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I compile recent surveys to show that roughly one third of
earth's terrestrial vegetated surface is degraded, resulting in a
loss to humanity of ~8% of its potential direct instrumental
value (PDIV). (I define this to be the capacity of land to
supply humanity with the direct benefits of agricultural, forest-
ry, industrial, and medicinal products.) If present trends
continue, the loss of PDIV could reach ~20% by 2020. Recovery of
~4% of global PDIV might be possible in the next 25 years.
Capitalization on the natural capacity for recovery is essential
to prevent further irreversible degradation.

Rehabilitation of the world's degraded lands is important
for several reasons. First, meeting the needs of 10-14 billion
people for food, fodder, biomass fuel, fertilizer, timber, other
fiber, many industrial and medicinal products, and a suite of
?ntlal ecosystem services hinges upon increasing productivi-
ty. Second, anthropogenic changes in land productivity in-
fluence major biogeochemical cycles that regulate greenhouse gas
fluxes and determine earth's total energy balance. Third, the
preservation of biodiversity depends upon the sustainable en-
hancement of productivity gn human-controlled land to protect
remaining natural habitat. Finally, productive land is a fre-
quently limiting factor of economic output and its degradation
threatens to undermine the development of poor nations.

This paper estimates the rate at which productive potential
could be restored to degraded lands from a biophysical (as op-
posed to socioeconomic) perspective. First I summarize informa-
tion on the global extent and severity of human-induced land
degradation and describe the principal biophysical constraints on
recovery. I then review case histories of the recovery of land
from natural or human-induced disturbance in order to derive
estimates of the time required to restore the potential direct
instrumental value (PDIV) of presently degraded lands. Finally,
I make crude but potentially illuminating projections of future
changes in PDIV.

Global Extent of Human-Induced Land Degradation

Human-induced land degradatlon is a process with wide-reach-
ing impacts, whereby changes in characteristics of so0il, vegeta-
tion, topography, and climate result in lowered productlve poten-
tial. Productive potential is defined here as the potential for
land to supply benefits to humanity in thg form of net primary
production (NPP), directly or indirectly.

The geographic distribution of degraded land is poorly
known; even less known is the severity of degradation, which is
typically judged qualitatively.® The onset of degradation in
agricultural systems is often masked by intensification of land
use that compensates in the short run for declines in the natural
underpinnings of product1v1ty, but exacerbates degradation in a
positive feedback. ;ural feedbacks also exacerbate desertifi-
cation, once underway.



Global assessments of three related types of land degrada-
tion have been undertaken: soil degradation (in all biomes),
desertification of arid regions, and deterioration of tropical
ferest lands.

Human-induced soil degradation. The aerial extent of soil
degradation induced by human activity since 1945 is gstimated at
~2 billion ha, or 17% of the Earth's vegetated land. ~750 mil-
lion ha (38%) are classified as having undergone "light" degrada-
tion (involving a small decline in agricultural productivity and
full potential for recovery); ~910 million ha (46%) are "mod-
erately" degraded {involving a "great reduction" in
productivity); ~300 million ha (15%) are "severely" degraded
(offering no agricultural utility and little potential for recov-
ery): and ~9 million ha (1/2%) are "extremely" degraded ("unre-
claimable and beyond restoration').

The % area affected seems regionally independent of ecologi-
cal zone or economic status, being, e.qg., ~23% in Africa and
Europe alike. The direct causes of these forms of degradation
(and rounded estimates of the relative importance of each) are
overgrazing (35%), deforestation (30%), other agricultural activ-
ities (28%), overexploitation for fuelwood (7%), and industriali-
zation (1%). Global rates of change in soil degradation are
unknown.

Human-induced desertification of arid lands. Assessments of
the total land area suffering from "“at least moderate desertifi-

cation" are 3.2-3.5 billion ha, or approgimately two thirds to
three fourths of the world's arid lands. Of the desertified
land, approximately 1.5 billion ha are classified as "severely"
or "very severely" desertified, i.e. as having lost more than 25%
of their former productivity. An estimated 20-21 million ha of
potentially productive land are rendered economically useless and
an additional 6 million ha ecologically (and economically) unpro-
ductive each year. The direct causes of desertification are the
same as those for soil degradation. Rates of desertification
seem to 28 iicelerating, particularly in the developing
nations."'

Deterioration of Tropical Forest Lands. A recent study of
land degradatioE in the tropics assessed a total of 427 million
ha as degraded. 2 The present global annual rate of tropical
forest clearing {defined as depletion of forest cover_to <10% in
il%3types of tropical forest) is ~15.4 million ha-yr~1 (C.8%-yr"~

) and is projected to accelerate. In addition, an estimated,
roughly equal area is disrupted, but not c¢leared outright,
through selective logging and sustainable shifting cultivation.

The extent to which clearing necessarily leads to land
degradation is unknown. Rates of abandonment of recently cleared
areas, especially in hilly or mountainigs gegions, of as high as
75-100% are indicative of one extreme.l4:1 In general, only
~50% of the tropical forest land cleared each year expands the



area yielding agricg%tural benefits, while the other half replac-
es abandoned lands.

Total Degraded Area. The apparent inconsistencies in these
surveys may be accounted for in part by declines in agricultural
productivity in areas not manifesting soil degradation (caused,
for example, by the establishment of undesirable vegetation, such
as scrub in former grassland). As a crude but conservative es-
timate of the total degraded area, I use the sum of degraded
dryi;nds and moist tropical forest lands -- ~3.6-3.9 billion
ha. This amounts to approximately one third of Earth's vege-
tated surface.

Biophysical Components of Land Productivity

The principal biophysical factors affecting productivity
that are vulnerable to human-induced degradation include charac-
teristics of soils, land cover, vegetation type, fire regime, and
local and regional climate. All of these factors interact
strongly.

Soil. Important elements of soil fertility include the soil
biota, organic matter, clay minerals, and physical structure.
Soil organisms occur in staggering abundance in fertile soils
and play a critical role in converting grganic and inorganic
nutrients into forms usable by plants.1 Very little is known
about the extent of, global distribution of, or extinction rates
of solil microbial diversity, and much less about the relationship
between soil biotic diversity in general and soil fertility.
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Soil organic matter and clay minerals hold nutrients in
proximity to and in forms usable by plants. The physical struc-
ture of soils is important for the movement of water, nutrients,
and air, and the dynamics of microbial populations. All of these
soil characteristics typically deteriorate under prolonged human
impact.

Vegetation Cover and Type. Removal of vegetative cover
raises soil temperatures, resulting in increased rates of decom-
position and reduced rates of replenishment of soil organic
matter. Removal also subjects scil to compaction, dehydration,
and erosion. Changes in forest and grassland cover and wetland
drainage may increase the frequency and severity of flooding,
although the manifestatiog of and potential strength of this
effect are controversial.<l

Changes in X%getation type may have wide-reaching and long-
lasting impacts. For example, grasses often invade areas
cleared of other types of vegetation, tending to establish and
maintain ecologica% conditions (e.g., grass/fire cycles) favoring
their persistence. 3 A state of arrested succession and lowered
soil fertility often results, which sometimes s%rongly hinders
efforts to establish crops or other vegetation. 4



climatic Factors. Changes in land cover and vegetation type
may impact both regional ang global atmospheric composition, with
potential to alter climate, 5 thereby further influencing produc-
tive potential. Regionally, removal of vegetation, especially
forest, may raise surface albedo and disrupt evapotranspirative
recycling of water sufficiently to_lower precipitation and possi-
bly change temperature regionally, ® and could influence the
transfer of energg from equatorial regions to elsewhere in the
climatic system. Similag effects of overgrazing of non-forest-
ed land are also possible. 8 rThese potential direct climaggc
consecuences of vegetation loss remain uncertain, however.

The indirect climatic consequences of land conversion are
comparatively well understood. Land conversion is typically
associated with an increased flux of a variety of radiatively and
photochemically active trace gasgg and may thereby contribute
substantially to global warming. For example, deforestation
has already contributed (cumulatively) between 10-50% as much
carbon as fossil fuel combustion and could ﬁventually match
fossil fuel combustion as a carbon source.3

Time Required for Restoration of Productive Potential

The time required to restore the conditions and processes
essential to productivity is a function of ecosystem type, recen-
cy of land conversion, former intensity and type of land use, the
spatial pattern of human disturbance, and degree of alteration of
local and regional climatic factors. Few attempts have been made
to rehabilitate degraded land on a large enough scale to be
relevant to this discussion. In the following, I propose means
of indirectly assessing rates of recovery and make rough esti-
mates thereof.

Natural Rates of Soil Formation. Short of deleterious
global climatic change, regeneration of lost top~ and subsoil may
be the limiting process with respect to time and difficulty of
rehabilitation. Rates of soil formation are determined by
several factors, including climate, topography, type gnd weather-
ing time of the parent material, and the scil fauna. 3 At one
extreme, the rate of topsoil formation is especially rapid upon
rich volcanic ash; merely 100 years after the 1883 eruption of
Krakatau, for e§§mple, soil 25 cm deep had formed on one daughter
island, Rakata. More typical soil formation rates are ~1 cm
per 100-400 years, however; at such rates it takes ~3,000-12,000
years to develop sufficient soil to form productive land.34

Natural Rates of Colonization and Succession --Rakata.
Rakata serves as a model of the natural, uninterrupted recovery
of a presumably stegglized site 40 km from species source pools
(Java and Sumatra). A substantial fraction of the generalist
species in some groups (e.g., birds) with high dispersal capabil-
ities reestablished within the first 50 years. Species (includ-
ing many entire functional groups) with lower dispersal cap-
abilities, with more specialized resource requirements, or that



are sitgéted higher on the food chain remain very poorly repre-
sented. The colonization of Rakata highlights the need to
preserve for decades to centuries -- a successional period char-
acteristic of forests -~ nearby populations of the species that
make up the fully functional ecosystem.

--Sustainable Shifting Cultivation. The highly variable
practice of shifting (swidden) cultivation generally involves
slashing and burning forest patches to create temporary fields
that are harvested in a rotation between brief periods of culti-
vation and longer periods of fallowing. cCultivation typically
lasts 1 to 3 years, during which a combination of declining soil
fertility, competition from weeds, and pest or pathogen outbreak
conspires to sharply diminish yields and the plot is abandoned. 38
Long-term studies of the ragg of recovery of productive potential
in swidden systems are few, but typical fallow periods for
sustainable shifting cultivation are ~20 years (ranging between 5
and 40 yrs) in the humid tropics 2nd may be considerably longer
in subhumid and seasonal forests.40

Although on-site mechanisms of natural vegetation regenezg-
tion are largely eliminated by cutting, burning, and weeding,
recovery is relatively swift in sustainable swidden systems for
the following reasons. First, plot size is typically small (~1
ha), making dispersal, the primary mechanism by which forest
species reestablish from surrounding source areas, feasible.
Second, swidden burns usually do not destroy the layer of humus
critical to both soil fertility and resistance 28 erosion, and
soil is briefly, if at all, bare of vegetation. Third, culti-
vation impact is relatively short and benign, usually preserving
recovery nuclei within the plot (e.g., slash piles, stumps, and
roots) that help retain the microc%%mate and biota required to
initiate and propagate succession.

—-Abandoned Cropland and Pasture. Rates and paths of natu-
ral succession on abandoned agricultural land vary widely. The
chief commonality is the nonlinear relationship between the
intensity and duration of land use and the time required for
recovery following abandonment, as illustrated in the following
examples.

The recovery of "old-fields", land abandoned after some
combination of cropping and pasturing,44 has been studied in
temperate countries of N. America and Europe. The overall rate
of succession is determined principally by the severity of ero-
sion on the site, species richness of the seed bank, and avail-
ability of a further seed source (e.g., nearby habitat supporting
rodent populations). 1In some areas, initial reestablishment of
climax species was observed after as little as 40 years of aban-
donment; in contrast, high%y eroded fields remained relatively
barren after that period.4

The recent conversion to pasture of millions of ha of Amazon
rainforest caused rapid declines in productivity and land aban-
donment after only 4-8 years of use. Extrapolation of rates of



biomass accumulation and succession over 8 years since abandon-
ment suggests that sites with a history of light use (20% of now-
abandoned pasture) could reach forest stature in 100 years, those
of moderate use (~70%) in 200 years, and those of heavy use
(<10%) in 500 years or more. These estimates assume no further
human impact. In many situations worldwide, recggery of produc-
tivity on abandoned land is prevented by burning or episodic
human exploitation of regrowth as it occurs.

Even without continued human disruption, however, regrowth
of forest may not oggur at all (as in the case of fire-climax
grasslands, above). For example, an agricultural area of ~3.5
million ha in eastern Amazonia that was abandoned in the early
part of this century had %ittle vegetation aside from scrub and
brush fifty years later.4 In India, trees have failed to estab-
lish in abandoned, desertified areas adjacent to sacred forest
groves despite ample seed sources.?

The impediments to natural recovery include the aerial
extent of pastures, which frequently cover hundreds or even
thousands of ha and make reestablishment of forest problematic
since ~90% of the tree species have anima% seed dispersers, of
which very few venture into copen pasture. 0 seed and seedling
predators, particularly some ant species, however, are much more
abundant in pasture than in closed forest and will {emove experi-
mentally placed seeds within minutes of placement.5 Micro-
climatic conditions (air and soil temperatgges and humidity) are
harsh and further limit seedling survival.

Human-Accelerated Restoration of Productivity. The initia-

tion of recovery depends critically upon elimination of the human
impacts that induce or maintain a degraded condition, whether
through improved land management or complete cessation of direct
impact. Experience in reclamation of degraded areas, though
limited, indicates unequivocally that further human intervention
may be very effective, and even essential, to ensure a path and
rate of succession that would achieve substantive improvements on
a time scale of relevance to society. Improved techniques make
possible the aggelerated recovery and management of all types of
degraded land.

Intensive human-accelerated rehabilitation involves facili-
tating each of the early and rate-limiting stages of succession:
renewal gz soil fertility and stability using appropriate fertil-
ization, microbial innoculation, and planting; establishment of
internal recovery nuclei that produce and attract (via dispersal
agents) propagules; and creation of a favorable microclimate
using hardy, pioneer cover species.5

The extent to which human efforts can accelerate recovery of
sustainable productive potential is difficult to ascertain,
however. There is a paucity of cases where degraded land has
undergone uninterrupted recovery, with or without human assis-
tance. Moreover, the majority of degraded areas with known
histories have not yet recovered. Finally, recovery is non-



linear (with respect to time) and intervention can only acceler-
ate some phases of the process.

It is clear that, where land is suited to direct human use
and has not been stripped of topsoil, substantial recovery may be
achieved in as few as 3-5 years w%%h intensive management 6 put
more typically may take 20 years. However, recovery of self-
sustaining, mature ecosystems in areas unsuited to continuous,
direct human impact (such as modern agriculture) may take 100
years or more. Human intervention is required in many cases to
prevent irreversible degradation; the longer intervention is
postponed, the more degraded an area becomes and the more diffi-
cult its recovery.

Projections of Future Land Productivity

Despite great uncertainties, I venture crude estimates of
the present and possible future losses of potential direct in-
strumental value (PDIV) of Earth's land area. PDIV refers to the
capacity of land to supply humanity with direct benefits only,
such as agricultural, forest, industrial, and medicinal products.
It does not incorporate indirect valugg (e.g., ecosystem servic-
es), option values, or non-use values and is thus a conserva-
tive measure of value.

PDIV is impossible to quantify precisely because of its
dependence upon complex and continuously changing factors such as
human knowledge and preferences. As a rough index of lost PDIV,
I use estimates of loss of productivity of 10%, 25%, 50%, and
100% for the "light", "moderate", "severe", and "extreme" degra-
dation classes, respectively (Table 1, Column 1). These values
are conservative considering that sevgrely (as well as extremely)
degraded land is generally abandoned.

I then assume that a total of 3.75 billion ha were degraded
in 1990 (the mean of the estimate derived earlier) and that its
distribution among classes is proportional to that for degraded
land in the global soil survey (summarized above), for which the
data appear most reliable (Table 3, Column 3). This is conserva-
tive relative to other estimateslV that only 57% (as opposed to
my assumption of 84%) of arid lands retain at least 75% of their
productivity.

Based on the foregoing evaluation of natural and human-
accelerated recovery rates, I propose rough rehabilitation times
for each class of land (Table 1, Column 2). The time required
for human~accelerated rehabilitation clearly depends upon the de-
sired means of realizing an area's PDIV -- through crop cultiva-~
tion or extraction of native medicinal plants, for example.

These estimates are optimistic in that all assume rehabilitation
will not be hindered by soil loss, climatic change, or lack of
colonists of needed taxonomic groups; they also assume the higher
rate of recovery from ranges of possibilities.



Three scenarios of fggure changes in global PDIV (Table 1)
are presented in Table 1. In Scenario A, degradation is
arrested immediately. In 25 years, complete recovery occurs on
100% of land in the "1light"™ class and on 50% of land in the
"moderate" class; the other 50% in the "moderate" class moves
into the "light" category: 0% of the land in the "severe" and
vextreme" classes recover sufficiently to move up into another
class. Scenario B assumes conservative rates of growth of each
degradation class (derived in Table 2). Scenario C assumes rates
of degradation double those used in B; these accelerated rates
represent what could occur if vigorous measures to prevent and
reverse land degradation are not taken.

The assumptions embedded in these calculations represent an
outline of a research agenda; the actual results are most useful
for relative, rather than absolute, comparisons. The analysis
suggests that ~8% of global PDIV of land has already been lost.
From a biophysical perspective, recovery of half of this loss may
be feasible in 25 years, were degradation halted and strong
rehabilitation measures initiated immediately. In the absence of
such measures, a very conservative extrapolation of present rates
of degradation suggests that ~14% of global PDIV could be lost in
25 years; at more realistic, accelerated rates of degradation,
this loss could amount to nearly 20%. Moreover, in the latter
scenario (C), the land area irreversibly degraded from a soci-
oeconomic perspective (in the "severe" and "extreme" classes)
would more than triple over 1990 levels.

Costs and Benefits of Human-Accelerated Rehabilitation

The United Nations Environment Programme estimates the total
direct annual income lost due to desertification of all drylands
at US$ 42.3 billion. Their estimates of the direct annual cost
of all preventive and gshabilitational measures range between USS$S
10.0 and 22.4 billion. While the general lack of information
on rehabilitation costs constitutes a serious shortcoming, the
utter dependence of human well-being on productive land makes its
continued degradation for short-term gain an unwise course.

Conclusions

Land degradation results from an intricate nexus of social,
economic, cultural, political, and biophysical forces. For
example, the productive potential of land is ultimately in-
fluenced by many factors, including: property rights and income
distributions; economic valuation of natural resources; interna-
tional cooperation and assistance; and growth of the physical
scale of the human enterprise. While an enormous potential for
recovery is inherent in most land types, failure to realize this
potential can result in its rapid, essentially irreversible
deterioration. Historically, land degfadation has been implicat-
ed in the fall of great civilizations and merits serious atten-
tion by this one.®



