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Abstract

Restoring self-sustaining tropical forest ecosystems on surface mined sites is a formidable challenge that requires
the integration of proven reclamation techniques and reforestation strategies appropriate to specific site conditions,
including landscape biodiversity patterns. Restorationists working in most tropical settings are usually hampered by
lack of basic information on the wide variety of native tree species that characterize the pre-disturbance forests, as
well as insufficient understanding of the ecology of disturbance and natural recovery to design effective restoration
programs. A notable exception to this is the forest restoration program developed since the early 1980s by a Brazilian
bauxite mining company operating at Trombetas in Para State in central Amazonia. A systematic nursery and field
research strategy was used to develop a reforestation program based on mixed plantings of more than 70 native
old-growth forest tree species. This technique has been used to replant about 100 ha of deforested minelands each
year over the past 15 years. Research in recent years has evaluated this approach and other, generally simpler,
reforestation methods used at a smaller scale at this site. Post-plantation biodiversity development and other
indicators of restoration success or sustainability were recorded. The results of these studies have shown the
overwhelming importance of careful site preparation and topsoil handling/replacement practices in determining both
future productivity and biodiversity of the redeveloping forests, irrespective of the complexity of the planting design
used. The inclusion of a wide variety of forest species, particularly later successional species, was very important for
long-range restoration owing to limitations on natural recovery processes that inhibit seed dispersal and subsequent
colonization of many old-growth forest species. Many of the lessons learned at this site are applicable to improve the
design of mineland rehabilitation and forest restoration programs worldwide. © 2001 Elsevier Science B.V. All rights
reserved.

Keywords: Bauxite mine rehabilitation; Brazil; Natural regeneration; Plantations; Restoration; Soil seed bank; Succession; Tree life
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pared with forest cleared for agriculture, log-
ging, hydroelectric and transportation projects
and other changes in land use. However, the
off-site environmental impacts of surface mining
can be very extensive, due to erosion and runoff
resulting in siltation and deterioration of water
quality in nearby rivers, lakes and reservoirs. To
avoid these adverse environmental impacts, ef-
fective forest restoration on mined sites is re-
quired. This requires careful planning and the
integration of mining and rehabilitation opera-
tions based on sound silvicultural and ecological
knowledge and principles (Bradshaw, 1987,
1997). Proper site preparation, including mine-
site landscaping, topsoil handling and applica-
tion, and deep-ripping of compacted subsoil, has
been shown to be an essential prerequisite for
good growth of planted tree species and vigor-
ous natural regeneration of species from viable
seeds contained in forest topsoil (Tacey, 1979;
Tacey and Glossop, 1980; Fox, 1984; Ferraz,
1993; Grant et al., 1996; Parrotta et al., 1997).
In addition, silvicultural knowledge is required
to select species and establishment techniques
appropriate to local site conditions and long-
range restoration objectives. In many tropical
regions, including the Amazon basin, restora-
tionists lack basic, essential information on seed
availability, propagation techniques, growth
rates and site adaptability for the hundreds of
candidate tree species present in natural forests
(Knowles and Parrotta, 1995).

Forest restoration programs by mining com-
panies in Brazil (Majer, 1992, 1996; Gaunt and
Bliss, 1993; Knowles and Parrotta, 1995 ), Aus-
tralia (Tacey, 1979) and other tropical countries
have usually relied on planting of either native
or exotic forest species to rapidly establish tree
cover on reclaimed mine sites and thereby facili-
tate natural forest succession. In Brazil, prior to
the early 1980s, bauxite mine rehabilitation pro-
grams involved reforestation with fast-growing,
exotic and native species such as Eucalyptus
spp., Bracatinga scabrella and Australian Acacia
spp.

Since 1979, the Brazilian mining company
Mineragdo Rio do Norte S.A. (MRN) has de-
veloped a reforestation program aimed at restor-

ing the forest cover destroyed at a rate of
approximately 100 ha year ~! during bauxite ore
extraction at Trombetas in western Para State
(Knowles and Parrotta, 1995). The MRN mixed
native species reforestation approach, involving
careful site preparation (including topsoil re-
placement) and planting mixed stands of 80—100
species of native forest species at a total cost of
approximately $2500 ha—!, has been the stan-
dard reforestation technique used at the Trom-
betas mine since the mid-1980s. This more
sophisticated reforestation approach involving
mixed native species plantings has become the
industry norm in response to Brazilian environ-
mental legislation that now requires companies
to restore, to the greatest extent feasible, the
original vegetation destroyed during mining.

At the Trombetas mine site, a number of re-
forestation methods, in addition to the standard
mixed native species planting technique, were
tested on a smaller scale during the 1980s. These
included establishment of mixed species planta-
tions by direct seeding using mainly short-lived,
native early successional trees, and mixed plant-
ings of mostly exotic species. Also present at
this site are small areas where: (1) the standard
mixed native species treatments were applied
but, due to operational failures (inadequate top-
soil application), subsequent tree growth was
greatly reduced; and (2) site preparation and
topsoil replacement protocols were followed, but
where trees were not planted. The presence of
these developing forest stands of similar age (9-
13 years) established using different methods, or
treatments, provided a unique opportunity to
evaluate their relative value for forest restora-
tion. Studies were therefore undertaken to com-
pare the structure, floristic composition,
successional status and sustainability of these
treatments with reference to the old-growth
forests surrounding the mine site. In this paper,
we will summarize the major results of these
studies, in the hope that they will be of use in
mine restoration programs elsewhere in the trop-
ics. Further details of these studies can be found
in Parrotta et al. (1997), Parrotta and Knowles
(1999).
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2. Methods
2.1. Study location

The Trombetas bauxite mine is located in the
Saracd-Taquera National Forest on an upland
mesa (Saraca plateau) at an elevation of 180 m, 65
km northwest of the town of Oriximind and 30
km south of the Trombetas River in western Para
State, Brazil (1°40'S, 56°27'W; Fig. 1). Mean an-
nual rainfall at Porto Trombetas (1970—-1994) is
2185 + 64 (S.E.) mm, with distinctly dry (winter)
and wet (summer) seasons; mean monthly rainfall
exceeds 100 mm in all months except July—Octo-
ber. The mean maximum and minimum tempera-
tures are, respectively, 34.6 and 19.9°C. Soils on
the Saraca plateau are acidic yellow clay latosols
with a thin humus layer (Ferraz, 1993). The re-
gional vegetation is evergreen equatorial moist
forest, within which the forests occupying the
upland mesas and surrounding slopes have aver-
age canopy heights of 20-35 m, with emergent
trees up to 45 m tall (Knowles and Parrotta, 1995,
1997). The forests surrounding the mine were,
until recently, largely inaccessible and undisturbed
by hunting or forest clearing for the past 200—300
years. Consequently, wildlife diversity in the vicin-
ity of the mine remains high and includes the
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Fig. 1. Location of the study site.

large terrestrial and arboreal mammals, bats and
birds that play critical roles in forest succession.

2.2. Native forest species propagation and
performance assessment

During the 1980s, 160 species of trees (from 42
families) found in the old-growth forests sur-
rounding the mine site were systematically evalu-
ated to determine the most cost-effective methods
for their propagation and to assess their early
performance after planting at the mine site. This
research program, described in detail in Knowles
and Parrotta (1995), involved evaluations of fruit-
ing phenology, seed viability, seed germination
treatments, propagation methods (direct seeding,
use of stumped saplings, wildlings, and nursery-
grown seedlings), and early survival and growth
during the first 2 years after outplanting under
operational conditions.

2.3. Reforestation treatments

The study areas were located on the eastern
side of the Saraca plateau on sites mined between
1982 and 1986, and next to undisturbed old-
growth forest. For all treatments described in
Table 1 (with the exception of the mixed native
species ‘failure’), the standard reclamation and
site preparation sequence was followed, which
includes leveling of the clay overburden, replace-
ment of approximately 15 cm of topsoil and
woody debris (removed from the site prior to
mining and stockpiled for up to 6 months prior to
application), deep-ripping of lines to a depth of 90
cm (1 m between lines), and planting along alter-
nate rip lines at 2 x 2 m spacing (2500 trees ha —!)
using seeds, stumped saplings and/or potted
seedlings, depending on species and treatment.

2.4. Forest stand structure and floristics

Between 1995 and 1997, stand structure, floris-
tic composition, and forest floor development
were evaluated for all treatments and in old-
growth forests on the Saraca plateau using repli-
cated 10-m diameter circular plots (78.5 m?) as the
standard measuring unit. Due to stand area dif-
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Table 1

Reforestation treatments studied at the Trombetas bauxite-mined site

Treatment Description Total Area Year established
Mixed native Mixed species plantings of ca. 70 native forest tree 100 ha 1985
species species of different successional stages
(MNS)
Mixed native As MNS, but poor survival (<25%) of planted trees Small areas (<0.1 ha) in MNS 1985
species apparently due to inadequate site preparation, specifically treatment
‘failure’ insufficient topsoil application
Mixed Mixed species plantings of Eucalyptus camaldulensis, 2.0 ha 1987
commercial Eucalyptus citriodora, Eucalyptus pellita, Eucalyptus

species torreliana, Eucalyptus urophylla, Acacia mangium and

Sclerolobium paniculatum.
Direct seeding

sprouting in 1987
Natural
regeneration

Regeneration initiated from seeds in applied topsoil

Mixed species plantings of 48 mainly short-lived native 17 ha 1986
forest taxa; mowed at 40 cm height to stimulate

Four sites, 0.3-1.0 ha each 1984-1987

ferences among treatments, the total sampling
area varied among treatments. Study plots were
located randomly within the study sites in the
natural regeneration, mixed commercial species,
and mixed native species ‘failure’ treatments. In
the remaining two treatments (mixed native spe-
cies, direct seeding), these plots were established
at varying distances from the intact old-growth
forest along the edge of the plateau towards the
interior of the Saraca plateau, with plot centers at
0, 10, 20, 40, 100, 250, 500 and 725 m along two
transects in the direct seeding stands and at 0, 10,
20, 40, 80, 160, 320 and 640 m along each of four
transects in the mixed native species stands. Old-
growth forest plots were located along two 100 m
transects in undisturbed forest areas in the general
vicinity of the restoration areas on the eastern side
of the Saraca plateau, approximately 50 m from
the plateau edge.

Within each of the 78.5 m? sample plots, a
complete inventory was made of all adult and
juvenile trees and shrubs, vines, herbs, and
grasses. For each of these floristic categories, the
total numbers of individuals (or clumps, for
grasses) of each species were recorded. For trees
and shrubs (including palms), height and stem
diameters (at 1.3 m =dbh) for trees >2 m in
height were also measured. Height and stem di-
ameter data for planted trees occurring in each

plot were recorded separately. Woody species
were also classified by their expected longevity, or
life span (<20, 20—40, 40—80, or > 80 years),
based on Knowles’ long-term observations of the
local tree flora, and their regeneration origin, i.e.
whether they were planted or naturally regener-
ated from either the applied soil seed bank or
subsequent inputs from surrounding natural
forests. Canopy closure was estimated as the
mean percentage crown cover measured with a
spherical crown densiometer at 1 m from ground
level at four points located 3 m from plot centers
(N, S, E, and W compass bearings). Litter and
humus depths were measured at ten randomly
located points within each plot, with plot means
for each horizon used for subsequent analyses.

2.5. Data analysis

Numbers or individuals per square meter and
basal area (for trees >2 m tall) were calculated
for all species in each treatment. Species richness
for each floristic category was expressed simply as
the number of species present per plot. Based on
the total plant species list for all plots in each
treatment, Sorensen’s quotient of similarity (/)
was calculated for the tree flora to assess the
degree of similarity between restoration treat-
ments and the old-growth forest. Mean canopy
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closure, canopy height, tree basal area, litter and
humus depth, plant density, and species richness
for woody species, vines, herbs and grasses were
compared among treatments using unpaired two-
group #-tests.

3. Results and discussion

3.1. Tree species propagation and performance

The propagation methods tested by MRN for
160 native tree species at the reclaimed mine site
were, in order of increasing cost: direct seeding,
planting of stumped saplings (i.e. saplings col-
lected from the wild whose tops and all but
taproots are removed), wild seedlings, and nurs-
ery-grown seedlings. It was found that direct seed-
ing was suitable (with survival rates > 75%) for
21% of the species studied; these species generally
had large seeds (>2 cm long and broad) that
could be conveniently handled by planters in the
field. For an additional 13 species (8%), stumped
saplings were the most economical and viable
option. Of the remaining 113 tree species,
wildlings collected from the surrounding old-
growth forests was the most cost-effective plant-
ing stock option for 78 species (49%), while only
35 species, or 22% of the total, could not be
propagated by these more economical means and
required raising seedlings from seed in the
nursery.

The seeds of many tropical tree species require
mechanical or chemical scarification to speed their
germination. Pre-sowing treatments can, however,
add significantly to the cost of nursery produc-
tion. On an operational scale such as that prac-
ticed by MRN at Trombetas, it is important to
determine the least expensive methods for seed
handling to minimize these expenses. Of the 160
native Amazonian tree species studied, however,
71% were found to not require either method of
scarification to break seed dormancy. Twenty-one
percent required mechanical scarification and only
7% required chemical scarification (soaking in
concentrated H,SO,). These findings were used to
develop cost-effective strategies for planting stock
selection and, for nursery-grown seedlings, seed
handling protocols.

Evaluations of post-plantation adaptability and
early growth found that 37% of the 160 tree
species studied were well adapted to the open site
conditions of the reforestation site, showing vigor-
ous shoot growth and survival rates of > 75%
during the first 2 years after planting. An addi-
tional 30 species (19%) were rated as ‘fair’, with
good shoot growth and survival rates of 50—75%;
these species prefer partial shading during the first
year after planting, but grow vigorously under full
sun thereafter. The remaining 71 species (44%)
performed poorly during the first 2 years, with
survival rates < 50% and stagnant shoot growth;
species in this group generally require shade, at
least during the first 2 years of their development,
and are recommended for enrichment plantings
beneath the closed canopy of plantations estab-
lished using the better-adapted species, preferably
about 5 years after the initial plantings. Further
details on tree species propagation and early per-
formance after planting are provided in Knowles
and Parrotta (1995).

3.2. Influence of site preparation on forest
development

The importance of careful site preparation, par-
ticularly topsoil handling, is evident when one
compares the structural and floristic development
10 years after planting in sites at the Trombetas
mine, where the mixed native species treatment
was applied with and without adequate topsoil
application during the site preparation phase. As
shown in Table 2, tree basal area, canopy height
and crown cover percentages were significantly
lower in the mixed native species treatment plots
with inadequate topsoil application (MNS ‘fail-
ure’) than in plots in which the prescribed site
preparation protocols were followed. In the for-
mer plots, rates of litter accumulation and humus
development were relatively poor. Although the
overall density of woody species in these areas
was not significantly lower, individuals > 2 m tall
were relatively uncommon.

There were clear differences in the floristic rich-
ness of these sites, the MNS ‘failure’ plots having
significantly fewer (approximately 50%) planted
and naturally regenerated tree and shrub species
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in both the seedling ( <2 m tall) and larger (> 2
m tall) size classes. As a result of poor perfor-
mance of planted trees, the MNS ‘failure’ plots
tended to be dominated by persistent fire-prone
grasses and a very limited number of short-lived
early secondary forest species that can survive
under such conditions.

3.3. The role of landscape floristics and wildlife in
restoration processes

In all of the plantation treatments studied, the
total number of tree and shrub species present in
study plots greatly exceeded the number of
planted species. Regeneration from seeds in the
applied topsoil and that resulting from seed inputs
from nearby old-growth forest stands comprised
between 70 and 83% of the total tree species
richness, and 88-98% of the total numbers of
seedlings and larger individuals in the study plots
(Tables 2 and 4). Based on the authors’ knowl-
edge of the seed viability, it was estimated that
approximately 40% of the tree species regenerat-
ing in the study plots could have survived in the
soil seed bank during the 6- to 12-month period
between topsoil stockpiling and reapplication to
the reforestation areas. The remainder of these
species, up to 75 in the mixed native species
treatment, were considered to be the result of
post-plantation seed inputs, facilitated mainly by
the birds, bats and terrestrial mammals that are
the primary agents of seed dispersal in the upland
forests of this region (Knowles and Parrotta,
1997; Parrotta et al. 1997).

Tree species whose seeds are dispersed by
wildlife were significantly more abundant in study
plots located closer to the undisturbed forests
surrounding the mine site than in those further
from the old-growth forest edge. Although there
was abundant colonization by woody forest spe-
cies up to 640 m away from the old-growth forest
edge in the mixed native species treatment, the
density and diversity of colonizing species was
inversely correlated with distance into the refor-
estation area (Fig. 2).

These results suggest that seed dispersal may be
limiting the process of tree flora enrichment
within the reforestation area. A comparison of

seed sizes between tree species regenerating in the
reforestation area and those found in the old-
growth forest (Fig. 3) indicates that, while the
smaller-seeded tree flora are already well repre-
sented in the reforestation area, larger-seeded spe-
cies are less well represented. These include
members of the most important tree families (in
terms of dominance and ecological function) in
the old-growth forest, 1i.e. Annonaceae,
Chrysobalanaceae, Lauraceae, Palmae and Sa-
potaceae. Tree species from these families also
tended to perform very poorly when planted un-
der open conditions at this site (Knowles and
Parrotta, 1995).

2.0 T T

Colonizing Woody Species (No./m2)

—
-
=
[
S
=]

1000

20

o
=)

1

[

Colonizing Woody Species Richness

4
0 ®

10 100 1000
Distance from Primary Forest Edge (m)

E
]
|

Fig. 2. Relation between understory regeneration of woody
old-growth forest colonists and distance from old-growth (‘pri-
mary’) forest in 10-year-old mixed native species plots at
Trombetas bauxite mined site. (a) Plot distance from old-
growth forest, y = 0.69 — 0.24 log,, x (r’=0.33, F=17.6; P <
0.001). (b) Plot distance from old-growth forest,
y=18.8—4.961og,, x (r*=0.54, F=41.6, P <0.001).
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Fig. 3. Distribution of average seed lengths for tree species
found in 10-year-old mixed native species plantations and
nearby old-growth (‘primary’) forests at the Trombetas baux-
ite mine site. Figures above bars indicate the percentages of
species in each size class in the plantations relative to the
old-growth forest.

In the forests of the Trombetas region, as in
other moist tropical forests, larger-seeded species
generally depend on a variety of bird and mam-
mal species for their dispersal. Previous surveys of
wildlife in the reforestation areas at this site (Pe-
dreira Gonzaga, 1991; Parrotta et al., 1997; Wun-
derle, 1997) suggest that the regeneration of
large-seeded tree species is limited by the relative
scarcity in these developing forest stands of these
important seed dispersers, i.e., birds such as
curassows, toucans, toucanets, and aracaris, ter-
restrial mammals such as deer, agouti, tapir and
opossum, and primates. Assuming that the
restoration treatment stands continue to develop
both structurally and floristically, larger-seeded
species from presently under-represented families
may eventually become established as conditions
become more favorable for a greater diversity of
seed-dispersing birds and mammals, as well as for
seed germination and seedling growth. Nonethe-
less, it is recommended that restoration managers
at this site carry out understory enrichment plant-
ings of these generally shade-demanding species
when the planted trees are sufficiently tall to
permit easy access, usually about 5 years after
planting.

3.4. Effect of overstory composition on forest
structure and floristic diversity

3.4.1. Forest cover and tree density

Forest canopy cover, tree basal area, litter and
humus depths were broadly similar among the
mixed native species, mixed commercial species,
direct seeding and natural regeneration treat-
ments, although distinctly dissimilar to those of
the old-growth forest (Table 2). Average crown
cover ranged from 53 to 64% and tree basal area
from 13.9 to 24.9 m? ha~—' among restoration
treatments, as compared with 76% and 77 m?
ha~! in the old-growth forest. These values were
highest in the mixed commercial species and low-
est in the mixed native species treatment. Mean
canopy heights were significantly greater in the
old-growth forest (21.6 + 1.5 m) and mixed com-
mercial species treatment (17.4 +0.9 m) than in
the other three treatments (range of means, 10.4—
11.7 m). Litter accumulation was significantly
greater in the mixed commercial species and natu-
ral regeneration treatments (range of mean litter
depths, 43—46 mm) than in the direct seeding,
mixed native species and old-growth forest stands
(range of means, 29-33 mm). Average humus
depths ranged from 5.7 mm in the mixed commer-
cial species stands to 13.3 mm in the old-growth
forest; treatment differences were significant only
between these extremes.

The density of both planted and naturally re-
generated woody species was lower in all restora-
tion treatments than in the old-growth forest
(Table 2). Planted trees comprised 5.6—15% of the
total among the plantation treatments, the re-
mainder arising either from soil seedbank regener-
ation, subsequent seed inputs from surrounding
old-growth forest areas and, for a small number
of species, regeneration from planted trees.
Seedlings (individuals <2 m tall) comprised 77—
87% of the total woody species density among
restoration treatments and 92% in the old-growth
forest. The average density of larger stems (> 2 m
tall) ranged from 0.28 to 0.54 individuals per
square meter among restoration treatments and
was significantly higher in the direct seeding treat-
ment than in the other restoration treatments or
the old-growth forest.
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3.4.2. Tree species richness

Tree species richness varied greatly among
treatments. The total numbers of woody species
recorded were 157 in the old-growth forest (repre-
senting 39 families), 141 species from 38 families
in the mixed native species treatment, 47 species
(from 22 families) in the mixed native species
‘failure’ plots, 40 species (from 21 families) in the
mixed commercial species treatment, 117 in the
direct seeding treatment (from 37 families), and 86
species (from 32 families) in the natural regenera-
tion treatment (Fig. 4). These totals include
planted species, i.e. 7, 42 and 73 in the mixed
commercial species, direct seeding, and mixed na-
tive species treatments, respectively. If planted
species were discounted, the species—area relation-
ships presented in Fig. 4 would appear similar for
all but the mixed commercial species stands and
the mixed native species ‘failure’, which contain a
smaller number of tree and shrub species than the
other treatments.

Discounting tree seedlings (individuals <2 m
tall), total tree species richness varied consider-
ably among treatments and between restoration
treatments and the old-growth forest. The old-
growth forest plots contained a total of 88 tree
species with individuals >2 m in height as com-
pared with 19 species in the mixed commercial
species, 37 species in the natural regeneration, 27

160
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Fig. 4. Species—area relationships for tree, shrub and palm
species in restoration treatments and old-growth (‘primary’)
forest. Treatment descriptions are provided in the text; ‘MNS’
refers to the mixed native species treatment, the standard
reforestation practice at the Trombetas mine site.

species in the direct seeding, and 73 species in the
mixed native species treatments.

The mixed native species, direct seeding and
natural regeneration treatments contained 55-
90% of the total number of species and 82-97%
of the total number of families found in the
old-growth forest plots. The restoration treat-
ments exhibited a low to moderate degree of
floristic similarity to the original old-growth
forest, as measured by Sorensen’s quotient of
similarity (/), which ranged from a low of 0.16 (in
the mixed commercial species treatment) to 0.50—
0.51 (in the direct seeding and mixed native spe-
cies treatments) (Table 2). Although most of the
families present in the old-growth forest tree flora
were represented in the natural regeneration, di-
rect seeding and mixed native species treatments,
certain important families, including Annonaceae,
Chrysobalanaceae, Lauraceae, Palmae and Sa-
potaceae were, in general, very poorly represented
in all restoration treatments, as already discussed.

These general trends are supported by analyses
of plot-based (equal area) measurements of spe-
cies richness (Table 2). The average numbers of
tree and shrub species per plot were significantly
different among treatments, and increased two-
fold from the mixed native species ‘failure’ and
mixed commercial species to the direct seeding
treatments, with intermediate values in the natural
regeneration and mixed native species treatments.
In the old-growth forest, mean tree and shrub
species richness was 67.3 species/plot, more than
twice that of the direct seeding treatment. Planted
species comprised up to one-third of the total in
the mixed commercial species, direct seeding and
mixed native species treatments. Tree seedling and
sapling (individuals <2 m tall) species richness
was significantly different among all restoration
treatments, and ranged from an average of 9.8
species/plot in the mixed commercial species treat-
ment to 31.6 species/plot in the direct seeding
treatment. The old-growth forest plots had a sig-
nificantly larger number of species in this size
class (mean, 59.8 +2.6 species/plot) than all
restoration treatments. Woody species richness
for larger individuals ( > 2 m tall) was very similar
among restoration treatments (range of means,
11.4—14.6 species/plot) but was significantly lower
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Table 3

Stand basal area distributions in 9- to 13-year-old restoration treatments and old-growth forest at the Trombetas bauxite mine site®

Treatment Dominant tree species Family %BA  Longevity (years)
Natural regeneration Cecropia sp. Moraceae 29.6 <20
Byrsonima sp. Malpighiaceae 12.6 20-40
Vismia guianensis Guttiferae 7.7 <20
33 other species 50.1
Mixed commercial species Eucalyptus pellita Myrtaceae 22.6 20-40
Sclerolobium paniculatum Leguminosae (C) 214 <20
Acacia mangium Leguminosae (M) 20.2 <20
16 other species 35.8
Direct seeding Sclerolobium paniculatum Leguminosae (C) 53.9 <20
41 other species 46.1
Mixed native species Croton sp. Euphorbiaceae 12.9 <20
Joannesia princips Euphorbiaceae 10.8 20-40
Bellucia dichotoma Melastomataceae 8.7 <20
Parkia gigantocarpa Leguminosae (M) 8.6 40-80
Bysonima sp. Malpighiaceae 8.4 20-40
66 other species 50.6
Mixed native species (insufficient topsoil) Vismia spp. (3) Guttiferae 32.1 <20
Joannesia princips Euphorbiaceae 19.2 20-40
18 other species 48.7
Old-growth forest Brosimum rubescens Moraceae 14.3 >80
Astrocaryum murumuru Palmae 11.4 20-40
Unidentified Palmae 10.6 20-40
Endopleura uchi Humiriaceae 8.9 40-80
Virola sp. Myristicaceae 59 40-80
151 other species 48.9

* Dominant species comprising approximately 50% of total basal area listed individually.

than in the old-growth forest (mean, 21.5+1.9
species/plot).

3.4.3. Tree species dominance

There were marked differences among treat-
ments in tree species dominance, as measured by
basal area percentages (Table 3). In the natural
regeneration treatment, the pioneer species Ce-
cropia sp., Byrsonima sp., and Vismia guianensis
together comprised 50% of the total basal area. In
the mixed commercial species treatment, the
planted species Eucalyptus pellita, Sclerolobium
paniculatum, and Acacia mangium comprised 64%
of the total basal area. In the direct seeding
treatment, the dominant species was S. panicula-
tum, with 54% of the total basal area. In the
mixed native species treatment, five species: Cro-
ton sp., Joanesia princips, Bellucia dichotoma,
Parkia gigantocarpa, and Byrsonima sp. com-
prised 49% of the total basal area. In the mixed

native species ‘failure’, three species of Vismia and
J. princips comprised 51% of the total basal area.
The old-growth forest plots were dominated by a
very different suite of tree species, with 75% of the
total basal area represented by species either rare
or absent from the restoration plots, including
Brosimum rubescens, Astrocaryum murumuru and
other palms, Endopleura uchi, Virola sp., and Nec-
tandra rosa, which collectively comprised 57% of
the total. Among restoration treatments, the
mixed native species plots more closely resembled
the old-growth forest in that they exhibited much
less marked patterns of dominance by fewer tree
species than the other restoration treatments.

3.4.4. Tree species life spans

Categorizing tree species by their expected aver-
age life spans, differences among treatments are
apparent (Fig. 5). For all treatments, the propor-
tions of species and total basal area decrease from
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younger to older tree life span classes, in contrast
to the old-growth forest, where very short-lived
(<20 years) species are both less numerous and
dominant than longer-lived (20-40 or 40-80
years) species. The percentage of species with
expected life spans > 40 years is lowest in the
mixed commercial species treatment (23%), inter-
mediate in the natural regeneration treatment
(35%) and highest in the direct seeding and mixed
native species treatments (43%). In the old-growth
forest, such longer-lived species comprised 44% of
the total.

Treatment differences in basal area distribu-
tions followed similar but more pronounced
trends. In the mixed commercial species, tree spe-
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Fig. 5. Expected longevity of planted and naturally regenerat-
ing tree species in old-growth forest and 9- to 13-year-old
reforestation area study plots at the Trombetas bauxite mine
site. (a) Total numbers of tree species; (b) stem basal area (m?
ha—!) for trees >2 m in height. PF, Old-growth (‘primary’)
forest; MNS, mixed native species treatment; MCS, mixed
commercial species treatment; DS, direct seeding treatment;
NR, natural regeneration treatment (topsoil application only).

cies with expected life spans > 40 years comprise
0.5% of total basal area. The direct seeding treat-
ment is also dominated by short-lived trees, with
88% of the total basal area comprised of species
with life spans <20 years, and relatively poor
representation by trees with life spans > 40 years,
which comprise 2.6% of the total basal area. The
natural regeneration treatment was also domi-
nated by short-lived species, although longer-lived
( > 40 years) taxa contributed significantly to total
basal area (21%). The most even life-span distri-
bution of tree species and total basal area is found
in the mixed native species treatment. In these
stands, very short-lived (<20 years) tree species
comprise 45% of the total basal area, and long-
lived species ( > 40 years) 23% of total basal area.
In the old-growth forest, very short-lived trees
comprised only 6.1% of the total basal area, the
remaining basal area distributed among species
with expected life spans of 20—40 years (37%),
40-80 years (33%) and > 80 years (24%).

The lesser degree of dominance by shorter-lived
tree species, particularly those with expected life
spans of less than 20 years, in the mixed native
species treatment relative to other plantation
treatments suggests that these stands are at a
lower risk of arrested succession in the near fu-
ture. Elsewhere at the Trombetas mine site and in
other mine rehabilitation areas in the tropics, the
authors have observed the senescence and prema-
ture mortality of planted early successional native
tree species and short-lived exotic timber species
such as eucalyptus and A. mangium. Under these
conditions, in the absence of vigorous under-
growth comprised of longer-lived native forest
trees, such stands are very often subject to rapid
invasion by persistent, fire-prone grasses that are
known to severely slow, or even preclude, natural
forest succession (Uhl and Jordan, 1984; Uhl et
al., 1988; Nepstad et al., 1991; Parrotta, 1993;
Aide et al., 1995). This risk appears to be mini-
mized in the mixed native species plantation areas
that predominate at the Trombetas mine site. In
spite of their relatively low productivity at this age
compared with that of the other treatments stud-
ied, the mixed native species plantation approach
adopted by MRN and other mining companies in
the region offers the best hope for long-term
forest restoration success.
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4. Conclusions

1.

With a modest but timely investment in re-
search, mining companies can develop an effi-
cient, cost-effective system for selecting and
propagating a wide array of native tropical
forest trees about which basic silvicultural
knowledge is lacking, and thereby successfully
establish highly diversified mixed native spe-
cies plantations on an operational scale.

. Careful site preparation practices, particularly

judicious topsoil handling and reapplication
prior to tree planting, are essential for the
establishment of forest cover, elimination of
competing grasses, and acceleration of natural
forest succession on reclaimed bauxite mine
sites in Amazonia.

. In addition to the mixed native species planta-

tion approach (the standard reforestation tech-
nique at the Trombetas mine site), alternative
plantation treatments and reliance on natural
regeneration from applied topsoil were found
to be effective in re-establishing forest cover
and facilitating regeneration of a large number
of native forest species during the first 9-13
years. Among treatments, stand basal areas at
this age ranged from 18 to 33% of that in the
surrounding old-growth forest.

. Although the less expensive alternatives (com-

mercial species plantings, direct seeding, and
reliance solely on natural regeneration from
applied topsoil) were more productive (greater
basal area development) than the mixed native
species treatment, they were generally less well
developed in terms of floristic biodiversity.
Due to their relatively high degree of domi-
nance by short-lived exotic or native tree spe-
cies, and somewhat less well-developed
understory tree flora, the risk of early canopy
mortality and subsequent re-invasion by
highly competitive, fire-prone grasses is poten-
tially much greater in these stands than in the
mixed native species treatment.

. Floristic enrichment of the reforestation areas

through natural regeneration of ‘colonizing’
tree species (i.e. those not planted or present in
the applied soil seed bank) is largely dependent

on seed-dispersing wildlife, mainly bats, birds
and terrestrial mammals. The conservation
status of the surrounding old-growth forest
and an effective ban on hunting greatly facili-
tated this process. Restoration managers need
to be cognizant of the critical role of wildlife in
forest re-development, actively encourage
wildlife conservation in the surrounding land-
scape, and design restoration treatments that
will provide suitable habitats for a variety of
target wildlife species.

6. In the 10-year-old mixed native species planta-
tions, the density and diversity of colonizing
primary forest trees was significantly (and pos-
itively) affected by the proximity to seed
sources in the surrounding old-growth forest.
Many large-seeded tree species and others that
are considered important components of the
region’s old-growth forests performed poorly
when planted under open conditions and were
apparently not colonizing the site due to natu-
ral seed dispersal limitations and/or seed and
seedling mortality when they did arrive. For
these species, restoration managers are advised
to carry out enrichment plantings in the un-
derstory of established plantations to ensure
their successful re-introduction.

7. The results of our studies at the MRN bauxite
mine site at Trombetas strongly suggest that
the current reforestation practices will eventu-
ally be successful in meeting the long-term
goal of restoring the complex Amazonian
‘terra firme’ forest ecosystem destroyed by
mining. These findings defy the assumptions of
some restorationists that high-diversity forest
systems cannot be successfully established
through high-diversity planting schemes (Dob-
son et al., 1997).
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