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RESEARCH DIRECTIONS IN
TROPICAL FOREST
RESTORATION'

Karen D. Holl?

ABSTRACT

In the past few years, numerous global, national, and regional targets have been set to restore millions of hectares of tropical
forest to achieve multiple goals, including carbon sequestration, biodiversity conservation, improvements in the quality and
supply of water, and support of human livelihoods. To achieve these ambitious goals, restoration decision makers need guiding
principles regarding how to invest limited resources for large-scale forest restoration. Research over the past two decades has
shown that a host of abiotic and biotic factors can slow tropical forest recovery, but that the specific barriers to and rate of
recovery are site specific. Hence, restoration strategies must be carefully selected considering the natural resilience of a given
site, localized barriers to recovery, and the ecological and human goals of the project. Despite the substantial advances in our
understanding of tropical forest regeneration and restoration, to date neither the scale of scientific studies nor the restoration
projects being implemented have matched the ambitious forest landscape restoration plans that are being proposed. 1 discuss
key ways to enhance the success of tropical forest restoration efforts, citing a range of examples to illustrate each point.
Specifically, restoration projects need to be planned and evaluated at larger spatial scales and over longer time periods, which
requires better integration of the science and practice of forest restoration. Ultimately, forest restoration success hinges on
including multiple stakeholders, such as farmers, local communities, local government leaders, regional and national
policymakers, and scientists, in the planning, implementation, and evaluation processes. Finally, efforts to improve knowledge
sharing across restoration projects in different regions will enhance the likelihood of implementing successful tropical forest

restoration projects at the desired scale.
Key words:

succession.

Forest landscape restoration, natural regeneration, seed dispersal, seedling establishment, tropical forest

Increasing awareness of society’s dependence on
forests underlies several recent international initia-
tives to halt deforestation and promote restoration of
millions of hectares of degraded forests globally and
particularly in the tropics (table 1 in Chazdon et al.,
2017). The 2011 Bonn Challenge and the 2014 New
York Declaration on Forests aim to restore 150
million hectares of forest worldwide by 2020 and 350
million hectares by 2030 (United Nations, 2014).
These global targets build upon regional restoration
goals, such as the World Resources Institute
Initiative 20X20, which has restoration commitments
from individual countries to restore a total of more
than 20 million hectares of forest in Latin America by
2020 (Vergara et al., 2015). Within countries,
restoration projects are being implemented by
national, regional, and municipal governments, as
well as individuals, communities, businesses, and
non-governmental organizations (Murcia et al., 2016).
Considerable financial resources are being committed
to these initiatives; for example, the International
Union for the Conservation of Nature recently
announced “The Global Restoration Initiative,” an
anticipated $250 million from the Global Environ-
mental Facility and other partners to help 10

countries define and achieve landscape forest
restoration commitments under the Bonn Challenge
(International Union for the Conservation of Nature,
2016).

The definition of forest restoration used in both
these initiatives and for individual projects at the
local scale varies widely. The most commonly used
definition of restoration in the scientific literature is
from the Society for Ecological Restoration (Society
for Ecology Restoration Science & Policy Working
Group, 2004: 3): “ecological restoration is the
process of assisting the recovery of an ecosystem
that has been degraded, damaged, or destroyed.”
Under this definition the general target of restoration
is broadly described as “a characteristic assemblage
of the species that occur in the reference ecosystem
and that provide appropriate community structure”
(Society for Ecology Restoration Science & Policy
Working Group, 2004: 3). Recently, nearly all of the
large-scale tropical forest restoration initiatives have
adopted the term “forest landscape restoration,”
which is “a process that aims to regain ecological
integrity and enhance human well-being in deforest-
ed or degraded landscapes” (Maginnis & Jackson,
2007: 10). This definition encompasses a broader
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range of goals, and there is less focus on restoring to
specific reference conditions; rather, there is recog-
nition of the need to balance multiple land
management aims across the landscape.

These broad and variable definitions reflect the
fact that tropical forest landscape restoration is
motivated by a host of reasons (Chazdon et al.,
2016), which in only some cases includes restoring
forest on a trajectory toward a full suite of reference
community composition and functions (sensu Society
for Ecology Restoration Science & Policy Working
Group, 2004). A primary goal in recent years has
been to sequester carbon, commonly referred to as
REDD+ (reducing emissions from deforestation,
forest degradation, improved forest management and
restoration, Elias & Lininger, 2010; Alexander et al.,
2011). Many projects have been initiated with the
anticipation of REDD+ payments, although there is
increasing concern about if and when sufficient funds
will be available, since the payments to date have
been a small fraction of what was anticipated
(Fletcher et al., 2016). Other tropical restoration
projects have been motivated by improving water
quality and supply, although the effect of forest
restoration on these ecosystem services has been
poorly documented (Murcia et al., 2016). Tropical
forest restoration has also been promoted to improve
human livelihoods through providing timber and non-
timber forest products, improving agricultural pro-
ductivity and conserving biodiversity of a range of
different guilds of organisms (Alexander et al., 2011;
Lamb, 2014; Locatelli et al., 2015). Although it is
clear that forest restoration has numerous benefits,
many studies and reviews clearly show that restoring
forest for a single goal (e.g., carbon sequestration)
does mnot necessarily ensure that other goals (e.g.,
human livelihoods, biodiversity) will be achieved,
and that there are often tradeoffs between goals
(Phelps et al., 2012; Panfil & Harvey, 2016).

Ongoing efforts aim to standardize the definitions
of various ecological restoration and forest landscape
restoration actions (e.g., Chazdon et al., 2016;
McDonald et al., 2016), yet people from all sectors
continue to use these terms differentially. Hence, it is
critical that each global initiative and local project
clearly define their goals and specific objectives. For
example, is the goal of a specific forest restoration
project to sequester carbon, provide habitat for an
endangered bird species, restore plant community
composition that is similar to reference forest,
improve water quality, provide timber and/or non-
timber forest products to the landowner, or more than
one of the preceding goals? Explicitly stating those
goals is critical for transparency and honesty in

communicating the potential benefits of specific
projects to community members, policymakers, and
funders; to select the most appropriate restoration
methods; and to evaluate whether specific restoration
goals have been achieved (Zedler, 2007).

The number of experimental studies and on-the-
ground tropical forest restoration projects in areas
disturbed by human activities has increased many-
fold in the past two decades. As diverse stakeholders
increasingly undertake ambitious restoration efforts,
it is important to review past successes, as well as
failures, to guide future efforts. In this paper, I first
briefly review what is known about tropical forest
recovery and restoration from past studies. I then
discuss current and future research directions to
inform the large-scale forest restoration that is
proposed. In this section I describe a range of
approaches to restoring forests, from passive restora-
tion (i.e., ending the prior anthropogenic disturbance
to allow natural or unassisted forest recovery) to
active restoration strategies (i.e., a range of human
interventions that aim to accelerate and influence the
successional trajectory of recovery) (sensu Holl &
Aide, 2011). I primarily draw on my own research
and other studies from Latin America, but include
some examples from other regions. I focus on
ecological aspects of restoration reflecting my own
expertise, but throughout emphasize the importance
of considering various stakeholders and their needs
in the planning, implementation, and evaluation
process.

WhaT WE Know ABoUT TROPICAL FOREST RESTORATION
MANY BARRIERS TO FOREST RECOVERY EXIST

A large body of literature shows that a host of
different abiotic and biotic factors impede forest
recovery and that the relative importance of these
factors varies across forest types and individual sites
(reviewed in Holl, 2012; Chazdon, 2014). In lands
previously used for intensive agriculture and mining,
the seed and seedling banks of forest species are
typically severely depleted, so forest recovery
depends on dispersal of seeds to the site and
resprouting by a subset of species adapted for
repeated disturbance. Many studies demonstrate that
seed dispersal by animals, the primary form of
dispersal in tropical rainforests, is often extremely
low and limits forest recovery in former agricultural
lands. Frequently, nearby sources of floral and faunal
propagules are lacking or limited to the species that
remain in small forest remnants and hedgerows (de
Souza Leite et al., 2013). Moreover, the birds, bats,
and primates that commonly disperse seeds of larger-
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seeded tree species often will not cross open areas
and/or are missing from agricultural mosaic land-
scapes due to habitat fragmentation or overhunting
(Martinez-Garza & Howe, 2003; Holl, 2012).

If forest plants either arrive at or are present in the
site, several factors may limit their establishment
(Holl, 2007; Gunaratne et al., 2014). A major factor
that has been repeatedly shown to limit survival and
growth of forest species in former agricultural lands is
aggressive ruderal vegetation, primarily pasture
grasses (e.g., Imperata cylindrica (L.) P. Beauv.,
Pennisetum Rich. spp., Urochloa P. Beauv. spp.) or
ferns (e.g., Dicranopteris Bernh. spp., Pteridium
Gled. ex Scop. spp.) (e.g., Cohen et al., 1995; Hooper
et al., 2002; Douterlungne et al., 2010), which can
slow recovery by competing for soil moisture,
nuirients, light, increasing the probability of fire,
reducing seed germination, and emitting allelopathic
chemicals (reviewed in Holl, 2002).

Stressful microclimatic conditions, in particular
low moisture availability, also may limit seed
germination and seedling survival and growth,
particularly in seasonally dry forests (Vieira &
Scariot, 2006). High temperature and low humidity
conditions in pastures, along with high grass biomass,
make them particularly susceptible to fire, which
kills seeds and seedlings of most forest species but
not fire-adapted grasses (Janzen, 2002; Nepstad et
al., 2008). In some sites, seedling growth is limited
by soil conditions, both chemical and physical: in
particular, soil compaction, which impedes root
growth and water-holding capacity; low levels of
phosphorus, nitrogen, or base cations; and in some
soil types, high levels of aluminum or iron (Holl,
2012). Moreover, many tropical trees form mycorrhi-
zal associations that facilitate phosphorus uptake, but
these systems and associated nutrient cycling can be
substantially altered by agricultural land uses
(Carpenter et al., 2001; Allen et al., 2005).

Seed predation and seedling herbivory (Jones et
al., 2003; Bagchi et al., 2014; Gunaratne et al.,
2014), as well as plant pathogens (Allen et al., 2005;
Bertacchi et al., 2016), can substantially reduce
seedling establishment in some sites. These biotic
interactions are notoriously variable among species
and over time, and thus can have a strong impact in
some cases but are less commonly the crucial factors
limiting forest recovery.

RATES OF TROPICAL FOREST RECOVERY VARY GREATLY

The differing suite and intensity of barriers to
recovery lead to high variation in the rate and
trajectory of forest regrowth, even at small spatial
scales. Some forests recover structure, biomass, and a

diversity of species within a few decades without
human intervention (Aide et al., 1996; Janzen, 2002;
Letcher & Chazdon, 2009; Poorter et al., 2016).
Other sites, however, may show minimal woody
regeneration and remain in a state of arrested
succession for many years (Ashton et al., 2001;
Wheeler et al., 2016). In Costa Rica, my colleagues
and I showed that above-ground tree biomass
accumulation in both naturally recovering and
actively restored sites varies by over an order of
magnitude across sites separated by just a few
kilometers (Holl & Zahawi, 2014). Likewise, many
studies show that species composition of naturally
recruiting plant communities often varies substan-
tially in nearby sites (Mesquita et al., 2015; Norden
et al., 2015; Holl et al., 2017).

An important question is whether there are general
principles that help to predict rates of recovery across
sites and thereby prioritize active restoration efforts.
Numerous studies show that the type and intensity of
past land use is a major predictor of recovery rate and
composition (e.g., Holl & Zahawi, 2014; Mesquita et
al., 2015; Crouzeilles et al., 2016). Typically, lands
used for logging and shifting agriculture recover more
quickly than those used for intensive, ongoing
agriculture, but there is a large amount of variation
within land-use types. Longer duration of a specific
agricultural land use commonly results in slower
forest recovery (Lawrence, 2005; Holl & Zahawi,
2014; Jakovac et al., 2015; Rocha et al., 2016).

Another factor that commonly influences the rate
of recovery is proximity to sources of colonizing
propagules of both plants and animals (Chazdon,
2017). Recent reviews show an overwhelmingly
positive effect of the amount of surrounding forest
cover on forest restoration success (e.g., de Souza
Leite et al., 2013; Jakovac et al., 2015; Crouzeilles et
al., 2016), particularly for the establishment of large-
seeded, animal-dispersed species (Shoo et al., 2016).
Some individual studies have not shown a similar
trend; this is likely due to the fact that some floral
and faunal species can persist in agricultural
landscapes, particularly when there are trees within
actively used agricultural lands and along fencerows
and riparian strips (Mendenhall et al., 2011; Banks-
Leite et al., 2014; Holl et al., 2017), so remnant
forests alone are not the only sources of propagules in
the landscape.

RESTORATION STRATEGIES NEED TO BE TAILORED TO THE
NATURAL RECOVERY PROCESS AND PROJECT GOALS

Restoration strategies should be carefully selected,
considering both the natural resilience of a given site
and the ecological and human goals of the project.
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Given that it is often the least costly approach,
passive restoration should be considered in cases
where recovery is rapid and successional trajectory is
consistent with restoration targets. Indeed, there are
large areas of regrowth forests worldwide, the majority
of which are naturally regenerating (Aide et al., 2013;
Chazdon & Guariguata, 2016; Uriarte & Chazdon,
2016). A wise strategy, if socially feasible, is to wait a
few years before actively intervening in restoration to
assess the rate and composition of natural recovery
(Brancalion et al., 2016). If a site recovers a subset of
native woody species quickly, planting seeds or
seedlings of later-successional, large-seeded species
that do not rapidly colonize (i.e., enrichment planting)
may be more cost-effective than extensive, initial tree
planting (Cole et al., 2011; Chechina & Hamann,
2015).

In cases where natural recovery is slow or not
consistent with restoration goals, then active restora-
tion strategies should be considered. In some cases,
assisting natural regeneration by clearing around
naturally establishing tree seedlings to reduce
competition is an effective and low-cost strategy to
accelerate forest recovery (Shono et al., 2007;
Chazdon, 2017). The most common active forest
restoration strategy is planting trees (Holl & Aide,
2011), but other strategies such as the direct seeding
of vegetation, transplanting topsoil, recontouring
land, and fertilizing are also used, particularly in
heavily disturbed sites (Holl, 2012). Many studies
have shown the benefit of planting native tree species
to enhance seed dispersal by animals and improve
site conditions to facilitate woody seedling establish-
ment (e.g., de la Pefia-Domene et al., 2013; Kauano
et al., 2014; Shoo et al., 2016). However, in cases
where woody species establish quickly, active
restoration efforts may have neutral or negative
effects on recovery by damaging naturally establish-
ing seedlings (Sampaio et al., 2007).

Moreover, the choice of tree species composition
for planting can affect the natural successional
trajectory by influencing the composition of species
establishing in the understory (Parrotta, 1995;
Murcia, 1997; Firn et al., 2007); altering nutrient
cycling (Lawrence, 2003; Nichols & Carpenter, 20006;
Siddique et al., 2008); and increasing self-recruit-
ment of planted species (Sansevero et al., 2011),
which is a concern for restoration projects that aim to
restore a resemblance of the pre-disturbance forest
composition. Hence, species to plant should be
selected carefully to be consistent with project goals;
factors to consider may include growth rate and form,
tolerance of stressful abiotic conditions, degree to
which they facilitate the colonization of other species,

ease of propagation, and value to landowners (Table
1).

Given that the relative importance of the numerous
barriers to recovery varies considerably across sites,
conducting small-scale pilot studies to identify
potential concerns (e.g., extensive leaf cutter ant
activity that may completely defoliate planted
seedlings) and test active restoration methods prior
to implementing large-scale restoration projects is
crucial. For example, small-scale studies to screen
growth and survival rates of many tree species can
help the selection of species that are most promising
for large-scale planting, given specific soil conditions
and rainfall patterns (Park et al., 2010). Small-scale
studies of bird perches and bat boxes to attract seed
dispersers have demonstrated that these strategies
generally do not enhance seedling recruitment, and
therefore should not be used to facilitate forest
recovery at a large scale (Reid & Holl, 2013). These
preliminary projects can be invaluable to inform the
most efficient use of resources and enhance the
likelihood of restoration success.

FOREST RESTORATION PROJECTS NEED TO INCLUDE BOTH
ECOLOGICAL AND SOCIAL GOALS TO ENSURE LONGEVITY

It is clear from the tropical forest restoration
projects undertaken to date that even the most
ecologically sound projects will not succeed without
taking into account social factors and stakeholder
buy-in during project planning, implementation, and
evaluation (Mansourian & Vallauri, 2014; Murcia et
al., 2016; Chazdon et al., 2017). It is difficult to cite
specific examples of forest restoration failures
because they often are not reported in the literature
(Zedler, 2007), but lack of land tenure and top-down
planning without community involvement are recur-
ring general factors that reduce the longevity and
success of tropical forest restoration projects (Murcia
et al., 2016; Chazdon et al., 2017; Reid et al., 2017).
Even the choice of tree species to plant requires
careful assessment of social and ecological needs,
which can be conflicting (Meli et al., 2014; Chechina
& Hamann, 2015). Strategies and examples to
address the challenge of balancing these needs are
discussed below.

MoviNG THE FIELD oF TropicAL FOREST RESTORATION
ForwaRrD

Although much progress has been made in
understanding tropical forest regeneration and de-
signing restoration strategies over the past two
decades, to date the scale of neither the scientific
studies nor the restoration projects being implement-
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Table 1.

Potential characteristics to consider in selecting native tree species to plant for tropical forest restoration. The specific

characteristic is listed in italics, followed by a rationale for selecting that characteristic and one or two example citations.

Characteristics

Rational

References

Dispersal mode
Canopy

Growth rate

Tolerance of poor soils and ability to fix
nitrogen

Tolerance of a wide range of abiotic
conditions

Tolerance of changing climatic
conditions

Ability to facilitate regeneration of a
diversity of forest species
characteristic of reference forest

Likelihood of natural establishment

Feasibility of collection and propagation

Desirability for wood, non-timber forest
products, or other reasons

provides fruits that attract seed-
dispersing fauna
attracts seed-dispersing fauna

provides rapid carbon sequestration and
shading out of light-demanding,
ruderal vegetation

grows and improves soil conditions in
degraded sites

grows well in many sites

persists with increasing temperatures
and decreasing precipitation as the
climate changes

facilitates forest recovery

shows minimal unaided dispersal and
establishment in sites

increases cost efficiency and ease of
restoration

provides income and incentive for
landowners to maintain trees

de la Pefia-Domene et al., 2013

Rodrigues et al., 2009; Wydhayagarn et
al., 2009

Rodrigues et al., 2009; Douterlungne et
al., 2013

Park et al., 2010

Meli et al., 2014

Craven et al., 2011; Stanturf, 2015

Cusack & Montagnini, 2004; Meli et al.,
2014

Martinez-Garza & Howe, 2003; Meli et
al., 2014

Meli et al., 2014

Meli et al., 2014; Chechina & Hamann,
2015

ed has matched the ambitious forest landscape
restoration plans that are being proposed. Large-
scale forest restoration is a relatively new human
endeavor, and scientific research has a crucial role to
play in guiding restoration efforts in order to use
resources more efficiently and improve outcomes.
The field needs to move forward in four key ways:
increasing (1) the spatial and (2) the temporal scales
of both restoration implementation and scientific
studies; (3) better integrating a diverse set of
stakeholders in the restoration planning and evalu-
ation process; and (4) improving knowledge-sharing
across restoration projects in different regions to learn
from successes and failures. I discuss these needs
and offer promising examples of rising to these
challenges. I include examples that fall under the
Society for Ecology Restoration Science & Policy
Working Group (2004) definition of restoring a forest
toward a reference condition, as well as the broader
forest landscape restoration definition of balancing
multiple ecological and human needs across the

landscape (Maginnis & Jackson, 2007).

INCREASING SPATIAL SCALE

Although landscape forest restoration initiatives
set targets on the order of millions of hectares, the
majority of tropical forest restoration projects to date
have been at the scale of a few hectares, and

scientific studies often test methods in experimental
plots ranging from a few to a few hundred square
meters (Shoo & Catterall, 2013). As a result, many
restoration methods that are tested at small scales
(e.g., soil transfer, intensive manual weed removal)
often are impractical at large scales. Going forward,
tropical forest restoration methods are needed that
will be practical at large scales, and scientific studies
and long-term monitoring must be integrated with
these projects.

Large-scale forest restoration methods

As discussed previously, most active tropical forest
restoration to date has consisted of planting trees,
which can serve to enhance animal seed dispersal,
shade out ruderal vegetation, sequester carbon,
enhance nitrogen inputs, provide training and
employment for local people, and/or provide land-
owners with potential sources of income from timber
and non-timber products, depending on the species
selected (Brancalion et al., 2012; Holl, 2012).
Although this approach often has been successful
in establishing canopy cover and accelerating forest
recovery, it can be quite costly given the labor
required to collect, grow, plant, and then maintain
seedlings by clearing ruderal vegetation over the first
couple years (Craven et al., 2009; Zahawi & Holl,
2009; Brancalion et al., 2012). Some large-scale
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planting projects have been undertaken, such as sites
greater than 250 ha in the Atlantic forest in Brazil
planted with more than 50 tree species (Rodrigues et
al., 2009), but such projects are the exception given
the extensive resources required. Fortunately, some
promising, cheaper, large-scale methods are being
tested along with monitoring of their efficacy.

One example of technical innovation for restoration
projects at a large scale is an initiative to restore
300,000 ha of riparian forest in the headwaters of the
Xingu River Basin in the Brazilian Amazon region
(Durigan et al., 2013). They seeded a diversity of tree
species using agricultural machinery, which enabled
planting of up to 30 ha per day, and used herbicides
rather than manual weeding to reduce labor require-
ments. These methods resulted in extensive stem
establishment after four years and cost reductions of
more than a third as compared to planting seedlings
(Durigan et al., 2013), but longer-term data are
needed to evaluate whether the forests continue to
recover toward reference conditions. Exploring fur-
ther methods that build on agricultural techniques is
promising, particularly in relatively flat landscapes
previously used for large-scale agriculture; such
methods are less likely to be applicable in areas
with uneven terrain where mechanization is not
practical.

Another promising approach to reforesting large
areas is applied nucleation, or planting tree “islands”
(Corbin & Holl, 2012). The tree islands serve to
increase dispersal of animal-dispersed seeds and
shade out pasture grasses, thereby enhancing
seedling recruitment and enabling the tree islands
to expand and coalesce over time. Fewer trees are
planted, reducing costs accordingly, and the ap-
proach has the potential to create more heterogeneous
habitat conditions (Holl et al., 2013). A now decade-
long, well-replicated study by my colleagues and me
in tropical premontane forest in southern Costa Rica
shows that an applied nucleation planting approach is
similarly effective in facilitating seed dispersal (Reid
et al., 2015a) and seedling recruitment (Holl et al.,
2017), and nearly as effective in restoring bird and
bat communities (Reid et al., 2014; Reid et al.,
2015b), as using plantation-style tree planting,
despite our having planted only 25% of the number
of trees. It may not be an appropriate choice if the
focus of a restoration project is maximizing the growth
of specific desired tree species (e.g., providing timber
or non-timber forest products) and is somewhat more
challenging to implement because of the unconven-
tional planting design, but it shows promise as a cost-
effective method for restoring large areas of land.

A third important approach to reduce restoration
costs at large scales is to develop predictive models of
where forest is likely to regenerate quickly by
overlaying digital coverages, such as proximity to
forest, past land use, soil type, rural population
changes, and/or past forest regeneration (Tambosi et
al., 2014; de Rezende et al., 2015). These models can
be used to prioritize resource-intensive restoration
efforts, such as tree planting, in locations where
recovery is likely to occur more slowly.

Landscape forest restoration in human-inhabited
landscapes

As noted earlier, recent landscape forest restora-
tion initiatives propose to integrate a mixture of land
uses to meet both social and ecological needs across
the landscape. Although many of these approaches do
not fall under the strict definition of ecological
restoration, they often increase habitat quality and
ecosystem services. In some highly fragmented
agricultural landscapes, efforts aim at reconnecting
remnant forest patches by restoring corridors (Tucker
& Simmons, 2009; Tambosi et al., 2014) or
enhancing faunal movement through the landscape
mosaic by encouraging agricultural and agroforestry
land uses that incorporate trees (Chazdon et al.,
2009; Murgueitio et al., 2011; McAlpine et al.,
2016). Integrating different land uses and manage-
ment approaches at the landscape scale can help
restoration projects meet different stakeholder needs,
thereby reducing resistance to and increasing support
for restoration efforts, and reducing costs of active
restoration efforts over large areas.

Examples of this type of landscape-scale forest
management planning include silvopastoral systems
(i.e., agroforestry systems that integrate trees and
nitrogen-fixing shrubs with livestock production) that
are being used increasingly in Colombia and other
Latin American countries (Palmer, 2014). In addition
to improving habitat structure on grazing lands by
increasing tree cover, silvopastoral systems have been
demonstrated to increase cattle productivity per
hectare. Cattle are fenced out of riparian buffer strips
to allow for natural recovery and active planting of
riparian forests (Calle et al., 2009, 2013). In
Colombia, transition to silvopastoral systems has
been incentivized by providing short-term payments
to help compensate for the costs of initial tree
planting and fencing, as well as providing technical
support (Calle et al., 2009). Although a number of
studies have documented short-term benefits of
silvopastoral systems, such as improved human
livelihoods, lower methane emissions and higher
carbon sequestration, and improved water quality and
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biodiversity (Calle et al., 2013), studies are needed
about whether these benefits are maintained and
forest cover increases over the longer term.

Another approach that has been proposed to reduce
restoration costs at larger scales is planting a nurse crop
of exotic tree species (e.g., Pinus L. spp., Eucalyptus
[’Hér. spp.) or interplanting these species with natives,
because these fast-growing species may facilitate
establishment of native species and can potentially
be logged to help offset restoration costs (Janzen, 2002;
Ashton et al., 2014; Brancalion & van Melis, 2017).
Likewise, in some cases agricultural land uses may be
combined as a transitional stage in restoring forests
(i.e., agrosuccessional restoration sensu Vieira et al.,
2009), since similar methods are used to grow crops
and native trees and to control undesirable “weed”
species. Studies of the long-term ecological and
economic efficacy of such methods are needed.

Making the most of small-scale restoration experiments

The most expeditious way to scale up the science
is to integrate experimental components and long-
term monitoring into actual restoration projects, as
discussed in the examples above. In addition, within
the scientific literature there are a growing number of
approaches and examples that move beyond small-
scale, single-site field surveys and experiments. More
studies are being replicated at multiple sites within a
region, which is critical for making robust manage-
ment recommendations, given the high variation in
outcomes of restoration strategies at individual sites
within even a specific region (Holl & Zahawi, 2014;
Shoo et al., 2016). The next step is to set up parallel
experiments testing the same methodologies at sites
in multiple regions. For example, TreeDivNet, a
global network of 18 tree diversity experiments at 36
sites, compares the advantages and disadvantages of
mixed-species plantations, such as carbon seques-
tration and pest resistance (Verheyen et al., 2016).
This approach of establishing networks of restoration
sites testing similar methodologies should be used
more widely to rigorously compare outcomes and
make general recommendations. In addition, the
number of meta-analysis studies evaluating factors
affecting forest recovery and the efficacy of forest
restoration methods is increasing (Shoo & Catterall,
2013; Crouzeilles et al., 2016). These syntheses
provide insight into general rules of thumb that can
help predict rates of recovery and inform the most
promising strategies to test at the local scale.

INCREASING TEMPORAL SCALE

Land managers have the tendency to judge success
of restoration project within a few years, given the

need to demonstrate results to funding agencies.
Likewise, the vast majority of scientific studies of
forest restoration have focused on the first few years
of recovery due to temporal constraints of graduate
programs and the need to publish results. Nonethe-
less, evaluating efficacy of restoration efforts over a
few years is not commensurate with the decades to
centuries over which forests recover (Jones &
Schmitz, 2009; Rey Benayas et al., 2009; Curran et
al., 2014) and highlights the need to evaluate forest
restoration success over longer time periods.

A growing body of evidence suggests that the
outcomes of forest restoration efforts often change
quickly over time. Patterns of seed rain, seedling
recruitment, and nutrient inputs from litter in forest
restoration plots in southern Costa Rica changed
substantially between two and five years and six and
12 years post restoration (Reid et al., 2015a; Holl et
al., 2017; O. Lanuza, unpublished data). Vegetation
Gandolfi,
unpublished data) in the Brazilian Atlantic forest

surveys of Gandolfi and colleagues (S.

suggest that native tree plantations that were initially
judged as “successful” may become “pioneer
deserts” if fast-growing, short-lived planted trees
start to die after a decade or two, and there has been
minimal dispersal and establishment of mid- to late-
successional species. Intensive tree planting may
increase biomass as compared to natural regeneration
during the first decade or two, but a meta-analysis by
Bonner et al. (2013) showed that these differences
were erased by 18 years post planting.

Data from chronosequences of natural recovery
have informed most of what is known about secondary
forest succession, but the recovery patterns discerned
from them often are not consistent with long-term
studies in individual sites (Chazdon et al., 2007;
Feldpausch et al., 2007). Chronosequence studies
often equate a certain degree of tree biomass or cover
with site age, so restoration sites that fail or recover
slowly are less likely to be included, thereby
providing a more optimistic measure of restoration
success. Furthermore, chronosequences are particu-
larly problematic for active restoration because the
standard restoration methodologies commonly change
over time, making it impossible to tease out the
effects of restoration methodology and recovery time
(McClain et al., 2011). Hence, long-term data within
the same sites are needed to evaluate the success of
restoration efforts. But, such data are notoriously
difficult to collect and manage given funding
constraints and turnover in personnel on projects.
There is increasing recognition of the need for long-
term scientific studies and monitoring of forest
restoration projects (e.g., Brancalion et al., 2013;
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Aguilar-Garavito & Ramirez, 2015; Murcia et al.,
2016), but they are still rarely implemented.

Long-term monitoring programs that specifically
evaluate whether stated restoration objectives have
been achieved after specific time intervals (e.g., five,
10, 20, or 30 years) are needed (Holl & Cairns, 2002;
Stanturf et al., 2014). Such procedures are not always
complicated, as even well-documented photo moni-
toring or measures of tree growth and survival may be
sufficient to evaluate certain objectives. Other cases,
such as monitoring changes in water flow, may be
quite expensive and require trained personnel. What
is critical is that appropriate monitoring methods are
used and the data are analyzed to evaluate whether
stated objectives are being achieved, determine
whether corrective actions are needed, and learn
from ongoing efforts.

Taking a long-term view in both planning and
evaluating forest restoration success is increasingly
important to both adapt to and mitigate changing
climatic conditions (Stanturf, 2015). A major moti-
vation for some tropical forest restoration projects is
carbon sequestration, making it critical that thought
be given to restoring forests that will be resilient to
changing temperature and precipitation. Many broad
suggestions have been made about how to enhance
forest resilience, such as removing barriers to seed
dispersal and creating connectivity for migration
upslope, using a diverse set of species and genetic
provenance of individual species to ensure that some
will be able to survive under future climatic
conditions, and considering managed translocation
of species upslope (Thomas et al., 2014; Locatelli et
al., 2015; Stanturf, 2015). Yet most land managers
and scientific studies continue to take a business-as-
usual approach to forest restoration. Moving forward,
it will be necessary to give careful consideration to
the diversity and composition of species and the
genetic provenance of individual species introduced
in forest restoration projects to enhance the likelihood
of ecosystems being resilient to changing climatic

conditions (Thomas et al., 2014; Falk, 2017).

INTEGRATING MULTIPLE STAKEHOLDERS

As noted earlier in this paper and in multiple
recent review papers (Le et al., 2014; Stanturf et al.,
2014; Murcia et al., 2016; Chazdon et al., 2017),
ultimately the viability of landscape forest restoration
efforts hinges on the ability to integrate a variety of
forest and non-forest land uses and restoration
projects at the landscape scale. For restoration to
succeed, landowners must not only be willing to
participate in these programs, but to maintain the
restored forest over the long term. To achieve this

goal requires including multiple stakeholders, such
as farmers, local communities, local government
leaders, regional national policymakers, and scien-
tists, in the planning, implementation, and evaluation
process, yet few examples of integrated planning of
tropical forest restoration exist (Chazdon et al., 2017).
Many projects are planned top down, without
including local stakeholders, and often biodiversity
benefits and watershed processes are prioritized over
human uses in the landscape (Le et al., 2012; Murcia
et al., 2016; Chazdon et al., 2017). Chazdon et al.
(2017) provide a detailed agenda for improving the
landscape forest restoration planning process and the
associated scientific agenda. They outline broad,
interdisciplinary research questions for understand-
ing the policy frameworks, institutional arrangements,
and economic incentives needed to promote land-
scape forest restoration, along with information about
the ecological effectiveness and cost-effectiveness of
different restoration strategies under different eco-
logical, biophysical, and social constraints.

To align the natural and social scientific research
with project implementation requires including
multiple stakeholders in all stages of research. Often
scientists formulate questions and conduct research
without consulting with those who could actually use
the results of their work; the results are only
communicated to the management audience at the
end and the recommendations may or may not be
relevant (Fig. 1). There is an increasing movement
toward participatory action research in forest resto-
ration (Campbell et al., 2016; David et al., 2016),
where research agendas are co-designed by multiple
stakeholders and, in some cases, landowners and
managers are involved in the data collection (Fig. 1).
Results are discussed among stakeholders to inter-
pret outcomes and prioritize management actions and
future research. In this way, stakeholders are more
engaged in the outcome and research projects lead to
direct management actions (Campbell et al., 2016). A
growing number of examples show the importance of
involving local landowners throughout the process to
learn from local knowledge, engage stakeholders in
different aspects of restoration (e.g., seed collection,
growing and planting trees), and increase the
likelihood of their ongoing participation in restoration
efforts (Negi et al., 2015; Campbell et al., 2016).

One well-documented example of extensive stake-
holder involvement in restoration planning and
science at the landscape scale is the Brazilian
Atlantic Forest Pact, a group of over 270 stakehold-
ers, including non-governmental organizations, gov-
ernmental institutions, private companies, and re-
search institutions, who are working together to
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Models of traditional and participatory research approaches to forest restoration. White boxes indicate that only

scientists are involved and shaded boxes include both scientists and other stakeholders.

realize the restoration of 15 million hectares of native
forest by 2050 (Chaves et al., 2015; Brancalion & van
Melis, 2017). Key successes of this effort are that the
various organizations have worked together for
several years to develop mutually agreed upon goals,
research priorities, and monitoring plans; test and
share results of different restoration methodologies;
and develop a database of restoration projects,
nurseries that supply seedlings for restoration, and

various stakeholders to facilitate the exchange of

information (Brancalion et al., 2013; Brancalion &

van Melis, 2017).

IMPROVING INFORMATION EXCHANGE ABOUT FOREST
LANDSCAPE RESTORATION

Finally, it is critical to improve the exchange of

information between restoration practitioners and
scientists regionally and globally so that different
restoration efforts are informed by others’ successes
and failures. Results that are published only in
scientific journals in English or in the gray literature
in one locality are unlikely to reach a broad audience.
Therefore, sharing results in multiple languages
through publications highlighting key results for

targeted audiences, training courses, and online
resources is critical. Recent efforts are moving in
this direction through organizations and networks
such as the Environmental Leadership and Training
Initiative at Yale University, which provides both
field and online training courses in different
languages on tropical forest restoration and land
management (<http:/elti.yale.edu>); the People and
Reforestation in the Tropics (PARTNERS) interdis-
ciplinary reforestation network, aimed at synthesizing
our ‘“‘understanding of the complex links and
feedbacks between the social and ecological subsys-
tems that influence the nature and extent of
reforestation”  (<http://partners-ren.org/what-we-do-
2>); and efforts of the International Union for the
Conservation of Nature (IUCN) to develop and apply
tools and build capacity to further forest landscape
restoration  globally (<https://www.iucn.org/theme/
forests/our-work/forest-landscape-restoration>). For
example, both PARTNERS and the IUCN provide
short, non-technical summaries of results of land-
scape forest restoration research via blogs. ELTI and
IUCN have hosted workshops where scientists,
policymakers, and practitioners from different regions
come together to visit restoration projects and share
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their experiences (Liu et al., 2017). IUCN and the
World Resources Institute have developed a multi-
stakeholder process to carry out forest restoration
opportunity assessment (Laestadius et al., 2014);
both the manual for this process and an online video
series that outlines each phase of the process are
available in Spanish, Portuguese, and French
(<https://www.iucn.org/content/roam-around-world >).

Monitoring protocols are particularly ripe for
sharing, because both ground-based and remotely
sensed monitoring methodologies are developing
quickly (Aguilar-Garavito & Ramirez, 2015; Zahawi
et al., 2015) and standardized forest restoration
monitoring protocols would facilitate comparing
results of similar projects across multiple sites and
regions (Holl & Cairns, 2002; Campbell et al., 2016).
Monitoring protocols, as well as associated data sheet
templates and data, could be shared online (Branca-
lion & van Melis, 2017). As another example, several
colleagues and 1 are seeking funding to develop an
online tropical forest tree propagation database to
make such information widely available. Information
about seed collection, nursery techniques, and growth
rates is often known locally and sometimes published
in regional manuals, but such an online database
would make the information readily available to
practitioners located anywhere within the range of a
given tree species.

CLOSING THOUGHTS

The ambitious scales proposed for tropical forest
restoration provide some optimism in light of ongoing
forest loss (Hansen et al., 2013; Rosa et al., 2016).
The growing number of tropical forest recovery and
restoration successes suggests that it is possible to
build on the considerable knowledge of forest
recovery and restoration amassed over the past
couple decades to scale up to forest restoration
efforts. Nonetheless it will require bringing together
different types of stakeholders, a challenge given
their frequently different lenses, timelines, needs,
and vocabularies. Scientists typically want precise
terms to reduce ambiguity, whereas policymakers
necessarily use vague and variable language that
resonates with different constituencies (Chazdon &
Laestadius, 2016). Land managers typically operate
on a short timeline and want immediate results,
whereas researchers want data over a sufficient time
period to have confidence in their results (Campbell
et al., 2016). Succeeding at the scale proposed for
forest restoration requires compromising and over-
coming these differences by focusing on common

goals (Chazdon & Laestadius, 2016).

Improving the science of tropical forest restoration
will require multifaceted studies that cross individual
disciplines. To date most studies of tropical forest
restoration have focused narrowly on evaluating
planted and naturally establishing tree survival and
growth, as well as increases in carbon sequestration
and canopy cover. Even improving just “ecological”
and “biodiversity” targets of restoration success
requires monitoring a wider range of ecological
guilds (e.g., epiphytes, insects, fungi), ecosystem
functions (e.g., hydrologic cycling), and interactions
between them (e.g., plant-animal interactions, McAl-
pine et al., 2016). Moving to the next level to evaluate
the social and economic conditions needed to
increase the longevity of restoration projects will
require collaboration between natural and social
scientists.

The many social, ecological, and economic
challenges to forest restoration and the generally
slow recovery of the full complement of forest species
and functions highlight the importance of protecting
the remaining old-growth tropical forest while
simultaneously working collaboratively to restore
tropical forests across the landscape.
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