
Abstract
Impacts of site management practices on the productivity of Eucalyptus tereticornis

and E. grandis in industrial plantations have been investigated at four forest sites in

Kerala State, southwest India. Management practices studied were: (1) harvest residue

management; (2) nutrient additions; (3) weed control; and (4) legume cover cropping.

Significant removal of nutrients from eucalypt plantations occurs through harvest of

wood and removal of other aboveground biomass. Conservation of nutrients on site

through retention of harvest residues and/or nutrient addition will be required to

ensure sustained productivity. Retention of harvest residues had no effect on soil total

C, N and P at 2 years after establishment. Tree growth did not respond to residue

management or legume cover cropping at any of the sites at 4 years, but was significantly

enhanced at 2 sites by N application, and at 1 site by P application. Weed control

resulted in productivity increases at the E. tereticornis sites. There is a major opportunity

for improving productivity of eucalypt plantations in Kerala through adoption of intensive

management practices.
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Introduction
Eucalypt plantations occupy 4.8 million ha across

India and represent about 25% of the country’s

plantation estate (FAO 2000). They are increasingly

important for the supply of industrial wood and

fuel wood in the country, because timber

harvesting from native forests has been declared

illegal. In Kerala, the area under eucalypt

plantations is approximately 40 000 ha. The two

major species are Eucalyptus grandis Hill ex

Maiden and E. tereticornis Sm. Eucalyptus
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tereticornis is grown at lower elevation (<500 m

asl) on the undulating coastal plains and E. grandis

at higher elevation (500-2000 m asl) in the

Western Ghats. Productivity of these plantations

is low, averaging less than 10 m3 ha-1 yr-1, and has

been declining over successive rotations at many

sites. Many other regions in India also have

relatively low eucalypt plantation productivity,

and have had declining production over multiple

rotations. Currently, eucalypt plantations supply

only about one-third of the annual demand of
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Kerala’s paper and pulpwood industries (Jayaraman

and Krishnankutty 1990). Kerala State has limited

land available for increasing the area under

plantations, but has a high demand for eucalypt

pulpwood (350 000 t yr-1). Thus it is imperative

that the productivity of the plantations should

be improved and sustained.

Soils under eucalypt plantations in Kerala

generally have low nutrient status (Balagopalan

and Jose 1983, 1986, Sankar et al. 1988, Ghosh

et al. 1989). Successive rotations of plantations

at the same site with minimal inputs, use of

poor quality planting stock, weed competition

and detrimental management practices (eg,

burning of harvest residues), contribute to the

low productivity. Water stress experienced in

some areas  (Kallarackal and Somen 1997) and

the incidence of fungal diseases are also factors

limiting growth of eucalypts in the region

(Sharma et al. 1985).

Long-term studies have shown that management

practices aimed at conservation of soil organic

matter and improved soil nutrient status can

contribute to sustainable productivity (Nambiar

1996, Tiarks et al. 2000). The present study

applied these principles in a tropical monsoonal

environment to maximise productivity of forest

plantations. It aims at manipulating site organic

matter, nutrients and available water so as to

optimise resources for improving productivity

from eucalypt plantations. Data on total

aboveground biomass and nutrients and organic

matter turnover have been reported previously

(Sankaran 1999, Sankaran et al. 2000). In this

paper we report on: (1) tree crop biomass,

nutrient stores and nutrient export at harvest;

(2) impact of harvest residue management on soil

nutrient stores; and (3) effect of harvest residue

management, nutrient additions, weed control,

and legume cover cropping on tree growth at

age 4 years, which is approximately half of the

typical rotation length of 7 years.

Location, Climate and Site
Description
Kerala State is located in southwest India between

latitudes 8-13oN and between the Arabian Sea

and the Western Ghat mountain ranges. A detailed

account of the climate of the experimental sites

has been provided (Sankaran 1999, Sankaran et

al. 2000). The climate is tropical warm humid

monsoonal, with two monsoon periods. The

southwest monsoon, the main monsoon, starts in

early June and extends until October. The

northeast monsoon brings occasional rains from

December to February. The dry season begins in

March and continues through May. Average rainfall

is 3000 mm (range 2200-3600 mm) spread over

120 rainy days. Mean atmospheric temperature is

27oC (range 20-42oC) and relative humidity ranges

between 64% (February-March) and 93% (June-

July) (Menon and Rajan 1989). The geographical

position, altitude, rainfall and selected

characteristics of the study sites are given in Table 1.

There are four study sites, two each planted with

E. tereticornis and E. grandis. At all sites, the

parent material of soils was saprolite or saprolitic

colluvium derived from Precambrian granites and

gneiss. These igneous and metamorphic rocks

contain abundant ferro-magnesium minerals

that contribute to the chemical fertility of sites

where rocks are present at shallow depth or in

outcrops. Most soil profiles contained a ferralic

B horizon (FAO 1990). The soils are broadly

classified as ferralsols, details in Sankaran et al.

(2000). The two E. tereticornis sites

(Kayampoovam and Punnala) are located in the

foothills adjacent to the coastal plain. These sites

were originally under degraded moist deciduous

forests, with the first plantation crop planted in

1977. Trees were first harvested in 1991 and the

first coppice crop (second rotation) was

harvested in early 1998. The two E. grandis sites

(Surianelli and Vattavada) are located in the high

ranges of the Western Ghats. Surianelli was a

grassland (mainly composed of Chrysopogon sp.)

before planting with E. grandis in 1968. After

three rotations of the first crop, the site was

replanted in 1991. The study site at Vattavada

was planted with E. grandis in 1958 after clearing

a natural semi-evergreen forest. The trees were

clearfelled after three rotations of the crop and

replanted in 1991. Stands at both the sites were

harvested in May-July 1998 as a part of this

study.
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Experimental Design
Following harvesting of stands, 5 or 6 experiments

were established at each of the sites during June-

September 1998. Each experiment is in a

randomised block design with 3-6 treatments and

four replicates. The plot size is 20 x 20 m, tree

spacing 2 x 2 m with 100 trees per plot (36

measurement trees). At Kayampoovam 18 x 18 m

plots were used due to restricted available area

(retaining the same spacing). E. grandis grew

rapidly and canopies closed early at both sites,

so stands were thinned to 1667 stems ha-1 in May-

June 2000. For a detailed description of the

experiments see Sankaran et al. (2000). In

summary, the core experiments included: (1)

manipulation of harvest residues; (2) use of inter-

row legumes as cover crops (at the two E.

tereticornis sites); (3) conservation of soil and

water using trenching; (4) weed control; (5)

nutrient addition (application of N and P with

basal addition of other major and minor

nutrients); and (6) a tree spacing (833, 1250, 1667

and 2361 stems ha-1) experiment was established

at the two E. grandis sites when they were at

age 2 years.

The harvest residue management study includes

six treatments viz., BL0, BL1, BL3, L (leaf residue

only retained) BS (Burn-BL1 residues burnt) and B

(burn without added starter fertiliser). All

treatments except B received a starter fertiliser

(100 g N:P:K 17:7:14) in two doses at planting

and three months later.

In the N addition experiment, five rates of N

(as urea at: N1-0 kg, N2-18 kg, N3-60 kg, N4-

187 kg, N5-375 kg N ha-1yr-1) were applied in the

first two years. Another application was made in

the 4th year after establishment, at 50% (E.

tereticornis) and 33% (E. grandis) of the original

rates. In the P addition experiment, five rates

of P (P1-0 kg, P2-6.3 kg, P3-21 kg, P4-63 kg,

P5-131 kg P ha-1) were applied as superphosphate

in the first two years. In both experiments, the

trees received a basal dressing of other major

and minor nutrients. Basal dressing of P in the N

experiment was equivalent to the P4 treatment,

and basal dressing of N in the P experiment was

equivalent to the N4 treatment.

The weed control study had 3 weeding

treatments: (1) no weed control except around

the tree base (NW); (2) 1 metre strip weed control

along the tree rows (SW); and (3) complete weed

control (CW). The effects of a legume understorey

on tree growth and soil properties were examined

at the lowland E. tereticornis sites, where the

perennial Mucuna bracteata DC. and Pueraria

phaseoloides (Roxb.) Benth. and the annual

Stylosanthes hamata Taub. were established.

Additional phosphorus fertiliser (42 kg P ha-1) was

applied to all plots in the legume experiment.

Experimental Details

Tree Biomass and Nutrient Content
Before harvesting the stand, DBH (diameter at

breast height - 137 cm) of all trees at each site,

was measured. At each site, 6-8 trees

representing the range in DBH were harvested

to determine the tree biomass and nutrient

content. Total height, height at the base of the

crown and stem diameter at different heights

(over and under bark) were measured and trees

separated into leaves, branches (<1 cm, 1-3 cm

and >3 cm diameter), stem wood and stem bark.

Subsamples of each component were dried at

70oC and weighed to determine the biomass of

tree components. Subsamples were ground and

analysed for N, P, K, Ca and Mg. Biomass and

nutrient content of the trees at each site were

calculated on a dry-weight basis by relating DBH

of trees to component dry-weight or nutrient

content using allometric functions. Biomass of

understorey and forest floor was determined by

sampling in randomly placed quadrats. These

were also used for nutrient content

determinations (Sankaran et al. 2000).

Soil Sampling
Soils at each site were described using two 1 m

deep soil pits. Soils were sampled using stainless

steel corers. Two replicate soil cores were taken

about 0.5 m from the face of each pit. Soils were

analysed for total C, N and P, and exchangeable

K, Ca and Mg (Rayment and Higginson 1992).

Surface soil samples (0-10 and 10-20 cm) were

sampled within each experimental plot in May
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Table 1.  Selected characteristics of the experimental sites (from Sankaran et al. 2000)

Results

Pre-harvest Stand Characteristics
Figure 1 shows the distribution of stem density

and standing biomass with diameter class at each

of the sites. At Vattavada the original stand density

of E. grandis was relatively high (3897 stems

ha-1), but most stems were relatively small, with

2-4 cm the most populated class (Fig. 1d). The

largest proportion of total tree biomass was in

trees in the 16-18 cm diameter class. The other

sites had lower stand densities, and the maximum

proportion of trees was in diameter classes 8-10

cm at Kayampoovam and Punnala and 6-8 cm at

1998 to provide base-line soil chemical

characteristics of the applied harvest residue

treatments. Annual sampling of soil from selected

treatments is being conducted in July-September

each year to evaluate impacts of treatments.

Tree Growth
Tree stem diameter and height were measured

regularly. Stem volume (v) was calculated as the

volume of a cone according to the equation:

, where r was the radius at the tree at

ground level (predicted from the diameter

measured at breast height) and h was the height

of the tree.

10o41’ N 9o06’ N 10o02’ N 10o08’ N

76o23’ E 76o54’ E 77o10’ E 77o15’ E

120 150 1280 1800

2700 2000 3000 1800

5.3 5.1 4.8 5.3

21.5 43.6 40.9 52.3

1.83 2.89 2.49 4.50

1355 972 1056 3897

12.9 7.3 10.3 33.7

Soil texture Coarse sandy Sandy loam Fine sandy Silty clay loam

light clay to to clay loam light medium to medium clay

medium clay clay to sandy loam

Surface soil properties (0-10 cm)

pH (1:5 H2O)

Organic C (mg g-1)

Total N (mg g-1)

Original plantation

Density

(stems ha-1)

Basal area

(m2 ha-1)

Latitude

Longitude

Altitude (m)

Rainfall (mm yr -1)

Kayampoovam      Punnala Surianelli Vattavada

E. tereticornis E. tereticornis E. grandis E. grandis

     Site and plantation species

Table 2. Total soil stores of organic C and nutrients to 1.0 m at each of the sites. Standard error of the

mean is in brackets

Kayampoovam E. tereticornis 106 (4) 9.0 (0.4) 8.76 (0.92)

Punnala E. tereticornis 141 (15) 9.3 (1.4) 2.91 (0.88)

Surianelli E. grandis 296 (30) 15.9 (4.6) 5.22 (0.72)

Vattavada E. grandis 215 (34) 16.2 (1.4) 8.58 (0.46)

Location Species C N P

                      (t ha-1)
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Figure 1. Tree number and aboveground biomass in relation to stem diameter class distribution at the

four study sites

Surianelli. Punnala had the lowest stand density,

and it also had fewer trees in the largest diameter

classes (14 cm) than the other sites.

The majority of the aboveground standing

biomass at each site was in the stem wood (Fig.

2a). However, wood had the lowest nutrient

concentrations, so that the proportion of nutrients

in the other components was high relative to

their weight. Stem wood had 22-47% of the tree

N, 38-54% of P and 38-44% of K, and 15-27% of

both Ca and Mg. Leaves were the largest store

of N at the highland sites whilst stem bark was

the highest store of Ca and Mg across all of the

sites in both species (Fig. 2b-f).

Soil Organic Carbon and Nutrients
Concentration of organic C and N in soil decreased

with depth (Fig. 3), but changes in P

concentration with depth were small. Highland

sites (Surianelli and Vattavada) had higher organic

C and total N than the lowland sites, especially

at depth (Table 2, Fig. 3). Total cumulative N to

1 m depth at the two highland sites (average

16 t ha-1) was close to double that at the lowland

sites (average 9 t ha-1). Soils at Kayampoovam

had relatively low C and N but relatively high P

in the surface soil, compared to Punnala. The

Vattavada site had high P concentrations but

relatively low C concentrations at depth,

compared to Surianelli.

Biomass and Nutrient Export
Following Harvest
Removal of biomass and nutrients was evaluated

for two scenarios: (1) harvest of stem wood only;

and (2) harvest of all aboveground biomass from
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Figure 2. Partitioning of (a) biomass, (b) nitrogen, (c) phosphorus, (d) potassium, (e) calcium, and (f)

magnesium between the leaves, branches, stem bark and stem wood components of the tree

crop at Kayampoovam (E. tereticornis), Punnala (E. tereticornis), Surianelli (E. grandis), and

Vattavada (E. grandis).  Bars show standard error of the mean



67K.V. Sankaran et al.

Figure 3. Concentrations of (a) soil organic carbon, (b) total soil nitrogen, and (c) total soil phosphorus

in relation to depth (samples collected in 2000)

the sites (Tables 3 and 4). The second scenario

occurs at some locations where wood is harvested

and harvest residues, understorey and forest floor

litter are collected by local people for firewood.

Burning of residues is also a common practice as

a part of site preparation for planting. Annual

production of dry stem wood was 6.6, 3.5, 4.4

and 16.5 t ha-1 yr-1 for Kayampoovam, Punnala,

Surianelli and Vattavada respectively. If the

stemwood only was harvested at the end of the

seven-year rotation, 24-115 t ha-1 yr-1 wood (Table

3) and 24-77 kg ha-1 of N (Table 4) would be

removed from the site. However, if all the

aboveground biomass were harvested, removal

of N would be 247-358 kg ha-1 which is equivalent

to an average of 2.6% of total site pools (soil and

tree) down to 1 m depth. Removal of P under

the same conditions would be 20-56 kg ha-1, equal

to a mean of 0.6% of total site pools.

Quantities of total C, N and P in soil were much

higher than those found in the aboveground

biomass. However, the quantities of K, Ca and

Mg in the aboveground biomass were relatively

high proportions of the stores of exchangeable

nutrients in the top 1 m of soil (Table 4).

Impact of Harvest Residue
Management on Nutrients in Surface
Soil
Changes in soil chemical properties have been

monitored annually in the harvest residue

management plots. The most recent results

(August-September 2000, Fig. 4) showed few

significant effects of harvest residue treatment

on total C, N and P.

Tree Growth in Response to Harvest
Residue Treatments
Residue management had no significant effect on

tree growth at 4 years at all sites (Table 5). An

earlier trend with higher growth in the BS

treatment, apparently due to an increase in

available nutrients due to ash additions following

burning, was not significant at 4 years.

Tree Growth in Response to Nutrient
Additions
Addition of N significantly increased growth of

E. tereticornis at Punnala (p<0.05, Fig. 5) and E.

grandis at Surianelli (p<0.01). Significant growth

increases were also found with P addition at
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Table 3.  Removal of biomass under two harvest regimes

Kayampoovam (E. tereticornis) 46 82

Punnala (E. tereticornis) 24 51

Surianelli (E. grandis) 31 67

Vattavada (E. grandis) 115 155

Mean 54 89

                 Harvest regime

Stem wood only All aboveground biomass

                       (t ha-1)

Location and species

Table 4. Removal of nitrogen, phosphorus, potassium, calcium and magnesium under two harvesting

regimes at age 7 years

Numbers in brackets show the net amount exported (%) as a proportion of total nutrient stores aboveground plus soil

stores of total N and P and exchangeable cations to 1 m depth.

N 72 (0.8) 358 (3.8)

P 19 (0.2) 56 (0.6)

K 83 (10.0) 334 (40.1)

Ca 83 (1.0) 627 (7.2)

Mg 11 (0.6) 89 (5.0)

N 45 (0.5) 247 (2.6)

P 3 (0.1) 20 (0.7)

K 35 (5.6) 175 (27.9)

Ca 46 (4.2) 349 (31.6)

Mg 3 (0.7) 72 (14.8)

N 24 (0.1) 344 (2.1)

P 12 (0.2) 39 (0.8)

K 38 (7.7) 205 (41.2)

Ca 58 (5.9) 674 (68.3)

Mg 9 (3.1) 116 (41.1)

N 77 (0.5) 338 (2.1)

P 12 (0.1) 38 (0.4)

K 105 (3.5) 358 (11.8)

Ca 167 (1.5) 882 (7.8)

Mg 19 (1.0) 102 (5.3)

N 54 (0.5) 322 (2.6)

P 12 (0.2) 38 (0.6)

K 65 (6.7) 268 (30.3)

Ca 88 (3.1) 633 (28.7)

Mg 11 (1.3) 95 (16.5)

Kayampoovam

Punnala

Surianelli

Vattavada

Mean

Site Nutrient                     Harvest regime

Stem wood         All aboveground biomass

           (kg ha-1)
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Table 5. Growth at age 4 years in the slash management experiments. Treatment differences were not

found at any of the sites

Kayampoovam E. tereticornis 752 6.3 72.4

Punnala E. tereticornis 815 6.6 57.7

Vattavada E. grandis 982 9.4 208.1

Surianelli E. grandis 633 6.3 97.1

Site Species Height (m) DBH (cm) Volume (m3 ha-1)

Figure 4. Influence of harvest residue management on total soil (a) carbon, (b) nitrogen, and (c)

phosphorus in the surface 0-5 cm soil at 2 years after establishment. ANOVA significance

levels (*: P<0.05, **: P<0.01) shown where treatment differences were significant

Figure 5. Stand growth response to nitrogen application at age 4 years. Bars represent LSD (p=0.05)

where treatment differences were significant
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Figure 6. Growth response to phosphorus application at age 4 years. Bar represents LSD (p=0.05) where

treatment differences were significant

Punnala (p<0.05, Fig. 6). A small response to N at

Kayampoovam (E. tereticornis) and Vattavada (E.

grandis) and responses to P at Vattavada and

Surianelli observed at 18 months were not

significant at 4 years. The largest response to N

was in E. grandis at Surianelli, where application

of N at the highest rate increased stand volume

by 66 m3 ha-1 at age 4 years.

Tree Growth in Response to Weed
Management
Biomass of weeds at the sites was determined

periodically. Biomass of weeds estimated in

August-September 1999 showed a relationship

with tree growth at 4 years (Fig. 7). The

relationship was significant at both E. tereticornis

sites but early responses at the E. grandis sites

had become non-significant by 4 years. Trees in

the complete weeding treatment (CW) had

significantly higher growth rates (p<0.01)

compared to the no weeding (NW) and strip

weeding treatments (SW) at Kayampoovam and

Punnala (Fig. 8).

Tree Growth in Response to Legume
Cover Cropping
Stylosanthes and Mucuna plants grew well from

the start of the experiment at both sites, but

Pueraria establishment was initially poor, with

significant biomass only produced after resowing

in May 1999 (12 months after tree establishment).

Dry matter production peaked after the main

monsoon period (June to August) and was at its

lowest during the dry period prior to the

monsoon. Stylosanthes produced the highest

biomass, with a peak of approximately 6 t ha-1 at

both sites in the first 2 years. Mucuna had a lower

biomass, with a maximum of approximately 2 t ha-1

at both sites. The response of Pueraria differed

between the sites, with a relatively high biomass

at Kayampoovam at 15 months (4.6 t ha-1), but a

lower biomass at Punnala until after 24 months.
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Although the eucalypt overstorey had reached

near-maximum leaf area by 24 months, E.

tereticornis has a relatively open canopy, and

there was adequate light for continued legume

growth after that time.

Although there were early trends for depression

in growth of the trees at both Kayampoovam

and Punnala (Fig. 9), the only significant effects

were at 18 months at Punnala, where tree volume

was significantly lower in the Mucuna (29% growth

depression) and Stylosanthes treatments (20%

depression), compared to the control. After 18

months, the absolute differences between

treatments and control reduced, and were minimal

(not significant) by 4 years. Legume intercropping

may have a useful role in plantation management

if it has longer-term impacts on sustainability (not

yet shown in this study), or if the land resource

can be used for dual purposes such as animal

production as well as wood products.

Discussion
Surianelli (E. grandis) and Punnala (E.

tereticornis) had the lowest productivity in the

previous rotation, whilst Kayampoovam (E.

tereticornis) and Vattavada (E. grandis) had

higher productivity. Productivity at sites other

than Vattavada was generally lower than reported

for eucalypt plantations elsewhere (O’Connell et

al. 2000, Spangenberg et al. 1996, Ares and Fownes

2000). Generally low productivity on these sites

is attributable to poor genetic stock, minimal

nutrient input and competition from weeds. The

four sites are representative of areas where

eucalypts are grown in Kerala. Soil at the

Vattavada E. grandis site had relatively high

concentrations of most nutrients while Punnala

and Surianelli had relatively low concentrations.

Kayampoovam had high concentrations of P but

low concentrations of organic C and total N. In

the previous rotation, biomass production across

sites was generally related to soil nutrient levels,

with the highest production of stemwood at

Vattavada followed by Kayampoovam.

Figure 7. Tree growth at 4 years in relation to weed biomass at 1 year. Bars represent least significant

difference (p=0.05) between weeding treatments in the tree biomass at each site
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Figure 8. Tree growth in response to weed management at age 4 years. Bars represent LSD (p=0.05)

where treatment differences were significant

Figure 9. Stem volume relative to untreated control in legume experiment. * Denotes significant treatment

effect at 18 months at Punnala (p<0.05)
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In Kerala, much of the aboveground biomass is

removed after harvest. Stem wood is removed

for pulping, whilst local villagers remove bark,

branches and twigs for fuel. Understorey and leaf

residues are also often removed for green

manuring of agricultural crops or for fuel. Any

remaining residues or understorey material are

routinely burnt during site preparation for the

next rotation. These practices result in significant

losses of nutrients from the site. For example,

removal or burning of all aboveground biomass

would result in loss of up to 247-358 kg ha-1 of N

and 20-56 kg ha-1 of P at our sites. This loss will

not be replaced by atmospheric or weathering

inputs during the rotation. The harvest residue

material contains 1.6-3% of the total site pools

of N and the equivalent of up to 34%, 60% and

38% of the site pools of extractable K, Ca and Mg

respectively. Thus, retention of residues will

contribute significantly to maintenance of site

nutrient capital (Xu et al., Hardiyanto et al.,

O’Connell et al. these proceedings). The impact

of harvest residue management on tree growth

and stores and fluxes of soil nutrients is likely to

be most significant in nutrient-poor soils

(O’Connell et al. these proceedings). The harvest

residues may also play an important role in

moderating the fluxes of mineral N during the

inter-rotation phase, and early in the rotation

(Aggangan et al. 1999, O’Connell et al. these

proceedings).

Despite the relatively large nutrient losses

caused by slash removal, the effect of retaining

harvest residues on tree growth was minimal at

4 years at all sites, and there were no significant

effects on the concentrations of total soil C, N

or P at 2 years. This result was similar to that

found early in the rotation for E. globulus in

southwestern Australia (O’Connell et al. 2000) and

for Acacia mangium in South Sumatra, Indonesia

(Hardiyanto et al. these proceedings). Marked

growth responses due to slash retention have

been obtained for E. urophylla plantations in

Guangdong Province, China (Xu et al. 2000, Xu

et al. these proceedings), Pinus plantations in

Queensland (Simpson et al. 2000 and Simpson et

al. these proceedings), E. grandis in Brazil

(Goncalves et al. these proceedings), E. globulus

in SW Australia (O’Connell et al. these

proceedings) and for Chinese fir plantations in

Fujian Province, China (Fan et al. these

proceedings). The lack of growth response may

be attributed in part to the nutrients applied at

the establishment of the experiment. Trees in all

treatments, except the burn-only, received starter

fertiliser (42 kg ha-1 N, 18.5 kg ha-1 P) which

resulted in increases in tree growth at most sites.

The shape of the P response curve at Punnala

suggested that more than 60 kg P ha-1 was required

for maximum growth. Likewise, growth could be

maximised by applying 60 kg of N ha-1yr-1 at the

least responsive sites (Kayampoovam and

Vattavada), but more fertiliser than this would

be required for maximal gains at Surianelli and

Punnala. Hence, some of the initial nutrient

requirement would have been supplied by the

starter fertiliser, reducing the likelihood of

showing growth differences due to harvest

residue removal. Conservation of site resources

through retention of residues is likely to have a

greater effect on long-term productivity and

sustainability as demands on site nutrient reserves

increase (O’Connell et al., Hardiyanto et al. these

proceedings).

Significant tree growth responses to nutrient

addition indicated that there are good prospects

for increasing productivity at some sites through

fertiliser inputs. However, we observed variable

responses amongst the four sites to N and P

applications ranging from no growth increase to

up to a 70% increase in standing volume.

Enhanced tree growth in response to fertiliser

applications was also reported by Xu et al. (these

proceedings) for E. urophylla in China. In South

Sumatra, Indonesia, application of N, K and Ca

fertilisers had no significant influence on growth

of Acacia mangium at 1.5 yr whereas application

of P improved tree growth significantly

(Hardiyanto et al. these proceedings). The

challenge for future research will be to identify

soil and plant chemical characteristics that can

be used as diagnostic indicators of the likely

response of trees to added nutrients.

Initial growth depression found in the legume

treatments at 18 months at Punnala was probably

due to competition for nutrients between the

trees and legume understorey but this effect
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disappeared after 18 months, and there was a

consistent trend from then until the 4-year

measure of improving growth compared to that

in the control treatment at Punnala. Although

differences between treatments were not

significant at the 4-year measure, the trend is

diverging, and effects of legume cover cropping

may become more apparent with time. This

effect may be associated with nitrogen fixation

by the legumes, and subsequent enhanced supply

of N to the trees at Punnala, where significant

responses to N fertiliser were obtained. The

trees at Kayampoovam did not respond to

nitrogen fertiliser, thus explaining the lack of

response to legume treatment at that site.

Similarly, Simpson et al. (these proceedings),

found no improvement in tree growth and N status

of soil when hybrid pine was intercropped with

legumes in Queensland, Australia.

Weed competition is a reason for poor

productivity of eucalypts in Kerala State. Control

of the weeds resulted in substantial increases

in productivity (up to 138% in the case of E.

tereticornis at Punnala). The magnitude of the

response to weed control varied between sites,

partly due to species differences in leaf area,

and partly because the degree of competition

from weedy vegetation varied depending on the

site resource most limiting (water or nutrients).

Within the E. tereticornis sites, Kayampoovam

had relatively shallow soils (less than 5 m depth)

with high levels of soil nutrients, so water was

most likely to be the most limiting factor, whereas

the Punnala site had a deeper soil profile and a

much larger response to nutrients (Figs 5 and 6),

so weedy vegetation probably competed strongly

for nutrients, rather than water. Within the E.

grandis sites, the responses were not significant,

although there was a relationship between weed

biomass and tree growth (Fig. 7). The smaller

response to weeds in E. grandis at Vattavada was

probably due to the high fertility and deeper

soil at that site. Surianelli had relatively low

fertility (i.e. a large response to nutrients), but

the response to weeding appeared to be

relatively small. This result appeared anomalous,

but may have been due to a lower intensity of

initial weeding. The length of time that weeds

need to be controlled will depend on how long

they compete for site resources. In E. grandis

plantations canopy closure occurs at approximately

2 years, so weed control may be necessary only

until this time. However, the canopy of E.

tereticornis remains more open throughout the

rotation, so weeds may need to be controlled

for longer periods to achieve maximum tree

growth.

The significance of proper weed management in

improving productivity of forest plantations has

also been shown by Xu et al. (these proceedings)

for E. urophylla plantations in southern China and

hybrid pine plantations in Queensland, Australia

(Simpson et al. these proceedings).

Conclusions
There is potential for improving the productivity

of eucalypt plantations in India through adoption

of more intensive silvicultural practices. Nitrogen

application increased tree growth by up to 70%

at one E. grandis site and one E. tereticornis

site, whilst P addition also significantly improved

tree growth at one of the E. tereticornis sites

(43% increase). Establishment of legumes had no

significant effect on E. tereticornis tree growth

at 4 years, although there is a trend of increased

tree growth in the legume treatments at the N-

responsive site (Punnala). Early control of weeds

increased growth (up to 138%) at the E.

tereticornis sites. Harvest residue management

had little impact on tree growth or total soil C,

N or P. However, residue removal or burning

would result in significant losses of site nutrients,

thus leading to a degradation of site productivity

potential over several rotations.

Impact
The significance of (1) intensive weed

management, (2) nutrient addition, and (3) use

of good quality planting stock for enhancing

productivity of eucalypt plantations in Kerala has

been appreciated by the main growers of

eucalypts in the State viz., the Kerala Forest

Department, Kerala Forest Development

Corporation and the Hindustan Newsprint Ltd.

These stakeholders have started practising these

methods in their new planting programmes (ca.
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4000 ha yr -1) and they have entered into

collaboration and consultancy arrangements with

the Kerala Forest Research Institute for their

proper implementation. Though the value of

harvest residue management has been realised

by most growers, there is widespread reluctance

in implementing it during the inter-rotation period

for practical reasons, including access for planting

and the practice of collecting firewood from the

site after harvest by local communities.
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Abstract
Impacts of alternative strategies for managing harvest residues in second rotation

Eucalyptus globulus plantations are being examined at sites of contrasting soil fertility

in southwestern Australia. Treatments being examined in a randomised block experiment

are complete harvest residue removal, residue retention, increased residue and residue

burning. We studied: (1) decomposition rates of harvest residues and their associated

nutrient release rates; (2) impact of treatments on soil carbon and nutrient stores; (3)

dynamics of soil N mineralisation and; (4) nutrient uptake and tree growth. Results up to

7 years after stand re-establishment following harvest of the first plantation rotation

are reported. Decomposition rate of harvest residues in plantations is rapid compared

to decay rates of residues in natural forests in the same region. Nutrient release from

residues is dominated by leaves. Application of harvest residues at high rates (up

to 160 t ha-1) had a surprisingly small effect on organic C levels in the surface soil.

There were significant impacts of harvest residue management on stores and fluxes of

C, N, P, Ca and Mg. Dynamics of soil N were particularly affected by residue treatments;

higher rates of retention of residues leading to higher rates of mineralisation and

potentially available N. Nevertheless, the rate of supply of N through mineralisation

from soil organic matter and residues may be less than the requirement for N of newly

established seedlings on many sites. Hence conservative harvest residue management

will only partially satisfy tree nutrient requirements at these sites. In such circumstances,

N supply needs to be augmented with fertiliser to achieve increase in plantation

productivity. At the more fertile site, harvest residue treatments had little effect on

growth of the second rotation plantation and wood production rates are similar to

those achieved in the first rotation. At the less fertile site, residue treatments

significantly affected tree growth with highest volumes associated with greatest amounts

of retained residues. Furthermore, at this site, production rates of the second rotation

are markedly lower than in the first rotation, suggesting increased nutritional limitations

to tree growth.

Impacts of Inter-rotation Site Management on
Nutrient Stores and Fluxes and Growth of
Eucalypt Plantations in Southwestern Australia
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Introduction
In southwestern Australia eucalypt plantations

cover more than 230 000 ha, and the area is

expanding at a rate of about 25 000 additional

hectares per year. Most of these plantations are

on land previously used for various forms of

agriculture, primarily grazing of cattle and sheep

on improved pastures. In some areas trees are

planted to reverse the effects of severe land

and water degradation processes, such as

waterlogging and salinisation, which have

developed following clearing of the natural

perennial vegetation. However, the main

impetus for the establishment of most

plantations has been the development of a

commercial hardwood plantation industry.

Although individual landholders have established

some plantations, the majority of the plantation

estate is owned and managed by industrial

companies. The main species is Eucalyptus

globulus, grown on 10-year rotations to provide

wood chip for export.

The landscape of southwestern Australia has

developed over long time scales without major

rejuvenation processes. As a consequence, the

majority of soils are highly weathered and low

in natural fertility. Following clearing for

agriculture, large amounts of phosphate-based

fertilisers have been applied to these soils to

promote improved legume-based pastures. These

management practices have improved soil

fertility and increased production potential for

the region as a whole. Consequently, where

pastures are planted to eucalypts, the supply of

soil nutrients supports high growth rates of trees.

However, recent research has indicated that this

change in land use may, in the longer term, lead

to a decline in availability of some plant

nutrients, especially nitrogen and phosphorus

(Grove et al. 2001, O’Connell et al. 2003).

Therefore, implementing management

strategies that aim to maintain and enhance soil

fertility will be critical for ensuring sustainable

levels of productivity.

In southwestern Australia, the majority of

plantations have been established since 1990.

Harvesting of older stands has commenced and

the management of second rotation crops will

become an increasingly important aspect of stand

management during the next few years. At

harvest, large amounts of tree residues are

deposited on the soil surface. One option for

managing soil productivity is to develop judicious

site management systems that are applied during

the inter-rotation period of stand harvest and

plantation re-establishment. Our research is

focusing on options for treating harvest residues

and the impact these strategies may have on soil

organic matter, soil nutrient status, nutrient flux

rates and tree growth. The aim is to develop

guidelines to manage soil fertility in order to

maintain high productivity of plantation eucalypts

over successive rotations. Previously in this series

(O’Connell and Grove 1999, O’Connell et al. 2000)

we have reported on early responses and changes

in soil properties. In this paper we present the

most recent growth responses and changes in soil

properties (data from 1999 to 2002). Additionally,

we examine decomposition rates and nutrient

release from harvest residue materials, and soil

N supply and demand by the tree crop.

Location and Site Description
Detailed descriptions of the climate, soils and

experimental sites and location of this research

on E. globulus plantations have been presented

(O’Connell et al. 2000) and are only briefly

reiterated here to provide context for this paper.

Southwestern Australia has a seasonal

Mediterranean type climate with cool wet winters

and warm, dry summers. The E. globulus

plantation estate is limited to the southern part

of this region where annual rainfall is in the

range 600 to 1500 mm. Rainfall at the

experimental sites ranges from 800 to 1000 mm

annually. Ancient Archaean crystalline rocks,

primarily granites and granitic gneisses,

dominate the geology of the region. These have

weathered in situ resulting in deep soil profiles

that are frequently mantled by laterite. Surface

soils reflect the highly weathered nature of these

parent materials and generally have low levels

of plant-available nutrients (Turton et al. 1962).

We established three inter-rotation site

management experiments when the stand was

harvested (first rotation) and replanted as second
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rotation plantations. Two of these (at Busselton

and Manjimup), established in 1995 and described

in detail previously (O’Connell et al. 2000), have

been the focus of the majority of our research.

These sites are in similar rainfall zones but have

contrasting soils. At Busselton, the soil is an

infertile grey sand (Podzol), total aboveground

biomass of the first rotation crop was low (98 t ha-1

after 9 years) and about 31 t ha-1 of harvest

residues was left on the soil surface after logging.

At Manjimup, the soils were more heavily textured

red earths (Ferralsol) with relatively high levels

of plant-available nutrients. Total aboveground

biomass of the first rotation plantation was high

(275 t ha-1 after 9 years) and 81 t ha-1 of harvest

residues (including 30 t ha-1 coarse woody debris)

was left on site after logging. A third site, also at

Manjimup, was established in 1998 as an industry

demonstration and has also been used for some

process-based studies, notably experiments on

harvest residue decomposition rates and their

contribution to nutrient cycling.

Experimental Methods
At the two main experimental sites at Manjimup

and Busselton, harvest residue management

experiments were established using a randomised

block design with four replicate blocks and a

planting density of 1250 stems ha-1. The design

incorporated the core CIFOR treatments:

BL0 No slash – all litter and slash materials

removed.

BL2 Single slash – uniformly distributed.

BL3 Double slash – addition of slash from the

‘no slash’ (BL0) treatment.

B Burn – (BL2 with retained slash burnt).

At the same sites, separate randomised block

experiments were conducted to evaluate

responses to added N and P and to assess the role

of inter-row agricultural legumes in early stages

of the rotation.

Details of sampling protocols and analytical

methods have been given (O’Connell et al. 2000).

Impacts of harvest management options on soil

fertility were assessed through two sampling

regimes: (1) soil samples were collected annually

to evaluate changes in stores of organic carbon

and nutrients over time (results from nine sample

collections are now available) and (2) samples

were collected monthly over a five-year period

after stand establishment to examine the

dynamics of soil mineral N (Raison et al. 1987) in

relation to management of harvest residues.

Decomposition of five harvest residue

components (leaves, bark and wood up to 2 cm

diameter) was evaluated using mesh bags over 2

years. Decomposition of larger woody residues

(up to 30 cm diameter) was determined from

density changes of logs at both sites over about

5 years. Tree growth (stem diameter and height)

was measured annually. Aboveground biomass and

N accumulation were estimated using allometric

relationships with conical volume derived after

harvesting some trees.

Results

Decomposition and Nutrient Release
from Harvest Residues
We evaluated weight loss of samples from mesh

bags by fitting a double exponential decay model

(Lousier and Parkinson 1976, O’Connell 1997) to

leaf and small wood (0.5 cm diameter) data and

a single exponential model (Olson 1963) to data

for bark and larger wood fractions (1 and 2 cm

diameter). Leaves decomposed rapidly, losing

more than 50% weight during the first 6 months

(Fig. 1). Decomposition of wood and bark

fractions was slower, model-predicted half lives

ranged from about 3.5 to 4.5 years for wood,

and about 3 years for bark, respectively.

During decomposition, nutrient dynamics differed

markedly between fractions. Most of the N and P

in leaves was released during the 2 years with

similar patterns of release (Fig. 2). There was

little release of N from the wood and bark

throughout the experiment, but these components

immobilised N, especially during the initial stages

of decomposition. Bark in particular continued

to accumulate N progressively, and after 2 years

contained 50% more N than the initial fresh

material. The patterns of P release from the

different fractions were similar to N except that

wood and bark components released a greater
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proportion of their P, again following an initial

period of net accumulation. After decomposition

for 2 years, about 90% of the P in leaf residues

had been released. During the same period 40%

to 50% of the P in wood and about 25% of the P

in bark had been released (Fig. 2).

The average proportional mass loss of larger

woody residues, estimated from density changes,

was 79% at the grey sand site and 83% at the red

earth site. There was a weak relationship

between log diameter and wood decomposition

rate. The average rate constant of decay,

assuming a first order decomposition model (Olson

1963), was about 0.3 yr-1 over all size classes for

both sites. Amounts of N remaining in the

decomposing wood, expressed as a percentage

of the initial N content, were not significantly

different between both sites for all wood size

classes (Fig. 3). However, size classes had a

significant (p<0.01) effect on the net N release,

with the exception of the two smaller size classes

on the grey sand site. In general, N release

increased as log diameter decreased.

Pattern of nutrient release from harvest residue

materials differed between components and

specific nutrients. A nutrient budget for decaying

harvest residues during the first year after harvest

Figure 1.  Time course of decomposition of leaf, bark and wood in harvest residues. Fitted double

exponential (leaf) and single exponential (bark and wood 1 cm diameter) models are shown

together with standard errors for each collection

at one of the Manjimup sites (Table 1) illustrates

the large contribution of the leaf component to

nutrient release from these harvest residues. This

is especially so for the nutrients N and Ca, which

are relatively immobile during decomposition.

For both N and Ca, wood and bark fractions

became sinks during the early stages of

decomposition when they accumulated these

nutrients in excess of the initial amounts present

in fresh residues.

Impact of Harvest Residues on Soil
Nutrient Stores
Changes in soil nutrients, carbon (total organic

and labile C) and pH have been monitored

annually since December 1994 (red earth site)

and June 1995 (grey sand site). Detailed

descriptions of the effects of harvest residue

management on these soil characteristics during

the period from harvest to December 1998 have

been reported previously (O’Connell et al. 2000).

Here we focus on changes measured during the

last four sampling periods (1999 to 2002). The

major effects in this period relate to soil pH,

exchangeable cations and soil C. At both sites,

the latest measurements indicate that the pH of

surface soil (0-5 cm) is higher by about 0.3 units

on burn (B) and high residue treatments (BL3)
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Figure 2. Amounts of (a) N and (b) P remaining during decomposition for 2 years of harvest residue

fractions

Figure 3. Mass and N remaining in relation to log diameter of larger wood residues. Results are calculated

after 5 years at the grey sand site and 5.5 years at the red earth site. Standard errors are

shown for each log size class

compared to zero and single residue treatments

(BL0 and BL2). At the red earth site, the effects

of applied treatments on surface soil pH have

been significant at all sampling times since

harvest. The two most recent samplings (2001

and 2002) also show similar effects in 5-10 cm

soil samples. At the grey sand site effects of

treatments on surface soil pH have been

significant at five of nine sampling periods.

During the last three sampling periods (2000, 2001

and 2002), significant effects of treatments (p<

0.05) on surface soil (0-5 cm) organic C were

found at the grey sand site (Fig. 4), with high

residue treatments resulting in higher organic C.

Although greater amounts of residues were

present at the red earth site than the grey sand

site, the effects on soil C are less evident. Of

the recent samplings at the red earth site, only

surface soil collected in 2000 showed significant

effects of treatments on soil C concentrations.

Furthermore, there were no significant effects

of residue management on soil C for soil depths

below 5 cm at either site during any of the

sampling periods following harvest of the original

stands. Increased total organic C levels are also

associated with correspondingly higher labile soil

C concentrations at both sites (significant at the

red earth site in 2000 and 2002 and at the grey

sand site in 2000 and 2001).

There were major changes in concentrations of

soil cations in response to residue treatments.

For exchangeable Ca, there were significant
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Table 1. Initial dry weight and nutrients in harvest residues and the amounts of dry weight and nutrients

lost from various fractions during decomposition for 1 year at one of the experimental sites at

Manjimup

differences at seven of nine post-harvest sampling

periods at the red earth site and six of nine

sampling periods at the grey sand site. Surface

soil Ca concentrations for the highest rates of

residue retention (BL3) were about double those

where residue had been removed (BL0 - Fig. 5a,

data only shown for red earth site). At the red

earth site, these changes were also associated

with changes in exchangeable Mg (Fig. 5b) and

again there was approximately a 2-fold difference

in Mg concentrations between the extremes of

treatments. For both cations the responses at the

red earth site were due to a decline over time

in their levels in BL0 and an increase in BL3. In

contrast, exchangeable Mg concentrations in soil

from the grey sand site declined consistently with

time since harvest on all residue treatments.

Figure 4. Impact of harvest residue treatments on concentrations of total organic C in surface 0-5 cm

soil at (a) the red earth and (b) grey sand experimental site. Standard errors and ANOVA

significance levels (*: p<0.05) are shown for each year

aSize classes for wood are; a: 0-0.75 cm diameter, b: 0.75-1.5 cm diameter, c: 1.5-3 cm diameter.
bNegative values for N and Ca indicate immobilisation of these nutrients in residue components.

Thus, seven years after harvest at the grey sand

site, concentrations of exchangeable Mg in surface

soil had decreased by about 30% compared to

initial samples.

Following harvest, exchangeable soil K decreased

for up to 3 years at both sites (O’Connell et al.

2000) with concentrations in surface soil reduced

to about one third (red earth site) to one half

(grey sand site) those in initial soil samples

(Fig. 6). Thereafter this trend reversed, with

increasing exchangeable K at both sites. However,

concentrations of exchangeable K in surface soil

at the 2002 sampling were still below the levels

measured in soil immediately following harvest

by 15% (red earth) to 25% (grey sand).

Dry weight N P K Ca Mg

   (t ha-1)               (kg ha-1)

25 19 349 222 17 12 150 145 274 158 45 35

14 2 31 -9b 4 1 65 52 258 -64b 21 8

14 3 59 -3b 6 3 69 58 97 -9b 16 4

9 1 29 -1b 3 1 37 32 41 -8b 8 2

6 1 13 -2b 1 0 18 15 28 2 6 2

69 27 481 207 32 17 339 301 698 79 95 52

Leaf
Bark
Wood aa

Wood ba

Wood ca

Total

Fraction Initial Loss Initial Loss Initial Loss Initial Loss Initial Loss Initial Loss
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Figure 5. Effect of harvest residue treatments on concentrations of exchangeable (a) Ca and (b) Mg in

surface soil (0-5 cm) at the red earth site. Standard errors and ANOVA significance levels (*:

p<0.05, **: p<0.01, ***: p<0.001) are shown for each year

Amongst the other nutrient elements, the most

recent soil samplings indicate no significant effect

of residue treatments on total soil N, total soil P

or Bray extractable P for any of the soil depths

examined at both sites.

Impact of Harvest Residues on Soil
Mineral N
Management of harvest residues had a significant

impact on the concentrations of mineral N in soil

and on the way this pool changed over time. As

reported previously (O’Connell et al. 2000),

concentrations of mineral N were high

immediately after harvest but declined over time

through leaching and plant uptake. Two years after

stand re-establishment (second rotation) the

amounts of mineral N in soils were uniformly low

in all treatments. Thereafter, at the red earth

site, residue retention caused increased soil

mineral N. At the grey sand site, residue

management had no effect on soil mineral N

concentrations after 2 years.

Temporal patterns of N mineralisation were

markedly influenced by the seasonal climate of

southwestern Australia. Rates were high in late

winter and spring (July-October) when soils were

moist and decreased to low values as soil dried

during summer and autumn (December-May).

Patterns were similar at both experimental sites

and for each of the harvest residue treatments.

A model based on daily measures of soil

temperature and monthly measures of soil

moisture (O’Connell and Rance 1999) provided a

good simulation of seasonal variation in rates of

Figure 6. Changes in exchangeable K in surface soil (0-5 cm) since stand harvesting at (a) the red earth

and (b) the grey sand sites. Standard errors and ANOVA significance levels are shown for each

year
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Table 2.  Net N mineralisation in 0-20 cm soil in relation to harvest residue treatments

a In 1995 N mineralisation was measured only during the period May to December (252 days) at the red earth site and

during July to December (196 days) at the grey sand site. Data shown for 1995 refer to net N mineralisation measured

during these periods.

ANOVA significance: ns not significant; * significant p<0.05.

42.7 70.5 75.1 85.1 85.6 82.4

29.7 64.9 72.5 89.1 84.5 92.5

44.8 81.2 88.7 109.5 95.6 89.5

44.2 84.5 85.6 97.6 93.4 95.6

28.3 25.8 11.1 15.5 9.0 16.2

ns ns * * * ns

54.3 84.4 56.5 70.3 71.3 64.9

54.9 69.6 53.3 65.6 61.2 43.2

61.7 78.4 54.4 68.8 66.8 57.5

77.2 90.1 72.6 83.7 69.5 63.1

22.5 48.9 12.5 19.3 14.1 17.3

ns ns * ns ns ns

Red earth

B

BL0

BL2

BL3

LSD (p<0.05)

ANOVA sig.

Grey sand

B

BL0

BL2

BL3

LSD (p<0.05)

ANOVA sig.

1995a 1996 1997 1998 1999 2000

       (kg N ha-1)

N mineralisation over most of the measurement

period (Fig. 7). The model fit was poorest during

the first 2 years after stand establishment. This

is the period when large pools of mineral N are

present in soil (O’Connell et al. 2000) and N

mineralisation measured against this high

background is subject to larger experimental

errors. When soil mineral N pools declined (1997

onwards), there was a better correspondence

between observed and predicted N mineralisation

values.

Annual rates of mineralisation per unit weight of

soil were generally higher (up to about 2-fold) in

the more heavily textured and fertile red earth

soil than in the grey sand (Fig. 8). At the red

Figure 7. Seasonal pattern of N mineralisation (red earth site, BL0 treatment) in surface (0-10 cm) soil.

Bold line shows monthly measured values; broken line the daily-simulated values
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earth site, mean annual rates of N mineralisation

per unit soil weight were significantly higher on

residue retained treatments compared to low

residue treatments in the third to sixth years of

measurement (1997 to 2000). At the grey sand

site, annual N mineralisation rates were

significantly enhanced by residue retention, but

only in the third and fourth years of measurement

(1997 and 1998). Thereafter, mineralisation rates

were similar between treatments.

Amounts of N mineralised annually in surface 0-

20 cm soil also differed between treatments

(Table 2). The significantly greater mineralisation

at the red earth site from 1997 to 1999 was

associated with high residue treatments. At the

grey sand site, annual amounts of mineralised N

were only different in one measurement year

(1997).

Response of potentially mineralisable N in soil to

treatments reflected similar trends to those found

for measured rates of in situ N mineralisation.

High residue treatments resulted in significantly

higher average annual concentrations of

potentially mineralisable N at both sites during

each measurement period (Fig. 9). As with rates

of N mineralisation measured in situ, potential

for N mineralisation was systematically higher in

the red earth soil compared to the grey sand. At

both sites there was an initial decline in

potentially mineralisable N, followed by a turning

point at year 2-3 and then increasing potential N.

This pattern may reflect an increasing contribution

to potential mineral N supply from fine root

turnover as the new stands develop. The lack of

a clear trend in the residue-retained treatments

at the red earth site may be due to the relatively

high quantity of harvest residues masking the root

turnover effect.

Figure 8. Annual mineralisation rates in surface (0-10cm) soil at the two experimental sites. Standard

errors and ANOVA significance levels (*: p<0.05, **: p<0.01, ***: p<0.001) are shown for each

year

Figure 9. Potentially mineralisable N in surface (0-10 cm) soil. Standard errors and ANOVA significance

levels are shown for each year
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Impact of Harvest Residue
Management on Tree Growth
Initial responses in tree growth to harvest residue

treatments differed between sites (O’Connell et

al. 2000). Retention of residues enhanced growth

during the first year after planting at the red

earth site and initially depressed growth at the

grey sand site (O’Connell et al. 2000). These

effects declined over time. Seven years after

plantation re-establishment there were no

significant effects of harvest residue management

on tree growth at the more fertile red earth site

(Fig. 10). Projected stem volume for 8-year-old

trees at this site is within 13% of the volume at

harvest of the first rotation stand. At the grey

sand site, tree volume at the last four annual

measurement periods (1999 to 2002) was

significantly different between residue

treatments (p< 0.01). Growth was greatest at the

highest level of residues (BL3) and on the burn

treatment and lowest on zero (BL0) and single

(BL2) residue treatments. By the end of the first

year following plantation re-establishment, stand

volume on the BL3 treatment plots was more than

40% greater than on the BL0
 

treatment. This

relative difference between treatments has been

maintained in subsequent years. Average stem

volume over all treatments, projected to age 8

years, is markedly lower (by about 40%) than stand

volume at this age when the first rotation was

harvested, indicating a decline in second-rotation

productivity. Growth of the second rotation at

this site was also much lower (about one fourth)

compared to growth at the red earth site,

reflecting differences in the fertility of soils.

Discussion
Although large quantities of harvest residues were

retained on the soil surface in some treatments

in this study (up to 160 t ha-1 on BL3 treatments at

Manjimup), these quantities have made only minor

impacts on the soil stores of organic C. Despite

the statistically rigorous design and sampling

procedures, changes in soil C were difficult to

detect against the variable background levels. In

the last three sampling periods (2000, 2001 and

2002), significant treatment effects were

observed in organic C concentrations in surface

soil (0-5 cm) at the grey sand site. Amongst recent

samplings, differences at the red earth site,

where greatest amounts of residues had been

applied, were only statistically significant in 2000.

In absolute terms, changes since harvesting in soil

C storage to a depth of 20 cm on all treatments

at both sites were small (within the range of

about +/- 4 t ha-1).

Decomposition rates of E. globulus harvest

residues are markedly faster than rates for

equivalent residues from native forests growing

in the same region (O’Connell 1997). For example,

the half-life of karri (E. diversicolor) leaves in

southwestern Australia was 17 months (O’Connell

1987), compared to the half-life for E. globulus

leaves of less than 6 months. Likewise, release

of nutrients from plantation residues is rapid

compared with native forest litter. Thus, harvest

residues have the potential to make a major

contribution to nutrient cycling in plantations and,

depending on the productivity of the previous

tree crop, they can represent a significant store

of the plant-available site nutrient pools. At

Manjimup, stores of N in residues amounted to

about 380 kg ha-1 (Table 1). Where harvest

residues are burnt as a site preparation practice,

there would be loss of most of this N in volatile

forms (Raison et al. 1985). Other nutrients such

as S, K and P may also be lost in varying amounts

(Raison et al. 1993, O’Connell and McCaw 1997).

Where residues are retained, decomposition of

the leaf component of E. globulus is rapid, with

a concomitant release of plant nutrients to soil.

Leaf contained more than 70% of harvest residue-

N and about 50% of the P. About two thirds of

these leaf nutrient stores were released during

the first year following harvest, with these

amounts exceeding the quantities of nutrients

likely to be taken up by the newly replanted trees.

Immobilisation of N in decomposing bark and

woody residues may act as a buffer against N loss

(Carlyle et al. 1998), but at our site this

represented only a minor component (less than

10%) of the N released from harvest residues in

the first year of decomposition (Fig. 2, Table 1).

Over longer time scales, larger woody residues

become sources of N, with release rates

approaching rates of dry weight loss (Fig. 3). In

terms of conservation of mineral N early in the
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rotation phase, immobilisation of N in the soil by

extractives leached from the eucalypt leaves

(Aggangan et al. 1999) is an important mechanism

for limiting N loss. At one of our sites, where

nitrate was the predominant form of mineral N,

retention of residues significantly reduced

standing pools of mineral N and presumably also

the loss of N through leaching (O’Connell et al.

2000).

Of the other nutrients in harvest residues, K is

probably most at risk in regard to leaching loss.

Our results indicate that more than 90% of the K

in harvest residues will be released during the

year after harvest (Table 1). Much of this release

will occur rapidly with the first rains that follow

harvest. In sandy soils or on sites with low cation

exchange capacity, there is a strong possibility

of leaching of K down the soil profile. Even where

new seedlings have been planted soon after

harvest, the limited spatial extent of root systems

of the small plants will restrict the capture of

much of this labile K. Annual soil sampling

indicated a decline in surface soil exchangeable

K in the first 3 to 4 years after logging (O’Connell

et al. 2000), followed by a reversal of this trend

in later samplings. The data indicate that for the

most recent sampling (2002), concentrations of

exchangeable K in surface soil were 1.5 (grey

sand) to 2.3-fold (red earth) greater than the

values found in 1998 (Fig. 6). This suggests uptake

of K may now be occurring from deeper strata in

the soil profile and contributing, through recyling

in litterfall, throughfall, stemflow, and root

turnover, to increases of K in surface soil.

Early in the rotation, before stand canopy closure,

soil mineral N accumulates due to soil

environmental conditions (moisture and

temperature) favourable for mineralisation of

soil organic matter and limited uptake of N by

new plantations (O’Connell et al. 2000). This

accumulation will, on many sites, result in leaching

of N below the rooting zone. Leaching will be

most likely where mineral N is present as nitrate

or where soils are coarse textured (sandy) and

have low cation exchange capacity. After canopy

closure this situation is reversed, as tree roots

Figure 10. Stem volume of trees during the first 7 years since establishment in 1995 of second rotation E.

globulus plantations at (a) the Red earth and (b) the Grey sand sites. Planting density is 1250

stems ha-1. Stem volumes at time of harvesting the 8-year old first rotation plantations are

indicated for each site. Dashed line indicates mean growth rate across all treatments. At Red

earth site, growth was significantly different between treatments only in the first year of

growth (February and April 1996; p<0.05). At Grey sand, growth differences were also significant

in the first year (October 1995, p<0.01; and November 1995, p<0.001) and at each annual

measurement from age 4 to 7 years (1999 to 2002; p<0.01)
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occupy the site and take up a higher proportion

of mineralised N. This will lead to lower

concentrations of mineral N in soil and no leaching

losses.

At the Busselton (grey sand) site, additional

experiments to provide information on the

dynamics of tree nutrient uptake indicated

significant growth responses to N added during

the first two years (BL2 residue treatment

common to all plots, Fig. 11a). Part of this demand

for N can be met through appropriate harvest

residue management. For example, retention of

residues may induce N immobilisation early in

the rotation resulting in reduced leaching losses

and increase N mineralisation later in the rotation

when the root system is more fully developed.

At Busselton, cumulative N mineralisation over 5

years differed by 100 kg N ha-1 between BL0 and

BL3 treatments (Fig. 11b). However, because of

the asynchrony between the time of supply of N

through mineralisation, and the ability of young

plants to take up this N, even differences of this

magnitude are insufficient to meet N demand by

the developing plantation. A comparison of

amounts of N released through mineralisation of

soil-stored N with aboveground accumulation of

N in tree biomass at two levels of applied N is

shown in Fig. 12. Results illustrate the differences

over time in the N requirement of the developing

stand compared to the rate of N supply from

mineralisation of soil organic N. Early in the

rotation, mineral N supply from soil and residue

stores is high but is spatially dispersed in relation

to the root system. After the first year, N demand

increases and additional sources of N are required

to achieve potential growth rates. Thus, even

when harvest residues are retained, application

of N in fertilisers will still be necessary to

maximise plantation productivity on many sites

(Fig. 12).

Our research was concentrated at two sites in

southwestern Australia. Plantation productivity

differs markedly at these sites, due principally

to differences in their soil characteristics (soil

texture and nutrient supplying capacity). There

are also marked differences between the sites in

the relative growth rates of first and second

rotation tree crops. Whereas at the more fertile

red earth site, projected harvest volume of the

second rotation crop is within 13% of first rotation

productivity, at the grey sand site, second

rotation productivity is much lower (by about

25% to 50%) than achieved in the initial tree

harvest (Fig. 10). Where N was applied at the

grey sand site (Figs. 11a, 12), growth rates were

more similar to those achieved in the first

rotation, suggesting increased nutrient limitations

to tree growth in the second rotation at this site.

Our other research in southwestern Australia

(Grove et al. 2001, O’Connell et al. 2003) has

shown that marked reductions in nutrient supply

(especially N and P) can occur during the first

rotation when farmland is converted to continuous

tree cropping. At sites where soil fertility status

is already relatively low this may lead to reduced

wood production in second and subsequent

rotations of tree crops. Consequently, for many

sites in this region, future plantation silviculture

will need to focus more on proactive management

of stand nutrition in order to sustain production

levels achieved in the first rotation.

Currently, experimental results extend over a

period up to eight years following stand harvesting

and it is planned to continue monitoring the sites

through the complete rotation to age

approximately 10 years. Explaining and

generalising research outcomes will be a key focus

of future activities. A whole system model (G’DAY

– Comins and McMurtrie 1993) is being used to

simulate scenarios based on alternative options

for managing harvest residues under different site

and productivity conditions. Model predictions

are being used to assess the likely impact of site

management on long-term soil N status and

plantation productivity (Corbeels et al. 2002).

Impacts on Management
The majority of eucalypt plantations in Western

Australia have been established since 1990 (Wood

et al. 2001) and the average rotation period is

expected to be about 10 years. Based on historical

data on annual planting rates, current harvesting

and re-establishment of second rotation

plantations is estimated to be only 1000 to 2000

ha yr-1. These rates will increase and within 5

years are expected to be about 15 000 ha yr-1. On

the limited area of second rotation plantations
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currently being re-established on harvested areas,

there is a range of site preparation treatments

used, including burning of harvest residues.

However, amongst local plantation managers there

is a general recognition of the importance of soil

organic matter conservation, partly arising from

dissemination of research results from this

network project. As the industry moves to a more

mature phase, and techniques and machinery are

developed to better manage harvest residues, it

can be expected that plantation managers will

seek to incorporate silvicultural protocols aimed

at retaining slash following logging. As a

consequence, there is currently scope for

research and demonstration to show the best

practical and cost effective options for managing

the harvest residues retained on replanted and

also on coppice-regenerated second rotation sites.

Current and related research (Grove et al. 2001,

O’Connell et al. 2003) has demonstrated that

site-specific changes in nutrient supply rates are

likely over successive plantation rotations in

southwestern Australia. These changes have the

potential to impact adversely on long-term

production rates. Thus, there is a need for

research and inventory across the plantation

estate to identify and stratify site types according

Figure 11. Growth response of trees to applied N, measured at age 5 years (N applied during years 1 and 2)

(a) and (b) cumulative soil N mineralisation on BL0 and BL3 treatment at the grey sand site

Figure 12.  Annual above-ground accumulation of N by trees at the grey sand site (Busselton) for 2 levels

of applied N (0 and 250 kg ha-1 for 2 years), together with cumulative annual soil N mineralisation

on the BL2 treatment during the first 5 years of the plantation rotation at the Busselton site
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to their likely susceptibility to nutrient decline.

This would allow industry to better target

fertiliser additions to maximise wood production

and the economic outcomes from plantation

management. In the increasingly competitive

global market for forest products, maintenance

of high production rates will be crucial for

viability of the local plantation industry. Managing

nutrients and other constraints to productivity

(including water) will be critical for achieving

this objective.
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Abstract
This paper presents the early results of the effect of harvesting and site management

on the growth of a second rotation Acacia mangium plantation at PT Musi Hutan Persada,

South Sumatra, Indonesia. Impacts of various harvest and residue management options,

including litter and slash removal, whole tree harvest, only stems of commercial size

removal, and double slash retention were examined. Growth responses to application

of N, P, K fertilisers and Ca were studied in another set of experiments. At age 2 years,

the complete removal of litter and slash from the site reduced tree height, stem

diameter and stem volume slightly. At 2 years the application of N fertiliser up to a rate

of 27.6 g tree-1 had no significant effect on growth, while P fertilisation increased tree

height, stem diameter and volume with the optimum level at a rate of 14 g P tree-1.

The combined effect of N and P was not detected. Application of K fertiliser (75 g K

tree-1) and hydrated lime (335 g Ca tree-1) had no significant effect on growth. The

decomposition rate of A. mangium litter was slow. Litterfall of young plantations (14 to

22 months) was high amounting to 4.45 t ha-1 over 8 months. Estimates of the amounts

of nutrients removed by different biomass harvesting regimes in relation to nutrient

capital in the soil provide a sound basis for developing sustainable management practices.

Early Results of Site Management in Acacia
mangium Plantations at PT Musi Hutan Persada,
South Sumatra, Indonesia
E.B. Hardiyanto1, S. Anshori2  and D. Sulistyono2

Introduction
This study examined impacts of inter-rotation

management on productivity of Acacia mangium

plantation at PT Musi Hutan Persada, South

Sumatra, Indonesia. Hardiyanto et al. (2000)

reported the establishment details of the

experiments. The project aimed to address the

growing concern of the company about the

productivity and sustainability of A. mangium over

successive rotations. Research focused on the

1 Faculty of Forestry, Gadjah Mada University, Yogyakarta 55281, Indonesia. Tel: +62-274-550541, Fax: +62-274-55054, E-mail:

ekobhak@indosat.net.id
2 R&D, PT Musi Hutan Persada, Jl. Residen Abdul Rozak 99, Palembang 30114, Indonesia. Tel: +62-711-718142,

Fax: +62-711-718102, E-mail: mayalioe@mdp.net.id

impact of slash management on soil nutrient stores

and tree nutrition. Studies were initially

established in January 1999 at Toman site.

Unfortunately three months after planting, access

to the experimental site was prevented due to a

land dispute involving the local community.

Despite this unexpected event, the core

experiment (slash management) recovered but

the nutrition study failed due to lack of

maintenance. All experiments were re-established

Site Management and Productivity in Tropical Plantation Forests: Proceedings of Workshops in Congo July
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in January 2000 at a different site located at

Sodong, approximately 15 km from the first site

(Toman). Results from both studies are presented

in this paper. The first and second sites are

referred to as Toman and Sodong, respectively.

Site, Soil and Stand Description
The overall company area is geographically

located at 103o10’-104o25’E longitude and 3o05’-

5o28’S latitude. The altitudinal range is 60-200 m

above sea level. The area is located in lowland

humid environment with the average daily

temperature about 29oC (range 22-33oC). The

annual rainfall ranges from 1890 to 3330 mm,

which falls mostly between October-May with a

dry spell in June-September. The terrain of the

total company land area is mostly flat to

undulating (0-8% slope) but with some areas

8-15% slope. The Toman site has a very gentle

slope (0-3%), and Sodong is flat.

Soil in the area is mainly derived from

sedimentary rock of tuff, sandy tuff, sandstone

and claystone. Most soils belong to a Red Yellow

Podsolic or Ultisol (Soil Survey Staff 1992).

Typically they have an Ap horizon of dark red to

dark brown clay (0-25 cm) overlaying a yellowish

to brownish red B horizon clay (20-80 cm) over a

well-defined red to yellowish red clay BC horizon

(50-180 cm).

Hardiyanto et al. (2000) described the soil at the

Toman site. Sodong has a typical soil profile

consisting of an Ap horizon of dark brown (7.5

YR 3/3) silty-clay (0-20 cm) overlying yellowish-

red (5 YR 5/6) clay Bt1 horizon (20-55 cm) and

yellowish-red (5 YR 5/6) clay Bt2 horizon (55-80

cm); this was followed by a very clear boundary

of red (2.5 YR 5/6) clay BC horizon (80-180 cm)

containing iron concretion. The soil is Red Yellow

Podsolic or Typic Plynthudults (Soil Survey Staff

1992).

Stand
The previous A. mangium stand where the two

experimental trials were established was typical

of the first rotation plantations at PT Musi Hutan

Persada. They were established using seed from

a genetically unselected local seed source on

former alang-alang (Imperata) grassland. The sites

were ploughed twice using a wheeled tractor

and harrowed once. Fertiliser at a rate per tree

of 10 g urea (4.6 g N), 10 g triple superphosphate

(2.0 g P) and 10 g KCl (5.0 g K) was applied one

month after planting. Most trees in first rotation

plantations are multistemmed, as they were not

singled.

Toman Site
Hardiyanto et al. (2000) have described the

Toman stand in detail. The first rotation

plantation was established in January 1990 with

a spacing of 3 m x 3 m. The stand stocking was

1382 stems ha-1, 19% of trees were dead. The

predominant height was around 22 m and basal

area 30.4 m2 ha-1 at clear felling at age 9 years.

The stem diameter at breast height (DBH)

ranged from 5 to 38 cm and the average stem

diameter was 17.7 cm. Marketable wood

(diameter >10 cm over bark) was 228 m3 ha-1.

Sodong Site
The first rotation stand was established in

January 1991, spaced at 3 m x 2 m. Average

stand stocking was 1966 trees ha-1, of which 37%

were standing dead trees. When the stand was

felled at 10 years of age the predominant height

was about 24 m and the basal area 39.6 m2
 

ha-1.

Stem diameter ranged from 6.0 to 50.9 cm and

average stem diameter was 14.1 cm.

Commercial wood volume (diameter > 8 cm over

bark) was 262 m3
 

ha-1.

Experiment Details

Core Experiment

Toman site
The core experiment at Toman has four slash

management treatments (Hardiyanto et al.

2000):

BL0 Litter and all slash removed after

harvesting wood.

BL1 Whole live trees harvest.

BL2 Only stem of commercial size (diameter  >

8 cm over bark) removed.

BL3 Double slash.
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An additional set of BL2 (BL2B) plots was included

for sequential biomass sampling of trees as the

stand develops. The experiment was arranged in

a randomised complete block design, replicated

four times. Plot size was 40 m x 36 m with tree

spacing of 4 m x 2 m. Seedlings raised from

improved seed (provenance stand of Wipim,

Papua New Guinea) were planted in early January

2000. Fertilisers were applied at following rates

per tree: 30 g urea (13.8 g N) and 87.5 g SP36 (14

g P) at planting time. Trees were singled three

months after planting and pruned from the base

at six months, retaining about 70% of live crown.

Sodong site
Experimental design, treatments and planting

method of the core experiment were similar to

those at Toman, except for the plot size and

spacing. Here the plot size was 36 m x 36 m and

the tree spacing 3 m x 3 m. A standing crop of 2

ha area close to the experimental plot was set

aside. Trees were felled and treatments applied

from October to November 2000. Seedlings were

planted at the end of January 2001 using

seedlings collected from a seedling seed orchard

(Oriomo River, Papua New Guinea provenance).

As at Toman, trees were singled when they were

three months old and pruned at six months,

leaving about 70% of live crown.

A decomposition study conducted at Sodong, is

described in Hardiyanto et al. (2000). Litterfall

was also measured by placing five litter traps at

random locations on the forest floor of every

BL2
 

plot. Each trap was 1 m x 1 m, with 10 cm

high wooden sides, and fitted with a perforated

plastic sheet at the base. Litter traps were

installed at the end of March 2002 when trees

were 14 months old.

Optional Treatment (Sodong Site)
Two optional studies (Nutrition studies A and B)

were laid out in an area adjacent to the core

experiment.

Nutrition study A is a 3 x 3 factorial experiment

involving three different levels of N and P using

urea and SP36
 

fertilisers. Fertilisers were applied

at the following rates per tree: 0, 13.8 and 27.6

g N, and 0, 14.0 and 28.0 g P.

Nutrition study B is a missing element trial

involving K and Ca. There were four treatments:

control, K, Ca and K+Ca. Rates of application per

tree were: 0 and 75 g K (150 g KCl), and 0 and

335 g Ca (815 g hydrated lime). Each combination

of treatment received the basal fertiliser

application: 30 g urea (13.8 g N tree-1) and 87.5 g

SP36
 

(14.0 g P tree-1). Experiments, A and B were

laid out as a randomised complete block design,

replicated four times. Plot size was 36 m x 24 m

and the spacing 3 m x 3 m. Seedlings were planted

in early February 2001.

Measurements
At Toman, measurements of height, stem

diameter at breast height, slash cover and weed

cover were taken in the core experiment when

the trees were one-year-old. Slash cover was

assessed using a visual scale of 1-5 (1: no slash,

5: most slash). Weed cover was measured as

percentage area occupied by the weeds in the

plot, and dominant weeds were recorded. At 14

and 24 months, tree biomass was sampled in

the BL2B plot, and two trees were felled in every

block. Biomass was separated into: stem wood

(>5 cm), stem (<5 cm), bark, branches (<1 cm,

1-5 cm, >5 cm), and leaf (phyllodes). Subsamples

of each biomass component were oven-dried at

76oC to constant weight. Half of the subsamples

were used for chemical analysis.

At Toman, the optional nutritional experiment

was not measured because of the lack of

vegetation control as mentioned in the

introduction. For the litter decomposition study,

samples were taken monthly for the first 3

months and then annually. Three litter bags were

recovered from the BL2
 

plot and standing crop at

each sampling time. Samples were oven-dried

at 70oC for 48 hours, and weighed.

At Sodong, litterfall was collected at two-weekly

intervals. Litter from each trap was placed in a

plastic bag separately. Samples were oven-dried

at 76oC to constant weight. Samples from each

four-week period (2 collections) were combined

and subsampled, half of the samples were sent

for foliar analyses and the remainder kept for

future use.
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At Sodong, before the establishment of the

experiment, the amount of aboveground

biomass and nutrient contents in it were

measured. Soil was sampled to characterise

physical and chemical properties. Procedures

used for estimating biomass, litter and

understorey, soil sampling, as well as for plant

and soil analyses were similar to those at Toman

(Hardiyanto et al. 2000), except the minimum

stem diameter for the commercial wood

component was set at 8 cm, instead of 10 cm.

Soil samples were taken using a soil borer from

five points within each plot in the core treatments

at soil depths: 0-10, 10-20 and 20-40 cm.

Samples for bulk density were taken at the soil

depths similar to those for chemical analyses from

three points in each plot in every block. Soil

samples were dried and sieved through a 2 mm

screen for chemical analysis. The samples were

subsampled and some subsamples sent to the

laboratory for soil analyses and the remainder

kept for future use.

In Nutrition study B, leaf samples were collected

at 1.5 years of age (end of rainy season). The

youngest, fully expanded leaf was sampled from

outer branch positions in the bottom, middle and

top of the tree crown. Leaf samples were

randomly collected from 10 trees per plot taken

in the five inner rows of the plot. Soil and leaf

were subsampled and the subsamples of soil and

leaf were sent for soil and foliar analysis

respectively. At Sodong, tree heights were

measured in the core and optional experiments

at one and 1.5 years after planting.

Results

Toman Site

Tree growth
Table 1 shows the weed cover and  survival rate

of trees at age 1 year and tree growth at age 1, 2

and 3 years. At 3 years of age, slash treatments

had no significant effect on height and diameter

growth. The BL0 plot (with removal of litter and

slash) had slightly slower growth than those plots

having litter and slash. In BL3, the survival rate

of trees was much lower than other plots and

tree growth was poorer than other slash

treatments (BL1 and BL2) due to the considerably

higher weed cover (Table 1). Dominant weeds,

particularly in BL3, are: Mikania micrantha,

Imperata cylindrica, Cromolaena odorata and

Melastoma malabathricum.

The amount of slash remaining one year after

planting was related to the quantity of slash

applied to the plot at the beginning of experiment.

The remaining slash cover at each plot was scored

on a 5 point scale (1= low, 5= high). The average

score of slash cover was: 1, 1.25, 3.80 and 5,

respectively for BL0, BL1, BL2
 

and BL3 showing a

considerable amount of slash remaining on the

BL2
, 

and BL3
 

plots.

The nutrient concentration of standing biomass

at 14 and 24 months is presented in Table 2, while

the total dry biomass and their nutrient contents

are given in Table 3. Nutrient content was

calculated based on the amount of biomass per

Table 1. The effect of slash treatment on weed cover and survival rate of trees at one year, and height

growth and stem diameter at Toman

BL0 4.8 95 4.6 9.1 14.5 5.6 11.7 13.4 5.8 48.8 108.2

BL1 6.8 90 4.8 9.3 14.9 6.0 12.3 13.9 6.8 50.9 115.6

BL2 7.8 82 4.8 9.8 14.7 6.1 12.4 14.2 6.6 51.8 109.5

BL3 45.0 73 4.5 9.3 15.3 5.8 12.7 14.6 5.2 46.7 110.2

CVa 132.3 13.4 5.6 6.8 7.4 7.7 8.6 3.3 18.4 9.6 11.1

Treatment   Weed     Survival              Height                     Diameter                      Volume

cover (%)    (%)                  (m)                          (cm)                        (m3 ha-1)

   1 yr        1 yr     1 yr   2 yr   3 yr         1 yr    2 yr    3 yr      1 yr  2 yr    3 yr

aCoefficient of variation.
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hectare on BL2 plot multiplied by the mean

concentration of nutrient in that biomass. Foliage

has the highest concentration followed by

reproductive parts, bark, branches, upper stem,

and wood, which has the lowest concentration.

Dry weights of branches and foliage at 14 months

are slight underestimates because the trees were

pruned and biomass of pruned branches and

foliage was not measured. This could have been

up to 10% of the total biomass. At 24 months, the

standing biomass accumulation was almost double

that at 14 months. As trees increased in age the

proportion of woody component (wood and

branches) tended to increase, while that of

foliage tended to decrease. At 24 months the

nutrient contents of K and Ca in the tree were

lower than those at 14 months.

Sodong Site

Soil properties
Soil physical and chemical properties at Sodong

are shown in Table 4, and nutrient storage status

of the site is given in Table 5. Soil has a high clay

content and low pH. The N and organic C contents

are medium and decreasing with soil depth, while

C/N ratio is low. Phosphorus, K, Ca and Mg are also

very low. Nitrogen level is highly correlated with

soil organic C (R2
 

= 0.94). Correlation between

the organic C content and P concentration

(available P or total P) is very weak.

Biomass
Dry weights of biomass of the stand at Sodong

are given in Table 6. The total weight of standing

live biomass was 241 t ha-1. Over 74% of this was

merchantable stem, of which 67.3% was wood

and 7.3% bark. Leaves (1.9%) and branches/upper

stem (23.4%) made up the remaining biomass.

Litter mass was 7.4 t ha-1 and understorey was

1.7 t ha-1. The estimated average biomass in BL1,

BL2 and BL3 following treatment application is

shown in Table 7.

Tree Growth

Core experiment
At Sodong early growth of trees was good.

Survival was 100% except in two plots where it

was 98%. At 2 years, tree height in BL0
 

was only

slightly less than other slash treatments. Stem

Table 2.  Nutrient concentration in the standing biomass of young A. mangium trees (Toman site)

a Diameter < 5 cm, bNumbers in brackets are 1 SE.

Biomass

components

Nutrient concentration (%)

N P K Ca Mg

0.207 (0.008)b 0.019 (0.001) 0.213 (0.017) 0.101 (0.007) 0.029 (0.002)

0.847 (0.020) 0.031 (0.001) 0.300 (0.005) 0.539 (0.059) 0.046 (0.005)

0.494 (0.079) 0.027 (0.003) 0.385 (0.032) 0.504 (0.031) 0.079 (0.007)

2.242 (0.058) 0.055 (0.006) 0.725 (0.059) 0.790 (0.096) 0.168 (0.018)

0.162 (0.022) 0.023 (0.003) 0.125 (0.019) 0.025 (0.005) 0.069 (0.008)

1.131 (0.067) 0.040 (0.006) 0.343 (0.059) 0.665 (0.062) 0.096 (0.015)

0.527 (0.054) 0.037 (0.005) 0.394 (0.038) 0.381 (0.049) 0.127 (0.021)

0.278 (0.058) 0.025 (0.006) 0.078 (0.013) 0.508 (0.072) 0.118 (0.017)

2.325 (0.158) 0.068 (0.009) 0.698 (0.040) 0.648 (0.060) 0.245 (0.006)

2.190 (0.070) 0.111 (0.005) 1.516 (0.060) 0.400 (0.034) 0.204 (0.014)

14 months:

Wood

Bark

Branch and

upper stema

Foliage

24 months:

Wood

Bark

Branch and

upper stema

Old branch

Foliage

Reproductive

parts
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Table 3.  Standing biomass and its nutrient content (Toman site)

Table 4.  Soil physical and chemical properties measured before trial establishment (Sodong)

aDiameter < 5 cm,   bNumbers in brackets are percentage of the total.

Number in brackets represent 1 SE; Available P by Bray-1; Exchangeable cations by ammonium acetate extraction. For

details see Hardiyanto et al. (2000).

1.12 (0.03) 1.25 (0.02) 1.33 (0.02)

9.8 (1.49) 9.8 (1.54) 7.8 (1.25)

16.8 (1.65) 15.0 (1.47) 25.5 (5.31)

73.5 (2.63) 75.25 (2.25) 66.75 (4.80)

4.08 (0.025) 4.12 (0.024) 4.24 (0.021)

3.92 (0.016) 3.97 (0.017) 4.03 (0.022)

3.10 (0.101) 2.61 (0.080) 1.65 (0.055)

0.24 (0.007) 0.21 (0.005) 0.15 (0.004)

12.70 (0.112) 12.35 (0.196) 11.40 (0.224)

164.7 (7.595) 157.1 (9.753) 118.2 (9.024)

5.35 (0.414) 3.21 (0.287) 1.39 (0.190)

61.10 (3.923) 45.10 (2.239) 33.15 (2.152)

175.05 (14.561 83.25 (5.820) 50.55 (3.461)

45.26 (3.051) 27.80 (1.470) 23.65 (1.498)

0-10 cm 10-20 cm 20-40 cm

Bulk density (g cm-3)

Sand (%)

Silt (%)

Clay (%)

pH (H2O)

pH (KCl)

Organic C (%)

N total (%)

C/N

P total (mg kg-1)

Available P (mg kg-1)

Exchangeable K (mg kg-1)

Exchangeable Ca (mg kg-1)

Exchangeable Mg (mg kg-1)

Properties Soil depth

5.50(31.1)b 11.4 1.0 11.7 5.6 1.6

1.78(10.1) 15.1 0.6 5.3 9.6 0.8

5.54(31.4) 27.4 1.5 21.3 27.9 4.4

- - - - - -

4.84(27.4) 138.5 2.7 35.1 38.2 8.1

- - - - - -

                                           17.67 192.4 5.8 73.4 81.3 14.9

20.85(45.2) 33.8 4.8 26.1 5.2 14.4

                                            4.02(8.7) 45.5 1.6 13.8 26.7 3.9

12.76(27.7) 67.2 4.7 50.3 48.6 16.2

                                            1.57(3.4) 4.4 0.4 1.2 7.9 1.8

6.84(14.8) 159.0 4.7 6.7 44.3 16.8

                                            0.07(0.4) 1.5 0.1 1.1 0.3 0.1

                                           46.13 311.4 16.3 99.2 133.0 53.2

Biomass component   Biomass Nutrient content (kg ha-1)

(t ha-1) N P K Ca Mg

14 months:

Wood

Bark

Branch and upper stema

Old branch

Foliage

Reproductive part

Total

24 months:

Wood

Bark

Branch and upper stema

Old branch

Foliage

Reproductive parts

Total
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Table 5.  Organic carbon (OC) and nutrient content of soil assessed before trial establishment (Sodong)

Table 6.  Biomass and nutrient content of A. mangium stand at 10 years of age at Sodong

Numbers in brackets represent 1 SE.

Table 7.  Amount of harvest residues retained at the site and their nutrient content

diameter and volume in BL0, on the other hand,

were significantly less than other slash treatments

(Table 8).

Nutrient concentration in the standing biomass

BL2B
 

at age one year is in Table 9. The dry weight

of the biomass and its nutrient content are in

Table 10. Foliage contained the major portion of

nutrients, followed by bark and branch and upper

stem, while wood contained the lowest

concentration. The dry weights of branches and

foliage included the mass of pruned branches and

foliage when trees were pruned at six months

old.

Nutrition experiments
In Nutrition study A, N fertiliser had no significant

effect on tree height at 1 and 2 years. In contrast,

P fertiliser increased growth (P=0.001). The levels

of P from 0 to 14 g P tree-1 enhanced tree height,

stem diameter and stem volume significantly.

Further increase in the rate of application

increased height, stem diameter and volume

although not statistically significantly. Response

to P fertiliser at one year was maintained to 2

years of age (Fig. 1). At 2 years the mean tree

heights were 11.8, 12.2 and 12.8 m for 0, 14 and

28 g P tree-1 respectively, while the corresponding

stem volumes were 65.3, 75.6 and 83.4 m3
 

ha-1.

There was no significant N x P interaction.

0-10 34 753 2727 6.0 68.4 196.0 50.7

20-Oct 32 650 2644 4.0 56.4 104.1 34.7

20-40 44 143 3894 3.7 88.1 134.5 52.9

Total 111 546 9265 13.7 212.9 434.6 138.3

Soil depth                                            Nutrient content (kg ha-1)

(cm) OC N Available P Exch. K Exch. Ca Exch. Mg

BL1 8.7 125.3 2.5 24.3 53.6 11.5

BL2 72.1 578.5 12.6 156.5 345.3 53.9

BL3 124.5 959.3 21.2 270.3 582.4 93.2

Plot Biomass residues                              Nutrient (kg ha-1)

        (t ha-1) N P K Ca Mg

Component   Biomass                       Nutrient (kg ha-1)

   (t ha-1) N P K Ca Mg

Living tree biomass

Leaves

Branches and stem (< 8 cm)

Stem wood (>8 cm)

Bark

Total living biomass

Standing dead wood

Litter

Understorey

4.7   127(5.4) 4.9(0.4)     40.9(1.1) 24.0(3.2) 6.6(0.2)

56.4   311(26.9) 5.9(0.2) 76.6(4.8) 200.8(18.4) 25.4(2.4)

162.2   338(19.0) 12.2(1.4) 59.7(6.4) 181.1(37.6) 17.6(2.0)

17.7   187(18.0) 1.8(0.3) 30.9(1.7) 175.5(16.2) 8.4(0.8)

241.1   962(23.5) 24.3(1.3) 208.1(7.5) 639.5(38.2) 58.0(4.3)

3.5   19.3(5.4) 0.4(0.06)     2.9(0.6)  17.1(5.8) 1.1(0.3)

7.4   95.4(3.6) 1.5(0.07) 10.2(1.2) 49.8(4.2) 8.8(0.6)

1.7   36.0(2.3) 1.0(0.08) 14.9(1.3) 6.6(0.7) 3.2(0.08)
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In Nutrition study B, differences between

treatments were not detected up to 2 years of

age for tree height, stem diameter and stem

volume. Addition of K and Ca fertilisers did not

increase growth (Table 11). Foliar samples taken

at 1.5 years indicated that there were no

significant treatment effects on K and Ca

concentrations (Table 12). However, foliar K

content tended to be higher in the treatment

Table 8. The effect of slash treatment on tree height, stem diameter and volume at 1 and 2 years at

Sodong

Treatment means with the same letter are not significantly different at the level of p=0.05 using Duncan’s Multiple

Range Test.

Table 9. Nutrient concentration in the standing biomass of one year old trees at Sodong

aDiameter <5 cm, bNumbers in brackets represent 1 SE.

Table 10. Standing biomass and nutrient content of one-year-old trees at Sodong

containing potassium. Calcium content in foliage

was not significantly different between the

treatments

Litter decomposition
At Toman, one year after placement on BL2 plot,

the weight loss of litter was 55.8, 39.4 and 36.7%

for leaf, small twig and medium twig,

respectively; while under the standing crop the

BL0 4.6a 11.3a 6.2a 12.2a 7.3a 63.3a
BL1 4.9a 11.5a 6.9b 12.9b 9.2b 70.1b
BL2 4.9a 11.6a 7.2c 12.9b 10.3b 74.2b
BL3 5.0a 12.0a 7.4c 13.0b 10.9b 78.6b
CV (%) 4.9 3.0 2.9 1.7 8.0 4.4

Treatment       Height (m)                       Diameter (cm)   Volume (m3 ha-1)

1 yr 2 yr 1 yr 2 yr 1 yr 2 yr

Wood 0.107 (0.005)b 0.028 (0.042) 0.209 (0.023) 0.086 (0.004) 0.109 (0.008)

Bark 1.074 (0.043) 0.041 (0.004) 0.478 (0.045) 0.675 (0.022) 0.119 (0.009)

0.543 (0.010) 0.031 (0.008) 0.582 (0.027) 0.429 (0.023) 0.167 (0.006)

Foliage 2.587 (0.123) 0.090 (0.008) 1.122 (0.062) 0.925 (0.114) 0.220 (0.018)

                                          Nutrient concentration (%)

N P K Ca Mg

Age and

biomass

component

Branches
and upper
stema

6.32 36.9 6.8 1.8 13.2 5.4 6.9

1.21 7.1 13.0 0.5 5.8 8.2 1.4

5.97 34.9 32.4 1.9 34.7 25.6 10.0

3.64 21.2 94.2 3.3 40.8 33.7 8.0

17.15 100 146.4 7.5 94.5 72.9 26.3

Biomass component     Biomass                   Nutrient (kg ha-1)

(t ha-1) (%)b    N  P  K Ca Mg

Wood

Bark

Branch and upper stema

Foliage

Total

aDiameter <5 cm, bPecentage to total biomass.
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Figure 1.  Effect of P fertiliser on stem diameter of Acacia mangium

Table 11.  Effect of K and Ca fertilisers on growth of Acacia mangium

corresponding values were 51.6, 71.7 and 64.3%

(Table 13). During the first three months of

sampling coefficients of variation (CV) of the

weight loss in samples were in the range 8.1-

16.4% for leaf, 1.5-14.7% for small twig and 3.3-

4.9% for medium twig, while those under the

standing crop ranged 4.4-12.1% for leaf, 0.7-12.2%

for small twig and 1.3-13.8% for medium twig.

At Sodong, three months after placement, the

weight loss of litter in BL2 plot was 22.5, 27.4

and 22.4% for leaf, small twig and medium twig,

respectively; while under the standing crop the

values were 30.0, 30.0 and 28.6%. CV of the

weight loss were: leaf 2.8-11.3%, small twig

0.1-3.4% and medium twig 0.2-2.3%, and those

under the standing crop were: leaf 7.3-8.1%, small

twig 4.6-8.2% and medium twig 2.3-8.5%.

At Toman, the decomposition rate was slow in

the first month and then increased steadily both

on BL2 and under standing crop, whereas at

Sodong the rate of decomposition was fast in

the first month, then decreased on both the BL2

Table 12. Effect of K and Ca fertilisers on foliar nutrient concentration of Acacia mangium at 1.5 years of

age

Numbers in brackets represent 1 SE.

4.8 12.0 6.9 12.8 9.2 74.4

5.1 12.1 7.2 13.1 10.7 79.7

4.9 12.6 6.7 12.8 8.9 77.7

5.1 12.1 7.0 12.8 10.0 75.7

Treatment      Height (m)   Diameter (cm)   Volume (m3 ha-1)

1 yr 2 yr 1 yr 2 yr 1 yr 2 yr

Control

K

Ca

K + Ca

1.96 (0.01) 0.08 (0.01) 0.53 (0.05) 1.24 (0.08)

2.02 (0.05) 0.08 (0.01) 0.71 (0.03) 1.28 (0.02)

2.02 (0.11) 0.11 (0.03) 0.59 (0.04) 1.31 (0.13)

2.03 (0.03) 0.09 (0.01) 0.67 (0.06) 1.18 (0.05)

Treatment                               Nutrient (%)

N P K Ca

Control

K

Ca

K + Ca
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and under the standing crop. At both sites, the

rate of decomposition under the standing crop

was faster than on the BL2 plot. The phyllodes

(leaf) of A. mangium decomposed slowly. Table

13 shows litter dry weight loss with time and

decomposition rate constants (k) determined from

fitted first order decay functions (Olson 1963). It

should be noted that the sample weight of litter

was not adjusted for ash weight to correct

potential soil contamination.

Litterfall
The litterfall in BL2 plots from age 14 to 22 months

(March to October 2002) was 4.45 t ha-1 over 8

months. The litterfall was entirely comprised of

foliage in this young stand. The mean of nutrient

concentration was: N 1.35 %±0.048, P 0.02

%±0.002, K 0.25 %±0.023, Ca 1.20 %±0.046 and Mg

1.16 %±0.005. Nutrient contents in the litter per

hectare were: N 60.1 kg, P 1.0 kg, K 11.1 kg, Ca

53.4 kg and Mg 7.3 kg.

Discussion

Core Experiment

Nutrient capital and loss
Hardiyanto et al. (2000) noted nutrient depletion

due to harvesting is a cause for concern in

relation to the long-term site productivity at

Toman because, with the exception of N, nutrient

reserves in the soil are very low. There were

similar findings at Sodong; the nutrient

concentration of P, K and Ca in the soil is very

low, whereas N is high (Table 3). Removal of P, K

and Ca at both sites is high in relation to the

available or exchangeable nutrient pools in the

soil (Table 14). The magnitude of depletion of

all nutrients from Sodong is greater than at Toman.

This may partly be due to the size of

merchantable wood harvested: at Sodong all stem

wood >8 cm diameter over bark was removed,

whereas at Toman it was >10 cm diameter over

bark. The amount of biomass removed at Sodong

was also higher (178.9 t ha-1) than at Toman (138.9

t ha-1). At both sites the N loss compared with

the N pool in the soil is proportionally very low

and is not of immediate concern, especially

because of the N-fixing capacity of Acacia.

The quantity of P, K and Ca taken off site by

harvest at both sites highlights the importance

of retaining on-site the harvest residues, litter

and understorey, which have high nutrient

reserves, for the sustainability of highly

productive A. mangium plantations (Table 14). A

reduction in the upper diameter stem size

harvested as merchantable wood would result in

greater amount of wood removal and also increase

the amounts of nutrients removed from the site

Table 13. Litter weight loss with time and decomposition rate constant at Toman and Sodong sites

Toman 12 55.8 0.84 (R2=0.99)

Sodong 19 78.1 0.73 (R2=0.89)

Toman 12 39.4 0.57 (R2=0.83)

Sodong 19 69.8 0.70 (R2=0.88)

Toman 12 36.7 0.44 (R2=0.99)

Sodong 19 68.9 0.57 (R2=0.91)

Toman 12 51.6 0.86 (R2=0.95)

Sodong 19 96.2 1.50 (R2=0.97)

Toman 12 71.7 1.24 (R2=0.98)

Sodong 19 86.6 1.39 (R2=0.97)

Toman 12 65.3 0.98 (R2=0.98)

Sodong 19 76.8 1.01 (R2=0.97)

BL2 plot:

Leaf

Small twig: <1 cm

Medium twig: 1-5 cm

Standing Crop:

Leaf

Small twig: <1 cm

Medium twig: 1-5 cm

Litter component Site Decomposition Dry weight Annual decomposition

and placement time (months) loss (%) rate (k)
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because smaller and younger sections of stem and

bark contain higher nutrient concentrations.

Restoring depleted nutrients to the site through

judicious use of fertiliser is also essential for

maintaining and increasing production.

Tree growth
At Toman, the slash retention improved tree

growth although statistically not significant after

3 years of age. Tree growth in BL3 was poorer

than in BL1 (Table 1). Slash retention gave no

positive response. The higher mortality in BL3
,

increased space available to the remaining trees.

Weed presence had an adverse effect on tree

growth, and needed a practical implication.

Weeds compete for site resources (water,

nutrient and light) (Lowery et al. 1993, Richardson

1993) and in this experiment the dominant

understorey of Mikania micrantha, Imperata

cylindrica and Cromolaena odorata competed

with A. mangium trees for nutrient and water

but not light.

In BL3
,

 the herbicide applied after planting would

have been intercepted by the large amount of

slash making the herbicide less effective in weed

eradication. In addition, the large amount of slash

seems to have affected the quality of the planting

operation. These factors combined caused high

mortality in BL3. The optional experiment

(nutrition study) therefore had a heavy weed

infestation, mostly alang-alang (Imperata

cylindrica) grass, causing the loss of this

experiment.

At Sodong, the response of trees to the slash

retention was quite positive up to 2 years. The

removal of all organic matter (BL0) reduced tree

growth significantly. There is evidence of the

positive effect of organic matter improving

physical, chemical and biological properties of

acid soil (Ultisol and Oxisol) for agricultural crops

and rubber plantations in the Southeast Asian

region (Pushparajah 1991). Improved growth,

resulting from the harvest residue retention, has

been reported in studies on other species, e.g.

Eucalyptus grandis in Brazil (Gonçalves et al.

2000), E. urophylla in China (Xu et al. 2000), and

pines in Australia (Simpson et al. 2000).

Compared with the results of a similar study

carried out in Riau, Sumatra (Nurwahyudi and

Tarigan, these proceedings) the A. mangium at

Sodong at 1.5 years was slightly less in height,

but had larger stem diameter.

Response to nutrient additions
Lack of response to N fertiliser suggests there is

adequate N in the soil (Table 4) and in the

decomposing litter. A number of fertiliser trials

carried out at nearby sites, previously dominated

by Imperata grass, showed N fertilisation

increased significantly the growth of first

rotation A. mangium (Hardiyanto 1993). Acacia

mangium has a capacity to fix atmospheric N.

Given this and providing the N status in the soil

in the second rotation remains reasonably high,

N fertilisation for planting A. mangium is not

recommended in the second rotation.

Table 14.  Nutrient capital and nutrient removed in wood harvest at Toman and Sodong

The numbers in brackets are the nutrient removed expressed as percentage of nutrient capital in the soil (based on a

soil depth of 40 cm).
a Nutrient capital at Toman from Hardiyanto et al. (2000) and at Sodong calculated based on the results in Table 5.

Toman 9 189.5 6600 17.4 116 411 198

Sodong 10 241.1 9265 13.7 213 435 138

Toman 9 138.9 375 9.3 73 267 18

(6) (53) (63) (65) (9)

Sodong 10 178.9 532 14.0 91 357 26

(6) (102) (43) (82) (19)

Site Age Standing         Amount of nutrient (kg ha-1)a

(yr) biomass    Total       Available            Exchangable

(t ha-1) N P K Ca Mg

Nutrient capital

Nutrient removed
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Phosphorus fertilisation increased production. Up

to 2 years, the optimum level of P is 14 g (87.5 g

SP36) tree-1. As stated previously, the content of

soil P at this site is very low, which is typical of

Ultisols. Fertiliser trials of A. mangium in the first

rotation had the same result (Hardiyanto 1993);

this P level has been used operationally for

plantations at PT. Musi Hutan Persada. Wan Rasidah

et al. (1988) and Nik Muhamad and Paudyal (1999)

have also reported the positive effect of P on A.

mangium growth on Ultisol soil. Nik Muhamad and

Paudyal (1999) found that combined N and P

fertilisers increased significantly tree height of

A. mangium. However in this experiment, the

combined effect of N and P was not detected.

In this study, although the soil content of K and

Ca at Sodong was low, the application of K

fertiliser and Ca (hydrated lime) did not increase

tree growth. However, tree growth was slightly

better in treatment containing K or K + Ca (Table

11). Differences between treatments in foliar K

concentration were not significant, but foliar K

levels tended to be higher in the treatment

containing K (Table 12). Mead and Miller (1991)

proposed the satisfactory and critical levels of

foliar K in A. mangium were >1 % and 0.6 %,

respectively. Compared with their suggested

level, the foliar K concentrations found in this

study were lower than satisfactory level and for

the treatment not receiving K fertiliser were

lower than the critical level. However, it should

also be noted that the so-called critical and

satisfactory foliar levels proposed by these authors

are not based on adequate research results. It is

plausible that the K fertiliser rate given in the

present study was still too low to produce

satisfactory growth. Some of the K fertiliser

applied at planting time might also be lost through

leaching due to low exchange capacity of the

soil and high rainfall in the study site. The lack

of response to the application of K fertiliser

beyond that achieved with N and P addition was

also reported from fertiliser trials of other

species, such as Eucalyptus globulus (Bennett et

al. 1996, Judd et al. 1996, Pereira et al. 1996)

and E. nitens (Bennett et al. 1996).

Foliar Ca concentrations found here were all

above critical level of 0.2% proposed by Mead

and Miller (1991). It is possible that A. mangium

accumulates Ca in excess of its nutrient need

as found in other tree species.

Foliar N concentrations found in Nutrition study B

were not considered growth limiting, while those

of P were below satisfactory level of 0.13% as

suggested by Mead and Miller (1991). As pointed

out previously in Nutrition study A, the application

of P fertiliser had positive effect on the growth

of A. mangium; however, increasing fertiliser rate

from 14 to 28 g P tree-1
 

gave only small additional

stem and volume growth. Considering that all

treatments in Nutrition study B received 14 g P

tree-1, it seems that the P level in the study was

not limiting for normal growth of A. mangium,

even though the foliar content of P was less than

satisfactory level according to Mead and Miller

(1991).

To meet the demand of K and Ca for new growth,

trees might use available K and Ca from the

decomposing litter, however, the available K and

Ca in the litter seem inadequate to meet the K

and Ca requirements. The K and Ca contents of

the standing biomass of one-year-old trees

amounted to approximately 94.5 and 72.9 kg ha-1

respectively (Table 10), while the total K and Ca

in the litter prior to establishment was only 10.2

and 49.8 kg ha-1 respectively (Table 6). Some of

the nutrients from the decomposing litter is likely

leached out; therefore, the greater portion of K

and Ca demands has to be taken from the soil. It

seems likely that the contribution of nutrient pool

from litter plays an important role in meeting

the nutritional demands of trees early in the crop

cycle.

Reapplication of K fertiliser and hydrated lime

(223 g K tree-1 and 167 g Ca tree-1) was conducted

to assess the further response of these nutrients.

Potassium fertiliser was applied in split doses,

half of the rate was applied in March 2003 while

the remainder will be applied at the beginning

of next rainy season. Hydrated lime was applied

at once in March 2003. These fertilisers were
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broadcast on the plot receiving the respective

treatment. The rate of K and Ca was based on

the nutrient contents of trees at one year old at

Sodong (Table 10) assuming fertiliser utilisation

efficiency of 50%.

In this experiment trees started closing canopy

at 10 months. Following the canopy closure a

greater portion of K requirement by trees will

likely be met by retranslocating K from old foliage

before it falls and another portion will be taken

up from the soil, as well as from decomposing

litter. As reported from other species,

retranslocation of mobile nutrients, including K

is a common mechanism to reuse nutrients to

support new growth (Nambiar and Fife 1991,

Saur et al. 2000). As biomass increases, the K

requirement will also increase; trees will likely

extract more K from the soil and perhaps from

soil depths below the level sampled in this study.

A study to quantify the amount of nutrient

retranslocation in A. mangium is in progress.

Two fertiliser trials carried out on Ultisol soil in

Malaysia showed the beneficial effect of K in

combination with P on the growth of A. mangium

(Nik Muhamad and Paudyal 1999). Hardiyanto

(1993) reported that K fertiliser (40 g KCl tree-1)

had no significant effect on A. mangium growth

in the first rotation plantation grown at a site

formerly dominated by Imperata grass. Potassium

has not been applied when planting at PT. Musi

Hutan Persada. However, it is clear that the

amount of cations removed by harvested wood

represents a large proportion of the nutrient

capital and more detailed studies on the cycling

of these nutrient pools and their relationship to

productivity are a priority.

Decomposition
The decomposition rate of A. mangium litter

was slow. After three months, the leaf weight

loss varied from 20-30%. Litter decay rate at

Toman in the beginning was slightly slower than

at Sodong, which might be due to the lower

rainfall at Toman during the first 3 months of litter

decomposition; 192, 145 and 166 mm at Toman,

and 294, 191, and 183 mm at Sodong. Nutrient

contents of the litter could also affect the

decomposition rate (O’Connell and Sankaran

1997). At both sites the nutrient contents of the

litter were not measured, but the differences

were likely to be small.

Decay rate of A. mangium leaf litter in this study

was slower than that of litter from other tree

legumes, such as Leucaena leucocephala and

Paraserianthes falcataria, but comparable with

A. auriculiformis and Dalbergia latifolia; 76%,

56%, 33% and 39% respectively after 4 months

(Wijaya 1980). The leaf litter decomposition rate

of A. mangium in this study is comparable with

that in other studies with the same species.

Hilman (1993) estimated the dry weight loss of

A. mangium leaf litter at Sukabumi, West Java

as 34% after 3 months, and Mindawati (1999)

found a value of 27.4% after 3 months at

Majalengka, West Java. A study conducted in

Subanjeriji, South Sumatra gave the weight loss

of leaf and twig under an 8-year-old A. mangium

plantation as 38.9 and 35.5% respectively after

4.5 months (Setiawan 1993), and 47.4 and 59.1

% respectively after 1 year (SEAMEO BIOTROP

1998). The k values of leaf litter found in this

study were comparable with those recorded in

A. auriculiformis (k= 0.72 – 1.44) (Sankaran et

al. 1993), E. tereticornis (k = 0.74) (Sankaran

1993), E. grandis (k = 1.12) (Sankaran et al.

2000). Litter decay rate is partly determined by

its lignin content (O’Connell and Sankaran 1997).

SEAMEO BIOTROP (1998) found that the leaf of

A. mangium contains 52.4% lignin, and twig

approximately 29.6%. The relatively slow decay

rate of litter rich in N content has been found in

other tree legumes (Sankaran 1993).

Decomposition rate under the standing crop was

faster than in BL2. This may be the effect of

higher relative humidity and litter moisture

content under the standing crop since litter

temperature is unlikely to be limiting under both

conditions. Sankaran (1993) found that moisture

is one of the limiting factors for the breakdown

of tree litter in tropical forest.

Litterfall
The amount of litterfall recorded in this young

plantation (14-22 months of age) is high (4.45 t ha-1

over 8 months); Rachmawaty (1993) from a similar

study under a 2-year-old first-rotation plantation
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of A. mangium at the nearby site reported 3.47

t ha-1
 

yr-1. This is apparently due to much faster

growth of the stand in the present study compared

with that reported by Rachmawaty (1993).

Impacts on Operational
Management
Retention of harvest residue on site (comparable

to BL2
 

treatment) is now an operational practice

in the company. Results of this project have

provided further clear evidence that this

silvicultural practice needs to be continued and

refined. Results of the nutrition study have been

used by the management of the company for

fertiliser prescriptions at an operational scale,

namely no application of N fertiliser and

application of P fertiliser at 14 g P tree-1 at planting

time.

Overall results from this study, though based on

early results, have also provided to the

management evidence that the productivity of

the second rotation plantation is not declining

in yield, but can be increased so long as the

proper silvicultural practices, including the use

of genetically improved planting stock, retention

of harvest residue, nutrient input and weed

control, are fully adopted. Results also provide a

sound basis for identifying the critical ecosystem

processes and management systems upon which

company can invest in further research.

Conclusions
The magnitude of removal of P, K and Ca, (but

not N and Mg), due to harvesting was high in

relation to the nutrient pools at two sites in South

Sumatra. Management of organic matter by

retaining on site the harvest residues, litter and

understorey, which contain significant amounts

of nutrients, and judicious application of

fertiliser are very important for the sustainability

of highly productive A. mangium plantations.

The decomposition rate of A. mangium litter is

slow. The amount of litterfall of young stands is

high and its role as a source of nutrients may be

critical at an earlier stage of plantation growth.
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Abstract
This paper reports progress on effects of inter-rotation site management of Acacia

mangium plantations in Riau Province, Sumatra, Indonesia. Growth of the previous

stand in relation to soil is discussed. Pre-harvest tree biomass and nutrient content

measurements indicate the 7-year, first rotation crop (R1) had an aboveground live

standing biomass of 151 t ha-1 made up of 71% stem wood (> 7 cm top diameter), 17%

branches and stem (< 7 cm end diameter), 8% bark, 4% foliage, and 0.2% flowers/pods.

Total nutrients per hectare in these components were 593 kg N, 16 kg P, 357 kg K, 254 kg

Ca and 42 kg Mg. Ground litter and understorey accumulation was 39 t ha-1; mainly

from foliage 34%, wood 23% and twigs 24%, bark/partly decomposed 13% and understorey

5%. Treatment applications in the core experiment and in optional studies on the

second rotation (R2) are described and planned measurements indicated. Removal

and/or loss of nutrients during harvest and site preparation are having a major impact

on the total and available pool of nutrients at the site. These are quantified. Results of

early growth of the second rotation show slash removal reduced tree growth at age 18

months.

Logging Residue Management and
Productivity in Short-rotation Acacia mangium
Plantations in Riau Province, Sumatra,
Indonesia

Introduction
PT Riau Andalan Pulp and Paper (RAPP) started its

plantation forest development program in 1993.

A pulp mill was commissioned in January 1995 to

produce bleached kraft pulp from mixed

hardwood. The company obtains wood from

government-granted concessions on logged-over

forest areas. From an initial production of about

319 000 tonnes of pulp in 1995, the company is

increasing to produce 2 million tonnes of pulp

per annum by 2004. In 2000, the company began

using acacia wood (mainly from Acacia mangium

Willd.) harvested on a 7-year rotation from its

plantations. The expectation is by 2008-9 wood

requirements of the mill will be fully met by

plantations.

A total of about 300 000 ha of pulpwood plantation

will eventually be managed, mostly on degraded

land of low fertility. The company is committed

1 PT Riau Andalan Pulp and Paper, Pangkalan Kerinci, Pekanbaru, Sumatera, Indonesia. Fax: +62-761-95306

Site Management and Productivity in Tropical Plantation Forests: Proceedings of Workshops in Congo July
2001 and China February 2003. Edited by E.K.S. Nambiar, J. Ranger, A. Tiarks and T. Toma. CIFOR 2004.
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to managing these lands for long-term, sustainable

pulpwood production. It strives to adopt best

forestry practices and ensure healthy, high-

yielding pulpwood stands will be grown

economically with minimal impacts on soil and

the environment. Present harvesting operations

only remove logs of more than 7 cm diameter

from the field. Smaller stems, slash and most bark

are left on site.

Best practices for inter-rotation site management

to achieve sustainable wood production from short

rotation plantations are important. This study will

provide information to guide such practices in

order to sustain productivity.

Location and Site Description
The forest concessions of RAPP are located

between 1oN and 1oS of the equator located on

undulating to hilly topography in Riau Province,

Sumatra. Land elevations are below 400 m above

sea level.

The study site is between latitude 0°20’46' S and

longitude 101o47’04' E and latitude 0°20’37' S and

longitude 101o47’31' E with an altitude of about

100 m asl. The nearest town, Baserah, is about

10 km southwest of the site.

The region has a mean annual temperature of

27oC with 4-5oC differences for the mean

Figure 1. Baserah - Mean Monthly Rainfall and No. of Raindays in 1996-2000

maximum and mean minimum temperatures.

Relative humidity is commonly above 80%. Mean

annual rainfall for the Baserah area was 2438 mm

for 1996-2000. There was an average of 129 rain

days in a year. February, July and September have

less than 150 mm rainfall with other months 160-

325 mm (Fig.1).

The study site has undulating to rolling terrain

with most slopes 4-8%. Typical upland soil is thin,

dark yellowish brown, sandy loam to clay loam

topsoil overlying strong brown clay. The soil

typically has firm consistency to at least 110 cm

depth. This is the major soil type found in RAPP’s

forest concessions. The soil has been classified

as a Typic Hapludult (USDA), a Ferric Acrisol (FAO)

and a Podsolik Ortoksik (Indonesian Classification

System). Recent riverine alluvial soils occur in

low-lying areas and stream valleys.

Characteristics of the First
Rotation Stand before Harvest
Details of the first rotation stand have been given

by Mok et al. (2000). Acacia mangium seedlings

of Claudie River provenance from northeastern

Australia were planted in November 1993 at 3 x 2 m

spacing (1667 trees ha-1). At planting, each

seedling received 100 g triple superphosphate

(20.2 g P) and 20 g urea (9.2 g N). Singling took

place 4 and 8 months after planting. Weeds were
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controlled by chemicals five times in the first

year. When tree enumeration was conducted in

September 1999, there were 200-300 living trees

per plot in all except three of the experimental

plots. These trees had a mean diameter (overbark)

of 16.0 cm, and a range of 2.2 to 38.5 cm. Variation

in mean diameter between the blocks was small.

In each block, 84-91% of living trees were 8-24

cm diameter. Only 1.2% of the experimental trees

were multistemmed so the impact on stand

diameter distribution was minimal.

Methods
Core Experiment
The experimental design is a randomised

complete block with five core treatments. There

are four replicates instead of five as originally

planned. Block IV in the original layout had the

lowest number of living trees among all the

blocks. It was decided that this block be used

for another experiment (see Mok et al. 2000).

The core treatments are:

BL0 All aboveground biomass, understorey

vegetation and litter removed.

BL1 Whole-tree harvest. All crop trees

with bark and including tops,

branches, and leaves removed.

Understorey vegetation and litter

retained.

BL2 Commercial wood harvest with all

stems of >7 cm diameter including

bark removed. Non-commercial wood

components, leaves, litter and

understorey retained and evenly

distributed.

BL2 + bk Similar to BL2 but with bark retained

and evenly distributed together with

other components.

BL3 Double slash. Commercial wood

including bark removed. Non-

commercial residues from BL1 plot

brought  in and distributed  evenly,

adding to the slash already present.

An undisturbed, Standing Crop (SC) representative

of the stands harvested for the core experiment

has been retained as a benchmark stand. This

single block of five plots is for future comparisons

of changes in soil and other site properties arising

from the treatments. The block is located beside

a main road and subjected to dust pollution. A

new SC block of two plots had been established

as a supplement.

After implementation of the core treatments, the

trial area was planted in February 2001 with

seedlings of an improved selection of the same

provenance as first rotation. Each treatment plot

is 48 x 48 m with a net area of 33 x 33 m containing

121 trees for measurement. Applications of 25 g

triple superphosphate (5 g P) and 35 g rock

phosphate (5 g P) per tree were applied at

planting.

Tree Biomass Sampling and
Biomass on Singling
Tree growth was measured at 4, 8, 12, 18 and 24

months of age, then annually. Tree biomass samples

were collected based on height intervals at 4

and 8 months, after that on diameter intervals.

Tree biomass sample was collected from gross

plot of BL2 treatment; 16 sample trees were felled

to sample the range of tree sizes.

The purpose of singling was to retain a single

stem. Samples were collected at 4 and 8 months.

Biomass from net plots was collected and weighed

fresh from every row from all treatments across

4 replications. Fresh samples were collected and

delivered for laboratory nutrient analysis.

Optional Fertilisation Trial
This study is a self-contained experiment and

complementary to the core treatments. It is

a 3 x 4 x 3 factorial involving different rates of

N, P and K application with 3 replicates. The

objective of the experiment is to formulate a

fertiliser regime for achieving optimum growth

of A. mangium. The N rates tested are 0, 18 and

36 g N tree-1 supplied as urea; P rates of 0, 18,

36, and 54 g P tree-1 supplied as triple super

phosphate and rock phosphate; and K rates of 0,

18, and 36 g K tree-1 supplied as muriate of potash.

The experimental site is in the immediate vicinity

of the core experiment and on a similar soil type.

The site was previously planted with seedlings
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of the same provenance as first rotation, at 3

x 2 m spacing. All the experimental plots received

BL2 treatment and were replanted on June 2001

with A. mangium seedlings of Claudie River

provenance at 3 x 3 m spacing. The gross plot of

15 x 21 m has a net area of 135 m2 (9 x 15 m). Soil

sampling at two points per plot was undertaken

and the samples were bulked by block for physical

and chemical analyses. All trees in each plot were

measured before harvest in which all commercial

wood was removed manually.

Pre-harvest Measurements
Measurements made in the stand before felling

have been presented by Mok et al. (2000). All

trees were measured before the stand was logged

and all commercial-size wood removed manually.

No vehicular traffic was allowed in the plots. A

‘push test’ was given to standing dead trees;

those that fell were classified as litter. Twenty-

six trees from BL2 treatment (see Experiment

details) plots were randomly sampled by diameter

class for the determination of aboveground

biomass components and nutrient stores in trees.

The polynomial function Y = a + b x + cx2 + dx3

describing the relationship between diameter and

biomass components was used to determine

estimates of biomass and nutrient content in each

plot. Biomass and nutrient content of litter and

understorey vegetation were determined from

four 1 m² sample plots randomly selected within

each plot. The litter was sampled down to the

mineral soil surface and separated into various

components for determination. All biomass, litter,

understorey vegetation samples were oven dried

at 70o C for nutrient analyses.

Before replanting, soil samples were collected

from five points within each plot, at depths 0-

10, 10-20 and 20-40 cm bulked for physical and

chemical analyses. Bulk density measurements

were made on core ring samples of known volume

from one point in each plot. Samples oven dried

at 105o C for the determination.

Plant and soil analyses for the above were

conducted by the Research and Development

Centre of PT. Asian Agri Abadi at Bahilang, Tebing

Tinggi, North Sumatra.

Methods of soil analysis were (Tan 1993) :

� particle size distribution by pipette,

� pH (H2O, KCl) in 1:2.5, soil : solution,

� organic C by K2CrO7 digestion, Walkley and

Black titration,

� total N by Kjeldahl digestion/distillation,

� total P by 1:1 H2SO4/HClO4 digestion, colori-

metric,

� total K, Ca and Mg by 25% HCl extraction,

flame photometer,

� available P (Bray II) by 0.1N HCl, 0.03N NH4F

extraction, colorimetric, and

� exchangeable K, Ca and Mg by NH4Ac extrac-

tion at pH 7.0.

Soil moisture retention (pF) characteristics were

determined at the Laboratory of the Center for

Soil and Agroclimate Research, Bogor.

Determinations for pF 1.2 and 2.54 were by

pressure plate apparatus and pF 4.2 by pressure

membrane apparatus (Staf Laboratorium Fisika

Tanah 2001).

Results
Soil Properties before Replanting
Physical and chemical properties of the soil in

the plots are given in Table 1.

The soil type is Typic Hapludult as described by

Mok et al. (2000). The soil is clay, with clay loam

topsoil. It is very strongly acid with very narrow

C/N ratios down to 40 cm depth. The soil is

predisposed to rapid N mineralisation. There are

moderate levels of organic C and N in the top

10 cm, decreasing to low levels at depth. Nitrogen

concentration is highly correlated with the

organic C in the soil (Fig. 2).

Exchangeable cation capacity is moderate to low

and reflects the kaolinitic nature of the clay

minerals. Except for the surface horizon (0-10 cm),

the base saturation is very low, less than 12%

throughout the soil profile.

Soil nutrient storage at the trial site is shown in

Table 2. The availability of P in the soil is
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Table 1.  Soil physical and chemical properties of experimental site

Note: The number following ± represent 1 SE.

Figure 2.  Relationship between organic Carbon and total nitrogen in soil

Properties                    Soil depth (cm)

     0-10                          10-20                        20-40

Bulk density (g cm-3) 1.09 ± 0.03 1.21 ± 0.04 1.25 ± 0.03

Coarse sand (%) 22.3 ± 2.8 19.1 ± 2.5 17.2 ± 2.4

Fine sand (%) 14.4 ± 1.4 14.3 ± 1.2 13.4 ± 1.2

Silt (%) 23.9 ± 1.7 21.9 ± 0.9 21.0 ± 0.9

Clay (%) 39.8 ± 2.0 45.1 ± 2.2 48.4 ± 2.3

pH (H2O) 3.60 ± 0.04 3.61 ± 0.02 3.60 ± 0.03

pH (KCl) 3.42 ± 0.04 3.41 ± 0.03 3.40 ± 0.03

Organic C (%) 2.49 ± 0.17 1.43 ± 0.09 0.89 ± 0.05

N Total (%) 0.26 ± 0.02 0.18 ± 0.01 0.13 ± 0.01

C/N                                       9.52 7.98 6.57

Total P (mg kg-1) 398.6 ± 34.2 347.0 ± 33.7 305.4 ± 39.7

Available P (mg kg-1) 3.40 ± 0.26 2.27 ± 0.21 1.73 ± 0.16

Total K (mg kg-1) 418.9 ± 34.8 411.1 ± 31.8 407.5 ± 33.7

Total Ca (mg kg-1) 236.0 ± 47.7 109.0 ± 23.7 58.3 ± 16.9

Total Mg (mg kg-1) 589.2 ± 50.6 623.3 ± 48.5 649.1 ± 51.2

CEC pH 7 (c mol kg-1)               13.58                           12.38 1.66

Ex. K (c mol kg-1) 0.35 ± 0.03 0.24 ± 0.03 0.19 ± 0.03

Ex. Ca (c mol kg-1) 1.03 ± 0.22 0.46 ± 0.12 0.21 ± 0.07

Ex. Mg (c mol kg-1) 0.81 ± 0.11 0.55 ± 0.06 0.32 ± 0.04

Ex. Na (c mol kg-1) 0.13 ± 0.03 0.12 ± 0.01 0.12 ± 0.01

Base saturation (%) 17.13 ± 3.28 11.29 ± 2.47 7.39 ± 1.50
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Table 2.  Nutrient content of soil at the experimental site

Table 3.  Soil moisture retention characteristics at the experimental site

10–10 27129 2849 4 435 148 457 225 257 107 642

10–20 17357 2174 3 420 113 497 113 132 81 754

20-40 22146 3371 4 763 187 1019 107 146 97 1623

Total 66632 8394 11 1618 448 1973 445 535 285 3019

(cm) C N Avail. Total Exch. Total Exch. Total Exch. Total

depth Organic Total P K Ca Mg

Soil                            Nutrient content (kg ha-1)

approximately 0.7% of the total P content,

compared to 22.7% for K, 83.0% for Ca and 9.5%

for Mg. The low P availability is attributed to

the high fixing capacity of the clay in the soil. A

relatively large percentage of the total Ca is in

the exchangeable form the opposite is the case

for Mg.

Soil moisture retention characteristics were

determined on samples collected at four depths

from each block (table 3). The average total pore

space throughout the 1 m soil profile is 52.2% by

volume, with rapid drainage pores occupying

about 10%. Available water throughout the profile

averaged 13.3% by volume.

Pre-harvest Tree Biomass and
Nutrient Content

Biomass estimation
Regression analyses were conducted to determine

the relationship of stem diameter with the dry

weight of various biomass components such as

stem wood, branches, leaves, flowers and pods.

The relationship of diameter with total standing

biomass in a cubic regression is given in Fig. 3

and that with stem wood in Fig. 4.

Biomass distribution
General information and methods relating to stand

growth and biomass have been reported (Mok et

al. 2000). Variations in the dry mass of components

of live standing trees between plots within a block

and between blocks were generally small (<10%).

Aboveground biomass and nutrient content of the

stand in the core experiment is shown in Table 4.

Total dry weight of live standing biomass was

151 t ha-1; merchantable stem wood contributing

71%, bark 8%,
 

branches and stem (<7 cm diameter)

17%, leaves 4%, flowers and pods 0.2%. Litter

accumulation was 39 t ha-1; from leaves 34%, wood

23%, twigs 24%, and understorey vegetation 5%.

Nutrient content
The nutrient concentrations of live tree biomass

components are given in Table 5 and those of

litter and understorey vegetation in Table 6.

It is apparent from the nutrient estimates that N,

K and Ca are in very high demand for biomass

production while Mg and P are required in

relatively small quantities. Within the tree the

highest concentration of nutrients is generally

found in the leaves (phyllodes) and flowers,

followed by pods, stem bark, branches and stem

wood.

1.29 51.4 10.1 4.8 36.6 22.4 14.2

1.29 51.2 10.2 4.8 36.2 23.2 13.0

1.27 52.1 9.7 4.9 37.5 23.9 13.6

1.22 54.0 10.0 4.8 39.2 26.7 12.5

               Field        Wilting

(cm) (g cm-3) (% vol.) Rapid Slow         capacity       point (% vol.)

Soil        Bulk         Total pore      Drainage pores          Water content   Available

depth      density         space               (% vol.)                 (% vol.)              water

0 – 25

25 – 50

 50 – 75

 75 –100
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Figure 3.  Relationship between diameter and dry weight of total standing biomass

Figure 4.  Relationship between diameter and dry weight of stem wood
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Table 5.  Nutrient concentration of tree biomass components

Table 6.  Nutrient concentration of litter and understorey

Note: The number following ± represent 1 SE.

Leaf 2.38 0.04 0.22 0.71 0.22

Wood 0.39 0.01 0.10 0.13 0.02

Twigs 0.84 0.02 0.14 0.60 0.09

Bark/partly decomposed 1.12 0.03 0.15 0.13 0.75

Pod 1.45 0.03 0.34 0.41 0.18

Understorey 1.72 0.07 1.44 0.38 0.20

Litter and understorey                                 Nutrient (%)

component N P K Ca Mg

Table 4.  Aboveground biomass and nutrient content of the A. mangium stand at 7 years

Stem wood 0.15 ± 0.012 0.004 ± 0.0012 0.11 ± 0.022 0.06 ± 0.043 0.01 ± 0.004

Bark 1.05 ± 0.13 0.020 ± 0.007 0.49 ± 0.10 0.72 ± 0.17 0.04 ± 0.004

Branch < 1 cm 1.03 0.04 0.87 0.38 0.10

Branch 1-5 cm 0.50 0.01 0.30 0.21 0.04

Branch > 5 cm 0.46 0.01 0.32 0.21 0.04

Leaf 2.85 0.09 1.47 0.21 0.43

Flower 2.84 0.17 2.10 0.22 0.18

Pod 1.85 0.06 1.40 0.16 0.09

Tree biomass Nutrient (%)

component    N    P     K    Ca                   Mg

   Tree (living) A

Stem (>7 cm top diameter) 106.9 70.9 159 4 117 79 14

Bark 11.9 7.9 126 3 54 91 4

Branches and stem (<7 cm) 26.3 17.4 147 4 101 61 13

Leaf 5.4 3.6 153 5 79 23 11

Flower 0.1 0.1 4 0 3 0 0

Pod 0.2 0.1 4 0 3 0 0

Sub Total 150.8 100.0 593 16 357 254 42

   Litter and understorey B

Leaf 13.0 33.8 310 6 29 93 29

Wood 8.9 23.1 34 0 9 12 2

Twigs 9.3 24.2 78 1 13 56 8

Bark/partly decomposed comp. 5.0 13.0 56 1 8 38 7

Pod 0.4 1.0 5 0 1 1 1

Understorey 1.9 4.9 32 1 27 7 3

Sub Total 38.5 100.0 515 9 87 207 50

Total biomass (A+B) 189.3 100.0 1108 25 434 461 92

Component Dry weight        Nutrient (kg ha-1)

  (t ha-1) %             N P K Ca Mg
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In the litter, decaying leaves and pods had higher

N, K and Ca concentrations than the other

components. Decomposing bark had the highest

Mg concentration. This is expected as these

residues are from the standing biomass.

Understorey vegetation had P and K

concentrations higher than in litter components

and can therefore be a significant source of these

nutrients for the standing crop.

The live standing biomass of 151 t ha-1 includes

593 kg N ha-1, 16 kg P ha-1, 357 kg K ha-1, 254 kg

Ca ha-1 and 42 kg Mg ha-1. Together with the litter

and understorey, the experimental stand with a

total biomass of 189.3 t ha-1 contained an

estimated 1108 kg N ha-1, 25 kg P ha-1, 434 kg

K ha-1, 461 kg Ca ha-1 and 92 kg Mg ha-1.

Biomass Residue and Nutrient
Content in Treatments
Estimates of biomass residue and nutrient content

in the respective treatment plots after treatment

application are in Table 7. The estimates were

made from the regression analyses of the various

biomass components.

Early Growth of Acacia mangium
Mean diameter and height at 12 months are not

significantly different between treatments (Table

8). There were significant differences between

treatments on diameter at 18 months. Tree height

has no significant difference at 18 months. There

were significant differences in biomass growth

between treatments at 18 months (Table 9).

Biomass Removed in Singling
The first singling at 4 months had mean biomass

production of 0.18 t ha-1  (Table 10). The second

singling at 8 months had mean biomass

production of  1.15 t  ha -1. The biomass

reduction after singling was 46% at 4 months and

24% at 8 months.

Discussion and Conclusions
Accumulation of aboveground biomass in 7-year-

old A. mangium translates to a mean annual

Table 7.  Estimated amounts of biomass residue and nutrient contents retained at the study site

Table 8.  Height, diameter and survival rate of Acacia mangium at the study site

Treatment means with the same letter are not significantly different at the level of P=0.05 using Duncan’s Multiple Range

Test.

BL1 38.5 515 9 87 207 50

BL2 70.5 823 18 273 291 74

BL2 
+ bk 82.4 949 21 327 382 78

BL3 102.5 1131 27 458 375 98

Treatments      Total biomass                         Total nutrients (kg ha-1)

                         residue

                             (t ha-1) N P K Ca Mg

BL0 1.1a 3.1a 5.3a 8.6a - - 6.8a 9.3ab 99

BL1 1.3b 3.4b 5.5a 8.3a - - 7.6a 9.2a 96

BL2 1.3b 3.4b 5.5a 8.5a - - 7.1a 9.6b 95

BL3 1.3b 3.4b 5.4a 8.7a - - 7.6a 10.0c 93

BL2+bk 1.2b 3.4b 5.4a 8.7a - - 7.4a 9.7c 92

Age (months) 4 8 12 18 4 8 12 18 18

Treatment Height (m) Diameter (cm) Survival (%)
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increment (MAI) of 21.5 t ha -1yr -1. This

productivity is more than that recorded for sites

in Subanjeriji, South Sumatra (Hardiyanto et al.

2000, Siregar et al. 1999) where MAI ranged from

16.3 to 21.0 t ha-1 yr-1. Litter accumulation was

very high, at 39 t ha-1 or about twice that

recorded in Subanjeriji for a 9-year-old stand

(Hardiyanto et al. 2000). Biomass and nutrient

accumulation in the understorey was similar to

that of the stand in Subanjeriji. The understorey

makes up about 1% of the total aboveground

biomass and is expected to make only a small

contribution to site productivity. It can be a

significant source of K as plantation fertilisation

practices until recently do not include this nutrient

element.

Until recently harvesting and slash management

practice has corresponded to the BL2 treatment;

now stems are debarked in the field. Removal of

stem wood up to 7 cm diameter with bark is

estimated to remove 285 kg N ha-1, 7 kg P ha-1,

171 kg K ha-1, 170 kg Ca ha-1
 

and 18 kg Mg ha-1.

Table 9.  Biomass growth of Acacia mangium trees at the study site

Treatment means with the same letter are not significantly different at the level of P=0.05 using Duncan’s Multiple Range

Test.

Table 10.  The biomass removed by singlings at the study site

Treatment means with the same letter are not significantly different at the level of P=0.05 using Duncan’s Multiple Range

Test.

BL0 0.29a 4.84a 13.25a 21.85a

BL1 0.45b 5.97b 14.11a 20.89b

BL2 0.44b 5.85b 12.09a 22.11a

BL3 0.42b 5.67b 13.71a 23.44a

BL2+bk 0.40b 5.60b 12.89a 22.28a

Average 0.40 5.59 13.21 22.12

4 months 8 months 12 months 18 months

Treatments    Biomass (t ha-1)

Treatments                          4 months (t ha-1)                       8 months (t ha-1)

BL0 0.15a 1.55a

BL1 0.19b 0.99b

BL2 0.21b 0.93b

BL3 0.20a 1.16b

BL2+bk 0.14a 1.11b

Average 0.18 1.15

Harvest residues left on site would return 308 kg

N ha-1, 9 kg P ha-1, 186 kg K ha-1, 84 kg Ca  ha-1

and 24 kg Mg ha-1
 

to the soil. This results in a net

removal of 84 kg Ca ha-1 and 6 kg Mg ha-1 from

the site. However, contributions from the litter

and understorey vegetation would lead to an

accumulation in the aboveground total nutrient

store of 823 kg N ha-1, 18 kg P ha-1, 263 kg K ha-1,

291 kg Ca ha-1 and 74 kg Mg ha-1. If all these

nutrients were released into the soil without

losses the total soil nutrient content (to 40 cm

depth) would be 9.2 t N ha-1, 1.6 t P ha-1, 2.2 t K ha-1,

0.8 t Ca ha-1 and 3.1 t Mg ha-1. These amounts of

nutrients may be adequate for five rotations

(7 years each) of A. mangium without further

additions of any of these nutrients except Ca at

the current level of production. Now that

on-site debarking is practised, greater amounts

of nutrients will be retained at the site.

Depletion of nutrients in the soil can be very

rapid in short rotation A. mangium plantations.

Without nutrient contributions from harvest
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residues, litter, and understorey vegetation, the

total nutrient pool in the soil at the experimental

site would have been depleted by about 9% K

and 32% Ca in one rotation. The large

requirements of N, K, and Ca need to be viewed

seriously. However the N-fixing ability of the tree

species minimises concerns of N requirement.

The dominant weed during the first 10 months

was A. mangium natural regeneration, heaviest

in BL0 treatment, followed by BL1, BL2, BL3 and

BL2+bk. Perhaps mulching of slash has suppressed

wildings. This result was similar to Eucalyptus in

Coastal Plain of Congo (Bouillet et al. 2000).

The lowest diameter growth at 18 months was

BL1 (9.2 cm), this result is the same as Eucalyptus

urophylla in Guangdong Province, China where

BL1 had lowest diameter compared to other

treatments in age 16 and 31 months (Xu et al.

2000).

Diameter growth at 18 months was greater in

the treatments with more logging residue (BL3

and BL2+bk). In the treatments that retain slash

and bark residue (BL2+bk) which is slow to

decompose, the effect is lower compared to

treatments that decompose more rapidly (BL3).

This was also found with Eucalyptus in the Coastal

Plain of Congo (Bouillet et al. 2000). Higher slash

residue results in higher growth.
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Abstract
Encouraged by the implementation of the national forestry development program, public

and private investors are establishing Acacia plantations for industrial wood production

in South Vietnam. These operations are mostly small to medium enterprises. Their

expectations of productivity from short rotation (6-7 years) pulpwood plantations are

high but the knowledge and technology required for high and sustained production are

inadequate. This paper describes a project on site management and productivity of

Acacia auriculiformis plantations in the south of Vietnam. The project aims to investigate

the effect of various management options including harvesting intensity organic matter

retention, vegetation management and nutrient management on production at the end

of the rotation. Initial results are described. The volume of the A. auriculiformis stand

in the first rotation was 130 m3
 

ha-1 with a mean annual increment (MAI) of 18.6 m3
 

ha-1 yr-1.

Harvesting removed 35.23 t ha-1 of stem wood, 4.50 t ha-1 of bark, 9.53 t ha-1 of branches,

and 1.91 t ha-1 of leaves. Nutrients in the stem wood and bark removed in the harvesting

included 107.6 kg ha-1 N, 49.16 kg ha-1 Ca and 115.8 kg ha-1 K, and 4.42 kg ha–1 P. These

represent a significant part of the available nutrient pool in the soil and are far greater

than the amount currently added as fertilisers. Initial results clearly show the importance

of conserving organic matter and nutrients at the site in order to sustain productivity of

the site.

Site Management and Productivity of
Acacia auriculiformis Plantations in
South Vietnam
Vu Dinh Huong1, Pham Viet Tung1, Pham The Dung1, Ho Van Phuc1,

Nguyen Thanh Binh1, Ha Minh Duc1 and Nguyen Thi Tron1

Introduction
Vietnam is located in Southeast Asia and has a

total area of about 330 000 km2 between latitude

9oN and 23oN. Formerly Vietnam had 20 million ha

of forest land, about 60% of country’s area with

abundant and diverse flora containing about

12 000 plant species. Due to war, shifting

cultivation, illegal logging and other activities,

natural forest was reduced from about 43% in 1943

to 28% in 1987. It is estimated that approximately

60 000-100 000 ha of forest is lost annually. At the

end of 1993, natural forest and plantations were

estimated to cover 9.65 million ha.

1 Forest Science Institute of Vietnam, So 1 Pham Van Hai Tan Binh, Ho Chi Minh City, Vietnam, Tel: +84-8-8441496, Fax: +84-8-8448690,

E-mail: phanvienkhln@hcm.vnn.vn

Site Management and Productivity in Tropical Plantation Forests: Proceedings of Workshops in Congo July
2001 and China February 2003. Edited by E.K.S. Nambiar, J. Ranger, A. Tiarks and T. Toma. CIFOR 2004.
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The Government of Vietnam has embarked upon

a five million ha afforestation program to increase

forest cover to 40% of the country by 2010.

According to this program (1998-2010), there will

be 1 920 000 ha for protection, 80 000 ha for

special uses, and 3 million ha for productive

plantations requiring the forestry sector to plant

260 000-400 000 ha annually (Nguyen Duong Tai

2002). The Forest Development Department (FDD)

has planned 1 million ha for pulpwood, 400 000 ha for

plywood, 200 000 ha for timber and 200 000 ha for

special uses. FDD has also aims to apply advanced

technology to increase a mean annual increment

(MAI) to about 20 m3
 

ha-1 yr-1 in new plantations

(Forest Development Department 2002).

In recent years, acacias have made a

considerable contribution to large-scale

plantations in Vietnam. In the early 1960s, about

twenty Acacia species from Australia were

introduced into Vietnam for trial but only A.

auriculiformis has become an important species

for planting. Large plantations of A. auriculiformis

have been successfully planted on many sites

especially in southern provinces. Important

attributes of A. auriculiformis are rapid growth,

good wood quality for pulp, and tolerance to a

range of climatic and soil types in tropical

environments. In Vietnam, acacia wood is used

as raw material for the paper industry and the

planted area will increase to about 10 000-15 000

ha yr-1 (Nguyen Hoang Nghia and Le Dinh Kha

1998a).

There has been active research in Vietnam aimed

at increasing the yield of Acacia plantations by

selecting suitable provenances and applying

vegetative propagation. There has been some

preliminary work in relation to soil suitability,

planting techniques such as planting density,

fertiliser application and land preparation.

A nationwide study examined 5 species and

84 provenances of Acacia from 1982 to 1995

(Nguyen Hoang Nghia and Le Dinh Kha 1998b) and

developed methods to propagate A.

auriculiformis and A. mangium by cuttings. Studies

to assist the establishment of plantations by land

preparation, fertiliser application and selection

of suitable provenances for A. auriculiformis,

A. mangium and Eucalyptus spp. have been made

in South Vietnam (Pham The Dung 1996). It was

found that a harvesting age of 10-12 years for A.

auriculiformis plantations is most suitable for

pulpwood processing (Nguyen Thi Anh Nguyet

2000).

In the last 10 years, the term ‘industrial plantation’

has been used in Vietnam for man-made

plantations in which advanced techniques must

be applied to increase yield. However, there is

still little scientific basis and essential knowledge

on which to decide the application of these

techniques to enable sustainable productivity of

plantations.

Do Dinh Sam (2001) showed the ‘preliminary

picture’ of the relationship between site and

productivity of man-made plantation throughout

Vietnam.

In the North
An 8-year-old plantation of Eucalyptus urophylla

in Phu Ninh, on shallow soil has a MAI of 5.6 m
3

ha-1 yr-1, while in Tam Nong on deep soil the MAI

is 13.7 m3
 

ha-1 yr-1, This species produced at 4

years a MAI of 10.7 m3
 

ha-1
 

yr-1
 

on degraded red-

yellow ferric soil and 13.5 m3
 

ha-1 yr-1 on non-

degraded soil on the plateau.

On red-yellow ferric soil at Vinh Phu, an 8-year-

old plantation of A. mangium had a MAI of 6

m3
 

ha -1
 

yr -1 on thin soil (< 50 cm) and 15.7

m3
 

ha-1 yr-1 and 25.7 m3
 

ha-1 yr-1 on soils 80 cm and

over 100 cm deep respectively.

On the Plateau
On red-yellow ferric soil of plateau, A. mangium

has a MAI of 12.4 m3
 

ha-1 yr-1
 

on a flat site, and

7.8-8.5 m3
 

ha -1 yr -1
 

on a sloping area. The

productivity of A. auriculiformis on degraded

bazan soils is only 9-10 m3
 

ha-1
 

yr-1.

In the South
On a thin alluvial soil in the southeast (Bau Bang),

5-year-old Eucalyptus camaldulensis has a MAI of

5.8-10.2 m3
 

ha-1
 

yr-1, while on a deep (>50 cm)

ferrallite soil the MAI is 24-29 m3
 

ha-1
 

yr-1.

An 8-year-old plantation of A. mangium in Bau

Bang on a deep grey soil has a MAI 16-22 m3
 

 ha-1
 

yr-1
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while on shallow soil at Song May the MAI is

15-19 m3
 

ha-1
 

yr-1. Productivity of A. auriculiformis

is lower than A. mangium. On a grey soil, a

9.5-year-old plantation of A. auriculiformis has

a MAI of 12-16 m3 ha-1
 

yr-1
 

on deep soil and 6-10 m3

ha-1
 

yr-1
 

on shallow soil. However, on a fertile soil,

where natural forest had just been cleared, the

MAI of A. auriculiformis was 22-23.5 m3
 

ha-1
 

yr-1
 

in

Phu Tan and 35-45 m3
 

ha-1
 

yr-1 at Minh Duc (Do

Dinh Sam 2001).

In general, productivity of Acacia species in

northern Vietnam is lower than in southern regions

(Nguyen Hoang Nghia and Le Dinh Kha 1998a).

Many plantations of A. mangium in the north have

a mean annual height increment of about 2 m yr-1

and diameter increment of 2.5 cm yr-1 but in the

south this species grows with mean height

increment of more than 2.5 m yr-1
 

and more than

3.0 cm yr-1 diameter. A. auriculiformis has quite

good growth in commercial plantations in the

south with 2.4-2.8 m yr-1 for height and 2.5-2.8

cm yr-1 for diameter. On dry and poor sites such

as in parts of Vinh Phu, Quang Tri and Binhthuan

provinces, growth of this species was slow.

It is clear that productivity of plantations varies

considerably depending on the characteristics of

site including soil fertility, slope, terrain, soil

depth, vegetation, climate and management.

For industrial plantations, most research so far

has concentrated on tree improvement to

identify highly productive species and

provenances. Much less effort has been directed

to studies on soil productivity and site

management. Plantation forestry poses many

challenges if it is to become a sustainable land

use system. Productivity of plantations needs

to be high and sustainable because of high initial

investments required and to ensure a continuous

flow of wood for the industry within the reach of

the mills. Plantations must be economically

viable whether publicly or privately owned.

The risk to sustainable plantation forestry depends

on the degree of alignment of interdependent

variables that include ecological capability of site,

intensity management, impact on soil, water and

other environmental values, economic benefit

and social goals (Nambiar 1996, Nambiar and

Brown 1997). Of these, ecological capability is

tied directly to a site. Nambiar and Brown (1997)

defined the ecological capability of a site as:

� bounded by the inherent soil and biophysical

constraints;

� responsiveness of the soil to management

inputs; and

� genetic potential of the species and their

interaction with the environment of the site.

Very few studies have been carried out to

understand and manage sustainable productivity

of A. auriculiformis plantations, although their

development is increasing rapidly in Vietnam.

The industry is in its infancy and is largely

managed by small-scale private and public

investment. Therefore, obtaining knowledge and

assistance from other countries and international

organisations are important for Vietnam’s

forestry sector.

In March 2002, the Forest Science Institute of

Vietnam (FSIV) in collaboration with CIFOR set

up a long-term research project as part of the

CIFOR project ‘Site Management and Productivity

in Tropical Plantation Forests’ (Tiarks et al. 1998,

Nambiar et al. 1999).

In this paper we report on the overall

experimental approach and experimental details.

Soil and stand characteristics and the impact of

harvesting and slash management treatments

on site organic matter and nutrient pools are

described. Details of re-planting the second

rotation crop and the effects of treatment on

growth of new crops will be reported later.

Objectives
Overall objectives and approach to the network

project have been described by Tiarks et al.

(1998) and Nambiar et al. (1999).

In this project we aim to develop management

practices for increased and sustained production

of A. auriculiformis plantations in South

Vietnam. The focus is on three key variables

which come into play during the inter-rotation

management; impacts of different harvesting

and site management practices on soil and

productivity of the next crop; effect of
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vegetation management on production; and effect

of fertiliser application during early establishment

on growth. Specific goals are:

� To develop an information system on A.

auriculiformis plantations which are grown

and harvested with different soil and organic

matter (slash, litter) management methods.

This objective has four components.

1. Information on the amount of biomass at

the site including stand litter and

understorey,

2. Information on the nutrient pools in soils

and the nature of their availability,

3. Information on nutrient (N, P, K, Ca, and

Mg) content so that impact of harvest

and site management on site nutrient

capital can be estimated, and

4. Information on site conditions and climate

factors.

� To analyse and determine the changes of

forest productivity and site conditions under

different soil and organic matter conservation

treatments.

� To determine optimum vegetation (weed)

management regimes for maximum tree

production.

� To evaluate the response to application of

fertiliser at planting.

� To prepare (based on the above results)

guidelines and options for site management

of A. auriculiformis plantations.

� To communicate the results to forest managers

through reports and field demonstrations.

Experimental Details

Study Site
The site is located at the Phu Binh Experiment

Station belonging to Forest Science Sub-Institute

of South Vietnam, at Vinh Hoa Commune, Phu

Giao District, Binh Duong Province, (latitude

11o18’87'N, longitude 106o52’68'E and altitude 75-

80 m).

Climate
Climatic data were taken from the Dong Phu

meteorological station about 30 km from the study

site (Figs 1a, 1b). The climate is warm humid

tropical with a mean annual temperature of

27.3oC, mean annual humidity 81% (range 71-87%)

with small seasonal variations. Mean annual rainfall

is 2686 mm (range 2333-2900 mm), and total annual

evaporation is about 850 mm (range 773-955 mm).

The rainy months are May to November and the

dry months are December to April.

Soil
The site geomorphology is similar to that of much

of southeastern South Vietnam. The site is a hill,

relatively flat on the top with slopes of 1-3o 

and

a southerly aspect.

The soil type is a Chromic Acrisol. Features of

the soil profile in the harvesting and slash

management study area are described in Table 1.

Soil depth decreased towards the south where

the surface soil was clay loam and the B horizon

had significant amounts of iron nodules, described

as Endohyperferric-Chromic Acrisol. The parent

material is schist.

Stand
The site had degraded native remnant

vegetation. This was cut and the slash burned.

The site was ploughed before planting A.

auriculiformis in 1995 at a spacing of 3 x 4 m

(833 trees ha-1). The stand was weeded by hand

and ploughed between rows periodically to

control vegetation. Details of the growth of the

stand are described later. The understorey

vegetation was high and dense with dominant

species being Panicum maximum, Imperata

cylindrica, Bauhinia cadinale, Memecylon sp. and

Cratoxylon formosum.

An area of 8.3 ha in 2 discontinuous blocks was

identified suitable for the project based on a

survey of the available area.

Experimental Design
The experimental structure consists of core and

optional treatments (Tiarks et al. 1998), and a

demonstration of best management practices

compared to current practice in the area.
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Figure 1. Climate (1997-2002) at Dong Phu meteorological station. a) Monthly average values of daily

maximum and minimum (triangles) and mean (circles) of air temperature. b) Average value of

monthly rainfall
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Harvesting and Slash Management
Study
Treatments are similar to the CIFOR network

project (Tiarks et al. 1998). The experimental

area consists of: (1) treatment plots; (2) additional

plot areas designated for tree biomass sampling;

and (3) standing crop. Treatments are:

BL0  All aboveground organic matter including

the crop trees, understorey, slash and litter

is removed. Where present, the soil organic

matter (organic residue that is decomposed

beyond recognition) on the surface is not

removed.

BL2  Stem wood + bark harvested. Stand is felled

and the tops and branches are cut and

retained in the plot. Only the commercial

sized stems and bark on them is removed.

All other organic residue is left with

minimum disturbance.

BL3  Double slash. Branches, leaves (phyllodes)

and other non-commercial components

(excluding litter) of the trees from BL0

treatment are transported and distributed

evenly over the plot.

Total treatment area of fifteen gross plots is 1.73 ha,

each of the 15 plots is 1152 m2 (12 rows x 16

trees; spaced 3 x 2 m) comprising measured area

of 576 m2 (8 rows x 12 trees) and buffer area of

576 m2 (96 trees). The experimental design was

a randomised complete block with three

treatments and five replications.

Biomass plot (BP): An additional area of 0.7508

ha (1251 trees) was set up for sequential biomass

harvest to determine the relationship between

the growth of biomass and nutrient uptake.

Standing crop (SC): An uncut area (not replicated)

close to and representative of the harvested stand

is left in a block (0.6 ha) as a control for

comparison and for measuring changes in soil and

other site properties as required.

Table 1.  A typical soil profile at the harvesting and slash management experimental sites

Soil horizon Depth (cm) Properties

A  0 -19 Greyish brown yellow (10 yr 6/2), dry, sandy clay  loam,

weak-medium,   sub-angular  blocky  structure;  friable,

soft, slightly plastic, slightly sticky, many fine fresh roots;

poor in organic matter, some vertical cracks (2–3 mm in

width, few vesicular pores (2–3 cm  diameter),  gradual

smooth boundary.

BA 19-45 Greyish  brown  yellow  (10  yr  6/2),  dry,   sandy  clay,

moderate medium, sub-angular blocky structure; friable,

slightly  hard,  plastic,  sticky,  many  fine  fresh  roots,

common vertical cracks (2–3 mm in width), few vesicular

pores (2–3 cm diameter), gradual smooth boundary.

B1 45-80 Dull   yellowish  brown   (10 yr 5/3),  dry,   sandy    clay,

moderate medium, sub-angular blocky structure parting

to weak medium sub-angular blocky structure; friable,

hard, plastic, sticky, few fine fresh roots; some vertical

crack (2–3 mm in width), few  yellowish brown (10 yr 5/

6), gradual smooth boundary.

B2 80-120 Dull   yellowish   brown  (10  yr 5/4),  dry,   sandy   clay,

moderate medium, sub-angular blocky structure parting

to weak medium sub-angular blocky  structure;  friable,

hard,  plastic,sticky, few fine fresh roots; some vertical

cracking, gradual smooth boundary.
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Vegetation Management Study
Current weed control practice in acacia

plantations in Vietnam comprises hand weeding

initially, and ploughing twice a year from three

years after planting. This is not very effective

and repeated ploughing may be undesirable for

maintaining soil fertility. The purpose of this study

is to determine the degree of weed control

required for maximum growth based on an

understanding of the competition between weed

and trees. The treatments are:

C1 Pre-planting herbicide spray once (control).

C2 Pre-planting herbicide plus post-planting

1.5 m wide spray (spanning 0.75 m on both

sides of tree rows), 2-3 times per year.

C3 Pre-planting herbicide plus post-planting

spray in full plot area, once per year.

C4 Pre-planting herbicide plus post–planting

spray in full plot, 2-3 times per year.

The experimental design is a randomised

complete block with four treatments and four

replicates. The total area of sixteen gross plots

is 1.25 ha, each of the 16 plots is 780 m2 (10 rows

x 13 trees; spaced 3 x 2 m) consisting of measured

area of 324 m2 (6 rows x 9 trees) and buffer area

of 456 m2 (76 trees).

The site was prepared as in BL2 treatment of the

harvesting and slash management study.

Nutrient Management Study
The objective of this trial is to evaluate the

growth response of trees to application of

nutrients at planting. The treatments are:

Nil (no fertilisation);

C (current practice): 50 g NPK (16-16-8)

fertiliser (8g N, 8g P, 4g K) tree-1;

P1 (phosphorus): 100 g superphophate

containing 7.2% P (16.5% P2O5) fertiliser

tree-1(7.2 g P tree-1) and 50 g NPK (16-16-8)

fertiliser tree-1;

P2 (phosphorus):  200 g superphophate tree-1

(14.4 g P tree-1) and 50 g NPK (16-16-8)

fertiliser tree-1;

Ca 500 kg Ca(OH)2 ha-1 (270 kg Ca ha-1) applied

on soil surface and 50 g NPK (16-16-8)

fertiliser tree-1.

Phosphorus fertiliser was placed in the planting

hole, while NPK fertiliser was placed in a furrow

about 10 cm from the seedling. Calcium was

broadcast on the soil surface before planting.

The total area of twenty gross plots is 0.86 ha,

each plot is 432 m2 (8 rows x 9 trees; spaced 3 x 2 m)

comprising a measured area of 120 m2 (20 trees)

and a buffer area of 312 m2 (52 trees). Since the

plot size of this study is small (< 300 m2), tree growth

of all trees in gross plots will be measured and

analysed. The experimental design was a

randomised complete block with five treatments

and four replications.

Demonstration Plots
Communication of results through technology

transfer and demonstration is an important aim

of this project. Plots to demonstrate the potential

value of improved management compared to

current practices have been established. There

are three comparisons:

DFp (current practice): This includes burning

slash and ploughing land before planting,

50 g NPK fertiliser (16-16-8) was applied

at planting, understorey vegetation

controlled by ploughing, care of planted

trees by cultivating the soil near the trees.

Total area 0.37 ha, tree spacing 3 x 2 m.

DFb (best management): This includes retention

of slash (based on results of CIFOR trials in

other countries), weed control with

herbicide applied 2-3 times per year, 50 g

NPK fertiliser and 200 g superphosphate

tree-1 applied at planting. Total area 0.46 ha,

tree spacing 3 x 2 m.

DFf Slash retained and weeds controlled as in

DFp, 500g RIZOBIOM (trade name,

microorganism fertiliser) applied per tree.

Methods

Estimation of Stand Variation and
Optimum Plot Size
The total area available and suitable for

experimental study of this nature was restricted

because most local first rotation plantations are

in small fragmented blocks. Therefore it was

necessary to determine the plot area more



128 Site Management and Productivity of Acacia auriculiformis in South Vietnam

systematically. It is known that the larger the

experimental plot the smaller will be the sampling

error of the mean of estimated plot

characteristics (mean plot biomass, mean plot

tree height etc.). However, the larger the

experimental plot the higher the cost of

managing the experimental area and the greater

the experimental error. To assess this, a test on

how the plot size affects the coefficient of

variation (a main component of sampling error)

of plot wood volume was carried out.

Ten randomly located points were marked as

centres for circular plots. From these points 8

concentric circular plots of 25 m2, 50 m2, 100 m2,

200 m2, 300 m2, 400 m2, 500 m2, 600 m2 were set

up. Diameters at breast height of all trees in these

plots were measured. Standing volumes in each

plot were calculated applying the regression

equation below. The equation was established

from data collected on 20 trees representing the

range diameter class in the block:

V  = - 0.00206d + 0.000895d2 – 0.0000115d3

Where V is stem volume (m3) and d is stem

diameter at breast height (cm).

Plot volume and coefficient of variation for each

plot size were calculated. In addition to plot size,

it was also necessary to determine the number

of buffer rows required for each plot. To

determine this, stem diameters of trees in 7 rows

from the edge of a stand inward from the exposed

side were measured. Then the mean tree basal

area was calculated for each row.

Biomass and Nutrient Content
Before harvesting the stand, heights and

diameters of all trees in the plots were

measured. Thirty trees were identified for

biomass sampling. They were spatially

representative of the five replicates (blocks) in

the core study, and covering the range of

diameter classes. A subsample of ten of these

was selected for nutrient analyses.

After felling the trees, stem diameter at breast

height and tree length up to the top-end diameter

of 5 cm were measured. Each tree was divided

into five equal length sections; wood and bark in

each section were weighed and samples were

taken for dry mass determination. Fresh weight

of branches, foliage, and reproductive parts

(flowers, fruits) were determined and subsamples

were dried and weighed. Samples were oven-

dried at 76
o
C to a constant weight. Allometric

relationships between stem diameter and biomass

component were developed using the model:

Y= a X b

where Y is dry weight biomass and X is stem

diameter, a and b are coefficients.

Regression equations for each biomass component

were determined then used for estimation of

biomass and nutrient quantities in each plot.

Litter and Understorey Vegetation
Four 1 m2

 

sample plots were set up in each BL0

and BL2
 

plot by using a systematic square grid

system. Litter was separated into leaf, wood,

bark, branches, flowers, seeds, pods, and stalks.

The understorey vegetation was separated into

woody and non-woody plants; each category was

separated further to leaf, wood, bark and

branches.

Litter components were weighed. Samples from

each component were oven-dried at 76
o
C to a

constant weight. Oven-dried samples were

subsampled, half for chemical analysis and the

remainder kept for future use.

Plant Analysis
Nutrients concentration of each organ were

measured in a single digest using concentrated

sulphuric acid and 30% hydrogen peroxide

(Lowther 1980).

� N - Kjeldahl.

� P - Spectrophotometer.

� K - Flame photometer.

� Ca and Mg - Atomic absorption.

Soil Sampling and Analysis
Soil cores were taken from 5 points in each plot

from four soil depths: 0-10 cm, 10-20 cm, 20-
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30 cm and 30-50 cm. Samples of the same depth

were then bulked to obtain 4 composite samples,

one for each soil depth. From each composite

sample, two subsamples of 1.0 kg were air-dried

for about 7 days. Half of this subsample was used

for analysis and the remaining half stored.

Chemical analysis was carried out on soil fraction

less than 2 mm. Methods for soil analysis (van

Reeuwijk 1995) were:

� Organic carbon- Walkley-Black procedure.

� Total N- sulphuric acid- selenium mixture

digestion with hydrogen peroxide; Kjeldahl.

� Total P- sulphuric acid and perchloric acid

mixture digestion; colorimetric molybdate

blue.

� Total K, digestion as per total P; flame

photometer.

� Available P- citric acid 1% solution extraction;

colorimetric molybdate blue.

� Exchangeable K, NH4Oac 1M extraction; by

flame photometer.

� Exchangeable Ca, Mg; NH4Oac 1M extraction;

atomic absorption.

� CEC - by percolated with NH4Oac 1M.

� pH- 1:2.5 water solution.

Site survey, tree harvest, soil sampling, plot

layout, biomass sampling and other experimental

work were carried out in April 2002 before the

rainy season. Details of planting the second

rotation crop and post-planting silviculture will

be described in another publication.

Results and Discussion
When this report was prepared only results related

to layout, stand biomass, soil nutrients and impacts

of core treatments on nutrient loads were

available.

Soil Characteristics
Soil physical and chemical properties in the core

experimental area are given in Table 2. The soil

has a high sand content, 57%-70%, which

increased with depth. Bulk density is generally

high, as might be expected from the profile

description. Soil pH is acidic throughout the

profile with little change with depth. Total N,

organic carbon and available P decreased with

depth. There was a close correlation between

soil organic carbon and total N when samples from

Table 2. Soil properties (mean with 1 SE) in the core experimental area

                                                  0-10       SE        10-20        SE        20-30        SE        30-50        SE

Bulk density  (g cm-3) 1.41 0.13 1.56 0.11 1.56 0.10 1.54 0.10

Sand  50–2000 mm (%) 56.5 4.0 65.7 4.4 67.7 4.0 69.8 4.2

Silt   2–50 mm (%) 25.8 2.0 21.4 1.8 19.6 1.2 18.5 1.0

Clay <2 mm (%) 17.7 1.5 12.8 0.9 11.9 0.7 11.7 0.7

pH H
2
O 4.8 0.2 4.6 0.2 4.6 0.2 4.5 0.2

pH KCl 4.0 0.2 4.0 0.2 4.0 0.2 4.0 0.2

Organic C (%) 1.12 0.18 0.99 0.10 0.83 0.05 0.71 0.05

Total N (%) 0.12 0.01 0.09 0.01 0.07 0.05 0.06 0.04

Total P (mg kg-1) 325.9 15.0 315.8 14.0 241.6 12.0 220.7 10.0

Available P (mg kg-1) 10.8 0.6 8.5 0.5 7.7 0.4 6.1 0.3

Total  (mg kg-1 ) 1504 70 1350 60 1292 60 1407 65

Total Ca (mg kg-1) 216 15 152 10 133 9 112 7

Total Mg (mg kg-1) 62 5 59 4 57 4 50 3

Ex. K (c mol kg-1) 2.03 0.09 1.29 0.06 1.14 0.05 0.97 0.04

Ex. Ca (c mol kg-1) 9.36 0.60 9.17 0.60 8.92 0.55 8.82 0.55

Ex. Mg (c mol kg-1) 2.35 0.15 2.12 0.15 2.23 0.14 2.04 0.12

CEC (c mol kg-1) 14.32 1.20 13.79 1.00 13.41 0.90 13.13 0.90

Properties        Soil depth (cm)
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Table 3.  Organic C and nutrient content of soil in the core experimental size

Figure 2.  Relationship between soil organic matter and total nitrogen in soil

all depths are included in the relationship (Fig.

2). The N concentration (range 0.11-0.05 %) and

available-P, in general, are low. The CEC and

exchangeable cations are low throughout the

profile and there was no decline with soil depth.

Total soil organic carbon and nutrient contents

included total N, available-P, and exchangeable

K, Ca, Mg to 50 cm soil depth are shown in Table 3.

Stand Characteristics

Plot size and variation of tree size
Table 4 shows the estimated wood volume at ten

locations and as a function of plot area. From

this result CV values for a given plot area were

estimated and fitted in a regression (Fig. 3). The

relationship can be explained by the regression:

LnCV = 0.53558 – 0.29022 LnS,

Where: Ln is natural log, CV is coefficient of

variation and S is plot size.

The coefficient of variation decreased rapidly

as plot size increased, to approximately 300 m2,

after which the rate of decrease was much less.

Based on this result, 300 m2 was selected as

minimum plot size (referred to as plot core),

excluding buffer belt for the core study in this

project.

a total; b available; c exchangeable.

                          Organic C                    Na              Pb Kc               Cac               Mgc

 0-10 15 792 1622 15.2 111.6 263.9 39.8

10-20 15 288 1399 12.8 78.5 286.1 39.7

20-30 12 948 1136 12.0 69.4 278.3 41.7

30-50 21 868 1774 18.6 116.5 543.3 75.4

Total 65 896 5931 58.9 376.0 1371.6 196.6

Soil depth (cm)  Nutrient content (kg ha-1)



131Vu Dinh Huong et al.

Table 4.  Variations in estimated standing volume of trees as a function of plot area

Figure 3.  Effect of plot size on the coefficient of variation of plot stem wood volume

25 0.348 0.173 0.229 0.158 0.215 0.041 0.478 0.052 0.068 0.191 0.195

50 0.348 0.688 0.455 0.475 0.486 0.238 0.474 0.052 0.068 0.417 0.538

100 0.667 0.742 0.763 1.172 0.835 0.543 1.012 0.211 1.264 0.489 0.770

200 1.449 2.388 0.977 3.339 2.428 1.409 2.000 0.835 2.462 1.617 1.891

300 2.596 3.310 2.115 4.790 3.637 3.254 3.873 1.740 3.845 2.694 3.185

400 3.922 4.018 3.896 7.652 4.379 4.464 6.601 3.066 5.535 3.343 4.688

500 4.305 5.794 4.901 8.687 5.177 5.123 8.460 3.870 8.391 4.962 5.967

600 5.551 7.033 6.275 9.630 6.129 6.362 9.768 5.182 9.883 9.229 7.504

Plot number

1 2 3 4 5 6 7 8 9 10

        (m3 plot-1)

Plot size

(m2)
Mean

Figure 4.  Effect of location of tree row on tree basal area (location 1 = edge row)



132 Site Management and Productivity of Acacia auriculiformis in South Vietnam

Figure 5. Frequency distribution of tree diameter in the harvesting and slash management experimental

site

Figure 4 shows the changes in tree basal area as

the position of the tree shifted inwards from

the edge (position 1) of the plot. Tree basal area

decreased rapidly from the edge to the first two

rows, after which the size was stable. Based on

this result, we concluded that two rows of buffer

rows around each plot would be adequate for

our study.

Size of trees
Tree heights ranged from 4 m to 16.5 m with a

mean height of 11.7 m. Tree diameter ranged

from spindly 6 cm diameter trees to more than

25 cm; mean diameter was 14 cm. Tree diameter

size distribution is shown in Fig. 5. In the slash

management experiment 71% of trees were with

in the range 10-16 cm. Stem volume ranged from

124 m3 to 145 m3. The mean for the area was 130

m3 ha-1, giving a mean annual increment of 18.6

m3 ha-1.

Allometric relationships
Regression analyses between stem diameter

breast height (dbh) and total dry standing biomass

(Fig. 6a) and stem wood were conducted (Fig.

6b). In both cases the power equations have highly

significant correlations explaining 98% of the

variation. Similar regressions between diameter

and branches and leaves were established. These

regressions were used to estimate all the biomass

components.

Stand Aboveground Biomass and
Nutrient Distribution

Nutrient concentration in plant materials
Nutrient concentration of live tree biomass

components, litter and understorey are shown

in Table 5. Nutrient concentrations of N, Ca and

K were high, compared to P. Highest

concentrations of nutrients were in the leaves

and bark followed by branches and stem wood.

Highest nutrient concentration of litter was found

in the leaves and pod, followed by branches and

stem wood. The nutrient concentration of

understorey had medium value compared with

litter components.

Biomass Distribution
The dry mass of the A. auriculiformis stand is

shown in Table 6. Total dry weight of live stand

biomass was 51 t ha-1, comprising stem wood

(68.9%), bark (8.8%), branches (18.6%), leaves

(3.7%). Litter and understorey components were

8.1 t ha-1, mainly from understorey (37.3%),
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Figure 6a.  Allometric relationship of stem diameter and total standing dry biomass

Figure 6b.  Allometric relationship of stem diameter and total dried stem weight
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branches (21.5%), leaves (17.0%), wood (16.1%)

and pod (8.1%).

Aboveground living biomass of the A.

auriculiformis (7 years old) is 51.2 t ha-1 and is

lower than the biomass reported from some sites

in other countries (Table 7). Productivity of litter

and vegetation understorey is low (8.1 t ha-1) and

less than half the litter productivity of A. mangium

in Indonesia (16.8 t ha-1) reported by Hardiyanto

et al. (2000).

The amount of slash retained varies between

treatments. Total slash retained in BL2 is 15.3

t ha-1 and in BL3 is 32.2 t ha-1. Nutrient content

retention per hectare in BL2 is 141.6 kg N, 3.5 kg

P, 47.2 kg K, 54.1 kg Ca, and 8.7 kg Mg; and in BL3

is 298.4 kg N, 7.3 kg P, 99.5 kg K, 114.1 kg Ca and

18.3 kg Mg.

Slash burning is a common practice in Vietnam

either between rotations or during the rotation

as a fire prevention strategy. Losses from such

practices may be large, based on the nutrient

content measured in slash in this study. While A.

auriculiformis is known to fix nitrogen in the soil,

there is no good estimation of this ability. Losses

of P and cations may be even more critical. Initial

results show the importance of developing sound

site management practices appropriate for

conditions in Vietnam in order to maintain

sustainability of the new plantation forestry

enterprises.

Conclusions
We have established a comprehensive research

program to study the effect of site and soil factors

on the sustained productivity of A. auriculiformis

in the southeast part of South Vietnam. Our focus

is on inter-rotation management phase.

The available pool of P and exchangeable cations

is low compared to soils in Southeast Asia where

Acacia plantations are grown extensively.

Standing volume of 7-year-old trees at the

experimental site was 130 m3 ha -1. Total

aboveground biomass was wood (39.7 t ha-1),

branches (9.5 t ha-1), leaves (1.9 t ha-1), litter

(5.1 t ha-1) and understorey (3.0 t ha-1). This level

of productivity is significantly lower than other

Acacia stands described in the literature.

Intensive harvesting would have major impacts

on the amount of nutrients exported from the

site. It is estimated that harvesting of wood and

bark alone will remove from the site 4.4 kg ha-1

available P, 49.2 kg ha-1 of exchangeable Ca, and

115.8 kg ha-1 exchangeable K. If all the biomass

were removed this depletion would increase

further. Debarking at the site and distributing the

Table 5.  Nutrient concentrations mean and 1SE in live tree biomass components, litter and understorey

Stem wood (> 5 cm) 0.15 0.01 0.01 0.001 0.27 0.02 0.04 0.003 0.01 0.001

Bark 1.25 0.08 0.02 0.001 0.46 0.03 0.78 0.06 0.02 0.001

Branches (< 1 cm) 0.78 0.05 0.03 0.002 0.52 0.04 0.23 0.02 0.11 0.005

Branches   (1-5 cm) 0.40 0.03 0.02 0.001 0.09 0.007 0.16 0.01 0.05 0.003

Branches (> 5 cm) 0.33 0.02 0.01 0.001 0.16 0.01 0.13 0.01 0.02 0.001

Leaves 2.27 0.15 0.03 0.002 0.48 0.03 0.22 0.015 0.10 0.005

Leaves 1.48 0.10 0.02 0.001 0.53 0.03 0.20 0.015 0.08 0.006

Branches 0.84 0.06 0.02 0.001 0.20 0.01 0.18 0.01 0.05 0.003

Wood 0.58 0.04 0.01 0.001 0.33 0.02 0.10 0.005 0.01 0.001

Pods 1.20 0.08 0.03 0.002 0.40 0.02 0.20 0.015 0.02 0.001

     Understorey 0.91 0.07 0.04 0.003 0.54 0.03 0.05 0.004 0.01 0.001

Component           Nutrient concentration (%)

 N SE P SE K SE Ca SE Mg SE

Tree (living)

Litter
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Table 6.  Biomass and nutrient content of 7-year-old Acacia auriculiformis

bark uniformly would reduce nutrient depletion

substantially, especially available P and

exchangeable Ca and K.

The current rate of addition of fertiliser at

planting as practised by forest managers is much

lower than the amount removed. The importance

of retaining as much organic matter as possible

and conserving nutrients at the site is clear, the

potential benefit of growing plantations with

improved genetic stock will not be realised if

the soil fertility at these sites is allowed to

deteriorate.

Investigation of the nature of the variation in

growth as estimated by different plot size allowed

decisions on optimum plot sizes required for

measuring the productivity of the next

experimental crop.
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Table 7. Dry weight biomass comparison of Acacia auriculiformis in this study with other species at other

sites

Species Site Age   Biomass   Biomass           Data source

A. auriculiformis Binh Phuoc, Vietnam 7 51.2 7.3 This study

A. auriculiformis Vung Tau, Vietnam 7 136.1 19.4 Yamada (2002)

A. mangium South Sumatra, Indonesia 9 189.5 21.9 Hardiyanto et al. (2000)

A. mangium Sarawak, Malaysia 6 123.2 20.5 Helenda (1988)

Eucalyptus grandis Sao Paulo, Brazil 7 160.9 23.0 Gonçalves et al. (1999)

 (yr)   (t ha-1)   (t ha-1 yr-1)

Leaves 1.38 17.0 20.42 0.28 7.31 2.76 1.10

Branches 1.75 21.5 14.70 0.35 3.50 3.15 0.88

Wood 1.31 16.1 7.60 0.13 4.32 1.31 0.13

Pod 0.66 8.1 7.92 0.20 2.64 1.32 0.13

Understorey 3.03 37.3 27.57 1.21 16.36 1.52 0.30

Total litter and understorey 8.13 100.0 78.21 2.17 34.13 10.06 2.55

Total 59.30 276.66 9.31 178.34 80.37 15.08

Stem wood (> 5cm) 35.23 68.9 51.44 3.52 95.12 14.09 3.52

Bark 4.50 8.8 56.21 0.90 20.68 35.07 0.90

Branches (< 1cm) 2.46 4.8 19.16 0.74 12.77 5.65 2.70

Branches   (1-5cm) 6.96 13.6 27.84 1.39 6.26 11.14 3.48

Branches (> 5cm) 0.11 0.2 0.37 0.01 0.18 0.15 0.02

Leaves 1.91 3.7 43.43 0.57 9.18 4.21 1.91

Total tree 51.17 100.0 198.45 7.14 144.21 70.31 12.53

Tree (living)

Litter and understorey

Components   Dry weight                        Nutrient content (kg ha-1)

 (t ha-1)     (%) N P K Ca Mg
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Impacts of Inter-rotation Site Management on
Tree Growth and Soil Properties in the First 6.4
Years of a Hybrid Pine Plantation in Subtropical
Australia
J.A. Simpson1 , T.E. Smith, P.T. Keay, D.O. Osborne, Z.H. Xu and M.I. Podberscek

Abstract
A long-term field experiment was established in 1996 in southeast Queensland to: (1)

examine the impacts of slash management, fertilisation and cover crops on tree growth

and nutrient status; (2) quantify the effects on soil properties; and (3) contribute to the

CIFOR international network of long-term experiments designed to develop management

practices which would aid sustained productivity for forest plantations in tropical

environments. This paper reports the major research findings in the first 6.4 years of

the experiment.

Retention of slash increased stem volume by 22% at age 6.4 years, compared with the

treatment in which the slash was removed. Tree growth was increased further by

doubling the quantity of slash and by weed control. Foliar nutrient concentrations generally

were above critical concentrations and were not correlated with slash treatments. Soil

pH in the surface 10 cm decreased by 0.53 units between planting and age 4.2 years but

increased by 0.36 units between ages 4.2 and 6.4 years. Soil pH was lowered significantly

in the surface 0-5 cm soil layer at age 4.2 as a result of retaining slash but this difference

was not apparent at age 6.4 years. At ages 4.2 and 6.4 years soil organic C, total N, and

exchangeable K concentrations were lower in the surface 0-5 cm where residues were

removed. No relationship was found between soil and plant nutrient status or between

these parameters and tree growth in the first 5 years.

The productivity of the second rotation crop was high. Continued maintenance of the

fertility of the soil depends on appropriate site management practices and nutrient

additions as required. Retention of slash from the first rotation plantation is recommended

as the best management option.

1 Department of Primary Industries, Queensland,  Locked Bag 16, M.S. 483, Fraser Road, Gympie 4570, Australia. Tel: +61-7-54820883,

Fax: +61-7-54828755, E-mail: John.Simpson@dpi.qld.gov.au

Site Management and Productivity in Tropical Plantation Forests: Proceedings of Workshops in Congo July
2001 and China February 2003. Edited by E.K.S. Nambiar, J. Ranger, A. Tiarks and T. Toma. CIFOR 2004.
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Introduction
Most of the exotic pine plantations in Queensland,

Australia, are grown on infertile, sandy coastal

lowland soils in the southeast of the state. This

pine resource consists of slash pine (Pinus elliottii

Engelm. var. elliottii) (31%), Honduras Caribbean

pine (P. caribaea var. hondurensis Barr. et Golf.)

(41%) and the hybrid between these two taxa

(25%) (Queensland DPI Forestry 2001). The soils

have low P levels and P fertiliser application gave

a large increase in production of the first rotation

stands (Simpson and Grant 1991, Simpson 1995,

Xu et al. 1995
 

a, b).

Adoption of shorter rotations and more intensive

silvicultural regimes places increasing pressure

on the soil resource and the development and

adoption of appropriate inter-rotation

management practices will play an important role

in the maintenance of productivity of successive

crops. In nutrient-poor sites in Louisiana, USA,

Haywood (1994) found an 18% reduction in height

of 7-year-old second rotation slash pine where

all logging residue (slash) was removed compared

to the first rotation. Inter-rotation management

practices, such as slash management and fertiliser

application can have significant impacts on soil

organic matter quality, nutrient availability and

tree growth of second rotation plantations in

subtropical Australia (Bubb et al. 1999, Pu et al.

2001, Mathers et al. 2002).

The objectives of the study were to: (1) examine

the impacts of slash management, fertilisation

and cover crops on tree growth and nutrient

status; (2) quantify the effects on soil properties;

and (3) contribute to the CIFOR international

network of long-term experiments designed to

identify and develop sustainable inter-rotation

management practices which would aid sustained

productivity for a range of forest plantation types

in tropical environments. Early results were

reported in Simpson et al. (1999) and Simpson et

al. (2000). This paper reports growth data to age

6.4 years, summarises foliar nutrient data, changes

in the quantities of slash remaining on the site

and changes in soil chemical properties.

Experimental Details

Site and First Rotation Stand
Details of the experimental site were described

by Simpson et al. (1999, 2000). The study was

carried out at Toolara in Queensland, Australia

(26o00’S, 152o49’E and 61 m altitude). The area

has a humid subtropical climate. It has a mean

annual rainfall of 1354 mm with 56% falling during

December to March. The site, which originally

carried dry sclerophyll native forest, was cleared

in 1959 for plantation establishment. Soils are

derived from Mesozoic sandstones, and are acid,

deep and sandy, and classified as Grey Kandosols

(Isbell 1996) or Gleyic Acrisols (FAO 1974). The

soils are well-drained in the upper horizons but

can waterlog for short periods during the wet

season when the watertable rises to within

50 cm of the soil surface.

The first rotation slash pine stand was planted in

July 1966 at 1234 stems ha-1. Fertiliser, 310 kg ha-1

Nauru rock phosphate (50 kg P ha-1) was broadcast

in 1966 and a further application of triple

superphosphate (44 kg P ha-1), was applied aerially

in 1980. The stand was thinned at age 15.6 years

to a stocking of 679 stems ha-1, and clearfelled in

November 1995, at age 29.4 years. The site index

[average height (m) of the 50 tallest stems ha-1

at age 25 yr] of the area was 23.7, compared

with a district average of 23.4 for the species.

At clearfelling, the stand had a predominant height

of 25.2 m, standing basal area of 39.6 m2 ha-1 and

standing volume to a 7 cm top end diameter of

325.4 m3 ha-1
 

(for details see Simpson et al. 1999).

Slash Management Trial

Experimental Design and Treatments
Details of the experimental design and treatments

have been described by Simpson et al. (1999,

2000). A brief account is given below to set the

context for this paper. The experiment consists

of six treatments laid out as a randomised

complete block with four replications. Gross plots

were 12 rows by 12 trees at 3 m x 3 m spacing

(0.13 ha) with two rows buffer and net plots of 8

rows by 8 trees (0.058 ha). The treatments were:
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BL0 Slash (litter plus logging residue)

removed + 50 kg P ha-1 added.

BL2 Slash retained + 50 kg P ha-1 added.

BL3 Double quantities of slash + 50 kg

P ha-1 added.

BL2 + L BL2 + leguminous cover crops

established at replanting.

BL2 – W BL2 + complete weed control from

planting.

BL2 – P BL2 without P fertiliser.

In BL0 it was not possible to remove all slash

without site disturbance. The < 10 t ha-1 of

material remaining consisted mainly of fine

residues. The BL2
 

treatment had 60 t ha-1 dry

matter (range from 50.8 to 73.8 t ha-1) of which

approximately 40% was from the forest floor

litter. The BL3 treatment (140 t ha-1) was included

in the design to widen the possible treatment

effects on tree growth and soil processes. This

treatment simulates the windrowing of logging

residues (where the slash is concentrated in

windrows) which occurs after mechanised

logging.

Trial Establishment
Slash management treatments were applied in

February 1996, three months after clearfalling.

The trees were planted in May 1996 in individually

cultivated spots at 3 m x 3 m spacing (1111

stems ha-1). The stock was container-grown F1

hybrid seedlings raised from seed collected from

six separate orchards with stock identity being

retained. Pre- and post-planting herbicides were

applied in the first year along the planting rows.

Triple superphosphate was applied to supply 45 g

P to each seedling in all treatments except for

BL2
 

– P. A mixture of legume seeds containing

lotononis (Lotononis bainesii), Wyns cassia

(Chamaecrista rotundifolia cv Wynn) and Maku

lotus (Lotus pedunculatus cv Maku) was sown on

three occasions in the BL2+ Legumes treatment.

The legumes were slow to develop and in 2001

covered <50% of the area of the treated plots.

Further details on experiment establishment are

available from Simpson et al. (1999, 2000). A

thinning, as per operational practice, was carried

out at age 3.2 years to reduce the stocking from

1111 to 694 stems ha-1.

Measurements
Tree height and diameter were measured

annually. Foliar samples of the most recent fully

formed fascicles from the youngest basal spring

whorl were collected in August 1998, August 1999,

June 2000, May 2001 and July 2002 (ages 2.3,

3.3, 4.2, 5.1 and 6.3 years respectively). Fifty

fascicles from each of four average size trees,

one from each of four nominated families, were

combined to give a composite sample from each

plot.

Slash was sampled in February 1996, July 1998,

February 2001 and August 2002 (at tree ages 0,

2.5, 5.1 and 6.4 years). The initial samples were

taken from five randomly selected 1 m2 quadrats

per plot. For the second sampling, two random 1

m2 quadrats per plot were collected. The sampling

at 5.1 and 6.4 years was undertaken using a ‘ranked

set’ method and 0.25 m2 quadrats. Three primary

points were identified four metres from the plot

centre in a predetermined direction. Each point

was ranked as light, medium or heavy according

to slash loads. Three secondary points were

identified one metre from the primary point along

predetermined directions and ranked, based on

the quantity of slash present at each point. A

sample was collected from a 0.25 m2 quadrat from

either the light, medium or heavy ranked

secondary points which corresponding to the

classification of the primary sample point. The

three samples from each plot (one from each

light, medium and heavy rankings of the primary

points) were combined to give one composite

sample per plot. Because different sampling

techniques were used errors associated with the

treatment means will differ between samplings.

The composite slash samples were separated into

various fractions. After sorting the material was

oven dried, weighed and subsampled for chemical

analysis.

Soil samples were collected in January 1996, May

1998, June 2000 and August 2002 (at tree ages of

-0.3, 2.4, 4.2 and 6.4 years). For each plot,

composite samples from five systematically

located 1 m2 quadrats (10 sub-samples composited

per plot, 2 from each of the 5 quadrats) were

collected. Samples were collected from 0-10 cm
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depth at the initial sampling but comprehensive

sampling to depth (0-5, 5-10, 10-20 and 20-30 cm)

was carried out at the subsequent samplings.

Because of different sampling methodologies,

comparisons of the initial sample (0-10 cm depth)

with subsequent samplings were made by

converting the data for 0-5 and 5-10 cm depths

to a mean value to represent 0-10 cm depth.

Nutrient analysis of plant and soil samples was

carried out according to Collins (2000a, b). Soil

P concentrations, total P (constant boiling HCl

extract) and available P (weak acid extract),

were determined but not reported because of

large spatial and temporal variability, and no

meaningful trends in relation to treatment or time

were found. This aspect would be explored

further later in the project.

Results

Survival and Growth
At age 1.2 years, 99% of seedlings had survived.

Slash management treatments did not influence

survival but improved height growth by 11-24%

at age 1.4 years (Simpson et al. 1999). Results at

3.2 years showed increasing differences as a result

of the slash treatments and that there were

significant differences in growth between the

different hybrid families tested. The

aboveground tree biomass and nutrient pools

were estimated at age 3.2 years to quantify

treatment effects. At age 6.4 years, growth of

trees in the BL0
 

treatment (slash removed) was

poorer than in treatments where slash was

retained (BL2) (Table 1).

The BL2 treatment improved tree growth over

BL0; height by 0.5 m (5%), diameter by 1.2 cm

(8%), basal area by 3.2 m2
 

ha-1 (18%), and stem

volume by 10.6 m3 ha-1 (22%). Doubling the

quantity of slash (BL3) resulted in a further

improvement; diameter by 1.2 cm (7 %), basal

area by 3.1 m2 ha-1 (15%), and stem volume by

11.4 m3
 

ha-1 (19%). The legume treatment had no

effect on tree growth. Complete weed control

(BL2 – W) markedly improved tree growth when

compared to the BL2 treatment (diameter

increased by 1.9 cm (11%), basal area by 6.2 m2

ha-1 (29%) and total volume by 17.9 m3  ha-1 (30%).

The BL2 – P treatment was equivalent to the BL0

treatment confirming that P was not limiting tree

growth.

Response of the BL2 treatment over the BL0

treatment was most apparent in mean height

increment during the second growing season (i.e.

between ages 1.2 and 2.4 years) (Table 2). There

was no significant difference in mean height

increment between treatments where slash was

retained (BL2 vs BL3). There was a consistent trend

for slash retention to improve both basal area

and stem volume increment for each increment

period between ages 2.4 and 5.1 years. This

increment response ceased after age 5.1 years

but the cumulative effect on stem volume

remained significant. Double slash (BL3 treatment)

improved basal area and volume increment over

normal slash (BL2 treatment) up to age 5.1 years

only. The basal area and volume increment

patterns for the BL2+L and BL2-P treatments were

similar to the BL2 treatment whereas the BL2 –W

treatment has consistently out-yielded the BL2

treatment (but not the BL3 treatment) except for

basal area increment 5.1 - 6.4 years.

Increment data indicates that the effects of

manipulation of slash during the inter-rotation

period on stand increment is limited to the first

5 years of growth.

Foliar Nutrient Concentrations
Detailed foliar nutrient data (N, P, K, Ca, Mg, Na,

Cu, Zn and B) was collected but is not presented

as there were no clear and consistent treatment

effects. During the period 2.3 to 6.3 years foliar

N concentrations varied markedly - 0.57 to 0.95%

between seasons. These concentrations are

regarded as low to marginal for healthy growth

of the hybrid pine. A very low concentration

(0.48% N) was recorded at age 3.3 years in the

BL0 treatment which was significantly different

from the plus slash treatments (>0.55% N).

However, the slash treatments did not effect

foliar N at ages 2.3, 4.2, 5.1 or 6.4 years.

Foliar P concentrations (seasonal range 0.084 -

0.120% P) have remained well above the level

regarded as critical throughout with little

treatment effect. Foliar K concentrations
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(seasonal range 0.35–0.53%) remained within an

acceptable range although declining with age.

Within any particular sampling, the highest foliar

K concentrations were recorded in the BL3

treatment whilst the BL0 treatment was

consistently low. Foliar Ca, Mg and Na

concentrations (seasonal ranges 0.13-0.34%, 0.10-

0.14% and 0.07–0.14% for Ca, Mg and Na

respectively) were largely unaffected by

treatments.

Slash Quantities
Table 3 shows that, averaged over all treatments,

64% of the slash present at the time the

experiment was planted had decomposed by 2.5

years and 72% by 3.2 years. The half-life of the

first rotation slash is ca 2.5 years. However, care

must be exercised in the interpretation of these

data because of changes in sampling procedures

at the different sampling times but the general

trend is reliable. The onset of noticeable litter

Table 2. Effects of slash treatments on tree growth in each increment period

fall from the second rotation crop after age 3.2

years and the thinning at age 3.8 years (slash

weights included in the 6.4 year sampling only)

must be taken into account in the interpretation

of the data. These additions of biomass would

have influenced the decomposition both through

changing quantities and quality of organic matter.

While statistical comparisons within a sampling

are valid, the high degree of variability between

treatments with similar initial slash loads (e.g.

all BL2 treatments) is most likely a reflection of

sub-optimal sampling intensity. The reduction in

slash quantities was most marked in the <1 mm

slash fraction.

Rapid decline in biomass on the soil surface prior

to age 2.5 years, resulting from decomposition

of the slash, occurred in the BL3 and BL2+L

treatments but decomposition was slower in the

BL2–W treatment. These differences in

decomposition rate are difficult to understand.

Treatment  Height DBH  Basal area  Stem volume

  (m) (cm)   (m2 ha-1)     (m3 ha-1)

BL0 10.2 15.8 17.9 48.2

BL2 10.7 17.0 21.1 58.8

BL3 11.0 18.2 24.2 70.2

BL2 + L 10.7 17.2 21.2 59.9

BL2 – W 11.1 18.9 27.3 76.7

BL2 – P 10.6 16.4 19.2 53.4

Mean 10.7 17.3 21.8 61.2

LSD p=0.05 0.34 0.83 3.0 7.5

Age (yr) 0.1- 1.2- 2.4- 3.4- 4.4- 5.1- 2.4- 3.4- 4.4- 5.1- 2.4- 3.4- 4.4- 5.1-

1.2 2.4 3.4 4.4 5.1 6.4 3.4 4.4 5.1 6.4 3.4 4.4 5.1 6.4

BL0 0.9 1.5 2.5 2.1 1.5 1.2 4.8 6.0 3.4 3.0 8.9 15.9 10.0 15.1

BL2 1.1 1.8 2.6 2.2 1.4 1.2 5.7 7.2 4.2 3.0 11.8 20.7 11.6 16.5

BL3 1.1 1.9 2.6 2.4 1.4 1.2 6.7 8.6 4.9 3.0 14.6 26.0 13.2 18.9

BL2+L 1.0 1.7 2.6 2.3 1.5 1.1 5.6 7.4 4.5 3.1 11.3 21.2 12.6 14.5

BL2–W 1.2 2.0 2.6 2.3 1.5 1.2 7.3 9.5 5.0 3.1 16.7 28.4 15.0 20.9

BL2–P 0.9 1.7 2.5 2.3 1.5 1.3 5.1 6.6 3.9 3.0 10.5 18.3 10.9 16.6

Mean 1.0 1.8 2.6 2.3 1.5 1.2 5.9 7.6 4.3 3.1 12.2 21.7 12.2 17.1

LSD p=0.05 0.2 0.2     NS   NS    NS   NS 0.9 1.2 0.5      NS 2.7 4.1 1.3 4.0

Mean height (m) Basal area (m2 ha –1) Stem volume (m3 ha-1)

Table 1. Effect of slash treatments on stand growth at age 6.4 years
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Table 4. Soil (0–10 cm) chemical properties at tree ages 0, 2.4, 4.2 and 6.4 years (mean values for all

treatments)

a EC25 is Electrical conductivity; Exch K, Ca, Mg, Na are exchangeable cation (neutral ammonium acetate extract).

Parametera

pH

EC25
 
(dS m-1)

Organic C (%)

Total N
 
(%)

Exch K (cmol kg-1)

Exch Ca (cmol kg-1)

Exch Mg (cmol kg-1)

Exch Na (cmol kg-1)

0 2.4 4.2 6.4

5.53 5.19 5.00 5.36 5.27 0.12

0.030 0.023 0.030 0.031 0.029 0.004

1.43 1.55 1.93 2.19 1.77 0.39

0.037 0.050 0.044 0.057 0.047 0.010

0.078 0.043 0.036 0.034 0.048 0.012

0.419 0.813 0.419 0.389 0.510 0.099

0.228 0.477 0.231 0.192 0.282 0.041

0.062 0.051 0.052 0.073 0.065 0.014

Sampled (years after planting) Mean     LSD p=0.05

Table 3. Biomass on soil surface in slash treatments

At age 6.4 years weeds (2.8 t ha-1) accounted for

only a small portion (14%) of the total biomass on

the soil surface. Weed-free conditions were

maintained in the BL2–W treatment. Weed growth

was less in the BL3 treatment compared to the

BL0 treatment because of heavy slash cover

initially.

Changes in Soil Chemical Properties
The initial soil samples were collected from the

surface 0-10 cm of soil from all treatments at the

time of planting. Subsequent samples, collected

from all treatments when the trees were aged

2.4, 4.2 and 6.4 years, were more comprehensive

and included samples from the 0-5, 5-10, 10-20

and 20-30 cm depths. Nutrient concentrations in

the 0-10 cm layer can be compared across sample

times if the results from the 0-5 and 5-10 cm

samples are averaged. Experimental means for a

range of parameters were compared across

samplings to examine time trends (Table 4).

Soil pH in the surface 0-10 cm soil layer declined

significantly in the 4.2 years since trees were

established but increased to near orginal state

by age 6.4 years. The decline was greatest prior

to age 2.4 years (0.34 pH units) and continued

between ages 2.4 and 4.2 years (0.19 pH units)

a Includes legumes (in the BL2 
+ L treatment the legume component comprised 8.1% of the living vegetation).

b Thinning debris (thinned at 3.25 years) included.

Treatment Slash (including fresh litter)
(t ha-1)

Living ground
vegetationa

(t ha-1)

Total
organic
matterb

(t ha-1)

0 yr 2.5 yr 3.2 yr 5.1 yr 6.4 yr 6.4 yr 6.4 yr

BL0 9.0 4.4 2.8 2.6 9.5 3.6 13.1

BL2 50.8 30.6 13.9 10.0 12.3 2.6 15.0

BL3 141.4 44.8 24.9 25.6 29.8 1.7 31.4

BL2 
+ L 56.4 18.0 12.3 16.4 11.7 4.5 16.2

BL2 – W 58.0 45.1 21.2 24.0 18.9 0.1 19.0

BL2 – P 73.9 37.6 34.0 16.7 19.5 4.3 23.7

Mean 64.9 30.1 18.2 15.9 17.0 2.8 19.8

LSD p=0.05 39.5 24.1 15.9          NS          NS                NS                      NS
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before increasing (by 0.36 pH units) at age 6.4

years to be within 0.17 pH units of the initial

value. Organic C concentrations have gradually

increased with age (from 1.43 to 2.19%) and this

effect was also apparent for total N (increasing

from 0.037 to 0.057% N). Patterns of seasonal

changes in exchangeable cations vary with Na

generally showing the reverse patterns to K, Ca

and Mg. It is important to note that the age by

slash treatment interaction did not attain

statistical significance for any of the parameters

examined. This suggests that all slash treatments

have responded in a similar fashion to seasonal

changes.

Chemical properties of the surface soil (0–10 cm)

were comparable between the treatments at the

establishment of the trial. The only significant

difference was for organic C where higher

concentrations were recorded in the BL3

treatment [2.0% organic C compared to 1.3%

(range 1.2-1.5%) for all other treatments]. This

was possibly a result of incorporation of fine litter

and logging residues into the soil surface during

the application of the treatments.

Treatment-related changes in soil chemical

properties were largely confined to the surface

0-5 cm and for this reason only these data have

been presented (Table 5).

Soil pH at age 4.2 years in the surface 0-5 cm

was lower (0.31 units) in treatments with retained

slash but there was no difference between the

single and double quantities of slash (Table 5).

However, by age 6.4 years this difference was

non significant. An increase in electrical

conductivity (0.009 dS m -1) was however

detected in the surface 0-5 cm at age 4.2 years

as a result of slash retention and whilst this trend

Table 5. Effect of treatments on chemical properties of the surface 0-5 cm layer of soil at ages 4.2 and

6.4 years

a EC
25

 = Electrical conductivity, Org C = organic C, ECEC = effecctive cation exchange, Exch K, Ca, Mg, Na = exchangeable

cation (neutral ammonium acetate extract).
b Sample 1 refers to samples collected at age 4.2 years (July 2000) and sample 2 to samples collected at age 6.4 years

(August 2002).

1 5.18 4.82 4.86 4.76 4.99 4.91 4.92 0.21

2 5.44 5.16 5.25 5.22 5.46 5.22 5.29           NS

1 0.026 0.037 0.036 0.037 0.032 0.032 0.033 0.007

2 0.028 0.034 0.035 0.043 0.028 0.032 0.033         NS

1 1.79 2.92 2.69 2.66 2.10 2.30 2.41 0.67

2 1.98 3.37 3.24 3.17 2.40 2.78 2.82           NS

1 0.033 0.065 0.054 0.064 0.044 0.049 0.052 0.016

2 0.054 0.080 0.077 0.080 0.064 0.076 0.072         NS

1 1.68 2.24 2.28 2.24 1.94 1.86 2.04           NS

2 1.44 1.98 2.02 2.04 1.63 1.84 1.83           NS

1 0.034 0.049 0.050 0.053 0.042 0.039 0.044 0.009

2 0.037 0.041 0.049 0.045 0.041 0.041 0.041         NS

1 0.385 0.531 0.658 0.561 0.564 0.447 0.524         NS

2 0.376 0.463 0.545 0.524 0.544 0.402 0.475         NS

1 0.197 0.284 0.346 0.332 0.273 0.235 0.278         NS

2 0.169 0.220 0.272 0.279 0.221 0.217 0.230         NS

1 0.057 0.057 0.052 0.074 0.063 0.043 0.058         NS

2 0.068 0.086 0.081 0.100 0.073 0.060 0.078         NS

pH

EC25 (dS m-1)

Org C (%)

Total N (%)

ECEC (cmol kg-1)

Exch K (cmol kg-1)

Exch Ca (cmol kg-1)

Exch Mg (cmol kg-1)

Exch Na (cmol kg-1)

Parametera
Treatment

BL0 BL2 BL3 BL2 
+ L  BL2 – W BL2 – P

Mean        LSD

             p=0.05

Sample

No.b
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was apparent in the 6.4 year data, the difference

was not statistically significant. These differences

in pH and EC25 were not observed at 2.4 years

nor were they apparent at soil depths below 5 cm.

Organic C was higher in the surface 0-5 cm soil

layer at ages 4.2 and 6.4 years where residues

had been retained (Table 5). This difference was

not apparent in the 2.4 year sampling nor at soil

depths below 5 cm. The treatment effects on

total N followed the same trends as organic C

with higher N occurring in soil where residues

were retained (although not statistically

significant for the 6.4 year data).

Soil P (total and available) values were

determined but have not been reported because

of a high degree of variability, thought to be

associated with past fertiliser history.

Cation exchange capacity in the surface 0-5 cm

at ages 4.2 and 6.4 years tended to be higher

where slash had been retained and this was also

reflected by increased Exch K, Ca and Mg (Table 5).

There were few significant treatment effects on

any of the soil parameters below 5 cm at 2.4, 4.2

or 6.4 years (data not presented) but for cation

concentrations there were consistent trends in

the 5-10 cm soil layer for higher concentrations

where residues were retained.

Discussion
Site index comparisons between rotations indicate

that growth of the second rotation crop is ahead

of that of the first rotation. Whilst this may suggest

that no major site deterioration has occurred as

a result of a single rotation, the reasons behind

this improvement are a combination of many

other factors including; differences in the genetic

quality of stock, improved silvicultural schedules

employed in the second rotation and site

management practices which conserve organic

matter and nutrients.

Retention of slash (logging residues) is a means

of maintaining or improving some soil properties

(Table 5) and tree growth (Table 1). Total volume

production of the F1 hybrids at age 6.4 years was

improved by 22% in the treatments where slash

was retained, compared to the BL0 treatment

where the slash was removed. A further 19%

improvement in volume was obtained where the

slash quantities were doubled. While it is not

feasible to increase the net amount of slash on a

broad-scale basis, mechanised harvest systems

tend to accumulate slash either in windrows or

along roads if logs are processed at roadside.

These practices will result in less uniform

plantations unless logging slash is redistributed.

Legume establishment in plantations to improve

the N supply has not been successful to date.

Although a small amount of legume now exists in

the ground cover (0.37 t ha-1 or 8% of the ground

cover) there were no benefits in terms of

improved tree growth or N status over normal

slash retention (BL2). Complete control of weeds

has maximised tree growth (30% improvement

in total volume production over slash retention

only). Because the maintenance of total weed-

free conditions is expensive and can increase soil

erosion, the practice has not been recommended

for wide-scale adoption in this environment. The

maintenance of weed-free conditions along the

planting lines would be a good option.

Treatment effects on height were observed

before age 2.4 years, but this effect diminished

with time. The early response in height growth

contrasts with the basal area and volume

responses where treatment responses peaked

during the fourth growing season (3.4-4.4 years).

This persisted to age 5.1 years, although the mass

of slash remaining had markedly declined by this

age and differences in slash loads between

treatments were very small. As the trees aged,

up to age 5.1 years, they were apparently

responding to improved soil conditions resulting

from the decomposition of the slash, rather than

possible mulching effects which may have

conserved soil water (Simpson et al. 2000).

Covariance analysis using standing basal area or

stem volume at age 4.4 years as the covariate on

the 4.4 to 5.1 year increment data to allow

partitioning of past effects of treatment and stand

development on current increment. The

regressions relating either standing basal area or

total volume at age 4.4 years to increment

between ages 4.4 to 5.1 years were significant,
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but the treatment effects were also significant

(F values 0.025 and 0.080 for basal area and

volume respectively). This indicates that the

treatments per se are still effecting a response.

Basal area increment data 5.1 to 6.4 years, whilst

following the pattern, highlights a cessation of

all treatment responses. The cessation of a

continuing response is not so apparent for stem

volume where the responses have persisted albeit

at a reduced level of statistical significance.

The response to retention of slash in this sandy,

infertile site parallels experience elsewhere on

broadly similar sites in this network (Bouillet et

al. 2001, du Toit et al. 2001, Gonçalves et al.

2001, Hardiyanto et al. 2001, O’Connell et al.

2001, Tiarks et al. 2001 and Xu et al. 2001). Tree

growth responses to slash retention treatments

were less apparent on the more fertile, heavier

textured soils (Fan Shaohui et al. 2001, O’Connell

et al. 2001, Sankaran et al. 2001).

Soil pH decreased by 0.53 units in the top 10 cm

of soil between planting and 4.2 years. The

decrease in pH was related to the reduction in

the mean quantity of slash for the treatments

(y = 0.1301 Ln(x) + 0.0568 (R2 = 0.89) where y = pH

decline in the surface 10 cm of soil and x = the

decrease in slash between ages 0 and 2.5 years).

Soil pH remained well within the range to which

Pinus species are adapted. The increase in pH

(0.36 units) between ages 4.2 and 6.4 is a

favourable outcome and may be associated with

the reduction in rate of decomposition of slash

and associated production of organic acids.

At age 4.2 years, an estimated 28% of the organic

C lost from the slash was accounted for by

increased organic C in the top 10 cm of soil.

There were however quite large fluctuations

between the treatments. Organic C and N

concentrations in the surface 0-5 cm soil layer

were increased at age 4.2 years (and 6.4 years)

as a result of the retention of residues. There

were strong linear relationships between organic

C in soil and total N in soil (age 4.2 years R2 =

0.92 and at age 6.9 years R2 = 0.89). Mathers et

al. (2002) have demonstrated using nuclear

magnetic resonance (NRM) spectroscopy that the

biologically active forms of soil organic C from

the surface soil in the BL3 treatments is higher

than for the BL0 treatment (increased proportions

of Alkyl, Methoxyl and O-alkyl fractions).

The relationships between soil and plant nutrient

status and between these parameters and tree

growth were investigated. No relationships were

found. It is important to recognise that the

nutrient status of the second rotation sites has

not declined to the extent of impacting on stand

productivity although the stand growth was

increased by slash retention and P application.

Impact on Management
The Queensland Department of Primary Industries

Forestry (QDPIF) clear-falls and replants 3700 ha

of first rotation exotic pine annually (5-year

average). The results of this work have helped

provide a scientific basis for management of the

important inter-rotation period for these

plantations. Retention of slash is now a

management policy. With the current harvest

systems, logging residue is not evenly distributed

over the area and windrowing of the slash is

common. The results from this study, coupled

with those from supplementary studies estimating

distribution patterns for slash after clear-falling

under a range of logging systems, now enables

impacts on the uniformity of second rotation

stands to be estimated.

Early results from this work have proved valuable

to forest managers and policy makers as will long-

term results. It is planned to continue the trial to

rotation age (year 2020) but measurement

intervals will be extended. As resources become

available, further investigation of key soil

processes will be undertaken.

Conclusions
On sandy soils low in fertility in coastal south

Queensland, retention of slash (harvest residues)

has significantly improved growth of second

rotation hybrid pines at age 6.4 years. Further

improvement in tree growth was obtained by

doubling the quantities of slash and by complete

control of weeds. Foliar nutrient status of the

trees between ages 2.3 and 6.4 years was not

affected by the treatments. By 4.2 years after

the site was replanted, soil pH and exchangeable
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K in the surface 10 cm of soil had declined

significantly but pH increased significantly

between ages 4.2 and 6.4 years. Organic C and N

concentrations increased with time. At ages 4.2

and 6.4 years, treatment effects were confined

to the soil surface (0-5 cm).

Based on tree growth and changes in soil

nutrients, retention of slash from the first rotation

plantation is recommended as the best

management option.

Acknowledgments
The field work described forms part of the

Queensland Forestry Research Institute’s research

program funded by Queensland Department of

Primary Industries Forestry. We are grateful to

the Center for International Forestry Research

(CIFOR) for supporting this work and to Dr

Sadanandan Nambiar (CSIRO Forestry and Forest

Products, Australia) for his valuable comments and

suggestions on the manuscript.

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

2001. Slash management effects on tree

growth and nutrient cycling in young Eucalyptus

replanted sites in the Congo. Paper presented

at the Fourth Workshop, Site management and

productivity in tropical plantation forests:

impact on soils and options for management

over successive rotations. Pointe Noire, Congo

9-12 July 2001. 13p.

Bubb, K.A., Xu, Z.H., Simpson, J.A. and Saffigna,

P.G. 1999. Growth response to fertilisation and

recovery of N-15 labelled fertiliser by young

hoop pine plantations of subtropical Australia.

Nutrient Cycling in Agroecosystems 54:81-92.

Collins, P. (ed.) 2000a. Plant analysis methods.

Queensland Forestry Research Institute,

Technical Note No 16. Queensland Department

of Primary Industry, Brisbane.

Collins, P. (ed.) 2000b. Soil analysis methods.

Queensland Forestry Research Institute,

Technical Note No 17. Queensland Department

of Primary Industry, Brisbane.

du Toit, B., Dovey, S.B. and Job, R.A. 2001. Effect

of site management on early biomass

development and allometry in a South African

stand of Eucalyptus grandis. Paper presented

at the Fourth Workshop, Site management and

productivity in tropical plantation forests:

impact on soils and options for management

over successive rotations. Pointe Noire, Congo

9-12 July 2001. 10p.

FAO. 1974. FAO - UNESCO soils map of the world

1:5 000 000. Vol. 1 Legend. UNESCO, Paris. 59p.

Fan Shaohui, He Zongming, He Zhiying, Lin Sizu,

Lu Shantu, Ying Jinhua and Yang Xujing. 2001.

A study on the influence of site management

measures on the growth of four-year-old

Chinese fir plantation of second-generation.

Paper presented at the Fourth Workshop, Site

management and productivity in tropical

plantation forests: impact on soils and options

for management over successive rotations.

Pointe Noire, Congo 9-12 July 2001. 10p.

Gonçalves, L., Gava, L. and Wichert, M.C.P. 2001.

Sustainability of wood production in eucalypt

plantations of Brazil. Paper presented at the

Fourth Workshop, Site management and

productivity in tropical plantation forests:

impact on soils and options for management

over successive rotations. Pointe Noire, Congo

9-12 July 2001. 16p.

Hardiyanto, E.B., Ansori, S. and Sulistyono, D.

2001. Early results of site management in Acacia

mangium plantations at PT Musi Hutan Persada,

South Sumatra, Indonesia. Paper presented at

the Fourth Workshop, Site management and

productivity in tropical plantation forests:

impact on soils and options for management

over successive rotations. Pointe Noire, Congo

9-12 July 2001. 12p.

Haywood, J.D. 1994. Early growth reductions in

short rotation loblolly and slash pine in central

Louisianna. Southern Journal of Applied

Forestry 18:35-39.

Isbell, R. 1996. The Australian soil classification.

CSIRO, Collingwood, Australia. 143p.

Mathers, N.J., Xu, Z.H., Berners-Price, S., Perera,

S.M.C. and Saffigna, P.G. 2002. Hydrofluoric

acid pre-treatment for improving 13C CPMAS

spectral quality of forest soils in south-east

Queensland, Australia. Australian Journal of Soil

Research 40:655-674.

O’Connell, A.M., Grove, T.S., Mendham, D.S.,

Corbeels, M., McMurtrie, R.F., Shammas, K.

and Rance, S.J. 2001. Impact of inter-rotation

site management on nutrient stores and flux



149J.A. Simpson et al.

rates and tree growth of eucalypt plantations

in south-western Australia. Paper presented

at the Fourth Workshop, Site management and

productivity in tropical plantation forests:

impact on soils and options for management

over successive rotations. Pointe Noire, Congo

9-12 July 2001. 13p.

Pu, G., Saffigna, P.G. and Xu, Z.H. 2001.

Denitrification, leaching and immobilisation

of 15N-labelled nitrate in winter under

windrowed harvest residues in hoop pine

plantations of 1-3 years old in subtropical

Australia. Forest Ecology and Management

152:183-194.

Queensland DPI Forestry. 2001. DPI Forestry

Yearbook for the financial year 2000 - 2001.

Queensland Government, Department of

Primary Industries, Brisbane. 84p.

Sankaran, K.V., Chacko, K.C., Pandalai, R.C.,

Kallarackal, J. and Kumaraswamy, S. 2001.

Improving eucalypt plantation productivity

through site management practices in the

monsoonal tropics – Kerala, India. Paper

presented at the Fourth Workshop, Site

management and productivity in tropical

plantation forests: impact on soils and options

for management over successive rotations.

Pointe Noire, Congo 9-12 July 2001. 15p.

Simpson, J.A. 1995. Site-specific fertiliser

requirements of exotic pine plantations in

Queensland. In: Schulte, A. and Ruhiyat, D.

(eds.) Proceedings of the International

Congress (Third Conference on Forest Soils),

Soils of Tropical Forest Ecosystems. Vol. 5:

Soil fertility and fertilisation, Balikpapan,

Indonesia, 29 October-3 November 1995,

90-106. Mulawarman University Press,

Samarinda, Indonesia.

Simpson, J.A. and Grant, M.J. 1991. Exotic pine

fertiliser practice and its development in

Queensland. Queensland Forest Service

Technical Paper No. 49:1-17.

Simpson, J.A., Dart, P. and McCourt, G. 1998.

Diagnosis of nutrient status of Acacia mangium.

In: Turnbull, J.W., Crompton, H.R. and

Pinyopusarerk, K. (eds.) Recent developments

in acacia planting. Proceedings of an

international workshop held in Hanoi, Vietnam,

27-30 October 1997, 252-257. ACIAR Proceedings

No. 82. Australian Centre for International

Agricultural Research, Canberra. 383p.

Simpson, J.A., Osborne, D.O. and Xu, Z.H. 1999.

Pine plantations on the coastal lowlands of

subtropical Queensland, Australia. In: Nambiar,

E.K.S., Cossalter, C. and Tiarks, A. (eds.) Site

management and productivity in tropical

plantation forests: workshop proceedings

16-20 February 1998, Pietermaritzburg, South

Africa, 61-67. Center for International Forestry

Research, Bogor, Indonesia. 112p.

Simpson, J.A., Xu, Z.H., Smith, T., Keay, P.,

Osborne, D.O. and Podberscek, M. 2000.

Effects of site management in pine plantations

on the coastal lowlands of subtropical

Queensland, Australia. In: Nambiar, E.K.S.,

Tiarks, A., Cossalter, C. and Ranger, J. (eds.)

Site management and productivity in tropical

plantation forests: workshop proceedings

7-11 December 1999, Kerala, India, 73-82.

Center for International Forestry Research,

Bogor, Indonesia. 112p.

Tiarks, A., Elliott-Smith, M. and Stagg, R. 2001.

Effects of logging residue management on the

growth and nutrient distribution of a Pinus

taeda plantation in central Louisiana, USA.

Paper presented at the Fourth Workshop, Site

management and productivity in tropical

plantation forests: impact on soils and options

for management over successive rotations.

Pointe Noire, Congo 9-12 July 2001. 12p.

Xu, Z.H., Simpson, J.A. and Osborne, D.O. 1995a.

Mineral nutrition of slash pine plantations in

subtropical Australia. I. Tree growth responses

to fertilisation. Forestry Research 41:93-100.

Xu, Z.H., Simpson, J.A. and Osborne, D.O. 1995b.

Mineral nutrition of slash pine plantations in

subtropical Australia. II. Foliar nutrient

responses to fertilisation. Forestry Research

41:101-107.

Xu, D.P., Yang, Z.J. and Dell, B. 2001. Effects of

site management on tree growth, soil

properties and nutrient availability of a second

rotation plantation of Eucalyptus urophylla

in Guangdong Province, China. Paper

presented at the Fourth Workshop, Site

management and productivity in tropical

plantation forests: impact on soils and options

for management over successive rotations.

Pointe Noire, Congo 9-12 July 2001. 20p.


