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The forest restoration challenge (globally 2 billion ha) and the prospect of changing climate with increas-
ing frequency of extreme events argues for approaching restoration from a functional and landscape per-
spective. Because the practice of restoration utilizes many techniques common to silviculture, no clear
line separates ordinary forestry practices from restoration. The distinction may be that extra-ordinary
activities are required in the face of degraded, damaged, or destroyed ecosystems. Restoration is driven
by the desire to increase sustainability of ecosystems and their services and restoration is likely to have
multiple goals arising from the motivations of those involved. The process of setting restoration objec-
tives translates vague goals into feasible, measurable targets and ultimately actions on the ground.
Our objective for this review is to synthesize the science underpinning contemporary approaches to for-
est restoration practice. We focus on methods and present them within a coherent terminology of four
restoration strategies: rehabilitation, reconstruction, reclamation, and replacement. While not a consen-
sus terminology, these terms have a logical foundation. Rehabilitation restores desired species composi-
tion, structure, or processes to a degraded ecosystem. Reconstruction restores native plant communities
on land recently in other resource uses, such as agriculture. Reclamation restores severely degraded land
generally devoid of vegetation, often the result of resource extraction, such as mining. Replacement of
species (or their locally-adapted genotypes) with new species (or new genotypes) is a response to climate
change. Restoration methods are presented as available tools; because adding vegetation is an effective
restoration technique, the discussion of methods begins with a description of available plant materials.
We then discuss altering composition under different initial overstory conditions, including deployment
methods depending upon whether or not an overstory is present, how much of the landscape will be
restored, and the complexity of the planting design. We present some major approaches for altering
structure in degraded forest stands, and describe approaches for restoration of two key ecosystem
processes, fire and flooding. Although we consider stand-level designs, what we describe is mostly
scalable to the landscape-level. No restoration project is undertaken in a social vacuum; even stand-
level restoration occurs within a system of governance that regulates relationships among key
agents. Gathering information and understanding the social dimensions of a restoration project is as
necessary as understanding the biophysical dimensions. Social considerations can trump biophysical
factors.
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1. Introduction

Worldwide, an estimated 2 billion ha of forests are degraded
(Minnemayer et al., 2011) with roughly half in tropical countries
(ITTO, 2002). Lack of consensus on the definition of ‘‘degraded’’
stymies efforts to inventory these forests (FAO, 2010). Neverthe-
less, several international efforts are directed toward restoring
degraded ecosystems and have set goals, such as restoring 15% of
degraded ecosystems (CBD, 2010) or 150 million ha of deforested
and degraded forests (WRI, 2012) by 2020. In addition to anthropo-
genic alterations of global ecosystems (Foley et al., 2005; Kareiva
et al., 2007; Ellis et al., 2013), the anticipated effects of global cli-
mate change suggest the future need for restoration will be even
greater (Steffen et al., 2007; Zalasiewicz et al., 2010).

Restoration is driven by societal values that are often in conflict
(Lackey, 2001) and motivated by vague goals (Clewell and Aronson,
2006) that generally fall within the concept of sustainability, for
instance: repairing ecosystem functions or other desired attributes
(Ciccarese et al., 2012), enhancing or enlarging specific ecosystems
and habitat for species of concern (Thorpe and Stanley, 2011), or
enhancing ecosystem capital, such as biodiversity (Seabrook
et al., 2011). Although sociopolitical processes set goals that may
be strategic, more often goals are pragmatic (Burton and
Macdonald, 2011; Hallett et al., 2013; Burton, 2014) determined
by those with the power to decide that restoration will occur and
willing to pay for it. Because of this human component, attempts
to formulate a universal definition of restoration or its various
aspects continue to generate discussion and elude consensus
(Stanturf, 2005; Hobbs et al., 2011).

The process of setting restoration objectives, conditioned by the
scale, social context, and level of restoration desired, translates
vague goals into feasible, measurable targets and ultimately
actions on the ground. Given the large areas in need of restorative
treatments, landscape-level approaches that emphasize functional
ecosystems may be more effective than traditional approaches
focusing on historical composition and structure of small areas,
such as forest stands (Lamb et al., 2012; Oliver, 2014). A defining
feature of functional restoration is its focus on sustainability of
multi-scale ecosystem processes, including hydrologic cycles, eco-
system productivity, food web interactions, rather than particular
compositions and structures. The focus prevalent in many restora-
tion programs has been (and often still is) on restoring stands to
some previous, putatively ‘‘natural’’ state (Burton and Macdonald,
2011; Stanturf et al., 2014). A functional perspective, as a primary
objective of restoration, becomes more urgent and logical given
unprecedented rates of change in global drivers of ecosystems,
including climate change and changing land use. Given these
changes, a focus on historic compositions and structures becomes
less achievable because the characteristics deemed desirable now
may become unsustainable in the not too distant future. A focus
on restoring function avoids this pitfall and is still directly related
to achieving stakeholder goals of ecosystem sustainability, eco-
nomic efficiency, and social wellbeing, as derived from functioning
landscapes.

In most landscapes, broadening the scope of a restoration
beyond the site or stand will require integration of the restoration
activity with other land uses, beyond that usually included in res-
toration planning (Stanturf et al., 2012a,b). Further, restoration will
have to accommodate the diverse management objectives of mul-
tiple owners, and explicitly incorporate human livelihood needs
(Lamb et al., 2012; Maginnis et al., 2012; Sayer et al., 2013).
Achieving the ultimate restoration goal may require meeting sub-
ordinate, incremental objectives through sound ecological princi-
ples, applied dynamically with flexibility to meet the scope and
limitations of each unique project (Pastorok et al., 1997;
Ehrenfeld, 2000; Joyce et al., 2009). Where restoration will occur,
how much will be restored, and what methods will be used to
achieve it are choices that must be made (Clement and
Junqueira, 2010; Wilson et al., 2011; Pullar and Lamb, 2012). Our
goal is to synthesize the science underpinning contemporary,
international approaches to forest restoration, particularly from a
functional perspective, with focus on methods presented within a
coherent terminology of four restoration strategies: rehabilitation,
reconstruction, reclamation, and replacement. Restoration
methods are presented as available tools, including appropriate
materials and methods for altering composition, structure, and



294 J.A. Stanturf et al. / Forest Ecology and Management 331 (2014) 292–323
processes. We conclude with a discussion of elements for success-
ful restoration, including the social context, ways for prioritizing
restoration treatments, and determining restoration success
through monitoring and evaluation.
2. Objectives and strategies

Restoration objectives can be broadly classified into overarch-
ing strategies, such as rehabilitation, reconstruction, reclamation,
and replacement (Stanturf and Madsen, 2002; Stanturf et al.,
2014). While we make no claims that this terminology represents
consensus or widespread usage, we suggest an underlying logic
exists to these terms. Moving from rehabilitation to reconstruction
to reclamation encounters increasing levels of degradation, dys-
function, and loss of productivity, services, and sustainability.
The several objectives and associated strategies, methods, and ini-
tial operations are summarized with examples in Table 1. Because
restoration employs many techniques common to silviculture, they
often overlap without clear separation (Wagner et al., 2000; Sarr
et al., 2004; Sarr and Puettmann, 2008). Certainly, the extra-ordin-
ary activities required in the face of degraded, damaged, or
destroyed ecosystems set restoration apart. For example, where
forest cover has been removed to use land for other purposes, such
as agriculture, this is deforestation (Stanturf, 2005; Putz and
Redford, 2010) and can be restored through afforestation; this is
distinctly different from reforestation, a normal forestry practice
of establishing a new stand following harvest.
2.1. Rehabilitation

Rehabilitation applies to restoring desired species composition,
structure, or processes to an existing, but degraded ecosystem.
Land managers may have many rehabilitation options and meth-
ods (Table 1) depending on the subordinate objective(s). Pursuing
these options alters the degraded ecosystem so that resulting nat-
ural processes will lead to the desired function (primary objective).
Although a climax seral state is often the ultimate restoration goal
and may be the declared state for discussing restoration goals
(Stanturf et al., 2014), other seral states may be desired in func-
tional restoration, particularly to support threatened or endan-
gered species. In fact, Swanson et al. (2010) and Greenberg et al.
(2011) argue that early seral communities are disproportionately
lacking in some forest landscapes.

Two specific approaches to rehabilitation, conversion and trans-
formation, share some characteristics, but conversion seems to
apply to wholesale removal of an existing overstory and replace-
ment with other species (Zerbe, 2002; Spiecker et al., 2004;
Hansen and Spiecker, 2005). Windstorms, hurricanes, and other
intense disturbances provide opportunities for conversions when
otherwise it would be uneconomical or engender social opposition
(Drouineau et al., 2000; Brunner et al., 2006; Harmer and Morgan,
2009). Transformation applies to a more extended process of par-
tial removals and species replacement (Pommerening, 2006) but
obviously the demarcation between these approaches is indistinct
(Kenk and Guehne, 2001; Nyland, 2003). Often, the availability of
markets for removals would determine whether to transform or
convert.

Forests may be degraded by myriad processes and rehabilita-
tion may be achieved using several operations to augment or
remove species (Fig. 1) or to restore natural disturbance processes,
especially fire (Fig. 2). Often a combination of methods will be
needed to meet objectives, including altering structure by thin-
ning, planting desired woody species to restore composition, and
seeding native understory plants to enhance biodiversity as well
as to serve as fine fuel to carry prescribed fires (Brockway et al.,
2005; Walker and Silletti, 2006). For example, to meet the great
interest in restoring Pinus palustris ecosystems in the southeastern
USA, appropriate sites may require conversion from other pine spe-
cies or rehabilitation of degraded stands. Proper diagnosis of initial
conditions in terms of site, overstory and understory condition
leads to an initial restoration prescription (Table 2).

2.2. Reconstruction

Reconstruction refers to restoring native plant communities on
land recently in other resource uses, such as crop production or
pasture. Active approaches could include ameliorating the soil to
increase organic matter content, decreasing bulk density, or reduc-
ing the weed seedbank; outplanting seedlings; or direct seeding.
Passive approaches rely on recolonization of open land by natural
dispersal means, but success can be limited by proximity to appro-
priate source plants and composition of initial seral species
(Benjamin et al., 2005). A combination of approaches may be useful
as well—actively seeding or planting seedlings of keystone species
at wide spacing and subsequently relying on passive dispersal to
fill remaining niches with other desired species (e.g., Scowcroft
and Yeh, 2013).

Reconstruction may appear to begin with a blank template but
previous land use often leaves a legacy of degraded soil and com-
peting vegetation (Arnalds et al., 1987; Friday et al., 1999;
Stanturf et al., 2004). Nevertheless, reconstruction affords the
opportunity to restore ecosystems that have simple or complex
structures, comprised of an overstory with one or many species
and an understory that develops from recolonization or planting
and seeding (Lamb, 2011). Decisions on which methods to use will
be framed by overall objectives, initial site conditions, and land-
scape context.

2.3. Reclamation

Reclamation applies to severely degraded land generally devoid
of vegetation, often the result of belowground resource extraction,
such as mining (Fig. 3) or work pads associated with oil and gas
drilling. On such sites, more intensive management techniques
are usually necessary to revegetate the site although natural recol-
onization can be effective (Prach and Pysek, 2001; Prach and
Hobbs, 2008). The methods may include amelioration to improve
soil physical, chemical, and biological status; seeding or outplant-
ing seedlings; and providing regular irrigation and weed control to
ensure early survival (Fields-Johnson et al., 2012; Evans et al.,
2013; Zipper et al., 2013). Occasionally non-native species are used
as nurse plants to encourage the ultimate occurrence and prolifer-
ation of native vegetation (Parrotta, 1992; Parrotta et al., 1997;
Lamb et al., 2005). Reclamation may require multiple interventions
to achieve subordinate objectives, with the ultimate desired
function not achieved for decades.

2.4. Replacement

As climate changes, another strategy will involve replacement
of species (or their locally-adapted genotypes) being displaced by
climate change with new species (or new genotypes of that spe-
cies) that have been historically absent from the site (see
Williams and Dumroese, 2013). Classifying the ‘‘nativity’’ of this
replacement species or germplasm is a vexing topic, as the current
definition of nativity can be vague, dependent on situation, agency,
professional status, and other criteria (Smith and Winslow, 2001).
Just as restoration goals should be scientifically grounded,
dynamic, flexible, project specific, and realistic, future working
definitions of ‘‘native’’ may need to be similarly conditioned
(Shackelford et al., 2013).



Table 1
Contemporary restoration objectives, strategies, and methods.

Objective Present forest condition Strategies Methods Initial operations References

Repair function
Hydrologic

(watershed,
riparian,
coastal)

Deforested (agricultural land use,
open land, abandoned agriculture)

Reconstruction Native re-
colonization

Re-establish hydrologic
connectivity; physical processes

Friedman et al. (1995), Stanford et al. (1996), Roni et al. (2002), Klimas et al. (2009),
Hughes et al. (2012) and Jarzemsky et al. (2013)

Afforestation,
whole area

Site preparation; plant or direct
seed natives or non-natives

Stanturf et al. (1998, 2000), Allen et al. (2001), Lockhart et al. (2003), Löf et al. (2004),
Gardiner and Oliver (2005), Groninger (2005), Jõgiste et al. (2005), Lee and Suh (2005),
Weber (2005), Ren et al. (2007), Rey Benayas et al. (2008), Weber et al. (2008, 2011),
Onaindia and Mitxelena (2009), Dey et al. (2010), Booth (2012), Harper et al. (2012) and
Xi et al. (2012)

Interplant; nurse crop; fast/slow
growing natives or non-natives;
inter-plant vegetables

Arnalds et al. (1987), Ashton et al. (1997), Gardiner et al. (2004), Aradóttir (2005), Lamb
et al. (2005), McNamara et al. (2006), Nichols and Carpenter (2006), Blay et al. (2008),
Stanturf et al. (2009), Blay (2012), Chazdon (2013) and Douterlungne and Thomas (2013)

Plant mixtures of natives;
framework species method

Ashton et al. (2001), Leopold et al. (2001), Blakesley et al. (2002), Elliott et al. (2003), de
Souza and Batista (2004), Lockhart et al. (2006, 2008), Lamb (2011) and Corbin and Holl
(2012)

Afforestation,
partial area

Nucleation, cluster Schönenberger (2001), Manning et al. (2006), Zahawi (2008), Zahawi and Holl (2009), Holl
et al. (2011), Corbin and Holl (2012), Díaz-Rodríguez et al. (2012) and Saha et al. (2012)

Afforestation,
linear planting

Site preparation; plant or direct
seed natives or non-natives

Newmark (1993), Mann and Plummer (1995), Schultz et al. (1995), Parkyn et al. (2003),
Kindlmann and Burel (2008), Mize et al. (2008) and Bentrup et al. (2012)

Simple
mixtures

Interplant; fast/slow growing;
natives or non-natives

Pommerening and Murphy (2004) and Stanturf et al. (2009)

Complex
mixtures

Plant mixtures of natives or non-
natives; planting group method,
framework species method;
rainforestation

Blakesley et al. (2002), Elliott et al. (2003, 2012), Göltenboth and Hutter (2004), Kamada
(2005), Nave and Rodrigues (2007), Lockhart et al. (2008), Rodrigues et al. (2009, 2011)
and Lamb (2011)

Degraded forest (cleared or burned,
lacking desired species)

Rehabilitation Conversion Clear fell and plant all desired
species

Zerbe (2002), Thompson et al. (2003), Spiecker et al. (2004), Hansen and Spiecker (2005),
Harmer et al. (2005, 2011)

Enrichment planting; framework
species method

Montagnini et al. (1997), Elliott et al. (2003, 2012)

Assisted natural regeneration;
farmer assisted natural
regeneration

Hardwick et al. (1997), Friday et al. (1999), Otsamo (2000), Kobayashi (2004), van
Noordwijk et al. (2008) and Haglund et al. (2011)

Blowdown; with or without
salvage logging; plant desired
species

Drouineau et al. (2000), Spiecker et al. (2004), Hahn et al. (2005), Brunner et al. (2006),
Harmer and Morgan (2009) and Morimoto et al. (2011)

Agroforestry methods Murgueitio et al. (2011), Friday et al. (1999), Schlönvoigt and Beer (2001), Khamzina et al.
(2006), Sileshi et al. (2007), Blay et al. (2008), van Noordwijk et al. (2008), Tabuti et al.
(2011), Blay (2012), Blinn et al. (2013), Roshetko et al. (2013) and Mbow et al. (2014)

Transformation Partial overstory removal;
underplanting; natural
regeneration

Malcolm et al. (2001), Nyland (2003), Kobayashi (2004), Hahn et al. (2005), Löf et al.
(2005), Gardiner and Yeiser (2006), Paquette et al. (2006), Pommerening (2006), Madsen
and Hahn (2008) and Schneider (2010)

Reforestation
(post-fire
restoration)

Erosion control (re-seed native
understory; mulching); with or
without salvage logging; plant
desired species

Beschta et al. (2004), Pausas et al. (2004), Raftoyannis and Spanos (2005), Wagenbrenner
et al. (2006), Ahn et al. (2014) and Robichaud et al. (2013a, 2013b)

Degraded forest (lacking desired
structure)

Rehabilitation Transformation Partial overstory removal Aubry et al. (1999), Kerr (1999), Kenk and Guehne (2001), Mason (2002), Nyland (2003),
Pommerening and Murphy (2004), Pommerening (2006), Pastur et al. (2009), O’Hara et al.
(2010), Baker and Read (2011), Lencinas et al. (2011), Gustafsson et al. (2012), Harmer
et al. (2012) and Lindenmayer et al. (2012)

Conversion Clear fell with residuals; variable
density thinning

Franklin et al. (1997), Sullivan et al. (2001), Vanha-Majamaa and Jalonen (2001), Carey
(2003) and Gustafsson et al. (2010)

Degraded forest (lacking desired fire
disturbance)

Rehabilitation Re-introduce
fire

Fuel reduction by mechanical or
chemical means; re-introduce
prescribed fire; fire surrogates

Ryan (2002), Graham et al. (2004), Brockway et al. (2005), Kaufmann et al. (2005), Van
Lear and Wurtz (2005), Varner et al. (2005), Walker and Silletti (2006), Schwilk et al.
(2009), Jain and Graham (2010), Liu et al. (2012), Phillips et al. (2012), Ryan et al. (2013)
and Weekley et al. (2013)

(continued on next page)
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Table 1 (continued)

Objective Present forest condition Strategies Methods Initial operations References

Deforested and disturbed site (mined
land, polluted land)

Reclamation Replacement Stabilize site; plant natives or non-
natives; fertilize

Martin et al. (1990), Hart et al. (1999), Parrotta and Knowles (2001), Lamb et al. (2005),
Renou and Farrell (2005), Rochefort and Lode (2006), Koch (2007), Koch and Samsa
(2007), Renou-Wilson et al. (2008), Kuznetsova et al. (2010), Prach et al. (2011), Fields-
Johnson et al. (2012), Harper et al. (2012), Evans et al. (2013) and Zipper et al. (2013)

Coastal
protection

Deforested (agricultural land use,
open land, abandoned aquaculture)

Reconstruction Native re-
colonization
(intertidal
water,
mangrove)

Re-establish hydrologic
connectivity; do nothing

Field (1999), Kairo et al. (2001), Bosire et al. (2008) and Kamali and Hashim (2011)

Reconstruction Afforestation
(coastal
barrier, dune
stabilization)

Site preparation; plant or direct
seed natives or non-natives

Madsen et al. (2005) and Lithgow et al. (2013)

Rehabilitation Transformation Enrichment planting Conner et al. (2007)
Blowdown; with or without
salvage logging; plant desired
species

Stanturf et al. (2007) and Conner et al. (2012)

Deforested and disturbed site (mined
land, polluted land)

Reclamation Replacement Stabilize site; plant seedlings of
natives or non-natives; fertilize

Parrotta and Knowles (2001), Lewis (2005) and Renou and Farrell (2005)

Geologic
protection

Deforested and disturbed site
(avalanche track, landslide, lava flow)

Reclamation Replacement Stabilize site; plant seedlings of
natives or non-natives

O’Loughlin (1984), Brang et al. (2001), Schönenberger (2001), Singh et al. (2001), Stokes
(2006), Phillips et al. (2013) and Preti (2013)

Carbon
sequestration

Deforested (agricultural land use,
open land, abandoned agriculture)

Reconstruction Afforestation Site preparation; plant or direct
seed natives, non-natives, or
naturalized non-natives

Ciccarese et al. (2005), Blay (2012) and Ciccarese et al. (2012)

Degraded forest (lacking desired
species or stocking)

Rehabilitation Conversion Clear fell and plant all desired
species

Blay et al. (2008), Putz and Nasi (2009), Blay (2012) and Pichancourt et al. (2014)

Agroforestry Schlönvoigt and Beer (2001), Oelbermann et al. (2004), Foroughbakhch et al. (2006),
Sileshi et al. (2007), Blinn et al. (2013), Roshetko et al. (2013) and Mbow et al. (2014)

Deforested, mined land, polluted land Reclamation Replacement Stabilize site; plant seedlings of
natives or non-natives; fertilize

Harper et al. (2012), Townsend et al. (2012) and van Rooyen et al. (2013)

Enhance diversity
Species or

landscape
diversity

Agricultural land (could be open land,
abandoned agriculture)

Reconstruction Native re-
colonization

Remove disturbance; fencing;
leave alone

Hodge and Harmer (1996), Kerr et al. (1996), Balandier et al. (2005), Benjamin et al.
(2005), Flinn and Vellend (2005), Shono et al. (2007), Griscom and Ashton (2011), Lamb
(2011) and Scowcroft and Yeh (2013)

Reconstruction Afforestation Site preparation; plant or direct
seed natives or non-natives;
enrichment planting

Brockerhoff et al. (2013, 2008), Orni (1969), El Houri Ahmed (1986), Schönenberger
(2001), Gardiner and Oliver (2005), Kush et al. (2004), Maestre and Cortina (2004),
Willoughby et al. (2004), Brockway et al. (2005), Groninger (2005), Jõgiste et al. (2005),
Madsen et al. (2005), McCreary and Cañellas (2005), Weber (2005), Dey et al. (2010),
Geldenhuys (2010), Griscom and Ashton (2011), Löf et al. (2012), Munro et al. (2012),
Boothroyd-Roberts et al. (2013), Campos-Filho et al. (2013) and Tomaz et al. (2013)

Interplant; fast/slow growing
natives; taungya

Weersum (1982), Menzies (1988), Schlönvoigt and Beer (2001), Agyeman et al. (2003),
Prévosto and Balandier (2007), Blay et al. (2008), Stanturf et al. (2009) and Blay (2012)

Plant mixtures of natives Leopold et al. (2001), Lamb and Gilmour (2003), Balandier et al. (2005), Kanowski et al.
(2005), Rey Benayas et al. (2008), Rodrigues et al. (2009), Kanowski and Catterall (2010),
Griscom and Ashton (2011), Lamb (2011) and Tomaz et al. (2013)

Degraded forest (lacking desired
species) or as second intervention

Rehabilitation Conversion Clear fell; plant all desired species Williams et al. (2002), Zerbe (2002), Spiecker et al. (2004), Brockway et al. (2005), Hansen
and Spiecker (2005) and Hu et al. (2012)

Enrichment planting Lamb and Gilmour (2003), Twedt (2006), Rodrigues et al. (2009) and Yamagawa et al.
(2010)

Assisted natural regeneration Hardwick et al. (1997), Friday et al. (1999), Shono et al. (2007), Igarashi and Kiyono
(2008), Osem et al. (2009) and Moreira et al. (2013)

Blowdown; with or without
salvage logging; plant desired
species

Drouineau et al. (2000), Spiecker et al. (2004), Hansen and Spiecker (2005), Lilja et al.
(2005), Stanturf et al. (2007), Harmer and Morgan (2009), Löf et al. (2012) and Saure et al.
(2013)

Transformation Partial overstory removal;
planting; natural regeneration

Weaver (1987), Ramos and Del Amo (1992), Adjers et al. (1995), Keenan et al. (1997),
Montagnini et al. (1997), Ashton et al. (1998), Peña-Claros et al. (2002), Carey (2003),
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Thompson et al. (2003), Harmer et al. (2005, 2011), Lamb et al. (2005), Löf et al. (2005),
Nagaike et al. (2005), Gardiner and Yeiser (2006), McNamara et al. (2006), Paquette et al.
(2006), Vanha-Majamaa et al. (2007), Madsen and Hahn (2008), Martínez Pastur et al.
(2011), Booth (2012), Cogliastro and Paquette (2012), Dey et al. (2012), Fischer and
Fischer (2012), Keefe et al. (2012), Parrott et al. (2012) and Lhotka and Loewenstein
(2013)

Degraded forest (lacking desired
structure) or as second intervention

Rehabilitation Transformation Partial overstory removal Moore et al. (1999), Buongiorno (2001), Kelty et al. (2003), Leak (2003), Baumhauer et al.
(2005), Humphrey (2005), Loewenstein (2005), Coppini and Hermanin (2007), Fenton
et al. (2009), O’Hara et al. (2010), Han et al. (2012) and Harmer et al. (2012)

Conversion Clear fell; with or without
residuals; natural regeneration

Franklin et al. (1997), Aubry et al. (1999), Vanha-Majamaa and Jalonen (2001), Elmqvist
et al. (2002), Harmer et al. (2005), O’Hara and Waring (2005), Pastur et al. (2009), Baker
and Read (2011), Gustafsson et al. (2012) and Lindenmayer et al. (2012)

Legacies Deadwood retention or creation Hooper and McAdie (1996), Graves et al. (2000), Grove and Meggs (2003), Lindhe and
Lindelöw (2004), Hyvarinen et al. (2005), Lilja et al. (2005), Eriksson et al. (2006), Vanha-
Majamaa et al. (2007), Laarmann et al. (2009) and Laarmann et al. (2013)

Retention
methods

Harvest Franklin et al. (1997), Aubry et al. (1999), Zenner (2000), Sullivan et al. (2001), Gibbons
et al. (2010), Gustafsson et al. (2010) and Ribe et al. (2013)

Thinning Aubry et al. (1999), Kenk and Guehne (2001), Carey (2003), O’Hara and Waring (2005),
Waring and O’Hara (2005), Pastur et al. (2009), O’Hara et al. (2010), Baker and Read
(2011) and Gustafsson et al. (2012)

Degraded forest (lacking desired fire
disturbance)

Rehabilitation Prescribed
burning, fire
surrogates

Fuel reduction by mechanical or
chemical means; re-introduce
prescribed fire; fire surrogates

Moore et al. (1999), Allen et al. (2002), Kuuluvainen (2002), Kuuluvainen et al. (2002),
Ryan (2002), Brown et al. (2004), Graham et al. (2004), Brockway et al. (2005), Kaufmann
et al. (2005), Lilja et al. (2005), Vanha-Majamaa et al. (2007), Brockway et al. (2009),
Schwilk et al. (2009), Jain and Graham (2010), Liu et al. (2012), Phillips et al. (2012), Ryan
et al. (2013) and Weekley et al. (2013)

Degraded forest (invasive species) Rehabilitation Invasives
removal

Remove invasive species (hand
clearing, mechanical, chemical);
enhance natives (by controlling
light, planting, etc.)

Jones et al. (2005), D’Antonio and Chambers (2006), Shepperd et al. (2006) and Schelhas
et al. (2012)

Degraded forest (climate change) Replacement Assisted
migration
(managed
relocation)

Expand range McLachlan et al. (2007), Pedlar et al. (2012) and Williams and Dumroese (2013)

Novel ecosystems Hobbs et al. (2009) and Doley and Audet (2013)
Deforested and disturbed site (mined
land, polluted land)

Reclamation
(passive)

Rehabilitation Native recolonization Prach and Pysek (2001), Prach and Hobbs (2008), Alday et al. (2011) and Prach et al.
(2011)

Deforested and disturbed site (mined
land, polluted land)

Reclamation
(active)

Replacement Stabilize site; plant seedlings of
natives or non-natives; fertilize

Renou-Wilson et al. (2008), Doley and Audet (2013) and Woziwoda and Kopeć (2014)

Enhance livelihoods
Wood products,

non-timber
forest
products,
wildlife
habitat

Agricultural land Reconstruction Afforestation Site preparation; plant or direct
seed natives, non-natives, or
naturalized non-natives

Agyeman et al. (2003), Lamb et al. (2005), Præstholm et al. (2006), Blay et al. (2008), Lamb
(2011), Lee and Park (2011), Blay (2012), Booth (2012) and Rosengren (2012)

Degraded forest (lacking desired
species)

Rehabilitation Conversion Clear fell; plant all desired species Weiss (2004), Hansen and Spiecker (2005) and Khamzina et al. (2006)

Clear fell with enrichment
planting

Hahn et al. (2005) and Lee and Park (2011)

Assisted natural regeneration Haglund et al. (2011), Lee and Park (2011) and Blay (2012)
Blowdown with or without
salvage logging, plant desired
species

Hahn et al. (2005) and Hansen and Spiecker (2005)

Rehabilitation Transformation Partial overstory removal and
supplemental planting

Hanewinkel (2001), Hahn et al. (2005), Madsen and Hahn, 2008) and Geldenhuys (2010)

Degraded forest (lacking desired
structure)

Rehabilitation Transformation Partial overstory removals Buongiorno (2001), Mason (2002) and Humphrey (2005)

Deforested, mined land, polluted land Reclamation Replacement Stabilize site; plant seedlings of
natives or non-natives; fertilize

Lamb, 1998), Lamb et al. (2005), Morrison et al. (2005), Lamb, 2011) and Blay, 2012)

J.A
.Stanturf

et
al./Forest

Ecology
and

M
anagem

ent
331

(2014)
292–

323
297



Fig. 1. In the dry tropical forest zone of Ghana, a combination of extractive logging
without adequate regeneration, fire, and invasion by Chromolaena odorata (L.) King
& H. Rob. resulted in severely degraded forests that became the starting point for
community-based restoration using modified taungya (A). Two years of intercrop-
ping food plants with seedlings of eight tree species including Cedrela odorata L.
gave rise to forest-like conditions after 10 years (B). Photos by John A. Stanturf.

298 J.A. Stanturf et al. / Forest Ecology and Management 331 (2014) 292–323
Despite a contentious debate about the appropriateness, cost,
and effectiveness of assisted migration (also called managed relo-
cation) as a tool for species replacement (McLachlan et al., 2007),
particularly when the transfer distances are large (Williams and
Dumroese, 2013), we believe that assisted migration is a tool that
makes perfect sense (Fig. 4). Looming shifts in habitat envelopes
for ‘‘currently’’ native species can perhaps be viewed as extreme
degradation given the rapid rate of climate change and the human
caused barriers to migration that species experience in the con-
temporary landscape (Kindlmann and Burel, 2008). As such, we
argue that assisted migration is going to be an important tool to
implement a restoration strategy and meet objectives in the face
of climate change (e.g., Pedlar et al., 2012).
3. Methods

The restoration toolbox is filled with many techniques and tools
(Table 1) that may be used to achieve more than one objective.
Admittedly, the dominant restoration paradigm is phytocentric
and should be broadened to include belowground processes
(Callaham et al., 2008; Van Der Heijden et al., 2008; Jiang et al.,
2010; Kardol and Wardle, 2010). Nevertheless, the sine qua non
of forest restoration is vegetation recovery or manipulation; with
increasing degradation or deviation from historic conditions other
things become significant such as soil amelioration, hydrologic
repair, or reintroducing fire in conjunction with vegetation
management. Because adding vegetation is an effective restoration
technique, the following discussion of methods begins with a
description of the kinds of available material. This is followed by
a discussion of altering composition under different starting
conditions of stand structure, because the method used to deploy
the material depends on initial conditions: whether or not an over-
story is present, how much of the landscape will be restored, and
the complexity of the planting design. We then talk about some
of the major approaches for altering structure to achieve
restoration goals in degraded forest stands. Lastly, we describe
approaches for restoration of two key ecosystem processes, fire
and flooding.

3.1. Available Material

The Target Plant Concept is a useful method for developing res-
toration materials (Rose and Hasse, 1995; Landis and Dumroese,
2006). This concept defines the appropriate plant material through
a series of interrelated steps that focus on project objectives,
potential stocktypes (the size and type of plant), appropriate
genetics and sexual diversity, limiting factors on the site, the
outplanting window, and the most efficient planting tool. Thus, a
target plant is one that has been cultured to survive and grow on
a specific outplanting site and plant quality is determined by
outplanting performance. Experiments designed to test potential
target plant stocktypes must be done with care to ensure valid
comparisons (Pinto et al., 2011).

The overarching objective is to establish vigorous, site-adapted
plants and what constitutes appropriate material is project
specific; we will simply introduce some of the many options avail-
able. Choice of plant material is a function of what material is
available, management objectives, seedling quality, ease of
planting, and site conditions. Examples of appropriate material
for specific objectives can be found for sites in Denmark in (Kjær
et al., 2005), for Populus plantations globally (Stanturf and van
Oosten, 2014) and for framework species planting in Thailand
(Elliott et al., 2012). Commonly used plant materials are illustrated
in Fig. 5. Often, the goal for restoration plantings is different from
traditional reforestation and commercially available material may
not be suitable (Schröder and Prasse, 2013). Rather than a geneti-
cally improved seedling with fast growth, good form, or desirable
wood quality, plant material for restoration may need other qual-
ities such as precocious flowering or an ability to sprout after fire.
Although the Target Plant Concept should determine the type of
plant materials to use, often the choice is determined by
availability, by cost, or simply preference. For example, wildlings
of Dipterocarpus species in Indonesia are collected from intact for-
ests and transplanted for restoration to overcome heavy pressure
from frugivores of seeds that occur unpredictably and store poorly
(Priadjati et al., 2001; Kettle, 2010).

Planting stock can be produced from any plant material that can
propagate a species, including seeds, bulbs or rhizomes, cuttings,
or seedlings (Hoag and Landis, 2001; Dumroese et al., 2012). Plant
material can be rooted or non-rooted. Species that easily reproduce
vegetatively, such as, for example, most of the species in the genera
Populus, Salix, Eryhtrina, and Gliricidia, may be planted directly as
non-rooted, dormant cuttings (15 cm to 1 m), sets or whips
(1.5–6 m), or poles or stakes (6–8 m), produced usually from



Fig. 2. Early 20th century, old-growth Pinus resinosa forests in northern Minnesota, USA were characterized by a low density overstory, open understory, and pine
regeneration in openings (A). Contemporary stands have higher stand densities and woody shrub encroachment because of the lack of surface fires (B). Photo A by unknown;
photo B by Christel Kern.

Table 2
Decision matrix for restoring Pinus palustris (longleaf pine) ecosystems before re-introducing summer burning in the southeastern USA (adapted from Brockway et al. (2005)).

Degree of
degradation

Stand condition Landscape position

Xeric and sub-xeric sandhills Flatwoods and wet lowlands Montane and mesic uplands

Initial restoration prescription

Moderately Longleaf pine overstory,
woody understory

Reduce fuel loads, introduce summer burns Reduce fuel loads, introduce
summer burns

Reduce fuel loads, remove
other pines in overstory,
introduce summer burns

Very Other trees now in
overstory, native plant
understory

Chop and burn broadleaves; remove other pine; plant
longleaf pine; no or minimal site preparation

Reduce fuel loads, remove
other pines, chop; reduce
slash, no bedding; plant
longleaf pine

Reduce fuel loads, Remove
other pines in overstory,
plant longleaf pine

Severely Former longleaf pine site,
other trees now in
overstory, non-native plant
understory

Remove other trees; chop and burn; plant longleaf pine;
establish Aristida stricta (a native grass to facilitate re-
introduction of fire) by direct seeding or, if a longleaf
pine overstory is present, plant grass seedlings

Remove other trees; chop and
burn; plant longleaf pine;
plant or direct seed Aristida
stricta

Remove other trees; chop and
burn; plant longleaf pine
plant or direct seed Aristida
stricta

Fig. 3. Progression of reclamation on oil shale mined land in Estonia. Active mining site, where the overburden is being removed to expose the exploitable oil shale strata that
generally is 5–35 m below the surface (A). Before leveling and shaping into a new landscape, piles of calcareous detritus dot the landscape (B). Since the 1960s, reclamation to
woodlands, the previous landuse, has favored Pinus sylvestris L.; the stand shown is approximately 33 years-old (C). Specific information can be found in Laarmann et al. (in
press). Photos by John A. Stanturf.
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stump sprouts or as serial cuttings from branches or stems (Zahawi
and Holl, 2009; Stanturf and van Oosten, 2014). Species or clones
that do not root readily may be rooted and grown in nurseries from
cuttings (barbatelles) or sets (stecklings). Bareroot seedlings,
grown in nurseries for varying lengths of time, are grown in great
quantities for commercial species, particularly conifers.
Container seedlings may be a cost-effective alternative to bare-
root stock, especially when the planting season is to be extended or
adverse sites are to be planted (Brissette et al., 1991; Luoranen
et al., 2005, 2006) although even bareroot stock can be planted
later or earlier than generally recommended if environmental con-
ditions are suitable (e.g., Seifert et al., 2006). Container seedlings,



Fig. 4. Replacement using assisted migration (also called translocation or managed relocation) will be one method for adapting to climate change. Seed migration can occur
as assisted population migration in which seed sources are moved climatically or geographically within their current ranges, even across seed transfer zones; e.g., moving
Larix occidentalis Nutt. 200 km north within its current range in the United States and Canada (A). Seed sources can also be moved climatically or geographically from current
ranges to suitable areas just outside the range to assist range expansion, such as moving seed sources of Pinus ponderosa Douglas ex C. Lawson into Alberta, Canada (B). For
assisted species migration, species could be moved far outside current ranges to prevent extinction, such as planting the rare species Torreya taxifolia Arn. into states north of
Florida (C). Modified from Williams and Dumroese (2014).

Fig. 5. A variety of planting stock can be produced. Plants can be regenerated from seeds; common seedling stocktypes include bareroot (A), balled-and-burlapped (B), hard-
wall (C) and soft-wall (D) container seedlings, polybags (E), and combination container-bareroot seedlings that begin as container seedlings but are transplanted into bareroot
fields for additional growth (F). Plants can be regenerated vegetatively; common stocktypes include rooted stem cuttings grown in containers (G) or large, non-rooted pole
cuttings planted directly on site (H). Stocktypes can be various sizes depending on the restoration goal (I, J). Photo A, D, F, and J by Thomas D. Landis, B by Clark Fleege, C by R.
Kasten Dumroese, E by Diane L. Haase, G by Cees van Oosten, H by John A. Stanturf, and I by Daniel C. Dey.
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grown under varying degrees of environmental control and in
many container types (Landis et al., 2010b) are produced to meet
desired characteristics for outplanting under specified conditions
(Brissette et al., 1991; Landis et al., 2010a). The optimum seedling
size, whether bareroot or container, is that which yields acceptable
results on the outplanting site. Although seedling quality is typi-
cally characterized by some morphological measure (Grossnickle,
2012), a seedling’s physiological attributes are more important
(Landis et al., 2010a).

The current paradigm for proper transfer of plant materials
from site to site is that, in general, locally-adapted material is best
(Gustafson et al., 2005; Johnson et al., 2010). In the western USA
and Canada, where steep gradients in elevation and climate exist,
the result is a plethora of species-dependent seed transfer
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guidelines intended to maintain genotypic adaptation to local cli-
mates (McKenney et al., 2007). In Europe, strict guidelines for seed
sources and seedling quality result in high cost of material (Kjær
et al., 2005) and the search for low-cost regeneration methods,
such as direct seeding (Madsen et al., 2002; Madsen and Löf,
2005) and natural regeneration (Hahn et al., 2005). As the level
of degradation increases, however, it may be advisable to replace
locally-collected materials with those that are ecologically appro-
priate, selected for their enhanced ability to establish and persist
on a degraded site without invasive tendencies or incompatibility
with the existing plant community, and better suited than the local
source for capturing the site (Jones, 2014). Collections must con-
sider a plant’s flowering system (dioecious vs. monecious) and
mode of vegetative reproduction to ensure future reproduction
on restored sites (Landis et al., 2003). In many tropical countries,
insufficient knowledge of the collection, storage, germination and
nursery cultivation requirements of native species has limited their
availability for restoration, although this is improving (Butterfield,
1995; Blakesley et al., 2002; Hooper et al., 2002).

Restoration sites are likely to pose challenges uncommon to
reforestation planting. For example, often competing vegetation
will be more of a factor because site preparation is less intense
and herbicides may be prohibited or unavailable (e.g., Stanturf
et al., 2004). Soil conditions may be altered, with reduced fertility
caused by erosion or wildfire. Mining sites often have extreme soil
pH levels. Additionally, severe forest fires or surface mining can
eliminate soil microorganisms such as mycorrhizal fungi and affor-
estation sites may not have suitable fungi (Kropp and Langlois,
1990; Bâ et al., 2010), especially if a non-native species is used.
Thus, plants will require inoculation with the appropriate fungal
symbiont before outplanting (Sousa et al., 2014). Even vigorous,
site-adapted seedlings appropriately inoculated will struggle, how-
ever, if planted outside the outplanting window, the time period
when environmental conditions (usually soil moisture and temper-
ature) are most favorable for establishment.

The type of tool used to outplant nursery stock has ramifica-
tions for restoration programs. Easily planted materials have a
lower establishment cost and are more likely to be properly out-
planted than larger, more difficult to handle and plant, stocktypes.
Thus, poorly supervised outplanting operations may impact sur-
vival (Allen et al., 2001; Preece et al., 2013). Direct seeding has pro-
ven to be a successful, low-cost alternative to growing and
outplanting seedlings for some species (Engel and Parrotta, 2001;
Camargo et al., 2002; Madsen and Löf, 2005; Dodd and Power,
2007; Doust et al., 2008; Cole et al., 2011), as long as it is done
properly (Bullard et al., 1992; Stanturf et al., 1998; Willoughby
et al., 2004; Ammer and Mosandl, 2007).

3.2. Altering composition

Altering species composition, often a key restoration objective,
is achieved by adding and removing vegetation. Material can be
added by passive restoration that depends upon natural dispersal
and recolonization processes, active restoration using direct seed-
ing or outplanting of desirable species, or some combination of the
two (e.g., assisting natural regeneration from a seed bank or
sprouting species on-site). In general, greater control of species
composition is gained by active methods. After a method is chosen
to alter composition, the species, their density, and spatial arrange-
ment must be determined; this leads to appropriate cultural meth-
ods in the specific restoration context, such as site preparation,
competition control, hand- versus machine-planting, etc. Many
approaches and combinations of active and passive methods are
being used to restore degraded ecosystems globally. Our way to
systematically examine these is by grouping designs according to
the degree of overstory present at the initiation of restoration
(i.e., no, partial, or full overstory) and how much of the area is trea-
ted (all or partial). Initially we consider stand-level designs; these
are mostly scalable to the landscape-level. Additional consider-
ations may be necessary, however, in restoration designs for land-
scapes (Oliver et al., 2012; Wimberly et al., 2012; Oliver, 2014).

3.2.1. No overstory, entire area treated
The simplest design for restoration of composition comes

within the context of single-species, single-cohort planting
(Fig. 6). Often maligned as a monoculture plantation, this design
may be implemented to enhance biodiversity (Brockerhoff et al.,
2008) and non-uniform plantings can avoid the appearance of a
plantation (e.g., Fig. 6b and c). Over time, these forests may develop
a more natural look as they pass from the stem exclusion stage to
the understory re-initiation stage (Oliver and Larson, 1996; Oliver
and O’Hara, 2005). As gaps develop or are intentionally created,
adding species may develop more complex structures (e.g.,
Twedt, 2006). On harsh sites, the initial stand may be comprised
of non-native species replaced, as a forest floor develops and
microclimate improves, with native species that regenerate in
shade or in gaps from necessary, nearby seed sources (Nuttle and
Haefner, 2005). This catalyzing effect of plantations has been noted
in many environments (Parrotta et al., 1997; Lamb et al., 2005;
Brockerhoff et al., 2008).

Variations on the single-species, single-cohort planting design
include first sowing a cover crop, such as an annual grass, to reduce
weed competition or inter-planting annual vegetable crops with
tree seedlings. This type of agroforestry system, developed in Asia
and known as taungya, has spread throughout the Tropics
(Weersum, 1982; Schlönvoigt and Beer, 2001; Blay, 2012). In taun-
gya, food crops may be grown for several years until the canopy
begins to close and shade out vegetable production. One sugges-
tion for restoring tropical forests on smallholder lands is to first
establish the tree overstory and then underplant coffee or cocoa
in the shade (Lamb et al., 2005). Another use for a plantation of a
fast-growing species is to control competing vegetation when her-
bicides cannot be used due to regulation, non-availability, cost, or
preference. The fast-growing species is planted at narrow spacing
to quickly capture the site and shade competition, such as the com-
peting fern Pteridium caudatum (L.) Maxon in Mexico (Chazdon,
2013; Douterlungne and Thomas, 2013); other species can be
interplanted after overstory thinning or removal.

More complex designs involve adding mixtures of trees or trees
and shrubs that may be temporary or permanent and may include
single- or multiple-cohorts. Mixtures require more knowledge of
the growth habits and interactions of the species involved (Oliver,
1980; Oliver et al., 1990). A temporary mixture in a single-cohort
design usually involves planting two species, with one removed
well before the other (Fig. 7). Although planting species with differ-
ent shade-tolerance is preferable (Ashton et al., 2001) to prevent
one species from disappearing, spacing can be adjusted to mitigate
competition for light. Commonly termed a nurse-crop or interplant-
ing (Chinnamani et al., 1965; Stanturf et al., 2000; Lamb et al., 2005),
a faster growing species is planted first to provide both an early
financial return (Forrester et al., 2006; Lamb, 2011) and favorable
growing conditions for a slower growing, more valuable species.
Temporary mixtures provide additional flexibility if the nurse-spe-
cies can be coppiced; in the Populus-Quercus L. system used in the
Lower Mississippi Alluvial Valley, USA coppicing the Populus
(Fig. 7b) can guarantee at least one additional rotation of Populus
before completely releasing the Quercus (Stanturf et al., 2009).

Permanent mixtures are usually more desirable for meeting
biodiversity and structural complexity objectives, but require
greater knowledge of silvical characteristics and interactions with
site. Simple mixtures, two or more species planted in single-
species rows or blocks (Fig. 8), require less knowledge although



Fig. 6. Single species, single cohort plantings are the simplest to implement and manage. Depending on restoration objectives, plantings can have uniform spacing between
rows and between trees within rows (A), random spacing to avoid the appearance of a monoculture plantation (B), or a clumped random spacing that provides additional
space for other species to developed from dispersed seeds (C).

Fig. 7. Temporary mixture, single cohort plantings involve a fast growing nurse
crop and a slower growing species (A). Depending upon the species used and their
requirements for weed control, the slower growing species may be planted at the
same time as the faster growing species or within a few years. Sometimes the
slower growing species is planted between every other row of the faster grower;
the faster growing species may then be removed by directional felling without
damage to the slower grower (B). If the faster growing species regenerates by
coppice, multiple harvests may be available before the slower growing species fully
occupies the site.

Fig. 8. Simple mixture, multiple species, single cohort plantings can either be
achieved by planting two or more species in alternating rows (A) or with the species
separated into single species blocks (B) of various shapes.

Fig. 9. Intimate mixture, multiple species, single cohort plantings may be random
or designed and use knowledge of growth habit, shade tolerance, and other
characteristics of the species to be successful. In a random planting, multiple
species are outplanted or direct seeded in a random mixture (A). Examples include
high diversity plantings and Framework Species plantings, as well as many other
possible mixtures. In a designed planting, two or more species are planted together
(B), with specific combinations based upon growth characteristics, usually with a
specific desired objective such as stem form and value of a crop tree or maintenance
of an endangered species.
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matching species to site is always important. The resulting mosaic
will grow to resemble a mixed species stand with clumped
distribution. Planting multiple species in alternate single or multi-
ple rows provides a more complex design with greater potential for
inter-species competition and the species chosen may be based on
successional status, as is done in the planting groups method used
in Brazil (Nave and Rodrigues, 2007; Rodrigues et al., 2009). On
sites with distinct gradients, for example soil drainage or inunda-
tion regime, these simple mixtures provide a design whereby
species are selected by site adaptations. For example, in afforesta-
tion plantings in the Mississippi River floodplain in the southern
USA, slight topographic differences are expressed as significantly
different inundation regimes. More flood-tolerant species are
planted on lower, more flood-prone portions of the landscape
(Stanturf et al., 1998; Gardiner and Oliver, 2005).

Intimate mixtures, where several species are in close proximity,
provide maximum diversity in both species composition and
eventual structural complexity (Lamb, 2011). Two useful
approaches, random (Fig. 9a) or designed mixtures (Fig. 9b),
require knowledge of successional pathway, shade and moisture
tolerances, growth rate and growth habit, self-thinning and self-
pruning, and other silvical characteristics (Guldin and Lorimer,
1985; Oliver and Larson, 1996; Ashton et al., 2001). Designed mix-
tures take into account the spatial arrangement of species and may
be based on observations of natural stands (Lockhart et al., 2006)
that provide workable guidelines for self-assembly rules
(Temperton, 2004; Lockhart et al., 2008).

Techniques to establish random mixtures include high diversity
plantings where a mixture of seeds of as many species as possible
are scattered (Lamb et al., 2012), effective when little silvical
knowledge is available and seeds are readily available (Rodrigues
et al., 2009); sowing site-adapted species of different successional
status (Miyawaki, 1998); and the Framework Species approach
developed in tropical Australia (Goosem and Tucker, 1995), applied
in Southeast Asia (Hardwick et al., 1997; Blakesley et al., 2002;
Elliott et al., 2003), and similar to ‘‘rainforestation farming’’
(Göltenboth and Hutter, 2004) in the Philippines. The Framework
Species method utilizes local knowledge of species characteristics
and plants 20–30 keystone species on a site (Elliott et al., 2012).
The rationale for this method is that on deforested sites, planting
keystone species will ameliorate site conditions and facilitate re-
colonization by other species. Framework species must be native
(non-domesticated), have high survival and grow well on defor-
ested sites, produce dense, broad crowns to quickly capture the site
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and control competing vegetation, produce fleshy fruits or nectar-
rich flowers to attract seed-dispersing animals thereby increasing
species diversity (Elliott et al., 2003, 2012).

Restoration following major, natural disturbances often must
address further site degradation that may be caused by logging
resulting from attempts to salvage financial value from damaged
timber (Lupold, 1996; Prestemon et al., 2006), despite its controver-
sial nature (Karr et al., 2004; Lindenmayer and Noss, 2006;
Schmiegelow et al., 2006). Nevertheless, major disturbances provide
opportunity to convert large areas lacking a canopy that otherwise
would not have been harvested because of low economic return
(Hahn et al., 2005; Brunner et al., 2006; Morimoto et al., 2011).
Fig. 11. Corridor plantings connect existing forested patches, often with the goal of
facilitating movement of wildlife (A). Riparian buffer plantings within an agricul-
tural matrix (B) may also facilitate wildlife movement, but they serve the additional
role of mitigating chemical and erosion impacts on surface water. Any planting
design shown in Figs. 4–7 may be used for these types of plantings.
3.2.2. No overstory, partial area treated
In some situations it is neither feasible nor desirable to plant an

entire area. Limited financial resources, for example, may preclude
planting a large area and the need arises for designs that make the
most effective use of natural re-colonization from existing stands.
The most dispersed design is scattered trees on the landscape, or
very low density planting in a stand (Fig. 10a). Even fewer trees
have been used in restoring pastures using non-rooted hardwood
cuttings of easy-to-root species, commonly called stakes or poles
(Zahawi, 2008; Zahawi and Holl, 2009; Holl et al., 2011), recogniz-
ing that these scattered trees in natural woodlands and savannas
are keystone structures (Manning et al., 2006). Nucleation
(Corbin and Holl, 2012) has been proposed for predominantly
farmed landscapes; establishing small wooded islets creates seed
sources ready to disperse in areas undergoing transition from agri-
culture (Fig. 10b). Similarly, farmer assisted natural regeneration
(van Noordwijk et al., 2008; Haglund et al., 2011) creates small
patches of trees when individuals farming small parcels allow nat-
ural regeneration on a portion of their land. Because total farm size
is often less than 5 ha, the wooded portion is probably too small to
be classified as a forest stand under prevailing definitions. Never-
theless, in addition to providing fuelwood, construction material,
and possibly fodder, this woody patch could provide seeds for col-
onizing the surrounding area if farming were to be abandoned. A
dispersed design was attempted in early implementation of the
Wetlands Reserve Program, a government-funded program, in
the southern USA (Stanturf et al., 2000, 2001), where an objective
was to enhance wildlife habitat by outplanting hard mast species.
Large-seeded Quercus species are not readily dispersed so they
were outplanted on wide spacing and light-seeded species were
expected to fill-in and create closed-canopy stands (Fig. 6a). This
approach was successful only where intact natural stands were
nearby (Fig. 10a), generally within 100 m (Stanturf et al., 2001,
2009; Nuttle and Haefner, 2005).
Fig. 10. At the landscape level, several planting designs are options. Dispersed plantin
forests; these species are usually difficult to regenerate, such as heavy-seeded species wi
that are wind or water dispersed. Similar to dispersed plantings, combined plantings (B)
and within an effective seed dispersal distance, whereas a planted design is used elsew
trees (single or multiple species) within an agricultural matrix to provide a seed sourc
afforestation (D) is similar to nucleation except that clusters are small plantations rathe
Cluster afforestation (Schönenberger, 2001; Díaz-Rodríguez
et al., 2012; Saha et al., 2012) is similar to nucleation in that plant-
ings are scattered on the landscape (Fig. 10d). The distinction is
that clusters are small stands, as opposed to a few trees. Clusters
may be comprised of simple or complex plantings. Corridors
between intact forest stands for wildlife dispersal (Newmark,
1993; Mann and Plummer, 1995; Kindlmann and Burel, 2008) or
riparian buffer strips along waterways to reduce farm runoff
(Schultz et al., 1995; Mize et al., 2008; Bentrup et al., 2012) are
examples of linear clusters (Fig. 11a and b). Clusters may provide
seeds that can be dispersed longer distances and passively expand
if surrounding land uses allow (e.g., Balandier et al., 2005). This is
evident in the northeastern USA where native forests were exten-
sively cleared for agriculture but small farm woodlots were main-
tained to serve farmers’ needs. When farmland was abandoned
during the 1920s and 1930s, these woodlots were the nucleus for
the secondary forests that developed (e.g., Raup, 1966; Moore
and Witham, 1996; Flinn et al., 2005).
3.2.3. Partial/complete overstory, partial treatment
Rehabilitation of forest stands with intact partial or complete

overstory may require some site preparation, control of competing
vegetation, and/or enhancement of light conditions by removal or
reduction of overstory or midstory plants (Wagner and Lundqvist,
2005). Appropriate methods depend upon light conditions and the
light requirements of the species to be restored. Natural regenera-
tion may provide sufficient plants of desirable species or assisted
regeneration may be necessary. Some stands may be sufficiently
opened by previous thinning or other disturbances to plant or
gs (A) involve planting scattered individual or clumps of a few trees near existing
th limited dispersal capability. The existing forests provide a seed source for species
rely on natural regeneration in areas adjacent to existing upland or riparian forests

here. Nucleation plantings (C) involve planting dispersed single or small clumps of
e to promote colonization into areas transitioning away from agriculture. Cluster
r than one or a few trees.



Fig. 12. The design for underplanting species into an existing forest is contingent on whether the overstory is partial or intact. Depending upon the crown transparency of the
overstory trees and the shade tolerance of the desired species to be underplanted, no reduction of the overstory may be needed (A), although some site preparation may be
required. If additional light is required by the desired understory species, gaps (outlined crowns) may be created by thinning to be filled by natural (B) or artificial (C)
regeneration. For natural regeneration, advance regeneration already present will be released and may be aided by controlling competing vegetation (assisted natural
regeneration).
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sow mid to low shade-tolerant species without further overstory
reduction (Fig. 12a). At one end of the light spectrum are dense
stands, such as Picea abies (L.) Karst plantations in Europe; at the
other end of the light spectrum are degraded forests where the
understory has been captured by graminoids and herbaceous spe-
cies (D’Antonio and Vitousek, 1992; Blay, 2012). Maintaining a
continuous canopy is an important consideration in many coun-
tries, as in the transformation of the dense P. abies stands that must
be thinned before even shade tolerant Fagus sylvatica L. can be
underplanted (Hahn et al., 2005; Löf et al., 2005). Once light condi-
tions have been adjusted, underplanting with seedlings or direct
seeding is possible, usually with some form of soil preparation,
such as scarification or strip plowing.

Restoration with multiple-cohort designs may begin as simple
plantings with a new cohort underplanted or direct-seeded
beneath the established canopy (Fig. 12b,c); this often directly fol-
lows thinning (Paquette et al., 2006; Twedt, 2006; Cogliastro and
Paquette, 2012) although thinning may be conducted later to
release the seedlings (Baumhauer et al., 2005). Thinning must be
conducted carefully to favor desirable seedlings and avoid rampant
weed growth. It should be noted that at times the impediment is a
dense midstory, rather than the overstory, and this must be
reduced to provide sufficient light (Lorimer et al., 1994; Dey
et al., 2012; Parrott et al., 2012). Paquette et al. (2006), in their
review of underplanting studies across a variety of forest types,
found that only a moderate thinning to a dense or intermediate
density was needed for increased survival of underplanted trees,
but the effects were temporary; thus, multiple interventions may
be needed to maintain an adequate light environment for success-
ful seedling establishment, perhaps until desired trees achieve
crown closure. These thinning interventions may be in concert
with other treatments. For example, when underplanting light-
demanding Quercus species, Dey et al. (2012) recommend reducing
stand density through manipulation of the mid- and overstory in
one or more stages accompanied by control of woody and herba-
ceous competition and herbivory.

In degraded stands with dense groundcover or understory,
desirable species may be in the overstory and producing seeds
but new seedlings cannot establish because of competing vegeta-
tion. Where this competition cannot be controlled by herbicides
because of regulations, cost, or non-availability, assisted natural
regeneration (ANR) is a labor-intensive method that mechanically
controls the competition around desirable seedlings by cutting or
matting down the competitors (Hardwick et al., 1997; Friday
et al., 1999; Shono et al., 2007). Treatment must be applied
multiple times, often during several growing seasons; thus, ANR
is limited to small restoration areas, often with local community
involvement that provides the necessary labor, or where resources
are less limited.

Creating gaps in the overstory is another way to assist regener-
ation of desirable species that are established by outplanting or
direct-seeding in stands with an existing overstory. On one hand,
just as thinning intensity is a balance between adequate light for
desirable species versus too much light that promotes undesirable
competing vegetation, gaps must be sufficiently large to
provide the proper light environment (Fig. 12c). This is especially
true for shade-intolerant, light-demanding species (Grubb, 1977;
Malcolm et al., 2001). On the other hand, even without the concern
of competing vegetation, large gaps may expose seedlings to harsh
conditions of high temperatures, inadequate soil moisture, high
atmospheric evaporative demand, or lack of shelter from frost
(Lundmark and Hällgren, 1987; Dey et al., 2012).

3.3. Altering structure

For many forest types, simplification of structure relative to his-
toric reference conditions is an unanticipated (or sometimes
intended) outcome of management that may have spanned dec-
ades (Palik et al., 2002). This is manifest in simplified age structure,
reduced spatial heterogeneity of structural characteristics, and a
depletion of decadent and dead trees. Globally, interest in manag-
ing forests for greater structural heterogeneity in ways that emu-
late the structural outcomes of natural disturbance and stand
development processes is increasing (Attiwill, 1994; Larson and
Churchill, 2012). Managing forest stands to restore structural het-
erogeneity is, in fact, an important goal for ecological management
(Franklin et al., 2007). Some of the primary ways structural heter-
ogeneity is accomplished is through approaches that increase age
class diversity in single-cohort stands, through innovative uses of
thinning to increase spatial heterogeneity of structure, and through
deliberate creation of decadence and retention of deadwood.

3.3.1. Restoring age diversity
Stands with age diversity generally are more species rich than

stands with less diverse structure (Thompson, 2012). Similarly, at
the landscape level a diversity of stand structures promotes the
greatest diversity of species (O’Hara, 1998; Oliver et al., 2012). In
particular, early seral stands are underrepresented in many
managed forested landscapes (Swanson et al., 2010; Greenberg
et al., 2011). Transforming simple to complex structures (age-sim-
plified to age-complex) requires time and multiple entries into
stands (Nyland, 2003; Pommerening, 2006). Even so, many forest



Fig. 13. Established stands can be thinned to a standard or alternatively to a variable density to create greater structural heterogeneity. The non-thinned stand (left) can be
thinned by sequentially removing every other tree or row to yield a constant, or standard density (center), or treated with variable density thinning (VDT), often called the
‘‘skips and gaps’’ approach (right) that leaves non-thinned areas (skips) surrounded by heavily thinned areas (gaps) along a gradient from low to high density.
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owners and managers are increasingly interested in managing for
more complex age structures (Nyland, 2003), motivated by societal
concerns about even-aged management using clearfelling;
approaches that leave continuous cover at some level are preferred
and lend themselves to development of uneven-aged stands
(Pommerening and Murphy, 2004). While the social goals that
drive such transformations may be valid, doing so should only be
construed as structural restoration if the forest type in question
was actually characterized historically by more complex structure.

Fortunately, a strong ecological basis for transformation to
some form of complex (uneven)-age structure exists in many forest
types, based on the recognition that natural disturbance dynamics
often result in complex age structures compared to managed coun-
terparts. In fact, retention of live trees at harvest has evolved as a
key approach for restoring more age-complex forest stands
(Elmqvist et al., 2002; Gustafsson et al., 2012; Lindenmayer et al.,
2012). Retention management approaches reflect the fact that
post-natural disturbance stands often display more complex age
structure than is typical after traditional even-aged management
approaches. While common, complex structure is not universal;
woodlands and savannas are more open communities, possibly
with irregular multi-aged structure of the overstory trees where
fire burned more frequently (e.g., Guyette et al., 2012; Hanberry
et al., 2014).

Prevelance of complex structure is easily conceptualized in for-
ests that are characterized by gap or patch-based, less-than-stand
replacing disturbances. By definition, these forests have near con-
tinuous canopy cover in the stand matrix. Trees regenerate in gaps
of various sizes, establishing a new cohort within the older forest
matrix. Forests characterized by gap-based disturbance regimes
may consist of several distinct cohorts, resulting in spatially heter-
ogeneous age and canopy structure across the stand (e.g., Frelich
and Lorimer, 1991). Silvicultural approaches based on gap- and
patch dynamics have been developed to transform stands with
simple even-aged structure to more complex multi-cohort struc-
ture (e.g., Kenk and Guehne, 2001; Leak, 2003; Loewenstein,
2005). Some of the challenges of doing this, as summarized by
Nyland (2003), include (i) a shift in composition to more shade tol-
erant tree species, (ii) a need to change the harvesting methods and
equipment used, (iii) a change in habitat characteristics for some
species, and (iv) the long amount of time required (many decades
to centuries) to make the transition.

Retention of live trees at harvest is also ecologically justified in
forests characterized by stand replacing or heavy-partial
disturbance regimes. The post-disturbance stand provides the con-
text for new regeneration and continuity of ecological functions
dependent on mature trees in the developing stand (Franklin
et al., 2000). Live tree legacies in post-disturbance stands result
in more complex age structure than that found in managed
even-aged stands, including largely single-cohort forests contain-
ing scattered older individuals (Zenner, 2000; Franklin et al.,
2002; Schmiegelow et al., 2006), as well as age structures best
described as two-cohort (Wallenius et al., 2002; Fraver and Palik,
2012). Transformation of even-aged stands to two-cohort struc-
ture, or single-cohort with reserves (i.e., residual trees), as part of
a structural restoration program, is relatively straightforward and
can be achieved faster when compared to restoration of more com-
plex multi-cohort stands. In fact, this approach for restoration of
complex age structure is widely practiced in the context of variable
retention harvesting regimes (Gustafsson et al., 2012).

3.3.2. Restoring structural heterogeneity
Thinning treatments in established stands are generally mod-

eled on natural decline and mortality of trees that occurs during
stand development; natural thinning augmented by small-scale
disturbances contribute to spatial heterogeneity of stand structure
(Franklin et al., 2002). Standard thinning is intended to anticipate
natural competition-induced mortality by removing suppressed
trees before they die from resource limitations (thinning from
below) or by removing dominant trees and thus allow sub-
dominant and suppressed trees to increase in growth (thinning
from above). Traditionally, standard thinning in plantations is
implemented in a way that deliberately creates an evenly distrib-
uted population of crop trees, all having similar access to light,
water, and soil nutrients, often times through use of row thinning.
In naturally regenerated stands, thinning also focuses on reducing
competition on crop trees but spatial distribution is less uniform.

In contrast, passively managed stands undergoing competitive
thinning and non-competitive mortality often display some spatial
variation in tree densities, growth rates, and tree sizes. It is this
kind of variation in structure that restorationists may desire to cre-
ate in simplified stands and to do so in a way that accelerates the
development of structural heterogeneity that otherwise may take
decades to develop passively. From a restoration perspective, the
goal of this type of thinning is to create structural heterogeneity
throughout the stand, rather than to concentrate growth on
selected trees and create spatially uniform stands, as in a tradi-
tional forest management approach.

Structural heterogeneity can be developed using an approach
known as variable density thinning or VDT (Aubry et al., 1999;
Vanha-Majamaa and Jalonen, 2001; Pastur et al., 2009; O’Hara
et al., 2010; Baker and Read, 2011; Lencinas et al., 2011; Ribe
et al., 2013) (Fig. 13). Prescriptions for VDT have been formulated
and implemented in a variety of ways, but one popular and easily
conceptualized approach is known as ‘‘skips and gaps’’ thinning.
With this approach, VDT prescriptions provide for unthinned areas
(referred to as ‘‘skips’’) and heavily thinned patches (‘‘gaps’’), along
with intermediate levels of thinning and residual density
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throughout the bulk of the stand matrix (Lindenmayer and
Franklin, 2002). The result is greater spatial variability in stand
densities and, consequently, greater structural complexity and het-
erogeneity of structure than occurs with standard thinning. Ecolog-
ical benefits of VDT include development of large trees in the
thinned matrix, opportunities for release or new establishment of
woody and herbaceous species in gaps, protection of unique struc-
tures or species in skips, and in general, the creation of spatially
variable microclimatic and habitat conditions. Moreover, the natu-
ral structural heterogeneity that develops after many decades of
stand development, through accumulation of the effects of both
competitive and non-competitive mortality, can be achieved fairly
rapidly, thus accelerating the restoration process (O’Hara et al.,
2010).

3.3.3. Restoring deadwood structures
Large woody debris is an important habitat element that can be

abundant in passively managed stands, but is often depleted in
managed stands (Harmon et al., 1986; Grove and Meggs, 2003).
The depletion reflects the relatively short rotation or cutting cycle
lengths of managed stands, compared to the natural life spans of
trees, such that significant amounts of large deadwood does not
have time to develop. Additionally, dead trees may not be left as
biological legacies (sensu Franklin et al., 2000) in harvested stands.
Moreover, living but decadent trees in the process of decline,
decay, and eventual mortality, are abundant in natural forests,
but managed against in traditional commercial forestry (e.g.,
Fridman and Walheim, 2000; Kruys et al., 2013). In fact, traditional
thinning is often used to improve and standardize tree quality and
form, such that poor quality trees (e.g., those with cavities, large
branches, or decay pockets) may be preferentially removed
(Graves et al., 2000).

Given the importance of dead and dying trees in forest ecosys-
tems as habitat for many other organisms (Harmon et al., 1986;
Jonsson et al., 2005), a restoration program might include active
techniques, beyond time, to add these structural elements into
managed stands. One such approach is the inclusion of dead and
dying trees in retention harvesting prescriptions. Conceptually,
Fig. 14. Variable retention harvest designs create structural complexity and heterogene
aggregated within the stand and stands have different levels and patterns of retention a
variable retention harvesting is meant to consider and include more
than just large live trees, but also other structural elements that are
retained in the harvested stand as legacies, including standing and
downed deadwood (Franklin et al., 1997; Grove and Meggs, 2003).
A restoration program might include actions such as deliberate kill-
ing of living trees, or injuring them to induce decline, with the goal
of creating cavity trees and dead wood in its various forms in estab-
lished stands (Laarmann et al., 2009; Vanha-Majamaa et al., 2007;
Gibbons et al., 2010). Alternatively, artificial cavities have been suc-
cessfully created for some endangered species (Hooper and McAdie,
1996; Lindenmayer et al., 2009). Leaving high stumps after harvest
benefits saproxylic beetles by providing breeding habitat (e.g.,
Lindhe and Lindelöw, 2004).

3.3.4. Restoring complex structure at multiple scales
Restoring structural heterogeneity at multiple scales often is a

component of habitat restoration for birds and other animals. Com-
plex vegetation structures can be especially important for conser-
vation of some top predators, but a diversity of structures may be
needed to fulfill the habitat requirements of their prey. For exam-
ple, the Amur tiger (Panthera tigris altaica) population in northeast
China remains at low levels despite effective bans on hunting and
poaching and a shortage of open structures suitable for their prey
is one factor (Han et al., 2012). As previously noted, early succes-
sional structures also are in short supply and their scarcity threat-
ens some species (Litvaitis, 2001; Swanson et al., 2010; Greenberg
et al., 2011). A landscape of managed forest stands of similar struc-
ture (and possibly age) can be transformed using variable retention
harvesting (Fig. 14). The amount of retained stems (or basal area)
can be varied, as well as the spatial arrangement of retention
stems, either aggregated or dispersed (e.g., Sullivan et al., 2001).
Diversity and spatial arrangements of microhabitats can influence
successful dispersal by animals into restored sites and considerable
time may be needed for some components to develop (Vesk et al.,
2008). For example, Christie et al. (2013) found that placing small
woody debris piles near intact Jarrah forest in southwestern
Australia facilitated colonization of restored mined sites by Nap-
olean’s skink (Egernia napoleonis).
ity at the landscape level. Different densities of retained stems may be dispersed or
cross the landscape.



Fig. 15. Quercus rubra L. individuals persisting in the understory of a managed Pinus
resinosa forest in northern Minnesota, USA. Photo by Christel Kern.
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3.4. Legacies

Legacies from past land use or from previous stands may influ-
ence the restoration trajectory (Foster et al., 1998, 2003; Kettle
et al., 2000). From the perspective of restoration objectives, such
legacies may be beneficial or detrimental. As discussed earlier,
deadwood in its various forms and conditions provides desirable
function by providing habitat and other resources to a wide variety
of species (Harmon et al., 1986). When it is missing in a managed
stand, actions to restore it are needed. Conversely, when it is pres-
ent in a managed stand, actions to maintain it as an important leg-
acy are needed, particularly after regeneration harvesting (Boddy,
2001; Nordén et al., 2004). As Jonsson et al. (2005) pointed out,
no single target volume of deadwood exists that meets the require-
ments of all species, so they recommended that a variety of dead-
wood be maintained because all types of deadwood probably have
associated species. Desirable amounts of deadwood may be ascer-
tained from old forest stands that have been conservatively man-
aged or protected (e.g., Fridman and Walheim, 2000). Quality of
deadwood is primarily determined by size and stage of decay
(Jonsson et al., 2005); in managed forests, deadwood size is skewed
toward smaller diameters (Fridman and Walheim, 2000; Jonsson
et al., 2005; Brumelis et al., 2011), therefore often the challenge
in restoration is to create larger diameter deadwood.

Undesirable legacies in forests are numerous (Foster et al.,
2003) and often so ingrained in the landscape that their influence
on forest development is taken for granted. These include eroded
or infertile soil, depauperate species composition from exploitive
harvesting (Allen et al., 2001) or high herbivore pressure (Nuttle
et al., 2013), altered drainage (Yaalon and Yaron, 1966; Gardiner
and Oliver, 2005; Hughes et al., 2012), or hardwood species
encroachment due to lack of fire, for example, in eastern North
American forests (Abrams, 1992; Nowacki and Abrams, 2008).
Even residual high soil fertility and pH from agricultural use, con-
ditions that favor non-native invasive plants, can be an undesirable
legacy (Allison and Ausden, 2004; Weiler et al., 2013).

3.5. Landscape considerations

The restoration methods discussed so far have focused on
actions generally taken at the stand level with some reference to
adjacent land use, but restoring ecological processes that operate
at landscape scale is a defining attribute of functional restoration.
Processes that transfer energy and matter, such as hydrological
flows, wildfire, hillslope processes, wind, and animal movements
are the flows that shape structure and composition of landscape
elements as well as their spatial patterning in a landscape mosaic
(Turner, 1989). Spatial patterning of patches with similar composi-
tion is important too, as these are affected by natural and socioeco-
nomic attributes related to land ownership, tenure, and use. Clearly
the landscape mosaic and its component patches are defined in the
context of the way it is approached and spatial modeling is one way
to understand landscape level vegetation dynamics, disturbances,
and management activities such as restoration (Shinneman et al.,
2012; Wimberly et al., 2012). Landscape classification should be
more detailed than simply forest/non-forest (Lindenmayer et al.,
2008), consider trade-offs among livelihoods and conservation
options (Bradford and D’Amato, 2011; Boedhihartono and Sayer,
2012; Sayer et al., 2013), and identify suitable sites for intervention,
prioritizing among sites for allocating scarce resources (Lamb et al.,
2012), and for guiding the monitoring design and determining suc-
cess (Ruiz-Jaén and Aide, 2005b; Bestelmeyer et al., 2006; Holl and
Aide, 2011). Lindenmayer et al. (2008) and Sayer et al. (2013) pro-
vide guidance on factors to consider in the landscape approach.

The planting designs for treating an entire area can be simply
spread over the entire landscape or different patches planted
variously in simple and complex designs (Figs. 6–10). Similarly,
the approaches to transformation and conversion, including
underplanting (Fig. 12) and variable retention harvests (Figs. 13
and 15), can be applied in various configurations that would result
in structural and compositional diversity. Cluster afforestation
(Schönenberger, 2001; Díaz-Rodríguez et al., 2012) is a landscape
design, and the planting scheme within a cluster can be varied.
Buffer strips, wildlife corridors and other linear plantings
(Fig. 11) can serve multiple purposes; again, the planting design
within the linear strip can be varied by species and density
(Bentrup et al., 2012). The design goal should be to create a diver-
sity of vegetation types on the landscape (Lamb et al., 2012) and an
important consideration, especially for restoring sites damaged by
natural disasters, is to create asynchrony in terms of stand ages
and developmental stages (Millar et al., 2007). Staggering out-
planting or thinning across decades, perhaps, are ways to create
temporal diversity. Another possibility is to accelerate or delay
stand development through density manipulation or interplanting.

Hermann et al. (2013) provided an example of the approaches
we have discussed. They used silvics of Pinus palustris and histori-
cal descriptions to restore a National Military Park in central Ala-
bama, USA to the structure and composition of the forest that
likely surrounded an 1814 battlefield. They were guided by the
decision matrix shown in Table 2 and expanded it to the landscape
by first diagnosing initial conditions including condition of existing
stands, location of isolated trees, and soil characteristics. They used
soils information and dispersal distances of P. palustris to identify
patches where natural regeneration, including seeds from isolated
trees, could augment outplanting. Options considered were
outplanting, fuel reduction by prescribed burning, and removal of
off-site broadleaved species.

The design of future landscapes involves many more consider-
ations than planting design, including reconciling competing
visions and goals, allocating scarce resources, and how to evaluate
different designs. These issues are taken up later, but it is impor-
tant to consider that to be successful, the goals and values of
people living in or near the land to be restored should be consid-
ered as well as the programmatic goals of the organization funding
the work. Elements of both top-down and bottom-up approaches
will be useful in balancing competing visions and goals (Lamb,
2011; Boedhihartono and Sayer, 2012).
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3.6. Restoring process

Ecological processes are physical, chemical, and biological
actions or events linking organisms to their environment and
involve transfers of material and energy through the landscape.
Falk (2006) proposed a central emphasis on ecological functions
and ecosystem processes as the foundation of restoration research
and practice. He proposed replacing reference sites with reference
dynamics, where underlying mechanisms of change are the pri-
mary factors. These mechanisms might be natural (Stringham
et al., 2003) or anthropomorphic (Doren et al., 2009), which influ-
ences the way ecological processes are defined and used in differ-
ent approaches to restoration. Herrick et al. (2006) provided an
example from fire-adapted forest and savanna ecosystems where
the fire regime depends on the composition, structure, and spatial
arrangement of the vegetation, as well as ignition sources. A useful
categorization defines four primary processes: the hydrologic
cycle, biogeochemical cycles, energetics (energy capture and the
carbon cycle), and disturbances. These processes affect vegetation
and animal population dynamics (Bestelmeyer et al., 2006;
Turner, 2010), including gene flows (Banks et al., 2013). Attempts
to directly restore ecological processes have concentrated on fire
and hydroperiod; indirect attempts to restore disturbance
processes invoke vegetation manipulations to achieve effects on
structure and composition that are similar to the effects of the
disturbance, for example windstorms or wildfire. We discuss two
specific examples of Process Restoration, fire and inundation
regime, in the following sections.

3.6.1. Restoring fire regime
Wildfire is a primary disturbance agent affecting the structure

and composition of many forest ecosystems and fire is essential
to ecosystem functioning where species have evolved to withstand
burning and facilitate fire spread (Myers, 2006; Meyn et al., 2007).
Such fire-dependent ecosystems include many coniferous boreal,
temperate, and tropical forests; Eucalyptus forests; most vegetation
types in Mediterranean climates; some Quercus dominated forests;
grasslands, savannas, and marshes; and palm forests (Myers,
2006). Even so, such ecosystems are vulnerable to fire regimes
altered by humans (e.g., Briant et al., 2010; Armenteras et al.,
2013; Laurance et al., 2014).

Natural fire regimes have been altered in many fire-adapted for-
est types and restoring fire is an objective for ecological or safety
reasons (Agee, 2002; Keeley et al., 2009; for additonal examples,
see Table 1). Climate change that results in drier, warmer climates
has the potential to increase fire occurrence and intensify fire
behavior and thus may alter the distribution of fire- dependent,
sensitive, and influenced ecosystems (Myers, 2006). Recently, per-
sistent weather anomalies, such as prolonged warm and dry sea-
sons or extended drought, have contributed to a phenomenon of
very intense, destructive megafires (Williams, 2013; Liu et al.,
2014) and the effects are amplified by former land management
that focused on fire suppression, which reduced fire frequency
but now contributes to increased fire intensity (Williams, 2013).
Although megafires seem to be worst in dry forest types with slow
decomposition and long-term fire exclusion (Williams, 2013),
altered fire regimes also occur when wetter forests are fragmented,
resulting in drier conditions at the edge that allow escaped (or
intentionally set) agricultural fires to encroach and gradually
reduce the area of wet tropical forests (Myers, 2006; Cochrane
and Laurance, 2008). Similarly, invasion by grasses and herbs that
enhance fire spread results in the fire-grass cycle that reduces for-
est cover (D’Antonio and Vitousek, 1992).

Fire regime, the long-term presence of fire in an ecosystem, is
mainly characterized by fire frequency (or fire return interval) and
fire severity and can be classified as understory, stand-replacement,
or mixed (Brown and Smith, 2000). Understory-regime fires gener-
ally do not kill the dominant vegetation or substantially change its
structure, whereas a stand-replacement fire does. Mixed-regime
fires can either cause selective mortality in dominant vegetation
or not depending on a species’ susceptibility to fire. Re-introducing
fire into systems that have a natural fire regime of frequent, low-
intensity understory fires may be more feasible than restoring a nat-
ural stand-replacing fire regime, particularly in areas close to
human populations. Because many landscapes have been frag-
mented by roads, agriculture, and habitation, truly restoring even
a low-intensity understory fire regime across the landscape that
burns with varying intensity and leaves behind a mosaic of condi-
tions (e.g., Turner, 2010) would be difficult because most forests
have too many roads and too much suppression activity to allow
for truly natural fire regimes at the landscape-scale (Covington
et al., 1997; Phillips et al., 2012).

Restoring fire regimes usually involves treatments to reduce
fuels to levels where prescribed burning can be safely conducted
(Brose et al., 1999; Fulé et al., 2001; Baker and Shinneman, 2004;
McIver et al., 2012; McCaw and Lachlan, 2013). The objective is
to increase fire resilience by reducing surface fuels, increasing
height to live crown, decreasing crown density, and retaining large
trees or introducing seedlings of resistant species (Brown et al.,
2004). Collectively these measures reduce flame length and lower
the risk of crown fires; the lower intensity fires that occur should
produce the lowest carbon loss. On one hand, this may be accom-
plished solely with prescribed burning at ecologically appropriate
intervals if fuel conditions allow. On the other hand, it may be nec-
essary to reduce stem density, especially of small diameter stems
in overly dense stands, through mechanical means, followed by
re-introduction of fire. The resulting low intensity fire regime
may depart from historic conditions, especially on non-production
and conservation forests if required to maintain essential habitat
or otherwise protect important values (Brown et al., 2004) and
with regard to future climatic conditions (Fulé, 2008). In stands
with large accumulations of fuels, the restoration process may
require multiple interventions over several years; problems that
develop over decades cannot usually be solved with a single treat-
ment. For example, in pine forests in the southern USA (e.g.,
Fig. 16), fire exclusion and continued litterfall allowed the duff
layer to accumulate to as much as three times the level under nor-
mal fire return intervals (McNab et al., 1978). An incorrect pre-
scribed fire under these conditions will ignite the duff layer and
cause excessive smoke and overstory mortality (Varner et al.,
2005; O’Brien et al., 2010). Depending on site conditions, effective
restoration treatments may include some combination of reducing
dense understory or midstory stems by mechanical or chemical
means, conducting multiple low-intensity prescribed burns for
several seasons to reduce fine fuel accumulation, planting ecolog-
ically appropriate herbaceous and graminoid species, or converting
the overstory to more fire-adapted species (Mulligan et al., 2002;
Hubbard et al., 2004).

3.6.2. Restoring hydroperiod
Wet forests in low-lying areas, river floodplains, and forests

along coasts are important zones of energy and material exchange
as they connect terrestrial and aquatic ecosystems (Witman et al.,
2004; Nagy and Lockaby, 2012). These systems may be extensive
or rare in the landscape, represent unique habitats locally and
globally, with significant social and ecological values (Moberg
and Ronnback, 2003; Alongi, 2008; Grossmann, 2012). They are
generally heavily impacted by humans (Wohl, 2005; Miettinen
et al., 2012) and especially in coastal areas, urbanized (Burbridge,
2012). Despite the highly altered nature of these areas, the interest
in restoring wetland and coastal ecosystems is great as a way to
mitigate damage from changing land use in upland areas of



Fig. 16. Different intervals of fire exclusion in 90-year-old Pinus palustris stands in
Florida, USA dramatically affect build-up of fuels. Annual prescribed burning limits
development of perennial understory vegetation (the foresters are approximately
1.5 m tall) (A). A four-year interval between prescribed burns allows an understory
that is predominantly Serenoa repens W. Bartram, which persists from a lignotuber,
as well as ericaceous shrubs (B). After 50 years of fire exclusion, the S. repens is taller
than the foresters (circled). A wildfire in this stand would cause significant
overstory mortality (C). Photos by Mac Callaham.
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watersheds that cause downstream flooding (Bruijnzeel, 2004) and
further challenges from sea-level rise, salt-water intrusion, and
increased coastal storm and wave action under future climate
(Gilman et al., 2008; Kaplan et al., 2010; Maschinski et al., 2011).

Restoring wet forests often requires a combination of
hydrologic modification and revegetation, with due consideration
for natural recolonization (Allen et al., 2001; Lewis, 2005). Restor-
ing hydrologic functioning must begin with an objective examina-
tion of what is possible, in particular the extent to which
hydroperiod can be truly restored. Fully restoring hydrological
functioning goes beyond re-wetting but full restoration may be
impractical because of cost, incompatibility with current land uses,
or conflict with private property rights, especially in large riverine
systems with extensive levees and flood control structures
(Stanford et al., 1996; Lockaby and Stanturf, 2002; Hughes et al.,
2012). Nevertheless, increased interest in ‘‘soft-engineering’’
approaches to water management (Day et al., 2003; Borsje et al.,
2011), combined with predictions of coastal vulnerability to sea-
level rise may change perceptions of feasibility (Danielsen et al.,
2005; Zhang et al., 2012).

Restoring hydrologic functioning of rivers goes beyond forest
restoration and may involve removing dams and breaching levees
before restoring vegetation (Stanford et al., 1996; Schneider, 2010;
Hughes et al., 2012). Inundation regime remains critical for match-
ing species to site; for example, mangrove forests globally are
inundated 630% of the time by tidal waters, which may require
modifying the slope of the restoration site to the appropriate
height above mean seal level (Lewis, 2005). If hydroperiod has
not been altered, or can be easily restored, site factors are critical
to determining restoration success. Many planting failures can be
traced to outplanting species unadapted to the existing inundation
regime (Stanturf et al., 1998, 2001; Lewis, 2005). Even though fully
restoring a natural inundation regime may be infeasible, attempts
to create site diversity have focused on modifying local topography
and inundation effects (Hunter et al., 2008; Simmons et al., 2012;
Jarzemsky et al., 2013), or using novel outplanting techniques that
ensure riparian plants have access to the water table during the
establishment phase (e.g., Dreesen and Fenchel, 2010).
4. Elements of success

Restoration paradigms differ in terms of their desired
endpoints, in effect how each defines success (Stanturf et al.,
2014). Ecological restoration seeks a return to a pre-disturbance
state (SERI, 2004); forest landscape restoration defines success as
a functioning landscape that meets livelihoods needs of local com-
munities and provides ecosystem services (Lamb et al., 2012).
Functional restoration looks to the future with incremental adapta-
tions to altered climate and other conditions driving global change
(Choi, 2007; Stanturf et al., 2014). Intervention ecology goes fur-
ther and seeks transformative adaptation to future conditions
(Hobbs et al., 2011; Kates et al., 2012). The key difference among
these views is whether to look to the past or the future to define
success (Clement and Junqueira, 2010). Reconciling these views
is a foray into the realm of social preference (Daniels et al., 2012;
Emborg et al., 2012) and beyond the scope of this review. Once
preferences are expressed, however, they will be translated into
goals and objectives that can be implemented. We conclude by
describing some of the elements of a successful forest restoration
program.
4.1. Define expectations and endpoints for the restored system

4.1.1. Expectations
Well-defined expectations have long been recognized as an

essential element of a restoration project (Hobbs and Norton,
1996; Hallett et al., 2013) and lack of well-defined expectations
has been a leading cause of failure (Kapos et al., 2008; Dey and
Schweitzer, 2014). Expectations may be implicit rather than expli-
cit; one common implicit expectation has been termed the ‘‘foster’’
(Munro et al., 2009) or ‘‘Field of Dreams’’ paradigm (Palmer et al.,
1997) that attempts to create the necessary biophysical conditions
such that a desired system will spontaneously develop. In wet for-
ests, this often means restoring hydroperiod or at least matching
expectations to the existing site hydrology (Stanturf et al., 2001;
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Gardiner and Oliver, 2005; Lewis, 2005). Alternatively, another
implicit expectation comes from the initial floristics successional
model. This paradigm assumes that all desired species must be
reintroduced; this may be true especially of understory and ground
cover species (Munro et al., 2009). Explicit criteria are necessary,
however, not only for monitoring and evaluation (critical to assess-
ing whether efforts have been successful) but also for effectively
communicating to stakeholders. The current emphasis on evi-
dence-based conservation by donor agencies (Pullin et al., 2004;
Sutherland et al., 2004; Ferraro and Pattanayak, 2006) and perfor-
mance monitoring by governments (Peppin et al., 2010) also
demands well-defined expectations (Crow, 2014).

Expectation is a prediction of the post-restoration state and the
mechanism for change from the baseline condition (Toth and
Anderson, 1998). Another way to look at expectation is that it
defines not only the endpoint but also the mechanism of system
change from the beginning to the endpoint (Burton, 2014; Dey
and Schweitzer, 2014; Stanturf et al., 2014). Endpoints develop
from goals, which express social values; expectations must reflect
social values because multiple states are possible for any part of
the landscape (Burton, 2014). Goals of ecosystem health (Crow,
2014), ecological integrity (SERI, 2004; Tierney et al., 2009), natu-
ralness (Brumelis et al., 2011; Winter, 2012), or conservation
(Lindenmayer and Franklin, 2002) lead to their own set of expecta-
tions. No single paradigm fits all conditions or social contexts but
expectations should be realistic in terms of project scope, goals,
and available resources (Ehrenfeld, 2000). To further complicate
matters, expectations can change over time as social preferences
and policies change, as land use changes as a result of population
shifts from rural to urban areas, or from the effects of altered
climate.

Expectations must express the mechanism for change, as well
as the desired endpoint (Toth and Anderson, 1998). Different
approaches include theory of change (Mascia et al., 2014), state-
transition models (Rumpff et al., 2011), and conceptual ecological
models (Doren et al., 2009) nevertheless all describe some causal
mechanism for change that purports to link restoration interven-
tions to changes in the ecosystem. Progress must be measured by
reference to explicit criteria based on strong inference that estab-
lishes the causal connection between intervention and change in
baseline condition (Stringham et al., 2003; Suding et al., 2004;
Rumpff et al., 2011). Ecosystem components, however, differ in
their temporal trajectories; some change faster than others. For
example, Stanturf et al. (2001) discussed different ways to assess
restoration success in afforestation to reconstruct riverine broad-
leaves and described time to crown closure as one way to compare
treatments (relatively fast change) versus accumulation of soil car-
bon (slow to change) in former agricultural sites. Parsing expecta-
tions into indicators of different components of the restored
ecosystem allows consideration of intermediate states as well as
progress toward the endpoint; restoration takes time and interme-
diate conditions must be considered for evaluating success (Paine
et al., 1998; Oliver and O’Hara, 2005; Swanson et al., 2010).

4.1.2. Endpoints
The selection of end points for restoration based on historical or

even contemporary reference conditions is increasingly recognized
as difficult (Sprugel, 1991) if not futile, due to global change (Fulé,
2008; Ravenscroft et al., 2010; Hiers et al., 2012). The climatic con-
ditions that resulted in the development of extant ecosystems, or
reference conditions based on historical information, are increas-
ingly becoming less relevant. Changing climate and the dynamic
nature of species distributions and assemblages are well demon-
strated (Davis, 1976; Millar, 2014), but until recently, these rela-
tionships were associated with millennial time frames. Current
projections of anthropogenic climate change assume rates of
change never seen historically (IPCC, 2007; Svenning and Skov,
2007). As such, the relevance of current ecosystem composition
and structure and the reference conditions they represent will con-
tinually diminish in the future (Alig et al., 2004; Bolte et al., 2009;
Davis et al., 2011). The challenges of continuing global change and
impending climate variability render the goal of restoring to some
past conditions even more unachievable (Harris et al., 2006). Recog-
nition that restoration must take place within the context of rapid
environmental change has begun to redefine restoration goals
towards future adaptation rather than a return to historic condi-
tions (Choi, 2007). This redefinition of restoration removes the
underpinning of a presumed ecological imperative (Angermeier,
2000; Burton and Macdonald, 2011) and underscores the impor-
tance of clearly defined goals focused on functional ecosystems.

An overarching challenge, therefore, is determining how to pur-
sue a contemporary restoration agenda while coping with great
uncertainty regarding the specifics of future climatic conditions
and their impacts on ecosystems. Management decisions at scales
relevant to restoration need to consider how actions either
enhance or detract from a forest’s potential to adapt to changing
climate (Stephens et al., 2010). An initial course of action is to still
pursue endpoints that represent the best available understanding
of the contemporary reference condition for the system in question
(Fulé, 2008) but to do so in a way that facilitates adaptation to new
climate conditions, by promoting resistance to extreme climate
events or resilience in the face of these events. For example, den-
sity management to maintain forest stands at the low end of
acceptable stocking is a potentially promising approach for allevi-
ating moistures stress during drought events (Linder, 2000;
D’Amato et al., 2013). The premise is that forests restored to low
(but within the range of natural variability) density will be better
able to maintain tree growth and vigor during a drought (resis-
tance) or will have greater potential to recover growth and vigor
rapidly after the event (resilience) (Kohler et al., 2010).

Another management approach for restoration in the face of cli-
mate change is to include actions that restore compositional, struc-
tural, and functional diversity to simplified stands, so as to provide
flexibility and the potential to shift development in different direc-
tions as conditions warrant (Grubb, 1977; Dı́az and Cabido, 2001).
This is the diversified investment portfolio concept applied to for-
ests; a greater range of investment options better ensures ability to
adapt to changing conditions (Yemshanov et al., 2013). Increased
temperatures, decreased precipitation, or extreme droughts will
affect species and the age or size of their cohorts differently
(Millar et al., 2007). Safe sites, or microrefugia, will persist because
of spatial heterogeneity, particularly in complex terrains (Ashcroft
and Gollan, 2013; De Frenne et al., 2013).

Restoring compositionally and functionally diverse ecosystems,
based on an understanding of contemporary reference conditions,
also is a starting point for maintaining response options that facil-
itate the transition of forests to future climate conditions (Millar
et al., 2007; Millar, 2014). This approach better ensures that spe-
cies will maintain their presence and respond favorably (adapt)
to future climate and thus be in a position to increase in abundance
(Bolte et al., 2009). As an example, in the northern forests of Min-
nesota and Maine USA, Acer rubrum L. has the potential to fit this
model. This species occurs in many current forest ecosystems of
these regions, but generally at low abundance (e.g., Seymour,
1992). Climate niche-models for the eastern USA predict increasing
habitat suitability and importance under even the most extreme
emissions scenarios (Iverson et al., 2008). Ensuring that A. rubrum
and other species with adaptive potential are present in ecosys-
tems where they occur naturally is an important adaptation strat-
egy that can transition forests to future conditions. If these species
are lacking, but should occur based on habitat suitability, then
active management to reintroduce component species through
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seeding or outplanting may be needed, along with the cultural
actions that ensure successful establishment and longevity.

4.2. Monitor and evaluate

Monitoring is almost always specified as an important aspect of
restoration projects (e.g., Pastorok et al., 1997; Abella and
Covington, 2004; Herrick et al., 2006) but monitoring deficiencies
is a common problem (Wortley et al., 2013). One assessment
revealed that only 18% of project managers indicated that monitor-
ing was required; even so, monitoring was conducted on about 50%
of the projects (Bash and Ryan, 2002). The considerable constraints
on monitoring include unclear objectives, collecting data that serve
financial accounting but not decision-making purposes, and effects
of the project occurring outside project time frames (Kapos et al.,
2008). Monitoring is often perceived as being too expensive to jus-
tify, although recent monitoring expenditures in the USA were a
tiny fraction (0.1–5%) of the money spent nationally for ecological
restoration projects and pale in comparison to the value of the
resources being monitored (Lovett et al., 2007).

Monitoring can have several objectives and involve multiple
steps. In restoration, implementation monitoring is short-term
and evaluates how well management activities were conducted
compared to the original design, whereas effectiveness monitoring
seeks to determine if the treatments are yielding desired results
(Hutto and Belote, 2013). Monitoring steps include goal setting,
identifying what to monitor, establishing threshold points, devel-
oping a sampling design, collecting and analyzing data, evaluating
results (Block et al., 2001; Bestelmeyer et al., 2006), and re-evalu-
ating the process for future efforts. Verification of methodology
and subsequent observed results is necessary to improve tech-
niques and ensure that project goals are met. Lack of a holistic
approach, emphasis on short-term and site-specific projects, dispa-
rate types of data collected, and neglect of proper, long-term mon-
itoring limit the effectiveness of restoration efforts (Bash and Ryan,
2002; Reeve et al., 2006). Long-term monitoring is critical because
projects deemed successful in the short-term may not sustain
desired outcomes into the future and vice versa (Herrick et al.,
2006; Matthews and Spyreas, 2010). This is particularly evident
if species composition is the primary attribute monitored.

The most effective monitoring is embedded within an adaptive
management framework that monitors for changes in the system,
evaluates those changes against expectations, and determines if
the change was caused by intervention (Anderson and Dugger,
1998; Stem et al., 2005; Doren et al., 2009), which requires a coun-
ter-factual, or no action control site that is similarly degraded as
the restoration site (Ferraro, 2009).

Monitoring is conducted by periodically measuring indicators of
ecosystem conditions. Indicators in forest restoration monitoring
commonly focus on vegetation (Ruiz-Jaén and Aide, 2005a;
Burton and Macdonald, 2011; Hallett et al., 2013). This is under-
standable as vegetation is fundamental and commonly is corre-
lated with other functional attributes (Doren et al., 2009) and
with suitable habitat for animals (e.g., Twedt and Portwood,
1997; McCoy and Mushinsky, 2002), but interactions among vege-
tation and fauna (e.g., pollinators, herbivores) are important and
population dynamics should be properly monitored as well
(Block et al., 2001). Selecting indicators to measure requires con-
sideration of spatial and temporal characteristics. Spatial aspects
can be arranged within a hierarchy of indicators, including the
landscape, community (stand), and population (species) levels
(Palik et al., 2000; Dey and Schweitzer, 2014). Generally, indicators
related to community structure and composition are used in resto-
ration projects and rarely are factors measured outside the project
area such as attributes of the surrounding landscape (Ruiz-Jaén
and Aide, 2005a). For example, Keddy and Drummond (1996) used
criteria related to ‘‘original’’ forest structure and function and
selected properties from existing relatively undisturbed forests.
These included tree size, canopy composition, coarse woody debris,
herbaceous layer, corticulous bryophytes, fungi, wildlife trees,
forest area, birds, and large carnivores. To simplify evaluation,
community-level indices can be constructed and compared to ref-
erence communities (Jaunatre et al., 2013). Monitoring at least two
reference conditions and focusing on at least two variables within
each of three ecosystem attributes (diversity, vegetation [e.g.,
cover, structure, biomass], ecological processes [e.g., nutrient pools
and cycling, soil organic matter, mycorrhizae]) has been
recommended (Ruiz-Jaén and Aide, 2005b) as a way to improve
post-restoration strategies (Herrick et al., 2006).

Ecological process monitoring is seldom attempted, partly
because most processes are difficult to monitor, may be slow to
change, and the monitoring phase for restoration projects seldom
lasts more than 5 years (Ruiz-Jaén and Aide, 2005a, 2005b).
Short-term success, however, may not predict long-term sustain-
ability (Herrick et al., 2006) and incorporating an understanding
of ecosystem development patterns in the monitoring design
may enable identifying deviation from objectives and the need
for corrective intervention (Dey and Schweitzer, 2014). Spatial dis-
aggregation of monitoring effort based on fundamental attributes,
such as soil and site stability, hydrological functions, and biotic
integrity, facilitates process monitoring (Palik et al., 2000;
Herrick et al., 2006; Doren et al., 2009).

Selecting which indicators to monitor is daunting. The goal is to
use the smallest set of indicators that can be simply and easily
measured (Burton, 2014) to sufficiently monitor change, support
science-based decision-making, and effectively communicate
results to the public (Doren et al., 2009; Dey and Schweitzer,
2014). Criteria for choosing indicators can be found in Dey and
Schweitzer (2014, Table 3) and Doren et al. (2009). Indicators
may also span multiple scales, including specific landscape metrics
(Lausch and Herzog, 2002; Sayer et al., 2007; Cushman et al., 2008),
resources such as wildlife (Block et al., 2001; McCoy and
Mushinsky, 2002), and social expectations (Hallett et al., 2013).
Conversely, Stanturf et al. (2014) used sustainability attributes of
forests to display indicators of degradation that could be reversed
and used as indicators of restoration.

Indicators are what gets monitored and should be easy to mea-
sure, reliable, and have predictive as well as monitoring capability
(Burton, 2014; Crow, 2014). Ground-based monitoring is time con-
suming, and therefore expensive, but resolution of species diver-
sity and structure on a small scale is high, and this is the only
method for examining most ecological processes. When resources
are limited, focusing on indicator or keystone species may be a
valid compromise (González et al., 2013; Mouquet et al., 2013).
Remote sensing has advantages, especially as the size of the project
area becomes larger, but a technique such as aerial photography is
less robust in differentiating species (Shuman and Ambrose, 2003).
Advances in the use of Light Detection and Ranging (LiDAR) when
coupled with multi-spectral data, however, are providing land
managers ways to discern species composition and structure in a
variety of ecosystems (e.g., Hill and Thomson, 2005; Bork and Su,
2007; Holmgren et al., 2008), occurrence of invasive species
(Asner et al., 2008), and suitability of vegetation as habitat for spe-
cific fauna (e.g., Bradbury et al., 2005). Availability of small
unmanned aerial vehicles equipped with lightweight cameras offer
additional low-cost methods for monitoring (Knoth et al., 2013).

Ultimately, long-term monitoring is required, particularly when
reconstruction and reclamation are the strategies. The goal for
monitoring is to assess progress toward achieving the overall func-
tional restoration goal, and assists land managers in deciding what
additional management activities, if any, are required. Thus, the
trajectory of change is more important than static measurements
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in time. The 2- to 3-year cycle of research funding and declining
agency budgets, however, usually produces at best sporadic mon-
itoring. Citizen science approaches hold the promise of meeting
some long-term monitoring needs (Goodchild, 2007; Tulloch
et al., 2013; Daume et al., 2014). Community-based monitoring
may be the only feasible approach in developing countries
(Pratihast et al., 2013; Pritchard, 2013). Acknowledging the unpre-
dictable nature of ecosystems (Doak et al., 2008; Oliver et al., 2012)
suggests that successful restoration likely will require multiple
interventions, whether planned or required in the face of unantic-
ipated developments. Long-term monitoring provides the potential
to respond with adaptive management (Hutto and Belote, 2013;
Westgate et al., 2013) to meet these challenges.

4.3. Allocate resources

Key decisions to be made as part of a comprehensive restoration
program are what resources can be mobilized and how best to allo-
cate them (Holl and Aide, 2011). A critical question, to which an
answer is seldom known, is this: How much does restoration cost?
Although it is clear that costs for large-scale projects can be extre-
mely high (for example, $13.4 billion for 20 years of restoration in
the Everglades, USA), little credible information on average costs
for restoration projects is available, and even then administrative
costs may not be fully considered (Holl and Howarth, 2000;
Rodrigues et al., 2011; Wu et al., 2011). Accounting for market
and non-market benefits strengthens the rationale for restoration
but projects seldom include all socioeconomic values and benefits
(Aronson et al., 2010). Public funds are the most common financing
for restoration, possibly with private-sector cost-sharing or in-kind
services and volunteer labor (Holl and Howarth, 2000). Resources
mobilized from public funds, however, usually have programmatic
objectives that may constrain or skew how restoration is done. For
example, publicly funded incentive programs usually have provi-
sions for equal access by private landowners but this may not
result in an optimal allocation in a landscape in terms of benefits
derived (Mercer, 2005; Lamb, 2011). Funding may provide per-
verse incentives by underwriting expensive treatments when
lower-cost alternatives are available or by favoring large compa-
nies and monocultures compared to owners with small land hold-
ings (Ciccarese et al., 2012). Public programs are generally
implemented such that all restoration expenses must be incurred
within a short time (1 or 2 years) even though later intervention
(e.g., weed control) may be needed to ensure success (e.g.,
Stanturf et al., 2004).

Efficient use of resources requires prioritizing where on the
landscape to focus efforts. In simple terms this requires balancing
the cost of activities against the expected benefits from the
restored ecosystem. In practice it is difficult to fully estimate
benefits and the balancing becomes less tractable if costs are borne
by one group and most benefits accrue to others, or society at large
(Mercer, 2005). On private land, economic return to the landowner
is one way to prioritize and answer the question of where and how
much to restore (Lamb et al., 2012; Wilson et al., 2012). Goldstein
et al. (2008) looked specifically at how to pay for restoration on
private land using return on investment. Mueller et al. (2013) used
ex-post estimates of restoration values to assess willingness to pay
by downstream water users (irrigators) for restoration of
watershed services by upstream landowners. New funding sources
from carbon mitigation and payments for other ecosystem ser-
vices, added to financial returns from market goods such as timber,
may augment or replace taxation-derived public funding for resto-
ration (Pejchar and Press, 2006; Newton et al., 2012; Townsend
et al., 2012).

Allocating, or prioritizing, resources can be done in many ways
(Shinneman et al., 2010; Orsi et al., 2011; Wilson et al., 2011).
Allocation methods include geospatial approaches ranging from
relatively informal techniques to considerable, formal planning
(Klimas et al., 2009; Pullar and Lamb, 2012; Wimberly et al.,
2012). The idea behind any prioritization approach is to maximize
benefits gained from use of limited resources. For example, Hyman
and Leibowitz (2000) presented a linear modeling approach to pri-
oritize wetland restoration based on an analysis that projects ben-
efits for unit of effort. In contrast, Palik et al. (2000) used a fairly
informal GIS approach that prioritized ecosystems for restoration
based on combined rankings of degree of deviation from a refer-
ence condition (as an index of cost to restore) and rarity in the his-
torical and contemporary landscapes. Pullar and Lamb (2012)
present an approach that combines quantitative and qualitative
metrics that describe benefits to various attributes of the landscape
(e.g., biodiversity, watershed protection) and stakeholder assess-
ments of different scenarios with a goal of consensus building for
a particular scenario. The goal of any of these or similar methods
is to direct scarce resources of an agency or organization in ways
that optimize (most benefit for the dollar) the restoration outcome
at a landscape scale.

4.4. Social context

No restoration project is undertaken in a social vacuum (Knight
et al., 2010); even stand-level restoration occurs within a system of
governance that regulates relationships among landowners, fund-
ing organization(s), implementer, and stakeholders. A global move-
ment of broadening participation in natural resources decision-
making has evolved towards sharing power and responsibility
(Berkes, 2009). Forest Landscape Restoration is a co-management
approach that developed in response to large-scale restoration
and reforestation programs undertaken by public agencies that
provided few local benefits, but generated much local ill will
(Barr and Sayer, 2012; Boedhihartono and Sayer, 2012) because
those whose livelihoods depended on the forest or other natural
resources felt excluded from the management process (Ellis and
Porter-Bolland, 2008; Colfer, 2011). Such exclusion leads only to
conflict and resource degradation (e.g., García-Frapolli et al.,
2009; Sayer et al., 2013) and its legacy of distrust and even animos-
ity may persist (Oestreicher et al., 2009; Nysten-Haarala, 2013).
Despite the movement toward more democratic, participatory
forms of resource management, including restoration, the arrange-
ments are diverse and reflect the governance structure, property
rights and relations, and traditions of individual societies. Subse-
quently, no single arrangement has universal application and there
are several potential obstacles to success as described below.

4.4.1. Complexities of tenure
Other aspects of social context that affect restoration include

tenure and use rights (ownership versus use rights, de jure as
opposed to de facto), participation by those affected (including
Prior Informed Consent; Barr and Sayer, 2012), and the social cap-
ital available (including administrative capacity, technical knowl-
edge, and available resources). In some societies, land ownership
and use rights are well defined and enforced by the rule of law.
In other instances, particularly in tropical countries, tenure rela-
tions are complex and corruption is endemic (Kolstad and
Søreide, 2009). Today’s complex ownership, tenure, and use rights
may stem from historical development, for example a colonial past
that has left a thin veneer of individual ownership over a
traditional tenure system based on communal ownership (Lamb
et al., 2005). Further complications arise when ownership of the
forest, trees, or fruit from certain trees is separate from tenurial
rights to the land for agriculture. Land tenure is generally under-
stood as the mutually accepted terms and conditions under which
land is held, used, and traded. It is important to note that land
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tenure is not a static system; it is a system and process that is
continually evolving, influenced by the state of the economy,
changing demographics, cultural interactions, political discourse,
or a changing natural and physical environment (Murdiyarso
et al., 2012). Land tenure can, however, have an impact on these
factors, which is why it should be considered in conversations
concerning forest restoration, socioeconomic development, and
environmental change.

Tentative and changing terms of tenure lead to uncertainty and
short planning horizons. Short-term planning is less likely to entail
large investments in productive assets or adoption of new technol-
ogies, as little opportunity is available for a tenant to capture ben-
efits from long-term investments. The same is true for investments
in tree planting and sustainable forestry. Thus, insecure tenure
often leads to land degradation and is economically unsustainable
in the long term (Robinson et al., in press). The implications for for-
est restoration are similar to those for sustainable forestry; seeing
little potential benefit from a restored forest, a land owner may be
indifferent or even hostile to a restoration project (Hansen et al.,
2009; Damnyag et al., 2012). Recognizing these barriers to tree
planting and private forest management in general, alternative
benefit-sharing schemes, such as modified taungya, have been
developed along with community participation in forest manage-
ment and restoration (Agyeman et al., 2003; Blay et al., 2008;
Schelhas et al., 2010).

4.4.2. Social capital and participatory management
Perhaps the greatest challenge to science-based functional res-

toration is the lack of social capital and supportive institutions to
initiate and sustain restoration efforts. By social capital we mean
the civic environment that shapes community structure and
enables norms to develop that shape the quality and quantity of
a society’s social interactions (Adler and Kwon, 2002). Levels of
social capital determine the adaptive capacity of institutions,
groups, or communities within a nation and society as a whole
(Folke et al., 2002; Smit and Wandel, 2006). In developing coun-
tries where many restoration opportunities lie, government insti-
tutions lack the resources, political will, and legitimacy
(Wollenberg et al., 2006) to enforce natural resources regulations.
Development assistance may provide short-term resources but
without enhancing institutional capacity, donor projects are sel-
dom sustainable once the donor leaves town.

A widespread institutional problem in natural resources is the
chasm between research results and management implementation
known as the ‘‘knowing-doing gap’’ (Pullin et al., 2004; Knight
et al., 2008; Esler et al., 2010). This gap between researchers, land
managers, and the public has long been recognized and attributed
to differences in knowledge base and values. Traditional efforts at
bridging these gaps have addressed structural and process barriers
to exchange of information (Sarewitz and Pielke, 2007), whereas
current efforts focus on closer physical and social proximity of
knowledge producers and users and indeed, even blurring the role
distinction through adoption of communities of practice, learning
networks, and citizen science (Carey et al., 1999; Jakobsen et al.,
2004; Sunderland et al., 2009; Hendriks et al., 2012; Sirigar et al.,
2012). Lack of information, however, may not be the problem.
Rather, opportunity costs may be too high for the landholder to
undertake restoration, benefits may accrue to others or society at
large but not to the landholder, or both. Fully understanding the
distribution of costs and benefits of restoration is critical to
achieving optimal landscape designs.

The benefits of participatory management have been advanced
(Redpath et al., 2013; Young et al., 2013) as normative (strengthen-
ing democratic processes), substantive (additional knowledge and
improved decision-making), and instrumental (improved legiti-
macy and trust with reduced intensity of conflicts). Berkes (2009)
reviewed this topic and provided these key insights: institutions
(government agency and local organizations) are not monolithic
and have a multiplicity of interests; co-management is not a static
formal structure of roles and responsibilities but rather a fluid
problem-solving arrangement. Various methods are available to
inform restoration project formulation and assess impacts on local
communities (Chambers, 1994). One tool, participatory mapping,
can be used to integrate social and biophysical perspectives by dis-
playing spatially the location of resources, their condition, and how
they are used (e.g., Boedhihartono and Sayer, 2012; Hewitt et al.,
2014). Because co-management occurs within a social context,
no single approach will yield universally positive results (Young
et al., 2013). Therefore, gathering information and understanding
the social dimensions of a restoration project is as necessary as
understanding the biophysical dimensions (Charnley, 2006;
Knight et al., 2008). As Crow (2014) concluded, social consider-
ations can trump biophysical factors.
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