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Despite these national and international regulations that mandate
ecological restoration, the field of restoration ecology is young,
emerging as a separate discipline in ecology only in the 1980s
(Jordan and Lubick 2012). Although several books that
thoroughly cover the discipline have been published since then
(Falk et al. 2006, Clewell and Aronson 2007, Suter, 2007, Hobbs
and Suding 2009, Jordan and Lubick 2012), the detail, rigor, and
length of books can be daunting to those looking for an initial
introduction or overview to a discipline. A review paper on the
many ecological and economic concepts that restoration ecology
has spawned and accentuated might be less intimidating than a
book, but such a publication does not exist (but see SER 2004 for
a primer). To address this gap, we review and highlight insights
from ecological and economic principles on when, what, where,
and how to restore damaged ecosystems, as well as how to assess
restoration success. Our goal is to offer introductory but
reasonably comprehensive coverage of concepts advanced in
restoration ecology. Because our emphasis is on breadth, we
acknowledge that depth has been occasionally relinquished, and
we are almost certainly not being exhaustive. Consequently, we
encourage readers to explore the cited and associated literature
when interested.  

Importantly, we define restoration ecology as the science
associated with returning to society the biodiversity and
ecosystem functions of degraded, damaged, or destroyed
ecosystems. This is broader than the Society for Ecological
Restoration (SER) definition, which is the science of assisting the
recovery of an ecosystem that has been degraded, damaged, or
destroyed (SER 2004). The distinction between the two
definitions is that the SER definition defines ecological
restoration only as facilitating the recovery of the damaged or
degraded ecosystem, whereas our broader definition also includes
approaches that restore biodiversity or function at damaged or
other sites. Hence, in this review, we cover concepts that are
arguably not restoration based on the SER definition, such as
mitigation, “off-site restoration,” and the creation of novel or
hybrid (with novel elements) ecosystems. We chose to broaden the
definition because these concepts are so commonly and
controversially covered in the restoration literature, and the
historical challenges of successful restoration, as well as the rapid
pace of global change, have required that restoration practitioners
rethink their definitions of restoration success (Bernhardt et al.
2007, Hiers et al. 2016). While synthesizing these concepts, we
emphasize five main components of successful restoration: (1)
defining correct and meaningful baselines and selecting realistic
and appropriate restoration endpoints, (2) balancing restoration
where it is needed most with where it will most likely to be
successful, (3) creating sustainable economic systems to
incentivize restoration, (4) understanding and manipulating the
correct ecological processes to successfully restore ecosystems,
and (5) monitoring to determine restoration success. Finally, we
end with a section on tensions and challenges in restoration
ecology.

WHEN TO RESTORE
Ecological restoration is often described on a continuum from
passive to active restoration. Although this continuum is used
somewhat commonly in the literature, passive restoration is an
oxymoron because restoration is defined as assisting the recovery
of biodiversity and/or ecosystem functions, and by definition,

assistance cannot be passive. Nevertheless, in passive restoration,
humans assist by removing, lessening, or ameliorating the factor
(s) that are damaging the system, and then monitor the system to
ensure that it recovers via natural processes to some previous
“healthy” condition. It is often used synonymously with
monitored natural recovery. In contrast, remediation refers to the
removal of foreign, ecologically deleterious substances without
the subsequent monitoring. Hence, with passive restoration or
remediation, there is no further assistance after the damaging
factor has been removed, though recovery failure may require a
more active approach to restoring the ecosystem. Active
restoration refers to both removing the factor that is damaging
the system and intervening in some additional way to accelerate
ecosystem recovery relative to the natural recovery rate (Fig. 1)
(Benayas et al. 2009, Rohr et al. 2013).

Fig. 1. Scenarios where human-assisted or active restoration
(red line) is (A) and is not (B) more cost-effective than passive
restoration (blue line), where the stressor or its adverse effects
are removed or mitigated (rectangle) but the system is
monitored until it recovers naturally to the mean baseline level
of ecosystem services. Also shown is compensatory restoration
for the active (green line) and passive restoration (purple line)
scenarios. Compensatory restoration, which is required only in
some countries, requires the party responsible for the damage
to compensate the public for the time and magnitude of the lost
ecosystem services. Note how the compensatory restoration is a
mirror image (relative to the baseline) of the active and passive
restoration but is later in time. Compensatory restoration can
begin at any time after the damage has begun (i.e., before or
after the active or passive restoration is complete) and often
entails improving the services offered by natural resources at
ecosystems near the damaged site (off-site restoration).
Although the figure is drawn as if  the same result will
eventually be achieved regardless of the methods, this is not
always true.
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Passive restoration may be a more cost-effective or appropriate
course of action, and in some cases, active restoration can even
cause more harm than good. For instance, mechanically planting
trees can damage naturally resprouting vegetation (Holl and Aide
2011), dredging sediments can resuspend contaminants, making
them more bioavailable (Fuchsman et al. 2014), and channel
reconfiguration efforts in river restoration can lead to long-term
losses of sensitive taxa (Bernhardt and Palmer 2011).
Determining whether active or passive restoration is optimal
requires knowing the degree of damage; the rate of natural
ecosystem recovery, which can be influenced by disturbances and
sources of propagules (dispersers); the landscape or aquascape
context in which the site is positioned; and the restoration goals,
funds, and costs (Dobson et al. 1997, Holl and Aide 2011). For
example, the high costs of planting trees made passive restoration
more cost-effective than active restoration for a forest restoration
project in Latin America (Birch et al. 2010), and a meta-analysis
of 240 ecosystems suggested that passive restoration might be
more cost-effective because most of these systems recovered
naturally from disturbances in ~10 years (Jones and Schmitz
2009), although most ecosystems had relatively minor
disturbances. When natural recovery rates are unknown, it can be
beneficial to estimate site-specific, unassisted recovery rates for a
few years before intervening (Holl and Aide 2011).  

Whether passive or active restoration is more cost-effective will
depend partly on whether the restoration is occurring in a country
that requires compensatory restoration, which compels the
responsible party to compensate the public for the lost services
during the period before restoration is completed (Fig. 1). Passive
restoration tends to be slower than active restoration; thus, the
compensatory costs are typically larger for passive restoration,
which makes it less cost-effective in countries where compensatory
restoration is mandated (Fig. 1), such as in the United States. It
is important to keep in mind that even if  passive restoration is
more cost-effective, in some countries active restoration might
still be required by law. In fact, restoration is often policy driven,
and the regulatory frameworks and policy instruments often
impose rather significant limitations. Finally, it is often useful to
consider restoration as early as possible because this can influence
the type of remediation that is employed, can ensure that sensitive
areas are protected during the remediation process, and can
reduce the likelihood that damaged ecosystems transition to
adverse alternative stable states (see  Thresholds, alternative
states). Importantly, whether passive or active restoration should
be implemented strongly depends on the economic costs and
benefits of each; thus, including an ecological economist who has
experience in ecological cost-benefit analyses early in restoration
planning is critical.

WHAT TO RESTORE: RESTORATION GOALS
What to restore often represents the beginning of the restoration
planning process. It should entail establishing measurable goals
and benchmarks with significant stakeholder involvement to
maximize the chances of obtaining and demonstrating
restoration success.

Natural variability and defining baseline conditions
Successful restoration is often measured against a specific set of
habitat characteristics that are believed to represent the structure
and function of a predisturbance system, often referred to as a
baseline. Because the baseline at the site that needs restoration no

longer exists, reference sites are used to approximate this baseline.
Selecting reference conditions is a multifaceted problem and
might include the use of historical records, paleoecological data,
quantitative models, best professional judgment, or extant
reference sites (Thorpe and Stanley 2011). Defining reference
conditions and the way in which this concept is employed in the
literature is remarkably inconsistent (Reynoldson et al. 1997,
Stoddard et al. 2006), and can lead to overly restrictive criteria
with unintended consequences (Hiers et al. 2016).  

Regardless of whether the baseline is characterized by historical
properties or the most suitable extant conditions, a single
reference site is insufficient to characterize natural spatiotemporal
variability (Ruiz-Jaen and Aide 2005). This highlights that
ecological restoration should not be focused on a specific
numerical value (e.g., number of species) but rather on set goals
within a realistic range of values that takes into account the
importance of past, legacy, and current disturbances (Brudvig
2011, Hiers et al. 2016). An alternative approach, which integrates
both spatial and temporal variation in reference conditions, is to
implement a before-after control-impact design, which highlights
the importance of considering restoration as a manipulative
experiment, with adequate controls and replication.  

Finally, whether baseline conditions are stationary around some
average condition or changing over time will influence the rate at
which apparent recovery is observed (Duarte et al. 2009). For
example, if  conditions in reference sites are deteriorating as a
result of climate change or other long-term directional
disturbances, observed recovery might appear to occur sooner
relative to reference sites that are not degrading (Fig. 2). In this
example, the fact that restored sites appear to achieve similar
ecological structure or functioning as the reference sites does not
mean that the original objectives were achieved. Not only is the
variation and constancy of the baseline important; the trajectory
and stability of the ecological responses of the restoration are
also important (Fig. 2). Low stability (high variance) of ecological
responses in restored sites might indicate successful restoration
earlier than more stable sites, but higher stability itself  is often a
preferable restoration outcome (see Restoration endpoints).

Restoration endpoints
A fundamental component of any successful restoration activity
is to identify restoration goals and objectives (Palmer et al. 2005,
Hobbs 2007). While most restoration ecologists would agree that
successful restoration should maximize or emulate baseline
attributes, including genetic diversity, community structure and
function, and the services provided by ecosystems, there is a lack
of consensus about how many attributes to measure and which
features should be prioritized. Pereira et al. (2013) developed a
list of essential biodiversity variables for biodiversity
conservation, which include genetic composition of species of
interest, species’ abundance, community composition, and
ecosystem function, and we believe that a similar list of essential
restoration values (ERVs) should be used as restoration endpoints
in monitoring plans (Table 1). Although it is unlikely that all
restoration programs would include all of the ERVs, this list
highlights the fundamental characteristics of ecosystems that
might need to be restored and maintained to ensure long-term
success. Regardless of which ERVs are used, evaluating
restoration projects across multiple ERVs should increase
restoration success.

https://www.ecologyandsociety.org/vol23/iss2/art15/
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Table 1. Examples of essential restoration values for restoration of degraded and disturbed ecosystems that align with ecological and
conservation priorities (modified from Pereira et al. 2013).
 
Essential restoration values Examples Rationale

Genetic diversity Genotypic variation of restored populations or
threatened or endangered species

Maximize chance of including individuals that optimally perform
in local conditions.
Preserve intraspecifc diversity.
Maximize ecosystem function.

Individual fitness Survival, growth, and reproductive rate of restored
populations

To project long-term population growth and persistence.

Population abundance Density of keystone species or apex predators;
health of threatened or endangered species

Allow for threatened species assessments.
Simple sampling protocol for population health and persistence.

Species traits Multitrait community functional diversity; key
traits that affect specific ecosystem services

Alternative measure of community diversity that does not depend
on species identity.
Allows assessment of whether restored sites are as functionally
diverse as reference sites.
Maximize ecosystem function.

Evolutionary diversity Measures of total and differences in evolutionary
diversity; spatial turnover in evolutionary history

Alternative measure of community diversity that does not depend
on species identity.
Measure of functional diversity when traits are unknown.
Maximize ecosystem function.

Community structure and
composition

Species richness and diversity; compositional
turnover

Straightforward measures, relatively easy to quantify and
compare.
Most commonly collected data; makes broad spatial and temporal
comparisons possible.
Maximize ecosystem function.

Ecosystem function Carbon sequestration and net primary production;
nutrient cycling

Measures ecosystem health.
Maximize return on restoration efforts.

Resistance and resilience Magnitude of response to, and rate of, recovery
from natural disturbances

Directly measure ecosystem robustness.
Informs long-term restoration success.

Ecosystem services Pollination; reduced stormwater flow Quantify economic benefits of restoration.
Maximize return on restoration efforts.
Aligns with economic and policy priorities.

Fig. 2. The influence of baseline conditions on apparent rates
of recovery in damaged ecosystems. The figure shows situations
where baseline conditions (+/- SD) are consistent (upper panel)
and degrading (lower panel) over time. Solid black lines
indicate the ecological trajectory of restored sites and end
where there is no statistical difference between restored and
baseline conditions. Perceived recovery occurs much more
rapidly under low stability or because of degrading baseline
conditions.

Many of the proposed ERVs in Table 1 are already considered
regularly in restoration ecology (e.g., genetic diversity, species
richness, and ecosystem function), whereas other measures, such
as the analysis of species traits or the evolutionary (phylogenetic)
distances separating species, are employed more rarely. The
diversity of traits or evolutionary lineages in a local system have
been recommended as useful alternatives to traditional measures
of community composition because they can be linked to the
delivery and stability of ecosystem functions and services
(Cadotte et al. 2011, Cadotte 2013). Restoration activities that
select for greater trait diversity create species assemblages that
occupy more niches, which often convert more of the local
resources into measurable functions, such as greater community
biomass production (Cadotte et al. 2011).  

Beyond traits, species’ functional and trophic roles are critical to
understanding the functions of natural communities. Apex
predators play a disproportionate role in regulating the structure
and function of ecosystems, and the losses of trophic cascades
that they drive have resulted in unanticipated ecological effects,
such as increases in invasive species and diseases, changes in fire
frequencies, reductions in carbon sequestration, and alterations
in biogeochemical cycles (Ripple et al. 2014). Reestablishing these
large consumers and the critical services they offer should be a
priority in ecological restoration (Ripple et al. 2014).  

Importantly, restoration scientists must remember that
threatened, endangered, or rare species might be lost if  the
restoration targets are ecosystem functions, services, resistance,

https://www.ecologyandsociety.org/vol23/iss2/art15/
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or resilience; similarly, ecosystem functions and services might be
diminished if  the restoration target is species richness or
threatened species. Hence, to enhance the likelihood that both
rare species and services are restored, where possible, we
encourage that restoration targets include structural (habitat
structure and disturbance regimes), compositional (biodiversity),
and functional endpoints of the ecosystem before damage.
However, in reality, this is challenging, and practitioners often
must consider trade-offs among structural, compositional, and
functional endpoints.

Thresholds, alternative states, and what to restore
The theoretical concepts of ecological thresholds, resistance, and
resilience have important practical applications for restoration
(Suding and Hobbs 2009). Ecological thresholds are defined as
abrupt, nonlinear changes in composition or function of
communities in response to disturbance. Although their
frequency in nature is controversial (Capon et al. 2015), they have
been reported in lake, coral reef, pelagic, and desert communities
(Bellwood et al. 2004, Scheffer et al. 2009). As illustrated in Fig.
3, natural communities that are resistant (ability to maintain
equilibrium conditions following disturbance) and exhibit
resiliency (ability to return to predisturbance conditions after
disturbance) to disturbances have deep basins of attraction that
slow the transition to an alternative state. In contrast,
communities exposed to chronic or extreme stressors are much
more likely to undergo state transitions. Depending on the type,
duration, extent, and level of the stressor, these alternative states
may remain stable long after stressors are removed, resulting in a
novel community that is unlikely to return to the original baseline
or reference condition (Scheffer et al. 2009, Suding and Hobbs
2009).

Fig. 3. Threshold responses of communities to levels of stress
(upper panel) and the effects of stressors on the transition of
communities to an alternative stable state. Stressor exposure is
hypothesized to reduce the depth of attraction basins, making
it more likely that the community will undergo a regime shift.
Greater effort is needed to restore ecosystems after regime
shifts, and some systems that experienced a regime shift might
not be restorable.

Assuming that threshold responses and alternative stable states
are common, there are three important upshots of these critical
transitions. First, alternative stable states emphasize the
importance of preventing levels of stressors from exceeding
critical thresholds, which highlights the importance of starting
restoration early to prevent these transitions (Rohr et al. 2016).
Second, if  regime shifts have occurred, some restoration scientists
have argued that the only viable option is to “restore” with a novel
or hybrid community, which returns ecosystem functions but with
a different species composition (Hilderbrand et al. 2005, Seastedt
et al. 2008, Suding and Hobbs 2009, Higgs et al. 2014, Hobbs et
al. 2014). Not surprisingly, novel and hybrid targets are
controversial, with some researchers questioning the notion that
historical communities cannot be restored, as well as whether
novel or hybrid targets are restored at all (Murcia et al. 2014).
Third, given the rapidly changing world that humans have created,
some restoration ecologists have postulated that novel or hybrid
communities might be defensible even if  historical communities
can be restored. They have argued that few ecosystems have
escaped the widespread effects of anthropogenic disturbances,
such as climate and land use changes, species invasions, or globally
distributed contaminants, which makes it challenging to
determine what the restoration target should be, and that novel
or hybrid communities could be designed to offer more ecosystem
services and be more resistant and resilient to anthropogenic
change than historical ecosystems (Choi 2007, Seastedt et al. 2008,
Jackson and Hobbs 2009, Thorpe and Stanley 2011, Rohr et al.
2013, Hobbs et al. 2014). As mentioned in the Introduction, this
would be inconsistent with many definitions of restoration; thus,
the trade-offs of various restoration targets must be considered.
Wagner et al. (2016) offer a decision support tool for determining
when the goal of management of a damaged ecosystem should
be remediation, restoration to historical conditions, or a hybrid
or novel ecosystem. Given the uncertainties regarding when
critical transitions will occur, whether they can be reversed, and
the costs and benefits of their prevention and reversal, they pose
serious challenges to economists and decision-makers who are
attempting to weigh various restoration options.

WHERE TO RESTORE
Based on our broad definition of restoration, returning lost
biodiversity and ecosystem functions to society can be done at
the location where damage occurred or elsewhere, referred to as
on-site restoration and “off-site restoration,” respectively. Off-site
restoration is intentionally in quotes because it does not meet the
definition of restoration proposed by the SER (SER 2004)
because it does not assist with the recovery of the damaged or
degraded ecosystem. Off-site restoration is often used
synonymously with mitigation or biodiversity offsets, the latter
of which provides a mechanism for maintaining or enhancing
natural capital and ecosystem services in situations where
development is being planned, despite detrimental environmental
impacts (Ives and Bekessy 2015).  

Although on-site restoration is usually preferable to off-site
restoration, there are instances where off-site restoration might
be more desirable or even required. First, off-site restoration
might be compulsory in countries where compensatory
restoration is mandated, which can entail improving natural
resources at sites other than the one being restored to compensate
the public for lost resources at the altered site (Fig. 1). Second,

https://www.ecologyandsociety.org/vol23/iss2/art15/
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off-site restoration might be required or preferred in scenarios
where the stressor realistically cannot be removed, where removal
is not practical, or where any damage is irreversible. This occurs
commonly with some invasive species and contaminants that
cannot be removed without causing extensive damage or where
remediation is impractical because of continuous inputs from the
surrounding landscape or aquascape. Third, off-site restoration
might be defensible when the benefits of development or resource
extraction far exceed the local loss of ecosystem services.
However, there are serious ethical and economic issues to
offsetting, such as the local human population not being
compensated for damages to their natural capital and ecosystem
service debts associated with offsetting (Ives and Bekessy 2015).
Finally, off-site restoration might be justified if  conditions are
expected to deteriorate with a high likelihood of threatening local
biodiversity. As an example, some restoration ecologists have
recommended reestablishing communities poleward in anticipation
of climate change (Choi 2007). However, others have expressed
concerns about this approach because although climate change
can enhance damage caused by some stressors (Moe et al. 2013),
it might ameliorate the effects of other stressors (Rohr et al. 2011),
which makes reliable economic cost-benefit analyses difficult.
Additionally, off-site restoration in anticipation of climate change
can be challenging because of uncertainties regarding the
magnitude and effects of climate change (Harris et al. 2006, Choi
2007, Rohr et al. 2013).  

Importantly, success of landscape- and aquascape-scale
restoration will be more likely in some ecosystems and parts of
the world than in others (Menz et al. 2013). Nevertheless, most
restoration occurs in developed countries rather than in the
developing world where the need for restoration is most acute
(Aronson et al. 2010). Two of the biggest challenges to restoration
science will be to develop approaches that can address the
restoration impediment of rural poverty in the developing world
(Lamb et al. 2005), and to identify and then balance the
ecosystems and regions in most need of restoration and those that
are best positioned for restoration success (Menz et al. 2013).

HOW TO RESTORE: THE ECONOMIC CONCEPTS
Before restoration can occur, funds are needed to implement
restoration; thus, economic principles that facilitate providing
adequate capital are a crucial component of how to restore
biodiversity and ecosystem functions (Holl and Howarth 2000).
Although there are several laws and associated litigation that
financially support some restoration (Rohr et al. 2013), most
restoration projects are small and rarely have funds for
considering landscape or aquascape contexts or for monitoring
to determine restoration success (Holl et al. 2003, Bernhardt et
al. 2007, Lake et al. 2007, Rohr et al. 2007, Brudvig 2011, Rohr
et al. 2013). Additionally, economic valuations of ecosystem
services shortchange their value to posterity because their future
value is habitually externalized and discounted, often
exponentially declining into the future (Bullock et al. 2011, Rohr
et al. 2013). Hence, financial needs for restoration typically exceed
available resources, even where solid planning is in place; thus,
the success of future restoration projects will undoubtedly depend
on economic efficiencies and adequate capital (Holl and Howarth
2000, Bernhardt et al. 2007). “Social cost-benefit analyses” have
been a useful tool applied to restoration because they seek to
address this intergenerational inequity associated with over-

discounting the future value of ecosystem services, as well as
intragenerational inequities associated with a dollar being worth
more to a poor person than a rich person (MacLeod and Johnston
1990).  

Although there is a lack of adequate attention to costs in the
restoration literature (Holl and Howarth 2000), several economic
studies show that there are substantial efficiency gains when the
spatiotemporal distribution of costs is formally considered at the
outset of conservation and restoration planning processes
(Naidoo et al. 2006). The magnitude of these gains depends on
the spatiotemporal correlation between, and the relative
variability of, the costs and benefits of various restoration
scenarios. Hence, it is often better to incorporate costs, including
those for monitoring, at the outset of restoration planning rather
than incur the higher costs of a less efficient restoration plan
(Naidoo et al. 2006).  

It is also important to realize that costs and benefits of restoration
are often nonlinear functions of effort and time (Naidoo et al.
2006). If  a system has passed a threshold, the shape of the benefit
relationship can be concave because an enormous amount of
effort might be needed to shift it back to an alternative state,
whereas subsequent changes within this returned state might be
easier than the initial effort. In contrast, the relationship can also
be convex or asymptotic, where initial gains cost the least and
there are diminishing returns with subsequent efforts. In this latter
case, agreeing on what constitutes successful restoration up front
will be crucial because of these diminishing returns. Importantly,
these nonlinearities must be reasonably well characterized to
accurately assess the cost-benefit ratios of various restoration
options through time, and might dictate whether historical,
hybrid, or novel communities are the restoration targets.  

Cost multipliers and restoration insurance can be beneficial to
cope with the enormous intangibles and cost uncertainties of
restoration. Increasing the best estimate of costs by two to three
fold should help address cost uncertainties. Such cost multipliers
are already common in U.S. environmental law, such as with the
Environmental Protection Act Superfund program and Oil
Pollution Act (Holl and Howarth 2000). Additionally, restoration
insurance, which would cover restoration costs in the case of
unexpected ecological conditions, such as extreme weather events
that are becoming more common with climate change, might also
be judicious and cost-effective (Holl and Howarth 2000). Statutes
requiring restoration insurance would help maintain ecosystem
services for posterity.  

Several unconventional but promising funding strategies have
been developed to facilitate raising adequate capital for
restoration, such as environmental assurance bonding and
Payment for Ecosystem Services (PES) frameworks (Bullock et
al. 2011). With environmental assurance bonding, parties
responsible for environmental damage post bonds that can be
used to pay restoration costs if  they default on their commitment
to return an ecosystem to some specified condition (Costanza and
Perrings 1990). For example, a company might post a bond before
surface mining, and the money would be released only after the
site has been sufficiently restored.  

Payment for Ecosystem Services programs provide another
progressive approach to funding restoration. These frameworks
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