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Introduction
E.K.S. Nambiar1

Forest plantations in the tropics are becoming
increasingly important as a source of wood supply
for paper and other wood products. Many
countries are now committed to developing
plantation forestry and wood-based, value-adding
industries as an integral part of their regional and
national economic development. An example of
a major new development, very relevant to this
network, is Vietnam’s ‘Five Million Hectares
Reforestation Program’ (5MHRP 1998-2010).
Among the strategies for creating sustainable and
productive forests are large-scale plantation
forests: 1 million ha for pulp, 400 000 ha for
plywood, 200 000 ha for solid wood and 200 000 ha
for special products (Vu Dinh Huong et al. these
proceedings). Implementation of this expansion
proposes an annual planting rate of 260 000 400 000 ha, a formidable task. The reforestation
is largely based on exotic species with high growth
potential, grown in short-medium rotation crop
cycles with a targeted average growth rate of
20 m3 ha-1 yr-1. Industrial scale Acacia plantations
on degraded land for pulpwood production
feature prominently in this scheme. The research
required to underpin such a major venture is in
its infancy in Vietnam, especially in the area of
site and soil management for increased and
sustained production. The Forest Science Institute
of Vietnam joined the Center for International
Forestry Research (CIFOR) partnership project
during 2002 to initiate systematic research on this
topic.
1

Sustained productivity of plantation forests is the
foundation of successful forestry which can
provide diverse benefits. Plantations must be
developed with a balance between economic,
environmental and social goals. Industrial-scale
forest plantations require large capital
investments, and expertise in intensive
management and environmental care. Their
management goals aim at high rates of production
and short rotation length. These plantations
increase the demands on the soil which may have
been degraded by previous land use. Large-scale
plantation forestry is a relatively new venture in
many areas, and hence the knowledge of
ecosystem processes and the management
expertise required for increased and sustained
production are limited.
CIFOR supports research on sustainable
management of planted forests in subtropical and
tropical environments. In intensive, short-rotation
forestry the greatest impact from management
inputs occurs during harvesting, site preparation,
planting and early silviculture, including
fertilisation and weed control. Recognition of this
led to the establishment of an international
network research project focused on the impacts
of inter-rotation, management practices on
processes influencing productivity.
The governing concept, rationale, objectives,
research approach and partnership obligations
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have been described in earlier proceedings and
will not be repeated here (Nambiar 1999, Tiarks
et al. 1999, Tiarks and Nambiar 2000). An
overview of the project is also included in these
proceedings. Since inception, the scope of the
project has expanded with increasing numbers
of partners. Currently the network includes 16
sites in 8 countries representing forestry in a wide
range of biophysical environments, species,
productivity potentials and management
strategies.
Five workshops sponsored by CIFOR have been
critical for the strategic development and
scientific strength of the network, and also for
building partnerships This proceedings brings
together the papers and ideas discussed at the
last two workshops: in Pointe-Noire, Congo in
July 2001 and in Guangzhou and Haikou, China in
February 2003. After reviewing the papers
presented at Pointe-Noire we concluded that
while the time intervals between workshops
were appropriate for discussions and sharing of
ideas, they may be insufficient to warrant a
publication on each occasion. Postponing the
publication until after the meeting in China
allowed greater time for building the database
and interpretation. This decision enabled partners
to revise their papers with more results and take
the science and application to a higher level. All
papers have been peer reviewed by the
network’s Scientific Advisory Group.
This project is a work in progress with varying
achievements by individual partners. It will be
some years before firm interpretation based on
the data across the sites and general conclusions
can be drawn. However, the set of experiments
at each site was designed to be self-contained
and robust enough to provide scientifically valid
results on its own merit. Results from individual
sites are expected to make significant
contributions for improving sustainable
management practices in their region. Several
papers in these proceedings have identified how
results from individual sites are making positive
impacts on local plantation management

The forest plantations areas within which the
project sites are located are owned by either
private or public enterprises with diverse business
goals ranging from large-scale export to smallscale domestic consumption. The ultimate test
of success of this project will be the effectiveness
with which the knowledge gained from each site
and from the network has been continually
applied in operational forestry. The value of this
project is in providing ecosystem and sitespecific information, demonstrating impacts and
providing solutions as best bet options.
Recently CIFOR recognised this project (in ‘Forests
and people: Research that makes a difference’)
among the ‘highlight achievements’ in its first
decade. Such recognition is a gratifying and
encouraging outcome for the network partners.
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Sustainability of Wood Production in Eucalypt
Plantations of Brazil
J.L.M. Gonçalves1, J.L. Gava2 and M.C.P. Wichert3

Abstract
The main objective of this paper is to provide a critical appraisal of the research
results and practical implications arising from the Brazilian part of CIFOR Network
project ‘Site management and productivity in tropical plantation forests’ to the network
as a whole. The Brazilian project was set up in Itatinga district, São Paulo State, Brazil
in 1995 with the objective of evaluating the effect of site management practices
(ranging in intensity from minimum to intensive management regimes) on soil fertility,
nutrient cycling, nutrition and productivity of a stand of Eucalyptus grandis. We have
shown that minimum cultivation and retention of the logging residues and forest-floor
on the soil have important effects on water, nutrient content and Carbon store, promoting
better use of natural resources of the ecosystem and increasing forest productivity. We
also conclude that a high level of wood production can be maintained over successive
rotations, but this will require continuous improvements in management decisions.
Research results obtained in the CIFOR Network trial and in other regional experiences
are assisting judicious management practices to maintain or to increase productivity in
Brazil. These studies have also been of much value for research training and for on-site
demonstrations for managers.

Introduction
Productivity of large parts of the Brazilian forest
plantation estate is below their biological
potential, and can be increased on a large
scale. Productivity increases have been achieved
with appropriate matching of genotypes to
site quality together with correct practices of
soil cultivation, harvest residue management,
fertiliser application and weed control.

The challenge is in establishing the balance
among strategies designed to increase production
in the short economic sense or increase the
productivity in the long-term with little or no
negative impacts on the environment.
In some sites, especially in those with sandy and
medium texture soils, low in fertility, the decline
of wood production with successive rotations has
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occurred with the same species (Gonçalves et
al. 2000b). Usually, a decline of soil fertility is
caused by management practices that do not
conserve soil and site resources, damage soil
physical and chemical characteristics, and include
insufficient or unbalanced fertiliser application.
The problem is more serious when fast-growing
genotypes are planted, which have a high
nutrient demand and uptake capacity, and
therefore high nutrient output through harvesting.
Special attention is required if they are to sustain
high rates of productivity in the long-term. Clonal
forests have been fundamental on sites with larger
water and nutrient restrictions, where they out
perform those established from traditional seedbased planting stock. When environmental
limitations are small the productivity of
plantations based on clones or seeds appears to
be similar.
When forest plantations started in Brazil in the
late 1960s, eucalypt yield was about 12 m3 ha-1
yr-1. Now, as a result of investments in research
and technology average productivity varies from
20 to 60 m3 ha-1 yr-1 depending on site quality
(Schumann 1992, Eldridge et al. 1994, Santana et
al. 2000, Stape et al. 2001). Productivity
restrictions relate to the following environmental
factors in order of importance: water deficits >
nutrient deficiency > soil depth and strength.
Over the last 15 years, practices of soil and
harvest residue management have been referred
to as ‘minimum cultivation’. Several questions
related to the effect of soil cultivation and
residue management on soil fertility, forest
nutrition and sustainability of wood production
in short and long terms have been addressed by
research institutions and forest companies. Main
issues addressed are: effects of minimum
cultivation on soil conservation; fertility and
biological activities; importance of residues for
maintenance of soil properties; nutrient release
in residues to trees; relationship or
synchronisation between nutrient release and
nutritional stage or growth of trees; and effects
of these factors on productivity.
These activities provided the framework in
which CIFOR project ‘Site management and
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productivity in tropical plantation forests’ was
conducted. In this paper we provide a synthesis
of the overall knowledge experience in the
Brazilian context. The details of the experimental
work and parts of the results have been reported
(Gonçalves et al. 1999, Gonçalves et al. 2000a)
Gonçalves et al. 2000b).

Environmental Description
The area of natural vegetation of ‘cerrado’
(Brazilian savanna), where most of the Eucalyptus
and Pinus stands are established, occupies 1.8
million km2 or about 20% of the Brazilian territory.
It extends mainly through the Centre-West region,
with smaller areas in the North, Northeast and
Southeast regions, (latitude 5-21oS and longitude
43-63oW). Altitudes vary up to about 500-800 m.

Climate
The climate is predominantly of the Aw type
(humid tropical climate, dry winter, classification
of Köppen). Mean annual temperature varies
between 20oC and 26oC. Mean annual rainfall and
its distribution throughout the year varies greatly.
Most areas have a rainy season (November-April),
when 80% of the rain falls, and a dry season (MayOctober). About 65% of Brazilian savanna areas
receive between 1200 and 1800 mm annual
rainfall. The period of water deficit varies
between 4 and 7 months (Adámoli et al. 1986).

Edaphic Conditions
The great majority of soils in the Brazilian
Southeast region (tropical and subtropical climate)
is derived from sedimentary rocks and are in an
advanced stage of weathering. The common clay
minerals are kaolinite, Fe and Al oxides and
amorphous materials. In general, the primary
mineral content is low, CEC is low to medium, Pfixing capacity is medium to high and drainage is
high, which gives the soils high leaching
potential (Gonçalves et al. 1997a). Under these
circumstances, the soils are prone to degradation
and loss of available nutrients if proper
management practices are not applied.
Most soils have favourable physical and relief
characteristics. For example, they have excellent
structure (aggregation). In general, the soils do
not have natural physical impediments for
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rooting and landscape relief varies from flat to
gently undulating, and is easy for mechanisation.
Because these favourable conditions reduce the
cost of forest operations, larger investments
have been made with the intention of correcting
chemical limitations of the soils through fertiliser
application.

Experimental Description

Study Area

BL 0

Our study is conducted in a commercial plantation
of Eucalyptus grandis Hill ex Maiden, Itatinga
district, São Paulo state, Brazil. It is located at
latitude 23o00’S, longitude 48o52’W and altitude
750 m. The site was originally occupied by
‘cerrado’, vegetation typical of the area. The
climate of the area is the Cwa type, according
to the classification of Köppen, i.e. mesothermic,
dry winter, with mean temperatures in the
coldest month (July) below 18oC, and in the
hottest month (January) above 22oC. The mean
annual rainfall at the experimental site is about
1600 mm, 57% of this occurring during December
to March. However, there is no pronounced period
of water deficit over winter, despite the
prolonged rainless period, when the temperature
and evapotranspiration are relatively low.
The specific soil type of the experimental area
is characterised as a Red-Yellow Latosol (Oxisol),
medium texture (200 g kg-1 clay, 30 g kg-1 silt and
770 g kg-1 sand), dystrophic (pH in CaCl2 0.01 mol
L-1 = 3.7, total C = 12.2 g dm-3, total N = 1.0 g
dm-3, P-resin = 4.2 g dm-3, exchangeable K = 0.04
cmolc dm-3; bulk density of A horizon = 1.4 g
dm-3), depth > 2 m, site relief (< 5% slope).

Forestry System
Forestry management in the study region is based
on the coppice system. Eucalypt plantations are
usually grown for seven years before the first
clearcut which is followed by a coppice rotation
(one or two sprouts per stump) of seven years.
On low quality sites, no more than two clearcuts
are taken but on high quality sites (usually more
clayey and fertile) three or four clearcuts are
possible. Small diameter wood is used, in order
of volume consumed, for energy (power and
charcoal), pulp and building purposes.

The experimental treatments mimic practices
designed to provide a range of disturbances of
different intensities for the soil and harvest
residues. The first set of four treatments parallel
the core treatments in CIFOR Network study
(Tiarks et al. 1998, Gonçalves et al. 1999).

BL 1

BL 2

SC
SLp

SLb
CP

All aboveground biomass, including the
crop trees, understorey, slash and forestfloor were removed.
All stemwood harvested. All bark,
understorey, slash and forest-floor were
retained with minimum disturbance to
site (Note that in BL1 treatment as per
the CIFOR Protocol, aboveground parts
including bark of the commercial-sized
crop stems are removed). This treatment
is described as ‘minimum cultivation’ in
Brazil.
Stemwood with bark harvested. All slash,
understorey and forest-floor retained
with minimum soil disturbance.
Standing crop left intact.
Harvest stemwood. All residue (bark,
slash, forest-floor and understorey)
incorporated in the soil with a heavy
harrow.
Harvest stemwood. All residue
distributed on the soil and burnt.
Clearcut the stand and harvest stemwood.
All residue retained on the soil. Cut
stumps allowed to coppice and thinned
to one stem after 18 months.

The experiment was laid out in a randomised
complete block design, with 7 treatments and 4
replicates. Each plot consisted of 121 trees (11 x 11)
and the total area occupied 1.75 ha.
The stand was clearcut in July 1995 and treatments
were applied by August 1995. In treatments BL0,
BL 1, BL 2, SL p and SL b seedlings for the new
plantations were planted in September 1995 at a
spacing of 3 m x 2 m. Eucalyptus grandis of Coffs
Harbour provenance was used. Seedlings were
planted in furrows and fertilised at planting with
15, 13 and 12 kg ha-1 of N, P and K, respectively,
and a basal dressing of 250 kg ha-1 of KCl was
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applied in May 1996. Weeds were controlled
manually. Treatment CP, coppice, received the
same fertilisation as a basal dressing in split dose:
15, 13 and 12 kg ha-1 of N, P and K, respectively,
applied 2 months after clearcut followed by 250
kg ha-1 of KCl in May 1996.

Effect of Site Management on
Productivity
The different soil preparation and residue
management treatments resulted in pronounced
effects on the growth of E. grandis stands (Fig. 1).
The treatment where all residues were retained
on soil, (BL1), and in the treatment where the
residues were incorporated (SLp) or burned (SLb)
showed similar growth at 6.4 years of age. The
poorest growth was where all residues were
removed (BL0). Removal of the bark and slash
caused a productivity reduction of 40 m3 ha-1
(14.5%) of stem volume compared to the
treatment where all residues were retained
(contrast BL1 - BL 2) and, the removal of all
residues, a reduction of 101 m 3 ha -1 (36.5%)
(contrast BL 1 - BL 0). The importance of the
residues on the productivity of soils with low
fertility is very clear. Results from other network
sites where soils are low in fertility in Australia
(O’Connell et al. 2000, Simpson et al. 2000), and
Congo (Bouillet et al. 2000) also show similar
trends. Besides the nutrient store contained in
residues (Table 1), which are rapidly mineralised,
the residues created a favourable microclimate
(soil temperature and moisture) for initial growth
of the plants. Gonçalves et al. (1999) found that
in BL 1 and BL 2 the temperature and water
fluctuations in the soil were lower, mean water
content of soil was higher and the surface
temperature of soil was lower than in the
treatments where the residues were burned or
removed. These effects influenced positively the
N mineralisation (Table 2). Similar effects on
water content were found at the South Africa
site (du Toit et al. 2000).
Higher growth of the trees obtained in the early
years after burning of the residues, SLb, highlight
the temporary effect due to the high initial
availability of nutrients released by burning and
mineralisation. However, these treatments
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probably have undesirable effect such as loss of
nutrients by volatilisation, and leaching and
erosion in the long term (Gonçalves et al. 2000a).

Nutrient Uptake and Cycling
Nutrient uptake and cycling have close
relationship with the growth phase and nutritional
demands of plants. The faster the rate of growth
in a season the larger is the corresponding uptake
rate and nutrient cycling. Nutrient uptake by trees
showed a close relationship among uptake and
stages of aboveground growth (Fig.2). Nitrogen
and K accumulation was fast up to 2.5 years, the
period of leaf area expansion and then declined
to somewhat stable values. From this stage, the
amount of leaf and branch deposition (after
closure canopy), increased the biogeochemical
and biochemical cycling. Phosphorus accumulation
was high even 3.5 years after planting, with
higher proportions of P in bark and wood.

Biogeochemical Cycling
Gonçalves et al. (1999) showed the rate of
litterfall in a stand of E. grandis (7-8 years old)
was 7.8 t ha-1 yr-1 (60% leaves and 40% branches).
Litterfall was high in spring and winter, and low
in autumn. Annual rate of nutrient deposition was
42 kg ha-1 N, 2.3 kg ha-1 P, 20 kg ha-1 K and 47 kg
ha-1 Ca. Theses values represent 10% of N, 6% of
P, 10% of K and 17% of the Ca in aboveground
biomass.
At this site, 6 months after clearcutting, the
amount of forest-floor was reduced from 24 to
16 t ha-1, a 33% reduction (Table 1). At the Congo
site, Bouillet et al. (2000) found 38 to 65% of the
logging residue decomposed in six months.
Therefore, forest-floor and logging residues decay
rapidly. We estimated that 75 kg ha-1 N, 5 kg ha-1
P, 11 kg ha-1 K and 73 kg ha-1 Ca are released
through residue mineralisation in the first six
months after clearcutting (Table 1). These amounts
are very significant considering the quantity of
nutrient uptake in the first year of growth,
showing that residues constitute a large and
available nutrient pool. It was found that in a 7year-old stand, forest-floor accumulated 30% of
total N, 18% of P, 14% of K, 43% of Ca and 31% of
Mg found above- and belowground.

J.L.M. Gonçalves, J.L. Gava and M.C.P. Wichert
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Figure 1. Basal area and stem solid volume (with bark) over 6.4 years in relation to treatments. Bars
represent the LSD (p=0.001)
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Table 1. Nutrient concentration, biomass and nutrient content in the accumulated forest-floor of a
eucalypt stand (SC) and 6 months after clearcutting and replanting under BL2 treatment (after
Gonçalves et al. 1999)
Treatment

Biomass

SC
BL2
SC
BL2

t ha-1
23.7 (1.8)
15.6 (1.9)

N

P

7.9
7.2

0.4
0.3

187
112

K
(g kg-1)

Ca

1.5
1.6
(kg ha-1)
36
25

9.5
4.5

8.8
8.7
209
135

Mg
1.0
1.0
24
16

Values in brackets are standard errors.

Table 2. Total-N mineralised over the first 21 months after planting (after Gonçalves et al. 2000a)
Total-N mineralised (NH4 N + NO3N)
Treatment

SC
BL1
BL0
SL p
SL b

Litter

0-5 cm

3 (4)
3 (5)
-

49
20
20
26
16

(64)
(35)
(44)
(43)
(57)

5-15 cm
(kg ha-1)
17
18
9
23
3

(22)
(31)
(20)
(38)
(11)

15-30 cm
8
17
16
12
9

(10)
(29)
(36)
(19)
(32)

Total
77
58
45
61
28

Values in brackets are the percentages in relation to the total N.

Biochemical Cycling
Gonçalves et al. (1997b) reported nutrient
retranslocation from senesced leaves before fall
amounted to 61% N, 79% P and 50% K present
initially (Table 3). This equates to a net amount
of 50 kg ha-1 yr-1 N, 6 kg ha-1 yr-1 P and 15 kg ha-1
yr-1 K, for a leaf fall rate of 4.6 t ha-1 yr-1. From
senesced branches smaller amounts of nutrients
are transferred: 23% N, 67% P and 8% K. This
equates to, 4 kg ha-1 yr-1 N, 2 kg ha-1 yr-1 P and 1
kg ha-1 yr-1 K, for a branch fall of 3.2 t ha-1 yr-1
(Table 3). The whole amount of nutrients
biogeochemically and biochemically cycled by
leaves and branches amounted to about 96 kg
ha-1 yr-1 N, 10 kg ha-1 yr-1 P and 36 kg ha-1 yr-1 K.
These amounts are greater than the amounts of
annual uptake at 5 to 7 years of age (only
aboveground, Fig. 2). Therefore, in stands of E.
grandis the major part of annual demand of
nutrients is met from nutrient cycling.

Impacts of Successive Harvests
of Short Rotation Crops on Site
Nutrient Store
An estimated nutrient budget for the site under a
set of management scenario is presented in Table
4. Management practices which include burning
of forest-floor and slash, removal of wood and
bark, and low amounts of fertiliser application,
have the highest impact on nutrient depletion.
In this case, P availability may fall to critical levels
beyond the first rotation, and K beyond the second
rotation. In management scenario C, which does
not include residue burning, there may be enough
supplies of N to support more than two rotations,
indicating a large effect of this practice on N
stocks. Comparison of scenarios B and D show
the role fertiliser application, a practical and
economically proven strategy in sustaining
production. Also note that the impact varies
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Figure 2. Aboveground biomass and nutrient accumulation over 5.5 years in relation to treatments

Table 3. Mean nutrient content in senesced and green leaves and branches, and nutrient retranslocated
before fall throughout a year of growth in a Eucalyptus grandis stand, starting at age 8 years
(after Gonçalves et al. 1997b)

Nutrient

Nutrient retranslocated before fall

Content
Senesced
leaves

Green
leaves

Senesced
branches

Normal
branches

-1

(g kg )
N
P
K
Ca
Mg

6.2
0.3
2.9
6.9
2.2

18.3
0.6
9.7
4.3
2.8

2.9
0.2
1.8
4.3
0.9

4.7
0.3
7.5
2.3
0.9

Leaves

Branches

(%)

(kg ha yr )

(%)

(kg ha-1 yr-1)

79
67
81
0
51

66
2
36
0
7

67
66
87
0
48

10
1
21
0
1

-1

-1

Nutrient translocation: NT = {1-[(NCDT/CCDT)/(NCNT/CCNT)]} x 100, where NT = translocation (%), MCDT = mean nutrient
content in senesced tissue, CCDT = mean Ca content in deciduous tissue, NCNT = mean nutrient content in green tissue,
CCNT = mean Ca content in green tissue. To calculate the amounts of nutrients translocated, the mean depositions of
deciduous leaves (4600 kg ha-1 yr-1) and deciduous branches (3200 kg ha-1 yr-1) were multiplied by the relative translocation
(%) of each nutrient.
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Table 4. An estimated nutrient budget in a short-rotation crop of Eucalyptus grandis established close to
CIFOR Network trial (7 years, MAI 30 m3 ha-1 yr-1, total aboveground biomass 188 t ha-1)
Component

N

1890
(S) Initial nutrient store in the soil (0-200 cm)(a)
Nutrient store in biomass
57
Leaf
16
Branch
224
Wood
36
Bark
187
Litter
98
Root (coarse and fine)
Nutrient loss
(F) By burning logging residues and litter(b) 260
36
(B) By bark removal
224
(W) By wood removal
260
(W + B) By wood and bark removal
Nutrient addition through fertilisation(c)
7.5
(LF) Low application
20
(HF) High application
Nutrient budget(d)
Management A: (S)
Management B: (S)
Management C: (S)
Management D: (S)

-

(W) + (HF)
(F) - (W + B) + (HF)
(W + B) + (LF)
(F) - (W + B) + (BI)

1686
1390
1638
1378

P

K
(kg ha-1)

Ca

Mg

54

547

3804

798

5
3
19
12
10
4

21
8
106
48
36
29

25
18
110
95
209
23

9
3
16
15
24
10

10
12
19
31

34
48
106
154

65
95
110
205

22
15
16
31

200

50

3894
3734
3599
3534

832
795
767
745

11
26

61
39
34
24

16.5
58

499
417
409
375

(a)

Only potential mineralisable N (Gonçalves et al. 2001), P extractable by resin and exchangeable K, Ca and Mg;
The estimates of the nutrient losses through residue burning were based on the data obtained by Maluf (1991): 88%,
33%, 30%, 47% and 43% of N, P, K, Ca and Mg losses from the total nutrient amounts, respectively;
(c)
Low fertiliser application - forest plantation established with the following rates of nutrients: 15, 22 and 33 kg ha-1 of N,
P and K each cultivation time, respectively; high fertiliser application - forest plantation established with the following
rates: 40, 52, 115 and 200 kg ha-1 of N, P, K and Ca each cultivation time, respectively. It was assumed as 50% the
efficiency of use of the sources of N, P and K; and
(d)
Nutrients remaining at the site after each seven years (growth rotation).
(b)

between nutrients. The scenario A, which includes
retention of residues and relatively high fertiliser
application, provides the long-term option. This
scenario analysis is hypothetical but provides a
framework for further studies and for targeting
site specific management practices in relation to
the nutrient-supplying capacity of the site.
Experience with replacement of nutrients through
fertilisation in eucalypt plantations has shown it
is possible to maintain or to increase the
productivity. Supporting the results of nutrient
balance presented in Table 4, Gava (1997)
demonstrated a high response to the application

of K (Fig. 3), maintaining the productivity at levels
equivalent to the previous rotation. Availability
of K is one of the principal indicators of sustainable
productivity of eucalypt plantations in these sites.
Based on this trial and other field experience K
fertilisation with rates ranges from 70 to 100
kg ha-1 K has become a common practice under
similar site conditions. The increasingly
widespread occurrence of K deficiency in second
rotation sites, unlike in the previous rotation in
Brazil, shows how nutrient depletion due to
cropping requires close attention and diagnostic
tools.
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Figure 3. Response to potassium (K) application at age 5 years on a second crop of a coppice stand of
Eucalyptus grandis; same site near the CIFOR Network trial (after Gava 1997)

Figure 4 shows the pattern of changes in yield
between the first (1R) planted and second (2R)
coppice rotations. Data obtained by a forest
company in several sites of the region indicate
recovery of the yield in two successive rotations
(each one with two crops) of coppice plantations.
In the first rotation, with the use of the old
technology (residue burnt, intensive soil
preparation and application of a small dose of
fertiliser), the ratio of yield between coppice
and planted stand was around 80% (mean of all
sites). With the use of minimum cultivation and
application of higher rates of fertilisers, in the
second rotation the mean yield was similar to
the first rotation and the ratio of yield between
coppice and planted stand was close to 100%, in
other words no yield decline. If the planting of

the genetically improved clones aims for increases
of yield in the order of 10-15% such an increase
can only be achieved with an appropriate
replacement of nutrients through fertilisation and
maximum conservation soil nutrient capital.

Importance of the Project for
Brazilian Silviculture
The studies described here began when the
practice of the minimum cultivation had just been
initiated in Brazil. We had relatively little
knowledge of processes and hence some technical
decisions were made on empirical observations
and a degree of general knowledge about
Brazilian soils. This project aimed to evaluate
and elucidate the main cause-effect relationships
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Figure 4. Yield of wood in the second rotation (2R) coppice stands of Eucalyptus grandis in São Paulo and
their ratio to those in the planted stand of first rotation (1R). A: With use of the old technology
(residue burnt, intensive soil preparation with bedding harrow and small application of fertilisers);
and B: with use of the new technology, the minimum cultivation of the soil and application of
larger amount of fertilisers, mainly, P and K. The CIFOR Network site is average among these
sites in terms of soil conditions. The climatic conditions and genetic material are similar. Source:
data kindly provided by Suzano Pulp and Paper Cia

concerning to the management of forest harvest
residues and soil preparation on processes and
growth over the short and long term.
The project was conceived in 1994, and was
structured as a cooperative and multi-institutional
program of research and technical application.
Partners included, Superior School of Agriculture
Luiz of Queiroz (ESALQ) of the University of São
Paulo (USP), the Institute of Research and Forest
Studies (IPEF) and three forest companies of the

pulp and paper sector (Suzano, Ripasa and
Champion).
In the last seven years, the activities of this
consortium have been expanded to include seven
additional forest companies (pulp and paper,
metallurgy, energy and sawmill sectors). From
1997, this consortium was called: ‘Thematic
Program of Silviculture and Management’ (PTSM).
Several main outcomes of this co-operation
include:
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three scientific and technical workshops
(with field visits) in different Brazilian regions
every year. Participants include researchers
lecturers, engineers and technicians involved
in the production and the conservation of
forest resources;
two symposia, with the themes: ‘Nutrition
and Forest Fertilization’ (May 2000, 150
participants, Piracicaba, SP) and
‘Conservation and Cultivation of Soils for
Forest Plantations’ (November 2001, 110
participants, Piracicaba, SP). The papers
presented were published in two books
edited by IPEF. Because of these activities,
PTSM is known widely in Brazil and other
countries of Latin America;
the research project linked to the CIFOR
network provided the basis for research
activities and reports by undergraduate and
postgraduate students;
the project has received recognition and
support from Brazilian foundations; and
the approach developed in this project has
been adopted by others in Brazil and as a
model by neighbouring countries.

CIFOR’s project and other related studies have
resulted in new technologies now used
extensively in Brazilian forest plantations. Key
elements are no burning of residues, wood
debarking in the field and restricted soil
cultivation using implements specifically designed
for this purpose. Now, minimum cultivation is
practised in about 75% of the harvested area.
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Effects of Slash Management on Tree Growth
and Nutrient Cycling in Second-rotation
Eucalyptus Replanted Sites in the Congo
J.D. Nzila1, P. Deleporte1, J.P. Bouillet2, J.P. Laclau3, and J. Ranger4

Abstract
Since 1998 an experiment has been conducted in the Congo to evaluate harvesting
methods with respect to sustainable management of eucalypt plantations. The results
showed: (1) a marked negative effect on tree and stand growth when all slash materials
were removed; (2) a risk of nutrient leaching after harvesting due to the high rate of
decomposition of organic residues; (3) a production of inorganic nitrogen in the surface
soil layer which depends on slash management; and (4) a high rate of nitrification and a
risk of N losses in the early stage of stand development.

Introduction
Since 1978, a study has been in progress in clonal
eucalypt plantations established in the PointeNoire region of the Congo. The hybrids used are
well suited to local conditions and, with weeding
and fertilisation, they grow well (MAI: 20-25 m3
ha-1 yr-1 in total volume). However, little is known
about the sustainability of the plantations with
respect to long-term production and maintenance
of site quality. In particular, processes governing
nutrient availability in eucalypt stands and the
impact of intensive cropping on soil fertility are
not known. These questions are particularly
relevant as the soils are sandy, acidic, and have
low nutrient capital in terms of primary minerals,

organic matter reserves or available nutrients.
The sustainability of the plantations was
therefore identified as a priority for research by
UR2PI and studies focusing on this goal have been
conducted since 1997 (Bouillet et al. 1997, 1999,
Laclau et al. 2000a, b).
One of the tasks is to identify silvicultural
practices and harvesting methods for sustainable
management of the replanted sites. On the poor
and sandy soils of the maritime coast of Congo,
litter and crop residues need to be managed
carefully throughout rotations to preserve soil
fertility. Soil organic matter is an essential
component that influences nutrients directly

UR2PI, PO Box 1291, Pointe-Noire, Congo. Tel: +242-943184, Fax: +242-944795, E-mail: cir11@ calva.com or jdnzila@hotmail.com
CIRAD-Forêt, Campus de Baillarguet, Montpellier, France.
3
CIRAD-Forêt/Universidade de São Paulo/ESALQ, Piracicaba, Brazil.
4
INRA, Centre de Nancy, Equipe Cycles Biogéochimiques, 54280 Champenoux, France. E-mail: ranger@nancy.inra.fr
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during decomposition and indirectly by fixing the
available nutrients (Attiwill and Leeper 1987,
Trouvé et al. 1994, Bernhard-Reversat 1996). It
has been shown that burning slash and litter has
a negative effect on eucalypt growth (Nzila et
al. 1998), and that the availability of mineral
nitrogen is the main factor limiting tree growth
(Bernhard-Reversat 1996, Safou-Matondo and
Bouillet 1999, Bouillet et al. 2001a). So, it is
necessary to quantify the effects of slash and
litter management practices on soil properties,
tree nutrition and growth (Smethurst and Nambiar
1990a, Tiarks et al. 1998).
This study was designed to evaluate the effects
of soil and site management practices on the
productivity of replanted sites and the soil
fertility over successive rotations. The
experiment was included in the network of sites,
as part of the CIFOR ‘Site Management and
Productivity in Tropical Plantation Forests’
project. This paper presents results obtained four
years after planting. Biomass and nutrient
content, tree growth, litterfall, changes of soil
chemical properties, soil nitrogen mineralisation,
and litter decomposition rates were quantified.
Management options for maintaining or increasing
plantation productivity are discussed.

Fertilisers were applied at planting at a rate of
13.8 kg ha-1 N, 13.8 kg ha-1 P and 22.3 kg ha-1 K. A
further 26.0 kg ha-1 N, 26.0 kg ha-1 P, and 42.0 kg
ha-1 K was applied 3 years after planting. At harvest
in January 1998, the stand had a mean height of
26.1 m, a basal area of 12.9 m2 ha-1 and a standing
volume of 129 m3 ha-1.
The second rotation crop was planted in April
1998, again using Eucalyptus PF1 clone 1-41.
Spacing was 2.65 m x 4.70 m, superimposed on
the previous rows. NPK fertiliser (15.6 kg ha-1 N,
15.6 kg ha-1 P, and 25.2 kg ha-1 K) was applied at
planting. No additional fertiliser was applied.
Weeds were chemically controlled with
glyphosate.

Experimental Design and Methods
The experimental design is a randomised
complete block with four replications. Each plot
has a gross area of 0.26 ha (204 trees) and an
inner plot of 0.15 ha (120 trees) with two border
rows. The treatments were as follows:
BL 0
BL 1

Location and Site Description
The plantations are located on coastal plains
around Pointe-Noire, Congo (latitude 4 o S,
longitude 12oE). The climate is subequatorial with
a rainy season from October to May and a dry
season from June to September. Mean annual
rainfall is around 1200 mm, and mean annual
temperature is 25oC with seasonal variations of
about 5 oC. The soils are very deep and are
characterised by homogeneous sandy texture,
acidic reaction, limited available nutrients, and
low levels of organic matter (Bouillet et al. 1999).

Stand Description
The experiment was previously described in detail
(Bouillet et al. 1999). Before establishment of the
first rotation, the original savanna was burned,
and regrowth was treated with glyphosate two
months later. The soil was ripped along planting
lines. Eucalyptus PF1 clone 1-41 was planted in
April 1990 at a spacing of 4.0 m by 4.7 m.

BL 2

BL 3

BL 4

BL 5

All aboveground organic residues removed
from the plot.
Whole-tree harvest. All aboveground
components of the commercial trees
(diameter at breast height > 11 cm) were
removed.
Stemwood + bark harvested. Only the
commercial-sized boles (top-end over-bark
diameter > 2 cm) and associated bark were
removed.
Double slash. All the trees were logged as
in the BL2 treatment. The residues of the
treatment and that of BL1 were distributed
on the ground.
Stemwood harvested. Only the
commercial-sized boles, debarked, were
removed.
BL4 + residue burned.

Twelve trees of the previous stand, distributed
in 6 basal area classes defined from an inventory,
were sampled before harvesting, to develop
predictive models for biomass and nutrient
content of the stands (Bouillet et al. 1999). The
same approach was used to estimate the
aboveground biomass and nutrient content of BL0,
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BL3, BL4 and BL5 treatments in block 1, one year
and three years after planting. However, due to
uncertainty with the samples taken at the thinner
end of the trunk, stemwood and stembark at one
year were estimated using equations established
on 1-year-old commercial plantation similar to
the BL 4 treatment (Deleporte personal
communication). These equations were then
applied to the inventory of each plot within
treatment to evaluate the biomass and nutrient
contents on a per hectare basis. At 3 years, all
data collected were used to establish predictive
models for biomass and nutrient contents for each
compartment and each treatment.
Forest-floor was collected before stand harvest,
in December 1997. Decomposition of forest-floor
and slash was assessed in the BL1, BL2, BL3 and
BL4 of blocks 1 and 3. Samples were collected
every three months from September 1998 to
December 1999 to quantify remaining biomass.
The coefficients of decomposition were
calculated according to Olson (1963).
Soil samples were taken before stand harvest at
depths 0-10, 10-20, 20-50, 50-70 and 70-100 cm.
Soil was re-sampled one year and three years
after planting in all the treatments of blocks 1
and 3. In situ nitrogen mineralisation (Raison et
al. 1987, Jussy 1998) was carried out during 2
years in the BL0, BL3 and BL4 treatments of block 1
(from November 1998 to November 2000) between
age 7 and 30 months (Bouillet et al. 2000).
The GLM procedure of SAS software (SAS Institute
1988) was used to analyse the variance of height,
circumference, mean annual increment (MAI),
biomass, nutrient content and nutrient
concentration of trees, and for forest floor and
soil properties. The statistical model used was:
Yij = µ + Ri + Tj + Σij
where Yij is the mean value of the trait measured
in replication i for treatment j, µ the overall mean,
R and T account for the effects of replication
and treatment, and Σij is the residual effect.
Statistical analyses were based on Bonferroni test.
Variance of soil nitrogen mineralisation was
analysed using the model:
Yij = µ + Ti + Σij,
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where Yij is the mean value of the soil nitrogen
mineralisation measured for treatment i during
the incubation period j, µ the overall mean, T
accounts for the effect of treatment, and Σij is
the residual effect. Statistical analyses were
based on Bonferroni test.

Results
Tree Growth
At 12 months after planting, the circumference
at breast height was significantly greater in BL5
and BL3 (p< 0.05) than in BL0 (Table 1).
At 24 months, treatment BL0 was significantly less
productive than other treatments, except for BL1
and BL2 (height). At 36 months, the difference
between the most and least productive
treatments (BL3 and BL0) was 2.7 m in height,
8.9 cm in circumference, and 8.4 m3 ha-1 yr-1 in
MAI. This difference was significant for height
and circumference but non significant for MAI
owing to a block effect (Nzila et al. 2002). An
illustration of this effect is given in Table 2. At 48
months this difference between BL3 and BL0 was
still increasing and significant whatever the traits:
3.2 m in height, 9.5 cm in circumference and
11.2 m3 ha-1 yr-1 in MAI. In contrast, the difference
in MAI between BL4 and BL2 treatments tended
to decrease (Table 1).

Biomass and Nutrient Content
One year after replanting, trees in BL0 had the
lowest total aboveground biomass 5.6 t ha -1
compared to 7.2 t ha-1 as a mean of the other
treatments. The difference between BL5 and BL0
was statistically significant (Table 3).
The lowest values for nutrient content in
aboveground biomass were observed in BL0. The
highest N content was found in BL5, whereas the
highest amounts of P, K Ca and Mg accumulated
in BL3. Foliage biomass represented a third of
the aboveground biomass, but about 70% of the
N accumulation and 50% of the P, K, Ca and Mg
content (Nzila et al. 2002). Large differences in
nutrient concentrations were observed in the
leaves (Table 4). The lowest concentrations for
all nutrients were observed in BL0 whereas the
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Table 1. Mean height, circumference at breast height (CBH), and mean annual increment (MAI) of trees
in the different treatments, at 12, 24, 36 and 48 months
Treatments
12 months
Height (m)
CBH (cm)
MAI (m3 ha-1 yr-1)
24 months
Height (m)
CBH (cm)
MAI (m3 ha-1 yr-1)
36 months
Height (m)
CBH (cm)
MAI (m3 ha-1 yr-1)
48 months
Height (m)
CBH (cm)
MAI (m3 ha-1 yr-1)

BL0

BL1

BL2

BL3

BL4

BL5

5.1a
16.0b
5.7a

5.2a
16.9ab
6.2a

5.4a
17.9ab
7.1a

5.7a
19.3a
8.3a

5.4a
17.8ab
7.0a

5.8a
19.3a
8.2a

11.2b
26.6c
12.9c

11.8ab
29.3bc
15.8bc

12.4ab
31.0ab
18.3ab

12.9a
34.0a
22.2a

12.5a
31.8ab
19.3ab

12.4a
31.6ab
18.7ab

13.5b
29.5c
16.0a

14.7ab
33.4bc
17.5a

15.4ab
35.3ab
20.1a

16.2a
38.4a
24.4a

15.5a
35.9ab
20.8a

15.4a
35.3ab
19.7a

16.3b
32.3c
13.8b

17.9ab
36.4bc
17.7ab

18.7a
38.4ab
21.1ab

19.5a
41.8a
25.0a

18.5a
39.1ab
21.5ab

18.4a
37.5abc
19.6ab

Letters a, b and c indicate significant differences (p<0.05) between treatments according to Bonferroni test.

Table 2. Tree height (m) for BL0, BL3 and BL4 treatments according to the blocks, at 36 months
Treatments
BL0
BL3
BL4

Block 1
13.8
14.7
13.9

Block 2
11.8
14.5
14.1

Block 3
12.1
14.2
13.5

Block 4
11.7
14.2
14.0

highest concentrations were measured in BL5 for
N, and in BL3 for P, K, Ca and Mg. The largest
differences concerned Ca, which were twice as
high in BL3 than in BL0.

accumulation by total nutrient accumulation
varied from 28 to 33% for N, from 13 to 16% for
P, from 19 to 21% for K, from 16 to 19% for Ca,
and from 21 to 24% for Mg.

Three years after planting, the BL0 treatment
exhibited a total aboveground biomass 31% lower
than the other treatments (22.3 t ha-1 vs a mean
of 32.5 t ha-1) (Table 5). Differences between
BL0 and BL3 were always significant, except for
the dead branches. BL5 (burning) was not the
most productive treatment any more, with a
stand biomass of 30 t ha-1 compared to 36 t ha-1
in the BL3 treatment, but this difference was not
significant.

A gradient in the stand nutrient content was
observed as follows: BL3 > BL4 > BL5 > BL0, with
one exception (BL5 > BL4 for K). Furthermore the
BL 0 treatment exhibited the lowest nutrient
contents whatever the compartment.

Three years after planting, foliage biomass
represented only 5-6% of the total aboveground
biomass, but the comparison of leaves nutrient

Litterfall
Significant differences in mean annual litterfall
were observed among the treatments where high
amounts of slash were remaining after harvesting
(BL3 and BL4) and those characterised by low
amounts of residues (BL0, BL1, and BL2) (Fig. 1).
The burning treatment (BL5) presented the same
amount of litterfall than BL4 (mean of 5 t ha-1 yr-1).
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Table 3. Total biomass and total nutrient accumulation in BL0, BL3, BL4 and BL5 treatments at age 12
months
Treatments
BL0
BL3
BL4
BL5

Biomass
t ha-1
5.6b
7.3ab
6.4ab
7.8a

N
47.1b
60.2ab
57.3ab
71.4a

P

K
(kg ha-1)

4.8b
8.4a
5.3b
7.7a

17.4c
27.8a
21.6b
23.3ab

Ca

Mg

12.6c
31.1a
19.3b
21.0b

10.0c
20.2a
13.9b
14.2b

Letters a, b and c indicate significant differences (p<0.05) between treatments according to Bonferroni test.

Table 4. Nutrient concentration in leaves for BL0, BL3, BL4 and BL5, at 12 months
Nutrients (g kg-1)

Treatments
N
17.3c
18.4b
20.6a
20.9a

BL0
BL3
BL4
BL5

P
1.3b
1.8a
1.3b
1.5b

K
4.6b
5.7a
5.0b
4.6b

Ca
3.7d
7.4a
5.4b
4.5c

Mg
3.5c
4.9a
4.2b
3.5c

Letters a, b and c indicate significant differences (p<0.05) between treatments according to Bonferroni test.

Figure 1.

Mean annual litterfall biomass in different treatments from age 12 months to 55 months

Letters a and b indicate significant differences (p < 0.05) among treatments according to Bonferroni test.

Soil Properties
Changes occurred mainly in the surface soil layer
(Table 6). Three years after planting the major
observations were: (1) a slight decrease of total
N, except for BL3; (2) a statistically significant
decrease in contents of exchangeable Ca, Mg and
in S/T, irrespective of treatments; and (3)
significant differences between treatments in

contents of K: the highest concentrations were
observed in BL2, BL1 and BL5 treatments. No clear
trend was observed for other soil properties.
Effects of stand harvest and site preparation had
no effect below 10 cm soil depth, except on Ca
contents that were statistically lower regardless
the treatments.
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Table 5. Biomass and nutrient content in the different compartments of trees in treatments BL0, BL3,
BL4 and BL5 at age 36 months
Compartments

Stemwood

Bark

Leaves

Living branches

Dead branches

Total stand

Treatment

Biomass
t ha-1

N

P

K
(kg ha-1)

BL0
BL3
BL4
BL5
BL0
BL3
BL4
BL5
BL0
BL3
BL4
BL5
BL0
BL3
BL4
BL5
BL0
BL3
BL4
BL5
BL0
BL3
BL4
BL5

15.3b
25.3a
22.1a
21.0a
1.9b
2.8a
2.5a
2.4a
1.4b
2.3a
1.6b
1.8ab
1.9b
3.7a
3.1a
2.9a
1.9a
1.9a
2.3a
2.0a
22.3b
35.9a
31.6a
30.1a

35.3c
67.5a
54.8b
50.4b
10.2c
18.1a
15.1b
13.7b
27.8b
51.0a
34.1b
35.4b
7.0b
13.4a
13.0a
10.7a
4.5a
5.0a
6.0a
4.5a
84.9c
155.0a
122.9b
114.6b

5.4b
9.6a
8.8a
6.4b
4.4b
7.1a
7.0a
5.1b
2.1b
3.7a
2.9ab
2.8b
1.8b
3.2a
2.8a
2.6a
0.5c
0.7b
0.9a
0.5c
14.1b
24.3a
22.4a
17.4b

17.7c
29.1a
22.7b
24.2b
8.1c
14.2a
11.2ab
12.5b
7.2c
13.2a
9.2b
9.9bc
3.8b
6.4a
5.6a
5.4a
0.3a
0.3a
0.4a
0.3a
37.1c
63.2a
49.2b
52.3b

Ca
7.5c
13.4a
10.0b
9.0bc
8.0c
21.7a
15.2b
14.0b
4.7b
10.7a
6.5b
6.9b
3.2c
7.9a
6.1b
4.3c
1.9c
5.0a
3.7b
2.3c
25.2c
58.8a
41.5b
36.6b

Mg
4.1c
7.4a
5.7b
5.3bc
5.9d
13.2a
11.1b
8.5c
3.7b
7.0a
5.4ab
5.4b
1.6b
3.4a
2.9a
2.2b
0.6b
1.1a
1.1a
0.8b
15.9c
32.1a
26.2b
22.2b

Letters a, b, c and d indicate significant differences (p<0.05) between treatments according to Bonferroni test.

Nitrogen Mineralisation
Treatments had no effect on N mineralisation
(Table 7). However highest values for N
mineralisation were measured in BL3. Mean annual
amounts produced in BL0, BL4, and BL3 during two
years were respectively 48 kg ha-1, 46 kg ha-1,
and 56 kg ha-1.
Production of N-NH4+ and N-NO3- was of the same
order of magnitude during the first and the second
year of measurement. Time-course of N
mineralisation in each treatment indicated large
variations related to soil water content (Fig. 2).
After rainfall events a clear pattern of quick
increase in net N mineralisation was observed,
and followed by a net immobilisation. On
average, net N mineralisation amounted to 4.9
kg ha-1 month-1 during the rainy season, but only
to 2.8 kg ha-1 month-1 during the dry season.

The inter-annual variability was low since the
mean net mineralisation of N amounted to 46 kg
N ha-1 yr-1 on average for the 3 treatments during
the first year (from November 1998 to November
1999), and 54 kg N ha-1 yr-1 during the second
year (from November 1999 to November 2000).

Litter Decomposition
Initially, the amount of organic residues in
treatment BL1 was about half that of BL2 and BL4,
and a third of that in BL3 (Table 8). Eight months
after harvesting, differences among treatments
were no longer significant. During this period,
about 36% of the initial mass of litter and slash
was lost in BL1, 47% in BL2, 56% in BL4, and 45% in
BL3. Using the concept proposed by Olson (1963),
the coefficient of decomposition, k, was about
0.9, irrespective of treatments. It was estimated
that a 50% loss in mass occurred within 6 to 8

1

0

Years
after
harvesting

1

1

3
Changes after
3 years (%)

BL2

0

3
Changes after
3 years (%)

BL1

0

3
Changes after
3 years (%)

BL0

Treatments

0.34
(0.01)
0.34
(0.01)
0.33
(0.03)
-3
0.35
(0.06)
0.36
(0.04)
0.32
(0.01)
-9

0.55
(0.01)
0.53
(0.02)
0.55
(0.04)

0

0.51
(0.03)
0.55
(0.05)
0.52
(0.01)

2

-10

0.34
(0.01)
0.31
(0.06)
0.31
(0.09)

0.56
(0.14)
0.5
(0.11)
0.5
(0.16)

-9

Total N
(mg kg-1)

Org. C
(%)

12

16.3

15.1

14.6

3

16.7

15.4

16.2

1

16.5

16.2

16.4

C/N

-84

0.06
(0.01)
0.01
(0.01)
0.01
(0.00)

-86

0.07
(0.002)
0.01
(0.002)
0.01
0

-88

0.08
(0.04)
0.01
(0.01)
0.01
(0.01)

Exc.Ca

-39

0.03
(0.01)
0.03
(0.01)
0.02
(0.001)

-53

0.04
(0.01)
0.04
(0.01)
0.02
0

-52

0.05
(0.03)
0.02
(0.01)
0.02
(0.01)

Exc. Mg

22

0.02
(0.05)
0.04
(0.002)
0.03
(0.01)

64

0.02
(0.005)
0.02
0
0.04
(0.01)

-21

0.03
(0.01)
0.02
(0.01)
0.02
0

Exc. K

-61

0.01
(0.01)
0.01
(0.00)
0.01
(0.004)

-13

0.01
(0.01)
0.01
(0.01)
0.01
(0.01)

-58

0.02
(0.01)
0.01
(0.004)
0.01
(0.003)

(cmolc kg-1)

Exc. Na

4

0.28
(0.01)
0.29
(0.01)
0.29
(0.003)

6

0.29
(0.01)
0.26
(0.02)
0.31
(0.02)

0

0.26
(0.04)
0.27
(0.05)
0.26
(0.07)

Exc. Al

0

0.08
(0.002)
0.1
(0.01)
0.08
(0.01)

-13

0.1
(0.002)
0.09
(0.01)
0.08
0

-23

0.1
(0.02)
0.08
(0.005)
0.08
(0.02)

Exc. H

-50

0.13
(0.01)
0.09
(0.01)
0.06
(0.005)

-48

0.15
(0.01)
0.08
(0.02)
0.08
(0.001)

-64

0.17
(0.08)
0.06
(0.01)
0.06
(0.01)

S

-5

0.43
(0.03)
0.46
(0.02)
0.41
(0.03)

-5

0.45
(0.04)
0.44
(0.05)
0.43
(0.05)

-15

0.45
(0.06)
0.45
(0.04)
0.38
(0.12)

T=CEC

Table 6. Properties of surface soil layer (0-10 cm) before stand harvest, at 1 year and 3 years after planting (standard error in brackets)

Cont.

-48

15.7

19.5

29.9

-46

17.5

17.3

32.2

-58

16.3

12.3

38.7

(%)

S/T
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1

0

1

1

2
0.34
(0.06)
0.35
(0.02)
0.34
(0.02)
-1
0.37
(0.02)
0.32
(0.02)
0.34
(0.01)
-8

9

0.54
(0.09)
0.56
(0.03)
0.55
(0.03)

2

0.55
(0.02)
0.51
(0.04)
0.56
(0.04)

3

12

16.7

16.2

14.9

3

16.2

16

15.8

6

16.5

16.2

15.6

C/N

-84

0.06
(0.02)
0.03
(0.01)
0.01
(0.003)

-89

0.08
(0.02)
0.02
(0.01)
0.01
(0.003)

-84

0.09
(0.03)
0.01
(0.01)
0.02
(0.004)

Exc.Ca

-38

0.04
(0.01)
0.04
(0.02)
0.03
(0.004)

-34

0.04
(0.02)
0.04
(0.02)
0.03
(0.004)

-31

0.04
(0.01)
0.04
(0.02)
0.03
(0.01)

Exc. Mg

21

0.02
(0.005
0.02
(0.005)
0.03
(0.001)

4

0.03
(0.003)
0.02
(0.00)
0.03
(0.01)

-23

0.03
(0.01)
0.02
(0.002)
0.02
(0.002)

Exc. K

-14

0.01
(0.01)
0.01
(0.00)
0.01
(0.00)

-59

0.02
(0.004)
0.01
(0.003)
0.01
(0.003)

-56

0.02
(0.01)
0.01
(0.005)
0.01
(0.004)

Exc. Al

2

0.29
(0.04)
0.26
(0.04)
0.29
(0.005)

15

0.27
(0.01)
0.29
(0.03)
0.31
(0.04)

14

0.27
(0.03)
0.26
(0.03)
0.31
(0.05)

(cmolc kg-1)

Exc. Na

S/T= base cation saturation, with S = exchangeable cations sum (Ca+Mg+K+Na), and T = Cation Exchange Capacity (CEC).
Differences between treatments according to Bonferroni test are not presented to keep the table readable.

3
Changes after
3 years (%)

BL5

0

3
Changes after
3 years (%)

BL4

0

0.33
(0.04)
0.33
(0.05)
0.34
(0.03)

Total N
(mg kg-1)

0.52
(0.06)
0.53
(0.08)
0.56
(0.07)

Org. C
Years
(%)
after
harvesting

3
Changes after
3 years (%)

BL3

Treatments

Table 6. Continued

-7

0.08
(0.01)
0.06
(0.01)
0.08
(0.00)

0

0.09
(0.001)
0.09
(0.01
0.09
(0.01)

-7

0.09
(0.01)
0.08
(0.01)
0.09
(0.01)

Exc. H

-45

0.13
(0.02)
0.1
(0.03)
0.07
(0.01)

-57

0.17
(0.04)
0.08
(0.03)
0.07
(0.01)

-60

0.18
(0.04)
0.08
(0.02)
0.07
(0.01)

S

-4

0.47
(0.04)
0.42
(0.07)
0.45
(0.05)

14

0.45
(0.04)
0.41
(0.08)
0.51
(0.04)

4

0.45
(0.02)
0.4
(0.04)
0.47
(0.08)

T=CEC

-43

16.3

23

28.8

-62

13.9

19.4

36.9

-62

15.7

20.2

40.9

(%)

S/T
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Table 7. Mean net nitrification, ammonification and total mineralisation produced during fortnightly
(kg N ha -1) in BL0, BL4 and BL3 treatments for 53 periods of a two weeks interval. Standard
deviation values are given in brackets
Treatments

Number of
incubation period

BL0

53

BL4

53

BL3

53

N-NO 31.13
(0.87)
1.17
(0.90)
1.39
(1.36)

N-NH 4+
0.68
(2.79)
0.56
(2.44)
0.74
(2.59)

Mineral N
(N-NO3- + N-NH4+)
1.81
(2.89)
1.73
(2.46)
2.13
(2.87)

Treatments were not significantly different (p>0.05) according to Bonferroni test.

Figure 2. Dynamics of net nitrogen mineralisation (kg N ha-1 fortnightly) in BL0, BL4 and BL3

months after clearcutting. Most of leaves and bark
had decomposed, and the remaining slash mainly
consisted of branches. The amount of remaining
slash was similar between treatments, except in
BL3 where it was higher.
The mineral content of slash varied with time,
depending on the nutrient concerned. Potassium
and P were released rapidly during the
decomposition process, but release of Ca was
slow. Release of N and Mg was intermediate, and
followed approximately the changes in dry matter
amounts. Nutrients released during slash
decomposition varied considerably between
treatments. Maximum values were reached in BL3

20 months after the initial harvest, with 329 kg
N ha-1, 41 kg P ha-1, 99 kg K ha-1, 73 kg Ca ha-1 and
52 kg Mg ha-1. Comparisons of decomposition rates
between treatments indicated that the dynamics
of nutrient release depend on slash types. The
main trends were: (1) changes in nutrient
contents with BL 1 followed the pattern of
decomposition of litter previously accumulated
in the stand before harvesting; (2) differences
between BL 2 and BL 1 corresponded to
decomposition of branches and leaves; and (3)
differences between BL4 and BL2 were associated
with the dynamics of nutrient release from
stembark.
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Table 8. Changes in slash amount and nutrient content in BL1, BL2, BL3, and BL4

(t ha )

N

(kg ha-1)

K

Ca

Mg

BL1

BL2

BL3

BL4

0
8
11
14
17
20

13.7a
8.8a
6.0a
5.5a
4.6a
2.1a

25.2b
13.4a
8.5a
6.3a
5.4a
3.3a

46.5d
25.8a
12.4a
9.4a
5.8a
4.5a

31.4c
13.7a
8.4a
6.9a
5.4a
4.4a

0
8
11
14
17
20

114.8a
81.4a
53.5a
44.1a
47.5a
10.1a

212.3b
134.9a
86.2a
65.2a
52.7a
17.9a

369.4d
202.9a
114.8a
85.4a
49.2a
40.3a

249.7c
108.3a
65.0a
61.9a
60.2a
33.3a

0
8
11
14
17
20

7.6a
3.1a
2.0a
1.8a
1.7a
0.4a

18.6b
4.8a
3.3a
2.2a
1.9a
0.7a

43.2d
10.7a
5.8a
3.1a
2.4a
1.6a

28.5c
4.8a
3.5a
2.0a
2.0a
1.3a

0
8
11
14
17
20

11.0a
7.8a
1.6a
1.1a
0.9a
1.0a

40.8b
18.2a
3.6a
1.6a
1.5a
1.0a

100.8d
29.3a
9.5a
3.7a
1.7a
2.0a

62.9c
10.1a
4.6a
1.4a
1.2a
1.7a

0
8
11
14
17
20

33.2a
22.7a
14.2a
13.7a
8.6a
5.1a

43.2a
34.4ab
23.1a
16.6a
11.5a
7.4a

94.8b
90.0b
44.6a
33.2a
23.4a
21.1a

78.6b
48.1ab
32.7a
23.2a
20.3a
18.3a

0
8
11
14
17
20

18.2a
8.6a
4.9a
6.1a
2.5a
1.4a

26.4b
18.5ab
10.5ab
10.9ab
4.1a
2.7a

59.0c
50.2b
27.3b
17.6b
8.2a
7.0a

45.3d
24.0ab
16.1ab
11.6ab
6.3a
5.3a

-1

Biomass

P

Treatment

Period (months
after harvesting)

(kg ha-1)

(kg ha-1)

(kg ha-1)

(kg ha-1)

Letters a, b, c and d indicate significant differences (p<0.05) between treatments according to Bonferroni test.
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Table 9. Value of foliar nutrient concentrations at 3 years old and corresponding ratios

BL3
BL4
BL0
BL5

N

P

2.22a
2.13b
2.06b
1.99b

0.161b
0.181a
0.158c
0.157d

K
0.574a
0.575a
0.533b
0.556ab

Ca
0.465a
0.406b
0.348d
0.388c

Mg
0.304b
0.338a
0.274d
0.303c

N:P Ca:Mg Mg:K
13.8
11.8
13.0
12.7

1.53
1.20
1.27
1.28

0.53
0.59
0.51
0.55

Ca:K
0.81
0.71
0.65
0.70

Letters a, b, c and d indicate significant differences (p<0.05) between treatments according to Bonferroni test.

Discussion
Tree Growth
Removing all slash material (BL0) had a marked
negative effect on tree growth. This effect
increased with time. The opposite effect
occurred when a large amount of slash was left
on the soil after harvest (BL 3 and BL 4 ).
Decomposition of leaves and branches from
harvested residues had a positive impact on
subsequent tree growth: BL2 exhibited a greater
productivity than BL1 up to 48 months, and the
difference between the two treatments tends
to increase with stand age. The same pattern
occurred for bark decomposition (BL2 vs BL4),
but the difference in MAI between the two
treatments tended to decrease regularly. The
starter effect of slash burning was only observed
the first year after planting. After 2 years the
depressive effect of burning (BL5 vs BL3, BL4 and
BL2) tends to increase with stand age even if no
significant difference can be observed. The
present experiment showed that the organic
matter management is of paramount interest
and may be the consequence of the very low
nutrient availability from the soil minerals (Nzila
et al. 2001).

Nutrient Content

accumulation in BL3 than in BL4 and BL5 was mainly
explained by a higher foliage development (+35%)
and a greater nutrient accumulation in stemwood.
Foliar nutrient analysis has been commonly used
in Eucalyptus plantations to determine the
efficiency of fertilisers and to determine withintree nutrient balances during the establishment
phase (Herbert 1996, Judd et al. 1996). A review
of nutritional characteristics of Eucalyptus spp.
indicated optimum N:P ratios are between 15
and 18 (Herbert 1996, Judd et al. 1996). In the
present study, N:P ratio in foliage was between
11.8 (BL 3) and 13.8 (BL 4) at 3 years (Table 9).
These values may suggest N-limiting effect for
tree and stand growth.
This result was consistent with the stand’s
increased need for N observed throughout
successive rotations (Bouillet et al. 2001b).
Therefore, N released during slash and litter
decomposition might partly explain the growth
differences observed among treatments.
Response to fertilisers based on other ratios
(Ca:Mg, Mg:K, Ca:K) of foliar nutrients are more
complex to interpret (Herbert 1996). However
the very low Ca:Mg ratio in foliage (<1.6 in all
treatments whereas the optimum for Eucalyptus
grandis plantations in South Africa is >3.3)
suggested that tree growth might be indirectly
limited by Ca availability, even in BL3 treatment
(Table 9).

Nutrient content in the aboveground biomass of
the 1-year-old stand was dependent on slash and
litter management practices. A marked increase
in nutrient concentration in foliage was observed
when organic residues on the soil surface
increased.

Litterfall

Nutrient content in the aboveground biomass of
the 3-year-old stand was higher in BL3, BL4 and
BL5 treatments than in BL0 treatment. This result
was mainly explained by the lower biomass
production for BL0 treatment. The higher nutrient

The comparison of BL3 and BL4 treatments to BL0,
BL1 and BL2 treatments showed higher amounts
of slash remaining after harvesting led to a greater
production of branches and leaves (Tables 3 and 5).
BL 3 and BL 4 treatments tended therefore to
present a higher litterfall biomass, and the only
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Figure 3.

Changes in litterfall rate (t ha-1 yr-1) with age according to treatments

significant difference was observed with BL 2
during the third year (Fig. 3). BL3, BL4 and BL5
treatments were not significantly different but
slash burning tended to lead to higher amounts
of litterfall during the third year, but lower
amounts during the fourth and fifth year (Fig. 3).
This pattern would be likely due to a rapid release
of nutrient by litter combustion, leading to a
higher crown biomass in the first two years
(Table 3). But as early as 3 years, the initial loss
of nutrients by volatilisation and leaching led to
a lower biomass of leaves and living branches
in BL5 (Table 5) and then to a decrease in litterfall
production.

Soil Properties
The decrease in base cation saturation between
initial value and 3 years later might be the result
of two processes: (1) a large part of the cations
produced by mineralisation is taken up by trees
(only a small part was then adsorbed on the soil
exchange complex), and (2) enhancement in N
mineralisation by about 50% after harvesting
might lead to leaching losses of cations (Nzila et
al. 2002). As 60% of the mineral N was nitrate,
proton neutralisation was likely to increase the
acidity of the soil exchange complex.
The low value of exchangeable Ca from age one
year is from an analytical error of the laboratory.
The actual decrease in Ca was therefore

incorrectly estimated. However the values
obtained were consistent with analyses made
again on twin samples, and a study performed by
Bouillet et al. (2001b) showing a decrease in Ca
contents of about 80% between soils of 18-yearold eucalypt plantations and soils of original
savanna. But this decrease should have low direct
impact on stand production. Indeed, it was shown
that, one year after planting, the root system of
eucalypt trees extended to depth beyond 3 m
(Bouillet et al. 2002) and that soil reserves in Ca
and Mg are fairly high (about 2000 kg ha-1 and
4000 kg ha-1 up to a depth of 2 m (Nzila 2001)).
So, the Ca decrease that represents about 20 kg
ha-1 may be considered as negligible compared
with the reserves, and consistent with the stand
Ca accumulation (Table 5). This finding differs
from those of O’Connell et al. (2001) and Xu et
al. (2001) who observed an increase in
exchangeable Ca, Mg and K in the surface soil of
replanted sites.

Nitrogen Mineralisation
There was a trend of higher rates of N
mineralisation when large amounts of residues
were retained. A similar behaviour was reported
in Brazilian Eucalyptus plantations located on
Oxisols (Gonçalves et al. 2000). The authors
pointed out the better conditions for
mineralisation in comparison with treatment BL0.
Such results were also observed in Australia, in
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Table 10. Comparison of mean net N mineralisation (kg ha-1) produced fortnightly in treatments BL0 and
BL3 for blocks 1 and 3 (standard deviation in brackets). Period: 5 December 2000 - 30 January
2001
Treatments
BL0
BL3

Block 1
3.0a
(2.5)
2.5a
(1.7)

Block 3
1.7a
(1.7)
3.1b
(1.4)

Letters a and b indicate significant differences (p<0.05) between treatments.

Eucalyptus plantations located on red earth and
grey sand sites (O’Connell et al. 2001) and in Pinus
plantations established on sandy soils (Smethurst
and Nambiar 1990a, b).
However in Pointe-Noire, soil-N mineralisation
in BL0 was not lower than in BL4. This pattern
might be a result of the soil heterogeneity among
blocks. Whereas tree height was similar in block 1
for BL0 and BL4, the slash management practices
had a stronger impact on tree growth in the three
other blocks (Table 2). Chemical analyses
performed before harvesting indicated the
concentration of total N in the surface soil
(0-10 cm) of BL0 treatment of block 1 (0.43 mg g-1)
was higher than for BL4 and BL3 treatments in the
same block (0.36 and 0.37 mg g-1 respectively).
The same pattern was observed one year after
replanting in the same block: concentrations of
total N in the BL0 treatment were around 20%
higher than in the two other treatments.
A comparison of in situ N mineralisation in
blocks 1 and 3 during four incubation periods
(total duration: 2 months) showed that N
availability was likely to be involved in the
differences in tree growth observed according
to the slash management practices (Table 10). N
mineralisation in BL3 was significantly higher than
in BL0 in block 3 (p<0.05) whereas in block 1
production of inorganic N in both treatments was
not different. The small differences in N
mineralisation between BL0, BL3 and BL4 observed
during 2 years in block 1 might then be a result of a
spatial heterogeneity of N availability in this
block. The area where BL0 was installed in this
block exhibited rates of N mineralisation
particularly high compared to other areas
sampled. In other blocks, N mineralisation would
have been probably more closely related to the
amount of residues retained at the soil surface.

Production of inorganic N in the replanted site
was of the same as accumulation in the 1-yearold trees, which ranged from 50 (BL0) to 62 (BL3)
kg N ha-1. N mineralisation in the top soil was of
the same order of magnitude in Pinus stands in
Australia (Raison et al. 1987; Smethurst and
Nambiar 1990a), and in Eucalyptus stands in
Australia (Polglase et al. 1992) or in Brazil
(Gonçalves et al. 2000). In the present study net
nitrification was higher than residual net
ammonification. This result differed from the
higher rates of net residual ammonification
commonly observed in Eucalyptus stands in
Australia (Polglase et al. 1992, Connell et al. 1995)
or in Brazil (Gonçalves et al. 2000). However,
high nitrification rates may be observed when
C:N ratio <15 (Attiwill et al. 1996), as observed
in Congo. As a consequence, in the Pointe-Noire
area, large amounts of N may be lost by leaching
in the early growth period, when the root system
is not yet well established. Losses of N represent
a high risk for the sustainability of the plantations
in the Pointe-Noire region, where soil N-reserves
are low (about 700 kg ha-1 in the 0-15 cm layer)
and where input-output N-budget were found to
be unbalanced (Laclau 2001).

Litter Decomposition
The half-life for decomposition of residues (t0.5)
varied from 6 to 8 months. Such a high
decomposition rate was observed in Brazil where
t0.5 was 10 months in E. grandis stands (Gonçalves
et al. 1999). In Indian E. tereticornis plantations,
t0.5 varied from 3 months (leaves) to 10 months
(branches) (Sankaran et al. 2000). However, lower
decomposition rates have been measured in
India, where Sankaran et al. (2000) found t0.5
varying from 9 months (leaves) to 26 months
(branches) in E. grandis stands.
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In Congo, rates of nutrient release were higher
than rates of dry matter loss for K and P,
equivalent for N and Mg, and lower for Ca. The
nutrient release pattern may vary considerably,
according to Eucalyptus species and situation of
the stand. Climate, microfauna, and litter
composition (C:P ratio, lignin, tannins, etc.) are
probably the main causes for this variability
(Bernhard-Reversat 1993). The rapid release of
nutrients observed in Congo potentially led to
high risks of nutrient leaching, especially if there
was a long delay between clearfelling and
planting.

Conclusions
In Congo, clonal eucalypt plantations have been
established on sandy and very poor soils. Their
productivity is highly dependent on management
practices which conserve organic matter and
nutrients. This study showed that removing forest
floor and slash residues after harvesting markedly
reduced tree growth: MAI at 4 years was 35%
lower when forest floor and slash residues were
removed, compared to stem-only harvesting.
Mineralisation of organic residues induced a rapid
release of large amounts of nutrients: one year
after planting it represented from 200% to 300%
of the nutrient content in the stem-only harvested
treatment. Soil N mineralisation may play a crucial
role in stand productivity, as indicated by the
low N:P ratio in foliage at three years old and
the marked response to nitrogen fertilisation on
the replanted sites.
A marked decrease in base cations, especially
calcium and magnesium, was observed in the
top soil layer, in relation to the very low contents
of these nutrients in the soil, and the rapid
nutrient uptake of eucalypt plantations. Field trials
could be then established to quantify the effect
of liming on stand production.
From an operational point of view, the following
recommendations can be made:
1. debark stems in the field and spread the bark;
2. retain tree crowns on the site;
3. avoid slash burning; and
4. reduce the delay between stand harvesting
and crop planting.

Fertiliser application will also be necessary to
maintain high stand productivity in this soil.
In Congo, the current practice consists of
debarking the stems in the field, and leaving the
residues (branches, leaves and bark) on the
ground. Slash burning and tillage are prohibited,
and the planting hole is dug without disturbing
the forest floor.
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Effects of Harvesting and Site Management on
Nutrient Pools and Stand Growth in a South
African Eucalypt Plantation
B. du Toit1 , S.B. Dovey1, G.M. Fuller1 and R.A. Job1

Abstract
Effects of intensive site management operations on nutrient capital and stand growth
were studied in a stand of Eucalyptus grandis in South Africa. Macronutrient pools in
the standing crop, belowground biomass, forest floor and soil were determined. The
forest floor on this site is a large store for nutrients, particularly N, P and Ca. Nutrient
additions and removals resulting from fertilisation, wood harvesting, slash burning and
slash manipulation were quantified. Stem wood harvesting has a moderately small
effect on the capital of most macronutrients in the system. Slash burning results in
comparatively large losses from N and P pools (440 kg ha-1 and 26 kg ha-1, respectively).
Phosphorus lost through harvesting and slash burning is partially offset by fertilisation
after establishment, but this is not the case with other nutrients. The plantation
ecosystem is very resilient to the impact of nutrient losses by virtue of its large
nutrient pools. Stand height and diameter growth responded strongly to changes in
nutrient availability in the first two growing seasons (they immediately increased
after slash burning or fertilising but decreased when slash was removed). It appears
that the stand response to changes in resource availability was constrained by soil
water stress. The effect of intensive treatments in the inter-rotational period has
diminished by age three years and stand volume is currently increasing at nearly similar
rates. The main impact of this research and its implementation by the southern African
timber growing industry are discussed.

Introduction
Short-rotation plantations under intensive site
management have a potentially large impact on
the productivity and long-term sustainability of
forest stands (Fölster and Khanna 1997, Gonçalves
et al. 1997, Nambiar 1999, Fisher and Binkley
2000). Effects of intensive site management
operations were studied at the Karkloof
experimental site in KwaZulu-Natal, South Africa
1

to improve our understanding of: (1) availability
of soil resources for growth to trees, (2) response
mechanisms of the stand to treatments, and (3)
effect of operations on long-term nutrient supply.
This paper summarises the effects of harvesting
and site management operations on nutrient pools
and growth of the replanted crop to 3.5 years of
age.

Institute for Commercial Forestry Research, Box 100281, Scottsville 3209, South Africa. Tel: +27-33-386 2314, Fax: +27-33-386 8905,
E-mail: ben@icfr.unp.ac.za
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Materials and Methods

Belowground biomass

Karkloof trial site is located at latitude 29o24’S,
longitude 30o12’E and altitude 1260 m above sea
level. Mean annual precipitation of 950 mm falls
mainly in summer and the mean annual
temperature is 15.2oC. The soil is on average
approximately 90 cm deep; it is clayey and rich
in organic matter. Details of climatic conditions
at the site, land-use history, and basic soil
physical characteristics have been described (du
Toit et al. 2000). Basic soil chemical properties
have been published by du Toit (2003). The site
originally supported grassland vegetation which
was converted to an Eucalyptus grandis plantation
in 1964.

Tree stump diameters were measured at ground
level and stratified into three classes. A stump
at the midpoint of each class (with its associated
root system) was excavated in three random
locations. The excavated volume around the stump
was equal to the dimensions of the original spacing
(2.44 x 2.44 m) and a depth of 1 m. The soil
profile was stratified into three layers (0-20 cm,
20-40 cm and 60-100 cm). The mass of fine roots
(diameter < 1 mm) was not determined. A soil
corer with a volume of 1.27 dm3 was used to
collect four root samples per horizon to estimate
medium diameter root mass, (roots between 1
and 10 mm in diameter). The soil in the entire
block was then excavated and sieved through a
10 mm mesh to separate soil from the root and
stump fractions > 10 mm in diameter. These
fractions were separated into very coarse and
coarse fractions (greater and smaller than 100
mm diameter, respectively), by sawing. Roots
were separated from the stump by sawing at
the soil surface. All fractions were weighed.
Subsamples were oven dried at 65oC for moisture
and nutrient content determinations.

Determination of Nutrient Capital in
the Standing Crop
The stand on the site was seven years old at the
time of harvest in December 1998. It had been
the last of three coppice rotations and had a mean
annual increment of 21 m3 ha-1 yr-1. The nutrient
capital was determined in four components of
the plantation system: the aboveground biomass,
the belowground biomass, the forest floor and
the soil. The following methods were used to
estimate the biomass and nutrient content in each
component:

Aboveground biomass
Diameter at breast height (dbh) of the standing
crop was measured. The dbh data was divided
into 18 equal (in terms of tree number per
hectare) class intervals and one tree was
randomly selected from the mid-point of each
class for destructive sampling. The sample trees
were felled and divided into: utilisable stem wood
(> 70 mm end diameter overbark), the bark,
stem top, branches, leaves and capsules. For
each fraction of the standing biomass, wet mass
was determined on the full sample in the field.
Representative subsamples were collected for
determination of moisture and nutrient contents.
Leaf area of subsamples was determined by
scanning.

Forest floor
Mass and nutrient content of the forest floor
before harvesting were determined by collecting
18 random samples with a ring sampler of 30 cm
diameter. After harvesting, the slash (harvesting
residue plus forest floor) was sampled by cutting
out a square of 0.07 m2 with a chainsaw. Six slash
samples were collected per plot and separated
into fine, medium and coarse fractions. The fine
fraction consisted of material passing through a
2 mm sieve, representing the humus fraction
(H-layer). The medium and coarse fractions made
up the L-layer. After sieving, each fraction was
oven dried at 65 oC and weighed separately.
Ash-free masses of all layers were determined.
Fine, medium and coarse fractions of groups of
three samples within the same plot (nine units)
were bulked into one fine, one medium and one
coarse sample to determine macronutrient
contents.
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Soil
Soil was sampled from three depths (0-20, 20-40
and 40-90 cm) which correspond closely to the
soil horizons. At each of 32 sampling locations,
four samples of the A horizon (bulked) and one
sample each of the B1 and B2 horizons were
collected for analysis. The samples were air-dried
and ground to pass through a 2 mm sieve. Soil pH
was determined in both water and 1 M KCl using
a soil solution ratio of 1:2.5. Exchangeable cations
were extracted in 1 M ammonium acetate and
their concentrations were determined with
atomic absorption spectroscopy. Extractable
acidity was determined by titration after
extracting with 1 M KCl. Organic carbon was
determined with the Walkley-Black method of
wet oxidation (Nelson and Sommers 1996). Total
N was determined by the Kjeldahl method
(Bremner 1996). After dispersion and ultrasonic
treatment, particle size was determined by
sieving (coarse fractions) and the pipette method
(fine fractions) (Gee and Bauder 1986). Available
P was estimated by extracting with 0.03 M NH4F
in 0.1M HCl (Bray and Kurtz 1945) and P was
determined colorimetrically (molybdenum blue).
Available pools of nutrients in the soil were
estimated from Bray #2 extractions (P) as well as
exchangeable fractions of cations (Ca, Mg and
K). Results are expressed on a hectare basis using
soil volume and bulk density.
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BL 3 Double slash. Material from the BL0 plot
deposited on top of existing slash load.
SB Slash burnt. Harvesting residue burnt in a
medium intensity fire.
SD Topsoil disturbed. Slash disturbed and mixed
with soil through mechanical loading and
stacking of timber with a three-wheeled
loader.
SF Fertilised. Regular slash (BL2), followed by
a localised application of a N, P and Zn
mixture near each seedling after planting.
The new crop of genetically improved E. grandis
seedlings was planted on 3 February 1999, using
the same initial spacing as before.
Changes in nutrient pool sizes resulting from
management operations (treatments) were
calculated as follows: (1) harvesting losses were
calculated as the nutrient removal in stem wood,
estimated from sample trees, (2) losses from
slash burning were estimated as the difference
between the pre- and post-burn slash, (3) slash
addition was estimated as the difference
between the double slash and regular slash load,
while slash removal was taken as the same
numerical value, and (4) additions through
fertilisation were scaled up from the quantity
applied per tree.

Monitoring of Stand Growth
Experimental Design and Treatments
The standing crop was clear felled in December
1998 and site management treatments
implemented. Experimental layout of the trial
and adjacent monitoring plots has been described
by du Toit et al. (2000). The trial has a
randomised block design with four replications.
Responses observed in six of the site
management treatments are discussed in this
report, and so only these treatments are
described below:
BL 0 Slash removed. All harvesting residue
(including bark, branches and foliage) and
litter layer manually removed from the plot.
BL 2 Regular slash load. Harvesting residue
retained and broadcast on the plot.

Tree growth (tree survival, tree diameter, tree
height, crown diameter and crown length) was
measured at approximately six-weekly intervals
during the first two growing seasons in subplots
of 16 trees per plot. Full plot measurements were
conducted at three-monthly intervals during the
first two growing seasons and six-monthly
thereafter. Volume was calculated by the equation
developed for E. grandis short-rotation crops by
Coetzee (1992, cited in Bredenkamp 2000).
Differences in tree height and diameter, stand
volume macronutrient capital between
treatments were analysed using a standard
ANOVA procedure after performing an
appropriate transformation on the dependent
variables where necessary (McConway et al.
1999).
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Table 1. Some soil properties before trial establishment. Standard errors are in brackets
Depth Bulk
density
(cm)
(Mg m-3)

PH
in
KCl

C

N

P

(g kg-1)

Exchangeable cations
Sum of
K
bases
Ca
Mg
Na
(cmolc kg-1)

(mg kg-1)

Extr. ECEC
acidity

0-20

0.97
(0.018)

3.94
(0.03)

66.5
(1.3)

3.2
(0.1)

2.75
(0.20)

0.43
(0.04)

0.64
(0.04)

0.16
(0.01)

0.23
(<0.01)

1.46
3.25
(0.09) (0.09)

4.71
(0.10)

20-40

1.21
(0.022)
1.35

4.23
(0.03)
4.4

42.3
(1.3)
23.5

1.8
(0.1)
1.2

0.94
(0.09)
0.34

0.33
(0.04)
0.31

0.56
(0.03)
0.55

0.11
(0.01)
0.09

0.21
(0.01)
0.21

1.20
1.48
(0.07) (0.21)
1.16
0.81

2.68
(0.23)
1.97

(0.040)

(0.03)

(1.0)

(<0.1)

(0.07)

(0.03)

(0.03)

(0.01)

(0.01)

(0.05) (0.12)

(0.12)

40-60

Table 2. Nutrients contained in various ecosystem components. Total soil N pools are given while readily
available soil nutrient pools were estimated for other elements (Bray-2 P and exchangeable
cations)
Component

Mass

Tree crowns
Stem bark
Stem wood
Total standing biomass

34
9
90
134

Roots+stumps
Forest floor
Crown+bark+forest floor
A horizon (0-20 cm)
B1 horizon (20-40 cm)
B2 horizon (40-90 cm)
Sum of soil horizons
a

1
2
6
11

N

P

251
859
604
714

180
31
101
311

12
3
13
27

84700
69 600
113 710

235
1045
1255

940
420
750
110

000
000
000
000

6
4
8
18

208a
356a
100a
664a

K
(kg ha-1)

Ca

Mg

122
31
67
220

143
109
63
315

51
35
19
105

19
28
43

84
105
258

181
530
782

33
121
208

5
2
3
10

120
104
241
466

167
159
416
742

151
165
455
771

A small fraction of these pools is considered plant-available – see discussion.

Results
Nutrient Capital
Basic soil properties are shown in Table 1. Impact
of treatments on nutrient capital can be assessed
more comprehensively if the quantities of
nutrients in the entire system are known.
Distribution of nutrient pools in the system
before harvesting and treatment implementation
is shown in Table 2. Nutrient pools were strongly
affected by the implementation of treatments
(du Toit 2003) (Table 3). Nutrient capital in the
regular slash (harvest residue) was compared to

that in some standing crop fractions (forest floor
+ tree crowns + bark) to test accuracy of
measurements. Total mass and P, Ca and Mg pools
were fairly similar in the above estimates.
However, N and especially the K pools in slash
were lower than ‘potential slash’ estimates. It is
fairly certain that some portion of the K (and N)
would have been released from the slash in the
three-month period from clear felling until
collection of the first slash samples just prior to
planting. Data showing an especially rapid loss of
K from freshly fallen litter has been presented by
Mackensen et al. (1996).
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Table 3. Effects of management operations on the nutrient capital in various pools of the system (after
du Toit 2003). Values in parentheses are standard errors of the means
Treatments
Slash loads
Double slash
Standard error
Regular slash
Standard error
Burnt slash
Standard error
Management additions
Additional slash
Fertilisation
Management removals
Utilisable stem wood
Losses through slash burning

Mass

153
(7
116
(7
31
(2

200a
038)
527b
262)
415c
935)

N

P

K
(kg ha-1)

Ca

Mg

1378a
(150)
1044b
(46)
604c
(51)

67a
(5)
53a
(3)
27b
(2)

275a
(26)
193b
(13)
96c
(7)

1413a
(152)
823b
(42)
747b
(80)

286a
(15)
201b
(6)
151c
(16)

36 673
151

334
17

14
33

82
0

590
1

85
2

90 604
85 112

101
440

13
26

67
97

63
76

19
50

Mean values for slash loads within the same column followed by the different letters are significantly different (p<0.05).

Stand Growth

treatment BL0 remaining significantly shorter than
the other treatments (Fig. 1).

Effects of treatments on tree height, diameter
and stand volume are shown in Figs 1, 2 and 3.
Development of leaf area and woody biomass
has been documented by du Toit et al. (2000)
and du Toit and Dovey (in preparation). The
trial experienced a warm dry summer in the year
of establishment, while the second growing
season was wetter than average with low
evapotranspiration. Some seedlings died in the
first season, but tree survival in all treatments
except the BL3 plots exceeded 90% at two years
of age. Mortality was ascribed to frost pockets in
the deep slash layers of certain plots. Due to
problems with stocking in treatment BL3, the
discussion is limited to only those treatments with
adequate stocking.

Tree diameter growth is shown in Fig. 2.
Diameter was measured at 0.05 m above ground
level for the first year and at breast height (1.3
m) from year one onwards (Fig. 2). Mean tree
diameter increased fastest in treatments SF, SB
and SD and these treatments remained statistically
similar during the first 3.5 years of growth
(Fig. 2). The diameter in the BL0 treatment was
significantly lower than all other treatments from
0.2 YAP to date. The fertilised treatment had a
significantly larger diameter than BL2 and BL0
treatments for the greater part of the second
and third growing seasons (up to 2.3 YAP in
Fig. 2).

Tree height increased at an exponential rate in
all treatments up to the end of the second growing
season, 1.3 years after planting (YAP), (Fig. 1).
Mean tree height across treatments at this point
ranged from 3.1 m to 4.7 m. The canopy started
to lift (i.e. die back from below) at approximately
1.1 YAP in the fast-growing treatments (SB, SF
and SD), but this process could only be detected
around 1.6 YAP in the BL0 treatment (data not
shown). Mean tree height per treatment has
increased linearly from 1.3 YAP to date with

Woody biomass and volume growth followed very
similar patterns over time, and hence, only the
volume is presented in Fig. 3. Volume increased
at exponential rates in all treatments during the
second and third growing seasons (Fig. 3). Volume
of the two fastest growing treatments (SF and
SB) increased at a near constant rate during the
fourth growing season, while the leaf area index
over the corresponding period has decreased to
levels slightly lower that the peaks recorded in
the third season. Volume development in the BL2
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Figure 1.

Mean tree height growth up to 3.5 years of age. The least significant difference (p=0.05) is
shown as vertical bars for each measurement

Figure 2.

Development of tree diameter over time. Diameters measured near ground level (5 cm) up to
one year of age and at breast height (1.3 m) thereafter. Vertical bars represent the least
significant difference (p=0.05) for each measurement
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Figure 3.
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Stem volume growth up to 3.5 years of age. The bars represent the least significant difference
(p=0.05) for each measurement

treatment lagged slightly behind treatments SB
and SF, but at 3.5 years of age, the volumes are
statistically similar. The SD treatment developed
fast initially, but this rate of development has
slowed during the third growing season. As
indicated for dbh in Fig. 2, the volume of
treatment BL0 in Fig. 3 was significantly lower
than all other treatments from the first year of
growth to date.

Discussion
Nutrient Capital in the System
The soil is acidic, with high levels of saltextractable acidity and low levels of
exchangeable base cations, which is typical for
the highly weathered soils found in wetter
climates on the eastern seaboard of South Africa
(ICFR 1998). These soils typically have a high
portion of pH dependent charge, and for this
reason, the effective cation exchange capacity
(ECEC) has been estimated as the sum of

exchangeable bases plus 1M KCl-extractable acidity
at ambient pH (Table 1). The topsoil is 69% acid
saturated. Levels of exchangeable Ca and K are
low when compared to shale-derived soils in the
region (ICFR 1998), while Mg levels are relatively
high. The three soil horizons are all
comparatively rich in organic carbon (Table 1).
This highly weathered soil has very low levels of
available P (Table 1). Large P-fixing capacities
have been recorded for other soils in the region
that belong to the same soil form as the Karkloof
trial site. The so-called standard P requirement,
i.e. P sorbed at an equilibrium P concentration
of 0.2 mg L-1 in these soils ranged from 558 to
1174 mg P kg-1 soil (Bainbridge et al. 1995). The
soil nutrient pool constitutes a large reservoir of
nutrients but only a fraction can be considered
to be readily available to plants. Exchangeable
base cation fractions and Bray P extractions have
been used as indices of plant available P, K, Ca
and Mg in the soil (Table 2). The readily available
soil pools make up the greatest fraction of
nutrients in the system for K, Ca and Mg.
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Total aboveground biomass was 134.7 t ha-1, with
91 t ha-1 (67%) was made up of stem wood. The
crown plus bark fractions, i.e. the portion that
will be retained as part of the slash after
harvesting, contained the remaining 33% of the
aboveground biomass. A high percentage of nonutilised biomass will result from crops where
individual tree size is small (Bradstock 1981, Judd
1996, du Toit 2003). Such a situation can be
caused by harvesting at a young age or by
harvesting compartments with high stand
densities. In the Karkloof study, the foliage held
large quantities of N and P, while large portions
of Ca and Mg were found in the bark. The
relatively high nutrient content of the crown and
bark fractions meant that they contained between
54 and 82% of the aboveground biomass
macronutrient pools. Root and stump biomass
measured on the site was 69.5 t ha -1 and 15.2
t ha -1 , respectively, which sums to a total of
84.7 t ha-1 (Table 2). The large root mass is due
to the stump carrying the third coppice crop and
is larger than published accounts for similar stands
(Negi and Sharma 1985, Tandon et al. 1988, du
Toit 2003). Root and stump biomass represent a
large store of nutrients (particularly for N, P and
Ca) which will not be affected by harvesting and
site management operations.
Mass of the forest floor was 70 t ha-1. The forest
floor contains large quantities of N, P and Ca
relative to the nutrients in the entire system
(Table 2). The forest floor mass is large compared
to those from plantations in warm climates,
(O’Connell and Sankaran 1997). The decomposition
of organic matter is slow in dry and cool
conditions (O’Connell 1990). During winter, rainfall
is typically low for four to five months on
average, coupled to low temperatures. These
conditions are apparently responsible for the large
build-up of the forest floor.

Nutrient Capital and Site
Management Effects
Individual site management and harvesting
operations impact primarily on nutrient pools in
specific components (stem wood, bark, tree
crown and forest floor pools) of the plantation
system. The intensity of the operation and the

nutrient content of the affected pool are the
major determinants of the magnitude of the
impact on the nutrient capital of the system as a
whole. The forest floor and non-utilised biomass
(crown, bark and belowground biomass)
constitute large nutrient reserves for N and P,
while K and Ca capital are mainly in the soil
exchangeable fraction and the non-utilised
biomass pool. System Mg capital is totally
dominated by the soil exchangeable pool. This
distribution of nutrients suggests that slash
management operations will have the greatest
impact on N and P capital in the system.
The double slash treatment added large quantities
of nutrients to these plots, particularly N and Ca
(Table 3). Re-implementation of these treatments
over successive rotations will create a steep
gradient in nutrient capital, which will provide a
clearer understanding of the system’s resilience
to nutrient loss. Commercial fertiliser applications
are aimed at maximum economic benefit, and
hence, contain only those nutrients responsible
for optimum growth response at low input cost
(N, P and Zn). Nutrient addition through current
fertilisation practice makes a very small impact
on the N budget in the system, but contributes
substantially towards system P pools.
Recommended fertiliser mixtures contain no K
and very low levels of Ca and Mg.
Wood harvesting was responsible for small to
moderate losses of nutrients (Table 3) which made
up relatively small fractions of the total nutrient
pool in the system. Nutrient export is minimised
by the removal of stem wood to a diameter
of 7 cm overbark only. All fractions of the crown
and stem bark are left on site. Stem wood in the
Karkloof study had lower levels of K, Ca and Mg
than found by Herbert (1996) for several eucalypt
species growing on soils that are richer in base
cations (Herbert and Robertson 1991). Values
reported by Herbert may be partly due to luxury
consumption of those nutrients in plentiful supply.
Slash burning was responsible for greater nutrient
losses than timber harvesting (Table 3). The large
burning losses can be explained by the mass of
slash consumed in the fire (Fisher and Binkley
2000). The fire burned with moderate intensity,
however, the fuel load was large since the site
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had not been burnt after harvesting three
previous coppice crops. The nutrient loss through
burning listed in Table 3 is thus applicable to a
management regime of a planted crop followed
by several coppice crops and should not be taken
as representative of the loss per single crop cycle
(du Toit 2003). For example, N losses ranging
from 200-300 kg ha-1 have been recorded after
burning thinned eucalypt stands in South Africa
which had much lower slash loads (du Buisson
2003). In the Karkloof study, the slash burning
treatment consumed 73% of the slash mass and
reduced the pools of N, P, K, Ca and Mg in the
slash by 42, 49, 50, 9 and 25%, respectively.
Nutrient removal through management operations
is likely to have the greatest impact on the N or
P capital of the system: N was the element lost
in greatest quantity while the largest loss
(expressed as a fraction of the system nutrient
captial) was recorded for P (Table 3). The total
soil N pool in this system is large (Table 2),
however, only a small percentage of it will be
readily available to trees (Adams and Attiwill
1986, Attiwill and Leeper 1987, Fisher and Binkley
2000). The fairly high C:N ratio of the topsoil
and the fact that litter seems to accumulate on
the site suggests that N availability may limit the
productivity of the current crop. Losses of N
through burning and harvesting thus appear small
when compared to the total pool, but such losses
constitute a much larger percentage of the readily
available N in the soil. More work is needed to
gauge the size of the readily available N pool in
soils. The potential loss of P through harvesting
and slash burning is large relative to the total
pool of P in the system (Table 3). However, the
Bray-2 solution used to measure available soil P
is a mild extractant and may have underestimated
the soil P pool actually available to trees.
Importantly, the quantity of P lost through slash
burning or harvesting is small, which means that
it can be replaced relatively easily by fertilisation.
Inputs of P in the form of ‘starter’ fertiliser
applications in this experiment (33 kg P ha-1)
partially offsets the losses incurred through
burning and harvesting. Additional studies have
been launched to determine the level of P
availablility and tree P uptake as affected by
treatments.

39
Slash nutrient pools for K and Mg range from
moderate to large (Ca), and in addition, large
quantities of base cations are held on the soil
exchange (Table 3). The large stores should not
lead to complacency because there are no inputs
of K, Ca and Mg under current management
practice. The net effect of several management
operations on the nutritional sustainability of
this system has been assessed by du Toit and
Scholes (2002) by contrasting net nutrient losses
incurred through specific management regimes
to nutrient pools in the system.

Effects of Treatments on Stand
Growth
Fertilisation would increase nutrient availability
though direct supply, while burning (Fisher and
Binkley 2000) and topsoil disturbance (Smith and
du Toit 1998) could indirectly increase nutrient
availability, at least temporarily. A decrease in
the level of N mineralisation following slash
removal has been shown in Brazil (Gonçalves et
al. 2000). In the Karkloof study, slash burning,
slash disturbance and fertilisation increased the
rate of leaf area and stem growth (du Toit and
Dovey in preparation) above the regular slash
(BL2) treatment, while slash removal strongly
decreased these (Figs 1, 2 and 3). Increased
nutrient availability could allow the stand to
deploy maximum leaf area to capture incoming
radiation. Treatments SD, SF and SB developed
leaf area indices in excess of 4.0 by the end of
the second growing season (1.3 YAP) (du Toit and
Dovey in preparation) while the development in
treatment BL0 was significantly slower. Similar
results were obtained in fertilised stands of E.
grandis by Cromer et al. (1993) and Hunter (2001).
However, it appears that the stand’s potential
to respond to increased levels of nutrient
availability could have been suppressed by the
dry conditions during the first growing season.
Leaf area index in the trial developed slowly
during the prolonged dry period of the late
summer, autumn and winter of 1999 (0 to 0.7 YAP).
The onset of spring rains in October 1999
triggered rapid growth in leaf area, which was
supported by above-average rainfall (du Toit and
Dovey in preparation) and the responses in leaf
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area index alluded to above. Fertilisation of
eucalypts at establishment usually yields
significant growth responses under most
conditions and site types in and around the study
area (Schönau 1983). A fertiliser trial had been
conducted during a wetter period on a nearby
compartment of the same plantation, using
similar fertiliser levels, soil conditions and
planting stock (du Toit and Freimond 1994). At
stand age 7 years, an increase of 47 m3 ha-1 of
utilisable timber was recorded as a result of
fertilisation in that trial. This strengthens the
argument that soil water stress limited the
response in the SF (and probably also in SB and
SD) treatments.
Differences in height and diameter growth rate
between treatment BL 0 and the fast-growing
treatments stabilised after the second winter
season. The end of the second growing season
(ca. 1.3 YAP) also coincided with a stabilisation
in the rate of leaf area development (du Toit and
Dovey in preparation). This effect is probably
due to diminishing differences in nutrient
availability between these treatments over time.
Leaf area index for all treatments have converged
by the fourth growing season to statistically
similar values (du Toit and Dovey in preparation).
It is thus likely that the rate of stand volume
growth from this point will not differ markedly
between treatments.
Slash burning has the potential to increase
nutrient availability in the short-term and boost
early stand growth (Bouillet et al. 2000, Fisher
and Binkley 2000, O’Connell et al. 2000 and this
proceedings). However, slash burning carries the
risk of nutrient shortages in the medium term
with a subsequent decline in growth rate later
in the rotation. This effect is particularly
common on infertile sandy soils where the
nutrient capital is small and the nutrient holding
capacity is limited (Squire et al. 1991, Bouillet
et al. 2000, O’Connell et al. 2000, Bouillet et al.
2001). Rapid early growth rates in the SB
treatment of the Karkloof experiment have
stabilised relative to other treatments but no
decline has been detected to date. This is
apparently due to the resilience of this site when
compared to infertile, sandy soils. The modest

impact of slash burning in this trial can be ascribed
to large nutrient pools and the limited leaching
and erosion potential following burning (flat
terrain, high clay content and rich organic matter
content of the soil).

Implementation of Research
Recommendations by Industry
The concept of ‘site-specific silviculture’ or
‘precision forestry’ aims for the management of
individual sites on a case-specific basis to
maximise productivity and minimise risk. We
have developed a management tool (an index of
nutritional sustainability) based on research of
the effects of management operations on nutrient
capital in the Karkloof case study (du Toit and
Scholes 2002). This ‘Index of Nutritional
Sustainability ‘ can be used to gauge site resilience
and to assess the impacts of specific operations
at representative intensities. This concept is
supported by the local industry and is currently
being implemented on a broader scale to assess
the nutritional sustainability of specific sets of
operations (silvicultural regimes) on some of the
major site types of the country. The aim is to
identify combinations of silvicultural regimes and
sites that are unlikely to be sustainable with
respect to the cycling of specific nutrients, which
will: (1) highlight management regimes which
should be avoided on sensitive sites, and (2) help
to focus future research efforts.

Conclusions
The fraction of macronutrients in utilisable timber
is relatively small compared to total reserves at
the site. Slash burning has the most pronounced
impact on N and P capital of the system. Current
fertilisation practices will mitigate P losses to
some degree, but additions of other
macronutrients range from very low for N to none
for K, Ca and Mg. The plantation system is very
resilient to nutrient losses due to its large nutrient
pools and extensive nutrient holding capacity.
Tree size and stand volume showed an
exponential development in the young stand across
all treatments, a trend that was also apparent in
leaf area index measurements. Treatments that
increased nutrient availability (slash burning and
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fertilisation) yielded the highest initial growth
rate while treatments that decreased nutrient
availability (slash removal) significantly retarded
stand volume growth. It appears that tree height,
diameter and volume and leaf area index
development were driven largely by differences
in nutrient availability during the first two growth
seasons.
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Effects of Site Management on Tree Growth
and Soil Properties of a Second-rotation
Plantation of Eucalyptus urophylla in
Guangdong Province, China
D.P. Xu1 , Z.J. Yang1 and N.N. Zhang1

Abstract
Effects of site management practices on Eucalyptus urophylla plantation establishment
and productivity on degraded soils in southern China were evaluated. Tree growth in
the treatment where all organic matter was removed and weeds were periodically
controlled was better than in the whole tree harvest treatments because of reduced
weed competition. Intercropping with N-fixing trees increased tree growth 69 months
after planting and increased litterfall 36 months after planting. Retention of harvest
residue increased foliar N and P concentration in leaves and tree growth. Retention of
residue also increased the amount of litterfall in the new plantation. Application of N, P
and K fertilisers increased foliar N, P and K concentration and tree growth substantially.
Growth increment was much higher than those obtained by harvest residue management
on this poor soil. Coppice trees grew better than replanted trees. At the high level of
fertiliser application coppice and replanted trees grew at the same rate. Mean annual
increment of coppice trees was much higher than that of replanted trees. Yield decline
was obvious in second rotation without genetic improvement. Harvest residue retention,
adequate fertilisation and coppice regeneration are therefore recommended as
operational practices for eucalypt plantations in south China.

Introduction
There are more than one million hectares of
eucalypt plantations in south China and most have
been established recently (Xu et al. 2000a). Soils
on sites available for most eucalypt plantations
are poor because former land practices degraded
the sites. Productivity on the poor sites is very
low (5-10 m3 ha-1 yr-1) and variable (3-40 m3 ha-1
yr-1) compared with eucalypt plantations in other
1

countries (Brown et al. 1997, Xu et al. 1999). On
these sites, eucalypt plantations commonly have
trees with very small crowns and grow slowly
beyond age 4 years (Xu 1997). Consequently trees
are harvested after a short rotation period (3-6
years). Even though productivity is already low,
it appears to be declining with successive
rotations in some areas. Some reports relate the
low productivity to poor soil fertility (Dell and

Research Institute of Tropical Forestry, Chinese Academy of Forestry, Longdong, Guangzhou 510520, P.R. China. E-mail:
gzfsrd@pub.guangzhou.gd.cn
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Malajczuk 1994, Xu and Dell 1997) including low
available soil P (Wang and Zhou 1996). Serious
soil erosion (>13 t ha -1 yr-1) after plantation
establishment, associated nutrient loss in some
areas (Xu et al. 1999) and organic material harvest
(Xu 1996) may be contributing factors.
Fertilisation in the first one or two years after
planting, is a common practice (Wang and Zhou
1996, Zhong et al. 1999) but the rates used are
generally insufficient to prevent tree growth
stagnating in mid-rotation (3-4 years old). Like
most trees, eucalypts have the capacity to
acquire available nutrients from the soil and to
conserve them in biomass. The withdrawal of
many nutrients from the biomass, through
efficient internal cycling during the formation
of heartwood, is an effective strategy for
maximising the use of limited nutrient pools by
eucalypt plantations (Florence 1996, Saur et al.
2000). However, eucalypts in short-rotation
plantations in south China are harvested before
such withdrawal from tree tissues can become a
significant source of nutrients for new growth.
Therefore, improved practices for conserving soil
and retaining slash on site are needed to improve
soil chemical and physical properties, improve
nutrient cycling and support sustained or
increased productivity of eucalypt plantations.
The goal of this research is to develop options
for site management that will sustain or improve
productivity of eucalypt plantations over
successive rotations in south China. More
specifically, the objectives are to explore the
relationship between site management practices
and productivity of Eucalyptus urophylla S. T.
Blake over successive rotations in two
experiments by studying:

impacts of different harvesting intensity,
site management and intercropping with
N-fixing trees on soil physical and chemical
properties, tree growth, biomass accumulation
and nutrient cycling ; and

impacts of stand re-establishment practices
and fertiliser application on tree growth and
productivity.

Materials and Methods
Site Description
The experimental site is located in Yangxi county,
5 km from Zhilong town (21o43’N, 111o35’E),
Guangdong province. The site is 20 to 50 m
above sea level on a small hill with a slope of
about 5 degrees.
Main features of the climate are: average annual
rainfall 2178 mm, maximum rainfall in a day
242 mm, annual mean temperature 22.0 oC,
maximum temperature 37.0 o C, minimum
temperature 2.1oC, mean temperature in the
coldest month 15.0oC, mean temperature in the
hottest month 28.0oC and annual mean humidity
81%. The soil is a lateritic red soil (Ultisol) over
granite. The soil profile is over 2 m deep with
about 20 cm A horizon and deep B horizon poor
in available nutrients. Both total and available
nutrient concentrations in the soil are low
compared with undisturbed forest soils in south
China. More information on the climate and soil
is given by Xu et al. (1998, 2000b).
The site is typical for eucalypt plantations planted
on degraded soils in south China. Due to high
bulk densities and nutrient deficiencies, E.
urophylla cannot grow well without soil
cultivation and fertilisation. Soil erosion from
the site was very serious (13 t ha-1 yr-1) after
site preparation and tree planting (Xu et al.
1999). In 1991, the original vegetation of mixed
shrubs with scattered Pinus massoniana Lamb.
was cleared and topsoil (0-20 cm) of the site was
cultivated by a tractor to establish a plantation
of E. urophylla. Spacing for the plantation
was 2 x 3 m. At planting, 100 g of a NPK fertiliser
(10.0% N; 4.4% P; 8.3% K) was applied per tree
into planting hole as basal fertiliser. In 1992,
fertilisation was repeated (applied into 2 small
holes on opposite sides 0.3 m from tree).

Experimental Design and Layout
There are two adjacent experiments with
separate but complementary objectives and
experimental designs.
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Experiment 1: Impact of harvest
intensity and intercropping with
Acacia
Impacts of different harvest intensities and
intercropping on site productivity are being
measured following the harvest of a first-rotation
E. urophylla plantation. The experimental
design was a randomised complete block with
five treatments and four blocks. The treatments
were:

To measure the rate of decomposition, 24 sample
bags of leaf slash or branch slash or mixed leaf
and branch slash (50% each) were laid on site
after tree harvesting. Initial weight of the litter
sample in the bags was determined by drying
subsamples. Four bags were collected at 2-month
intervals. The litter was oven-dried at 85 oC,
weighed and saved for nutrient analysis. Soil
contamination was minimal so the results are
reported as total dry weight loss.

All aboveground organic residue was removed from the plot (all aboveground tree
components, understorey and litter).
Whole tree harvest (all aboveground tree
components removed from the plot and
slash distributed on BL3).
Stem and bark harvest (trunk with bark
and wood removed) remaining branches
and foliage distributed evenly over the
plot.
Double slash (same as BL2 plus the slash
from BL 1, distributed evenly over the
plot).
Stem and bark harvest plus intercropping
with Acacia holosericea A. Cunn. Ex G. Don.

At year 3, five litter traps (1 x 0.6 m) were set
in each plot to collect litterfall monthly.

Each plot is 360 m2 in area with 60 trees (6 x 10)
spaced at 2 x 3 m. The designated harvest
intensity was applied to each plot as it was
harvested in March 1997.

Methods for soil, plant and litter analysis have
been described previously in Xu et al. (2000).

BL 0

BL 1

BL 2

BL 3

BL 4

Planting holes (40 x 40 x 30 cm deep) were
prepared midway between the previous rows
and at the same spacing as the former plantation
(2 x 3 m). Fertilisers: 50 g urea (46% N), 40 g KCl
(40% K) and 150 g superphosphate (6.4% P) was
placed in each hole. On 8 April 1997, 4 monthold seedlings, grown from seeds collected in the
plantation, were planted. Coppice from the first
rotation stumps was removed every 2-3 months.
Weeds in the BL 0 treatment were cut and
removed from the plots before tree planting,
and in the year after planting cut and left on the
site twice. No weed control was applied in the
other treatments. In the BL4 treatment, seedlings
of A. holosericea were planted between rows
of planted eucalypt seedlings. They were not
fertilised

At 2.5 years, foliar (first fully expanded leaves
(YFEL), 2 from each tree) samples were collected
in each plot (bulked within plot) for chemical
analysis.
Soil samples in each plot were collected before
tree planting, 2 and 4 years after tree planting.
Five cores (3 cm in diameter) in fixed positions
in each plot were collected. Then each core was
separated into 3 layers (0-10, 10-20 and 20-40 cm)
and bulked into a mixed soil sample for each
layer.

Experiment 2: Impact of different reestablishment methods and fertiliser
application
The experimental design was a split plot design
with three treatments (fertiliser), two
subtreatments (regeneration method) and 4
blocks. The main treatments were:

F 0 No additional fertiliser.
F 1 Low fertiliser rate, N 76.7 kg ha-1, P 16.0
F2

kg ha-1 and K 53.4 kg ha-1.
High fertiliser rate, N 153.3 kg ha-1, P 32
kg ha-1 and K 106.7 kg ha-1.

The two subtreatments were:
C coppice; and
R seedlings planted.

48

Effects of Site Management on Tree Growth and Soil Properties of a Second-rotation

Seedlings from the same batch as Experiment 1
were planted on April 8, 1997. The coppice
subtreatment was thinned to two coppice stems
per tree on 15 July 1997. The harvesting level on
all of these plots was as for Experiment 1, BL2.
Two additional subplots were added in each block
to compare the effects of different harvest levels
when no fertiliser was added. They were BL0 (all
aboveground organic residue removed from the
plot) and BL3 (double slash). There were 72 trees
in each plot (6 x 12) and 36 trees in each subplot.
The spacing was 2 x 3 m. The area of each plot
was 432 m2. As in Experiment 1, the designated
harvest intensity was applied to each plot in
March 1997. Trees were harvested in March 1997
and the experiment was laid out soon after.
Planting holes (40 x 40 x 30 cm deep) were
prepared between first rotation stumps on the
planted subplots while the coppice plots were
left undisturbed.
F1 plots were fertilised with 25 g urea, 40 g KCl
and 150 g superphosphate per planting hole
before planting and 25 g urea per tree was applied
into two small hole 30 cm from both sides of a
tree 3 months after planting. In the coppice
subplots, 50 g urea, 40 g KCl and 150 g
superphosphate per tree were applied into two
small holes, 30 cm on two sides of a tree at the
same time as refertilisation for replanting trees
(3 months after planting). Both the planted and
coppice plots received 50 g urea and 40 g KCl
one year after planting at the same way applied
as coppice. The F2 received 50 g urea, 40 g KCl
and 150 g superphosphate per planting hole and
a further 50 g urea and 40 g KCl were applied 3
months after replanting. The F2 coppice plots
received 100 g urea, 80 g KCl and 150 g
superphosphate at the same time as refertilisation
for 3 months replanting trees (3 months after
planting). On both planted and coppice F2 subplots,
100 g urea, 80 g KCl and 150 g superphosphate
per tree were applied one year after planting.
Coppice from the first rotation stump was
removed at three-month intervals. Foliar sampling
was in the same way as for Experiment 1.

Results
Tree Growth
The harvest residue treatments significantly
(p<0.001) affected tree heights 3 months after
planting and this difference increased with tree
age (Table 1) until 31 months and maintained from
31 to 69 months. At 69 months, tree height
increased as more residue was retained (BL1, BL2
and BL3). The difference between BL1 and BL2
was not significant but the trees on the BL3 plots
were significantly taller than trees on the BL1
and BL2 plots. The effect of BL0 treatment was
an exception, the trees in those plots had the
same height as BL1 plots, presumably because of
the repeated weed control applied to the BL0
plots in the first year. Trees on the BL4 plots were
not significantly different in height than the trees
on the BL2 plots, indicating that interplanting with
Acacia holosericea did not increase the growth
of the eucalypts.
Tree diameters responded to the treatments in
the similar pattern to heights. At 3 months, the
best two treatments for diameter were BL0 and
BL3 and the other three treatments were almost
the same. At 46 months, tree diameter in BL3
was higher than that in BL1 and BL2 (Table 2). At
69 months, tree diameter in BL3 was higher than
that in BL1 and BL0, but was not significantly
different from that in BL 2 . Tree diameter
increased faster in BL4 from 57 to 69 months old
than other treatments, indicating that
intercropping with A. holosericea increased tree
diameter growth in the late stage of the rotation.
At 46 months, BL3 was the best treatment in terms
of stand volume and BL1 was the poorest (Fig. 1).
There was no difference among BL0, BL2 and BL4.
At 69 months, BL 3 and BL 4 were the best
treatments in terms of stand volume, although
not significantly different from BL0 and BL2, and
BL1 was the poorest (Fig. 2).
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Table 1. Effect of different harvest residue treatments on tree height (m) over 69 months
Treatment
BL0
BL1
BL2
BL3
BL4

3

8

16

20

0.56b
0.54b
0.48a
0.55b
0.48a

1.7b
1.5a
1.5a
1.7b
1.5a

2.9b
2.5a
2.8b
3.3c
2.9b

3.4b
3.1a
3.4b
3.9c
3.5b

Age (months)
25
31
3.8b
3.4a
3.7b
4.3c
3.9b

5.5b
5.0a
5.4ab
6.2d
5.9cd

46
7.6bc
7.1a
7.4ab
8.1c
7.8bc

57

69

8.9a
9.4ab
8.9a
9.1a
9.0a
9.4ab
9.6b 10.1c
9.1ab 9.9bc

Means of the treatment with same letter in each column are not significantly different at p=0.05 using Newman-Keuls
critical range test.

Table 2. Effect of different harvest residue treatments on tree diameters over 69 months
Treatment
BL0
BL1
BL2
BL3
BL4

3
0.97b
0.75a
0.70a
0.82b
0.71a

8
3.1b
2.5a
2.5a
2.9b
2.5a

16
2.4b
2.0a
2.3b
2.8c
2.4b

Age
20
3.0b
2.5a
2.8b
3.2c
2.8b

(months)
25
31
3.7b
4.5b
3.0a
3.9a
3.4b
4.3b
4.0c
4.9c
3.5b
4.5bc

46
6.5bc
5.9a
6.3ab
6.8c
6.6bc

57
7.1a
6.9a
7.3ab
7.7b
7.4ab

69
7.6a
7.3a
7.8ab
8.3b
8.2b

Means of the treatment with same letter in each column are not significantly different at p=0.05 using Newman-Keuls
critical range test.

Stand volumes of the second rotation plantation
at 69 months in BL0 and BL3 were 45% and 60% of
that in first rotation (Fig. 3), respectively. Yield
decline was obvious on this degraded land after
successive rotation of eucalypt plantation without
land cultivation and refertilisation in the second
year after plantation establishment. Mean MAI in
the second rotation was about 5.7 m3 ha-1 yr-1,
around average productivity of eucalypt
plantations in south China.

Phosphorus concentration of leaves in BL3 was
also higher than that in BL 0 and BL 1 . The
intercropping treatment had no significant effect
on either the N or P concentration of leaves.
Moreover, the concentration of N and P in the
leaves was correlated with the N and P contents
in harvest residue (Fig. 4). This indicated that
nutrients from residue decomposition increased
nutrient uptake by trees in the early stage of the
second rotation.

Nutrient Concentration in First
Expanded Leaves

Litterfall

Nutrients in the first fully expanded leaves were
measured in leaves taken when trees were 2 years
old. Harvest residue intensity significantly
(p<0.05) affected N and P concentrations in
leaves. The N concentration of leaves increased
from 14.5 to 16.2 g kg-1 as more residue was
retained. The concentration of N in BL 3 was
higher than that in BL0 and BL1 and N concentration
in BL 2 and BL 4 was higher than that in BL 0.

Harvest residue intensity had a significant effect
(p<0.001) on the amount of litterfall in the 36 to
46-month-old trees (Fig. 5). The amount of
litterfall increased as the amount of residue
retained increased. The litterfall in BL 4 was
significantly higher than any of the other
treatments because both the eucalypt and the
inter-row acacia trees had produced litter.
Litterfall in BL3 and BL2 were significantly higher
than that in BL0.
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Figure 1.

Stand volume of E. urophylla plantation at Yangxi at 46 months. Means of the treatment with
same letter are not significantly different at p=0.05 using Newman-Keuls critical range test.
Bars represent one standard deviation

Figure 2.

Stand volume of E. urophylla plantation at Yangxi at 69 months. Means of the treatment with
same letter are not significantly different at p=0.05 using Newman-Keuls critical range test.
Bars represent one standard deviation
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Figure 3.

Stand volume of first rotation E. urophylla plantation at the site at 71 months (PR) compared
to the two treatments (BL1, BL2) in the current study (2R) at 69 months. Bars represent one
standard deviation

Figure 4.

Relationship between N and P contents in harvest residue and concentrations of young fully
expanded leaves (YFEL) in 2.5 year-old E. urophylla
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Effect of harvest residue management on amount of litterfall from 36 to 46 months of age in
E. urophylla. Means of the treatment with same letter are not significantly different at
p=0.05 using Newman-Keuls critical range test. Bars represent one standard diviation

Decomposition of Harvest Residue
Initial decomposition of leaf litter was rapid with
72% of the dry weight lost in the first 180 days
after harvest (Fig. 6). After 180 days, the rate
slowed as the total loss increased to 78% by 440
days after harvesting. In the same period, branch
slash lost 41% of the original dry weight and the
mixed slash of branch and leaves lost 63%.

Change of Soil Properties at Different
Sampling Times
Across all treatments, organic C in top soil 2 years
after planting (in 1999) was significantly lower
(p<0.001) than that before tree planting (in 1997)
in all three layers (0-10, 10-20 and 20-40 cm).
However, organic C in soil 4 years after planting
(in 2001) was higher (p<0.001) than that before
tree planting (Fig. 7). It was clear that organic C
decreased in the early stage of plantation
establishment and increased in the late stage of
the plantation in a 6-7-year rotation. The change
in the surface soil (0-10 cm) was larger than that

in lower layers (10-20 and 20-40 cm). Total N in
soil before tree planting was significantly higher
(p<0.01) than that after tree planting in 3 layers
and the change in top soil was larger than in
subsoil.
Both available N and exchangeable K were
significantly higher after tree planting (p<0.001)
than that before tree planting (Fig. 8). Available
N, 4 years after planting was higher than 2 years
after planting. Exchangeable K, 2 years after
planting was higher than 4 years after planting in
0-10 and 10-20 cm soil layers.
There was no significant change in total P in
surface soil at different sampling times. However,
there was a significant change in available P
(p<0.05) in soil. Available P in the surface soil (010 cm) 2 years after tree planting was significantly
higher than that before planting (Fig. 9).
Difference between before planting and 4 years
after planting in available P was not significant.
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Figure 6.

Dry weight loss of leaf, branch and mixed slash retained from the first rotation

Figure 7.

Change of the means of soil organic C and total N in different sampling times

Figure 8.

Change of the means of available N and exchangeable K in different sampling times
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Change of available P in different sampling times

Figure 10. Change of available P in three depths of soil in different treatments 2 years after planting

Available P was also not significantly different
between 3 sampling times in 10-20 cm and 20-40
cm subsoil layers.
There was a significant (p<0.01) difference
between treatments in available P in the surface
soil 2 years after planting. Available P in BL3 and
BL4 was higher than that in BL0 and BL1 (Fig. 10).
There was a significant (p<0.001) difference
between sampling times in exchangeable Ca and

Mg in the 0-10 cm soil layer. Exchangeable Ca
two years after tree planting (1999) was higher
than that before tree planting. In the 0-10 cm
soil layer, exchangeable Ca 4 years after tree
planting was lower than two years after tree
planting. Exchangeable Mg two years after tree
planting in soil was higher than either before
tree planting or four years after tree planting in
all three layers.
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Figure 11. Changes in exchangeable Ca and Mg at different sampling times

Experiment 2: Impacts of reestablishment method and fertiliser
application on tree growth
Effect of fertilisation on growth of replanted trees
was highly significant (p<0.001) (Fig. 12). It
dramatically increased tree height and diameter
growth at all measurement times. In coppice
trees, there was a small but significant (p<0.05)
effect of fertiliser on growth before 31 months.
Tree height in F2 was higher than in F0 and F1 but
this difference decreased as trees grew older. At
46, 57 and 69 months, there was no significant
difference between CF0, CF1 and CF2 and trees
in the three treatments were almost the same
height (Fig. 12).
Up to 46 months of age, coppice trees were larger
than the replanted trees and there was an
interaction (p<0.001) between fertilisation level
and regeneration method (Fig. 13). In both tree
height and diameter, the difference between
coppice and replanted trees was greatest in F0
(about 4.3 m in height and 3.9 cm in diameter)
but the advantage of coppicing declined with
fertiliser application.
There was significant difference (p<0.001)
between replanting and coppice in stand volume
at 46 months. Coppice stand volume was much
higher than replanted trees because there are
two stems for one coppice and initial size of
coppice stems was larger than replanted
seedlings. Stand volume of F2 was much higher
than that in F0 and F1 in replanted trees but not

in coppice (Fig. 14). MAI of coppice was about
6.6 m3 ha-1 yr-1, similar to that in the previous
plantation.
There was no significant difference among BL1,
BL2 and BL3 without fertilisation (Fig. 15). Without
fertilisation, trees in BL0 treated plots grew faster
than trees in BL3 and BL2 plots in the early stage.
This was because weeds in BL 0 plots were
regularly controlled in the first year while no
weed control was applied to the BL3 and BL2 plots.
Weed competition in Experiment 2 was more
serious and affected tree growth more severely
than that in Experiment 1, explaining the
difference in results (BL0 vs BL3) between the
two experiments. Although this is a confounding
effect not anticipated in our experimental
approach, the results highlight the importance
of good weed control on stand growth. However,
tree growth in BL3 increased in late stage of a
rotation. Productivity of the plantation without
fertilisation was very low and is not acceptable
in commercial operations.

Nutrient Concentration in Leaves
The higher level of fertilisation significantly
(p<0.05) increased foliar N concentration (Fig.
16). Nitrogen concentration in both RF2 and CF2
was higher than that in other treatments.
Nitrogen concentration in RF1 was also higher that
that in BL0F0. Only the higher level of fertilisation
significantly increased P concentration in fully
expanded leaves (FEL), with P concentration in
both CF 2 and RF 2 higher than in any other
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Figure 12. Effect of fertilisation on height and diameter growth of planted trees and coppice (the first
two diameter measurements were at 0.1 m height, the later measurements at 1.3 m)

Figure 13. Interaction between re-establishment methods and fertilisation levels on tree height and stem
diameter 69 months after treatments on planted trees (A) and coppice (B)

(A)

(B)
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Figure 14. Effect of fertilisation on stand volume of planted trees and coppice 69 months after
re-establishment. Bars represent one standard diviation

Figure 15. Tree height and diameter in BL0 and BL3 without fertilisation 46 months after re-establishment.
Bars represent one standard diviation

treatments. Fertilisation also increased K
concentration in FEL. The K concentration in RF2
was significantly higher than in any other
treatment. The CF2 treatment had the second
highest K concentration among all treatments, but
it was not significantly greater than when the
lower level of fertiliser was applied. It is clear
that fertilisation improved nutrient status for both
seedling trees and coppice trees.

Discussion
Harvest residue management intensity had a
significant impact on the amount of nutrients
retained on site (Xu et al. 2000b). Decomposition
of residue occurred mainly in the first two years
after harvesting. Therefore, exchangeable K, Ca
and Mg in soil, 2 years after tree planting were
the highest among three sampling times (before

tree planting, 2 and 4 years after tree planting).
Residue retention increased available P in 0-10 cm
soil, 2 years after tree planting and increased
NO3-N in topsoil in the first year after planting
(Xu et al. 2000b). Residue retention also increased
the amount of litterfall in the second rotation.
Organic C additions in the late stage of plantation
establishment could be litterfall from trees and
understorey, most of which died during the dry
winter, and slower rate of decomposition after
canopy closure. However, the C change in top
soil could partly related to the variation of soil
core sampling locations. Concentration of N and
P in young fully expanded leaves was also
increased by N and P contents in residue left on
site. It also indicated that lack of N and P could
be a major constraint to tree growth and harvest
residue retention is one of the key factors to
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Figure 16. Nutrient concentrations in young fully expanded leaves of replanted (R) and coppice trees (C)
of E. urophylla 2.5 years after re-establishment. Means of the treatment with same letter are
not significantly different at p=0.05 using Newman-Keuls critical range test. Bars represent
one standard deviation

maintain soil fertility and productivity on the poor
degraded site.
Increased nutrients resulting from residue
retention had a significant impact on tree growth
in the early stage of the second rotation of the
E. urophylla. This result was similar to an
experiment for coppice of E. saligna x E. robusta
hybrid in Brazil (Miranda et al. 1998), but the
effect of slash on productivity in this study was
smaller compared to the 86% increase in
production on the windrows of slash found in
Brazil. The reason for the small effect in this
study could be the small amount of slash compared
with other studies. Before the 1980s, almost all
harvest residue and understorey and litterfall on
the soil surface in eucalypt plantations in southern
China were collected as firewood, and this
practice continues even today. This, along with
serious soil and nutrient runoff due to
inappropriate site cultivation (Xu et al. 2000a),

partly explains why soil degradation and
productivity decline of eucalypt plantations have
been so common in southern China. Therefore,
in this low productive land with a relatively small
amount of slash, slash retention by itself was not
sufficient to increase productivity to a high level.
In this experimental site, MAI of the plantation in
the previous rotation was about 10.3 m3 ha-1yr-1,
much higher than the average 5.7 m3 ha-1yr-1 across
all treatments in the second rotation. Although
double slash (BL3) increased MAI by 32% over all
aboveground biomass harvest treatment (BL1),
MAI in BL3 in second rotation was only 60% of the
MAI in previous rotation. The fertilisation regime
in the second rotation experiment was less than
in the first rotation. This was to avoid the
response to fertiliser overshadowing the effects
of retaining harvest residue. Slash retention
helped but was not enough to lift production. An
intensive fertiliser program could be more
important than harvest residue retention on this
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degraded site to raise productivity to a high level.
Then slash retention and increased litter
production in next rotation will conserve large
amounts of nutrients. The addition of fertilisers
and conservation of nutrients will reduce the
amount of fertiliser required in future rotations
and help maintain long-term productivity and soil
fertility.
Weed control significantly affected productivity
at this site. As noted earlier, BL 0 alone was
weeded regularly in the early stage of plantation
establishment and this resulted in the trees in
BL0 growing at a rate similar to those in BL2 and
faster than in BL1. Without fertilisation, weed
control obscured the effects of slash management
so that trees in BL3F0 were smaller than trees in
BL0F0 although nutrient supply in BL3F0 was better
than that in BL0F0 in early stage of the plantation.
Weed control has not been an important problem
in eucalypt plantations in southern China in the
past because of total soil tillage and understorey
harvest. If new site preparation methods are
adopted for soil fertility conservation and there
is less and less understorey collection, weed
control should be practised. More study is needed
to develop good weed control options for farmers
growing trees.
Intercropping with Acacia increased tree growth
in the latter stage of the second rotation. If
rotation lengths become shorter intercropping is
probably not a viable management option. More
study is needed to validate potential productivity
increases by establishing the intercropping system
between eucalypts and acacias.
Coppice was better than replanting for the second
rotation at 69 months old. There was interaction
between regeneration method and fertilisation
level. Response of coppice trees to fertilisation
was much lower than replanted trees and also
lower than the response reported by Miranda et
al. (1998) in Brazil. Well-developed root systems
probably helped the coppice to utilise soil
nutrients better than the smaller root systems of
the planted trees. At the same time, coppice
could also use the nutrients retaining in the root
system left from previous rotation. Productivity
of the second rotation coppice on this poor site

was slightly higher than average productivity of
eucalypt plantations in south China. It is
recommended that coppice be adopted for
second rotations of eucalypt plantations unless
improved genetic material is available for
planting. Productivity of second rotation seedling
trees was lower than average because the soil
had been degraded. But fertilisation increased
the productivity substantially. It is suggested that
plantations on degraded lands should be
adequately fertilised so that reasonable
productivity can be achieved. Slash decomposition is rapid in this tropical climate. Thus,
available nutrients were increased by slash
retention in the first and second years after
harvesting. The amount of fertiliser used in F2
was similar to the amount in the first rotation
and seems to be high enough to raise nutrient
concentrations to a level compared with other
experiments done in China (Xu et al 2001).
However, MAI in this high fertilisation treatment
with slash retention (BL2F2) was only 67% of the
MAI in the first rotation. This indicates that yield
declined in the second rotation on this poor
degraded site without the benefits of genetic
improvement.
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