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Abstract

Conceptual confusion revolves around how to define, assess, and overcome
land, ecosystem, and landscape degradation. Common elements link degra-
dation and recovery processes, offering ways to advance local, regional, and
global initiatives to reduce degradation and promote the recovery of ecosys-
tems and landscapes in forest biomes. Biophysical attributes of degradation
and recovery can be measured, but the relevance of selected attributes across
scales is subject to values that determine preferred states. Degradation de-
fined in the context of a resilience-based approach is a state where the ca-
pacity for regeneration is greatly reduced or lost, recovery is arrested, core
interactions and feedbacks are broken, and human intervention is required to
initiate a trajectory of recovery. Another approach combines degradation and
recovery processes through the concept of recovery debt, the cumulative lost
benefits incurred, relative to a target state during phases of degradation and
recovery. Degradation and recovery can also be described in terms of societal
willingness to invest in improved management or restoration. Interventions
can facilitate recovery to new stable or persistent states that provide multi-
ple social and ecological benefits at land, ecosystem, and landscape scales.
Multiple trajectories of recovery, as well as historic and ongoing chronic
environmental change, might, however, mean that recovery to an original
reference state is not possible.

161

Click here to view this article's 
online features:

• Download figures as PPT slides
• Navigate linked references
• Download citations
• Explore related articles
• Search keywords

ANNUAL 
 REVIEWS Further

https://doi.org/10.1146/annurev-environ-102016-060736
https://doi.org/10.1146/annurev-environ-102016-060736
http://www.annualreviews.org/doi/full/10.1146/annurev-environ-102016-060736


EG42CH06-Ghazoul ARI 14 September 2017 7:33

Contents

1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
2. CONCEPTS OF DEGRADATION AND RECOVERY. . . . . . . . . . . . . . . . . . . . . . . . . 163

2.1. Degradation Across Scales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
2.2. Degradation as a Biophysical Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
2.3. Social Constructs of Degradation as a Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
2.4. Degradation as Recovery Debt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
2.5. Coupling Biophysical and Societal Values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

3. THE DYNAMICS OF DEGRADATION AND RECOVERY . . . . . . . . . . . . . . . . . . . 172
3.1. Functional Approaches to Restoration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
3.2. The Utility and Futility of Reference States . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
3.3. Multiple Persistent States and Arrested Succession . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

4. INDICATORS AND THRESHOLDS OF DEGRADATION
AND RECOVERY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
4.1. Indicators and Thresholds of Ecosystem Degradation and Recovery . . . . . . . . . . . 177
4.2. Indicators and Thresholds of Land and Landscape Degradation

and Recovery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
5. CONCLUSIONS: FROM DEGRADATION TO RECOVERY . . . . . . . . . . . . . . . . . 179

1. INTRODUCTION

Approximately 25% of global land area is subject to some degree of degradation, encompassing
soil erosion, salinization, peatland and wetland drainage, and forest degradation (1). The area
of degraded tropical forest alone is estimated to be about 500 million hectares (ha) and could
well exceed that of deforestation in the Amazon, the Congo basin, and Indonesia (2). Forest and
land degradation directly affect the livelihoods of hundreds of millions of people and particularly
afflict people living in poverty in the tropics (3). Environmental degradation is not, however, a new
problem. Histories of degradation and landscape transformation extend back thousands of years, as
evidenced by archaeological remains and charcoal in soil layers in temperate and tropical regions (4,
5). Problems of soil and vegetation degradation and concepts of ecological health were recognized
by Confucius in the east and by Plato and Aristotle in the west. Environmental degradation might
even have contributed to catastrophic declines of species (6) and, more controversially, human
societies (7, 8). In the modern era, the science of environmental degradation stretches back to the
mid-twentieth century with the seminal works of Jacks &Whyte (9), Osborn (10), Leopold (11), and
Carson (12). A new generation of environmentally concerned scientists has argued that the impacts
of degradation and its consequences for human and environmental well-being are more acute and
widespread than ever before, owing to global population pressures and massive scales of resource
extraction and land transformation. Degradation applies to soil, land, ecosystems, and landscapes,
and it has multiple human and ecological impacts at each scale. Reducing degradation and restoring
currently degraded lands are urgently needed actions to improve food production and resource
provision, maintain ecosystem services, mitigate climate change, and conserve biodiversity.

The international community and three Rio Conventions have recognized the need to re-
spond to land and forest degradation. In 2007, the Thirteenth Conference of the Parties of the
United Nations Framework Convention on Climate Change initiated the Reducing Emissions
from Deforestation and Forest Degradation (REDD+) in Developing Countries Programme
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(http://www.un-redd.org/). In 2011, the UN Convention to Combat Desertification proposed a
target of achieving land degradation neutrality by 2030 (13). The Aichi Biodiversity Target of the
UN Convention on Biological Diversity calls for restoring 15% of degraded lands within member
countries (https://www.cbd.int/doc/strategic-plan/targets/T15-quick-guide-en.pdf ), and a
target promoted by the 2011 Bonn Challenge (http://www.bonnchallenge.org/content/
challenge) would restore 150 million ha of global forest by 2020, extended by the 2014 New
York Declaration on Forests to 350 million ha by 2030 (http://www.greenbeltmovement.
org/sites/greenbeltmovement.org/files/Forests%20Declaration%20Text.pdf ).

These targets have invigorated the debate regarding how to define, assess, and respond to degra-
dation of land, forest, and nonforest ecosystems (14, 15). Yet conceptual confusion remains as to
how to address these challenges. Disparities in interpreting degradation rest largely on differing
perspectives, values, and objectives (16). Degradation is a multidimensional construct, studied by
separate disciplinary groups under different conceptual frameworks and thus construed, defined,
and assessed in a variety of ways. Definitions matter because they have both practical and policy
implications. Although the development of transparent and internationally harmonized forest poli-
cies relies on a shared interpretation of degradation, different interpretations of forest degradation
are in common usage (17; see the sidebar titled Selected Definitions of Forest Degradation). Even
organizations, such as the Food and Agriculture Organization (FAO) of the UN, the International
Tropical Timber Organization, the United Nations Environmental Programme (UNEP), and
the Intergovernmental Panel on Climate Change (IPCC), which have broadly aligned objectives
to reduce carbon emissions from forest degradation, apply different definitions suited to their
own purposes (18; see the sidebar titled Selected Definitions of Forest Degradation). Without
clear and agreed interpretations, assessments of degradation and recovery can easily be subverted
to suit particular agendas. For example, governments deprive people of land-use rights if those
people are viewed as agents of land degradation, despite contested interpretations of degradation
(19, 20). It is also in many countries’ interests to overestimate degradation and deforestation to
facilitate delivery of REDD+ targets. Vague or open definitions abet this policy (18, 21). Papua
New Guinea, for example, recently reported that half of the country’s remaining forests will be
lost or damaged by 2021, a claim contested on the basis that it erroneously considered traditional
shifting cultivation as a precursor to inevitable degradation (22).

We explore interpretations of degradation and recovery in forested systems. We begin by dif-
ferentiating alternative interpretations of degradation, namely, changes in structure, composition,
function, services, and human perceptions of degradation. We address environmental degradation
and recovery at different spatial and hierarchical scales and interpret these processes in the context
of resilience concepts embedded within frameworks of complex adaptive systems and alternative
stable states (23, 24). We apply the concept of recovery debt (25), the cumulative lost benefits
incurred, relative to a target state during phases of degradation and recovery as a way to link these
processes and states. Degradation and recovery can also be viewed together in terms of societal
willingness to invest in sustainable land management, conservation, or restoration practices. Our
review concludes with a discussion of indicators and thresholds of degradation and recovery that
can serve as a foundation for operationalizing and applying the conceptual framework presented.

2. CONCEPTS OF DEGRADATION AND RECOVERY

Degradation implies a persistent reduction of some attribute relative to a preferred (nondegraded)
condition. Recovery is the process of returning to the preferred condition through natural suc-
cession or active intervention. Unlike deforestation, which is simply the conversion of forested
to nonforested land cover, forest degradation involves changes in the structure, composition, or
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SELECTED DEFINITIONS OF FOREST DEGRADATION

Degradation has been variously defined as a state or process in which ecosystem resources or attributes are reduced
relative to some reference state or goals owing to human disturbance. Other definitions are framed within the
context of alternative stable states or changes in the internal dynamics of an ecosystem, with the implication that
the resulting outcomes are not desired. The following are examples of these definitions:

The deterioration of the environment through the depletion of resources, such as air, water, and soil; the destruction
of ecosystems; and the extinction of wildlife . . . any change or disturbance to the environment perceived to be
deleterious or undesirable (197)

“The reduction of canopy cover and/or stocking of the forest through logging, fire, windfelling or other events,
provided that the canopy cover stays above 10% . . . the long-term reduction of the overall supply of benefits from
forest, which includes wood, biodiversity and other products or service” (http://www.fao.org/docrep/009/j9345e/
j9345e08.htm)

“A secondary forest that has lost, through human activities, the structure, function, species composition or produc-
tivity normally associated with a natural forest type expected on that site” (https://www.cbd.int/doc/meetings/
sbstta/sbstta-07/information/sbstta-07-inf-03-en.pdf; p. 139)

“A direct human-induced long-term loss (persisting for X years or more) of at least Y% of forest carbon stocks (and
forest values) since time T and not qualifying as deforestation” (198, p. 16)

“A loss of forest structure, productivity, and native species’ diversity. A degraded site may still contain trees or forest,
but it will have lost its former ecological integrity” (199, p. 23).

The simplification and loss of biodiversity caused by disturbances that are too frequent or severe to allow natural
ecosystem recovery. Degradation generally reduces the flow of ecosystem goods and services (200).

The simplification and loss of biodiversity in an ecosystem caused by disturbances . . . including climate change and
extreme events, as well as human activities . . . generally reduces flows of ecosystem goods and services (201).

“The incremental and progressive impairment of an ecosystem on account of continuing stress events or punctuated
minor disturbances that occur with such frequency that natural recovery does not have time to occur” (202, p. 258)

“A reduction in the capacity of a forest to produce ecosystem services such as carbon storage and wood products as
a result of anthropogenic and environmental changes” (45, p. 1)

“The transfer of energy and matter is disrupted in such a way as to shift the balance toward a new equilibrium where
the expected outputs are delivered at suboptimal level” (63, p. 8).

“Disturbance becomes degradation . . . when it crosses a threshold beyond the natural resilience of a forest type”
(203, p. 4).

Human-induced change forcing the forest past a tipping point that leads to ecosystem change . . . resulting in a loss
of services and wood fiber (155)

function of a forest. The outcomes of these changes are subject to alternative interpretations and
values, which might be based on productive functions (e.g., goods), biodiversity, carbon storage,
or other ecosystem services. The preferred condition might reflect a desire to return to some per-
ceived historical condition, often assumed to be relatively undisturbed by humans. Perceptions of
degradation and recovery are, however, social constructs subject to cultural and ethical norms (26,
27). Conflicts among stakeholders can arise. Depending on the historical and ecological bench-
marks used, drivers of deforestation and forest degradation, such as increased fire frequency, might
be considered beneficial for the rejuvenation and restoration of native grassland ecosystems (14).
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A binary interpretation of degradation (i.e., degraded versus not degraded) implies some spec-
ified threshold that separates the two states. Although this approach might be amenable to assess-
ment and monitoring, the threshold and the specific attributes considered are often arbitrarily
determined and subject to locally relevant contexts or reference points. Different stakeholders,
each having particular values and objectives, will have unique perspectives on these issues (17,
28). Thus, degradation can be framed as a process driven by decisions made in the context of
socioeconomic conditions, political structures, and biophysical constraints, or as an ecosystem
state in which certain valued attributes of the ecosystem are impoverished or lost. This dichotomy
loosely reflects the study of environmental degradation by natural and social scientists, the former
emphasizing state variables by which degradation is interpreted and the latter focusing on the
drivers of degradation. In practice, both approaches are needed to resolve the causes and effects
of degradation: A process-based quantitative perspective requires an understanding of both the
ecological and social drivers of environmental change.

2.1. Degradation Across Scales

Although we focus on the degradation and recovery of forests, degradation also affects soils and as-
sociated agricultural productivity (often referred to as land degradation) as well as other ecosystems
encompassing marine, freshwater, and terrestrial biomes. Land, habitat, and ecosystem degrada-
tion have never been formally defined and are often used interchangeably (Figure 1). Land degra-
dation is usually associated with the state of soils and their productive potential, as well as with land
use rather than land cover. Although research has tended to segregate forest and soil degradation,
they are, in practice, interlinked processes (29). Vegetation and crop recovery depends on soil
fertility (30, 31), whereas changes in tree cover affect nutrient cycling, soil erosion, and landslide
risk (32–34).

Habitat degradation refers to the structure and composition of a discrete plant assemblage,
although it is difficult to separate such assemblages from the wider ecosystems to which they
belong. Ecosystem degradation encompasses not only the structure and composition but also the
dynamics and interactions among plants and animals that collectively give rise to a complex adaptive
system. Ecosystem degradation therefore implies a loss of dynamics and functional performance
resulting from disruption of the community or its interactions.

At the largest scale, landscape degradation refers to changes in the configuration and qual-
ity of land-cover patches that affect the flow of species, nutrients, energy, or materials to an
extent that disrupts the functioning of ecosystems across the region (Figure 1). Degradation
at landscape scales encompasses deforestation, forest fragmentation, desertification, and un-
sustainable land use, which alter landscape composition, connectivity, and watershed functions
(Figure 1). Indeed, degradation is spatially and temporally heterogeneous, with natural distur-
bance and recovery overlapping spatially and temporally with anthropogenic degradation and
restoration interventions (35). The result is a complex mosaic of variously managed, disturbed,
degraded, and recovering patches influenced by historical and current land uses and spatial config-
urations (31, 36). Consequent changes to landscape connectivity and resource fluxes drive further
changes in ecological processes that shape the composition of land units and interactions among
them (37, 38). Regeneration processes are affected by the configuration of habitat patches, as are
disturbance regimes, such as fire and pathogen outbreaks, or trophic interactions, such as her-
bivory of seedlings by deer or pollen and seed dispersal (39, 40). Thus degradation, and conversely
recovery, in the landscape context recognizes cross-boundary and cross-scale effects on ecolog-
ical and biogeochemical processes that affect, and are affected by, patch quality and distribution
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Land

Landscape

Ecosystem

Habitat

Scale

Climate regulation
Water regulation
Erosion control
Hazard mitigation

Functions and
attributes

Seed dispersal
Pollination
Gene flow
Disturbance regimes

Nutrient cycling
Soil formation
Seedling establishment
Primary productivity
Water interception
Fuel, food, fiber

Decomposition
Water infiltration
Soil integrity
Seed bank

Figure 1
Scales of degradation and recovery, and the functions and attributes potentially affected at each scale. In
practice, there are cross-scale effects among these processes, and some attributes might span multiple scales.
After McCormick et al. (63).

(Figure 1) (41, 42). These feedbacks can alter landscape mosaics gradually and chronically, and
occasionally acutely and unexpectedly (38).

2.2. Degradation as a Biophysical Condition

Forest degradation signals a quantitative change in the structure and function of still-forested land.
If degradation implies some loss of desired attributes, and recovery implies the return of these
attributes, then relevant attributes need to be determined. For global or regional assessments,
and for policy initiatives, generic attributes should be agreed upon, but attribute states also need
to have relevance for local assessment, governance, and management. A loss of some aspect of
ecosystem function, or a loss of biodiversity that underpins many ecosystem functions, is the most
widely interpreted indicator of degradation (43). Recently, the loss of ecosystem functions has
been framed from a human-centric perspective with an emphasis on the partial or complete loss of
goods or ecosystem services (of local, regional, or global relevance) (44, 45). Losses might result
from prolonged structural, functional, or biotic changes that diminish the ability of an ecosystem
to continue to provide these goods and services. Shortfalls might be initially masked by technical or
operational innovations that increase efficiencies and prolong productive capacities. Yet unchecked
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resource exploitation gradually degrades natural capital, resulting in diminished output when re-
generative capacities are exceeded or when unsustainable production of goods and services occurs.

The specification of the time frame used to define degradation, and recovery, is also context
dependent. Rates of recovery of timber volume, biomass, hydrological services, biodiversity, or
any number of other functions differ widely. Hence, foresters, conservationists, or hydrologists
might view degradation and recovery along different temporal scales based on their attributes of
interest. Moreover, the time required for recovery of ecosystem properties is strongly linked to
the extent of prior ecosystem degradation (25, 46).

Degradation can also be viewed as a state of reduced ecological functionality independent of
any utilitarian production function. The composition, dynamics, maintenance, and regeneration
of communities and ecosystems are based on ecological processes that include primary productiv-
ity and secondary consumption, mutualistic and antagonistic interactions, community assembly,
dispersal patterns, and evolutionary change. Landscape structure and composition affect these
processes by shaping the regional species pool, providing sources of propagules, and facilitating
(or obstructing) material flows.

Defining degradation independently of human-centered utility functions, based on purely bio-
physical processes, can minimize the influence of value judgments that otherwise clouds defini-
tional clarity but might not necessarily facilitate shared understanding or concern among diverse
stakeholders. Thus, biophysical attributes of degradation can be quantified and measured, but the
relevance of selected attributes remains subject to values that determine preferred states.

2.3. Social Constructs of Degradation as a Process

Although natural scientists view degradation as an ecosystem state arising from physical processes,
social scientists tend to interpret degradation as culturally determined and shaped by norms and
processes of human decision making (16, 47). In these cases, degradation results from decisions
made as well as from biophysical constraints and vulnerabilities. The human drivers and con-
sequences of degradation (as a process and state) must be understood in the context of specific
socioeconomic and political contexts if proximate biophysical drivers limiting recovery are to be
overcome. Moreover, management objectives vary across actors, some emphasizing the productive
functions of land, whereas others emphasize the biological richness of habitats or the persistence
and stability of ecosystems. Even if reduced to a set of quantifiable state attributes, the selection
of those attributes is a decision bound to particular objectives and goals.

Perspectives of ecosystem degradation consequently differ across the political-economic di-
mensions of land use and ecosystem values (16, 48). On the one hand, government officials in
Thailand, for example, classify secondary forest as degraded scrubland and attribute the cause of
degradation to swidden farming. Swidden farmers, on the other hand, greatly value the nutrients,
timber, and nontimber forest products that secondary forest and regenerating fallow provide (19,
49). For these farmers, swidden farming is a way of life that maintains diverse forests in different
stages of succession. Moreover, the transition from swidden to other land uses often contributes
to permanent deforestation, with the consequent loss of biodiversity, increased weed pressure,
declining soil fertility, and accelerated soil erosion (50).

Community-managed agricultural land, swidden fallows, abandoned pasture, second-growth
forests, and logged forests are often viewed as abandoned, or otherwise degraded land by govern-
ments and companies that seek to establish, for example, deforestation-free oil palm plantations
(51, 52). Forests that have been selectively logged and penetrated by logging roads are underval-
ued for their biodiversity and ecosystem services, and consequently, they become easy targets for
conversion to agriculture that has greater short-term value than standing degraded forests (53). In
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Rehabilitation:
intervention to recover
selected aspects of
ecosystem
functionality without
necessarily seeking to
recover all ecosystem
attributes that
formerly existed

Reference state:
a conception of a prior
state against which a
recovering ecosystem
is compared and to
which restoration
activities aspire

the Brazilian state of Pará, government and producers envision an expansion of up to 3,300 km2

of palm oil plantations on areas designated as abandoned pastures by Brazil’s TerraClass project
(52), yet many of these areas include young second-growth forests, which are not legally protected
from clearing as deforestation applies only to removal of late successional or mature forests.

Perceptions of degradation also apply to productive functions of ecosystems, which shift over
time in response to markets and other drivers. In the Scottish Highlands, extensive sheep grazing
interests in the early nineteenth century removed people from the land in favor of large-scale con-
solidated grazing lands. Following collapsing wool prices in the face of international competition,
the land was interpreted as overgrazed and degraded, and it was turned over to deer stalking. In
the twentieth century, a strategically driven imperative for commercial tree plantations reinter-
preted degradation as excessively high densities of deer that prevent forest establishment. Land
degradation is now in the process of being reinterpreted once more as social and political winds
shift in favor of restoring native tree cover (47, 54). Changing societal demands and, indeed, an
environmental reawakening of society have led to the reinvention of the environment itself as wild
land for recreation and tourism and as a haven for biodiversity.

Landscapes with long histories of human transformation are frequently valued as cultural
landscapes embedded within the historical traditions of a people. Changes in traditional land
management practices might be conceived as a form of degradation even when this leads to the
recovery of seminatural ecosystems (55, 56). Such concepts owe more to sociocultural perspectives
than to specific ecological attributes (57, 58). The regeneration of natural elements in abandoned
landscapes need not imply a return to past conditions (if these are even known), as future ecosystems
might well include exotic species, communities, or disturbance regimes. Concepts of degradation
are thus contested between those who favor a return to natural forested conditions and those who
wish to preserve cultural landscapes (47).

In view of the need for broad societal support for restoration action, the concepts of degradation
and restoration have value as boundary objects, a term that facilitates interdisciplinary discussion
through a shared vocabulary even while the understanding of specific meanings differ among
parties (59). Using degradation as a boundary object allows natural and social scientists to engage
with local stakeholders and policy makers while avoiding barriers to shared understanding created
by more specific interpretations of the concept (60, 61). Boundary objects do, however, come
at a cost of reduced clarity and transparency, although such attributes can be attractive to policy
makers (61, 62), and decisions made on this basis might have unexpected outcomes for some parties.
Discrepancies can therefore arise between political and operational definitions of degradation. A
recent example is the 2008 EU Renewable Energy Directive greenhouse gas bonus for biofuel
feedstock produced on “severely degraded or contaminated lands,” which remains unclaimed as
the working definition is not technically or operationally applicable (63). The intentional framing
in policy discourses of degradation and degraded land in broad and inclusive terms does not
lead to targeted and effective action (63). Similarly vague definitions and terminology surround
policies and interventions aimed at forest recovery, which can include rehabilitation, recuperation,
reforestation, regeneration, or restoration (62).

2.4. Degradation as Recovery Debt

Degradation and recovery are mostly treated separately as a state and process, respectively. Yet a
severely disturbed state might be considered less degraded if it is quickly able to recover to the
reference state. Combining the extent of disturbance (as a state) with the process of recovery offers
a means by which degradation and recovery can be combined as recovery debt, the cumulative
loss of selected functions relative to a reference state experienced during the recovery phase (25)
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Active restoration:
intervention to
promote the recovery
of a habitat, ecosystem,
or landscape that has
been degraded or
damaged

Passive restoration:
intentional
nonintervention to
allow ecosystem
recovery through
natural regenerative
processes

(Figure 2a). Degradation can thus be framed as a continuous recovery debt function that is a
product of both the degree of disturbance and the rate and trajectory of recovery (Figure 2a).

Recovery debt is effectively the cost of lost ecosystem functions, services, biodiversity, or other
attributes over time. The rate and trajectory of recovery can describe outcomes in terms of cur-
rent, future, and cumulative costs for a variety of recovery scenarios (Figure 2a). Such costs can be
represented financially and can be calibrated over time, which could facilitate cost-benefit analyses
for different types of restoration interventions. Spatially explicit cost-benefit analyses could help
optimize and map the most cost-effective areas for restoration (64, 65) and also minimize risks of
displacing forest-degrading activities elsewhere (66, 67). The recovery debt concept also accom-
modates the quantification of costs of chronic degradation or transformation to alternative stable
states (Figure 2b). Indeed, recovery debt begins to accumulate during the degradation phase,
which can be a gradual process unfolding over years or decades and might eventually begin to
recover or alternatively move the system to a new stable state (Figure 2b).

Active restoration intervention aims to accelerate recovery to a target or reference state
(Figure 2c). To be economically attractive, the avoided recovery debt resulting from restoration
interventions should exceed the cost of these interventions. Early restoration action, if successful,
should minimize recovery debts (Figure 2c), although the costs of early restoration might be
greater as recovery is often dependent on initial conditions. Moreover, even though some restora-
tion interventions may initially accelerate recovery, later recovery processes can be constrained.
The early acceleration of forest recovery by planting Andean alder, Alnus acuminata, for example,
can lead to impeded recovery of biodiversity 30 years later as compared to naturally regenerating
secondary forests in the same area (68). The decision as to whether to invest in active restoration
might also depend on the target objective. Should this objective lie short of full recovery (the target
state in Figure 2c) the lower additional debt attributable to passive recovery might not exceed
the cost of active restoration, making active restoration less cost effective. Similarly, if disturbance
to the ecosystem is relatively light, then passive restoration might be sufficient to allow for rapid
recovery without incurring costly interventions. Many forests classified as degraded around the
world are regenerating naturally without human intervention (31, 69).

2.5. Coupling Biophysical and Societal Values

Degradation and recovery can also be viewed together in terms of societal willingness to invest
in sustainable land management or conservation and restoration practices (Figure 3), which can
be informed by calculations of recovery debt. Willingness to invest in conservation is expected
to be highest for undisturbed landscapes or ecosystems but to gradually decline as these sys-
tems are increasingly developed for infrastructure, mining, agriculture, and other interests, in line
with decreasing conservation value. As the benefits of exploitative extraction or development are
increasingly realized and profits are prioritized, societal willingness to conserve or restore land
declines. This trend is reflected in the expansion of the logging frontier in South America and
in the expansion of oil palm development in Southeast Asia. Gradually, either through increas-
ing environmental concern or diminishing returns, societal interest in improving environmental
management rises, which if successful improves environmental sustainability. In Minas Gerais
State in Brazil, for example, coffee smallholders are reconciling sustainable agriculture, livelihood
improvements, and biodiversity conservation by adopting more diverse agroforestry, which makes
greater use of native trees to restore soil fertility while eliminating exotic tree species (70).

Should the state of the environment continue to decline, willingness to invest in restoration
or other sustainability-related activities rises in response to the loss of production benefits from
increasingly impoverished land. This is increasingly reflected in policies and incentives, as well as in
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Figure 3
Stages of environmental degradation and recovery expressed in terms of societal willingness to invest in ecosystem management.
Willingness to invest in preserving relatively undisturbed landscapes is greater on account of high conservation values but declines with
increasing exploitation and profit realization. Diminishing returns might increase willingness to invest in sustainable management, but
otherwise ecosystem health continues to decline. Continued ecosystem decline might begin to increase environmental concern,
reflected by enhanced societal willingness to invest in restoration or rehabilitation activities. Should investments still prove insufficient,
continued impoverishment of land might reach a point at which costs of restoration exceed perceived benefits. Beyond this point, the
ecosystem might be said to be degraded in that not only have the biophysical values of the ecosystem been reduced, but also societal
willingness to recover these values has been lost.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 2
Degradation as recovery debt (25), defined as the cumulative reduction of beneficial functions over the
course of degradation and subsequent recovery relative to a reference or target state. (a) Shaded areas
represent recovery debt under scenarios of rapid recovery (light blue); slower recovery (dark blue), which also
encompasses the rapid recovery debt; and arrested recovery (orange), which incurs an open-ended recovery
debt. (b) Recovery debt accumulates during prolonged degradation and at a diminishing rate in the recovery
phase (light blue); but under chronic degradation recovery, debt continues to increase over time ( gray);
whereas a disturbance leading to an alternative stable state incurs open-ended, cumulative, and substantial
recovery debt (orange). (c) Active restoration can reduce recovery debt relative to passive restoration by
accelerating recovery to the target state, with early active restoration action reducing recovery debt further
still. Less ambitious target objectives change the passive to active recovery debt ratio and hence the net
benefit of active restoration.
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rising investments to better manage, restore, or rehabilitate land (71, 72). If restoration investments
prove insufficient or unsuccessful, land impoverishment continues, and societal willingness to
recover the functions and environmental qualities of the land (at ever increasing costs) begins
to fall. Societal willingness to invest in restoration declines to zero when the costs are perceived to
outweigh the benefits (the point of no recovery in Figure 3), a threshold at which active restoration
is either impossible or too costly (73). Environmental states beyond this point might be said to be
truly degraded as not only have the functional attributes and environmental benefits of the land
been greatly reduced, but societal willingness to invest in restoration is also likely to have been
lost.

Policy responses, through incentives and legal instruments, might aim to increase societal will-
ingness to invest in environmental restoration (Figure 3). Yet if societal acceptance of restoration
actions is itself a function of local or regional environmental conditions, as proposed by Figure 3,
then restoration policy is likely to have more resonance for some environmental conditions than
others. This is based on the perceived benefits of restoration relative to those of development,
the initial restoration investments that need to be made, and the probability and proximity of
success. In this respect, the concept of recovery debt and its derived costs and benefits can be
useful (Figure 2). This issue has yet to be formally explored, although cost-benefit analyses of
restoration schemes across a range of environmental conditions could provide some indication of
societal willingness to invest in restoration. The net benefits of landscape-scale restoration have
been found to vary according to existing land-cover and land-use patterns in four regions of Latin
America (74), suggesting that acceptance of restoration investments will likewise vary. At regional
scales, the net present value of restoration has been projected to be very considerable (75), but the
costs of restoration projects, particularly through tree planting, can exceed the ecosystem service
monetary benefits at more local scales (74, 76). In each of these cases, the net benefits are likely to
be conditional on the initial state of the environment, and hence societal acceptance of restoration
interventions could vary accordingly, as implied by Figure 3. Moreover, although science might
provide evidence supporting the value of restoration interventions, societal acceptance of these
actions often lags behind. Thus, social aversion to fire risk remains a barrier to restoring natural
fire regimes in fire-dependent forest ecosystems (77–79). Fostering restoration of degraded lands
therefore requires an understanding of the feedbacks between ecosystem states, economic returns,
and societal perceptions.

3. THE DYNAMICS OF DEGRADATION AND RECOVERY

Viewing forests (and other ecosystems) as complex adaptive systems, consisting of many inter-
acting components across multiple spatial and temporal scales (23, 24), challenges a static binary
concept of degradation. Cross-scale interactions drive negative and positive feedbacks that give
rise to heterogeneous structures, emergent properties, and linear and nonlinear dynamics. These
dynamics provide self-renewing adaptive responses to endogenous and exogenous perturbations,
but these responses might follow any number of pathways subject to initial states and interac-
tions among ecosystem variables at various scales. In young regenerating fallows in the central
Amazon, for example, recovery of forest structure was most strongly influenced by prior manage-
ment intensity at stand scales, whereas species diversity was largely determined by landscape con-
figuration (80). In the grassland steppe of Inner Mongolia, degradation is driven by a combination
of natural and socioeconomic factors, including continuous drought and overgrazing (81). Simi-
larly, recovery of ecosystems and landscapes requires the alignment of multiple socioeconomic and
biophysical enabling factors (82). Managing complex ecosystems is therefore a multidimensional
challenge due not only to conflicting human uses and values but also to their inherent complexity
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and dynamism. Recovery need not return an ecosystem to the original state before degrada-
tion, which might not even be possible. Instead, restoration management might aim to facilitate
recovery to new alternate desirable states that provide multiple social and ecological benefits at
land, ecosystem, and landscape scales.

3.1. Functional Approaches to Restoration

Restoration objectives are increasingly framed within the context of complex ecosystems that ex-
press contingent and stochastic dynamics. Precise forest restoration targets are therefore rarely
realistic, especially in environmental futures that have no recent analogs (83). Alternate trajecto-
ries driven by process-based dynamics responding to changing environmental conditions are more
realistic outcomes of restoration interventions (84). Emphasis is shifting from particular end target
states toward enhancing the resilience of restored ecosystems, with resilience being the capacity to
either resist disturbance or to rapidly reorganize and recover from disturbance while maintaining
ecosystem structure and function through time (85, 86). Forests in dry climatic zones, for exam-
ple, are particularly sensitive to logging or fragmentation, as reduced tree cover can drive positive
feedbacks by favoring grasses that increase fire frequencies (87). By contrast, the predominance of
wind-dispersed tree species in dry forests implies more rapid recovery than in wet forests, where
the majority of species depend on animals for seed dispersal (88, 89). Determining the thresh-
olds at which positive feedbacks begin to drive rapid change, and the set of functional processes
required to resist such change and promote recovery, remains challenging (90). Synergistic in-
teractions between natural conditions and human actions are creating novel disturbance regimes
that challenge the adaptability and resilience of many forest ecosystems and landscapes. Logged
tropical rain forests, for example, are particularly vulnerable to El Niño droughts, the frequency
and intensity of which might be linked to climate change, and the resulting tree mortality creates
favorable conditions for further forest degradation by human-initiated fires (91, 92).

Theoretical studies suggest that functional diversity underpins resilience at multiple scales (93–
95). Ecosystem resilience might be enhanced by two aspects of functional diversity: (a) functional
redundancy, the variety of species contributing to a particular ecosystem function or functional
group, and (b) response diversity, the range of responses to disturbances by functionally similar
species (93). Although field-based studies indicate a loss of functional redundancy in degraded
systems (96, 97), it is more difficult to empirically associate this loss with declining resilience (see
98). Nonetheless, rapid ecosystem recovery often depends on the (re)establishment of functional
interactions among species including, for example, plant-soil interactions underlying carbon and
nutrient cycling (29, 99), predator control of trophic networks (100, 101), or pollination and
seed dispersal (102, 103). A mechanistic understanding of how functional diversity corresponds
to biodiversity, ecosystem function, and resilience in recovering ecosystems remains limited (104,
105) and is perhaps even conceptually flawed (106), particularly as functionally important species
and interactions might be a necessary but not sufficient condition for recovery (107).

Landscape heterogeneity also shapes functional processes that are mediated by the flow of
species or matter across the landscape, including seed dispersal (108), trophic cascades, and pest
outbreaks, which in turn affect ecosystem resilience (109) and forest multifunctionality (110). The
fine-scale mosaic of trees and open areas that characterize near natural dry conifer woodlands in
western North America, for example, provides resilience from frequent fires and pest outbreaks as a
result of the emergent properties of the heterogeneous landscape pattern (95). Human land use and
forest management based on fire suppression have historically contributed to the homogenization
of forested landscapes (111, 112), which might thus be viewed as a landscape-scale indicator of
degradation. Conversely, forest management decisions in response to wildfire can contribute,
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intentionally or otherwise, to heterogeneity of forest conditions at landscape scales (113, 114),
which can enhance ecosystem recovery and resilience (114–116).

Loss of heterogeneity can limit response trajectories by constraining forest dynamics (117, 118).
Invasive species or disturbance-tolerant native species, for example, tend to homogenize forest
environments by reducing local diversity and community turnover (119, 120). Thus, the amount of
spatial heterogeneity in forest structure and distribution might itself be interpreted as a degradation
metric relevant to landscape scales and readily evaluated using remote sensing technologies. The
rapid development of more sophisticated and low-cost remote sensing capabilities is providing
opportunities to evaluate landscape and stand heterogeneity in plant form and function (121), the
richness of which could enhance ecosystem recovery through functional redundancy and response
diversity (122).

3.2. The Utility and Futility of Reference States

Natural reference states, represented by ecosystems in some kind of equilibrium state unaffected
by humans, are for the most part idealized constructions without a historical counterpart. Climate
change, nitrogen deposition, and biotic mixing now influence ecosystems across the planet, ensur-
ing that historical reference states are neither appropriate nor attainable in coming decades (123,
124). Future forests are likely to be compositionally, functionally, and structurally novel, reducing
the relevance of past reference states and confounding concepts of ecosystem degradation (17,
125, 126). Secondary forests are increasingly composed of species combinations and interactions
never before realized on account of introduced and invasive species and novel environmental
conditions and disturbance regimes. Human disturbance legacies are persistent and continue to
shape ecosystem responses well beyond our ability to identify the sources of disturbances (5, 127,
128). Legacies of ancient land use on species composition are found throughout the Neotropics
(129, 130). Centuries of clearing, burning, and hunting might change the species pool to one
largely dominated by tolerant or adaptable species. In central Africa, for example, long histories of
resource use appear to have favored species tolerant to human disturbances, which could explain
relatively rapid postlogging forest recovery (131).

Management responses to novel ecosystems range from resisting and reversing their develop-
ment to tolerating or actively managing them for functionally favorable outcomes (132). In the
future, degradation might make little sense other than as a narrowly constructed interpretation
based on locally contextualized functions or services. The new forests might nevertheless continue
to provide many ecosystem functions, including soil protection, nutrient cycling, carbon storage,
and hydrological services (17, 133). In terms of biodiversity conservation, these novel ecosystems
might be deemed degraded, but the impossibility of their restoration to prior conditions renders
the term moot, particularly if they continue to provide valuable ecosystem services.

In view of increasingly blurred distinctions between natural and anthropogenic disturbances,
and between natural and novel ecosystems, interpretations of degradation might more usefully
refer to responses to change (i.e., resilience) rather than the attainment of specific reference
states (85). Interpreting degradation as the loss of ecological feedbacks that regulate ecosystem
dynamics, through flows of energy and matter and associated renewal processes, offers an escape
from definitions tied to particular structural and compositional constellations and an opportunity
to reorientate novel systems toward more functional ecosystems (132). This perspective requires
that environmental managers abandon the goal of returning to past reference states in favor of
accepting a wider array of ecosystem states based predominantly on their functionality and renewal
processes (83–85). These traits lend adaptability to ecosystems while maintaining beneficial service
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provision. Such an approach departs from the traditional objectives of conservation focused on
maintaining the historical continuity of species and habitat compositions (17).

Relatively undisturbed reference systems might still have relevance when seeking to understand
factors and processes that contribute to ecosystem resilience. Nearly natural systems that have
persisted for centuries as dynamic self-organizing ecosystems can teach us much about attributes
underlying their resilience. Wildfire, for example, is a natural feature of many forested systems that
has often been suppressed by human management, which has reduced structural and compositional
complexity and increased landscape homogenization (134). An understanding of how natural
wildfires structure forested landscapes provides insights as to how degraded forests might be
restored using prescribed burning (135–137).

3.3. Multiple Persistent States and Arrested Succession

Natural dynamics encompass multiple stable ecosystem states that collectively comprise the natural
forest domain (86). The dynamics inherent in natural systems makes it difficult to recognize a
single equilibrium end point of ecosystem recovery. Rather, degradation and recovery should be
assessed with respect to a set of persistent ecosystem states that together describe a recognized
ecosystem domain (138). The cold temperate forests of northeastern United States, for example,
contain stands of birch, white pine, or mixed maple and hemlock, depending on fire frequency
and severity. Each of these states is stable given certain fire return intervals, but if fire frequency
declines, birch forests gradually shift toward pine and then to maple or hemlock (139). None
of these states is degraded, as all are natural states maintained by natural fire regimes of the
North American cold temperate forest domain. States that lie outside this domain are qualitatively
different in their structure, composition, and dynamics, and are maintained as such by other self-
regulating feedbacks (140, 141). Identifying degradation as an ecosystem state independently
of short- and long-term natural dynamics can therefore lead to incorrect inferences about the
ecosystem’s present and future condition (28).

Successional trajectories can be subject to delays, pauses, reversals, and idiosyncrasies, which
are shaped by the disturbance regime, interactions among individual disturbance events, legacy
effects, spatial configuration of landscape elements, patterns of species or propagule dispersal,
competitive and facilitative interactions, local environmental conditions, and chance events (141,
142). Over three decades of observations at Lady Park Wood in Wales, for example, beech (Fagus)
and birch (Betula) forest has transitioned to forest dominated by ash (Fraxinus) and lime (Tilia) due
to an unpredictable combination of severe summer drought in 1976, late April snowfall in 1981,
and an exceptional vole outbreak in 1985 (143). Low predictability of successional trajectories
coupled with multiple possible outcomes challenge the notion of directional progression toward
an equilibrium state (144, 145). Anthropogenically modified environments that include novel
species mixes, climates, and disturbance regimes do not fit neatly within current successional
theory. Integrating the concept of degradation within the frame of resilience also runs up against
the need to account for historical management that affects subsequent processes and patterns of
recovery (146). Forest recovery on more intensively managed agricultural sites in the Amazon
basin, for example, proceeds at much slower rates than on former swidden cultivation sites (147).

Ecosystem recovery can therefore follow any one of several pathways (148, 149). Postdis-
turbance biological legacies determine initial conditions that substantially influence trajectories
and rates of recovery (142). Subsequent interactions and processes are not only contingent on
such legacies but are also influenced by stochastic events including further disturbances. Re-
newed or severe disturbances might remove biological legacies, reduce ecological memory, and set
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succession on a new course (150). In the Amazon, for example, succession on former pasture lands
subject to repeated burning leads to Vismia-dominated stands that persist for decades, whereas for-
mer cultivated land with little or no burning shows more diverse successional trajectories (80, 151).
The arrested succession that characterizes Vismia stands is due not only to past management prac-
tices that eliminated biological legacies (repeated burning having destroyed the seed bank and the
seedlings of most species) but is also due to positive feedbacks created by the ability of Vismia to sup-
press competitor seedling growth (80, 151). Similarly, high liana densities in heavily logged forest
compete for light, water, and nutrients, which constrains succession (152). In more extreme cases,
heavily degraded and burned forests in the Philippines can become replaced by Imperata cylindrica
grasslands, which on account of their flammability and competitive characteristics prevent estab-
lishment of woody vegetation (153). Similar processes unfold in nonforest ecosystems. Prairie bar-
rens or savannahs, impoverished through the disruption of natural fire regimes, might not recover
after the reinstatement of fire if woody vegetation establishes in the intervening period (14, 154).

A highly resilient ecosystem state need not imply that ecosystem attributes are favorable. In-
deed, degradation might be characterized as an unfavorable ecosystem state that has high resilience
to change and is constrained by positive feedbacks and a limited range of interactions that halt suc-
cessional processes and reduce natural steady-state dynamics (28, 155). This state might manifest
as extremely slow system dynamics or a state of arrested succession stemming from resistance to
external perturbations or invasions. These conditions essentially establish a new locally persistent
state within the forest domain (28). However, a highly disturbed state is not degraded if it retains
the biological legacies and ecological processes that lead to regeneration and succession, even if
these regenerative processes are slow. A state can be viewed as degraded if it falls into a condition
of arrested succession, at least within meaningful time frames, within its own stability subdomain
(28). A degraded system might therefore be described as an unfavorable alternate persistent state
with high localized resilience, where a return to its prior ecosystem dynamics or recognizable
successional trajectories is not possible (or even likely) by natural processes. Recovery requires
human intervention through appropriate restoration or rehabilitation approaches.

In seeking to understand degradation as arrested succession, it is perhaps easier to explore the
parameters that underpin the recovery of forest ecosystems. Lugo et al. (156) identified six such
parameters or state variables: accumulation of belowground nutrients; rapid fluxes of nutrients,
biomass, and populations; biotic control of ecosystem functions; species richness and functional
redundancy; negative feedbacks; and, lastly, high species turnover. Ecological memory (or bio-
logical legacies) and critical mutualisms should also be included (157). Degradation can thus be
interpreted and quantified in terms of the limited functioning or loss of these processes and the
consequent limited change in state variables. Indicators of degradation might include soil erosion
or loss of key nutrients, perhaps owing to a shortening of fallow periods (147, 158), reduced rates of
nutrient mobilization, or declines in biological interactions that underlie regenerative functions.
Defaunation resulting in the loss of dispersal function can reduce regeneration capacity, espe-
cially for large-seeded tree species (159, 160). Climate change is an increasingly important factor
influencing forest recovery processes (161). Forests in dry regions are particularly vulnerable to
resilience loss due to positive feedbacks that maintain alternate vegetation states during extreme
droughts (162).

Regeneration processes operate at different rates in different systems, and consequently some
forests recover from disturbance more quickly than others. Dry forests initially recover biomass
rapidly on account of resprouting and abundant wind-dispersed recruitment, whereas moist
forests accumulate biomass more rapidly than dry forests at later successional stages on account of
faster growth rates and larger tree sizes (163). Both forest types do eventually recover, so on the
basis of degradation as arrested succession, neither forest type is degraded so long as recovery is
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proceeding. In practice, very slow recovery may be difficult to detect and is thus interpreted as no
recovery, which is subject to the metrics used and the duration and precision of measurement. This
interpretation of degradation makes no inference about the direction of ecosystem change and ac-
cepts that trajectories might be complex and do not necessarily follow smooth linear pathways to an
original state (141). Arrested ecosystem dynamics can also be an indicator of landscape degradation
where ecological memory is reduced to the point that native ecosystems can no longer regenerate
or support native biodiversity (164) as might occur in shifting cultivation landscapes where a
tipping point of agricultural pressure is associated with a loss of forest regeneration capacity (165).

4. INDICATORS AND THRESHOLDS OF DEGRADATION
AND RECOVERY

The rapid global expansion of forest restoration initiatives has not been matched by clear strategies
or criteria for evaluating success (166, 167). Identifying specific and unambiguous indicators of
degradation and recovery is confounded by multiple interpretations of degradation and often
by conflicting restoration objectives (168–170). Moreover, because a degraded forest remains
standing, attributes of degradation are more subtle than demonstrating forest clearance. Levels
of harvesting that lead to a loss of resilience and decline in production capacity can potentially
be predicted from inventory data and stand production rates (155). Yet, our ability to detect and
predict critical thresholds between alternate states in real ecosystems and landscapes lags well
behind our ability to monitor and model them (162, 165). Remote sensing offers much potential,
but its application to forest degradation and recovery remains challenging as structural changes
often occur at scales below the detection capabilities of most remote sensing technologies (171).
This is beginning to change, at least for relatively small-scale spatial assessments, and with the
advent of low-cost unmanned aerial vehicles (121). At larger scales the UN Food and Agriculture
Organization has developed a forest disturbance metric based on moderate resolution imaging
spectroradiometer (MODIS) imagery of partial canopy cover reduction to detect disturbances
due to fire, insect outbreaks, diseases, and severe weather events (172).

An added complexity is that degradation and recovery pathways and outcomes, represented by
indicators such as biomass and species composition, are highly variable even among neighboring
locations (80, 149, 173). Metrics also differ in their response pathways, which are shaped by past
land uses and forest types (69). Biomass generally recovers quickly, but species diversity recovers
more slowly, particularly in tropical as compared to temperate forests (69). Biogeochemical func-
tions appear to recover more slowly on past agricultural lands than areas used for mining (69).
Evaluating recovery debt or the success of restoration is therefore sensitive to the indicators chosen
and to local, landscape, and regional contexts. This challenges our ability to identify the general
principles of good restoration practice given that local site factors and stochasticity appear to have
a major role in shaping the emergence of restoration outcomes. Restoration initiatives need to
be accompanied by clear evaluation criteria and methods with the documented data available for
synthesis if the science of restoration is to catch up with and inform restoration practice (167).

4.1. Indicators and Thresholds of Ecosystem Degradation and Recovery

Most studies that assess or monitor forest degradation or recovery use an operational definition
that indicates a change (loss or gain) in a set of readily apparent ecosystem-level biophysical
attributes, such as canopy cover, biomass, species richness and evenness, soil nutrients, organic
carbon, structural variables such as canopy height or basal area distributions, or ecosystem services
(174–177). Adopted thresholds largely result from arbitrary decisions negotiated among relevant
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stakeholders. In Gabon, for example, forests with standing biomass below 75 metric tons of car-
bon/ha are classified as degraded forests where oil palm developments are permitted (178). Shifting
new agricultural production to these degraded lands will, it is argued, avoid new deforestation,
dramatically reduce CO2 emissions, and protect wildlife. Thus, assessments of forest degradation
are often used to support changes in land use for food, fuel, and fiber production rather than to
prescribe appropriate and cost-effective restoration interventions. Thresholds of forest biomass
for land-use decisions could be quite distinct from thresholds relevant for loss or recovery of forest
resilience or biodiversity.

Static biophysical attributes have limited ability to evaluate whether trajectories of forest change
are leading to alternative persistent states or returning the forest ecosystem to its original state.
Ideally, indicators should be tracked over time. Such attributes are often assumed to be proxies of
more complex ecosystem-scale changes in, for example, the functioning of ecosystem processes,
interaction complexity, or resilience. Rarely, however, are such links explicitly established. It is
often difficult to characterize consistent changes in particular traits with successional development,
particularly given unpredictable and divergent transitional pathways (139, 149).

Indicators that also function as drivers of change are particularly useful as they embody process-
driven interactions. Biomass, for example, is a particularly strong driver and indicator of ecosystem
recovery, especially during its early stages, as the effects of rapid biomass accumulation contribute
substantially to functional properties shaping ecosystem processes (179). Other useful indicators
of degradation and recovery include changes in ecological processes and disturbance regimes that
regulate the flow of energy, species, and materials and that underlie ecosystem dynamics. Proxies
of dynamics include spatial and temporal turnover of species and habitats within ecosystems (28,
155). Measures of forest regeneration, such as seed dispersal, seedling and sapling establishment,
growth, and species turnover, provide more responsive information than the longer-term dynamics
of larger tree stems (180, 181). The abundance of resprouts, soil seed banks, or the diversity and
abundance of saplings constitute biological legacies that embody processes of forest recovery.
These metrics encapsulate a process-oriented approach that conveys information about dynamics
and trajectories without necessitating repeated measurement. Other rapid methods for ecosystem
function assessment are being developed (182) and could subsequently be adapted as metrics of
degradation based on ecosystem functions underpinning forest recovery.

4.2. Indicators and Thresholds of Land and Landscape Degradation
and Recovery

At larger spatial scales, indicators of degradation and recovery employ proxy measures of tree
canopy cover or forest cover. Because land degradation is often defined as a longstanding deterio-
ration in ecosystem productivity, measures of primary productivity based on vegetation reflectance
from remote sensing data can provide useful proxies. The Normalized Difference Vegetation Index
(NDVI) is a widely used indicator of land degradation, particularly in dryland regions with sparse
vegetation (183). The Global Land Degradation Assessment identified land degradation based on
changes in vegetation greenness (measured by NDVI) and rain-use efficiency from 1981–2006
(184). A multiscale approach for assessing land and landscape degradation is highly recommended
as coarse-scale indicators help identify broad hot spot areas that require more detailed investi-
gation using more qualitative approaches. In the savannahs of Botswana, South Africa, a shift
toward increasing woody vegetation, initially used as an indicator of landscape degradation based
on NDVI values, was supplemented by fine-scale analysis of land-cover changes in shrublands,
woodlands, and grasslands in areas that revealed large NDVI changes (185).
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Indicators of landscape degradation in fragmented forest landscapes include the extent, size,
and distribution of remaining forest fragments; an increase in edge habitat; and loss of connectivity
and ecological memory (164, 186). Species presence in forest patches is strongly affected by the dis-
tribution of remaining habitat (187). In the highly fragmented Brazilian Atlantic Rainforest, areas
with less than 24–33% forest cover showed marked declines in biodiversity suggesting thresholds
of change (188). Remote sensing data can locate areas where habitat connectivity and watershed
functions show persistent declines as well as changes in the areal extent and spatial configuration
of different ecosystem types. These indicators of landscape degradation can also be used to target
landscapes with a high potential for natural regeneration and restoration success (65).

Forest fragmentation is both an indicator and a driver of forest degradation as pervasive edge
effects in small fragments can cause elevated tree mortality, biomass decline, alteration of forest
microclimate, and cascading negative effects on species and functional group compositions (189–
193). A simulation study in Brazil’s Atlantic Forest found that isolated forest fragments below
25 ha in size showed altered structure and composition leading to a trajectory toward an alternate
stable state (194). Indeed, rates of recovery appear to be inversely correlated with the extent of
landscape fragmentation (46). Fragmentation indices might therefore provide some indication of
the time required to achieve recovery or the type and scale of interventions required to accelerate
it. Such interventions might include restoring vegetation in buffer zones or increasing connectivity
of small forest fragments, which can potentially bolster forest patch resilience (65).

5. CONCLUSIONS: FROM DEGRADATION TO RECOVERY

Degradation is not a precisely defined concept. In common usage, it serves as a boundary ob-
ject through which different actors can engage on a topic that is interpreted differently but has
sufficient commonality of meaning to be broadly understood. Yet a biophysical approach to degra-
dation unveils multiple complexities that typify complex adaptive systems and that stymie precise
definitions. Conceptual limitations of degradation are exposed during the operationalization of
management responses for restoration and recovery. To overcome such difficulties, degradation
is frequently interpreted by reference to one or a few proxies, but even then degradation remains
a largely arbitrary state that is given meaning only within a particular set of objectives and values.

An alternative approach is to consider degradation as a state that lacks, or has lost, the at-
tributes of a complex adaptive system (28, 155, 195). Essentially, this means a condition in which
ecosystem dynamics are greatly reduced or modified. Interactions and feedbacks are broken, and
the ecosystem is confined to a persistent state in which key functions and attributes have been
lost. Natural successional processes are arrested, and human intervention is required to restore a
trajectory of recovery. Such a definition identifies lands or ecosystems that require active manage-
ment interventions to restore ecosystem dynamics and successional trajectories, but it does not
specify what direction those trajectories should take. This approach acknowledges that ecosys-
tems are dynamic systems with many semipersistent equilibrium states and multiple successional
or transitional pathways.

Restoration initiatives can adopt a combination of passive and active approaches, depending
on the capacity for natural regeneration in targeted regions (31, 76, 176, 180) and the costs
and benefits of intervention. Such costs can be quantified as recovery debt that accounts for the
extent of disturbance and the current and projected rates of recovery (Figure 2). Conditions
for natural regeneration are likely to be enhanced in areas initially treated with active restoration
interventions such as tree planting, although the benefits of such interventions might be short lived
(196) or indeed might have persistent legacies that diverge from natural regeneration outcomes
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(68). Recovery of forest through natural regeneration might be more cost-effective at landscape
scales, particularly as natural recovery processes might enhance landscape heterogeneity.

Clear definitions do not necessarily lead to more sustainable or better land use, which depends
on the process by which decisions are made and how policies are formulated, implemented, and
adaptively managed. Ultimately, and in view of the environmental challenges that lie ahead, a
more important objective is to identify lands that have the greatest potential to deliver multiple
restoration benefits. This approach might entail interventions to rescue lands from arrested suc-
cession, but it also might include prioritizing investments to accelerate recovery on lands where
processes of recovery are slowed but not entirely terminated (65, 148).

Ecosystem and landscape degradation can be eliminated through cessation of practices that lead
to degradation and accompanied by practices to restore and recover degraded areas and lands. Both
approaches are important: Even if all of the currently degraded areas could be restored, degraded
lands and ecosystems will continue to accumulate if the drivers of degradation persist. The impor-
tance of halting future land degradation underscores the need to implement sustainable land-use
and production systems wherever and whenever possible. Practices of conservation, sustainable
management, and ecosystem and landscape restoration are complementary and need to be effec-
tively aligned to bring a halt to degradation and to foster long-term restoration efforts toward
global and national targets.
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