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Introduction to Third Workshop
in Kerala, India

E.K.S. Nambiar!

It has been widely recognised that an increasing
proportion of the demand for wood supply should be
met by timber harvest from planted forests rather than
native forests. This is particularly so in many tropical
and subtropical countries which have either established
large areas of plantation forests (e.g., Brazil, India) or
have embarked upon plantation forestry at a significant
scale (e.g., Vietham, Uruguay). Investors in these
plantations seek to benefit from their short rotation
resources, largely facilitated by industrial scale
operations.

The strong need for growing plantation forests is
evident in Kerala, where this workshop took place.
Booth and Nambiar (2000) discussed the scenario in
Kerala, which was once endowed with rich forests and
abundant supply of tropical timber, and supported a
major inter-state timber trade. Deforestation has brought
this to a halt. Despite the diminishing use of timber for
house construction (because of prohibitive price and
scarcity) the current consumption is estimated to be
between 2.6 and 3.0 million m® for a population of more
than 29 million. More than half of this volume is taken
from trees felled from homestead plantings, an
unsustainable practice. India has an estimated area of
about 4.8 million ha of eucalypt plantations, one of the
largest areas under this genus in any one country.
However, productivity of these plantations is low, less
than 10 m* ha* yr* and frequently too low to be
commercialy viable. However, as the workshop field
visit to experimental sites showed, the potentia for
increasing productivity by improved management is
high. Acute shortage in wood supply (industrial, pole,
structural and fuel wood) is endemic in India where
harvesting of timber from native forestsisillegal. Indian
pulp and paper industries have pointed out that the

establishment of well-managed plantation forests in 1%
of the estimated 130 million hectares of ‘ degraded forest
land’ would alleviate the current resource constraint on
their development.

Large areas of planted forests are reaching
harvestable age and will go into second rotation in
ecosystems where there are risks to sustainability. An
example of this is the Acacia mangium plantations in
Sumatra and Kalimantan in Indonesia which are
managed on a 8-10-year rotation. Information for
developing management options for maintaining and
enhancing the productivity of successive crops is
urgently needed, a point strongly made by severa
papersin this proceedings.

Since we began this network project the potential
role of planted forests for providing ecosystem services
including carbon sequestration for partly offsetting net
greenhouse gas emissions, biodiversity enhancements
in the landscape and mitigation of land and water
degradation have been receiving renewed interest in
several countries (Booth and Nambiar 2000).
Soekartiko et al. (2000) have estimated that in South
East Asia over two million hectares of land could be
planted to eucalypt plantations through carbon
investments within the next decade, sequestering about
10 million tonnes of carbon dioxide per year. Such
development indeed requires major considerations on
many complex issues including investments,
community participation, balanced land use policies
and capacity to generate and apply knowledge.

1 CSIRO Forestry and Forestry Products, PO Box E4008, Kingston,
Canberra, ACT 2604, Australia



2 Introduction

Sustained productivity of plantation forests is the
foundation of successful forestry which can provide
diverse benefits. Sustained productivity is not aresult of
any single management practice but a single adverse
practice such as poor harvesting practice can degrade
soil to the detriment of long-term productivity.
Sustainability is achieved incrementally, through al
management practices applied throughout the rotation
and between rotations (Nambiar and Brown 1997). The
phase between the harvesting of one crop and the
establishment of the next is a window of considerable
risk aswell as opportunity to set the course of successful
forestry with little or no risk to environmental values.
Managers have great flexibility for judicious application
of technology for achieving their goals at this phase.
Therefore the focus of the project is on the inter-rotation
management phase.

Tiarks et al. (1998) have described the rational e of
the project, including the concept of treatments, network
arrangements and mutual obligations for partners. The
key principles are:
¢ Evauate the impact of soil and site management
practices on the productivity of successive rotations
of plantations;

¢ Develop management options for maintaining or
increasing productivity;

¢ Strengthen local ingtitutional capacity to respond to
new problems and opportunities; and

¢ Establish close participation with local managers
and foster appropriate mechanisms for technology
transfer.

We reported on locations of sites, progress in
installations, methods and of experimental results from
a number of sites in the previous proceedings (Nambiar
et al. 1999). The contents of the proceedings of the
Kerala workshop build on that information. There has
been further progress on new sites and more detailed
results from sites where the study has been in progress
for more than four years are available. Some sites are
already providing highly relevant information, while

others are at an early stage. The strength of the network
lies in its unique opportunity to share knowledge
(empirical and mechanistic) and management
experience among scientists and managers working at
15 sites in seven countries. Partners in the network
include researchers from research organisations
operating at local, state or national levels, private
companies, universities, forest managers and staff of
international agencies supporting research. The papers
presented in the new proceedings highlight the scientific
progress achieved so far. Information in them,
discussions and field visits are the conduits for
achieving the project’s goals.
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Effects of Site Management
in a Eucalyptus grandis Plantation
in the Humid Tropics: Sao Paulo, Brazil

J.L.M. Gongalves', M.I.P. Serrano?, K.C.F.S. Mendes® and J.L. Gava®

Abstract

This paper reports the effect of site management practices of minimum and intensive cultivation of
the soil on the growth of a stand of Eucalyptus grandis and on N mineralisation. The study siteisa
commercial plantation of E. grandisin Itatinga district, SGo Paulo State, Brazil. At 39 months of age,
the height growth among the treatments where the residues were retained, incorporated or burnt did
not differ from each other. The height differences among these treatments decreased with time.
These results highlight the temporary effect on initial growth promoted by the large availability of
nutrients released by burning and from mineralisation of incorporated residues. The largest N-
mineralisation rates were in the standing crop treatment, 44 kg ha* yr*of N, followed by the
treatments where the residues were incorporated, 35 kg ha* yr* of N, and where slash and litter were
retained with minimum site disturbance, 33 kg ha* yr* of N. Removal or burning of the residues
inhibited N-mineralisation with only 26 and 16 kg ha* yr* of N, respectively in these treatments. The
high rates of N-mineralisation in some treatments show why most of Brazilian eucalypt plantations

have little or no response to N fertilisation.

Introduction

Brazilian eucalypt plantations have been established in
areas originally covered by climax vegetation known as
‘Cerrado’ (savanna) and Atlantic forest. In the long term
there are serious risks to sustainability, because of the
low fertility and low reserves of primary mineralsin the
soils, commonly, medium textured latosols and
quartzipsamments. Little is known about potential
impacts caused by different site management practices
on yield sustainability over successive rotations of
eucalypt stands, particularly the relationship to nitrogen
dynamics in these ecosystems.

Extensive eucalypt plantations rarely respond to N
fertilisation under tropical and subtropical conditions
(Barros et al. 1990, Herbert and Schonau 1990,
Gongalves et al. 1997). This is because the several
natural sources of N, mainly the organic N
mineralisation during the rotation, are enough to meet
tree demands (Gongalves and Barros 1999). However,
due to the high outputs of N (Bellote et al. 1980,
Poggiani 1985, Reis et al. 1987, Gongalves 1995) and

due to the possible exhaustion of mineralisable organic
N reserves, intensively managed forests may respond to
N fertilisation after successive rotations. The deficiency
of N is closely related to exhaustion of mineralisable C
sources, since the N dynamics are closely related to C
(McGill and Christie 1983). There has been little
research on this topic in Brazil.

This study aims to evaluate and compare the
potential of N mineralisation in eucalypt stands
established under different systems of soil preparation
and forest residues management. Results presented here
build on those reported by Gongalves et al. (1999).

! Associate Professor of the Forest Science Department, ESALQ/
University of Sdo Paulo, Brazil, Cx Postal 9, 13418-900 - Piracicaba -
SP - Brazil. Tel: +55 19 4294264, Fax: +55 19 433608, E-mail:
jlmgonca@carpa.ciagri.usp.br

2 Post-graduate Student, Forest Science Department, ESALQ/USP Szo
Paulo, Brazil

3 Forest Engineer, Cia. Suzano de Papel e Celulose, Av. Dr. José
Lembo/Rodovia Raposo Tavares, km 169, Cx Postal 228, CEP 18.200-
000, Itapetininga - SP, Brazil. E-mail: jgava@fb.suzano.com.br
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Material and Methods

Description of the Experimental Area

The study is located in a commercial plantation of
Eucalyptus grandis Hill ex Maiden, Itatinga district, Sdo
Paulo state, Brazil. It is located at 23°00'S and 48°52'W
at an altitude of 750 m. The site is representative of
extensive areas planted with eucalypts on the Sdo Paulo
plateau. Before plantation establishment the site was
occupied by ‘Cerrado’, the native vegetation typical of
the area. At the beginning of the study the stand was 7-
year-old E. grandis. The climate of the area is Kdeppen
type Cwa, characterised by a dry winter with mean
temperature for the coldest month (July) less than 18°C,
and a wet summer with the hottest month (January)
above 22°C. The annual mean precipitation is about
1580 mm, 57% of which falls during December to
March. There is no pronounced water deficit. The soil
type is characterised as a red-yellow latosol (oxisol),
medium texture, dystrophic, and the topography flat to
gentle relief. The physical and chemical characteristics
of the soil are presented in the Tables 1 and 2.

Site Preparation

The experimental treatments are operational practices
designed to provide arange of disturbances of different
intensities for the soil and harvest residues. The first
set of four treatments parallel the core treatments of the
CIFOR Network trials (Tiarks et al. 1998; Gongalves
et al. 1999).

Table 1. Some physical characteristics of the soil

Depth Sand  Silt Clay Bulk density Particle density
(cm) % (g cm?)
0-20 77 3 20 1.25 222

20-50 76 2 22 1.30 225

Table 2. Some chemical characteristics of the soil

BL, All aboveground biomass, including the crop
trees, understorey, slash and litter, removed.
All stemwood harvested. All bark, understorey,
slash and litter were retained with minimum
disturbance to site (Note that in BL, treatment of
the CIFOR Protocol aboveground parts,
including bark of the commercia-sized crop
stems, are removed).

Stemwood with bark harvested. All slash,

understorey and litter retained with minimum

disturbance.

SC  Standing crop left intact.

SL Harvest all stemwood. All residue (bark, slash,
litter and understorey) incorporated in the soil
with a heavy harrow.

SL, Harvest stemwood. All residue distributed on the
soil and burnt.

CP  Clear-cut the stand and harvest stemwood. All
residue retained on the soil. Cut stumps allowed
to coppice.

BL,

BL,

The stand was clear-cut in July 1995 and
treatments were applied by August 1995. Treatments
BL, BLy, BL,, SL, and SL, were completed after the
clearcutting and seedlings for the new plantation
were planted in September 1995 at a spacing of 3 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* of N,
P and K, respectively, and a basal dressing of 250 kg
ha* of KCI was applied in May 1996. Weeds were
controlled manually.

Experimental Design

The plots were established in a randomised complete
block design, with seven treatments and four replicates.
Each plot consisted of 121 trees (11 x 11) and the total
trial occupied 1.75 ha.

Depth pH C N C:N P K Ca Mg H Al BS' CEC?
(cm) CaCl, (g dm?) (mg dm?) (cmol, dm?)

0-10 3.7 14.5 12 12 4.0 0.04 0.4 0.1 6.0 1.7 0.5 2.2
10-20 3.8 9.9 0.9 11 43 0.03 0.5 0.1 55 15 0.6 21
20-30 38 9.3 0.9 10 3.0 0.03 0.2 0.1 3.8 15 0.3 18
30-50 3.9 4.7 0.5 9 3.0 0.02 0.1 0.1 3.0 13 0.2 15

'Sum of bases (K + Ca + Mg); 2CEC at pH 7.0.
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N Mineralisation

Rates of N mineralisation were measured in treatments
SC, BL,, BL,, SL, and SL,, using methodology of
Raison et al. (1987). Soil cores were contained in situ in
six PV C tubes (40 cm long and 5 cm diameter). Soil was
incubated (ca 50 days), sequentially sampled and
mineral N measured. The soil cores were divided at the
following depths: 0-5, 5-15 and 15-30 cm.

To obtain the extracts, 10 g of fresh soil and litter
was shaken with 50 ml of KCI (2M) for one hour
(Bremner 1965). The extracts were centrifuged to 2000
rpm for 15 minutes; and 20 ml of aliquots collected, and
treated with 1 ml of the microbia inhibitor.
Concentration of NH,"-N and NO;™-N was measured in
the aliquot. Soil and litter subsamples were dried at
105°C for 24 hours to determine moisture content.

Results and Discussion

Tree Growth under Different Systems of
Site Management

Tree growth data at 6, 15 and 39 months are shown in
the Fig. 1. At 6 months, the coppiced trees (CP) were
the tallest (4.4 m; p <0.05). This high initial growth of
the eucalypt coppice compared to planted seedlingsis
observed frequently in plantations, partly due to the
effect of nutrient reserves in the stumps and root
system, and the ability of an established root system to
uptake water and nutrients. The treesin SL,, where the
residues (litter and slash) were burned, had the second
largest height growth in this age, which was
significantly larger than the other treatments. The BL ,,
BL,and SL, treatments (minimum site disturbance, all
residues retained and residues incorporated
respectively) were not significantly different from
each other at 6 months, neither were BL, and BL,
treatments (litter retained and all the residues
removed, respectively). It is clear that BL, treatment
resulted in the smallest trees. This highlights the effect
of forest residues management and nutrient removal
on initial growth.

At 15 months, tree height in SL, differed
significantly (p<0.05) from BL, BL, and SL,
treatments (Fig. 1). At this age, the height growth in
BL, and SL, was the same as in the coppice (CP).
Treatment BL, had the smallest average height. At 39
months, the height growth among BL,, SL; and SL,
was the same. Height differences among these

treatments have diminished with time (Fig. 1). The
basal area growth of BL, was not significantly
different from SL,, but was higher for SL, (Table 3).
These results emphasise the temporary effect on early
tree growth of the high amounts of nutrients released
by burning and mineralisation. However, these
treatments probably have undesirable effects such as
loss of nutrients by volatilisation, leaching and erosion
in the long term. The poorest growth was found in CP
and BL, treatments (Fig. 1 and Table 3). Overall, the
growth of the coppice was poorer than in replanted
plots (except BL ). This may be partly due to the better
genetic quality of the seedlings.

Figure 1. Height growth of E. grandis at 6, 15 and 39
months of age in relation to treatments

18

15 1

Age (year)

—A-  CP (all residues retained, coppice)

—- BL, (all residues retained)

- - BLQ) (only understory and litter retained)
—y— BL(O) (all residues removed)

— SL(D) (all residues incorporated)

—— SL(b) (all residues burned)

Table 3. Diameter and basal area at age 39 months

Treatment dbh” Basal area"”
(cm) (m? hat)
CP 94c 94c
BLy, 8.5 d 9.2¢
BL,, 10.6 b 14.7 a
BL,, 9.8¢ 124 b
SL, 11.2a 12.0 b
SL,, 112a 157 a

(™ Mean followed by different letters are significantly different by Tukey
test (p = 0.05).
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Nitrogen Mineralisation

Over a 21 month period, the highest rates of N
mineralisation (ammonification and nitrification) were
found in SC (77 kg ha), followed by SL, (61 kg ha*)
and BL, treatments (58 kg ha). In BL, 45 kg ha* of N
was mineralised, and in SL, only 28 kg ha'. The
contribution of litter was very small, less than 5% of
the total N mineralised (Table 4 and Fig. 2). The
largest amount of mineralised N was in the treatments
where the soil microorganisms had more access to
substrate. The removal or burning of forest residues
considerably inhibited the N mineralisation rates. In
the first case, the soil was exposed to the sterilising
and drying effects of the sun, and so experienced high
temperature and humidity fluctuations (Gongalves et
al. 1999), besides the reduction of substrate quality for
the soil microorganisms. In the second case, the
greater surface soil temperatures would have caused
considerable reduction of microbial biomass. The
residue incorporation (SL ) increased N mineralisation
by accelerating residue decomposition. So in this
treatment, unlike BL,, a large part of the mineralised
N may have come from residue decomposition and
soil organic matter.

Table 4. Total-N mineralised (NH4+ + NO,’) over the
first 21 months after planting. The values in brackets
are the percentages in relation to the total N

Figure 2. Total-N mineralised (NH4*-N - NO3™N) in
different soil layers, (a) 0-5 cm, (b) 5-15 cm, (c) 15-30 cm

Total-N mineralised
Litter 0-5cm 5-15cm 15-30 cm Total

Treatment

(kg ha)
sC 3(4) 49(64) 17(22) 8(10) 77
BL, 3(5) 20(35) 18(31) 17(29) 58
BL, - 20(44) 9(20) 16(36) 45
sL, - 26(43) 23(38) 12(19) 61
SL, - 16(57) 3(11) 9(32) 28

The high N mineralisation, 32 to 44 kg ha* yr?,
in some treatments, explains the small or no response
to N fertilisation in Brazilian eucalypt plantations
(Barros et al. 1990 and Gongalves and Barros 1999).
The annual demand of N measured in young eucalypt
stands is in the range of 20 to 50 kg ha® yr' as
observed at this site (Gongalves et al. 1999) and
reported by Bellote et al. (1980), Poggiani (1985),
Reis et al. (1987) and Gongalves (1995).

[ LsD=1.2(p=0.10)

Total-N mineralized ( kg N ha' month™)

[ T T T T T T T T T ]
Oct Dec/95 Jan/96 Mar  Apr Jun Aug  Oct Dec/96 Feb Apr/97

Months after clear cut

The treatments where all (BL,) or part of the
residues (BL,) were removed had smaller growth rates
(Fig. 1 and Table 3). The removal of residues very
much reduced the rates of N mineralisation in BL,
(Table 5). However, this was not the main cause of the
growth reduction, otherwise, growth would also have
been low in SLy, where al residues were burned and
the rates of N mineralisation were very low (Table 5).
The ashes of the residues produced in this treatment
also did not constitute a good source of N for the trees,
because most N is volatilised to the atmosphere during
burning. Similarly, in the Brazilian savannas, Maluf
(1991) reported losses of 88% of N from the residues
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of a eucalypt stand after harvesting. Comparing
treatments BL, and SL,, it appears that the more
limiting nutrients were present in abundance in the
residue ashes, and that it was probably P and K that
stimulated much of the growth increase. Gava (1997)
observed a strong response to K fertilisation in
eucalypt plantations in similar climatic and edaphic
conditions. All eucalypt plantations near the research
site are given a large amount of P and K fertilisers at
planting time (ca 35 kg ha' Pand 8.5 kg ha' K) and in
basal dressing (ca 90 kg ha* K). When these fertilisers
are not applied, the growth is drastically reduced and
economical wood production is not feasible.

Table 5. Amount of NH,*-N and NO;-N mineralised
(0-30 cm) over the first 21 months after site preparation

Treatment NH,*-N NO;-N
(kg ha™)

SC 60 17

BL, 38 20

BL, 32 13

SL, 48 13

SL, 10 18

Generally, the largest N mineralisation occurred in the
0-15 cm soil layer (> 65%) and in the old stand (SC),
mineral N in this layer was about 90% of the total N
(Table 4).

The highest N mineralisation rates and treatment
differences were found in the first 8 months after
clear-cut as a direct effect of the treatments in
exposing soil (Fig. 2). Similar trends were aso found
for the soil temperature and moisture (Gongalves et al.
1999). After this time, the fluctuations in mineralised
amounts in each treatment and the differences among
treatments were small. The superiority of the SC, SL,,
and BL, over other treatments can be seen in Fig. 2.

The fluctuations of N mineralised with time were
very small after the third measurement in the SC
treatment (Fig. 2). Probably it would also have been
small in the previous evaluations if the eucalypt stand
had not been cleared to set up the adjacent plots of the
other treatments. Because of the clear-cutting around the
SC treatment plots, lateral solar radiation penetrated the
SC plots, for about 8 to 12 months until the adjacent
trees grew up. This caused a temperature increase

(Goncalves et al. 1999) and one of the possible causes of
the high rates of N mineraisation in this period. After
the rates stabilised the average N mineralisation rates
were 2 kg hal month? at 0-5 cm, 1 kg hal month? at 5-
15 cm and 0.4 kg hal month? at 15-30 cm. The mean
N mineralisation rate was about 41 kg ha* yr1 in the O-
30 cm layer (Fig. 2).

The amount of NH,"-N mineralised was higher
than NO; -N in SC, BL,, BL, and SL,. The opposite
only occurred in the SL, treatment (residue burned)
(Table 5). These results confirm that larger amounts of
N are absorbed in the NH,"-N form. The total amount
of NH," and NO;” mineralised in 0-30 cm soil in SC
and SL, were similar, NH," was lower than NO3™ in
BL,;, BLy and especially in SL, treatment the
differences were very high (Table 6). This means that
the nitrification rates were higher than ammonification
rates in all clearfelled treatments where the residues
were burned, removed or maintained on the soil. The
incorporation of the residues stimulated the
nitrification. The burning of residues and the ash
deposition on soil surface stimulated the activity of the
nitrifier bacteria, probably dueto increasing pH and soil
fertility (Gongalves et al. 1999), which can increase
their competitive ability with other microorganisms.
The burning effect on NO; mineralisation was
observed mainly in the 0-15 cm layer over the first 6
months. Similar results were found by Theodorou and
Bowen (1982) when evaluating the effects of a bushfire
on the microbiology of a dystrophic planosol under
eucalypt forests. They found that the largest changes
occurred in the 0-2 cm layer, with the effect still being
observed about 2 months after burning.

The NH," mineralised in SC in the 0-5 cm layer
was much higher than NO3 (Table 6). This indicates
an inhibiting effect of the stand on the nitrification
process. According to Carlyle (1986), the magnitude
of the nitrification in forest stands is low relative to
that observed in most agricultural lands due to great
uptake of NH," (substrate of the nitrifier bacteria) and
the adverse conditions of many soils used for forestry,
such as low natural fertility and high acidity. In most
of forest soils the N demand for heterotrophic
organisms (arboreal, herbaceous species and
microorganisms) is so high that little NH,," remains for
nitrifiers (Jansson 1958; Paul and Juna 1981; Attiwill
and Leeper 1987). Most of the NH," is either taken up
or immobilised.
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Table 6. Nitrogen mineralisation in the form NH,* and NO3~, and NH4* : NO3™ ratio during the first 21 months of

measurement in the litter and soil

Treatment N form N mineralised

Litter 0-5cm 5-15cm 15-30cm Total
(kg ha'")
SC NH4* 04 7.2 11.3 52 74 1
NOj3~ 0.1 9.2 34.9 16 70.2
NH4*: NO3” 4 3 0.3 0.3 1.1
BL, NH4* 3.3 17.7 10.6 184 50.0
NOj3~ 0.9 29.1 43.3 13.3 86.6
NH4*: NO3” 3.6 0.6 0.3 14 0.6
BL, NH4* - 19.2 5 17 41.2
NOj3~ - 225 22.8 12.1 57.4
NH4*: NO3” - 0.9 0.2 14 0.7
SL, NH4* - 29.1 21.9 11.4 62.4
NOj3~ - 15.5 28.2 15 58.7
NH,4*-N: NO5™-N - 1.9 0.8 0.8 1.1
SL, NH4* - 1.9 -5.2 6.3 13.0
NOj3~ - 29.6 30.2 17.8 77.6
NH4*-N: NO3™-N - 0.4 -0.2 0.4 0.2
Conclusions

At 6 months, height growth of the coppice (4.4 m)
exceeded that of the seedlings. The higher initial growth
of E. grandis coppice shoots compared with planted
seedlings is frequently observed in commercial
plantations. However, by 39 months the growth of
coppice was substantially poorer than all treatments
except where all residue and litter was removed.

Burning the residues stimulated height growth up
to 6 months of age. Where litter wasretained (BL,) or all
the residues removed (BL,) height growth was poorest.
This highlights the effect of the forest residues and
nutrient management on the initial tree growth. There
was atemporary stimulating effect on height growth due
to the high initial availability of nutrients released by
burning and incorporation of residue.

The highest rates of N mineralisation (44 kg hat yr+)
were found in the standing crop. Other treatments
(residues were incorporated in the soil, and slash and
litter retained with minimum disturbance of the site)
gave values of 35 and 33 kg ha* yr respectively.

Theremoval or burning of the residuesinhibited N
mineralisation; only 26 and 16 kg ha® yr* of N,
respectively, were produced in these treatments.

The largest N mineralisation rates and differences
among treatments were observed over the first 8 months
after clear-cutting. Subsequently fluctuations of
mineralisation rates were low in and among treatments.

The mineralisation rates of NH, -N were much
higher than NHs"-N for all treatments, except for where
the residues were burned. The NH,-N mineralised in
the standing crop (SC) in the 0-5 cm layer was much
higher than NH5"-N. This indicates a strong inhibiting
effect of the stand on the nitrification process.

The high rates of N mineralisation in the best
treatments provide a basis for one of the reasons why
most Brazilian eucalypt plantations have little or no
response to N fertilisation.
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Effects of Site Management on
Eucalyptus Plantations in the Equatorial Zone,
on the Coastal Plains of the Congo

J.P. Bouillet’, J.D. Nzila?, J.P. Laclau' and J. Ranger®

Abstract

Sustainability is a research priority for clona eucalypt plantations planted on very sandy and poor
soilsin the Congo. Results from a study using cloned Eucalyptus hybrids conducted since 1997 show:
(1) amarked depressive effect on tree growth of removing slash and tree biomass after harvest; (2) a
high risk of nutrient leaching in the first year after harvesting linked to the high rate of litter
decomposition; (3) atemporary starter effect of litter burning but a depressive effect in the medium
term; and (4) a slow but lasting impact of burying litter. It is concluded that site management must
conserve a maximum amount of organic matter to ensure a sustainable production system. Debarking
and retention on site of the upper stem and other harvesting slash without burning is recommended.

Introduction

Since 1978, 42 000 ha of clonal Eucalyptus plantations
have been established around Pointe Noire by ECO sa
(Eucalyptus du Congo Société Anonyme). These
plantations are based on two natural hybrids
(Eucalyptus PF1 and E. tereticornis x E. grandis) and,
increasingly, on the artificial hybrid E. urophylla x E.
grandis. The plantations consist of 9000 ha of first
rotation planted trees, 18 000 ha of coppice and 15 000
ha of replanted sites. They are on sandy, acidic soils
with small reserves of available nutrients. Potential
risks of nutrient and water deficiencies exist in the
medium or long term. The sustainability of these
plantations has therefore been identified by UR2PI, an
association of the Congo government, CIRAD and ECO
sa for research and development, as a priority for
research. Complementary studies focusing on this goal
have been conducted since 1997.

A long-term field study has been set up in a
savanna and in a planted crop of E. PF1 clone 1-41 to
quantify the main fluxes through the two ecosystems,
and to establish comparative water balances and nutrient
budgets. First results relating to accumulation of
nutrients in the stands, atmospheric inputs, and
chemistry of through fall and soil solutions are already
available (Laclau et al. 1999, 2000).

Other work has focused on the influence of
successive rotations on changes in soil biological
fertility (IRD 1999). The main changes likely in
biological factors as plantations get older are: higher
litter fall and increase of litter decomposition rate
leading to enhanced nutrient cycling; increase of soil
organic matter in the top layer which may induce a
higher Cation Exchange Capacity; increase of parasitic
nematode density with probable injurious effect on
cuttings planted on former Eucalyptus areas; increase
in abundance of earthworms and termites leading to
improved soil properties. The CIFOR/UR2PI
experiment includes two complementary trials, set up
to assess harvesting methods and soil preparation for
sustainable management of the replanted sites. The
aim of this paper is to present the current results
obtained and the potential consequences for the
silvicultural practices.

1 UR2PI/CIRAD-Forét, PO Box 1291, Pointe-Noire, Congo. Tel:
+242 94 3184, Fax: +242 94 4795, E-mail: UR10@cal vacom.fr
2UR2PI, PO Box 1291, Pointe-Noire, Congo. Tel: +242 94 3184, Fax:
242 94 4795, E-mail: UR10@calvacom.fr

3INRA, Centre de Nancy, Equipe Cycles biogéochimiques,
Champenoux, 54280 Seichamps, France. Tel: +33 4 83394068, Fax:
+33 4 83394069, E-mail: ranger @inra.nancy.fr
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Location and Site Description

The general plantations are established on coastal
plains around Pointe-Noire (latitude 4°48'S, longitude
11°5'E) with an elevation varying between 40 m and
180 m. The climate is subequatorial with an annual
rainfall of 1200 mm, a rainy season from October to
May (90% of the annual precipitation) and a dry season
from June to September. Climatic conditions and soils
have been described in detail in Bouillet et al. (1999).
The soils, developed on very deep continental detritic
material, are arenosols. They are characterised by
homogeneous sandy texture, limited available nutrients,
very low levels of exchangeable cations, organic matter
and small cation exchange capacity, and are highly
erodible. The soils on the trial sites share these general
characteristics.

Stand Description

Experiment 1

Experimental details have been described previously in
Bouillet et al. (1999). Before planting, the original
savanna vegetation was burnt, regrowth controlled and
the site ripped along the planting lines. The origina
stand was E. PF1 clone 1-41 planted in 1990 at a spacing
of 4.0x 4.7 m. NPK fertiliser was applied at the base of
each tree at arate of 13.8 kg ha* N, 13.8 kg ha* P and
22.3 kg ha* K. A further 26.0 kg ha* N, 26.0 kg ha* P
and 42.0 kg ha* K was applied after three years. At
harvesting in 1997, the stand had a mean height of 26.1
m, basal area of 12.9 m? ha* and standing volume under
bark of 129 m* ha'. The stumps were weakened with
glyphosate.

The second rotation trial was planted in 1998
with clone E. PF1 1-41. Spacing was 2.7 x 4.7 m (800
stems ha?). NPK fertiliser (15.6 kg ha* N, 15.6 kg ha*
P and 25.2 kg ha* K). was applied at the base of each
tree soon after planting. At 8 months, weeds were
controlled with herbicide between the rows and
manually in the rows.

Experiment 2

The stand was originally planted with E. PF1 clone 1-60
in October 1981. The area was ploughed with a disc
harrow and then ripped along each planting row. Tree
spacing was 4.0 x 6.0 m (417 stems ha?). Fertiliser, 100
g NPK (13-13-21), was applied in the planting hole (5.4

kg ha N, 5.4 kg ha* Pand 8.8 kg ha* K). Weeding was
carried out mechanically with a disc harrow between
the rows and manually in the rows. Five passes were
necessary during the first three years. The first harvest
was in August 1988. During the second rotation
weeding was carried out mechanically. No fertiliser was
applied. The second harvest was in November 1994. At
the end of this first coppice rotation, the yield was low
(10 m® ha* yr*) and the plot had to be replanted.

After harvesting, the stumps were treated with
triclopyr and in April 1995 weeds were sprayed with
glyphosate. In July and August 1995 the treatments
including burning, ploughing or ripping were
established. Cuttings were planted in October 1995 at a
density of 800 stems ha*. The blocks were monoclonal;
E. PF1 clones 1-87 and 1-131, E. tereticornis x E.
grandis clones 2-6, 2-45 and L2-123 and E. urophylla x
E. grandis clone 18-52 were used. Weed control was at
3, 6 and 19 months using glyphosate.

Experimental Design and Methods

Experiment 1

The experimental design is a complete randomised block
with four replications. A unit plot has a gross area of 0.26
ha and an inner plot of 0.11 ha (88 trees) with two border
rows (112 trees). Harvest residue trestments were:

BL, All above-ground residues removed from the plot.

BL; Whole-tree harvest. All above-ground components
of the commercia trees (stem diameter a breast
height > 11cm) were removed.

BL, Stemwood + bark harvested. Only the commercial-
sized boles (top-end over-bark diameter > 2 cm)
and associated bark was removed.

BL3; Double dash. All the trees werere logged as in the
BL, treetment. The residue of the treatment and that
from BL, were distributed on the ground.

BL, Stemwood harvested. Only the commercia-sized
boles, debarked, were removed.

BLs BL, + residue burned.

Litter samples were collected before harvesting the
stand. Litter decomposition was assessed as follows:
samples were collected every three months from
September 1998 to December 1999, from blocks 1 and 3,
for BL,, BL,, BL, and BL, treatments. For each of the



J.P. Bouillet, J.D. Nzila, J.P. Laclau and J. Ranger 13

three inter-row types, four samples were collected to
quantify remaining biomass, and pooled for minera
content estimation. Litterfall was collected weekly using
traps 50 cm square, for each treatment of block 1. These
samples were used to estimate biomass and pooled at the
end of each month for mineral content determination.

Two hundred soil samples were taken before stand
harvesting from depths of 0-10, 10-20, 20-50, 50-70 and
70-100 cm. One year after planting (April 1999)
samples were collected again in the same way. Since
November 1998, N mineralisation by in situ methods
(Raison et al. 1987) was measured every two weeks for
BL,, BL; and BL, of block 1. However it must be
stressed that all the tubes were open, with cationic or
anionic resins placed at the bottom of each to retain
leached mineral-N (Jussy 1998).

Weed development was estimated as an index at
eight months. A rope was put along the two diagonals of
each inner plot and the weed re-establishment rate was
defined as the ratio between the length of the rope resting
on weeds and the length of the two diagonal s expressed as

a percentage.

Twelve treeswere sampled to quantify above ground
biomass and nutrient content of the stand before
harvesting. Regression equations relating biomass and
nutrient content of each tree component to the girth at
breast height were developed (Bouiillet et al. 1999). These
tables were applied to the inventory data to estimate the
biomass of the stands. The same approach was used to
estimate the above ground biomass and nutrient content
for BL,, BL,, BL, and BL, of block 1 one year after
planting (end of the rainy season).

Experiment 2
The experimental design was a composite of three litter
treatments and three site preparation tresatments. The gross
experimental unitis0.42 haand theinner plot 0.13 hawith
four border rows.

Litter and soil preparation treatments were:
C undisturbed (control)

D incorporated with a disc harrow

B controlled burn

NS no subsoiling

1T subsoiling using onetine

3T subsoiling using three tines

Fifty-four litter samples were collected, five months
after the coppice harvesting. At the same places, soil
samples were taken at 0-10 cm and 10-20 cm (54 samples
for each leve). Thirty-six other soil samples were taken
for the trestment NS x B, immediatdly after burning.
Samples were taken again, one year after planting.

Results

Experiment 1

Biomass and nutrient content

The aboveground biomass and nutrient content of the trees
before clearfelling were reported by Bouillet et al. (1999).
The average biomass of the stand was ca 118 t ha'
corresponding to 316 kg ha* N, 48 kg ha* P, 199 kg ha* K,
74 kg hat Ca and 48 kg ha* Mg. The biomass, one year
after planting, of the stands for BL,, BL3, BL4 and BL, is
given in Table 1. Determination of the corresponding
nutrient content is still in process.

Table 1. Biomass of the aboveground components of the trees for BL , BL,, BL, and BL, at 12 months in Experiment 1

Components Treatments

(t ha') BL, BL, BL, BL,
Wood (diameter >1 cm o0.b.) 2.07 a 2.69 a 2.28 a 2.61a
Bark (diameter > 1 cm 0.b.) 113 a 146 b 1.50 b 1.82¢c
Live leaves 0.64 a 3.29 bc 293b 3.56 c
Branches + top stem 2.07 a 2.28 ab 2.38 ab 270 b
Total stand 5.91a 9.71b 9.09 b 10.68 b

Letters a and b indicate significant differences between treatments according to Bonferroni test (threshold : 5%).
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BL, had a significantly lower total biomass and a
very poor crown development (0.64 t ha' of leaves
compared with an average of 3.26 t ha* for the other
treatments). Conversely the highest biomass was in BL
where litter was burnt.

Tree growth

Up to 12 months, there were no significant differencesin
height and diameter between treatments, but a 18 months
tree growth in BL, was significantly lower than in BL,.
There is also atendency to a better growth for treatments
with an initia higher amount of organic matter (BL, and
BL,) and for BL, (Table 2).

Table 3. Weed regrowth index (WRI) at 8 months in
Experiment 1

Treatments  BL, BL, BL, BL, BL, BL,

WRI (%) 86a 78a 77ab 67ab 56b 42c

Letters a, b, c indicate significant differences between treatments
according to Bonferroni test (threshold: 5%).

Nitrogen mineralisation

There is no significant difference between treatments on
net N mineralisation. However higher values were
observed in BL;: amounts produced in BL;, BL ;, and BL ,,
between 7 and 19 months, are 49.1 kg ha?, 57.8 kg ha?,

Table 2. Height and circumference of trees at 18 months in Experiment 1

Parameters Treatments

BL; BLs BL, BL, BL, BL,
Height (m) 8.64 a 8.49 ab 8.31ab 8.28 ab 7.99 ab 7.72b
Circumference (cm) 26.36 a 25.17 ab 24.85 ab 24.14 abc 22.48 bc 2137 ¢

Letters a, b, ¢ indicate significant differences between treatments according to Bonferroni test (threshold: 5%).

Understorey development

The understorey is mainly monocotyledons (Loudetia
arundinacea and Panicum maximum), except in block 2
which was invaded by Chromolaena odorata. Weed re-
growth indices at eight months are given in Table 3. There
were significant differences between trestments with more
weeds where there was less dash retained.

and 45.5 kg hat respectively (Figure 1). The trend to a
greater mineral-N production for the double slash
treatment is due to a higher nitrification rate: NO5-N
production is significantly larger in BL, than in BL,
(Table 4). We emphasise that net nitrification represents
respectively 63%, 76% and 69% of net N mineralisation
for BL,, BL, and BL,,.

Figure 1. Changes in net N mineralisation from November 1998 to November 1999.
Quantities produced during two weeks in 0-15 cm soil layer in Experiment 1

Nitrogen mineralisation kg N ha™

Sampling Dates

- @~ BL,

—A—BL,
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Table 4. Mean net nitrification and ammonification.
Quantities produced during two weeks in 0-15 cm soil
layer, between ages 7 and 19 months in Experiment 1

Treatments N-NO; N-NH,*
(kg ha)

BL, 1.70 a 0.53 a

BL, 1.20ab 0.54 a

BL, 1.18 b 0.70 a

Letters a and b indicate significant differences between treatments
according to Bonferroni test (threshold: 5%).

Litter decomposition

Initially, the amount of slash in BL, was half that of BL,
and BL, and a third of BL, (Table 5), but at 15 months
the differences between treatments were much less.
Almost all leaves and bark were decomposed and the
slash remaining made up mainly of dead branches
aready fallen at the end of the previous rotation or
broken during harvesting. Their amounts were similar in
the different treatments.

Experiment 2

Tree growth

Litter treatments

Litter burning induced better growth during the first
year, but this effect disappeared during the second year.
In the third year, average growth in undisturbed litter
and buried litter treatments was significantly better than
in the litter burning treatments. 16.1 m® ha' yr?
compared to 14.2 m?® hat yr.

Soil preparation treatments

Significant differences on total volume increment
between subsoiling with three tines (9.2 m* ha* yr*) and
no subsailing (7.6 m* hat yr*) were found at 11 months
but at 21 months and 36 months these treatments were
no longer significantly different.

Growth of treesin different rows within plots

In logged areas, three types of interrows can be

identified (Bouillet et al. 1999):

e slash interrows well stocked with leaves, bark,
branches and twigs;

o log interrows used to store debarked wood; and

o haulage interrows (used by machines collecting the
crop) contain a small amount of litter and have
compacted soil.

At 36 months, production on haulage interrows
(14.2 m® ha yr*) was lower than on log interrows (15.4
m? ha* yr?) and slash interrows (16.7 m* ha* yr). The
changes of main effects are comparable, for each type
of interrow, to those observed previously on the entire
plots. It must be stressed that significant differences
between subsoiling with three tines and no subsoiling
till exist at 36 months on slash interrows, but not on the
other interrows (Table 6). Hence, subsoiling effect is
mainly linked to a better organic matter mineralisation,
but not to the decompaction of the soil: ahigher increase
of production is thus observed on dlash interrows,
characterised by an abundant litter. Therefore, the
differences of production between interrows can be
explained by the amounts of organic matter and
biological activity but not due to soil compaction.

Table 5. Changes in slash quantity (S) in t ha® and decomposition rate (D) as a proportion of initial weight (%)

in Experiment 1

Treatment Before harvest After harvest 6 months 9 months 12 months 15 months
S S S D S D S D S D
BL, 12.66 16.07 9.99 37.8 744 537 591 632 514 68.0
BL, 14.81 30.22 1423 529 9.33  69.1 6.78 776 548 819
BL; 13.08 49.38 17.11 65.4 13.756 722 947 808 6.08 87.7
BL, 13.04 33.93 14.38 57.6 9.03 734 7.02 793 561 835
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Table 6. Comparison of the mean annual increment on different subsoiling treatments and interrow types at 36 months

in Experiment 2

Interrow type

Subsoiling using 3 tines

Subsoiling using 1 tine No subsoiling

(m®ha™ yr')
Haulage interrow 14.72 a 14.04 a 13.97 a
Log interrow 15.34 a 15.13 a 14.55 a
Slash interrow 17.54 a 16.92 a 15.56 b
Letters a and b indicate significant differences between treatments according to Bonferroni test (threshold: 5%).
Table 7. Growth of trees in treatment combinations at age 36 months in Experiment 2
D/NS C/3T D/3T DT cNnT C/NS B/3T BT B/NS
m?® ha' yr'
16.5 a 16.1 a 16.1 ab 15.7 ab 15.2 ab 14.9 ab 14.7 ab 14.1 bc 13.8¢c

Letter a, b, ¢ indicate significant differences between treatments according to Bonferroni test (threshold: 5%).

Combined treatments

At 11 and 21 months the best growth was when litter
burning was combined with subsoiling with three tines.
But at 36 months the best growth was in plots where the
litter had been buried or conserved while plots which
included controlled burning of the litter had weaker
growth (Table 7).

Discussion

Experiment 1

Tree growth and biomass

Removing al slash including litter (BL,) depressed
crown development and tree growth. The opposite effect
was observed when high amounts of slash are retained.
Decomposition of the leaves of harvested trees has
aready had a positive impact on growth (BL, is slightly
better than BL,). A similar conclusion can be made for
bark decomposition (BL, vs BL,). The initial impact of
dlash burning is till evident at 18 months. Thisresult is
consistent with previous observations on Experiment 2
(Nzila et al. 1998). It will be important to quantify the
real impact of this site preparation in the coming years.

Understorey development
Regardless of the treatment, there was abundant growth
of weeds, with the index and cover increasing from 5%

before harvesting to more than 40% eight months after
planting. However, this weed development is greatly
reduced if alarge amount of slash isretained, asin BL,
and BL,. Weed development is not particularly strong
where there was controlled burning of slash residues.
This result is consistent with previous observations in
Experiment 2 (UR2PI 1999).

Nitrogen mineralisation

Goncalves et al. (1999a) found high rates of N
mineralisation when high amounts of residues were
maintained at the soil surface in Eucalyptus grandis
plantations located on oxisols in Brazil. The authors
point out the better conditions for mineralisation
(cooler temperature and more substrate for the soil
microorganisms to process) in comparison with BL,,.
Such results were also observed in Austraia in
Eucalyptus globulus plantations located on grey sand
sites (O’ Connell and Grove 1999; O’ Connell et al.
1999). However, in our study, N mineralisation in BL,
was not less than in a single slash treatment, such as
BL,. It will be important to observe if N
mineralisation in BL, treatment increases in the near
future above the level of the BL, plots, as observed in
Australia from the second year after stand
establishment in Pinus plantations growing on sandy
podzols (Smethurst and Nambiar 1990) or from the
third year after planting in Eucalyptus stands
established on red earth sites (O’ Connell et al. 1999).
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In this study the nitrification is higher than
ammonification, contrary to the results obtained in
Brazil by Goncalves et al. (1999a) or in Australia by
O’ Connell et al. (1999), but in agreement with the
results of Smethurst and Nambiar (1990) from the
second year after replanting. Therefore in the Pointe-
Noire region there is arisk of marked N leaching in the
young stand stage, when the stand uptake islimited by a
root system that is not well developed.

The net N mineralisation in the 0-15 cm layer is
similar, about 50 kg ha for a stand age ranging between
7 and 19 months, for the different treatments. Several
other points merit consideration here:

e even though the analyses are still in progress, it can be
assumed that the amount of N accumulated by young
trees in BL, or BL, in the first year after replanting
must be of the same magnitude (ca 50 kg ha?);

e a large part of NO,-N mineralised may have been
leached in the first year after replanting;

o the starter fertilisation provided only 16 kg ha* of N, a
part of which would have been lost by leaching;
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o the atmospheric inputs were low (ca 5 kg N hat yr?);
o the pool of mineral-N in the soil islow (Fig 2).

It appears that trees must take up a large part of the N
required from the decomposing forest floor, removed in
BL,. This interpretation is consistent with the marked
response to N fertilisation observed on the replanted
sites (Safou-Matondo and Bouillet 1999).

Even though the rate of N mineralisation is of the
same order of magnitude asin Brazil (Gongalveset al.
1999a) and in Australia (Smethurst and Nambiar
1990), a methodological problem seems to occur at
our site. During the rainy season a higher water
content is observed inside the incubated cylinders, up
to double the field capacity (Fig. 3). This may be due
to soil compaction when setting the cores (Jussy
1998). This water accumulation could be also
explained by the discontinuity existing between the
incubated soil and the actual soil, due to theresin layer
put at the bottom of the cores. Similar observations
were made with plate lysimeters in a nearby stand.

Figure 2. Changes in mineral-N pool, in field-incubated soils (means of BL,, BL; and BL,
treatments), during two weeks in 0-15 cm soil layer in Experiment 1
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Table 8. Changes in soil water content in incubated soils according to three types of cores and in control soils for

treatments BL, and BL; of Experiment 1

Control soil Control soll Covered cores Open cores Open cores + resins
O] @)
Soil water content %
BL, 44 8.3 9.2 10.2 12.3
BL; 43 8.7 7.7 9.9 14.9
Mean 44 8.5 8.5 10.1 13.6

Period: 26 October; (1) - 9 November 1999; (2). Precipitation: 122 mm.

The high soil water content could decrease N
mineralisation by reducing aerobic microorganism
activity (Sanchez 1976). Losses of N by denitrification
could also occur (Jussy 1998). Tests were performed to
adapt this methodology to the local site conditions. A
methodology (Raison et al. 1987, Smethurst and Nambiar
1990, Weston and Attiwill 1996) using open and covered
cores without resins at the bottom of the cylinders was
tested. After two weeks with 122 mm of rain the water
content was the same in the control soil and in the covered
cores, but a higher moisture content was observed in the
open cores especialy when resin was present at the base
of the core (Table 8).

Other experiments lead to consistent results
(Table 9) with ahigher soil water content in the cylinders
containing resins. However the comparison of both
methods indicates that greater values of net N
mineralisation are observed with open cores and resins.
This difference may be partly a consequence of the
leaching by rainfal of N mineraised in the litter. We
conclude that the methods using open cores with resins at
the bottom shows rates of mineralisation consistent with
the accumulation of N in the stands and so is appropriate
to assess N minerdisation in soils at Pointe Noire.

Litter decomposition
A large proportion of organic matter (68-88%)
disappeared in 15 months, corresponding to an annual

decomposition coefficient (k) of 0.54 to 0.70. If we
assume that the decomposed parts were mainly leaves,
bark and twigs but not large branches, these results are
consistent with previous studies. In the Congo,
Bernhard-Reversat (1993) found k values of 0.61 for
leaves and 0.24 for total litter for a 10-year-old stand
of E. tereticornis x E. grandis. In Australia, Attiwill et
al. (1995) reported k values of 0.2 to 0.4 for litter in
eucalypt forests.

The rate of decomposition of the litter was
particularly high during the first six months after
harvesting: 38% (BL,) to 65% (BL,) of the slash
disappeared during this period. A similar observation
was made in Brazil (Gongalves et al. 1999b) where
34% of the litter decomposed during the first six
months following the clearcut of a 7-year-old E.
grandis stand, where the slash had been removed.
Thus, therisk of nutrient leaching is high, especially if
there is a long interval between clearfelling and
planting.

Experiment 2

Initially, treatments with burnt dlash residues had a
higher production. This starter effect can be explained
by the rapid release of nutrients by litter combustion.
Soil analyses at one year confirm the increase of base

Table 9. Soil water content and net N mineralisation in incubated 0-15cm soil layer in treatment BL, of Experiment 1

Period Covered cores Open cores + resins
Water content (%) Net mineralisation Water content (%) Net mineralisation
(kg ha”) (kg ha”)
04/01/00 - 18/01/00 5.1 -3.56 9.7 -1.92
18/01/00 - 01/02/00 10.8 249 19.1 4.20
01/02/00 - 15/02/00 6.5 5.32 11.3 6.08




J.P. Bouillet, J.D. Nzila, J.P. Laclau and J. Ranger 19

cation availability in the topsoil of the burnt treatments
(Bouillet et al. 1999), but burning also leads to aloss of
significant quantities of nutrients by volatilisation or
leaching since after three years the trees are less
vigorous. Conversely, if the litter is incorporated or left
undisturbed there is a slow and continuous
mineralisation of organic matter.

Subsoiling using three tines had a significant
positive effect during the first year. This may be
explained by a quicker organic matter mineralisation but
not by the decompaction of the interrow asthisimpact is
marked only on slash interrows. We note that a N
mineralisation increase due to litter incorporation was
also observed in a young Pinus radiata plantation
(Smethurst and Nambiar 1990). After three years, the
planting hole technique resulted in stand growth similar
to subsailing.

Conclusions

These initial results show that management of organic
matter of sandy and poor soils is of paramount
importance to ensure ecosystem sustainability. Tree
growth, but more generally soil quality, is strongly
linked to the soil organic matter content mainly through
mineral-N production. These results show that site
management is able to quickly change the soil organic
matter status.

From a practical point of view it is recommended
that the maximum quantity of slash be retained on the
site i.e. debarking and retention of the upper stem and
crown on site. Slash must not be burnt but incorporated
in the soil with a disc harrow or left undisturbed. The
first option is preferred, especialy if uncontrolled fireis
a possihility, but the ground slope must be gentle (< 2-3
%) because of high erosion risks on these soils.
Subsoiling is likely to be of little benefit.
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Effects of Site Management in Eucalyptus
grandis Plantations in South Africa

B. du Toit', L.J. Esprey’, R.A. Job', G.F. Fuller' and S.D. Dovey'

Abstract

This project investigates the effects of early, intensive management operations on stand productivity
and long-term nutritional sustainability in Eucalyptus grandis plantations. The design, layout and
objectives (including crop rotation treatment with Acacia mearnsii) are discussed. Before clear felling
the previous eucalypt crop, the stand characteristics and biomass in the various ecosystem
components were assessed. The standing volume was 147 m® hat. Biomass of stem wood, harvest
residue, forest floor, stumps and roots amounted to 124, 40, 70, 20 and 63 t ha?, respectively.
Treatment implementation (harvesting operations, slash management and re-establishment) are
described. Changes in the mass of the forest floor plus harvesting residue over time areillustrated. At
the time of planting the residue in the double slash, single dlash and burnt treatments amounted to
169, 117 and 31 t hat, respectively. Initial indications are that nutrient availability in the fertilised,
slash burnt and slash disturbed treatments is responsible for the superior growth responses recorded.

Introduction

Research conducted in hardwood plantations in South
Africa over the past 50 years has demonstrated the
benefits of early, intensive silviculture. Substantial
improvements in productivity have resulted from site
preparation (Smith 1998), fertilisation at time of
planting (Herbert and Schénau 1990, Herbert 1996, Du
Toit 1998) and management of competing vegetation
(Little 1998). Site preparation options investigated
vary from soil tillage operations where virgin land was
afforested to the management of harvesting residue in
replanted areas. Research on harvesting impacts
showed current levels of soil compaction are unlikely
to have an adverse effect on productivity on the most
common soil types used for forestry in South Africa
(Smith 1998). Soil disturbance and mixing caused by
mechanised harvesting operations may significantly
affect nutrient availability (Smith and Du Toit 1998),
however, the processes governing the magnitude of
this effect have not been quantified. There has been
research on potential effects of harvesting on the
nutrient capital in various biomass pools of hardwood
stands (Herbert and Robertson 1991), but the dynamic
processes of nutrient movement between pools have
not been studied in detail.

The impact of specific operations (harvesting or
early silviculture) on the nutrient capital and nutrient
dynamics of the site needs to be quantified. Also, since
nutrient dynamics are strongly influenced by soil water,
the interplay between water dynamics and nutrient
dynamics needs examination. These aspects form the
basis of this project.

Objectives

Short term objectives are to understand and quantify the
processes governing nutrient accretion across a range of
silvicultural management options in young tree stands,
specifically: (1) rate of macronutrient release from
harvesting residue, (2) N and P supplying capacity of the
soil, (3) rate of macronutrient uptake by trees, (4) nutrient
content and quantity of litter fall as affected by treatments,
and (5) carbon cycling and its effect on nutrient dynamics.
Also to evaluate the effects of soil water availability and
the microclimate on these processes.

1 Ingtitute for Commercial Forestry Research, PO. Box 100281,
Scottsville 3209, South Africa. Tel: +27 33 386 2314, Fax: +27 33386
8905, E-mail: ben@icfr.unp.ac.za
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Medium to long-term objectives are to: (1)
guantify changes in nutrient capital of the site due to
silvicultural and harvesting treatments, (2) quantify
changes in soil physical properties induced through
compaction and site preparation, and (3) place the
variations in nutrient and water dynamics in the broader
context, through additional measurements in a mature
eucalypt stand, a developing acacia stand and virgin
grassland.

Location and Site Description

The Karkloof experiment is located near Howick in the
Midlands of KwaZulu-Natal (KZN) province, South
Africa. Site location and climatic data are presented in
Table 1 (interpolated from various sources) and for the
Cedara Agricultural College (a weather station with

Table 1. Site location and weather data

long-term historical data, situated approximately 17 km
from the site).

Estimates of mean monthly rainfall and reference
potential evaporation from an open water surface (E;)
have been calculated for the site, using the ACRU
Model (Schulze et al. 1995). These values are presented
in Fig. 1 with the monthly value (0.3* E;) to demonstrate
the approximate duration of the water deficit period and
the ‘moisture growing season’ on the site, according to
the FAO method cited by Schulze et al. (1995). The
start of the moisture growing season is on day 244
(Julian calendar, i.e. 1 September) and the end is on day
105 (i.e. 15 April). The average duration is 226 days. A
pronounced period of water deficit prevails in the
winter months of May to August (Fig. 1). Mean
monthly minimum and maximum temperatures are
shown in Fig. 2. Light frost events occur sporadically

Site Karkloof Project Cedara Agricultural College
Latitude 29°24'S 29°32'S
Longitude 30°12'E 30°17'E

Altitude 1260 m 1067 m

Mean annual rainfall ca. 950 mm’ 877 mm

Rainfall concentration index 51%” -

Mean annual temperature ca. 156.2°C* 16.2°C

Radiation (monthly min-max) - 15.9-27.8

(MJ.m?.day")

' Mean value of seven stations recording only rainfall, located within a 5 km radius from the site with a mean recording period of 28.7 years;

2Based on the methodology of Markham (1970) as cited in Schulze (1997);

3Value estimated from adiabatic lapse rate for KZN (5°C per 1000 m increase in altitude).

Figure 1. Mean monthly values for evaporation (E,),
rainfall (P) and the value 0.3*E, (dark line) at the site (the
moisture growing season occurs where P> 0.3 E, i.e.
Sept.-April)
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Figure 2. Mean monthly minimum and maximum
temperatures at the site
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during most winters and episodic snowfalls occur in
the region on sites with altitudes over 1150 m
(Gardner and Swain 1996). Recording of climatic
data at the site started August 1998, about 6 months
prior to trial establishment.

The soils suitable for forestry are dominated by
highly weathered soils derived principally from
sedimentary rocks (shale, sandstone and mudstone),
with igneous (dolerite) intrusions. The gently
undulating terrain at the site is derived from a mixture
of dolerite and shale of the Ecca group. An area with
a relatively uniform soil profile and stand
characteristics (based on stocking and tree size
distribution) was selected for the trial. A
representative soil profile is described in Table 2. The
soil is classified as a Kranskop 1100 (FAO
classification = ferralsols). Soils in this group do not
have a well-defined macrostructure since the clay
minerals are dominated by 1:1 clays and
sesquioxides. A well-developed microstructure
ensures that the soils are stable, porous and well-
drained. The potential for P fixation is high.

Table 2. Soil characteristics at the trial site

Following the standard recommendations, coppice
shoots are reduced to two or three stems per stump when
mean shoot height is 4 m and are then reduced to one or
two stems per stump (depending on stump mortality)
when mean shoot height is 8 m (Stubbings and Schénau
1980). A spacing of 2.44 x 2.44 m was used in the
original stand giving an initial stand density of 1680
stems ha.

Experimental Design and Methods
The experimental design has been changed slightly
from the plan proposed by Du Toit et al. (1999). The
vegetation management treatments have been
grouped together in a separate trial that will be
implemented in 2000. The project is a set of
experiments, consisting of a large, replicated trial,
two satellite trials using smaller plots (for
compaction and vegetation management treatments)
as well as several additional plots (grassland, mature
eucalypt stand, crop rotation treatments, and short
rotation plots). The main E. grandis experiment is
made up of four replications of three core treatments
and the five optional treatments.

Horizon Depth of horizon Texture class Particle size analysis pH Organic
(cm) Clay (%) Silt (%) Sand (%) (KCI) carbon (%)

A 20 Clay 68 19 13 3.98 6.97

B, 40 Clay 68 14 18 4.09 3.27

B, 80 Clay 68 8 24 4.62 1.53

c 95 Silty clay 50 24 25 4.21 0.48

Stand Description

A stand of Eucalyptus grandiswas established on virgin The core treatments are:

grassland in 1964. After the initial harvest, the stumps
were allowed to coppice and were harvested three times
(1973, 1982 and 1991). The fourth and final crop from
the stumps was clear felled during the last quarter of
1998. It is common practice in the region to alow for
one or two coppice crops. It isless common to allow a
third coppice crop to grow to maturity, as was the case
on this site.

BL, Slash removed: all harvesting residue (including
bark, branches and foliage) and litter layer
manually removed from the plot.

BL, Regular dash load: harvesting residue retained
and broadcast on the plot.

BL; Double slash: material from the ‘slash removed’
plot deposited on top of existing slash.
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The optional treatments are:

BS Slash burnt: harvesting residue burnt in a
medium intensity fire.

SD  Topsoil disturbed: dash disturbed and mixed
with soil through mechanical loading and
stacking of timber with a three-wheeled |oader.

SF  Fertilised: regular dash load, followed by the
application of an NP (+Zn) mixture.

SC  Base cation replacement: regular slash load plus
gypsum and lime treatment to be implemented in
future rotations.

SX  For future use: regular slash load. No follow-up
treatment selected for this rotation to allow some
flexibility in future.

Additional treatments with the E. grandis tria that are
used to place nutrient dynamics in a broader context
include the following:

G Virgin grassland: a plot of virgin grassland.

M Mature crop: mature E. grandis coppice crop.

R Crop rotation: group of plots where Acacia
mearnsii will be rotated with eucalypts.

C Compaction: plots compacted by forwarders
during timber extraction.

W  Vegetation management: stand-alone trial with
various vegetation management treatments (to be
implemented in 2000).

E Stand density: plots with higher stand densities
on a shorter rotation span (to be implemented in
2000).

Biomass and Nutrient Pools in the Pre-
harvest Stand

The standing crop was surveyed before clear felling. The
estimated site index was 18 m (Sl - i.e. mean height of
the 20% of trees with the largest diameter at the
reference age = 5 years). During September 1998, the
areas representing future measurement plots were
located. The stem number per plot and the diameter at
breast height (dbh) of all treesin the plot were measured.
The data was used to stratify standing trees into 18
diameter classes weighted by frequency per hectare.
Sample trees were selected from the midpoint for each
class, felled, debranched and crosscut into 2.5 m
sections. A wood and bark disc was taken from each
section to determine moisture content and to develop a
taper equation for the stems. Bark was removed from the
stem sections with thin end diameter > 7 cm over bark.
Leaves and fruits (capsules) were removed from the
branches. Tree biomass was divided into the following
components. stem wood (debarked) for each 2.5 m
section, stem top with bark (i.e. the section of the main

leader < 7 cm diameter over bark), dead branches, live
branches > 3 cm diameter, branches < 3 cm diameter,
bark from logs > 7 cm diameter, leaves and capsules of
the current growing season, leaves and capsules older
than the current season. This separation was made easy
by the fact that old capsules had opened and young
capsules not. All samples were weighed fresh in the
field, and representative subsamples collected for
moisture and nutrient content determinations. Leaf areas
of subsamples with known mass were determined by
scanning with a LiCor(tm) Model LI 3100 Area Meter.

Three stumps with their root systems were
excavated to estimate root and stump mass and to obtain
samples for nutrient content determination. An area
representing the spacing (2.44 x 2.44 m) was marked
around each of the stumps. Soil was excavated at: 0-20,
20-60,and 60-100 cm (the bottom end of the deepest
layer graded into weathered rock). Four core samples
were taken per layer to determine root (< 10 mm
diameter mass. The stump and al roots greater than 10
mm diameter were sampled per layer, split into coarse
and medium fractions (greater and smaller than 10 cm
diameter, respectively), airdried and weighed.
Subsamples were taken for moisture and nutrient
content determinations.

Pre-harvesting Preparations (November
1998)

Samples of forest floor were taken with a ring
sampler of 30 cm diameter. They were separated into
coarse (> 10 mm) medium (2-10 mm) and fine (< 2 mm)
fractions, and weighed. The fine and medium fractions
contained some soil and hence, the ash-free dry mass of
each sample has been reported. In the BL, (Slash
removed) treatments, the bulk of the freshly fallen (L)
layer was manually raked up into piles and transferred to
the BL, (double slash) treatments. Old tree stumps were
treated with herbicide (glyphosate/triclopyr mix)
between one and 14 days before clear felling (the ‘basal
frill treatment’ described by Little et al. (2000)).
Coppice regrowth was not desirable as it would have
necessitated several coppice control operations and
would have altered the nutrient dynamics on site.
Harvesting and Slash
Treatments

Experimenta treatmentswerelaid out in December 1998.
Plots were demarcated and all trees felled by chainsaw
and debarked manualy. Logs were stacked in rows
outside the plots. In the SD treatments, a three-wheeled
loader with grapple was used to pick up al logs. This

Management
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operation mimicked a loading operation since the loader
travelled in a zigzag fashion across virtualy the entire
plot (only the borders of the outer plots were not
impacted). The forwarder (25 t) was only alowed to
travel in a predetermined path on the outside of the two
lines of stacked timber. No vehicular traffic was allowed
in the plots, except for the topsoil disturbed treatments. In
the slash removed treatments the harvesting residue was
raked up and transferred to the double dlash treatments.
Internal firebreaks were cleaned between replications as
well as around the plots where the slash was burnt. The
dash was burnt in one medium intensity fire.

Re-establishment, Fertilisation and Weed
Control

Improved seeds of E. grandis were collected from trial
EB 011K, of Sappi (Pty) and seedlingswereraised inthe
ICFR nursery. The original spacing was maintained
when the site was pitted for replanting because optimum
economic returns on low productivity sites (such as the
trial site) can be obtained with a final stocking of 1400-
1500 trees ha!. Acacia mearnsii seedlings from
genetically improved stock were used in crop rotation
plots. The acacias were planted at a high stocking (2560
stems hat) to accommodate for mortality, possible frost
damage, browsing by buck, and to permit a light
thinning. Eucalypt seedlings were planted on 3-4
February 1999, following substantial rains (45 mm
during 1-3 February). A drench, consisting of 0.5 ml of
Deltamethrin (5% suspension concentrate) in one litre of
water, was applied to seedlings at planting to prevent
problems with insect pests. Acacia seedlings were
planted on 9 February 1999. Eucaypt mortaity rate
was assessed at 20 and 43 days after planting and dead
trees replaced (blanked). Blanking amounted to 2.5%
overall. Eucalypts were fertilised with 90 g of mono-
ammonium phosphate (MAP + Zn) per tree (16.6 kg N
+ 33.2 kg P and 1.1 kg Zn ha'). The acacias were
fertilised with 76 g concentrated superphosphate per tree
(39.2 kg P ha'). The fertiliser was applied as a spot
treatment 15 cm from the seedling. Fertiliser application
rates were based on recommendations by Du Toit (1995,
1999).The few coppice sprouts were removed manually.
Weeds were controlled once in the first nine months
after planting by spot-spraying with glyphosate.

Slash Decomposition and Nutrient
Availability

Two sets (each consisting of three bulked samples) of
harvesting residue plus forest floor (hereafter called
slash) were collected at three-monthly intervals from

each plot in the burnt, double slash and single slash
treatments (eight bulked samples per treatment per
sampling). To alow for differences in nutrient content
due to differences in degree of decomposition, the
samples were separated into fine, medium and coarse
fractions. After sieving, each fraction was oven-dried,
weighed and analysed for macronutrient content.

The nitrogen mineralisation rate was determined
quarterly (Raison et al. 1997) incorporating some
modifications suggested by A.M. O'Connell, CSIRO,
Australia (personal communication). The principal
modification was that the uncapped core used to
estimate leaching losses was omitted. Topsoil samples
were also collected quarterly (using soil cores) to study
the fluctuations in soil organic C and plant-available P

Tree Growth, Leaf Area Development and
Nutrient Uptake

Height of all trees in the measurement plots was
measured every three months.. The following
measurements are taken each six weeks from 16 trees
per plot: height (Ht), crown diameter (CD), live crown
length (CL), and ground level diameter (GLD). Biomass
index (BI) of individual trees were calculated as a non-
destructive measure of tree performance (Eccles et al.
1997) using the formula:

Bl = mean Ht x (GLDg)* x stocking (where GLD,, is the
guadratic mean diameter).

Leaf surface index (LSI) (modified from the method of
Shiver and Knowe 1990) was calculated as CD x CL.

Four trees per treatment were selected for
destructive sampling at quarterly intervals. These
samples were divided into foliar and woody components
and weighed. Subsamples were taken for nutrient and
moisture content and leaf area determinations.

Climatic Variables and Soil Water Contents
An automatic weather station (AWS), installed in July
1998 on a farm 2 km north of the trial, records the air
temperature, relative humidity, solar radiation, rainfall,
wind speed and direction. The data logger attached to
the AWS has been programmed to calculate reference
evaporation from a short grass surface, using the
Penman-Monteith equation (Monteith 1965). Through
the use of suitable crop coefficients, E, can be
transformed to an equivalent E, for E. grandis. An
additional rain gauge has been installed in the
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grassland plot on the trial site for purposes of
comparison with the AWS.

The water retention characteristics data are being
determined using undisturbed soil cores. Variationsin
soil water content (SWC) are monitored through a
network of loggers and sensors. Instrumentation using
frequency domain reflectometry (FDR) technology
was installed during February and May 1999 and
comprises two CR10 loggers and 15 CS615 soil water
sensors. These sensors have been placed within the
BL,, BL,, SB and SD treatments, in two of the four
replications, and measure the SWCs at a depth of 0.15
m. Variationsin soil water content in the deeper layers
are currently monitored on weekly intervals with a
neutron moisture meter.

Results

Characteristics and Biomass of the Stand
before Harvest

The mean stocking at harvest was 1461 stems ha* from
1306 stumps ha', an average of 1.1 stems stump™.
Sample tree height was regressed against dbh as:

Ht = 24.25 - 27.75 x 0.8860®"
variance accounted for = 92.5%)

(n=18; se =0.72

The mean dbh of the stand was 134 mm in the
seven year-old stand (Figure 3) and the estimated top
height 21.1 m (mean height of the 20% of trees with
greatest dbh). Basal area was 23.3 m? ha' and the
utilisable timber volume 147 m® ha*. The stand had a
leaf areaindex of 3.2.

Figure 3. Diameter class distribution of the stand
before harvest
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The biomass of components is shown in Table 3.
Nutrient content analyses of the biomass components
have not been completed. The mass of aboveground
components was dightly lower than that of another E.
grandis crop of similar age grown on a comparable site
(Herbert and Robertson 1991). This was probably
because the stand in this study is fourth coppice
compared to the stand used by Herbert and Robertson
(1991) which was based on trees grown from seedlings.
The litter accumulation under the stand was large (70 t
ha') and this is assumed to be primarily due to the cool
climate of the site and associated slow decomposition
rate. The amount found in this study is high compared to
tropical plantations (O’ Connell and Sankaran 1997).

Table 3. Mass and distribution of biomass of the
standing crop
Components Dry mass (t ha™)
Standing Bark 9.0
crop Branches 23.7
Capsules 2.8
Leaves 4.7
Total potential residue 40.1
Stem wood 83.2
Total standing crop 123.3
Forest Coarse fraction (> 10 mm) 26.2
floor Medium fraction (2-10 mm) 18.9
Fine fraction (< 2 mm) 25.2
Total forest floor 70.3
Stumps  Old stumps (above ground) 19.5
Roots Coarse roots (> 100 mm @) 41.7
Medium roots (10-100 mm @) 21.5
Total roots > 10 mm 63.2
Total Standing crop + roots + stumps 206.0
biomass Standing + roots + stumps + litter 276.3

The root biomass was 30% of the total biomass,
which exceeds the range of 4-11% for tropical plantation
species given by Vogt et al. (1997) by a large margin.
Two factors may have contributed to this: (1) the age of
the root system is 34 years and that of the pre-harvest
coppice crop is 7 years, and (2) the bulk of the entire
root system that has roots > 10 mm diameter has been
excavated at each sampling since the excavation
extended into the weathered rock in each case. This
differs from most studies where the soil depth is much
deeper than the zone of root sampling.
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Early Growth of Replanted Trees

The development of tree height, ground level diameter,
leaf area index and biomass index is shown graphically
in Fig. 4 (a,b,c,d). Based on biomass index, leaf area
index and ground level diameter measurements
treatment effects can be ranked in the following
(increasing) order:

1. Slash removed

2. Regular slash and double slash

3. Slash disturbed and slash burnt

4. Fertilised

It is difficult to interpret these results at this stage
as the results of N mineralisation rate and plant-
available nutrients are till being processed. The growth
in the dlash-removed treatment (BL ) was very poor, al
parameters growth had decreased from the other
treatments as early as 40 days after planting (Fig. 4
a,b,c,d). Thisgrowth reduction does not appear to be due
to lack of soil water for the following reasons. the
topsoil in both slash-removed treatment and burnt plots

was exposed after treatment. During the water deficit
months (Fig. 1) the volumetric soil water content at a
depth of 15 cm in these two treatments was similar (data
not shown), but the growth responses were very
different. The main reason for the poor growth in the
BL, treatment is likely to be due to low nutrient
availability. Despite the exposed surface, there was
hardly any we