifts in 
728 Ecosystems. Science, 305(September), 1926–1929.
729 Riva, F., Roza, C. G., Hudgins, E. J., & Newman, E. A. (2022). Towards a cohesive understanding of ecological complexity. 
730 EcoEvoRxiv Preprints, 2021(April), 1–17. https://doi.org/10.1126/sciadv.abq4207
731 Rocha, J. C., Peterson, G. D., & Biggs, R. (2015). Regime shifts in the anthropocene: Drivers, risks, and resilience. PLoS ONE, 10(8), 
732 10–12. https://doi.org/10.1371/journal.pone.0134639
733 Rolim, S. G., Sambuichi, R. H. R., Schroth, G., Nascimento, M. T., & Gomes, J. M. L. (2017). Recovery of Forest and Phylogenetic 
734 Structure in Abandoned Cocoa Agroforestry in the Atlantic Forest of Brazil. Environmental Management, 59(3), 410–418. 
735 https://doi.org/10.1007/s00267-016-0800-5
736 Rozendaal, D. M. A., Bongers, F., Aide, T. M., Alvarez-Dávila, E., Ascarrunz, N., Balvanera, P., et al. (2019). Biodiversity recovery of 
737 Neotropical secondary forests. Science Advances, 5(3), 1–10. https://doi.org/10.1126/sciadv.aau3114
738 Sacco, A. Di, Breman, E., Elliott, S., Smith, R. J., Hardwick, K. A., Blakesley, D., et al. (2021). Ten golden rules for reforestation to 
739 optimize carbon sequestration , biodiversity recovery and livelihood benefits. Global Change Biology, 27(August 2020), 1328–
740 1348. https://doi.org/10.1111/gcb.15498
741 Sansevero, J. B. B., Prieto, P. V., Sánchez-Tapia, A., Braga, J. M. A., & Rodrigues, P. J. F. P. (2017). Past land-use and ecological 
742 resilience in a lowland Brazilian Atlantic Forest: implications for passive restoration. New Forests, 48(5), 573–586. 
743 https://doi.org/10.1007/s11056-017-9586-4
744 Scheffer, M. (2001). Alternative attractors of shallow lakes. TheScientificWorldJournal, 1, 254–263. 
745 https://doi.org/10.1100/tsw.2001.62
746 Scheffer, M., Bascompte, J., Brock, W. A., Brovkin, V., Carpenter, S. R., Dakos, V., et al. (2009). Early-warning signals for critical 
747 transitions. Nature, 461(7260), 53–59. https://doi.org/10.1038/nature08227
748 Scheffer, M., Carpenter, S., Foley, J. A., Folke, C., & Walker, B. (2001). Catastrophic shifts in ecosystems. Nature, 413(October), 
749 592–596.
750 Scheffer, M., Carpenter, S. R., Lenton, T. M., Bascompte, J., Brock, W., Dakos, V., et al. (2012). Anticipating critical transitions. 
751 Science, 338(6105), 344–348. https://doi.org/10.1126/science.1225244
752 Searle, K. R., Gordon, I. J., & Stokes, C. J. (2009). Hysteretic responses to grazing in a semiarid rangeland. Rangeland Ecology and 
753 Management, 62(2), 136–144. https://doi.org/10.2111/08-200.1
754 Seidl, R., & Turner, M. G. (2022). Post-disturbance reorganization of forest ecosystems in a changing world. Proceedings of the 
755 National Academy of Sciences of the United States of America, 119(28), 1–10. https://doi.org/10.1073/pnas.2202190119
756 Selkoe, K. A., Blenckner, T., Caldwell, M. R., Crowder, L. B., Erickson, A. L., Essington, T. E., et al. (2015). Principles for managing 
757 marine ecosystems prone to tipping points. Ecosystem Health and Sustainability, 1(5), 1–18. https://doi.org/10.1890/EHS14-
758 0024.1
759 Silvério, D. V., Brando, P. M., Balch, J. K., Putz, F. E., Nepstad, D. C., Oliveira-Santos, C., et al. (2013). Testing the Amazon 
760 savannization hypothesis: Fire effects on invasion of a neotropical forest by native cerrado and exotic pasture grasses. 
761 Philosophical Transactions of the Royal Society B: Biological Sciences, 368(1619), 12–14. 
762 https://doi.org/10.1098/rstb.2012.0427
763 Søndergaard, M., Jeppesen, E., Lauridsen, T. L., Skov, C., Van Nes, E. H., Roijackers, R., et al. (2007). Lake restoration: Successes, 
764 failures and long-term effects. Journal of Applied Ecology, 44(6), 1095–1105. https://doi.org/10.1111/j.1365-
765 2664.2007.01363.x
766 Staal, A., Fetzer, I., Wang-Erlandsson, L., Bosmans, J. H. C., Dekker, S. C., van Nes, E. H., et al. (2020). Hysteresis of tropical forests 
767 in the 21st century. Nature Communications, 11(1), 1–8. https://doi.org/10.1038/s41467-020-18728-7
768 Standish, R. J., Hobbs, R. J., Mayfield, M. M., Bestelmeyer, B. T., Suding, K. N., Battaglia, L. L., et al. (2014). Resilience in ecology: 
769 Abstraction, distraction, or where the action is? Biological Conservation, 177, 43–51. 
770 https://doi.org/10.1016/j.biocon.2014.06.008
771 Staver, A. C., Archibald, S., & Levin, S. A. (2011). The global extent and determinants of savanna and forest as alternative biome 
772 states. Science, 334(6053), 230–232. https://doi.org/10.1126/science.1210465
773 Stevens, N., Lehmann, C. E. R., Murphy, B. P., & Durigan, G. (2017). Savanna woody encroachment is widespread across three 
774 continents. Global Change Biology, 23(1), 235–244. https://doi.org/10.1111/gcb.13409
775 Stockholm Resilience Centre. (2022). Regime Shifts DataBase. Large persistent changes in ecosystem services. 
776 https://www.regimeshifts.org/
777 Stone, L., & Ezrati, S. (1996). Chaos, Cycles and Spatiotemporal Dynamics in Plant Ecology. The Journal of Ecology, 84(2), 279. 
778 https://doi.org/10.2307/2261363
779 Strassburg, B. B. N., Iribarrem, A., Beyer, H. L., Cordeiro, C. L., Crouzeilles, R., Jakovac, C. C., et al. (2020). Global priority areas for 
780 ecosystem restoration. Nature, 586(7831), 724–729. https://doi.org/10.1038/s41586-020-2784-9
781 Styger, E., Fernandes, E. C. M., Rakotondramasy, H. M., & Rajaobelinirina, E. (2009). Degrading uplands in the rainforest region of 
782 Madagascar: Fallow biomass, nutrient stocks, and soil nutrient availability. Agroforestry Systems, 77(2), 107–122. 
783 https://doi.org/10.1007/s10457-009-9225-y
784 Styger, E., Rakotondramasy, H. M., Pfeffer, M. J., Fernandes, E. C. M., & Bates, D. M. (2007). Influence of slash-and-burn farming 
785 practices on fallow succession and land degradation in the rainforest region of Madagascar. Agriculture, Ecosystems and 
786 Environment, 119(3–4), 257–269. https://doi.org/10.1016/j.agee.2006.07.012
787 Suding, K. N., & Gross, K. L. (2006). The Dynamic Nature of Ecological Systems: Multiple States and Restoration Trajectories. In 
788 Foundations of restoration ecology (Vol. 15, Issue 1, pp. 137–138). Island Press. https://doi.org/10.2980/1195-
789 6860(2008)15[137b:fore]2.0.co;2
790 Suding, K. N., Gross, K. L., & Houseman, G. R. (2004). Alternative states and positive feedbacks in restoration ecology. Trends in 
791 Ecology and Evolution, 19(1), 46–53. https://doi.org/10.1016/j.tree.2003.10.005
792 Suding, K. N., & Hobbs, R. J. (2009). Threshold models in restoration and conservation: a developing framework. Trends in Ecology 
793 & Evolution, 1(March), 271–279. https://doi.org/10.1016/j.tree.2008.11.012
794 Thorp, H. H. (2023). ChatGPT is fun, but not an author. Science, 379(6630), 313. https://doi.org/10.1126/science.adg7879
795 UNESCO. (2022). UNESCO Recommendation on Open Science OPEN SCIENCE.
796 Van De Leemput, I. A., Wichers, M., Cramer, A. O. J., Borsboom, D., Tuerlinckx, F., Kuppens, P., et al. (2014). Critical slowing down 
797 as early warning for the onset and termination of depression. Proceedings of the National Academy of Sciences of the United 
798 States of America, 111(1), 87–92. https://doi.org/10.1073/pnas.1312114110

Page 22 of 43

Confidential Review copy

Journal of Applied Ecology



JAPPL-2023-00777 Revised manuscript

23

799 van Dis, E. A. M., Bollen, J., Zuidema, W., van Rooij, R., & Bockting, C. L. (2023). ChatGPT: five priorities for research. Nature, 
800 614(7947), 224–226. https://doi.org/10.1038/d41586-023-00288-7
801 Van Meerbeek, K., Jucker, T., & Svenning, C. (2021). Unifying the concepts of stability and resilience in ecology. Journal of Ecology, 
802 00(March), 1–19. https://doi.org/10.1111/1365-2745.13651
803 Van Nes, E. H., Arani, B. M. S., Staal, A., van der Bolt, B., Flores, B. M., Bathiany, S., et al. (2016). What Do You Mean, ‘Tipping 
804 Point’? Trends in Ecology and Evolution, 31(12), 902–904. https://doi.org/10.1016/j.tree.2016.09.011
805 Van Nes, E. H., Hirota, M., Holmgren, M., & Scheffer, M. (2014). Tipping points in tropical tree cover: linking theory to data. Global 
806 Change Biology, 20, 1016–1021. https://doi.org/10.1111/gcb.12398
807 Verbesselt, J., Umlauf, N., Hirota, M., Holmgren, M., Van Nes, E. H., Herold, M., et al. (2016). Remotely sensed resilience of tropical 
808 forests. Nature Climate Change, 6(11), 1028–1031. https://doi.org/10.1038/nclimate3108
809 Verheyen, K. (2021). Land-use legacies predispose the response of trees to drought in restored forests. Global Change Biology, 
810 20(September 2021), 1204–1211. https://doi.org/10.1111/gcb.15983
811 Walters, C. J., & Holling, C. S. (1990). Large-Scale Management Experiments and Learning by Doing Author ( s ): Carl J . Walters 
812 and C . S . Holling Published by : Wiley on behalf of the Ecological Society of America Stable URL : 
813 http://www.jstor.org/stable/1938620 REFERENCES Linked references a. Ecology, 71(6), 2060–2068.
814 Walters, G., Baruah, M., Karambiri, M., Osei-Wusu Adjei, P., Samb, C., & Barrow, E. (2021). The power of choice: How institutional 
815 selection influences restoration success in Africa. Land Use Policy, 104(October 2018), 104090. 
816 https://doi.org/10.1016/j.landusepol.2019.104090
817 Wheeler, H. C., & Root-Bernstein, M. (2020). Informing decision-making with Indigenous and local knowledge and science. Journal 
818 of Applied Ecology, 57(9), 1634–1643. https://doi.org/10.1111/1365-2664.13734
819 Xiao, Y., Xiao, Q., Xiong, Q., & Yang, Z. (2020). Effects of Ecological Restoration Measures on Soil Erosion Risk in the Three Gorges 
820 Reservoir Area Since the 1980s. GeoHealth, 4(12). https://doi.org/10.1029/2020GH000274
821

Page 23 of 43

Confidential Review copy

Journal of Applied Ecology



JAPPL-2023-00777 Revised manuscript

24

822 Figures

823

Page 24 of 43

Confidential Review copy

Journal of Applied Ecology



JAPPL-2023-00777 Revised manuscript

25

a

b 

Page 25 of 43

Confidential Review copy

Journal of Applied Ecology



JAPPL-2023-00777 Revised manuscript

26

c

Page 26 of 43

Confidential Review copy

Journal of Applied Ecology



JAPPL-2023-00777 Revised manuscript

27

824

Figure 1 shows a conceptual graph of Complex System dynamics in ecosystems: i.e., the presence of regime 

shifts in response to environmental pressures, with (a), an example of a regime shift in tropical forest ecosystems 

and (b), the trajectory to successful restoration (c).

a) From left to right: i) linear response to environmental pressures, ii-iv) nonlinear response to environmental pressures with 

presence of regime shift, where transition to alternative regime is ii) smooth so no presence of critical thresholds, vs. iii-iv) presence 

of critical thresholds causing an abrupt regime shift to an alternative regime, and iv) exhibiting hysteresis, which implies that the 

alternative regime is highly resilient (Hu et al., 2022; Selkoe et al., 2015; Suding & Hobbs, 2009). After an abrupt regime shift iii-

iv), the ecosystem collapses ‘C’ from regime 1 to 2. Ecosystem Recovery ‘R’ occurs when the system is restored through the 

reversed abrupt pathway to regime 1. In the case of hysteresis ‘H’, the ecosystem collapse pathway differs from the recovery 

pathway due to high resilience of regime 2.  

b) Photographic evidence of a regime shift in Amazonian floodplain forests (from Flores & Holmgren, 2021a, 2021b). When these 

forests are repeatedly burnt, tree growth rates slow down due to soil nutrient and seed dispersal limitations. After a first wildfire 

(2), these forests lose most of their seed banks. With time, seed banks are able to recover, i.e., forest recovery (1). After a second 

wildfire (3), burned forests persist in the open regime with a tree species composition, % sand and % herbaceous cover similar to 

white-sand savannas. These forests experience a regime shift to a white-sand savanna as reported by Flores & Holmgren, 2021b, 

due to the amplifying feedback of repeated fires on change in tree cover and seed availability (bottom right). 

c) Forests burnt once in the floodplain landscape (2) need to be protected from wildfires to prevent recurring fires, which hinder 

natural forest recovery (1), while re-burnt forests (3) require additional assisted interventions (beyond natural regeneration and 

fire protection) to fully recover forest structure, diversity, and functioning, such as seeding, soil fertility increases, and soil erosion 

prevention. Particularly active seeding of well adapted tree species in repeatedly burnt sites should increase tree cover, triggering 

recovery of the tree cover-seed availability feedback that restores the forest (bottom right).
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825
826 Figure 2 Incorporating CSS concepts in a restoration project cycle’s Assessing and Planning phase. 

827 Key questions (green boxes) to incorporate in the CSS assessment phase in the restoration project cycle (left: 

828 Assessing), and guidance on how to prepare planned interventions for CSS assessment (right: Planning). The 

829 scheme assumes that degradation leads to a loss of helpful resilience potentially leading to an abrupt regime shift 

830 and that the aim of restoration is to avoid or reverse such shifts. Left: Assessing: Green boxes represent four 

831 questions to be answered by restoration teams during CSS assessment. Depending on the replies, three ecosystem 

832 regime scenarios arise: i) no regime shift occurred (i.e. low unhelpful resilience in orange), and none expected (i.e. 

833 high helpful resilience in grey) (top scenario), ii) pending regime shift (i.e. low helpful resilience), but no evidence of 

834 hysteresis (i.e. low unhelpful resilience) (middle scenario), and iii) regime shift has occurred or is pending (i.e. low 

835 helpful resilience) and evidence of hysteresis (i.e. high unhelpful resilience) (bottom scenario). Lagging resilience 

836 indicators (blue) can be assessed to determine whether a regime shift has occurred, while leading indicators (blue) 

837 may signal a pending regime shift. Right: Planning: Yellow boxes represent suitable restoration interventions ranging 

838 from simple to more complex (top to bottom), with increasing evidence of regime shifts and hysteresis, i.e., increasing 

839 levels of unhelpful resilience (yellow arrow). The range of interventions are categorized according to the intervention 

840 continuum framework proposed by Chazdon et al., (2021)  (unassisted, lightly, moderately, and intensively assisted 

841 recovery). The interventions should act to strengthen or disrupt ecological feedbacks that increase helpful, and 

842 decrease unhelpful resilience.

843
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Figure 3 The different phases of a Restoration Project Cycle identified by scanning 9 ecosystem restoration 

guidelines from international organizations published in the last decade 2012-2022 (Appendix 3). The details of 

each phase are explained above. Our framework suggests that 3 key elements of Complex Systems Science (top 

left) should be incorporated into the project cycle to improve restoration outcomes.  

844
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Box 1 Glossary (See Appendix 2 for Extended Glossary)

Regime shift
(Carpenter et al., 2011; Dudney et al., 2018; Kéfi et al., 2013; Scheffer et al., 2012; Van Meerbeek et al., 2021; Van Nes et al., 2016) 

Regime shift:
An ecosystem regime is an identifiable configuration with characteristic structure, functions, and feedbacks. A 
regime shift is the change of an ecosystem from one regime or reference condition to an alternative regime as a 
result of nonlinear (abrupt or smooth) responses of ecosystem state variables (e.g. biomass) to environmental 
pressures (Fig. 1a). 
Critical threshold (CT; or Critical transition or Tipping point): The point at which small disturbances can 
trigger large, abrupt changes in ecosystem state variable(s).
Early-warning signals (EWS): Generic indicators (e.g. critical slowing down) that mark loss of ecological resilience 
in a system, indicating that a regime shift is likely to occur.
Hysteresis (or History-dependence): A phenomenon whereby the ecosystem degradation trajectory differs from 
the recovery trajectory: crossing the critical degradation threshold (CT2 in Fig. 1a) results in a shift in the 
ecosystem regime from 1 (green) to 2 (red). To restore an ecosystem to regime 1, the environmental degradation 
pressure(s) (e.g. eutrophication) must be reduced to a lower threshold than the one which triggered the 
transformation of the ecosystem to an alternative regime (i.e. to CT1 instead of CT2).

Ecological resilience
(Dornelles et al., 2020; Dudney et al., 2018; Holling, 1973; Nicholson et al., 2020; Standish et al., 2014)

Ecological resilience: A measure of the ability of ecosystems to absorb change and disturbances and still 
remain within critical thresholds of the same regime, i.e. maintain the regime. 
Helpful resilience: Resilience that helps to achieve the defined restoration aim. Higher helpful resilience of an 
ecosystem in regime 1 implies that a shift to regime 2 is less likely to occur under the same degradation scenario. 
This is considered helpful or desirable if the aim is to avoid regime shifts (Fig. 1a).
Unhelpful resilience: Resilience that hinders the achievement of the defined restoration aim (Standish et al. 
2014; Dudney et al. 2018). Higher unhelpful resilience of an ecosystem in regime 2 after a regime shift occurs 
implies that a shift back to 1 is less likely to occur, which is considered unhelpful or undesirable if the aim is to 
restore regime 1 (Fig. 1a).

Ecological feedbacks
(Van Nes et al., 2016)

Ecological feedbacks: Dynamic ecological interactions between (a)biotic factors (e.g., vegetation composition) 
and disturbance regimes (e.g., fire regime, grazing level) in an ecosystem that loop back to control system 
dynamics. Feedbacks can either dampen (negative or stabilizing feedbacks) or reinforce (positive or amplifying 
feedbacks) system change, thereby maintaining one regime or causing it to shift to an alternative one.

847
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Box 2 Examples of hysteresis (history-dependence) in ecosystem dynamics (A), 
and activities to promote successful restoration (B)

Reference Regime shift Disturbance A) Hysteresis: High unhelpful resilience of the degraded 
regime

B) Successful restoration (if aim is to reverse the shift): 
Decrease unhelpful resilience and increase helpful resilience 
through halting degradation and additional interventions

(Christensen et al., 2023; 
Cipriotti et al., 2019; Kéfi 
et al., 2007; Rietkerk et al., 
2004; Searle et al., 2009)

Grassland or Savanna

→ 
Rangeland or Desert

Overgrazing
Drought

Heavy grazing in terrestrial grass-dominated ecosystems leads 
to a decreased grass-to-shrub cover ratio, replacement of 
palatable by non-palatable grasses, and altered soil resources 
and nutrients, restricting recovery of palatable grasses and the 
grassy system (‘Rangeland’). Increased aridity can then lead to 
desertification (‘Desert’), restricting even more the grassy 
vegetation recovery.

Halt degradation: reduce or eliminate grazing 
Additional interventions: reseeding with desirable, well-
adapted species, woody species control, soil erosion 
prevention and protection, soil water management

(Flores et al., 2017; Flores 
& Holmgren, 2021b, 
2021a)

Tropical floodplain forest 

→ 
White-sand savanna

Fire increase

Repeated wildfires in tropical floodplain forests decrease tree 
cover which leads to reduced seed dispersal and consequently 
seed availability, keeping tree cover low and hampering forest 
recovery.

Halt degradation: fire protection
Additional interventions: increase soil fertility, soil erosion 
prevention and protection, assisted natural regeneration, 
seeding 

(Graham et al., 2013)
Coral reef 

→ 
Algal-dominated reef

Fishing
Eutrophication
Warming

A combination of fishing, eutrophication, and warming pressures 
results in algal dominance and low abundance of herbivore fish 
groups that feed on algae, preventing successful coral 
recruitment while outcompeting successfully recruited corals.

Halt degradation: reduce fishing pressures and chronic 
nutrient input, global warming mitigation
Additional interventions: introduce herbivore fish groups that 
feed on algae, thus reducing algal dominance, introduce fish 
species such as parrot and surgeon fishes that promote coral 
recruitment

(Contos et al., 2021; Desie 
et al., 2019; Desie, Van 
Meerbeek, et al., 2020; 
Desie, Vancampenhout, et 
al., 2020; Jansone et al., 
2020)

Temperate forest Base 
buffer domain 

→ 
Acidic buffer domain

Acidification

Acidification in temperate forests, e.g., through conversion of 
deciduous to acidifying tree species, leads to greater litter mass 
and accumulation of toxic exchangeable aluminum, as well as 
lower microbial functional diversity, earthworm biomass, and 
base saturation. Slow recolonization speed of earthworms and 
strong retention of aluminum impedes recovery to the base 
buffering domain.

Halt degradation: stop conversion from deciduous to acidifying 
species
Additional interventions: plant tree species with nutrient-rich 
litter, liming, reintroduction of soil microbes or soil fauna

(Anderson et al., 2000; 
Ratajczak et al., 2018)

Grassland

→
Woodland

Fire decrease

During periods of fire suppression in prairie communities, 
increased tree cover (i.e., woody encroachment) results in 
canopy closure which leads to fewer fires, preventing grassland 
community recovery.

Halt degradation: stop fire suppression
Additional interventions: reintroduce high intensity fire regime, 
introduce grazers to limit tree regeneration 
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(Ingwell et al., 2010; Lai et 
al., 2017; Marshall et al., 
2020; Phillips et al., 2002)

Tree-dominated 
rainforest 

→
Liana-dominated 
rainforest

Light increase 
(tree cutting)

Lianas grow rapidly in response to increased light levels caused 
by heavy disturbance in many tropical and subtropical forests, 
e.g. from logging or cyclones. Since lianas compete heavily with 
trees in tropical rainforests, tropical forests with abundant lianas 
can show slower rates of tree growth and thus slow or arrested 
forest recovery following disturbance compared to those with 
few lianas. 

Halt degradation: stop deforestation
Additional interventions: liana cutting
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Box 3 Restoration project cycle 
Our framework Explore Before You Restore suggests that key CSS concepts of regime shifts, 
ecological resilience, and ecological feedbacks need to be incorporated in the project cycle to 
improve restoration outcomes. Suggested CSS aspects to be incorporated in the project cycle are 
in bold. Importantly, our framework assumes that restoration planning (i) carefully considers the 
social-economic dimensions (in addition to ecological ones), and (ii) is approached from a social-
ecological perspective (Crow, 2014; Elias et al., 2022; Maniraho et al., 2023).

Assessing

• Drivers of degradation + Pre-degradation regime 
• Expected impact of climate change 
• Local and regional socio-economic context
• Reciprocal engagement of local stakeholders
• Complex Systems Science (CSS) Assessment

A Has regime shift occurred? Lagging indicators
B Regime shift likely to occur? Leading indicators
C Evidence of hysteresis?
D Underpinning ecological feedbacks of 

resilience?

Planning

Visioning

• Determine short-term, measurable objectives and 
longer-term goals

Designing

• Determine interventions to achieve objectives
      (Unassisted to Intensively assisted interventions)
• Establish Key Performance Indicators (KPIs) to track 

performance 
• Tailor interventions to CSS assessment 

A Determine complexity of interventions needed
B Strengthen and/or Disrupt feedbacks 
C ↑Helpful and/or ↓ Unhelpful RESILIENCE

Implementing • Perform interventions

Monitoring & 
Evaluating

• Track restoration performance through measured 
KPIs

• Are the objectives being met?
• Which constraints still remain?

Maintaining • Continue tracking restoration performance (M&E)
• Continue restoration management 

Adaptive management

• Re-evaluate objectives
• Reiterate cycle to

A Maintaining or Ongoing 
management if objectives 
met
B Assessing if objectives 
not met 
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Box 4 Outstanding restoration science, practice, & policy tasks

Theme Task

Restoration 

Science-Practice

Extend the framework Explore Before You Restore

–Operationalize resilience indicators (lagging, leading) into tools for 

ecosystem restoration

–Develop practical methods to assess hysteresis 

–Extend ecosystem-, biome-, and region- specific case study evidence 

on regime shifts and hysteresis in global databases and scientific 

literature

–Support global restoration performance monitoring networks 

–Evaluate relationships between loss of resilience, abrupt regime shifts, 

and restoration performance for different approaches (e.g. NR, ANR, Tree 

planting), bringing together different knowledge sources, i.e. western 

science. with Indigenous and Local Knowledge (ILK)

Restoration Policy

Operationalize CSS assessment into the Restoration Guidelines

–Introduce the idea that (unhelpful) resilience can also hinder restoration

–Translate CSS assessment in the restoration project cycle into practical 

and accessible language for the diversity of restoration teams 

–Target interventions that strengthen helpful resilience and weaken 

unhelpful resilience

–Support global restoration performance monitoring networks

852
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Appendix 1 Extended Glossary.

Table 1 Eight properties of complex systems (after Filotas et al., 2014).

Heterogeneity: 
Existence of interacting components whose global dynamics cannot be calculated by summing the dynamics of individual 
components.

Hierarchy: 
Elements at different levels interact to form an architecture that characterizes the system.

Self-organization: 
Local interactions among a system’s components cause coherent patterns, entities, or behaviors to emerge at higher scales of 
the hierarchy, which in turn affect the original components through feedbacks.

Openness: 
Energy, matter, and information are exchanged with the external environment through porous system boundaries.

Adaptation: 
Adjustments in the behavior and attributes of a complex system in response to changes in external inputs.

Memory: 
Information from the past influences future trajectories through persistent change in the system's structure and composition.

Nonlinearity: 
Sensitivity to initial conditions exists so that small differences are amplified and lead to divergent trajectories.

Uncertainty: 
The dynamics of complex systems are riddled with various sources of uncertainty, which challenges predictions about future 
regimes.

Table 2 Complex Systems (Carpenter et al., 2011; Carpenter et al., 2012; Folke et al., 2010; 
Nikinmaa, 2020; Scheffer et al., 2012)

Alternative stable state (ASS): 
Alternative combinations of ecosystem regimes and environmental conditions that may form and persist at a particular spatial 
extent and temporal scale.

Basin of attraction: 
A set of system variable and parameter values in which every point will eventually gravitate back to the attractor after being 
disturbed. A disturbance can move the system from one basin to another and cross a threshold during the process.

Critical slowdown (CSD):
Ecosystems recover more slowly from disturbances in the vicinity of tipping points, which is generally indicated by a rise in 
temporal correlation and variance.

Resilience: 
The degree, manner, and pace of recovery of ecosystem properties after natural or human disturbance. 

a) Engineering resilience: 
The time it takes for variables to return to their pre-disturbance equilibrium following a disturbance. It encompasses recovery of 
the system and assumes a single equilibrium regime.

b) Ecological resilience: 
A measure of the persistence of systems and of their ability to absorb change and disturbance and still maintain within critical 
thresholds or the same regime. It encompasses resistance and recovery of the system and assumes multiple equilibria 
regimes.

c) Social-ecological resilience (or Resilience thinking): 
The capacity of a social-ecological system to continually change and withstand disturbances yet remaining within critical 
thresholds or the same regime, i.e., essentially maintaining its structure and functions. It encompasses resistance, recovery, 
adaptive capacity and ability to transform the system and assumes multiple equilibria regimes.
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Appendix 2 Problem statement. We tested whether there was a lack of inclusion of Complex Systems concepts in restoration guidance by scanning 13 
guidelines documents on ecosystem restoration from leading international organizations (FAO, GPFLR, ICRAF, ITTO, IUCN, IUFRO, RBGKew, SER, and WRI) 
published in the last decade 2012-2022 (Table 1). We performed a word count of keywords related to Regime shifts, Resilience, and Ecological feedbacks. We 
also examined these documents for their meaning of 'resilience' (Table 2), i.e. whether ‘resilience’ was included as general or specific resilience, i.e. resilience 
to all kinds of shocks/stressors or, respectively resilience of a specific ecosystem component and to a specific stressor.
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Table 1 Complex Systems concepts: word use in international restoration guidelines (See citations in Table 2).

Regime shifts Ecological Resilience Ecological 
Feedbacks

Title Organization Year ASSa Alternative 
ecosystem

Regime 
shift

(Critical) 
threshold

Tipping/
Turning 

point
CSDb EWSc Basin of 

attraction
Hyster-

esis Resilience Engind Ecologe Soc-Ecolf Feedback
Feed back

Global Guidelines for the 
Restoration of Degraded Forests 
and Landscapes in Drylands

FAO 2015 0 0 0 2 0 0 0 0 0 60 0 1 1 2

Restoring forest landscapes through 
assisted natural regeneration: a 
practical manual

FAO 2019 0 0 0 0 0 0 0 0 0 1 0 0 0 0

Principles for ecosystem restoration 
to guide the United Nations decade 
2021-2030

FAO 2021 0 0 0 0 0 0 0 0 0 1 0 0 0 0

Restoring forest and landscapes: 
the key to a sustainable future GPFLR 2018 0 0 0 0 0 0 0 0 0 4 0 0 0 0

Practitioner’s field guide: 
agroforestry for climate resilience ICRAF 2020 0 0 0 0 0 0 0 0 0 84 0 0 0 0

From Tree Planting to Tree 
Growing: Rethinking Ecosystem 
Restoration Through Trees

ICRAF 2020 0 0 0 0 0 0 0 0 0 3 0 0 0 0

Guidelines for Forest Landscape 
Restoration in the Tropics ITTO 2020 0 0 0 1 0 0 0 0 0 37 0 1 0 0

Biodiversity guidelines for forest 
landscape restoration opportunities 
assessments

IUCN 2018 0 0 0 0 0 0 0 0 0 18 0 1 0 0

Implementing Forest Landscape 
Restoration: A practitioner's Guide IUFRO 2017 0 0 0 2 0 0 0 0 0 23 0 2 0 0

Kew declaration on reforestation for 
biodiversity, carbon capture and 
livelihoods

Royal Botanic 
Gardens Kew 2021 0 0 0 0 0 0 0 0 0 2 0 0 0 0

International principles and 
standards for the practice of 
ecological restoration, 2nd edition

SER 2019 0 2 0 4 0 0 0 0 0 34 0 3 4 2

The Restoration Diagnostic WRI 2015 0 0 0 0 0 0 0 0 0 14 0 0 0 0

Scaling up Regreening: Six steps to 
success WRI 2015 0 0 0 0 0 0 0 0 0 17 0 0 0 0

Across all 13 documents 0 2 0 9 0 0 0 0 0 298 0 8 5 4

aAlternative Stable regime(s); bCritical slowdown; cEarly(-)warning signal; dEngineering resilience; eEcological resilience; fSocial(-)ecological resilience, Socio(-)ecological resilience
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Table 2 The meaning of the Complex Systems concept of ‘Resilience’ as frequently used in 
international restoration guidelines. We extracted the paragraphs where the word Resilience was used, 
to evaluate, for each instance, whether the guidelines referred to General resilience (left column), i.e. 
resilience of ecosystems to all kinds of shocks/stressors, or to Specific resilience (right column), i.e. 
resilience of a specific ecosystem component to a specific stressor. See below* for examples.

Title Organization Year

General: 
Resilience of 

ecosystems  to 
all kinds of 

shocks/stressors

Specific:
Resilience of an 

ecosystem 
component to 

specific stressor 

Global Guidelines for the Restoration of Degraded Forests and 
Landscapes in Drylands (FAO, 2015) FAO 2015 60 0

Restoring forest landscapes through assisted natural regeneration: a 
practical manual (FAO, 2019) FAO 2019 1 0

Principles for ecosystem restoration to guide the United Nations decade 
2021-2030 (FAO et al., 2021) FAO 2021 1 0

Restoring forest and landscapes: the key to a sustainable future 
(Besseau, Graham, and Christophersen, 2018) GPFLR 2018 4 0

Practitioner's field guide: agroforestry for climate resilience (Martini et al., 
2020) ICRAF 2020 82 2

From Tree Planting to Tree Growing: Rethinking Ecosystem Restoration 
Through Trees (Duguma et al., 2020) ICRAF 2020 3 0

Guidelines for Forest Landscape Restoration in the Tropics ITTO 2020 37 0

Biodiversity guidelines for forest landscape restoration opportunities 
assessments (Beatty et al., 2018) IUCN 2018 18 0

Implementing Forest Landscape Restoration: A practitioner's Guide 
(Stanturf et al., 2017) IUFRO 2017 23 0

Kew declaration on reforestation for biodiversity, carbon capture and 
livelihoods (The Declaration Drafting Committee, 2021)

Royal Botanic 
Gardens Kew 2021 2 0

International principles and standards for the practice of ecological 
restoration, 2nd edition (Gann et al., 2019) SER 2019 33 1

The Restoration Diagnostic (Hanson et al., 2015) WRI 2015 14 0

Scaling up Regreening: Six steps to success (Reij C. & Winterbottom R., 
2015) WRI 2015 17 0

Across all 13 documents 295
(99%)

3
(1%)

*Examples (Dudney et al., 2018; Folke et al., 2010)

General resilience: Resilience to all kinds of shocks/stressors 

● Example from: SER, 2019, International principles and standards for the practice of ecological restoration (Gann et al., 
2019).

● Paragraph: Ecological restoration, when implemented effectively and sustainably, contributes to protecting biodiversity; 
improving human health and wellbeing; increasing food and water security; delivering goods, services, and economic 
prosperity; and supporting climate change mitigation, resilience, and adaptation.

● Explanation: No specification of resilience of specific ecosystem components and to specific stressors or disturbances 
in the system. The focus here is on the need for restoration to achieve resilient ecosystems to all kinds of shocks.

Specific resilience: Specific resilience of a system component to specific stressor.

● Example from: ICRAF, 2020, Practitioner's field guide: agroforestry for climate resilience (Martini et al., 2020).
● Paragraph: At landscape level: more than 20 other households adopted and implemented similar agroforestry practices 

on their individual land; increased planted forest area in the village by more than 100 ha in total; modified the 
microclimate; and enhanced landscape resilience to increasing temperatures.

● Explanation: Resilience is referred to here (although only partly) as resilience of a specific ecosystem component (this 
part is missing) to a specific measurable stressor (increasing temperatures). 
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Appendix 3 Restoration Project Cycle. Although the nomenclature, structure and restoration project 
steps vary substantially depending on goal, scale, budget, and organization, we identified six recurrent 
phases in project cycles based on the different phases that are described in 9 key ecosystem restoration 
guidelines from leading international organizations published in the last decade 2012-2022: Assessing 
(green), Planning (including ‘Visioning’ + ‘Conceptualizing’ or ‘Designing’; orange), Implementing (or 
‘Acting’; blue), Monitoring & Evaluation (or ‘Monitoring’ or ‘M&E’; pink), Maintaining (or ‘Managing’ or 
‘Sustaining’; grey), and Adaptive management (or ‘Replan’; purple; cuts across all phases) (see also 
Box 3, Figure 1 in main text). All phases are strongly interconnected as part of an iterative process. 
Hence, they are not necessarily sequential. E.g., although the bulk of M&E occurs after Implementation, 
activities critical to M&E begin beforehand because of the need to design monitoring plans, develop 
budgets, collect pre-implementation data etc. Adaptive management cuts across all other phases, i.e. 
feedbacks at regular intervals in the cycle exist, where, depending on changing conditions, or on new 
information gained throughout implementation, priorities and planning may continuously shift (Gann et 
al., 2019; ITTO, 2020). 

Title Organization Year Phases

Assessing Planning Implementing M&E Maintaining

Adaptive management

Global Guidelines for the 
Restoration of Degraded Forests 
and Landscapes in Drylands

FAO 2015  Planning Implementing Monitoring & 
Evaluating  

Planning Implementation Monitoring & 
Evaluating

Principles for ecosystem 
restoration to guide the United 
Nations decade 2021-2030

FAO 2021

Adaptive management

Plan Act MonitorRestoration team's field guide: 
agroforestry for climate resilience ICRAF 2020

Replan

Visioning + 
Conceptualizing

Acting/
Implementing SustainingGuidelines for Forest Landscape 

Restoration in the Tropics ITTO 2020

Monitoring and Adaptive management

Biodiversity guidelines for forest 
landscape restoration opportunities 
assessments

IUCN 2018 Assessment Implementation Monitoring

Implementing Forest Landscape 
Restoration: A restoration team's 
Guide

IUFRO 2017 Conceptualizing 
+ Designing Implementing Monitoring

Planning and 
Design (incl. 
Assessment)

Implementation Monitoring & 
Evaluating Maintaining

International principles and 
standards for the practice of 
ecological restoration
2nd edition

SER 2019

Adaptive management

The Restoration Diagnostic WRI 2015 Design Implement Monitor

WWF-SER Standards for the 
certification of forest ecosystem 
restoration projects (WWF & SER, 
2022)

WWF-SER 2022

Planning and 
Design 

(including 
Assessment)

Execution

Monitoring & 
Evaluation (incl. 

Reports, 
Information 

management)

Aftercare and 
long-term 

Maintenance

During the Assessing phase, i) the drivers, intensity, and extent of degradation, as well as the pre-
degradation historic regime, ii) the expected impacts of climate change, iii) the local and regional socio-
economic context and iv) reciprocal engagement of local stakeholders are assessed (Box 3). During 
the Planning phase, i) short-term, measurable objectives as well as longer-term goals (i.e. ‘Visioning), 
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and ii) suitable restoration measures (i.e. ‘Conceptualizing’ or ‘Designing’) are defined along with iii) 
suitable key performance indicators (KPIs) to track restoration performance (FAO et al., 2021). These 
measures are then performed in the Implementing phase and range from; i) actions to reduce or 
eliminate degradation, to ii) additional interventions needed to assist recovery such as re-establishing 
disturbance regimes, restoring physical conditions, removing specific species, facilitating regeneration, 
adding seeds/species, excluding herbivores etc. (Chazdon, 2008; Poorter et al., 2016; Stanturf et al., 
2017; Suding et al., 2004) (Chazdon, 2008; Chazdon et al., 2021; Stanturf et al., 2017; Suding et al., 
2004). During M&E, restoration performance is tracked by measuring KPIs, which permits evaluation of 
whether the objectives are being met, and whether constraints remain. Usually, this phase will also 
include documentation and reporting of project aims and results, and future recommendations to 
maintain or achieve objectives. Next, once the objectives are met, emphasis shifts from evaluating to 
maintaining the objectives, and the cycle moves into the Maintaining phase (ITTO, 2020; Reij & 
Winterbottom, 2015; Suding et al., 2004). Finally, some guidelines include an additional phase of 
Adaptive management which cuts across all phases, i.e. at regular intervals in the cycle; i) the 
objectives are re-evaluated, and ii) the cycle is reiterated to other phases of the project cycle (FAO et 
al., 2021; Gann et al., 2019; ITTO, 2020; Lynch et al., 2022; Zabin et al., 2022). 
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