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Millions of hectares of land worldwide is in urgent need of restoration. However, many
past landscape and ecosystem restoration efforts are likely to have been less than
effective. Some of the reasons for these problems include a lack of monitoring, or being
subjected to poor quality monitoring practices, or that the restoration efforts are too
often not linked with ecological concepts and/or theory. These deficiencies make it
difficult to: (1) identify general principles for broader application beyond site-specific
insights, (2) quantify success, and (3) identify general ways to improve restoration
programs. In this paper, I outline some personal perspectives on how these deficiencies
might be addressed using insights from two decades of work on restoration in the
temperate woodlands of south-eastern Australia. I argue problems associated with a
lack of monitoring and limited connection to ecological theory need to be rectified
if future landscape and ecosystem restoration programs are to be more successful
than those in the past and are to deliver better ecological returns on investment. This
should help enhance learning and boost the potential for continuous improvement in
restoration efforts.

Keywords: community engagement, biodiversity recovery, revegetation programs, biodiversity conservation,
temperate eucalypt woodlands, south-eastern Australia

INTRODUCTION

The 10 year period from 2019 has been declared the decade of ecosystem restoration (UN 2019) and
this must include extensive restoration of degraded landscapes. This is a monumental task given
the billions of hectares of degraded forest and agricultural land, and riparian areas globally (Gibbs
and Salmon, 2015; Intergovernmental Science-policy Platform on Biodiversity and Ecosystem
Services (IPBES), 2019). Some workers have estimated that the cost of remediating degraded land
globally could exceed $US12 trillion (R. Crouzeilles et al., unpublished data) or approximately
two-thirds of the GDP of the United States. However, many past restoration efforts have been
less ecologically effective and less cost effective than they might otherwise have been if good
objective setting, planning, monitoring and adaptive management had been in place (Bernhardt
et al., 2005; Kleijn et al., 2006; Hajkowicz, 2009; Fuentes-Montemayor et al., 2011; Batary et al.,
2015; Nilsson et al., 2015).

Here, I argue that ecosystem and landscape restoration will under-deliver unless more
restoration programs are better linked to the existing body of ecological concepts and theory
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(Hobbs and Norton, 1996; Hobbs and Harris, 2001; Temperton
et al., 2004; Lamb, 2011; Perring et al., 2015; Suding et al.,
2015). This can help better identify the key ecological processes
associated with the patterns of biotic response that are observed.
It is also can help promote learning across restoration programs
and enhance the ability to predict the outcomes of management
interventions in new settings. In addition, many restoration
programs globally have suffered from a lack of robust long-
term monitoring. These include (among many others) riparian
restoration programs in the United States (Bernhardt et al.,
2005), France (Morandi et al., 2014), and Scandinavia (Nilsson
et al., 2015), as well as restoration programs to revegetate native
woodland cover (Hajkowicz, 2009) and tackle secondary salinity
in agricultural Australia (Pannell and Roberts, 2010). Without
robust monitoring, it is impossible to determine what actions
were (and were not) effective and the reasons for these outcomes
(Lindenmayer and Likens, 2018).

In this paper, I provide some personal perspectives on the
need to link restoration programs with ecological concepts and
theory and rigorously assess their effectiveness through robust,
well designed monitoring programs. My perspectives are based
on a detailed assessment of the monitoring literature (reviewed
in Lindenmayer and Likens, 2018; see also Legge et al., 2018)
together with more than 20 years of practical experience in
large-scale restoration programs in the temperate woodlands
of south-eastern Australia (Lindenmayer et al., 2018c). These
woodlands are among the most heavily cleared and altered
biomes on earth (Fischer et al., 2009), with literally billions of
trees having been cleared to establish croplands and pastures
for domestic livestock production (Walker et al., 1993). Such
changes have resulted in widespread land degradation, soil
erosion, secondary salinity, and biodiversity loss (Benson, 2008;
Lindenmayer et al., 2010a). Many hundreds of millions of dollars
have been invested in woodland replanting programs over the
past 20–30 years in an effort to tackle these problems (Hajkowicz,
2009; Pannell and Roberts, 2010).

BETTER LINKS TO ECOLOGICAL
CONCEPTS AND THEORY

Different authors use different terminology and emphases to
define ecological theory. However, it can be broadly considered
to be a system of conceptual constructs including axioms
or assumptions, hypotheses, and concepts (Levin, 2009). The
simplest form of an ecological theory would comprise a testable
hypothesis, and allied assumptions and concepts (Driscoll and
Lindenmayer, 2012). A range of seminal articles and books
have discussed the importance of ecological theory in guiding
landscape and ecosystem restoration programs (e.g., Hobbs
and Norton, 1996; Hobbs and Harris, 2001; Temperton et al.,
2004; Lamb, 2011; Perring et al., 2015; Suding et al., 2015).
However, my experience in working in temperate woodland
restoration is that many programs are focused on “getting
trees in the ground” and are undertaken with limited or no
reference to ecological concepts and theory. I argue that this
can restrict learning to individual case studies and make it

difficult to identify more general insights and principles from
across a suite of studies and which can be applied more
broadly (Driscoll and Lindenmayer, 2012; Tscharntke et al.,
2012). In many respects, this was one of the key reasons why
journals such as Restoration Ecology were instigated (R. Hobbs,
personal communication).

Connection to ecological concepts and theory has many
important advantages (reviewed by Pickett et al., 1994; Driscoll
and Lindenmayer, 2012). First, consideration of ecological theory
will often necessitate the careful definition and subsequent
rigorous use of key terms which can be important in the
execution of restoration programs. For example, the term habitat
is often used liberally to mean vegetation cover, when a more
precise application should be as a species-specific entity (Hall
et al., 1997). Such a distinction matters because simply restoring
the native vegetation cover in an area may not mean that it
provides habitat for a given species. Rather, the provisioning
conditions that would serve as habitat for a target species
may require the maintenance or development of particular site
attributes that are needed for it to persist (Morrison et al.,
2006) [such as a particular food plant species for a butterfly
(Wilson et al., 1997; Schultz, 2002) or rock features for a
reptile species (Webb and Shine, 2000)]. In other cases, better
understanding and definition of the concept and term habitat
in a restoration context may highlight that restoration efforts
for a given species may compromise outcomes for a different
species with different habitat requirements (e.g., see Fedriani
et al., 2017). Another example of the need to consider key
definitions that underpin ecological theory is the use of the term
landscape. Like the term habitat, what constitutes a landscape is
species-dependent and scale-dependent and therefore may vary
markedly between organisms (Wiens et al., 1997). Moreover,
different organisms may perceive an area differently from the
way it is perceived by humans (Manning et al., 2004). This
matters in a restoration context because the scale of actions
such as establishing a replanting will likely vary substantially if
the aim is to restore populations of a plant versus those of a
beetle or wide-ranging bird or mammal (McAlpine et al., 2016).
Similarly, particular species that are unable to coexist at a given
spatial scale (e.g., locally) may do so at a larger scale (Fedriani
et al., 2017) meaning that targeted restoration and conservation
actions may need to accommodate the needs of different species
at different scales.

A second key reason why ecological concepts and theory
is critical in restoration programs is that it can help identify
the underlying ecological mechanisms giving rise to observed
patterns (such as which species and sets of species can
colonize restored sites) (Temperton et al., 2004; Suding, 2011).
Identification of mechanistic processes can help better predict the
outcomes of restoration programs in new areas (Perring et al.,
2015; Suding et al., 2015; Palmer et al., 2016). On this basis, I
suggest that better connection between ecological concepts and
theory with the applied practice of restoration will help advance
the discipline of restoration both more rapidly and more widely.
As an example, the vertical structure hypothesis (MacArthur,
1964) in which more niches and therefore species occur in more
vertically heterogeneous vegetation was used to guide studies that
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TABLE 1 | Some areas of ecological theory and concepts with broad relevance to restoration management and employed in long-term restoration studies in the
temperate woodlands of south-eastern Australia.

Ecological theory or concept Description Examples/Citations

Competition theory May help identify co-occurrence patterns and the impacts of
competition on resident species

Mortelliti et al., 2016; Beggs et al., 2019

Assembly rules May help highlight the combinations of species that may co-occur
in restored areas

Temperton et al., 2004; Morrison, 2009;
Driscoll and Lindenmayer, 2010

Dispersal theory May help predict which species may colonize restored areas Driscoll et al., 2014

Succession theory May assist in understanding how the identity of species inhabiting
restored areas changes with time since the instigation of a
restoration program

Morrison, 2009; Lindenmayer et al.,
2016

Landscape ecology theory May help determine the size, shape and levels of connectivity
needed to promote colonization and persistence of species in
restored areas

Lindenmayer et al., 2007;
Montague-Drake et al., 2009

Threshold theory May help identify critical breakpoints in the amount of restoration
work needed in the landscape to secure elements of the biota

Cunningham et al., 2014b

The list is indicative only and therefore far from exhaustive.

sought to better understand the response of arboreal marsupials
to stand conditions in wet forests (Lindenmayer et al., 1991). The
resulting mechanistic understanding, helped guide the design of a
monitoring program for birds in replanted temperate woodlands
and which underscored the importance of establishing restored
areas around large old paddock trees to create multi-aged stand
conditions to boost bird biodiversity (Lindenmayer et al., 2010b).

Table 1 shows a small subset of ecological concepts and
theories that have broad relevance to restoration ecology
and were used to guide a range of studies of restoration
programs in the temperate woodlands of south-eastern Australia.
Importantly, the use of theory proved to be instructive in
reshaping new phases of restoration programs, including in
areas where they had not previously been applied (Lindenmayer
et al., 2013). For example, threshold theory suggests there should
be critical breakpoints in vegetation cover below which losses
of biodiversity will be extremely rapid and many species will
not be able to persist (Andren, 1994; Radford et al., 2005;
Haslem et al., 2015). A nominal value of 30% native vegetation
cover in a landscape was suggested to be a key threshold or
breakpoint (e.g., McIntyre et al., 2002). On this basis, some
management agencies in southern Australia considered that
targeted revegetation programs would be most appropriate in
landscapes where levels of native vegetation cover exceed 30%.
My research team was asked by vegetation managers to explore
relationships between species richness and the occurrence of
individual bird species in relation to total amounts of native
vegetation to uncover evidence of thresholds. Threshold theory
was therefore used in guiding subsequent empirical analyses
and, surprisingly, the null hypothesis (an absence of threshold
or breakpoint relationships) was upheld both for overall bird
species richness and for the occurrence of a suite of individual
bird species (Cunningham et al., 2014a,b). Importantly, the
response curve for measures such as species richness was a
distinctive asymptotic shape, suggesting that the fastest gains
in species richness were for increases in vegetation amount
at low levels of native vegetation cover (Cunningham et al.,
2014a,b). This result, based on testing threshold theory, has
re-shaped vegetation restoration incentive schemes, with funding

for revegetated projects from local natural resource management
agencies now no longer confined to landscapes with already high
levels of native vegetation cover.

Although ecological theory and concepts have an important
role in informing and guiding restoration programs (e.g., Hobbs
and Norton, 1996; Hobbs and Harris, 2001; Temperton et al.,
2004; Lamb, 2011; Perring et al., 2015; Suding et al., 2015), it also
has limitations. Some researchers suggest that poorly developed
theory has led to a lack of repeatability and even false discoveries
in some disciplines (Andren, 1994; Smaldino, 2019) – and this
problem may apply to some areas of restoration ecology. Another
limitation is the challenge in developing theory when linking
restoration ecology to other disciplines such as economics. For
example, our work in temperate woodlands has begun exploring
the development of new models for sustainable financing to
promote restoration actions on farms. The aim here is to facilitate
large-scale restoration programs (that can sometimes be costly)
but without creating massive financial burdens on government
or individual property owners (Chapman and Lindenmayer,
2019). Unfortunately, there is currently no cogent body of cross-
disciplinary theory to guide such kinds of intersecting finance
and ecological research, with the development of innovative
financing approaches for promoting degraded agricultural land
restoration sourced from the higher education sector in this case
(Chapman and Lindenmayer, 2019). One possible opportunity in
this regard is to use the System of Economic and Environmental
Accounting (SEEA) developed by the United Nations (2012) to
quantify the economic value of natural assets in a coherent way.
However, links between biodiversity accounting and economics
and restoration in such a framework currently remain elusive
(Keith et al., 2017).

THE CRITICAL NEED TO IMPROVE
MONITORING

Ecological monitoring is the only way to judge the ecological
success (or otherwise) of restoration programs. However, for
monitoring programs to be effective, they must be well
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designed and implemented, ideally with the same rigor as
high quality research programs. Notably, restoration efforts
such as animal reintroduction programs have shown the array
of benefits than can arise from them being implemented
as well designed experiments (Caughley and Gunn, 1996;
Sheean et al., 2011).

Several key inter-related characteristics underpin well
designed monitoring programs. These include (after
Lindenmayer and Likens, 2018):

1. A well formulated and well articulated set of objectives. This
sets the benchmark against which to develop key ecological
questions and design subsequent monitoring programs.

2. A well-developed set of key ecological questions that are of
management relevance and which can be answered through
the monitoring program.

3. A simple, but insightful conceptual model of the ecosystem
(or other entity) that is being monitored, so that appropriate
questions can be posed.

4. A robust experimental design with sufficient replication of
sites to ensure enough statistical power to detect change and
answer key questions.

5. Control sites where restoration actions are not implemented
to provide contrast to those places where management
interventions (e.g., tree planting, weed removal, or riparian
area repair) have taken place.

6. Trigger points for management action if problems are
encountered such as, for example, a major decline in the
population of a species targeted for restoration.

7. Appropriate data management, analyses of data, and reporting
of outcomes.

The key objectives of a restoration program need to be
well conceived and transparently articulated at the outset. That
is, the ecological (as well as social) goals of a restoration
program need to be made clear to all relevant stakeholders
including policy makers, researchers, practitioners and others.
This is a fundamentally important step that allows the results
of restoration to be evaluated against objectives. However, it is
surprising how often this critical step is ignored or ill-considered.
Only when objectives are well developed is it feasible to frame
good questions to ask and, subsequently, design and implement
a robust restoration program. Hence, monitoring should not be a
post-restoration activity that is unconnected to objective setting
and related planning and implementation.

Appropriately designed monitoring will often need to
be conducted with reference to what entails success for a
given restoration program (Morandi et al., 2014; Nilsson
et al., 2015). Determining, a priori, what constitutes success
demands (as outlined above) setting objectives for an effective
restoration program, including identifying benchmarks against
which management interventions can be assessed (Gibbons
et al., 2010). Success also may need to be assessed through
seeking answers to key questions that underpin restoration
programs. For example: Did a native bird species of conservation
concern recolonize areas after they had been revegetated? Did
native plant species recover in places where invasive plants

were removed? Did the water quality of streams improve
once riparian zones were remediated? There is considerable
value in efforts to communicate successes in restoration
programs as determined through robust monitoring (e.g.,
Springer, 2018). This is because it can provide learnings about
what has and has not worked. Communication of success
(as determined from robust monitoring) also can provide
inspiration for others seeking to instigate restoration programs
(Garnett et al., 2018).

As outlined above, the robust design of monitoring programs
for restoration (see Gellie et al., 2018) will often have to
include control sites where management interventions are not
established for comparison with those areas where they have been
implemented. The notion of monitoring areas where restoration
has not occurred can be challenging for some management
agencies and restoration practitioners, as they may perceive it to
be unnecessary and a waste of money. Scientists need to work
harder to better explain to managers why areas where there has
been no management intervention can be an important part of
monitoring for restoration programs (Lindenmayer and Likens,
2018), and the basis for building a body of information to guide
evidence-based management (sensu Sutherland et al., 2004).

A further valuable attribute of a robust monitoring program
includes documenting not only the responses of, for example,
native plants and animals to restoration actions (McAlpine
et al., 2016), but also the management inputs associated
with restoration programs (such as the costs of buying and
planting trees, erecting fences, ongoing weed control, and other
management activities). Such input data can be useful for
determining return on investment and hence identifying which
actions recover or conserve the most biodiversity for a given
amount of funding.

Effective monitoring programs will often need to be long-
term, potentially spanning several decades or longer (Nilsson
et al., 2015). This is particularly critical as the recovery of
ecosystems or populations of particular species may take a
prolonged period, especially if past levels of human disturbance
and environmental modification have been substantial (Majer
et al., 2013; Palmer et al., 2016). In the case of the
restoration programs in the temperate woodlands, the value
of replanted areas as refugia for birds (including species of
conservation concern) during droughts only became apparent
after prolonged monitoring spanning more than a decade
(Lindenmayer et al., 2018b).

There can be considerable costs associated with ensuring
that restoration programs are underpinned by a rigorous
experimental design and ongoing sampling. A general rule of
thumb is that approximately 10% of the overall cost of restoration
programs should be dedicated to monitoring (Lindenmayer
and Likens, 2018). Providing adequate resources for effective
monitoring will require a change in attitude among many
management agencies. This is because monitoring is often the last
activity funded and the first one cut when budgets come under
pressure. A key issue here is that the initial costing for restoration
programs must include a reasonable budget for well-designed and
appropriately implemented ongoing and robust monitoring. This
should include some budget provision for addressing aspects of
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restoration programs that are found to be failing and in need
of modification to set them on a better trajectory for success.
A further form of cost is time. That is, it can take time to
design and then fully implement a robust monitoring program.
However, taking slightly longer to frame a project, especially one
where there are complex issues to resolve, can lead to better
outcomes of lasting value (Lindenmayer and Likens, 2018).

Finally, a key part of monitoring restoration programs must
be for monitoring to include at least some component of on-
the-ground activities. That is, monitoring must go beyond,
purely “desk-based” assessments like remote sensing. This is
important for several reasons. First, work in the field provides
scientists with a key source of insight and inspiration around
the ecological reasons for the patterns they have been recorded.
Second, some groups of organisms (e.g., reptiles) are very difficult
to monitor remotely. Third, some on-the-ground monitoring
demands interactions with restoration practitioners such as
farmers who are revegetating parts of their properties. This
can promote knowledge exchange and facilitate rapid adoption
of improved management practices (that are revealed from
the results of monitoring). This has occurred in revegetation
programs in Australian temperate woodlands, where science-
manager partnerships have fostered rapid changes in on-the-
ground practices such as increasing the width of linear plantings
between grazing paddocks (Lindenmayer et al., 2013).

Despite the importance of monitoring, it is remarkable how
often it is not part of restoration programs. Indeed, many
assessments of major environmental programs around the world
that include restoration activities lament the paucity of robust
“outcomes monitoring” (e.g., Bernhardt et al., 2005; Kleijn et al.,
2006; Hajkowicz, 2009; Robins and Kanowski, 2011; Morandi
et al., 2014). Outcomes monitoring can be broadly defined as
monitoring to determine where a given kind of management
intervention has resulted in an improvement in a particular
biotic target (such as the increase of a target population of a
species). Where outcomes monitoring has been conducted, it
has often been done poorly, making it difficult to determine if a
restoration program has been effective (reviewed by Lindenmayer
and Likens, 2018). In other cases where monitoring is conducted,
it is often what can be termed “activities monitoring.” That
is, an appraisal focused on what actions were done (e.g.,
whether a fence was constructed or trees were planted), but
the impacts of the actions, such the recovery of a threatened
species or the eradication of an invasive plant, were not quantified
(Hajkowicz, 2009).

AVOID EXCESSIVE RISK AVERSION

The vast majority of restoration programs are motivated by a
strong desire to succeed but sometimes also an even greater
sense of aversion to failure. Projects that fail are seen by some
to be a threat to the integrity and competence of management
agencies. Yet, high levels of risk aversion can limit learning
and thwart opportunities to improve future programs; indeed,
more may be learned from failures than success (Redford and
Taber, 2000). Notably, research from other fields shows that

success is often preceded by repeated failures (e.g., see Yin
et al., 2019). Of course, some organizations may anticipate
that monitoring may produce results that are uncomfortable,
and therefore elect to avoid monitoring altogether. This both
precludes learning and increases the risk of unwanted ecological
surprises (Lindenmayer et al., 2010c). Many examples from
natural resource management also show that ignorance also can
be very expensive and opportunities for restoration are limited,
such as when environmental problems that have developed may
be irreversible (e.g., when populations of species go extinct
or ecosystems collapse, see Steffen et al., 2015). Many of the
initiatives of the Society for Ecological Restoration discuss
issues associated with baselines and benchmarks and what is a
reasonable basis for determining success in restoration programs.

Two examples from relatively recent experiences in Australian
temperate woodland restoration highlight the problems that can
arise from excessive risk aversion. The first involves the Noisy
Miner (Manorina melanocephala), which is a hyper-aggressive
Australian honeyeater bird. The species excludes a wide range of
smaller bird species from patches of remnant native woodland
through harassment and interference competition (Beggs et al.,
2019). The negative impacts of the Noisy Miner occur in
millions of hectares of agricultural land and affect many species
of woodland birds including several of major conservation
concern (Maron et al., 2013). The Noisy Miner is listed by
the Australian Government as a Key Threatening Process1.
Culling has been proposed as a way to mitigate the problem
and restore native woodland bird assemblages (Mortelliti et al.,
2016). However, a carefully designed, randomized and replicated
experiment revealed that culling programs for the Noisy
Miner may not work – patches where birds are repeatedly
removed are rapidly recolonized (Beggs et al., 2019). Moreover,
culling was found to be cost prohibitive over large areas
(Beggs et al., 2019). Although the experimental cull failed,
allied research showed that Noisy Miners can be excluded
from areas by establishing densely spaced tree replantings as
part of large-scale revegetation programs (Lindenmayer et al.,
2010b), as well as by creating a dense understorey of shrubs
under an overstorey of old growth woodland (Lindenmayer
et al., 2018a). Many of these insights have been derived from
long-term monitoring and they have shown what works and
what does not in terms of guiding effective approaches for
controlling the Noisy Miner and, in turn, restoration programs
in Australian temperate woodlands. Notably, some agencies
continue to employ culling programs because relatively large
sums of money have already been dedicated to them, and
the notion of large “sunk costs” and program ineffectiveness
may seem to be too detrimental in terms of damage to
institutional reputations.

A second example of risk aversion involves the use of
biodiversity offsets (sensu Maron et al., 2015). Specifically,
attempts were made to offset the impacts of large scale clearing
of large old trees to widen a major highway in the temperate
woodland belt of southern New South Wales. The offset was the

1http://www.environment.gov.au/biodiversity/threatened/key-threatening-
processes/overabundant-noisy-miners
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installation of more than 500 nest boxes. The nest box program
was designed to reduce the impacts of road widening on a suite
of cavity-tree dependent threatened vertebrates (Lindenmayer
et al., 2017). However, 4 years of monitoring showed that the nest
box program largely failed, with few instances of occupancy by
target threatened species and a number of instances of nest boxes
being used by invasive animals (Lindenmayer et al., 2017). A key
learning from the work was that a likely better investment would
have been to revegetate some areas of semi-cleared woodland.
This would have been a management intervention with better and
longer-lasting outcomes for biodiversity, although there would
have been a prolonged lag before such areas provided suitable
nesting sites for cavity-using threatened species (Lindenmayer
et al., 2017). The result has provided some clear lessons for
management but the agency responsible for the nest box
program has been somewhat reticent to acknowledge there were
problems and it failed to view the results as a way to improve
future management.

One way to avoid excessive risk aversion is to facilitate a
change of culture within resource management agencies and
ensure there are well developed approaches for learning from
failures and, conversely, avoiding repeatedly making the same
mistakes. Indeed, reintroduction biology – a sub-discipline of
restoration ecology – has a well developed framework for rapid
learning from failures and mistakes (e.g., Ewen et al., 2011;
Robinson et al., 2019). Another approach to tackling problems
with risk aversion is to provide ways to better document what
activities did not work. The journal Restoration Ecology has a
special section termed “setbacks and surprises” for documenting
where the outcomes of projects were not as initially anticipated2.

CONCLUDING COMMENTS

Large parts of the world’s land surface are in urgent need
of restoration (Intergovernmental Science-policy Platform
on Biodiversity and Ecosystem Services (IPBES), 2019).
Significant numbers of restoration programs have been instigated
around the world (e.g., see Crouzeilles et al., 2016; Palmer
et al., 2016). However, many are likely to have been less
2 https://onlinelibrary.wiley.com/page/journal/1526100x/homepage/forauthors.
html

effective than they might have been. It is critical that future
restoration programs are as cost-effective and ecologically
effective as possible. This is because of the current mismatch
between the spatial scale of the restoration challenge and
the limited funding available to tackle the problem, and the
extent of ongoing biodiversity loss if efforts to reverse land
degradation are inadequate.

Three inter-related strategies are needed to improve
restoration programs, particularly as they relate to better learning
and opportunities to improve the basis for evidence-based
management. These are more attention to, and greater funding
for, monitoring; a better acceptance of risks associated with
on-ground restoration works; and a strengthened connection
between applied actions and ecological concepts and theory.
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