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ABSTRACT 19 

Increasing human pressure on strongly defaunated ecosystems is characteristic of the 20 

Anthropocene and calls for proactive restoration approaches that promote self-sustaining, 21 

functioning ecosystems. However, the suitability of novel restoration concepts such as trophic 22 
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rewilding is still under discussion given fragmentary empirical data and limited theory 23 

development. Here, we develop a theoretical framework that integrates the concept of ‘ecological 24 

memory’ into trophic rewilding. The ecological memory of an ecosystem is defined as an 25 

ecosystem’s accumulated abiotic and biotic material and information legacies from past 26 

dynamics. By summarising existing knowledge about the ecological effects of megafauna 27 

extinction and rewilding across a large range of spatial and temporal scales, we identify two key 28 

drivers of ecosystem responses to trophic rewilding: (a) impact potential of (re)introduced 29 

megafauna, and (b) ecological memory characterising the focal ecosystem. The impact potential 30 

of (re)introduced megafauna species can be estimated from species properties such as lifetime 31 

per capita engineering capacity, population density, home range size and niche overlap with 32 

resident species. The importance of ecological memory characterising the focal ecosystem 33 

depends on (1) the absolute time since megafauna loss, (2) the speed of abiotic and biotic 34 

turnover, (3) the strength of species interactions characterising the focal ecosystem, and (4) the 35 

compensatory capacity of surrounding source ecosystems. These properties related to the focal 36 

and surrounding ecosystems mediate material and information legacies (its ecological memory) 37 

and modulate the net ecosystem impact of (re)introduced megafauna species. We provide 38 

practical advice about how to quantify all these properties while highlighting the strong link 39 

between ecological memory and historically contingent ecosystem trajectories. With this newly 40 

established ecological memory–rewilding framework, we hope to guide future empirical studies 41 

that investigate the ecological effects of trophic rewilding and other ecosystem-restoration 42 

approaches. The proposed integrated conceptual framework should also assist managers and 43 

decision makers to anticipate the possible trajectories of ecosystem dynamics after restoration 44 

actions and to weigh plausible alternatives. This will help practitioners to develop adaptive 45 
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management strategies for trophic rewilding that could facilitate sustainable management of 46 

functioning ecosystems in an increasingly human-dominated world. 47 

 48 
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I. INTRODUCTION 71 

Facing globally pervasive human impacts on ecosystems, nature managers are increasingly 72 

moving their focus away from traditional attitudes of preservation towards proactive restoration 73 

of biodiversity and ecosystem services (Suding, Gross & Houseman, 2004; Sandom et al., 74 

2013a; Kollmann et al., 2016). Rewilding is one of these alternative approaches that has gained 75 

strong scientific and public interest in recent years (Jepson, 2016; Svenning et al., 2016; 76 

Fernández, Navarro & Pereira, 2017). Although the term rewilding has a complex history and is 77 
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related to a variety of different concepts and land-management practices [see Lorimer et al. 78 

(2015) and Jørgensen (2016) for further details], it can be generally defined as an ecological 79 

restoration approach that aims to promote self-sustaining ecosystem functioning (Sandom et al., 80 

2013a; Svenning et al., 2016; Fernández et al., 2017). Rewilding concentrates on restoring 81 

natural processes (Sandom et al., 2013a; Smit et al., 2015) in contrast to most conventional 82 

approaches of nature management, which often focus on the conservation of single species or 83 

specific ecosystem states. Rewilding also tries to reach the predetermined restoration goal of 84 

self-sustaining ecosystems by keeping human intervention to a minimum (Svenning et al., 2016; 85 

Fernández et al., 2017), a clear difference from the majority of classical nature restoration 86 

approaches that are characterised by a high degree of ongoing management. 87 

Ecosystems are often at least partially shaped by top-down trophic effects provided by animals. 88 

These top-down trophic interactions have to be rehabilitated in order to facilitate self-sustaining, 89 

biodiverse ecosystems. The (re-)establishment of missing, often large-bodied, herbivores and 90 

carnivores can achieve this. This is a key aspect of trophic rewilding, defined as species 91 

introductions to restore top-down trophic interactions and associated trophic cascades to promote 92 

self-regulating biodiverse ecosystems (Svenning et al., 2016). The (re-)establishment of large-93 

sized animals may thus occur by active (re)introduction (as a form of active rewilding), but can 94 

also occur by species spontaneously recolonising regions from which they have been formerly 95 

extirpated, e.g. wolves and beavers in Central Europe. The latter falls under the wider concept of 96 

passive rewilding (Navarro & Pereira, 2012; Svenning et al., 2016), and could be referred to as 97 

passive trophic rewilding. There may also be intermediate cases where re-establishment is 98 

actively promoted without direct translocation of animals. In all cases, large-bodied animals 99 

(megafauna) are assumed to have disproportionally large and beneficial effects on the 100 
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biodiversity and functioning of ecosystems (Malhi et al., 2016; Smith et al., 2016; Fernández et 101 

al., 2017), and all are considered in our discussion of trophic rewilding below. If necessary, 102 

rewilding of large-bodied herbivores can be complemented with the (re)introduction of predators 103 

when potential negative effects of herbivore (re)introduction (e.g. high herbivore pressure) are 104 

likely to occur without effective top-down control. When herbivore regulation is necessary, but 105 

control by large carnivores is not effective (e.g. for herbivores that are too big for top-down 106 

regulation) or not feasible (e.g. in heavily populated urban environments or when rewilding sites 107 

are too small to sustain carnivores), active regulation of herbivore densities might be a necessary 108 

management strategy complementing rewilding. 109 

Traditionally, megafauna refers to animals with a body mass of ≥45 kg (Martin, 1973) although 110 

this threshold in absolute size is arbitrary. Herein, we use a more flexible, relative definition of 111 

megafauna as the largest animal species in a given ecological community or guild (Hansen & 112 

Galetti, 2009). This is likely more ecologically meaningful, especially when comparing 113 

ecosystems with different degrees of isolation (e.g. mainland versus islands). 114 

Rewilding, especially active rewilding, is the subject of active scientific and public debate, which 115 

sometimes moves beyond our current scientific understanding and is often based more on 116 

opinion than facts (Sandom, Hughes & Macdonald, 2013b). There is much discussion about the 117 

potential socio-economic consequences and conflicts emerging from rewilding [for further 118 

details see e.g. Bauer, Wallner & Hunziker (2009)], but the ecological consequences of 119 

(re)introducing large animals are also controversial, especially relating to when and where the 120 

introduction of megafauna might be beneficial or practical (Malhi et al., 2016). The absence of 121 

scientific monitoring for most existing rewilding projects (a general problem for conservation 122 

and restoration) leads to ambiguous conclusions about the effects of rewilding on the functioning 123 
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and service provisioning of ecosystems. This engenders criticism over the generalisation of 124 

positive effects and widespread implementation of trophic rewilding. The lack of practical 125 

experience as well as theoretical and empirical understanding about ecosystem responses to 126 

megafauna (re)introduction (Svenning et al., 2016) may increase negative views of rewilding. 127 

To maximise the benefits and reduce potential ecological risks linked to trophic rewilding, we 128 

need a thorough understanding of the complex role of megafauna in ecosystem functioning 129 

(Smith et al., 2016). Case studies (e.g. Yellowstone National Park) are often highly debated in 130 

the scientific literature and reveal complex responses to the reintroduction of megafauna due to 131 

the multitude of interactions and feedbacks that characterise ecosystems (Beschta & Ripple, 132 

2012; Dobson, 2014). Here, we argue that for trophic rewilding as well as for any other 133 

restoration approach, the history of an ecosystem is a key factor to consider for planning and 134 

implementation [see Chazdon (2008) and Crouzeilles et al. (2016) for forest restoration]. The 135 

importance of ecosystem history for rewilding projects is rarely recognised and insufficiently 136 

conceptualised in the current literature (Navarro & Pereira, 2012; Sherkow & Greely, 2013; Smit 137 

et al., 2015; Nogués-Bravo et al., 2016; Svenning et al., 2016). The benefits, risks and costs of 138 

trophic rewilding must be evaluated by integrating our recent understanding of ecosystem 139 

dynamics to ensure a scientifically sound implementation of this proactive restoration approach 140 

(Fernández et al., 2017). However, empirical research is fragmentary and theoretical frameworks 141 

to guide empirical studies on the role of ecosystem history for trophic rewilding are missing 142 

(Malhi et al., 2016; Svenning et al., 2016). 143 

Here, we propose a conceptual framework that could be used to establish a scientifically sound 144 

basis for future management and decision-making about trophic rewilding. It furthermore can 145 

provide guidelines for future studies on the ecological effects of nature restoration practices like 146 
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trophic rewilding. We frame current perspectives on trophic rewilding into existing theoretical 147 

concepts related to ecological memory. The ecological memory of a specific ecosystem is here 148 

defined as an ecosystem’s accumulated abiotic and biotic material and information legacies from 149 

past dynamics (Nystroem & Folke, 2001; Folke, 2006). Detailed specifications of these legacies 150 

are discussed below. We first provide a summary of the current theoretical understanding of 151 

ecological memory and integrate these concepts into the framework of trophic rewilding. We 152 

then relate existing observations about the ecological effects of megafauna extinction and 153 

rewilding to ecological memory. These illustrative examples aim at covering a large range of 154 

spatial and temporal scales. Although our considerations and examples are focused on practices 155 

related to trophic rewilding of large-bodied, extant animals, our theoretical framework is general 156 

enough to be easily adapted to other forms of rewilding (e.g. passive rewilding: Gillson, Laddle 157 

& Araújo, 2011) or ecosystem restoration. 158 

 159 

II. CURRENT UNDERSTANDING OF ECOLOGICAL MEMORY AND ITS 160 

RELEVANCE TO TROPHIC REWILDING 161 

Understanding the history of ecosystems is a prerequisite when planning restoration activities 162 

like trophic rewilding that aims for sustainable maintenance of biodiverse, functional ecosystems 163 

(Landres, Morgan & Swanson, 1999; Smith et al., 2016; Svenning et al., 2016). Most attributes 164 

observable in current ecosystems (e.g. landscape and vegetation structure, species composition 165 

and diversity, food-web topography) are contingent on historical influences just as future system 166 

attributes will be contingent on current conditions affected by current land use and restoration 167 

activities (Landres et al., 1999). This contingency is conceptualised in the idea of ‘ecological 168 

memory’, which focusses on abiotic and biotic material and information legacies within 169 
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ecosystems (Fig. 1 and Table 1). These legacies are represented by observable attributes of 170 

current ecosystems such as remnant populations or diaspores of locally extinct species, 171 

behavioural or morphological adaptations to lost ecological interactions or even landscape 172 

characteristics (e.g. Peterson, 2002; Schäfer, 2011; Johnstone et al., 2016; Blackhall et al., 2017; 173 

Genes et al., 2017). Since these observable, quasi-static attributes result from long-term 174 

ecosystem dynamics, the ecological memory concept is relevant for investigating the effects of 175 

an ecosystem’s history on its response to changes such as the (re)introduction of megafauna 176 

(Padisák, 1992; Peterson, 2002). Each component of ecological memory affects ecosystem 177 

responses at different temporal, spatial and organisational scales (Fig. 1). In the following 178 

sections, we distinguish internal components of ecological memory that act within the focal 179 

rewilding ecosystem, and external components that are present in the surrounding environment 180 

(Table 1; Schäfer, 2009). 181 

 182 

(1) Internal components of ecological memory 183 

The internal components of ecological memory are inherent to the focal rewilding ecosystem. 184 

They are either material legacies represented by observable attributes, e.g. wood stems, 185 

diaspores, etc., or information legacies represented by attributes such as species’ behavioural, 186 

morphological, or genetic traits. Many of these legacies result from past biotic dynamics, e.g. 187 

species interactions with now extirpated species or past abiotic environmental conditions. The 188 

internal components of ecological memory can act on the landscape, community and 189 

intraspecific scales (Table 1). Whereas material legacies generally predominate at the landscape 190 

scale, information legacies gain in importance at the community scale and dominate at the 191 

intraspecific scale. Information legacies acting at the landscape scale are generally 192 
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underrepresented but can be revealed for instance by the structure (topology) of ecological 193 

networks. 194 

Landscape-scale material legacies are represented by structural attributes like terrain complexity, 195 

soil properties, etc., which result from past geomorphodynamic and biological processes like 196 

denudation and biotic weathering, soil formation by soil biota (e.g. humification by arthropods 197 

and microbes) and bioturbation. This last process does not need to be limited to arthropods or 198 

small mammals. An impressive example of megafaunal bioturbation is the large number 199 

(>1,500) of burrows scattered across the Brazilian landscape that are tens of meters in length and 200 

1.5–4 m in diameter, probably resulting from the burrowing activity of extinct giant ground 201 

sloths and armadillos (Pereira Lopes et al., 2017). Material legacies can also be observed through 202 

the structural remains of past biological activities like woody stem fragments, unpopulated 203 

termite mounds, or specific vegetation structures resulting from past browsing or grazing 204 

activities (Schäfer, 2011; Blackhall et al., 2017). Remnants of historical human land-use such as 205 

dumps, mines and habitat fragments (e.g. Müller et al., 2017) must also be considered as material 206 

legacies.  207 

All these material legacies are likely to influence the response of ecosystems to megafauna 208 

(re)introduction. An example is the topography-related heterogeneous habitat use of red deer 209 

(Cervus elaphus) recolonising a former brown-coal mining area in Denmark (Müller et al., 210 

2017). In this case, landscape structures are mostly the result of past human land use, i.e. human-211 

generated topography. Additional examples of such anthropogenic components of ecological 212 

memory are presented by Moore et al. (2015) who showed that the spatial availability of 213 

preferred foraging vegetation as a result of human land use affects the overall grazing behaviour 214 

of red deer in the landscape. Another example is provided by Schippers et al. (2014) who report 215 
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that anthropogenic forest fragmentation can affect the habitat use and browsing pressure of large 216 

herbivores in landscapes. Such anthropogenic components of ecological memory are of 217 

particular relevance in ecosystems with a long history of human land use (e.g. Normand et al., 218 

2017). 219 

Internal ecological memory components at the community scale result from past species 220 

distributions, compositions and interactions across space (Nystroem & Folke, 2001). Material 221 

legacies can be represented by viable remnants of locally extinct species (e.g. tests, spores, 222 

seeds) or remnant populations of long-lived species (Schäfer, 2009; Johnstone et al., 2016). Lost 223 

populations can be re-established from such viable remnants like soil seedbanks for plants if 224 

conditions become suitable again (Navarro & Pereira, 2012). 225 

Compared to material legacies, information legacies are probably the dominant component of 226 

ecological memory at the community scale (Table 1). These information legacies can be 227 

represented by species’ behavioural, physiological or morphological traits affecting the 228 

responses of resident species to the (re)introduction of large-bodied animals in trophic rewilding. 229 

Examples of such observable attributes are anachronistic fruit characteristics as a result of 230 

historical co-evolution with currently extinct, frugivorous mammals (Janzen & Martin, 1982), or 231 

defensive traits (e.g. spinescence) and resprouting behaviour of woody plants reflecting 232 

adaptations to now extinct native herbivores (Göldel et al., 2016; Blackhall et al., 2017). All 233 

these legacies can strongly interact with the (re)introduction of megafauna. Empirical evidence is 234 

provided by e.g. Milchunas & Lauenroth (1993) who report the effect of introduced grazers on 235 

plant community composition to be strongly affected by the ecosystems’ evolutionary history of 236 

grazing, with changes in species composition increasing with a longer history of more intense 237 

co-evolution. 238 
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Historically established interaction links which are currently lost can be reactivated by 239 

restoration activities and are of major importance when planning rewilding activities (Genes et 240 

al., 2017). These include antagonistic links, e.g. consumer–resource relationships, as well as 241 

mutualistic links. Conversely, legacies that imply the absence of interactions in the past can also 242 

strongly interact with faunal introduction. For example, naïve prey on islands have not evolved 243 

fear because of a history without predators. Ecological networks involving such naïve prey 244 

species show strong changes after the introduction of predators like weasels, martens or rats 245 

(Traveset & Richardson, 2006). All these information legacies acting at the community scale are 246 

nevertheless dependent on the species present to rewire the lost interactions and thus cannot be 247 

seen as independent from the material legacies acting at the community scale. 248 

Ecological memory on an intraspecific scale results from species’ genetic adaptations to the past 249 

abiotic environment and past biotic interactions. It is predominated by information legacies 250 

within one species or even within a single organism. Genetic diversity, phenotypic plasticity and 251 

local adaptations within species or populations might be examples of observable attributes, 252 

revealing these intraspecific information legacies and affecting the response of individuals within 253 

one species to rewilding. Additional intraspecific information legacies might result from 254 

maternal effects, i.e. the causal influence of the maternal genotype or phenotype on the offspring 255 

phenotype, that mediate offspring response to environmental change (Galloway, 2005; Wolf & 256 

Wade, 2009; Dyer et al., 2010; Heger, 2016; Ren et al., 2017). These legacies are potentially 257 

relevant for mediating the response of resident species or populations to trophic rewilding. 258 

 259 
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(2) External components of ecological memory 260 

Besides the above-mentioned internal components, we must also consider the spatial context of a 261 

focal ecosystem to anticipate its response to rewilding. The ecosystems surrounding the focal 262 

ecosystem form external components of ecological memory that act as potential sources for 263 

compensatory processes after disturbance such as the (re)introduction of megafauna (Nystroem 264 

& Folke, 2001; Golinski, Bauch & Arland, 2008; Schäfer, 2009, 2011). These external 265 

components predominate at the community scale as they provide genes as well as individuals or 266 

propagules for species recolonisation. Without the availability of source pools in the surrounding 267 

landscape, it is often not possible to re-establish extirpated species or to rewire lost interactions 268 

in the focal ecosystem (Suding et al., 2004; Halffter et al., 2008; Schäfer, 2011), and re-269 

introductions might then have little effect. For instance, Janzen (1983) demonstrated a long-270 

lasting lag in the recolonisation of Costa Rican ecosystems by dung beetles that co-evolved with 271 

Pleistocene megafauna, due to missing source pools in the surrounding areas. This occurred 272 

despite introductions of large-bodied herbivores (livestock cattle and horses) that provided 273 

functionally similar dung compared to extinct megafauna. Halffter et al. (2008) drew similar 274 

conclusions for the Mexican dung beetle fauna. They found that livestock brought by the Spanish 275 

conquistadors partly compensated for the vacuum of suitable resources (dung) for the dung 276 

beetles that had co-evolved with the extinct Pleistocene megafauna. However, the authors argue 277 

that the Mexican dung beetle communities are far from being saturated because of insufficient 278 

compensation from surrounding source areas.  279 

Faunal elements missing in the focal ecosystem, additionally to the (re)introduced megafauna, 280 

typically must be re-established from source areas outside the target ecosystem, thus relying on 281 

the external component of ecological memory. Besides species, energy and material that flow 282 
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between the focal and surrounding ecosystems must to be considered as external components of 283 

ecological memory [cf. the meta-ecosystem concept of Loreau, Mouquet & Holt (2003)]. For 284 

instance, the spatial configuration of habitat patches and soil properties of surrounding 285 

landscapes will influence the amount and type of matter that reaches a focal ecosystem, where it 286 

interacts with the introduced fauna (Hansson, 1991; Dunning, Danielson & Pulliam, 1992; Table 287 

1). Although material legacies seem to predominate, information legacies can play an important 288 

role in forming the external components of ecological memory. Information legacies can be 289 

represented, for example by the genetic diversity of metapopulations within a landscape (e.g. 290 

Pannell & Charlesworth, 1999). For example, DiLeo et al. (2017) evaluated how the functional 291 

re-connection of formerly isolated grassland fragments by rotational sheep herding influenced 292 

the metapopulation genetic structure of a rare grassland plant species in south Germany. They 293 

demonstrated that well-connected plant populations had higher within-population genetic 294 

diversity, showed higher genetic similarity among the different populations and had higher 295 

reproductive output compared to ungrazed or more isolated grazed populations. This change in 296 

the genetic structure of local populations was only possible because genetic information was still 297 

‘stored’ in other habitat patches in the landscape. 298 

 299 

(3) Ecological memory and resilience in the context of trophic rewilding 300 

Ecological memory is usually considered in the context of disturbances that disrupt ecosystem 301 

integrity (e.g. Schäfer, 2009; Blackhall et al., 2017). Strong ecological memory is expected to 302 

enhance the ecosystem capacity of reorganising after disturbances and environmental changes 303 

and prevents ecosystem shifts to alternative states by offering resources to recover ecosystem 304 

integrity (Gunderson, 2000; Carpenter et al., 2001; Nystroem & Folke, 2001; Power et al., 2015; 305 

Alison Cooper
cf. means ’compare with’; is this what you intended?

Andreas Schweiger
Yes, thank you for asking!

Alison Cooper
Is this correct? How can they have both higher diversity and higher similarity????

Andreas Schweiger
I now clarified the satement
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Johnstone et al., 2016). This capability of ecosystems to absorb disturbances and avoid shifts to 306 

alternative states by system reorganisation is defined as ecological resilience (Gunderson & 307 

Holling, 2002; Carpenter & Folke, 2006; Folke, 2006). In this context, resilience can be seen as 308 

an emergent property of ecological memory.  309 

High resilience, however, as a result of strong ecological memory, can also impede restoration 310 

action such as trophic rewilding, which aims at shifting an ecosystem from a less-desirable 311 

current state to a new, more desirable state (Folke, 2006; Gibbs et al., 2014). This Janus-faced 312 

effect of ecological memory on ecosystem resilience from a restoration ecology point of view 313 

has strong links to concepts of positive and negative resilience (Lake, 2013). This is important to 314 

consider because megafauna, especially herbivores, can actively induce state shifts, which might 315 

be desired under some circumstances (e.g. to reduce fire risk; Bowman, 2012). An empirical 316 

example is provided by Blackhall et al. (2017) who showed that the introduction of large-bodied 317 

herbivores to fire-dominated systems changed the dominance relations between pyrophytic and 318 

pyrophobic woody plants, altering the material legacy component of the systems’ resilience to 319 

fires. However, whether shifts to alternative states occur in response to megafauna 320 

(re)introduction strongly depends on the ecological memory related to the reintroduced 321 

megafauna or its functional counterparts, with higher megafauna-related memory (e.g. longer 322 

evolutionary history of grazing) reducing the probability of state shifts as a consequence of 323 

megafauna (re)introduction (Cingolani, Noy-Meir & Díaz, 2005). 324 

Generally, the capacity of ecosystems to adapt to environmental changes seems to be especially 325 

relevant in a human-dominated, dynamic world. This is in line with the principle goal of trophic 326 

rewilding to build self-sustaining, biodiverse, and functional ecosystems in changing 327 

environments (Svenning et al., 2016). By contrast, a static reproduction of past ecosystem 328 
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settings, a common goal of classical ecological restoration, will often not be desirable or feasible 329 

(Landres et al., 1999; Suding et al.; 2004; Higgs et al., 2014). 330 

 331 

(4) Ecological memory, species interactions and disequilibrium dynamics in relation to 332 

megafauna extinctions and trophic rewilding 333 

Past interactions among species or between species and the environment play a crucial role in 334 

forming ecological memory. The degree to which interactions evolved in the past between 335 

currently extinct megafauna and other species of plants or animals will influence the success of 336 

trophic rewilding projects. Empirical evidence for this argument is provided by Favila (2012) 337 

who argues that dung beetles’ low dung-processing efficiency of the dung of introduced, large 338 

herbivores in Australia compared to the relatively high efficiency of dung beetles in Central and 339 

South America is caused by differences in the biogeography/ecological history of the dung beetle 340 

assemblages on both continents. Australian native dung beetles are not able to process dung of 341 

the new megafauna (cattle, horses, and goats) introduced by humans due to missing co-evolution 342 

with functionally similar megafauna (i.e. missing information legacies) probably in combination 343 

with massive losses of dung beetles around 40,000 years ago in response to the near-complete 344 

megafauna extinction. By contrast, native dung beetle assemblages of the Americas closely co-345 

evolved during the Neogene and Pleistocene with Palaearctic, Nearctic and Neotropical 346 

megafauna (horses, camels, bison) that are functionally similar to present-day, human-introduced 347 

livestock. This scenario of a megafauna species, but not or just partly its interacting species, 348 

going extinct, gives rise to anachronisms (Janzen & Martin, 1982) as well as extinction debts 349 

(Tilman et al., 1994) and credits of ecological interactions (Genes et al., 2017). Such lagged 350 

responses to environmental changes (e.g. extinction of megafauna) result in disequilibria 351 
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between species’ abundance (or absence) in the focal ecosystem and current environmental 352 

conditions (e.g. absence of the particular megafauna species). The presence of a disequilibrium 353 

or lag is an information legacy thus directly related to the ecological memory of a focal 354 

ecosystem. A pronounced disequilibrium after megafauna extinction therefore represents a 355 

strong ecological memory. In other words, trophic rewilding projects are expected to be most 356 

successful and ecological interactions to stand the greatest chance of rewiring where large 357 

disequilibria or response lags to a past loss of megafauna are observed (cf. Pires, 2017). 358 

Pronounced temporal lags in ecological responses are commonly found in remnant adaptations to 359 

prehistorical extinct megafauna. These remnant adaptations are generally defined as ecological 360 

anachronisms (Galetti et al., 2018) and are assumed still to be prevalent e.g. in temperate plant 361 

communities showing adaptations to extinct, large-bodied grazers (Bakker et al., 2004), in the 362 

foraging behaviour (prey choice) of neotropical large-bodied predators (jaguars) still adapted to 363 

behavioural and morphological traits of extinct prey species (Hayward et al., 2016), and in 364 

overbuilt neotropical fruits still showing morphological adaptations to dispersal by extinct 365 

megafaunal frugivores (Janzen & Martin, 1982; Donatti et al., 2007; Guimarães, Galetti & 366 

Jordano, 2008). All these long-lasting anachronisms illustrate that the underlying ecosystem 367 

responses are generally very slow and often result in large temporal lags and pronounced 368 

disequilibrium conditions. Such a slowly vanishing ecological memory is shown empirically by 369 

Doughty et al. (2016), who report reduced current range sizes of historically megafauna-370 

dispersed plants compared to other animal- but not megafauna-dispersed plant species in the 371 

Neotropics. 372 

The speed of response to megafauna extinction and therefore the emergence of disequilibrium 373 

conditions should be determined by the speed of abiotic and biotic turnover (e.g. longevity of 374 

Alison Cooper
cf. means ’compare with’; is this what you intended?

Andreas Schweiger
Yes



17 
 

species; Hubbell, 1980) and the strength of biotic interactions characterising the ecosystem 375 

(Donatti et al., 2007). This clearly links the concept of ecological memory to temporal lags and 376 

non-equilibrium dynamics in ecosystems. 377 

 378 

III. THE ECOLOGICAL MEMORY–REWILDING FRAMEWORK 379 

In the ecological memory – rewilding framework, we propose that the impact potential of 380 

(re)introduced megafauna is mediated by the strength of ecological memory to affect rewilding 381 

outcomes (Fig. 2). The impact potential of (re)introduced megafauna is defined as an ensemble 382 

of the animal’s behavioural, morphological, population and distributional properties that can 383 

have an impact on the focal ecosystem. Four different properties of the focal and surrounding 384 

ecosystems determine the strength of ecological memory, which affects the focal ecosystem’s net 385 

response to rewilding by modulating the impact potential of the (re)introduced megafauna (Fig. 386 

2). Three of these properties, the absolute time since megafauna loss, the speed of the turnover of 387 

abiotic and biotic components and the strength of species interactions, are aspects of the focal 388 

ecosystem’s dynamics. Turnover is here defined as a continuous process of loss and replacement 389 

of energy, matter or species, which can decrease, stabilise, or increase energy, matter, or species 390 

composition in the focal ecosystem. The fourth property determining the strength of ecological 391 

memory is the compensatory capacity of surrounding source ecosystems (Fig. 2). 392 

 393 

(1) Properties of the megafauna considered for trophic rewilding 394 

The central element of the ecological memory–rewilding framework is the impact potential of 395 

megafauna species considered for rewilding (Fig. 2). To assess this impact potential, one must 396 

carefully consider the potential role of the considered megafauna species in the focal ecosystem 397 
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(Barnosky et al., 2016). The idea of the ecological role of a species is found in the keystone 398 

species (Paine, 1969; Krebs, 1985) and the ecosystem engineer concepts (Jones, Lawton & 399 

Shachak, 1994). Species are defined as ecosystem engineers when they actively modify abiotic 400 

environmental conditions (resource availability, ecosystem structure), consequently modifying 401 

biotic interactions among co-occurring species. This differentiates ecosystem engineers from 402 

keystone species, which are defined as species which have a disproportionately large effect on 403 

the ecological community relative to their abundance (Paine, 1995) purely by biotic (trophic) 404 

interactions, e.g. predation (Coggan, Hayward & Gibb, 2018). These two concepts are 405 

particularly relevant in the context of trophic rewilding when (re)introduced species are expected 406 

to have a strong impact on the ecosystem (Byers et al., 2006; Svenning et al., 2016). The 407 

introduction of ecosystem engineering or keystone species is also important to promoting species 408 

diversity as both groups of species increase abiotic and biotic structural heterogeneity of 409 

ecosystems (Brunbjerg et al., 2017), a key driver of species diversity (Stein, Gerstner & Kreft, 410 

2014). The high relevance of ecosystem engineers to the restoration of ecosystems is already 411 

realised in the literature and by local managers. Ecosystem engineers can be seen as an efficient 412 

and comparably cheap management strategy to restore degraded ecosystems (Byers et al., 2006). 413 

Large-bodied animals are defined within the ecosystem engineering concept as allogenic 414 

engineers, i.e. species that change the environment by transforming living or non-living materials 415 

from one physical state into another. More generally, the impact potential of this type of 416 

ecosystem engineer can be quantified as the magnitude to which they change the quality, 417 

quantity and temporal and spatial distribution of abiotic and biotic resources available for other 418 

co-occurring organisms (Jones et al., 1994). The greater the influence of ecosystem engineering 419 

megafauna on abiotic resources like the availability of water, light, nutrients etc., or on biotic 420 
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resources like trees providing habitat or food, the higher the impact potential of these ecosystem 421 

engineers on the biotic interactions in the focal ecosystem (Byers et al., 2006). The impact 422 

potential of a species reintroduced in the focal ecosystem is thereby affected by characteristics of 423 

the resident species, such as the extent to which resident species can potentially exploit resources 424 

and modify the environment prior to the arrival of newcomers (cf. Vannette & Fukami, 2014). If 425 

resident species already have a strong impact on the resources and the environment (large impact 426 

niche) and use similar resources to the (re)introduced megafauna (high niche overlap), the impact 427 

potential of this added megafauna species is expected to be small. 428 

Two of the best-recognised megafauna ecosystem engineers are elephants and beavers, which 429 

may transform closed, tree-dominated systems to open (grass-dominated) systems, strongly 430 

modifying the abiotic and biotic resources available to co-occurring species. Both elephants and 431 

beavers have high per capita engineering capacity and act over comparably large spatial scales, 432 

making their impact on ecosystem structure and functioning quite substantial. Furthermore, both 433 

ecosystem engineers have long-lasting effects on the structure and thus function of ecosystems as 434 

they are both long-lived species compared to the slow regrowth of the trees they impact. 435 

Although such single megafauna species might sufficiently affect ecosystem structure, the 436 

introduction of different species of megafauna affecting different resources to varying degrees 437 

provides a preferable management strategy for tackling complex restoration goals (van der Plas 438 

et al., 2016). 439 

The higher the impact potential of the (re)introduced megafauna on a target ecosystem, the more 440 

carefully one has to understand its role in the focal system and the properties defining this role. 441 

Furthermore, the strength of interaction between a species of megafauna considered for 442 

rewilding and the other resident species in the target ecosystem is related to the abundance of the 443 
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(re)introduced species (Genes et al., 2017). Thus, species abundance is an important factor to 444 

consider when planning trophic rewilding projects. Following the ideas of the keystone species 445 

and ecosystem engineering concept, we propose that four key properties need to be known in 446 

order to estimate the impact potential of candidate rewilding reintroduction species: (1) the 447 

lifetime per capita engineering capacity, (2) the population density, (3) the home range size, and 448 

(4) the impact niche overlap between resident and introduced species (Figs 2 and 3). A species’ 449 

lifetime per capita engineering capacity depends on its longevity and its per-individual activity. 450 

Information about the species’ life expectancy can be obtained relatively easily from 451 

demographic studies or proxies (e.g. tooth annuli) found in the literature, but per-individual 452 

activity might be more difficult to quantify. Some examples of studies providing empirical 453 

estimates are the estimation of browsing activity of elephants, the bioturbation activity of wild 454 

boars using high-resolution imaging techniques (LIDAR or multispectral cameras), and plot-455 

based investigations to detect structural or compositional changes in vegetation (Fig. 3). 456 

Furthermore, manipulative experiments varying the presence/absence or density of the rewilding 457 

candidate species might provide helpful insights regarding the potential ecosystem effects of 458 

rewilding (Coggan et al., 2018). This kind of experimental implementation of restoration 459 

activities seems to be especially suitable for rewilding projects, which are generally planned to 460 

be open-ended (Biggs & Rogers, 2003). Information about natural population densities are more 461 

challenging to acquire, but can be obtained from field investigations or management literature or 462 

can be inferred from body-size scaling relationships (e.g. Pedersen, Faurby & Svenning, 2017). 463 

Finally, information on home range size and impact niche overlap between the rewilding 464 

candidates and resident species can be obtained from field investigations or literature or can be 465 

estimated from body-size scaling relationships (e.g. Jetz et al., 2004, Gravel et al., 2013). 466 
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 467 

(2) The speed of abiotic and biotic turnover in the focal ecosystem  468 

The time since extinction of a lost megafauna species is a key element affecting the strength of 469 

ecological memory related to this lost species in a focal ecosystem (Figs 2 and 3). With 470 

increasing time since extinction, ecological memory related to the extinct megafauna species 471 

increasingly fades away (see Section II.4). The fact that thousands of years have passed since the 472 

extinction of Pleistocene megafauna is often used as a major argument against Pleistocene 473 

rewilding (e.g. Lorimer et al., 2015). It is however rarely valid due to the pronounced 474 

disequilibrium conditions and temporal response lags that characterise ecosystems (see Section 475 

II.4; Bakker et al., 2004; Donatti et al., 2007; Hayward et al., 2016) or because certain 476 

ecosystem states initially created by megafauna were maintained by traditional human land-use 477 

activities for centuries after the loss of this megafauna (Bocherens, 2018). Species recently 478 

extirpated from the focal ecosystem are still proposed to be better candidates for reintroduction 479 

as the ecological memory (information legacies) related to these species is less likely to be lost 480 

and should potentially buffer against unwanted ecosystem responses (Sandom et al., 2013a). 481 

We argue that the speed at which ecosystems developed in structure and dynamics is at least as 482 

important as the absolute time since extinction to determine the strength of ecological memory. 483 

Ecosystems must be seen as ephemeral, open systems that are the outcome of broad-scale 484 

dynamics in species ranges interacting with local environmental conditions and co-occurring 485 

species (Ricklefs, 2008). The assembly of ecosystems is thus determined by the adaptive 486 

interaction between dynamically changing pools of local and immigrating (or introduced) species 487 

and their abiotic environment (Higgins, 2017; Schweiger, 2017). Both are cumulatively reflected 488 

in the material and information legacies, thus, the ecological memory of an ecosystem. We argue 489 
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that the speed at which ecosystems assemble based on species–environment interactions is 490 

determined by abiotic and biotic turnover rates. The slower the turnover rates are, the more 491 

pronounced will be the temporal lags in species responses to megafauna extinction, i.e. the more 492 

likely the system will be in disequilibrium (e.g. by showing a high prevalence of anachronisms). 493 

The slower the abiotic and biotic turnover characterising a focal ecosystem through its assembly 494 

is, the greater the strength (longevity) of the ecological memory (Johnson et al., 2015, Barnosky 495 

et al., 2016).  496 

The speed of abiotic and biotic turnover is strongly modulated by resource and energy 497 

availability. The effects of megafauna extirpation on vegetation and related abiotic 498 

environmental conditions (e.g. microclimatic conditions, carbon and nutrient cycling and pools, 499 

etc.) have been reported by several studies to be mitigated under limiting environmental 500 

conditions like low rainfall, low water availability (Barnosky et al., 2016), low temperature, and 501 

low atmospheric CO2 concentration (Johnson et al., 2015). The speed of abiotic and biotic 502 

turnover thus modulates the impact potential and consequently the net ecosystem impact of the 503 

(re)introduced megafauna. This relationship between resource/energy availability and megafauna 504 

impacts can be positive or negative depending on the characteristics of the introduced species 505 

and the property of the ecosystem that is impacted. For instance, plant species richness is 506 

reported by several studies to be decreased by grazing at low productivity, but enhanced in high-507 

productivity systems (Proulx & Mazumder, 1998; Bakker et al., 2006). Furthermore, the 508 

magnitude of grazing effects on the composition, richness, and dominant species cover of plant 509 

communities was shown to increase significantly with productivity in South American steppes 510 

and grasslands (Lezama et al. 2014). Based on a global data set, Milchunas & Lauenroth (1993) 511 

report a similar increase of grazing effects on plant species composition with increasing 512 
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productivity, but stress that an evolutionary history of grazing can diminish current grazing 513 

effects. Although effects of herbivorous megafauna on vegetation generally seem to decrease 514 

with decreasing resource and energy availability, and thus productivity, large-sized herbivores 515 

can still have strong impacts on ecosystem functioning even in arctic ecosystems (Cahoon et al., 516 

2012). A different picture seems to emerge if one looks at the effects of large mammal 517 

herbivores on the abundance of other consumers. Based on a meta-analysis, Daskin & Pringle 518 

(2016) show that large mammal herbivores reduce the abundance of other consumers and that 519 

this effect is stronger in low-productivity ecosystems, probably due to slower plant re-growth 520 

and higher relative uptake of forage vegetation by large herbivores.  521 

Ecological responses to megafauna reintroductions are thus linked to resource or energy 522 

availability (productivity), but with different responses at different trophic levels or response 523 

variables. They can furthermore cascade down through numerous trophic levels of an ecosystem 524 

depending on the speed of turnover characterising the different interacting species. We argue that 525 

the speed of such cascading responses depends on the speed of turnover characterising the 526 

consumer and resource species involved in an effect cascade. This proposed mechanism is 527 

similar to the idea of how temporal lags in ecosystems accumulate (Essl et al., 2015). An 528 

example supporting this assumption is the extinction of the Steller’s sea cow (Hydrodamalis 529 

gigas) in the Commander Islands in the mid-1700s provided by Estes, Burdin & Doak (2016) 530 

who argued that the extinction of this large-bodied, marine mammal was the result of an effect 531 

cascade triggered by a population crash of sea otters (Enhydra lutris) due to overhunting. This 532 

reduction in sea otter numbers reduced the predation pressure on sea urchins, which are major 533 

consumers of kelp. As a result, the population size of sea urchins, and consequently herbivore 534 

pressure on kelp, increased dramatically. This resulted in a collapse of kelp forests, the main 535 
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food source for Steller’s sea cow, and led to the complete extinction of this marine megafaunal 536 

species after its prehistoric range had been strongly reduced by pre-European hunting. We argue 537 

that the speed at which the extinction of this large-bodied animal took place is related to a 538 

cascade effect. The negative feedback between rapid impacts and slow compensatory responses 539 

(i.e. responses tending towards a quasi-equilibrium under given conditions) and positive 540 

feedback between rapid impacts and fast responses led to an ecological chain reaction. The 541 

human overhunting of otters represents a negative feedback between rapid impacts and slow 542 

responses as the relatively slowly reproducing otters were not able to compensate for culling by 543 

humans. The rapidly increasing population size of sea urchins as a response to the decreasing 544 

otter population size represents a positive feedback between a rapid impact and a fast response. 545 

The next two stages in the presented effect chain, namely the rapid increase in herbivore pressure 546 

by increasing sea urchin populations on the kelp forests with slow compensatory regrowth as 547 

well as the subsequent potential negative effects on Steller’s sea cow (large-bodied mammals 548 

with low reproductive rates highly specialized on kelp unable to switch to a new food source or 549 

increase their reproductive rates) characterise negative feedbacks between a rapid impact and a 550 

slow response. 551 

The reintroduction of large-bodied animals can also induce effect chains cascading through the 552 

trophic levels of an ecosystem. One popular example is the reintroduction of wolves (Canis 553 

lupus) in Yellowstone National Park which are assumed to reduce herbivore pressure of 554 

American elk (Cervus elaphus) on riparian woody vegetation, subsequently changing river 555 

dynamics and related geomorphological processes at a landscape scale (Beschta & Ripple, 2012; 556 

Dobson, 2014). The effect of the reintroduction of wolves on herbivore pressure is mainly 557 

indirect by affecting herbivore behaviour rather than directly killing herbivores, creating a 558 
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‘landscape of fear’ (Laundré, Hernández & Altendorf, 2001). This represents another positive 559 

feedback between a rapid impact (introduction of 20 wolves in the winter of 1994–1995) and fast 560 

direct and subsequent responses, i.e. a rapid decrease in browsing pressure on riparian woody 561 

vegetation by changing herbivore behaviour, in combination with fast-growing plant species 562 

(Populus spp. and Salix spp.). However, this direct link between wolf reintroduction, herbivore 563 

pressure and recovery of riparian vegetation has been questioned by several studies and 564 

additional drivers interacting with the wolf reintroduction have been proposed (i.e. climate, 565 

topography, and human activities; Mech, 2012; Marshall, Cooper & Hobbs, 2014). 566 

In general, the diminished negative feedbacks caused by slow responses and the accelerated 567 

positive feedbacks caused by fast responses in effect cascades, will lead to a smaller 568 

compensatory power of ecosystems and faster changes in ecosystem structure in response to the 569 

extirpation or (re)introduction of large animals. Depending on the specific goals of a restoration 570 

project, this could be helpful or a hindrance for nature restoration. 571 

These relationships between resource availability, the speed of abiotic and biotic turnover and 572 

their effects on ecosystem responses to megafauna extinction or (re)introduction are key for 573 

trophic rewilding. 574 

The biotic turnover in an ecosystem depends on the life-cycle speed of the inhabiting organisms 575 

(Fig. 3). Ecosystems dominated by species with short life cycles (e.g. insects or annual plant 576 

species) will generally respond faster to changing conditions (i.e. the introduction of large-577 

bodied animals) than ecosystems dominated by species with long life cycles (e.g. long-living 578 

trees or mammals). Life-cycle speed depends on metabolic rate, which scales strongly with body 579 

size (West, Brown & Enquist, 1997; Reich, 2001; Brown et al., 2002). Because we lack life-580 

history data for many (especially smaller) species, body size (biomass) distributions can be used 581 
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to assess the speed of biotic turnover within an ecosystem, showing how ecological memory will 582 

modulate the impact of (re)introduced megafauna (Fig. 3). 583 

Generally, we expect the speed of abiotic and biotic turnover to modulate the impact of the 584 

(re)introduced megafauna on the focal ecosystem, by determining the longevity of ecological 585 

memory and consequently its strength. The speed of abiotic and biotic turnover is therefore a key 586 

determinant of the focal ecosystem’s response to trophic rewilding. 587 

 588 

(3) Strength of species interactions in the target ecosystem 589 

The strength of ecological memory and, thus, the impact potential of the (re)introduced 590 

megafauna species should also be modified by the strength of interactions between different 591 

species in the focal ecosystem as another key determinant of the ecosystem’s response to trophic 592 

rewilding (Figs 2 and 3). The strength of interactions between two or more species (e.g. 593 

consumer–resource interactions) is strongly determined by the degree of generalism of the 594 

interacting species (e.g. diet generalism) as shown in several theoretical and empirical studies on 595 

ecological networks (e.g. May, 1972; Montoya, Pimm & Solé, 2006; Nichols et al., 2009; 596 

Coggan, 2012). Generalist species can easily switch to alternative pathways like alternative food 597 

sources or alternative mutualistic partners when one or several interaction links are disrupted. A 598 

negative relationship exists between the number of interactions per species (degree of 599 

generalism) and the mean strength of these interactions (May, 1972; Montoya et al., 2006). In 600 

other words, generalist species tend to have more, but weaker, interactions whereas specialist 601 

species have fewer, but stronger, interactions with other species. Thus, cascading effects induced 602 

by the loss of megafauna and their associated interactions will have less pronounced and shorter 603 

duration effects in ecosystems dominated by generalist species compared to ecosystems 604 
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dominated by specialist species (Nichols et al., 2009; García et al., 2013). Empirical evidence for 605 

this is provided by Coggan (2012) who reports diet specialisation of dung beetles to be the main 606 

driver of the strong relationship observed between megafauna extinctions and changes in dung 607 

beetle assemblages/extirpation of dung beetle species. Furthermore, the higher the proportion of 608 

generalist species, the more rapidly can lost interactions (i.e. information legacies in the target 609 

ecosystem) be rewired after species (re)introduction (Devictor et al., 2010, Genes et al., 2017). 610 

The more specialised are past interactions between extinct megafauna and extant resident 611 

species, the more difficult will be the rewiring of these lost, but memorised interactions, by 612 

megafauna reintroduction. The degree of functional similarity between the lost species and the 613 

functional counterpart planned for (re)introduction is therefore especially important when the 614 

specificity of interactions characterising the target ecosystem is high. Furthermore, generalist 615 

rather than specialist species should be preferred for initial co-introductions when interaction 616 

partners for the (re)introduced megafauna are heavily impoverished due to co-extinction (Genes 617 

et al., 2017). Nevertheless, (re)introduced megafauna should generally create environmental 618 

heterogeneity, which is a key driver of species diversity (Stein et al., 2014). This is a key effect 619 

of rewilding beyond megafauna-specific memory effects and regardless of the megafaunas’ 620 

degree of generalism but should still relate to species pools in the landscape, and thus to 621 

ecological memory. 622 

Information about the spectrum of generalism occurring amongst the resident species of the focal 623 

ecosystem can provide a quantitative measure of the strength of species interactions and the 624 

resulting strength of ecological memory (Fig. 3). Simple measures like the mean degree of 625 

generalism in combination with standardised measures of variation (like the coefficient of 626 

variation) of species generalism could already provide meaningful quantities. Species-specific 627 
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information about the degree of generalism is available for a large number of mammal species 628 

from databases (Jones et al., 2009; Kissling et al., 2014; Wilman et al., 2014) or from the 629 

ecological literature (Fig. 3). Databases with observational data on food webs or other 630 

mutualistic interaction networks (e.g. plant–pollinator or seed dispersal networks) can also help 631 

determine the degree of species generalism. However, assessing the degree of generalism across 632 

a broad taxonomic range will be challenging due to the large proportion of species that lack diet 633 

or interaction data (Penone et al., 2014) and the varied ways in which data are collected for 634 

different groups of species (Davis & Pineda-Munoz, 2016). Mechanistic models that can infer 635 

potential species interactions based on body-size relations between potential predators and prey 636 

(Gravel et al., 2013) or based on functional traits (Laigle et al., 2017) might provide an 637 

additional source of information when observational data about the degree of generalism for 638 

individual species are lacking (Fig. 3). 639 

 640 

(4) Compensatory capacity of the surrounding ecosystems 641 

The compensatory capacity of the surrounding ecosystems is another modulator of the strength 642 

of ecological memory and consequently for the net ecosystem impact of the (re)introduced 643 

megafauna species (Figs 2 and 3). In general, the compensatory capacity of surrounding source 644 

ecosystems is related to the amount of resources (e.g. species) available in the surrounding 645 

ecosystems and the landscape connectivity allowing the transfer of species or other resources 646 

from surrounding ecosystems to the focal ecosystem (Conradi & Kollmann, 2016; Conradi, 647 

Temperton & Kollmann, 2017). The latter is strongly related to the geographic distance and 648 

biogeographic barriers between the source and the sink ecosystems (cf. Brunbjerg et al., 2017), 649 

conditions which also affect the spread of megafauna from surrounding ecosystems into 650 
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defaunated areas (Ziółkowska et al., 2016). When biogeographic barriers are insuperable or 651 

external source ecosystems are lacking, a targeted introduction of missing species parallel to the 652 

(re)introduction of megafauna could help to overcome missing material and information legacies 653 

actively in the focal ecosystem. However, such interregional or even intercontinental co-654 

introductions are riskier than the megafauna introductions themselves. Species like dung beetles 655 

or other insects may actually be harder or even impossible to control after introduction (e.g. 656 

Lovett et al., 2016). Nevertheless, active translocations of smaller species are already common 657 

practice in biological control (Manchester & Bullock, 2001) or restoration, like the 658 

reintroduction of locally extirpated plant species via seed addition or planting as a form of active 659 

restoration [e.g. see Donath et al. (2007) and Török et al. (2011) for grasslands]. 660 

 661 

IV. IMPLEMENTATION OF THE ECOLOGICAL MEMORY–REWILDING 662 

FRAMEWORK 663 

The fundamental challenge we have in restoration/trophic rewilding is that we want (or do not 664 

want) to change the state of the focal ecosystem to follow a certain restoration goal. Depending 665 

on this decision, we must actively decrease or increase the resilience, and thus attempt to erode 666 

or preserve the ecological memory maintaining the ecosystem in its current (desirable or 667 

undesirable) state. The focal ecosystem will respond differently to megafauna (re)introduction 668 

based on the difference between its current state and the desired state, its ecological memory, and 669 

the impact potential of the chosen megafauna species. Restoration as well as management and 670 

monitoring strategies have to be adapted correspondingly. The information we provide about the 671 

key determinants of ecosystem responses to tropic rewilding within the ecological memory–672 

rewilding framework (Figs 2 and 3) can help to anticipate possible trajectories of ecosystem 673 
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dynamics after rewilding and to adapt restoration, management, and monitoring strategies in 674 

order to maximise the success and to minimise the risk of unwanted, negative outcomes of 675 

trophic rewilding or other restoration projects. 676 

To facilitate the success of rewilding projects, the overall goal of a restoration activity must be 677 

clearly defined a priori and the success of the implemented restoration/rewilding action in 678 

achieving this goal should be scientifically monitored for a sufficient time afterwards. A clear 679 

definition of the specific goals of a restoration project (e.g. maintenance of biodiversity or 680 

persistence of a focal species, increasing water retention or carbon storage, decreasing soil 681 

erosion, etc.) will also help to answer the fundamentally important question in adaptive nature 682 

management: ‘resilience of what to what?’ This is crucial to identify the relevant ecosystem 683 

properties and processes that are necessary to keep or bring the focal ecosystem onto a desirable 684 

trajectory for reaching the restoration goal (Carpenter et al., 2001; Folke, 2006; Higgs et al., 685 

2014). Monitoring conducted for a sufficiently long period after the initial restoration action [e.g. 686 

megafauna (re)introduction] will be needed to understand the response trajectories of the restored 687 

ecosystem and to prevent the ecosystem from following unwanted response trajectories towards 688 

undesirable states. Adaptive management as a strategy where management decisions and actions 689 

are permanently recalibrated based on the a-priori defined goals and the knowledge obtained 690 

from continuous monitoring of the current response trajectory of the focal ecosystem (Biggs & 691 

Rogers, 2003) can be a helpful or even necessary management approach to ensure the success of 692 

any restoration project. Specific restoration goals can sometimes change over time when 693 

knowledge obtained about the response trajectory of the focal ecosystem or drastic changes in 694 

ecological, socio-economic or political boundary conditions reduce their desirability. This 695 
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adaptive way of managing restored ecosystems seems to be especially important when the focal 696 

ecosystem is far from its desired state and ecological memory is low. 697 

As rewilding projects are generally planned to be open-ended, their key goals are: (1) the 698 

promotion of dynamic landscapes, natural processes, and, in some cases, concomitant ecosystem 699 

services, and (2) the general maintenance of high levels of biodiversity rather than fixed 700 

reference states in species composition or habitat characteristics (Hughes et al., 2011; Svenning 701 

et al., 2016). Adaptive management as described above is particularly suitable for the monitoring 702 

and evaluation of programs with such dynamic goals. 703 

 704 

V. CONCLUSIONS 705 

(1) Trophic rewilding is a novel and promising restoration approach to promote self-sustaining, 706 

biodiverse ecosystems, but ambiguity still exists about the ecological outcomes of megafauna 707 

(re)introduction. This mainly results from fragmentary empirical data and missing theoretical 708 

frameworks. 709 

(2) We provide a novel conceptual framework to help anticipate ecosystem responses to trophic 710 

rewilding based on two interacting factors: (a) the impact potential of (re)introduced megafauna 711 

and (b) the ecological memory of the focal ecosystem. 712 

(3) The impact potential of (re)introduced megafauna species can be estimated by species’ 713 

properties: lifetime per capita engineering capacity, population density, home range size and 714 

niche overlap with resident species. 715 

(4) The impact potential of (re)introduced megafauna species on a focal ecosystem is expected to 716 

be modulated by ecological memory through its four elements: absolute time since megafauna 717 

loss, the speed of abiotic and biotic turnover, the strength of species interactions characterising 718 
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the focal ecosystem and the compensatory capacity of surrounding source ecosystems. The result 719 

of this interaction between the megafauna’s impact potential and the elements of ecological 720 

memory will determine the outcome of (trophic) rewilding actions. 721 

(5) Ecological resilience is seen in our framework as an emerging property of ecological 722 

memory. The different internal and external components of ecological memory (see Table 1) 723 

affect the degree to which an ecosystem is capable of reorganising and adapting to future 724 

changes, a crucial part of ecosystem resilience. 725 

(6) We propose a strong link between ecological memory and temporally lagged responses to 726 

restoration activities, stemming from disequilibrium dynamics in ecosystem assembly. 727 

(7) We provide practical advice on how to characterise quantitatively the key elements of the 728 

ecological memory–rewilding framework to assess likely ecosystem responses to trophic 729 

rewilding. This could help managers and practitioners to weigh plausible strategies to maximise 730 

the success of rewilding projects and minimize the risk of unwanted ecosystem changes. 731 

Monitoring of ecosystem responses to trophic rewilding over an extended period in combination 732 

with adaptive management strategies will help to prevent adverse effects of trophic rewilding 733 

even under unstable, unpredictable conditions (i.e. far from equilibrium). The framework and the 734 

management suggestions, although specifically developed for trophic rewilding, are easily 735 

transferable to other restoration projects. We hope this review will help facilitate sustainable 736 

management of functioning ecosystems in an increasingly human-dominated world. 737 
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Table 1. Examples of internal and external components of ecological memory represented by 1081 

material and information legacies, and the corresponding attributes observable at landscape, 1082 

community and intraspecific scales. Internal components of ecological memory act within a focal 1083 

ecosystem, whereas external components usually refer to the surrounding environment of the 1084 

studied ecosystem. 1085 

  Material legacies Information legacies 

Internal 

components 

    

Landscape scale Terrain complexity, soil properties 

(type, texture, carbon and nutrient 

content), structural biological remains 

(wood stems, unpopulated termite 

mounds, etc.), vegetation formations 

Structure/physiognomy of ecological 

networks 

Community scale Living remnants of locally extinct 

species (e.g. tests, spores, seeds), 

remnant populations of long-lived 

species 

Species traits (behavioural, 

physiological, or morphological), 

currently lost antagonistic and/or 

mutualistic links between present 

and (re)introduced species 

Intraspecific scale  -  Genetic diversity, phenotypic 

plasticity, maternal effects 

External 

components 

Individuals, diaspores or propagules 

for species recolonisation, fluxes of 

energy/material (‘meta-ecosystems’), 

spatial configuration of dispersal 

(habitat structure, soil properties of 

the surrounding ecosystems) 

Metapopulation genetic diversity 

(‘landscape genetics’) 

 1086 

  1087 
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FIGURE LEGENDS 1088 

Fig. 1. Temporal and organisational/spatial scales on which different material and information 1089 

legacies as observable attributes of ecological memory components affect ecosystem responses 1090 

to restoration activities like trophic rewilding. The named legacies represent a non-exhaustive list 1091 

of observable ecosystem attributes. 1092 

 1093 

Fig. 2. The ecological memory–rewilding framework. The ecological memory of the focal 1094 

ecosystem mediates the impact potential and, thus, the net impact of (re)introduced megafauna 1095 

on ecosystem response dynamics. The impact potential of the (re)introduced species is related to 1096 

its lifetime per capita engineering capacity, its population density/biomass, its home range size, 1097 

and its niche overlap with resident species. The longevity and strength, and thus the importance 1098 

of ecological memory, is shaped by the speed of abiotic and biotic turnover and the strength of 1099 

species interactions characterizing the focal ecosystem, the absolute time since the megafauna 1100 

loss, and the compensatory capacity of surrounding source ecosystems. 1101 

 1102 

Fig. 3. Key determinants of ecosystem responses to trophic rewilding. An increase in each 1103 

element has the shown effect (positive, negative, or context dependent) on the strength of the 1104 

drivers of ecosystem responses. For example, an increase in the time since the loss of megafauna 1105 

will decrease the strength of ecological memory of the focal ecosystem. Potential information 1106 

sources for each element are also provided. See text for further details. 1107 
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