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Abstract
Purpose of Review Although landscape-scale restoration efforts are gaining traction worldwide, their success is generally
unknown. We review landscape-scale restorations to gain insight to whether focal ecological outcomes have been achieved, in
the face of changing environmental conditions.
Recent Findings Only 9% of the 477 articles that resulted from our search were studies of landscape-scale restorations. The
majority (73%) of the landscape restorations from our study have occurred since the 1990s, indicating that this type of restoration
has gained in popularity in the last 30 years. Furthermore, 67% of these restoration studies occurred in a single country: China.
Many scientific studies have addressed the ability of a species to shift ranges with climate change, yet few of the landscape-scale
restoration studies used for our study addressed this question. Instead, 87% of the studies focused on ecosystem function, rather
than community-level processes, as a result of restoration.
Summary There is a clear need for more research to be undertaken on the ecological outcomes of landscape-scale restorations to
understand whether they enable species and communities to shift their ranges or adapt to climate change. Conservation practi-
tioners could utilize our decision matrix as a tool to guide restoration of individual sites within a landscape context, as well as
current and future climatic conditions, to guide ecological outcomes of interest. Optimal biodiversity maintenance requires
habitat conservation in concert with restoration activities at the landscape scale, and the latter, likely increasingly so in a world
of changing climate.

Keywords Landscape-scale restoration . Climate mitigation . Terrestrial . Adaptation to climate change . Restoration decision
matrix

Introduction

Restoration as a Means of Adaptation to Climate
Change

Climate and land-use change are some of the primary drivers
of species declines [1, 2]. Conservation biology has incorpo-
rated climate change effects into reserve design, addressing
the challenges of range shifts, changes in abundance, ecolog-
ical forecasting models, and geographic differences in the
magnitude of species response to climate change [3–5]; how-
ever, much of the current climate change adaptation literature
understandably deals with habitat conservation [3–5] while
restoration receives less attention [6–8]. In addition, much of
the literature that addresses the use of restoration to mitigate
climate change effects on species or ecosystems is often con-
ceptual in scope, rather than an empirical report on
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implemented projects (e.g., [8–10]). Restoration must be
planned in the context of (and cannot be a substitute for)
habitat conservation [10, 11].

There has been considerable time and energy by practi-
tioners of landscape ecology devoted to identifying “conser-
vation gaps”—unprotected areas harboring communities and
species underrepresented in current protected networks
[12–15]. Recently, this idea has been extended to
restoration—identifying parts of the landscape not necessarily
in ideal condition, but whose restoration would help fill gaps
in current protected networks [16•]. In the era of climate
change, this idea could be extended to identifying not only
degraded areas that fill gaps, but even current natural areas,
which could be targeted as habitat suitable for future commu-
nities as the climate changes [17].

Practical solutions tomitigate the loss of biodiversity due to
climate change include protecting and managing natural areas,
direct species management, monitoring existing changes, and
planning for future changes, as well as policy development
[4]. A portfolio approach at the landscape scale, including a
range of interventions, such as maintenance of high quality
conservation lands and restoration of altered areas, has been
suggested as the best way to benefit biodiversity and ecosys-
tem function [18•]. Ecological restoration, “the process of
assisting the recovery of an ecosystem that has been degraded,
damaged, or destroyed” [19], is an approach that provides
particular utility for addressing habitat-level changes associat-
ed with a changing climate. Restoration at the landscape scale
can be used to test the effects of spatial patterns on ecological
processes at larger scales [20, 21], as well as to redesign and
proactively manage ecosystems so that they provide the ser-
vices essential for all species, conserve biodiversity, and mit-
igate climate change [8, 22].

Restoration at the Landscape Scale as a Means
of Mitigation and Adaptation to Climate Change

Restoration provides two key management approaches to mit-
igate the effects of climate change: sequestering carbon
through the establishment of green biomass, and the conser-
vation and restoration of biodiversity and ecosystem services
[19]. Landscape-scale restoration approaches include
regional-scale corridors to allow natural dispersal and range
shifts, planting communities to provide direct or indirect pro-
tection from climate hazards, or the creation of novel ecosys-
tems through assisted migration of species [8, 23]. Restoration
as a means for climate mitigation has global benefits, whereas
restoration as a means of adapting to climate change has ben-
efits at the local and regional scales [24•]. Although
landscape-scale restoration approaches are likely key for ar-
resting and mitigating negative effects of climate change, they
are often not widely used due to logistic and financial feasi-
bility issues (e.g., [25]).

Assisted migration (human transportation of individuals of
a species to its projected range) is a technique that has been
proposed to meet some goals of ecological restoration in a
changing world, yet it is not “restoration” in the sense of
reinstating a local ecosystem or habitat involving multiple
species and trophic levels. While assisted migration to bring
back a keystone species such as a top predator or seed dispers-
er could be considered restoration as we define it, we do not
consider any form of assisted migration or “rewilding” in our
review, because the scale at which most assisted migration
efforts typically focus on is at the site [26, 27].

Restoration is valuable for addressing climate change ef-
fects because it can be deployed at landscape-level scales,
which is relevant to both changing environmental conditions
and management parcels. Ecological reasons for considering
the landscape scale in restoration include the following: (1)
landscape context matters for ecosystem function; (2) overall
habitat cover in any given landscape affects the ability of
restored areas to support viable populations of species; (3)
ecologically important processes such as dispersal and distur-
bance occur at the landscape scale; and (4) movement of spe-
cies in response to global environmental changes occurs at the
landscape scale [28••]. Here, we define landscape-scale resto-
ration as ecological restoration efforts that incorporate
landscape-level processes, such as the flow of genes, individ-
uals, materials, and energy across large areas that may not be
possible in smaller projects [23]. Landscape-scale restoration
includes large, contiguous, or fragmented areas (equal to or
greater than 1 km2) [29].

Many international commitments have beenmade for glob-
al restoration goals, including the CBD Aichi Target 15, the
UNFCCC REDD+ goal, the Rio + 20 land degradation neu-
trality goal, and, most recently, the UN Decade on Ecosystem
Restoration [30, 31••]. In 2011, a global initiative called the
Bonn Challenge was founded “to bring 150 million hectares
of the world’s deforested and degraded land into restoration
by 2020, and 350 million hectares by 2030” [32]. Although
landscape-scale restoration efforts are gaining more traction
worldwide, the success of these restoration actions is un-
known in most cases [33••]. In order to assess biodiversity
responses to landscape-scale restoration initiatives, monitor-
ing is needed to encompass immediate to long-term ecological
responses to management efforts, so that we can evaluate the
underlying biological mechanisms responsible for biodiversi-
ty response to restoration [33••]. Our central focus in this
review is on the ecological outcomes of landscape-scale res-
torations so that we can gain insight on the objectives of
landscape-scale restorations and whether focal outcomes have
been achieved. In this review, we focus on how restoration is
used as a landscape-scale strategy in mitigating and adapting
to climate change which is unlike approaches of other reviews
about restoration, which are not scale-specific [24•, 34], or do
not focus on climate change [23]. The focus of this paper is to
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organize and describe immediate to long-term ecological out-
comes of landscape scale, terrestrial restoration in the face of
changing environmental conditions.

Methods

We reviewed the published literature on the underlying ratio-
nale for landscape-scale restoration efforts and whether they
reached their projected outcomes: biodiversity conservation,
which may include species monitoring efforts; landscape con-
nectivity, which may include monitoring efforts of dispersal
or migration; or ecosystem function and climate resilience,
which may include monitoring a single ecosystem service
[33••]. We surveyed the literature for evidence of these
landscape-scale restoration efforts and their ecological out-
comes. Furthermore, we provide a decision matrix for poten-
tial restoration actions, given the landscape position of the
land parcel under consideration as well as current and future
climatic conditions.

We searched the ISI Web of Science for articles published
between 2009 and 2018, to capture the literature on this topic
from the prior 10 years, which has not yet been covered in the
literature [21]. Searches were conducted in March of 2019.
Published articles on the topic of landscape-scale restoration
as a means of adapting to or mitigating climate change were
selected based on the following search terms for topics:
(restor* OR reveg* OR reforest* OR refaun* OR rewild)
AND (landscape scale OR large scale OR broad scale OR
forest wide OR watershed) AND (ecol* OR conservation
OR ecosystem service* OR ecosystem function* OR climate
resilienc* OR range shift* OR refug* OR connectivity OR
dispersal ) AND (“climate change” OR “environ* var*”)
NOT (ocean OR sea OR pelagic OR lake OR river OR lim-
nology OR fish OR aquatic). Studies included were restricted
to individual studies that involved landscape-scale terrestrial
restoration for the purposes of biodiversity conservation, land-
scape connectivity, or ecosystem functioning. These specific
terms were chosen to reflect the restoration of biodiversity at
the landscape scale, in order to adapt to or mitigate climate
change. We collected the following data from the text of all
articles resulting from our search terms: publication year,
whether the study described or quantified the outcomes of a
terrestrial restoration, if the restoration was at the landscape
scale (greater than 1 km2) [29], whether the study was an
individual study, review of multiple restorations, policy paper,
or model. Review papers policy papers, and models were not
covered in the survey to avoid overlap, and aquatic habitats
were excluded to focus the scope of the review on terrestrial
systems. If the article was an individual study describing the
outcomes of a landscape-scale restoration, the following data
were collected: whether the study mentioned climate change
adaptation or mitigation as an outcome, the objective of the

study, the country where the restoration took place, habitat
type for restoration, land use prior to restoration, global
change factors that were the impetus for the landscape scale
restoration studies (e.g., changes in water, temperature, CO2

sequestration, nonnative species invasion, human land use,
fragmentation), type of restoration (active or passive), biota
used (e.g., multiple, seeds, seedlings, none), whether fire was
used in the restoration, start and end date of the restoration,
type of practitioner conducting the restoration, years of mon-
itoring, monitoringmethod, monitoring focus (e.g., vegetation
cover, vegetation growth (net primary productivity [NPP]),
basal area increment, water yield, species richness, species
abundance, carbon sequestration), restoration outcome focus
(ecosystem function, more robust populations of species of
conservation concern, maintained or increased species rich-
ness), and whether the restoration was considered a success.
The restoration was counted as a success if the response var-
iable of interest was higher in the restoration plots, compared
with the non-restored areas, or after restoration, compared
with prior to restoration.

Results

Of the 477 articles that resulted from our search terms, 58%
were individual studies, 23% were reviews, 14% were
models, and 5% were policy papers. Ninety-four (20%) of
these studies described restorations, either active or passive.
Of these 94 studies, 41 were conducted at the landscape scale
(treatments deployed on greater than 1 km2 of area), and 28 of
these studies mentioned climate change as the impetus for the
restoration, or as a factor in the outcome of the restoration. Of
these 28 landscape-scale restoration studies that mention cli-
mate change, 21 were appropriate to use for the study.
Reasons for elimination of seven landscape-scale restoration
studies included aquatic restorations or not enough methodo-
logical detail to understand the restoration treatments (e.g. not
comparing restoration outcomes with a control or previous
time to measure success, not stating when the restoration ac-
tivities began, or not describing the restoration activities ade-
quately). Of these 21 studies, we eliminated another 6 studies,
which focused on the same dependent variable (e.g., using
different methods to assess carbon sequestration) for the iden-
tical large-scale restoration. For those studies that were inves-
tigating the same dependent variables for the same restoration,
we included the largest studies, in terms of the overall size of
the restoration of study (km2). Thus, while we utilized 15
independent studies, there were only a total of 11 independent
landscape-scale restorations, as five of the studies were fo-
cused on the same restoration project, the Grain for Green
Program in China, a program started in 1999 that focuses on
replacing degraded farmland with forested landscapes [35].
Although five studies focused on this program, these papers
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differed in the focal outcome described (NPP, carbon seques-
tration, water yield, land surface temperatures, and vegetation
cover).

Of the 15 papers we deemed appropriate for this review,
one of the studies took place in Argentina, ten took place in
China, two in Ethiopia, one in Wales, and one in the USA
(Table 1) [36–50]. The large-scale restorations occurred in a
variety of habitat types. Twelve restorations included multiple
habitats (including some combination of grassland, forest, or
shrubland habitats), two in forested habitats, and one restora-
tion occurred in a peatland (Table 1). The size of the restored
area varied greatly, between 1.9 million and 2.4 km2.

One of the restorations was started as early as 1949, 20% of
the restorations were initiated in the 1970s, 47% of the resto-
rations started in the 1990s, and 27% of the restorations were
initiated in the 2000s (Fig. 1). Seven of the studies were mon-
itored for less than 5 years, four of the studies were monitored
between 9 and 14 years, and four of the studies were moni-
tored for longer than 20 years, with the longest being moni-
tored for 37 years. The type of practitioner who managed the
restorations was primarily Federal (6 restorations, composed
of 11 studies of varying focus, e.g., carbon sequestration, wa-
ter yield, vegetation cover), three studies were conducted by a
variety of practitioners (Federal, university, and state), and
one academic institution initiated a large-scale restoration ex-
periment. Nine studies used a form of remote sensing for
monitoring, five studies used surveys where observations or
samples were collected in the field, and one study involved a
combination of a field study and remote sensing.

A variety of global change factors served as the impetus for
the landscape-scale restoration studies (Table 1). Five of the
landscape-scale restoration studies were designed to under-
stand some aspect of changing water conditions (e.g., drought,
hydrology, or altered precipitation regimes), three were de-
signed to study carbon sequestration, three were designed to
counter human land use, and four were designed to understand
how restoration could counter multiple global change factors
(e.g., some combination of carbon sequestration, human land
use, water, and temperature affects). Thirteen of the studies
focused on ecosystem function (carbon sequestration (4), NPP
(4), water yield (3), land surface temperature (1), and vegeta-
tion cover (1)) as the restoration outcome, one research study
looked at the increase in species richness, and one project
investigated how a population of conservation concern was
affected by the restoration treatment (Table 1).

The types of land uses that resulted in degradation of the
landscapes included cropping, grazing, and logging and inhi-
bition of natural disturbance regimes, and five landscapes had
multiple land use types occurring across the study area.
Eleven of the restorations were active, where some sort of
management activity occurred (e.g., planting seeds, plants,
using fire, or altering hydrological regimes), and four were
passive, where the degrading activity was arrested or

removed, with no follow up management action, and the land
was allowed to follow natural succession trajectories [51].
Five of the large-scale restoration projects did not use biota
for the restoration, four added plants, two planted seeds, one
project added plants and seeds, and three of the papers did not
clarify what form of materials were used for restoration
(Table 1). Only one of the 15 studies used fire as a restoration
tool.

Twelve of the focal landscape-scale restoration studies
were considered a success for the monitoring outcome of in-
terest. Three of these landscape-scale restoration studies were
considered failures. All three of these studies monitored water
yield before and after the restoration experiment. In all three
cases, water yield decreased because of an increase in evapo-
transpiration due to increased vegetation cover. In one case
[41], the restoration practitioners advised using native plants,
which can reduce evapotranspiration levels compared with the
non-native trees that were planted in the study.

Discussion

Restoration as a Means of Adaptation to Climate
Change

Only 9% of the 477 articles that resulted from our search terms
described restorations conducted at the landscape scale.
Ultimately, we were surprised by how few landscape-scale
restorations have been described in the literature. This may
be due to the challenges of governance and unified planning
at the landscape scale [52••]. This might also be a result of
more landscape-scale restorations occurring through govern-
mental efforts, which are typically not recorded in the peer-
reviewed literature, and not always monitored due to lack of
resources. In a recent review of the literature of ecological
management and nature conservation actions that actively al-
low for environmental change, the majority of studies were
drawn from ecological reasoning and modeling, with only
16% based on new empirical research [53]. It is also possible
that our reviewmissed some appropriate studies if they did not
explicitly use our search terms in the paper. For example,
Paxton and colleagues [54] documented range shifts in both
native and non-native forest birds after establishment of forest
restoration corridors in Hawaii. While the restoration was
originally designed in part to create avian malaria-free refugia
as climates continue to warm, this paper was not a part of the
477 papers resulting from our search terms, potentially be-
cause different terms were used in the paper than our search
terms, and climate change was not the major focus of the
paper per se. A literature review of papers published between
2007 and 2011 of local restorations that apply a landscape
assessment or landscape-scale restorations for biodiversity
conservation revealed that of the 254 papers that utilized some
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kind of landscape application to restoration, only 11 (4%)
were landscape-scale restorations [21], similar to our result
of only 9% of our studies resulting in landscape-scale
restorations.

The majority (73%) of the landscape restorations from our
study have occurred since the 1990s, indicating that this type
of restoration has gained in popularity in the last 30 years [21,
23], concomitant with an increase in our understanding of
climate change effects [28••]. Furthermore, the majority of
these restoration studies occurred in a single country: China
(67%). Starting in the 1970s, China prioritized landscape-
scale restorations across the country, which has resulted in
many studies of the outcomes of these restorations, including
the Grain for Green Program [43, 50]. However, other large-
scale restoration initiatives, such as Brazil’s Atlantic Forest
Restoration Pact, the National Mission for a Green India,
South Africa’s Working for Water program, Africa’s Great
Green Wall , or the Canadian and United States’
Yellowstone to Yukon (Y2Y) initiative [55–59], were not
captured by our literature search from the previous 10 years.
This may be because most of these restorations were initiated
in the last decade (with the exception of Y2Y, initiated in
1993), have not yet been quantitatively assessed for ecological
outcomes of restoration success, or our search did not encom-
pass articles describing the ecological outcomes of these
landscape-scale initiatives.

Much scientific attention has been paid to the ability of a
species to shift ranges with climate change [60]; thus, we were
surprised that 87% of the landscape-scale restoration studies
used for our study focused on ecosystem function as a result of
the restoration. This may be due to the relative ease of study-
ing outcomes of ecosystem function at the landscape scale,
using methods such as remote sensing to estimate net primary
production or carbon sequestration [36, 37, 44]. Furthermore,
greater importance may be placed on climate mitigation, over
species conservation, by restoration practitioners. An interna-
tional survey of restoration actors at different policy levels

revealed that rural development and climate mitigation mo-
tives were prioritized over aspects of species conservation or
adaptation [61]. Clearly, more research is needed in these
landscape-scale restorations to understand whether they en-
able species and communities to shift their ranges, or adapt
to climate change.

Most measures of restoration “success”were post hoc mea-
sures, i.e., variables were decided upon by researchers well
after the restoration, rather than by restoration planners at the
time of project conception. Similarly, there were various ap-
proaches for deciding whether these variables (listed in
Table 1) were significantly different due to restoration, includ-
ing a range of samples sizes and statistical tests. For example,
Liu et al. [45] used national forest inventory units, which were
resampled seven times, as a unit of replication for estimating
whether forest biomass carbon increased over time since re-
forestation. On the other hand, Erickson and Waring [42] an-
alyzed differences in Pinus ponderosa growth between repli-
cated restoration treatments: areas thinned and burned versus
areas that were not treated. While we agree that it is best to
decide on metrics of restoration success at project inception,
this topic has been explored in depth elsewhere [62–65], thus
we do not expand on those ideas here.

How Landscape-Scale Restoration can be Used
to Stem the Loss of Biodiversity due to Climate
Change

Landscape-scale restoration in response to climate change is
largely expected to enhance biodiversity both within and ex-
ternal to the restoration area [9], as increasing landscape con-
nectivity will increase the ability of species to respond to cli-
mate change [66, 67]. Landscape connectivity (the develop-
ment of regional-scale corridors) for mitigating climate-
associated biodiversity effects, including facilitating range
shifts of climatically sensitive species and enhancing opportu-
nities for species to adapt to changing environmental condi-
tions, may be uniquely affected by ecological landscape res-
toration because of the extent of areas targeted for manage-
ment [66]. Despite the many ways in which larger scale res-
toration efforts might boost biodiversity through the creation
and maintenance of corridors, none of the studies included in
this review monitored range shifts or habitat connectivity.
This is likely due, in part, to the fact that connectivity and
range shifts are difficult to monitor over large areas, although
new technologies are providing alternatives for rapid, large
scale restoration monitoring (e.g., [68]). In this section, we
review the ways in which landscape-scale restoration efforts
are particularly well-suited to counter the loss of biodiversity
due to climate change.

Range shifts are one of the most common ways for native
species to respond to changes in environmental conditions
[67]. Range shifts enable species to track their ideal climate
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Fig. 1 Count of the year of restoration initiation of the 15 independent
studies used for this review
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and maintain growth rates that ensure population survival
[69]. Range shifts, however, can only occur in the presence
of large, contiguous natural areas or corridors for migration
and microrefugia that support dispersal [70, 71]. Landscape-
scale restoration can create, protect, and link corridors in ways
that smaller-scale restorations cannot, thereby facilitating
range shifts, adaptive capacity, and conserving biodiversity
[16•, 72]. For example, it is expected that most plant species
will shift their range by > 1 km per year to accommodate
changes in the climate [73]. Only restoration approaches that
encompass large amounts of land will be able to provide the
habitat needed for these shifts.

Corridors created by landscape-scale restoration can facil-
itate the maintenance of biodiversity in the face of climate
change by providing a species with an opportunity to shift
its range in response to changing environmental conditions.
Species that are unable to shift their ranges might not be able
to adapt quickly enough to climate change and therefore could
go extinct [72]. Additionally, corridors can also increase bio-
diversity in other ways, such as attracting wildlife [74] and
enhancing the ability of species to adapt to climate change
through the reduction of fragmented habitats [75, 76].
Corridors have also been found to increase nonnative species
diversity [77–79], which may influence the ability of native
species to shift their ranges [80].

In addition to enhancing biodiversity across habitats,
landscape-scale restoration has particular utility for cultivating
resilience (the resistance of regime shifts) to enhanced climate
change effects. Landscape-scale restoration implies larger
areas of habitat that are managed; therefore, large numbers
of species are more likely to be added (through active resto-
ration) or conserved (through passive restoration). More bio-
diverse areas are more resilient to climate change effects [81]
because larger numbers of species that inhabit an area increase
the likelihood that species will (1) have relevant traits to main-
tain ecosystem services even with local extinctions [82] and
(2) be able to adapt to changing climatic conditions [83]. Rice
and Emery [84] urge for the consideration of evolutionary
development in conservation and restoration efforts, for a
means by which species can escape extinction, in the face of
rapidly changing selective pressures resulting from global
change.

How Landscape-Scale Restoration can be Used
to Improve Ecosystem Function or Services Affected
by Climate Change

Themajority of the restoration projects that we surveyedmon-
itored some aspect of ecosystem function. Many of the studies
measured changes in ecosystem variables as a post hoc ques-
tion. This is not that surprising, given the fact that restoration
projects take long periods of time to establish, for plant com-
munities to stabilize (if they ever do), and for ecosystem

properties to be altered by treatments [85•]. By that time, often
decades later, priorities and goals may have changed. For
example, most of the Grain for Green plantings were focused
on lessening erosion in degraded agricultural areas [86], while
the studies highlighted here tested various ecosystem variables
besides erosion (Table 1). For example, Peng et al. [37] quan-
tified carbon sequestration, citing potential offsets relating to
carbon emission targets put into place long after the original
restoration efforts were organized.

In a survey of four U.S. Federal agencies that manage
National Wilderness Areas [87], the most common manage-
ment interventions were vegetation treatments, wildfire, and
wildlife restoration in order to restore “ecosystem function,”
“protect habitat from invasive species,” or to “restore habitat
to historical or natural conditions.” However, very few of the
studies we included in this review were from the USA, indi-
cating that most U.S. large-scale restoration projects are either
not monitored [88], or these efforts are not published in outlets
that appear on the Web of Science, such as grey literature and
technical reports that may not surface with these search en-
gines. This is often due to a lack of funding within manage-
ment agencies for monitoring and a disjunct between manage-
ment practitioners (those on the ground doing the restoration)
and agency or academic research with funding and priorities
that favor monitoring-type projects. Remote sensing may be
one way to overcome this barrier, especially in terms of eco-
system variables such as total green cover, carbon storage,
ground surface temperature, or modeled vegetation evapo-
transpiration [89]. In fact, many of the studies that quantified
ecosystem variables in our study used available remote sens-
ing imagery (e.g. MODIS).

As noted above, the interrelated NPP, biomass, and carbon
sequestration variables were considered enhanced by the res-
toration activities (Table 1). It is possible that ecosystem func-
tion variables (e.g., improved water quality, increased nutrient
retention, increased pollination, increased pest control, in-
creased regional climate regulation) may be more attainable
than traditional restoration goals, i.e., to restore the baseline
community[8]. Indeed, ecosystem function, especially bio-
mass or NPP, can return even with completely novel species
assemblages (e.g., [90]). In this case, restoration practitioners
could evaluate if these scenarios match project goals and
whether novel assemblages are appropriate given project
stakeholders. Changes in species composition from reference
communities may be due to a reliance on passive restoration,
the use of non-native plants as placeholders before native spe-
cies are added, or the use of non-native species to fill in miss-
ing niche space due to depauperate flora [91–93]. For exam-
ple, in Hawaii, non-native non-invasive species, often of cul-
tural and/or agricultural importance, were used in lowland
forest areas to maximize plant traits in a way that created
resistance to invasion by more weedy species [94].
Similarly, in China’s Grain for Green Program, both
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“ecological” (native to the region) and “economic” (species
that could be used for agricultural or non-timber forest prod-
ucts) tree species were encouraged [86]. Our review indicates
that such novel assemblages can still increase ecosystem ser-
vices for certain variables, but may not achieve or may hinder
biodiversity goals.

It can also be the case, however, that some ecosystem
services decline in value. Three of the studies highlighted
in this review from China showed that ecosystem variables
reflecting water yield decreased since restoration efforts
(Table 1, [40, 41, 43]). Water yield at the local scale
may not benefit from landscape-scale restoration; however,
increased evapotranspiration from restoration at these local
scales will favor the cross-continental transport of moisture
vapor and thus, increased precipitation in locations distant
from the ocean-based hydrological cycle [95].
Additionally, restoration efforts that increase NPP and car-
bon sequestration can mitigate climate change [96]. In our
study, water yield research captured various ecotypes, in-
cluding boreal forest [40], humid and semi-humid prov-
inces in southern China including grassland, shrubland
and forest vegetation [41], and semi-arid grasslands in
the Loess plateau [43]. Unsurprisingly, adding large quan-
tities of trees, often in monoculture, to what would natu-
rally be sparsely vegetated or grassland areas lowered wa-
ter yield and stream flows relative to natural vegetation
types. Indeed, the Grain for Green Program has been crit-
icized for using resource-use inefficient species such as
Populus that were not native to the immediate area or,
at the very least, not native in such large numbers [86],
leading to an overall loss of native, diverse forest and
native vegetation more generally [97]. Such losses of wa-
ter yield are particularly important in arid regions or more
mesic habitats where droughts are projected to increase
[41, 98]. Indeed, increasing water yield by removing rath-
er than planting trees from fynbos shrubland is the focus
of the Working for Water restoration program in South
Africa [99], showing how the term restoration can be
somewhat subjective.

This dichotomy—that carbon sequestration may come
at the expense of other ecosystem properties such as
water yield or community composition—warrants further
attention, especially given recent, public calls for large-
scale afforestation in the face of climate change [100].
In fact, biomes such as grasslands and savannahs can
hold as much belowground carbon as plantation forests,
and certainly contain greater biodiversity [101]. Tree
plantations can also lead to a loss of soil nutrients and
overall decrease in ecosystem carbon, especially if poor-
ly managed and harvested frequently [102]. Thus, we
stress that restoration goals be clearly stated in
landscape-scale projects and revisited over time with
the realization that, similar to adaptive management,

community assembly endpoints and ecosystem-based
goals may need to be reevaluated [23, 31••].

How Landscape-Scale Restoration can Mitigate the
Loss of Biodiversity and Ecosystem Services Under
Climate Change

Our results, in part, highlighted a lack of planning for
climate change in restoration projects. We thus created a
decision matrix (Table 2) to guide restoration actions in
the face of global climate change and meet a variety of
conservation goals, including species conservation, con-
nectivity, range shifts, and ecosystem function and re-
silience. Our decision matrix is based on the current
climate and future climate, as well as the current “state”
of the landscape in terms of disturbance level and
whether remnant tracts of land are nearby. Land-use
intensity influences the rate of species recovery in a
restoration [103] as well as forest restoration success
[10]. Some disturbances have low effects on species
recovery (e.g., selective logging, hunting, or intermittent
grazing), whereas high intensity land uses, such as
cropping or extended grazing, can render a site unsuit-
able, because the availability of propagules for succes-
sion are lost from the seed bank or existing vegetation
[103]. The landscape context for which a site is situated
is important to recovery [10], as remnant sites with
intact native vegetation can serve as propagule sources
[93] to the site under consideration. Furthermore, as the
climate changes, species must keep pace with the cli-
mate [104, 105] in order to maintain physiological func-
tioning [8, 106], and this is more feasible in large
protected areas where landscapes are less fragmented
[107].

Our decision matrix (Table 2) was designed to eval-
uate sites using the current and future climate, as well
as where the habitat is situated in the landscape as a
framework for conservation and restoration prioritiza-
tion. The landscape state is a measure of human distur-
bance and location and is considered “intact” if it is a
site that does not present signs of human disturbance
and may or may not be adjacent to other conservation
areas. “Disturbed” states include sites that present signs
of human disturbance and include those that adjoin in-
tact sites or not. For example, if a piece of land occurs
in an area where the climate is suitable for the focal
species (which may or may not be found there current-
ly) but will become unsuitable for those species in the
future, the current landscape state determines the man-
agement outcome. In this case, if the site is intact (has
not experienced human modification), that habitat could
be conserved (D), to allow for colonization of species
as communities shift their ranges, supporting overall
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ecosystem function and climate resilience [17]. If this is
a disturbed site, which has experienced human land use,
priority for this habitat is low and no action would be
warranted, whether it is adjacent to conservation lands
or not (E, F). Human-disturbed habitats host higher
levels of nonnative species, with the legacy of distur-
bance lasting over a century, in some cases [108]. It is
possible that novel competitors, such as nonnative spe-
cies, can have a greater adverse effect than shifting
climate on species of concern [80], making species in-
teractions important to consider when forecasting com-
munity response and restoration outcomes to changing
climate.

Alternatively, if a piece of land is currently in unsuitable
climate for focal species or communities of concern that are
not currently found there, but the climate of this area is
projected to become suitable for these communities in the
future, the management actions also depend on the current
landscape state (Table 2). For those areas that do not present
signs of human land use and are considered intact, these could
be future habitat for range-shifting species, and so may war-
rant being conserved (G). Those areas that are disturbed and
that adjoin remnant intact habitat could also be restored to
allow for future habitat expansion and focal species range
shifts (H). Those degraded lands that do not adjoin intact
habitats can be considered potential restoration sites in order
to facilitate focal species range shifts (I), however would be
lower priority than those sites adjacent to intact habitat (H).
Generally, restoration of disturbed sites that do not adjoin
remnant intact habitat but are projected to have suitable future
climate for focal communities (C, I) warrant consideration for
restoration, given the context, spatial location, and dispersal
capabilities of the focal species and communities.

Conclusions

Multiple Benefits of Restoration at the Landscape
Scale

Optimal biodiversity maintenance at the landscape scale
requires habitat conservation in concert with restoration
activities, and the latter increasingly so in a world of
changing climate. Consideration of multiple goals and
benefits of restoration simultaneously, rather than in iso-
lation from each other, depends on how on-the-ground
efforts are conceived and applied [31••, 93, 109].
Restoration styles that achieve conservation and biodi-
versity goals can often meet many of these other tar-
gets, including mitigation through carbon sequestration
[24•], given that functional diversity increases ecosys-
tem function [110], and that all of the studies in our
review that monitored ecosystem function had increases
over time, with the exception of water yield. Landscape-
scale restoration of forests has social, economic, and
environmental benefits that enhance lives of local peo-
ple, mitigate effects of climate change, increase food
security, and safeguard soil and water resources [52••].
Starting at the planning stage, four general principles
warrant consideration for ecological restoration at the
landscape scale: increasing ecological integrity, increas-
ing sustainability for the long-term, consideration of the
past and the future, and engaging and benefiting society
[31••]. After the restoration has been implemented, it is
critically important to monitor the restoration for as
long as possible [111], to assess restoration success
and quantify the effects on biodiversity and ecosystem
function.

Table 2 Habitat restoration decision matrix focused on conserving
target species (or set of species with similar requirements), with simple
binary suitable/unsuitable states for climate state and one of three states of

the habitat in the landscape. Text in cells shows conservation or
restoration actions. Bold text indicates the restoration goal

Current state in the landscape

Current
climate

Future
climate

Intact (remnant/uncleared) Disturbed (cleared/modified) and
adjoining intact habitat

Disturbed (cleared/modified) and
not adjoining remnant intact habitat

Suitable Suitable A. Conserve vegetation for focal
species (refugium)

Refugia – focal species
conservation & connectivity

B. Restore vegetation to expand area
of refugium

Refugia – focal species
conservation & connectivity

C. Consider potential restoration,
subject to context, linkage, dispersal

Focal species conservation &
connectivity

Suitable Unsuitable D. Conserve vegetation for other,
non-focal, species to colonize

Ecosystem function & climate
resilience

E. No action F. No action

Unsuitable Suitable G. Conserve vegetation (potential
future habitat extent)

Facilitate focal species range shifts

H. Restore vegetation to expand
potential future habitat extent.

Facilitate focal species range shifts

I. Consider potential restoration,
subject to context, linkage, dispersal

Facilitate focal species range shifts
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Approaches

A combination of passively managed conservation areas and
actively managed restorations across the landscape may best
facilitate adaptation to climate change [112], particularly if
active and passive restorations have difference in recovery
rates or recovery endpoints [85•]. The choice of active or
passive management for any given tract of land depends on
the characteristics of the landscape around the focal area, man-
agement goals and resources, degree of degradation, ecosys-
tem resilience, and the current and future climate [31••]
(Table 2). In sites with low to intermediate levels of degrada-
tion, where soils have not been disturbed and where there are
sufficient mature trees or a soil seed bank to allow for regen-
eration, passivemanagement may be the best option [93, 113].
The typical scenario for wilderness area managers, who are
confronted by ecological degradation, is to first determine if
action is warranted, and if so, then determine the minimum
tool necessary to implement the action while preserving wil-
derness character [87]. Passive management in natural areas
may allow the environment to adapt to change unaided, which
could improve adaptation to climate change and protect bio-
diversity [112] with an inexpensive and often logistically fea-
sible strategy. Active management resources could be priori-
tized for those altered landscapes adjacent to conservation
lands, which would sustain target species under future climat-
ic conditions (Table 2, B and H) [114]. A combination of
active or passive restoration followed by enrichment planting
of rare and late-successional species, after the mature vegeta-
tion has established, may be the most cost-effective way of
restoring rare species which are more difficult to restore [115].

Broadly, the goal of restoration in the coming decades will
be to restore landscapes to allow native species to adapt to
environmental conditions, while ensuring ecosystem services
are maintained or restored [8]. A landscape approach to spe-
cies conservation has the benefit of allowing species to shift
geographically, in order to meet their physiological require-
ments as climate changes [8]. Landscape-scale restoration
could emphasize species and genetic diversity, in order to
improve ecosystem stability, productivity, resilience and re-
covery from climatic extremes [31••, 116]. The inherent com-
plexity of landscapes and ecological challenges suggest
that there may be no single way to set restoration tar-
gets [25]. Conservation practitioners can utilize our
framework (Table 2) as a decision tool to guide resto-
ration of individual sites, within the framework of the
landscape context of the site under consideration, as
well as current and future climatic conditions. On-the-
ground solutions for ecological outcomes of interest are
best found through discussions with scientists, man-
agers, landscape planners, and the public [117].
Resource managers can use our decision matrix as a

tool to guide a general framework for effective local
solutions, within a landscape context.
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