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Abstract: Since its emergence in the past decades, restoration ecology has demonstrated an astounding growth as a new 
discipline of applied science. At the same time, this young discipline has been criticized for its retrospective goals largely 
based on the past, its fragmented approach, and its idealistic goals, which do not relate to the real world context. Restoration 
with past-focused, idealistic, and/or ad hoc goals may not work in the future because an ecosystem that is restored for the 
past environment is not likely to be sustainable in the changing environment of the future, simple recomposition of isolated 
and fragmented naturalistic patches is not likely to restore ecosystem functions, and unrealistic goals and work plans are not 
likely to gain public support. We advocate directing the principles and practice of ecological restoration to the future. Future-
aimed restoration should acknowledge the changing and unpredictable environment of the future, assume the dynamic nature 
of ecological communities with multiple trajectories, and connect landscape elements for improving ecosystem functions and 
structures. In this paper, we discuss the predictability of restoration trajectories under changing environmental conditions, the 
application of ecological theories to restoration practice, the importance of interdisciplinary approaches and human inter-
ventions in ecosystem recovery, and the social context of ecological restoration.
Keywords: ecology, environment, future, restoration, sustainability.

Résumé : Depuis son émergence dans les dernières décennies, la restauration écologique a démontré une croissance 
phénoménale en tant que nouvelle discipline scientifique appliquée. En même temps, cette jeune discipline a été critiquée 
pour ses objectifs rétrospectifs, son approche fragmentaire et ses idéaux qui ne sont pas toujours réalistes. Il est fort possible 
qu’une restauration orientée vers le passé, avec des objectifs idéalistes et/ou ad hoc ne sera pas fonctionnelle dans l’avenir. 
En effet, un écosystème restauré en fonction d’un environnement passé ne sera peut être pas viable dans un futur en changement, 
la réhabilitation vers un aspect naturel de parcelles isolées et fragmentées ne restaurera probablement pas les fonctions de 
l’écosystème et des objectifs et plans de travail irréalistes ont peu de chance d’obtenir la faveur du public. Nous recommandons 
d’orienter les principes et la pratique de la restauration écologique vers le futur. Cette restauration tournée vers l’avenir 
devrait prendre en compte que les environnements futurs seront changeants et imprévisibles, considérer la nature dynamique des 
communautés écologiques ayant des trajectoires multiples et assurer la connectivité des éléments du paysage pour améliorer 
les fonctions et structures des écosystèmes. Dans cet article, nous discutons de la prévisibilité des trajectoires de restauration 
dans des conditions environnementales changeantes, de l’application des théories écologiques à la pratique de la restauration, 
de l’importance de l’approche multidisciplinaire et des interventions humaines pour la réhabilitation des écosystèmes et 
finalement, du contexte social de la restauration écologique.
Mots-clés : écologie, environnement, futur, restauration, viabilité.
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Introduction
Since its emergence over recent decades, the discipline 

of restoration ecology has demonstrated an astounding 
growth. It has been regarded as a proactive tool for conser-
vation and management of biological resources, a “testing 
laboratory” of ecological theories (Bradshaw, 1983; 1987; 
2002; Jordan, Peters & Allen, 1987; Hobbs & Norton, 1996; 
Choi, 2004; Temperton et al., 2004; Harris et al., 2006), and 
even a hope for the future (Dobson, Bradshaw & Baker, 
1997). As expected, this young discipline (Palmer, Ambrose 
& Poff, 1997) is experiencing “growing pains”, with strong 
criticisms. Major points of criticism, mainly from outside 
the restoration professional community, include subjectivity 
in determining restoration goals, inapplicability of a static 
approach to dynamic ecosystems, and impracticality of a 
retrospective approach because of irreplaceable losses and/
or irreversible changes (Davis, 2000; Davis & Slobodkin, 
2004). A constructive examination of, and response to these 
criticisms is necessary if the discipline of restoration ecol-
ogy is to mature fully.

At least 3 major concerns, although they are not univer-
sal, are often raised within the field of ecological restoration.

First, its contemporary paradigm is largely retrospec-
tive and thus focused on the past. Contemporary restoration 
practices often aim to rebuild ecosystems or habitats that 
once existed in a past environment. Historical information is 
undoubtedly a valid resource for guiding future restoration. 
However, the environmental conditions of the future will 
very likely be different from the past. Therefore, a restored 
ecosystem rigidly aimed at historical fidelity may not be 
sustainable in the future (Pavlik, 1996; Choi, 2004; Eagan 
& Howell, 2005; Harris et al., 2006; Choi, 2007).

Second, the discipline of restoration ecology has largely 
progressed on an ad hoc, site- and situation-specific basis 
(Hobbs & Norton, 1996). Allen and Hoekstra (1992) 
lamented that ecological restoration has often been “a sort 
of gardening with wild species”, at least in the earlier times. 
“Ecological restoration” is based on the principle that the 
restored site should be self-sustaining, often with no or very 
little further augmentation of energy or materials by humans 
(Jackson et al., 1995; Ehrenfeld & Toth, 1997). A fragment-
ed restoration approach (e.g., “gardening” for recomposition 
of past flora solely based on botanical interests) is not suf-
ficient to meet this principle (Hobbs & Norton, 1996; Choi, 
2007). Numerous restoration attempts have been made at 
landscape or ecosystem levels, but economical, social, and 
political constraints often limit the success of our restoration 
efforts and produce fragmented results. Therefore, a multi-
disciplinary approach is essential for successful restoration 
(Majer & Recher, 1994; Hobbs & Norton, 1996; Hobbs, 
2004; Halle, 2007). 

Third, idealistic restoration goals are often not pos-
sible under prevailing economical, social, and political 
circumstances. Michener (1997) noted that ecological res-
toration until recently has been viewed as more of an “art” 
than a “science”, often relying upon intuition rather than a 
documented knowledge base. For this reason, restoration 
professionals have often not been fully prepared to present 
a unified package of goals, feasible work plans, and societal 

benefits of ecological restoration to the public (Hobbs & 
Norton, 1996; Higgs, 1997; Hobbs, 2004; Throop, 2004). 
Idealistic restoration may lead to a public perception that 
ecological restoration is “an expensive self-indulgence for 
the upper classes” that does not acknowledge the real-world 
context (Kirby, 1994). Large-scale restorations with land-
scape or ecosystem approaches, in particular, can often be 
“idealistic”, inflaming public sentiments and resistance if 
they negatively interfere with economic, social, and political 
interests. A “realistic” restoration goal has to be ecologically 
sound, economically feasible, and socially acceptable (Choi, 
2004; 2007; Halle, 2007; Hobbs, 2007). The need to provide 
“realistic” and thus achievable goals in restoration has been 
clearly advocated and is being increasingly recognized by 
restoration professionals (Hobbs & Norton, 1996; Michener, 
1997; White & Walker, 1997; Hobbs, 2004; 2007).

 In this paper, we advocate the direction (or redirection) 
of contemporary principles and practices of ecological res-
toration toward the future. Future-aimed restoration should 
acknowledge the changing and unpredictable environment 
of the future, assume the dynamic nature of ecological 
communities with multiple goals and trajectories, connect 
landscape elements for reinstating both ecosystem struc-
tures and functions, and seek public support for setting real-
istic restoration goals and scopes (Hobbs & Norton, 1996; 
Ehrenfeld & Toth, 1997; Michener, 1997; Palmer, Ambrose 
& Poff, 1997; White & Walker, 1997; Choi, 2004; Harris 
et al., 2006; Choi, 2007; Hobbs, 2007). This review paper is 
an attempt to synthesize a conceptual basis for future-aimed 
restoration within practical limitations. To this end, we 
discuss the following themes: (1) predictability of restora-
tion trajectories under changing environmental conditions, 
(2) application of succession theories to restoration trajec-
tories, (3) a special need for interdisciplinary approaches, 
(4) human interventions for ecosystem recovery, and 
(5) ecological restoration in social context.

Predictability of restoration trajectories under 
changing environmental conditions

The Earth’s atmospheric temperature has increased by 
0.74 °C in the last 100 y and is projected to increase by 1.1 
to 6.4 °C during the 21st century (IPCC, 2007). This ris-
ing atmospheric temperature may cause weather patterns 
to become less predictable, with an increased frequency of 
extreme meteorological events. Such changes in weather 
patterns will likely affect restoration outcomes and make it 
difficult to set goals (Harris et al., 2006).

For example, intensified precipitation in the 1990s as a 
part of local climate change is having strong effects on veg-
etation composition in the coastal dunes of the Netherlands 
(Verbeek et al., 2003), thereby frustrating efforts to restore 
fen vegetation in dune slacks (called swales in North 
America). Physical removal of sods was successful in both 
1954 and 1986 within the context of restoration project. 
The target pioneer vegetation, with many orchids and rare 
sedges, reappeared after a few years, and after 40 y some 
orchids were still present in the vegetation (Bekker et al., 
1999). However, recent restoration attempts using the same 
method in 1990 and 1995, the years with heavy rainfall, led 



to outcomes different from those observed in 1954 and 1986. 
Most of the target species did not appear or disappeared after 
a short appearance, and the vegetation became an assem-
blage of species that are adapted to more wet and eutrophic 
conditions (Figure 1). Vegetation in some wet plots did not 
change at all during the 12 y of observation (Grootjans et al., 
2002a,b). A similar case was reported by Van Duren et al. 
(1998) after a failed restoration of fen meadow in a polder 
area in the Netherlands. Thus, there is need for a new flex-
ibility, given that the restoration technique that worked well 

in the past (sod cutting) may no longer be suitable under the 
changing climate.

The Earth’s soil and water are continually enriched 
by atmospheric depositions of nitrogen (Galloway et al., 
2004) and other nutrients. In the Netherlands, atmospheric 
deposition of nitrogen has risen significantly from around 
10 kg·ha–1·y–1 in 1930 to 35 kg·ha–1·y–1 in the late 1990s 
(Stuyfzand, 1993; Ten Harkel & Van der Meulen, 1996; 
Van Wijnen, 1999). Such increased deposition has likely 
triggered grass and shrub encroachment in large parts of 
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Figure 1. DCA of 30 permanent plots. Predicted and observed paths of succession after restoration effort in coastal dune slack wetlands in the 
Netherlands during the1980s and 1990s. The target community was modeled after an historical community that occurred in the 1920s and in 1956; how-
ever, the restoration trajectory did not arrive at the target community, likely as a result of intensified precipitation.
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the dry dune areas (Kooijman & Besse, 2002). Simulating 
natural wind and water processes that may shape new dunes 
and interdunal wetlands is a new challenge for restoring 
the natural dune landscapes of the Netherlands (Grootjans 
et al., 2002a). Nitrogen enrichment is also considered to 
be a major obstacle in restoration of coastal sage scrub 
(CSS) vegetation in southern California, USA (Minnich & 
Dezzani, 1998; Allen et al., 2000; Fenn et al., 2003). CSS 
is a semi-deciduous shrubland dominated by ≈1-m-tall 
shrubs, such as California sagebrush (Artemisia californica), 
California buckwheat (Eriogonum fasciculatum), and brittle-
bush (Encelia farinosa), with a diverse understory of native 
forbs, mainly annuals. Anthropogenic nitrogen deposition, 
primarily from automobile emissions, is among the major 
reasons for the relatively recent type conversion of CSS 
during the past 50 y in areas of southern California. Up to 
30 kg N·ha–1·y–1 have been measured in western Riverside 
County (Bytnerowicz, Miller & Olszyk, 1987), where the 
most rapid losses are occurring (Minnich & Dezzani, 1998). 
Observations along an urban-to-rural nitrogen deposition 
gradient showed a loss of diversity of native forb species 
from 67 to 16 species·ha–1 (Figure 2). The loss of CSS, 
coupled with urban development, has prompted extensive 
efforts to restore this vegetation type (Allen et al., 2000; 
Cione, Padgett & Allen, 2002; Allen et al., 2005). However, 
restoration outcomes have been mixed because invasive 
species are forming a new stable state dominated by exotic 
grasses. In the midwestern USA, Wilcox, Chun, and Choi 
(2005) also reported a rapid accumulation of nitrogen in 
soils of developing black oak (Quercus velutina) savanna in 
sand dunes of Lake Michigan. These rapid accumulations 
are likely due to atmospheric deposition, and such nitrogen 
enrichment could add uncertainty to the future trajectory for 
vegetation development of black oak savanna.

Nitrogen enrichment of soil, along with other factors 
such as climate change, is often linked to invasions of exotic 
species (Hobbs & Mooney, 2005). Nitrogen enrichment may 
promote species invasions to the detriment of native species. 
In southern California, cover of exotic grasses increased in 
nitrogen-enriched soil (mostly red brome [Bromus rubens] 
and wild oats [Avena barbata]) (Figure 2). Eutrophication has 
also been cited as a probable cause for expansions of exotic 
species in grasslands (Wilson & Tilman, 1995), wetlands 
(Galatowitsch, Anderson & Asher, 1999; Choi & Bury, 2003), 
and woodlands in the Great Lakes states of the USA (Wilcox, 
Chun & Choi, 2005). The combination of high soil nitrogen, 
high exotic grass production, and invasive species presents 
a major challenge to restoration efforts in the CSS (Allen et 
al., 2000). Such invasive exotic species often form a stable 
state (Hobbs & Norton, 1996; Temperton & Hobbs, 2004) of 
monospecific stands of exotic species and inhibit (Connell & 
Slatyer, 1977) or divert the desired restoration trajectory.

Levin (1989) characterized modern ecology as “uncer-
tainty and variability”. These characteristics will likely be 
intensified in our future environment, making the need for 
a shift in restoration approach from “historic” to “futuris-
tic” greater than ever (Choi, 2004). Earlier definitions of 
ecological restoration (e.g., Jordan, Peters & Allen, 1987; 
National Research Council, 1992; Society for Ecological 
Restoration International as cited by Aronson et al., 1993; 

Jackson, Lopoukhine & Hillyard, 1995) clearly set the goals 
of restoring the natural, historic, or prehistoric ecological 
communities and ecosystems that preceded disturbance 
by human activities. Cairns (2002) noted that ecosystem 
restoration is possible when climate conditions suit the 
species that once inhabited the area. However, the trends 
of global climate change are unlikely to reverse in the 
foreseeable future. Atmospheric deposition of nitrogen 
will likely increase along with the rising demand for fos-
sil fuels and nitrogen fertilizers (Galloway et al., 2004). 
Current rates of invasions by exotic species are faster than 
ever (Lonsdale, 1999; Mack, 2005; Moony, 2005). While 
the past is undoubtedly a valuable guide for projecting res-
toration outcome (Higgs, 2003; Eagan & Howell, 2005), it 
should not be a straightjacket. Harris et al. (2006) warned 
that “valuing the past when the past is not an accurate indi-
cator for the future may fulfill a nostalgic need but may 
ultimately be counterproductive in achieving realistic and 
lasting restoration outcomes.” With this perspective, the 
Society for Ecological Restoration International (SERI, 
2004) issued a new definition of ecological restoration: “the 
process of assisting the recovery of an ecosystem that has 
been degraded, damaged, or destroyed.” This definition has 
major implications for human interventions, suggesting 

Figure 2. Richness of native forbs in 3-ha plots (a), percent cover of 
native forbs (b), and percent cover of exotic grass (c) along an anthropo-
genic nitrogen deposition gradient in coastal sage scrub vegetation, western 
Riverside County, California, in April 2003. Extractable soil N is nitrate-N 
plus ammonium-N. Native forbs, both annual and perennial, are the main 
contributors to diversity of this vegetation type.
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that the recovery of ecosystem functions and processes, 
rather than reassemblage of past floras or faunas, should 
be the goal.

Application of succession theories to restoration 
trajectories

Ecological theories have provided conceptual frame-
works for projecting future restoration outcomes (Bradshaw, 
1983; Dobson, Bradshaw & Baker, 1997; Naeem & Li, 
1997; Palmer, Ambrose & Poff, 1997; Parker, 1997; Wali, 
1999; Naeem, 2002; Walker & del Moral, 2003; Choi, 2004; 
Temperton & Hobbs, 2004; Falk, Palmer & Zedler, 2006; 
Naeem, 2006; Walker, Walker & Hobbs; 2007). In par-
ticular, successional models have been applied to restoration 
trajectories (Walker, Walker & Hobbs, 2007). For example, 
MacMahon (1987) suggested that Clements’ (1916) 6 steps 
of plant community development (from nudation to cli-
max) were applicable to the restoration of major terres-
trial biomes. However, this model was found inadequate for 
restoration trajectories (Cairns & Heckman, 1996; Hobbs 
& Norton, 1996; Palmer, Ambrose & Poff, 1997; Parker, 
1997; Wali, 1999; Choi, 2004) because of its deterministic 
nature. Ecological succession is not typically deterministic; 

it is stochastic, at best only generally directional and often 
reticulate, regressive, or cyclic (Fekete, 1992; Walker & del 
Moral, 2003). Therefore, ecosystem processes do not nec-
essarily undergo an ordered development toward a single 
end point but often undergo rapid transitions between 
different metastable states toward multiple end points 
(Hobbs & Norton, 1996; Suding, Gross & Houseman, 
2003; Suding & Gross, 2006), which are often not predict-
able (Temperton & Hobbs, 2004).

In North America, Zedler (1996) and Zedler and 
Callaway (1999) did not find any clear changes toward a 
determined target community in wetland restoration sites 
in southern California. Simenstad and Thom (1996) report-
ed that the target community of a restored estuary in the 
Pacific Northwest was not attainable, and Shear, Lent, and 
Fraver (1996) warned that a restored bottomland forest in 
Kentucky would not sustain its species composition in the 
long term. Wilcox et al. (2005) reported that the develop-
ment of black oak (Quercus velutina) savanna in disturbed 
sand dunes of Lake Michigan did not necessarily move 
along a single path. In Europe, Bartha (2002) and Halassy, 
Torok, and Marko (2005) found reticular and multiple paths 
of vegetation development after removal of alien black 
locust (Robinia pseudoacacia) in their grassland restoration 

Figure 3. Multi-path developments of plant communities in unmown (bold ellipses and dotted arrows) and mown plots (squares and double-lined arrows) 
in a Hungarian grassland restoration site. From left to right the vegetation is closing, and from top to bottom it is getting more arid. Simple arrows indicate the 
original pathways of the conceptual frame. Species in stars are occasional accumulations of forb species on the original scheme. Modified after Bartha (2002).
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study (Figure 3). Unpredictable courses of community suc-
cession in a changing environment add uncertainty to resto-
ration trajectories.

In spite of such unpredictable processes as discussed 
above, predictive models are undoubtedly an essential tool 
for restoration planning (Palmer, Ambrose & Poff, 1997; 
Walker & del Moral, 2003; Walker, Walker & Hobbs, 
2007). Ecological restoration researchers face a paradoxical 
challenge of developing predictive models from unpredict-
able nature (Parker, 1997; White & Walker, 1997; Klotzli & 
Grootjans, 2001; Choi, 2004), and restoration ecologists and 
practitioners in particular need those models and tools to 
test in real restoration projects. Acknowledging such unpre-
dictability, a realistic restoration for the future needs to 
assume multiple alternative goals with multiple trajectories 
(Hobbs & Norton, 1996; Palmer, Ambrose & Poff, 1997; 
White & Walker, 1997; Suding, Gross & Houseman, 2003; 
Choi, 2004; Suding & Gross, 2006; Choi, 2007).

The individualistic concept of succession (Gleason, 
1926) does not necessarily assume the deterministic end of 
succession; therefore, it may provide flexibility for setting 
multiple trajectories, particularly in conjunction with the 
facilitation, inhibition, and tolerance models of Connell and 
Slatyer (1977). Individualistic assembly of vegetation during 
“human-aided succession” and evidence for facilitation, inhi-
bition, and tolerance pathways in post-mining sites have been 
documented in the literature (Choi & Wali, 1995; Cairns & 
Heckman, 1996; Choi & Pavlovic, 1998; Wali, 1999).

Recently, a new concept of holism, based on assembly 
rules (Diamond, 1975), has been introduced to ecological 
restoration (Temperton et al., 2004; Jentsch, 2007; Nuttle, 
2007). Fattorini and Halle (2004) applied a “dynamic envi-
ronmental filter model” (DEFM) for predicting spatial and 
temporal changes in ecosystem regeneration and invasion of 
species. According to the DEFM, every new species enter-
ing a system must fit through both an abiotic and a biotic 
filter, and disturbance can change the mesh of this 2-step 
filter. Nuttle (2007) found the DEFM useful for evaluating 
the current status of degraded ecosystems compared to non-
degraded ones. However, the outcome of species assembly 
may not be clear (Hobbs & Norton, 1996; Wali, 2007). No 
“rule” of assembly has been identified yet, and thus the 
assembly rules at this time may serve as a hypothetical 
“guideline” rather than a “rule” for setting restoration tra-
jectories (Temperton & Hobbs, 2004).

A special need for uniting community, ecosystem, 
and restoration ecology

Our earlier examples of eutrophication of habitats in 
Europe and California indicate very clearly that a target 
community in the future, after restoration action, may not 
be identical or even similar to past community or ecosys-
tem assemblages (Jansen et al., 2004; Choi, 2007). Harris 
et al. (2006) stressed the importance of reinstating ecosys-
tem functions as well as structure within newly restored 
assemblages under a changing climate. We endorse this 
argument; a future-aimed restoration should focus as much 
on reinstating certain ecosystem functions (Naeem, 2006) as 
on reinstating certain key species that are linked to specific 
functions. Luckily perhaps, restoring certain key ecosystem 

processes and functions is usually easier to achieve than 
restoring specific species to a site (see review by Lockwood 
& Pimm, 1999). 

Ecosystem processes and functions (such as water and 
nutrient cycling) are affected by abiotic and biotic factors 
(Ehrenfeld & Toth, 1997; Naeem & Li, 1997; Naeem, 2002; 
2006). In past decades, most restoration projects aimed to 
reinstate abiotic functions (i.e., raise water levels in the case 
of degraded, drained peatland or maintain low-intensity 
grazing/mowing management in the case of European spe-
cies-rich grasslands; Grootjans et al., 2002b) and hoped for 
a spontaneous return of displaced species. With the “if you 
build it they will come” mind-set, many restoration projects 
re-established specific abiotic disturbance regimes or set-
tings, but the desired species did not necessarily return, and 
undesired non-native species often quickly became domi-
nant (Levine et al., 2006). Restoration researchers have only 
relatively recently begun to take the issue of biotic limita-
tions (such as need for pollinators, symbiotic interactions of 
plants with mycorrhizae, dispersal limitations, and micro-
site limitations) more seriously (Palenzuela et al., 2002; 
Gillespie & Allen, 2006; Harris & van Diggelen, 2006).

Recent cross-fertilization between community and eco-
system ecology has led to more focus on the link between 
the abiotic and the biotic functions. Biodiversity–ecosystem 
functioning experiments (BD-EF) are one such attempt at 
linking and understanding the effects of biodiversity on 
ecosystem properties and functions (Schulze & Mooney, 
1993; Huston, 1997; Tilman, 1999; Hooper et al., 2005), as 
opposed to the more traditional ecological investigations on 
the effects of the environment (or abiotic factors) on species 
distributions. In the BD-EF experiments, where effects of a 
diversity gradient of species on primary productivity, flows 
of energy, and cycling of matter in a system were investi-
gated, the 2 often disparate fields were effectively unified 
(Naeem, 2006). Many BD-EF experiments, especially in 
grasslands, have shown a positive relationship between spe-
cies and functional group richness and ecosystem functions 
(Tilman, Wedin & Knops, 1997; Hector et al., 1999; Hooper 
et al., 2005; Roscher et al., 2004; 2005; Spehn et al., 2005). 
A major debate in current BD-EF research relates to the 
exact nature and extent of the specific link between species 
or trait diversity and ecosystem processes.

Two main questions for the relevance of BD-EF experi-
ments have emerged. The first question is whether posi-
tive effects of diversity on ecosystem processes are driven 
mainly by dominant species within a community (called 
sampling effect) or by more efficient resource use within 
an ecosystem when many species differing in their traits 
are present (called the complementarity effect) (Loreau & 
Hector, 2001). Recent meta-analyses suggest that both sam-
pling and complementarity effects play a role in producing 
positive diversity effects on ecosystem processes (Hooper 
et al., 2005; Spehn et al., 2005; Balvanera et al., 2006). The 
second question is whether effects found in BD-EF experi-
ments, where abiotic conditions are kept as stable as pos-
sible while manipulating biotic components such as species 
richness, are relevant in more natural ecosystems exposed to 
far more complex interplay of abiotic and biotic factors (see 
Kahmen, Perner & Buchmann, 2005).
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Plant communities in BD-EF experiments are per se 
young and probably far from maturation, such that interac-
tions between the biotic and abiotic components of a more 
mature ecosystem may show very different key drivers of 
the system (Grace et al., 2007). Autogenic positive effects 
of biodiversity on ecosystem processes may only occur in 
early stages of ecosystems, or they may be compounded by 
allogenic factors (e.g., environmental conditions) in more 
natural settings. Restored ecosystems almost always are 
also young ecosystems. Here is where the 2 fields (BD-EF 
and ecological restoration) seem set to gain from each other.

Ecological restoration has a lot in common with BD-EF 
experiments, including the manipulation of abiotic condi-
tions, the artificial assemblage of biotic species, and moni-
toring of ecological processes at community and ecosystem 
levels. More importantly, a number of BD-EF experiments 
have found that positive complementary effects increase 
over time among the species-rich assemblages (Pacala & 
Tilman, 1994; Lambers et al., 2004). In addition, some 
ecologists predict that positive interactions should increase 
as environmental conditions become more severe across an 
environmental gradient (Callaway, 1997). This could and 
should have implications for restoration. Certain restoration 
contexts, especially on degraded sites with extreme environ-
mental conditions, such as post-mining sites, could prove 
to be the kinds of habitats where positive interactions may 
play a special role in establishing functioning ecosystems, at 
least at initial stages of restoration, and where there may be 
the potential for increasing facilitative effects within certain 
assemblages over time. Equally potentially useful, but not 
yet adequately tested, is one of the main insights of BD-
EF experiments, that only a small number of plant species, 
given a certain environmental framework, can (re)establish 
productivity, nutrient and water cycling, decomposition, and 
humus forming processes in an ecosystem.

Given the increasing lack of predictability of restoration 
trajectories in a changing environment, it will be critical to 
advance our knowledge of dominant species effects versus 
complementarity effects in resource use within diverse spe-
cies assemblages on ecosystem processes and functions. 
Application of the knowledge from BD-EF to restoration 
projects has the potential to enhance restoration success 
considerably. In addition, restoration projects, given col-
laboration between scientists and restoration professionals 
for adequate planning, may offer a panoply of opportunities 
for cross-fertilization. Ecological restoration sites and proj-
ects could and should provide a testing ground for evaluat-
ing effects of differently diverse species assemblages on 
ecosystem functions (as found in BD-EF experiments) in a 
real-world context.

Human interventions for ecosystem recovery
Human interventions for ecosystem recovery are cen-

tral to our contemporary restoration practice (Cairns & 
Heckman, 1996; SERI, 2004). Human interventions may 
include, but need not be limited to, removal of invasive 
exotic species, amendment of site conditions, and provi-
sion of propagules or safe sites in the form of nurse plants 
(Temperton & Zirr, 2004).  For example, Halassy, Torok, 
and Marko (2005) found that mowing prevented encroach-

ment of woody shrubs (e.g., Crataegus monogyna) and 
guided the vegetation trajectory to the target community 
of Festuca vaginata and Stipa borysthenica in a Hungarian 
grassland restoration. In North America, Choi and Pavlovic 
(1994; 1998) found that herbicide treatment was more effec-
tive than burning or sod removal for controlling exotic inva-
sive species and restoring native plants in Lake Michigan 
sand dunes. Such human interventions aim to allow pro-
gressive dynamic changes in the restored community over 
time in the future. Particularly, the initial site amendment 
and species introduction (Fukami et al., 2005) may deter-
mine the restoration trajectory, the time frame for trajec-
tory development, and sustainability of the ecosystem after 
recovery (Cairns & Heckman, 1996; Naeth, 2000).

In Canada, Reid and Naeth (2005a,b), Gardner et al. 
(2003), and Graham and Naeth (2004) found that applica-
tions of urban wastes (e.g., biosolids and compost) could 
accelerate soil development and enhance bioremediation 
of hydrocarbons and metals in some post-industrial sites. 
Soil amendments needed to be accompanied by provision of 
propagules for initiating restoration processes. Mackenzie 
and Naeth (2006) found litter and humus layers of local for-
ests had great potential for soil restoration because the litter 
and humus contained many propagules of native species that 
could increase revegetation success. Schaefer, Naeth, and 
Chanasyk (1999) constructed vegetation islands, by amend-
ing soils with compost and transplanting native species from 
adjacent undisturbed sites, in a disturbed boreal forest site in 
Elk Island National Park. The plants in the transplanted veg-
etation islands survived and continued to establish on this 
terraced slope. Plant species diversity increased with low 
mortality, often less than 10%. Over 75 species were identi-
fied in the area of egress around the islands. Similar results 
were found in Aspen Parkland and Jasper National Park 
(Naeth, Westhaver & Wilkinson, 2002; Naeth & Wilkinson, 
2005a,b). The construction of vegetation islands on amend-
ed soil seemed to be a successful model for linking abiotic 
and biotic restoration in several drastically disturbed post-
industrial lands and for providing an initial “kick-off” to the 
restoration trajectory (Naeth, 2000).

Enrichment of soil nitrogen by atmospheric deposi-
tion is an alteration of an abiotic filter (Hobbs & Norton, 
1996) that may lead to invasion of exotic species. Native 
plants are often capable of growing in high nitrogen soils 
(Cione, Padgett & Allen, 2002) but are poor competitors 
with many exotic grasses (Yoshida & Allen, 2004). Exotic 
grasses can be removed by herbicide application (Allen, 
2005). However, recurrence of such grasses is highly likely 
in the high-nitrogen soil. A number of treatments to reduce 
available soil nitrogen in an effort to control exotic spe-
cies have met with variable success (Zink & Allen, 1998; 
Cione, Padgett & Allen, 2002). The treatments are typi-
cally addition of a carbon source (e.g., mulch and sucrose) 
to increase carbon to nitrogen (C/N) ratio and thus to 
immobilize soil nitrogen by microbial activity (Zink & 
Allen, 1998; Torok et al., 2000; Eschen, Muller-Sharer & 
Schaffner, 2006). However, these treatments are usually 
limited to small areas and will not be a large-scale solution 
to elevated nitrogen deposition.
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The ultimate solution to elevated soil nitrogen would 
be strengthening air pollution legislation to reduce nitrogen 
emissions. Legislation for air pollution control is a social 
and political agenda, beyond the scientific realm of ecologi-
cal restoration. In western Europe, for example, most of the 
deposited atmospheric nitrogen originates from ammonia/
ammonium deposition, mainly from the agricultural practice 
of spraying liquid manure on the soil surface (Roelofs et al., 
1996; Verhagen & Van Diggelen, 2006). The Netherlands 
has been successful in reducing such ammonia emissions 
with legislation that forced farmers to inject manure into the 
soil instead of spraying it on the surface. This measure has 
reduced atmospheric nitrogen emission in the Netherlands 
from 80 kg N·ha–1·y–1 to 20 kg N·ha–1·y–1 during the last 
decade (Milieu-en Natuurplandbureau, 2006).

Ecological restoration in social context
Restoration ecology, like engineering, is an applied 

science with a direct link to human interests (Davis & 
Slobodkin, 2004; Choi, 2007), and extensive gaps between 
ecological theory and restoration practice (Falk, 2006) 
present a challenge. Unlike traditional ecology (question 
driven, skeptical, patient, and often impractical), restora-
tion ecology is goal driven, committed, practical, and often 
impatient under financial, social, and political constraints 
(Walker & del Moral, 2003). The social and political aspects 
of ecological restoration necessitate support from people. To 
draw such support, restoration plans and goals need to be 
economically, ethically, socially, and politically acceptable 
and capable of being justified in all of these arenas (Hobbs 
& Norton, 1996; Higgs, 2003; Choi, 2004; Halvorson, 2004; 
Throop, 2004; Choi, 2007).

Restoration goals are determined by us, not by nature, 
although we may make significant reference to nature 
(Choi, 2007). For this reason, the goals tend to be deter-
mined by preconceptions or misconceptions that often place 
more value on certain target species or ecosystems. These 
may limit or bias the discussion of restoration possibilities, 
thereby preventing the development of more effective and 
efficient strategies. Thus, while restoration ecology needs 
to continue to develop an ecologically sound conceptual 
basis and improved understanding and techniques, it faces 
an important challenge in tackling societal expectations and 
improving societal contributions to increase the likelihood 
of successful restoration (Hobbs, 2004). 

Socio-economic and philosophical aspects need 
increased attention (Gobster & Hull, 2000; Higgs, 2003). 
There have been a few integrated attempts to tackle various 
issues in restoration (particularly, defining the concept of 
naturalness) by a variety of disciplines, including history, 
anthropology, and philosophy. However, cross-referencing 
among these disciplines or within the ecological literature 
has occurred only minimally, if at all. While this may seem 
of only academic interest, in fact it can have important soci-
etal and environmental ramifications. A mix of scientific 
uncertainty, value-laden decisions, and unrealistic expecta-
tions could lead to costly and demoralizing failures, loss 
of confidence that restoration can deliver useful outcomes, 

and a redirection of funds to other initiatives, while leaving 
important ecosystem degradation untreated.

We see the reconciliation of the potential mismatch 
between ecological constraints, social expectations, and 
decisions based on disparate value sets as an important 
challenge to ecological restoration. What is viewed as 
restoration by some might be viewed as unnecessary or 
unwanted meddling with valued ecosystems by others, as 
in the controversy over restoration efforts in the Chicago 
area in the 1990s (Siewers, 1998; Gobster & Hull, 2000; 
Gobster, 2001). Consideration of the sociological elements 
of restoration is likely to be critical in ensuring community 
support for restoration projects. Therefore, ecological resto-
ration will increasingly have to draw, not only on classical 
scientific methods such as standard ecological sampling and 
analysis (“normal” science), but also on the emerging and 
still controversial approaches embodied in “post-normal” 
science (Ziman, 2000; Gauch, 2003). This will involve 
increased interaction among disciplines and an overt accep-
tance that it is important to include values as a valid compo-
nent of the process.

Caveats
The Earth’s environment of the future, particularly in 

the wake of global climate change, will be different from the 
one in the past. Therefore, restoration that is aimed at repli-
cation of past ecosystems will not be possible, or at least not 
sustainable, in the future environment. We advocate direct-
ing (or redirecting) the principles and practice of ecological 
restoration to the future along the following lines.

Restoration plans should set multiple goals and tra-
jectories acknowledging the dynamic nature of ecological 
communities in the changing and unpredictable environ-
ment of the future.

Historical information is a useful guideline but should 
not become a “straightjacket” for projecting restoration 
goals and trajectories to the future.

Restoration goals should focus on rehabilitation of 
ecological functions for the future environment rather 
than solely on recomposition of past species assemblages. 
Connection of landscape elements may improve ecosystem 
functions and structures.

Succession models are applicable to projecting restora-
tion trajectories. The individualistic model, in conjunction 
with the facilitation, inhibition, and tolerance paths, in 
particular provides flexibility for projecting multiple trajec-
tories. Assembly rules, particularly the recently proposed 
“dynamic environmental filter model”, are a new holistic 
concept that need to be tested for such projections.

Various restoration techniques are available for aiding 
recovery of ecosystem functions and structures. An inter-
disciplinary approach (e.g., biodiversity–ecosystem func-
tioning experiments) is necessary for better projection and 
understanding or restoration outcomes.

Restoration ecology is an applied science that has a 
direct link to human interests; therefore, restoration efforts 
need support from people. To draw such support, restoration 
plans and goals should be economically, ethically, socially, 
and politically acceptable and well-justified in these terms.



ÉCOSCIENCE, vol. 15 (1), 2008

61

Acknowledgements
This article is an integration of the papers presented in a sym-

posium titled “Restoration Ecology to the Future: Applicability, 
Predictability and Sustainability” at the 17th Conference of the 
Society for Ecological Restoration International (SERI), also the 
1st World Conference on Ecological Restoration, which was held 
in Zaragoza, Spain in September 2005. We express our gratitude to 
SERI and the organizing committee of this conference for hosting 
this very well-attended symposium. We also thank M. L. Martínez 
for inspiring us to write this article and the anonymous reviewers 
for providing invaluable comments and suggestions.

Literature cited
Allen, E. B., S. A. Eliason, V. J. Marquez, G. P. Schultz, N. K. 

Storms, C. D. Stylinski, T. A. Zink & M. F. Allen, 2000. What 
are the limits to restoration of coastal sage scrub in southern 
California? Pages 253–262 in J. E. Keely, M. B. Keely & C. 
J. Fortheringham (eds.). Second Interface between Ecology 
and Land Development in California. USGS Open-File Report 
00–62, Sacramento, California. 

Allen, E. B., R. D. Cox, T. Tennant, S. N. Kee & D. H. 
Deutschman, 2005. Landscape restoration in southern 
California forblands: Response of abandoned farmland to inva-
sive annual grass control. Israel Journal of Plant Sciences, 53: 
237–245.

Allen, T. F. H. & T. W. Hoekstra, 1992. Toward a Unified Ecology. 
Columbia University Press, New York, New York.

Aronson, J. C., E. Le Floc’h, C. Ovalle & R. Pontanier, 1993. 
Restoration and rehabilitation of degraded ecosystems in arid 
and semi-arid lands, II: Case studies in southern Tunisia, cen-
tral Chile and northern Cameroon. Restoration Ecology, 3: 
168–187.

Balvanera, P., A. B. Pfister, N. Buchmann, J. S. He, T. 
Nakashizuka, D. Raffaelli & B. Schmid, 2006. Quantifying the 
evidence for biodiversity effects on ecosystem functioning and 
services. Ecology Letters, 9: 1146–1156.

Bartha, S. 2002. Az ökológiai restaurációt megalapozó vege-
tációdinamikai kutatások. (Studies on vegetation dynamics 
to serve ecological restoration). Pages 182–198 in A. Magyar 
Tudományos Akadémia Ökológiai és Botanikai Kutatóintézete 
50 éve 1952–2002 (The 50 years of the Institute of Ecology and 
Botany of the Hungarian Academy of Sciences 1952–2002.), 
MTA ÖBKI, Vácrátót.

Bekker, R. M., E. J. Lammerts, A. Schutter & A. P. Grootjans, 
1999. Vegetation development in dune slacks: The role of per-
sistent seed banks. Journal of Vegetation Science, 10: 45–54.

Bradshaw, A. D., 1983. The reconstruction of ecosystems. Journal 
of Applied Ecology, 20: 1–17.

Bradshaw, A. F., 1987. The reclamation of derelict land and the ecol-
ogy of ecosystems. Pages 53–74 in W. R. Jordan, M. E. Gilpin & 
A. D. Aber (eds.). Restoration Ecology: A Synthetic Approach to 
Ecological Research. Cambridge University Press, Cambridge.

Bradshaw, A. D., 2002. Introduction and philosophy. Pages 3–9 
in M. R. Perrow & A. J. Davy (eds.). Handbook of Ecological 
Restoration – Volume 1: Principles of Restoration. Cambridge 
University Press, Cambridge.

Bytnerowicz, A., P. R. Miller & D. M. Olszyk, 1987. Dry deposi-
tion of nitrate, ammonium and sulfate to a Ceanothus crassifo-
lius canopy and surrogate surfaces. Atmospheric Environment, 
21: 1749–1757.

Cairns, J., Jr., 2002. Rational for restoration. Pages 10–23 in 
M. R. Perrow & A. J. Davy (eds.). Handbook of Ecological 
Restoration – Volume 1: Principles of Restoration. Cambridge 
University Press, Cambridge.

Cairns, J., Jr. & J. R. Heckman, 1996. Restoration ecology: 
The state of emerging field. Annual Review of Energy and 
Environment, 21: 167–189.

Callaway, R. M., 1997. Positive interactions in plant communities 
and the individualistic-continuum concept. Oecologia, 112: 
143–149.

Choi, Y. D., 2004. Theories for ecological restoration in chang-
ing environment: Toward ‘futuristic’ restoration. Ecological 
Research, 19: 75–81.

Choi, Y. D., 2007. Restoration ecology to the future: A call for new 
paradigm. Restoration Ecology, 15: 351–353.

Choi, Y. D. & C. Bury, 2003. Processes of floristic degradation in 
urban and suburban wetlands in northwestern Indiana. Natural 
Areas Journal, 23: 320–331.

Choi, Y. D. & N. B. Pavlovic, 1994. Comparison of fire, herbicide, 
and sod removal to control exotic vegetation. Natural Areas 
Journal, 14: 217–218.

Choi, Y. D. & N. B. Pavlovic, 1998. Experimental restoration 
of native vegetation in Indiana Dunes National Lakeshore. 
Restoration Ecology, 6: 118–129.

Choi, Y. D. & M. K. Wali, 1995. The role of Panicum virgatum 
(switch grass) in the revegetation of iron-mine tailings in north-
ern New York. Restoration Ecology, 3: 123–132.

Cione, N. C., P. E. Padgett & E. B. Allen, 2002. Restoration of 
a native shrubland impacted by exotic grasses, frequent fire 
and nitrogen deposition in southern California. Restoration 
Ecology, 10: 376–384. 

Clements, F. E.,1916. Plant succession: an analysis of the develop-
ment of vegetation. Publication 242. Carnegie Institution of 
Washington, Washington, DC.

Connell, J. H. & R. O. Slatyer, 1977. Mechanisms of succession in 
natural communities and their role in community stability and 
organization. American Naturalist, 111: 1119–1144.

Davis, M. A., 2000. “Restoration” – a misnomer? Science, 
287: 1203.

Davis, M. A. & L. B. Slobodkin, 2004. A response to the arti-
cle (Hobbs 2004) “Restoration ecology: the challenge of 
social values and expectation.” Frontiers in Ecology and the 
Environment, 2: 44–45.

Diamond, J. M., 1975. Assembly of species communities. Pages 
342–344 in M. L. Cody & J. M. Diamond (Eds.). Ecology 
and Evolution of communities. Harvard University Press, 
Cambridge, Massachusetts.

Dobson, A. P., A. D. Bradshaw & A. J. M. Baker, 1997. Hopes 
for the future: Restoration ecology and conservation biology. 
Science, 277: 515–522.

Eagan, D. & E. A. Howell (eds.), 2005. The Historical Ecology 
Handbook: A Restorationist’s Guide to Reference Ecosystems 
– Science and Practice of Ecological Restoration. Island Press, 
Washington, DC.

Ehrenfeld, J. G. & L. A. Toth, 1997. Restoration ecology and the 
ecosystem perspective. Restoration Ecology, 5: 307–317.

Eschen, R., H. Muller-Sharer & U. Schaffner, 2006. Soil carbon 
addition affects plant growth in a species-specific way. Journal 
of Applied Ecology, 43: 35–42.

Falk, D. A., 2006. Process-centered restoration and reference 
dynamics. Journal for Nature Conservation, 14: 140–151.

Falk, D. A., M. A. Palmer & J. B. Zedler (eds.). 2006. Foundation 
of Restoration Ecology. Island Press, Washington, DC. 

Fattorini, M. & S. Halle, 2004. The dynamic environmental filter 
model: How do filtering effects change in assembling com-
munities after disturbance? Pages 96–114 in V. M. Temperton, 
R. J. Hobbs, T. Nuttle & S. Halle (eds.). Assembly Rules and 
Restoration Ecology. Island Press, Washington, DC.



Choi et al.: Ecological restoration for future

62

Fenn, M. E., J. S. Baron, E. B. Allen, H. M. Rueth, K. R. Nydick, 
L. Geiser, W. D. Bowman, J. O. Sickman, T. Meixner & D. W. 
Johnson, 2003. Ecological effects of nitrogen deposition in the 
western United States. BioScience, 53: 404–420.

Fekete, G., 1992. The holistic view of succession reconsidered. 
Coenoses, 7: 21–29.

Fukami, T., T. M. Bezemer, S. R. Mortimer & W. H. van der 
Putten, 2005. Species divergence and trait convergence in 
experimental plant community assembly. Ecology Letters, 8: 
1283–1290.

Galatowitsch, S. M., N. O. Anderson & P. D. Asher, 1999. 
Invasiveness in wetland plants in temperate North America. 
Wetlands, 16: 75–83.

Galloway, J. N., F. J. Dentener, D. G. Capone, E. W. Boyer, R. W. 
Howarth, S. R. Seitzinger, G. P. Anser, C. C. Cleveland, P. A. 
Green, E. A. Holland, D. M. Karl, A. F. Michaels, J. H. Porter, 
A. R. Townsend & C. J. Vorosmarty, 2004. Nitrogen cycles: 
Past, present, and future. Biogeochemistry, 70: 153–226.

Gardner, W. A., K. Broersma, M. A. Naeth & A. M. Jobson, 
2003. Influence of biosolids and fertilizer amendments 
on selected soil physical, chemical and microbial param-
eters in tailings revegetation. Page 14 in Proceedings of the 
Annual BC Mine Reclamation Symposium. British Columbia 
Technical and Research Committee on Reclamation. 
Kamloops, British Columbia.

Gauch, H. G. J., 2003. Scientific Method in Practice. Cambridge 
University Press, Cambridge.

Gillespie, I. G. & E. B. Allen, 2006. Effects of soil and mycor-
rhizae from native and invaded vegetation on rare California 
forb. Applied Soil Ecology, 32: 6–12.

Gleason, H. A., 1926. The individualistic concept of plant associa-
tion. Bulletin of Torrey Botanical Club, 53: 1–20.

Gobster, P. H., 2001. Visions of nature: Conflict and compatibility 
in urban park restoration. Landscape and Urban Planning, 56: 
35–51.

Gobster, P. H. & R. B. Hull (eds.), 2000. Restoring Nature: 
Perspectives from the Social Sciences and Humanities. Island 
Press, Washington, DC.

Grace, J. B., T. M. Anderson, M. D. Smith, E. Seabloom, S. J. 
Anderlman, G. Mecha, E. Weiher, L. K. Allain, H. Jutila, M. 
Sankaran, J. Knops, M. Ritchie & M. R. Willig, 2007. Does 
species diversity limit productivity in natural grassland com-
munities? Ecology Letters, 10: 680–689.

Graham, S. & M. A. Naeth, 2004. Simulated in situ bioremediation 
of hydrocarbon contaminated soils. Page 6 in Proceedings of 
the Alberta Soil Science Workshop. Lethbridge, Alberta.

Grootjans, A. P., L. Geelen, A. J. M. Jansen & E. J. Lammerts, 
2002a. Restoration of coastal dune slacks. Hydrobiologia, 478: 
181–203.

Grootjans, A. P., J. P. Bakker, A. J. M. Jansen & R. M. Kemmers, 
2002b. Restoration of brook valley meadows. Hydrobiologia, 
478: 149–170.

Halassy, M., K. Torok & V. Marko, 2005. Predictability of resto-
ration outcome based on responses of vegetation and arthro-
pod communities in a dry grassland experiment. Page 77 
in Proceedings of 2005 World Conference on Ecological 
Restoration, Zaragoza, Spain.

Halle, S., 2007. Science, art, or application: The “karma” of resto-
ration ecology. Restoration Ecology, 15: 358–361.

Halvorson, W., 2004. A response to the article (Hobbs 2004) 
“Restoration ecology: the challenge of social values and expec-
tation.” Frontiers in Ecology and the Environment, 2: 46–47.

Harris, J. & R. van Diggelen, 2006. Ecological restoration as a project 
for global society. Pages 3–15 in J. van Andel & J. Aronson (eds.). 
Restoration Ecology. Blackwell Science Publishers, Oxford. 

Harris, J. A., R. J. Hobbs, E. Higgs & J. Aronson, 2006. Ecological 
restoration and global climate change. Restoration Ecology, 14: 
170–176.

Hector, A., B. Schmid, C. Beierkuhnlein, M. C. Caldeira, M. Diemer, 
P. G. Mimitrakopoulos, J. A. Finn, H. Freitas, P. S. Giller, J. Good, 
R. Harris, P. Hogberg, K. Huss-Danell, J. Joshi, A. Jumpponen, C. 
Körner, P. W. Leadly, M. Loreau, A. Minns, C. P. H. Mudler, G. 
O’Donovan, S. J. Otway, J. S. Pereira, A. Prinz, D. J. Read, M. 
Scherer-Lorenzen, E. D. Schulze, A. S. D. Siamantziouras, E. M. 
Spehn, A. C. Terry, A. Y. Troumbis, F. I. Woodward, S. Yachi & J. 
H. Lawton, 1999. Plant diversity and productivity experiments in 
European grasslands. Science, 286: 1123–1127.

Higgs, E. S. 1997. What is good ecological restoration? 
Conservation Biology, 11: 338–348.

Higgs, E. S., 2003. Nature by Design: People, Natural Processes, 
and Ecological Restoration. MIT Press, Cambridge, 
Massachusetts.

Hobbs, R. J., 2004. Restoration ecology: The challenge of 
social values and expectations. Frontiers in Ecology and the 
Environment, 2: 43–44.

Hobbs, R. J., 2007. Setting effective and realistic restoration goals: 
Key directions for research. Restoration Ecology, 15: 354–357.

Hobbs, R. J. & H. A. Mooney, 2005. Invasive species in a changing 
world: The interactions between global change and invasives. 
Pages 310–331 in H. M. Mooney, R. N. Mack, J. A. McNeely, 
L. E. Neville, P. J. Schei & J. K. Waage (eds.). Invasive Alien 
Species. Island Press, Washington, DC.

Hobbs, R. J. & D. A. Norton, 1996. Toward a conceptual frame-
work for restoration ecology. Restoration Ecology, 4: 93–110.

Hooper, D.U., F. S. Chapin III, J. J. Ewel, A. Hector, P. Inchausti, S. 
Lavorel, J. H. Lawton, D. M. Lodge, M. Loreau, S. Naeem, B. 
Schmid, H. Setala, A. J. Symstad, J. Vandermeer & D. A. Wardle, 
2005. Effects of biodiversity on ecosystem functioning: A consen-
sus of current knowledge. Ecological Monographs, 75: 3–35.

Huston, M. A., 1997. Hidden treatments in ecological experi-
ments: Re-evaluating the ecosystem function of biodiversity. 
Oecologia, 110: 449–460.

IPCC (Intergovernmental Panel on Climate Change), 2007. 
IPCC Fourth Assessment Report – Climate Change 2001: 
The Scientific Basis. World Meteorological Organization and 
United Nations Environment Programme.

Jackson, L. L., N. Lopoukhine & D. Hillyard, 1995. Ecological 
restoration: A definition and comments. Restoration Ecology, 
3: 71–75.

Jansen, A. J. M., L. F. M. Fresco, A. P. Grootjans & M. H. Jalink, 
2004. Effects of restoration measures on plant communities 
of wet heathland ecosystems. Applied Vegetation Science, 7: 
243–252.

Jentsch, A., 2007. The challenge to restore processes in face of 
nonlinear dynamics: On the crucial role of disturbance regimes. 
Restoration Ecology, 15: 334–339.

Jordan, W. R., R. L. Peters & E. B. Allen, 1987. Ecological 
restoration as a strategy for conserving biological diversity. 
Environmental Management, 12: 55–72.

Kahmen, A., J. Perner & N. Buchmann, 2005. Diversity-dependent 
productivity in semi-natural grasslands following climate per-
turbations. Functional Ecology, 19: 594–601.

Kirby, J. L., 1994. Gardening with J. Crew: The political economy 
of restoration ecology. Pages 234–240 in A. D. J. Baldwin, J. 
De Luce & C. Pletsch (eds.). Beyond Preservation: Restoring 
and Inventing Landscapes. University of Minnesota Press, 
Minneapolis, Minnesota.

Klotzli, F. & A. P. Grootjans, 2001. Restoration of natural and semi-
natural wetland systems in central Europe: Progress and predict-
ability of developments. Restoration Ecology, 9: 209– 219.



ÉCOSCIENCE, vol. 15 (1), 2008

63

Kooijman, A. M. & M. Besse, 2002. On the higher availability 
of N and P in lime-poor than in lime-rich coastal dunes in the 
Netherlands. Journal of Ecology, 90: 394–403.

Lambers, J. H. R., W. S. Harpole, D. Tilman, J. Knops & R. B. 
Reich, 2004. Mechanisms responsible for the positive diversi-
ty–productivity relationships in Minnesota grasslands. Ecology 
Letters, 7: 661–668.

Levin, S. A., 1989. Ecology in theory and application. Pages 
3–8 in S. A. Levin, G. Hallam & L. J. Gross (eds.). Applied 
Mathematical Ecology. Springer-Verlag, New York, New York.

Levine, J. M., E. Pachepsky, B. E. Kendall, S. G. Yelenik & J. H. 
R. Lambers, 2006. Plant–soil feedbacks and invasive spread. 
Ecology Letters, 9: 1005–1014.

Lockwood, J. L. & S. L. Pimm, 1999. When does restoration 
succeed? Pages 363–392 in E. Weiher & P. Keddy (eds.). 
Ecological Assembly Rules: Advances, Perspectives, Retreats. 
Cambridge University Press, Cambridge.

Lonsdale, W. M., 1999. Global patterns of plant invasions and the 
concept of invisibility. Ecology, 80: 1522–1536.

Loreau, M. & A. Hector, 2001. Partitioning selection and comple-
mentarity in biodiversity experiments. Nature, 412: 72–76.

Mack, R. N., 2005. Assessing biotic invasions in time and space: 
The second imperative. Pages 179–208 in H. M. Mooney, R. N. 
Mack, J. A. McNeely, L. E. Neville, P. J. Schei & J. K. Waage 
(eds.). Invasive Alien Species. Island Press, Washington, DC.

Mackenzie, D. D. & M. A. Naeth, 2006. Assisted natural recovery 
using a forest soil propagule bank in the Athabasca oil sands. 
Page 8 in Proceedings of 8th International Workshop on Seeds: 
Germinating New Ideas, May 2005, Brisbane, Australia. CABI 
Publishing, Wallingford.

MacMahon, J. A., 1987. Disturbed lands and ecological theory: An 
essay about a mutualistic association. Pages 221–237 in W. R. 
Jordan, M. E. Gilpin & A. D. Aber (eds.). Restoration Ecology: 
A Synthetic Approach to Ecological Research. Cambridge 
University Press, Cambridge.

Majer, J. & H. Recher, 1994. Restoration ecology: An international 
science? Restoration Ecology, 2: 215–217.

Michener, W. K., 1997. Quantitatively evaluating restoration 
experiments: Research design, statistical analysis, and data 
management considerations. Restoration Ecology, 5: 338–349.

Milieu-en Natuurplanbureau, 2006. Natuurbalans 2006. Milieu-en 
Natuurplanbureau, Bilthoven.

Minnich, R. A. and R. J. Dezzani, 1998. Historical decline of 
coastal sage scrub in the Riverside-Perris Plain, California. 
Western Birds, 29: 366–391.

Mooney, H. A., 2005. Invasive alien species: The nature of the 
problem. Pages 1–15 in H. M. Mooney, R. N. Mack, J. A. 
McNeely, L. E. Neville, P. J. Schei & J. K. Waage (eds.). 
Invasive Alien Species. Island Press, Washington, DC.

Naeem, S., 2002. Biodiversity equals instability? Nature, 416: 
34–24.

Naeem, S., 2006. Biodiversity and ecosystem functioning in 
restored ecosystems: Extracting principles for a synthetic per-
spective. Pages 210–237 in D. Falk, M. Palmer & J. Zedler 
(eds.). Foundations of Restoration Ecology. Island Press, 
Washington, DC.

Naeem, S. & S. Li, 1997. Biodiversity enhances ecosystem reli-
ability. Nature, 390: 507–509.

Naeth, M. A., 2000. Reclamation in western Canada: An over-
view of issues, approaches and research results. Page 26 in M. 
Rodrigues (ed.). Proceedings of the Experiencias Internacionales 
en la Rehabilitación de Espacios Degradados. Santiago.

Naeth, M. A., A. Westhaver & S. R. Wilkinson, 2002. Disturbed 
Area Restoration in Jasper National Park: Fifth Bridge Gravel 
Pits Project. Annual Report to Jasper National Park.

Naeth, M. A. & S. R. Wilkinson, 2005a. Disturbed Area 
Restoration in Jasper National Park: The Woodlot Landfill 
Project. Annual Report to Jasper National Park. 

Naeth, M. A. & S. R. Wilkinson, 2005b. Soil and Plant Community 
Development on Fire Guards in Jasper and Elk Island National 
Parks. Progress Report to Jasper and Elk Island National Parks.

National Research Council, 1992. Restoration of Aquatic 
Ecosystems: Science, Technology, and Public Policy. National 
Academy of Science, Washington, DC.

Nuttle, T., 2007. Evaluation of restoration practice based on envi-
ronmental filters. Restoration Ecology, 15: 330–333.

Pacala S. W. & D. Tilman, 1994. Limiting similarity in mechanis-
tic and spatial models of plant competition in heterogeneous 
environments. American Naturalist, 143: 222–257.

Palenzuela, J., C. Azcon-Aguilar & D. Figueroa, 2006. Effects of 
mycorrhizal inoculation of shrubs from Mediterranean eco-
systems and composted residue application on transplant per-
formance and mycorrhizal developments in a desertified soil. 
Biology and Fertility of Soils, 36: 170–175.

Palmer, M. A., R. F. Ambrose & N. L. Poff, 1997. Ecological theo-
ry and community restoration ecology. Restoration Ecology, 5: 
291–300.

Parker, T. V., 1997. The scale of successional models and restora-
tion objectives. Restoration Ecology, 5: 301–306.

Pavlik, B. M., 1996. Defining and measuring success. Pages 127–
155 in D. A. Falk, C. I. Miller & M. Olwell (eds.). Restoring 
Diversity. Island Press, Washington, DC.

Reid, N. B. & M. A. Naeth, 2005a. Establishment of a vegetation 
cover on kimberlite mine tailings: A field study. Restoration 
Ecology, 13: 593–600.

Reid, N. B. & M. A. Naeth, 2005b. Establishment of a veg-
etation cover on kimberlite mine tailings: A greenhouse study. 
Restoration Ecology, 13: 601–607.

Roelofs, J. G. M., R. Bobbink, E. Brouwer & M. C. C. De Graaf, 
1996. Restoration ecology of aquatic and terrestrial vegeta-
tion on non-calcareous sandy soils in the Netherlands. Acta 
Botanica Neerlandica, 45: 517–541.

Roscher, C., J. Schumacher, J. Baade, W. Wilcke, G. Gleixner, 
W. W. Weisser, B. Schmid & E. D. Schulze, 2004. The role of 
biodiversity for element cycling and trophic interactions: An 
experimental approach in a grassland community. Basic and 
Applied Ecology, 5: 107–121.

Roscher, C., V. M. Temperton, M. Scherer-Lorenzen, M. Schmitz, 
J. Schumacher, B. Schmid, N. Buchmann, W. W. Weisser & E. 
D. Schulze, 2005. Overyielding in experimental grassland com-
munities—irrespective of species pool or spatial scale. Ecology 
Letters, 8: 419–429.

Schaefer, J. W., M. A. Naeth & D. S. Chanasyk, 1999. 
Bioengineering and reclamation to stabilize a lakeshore 
slope. Pages 112–114 in Proceedings of the Canadian Land 
Reclamation Association, Saskatoon, Canada.

Schulze, E. D. & H. A. Mooney, 1993. Biodiversity and Ecosystem 
Function. Springer-Verlag, Berlin.

SERI (Society for Ecological Restoration International Science 
& Policy Working Group), 2004. SER International Primer 
on Ecological Restoration. Society for Ecological Restoration 
International, Tucson, Arizona.

Shear, T. H., T. J. Lent & S. Fraver, 1996. Comparison of restored 
and mature bottomland hardwood forests of southwestern 
Kentucky. Restoration Ecology, 4: 111–123.



Choi et al.: Ecological restoration for future

64

Siewers, A., 1998. Making the quantum-cultural leap: Reflections 
on the Chicago controversy. Restoration & Management Notes, 
16: 9–15.

Simenstad, C. A. & R. M. Thom, 1996. Functional equivalency 
trajectories of the restored Gog-Le-Hi-Te estuarine wetland. 
Ecological Applications, 6: 38–56.

Spehn, E. M., A. Hector, J. Hoshi, M. Scherer-Lorenzen, B. Schmid, 
E. Bazeley-White, C. Bejerkuhnlein, M. C. Caldeira, M. Diemer, 
P. G. Mimitrakopoulos, J. A. Finn, H. Freitas, P. S. Giller, J. 
Good, R. Harris, P. Hogberg, K. Huss-Danell, A. Jumpponen, 
J. Koricheva, P. W. Leadley, M. Loreau, A. Minns, C. P. H. 
Mudler, G. O’Donovan, S. J. Otway, C. Palmborg, J. S. Pereira, 
A. B. Pfisterer, A. Prinz, D. J. Read, E. D. Schulze, A. S. D. 
Siamantziouras, A. C. Terry, A. Y. Troumbis, F. I. Woodward, S. 
Yachi & J. H. Lawton, 2005. Ecosystem effects of biodiversity 
manipulations in European grasslands. Ecological Monographs, 
75: 37–63.

Stuyfzand, P. J., 1993. Hydrochemistry and hydrology of the 
coastal dune area of the western Netherlands. Ph.D. thesis, Free 
University of Amsterdam, Amsterdam.

Suding, K. N. & K. L. Gross, 2006. The dynamic nature of eco-
logical systems: Multiple states and restoration trajectories. 
Pages 190–209 in D. A. Falk, M. A. Palmer & J. B. Zedler 
(eds.). Foundations of Restoration Ecology. Island Press, 
Washington, DC.

Suding, K. N., K. L. Gross & G. R. Houseman, 2003. Alternative 
states and positive feedbacks in restoration ecology. Trends in 
Ecology and Evolution,19: 46–53.

Temperton, V. M. & R. J. Hobbs, 2004. The search for ecological 
assembly rules and its relevance to restoration ecology. Pages 
34–54 in V. M. Temperton, R. J. Hobbs, T. Nuttle & S. Halle 
(eds.). Assembly Rules and Restoration Ecology. Island Press, 
Washington, DC.

Temperton, V. M. & K. Zirr, 2004. Order of arrival and availability 
of safe sites: An example of their importance for plant commu-
nity assembly in stressed ecosystems. Pages 285–304 in V. M. 
Temperton, R. J. Hobbs, T. Nuttle & S. Halle (eds.). Assembly 
Rules and Restoration Ecology: Bridging the Gap Between 
Theory and Practice. Island Press, Washington, DC.

Temperton, V. M., R. J. Hobbs, T. J. Nuttle & S. Halle (eds.), 2004. 
Assembly Rules and Restoration Ecology: Bridging the Gap 
Between Theory and Practice. Island Press, Washington, DC.

Ten Harkel, M. J. & F. Van der Meulen, 1996. Impact of grazing 
and atmospheric deposition on the vegetation of dry coastal dune 
grasslands. Journal of Vegetation Science, 7: 445–452.

Throop, W., 2004. A response to the article (Hobbs 2004) 
“Restoration ecology: the challenge of social values and expec-
tation.” Frontiers in Ecology and the Environment, 2: 47–48.

Tilman, D., 1999. The ecological consequences of changes in 
biodiversity: A search for general principles. Ecology, 80: 
1455–1474.

Tilman, D., D. Wedin & J. Knops, 1997. Productivity and sustain-
ability influenced by biodiversity in grassland ecosystems. 
Nature, 379: 718–720.

Torok, K., T. Szili-Kovacs, M. Halassy, T. Toth, Z. Hayek, M. W. 
Paschke & L. J. Wardell, 2000. Immobilization of soil nitrogen 
as a possible method for the restoration of sandy grassland. 
Applied Vegetation Science, 3: 7–14.

Van Duren, I. C., R. J. Strykstra, A. P. Grootjans, G. N. J. Ter 
Heerdt & D. M. Pegtel, 1998. A multidisciplinary evaluation 
of restoration measures in a degraded fen meadow (Cirsio-
Molinietum). Applied Vegetation Science, 1: 115–130.

Van Wijnen, H., 1999. Nitrogen dynamics and vegetation succes-
sion in salt marshes. Ph.D. Thesis, University of Groningen, 
Groningen.

Verbeek, K., A. K. Tank, R. Sluijter, G. J van Oldenborgh, A. 
Van Ulden, P. Siegmund, W. Verkley & R. Van Dorland, 2003. 
The State of the Climate in The Netherlands. KNMI, de Bilt  
(in Dutch).

Verhagen, R. & R. Van Diggelen, 2006. Spatial variation in 
atmospheric nitrogen deposition on low canopy vegetation. 
Environmental Pollution, 144: 826–832.

Wali, M. K., 1999. Ecological succession and the rehabilitation of 
disturbed terrestrial ecosystems. Plant and Soil, 213: 195–220.

Wali, M. K., 2007. A theory greyer than grey. Landscape Ecology, 
22: 319–322.

Walker, L. R. & R. del Moral, 2003. Primary Succession and 
Ecosystem Rehabilitation. Cambridge University Press, 
Cambridge.

Walker, L. R., J. Walker & R. J. Hobbs (ed.), 2007. Linking 
Restoration and Ecological Succession. Springer, New York, 
New York.

Wilcox, C. A., Y. M. Chun & Y. D. Choi, 2005. Redevelopment of 
black oak (Quercus velutina Lam.) savanna in an abandoned 
sand mine in Indiana Dunes National Lakeshore, USA. American 
Midland Naturalist, 154: 11–27.

Wilson, S. D. & D. Tilman, 1995. Competitive responses of eight 
old-field species in four environments. Ecology, 76: 1169–1180.

White, P. S. & J. L. Walker, 1997. Approximating nature’s variation: 
Selecting and using reference information in restoration ecology. 
Restoration Ecology, 5: 338–349.

Yoshida, L. C. & E. B. Allen, 2004. 15N uptake by mycorrhizal 
Artemisia californica and the invasive Bromus madritensis of 
a N-eutrophied shrubland. Biology and Fertility of Soil, 39: 
243–248. 

Zedler, J. B., 1996. Coastal mitigation in southern California: The 
need for a regional restoration strategy. Ecological Applications, 
6: 84–93.

Zedler, J. B. & J. C. Callaway, 1999. Tracking wetland restoration: 
Do mitigation sites follow desired trajectories? Restoration 
Ecology, 7: 69–73.

Ziman, J., 2000. Real Science: What It Is, and What It Means. 
Cambridge University Press, Cambridge.

Zink, T. A. & M. F. Allen, 1998. The effects of organic amend-
ments on the restoration of a disturbed coastal sage scrub habi-
tat. Restoration Ecology, 6: 52–58.


