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Abstract

Forest clearing, forest degradation through human disturbance, and the deterioration of land productivity due to inappropri-
ate agricultural practices is a major problem in the tropics. Restoration of ecosystem health and productivity has generally
relied on abandonment of land and subsequent natural forest succession. In recent years there has been consideration of
management options to accelerate recovery and restore productivity, biodiversity and other values. The use of tree plantations
to catalyze restoration of degraded forests and lands in the tropics was addressed at a symposium in Washington DC in June
1996. The conclusions and suggestions for future research to develop appropriate management options are reported. There is
strong evidence that plantations can facilitate forest succession in their understories through modification of both physical and
biological site conditions. Changes in light, temperature and moisture at the soil surface enable germination and growth of
seeds transported to the site by wildlife and other vectors from adjacent forest remnants. Development and design of manage-
ment options to assist this process are required, taking into account socio-economic realities, development priorities and

conservation goals. © 1997 Elsevier Science B.V.
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1. Tropical forest loss and degradation

Tropical forest loss and degradation, as well as
degradation of lands which formerly supported forest,
are proceeding at unprecedented rates, eroding biolo-
gical diversity and prospects for sustainable economic
development of agricultural and forest resources.
Each year, an estimated 15.4 million ha of tropical
forests and woodlands are destroyed or seriously
degraded, principally through agricultural expansion,
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uncontrolled livestock grazing, logging, and fuel-
wood collection (World Resources Institute/IIED,
1988; FAQ, 1993). Estimated annual losses of forest
cover range from 0.6 to 1.1% among tropical forest
zones (FAO, 1993), with the greatest losses occurring
in moist deciduous forests (6.1 m ha y™') and in
tropical rain forests (4.6 m ha y™"). Significant losses
are also occurring in upland forest formations (2.5 m
hay') as well as in dry and very dry forest zones (2.2
m ha y"’).

Degraded tropical lands, i.e. lands where vegetation
removal or modification and loss of soil productivity
through human disturbance has had a negative impact
on local or regional ecologies and economies, are
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estimated at 2077 million ha (Grainger, 1988). Of
this total, an estimated 79% (1651 m ha) are deserti-
fied drylands, and the remainder are logged forest
(6.6%), forest fallow (9.8%) and deforested water-
sheds (4.2%). This represents approximately 43%
of the total land area and is slightly greater than
the total estimated forest area in the tropics (FAQO,
1993).

2. Responses to the problem

Historically the most common response to land
degradation has been abandonment, or reliance on
natural succession to restore lost soil fertility, species
richness, and biomass productivity. Periodic land
abandonment has been the basis of apparently sustain-
able traditional shifting cultivation and livestock
herding systems. In many tropical regions, however,
fallow periods are often shortened or eliminated due
to increased population pressures and agricultural
intensification. Without adequate inputs such as
plant nutrients, productivity and land utility com-
monly decline, often precipitously as in the case of
pasture development in the Amazon Basin (Uhl et al.,
1988a,b; Nepstad et al., 1991).

In advanced stages of degradation, persistent phy-
sical, chemical and biological barriers, or stresses,
often prevent natural forest successional processes
from operating on a time scale compatible with
human needs (Uhl and Jordan, 1984, Uhl, 1988;
Lugo, 1988; Nepstad et al., 1991; Parrotta, 1992,
1993; Brown and Lugo, 1994). These barriers or stres-
ses typically include some combination of the follow-
ing: low seed or rootstock availability, seed and
seedling predation, lack of suitable microhabitats for
seed germination and seedling establishment, soil
nutrient limitations, absence of obligate fungal or
bacterial root symbionts, seasonal drought, root
competition with grasses or ferns, and periodic fire
(Uhl and Jordan, 1984; Uhl, 1987, 1988; Uhl et al,,
1988a; Lugo, 1988; Nepstad et al., 1991; Parrotta,
1992, 1993; Cohen et al,, 1995; Aide et al., 1995).

Techniques for rehabilitating selected degraded
areas will ultimately depend on the priorities and
objectives of stakeholders, the costs and benefits asso-
ciated with available rehabilitation techniques, and
the economic, social, and environmental values of

these land resources in their current and desired future
states (Lamb, 1994). A large proportion of marginal
lands currently classified as degraded can and should
be rehabilitated primarily for food production. New
cropping practices (such as agroforestry technologies)
and more efficient agricultural resource management
systems can assist this process and ensure that agri-
culture remains sustainable.

There remain, however, significant formerly
forested areas in many countries that cannot be eco-
nomically rehabilitated for either agricultural or inten-
sive commercial forestry production in the near term,
and degraded lands of high potential value for con-
servation and watershed protection. Such sites may
include degraded rangelands and pastures, riparian
areas, steep slopes subject to severe erosion, or sites
which could serve as corridors linking forest frag-
ments of high biodiversity value. An unknown pro-
portion of these lands will naturally revert fairly
quickly to secondary forest if the pressures on them
(i.e., biomass harvesting, grazing, fire) are lifted, as
occurred in parts of Latin America and elsewhere
where substantial areas of secondary forest have
established following the collapse of cattle raising
activities (Brown and Lugo, 1990; Sips, 1993).
Other, more severely degraded lands, will require
some form of human intervention, or management,
to facilitate their recovery.

To date, tropical forest rehabilitation efforts have
tended to focus on the development of forestry and
agroforestry systems aimed at maximizing production
of a very limited number of species, or restoration
plantings (usually at considerable cost) that aim to
recreate the diverse forest ecosystem believed to
have once occupied the site. Intensive forestry and
agroforestry systems have limited potential for
biodiversity conservation. Although ecosystem
restoration approaches can yield extremely good
results in terms of biodiversity recovery, their high
costs make them economically unattractive for
large-scale application in tropical countries except
under very specialized circumstances. What is needed
for large-scale application in many regions are forest
rehabilitation and management systems that simulta-
neously accelerate regeneration of species-rich native
forest ecosystems and provide economically and
socially valued forest products (cf. Poffenberger and
McGean, 1996).
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3. The potential role of plantations

There is increasing evidence that forest plantations
can play a key role in harmonizing long-term forest
ecosystem rehabilitation or restoration goals with
near-term socio-economic development objectives
(cf. Lamb and Tomlinson, 1994). Recent studies
have shown that plantations can facilitate, or ‘cata-
lyze’, forest succession in their understories, particu-
larly where silvicultural management was neglected,
on sites where persistent ecological barriers to succes-
sion would otherwise prelude recolonization by native
forest species. See, for example, Lugo (1992), Parrotta
(1992, 1993, 1995), and Lugo et al. (1993) for Puerto
Rico; Guariguata et al. (1995) for Costa Rica; Vieira
et al. (1994) and Silva Junior et al. (1995) for Brazil;
Knight et al. (1987), Liibbe and Geldenhuys (1991),
Geldenhuys (1993, 1996), and van Wyk et al. (1995)
for South Africa; Fimbel and Fimbel (1996) for
Uganda; Yu et al. (1994) for China; Bhaskar and
Dasappa (1986), Kushalappa (1986), Soni et al.
(1989), George et al. (1993) and Srivastava (1994)
for India; Mitra and Sheldon (1993) for Malaysia;
and Kuusipalo et al. (1995) for Indonesia.

These studies suggest that, under certain circum-
stances, the catalytic effect of plantations is due to
changes in understory microclimatic conditions,
increased vegetation structural complexity, and devel-
opment of litter and humus layers that occur during
the early years of plantation growth. These changes
lead to increased seed inputs from neighboring native
forests by seed dispersing wildlife attracted to the
plantations, suppression of grasses or other light-
demanding species that normally prevent tree seed
germination or seedling survival, and improved
light, temperature and moisture conditions for seed-
ling growth. In the absence of silvicultural manage-
ment aimed at eliminating woody understory
regeneration, the monospecific plantation system is
replaced by a mixed forest comprised of the planted
species and an increasing number of early and late
successional tree species and other floristic elements
drawn from surrounding forest areas. Eventually, if
the planted species are short-lived and light-demand-
ing (as are most of the commonly planted commercial
species), they may disappear entirely from the system,
leaving a floristically rich secondary forest. Alterna-
tively, if the planted trees are gradually removed with-

out also removing the woody understory regeneration,
a secondary forest could develop quickly.

4. Plantations as successional catalysts: an inter-
national research effort

Based on these earlier findings, a global research
network was initiated in 1994 by the World Bank and
the International Institute of Tropical Forestry (USDA
Forest Service) in collaboration with the Center for
International Forestry Research (CIFOR) and the
Overseas Development Authority/UK (ODA) to criti-
cally evaluate the role of forest plantings in rehabili-
tating native forest biodiversity on severely degraded
or deforested lands. This research effort involved field
research in Puerto Rico, Costa Rica, Brazil, Congo,
South Africa, Malawi, Australia, and Hawaii and
extensive networking with scientists from over 20
countries involved in closely related studies, princi-
pally through the International Union of Forestry
Research Organizations (IUFRO) Project Group
P1.17.00 (Rehabilitation of Degraded Sites).

The first phase of this research program, completed
in 1996, focused on better understanding the ‘catalytic
effect’” of tree plantings on native forest succession
under a variety of degraded site conditions. Using a
common research methodology. study teams exam-
ined a series of hypotheses concerning the relative
importance of environmental conditions, plantation
species selection and other design criteria, and silvi-
cultural management practices on the process of
native forest regeneration in established plantations.
Papers reporting results of this project are presented in
this volume by Bone et al., Geldenhuys, Haggar et al.,
Harrington and Ewel, Keenan et al., Loumeto and
Huttel, Parrotta et al., Powers et al., and Tucker and
Murphy.

5. The IUFRO-World Bank-USDA forest service
conference on tropical forest rehabilitation

In June 1996, a 4-day symposium/workshop was
held in Washington DC to discuss the results of
these and related studies, and to chart a course
for future research. The meeting included scientists
involved in the international research project
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described above, other researchers and land managers
from numerous countries involved in tropical land
rehabilitation, forest restoration, and secondary forest
management, and representatives from multilateral
donor agencies, environmental NGOs and the private
sector interested in multiple-use management of com-
mercial plantations and natural forest systems. The
symposium included 28 invited papers, presented in
eight technical sessions on forest plantation ecology,
tropical forest succession, forest rehabilitation and
restoration of degraded tropical sites, silvicultural
options for secondary forest management, and social,
economic, and policy issues.

Two workshops provided an opportunity for con-
ference participants to evaluate the hypotheses that
guided the international research project on planta-
tions as successional catalysts, to identify areas for
further research, and to discuss the potential applica-
tions of project results under a variety of management
conditions. Workshop participants considered the fol-
lowing questions:

¢ Do plantations accelerate natural forest suc-
cession on degraded tropical sites?

e If so, what site conditions, plantation designs
(species selection, spacing, etc.), and silvicul-
tural management practices (site preparation,
understory management, thinning regimes)
favor the adoption of this technique for native
forest rehabilitation/restoration over alterna-
tive methods?

e  What is the role of wildlife in the process and
how can plantations be designed to increase
their effectiveness as seed-dispersers?

e To what extent does the regeneration of a
diverse understory flora affect the productiv-
ity of the planted crop in plantations estab-
lished primarily for timber production, and
how can the regeneration process be managed
to optimize yields of a diverse product mix to
meet economic, social, and environmental
conservation objectives?

e What are the potential uses of the ‘catalytic
effect’ of plantations to harmonize forest pro-
duction goals and forest rehabilitation and/or
restoration objectives?

The following conclusions and suggestions for
future research emerged from the workshop:

1. Relative to unplanted (control) sites, plantations
have a marked catalytic effect on native forest
development (succession) on severely degraded
sites (such as mined lands and badly eroded
areas) and on sites dominated by grasses and
ferns which otherwise preclude colonization by
forest species.

2. The relative catalytic effect of plantations

increases with increased site degradation and
from drier to wetter sites, and generally decreases
with increasing distance from remnant native for-
est stands (seed sources). Further research is
recommended to develop techniques for accelerat-
ing natural forest succession on drier sites.

3. Structural complexity of the planted forest is an

important determinant of subsequent biodiversity
enrichment due to the importance of habitat het-
erogeneity for seed-dispersing wildlife and micro-
climatic heterogeneity for seed germination. This
suggests that broadleaf species yield generally bet-
ter results than conifers, and that mixed-species
plantings are preferable to monocultures. Future
studies in this area are needed to assess the influ-
ence of overstory (planted) species architecture
and phenology on understory microclimate hetero-
geneity (spatial and temporal patterns), and
aspects of forest floor and soil development that
influence recruitment of native forest species,
under a variety of site and landscape conditions.

4. Wildlife, especially bats and birds, are of funda-

mental importance as seed dispersers in tropical
regions. Their effectiveness in facilitating planta-
tion-catalyzed biodiversity development on
degraded sites depends on the distances they
must travel between seed sources (remnant for-
ests) and plantations, the attractiveness of the
plantations to wildlife (ability of plantations to
provide habitat and food), and the condition of
the forests from which they are transporting
seeds. Additional research is needed under a vari-
ety of ecological conditions to better understand
the dynamics of animal seed dispersal in degraded
landscapes, to develop appropriate plantation
designs to encourage seed transport from remnant
forest stands, and to determine the range of dis-
tances between seed sources and rehabilitation
sites over which seed dispersal by animals is likely
to be effective.
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5. Larger-seeded forest species are far less likely to
colonize degraded sites than smaller-seeded spe-
cies due to seed dispersal limitations, and there-
fore require management interventions (e.g.,
enrichment planting) to facilitate their establish-
ment, particularly where forest restoration is a
major objective. Further studies are recommended
to develop low-cost techniques for establishing
large-seeded species either at the time of planta-
tion establishment, or as enrichment plantings at
appropriate stand ages.

6. Regarding silvicultural management options, the
workshop examined the effects of site preparation
alternatives (mechanical, fire, chemical), under-
story management practices, and plantation thin-
ning regimes on both the planted trees and the
species-rich native forest understory they foster.
Due to the complexity of interactions among the
many factors involved, however, specific recom-
mendations are dependent on initial site condi-
tions, the goals of plantation management, and
the relative importance of the planted trees for
timber or biomass, the regenerating understory,
and other socio-economic and environmental
goods and services provided by the rehabilitating
forest system. The issue of ‘trade-offs’ between
overstory productivity and understory develop-
ment was identified as an important topic for
further study, requiring experimental studies to
determine the effect of plantation understory
regeneration on overstory growth and nutrient
cycling processes during the course of stand
development.

7. There was a broad consensus that the ‘catalytic
plantation’ approach is a promising tool for
degraded land rehabilitation in a variety of con-
texts. Given the growing recognition in the scien-
tific and development communities, among
policy-makers, and in the private sector of the
need to incorporate biodiversity rehabilitation
and conservation in land-use planning and forest
management, this approach is attracting broad
interest as an economically and socially viable
means for integrating social, economic and envir-
onmental land management goals. The potential
applications discussed included ‘restoration’ plan-
tations in riparian areas and on other critical sites
(such as steep eroded slopes); plantings designed

to foster development of mixed native forests for a
variety of locally used and valued species; and
alternative management strategies for long-rota-
tion timber plantations, short-rotation fuelwood
or fiber plantations, and agroforestry systems.

Management issues and potential applications dis-
cussed during the workshops clearly indicate the need
for additional research in a number of areas related to
plantation design and management. Specifically,
experimental research is required to systematically
evaluate the effects of site preparation, plantation spe-
cies selection (both single- and mixed-species alter-
natives), understory management practices, and stand
manipulation techniques (e.g., pre-commercial thin-
nings, liberation thinnings, enrichment plantings) on
the productivity of both the planted crop and its regen-
erating understory, the associated economic and
social costs and benefits, and the environmental
impacts of alternative design and management sys-
tems related to biodiversity conservation, soil fertility
rehabilitation and carbon sequestration. These ques-
tions need to be addressed in the context of local
ecological conditions. There must also be recognition
of the current and future priorities of local commu-
nities, individual landholders and land managers to
ensure that forest rehabilitation and management
options evaluated are consistent with socio-economic
realities, development priorities and conservation
goals.

6. Applying the catalytic plantation approach to
forest rehabilitation and restoration

Given the information currently available, careful
selection of sites and cost/benefit analysis will be
needed should any government, commercial company
or NGO wish to give rehabilitation through catalytic
tree planting a trial. Degraded sites to be favored
should be those formerly cleared of all, or at least
most, tree and shrub roots, e.g., land cleared for pas-
ture or commercial crops such as sugar cane or bana-
nas. Potential users of this technique must determine
distances from the nearest natural forest remnants and
give priority to sites with distances advantageously
disposed to seed vectors.

Once sites are chosen, careful selection of planted
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species is required. While most species appear to act
as catalysts, broadleaf species seem to give better
results than conifers. Of these, fast growing pioneer
species should have preference, particularly those
known to establish and grow well on degraded sites,
e.g., Acacia mangium on imperata grassland sites in
the tropics. In many regions, however, there is a real
danger that some plantation species (notably certain
Acacia species and Leucaena leucocephala) could
‘escape’ from cultivation and become established as
weedy invader plants well beyond the rehabilitation
target area. Therefore, candidate plantation species
should be screened for their potential to become pro-
blematic weeds in relation to local and regional flor-
istics and ‘invasibility’ of surrounding ecosystems.
Where possible, native species should be given pre-
ference over exotics, in part to help minimize this risk.
Seedlings should be of good quality and spacing cho-
sen to favor early canopy closure. Plantation estab-
lishment costs need to be kept as low as possible
consistent with good survival and growth. Similarly,
post-plantation treatments should be minimized, pro-
vided canopy development of the planted trees is pro-
ceeding well.

Subsequent silvicultural treatments should be cho-
sen to capitalize on the colonizing species; no hard
and fast rules are possible given the present state of
knowledge. Timing of silvicultural operations may
prove critical as early colonization by forest species
has been observed in the understory of Gmelina
arborea in Costa Rica (N. Jones, personal observa-
tion), and beneath Albizia lebbek, Casuarina
equisetifolia, Eucalyptus robusta, and Leucaena leu-
cocephala in Puerto Rico (Parrotta, 1992, 1993, 1995)
as early as the third year after planting. Local benefits
from applying catalytic planting on sites where nat-
ural forest successional processes are arrested can be
both financial (employment for planting and manage-
ment) and ecological (colonization of native forest
species and development of a forest environment).

7. Conclusions

There is strong evidence that plantations can facil-
itate forest succession in their understories on
degraded sites through modifying microclimatic con-
ditions, stimulating accumulation of organic carbon in

the soil surface layers and increasing structural com-
plexity. Changes in light, temperature and moisture at
the soil surface provides conditions to enable germi-
nation and growth of seeds transported to the site by
wind, wildlife and other vectors from adjacent forest
remnants.

Strategic and applied research is required to
develop and design management options to facilitate
natural regeneration in plantations. These options will
need to be developed in full recognition of socio-eco-
nomic realities, development priorities and conserva-
tion goals.
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