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a b s t r a c t

Leucaena leucocephala is widely used as raw material for the manufacture of paper and

packaging material and in biomass based power plants in the state of Andhra Pradesh,

Southern India. Experiments were conducted to study the affect of tree density on the

growth, biomass partitioning and wood productivity. Six treatments 1 � 1 m, 1.3 � 1.3 m,

3 � 0.75 m, 3 � 1 m, 5 � 0.8 m and 3 � 2 m corresponding to a tree density of 10,000, 6666,

4444, 3333, 2500 and 1666 were evaluated with leucaena variety K636. At 51 months after

planting, spacings significantly influenced tree height, diameter at breast height (DBH),

number of branches and biomass partitioning. Wider tree rows resulted in greater tree

height and diameter growth resulting in higher per plant productivity. At harvest, 70% of

trees in 3 � 2 m attained a diameter of more than 7.5 cm, while 35% of the trees attained

the same DBH in 1 � 1 m spacing. Increased spacing levels decreased the relative amount

of growth allocated to the bole of the tree. Marketable biomass yield was highest with

1 � 1 m spacing. Spacing of 3 � 0.75 m produced marketable biomass comparable to that of

1 � 1 m and greater proportion of stems with more than 5 cm diameter. Leucaena can be

grown at 3 � 0.75 m spacing either for pulpwood or fuelwood depending on the prevailing

market prices and demand.

ª 2010 Elsevier Ltd. All rights reserved.
1. Introduction Leucaena has always primarily been used as high quality
Leucaena leucocephala (Lam.) de Wit. is one of the most

productive and versatile multi-purpose tree legumes suitable

for tropical conditions. The genus has its origin in Central

America and Mexico where it has been used as a source of

edible pods, forage for domestic animals, poles for construc-

tion, firewood and shade in permanent plantations [1].
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forage for ruminants, but it has also been valued for fuelwood,

charcoal, timber and pulpwood [2]. Research information is

available about its nutritive value, for enrichment of low

protein animal diets and as forage for overcoming dry season

fodder scarcity in various parts of the world [3e5]. In recent

years, leucaena has gained prominence in improving the soil

fertility and the physical conditions, arresting soil erosion and
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in reforestation and soil improvement programs [6,7]. The

leaves, either asmulch or green leafmanuring is being studied

for addressing the challenge of declining soil fertility in

African situations [8,9].

Leucaena is one of the few trees from which wood is used

for both the industrial and non industrial purposes. Wood of

leucaena is generally described as being strong, light in

weight, easy to work and able to give attractive finish [10].

These qualities make leucaena wood suitable to a wide range

of uses, ranging from the traditional small scale use by

farmers and small holders to the more recent utilization by

large scale industries for pulp and energy generation [11]. L.

leucocephala has porous wood structure, longer fiber than that

of other hardwoods, high holocellulose, a-cellulose and low

lignin content with xylan type hemicellulose making it

a suitable raw material in pulp and paper industry [12].

Of the 660 paper mills in India, 26 are wood-based and face

challengeswith the supply of forest-based rawmaterial. Many

pulp mills are finding it difficult to gain access to land where

they can establish plantations, and source wood from natural

forests [13]. Of the annual pulp production of 1.9 million

tonnes using 6.8million tonnes of wood, nearly 20% of wood is

procured from forests through government sources and

remaining 80% is from private land holders through agrofor-

estry systems [14]. In the state of Andhra Pradesh alone, 40

biomass based power projects with an installed capacity of

219.75 MW capacity are in operation [15] and one of the

problems faced by these plants is availability and procure-

ment of biomass raw materials. Development of specific

biomass projects with co firing in existing coal fired power

plants is increasing in India, due to the emphasis on reducing

CO2 emissions from the power plants and also the emerging

opportunities under Clean Development Mechanism (CDM) of

Kyoto protocol. There are many government sponsored

schemes and incentives to set up biomass cogeneration and

gasifier projects for the generation of thermal and electrical

energy. Concern about global warming in recent decades has

stimulated interest in using biomass energy which is close to

carbon neutral. Production of energy from biomass crops is an

important component in a portfolio of climate mitigation

measures, as well as to provide a significant sustainable

energy resource to displace fossil fuel resources. Though

energy from biomass currently contribute a relatively small

proportion to the total energy produced, the proportion is set

to grow over the next few decades [16]. This will increase the

demand for wood in coming years. It is estimated that by 2025,

energy cropping could contribute green house gas mitigation

equivalent to between 0.5% and 20% of the emission gap,

between projected emissions and the emissions necessary for

550 mmol mol�1 CO2 stabilisation [16].

Apart from this, in recent years, the paper industry has

increased their installed capacities in view of the increased

demand for paper due to the rapid population increase and

consequent increase in requirement for different kinds of

paper products and the emphasis on paper as an environ-

mentally friendly packagingmaterial. Majority of themills are

entering into contracts with local communities in the name of

outgrower or joint venture schemes for producing wood [17].

The acreage under leucaena has increased rapidly in Andhra

Pradesh due to the assured market, high returns from trees
and supportive policies of the state government during the

last decade. It is estimated that Prakasam district of Andhra

Pradesh alone produces 0.7 million tonnes of wood worth of

Rs. 560 million annually from private holdings of farmers [18].

Tree growing as a commercial short rotation coppice has

increasingly become a profitable land use with the establish-

ment of company/farmer relationships, trading of wood in the

open market, competition among paper mills to meet their

wood requirements and development of wood markets.

Plantation spacing affects management options and the

final product through out the rotation. Production of saw

logs, pulp or material for bio energy, for example, may be

optimized with initial spacing. Although wood quality is

clearly of fundamental importance to the utilization of leu-

caena, there is little published information on this aspect.

Much of the reports are related to the alley cropping systems

where the emphasis was on the use of the foliage either as

fodder or as source of nutrients. Literature on silvicultural

manipulation of tropical trees where in stand density levels

are varied are scarce. Due to the relatively recent nature of

wide spread planting of leucaena in the semi arid regions of

Andhra Pradesh, little is known about the biomass produc-

tion of various spacings on low to medium productivity sites

under rainfed conditions. Few studies have evaluated in

detail the growth patterns of leucaena at different spacings

for wood production and about the biomass distribution in

stemwood, stem bark, branches and foliage. The question of

what is the appropriate stand density to maximize biomass

productivity for both the pulpwood and fuelwood purpose is

of practical significance to tree farmers, paper and fuelwood

industry and planners. The present experiment was designed

in this context. Our objective was to characterize leucaena

growth, biomass partitioning and wood production under

different densities.
2. Materials and methods

2.1. Site description

The study was conducted in the Khammam district of Andhra

Pradesh, Southern India where the acreage under leucaena

plantations is growing. Experiments were conducted on three

farms in three villages within 50 km distance of the paper

industry (Indian Tobacco Company-Paper Boards and Specialty

Papers Limited, Sarapaka (82�5200500E and 17�4101900N). The field

trials were conducted as Type II trials [19] with the purpose of

involving farmers in technology development process and for

quick adoption of thepromising treatments by the surrounding

farming community. While researchers were responsible for

site selection, design of the experiment and data collection,

farmersunder the adviceof researcherswere responsible for all

field operations such as land preparation, tree planting, fertil-

izer application, weeding, harvesting etc. The three locations

selected for the study were within the alluvial belt of Godavari

river with relatively flat landscape (about 3% slope). The soils

were neutral to slightly alkaline (pH 7.0e8.3), normal in elec-

trical conductivity (0.14e0.19 Ds m�1), low in organic carbon

(0.31e0.58%)andavailable formsofall thethreemajornutrients

(nitrogen 63�100 kg ha�1, phosphorus 9.6e12.5 kg P ha�1 and

http://dx.doi.org/10.1016/j.biombioe.2010.08.012
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potassium 75�110 kg ha�1) in the top 15 cm soil layer. The area

receives an average annual precipitation of 1120 mm, distrib-

uted in about 60 rainydays. About 85e90%of the total rainfall is

received in five months, from June to October. The annual

rainfall during the study period was 1091, 784, 1486, 1058,

1526mm in 2001, 2002, 2003, 2004 and 2005, respectively. Mean

maximum temperature during the cropping period is 36.2
�
C

where as themeanminimum temperature is 17.1 �C.

2.2. Experimental design

Six spacing treatments, which give tree densities ranging

from 1666 trees to 10,000 trees ha�1 were evaluated. Spacings

studied were 1 � 1 m (10,000 trees ha�1), 1.3 � 1.3 m

(5917 trees ha�1), 3 � 0.75 m (4444 trees ha�1), 3 � 1 m (3333

trees ha�1), 5 � 0.8 m (2500 trees ha�1) and 3 � 2 m

(1666 trees ha�1). Except for the closer spacings of 1 � 1 m

and 1.3 m � 1.3 m, remaining treatments were spaced at

a minimum distance of 3 m so that cultivation between tree

rows can be taken up with tractor/bullock drawn implements

through out the period of rotation. At each location all the six

spacings were evaluated, forming one complete replication.

The experimental design was a complete randomized block

design. In each treatment, the central rows were considered

as net plot leaving outer 2 rows and sufficient number of

trees at both the ends as border. The minimum width of

a plot was 10 � 25 m where as the maximum size of the plot

was 30 � 40 m depending on the availability of space at each

location. The numbers of trees in the net plots were 232, 225,

119, 91, 37 and 138 in 1 � 1 m, 1.3 � 1.3 m, 3 � 0.75 m, 3 � 1 m,

3 � 2 m and 5 � 0.8 m treatments, respectively. Application of

rhizobium was done as leucaena was grown for the first time

in these farmers’ fields. The rhizobium bacterium was iso-

lated from the root nodules of seedlings in nursery. The

rhizobium was cultured in the laboratory. The culture was

mixed in water and applied to young seedlings few days after

transplanting in the main field during the first year. Trees

were fertilized annually from second year on-wards with

23 kg P, and 44 kg K ha�1. Phosphorus was supplied through

single super phosphate and potash through muriate of

potash. A nitrogen dose of 20 kg N was applied in the form of

urea during the first year. Fertilizers supplying the above

nutrients were mixed and the material was applied in 30-cm

deep holes made at a distance of 0.5 m away from the stem

on either side of the row. The fertilizer was divided equally to

all the trees in a plot.

2.3. Tree establishment

The experiment was conducted under rainfed conditions. The

selected fields for this study were not under cultivation during

the previous four seasons. The fields were plowed twice using

a disc harrow and leveled. Pits of the size 0.6� 0.6� 0.6mwere

dug manually and 100 g of single super phosphate was added

to each pit and the soil was thoroughly mixed. L. leucocephala

variety K636 was selected for the study because of its high

biomass potential and uniformity in growth. The seeds of the

variety were treated with hot water and sown in polythene

bags filled with soil andmanuremixture. Threemonth old 30-

cm tall seedlings were transplanted in pits in August 2001. A
small quantity of water was added to each pit immediately

after transplanting to prevent any seedling mortality.
2.4. Tree growth and biomass production

Tree height and diameter at breast height (DBH) were

measured on fifteen selected trees in each treatment at

monthly intervals at all the locations. Trees were harvested

after 51 months in November 2005. At harvest, tree height,

collar diameter and DBH were recorded for all the trees in the

net plot of every treatment. DBH of the trees was recoded at

1.37 m height from the ground level. The trees were catego-

rized into diameter classes of 2.5 cm. Diameter classes ranged

from 2.5 to 5 cm to 15e17.5 cm across all the treatments. Trees

having diameter equivalent to the mid point of a particular

class were harvested to study the effect of spacing on biomass

partitioning. Each tree was partitioned into foliage, branches,

bark and stem, and biomass of these components was quan-

tified immediately using an electronic balance. A total of 108

trees (6 dbh classes � 6 spacings treatments � 3 locations)

were harvested for recording biomass in all tree geometry

treatments and at all locations. For each felled tree, bole

diameter was measured at the base and top of the stump and

at 3-m intervals above the base. The canopy length, canopy

width and total height were also measured. A disc was sawn

from approximately the middle length of every bole, and

taken to the laboratory in a sealed plastic bag. Samples of

leaves, bark and branches were also collected, dried at 65 �C to

constant mass to determine the dry: fresh biomass ratio.

Trees selected for biomass study were from the central rows

and were from the net plot. All the trees in the net plot were

enumerated. Based on the data, distribution of trees in the net

plot was compiled and percentage of trees according to the

DBH class was calculated. Based on the recorded biomass data

of tree for each girth class in each treatment at each location,

the tree biomass production per hectare was calculated.
2.5. Statistical analyses

The data on tree growth and biomass production of individual

trees and stand productivity was analyzed following the one-

way analysis as per randomized block design. Where ‘F’ test

was significant, treatment differences were tested using LSD

at 5% significance level.
3. Results and discussion

3.1. Effect of stand density on tree growth

Tree survival at harvest was significantly influenced by stand

density ( p ¼ 0.05). Survival at harvest ranged from 93%

(3� 2m) to 71% (1� 1m). Survival in 3� 0.75m is 88% and 83%

in 5 � 0.8 m and 3 � 1 m. Significantly higher tree survival was

recorded in 3 � 2 m (93%) over 1.3 � 1.3 m (79%) and 1 � 1 m

spacing (71%). Though termite attack was observed during the

first three months after seedling transplantation, gap filling

was done and 100% of the population was maintained by the

end of the first year. Strong competition between trees at

http://dx.doi.org/10.1016/j.biombioe.2010.08.012
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Table 1 e Height growth (m) of leucaena planted at different spacings over a 4-year period (2001e2005) in Andhra Pradesh,
India (n [ 15).

Treatments 2002 2003 2004 2005

January July January July January July January July December

1 � 1 m 2.2 3.1 5.7 6.6 8.5 9.7 11.7 12.5 13.5

1.3 � 1.3 m 2.2 3.6 6.7 7.4 9.9 11.3 13.3 14.2 15.1

3 � 0.75 m 1.7 3.2 6.1 6.7 10.6 11.8 13.1 14.4 15.8

3 � 1 m 1.8 3.2 6.4 6.7 10.4 11.3 12.9 14.2 15.7

5 � 0.8 m 1.1 2.7 6.0 6.5 10.8 11.9 13.6 14.4 15.8

3 � 2 m 2.6 3.5 6.8 7.4 10.9 12.0 13.2 14.3 16.1

SED 0.4 0.3 0.5 0.4 0.89 0.8 0.6 0.4 0.5

LSD (0.05) NS NS NS NS NS NS NS 0.9 1.1

SED ¼ Standard error of difference of means.
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higher stocking levels leads to growth suppression and

mortality in areas where water is limiting [20].

Themean annualheight increment in leucaena ranged from

3.1 to 3.7 m yr�1 (Table 1). Tree height is relatively higher in

3 � 2 m spacing and lower in 1 � 1 m during the study period.

Within any given year, tree height growth was almost double

during July to December, coinciding with the rainy season than

in JanuaryeJuly,which is the rain freeperiod.Differences in tree

height due to stand density treatments were significant

( p ¼ 0.05) during July 2005 and at harvest (December 2005).

During these stages the highest density of 1 � 1 m recorded

lower height ( p ¼ 0.05). Wider spacing resulted in higher tree

height growth. At the time of harvest, 50% of trees in 1 � 1 m

attained a height of 14e18 m where as 63% and 80% of trees

attained that height in 3 � 2m and 5 � 0.8 m density. Reducing

tree spacing from 3 � 2 m to 3 � 1 m has found to increase tree

height in Eucalyptus grandis and in Eucalyptus saligna [21]. Unlike

some of the temperate trees where height growth is relatively

unaffected by tree density [22], height in leucaena was signifi-

cantly influenced bydensity and affected by competitionwhich

could be due to extremely high densities in the present study.

Spacing did have noticeable effect on diameter growth.

Individual trees responded to wider spacing and lower

competition with greater individual diameter growth. For

example, the lower stand density at 3 � 2 m and 5 � 0.8 m

recorded relatively higher DBH over higher stand density

treatments through out the study period but differences were

significant ( p ¼ 0.05) from the third year of tree growth

(Table 2). Statistical comparison showed that highest diameter
Table 2 e Diameter at breast height (cm) of leucaena trees plant
Andhra Pradesh, India (n [ 15).

Treatments 2002 2003

January July January July

1 � 1 m 2.2 3.2 3.8 4.2

1.3 � 1.3 m 2.3 3.0 5.3 5.5

3 � 0.75 m 2.2 3.6 4.0 4.8

3 � 1 m 2.1 2.7 4.3 4.6

5 � 0.8 m 2.1 2.6 5.0 5.3

3 � 2 m 2.4 3.0 5.3 6.1

SED 0.2 0.3 0.6 0.4

LSD (0.05) NS NS NS 0.93
growth occurred at 3� 2m spacing. At harvest, individual trees

in 3 � 2 m spacing recorded a DBH which was about 55% and

11% greater than that of trees in 1 � 1 m and 1.3 � 1.3 m

density, respectively. Trees in 5 � 0.8 m recorded relatively

higher DBH than those in 1 � 1 m. At harvest, 93% of trees in

1 � 1 m attained a DBH of 10 cm while 72%, 80% and 68% of

trees attained similar DBH in 3 � 1 m, 3 � 2 m and 5 � 0.8 m

treatments, respectively. About 28%, 20% and 32% of trees

attainedmore than 10 cmDBH in 3� 1m, 3� 2mand 5� 0.8m

treatments, respectively at harvest (Fig. 1). Decrease in diam-

eter growth of trees with increase in density was reported in

Cordia sps [23], in eucalyptus [20,21] and in 6 sub tropical rain

forest tree species [24].

Canopy height and canopy width increased with the

decrease in stand density but the magnitude of increase is

small and non significant (P ¼ 0.05). Canopy height ranged

from 5.6 m in the case of 2.5e5 cm-diameter trees to 8.9 m in

the case of 12.5e15 cm diameter trees (Table 3). Canopy width

ranged from 1.5 m in 2.5e5 cm diameter trees to 3.7 m in case

of 12.5e15 cm diameter trees (Table 4). At harvest, mean

canopywidth varied from 2.18m in 1� 1m to 2.56m in case of

3 � 2 m spacing. The ratio between crown diameter and stem

diameter in leucaena did not vary significantly with density in

this study. Foresters are interested in the relationship

between the crown and stem diameters because a rigid ratio

would limit the number of trees of a certain mean diameter in

an area for any given species [25]. Dawkins [26] suggested that

trees with a low ratio are suitable for pure even aged planta-

tions than those with higher ratios, because those with lower
ed at different spacings over a 4-year period (2001e2005) in

2004 2005

January July January July December

5.0 5.4 6.0 6.1 6.6

6.3 6.9 8.1 8.4 9.2

6.0 6.5 7.7 8.0 8.3

5.8 6.5 7.5 7.7 8.1

6.6 7.3 8.4 8.7 9.2

7.2 7.9 9.0 9.3 10.2

0.8 0.9 0.9 1.0 1.1

1.86 2.09 2.10 2.33 2.5

http://dx.doi.org/10.1016/j.biombioe.2010.08.012
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Fig. 1 e Diameter at breast height (DBH) distribution of leucaena trees (%) as influenced by different spacings at harvest (51

months after planting) in Andhra Pradesh, India (n [ 232 in case of 1 3 1 m and n [ 37 in case of 3 3 2 m).
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ratio could support a greater basal area per unit land area. The

mean ratio of leucaena in this study, 0.28, is relatively low [23],

which suggest that it may be suited for monocultural stands.

Number of branches per tree increased with the reduction

in stand density and differences were significant ( p ¼ 0.05) in

large sized trees (DBH >12.5 cm). For example, in 12.5e15 cm

DBH trees, 3 � 2 m density recorded on an average 11.33

branches where as 1 � 1 m density trees recorded only 5

branches. Canopy structure of trees was influenced by the

stand density and trees at 3 � 2 m spacing produced large

sized canopy with more width and with more number of

branches in comparison to trees in 1 � 1 m and 1.3 � 1.3 m

with the same DBH (Table 5).

3.2. Effect of stand density on biomass partitioning

Biomass accumulation in to bole increased with the increase

in diameter of trees and differences were significant (P ¼ 0.01)

in trees with a diameter of more than 5e7.5 cm (Table 6). The
Table 3eCanopy height (m) of leucaena as influenced by differe
(51 months after planting) in Andhra Pradesh, India.

Treatments 2.5e5 cm 5e7.5 cm

1 � 1 m 5.3 6.8

1.3 � 1.3 m 6.2 7.5

3 � 0.75 m 5.4 6.4

3 � 1 m 5.6 6.5

5 � 0.8 m 5.4 5.7

3 � 2 m 5.9 6.6

SED 0.7 0.9

LSD (0.05) NS NS
mean dry weight of bole was 3.0 kg in the case of 2.5e5 cm

DBH, 6.3 kg in the case of 5e7.5 cm diameter, 22.5 kg in the

case of 7.5e10 cm diameter, 36.8 kg in the case of 10e12.5 cm

diameter and 71.8 kg in the case of 12.5e15 cm DBH trees.

With the increase in DBH, biomass of all the tree components

also increased (P ¼ 0.01). Relative biomass of bole to the total

biomass of the tree ranged from 89.8% in the case of 2.5�5 cm

DBH trees to 93% in the case of trees with 12.5e15 cm DBH.

The biomass partitioning in to branches has declined from

6.6% to 3.29% where as in case of leaf it has increased from

3.6% to 4.2% with the increase in tree diameter.

Stand density influenced the biomass partitioning into

bole, branches, leaf and the total dry biomass production in

trees with DBH more than 7.5 cm ( p ¼ 0.05). Partitioning of

biomass in to bole increased with the increase in tree density

(Table 6). Trees in the highest stand density (1 � 1 m) parti-

tioned 88% of the total biomass in to the stem where as the

lowest stand density (3 � 2 m) partitioned only 82% in to stem

in small sized trees (2.5e5 cm). However in large sized trees
nt tree spacings as per different diameter classes at harvest

7.5e10 cm 10e12.5 cm 12.5e15 cm

6.7 7.9 7.9

6.4 8.5 8.0

7.5 8.3 9.6

7.8 8.7 9.9

6.8 8.7 8.0

8.1 9.0 10.3

0.9 1.8 0.8

NS NS NS

http://dx.doi.org/10.1016/j.biombioe.2010.08.012
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Table 4 e Canopywidth (m) of leucaena as influenced by different tree spacings as per different diameter classes at harvest
(51 months after planting) in Andhra Pradesh, India.

Treatments 2.5e5 cm 5e7.5 cm 7.5e10 cm 10e12.5 cm 12.5e15 cm

1 � 1 m 1.5 1.5 1.8 2.9 3.2

1.3 � 1.3 m 1.2 1.2 2.2 2.9 3.6

3 � 0.75 m 1.4 1.3 2.4 2.4 3.6

3 � 1 m 1.5 1.5 2.5 2.6 3.8

5 � 0.8 m 1.5 1.7 2.3 3.0 4.2

3 � 2 m 1.6 1.8 2.7 2.8 3.9

SED 0.2 0.1 0.4 0.6 0.5

LSD (0.05) NS NS NS NS NS
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(with DBH of 12.5e15 cm) partitioning in to bole and large

sized branches gets increased to 87% in case of 3 � 2 m and

91% in case of 1 � 1 m (Fig. 2). There is a decrease in the

proportion of material allocated to the bole wood with

increasing spacing levels, which agrees with results of

a similar study with eucalyptus [21]. In case of branches and

leaf biomass, increase in spacing increased the biomass

accumulation. In case of non-marketable branches the parti-

tioning is to the extent of 9% in the lowest density (3 � 2 m)

and 5% in case of the highest density (1 � 1 m) in small sized

trees (2.5e5 cm). However it gets reduced to 5% in 3 � 2 m and

2% in 1 � 1 m density in large sized trees (DBH ¼ 12.5e15). The

wider spacings increased allocation to branches and leaves.

Thus the net result is a decrease in allocation of available

growth to themostmerchantable portion of the stem, the bole

wood at the widest spacing levels.

With increased competition between trees, stems will

become more cylindrical [27], branch size and crown length

gets reduced resulting in greater partitioning of biomass to the

stem [28]. In the present study trees in the narrow spacing and

higher stand density partitioned slightly more biomass in

boles and less in branches and foliage than trees in lower

stand densities (3 � 2 m). Similar results were also reported in

loblolly pine silvopastoral stands [29] and in scots pine [30]

and in Eucalyptus europhylla and Eucalyptus camaldulensis [21].

These changes in biomass partitioning can be explained by

resource availability; i.e., the reduction in moisture and solar

radiation available to crowns of trees at higher densities [31].

3.3. Effect of stand density on biomass production

Individual tree biomass productivity was significantly influ-

enced by spacing. The mean total dry biomass production of

a tree with DBH of 7.5e10 cm is 25.5 kg in case of 1 � 1 m and
Table 5eNumber of branches in leucaena as influenced by vari
months after planting) in Andhra Pradesh, India.

Treatments 5e7.5 cm 7.5e10 c

1 � 1 m 1.7 2.3

1.3 � 1.3 m 1.0 3.0

3 � 0.75 m 1.3 2.0

3 � 1 m 1.7 3.0

5 � 0.8 m 1.0 4.7

3 � 2 m 2.3 4.0

SED 0.5 0.7

LSD (0.05) NS NS
30.4 kg/tree in 3 � 2 m. Similarly in 10e12.5 cm DBH trees,

5 � 0.8 m tree density produced 47 kg/tree where as 1 � 1 m

produced a dry biomass of 38 kg/tree (data not presented).

However, the per hectare biomass productivity is highest in

1 � 1 m spacing. Themarketable biomass (fresh bole biomass)

per hectare was highest with 1 � 1 m, which was significantly

higher (P ¼ 0.05) than that produced by 3 � 2 m, 3 � 1 m and

5�0.8mHowever, differences between1� 1m, 1.3� 1.3mand

3� 0.75mwere not significant (Table 7). The total dry biomass

has increasedwith the increase in the tree density. Differences

in dry biomass accumulation in to bole, branch and bark were

significant (P ¼ 0.05). Biomass contributed by different tree

parts to the total was as follows: bole > branch > bark > leaf.

Leucaena in Andhra Pradesh is grown primarily for wood,

which is used formanufacturing of various kinds of paper and

packaging material and also as fuel for heating purpose in

biomass based power industries. The entire stem and

branches,whicharebig insize, is themarketableproductwhen

used for paper production. Specifications regarding the thick-

ness of the stem are not being enforced and hence the total

wood production is the primary criterion for evaluating the

treatments for its use as pulpwood.

The sizes of stems are relatively bigger at the widest

spacing levels, presumably due to higher availability of soil,

moisture and light resources. However, since the density of

planting ranged from 1666 stems ha�1 to 10,000 stems ha�1,

the overall productivity of a unit area of land can be quite

different than the average stem size considered alone.

Average trees at 3 � 2 m spacing would need to grow 6 times

the weight of average trees at the 1 � 1 m spacing in order for

total weights per hectare to be equal. This did not occur. At

lower stand densities trees grow vigorously putting more

height and diameter growth and produced large sized trees at

harvest compared to higher stand densities. At harvest the
ous spacings as per different diameter classes at harvest (51

m 10e12.5 cm 12.5e15 cm

3.3 5.0

4.0 5.7

3.7 9.3

4.3 10.3

4.3 7.3

5.0 11.3

1.2 2.2

NS 4.9
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Table 6 e Dry bole biomass production in leucaena (kg/tree) as influenced by various spacings as per different diameter
classes at harvest (51 months after planting) in Andhra Pradesh, India.

Treatments DBH classes

2.5e5 cm 5e7.5 cm 7.5e10 cm 10e12.5 cm 12.5e15 cm

1 � 1 m 3.5 7.1 21.8 35.6 66.4

1.3 � 1.3 m 3.0 7.1 22.9 39.3 68.4

3 � 0.75 m 2.6 5.0 18.8 31.0 70.2

3 � 1 m 2.8 5.6 20.3 34.2 75.1

5 � 0.8 m 2.8 6.1 27.7 43.4 72.0

3 � 2 m 3.2 6.7 23.6 37.1 78.7

Tree spacing LSD (0.05) 4.8 Diameter LSD (0.05) 4.5

b i om a s s a n d b i o e n e r g y 3 5 ( 2 0 1 1 ) 2 2 7e2 3 5 233
number of trees attained a height of 14 m and with more than

10 cm DBH was highest with 3 � 2 stand density which

resulted in highest per plant productivity. On the other hand

trees in highest stand density had higher number of plants

with less than 14 m height and highest number of trees with

less than 10 cm diameter. However with increased stand

density significant reduction in tree growth attributes were

not observed resulting in highest biomass productivity per

unit area. It is clear from the study that leucaena planted in

wider rows result in lower per hectare yields due to decreased

overall productivity and also decreased percent allocation of

growth to merchantable parts. With modification of tree

density the biomass yields of leucaena can exceed

15 Mg ha�1 year�1 when harvested at 4-year interval. The

biomass productivity of the cultivar K636 of leucaena is

comparable to that of eucalyptus clones under similar rainfall

situations [32] and with relatively low inputs in to the system.

Some of the L. leucocephala accessions like cv. Tarramba,

produced biomass of 26 kg/tree over 2 year period under cool

winter climate of Brisbane [33]. Mishra et al. [34] reported
Fig. 2 e Biomass partitioning in to various components in differ

at the time of harvest (51 months after planting) in Andhra Pra
annual yields 23e43 Mg ha�1 year�1 for L. leucocephala in Uttar

Pradesh, India. The high productivity could be due to

coppicing which would result in 4e6 shoots with less girth

used for firewood purpose. Allowing 4e6 shoots could be an

advantage when total biomass yield was the main objective,

but would be a disadvantage if poles or logs or pulpwood were

the ultimate aim of the plantation.

L. leucocephalahas excellent pulping qualities and it is one of

the most valued tropical hardwoods for paper and rayon

manufacture. The bark can be easily removed and low levels

of extractives and lignin combined with holocellulose content

produce a high pulp yield of 50%e52% [35]. The lignin content

in leucaena wood ranges from 17 to 21% [36]. Paper industry

during the periods of abundant supplies of wood imposes

restrictions on the minimum diameter requirements of stem.

In such cases theminimumdiameter prescribed is about 5 cm.

In the paper manufacturing process removal of lignin leads

greater consumption of chemicals leading to the escalation of

cost of production and also results in the pollution problems.

Bark has relatively higher proportion of lignin than the wood.
ent diameter sizes of leucaena trees influenced by spacings

desh, India.
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Table 7 e Fresh and dry biomass (Mg haL1) of different parts of leucaena planted in different spacings at harvest (51
months) at Bhadrachalam in Andhra Pradesh, India.

Treatments Marketable bole biomass (bole) Fresh wt (Mg ha�1) Dry biomass production

Bole Branch Leaf Bark Total

1 � 1 m 144.9 81.0 4.9 2.2 4.3 92.4

1.3 � 1.3 m 124.6 70.6 3.4 1.9 3.2 79.2

3 � 0.75 m 136.6 78.1 3.8 1.5 3.7 87.1

3 � 1 m 113.9 65.9 3.0 1.2 2.9 73.0

5 � 0.8 m 117.4 68.6 3.7 2.1 2.7 76.9

3 � 2 m 94.8 52.1 2.6 1.4 2.4 58.5

SED 10.7 6.3 0.9 0.5 0.6 7.1

LSD (0.05) 23.8 14.1 2.1 NS 1.4 15.7

b i om a s s an d b i o e n e r g y 3 5 ( 2 0 1 1 ) 2 2 7e2 3 5234
Low lignin content results in low pulping time, reduced energy

and chemical use during pulping [37]. In the present study the

bark contentwas found to be about 4.2% on dryweight basis in

5 cm diameter stems where as it has got reduced to 2% in case

of 10e15 cm diameter stems. Growing leucaena at closer

spacings gives more shoots of smaller diameter, more bark

leading to the increase in the cost of paper manufacture for

the removal of lignin. Small diameter stems are difficult to

store in the open due to the attack from wood eating beetles,

resulting in greater losses in storage. The percentage of stems

with less than 5 cm diameter are highest in case of 1 � 1 m

spacing (37%) closely followed by 1.3 � 1.3 m (23%) and

3 � 0.75 m (22%) and 3 � 1 m (14%). The corresponding bole

biomass production of stems with less than 5 cm diameter is

about 12.5, 4.5 and 4.1 Mg ha�1 in 1 � 1 m, 1.3 � 1.3 m and

3 � 0.75 m, respectively. The marketable bole biomass

production (with >5 cm dbh) in such situations is highest in

case of 1 � 1 m (132 Mg ha�1) followed by 3 � 0.75 m

(122 Mg ha�1) followed by 1.3 � 1.3 m (120 Mg ha�1). In case of

wider spacings such as 3 � 2 and 5 � 0.8 m the biomass

contribution from stems with less than 5 cm diameter is

negligible.

The value of wood as a fuel is determined principally by its

specific gravity. Van Den Beldt and Brewbaker [38] reported L.

leucocephala variety K636 as being of medium in density and

specific gravity ranges from 0.45 to 0.59, a value that compared

favorablywithothercommonlygrownfuelwoodspeciessuchas

Gliricidia sepium, Albizia spp. Calliandra calothyrsus and Prosopis

juliflora [11].Withacalorificvalueofbetween4200and4670kcal/

kg [30], leucaena is comparable to other fast growing non

resinous hardwoods. Due to this there has been recent interest

in using leucaena to produce industrial energy. Panshin and de

Zeeuw [39] observed little variation among tree species of leu-

caena in the heat produced by a unit of dry weight of oven dry

wood.Nonsignificantdifferenceswerealsoobserved incalorific

value between the heartwood and sap wood, between the

heartwood and sap wood with age and wood samples from

different tree positions in eucalyptus of a similar age [40].

Considering this it is the total biomass which is important for

fuelwood production irrespective of diameter of stems.
4. Conclusions

In view of the uncertainties associated withmarket and prices

associatedwith the end use, either as pulp or for fuel, it is wise
to adopt a spacing which can take advantage of both the

situations keeping in view the long term nature of the plan-

tations. Hence a spacing of 3 � 0.75 m not only produces

biomass comparable to 1 � 1 m, but also contains large sized

trees. Inter row spacing of 3 m provides an opportunity for the

performance of intercultural operations, tillage, and imposi-

tions of soil and water conservation practices in tree based

systems which are essential to reduce runoff and infiltration

particularly in the early stages of tree growth as these systems

are grown under rainfed situations. The spacing of 3 � 0.75 m

also facilitates intercropping during the first year of tree

growth and provides additional income. Hence 3 � 0.75 m is

advisable rather than 1 � 1 m and 1.3 � 1.3 m spacing in leu-

caena for wood production.
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