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1. INTRODUCTION 

 Acacia mangium is a fast-growing tree, which is native to Northern-

Australia and well-known nitrogen-fixing tree, being used for land rehabilitation, 

particularly in eroded and nitrogen-deficient soils (Doran and Turnbull, 1997).  It 

is one of the many exotic trees that have been introduced into India in the past.  In 

Kerala, Acacia mangium has become one of the favoured species for cultivation by 

farmers who prefer this tree as a component in their landholdings because of their 

vigorous growth rate, absence of major disease and wide range of uses including 

fuelwood and timber.  This tree is mainly preferred in industrial wastelands and 

nutrient poor soils because of their tolerance to highly acidic and low nutrient soils 

(National Research Council, 1983). 

The microclimate encompasses the suite of climatic conditions that exist in 

a localized area near the earth surface (Chen et al., 1999).  The variables that define 

the microclimate (e.g., temperature, solar radiation, wind speed and direction, and 

moisture) influence ecological processes such as the establishment, growth and 

development of plants (Geiger et al., 2003).  Vegetation density, structure, canopy 

closure and other management practices also influence the microclimate.  It is well 

known that planting density and pruning at a stand level can alter the crown 

architecture and stand structure that in turn determines plant growth and 

development, soil nutrient cycling, organic matter decomposition and primary 

productivity (Chen et al., 1993).  This can change microclimatic variables such as 

light penetration, temperature, vapour pressure deficit and wind speed (Landsberg 

and Sands, 2011) and water supply from the soil (Bréda et al., 1995).  This, in turn, 

can bring substantial changes in the stand productivity and can also alter the 

resource acquisition potential of individual tree.  Therefore, adequate knowledge 

about planting density and pruning levels are essential for the effective utilization 

of available resources and also in the development of plantation technology. 
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Planting density plays an important role in the modification of microclimate 

parameters such as air temperature, soil temperature, relative humidity and 

radiation (Dela Cruz and Luna, 1994).   As tree density in a plantation decreases, 

mutual interference between trees both above and below the soil surface will 

decrease and the magnitude of the microclimate parameters will be modified.  More 

specifically, there is likely to be less competition for resources by roots between 

trees, reduced mutual shading and increased canopy boundary layer conductance 

(Medhurst et al., 2002).  On the other hand, increase in planting density may also 

increase the efficiency with which trees and stands use water.  Higher resource 

acquisition or availabilities have been associated with higher water use efficiency 

of trees and stands (Stape et al., 2004).  Planting density effects on water use 

efficiency have received little attention, but this information provides an important 

basis for linking silvicultural interventions in managing water resources (White et 

al., 2009). 

Silvicultural interventions like pruning is commonly applied to forests and 

plantations to increase growth rates and improve the wood quality of retained trees 

(Forrester et al., 2010).  The removal of part of the trees leaf area as well as reducing 

the ratio of leaf area to sapwood area by pruning leads to reduction in transpiration.  

These changes may affect soil moisture availability and the water status of the 

retained leaves as indicated by increases in stomatal conductance and 

photosynthetic rates that often follow defoliation (Pinkard and Beadle, 1998).   

These leaf-level compensatory responses to pruning or defoliation are often 

transitory, disappearing as the leaf area is rebuilt (Pinkard et al., 2004; Quentin et 

al., 2011).   Trees can acclimate to these changes and maintain a homeostatic 

balance between stomatal conductance, the soil to leaf water pressure gradient 

(DW), and hydraulic architecture parameters (Whitehead et al., 1984).  However, 

the influence of pruning on stand microclimate and WUE has received little 

attention.  
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Both of these interventions have complex effect on biomass production, 

microclimate and water use efficiency through the change of energy fluxes and 

water balance across the plantation.  Therefore, the modification of microclimatic 

conditions and achieving higher water use efficiency by standardisation of spacing 

and pruning levels offers a good scope for the development of plantation technology 

for Acacia mangium and thereby offers additional returns to the farmers.   

The present study was formulated in this backdrop to give information on 

eco-physiological properties of Acacia mangium plantation with the following 

objectives.  

1. Study of thermal, radiative and moisture regimes under different planting                 

densities and pruning regimes in Acacia mangium stand. 

2.  Estimation of water use efficiency of Acacia mangium as influenced by 

plant density and pruning. 
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2. REVIEW OF LITERATURE 

Plantation forestry not only offers opportunities for meeting wood demands 

and reducing deforestation by decreasing pressure on natural forests but also 

restores degraded soil and enhance biodiversity (Parrotta, 1992).  An attempt has 

been made in ensuring sections to critically review the literature on the role of 

planting density and pruning on modifying microclimatic conditions such as 

temperature, relative humidity, soil moisture, photosynthetically active radiation 

(PAR) and evapotranspiration. Water use efficiency associated with planting 

density and pruning are also reviewed hereunder. 

2.1. MICROCLIMATIC FACTORS 

Forest plantations have a distinct below-canopy microclimate, regulated by 

diverse biophysical processes.  This has importance to the growth and survival of 

understorey vegetation and seedlings.  Canopy and tree stems partly shield near 

ground areas from solar radiation and reduce mixing of air.  As a consequence, 

below-canopy microclimate may substantially differ from the open areas (Geiger et 

al., 2003).  Inside the tree stands, air temperature (T) usually decreases less during 

the night and increases less during the day, whereas the tightly coupled relative 

humidity (RH) shows the opposite pattern (Morecraft et al., 1998; Aussenac, 2000; 

Ma et al., 2010; Von arx et al., 2012).  This smoothing effect on the daily T and RH 

amplitude is not uniform, but depends on the ambient weather situation and season 

(Renaud et al., 2011; Von arx et al., 2012; Morecraft et al., 1998), structure and 

physiographic situation such as elevation, slope and aspect (Mitscherlich, 1981; 

Von arx et al., 2012).  While shading by the canopy affects both soil and air 

temperature, the direct effect on air temperature is assumed to be smaller (Morecraft 

et al., 1998 and Porte et al., 2004), mainly because air is mobile, as well as partly 

mixed and exchanged with the open area.  Consequently, vegetated soils generally 

warm up less than the open area leading to a diminished sensible heat flux 

(Mitscherlich, 1981). 
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Furthermore, the colder below-canopy temperature results in a higher relative 

humidity inside the stand, when assuming constant absolute air water content.  An 

additional impact of soil on microclimate results from evaporative cooling or latent 

heat flux.  Moist soils thus attenuate warming up of the air and lowering of relative 

humidity (Seneviratne et al., 2006; Ferranti and Viterbo, 2006; Fischer et al., 2007; 

Hirschi et al., 2011; Jaeger and Seneviratne, 2011).  While basic principles of stand 

microclimate and the relationships with open-area microclimate, therefore, seem 

established, a more functional and quantitative view on how the properties of tree 

stands influence below-canopy microclimate is largely missing (Breshears et al., 

1997; Chen et al., 1999; Scharenbroch and Bockheim, 2007; Vanwalleghem and 

Meentemeyer, 2009). 

For survival and growth of young tree seedlings, for instance, favourable 

temperature, air humidity and soil moisture are crucial determinants, especially 

until the root system is sufficiently developed and other factors such as light 

conditions and nutrient availability become limiting (Aussenac, 2000).  In fact, at 

the initial life stage, many seedlings die within hours if conditions are unfavourable 

(Harper and White, 1974).  Temperature affect the growth rate metabolism and 

influences the plant water demand. Similarly, the soil temperature has been shown 

to influence root water uptake and thus transpiration rates (Mellander et al., 2004).  

To reduce the short-term water demand, stomata often close when soil moisture or 

air humidity are low (Ladjal et al., 2007; Aasamaa and Sober, 2011).  Effectively, 

stomatal conductance is usually regulated by a simple negative feedback loop 

between vapour pressure deficit of the air (VPD) and soil moisture (MaierMaercker, 

1998).  The balance of this feedback loop varies among species depending on their 

specific ecophysiological requirements and strategies
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Yet, some studies reported that closed stomata in herbaceous plants and tree 

seedlings even when there was ample soil moisture if the air was considerably dry 

and vapour pressure deficit elevated (Leuschner, 2002; Lendzion and Leuschner, 

2008; Kupper et al., 2011).  Stomatal control and photosynthetic efficiency are also 

influenced by levels of CO2 in the air (Kramer and Boyer, 1995), which is 

additionally released from the forest floor by decomposition processes and root 

respiration particularly when soils are moist and warm (Deng et al., 2010; Lloyd 

and Taylor 1994; Raich and Tufekciogul, 2000).  

The interplay of all above-mentioned microclimatic and microsite factors 

changes during the growing season and so does the impact of these factors on plant 

processes (Wu et al., 2012; Ogle et al., 2012).  So it seems important to improve 

our understanding of how microclimate is influenced by the key determinants such 

as air temperature, vapour pressure deficit and soil moisture. 

2.2. THERMAL ENVIRONMENT 

Temperature is a crucial factor involved in determining the rates of 

biochemical reactions and it has a strong influence on plant and root growth 

(Jimenez et al., 2007; Facelli and Pickett, 1991).  Cambial activity, cell 

differentiation and many other physiological parameters are affected by 

temperature (Oribe et al., 2001; Begum et al., 2007; Rossi et al., 2008).  Diurnal 

soil temperature range is particularly important in plant growth, such as seed 

germination and early seasonal growth which are highly correlated with daily 

maximum temperature of the soil rather than with air temperature (Song et al., 

2013).
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2.2.1. Planting density and temperature 

Several studies have looked at the effects of stand densities on surface 

microclimate parameters up to two meter height.  Anderson et al. (2007) found that 

mean air temperature maximum was 1- 4° C higher in the thinned stand than the 

unthinned stand.    

Groot and Carlson (1996) found that air temperature decreased as forest 

opening increased, with an average difference of nearly 3° C between the clear-cut 

and forest area. In western Washington, Heithecker and Halpern (2006) observed 

increase in mean and maximum air temperatures with decrease in the amount of 

live tree retention.  However, none of these studies examined temperature or 

humidity gradients through the vertical forest profile.  Therefore, number of studies 

which examine the microclimatic variation along the vertical profile are limited. 

 

Forest trees modify their canopy microclimate like temperature along a vertical 

gradient.  Air temperature generally declines with canopy depth due to within crown 

shading.  Zweifel et al. (2002) observed about a 1° C temperature change 

approximately every 4 m from the upper to lower canopy over 22 m in a Picea abies 

forest.   A study of microclimate conditions at three heights in Douglas-fir  canopies 

(1, 3, 5 m), observed that mean temperature at one metre height in the low density 

planting was 67 % of that in the high density but temperature did not vary 

significantly between the planting densities at three and five metre heights 

(Woodruff et al., 2002).  

 A study on the effects of planting density and stand management on upland 

pasture production to evaluate the microclimate under various tree canopy 

structures revealed that temperature was greater at the wider spacing as compared 

to closer spacing (Sibbald et al., 1992).  Temperature inside the plantation of Acacia 

mangium decreased vertically with height, above the ground level.  
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The changes in the temperature at different height (0.5, 2, 7 and 16 m above 

the ground level) were more distinctive in the dry season than in the wet season 

(Sinoquet and Bonhomme, 1995), while another study in a Robinia pseudoacacia 

plantation, the air temperature didn’t show any significant changes at different 

heights above the ground surface (Zhang et al., 2013). 

2.2.2. Pruning and temperature 

The removal of branches by pruning allows more turbulent mixing of air, 

which in turn allows the more PAR to reach the ground surface.  This results in 

greater temperature under the pruned stands.  In a study of Albizia procera-based 

agroforestry system in Jhansi, it was found that temperature was significantly 

higher under the canopies of pruned trees than the unpruned trees while in the open 

area, temperature was 9 % higher than the agroforestry system (Newaj et al., 2007).   

A study on the effect of pruning intensity in the mango orchard revealed that severe 

pruning led to the better PAR penetration and increased the canopy temperature, 

but PAR was declined with the reduction intensity of pruning (Singh, 2009).  

Similarly, observations in 14 year old mango orchard revealed that canopy 

temperature was highest under severe pruning and lowest under light pruning 

(Pratap et al., 2003).  In a coffee plantation, it was observed that the temperature 

which was measured at different heights before pruning was similar, but after 

pruning, the maximum daily temperature near the surface was higher than above 

the canopy (Saini et al., 1997).  Therefore, they concluded that after the pruning 

there is a tendency to increase the thermal amplitude inside the canopy. 

2.2.3. Soil temperature 

Many sources indicated that soil temperature is lower under the tree 

canopies due to shading.  For example, in semi-arid Kenya, soil temperatures at 5 

cm depth was lower than the grassland by 4° C, both at the beginning of the growing 

season and when the grass cover was at a maximum (Belsky et al., 1989).  The 

difference between the locations decreased with soil depth.   
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Similarly, a study in seven year old Acacia mangium plantation revealed 

that mean soil temperature at 0-20 cm depth under the plantation was lower than 

the open condition by 2o C and the effect was more obvious in the dry season 

(Sinoquet and Bonhomme, 1995).  Soil temperature was substantially lower under 

the Vitellaria and Parkia trees than in the open (Johnson, 1995).  

 

2.2.3.1. Planting density and soil temperature 

Experiments have shown that soil temperature increased as density 

decreased (Facelli and Pickett, 1991; Scull, 2007). Solar radiation is intercepted or 

reflected by plants reduce the absorption of radiation by soil and resulted in lower 

soil temperature.  Reduced planting density decreased the difference between air 

and soil temperatures in the growing season.  This is caused by the reduction of 

vegetation height and density and increasing the heat flux between soil and 

atmosphere.  The variation of the difference between air and soil temperature may 

alter the microenvironment and affect the structure and dynamics of the plantation. 

For example, the growth rate of plants at both aboveground and belowground would 

respond to the variation of temperature (Green, 1984), which in turn would 

influence the interactions and feedbacks between plant and soil.  Zheng, (2011) 

found that decreasing the temperature difference between soil and air temperature 

significantly affected the root length and its distribution. 

 

2.2.3.2. Pruning and soil temperature 

Generally, pruning increases soil temperature due to the opening of canopy 

that led to the better penetration of PAR into the soil surface.  A study by Shangwei 

et al. (2009) in a poplar based agroforestry system observed that soil temperature 

was maximum under the pruned stands as compared to the unpruned stands due to 

opening of the canopy.  Similarly, another study in an Albizia procera based 

agroforestry system also reported that soil temperature was significantly higher 

under the canopies of pruned trees than the unpruned trees (Newaj et al., 2007). 
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2.3. MOISTURE ENVIRONMENT 

To get clear picture of the water balance of a locality, it is important to 

quantify the parameters such as rainfall, evapotranspiration, soil moisture and water 

status of trees.  These parameters are essential for many applications like irrigation 

scheduling, plant stress monitoring and improving the yield of a plantation. It also 

determines the partitioning of net radiation into latent and sensible heat components 

in the field of meteorology.  Thus, these information play an important role in the 

water and energy budgets necessary for microclimate studies. 

2.3.1. Planting density and soil moisture 

Many studies indicated that the soil moisture content was inversely related 

to planting density.  Although higher planting density reduces radiation at the soil 

surface, it increases the radiant energy absorbed by trees leading to accelerated soil 

moisture depletion through transpiration (Rey, 1999).  It was observed that the soil 

moisture was depleted much more actively where stand is denser as compared to 

that of the sparse stand in a red pine stand (Chris, 2001).  Similar results also 

observed for 15 year black locust plantation (Wang et al., 2002), shade trees in tea 

garden (Pereira, 1959), Fagus sylvatica plantation (Stiptsov, 1995), Scot pine 

(Pinus sylvestris) plantation  (Rodriguez-Calcerrada  et al., 2008) and 7 year old 

Acacia mangium plantation (Skaraiah, 2008).  Opposite trends have been reported 

for the 17 year old Ailanthus triphysa plantation (Rakesh, 2009).   

Contrary to all this, there are reports of soil moisture not being affected by 

planting densities. A study in an Acacia saligna agroforestry planted at density of 

2520, 1330, 840 trees/ha, indicated that tree planting density did not affect the soil 

moisture content and productivity (Sauerhaft, et al., 1999). 
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2.3.2. Pruning and soil moisture 

Tree pruning decreased soil moisture depletion compared with the non-

pruned trees due to the removal of lower and least efficient foliage (Dropplermann 

et al., 2000).  A study on the effect of pruning on soil moisture and growth of apple 

trees revealed that soil moisture in 0-240 cm depth was significantly increased by 

pruning, but it had no significant effect below a depth of 240 cm (Li et al., 2012).  

Similarly in a poplar based agroforestry system, soil moisture content was 

significantly higher under the pruned trees at 20-80 cm depth.  However, it did not 

vary significantly from the open site at 0-20 cm depth (Douglas et al., 2006).  

Opposite to this, soil moisture content of shallow depth was reduced by pruning and 

this have been reported for the citrus orchard (Souza et al., 2004) and a poplar based 

agroforestry system (Shangwei et al., 2009) due to the exposed surface layer.  

Contrast to all the above studies, a study by Jackson et al. (2000) reported 

that pruning of the tree canopy did little to limit the water demand of tree 

component, leads to no changes in the soil moisture content.  

 

2.3.2.1. Seasonal and profile variation of soil moisture 

The higher soil moisture content under the woody canopies than in the 

treeless sites appears to be a common pattern during the rainy season and some time 

afterwards. This may be due to the rapid evaporation of soil moisture from the 

surface layer and also, the soil supports water movement to the deeper layers.  For 

instance, soil moisture at 0–10 cm depth during the end of the rainy season was 

twice as high under F. albida canopies as in the open probably due to the lower 

evapotranspiration rate (Charreau and Vidal, 1965).  A similar pattern was also 

observed for the pruned Faidherbia trees in the early and late season (Depommier, 

1996).   Dancette and Poulain (1969)  was  also found that soil moisture was higher 

under the F. albida trees than in  the open at 120 cm depth, but it was lower in the 

deeper horizons (down to 4 m) due to water absorption by deep tree roots.  During 

the rainy season, water reaches deeper horizons under the trees than in the open 

because of the better infiltration and reduced evapotranspiration. 
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A study by Jirasuktaveekul et al. (1992) found that soil moisture content 

was 30-35 % lower in a three year old eucalyptus plantation at different depths as 

compared to that of abandoned areas.  Similarly in Thailand, the soil moisture 

content in first meter of soil under a three year old eucalyptus plantation was found 

to be almost half than in the surrounding abandoned land.  Studies undertaken by 

Cinnirella et al. (1993) reported that stand thinning resulted in greater soil moisture 

content in the Douglas fir plantation.  However, Studies by Ngebgba et al. (2001) 

revealed that soil moisture content was not significantly different between the 

plantation and natural vegetation. 

Soil moisture in the unspecified soil depth and period was significantly 

lower (4.7 versus 9.3 percent) in the open than under both Hyphaene 

thebaica and F. albida in Kareygorou (Moussa, 1997).  Decrease in the top soil 

moisture with increasing distance from V. paradoxa trees was reported towards the 

later part of the rainy season in southern Burkina Faso (Boffa et al., 1999).  In 

Malawi, soil moisture was not higher under small F. albida trees than in the open, 

as their leafless canopies did not create enough shade to reduce evapotranspiration.  

However, surface soil moisture was consistently higher under the large crowns 

throughout the growing season (Rhoades, 1995).  Similar findings result from 

comparing trees with different crown sizes due to pruning. For example, 

Zoungrana et al. (1993) measured a more rapid decrease (5 versus 8.6 percent) and 

lower content of soil moisture (10 versus 12 percent) under the Azadirachta 

indica trees (crown radius 3 m) pruned two years earlier than under the unpruned 

ones (radius ≥ 3 m).  It should also be noted that differing tree shape affects the way 

species influence microclimate and soil water. In northern Senegal, higher 

evapotranspiration in the Acacia tortilis than B. aegyptiaca stands was attributed 

either to the higher interception of the former's spreading crown or to its higher 

absorption/transpiration (Nizinski and Grouzis, 1991).  
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In contrast to the above studies, larger canopies may also reduce soil 

moisture by generating more evapotranspiration due to their more extensive 

exchange surface between foliage and air.  This is especially true towards the late 

part of the rainy season when rainfall events become less intense and frequent and 

temperature rises.  For example, Diakite (1995) reported that soil moisture under 

small V. paradoxa canopies (9.9 m diameter) was significantly higher than under 

larger crowns (15.4 m diameter) in September (0.144 versus 0.131 g water/g of dry 

soil) and October (0.0824 versus 0.0644 g). 

 

2.3.3. Planting density and evapotranspiration 

Trees influence the evapotranspiration through effects on microclimate and 

soil water content (Ong and Monteith, 2007; Liu et al., 2008).  The microclimatic 

factors most likely to be modified are solar radiation receipts at ground level and 

wind speed (Wallace, 1996).  However, aerodynamic factors such as wind speed 

are less important in the relatively closed canopies provided by well-established 

tree fallows and rotational woodlots.  Hence, solar radiation is the major factor that 

influences the evapotranspiration (Yang et al., 1990; Zhang et al., 2010).  

Evapotranspiration is also influenced by the soil nutrients and moisture conditions 

(Sosebee and Weibe, 1971; Ovaska et al., 1992; McJannet et al., 2001; Zeppel et 

al., 2004), humidity of air adjacent to leaves (Whitehead et al., 1984; Jarvis and 

McNaughton, 1986) and the supply of water from conducting stem tissue 

(Wulleschelgar et al., 1998).  Evapotranspiration can also be affected by the 

planting density (Allen et al., 1998).  The transpiration rate of plants increases at 

the closest spacing due to the well-exposed leaf area at the top of the plants 

(Papadopoulos and Ormond, 1988).  
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A study in a Eucalyptus grandis plantation, which was planted at 3 spacing’s 

(82, 304, and 2150 stems/ha) revealed that water loss per unit area by 

evapotranspiration increased with an increase in the planting density and at  the 

closer spacing, subsoil water contents were depleted up to wilting point (Eastham 

et al.,1990).  Guttormsen (1974) also reported that greater planting density can 

result in a higher total evapotranspiration.  If there is plenty of water in the soil, the 

evapotranspiration depends on the radiation reaching the ground or surface of the 

vegetation.  The higher interception by spreading crown or to its higher 

absorption/transpiration leads to higher evapotranspiration in the high density 

planting, even though it reduces the radiation that reaches the soil surface (Nizinski 

and Grouzis, 1991). 

However, few studies reported that evapotranspiration rate was increased 

with an increase in stand density. Eastham and Rose (1988) found that 

evapotranspiration in the Eucalyptus grandis plantation was lower at the closer tree 

spacing compared to the wider spacing due to the reduced radiation and stomatal 

conductance.  Similarly, a study conducted in a silvopastoral agroforestry system 

found that transpiration rates per tree were lowest at the high density stand being 

12.9 x 10-3 m3 /day compared with the low density stand (72.9 x 10-3 m3 /day)  

(Eastham et al., 1990).  However, water use efficiency was found to be highest in 

the densely planted trees. In tulip trees, evapotranspiration per plant decreased with 

an increase in plant density (Vandervelk, 1999). 

 

Contrast to all the above studies, the evapotranspiration was not affected by 

pruning have been reported for the birch seedlings which are grown under the 

elevated CO2 at different planting densities (Zhang et al., 2008) and 12 year old 

Pinus radiata stand (Huber and Trecaman, 2002). 
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2.3.4. Pruning and evapotranspiration 

Pruning of the live branches is a management option to enhance wood 

quality in plantation trees.  It may also alter the whole-tree water use, but little is 

known about the extent and duration of changes in transpiration.  A good 

understanding of the magnitude and duration of pruning effects on the transpiration 

may enable the pruning to be used as a buffer against the drought-related stress 

(Alcorn et al., 2012). 

The removal of leaves reduces the amount of light intercepted and rates of 

evapotranspiration.  This reduction in resource use can reduce evapotranspiration 

although growth is often unaffected by pruning in vigorous unthinned stands as long 

as no more than about 40–50% of the length of the live crown is removed in a single 

pruning lift (Bredenkamp et al., 1980; Pinkard and Beadle, 1998; Pinkard et al., 

2004; Forrester et al., 2010).  For instance, the growth of Pinus species decline only 

after about 20–30% of the live crown length has been removed (Luckhoff, 

1949 and Karani, 1978).  Rapid reductions in the photosynthetic leaf area following 

shading, disease or defoliation have the potential to dramatically alter the 

evapotranspiration, although not necessarily in proportion to the leaf area reduction 

(Pepin et al., 2002 and Whitehead et al., 1996).  For instance, the removal of about 

45% (Quentin et al., 2011) or 60% (Quentin et al., 2012) of the leaf area of 

Eucalyptus globulus tree crowns resulted in higher transpiration per unit leaf area 

while pruning 75% of the leaf area of the Eucalyptus nitens (200 trees ha−1 trees) 

reduced transpiration by about 16% but it increased the transpiration per unit leaf 

area, after 2–3 years of pruning.  Growth of both eucalyptus plantations were 

unaffected by pruning.  Pruning increased the rates of stomatal conductance in the 

Eucalyptus globulus or Eucalyptus nitens (Forrester et al., 2012; Pinkard, 2003). 

The duration of reductions in evapotranspiration is likely to depend on the species, 

the intensity of pruning and the climatic conditions followed by pruning.  In 

agricultural systems in semi-arid tropics, tree pruning reduced the 

evapotranspiration by absolute values of 9 % compared to the unpruned plots 

(Kinama et al., 2005).   
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Pruning 50 % of the live crown length of the four year old Eucalyptus 

cloeziana and Eucalyptus pilularis trees reduced the evapotranspiration by 59 % 

for E. cloeziana and 39% for E. pilularis during the first eight days after pruning 

compared with the unpruned trees of the same size class (dominant and co-

dominant trees) but after 36 days of pruning, there were no longer any pruning 

effects on the evapotranspiration (Alcorn et al., 2012).  In contrast, 

evapotranspiration was still 16% lower for the pruned E. nitens trees, 2–3 years 

after pruning 50% of the live crown length (75% of leaf area) (Forrester et al., 

2012).  

2.3.5. Planting density and relative humidity 

Plant density is one of the determinant factors of canopy boundary layer 

conductance (Monteith and Unsworth, 1990; Landsberg and Gower, 1997).  

Canopy boundary layer reduced the atmospheric mixing, resulting in different 

concentrations of gases within the canopy compared with that above the canopy 

(Brooks et al., 1997).  Calm wind conditions at night results higher carbon dioxide 

concentrations within a forest in response to soil and plant respiration, the lack of 

photosynthesis, and low atmospheric mixing (Buchmann et al., 1996; Brooks et al., 

1997; Anthoni et al., 1999).  This condition may result in substantially higher CO2 

levels around plant foliage in short canopies with low canopy roughness and low 

coupling with the atmosphere.  A low boundary layer conductance could result in 

the maintenance of elevated CO2 concentrations in the morning hours before 

atmospheric mixing increases with an increasing radiation and wind speed.  This 

would increase morning photosynthetic rates.  A low canopy boundary layer 

conductance increase humidity levels within a stand in response to the trapping of 

water vapour from plant transpiration and soil evaporation.  Stomata may respond 

to increased humidity by opening more or remaining open longer throughout the 

day, resulting in increased photosynthesis as well as increased photosynthetic water 

use efficiency (Hall and Scurlock, 1993; Harrington et al., 1994; Waring and 

Winner, 1996). 
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Hence, the increased stocking density may enhance humidity within a stand 

at least until shading becomes limiting, resulting in greater growth at the individual 

tree level.  A study in a Leucaena leucocephala alley cropping system, results 

revealed that relative humidity and leaf wetness duration decreased with an increase 

in alley width (Koech and Whitebread, 2000).  In contrast, a study in a fifteen year 

old red pine stand revealed that the variation of humidity in both the dense canopy 

and open canopy have little difference (Caramori et al., 1996). 

2.3.6. Pruning and relative humidity 

A study conducted to observe the effect of pruning intensity on 

microclimate modification in mango trees under the high density planting revealed 

that the relative humidity was highest (61.4%) in the unpruned trees and lowest in 

the severely pruned trees (53.4%) (Sharma and Roomsingh, 2006).  Similarly, 

another study in a mango orchard found that relative humidity which was highest 

under control (no pruning), decreased with increase in the intensity of pruning 

(Pratap et al., 2003).  Similarly, pruning decreased the relative humidity to 13% as 

that of pruned plots in a poplar based agroforestry system (Shangwei et al., 2009).  

A study of microclimatic changes in an Albizzia procera agroforestry system 

revealed that humidity and shade length was higher under the unpruned trees as 

compared to the pruned trees, humidity which was 25% higher in the agroforestry 

system as compared to the open field (Newaj et al., 2007).  In a coffee plantation, 

the relative humidity was decreased 10 % by pruning treatments (Rolim et al., 

2008).  Reduction of relative humidity inside the canopy was pronounced mainly 

between 8.00 h and 15.00 h. This indicated that pruning caused a reduction in 

relative humidity during the day inside the plantation. 
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2.3.7. Relative Water Content (RWC) 

Olive trees grown at different planting densities showed the maximum 

values for leaf water potential in spring and the minimum values in summer 

(Guerfel et al., 2010).  It was observed that the highest planting density was 

associated with lower water potential in month of August.  However, in September, 

the water potential and relative water content of all planting densities were almost 

similar due to the rainfall and lower temperature.  Similarly, in a Fagus sylvatica 

plantation, the moisture content of trees tended to decrease with the decreasing plant 

density and productivity was greatest in the high planting density (Stiptsov and 

Botev, 1995). 

2.4. RADIATION ENVIRONMENT  

The radiation regime within a tree crown varies with space and time like 

many other physical phenomena.  Its spatial variation is determined by the crown 

structure and incident radiation which fluctuates during the day and therefore 

induces the temporal change in the radiation regime within the tree crown. 

Photosynthesis and transpiration of a leaf are nonlinearly related to the radiation 

flux density absorbed by the leaf and they are overestimated if the radiation flux 

density is averaged over both a large spatial area and long period of time 

(Smolander and Lappi, 1985). 

2.4.1. Influence of crown shape on photosynthetically active radiation (PAR) 

Biomass production under a given set of conditions is related to the amount 

of light intercepted by the canopies (Cannel, 1983; Kuppers, 1994; Beadle, 1997).    

The size and arrangement of plant canopies determines the amount of light which 

they intercept (Caldwell et al., 1986; Beadle, 1997; Valladares, 1999).  

Several studies have been made on the influence of crown shape on PAR 

absorption (Jahnke and Lawrence, 1965; Terjung and Louie, 1972; Oker-Blom and 

Kellomaki 1988; Kuuluvainen and Pukkula, 1987).  Photosynthetic rate of a tree 

crown depends not only on the flux density of incident PAR but also on the PAR 

regime, which may be affected by the crown shape.   
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The influence of crown shape on PAR absorption, photosynthesis, and 

transpiration may depend on tree spacing (Kuuluvainen and Pukkula, 1987).  It was 

proved in a study that when the tree spacing is wider (10×10 m), the narrowest 

crown has the largest daily amounts of both PAR absorbed and photosynthesis.  

This is because the crown surface area of the narrowest crown is largest.  

Consequently, larger crown has the smallest daily amounts of both PAR absorbed 

and photosynthesis.  This is consistent with the conclusions of Oker-Blom and 

KellomSki (1988) that either a vertically or a horizontally extended crown absorbs 

a larger amount of PAR than one that is intermediate in shape.   

In closer spacing, the flattest tree crown has the largest daily amounts of 

both PAR absorbed and photosynthesis.  The relative differences are less than 10 

% for the daily amount of PAR absorbed and less than 15 % for the daily amount 

of photosynthesis among the tree crowns of different shapes, over the range of tree 

spacing studied.  This is because a canopy made up of flat crowns is more uniform 

in the horizontal plane and therefore more PAR will be absorbed, with the result 

that the daily amount of photosynthesis is also largest (Mann et al., 1979). 

Contrary to this, the crown shape was found to have only a small influence   

(less than 5%) on the daily amounts of both PAR absorbed and photosynthesis over 

the range of stocking density from 700 to 2500 trees/ha which is similar with other 

simulation studies (Oker-Blom and Kellomaki, 1988) but the influence of crown 

shape on PAR absorption, depend on tree spacing (Kuuluvainen and Pukkula, 

1987). 

2.4.2. Planting density and PAR 

Canopy structure, stand density, row orientation, leaf area index, site, 

latitude, season and spectral quality of light are major factors that decide the extent 

of solar radiation entering into the understorey of plantation (Baldocchi and 

Ollineau, 1994).  Among them, the planting density play an important role on the 

quality and quantity of under storey PAR availability.   
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For instance, the PAR transmittance beneath the canopy was 90% in the 

lowest planting density (Starostin and Maslakov, 1989). Modification in crown 

geometry as contributed by the variation in spacing may also modify the 

understorey light environment. However, information on such relationship is 

limited for tropical fast growing species.  

Initial planting density has profound influence on the understorey PAR 

availability.  Variation in the canopy structure between species and consequent 

changes in the PAR interception has been observed.  For instance, Kumar et al. 

(2001) in an experiment involving four MPTS and grass species, observed strong 

interspecific differences in the understorey PAR with A. auriculiformis intercepting 

much of solar radiation while the Ailanthus triphysa intercepted least.   A study in 

loblolly pine (Pinus taeda) plantation reported that intercepted PAR was 

significantly greater for stands planted at higher densities, while live crown length 

and crown ratio were significantly greater for stands planted at the lower densities, 

supporting the idea that higher density stands can intercept PAR more efficiently 

than lower density stands (Akers et al., 2013). 

Accieresi and Ansin (1994) conducted a study on effect of planting density 

on light penetration and forage production in a poplar based agroforestry system 

and reported that light penetration and forage production reduced with an increase 

in stand density. Similarly, another study on the effect of different stocking level 

and fertilizer regimes on the growth of Ailanthus excelsa, grown at four densities 

revealed that mean PAR transmittance (72 %) was greater for the lowest stand 

density. This suggests that plantation of high density intercepts substantially more 

radiation than the low density (Kumar et al., 2001).  As leaf area develops, the 

radiation interception by leaves increases. The LAI was higher for the Acacia 

mangium than for Acacia auriculiformis because the leaf area is larger for mangium 

and therefore it produces a denser canopy and greater shading (Mathew et al., 

1992).   
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Density manipulation through thinning in the seven year old A. mangium 

stand revealed that PAR transmitted to understorey ranged between 7% (unthinned) 

and 61% (heavily thinned) indicating that the unthinned A. mangium canopy absorb 

more radiation than transmission due to the larger canopy (Kunhamu et al., 2008). 

Acacia with spreading, dense crown absorb high amount of radiation (Norisada et 

al., 2005).  Kumar et al. (2000) reported that the A. auriculiformis characterized by 

dense or deep canopy intercept more light while casuarina, where its needles like 

cladophylls leads to great light penetration into the soil surface. 

2.4.3 Pruning and PAR 

Tree pruning is an important silvicultural operation which helps in 

improving the understorey light environment.  In many studies, it was observed that 

pruning temporarily open up the canopy and significantly improve the 

photosynthetic flux density at stand level. Pruning intensity affect the amount of 

PAR transmission in plantation. A study on effect of different pruning intensity on 

MPT’S shown  that maximum PAR transmission were recorded for the 75% 

pruning treatment and it was minimum for the 10% pruning treatment under rainfed 

conditions (Handa et al., 2007).  Similarly, pruning increased PAR beneath the 

pruned trees in a high density walnut plantation (Shangwei et al., 2009).  A study 

in a nine year old stand of Pinus radiata indicated that unthinned pruned stands can 

intercept up to 25% more PAR than the unpruned thinned stands with the same leaf 

area index (Grace et al., 1987).  

2.5. PLANTING DENSITY AND TREE GROWTH 

A knowledge about the optimum space requirements of trees is essential for 

the effective utilization of available resources, which in turn determines the 

productivity as well as product quality in trees (Mead and Speechly, 1991). 

Silvicultural prescriptions involving the stand density are often made based on the 

assumption that at higher stocking levels, individual tree productivity is inversely 

related to planting density (Smith et al., 1997).   
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Many sources indicate that height growth is insensitive to density and that 

radial growth increases with increased spacing (Lanner, 1985). However, a few 

detailed studies showed that in very young forest plantations, planting at high 

densities show more rapid growth than those planted at lower densities.  For 

example, annual height growth has been shown to be positively correlated with 

stocking density at a young age for several broad-leaved species and coniferous 

trees (Helmers, 1948; De Bell and Giordano, 1994; Gilbert et al., 1995; Knowe and 

Hibbs, 1996; Ritchie, 1997). 

Contrary to height growth observations, in general, radial growth increased 

with decreasing plant density and lowest density showed consistently higher GBH.  

Practically, in all experiments, the mean diameter for trees in the stand increases 

with increasing spacing (Smith, 1997).  However, the magnitude of response varies 

with the species and growth phase of stand.  Differences on account of variation in 

the population density were significantly observed from two years onwards by 

Kunhamu et al. (2005) in an Acacia mangium stand at varying densities.  Contrary 

to the above studies, Cameron and Penna (1988) found increased diameter growth 

with an increased stocking density in their study of Eucalyptus grandis.  

 

2.6. PRUNING AND TREE GROWTH  

Tree pruning increases the amount of clear wood produced by a tree. 

Pruning achieves this by removing branches sufficiently early and containing 

branch defects to a small central knotty core (Washusen et al., 2000).  In pruning 

trial of Acacia mangium, Majid and Paudyal (1992) observed that significant 

differences in  the diameter growth was observed when crown removal  was more 

than 40 % and also it has significant effect on tapering of stem.  Tree pruning 

generally showed a reduction in the growth implying that Acacia mangium might 

respond better at relatively lower pruning intensities (Kunhamu, 2006).  Study by 

Tuomela et al. (1996) reported that the growth of Acacia mangium after pruning 

was decreased about 70 % compared to the unpruned plots. 
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It is clear from many studies that the minimum level of pruning that affects 

growth varies between the species, and this level needs to be identified before the 

appropriate pruning prescriptions can be developed.  For example, the growth of 

Pinus patula was reduced by removal of more than 25% of the lower green crown 

length (Karani, 1978).  Sugi (Cryptomeria japonica) was found to withstand 

slightly higher levels of pruning (30% of lower green crown length) (Dakin, 1982) 

and in Acacia mangium, the growth was only affected if pruning removed more 

than 40% of lower green crown length (Majid and Paudyal, 1992). 

2.7. STAND LEAF AREA INDEX (LAI) 

Crown dimensions, tree phenology and leaf density affect the use of 

available resources and competition between trees which in turn improve yield and 

overall productivity in tree based systems (Cannel, 1983).  So the factors like LAI 

and crown development are most important for standardization of spacing in 

plantations.  In bamboo based agroforestry system, LAI of bamboo was 

significantly decreased with decrease in stand density (Bhimappa, 2014). The 

higher LAI may distress growth in tree based systems.  Low understorey PAR levels 

resulting from high level of LAI decreased the growth of plants in a wheat based 

agroforestry systems (Chirko et al., 1999).  Greater light extinction when stand LAI 

is more has been reported by Kumar et al. (2001). The information on LAI and PAR 

are indispensable for optimizing productivity in the tree based systems.  In eucalypt 

plantations, LAI increases as stands develop and then tends to stabilize or decline 

only slowly, effectively achieving a steady-state or equilibrium (e.g., Hingston et 

al., 1994).  Theoretical analyses suggest that the equilibrium LAI of a plantation 

depends in part on factors that affect the light utilization efficiency and respiratory 

rate of foliage (Dewar, 1996).  This is supported by data on the responses of LAI to 

nutrition and soil water (Fassnacht and Gower, 1997) and temperature (Ryan et al., 

1994).   
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Both evaporation and transpiration dissipate heat. Shashua-Bar and 

Hoffman (2000) found that a partial shaded area (PSA) under the tree canopy was 

a major factor to determine the microclimate effect of the tree and they used PSA 

in estimating the effect of trees on the contribution of direct solar radiation to air 

temperature variances.  LAI represents foliage density, which includes not only 

PSA but also leaf area, which includes the multilayers of leaves forming the canopy.  

Canopies with the high LAI absorb more momentum and therefore allow 

less vertical mixing of air within the canopy (Raupach et al., 1996) and thus act to 

keep the near-surface air cool and increases humidity.  Canopies with the lower LAI 

allow more turbulent mixing of air within the canopy sub-layer, which in turn allow 

more light to reach the surface and this results in air temperature increase more 

rapidly and reaches a higher maximum value than the denser canopies.   

Under the low LAI canopies, where the daytime temperature is higher, the 

vapour pressure deficit (VPD) is also larger, while the relative humidity is lower.  

As the VPD increases, evapotranspiration also increases as the air has an increased 

capacity to hold water vapour, creating a larger potential gradient across the leaf-

air and soil-air boundaries (Garratt, 1992).  This increases the transpiration in the 

low LAI canopies. The high LAI canopies have a smaller specific humidity than 

the low LAI canopies.  This finding is similar to that reported by Law et al. (2001) 

from the observations of temperate forests. 
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2.8. WATER USE EFFICIENCY (WUE) 

Water use efficiency is expressed as assimilation production per unit of 

water consumption.  As an important index for plant energy conversion, WUE has 

been applied widely in many fields.  Water use efficiency is also referred as rate of 

carbon uptake per unit of water lost. It integrates a suite of biotic and abiotic factors, 

and importantly, quantifies how much water a tree uses relative to the carbon 

gained.   

Water use efficiency describes a tree’s photosynthetic production rate 

relative to the rate at which it transpires water to the atmosphere.  It is a measure of 

plant performance that has long been of interest to the foresters, agronomists and 

ecologists (Bacon, 2004). In cropping systems, improving the water use efficiency 

presents a means of increasing biomass production in the face of finite water 

supplies.  In forestry systems, water use efficiency is a critical link between the 

wood production and water management. 

2.8.1. Carbon isotope discrimination (δ) and water use efficiency (WUE) 

Carbon isotope discrimination has been proposed as a method and technique 

for evaluating and improving WUE in C3 plants (Ehleringer and Cooper, 1986; 

Martin and Thorstenson, 1988).  WUE may be estimated as the ratio of dry matter 

accumulation over time to amount of water transpired (transpiration efficiency 

(TE)) or as the ratio of CO2 assimilation to stomatal conductance or transpiration 

(WUE of gas exchange or instantaneous WUE). 

 

Carbon isotope ratios are well established indicators of plant WUE. It is 

relevant to WUE via extent of stomatal conductance and capacity of CO2 fixation 

during photosynthesis.  In C3 species, the isotopic ratio of heavy isotope of carbon 

(13C) to 12C in plant materials is less than the isotopic ratio of 13C to 12C in the 

atmosphere, indicating that plants discriminate against 13C during photosynthesis 

which leads to a depletion of the plant dry matter in13C.  
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 This process depends on the ratio of the intercellular to atmospheric CO2 

concentration (Ci/Ca) which is linked to stomatal conductance (Farquhar et al., 

1982 ). Increasing CO2 assimilation or decreasing stomatal conductance results in 

increasing WUE and declining of leaf intercellular CO2 (Ci) and consequently Δ.  

Therefore, there should be a negative relationship between WUE and Δ due to the 

independent relation between Ci and Δ or WUE (Farquhar et al., 1982 and Farquhar 

and Richards, 1984). 

 

Farquhar et al. (1982) proved that leaf-to-air vapour pressure deficit (D) of 

dry matter in plant photosynthetic products is significantly correlated with the Pi/Pa 

ratio. In a study of Acacia mangium, the isotope effect on diffusion of atmospheric 

CO2 via stomata was denoted by a = 4.6 ‰ and that in net C3 diffusion with respect 

to Pi was indicated by b = 28.2 ‰ which fitted with the values of WUE calculated 

from the gas exchange method.  A gas exchange system is often employed to 

measure the leaf WUE, but it fails when it is measured on a larger scale in the fields 

(Farquhar et al., 1989).  Thus, the application of stable carbon isotope 

discrimination in estimating the water use efficiency would reduce the effects of 

fluctuating environmental factors during the synthesis of dry matter, and improve 

the ecophysiological studies on carbon and water balance when scaling from the 

plant to canopy in the fields. 

 

2.8.2. Factors affecting water use efficiency (WUE) 

Water use efficiency is influenced by solar radiation, ambient CO2, 

silvicultural practices and other environmental factors.  Egli et al. (1998) reported 

that WUE of plants was increased mostly by decreasing stomatal conductance. In 

contrast, WUE of plants were decreased with increase in stomatal conductance 

(Stanciel et al., 2000).  

 Many studies have been carried out on effect of CO2 on WUE showing 

increase in WUE by 50-150% at doubled CO2 concentrations mainly because of 

increase in photosynthesis and decrease in transpiration with increasing CO2 

concentrations (Serraj et al., 1999). 
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The effect of silvicultural practices like thinning, pruning, fertilizer 

application have different effect on WUE.  For example, the effect of  fertiliser or 

site quality on  the WUE  appears to be species and site specific with reports of 

increase (Stape et al., 2004) or no changes in the WUE (Husband et al., 2004).  

Thinning has been reported to decrease WUE due to the increased transpiration 

(Breda et al., 1995). 

In addition to these factors, a number of other factors, both environmental 

and biotic, could affect the WUE. These include climate change, nitrogen 

deposition, changes in leaf area, canopy height, surface roughness and coupling of 

the canopy to the atmosphere and long term instrument drift (Keenan et al., 2013). 

Photosynthesis is the primary driver for plant production, evolution, and global 

carbon cycle, while transpiration drives water cycle in soil-plant-atmosphere 

continuum (SPAC).  

2.8.3. Effect of carbon dioxide on water use efficiency (WUE) 

As the atmospheric CO2 content rises, most plants exhibit the increased rates 

of net photosynthesis and biomass production.  Moreover, on a per unit leaf area 

basis, they typically lose less water via transpiration (Saxe et al., 1998; Seneweera 

et al., 1998;  Sgherri et al., 1998;  Smart et al., 1998; Tognetti et al., 1998; Wayne 

et al., 1998; Centritto et al., 1999;  Serraj et al., 1999), as leaves tend to display 

lower stomatal conductance at elevated atmospheric CO2 concentrations (Egli et 

al., 1998; Garcia et al., 1998; Lecain and Morgan, 1998; Tjoelker et al., 1998; 

Leymarie et al., 1999; Runion et al., 1999; Stanciel et al., 2000).  Consequently, 

the plant water use efficiency or the amount of carbon gained per unit of water lost 

per unit leaf area should increase dramatically as the atmospheric CO2 content rises. 
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In Netherlands, plants that were subjected to an atmospheric CO2 

concentration of 566 ppm exhibited greater water use efficiencies than control 

plants fumigated with air of 354 ppm CO2 (Sgherri et al., 1998).  Likewise, in a 

study performed by Tjoelker et al. (1998), seedlings of quaking aspen, paper birch, 

tamarack, black spruce and jack pine grown at 580 ppm CO2 for three months 

showed that all plants displayed increase in water use efficiency, ranging from 40 

to 80%.  A study conducted by Centritto et al. (1999), cherry seedlings grown at 

twice-ambient levels of atmospheric CO2 displayed water use efficiency showed 

that these were 50% greater WUE than those of ambient controls, regardless of soil 

moisture status.   

Wayne et al. (1998), concluded that the yellow birch seedlings grown at 800 

ppm CO2 had water use efficiencies that were 52 % and 94% greater than the control 

plants subjected to low and high air temperatures regime, respectively.  Other trees 

that have been found to be benefited by extra carbon dioxide are longleaf pine 

(Runion et al., 1999), red oak (Anderson and Tomlinson, 1998), silver birch (Rey 

and Jarvis, 1998), beech (Egli et al., 1998) and spruce (Roberntz and Stockfors, 

1998). 

Contrary to the above studies, the WUE has been reported to decrease with 

an increase in CO2.  Akther et al. (2005) indicated that the increase of atmospheric 

CO2 concentration for a short period of time caused the stomata to close, and then 

the concentration of cellular CO2 increased, made the Ci/Ca ratio or Pi/Pa ratio 

change, where the leaf to air vapour deficit increased and the WUE declined.  

Comstock and Ehleringer (1993) also found that increase of atmospheric CO2 

concentration for a longer period of time with fluctuation of leaf temperature would 

influence the WUE. 

There has not been a conclusion on the reason for the increasing WUE with 

elevated CO2 concentrations.  However, Saxe et al. (1998) reported that increase in 

the photosynthesis with elevated CO2 was the main reason for increase in WUE. 
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 It is also proved in almost all the experiments, photosynthesis increased 

with increasing CO2 concentrations and then it appeared to decline, which was 

mainly caused by accumulation of photosynthates.  On the other hand, stomatal 

conductance is an important index that show sensitive responses to the elevated 

CO2 concentrations, i.e., stomatal conductance decreases with the elevated CO2 

concentration and maintains lower intercellular CO2 pressure by 20-30 % than 

atmospheric CO2 concentration.  Under doubled CO2 concentration conditions, 33-

50 % or more of the stomatal resistance was increased.  The decrease in stomatal 

conductance can reduce the transpiration rate and thus contribute to increases in the 

WUE. 

 

2.8.4. Planting density and water use efficiency (WUE) 

Planting density was found to affect the growth-related traits. The effect of 

planting density on tree physiology is fundamentally mediated by competition for 

resource acquisition, including light, water and nutrients (Benomar et al., 2011; 

Bullard et al., 2002; De Bell et al., 1996; Green et al., 2001).  It has been found that 

the effect of planting density on WUE of tree depend on the site characteristics in 

terms of soil fertility and water availability.   

Specifically, when soil conditions are favourable in terms of water and 

nutrients, increase in spacing would primarily accentuate plant competition for light 

leading to decrease in WUE followed by decrease in net assimilation rates due to 

light limitation (Buchman et al., 1997). In contrast, when soil conditions are limited 

for water and nutrients, growth would be reduced and increased spacing would 

primarily accentuate plant competition for soil resources leading to increase in 

WUE as a consequence of water limitation (Chamaillard et al., 2011). 

 To our knowledge, the effect of planting density on WUE has not been 

directly addressed in Acacia mangium so far.  Data on other species remain limited 

and varied with tree age, planting densities, system designs, and the way WUE is 

assessed.   
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Benomar et al. (2011) conducted a study on the poplar genotypes and found 

that light-saturated photosynthesis rates of trees grown at the closest spacing 

(10,000 trees per ha) were lower than those of trees grown at the wider spacing 

(400–1100 trees per ha).  No significant effect was observed for the stomatal 

conductance suggesting that the intrinsic water-use efficiency was actually lower at 

the high planting density. A study in a one year old Eucalyptus grandis trees planted 

at a density of 2150 ha-1 exhibited the higher transpiration efficiency than those 

planted at a density of 304 or 82 ha-1 (Eastham et al., 1990).  Higher WUE estimates 

associated with  the higher tree density have been similarly reported for a one year 

old seedlings of Betula albosinensis (Zhang et al., 2008), 5 year old trees of Pinus 

halepensis (Querejeta et al., 2008) and 250 year old trees of Pinus ponderosa 

(McDowell et al., 2003).  

Opposite trends have however been reported for a six year old trees of Pinus 

radiata (Walcroft et al., 1996), four year old trees of Pinus pinaster (Warren et al., 

2001) and thirty-one year old Pinus nigra trees (Martin-benito et al., 2010).  In a 

study of Pinus caribaea planted at different densities, the WUE is more at density 

of   63/m2 and this indicates that optimal density needed to achieve the greater water 

use efficiency (Ghosh, and Dabral,  1980).  However, the WUE not affected by 

planting density have been reported for birch seedlings, which were grown under 

the elevated CO2 at different planting densities (Garcia et al., 1998). 

2.8.5. Pruning and water use efficiency (WUE) 

The study shows that the silvicultural treatments such as pruning may not 

only reduce the water use by reducing the stand leaf area but also by increasing the 

efficiency with which water is used to produce the wood.  Thus, in addition to 

improving the growth rates, these treatments may also be used to reduce the water 

use and drought susceptibility of plantations while making more efficient use of the 

water that is transpired (White et al., 2009).  
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A study conducted in a three year old eucalyptus plantation revealed that 

pruning increases the WUE by 21 % as compared to the unpruned trees due to the 

removal of shade and least efficient canopy foliage (Forrester et al., 2012).  In a 

runoff agroforestry system in arid environment, the highest values of WUE was 

seen associated with the pruned trees at high density (1.59 kg m-3) as compared to 

the unpruned trees at high density (0.8 kg m-3) (Dropplermann et al., 2000).  

Similarly, in another run-off agroforestry experiment conducted in Israel with 

Acacia saligna, concluded that WUE of the unpruned trees were approximately 

twice as high as that of the pruned trees (Degen and Berliner, 1997).   

 

In contrast to above studies, a five year old Acacia melanoxylon plantation did not 

show any changes in the photosynthetic rate on WUE after pruning (Medhurst and 

Beadle, 2005).  However, more studies are required to examine how the magnitude 

and duration of pruning effects on water use efficiency vary between planting 

density, resource availabilities and climatic conditions. 
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3. MATERIALS AND METHODS 

3.1. LOCATION 

The study was conducted at Livestock Research Station (LRS), 

Thiruvizhamkunnu, Palakkad district in Kerala located at 110 21’30’’ N latitude, 

760 21’50’’ E longitude and 60-70 m above mean sea level. The Acacia mangium 

Willd. stand was established during the year 2000 with the objective of studying 

the effect of planting density and pruning on growth and form of trees. 

3.2. WEATHER PARAMETERS 

Table 1. Weather parameters during the experimental period (December 2014 to 

November 2015) at Thiruvizhamkunnu, Kerala, India 

 

The above data was collected from the weather station maintained by the Livestock Research Station, 

Thiruvizhamkunnu.

Month Maximum 

temperature 

(0 C ) 

Minimum 

temperature   

(0 C ) 

Maximum 

relative 

humidity 

(%) 

Minimum 

relative 

humidity 

(%) 

Total 

rainfall 

(mm) 

December 33.23 16.48 100 42 37.4 

January 33.68 14.84 100 29 8.2 

February 36.02 15.29 100 10 1.4 

March 38.61 20.04 100 12 5.9 

April 37.62 20.98 100 41 132.7 

May 34.43 20.95 100 51 253.4 

June 33.75 22.02 100 59 207.8 

July  32.14 21.56 100 66 206.2 

September 33.45 21.75 100 65 302.5 

October 34.23 21.41 100 45 263.9 

November 33.26 19.88 100 53 151.5 
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Table 1 shows the weather parameters during the study period collected 

from a weather station adjoining the Acacia mangium plantation studied.  The area 

receives rainfall by south-west monsoon from June to September.  The dry period, 

from January to March, is characterised by no rainfall.  The temperature recordings 

showed that March to be the hottest month with the maximum temperature going 

up to 38° C. The relative humidity showed the low values when compared to Kerala 

in general.  The pre-monsoon showers mostly falling in April and May contributed 

little to the total rainfall. 

3.3. SOIL 

The soil of experimental site is of lateritic origin (ultisol) with an average 

pH of 5.4 and bulk density of 0.86 g/ cm3 (Kunhamu et al., 2005). 

3.4. FIELD LAYOUT 

The experiment was laid out as a two factor factorial RBD with three 

replications.  The experimental plot size was 20 x15 m (300 m2) with four different 

spacing i.e., S1-2×1 m, S2-2×2 m, S3-2×4 m, S4 -4×4 m and two levels of pruning 

i.e., No pruning (P0), pruning up to 50% of tree height (P1).  The layout of 

experimental plot is shown (Fig 1) 

 

 

 

 

 

 

 

 

 

 

 

 

33 



 

 

 

 

 

  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S2 P0 R1 S2 P1 R1 S4 P1 R1 

S1 P1 R1 S3 P1 R1 S1 P0 R1 

S3 P0 R1 S4 P0 R1 
  

 
    Design : Factorial RCBD 
 

    Spacing: 
                      S1- 2 × 1 m (5000 trees/ha) 

                      S2- 2 × 2 m (2500 trees/ha) 

                      S3- 2 × 4 m (1250 trees/ha) 

                      S4- 4 × 4 m (625 trees/ha) 

   Pruning: 

 
               P0- No pruning 

 

               P1- Pruning up to 50% of tree 

height 

 

 

  Replications:3 
 
  Plot Size: 20 × 15 m (300m2) 

S3 P1 R2 S2 P1 R2 

S4 P0 R2 S1 P1 R2 

S2 P0 R2 S3 P0 R2 

S4 P1 R2  S1 P0 R2 

S1 P0 R3 S3 P0 R3 

S3 P1 R3 S4 P1 R3 

S4 P1 R3 S2 P 1R3 

S1 P1 R3 S2 P0 R3 

Fig 1. Experimental layout of Acacia mangium stand showing different planting density and 

pruning treatments at Thiruvizhamkunnu, Kerala. 
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Plate 1. Experimental plot of Acacia mangium stand showing various planting density 

treatments:  (A) 5000 trees/ha (B) 2500 trees/ha (C) 1250 trees/ha (D) 625 trees/ha  

 

 

 

 



 

 

 

 

 

3.5.1 Air temperature (AT)  

 A portable iron tower capable of lifting sensors was fabricated and installed 

in the different planting densities of plantation to take measurements at the height 

of 5 and 10 m above the ground level using the temperature sensors (EMCON Pvt 

Ltd, Cochin). 

3.5.2. Canopy-air temperature difference (CATD)  

CATD was measured using handheld infrared thermometer 

(AGRITHERM-III 6110.42L).  Temperature measurements were done after 11:00 

AM, a time when difference between stressed and non-stressed plants are most 

readily detected (Gardner et al., 1981).  Leaves that are fully expanded and 

completely exposed to sunlight were selected for temperature measurements. 

3.5.3. Soil temperature (ST) 

Soil temperature was measured at a depth of 5 cm, 10 cm, and 20 cm from 

the soil surface in each plot using a soil temperature sensor (EMCON Pvt Ltd, 

Cochin).   

3.6. MOISTURE ENVIRONMENT  

3.6.1. Relative humidity (RH) 

  A portable iron tower capable of lifting sensors was fabricated and installed 

in the different planting densities of plantation to take measurements at the height 

of 5 and 10 m above the ground level using the relative humidity sensors (EMCON 

Pvt Ltd, Cochin). 

3.6.2. Soil moisture content (SMC) 

Soil moisture was measured gravimetrically from each plot of Acacia 

mangium stand and also from treeless control plots.  Soil samples were taken at a 

depth of 5 cm, 10 cm, 20 cm and 30 cm from the soil surface using a soil auger.  
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 Plate 3. Sensors (Emcon Pvt. Ltd, Cochin) used for measurement of 

temperature, humidity and PAR  

 

 

 

Plate 2. Micrometeological stand fabricated to take measurement at 

different heights above the ground level 



 

 

 
 

 
 

 

 

 

 

 

 

Plate 4. Data Logger (Emcon Pvt. Ltd, Cochin) 

Plate 5. Soil temperature sensor (Emcon Pvt. Ltd, Cochin) used for 

measurement of soil temperature  

 



 

 

 

 

 

These soil samples were then transferred to the moisture cans and these cans 

were closed to prevent the loss of moisture by evaporation.  The cans containing 

moist soil were weighed immediately in the field to record the fresh weight. Then 

these samples were carried to the laboratory and kept in a hot air oven at 105° C till 

the constant weight is attained.  After this, the dry weight of samples were recorded. 

From the difference in weight, the moisture content in soil is expressed as percent 

on oven dry basis. 

  Moisture (%) in the soil= Weight of moisture in the sample ×100 

                                                           Weight of oven dry sample 
 

3.6.3. Relative water content (RWC)  

Relative water content was measured from leaves selected at random from 

each of the experimental plot.  The leaves were placed in polyethene bags and taken 

to the laboratory. The leaf discs were cut from the leaves using a cork borer and 

weighed using sensitive balance up to three decimal.  The leaf discs were then 

hydrated to full turgidity by floating the leaf discs on distilled water in closed petri 

dish for 24 hours.  Leaf discs removed from the water were wiped and weighed with 

the same balance, then the turgid weight was obtained.  Leaves were then dried in 

an oven at 80° C for 48 hours to determine the dry weight. RWC was calculated 

using the below equation.  

                                      RWC (%) = (Fresh weight –Dry weight) ×100 

                                                          (Turgid weight -Dry weight) 

 

3.6.4. Evapotranspiration (ET)  

The evapotranspiration rate for each plot was calculated using FAO 

modified Penman-Monteith equation (Allen et al., 1998). 
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Plate 6. Collections of soil samples for estimation of soil moisture content 



 

 

 

 

3.7. RADIATION ENVIRONMENT  

3.7.1. Photosynthetically active radiation (PAR) 

A portable iron tower capable of lifting sensors was fabricated and installed in the 

different planting densities of plantation to take measurements at the height of 5 

and 10 m above the ground level using the PAR sensors (EMCON Pvt Ltd, Cochin). 

Diurnal variation of PAR below the canopy and above the canopy was 

measured using a line quantum sensor at hourly intervals.  Within each plot, PAR 

was measured using a line quantum sensor which was installed at the centre of plot 

at a height of 60 cm from the ground level.  Radiation incident over the canopy was 

simultaneously recorded by another line quantum sensor, which kept on open space 

near to the field.  PAR transmittance through the canopy was determined using the 

equation. 

                    Tc= K  ↓ sub-canopy 
                           K  ↓  above 

                                                          Where, Tc - Canopy PAR transmittance  

                                                                     K↓ - Measured incoming solar radiation 
 

3.7.2. Light extinction coefficient 

 

The light extinction coefficient was calculated from the Lambert-Beer’s 

law, the average extinction coefficient (K) was obtained using the below equation 

 
             K= -     ln (PARt) / (PARi)    

                                    LAI                                        
          

 
        Where, 
                      K - Light extinction coefficient 

                      PARt - Transmitted PAR through the canopy  

                      PARi- PAR incident on the stand  

                       LAI - Leaf area index 

                       ln - Natural logarithm 
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3.8. BIOMETRIC OBSERVATIONS  

 

3.8.1. Height 

Height of trees were measured from the base of tree to growing tip with the 

help of Haga altimeter. 

3.8.2. Diameter 

Diameter of trees were measured at breast height (1.37 m). 

3.8.3. Stand leaf area index (LAI) 

LAI of each plot was estimated by a canopy analyser (LAI-2000, LI-COR 

Inc., Nebraska, and USA).  The canopy analyser, which indirectly measures the LAI 

of canopies based on the relationship between leaf area and canopy transmittance 

(Sternberg et al., 1994). 

3.8.4. Aboveground standing biomass  

The aboveground biomass of the standing trees were computed using the 

below allometric equation (Kunhamu et al., 2005). 

B=34.63-9.89 (DBH) +0.887 (DBH) 2 (R2=0.97)  

Where, B- total above ground biomass (kg tree-1)  

           DBH- diameter at breast height (1.37 m) 

 

3.8.5. Collection of leaf samples and estimation of water use efficiency (WUE) 

For the carbon isotope measurements, matured leaves from 10 to 15 m 

above the ground level from Acacia mangium stand was collected.  The leaf samples 

were then oven-dried at 80° C for 48 hours.  Dried leaf samples were then 

homogenized to a fine powder with a ball mill. 
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Plate 9. Canopy Analyser (LAI-2000, LI-COR Inc., Nebraska, 

USA) used for measurement of stand leaf area index 

Plate 10. Observer in the field 



 

 

 

 

 

Stable carbon isotope ratio was measured using an Isotope Ratio Mass 

Spectrometer (Delta plus, Thermo Fischer scientific, Bredmen, Germany) 

interfaced with an elemental analyser (NA112, Carlo-Erba, Italy) through a 

continuous flow device (Conflo-III, Thermo Fischer scientific), installed at the 

Department of Crop Physiology, UAS, Bengaluru.  Carbon isotope discrimination 

(Δ13C), expressed in per mill (‰), was computed as per the notation proposed by 

(Farquhar et al., 1989).   

Δ13C = (δ13Ca-δ13Cp)/ (1+δ13Cp/1000) 

Where; δ13Ca and δ13Cp are the carbon isotope composition of atmospheric air and 

plant sample, respectively.  The δ13Ca was considered as -8‰ for the computation. 

The analytical uncertainty was better than 0.15‰ which was determined by 

using an external standard calibrated against international standards such as ANU-

Sucrose (Potato starch, Sigma-Aldrich δ13 = -26.85‰). 

 

3.9. STATISTICAL ANALYSIS  

The data were analysed using an ANOVA technique in SPSS (SPSS, INC, 

Chicago IL).  All statistical tests were tested significant at P<0.05.  Differences 

among the treatment means were determined using the Duncan Multiple Range 

Test.  The Pearson correlation coefficient was used to detect relationships between 

the microclimate variables. 
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4. RESULTS 

The study involved the evaluation of the thermal, radiative, moisture 

regimes and water use efficiency under different planting densities and pruning 

levels in an Acacia mangium stand.  Results of the investigations on microclimate 

variables, water use efficiency and growth parameters of an Acacia mangium stand 

are presented hereunder. 

4.1. THERMAL ENVIRONMENT 

4.1.1. Air temperature   

The air temperature (AT) at the height of 5 m and 10 m above the ground 

level during the summer, pre-monsoon, monsoon and post-monsoon seasons are 

given in Table 2 and Fig. 2-3.  The statistical analysis revealed significant 

differences between the AT of the open area (control) and A.mangium stand at 

different planting densities for all seasons except the monsoon season.  It was also 

observed that AT values statistically differed among the various planting densities.  

In general, AT was higher during the summer season followed by pre-monsoon and 

post-monsoon season while lower AT was recorded during the monsoon season.  In 

all seasons, the open area had higher air temperature compared to that of the 

plantation. 

During the summer season, the higher  AT values was found at  density of 

625 trees/ha (33.54 ° C and 33.67° C for 5 and 10 m height respectively)  while the 

lower AT value was found  at  density of 5000 trees/ha (31° C and 30.61° C for 5 

m and 10 m height respectively).  The AT  at  the height of  5  and 10 m above the 

ground level did not show any significant differences between the planting densities 

of 5000 trees/ha and 2500 trees/ha and between 1250 trees /ha and 625 trees/ha.  

When compared to that of the open area (control), the percentage reduction in AT  

at the height of  5 and 10 m above the ground level was observed to be 12 % and  

10 % under the closer spacing and 4% and 3 % under  the wider spacing 

respectively.   
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Pruning had no significant effect on AT at the height of 5 and 10 m above 

the ground level.  No significant differences were observed for planting density and 

pruning interactions. 

During the pre-monsoon season, all planting densities showed significant 

differences with the open area except a density of 625 trees/ha.  Among the planting 

densities, the higher value was recorded at  density of 625 tree/ha (33.08° C and 

33.14 ° C for 5 m and 10 m height respectively) while, the lower value was recorded 

at a density of 5000 trees/ha (30.74° C and 30.07° C for 5 m and 10 m height 

respectively).  When compared to that of the open area (control), the percentage 

reduction  in AT  at the height of  5  and 10 m above ground was observed to be 12 

% and  10 % under the closer spacing and 4% and 3 % under the wider spacing 

respectively.  The AT value did not show any significant differences between the 

planting densities of 5000 trees/ha and 2500 trees/ha and between 1250 trees/ha and 

625 trees/ha.  Pruning had no significant effect on AT at the height of 5 m and 10 

m above the ground level.  No significant differences were observed for planting 

density and pruning interactions. 

     The AT patterns during the monsoon season followed a similar trend to that of 

previous seasons with the plantation having lower temperature compared to that of 

the open area.  However, it did not vary among the planting densities. The values 

of AT from the high planting density to the  low planting density varied from 28.38° 

C  to 28.46 ° C  at 5 m height and 28.72 ° C to 29.11 ° C at 10 m height above the 

ground level.  Pruning had no significant effect on AT at the height of 5 and 10 m 

above the ground level.  No significant differences were observed for planting 

density and pruning interactions. 

During the post-monsoon season, it was found that AT significantly differed 

between the plantation of Acacia mangium and open area.  Among the planting 

densities, the higher value was recorded at a density of 625 tree/ha (30.18 ° C and 

31.01 ° C at 5 m and 10 m height respectively)  while, the lower value was recorded 

at density of 5000 trees /ha (29.35° C and 29.95 ° C at 5 m and 10 m height 

respectively).   
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When compared to that of the open area (control), the percentage reduction 

at the height of 5 and 10 m above ground was observed to be 7 % and 9 % under 

the closer spacing and 4 % and 6 % under the wider spacing respectively.  The AT 

in all planting densities except 625/ha were on par.  Pruning had no significant 

effect on AT at the height of 5 and 10 m above the ground level.  No significant 

differences were observed for planting density and pruning interactions. 

Table 2. Air temperature at the height of 5 m and 10 m above the ground level in 

Acacia mangium stand as influenced by planting density and pruning at 

Thiruvizhamkunnu, Kerala, India 

 
Values with same superscript do not differ significantly 

ns-not significant 

 

 Air temperature (° C) 

Planting 

density      

(trees/ha) 

Summer Pre-monsoon Monsoon Post-monsoon 

5 m  10 m 

 

5 m 

 

10 m 

 

5 m 

 

10 m 

 

5 m 

 

10 m 

 

5000 31.00d 30.61d 30.74d 30.07d 28.42b 28.73b 29.35c 29.95c 

2500 31.59cd 31.73cd 31.88cd 31.18cd 28.47b 28.85b 29.82c 30.15c 

1250 32.67bc 32.68bc 32.76bc 32.16bc 28.47b 28.90b 29.86c 30.24c 

625 33.54b 33.67b 33.08ab 33.14ab 28.46b 29.11b 30.18b 31.01b 

Open 35.80a 35.80a 34.50a 34.50a 30.58a 30.58a 32.26a 32.26a 

Pruning 

Unpruned  31.74 31.81 31.86 32.04 28.89 28.42 30.20 29.71 

50% 

pruning 

32.60 32.59 31.39 32.40 28.91 28.52 30.47 29.89 

Spacing 

and 

Pruning  

ns ns ns ns ns ns ns Ns 
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Fig 2. Weekly variation of air temperature at 5 m above the ground level in Acacia mangium stand as influenced by planting density  

at Thiruvizhamkunnu, Kerala, India 
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Fig 3. Weekly variation of air temperature at 10 m above the ground level in Acacia mangium stand as influenced by planting density   

at Thiruvizhamkunnu, Kerala, India
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4.1.2. Soil temperature 

The results of variations in soil temperature (ST) values in different seasons 

as influenced by planting density and pruning is presented in Table 3 and Fig. 4-6.   

It was observed that the ST values differed significantly in the open when compared 

to the plantation irrespective of seasons.  Significant variation in ST values has been 

observed among the various planting densities in all seasons except the monsoon 

season.  

The vertical distribution of ST showed a constant decline with increasing 

depth for all planting densities irrespective of seasons.  In general, the higher ST 

was recorded during the summer season followed by the pre-monsoon.  The lowest 

ST was recorded during the monsoon season and post-monsoon season. Pruning 

had no significant effect on ST in all seasons except the post-monsoon season. 

The higher ST values were observed during the summer season as compared 

to that of other seasons.  At 5 and 10 cm depth, the higher ST (32.10 ° C and 30.95° 

C at 5 and 10 cm depth respectively) was recorded at the low planting density (625 

trees/ha).  It was significantly different between the planting densities except a 

density of 1250 trees/ha. The lower ST ( 28.77 ° C and 28.08° C at 5 and 10 cm 

depth) was recorded at the  high planting density (5000 trees/ha) which significantly 

varied between all planting densities but was on par with planting density of 2500 

trees/ha.   At 20 cm depth, the higher ST (30.65° C) recorded at a density of 625 

trees/ha was significantly different from all planting densities.  The lower ST 

(28.17° C) was found at 5000 trees/ha was on par with the density of 2500 trees/ha.  

The soil temperature values from the high planting density to the low planting 

density ranged from 28.77 ° C to 32.10 ° C  at 5 cm depth, 28.08 ° C to 30.95 ° C 

at 10 cm depth and 27.80 ° C to 31.65 0 C at 20 cm depth respectively. When 

compared to that of the open area (control), the percentage decrease in the ST values 

for 5 cm, 10 cm, and 20 cm depths was 16 %, 15 % and 14 % under the closer 

spacing and 6 % for all the depths under the wider spacing respectively.  Pruning 

had no significant effect on ST.  Pruning and planting density interactions were 

non-significant. 
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During the pre-monsoon season, the ST for Acacia mangium stand was 

significantly different from the open area and differ between the planting densities.  

The ST was found to be decreasing with an increase in planting density.  Higher ST 

value was noticed at the low planting density whereas a lower ST value was noticed 

at the high planting density irrespective of soil depths.  The ST values from the high 

planting density to the low planting density ranged from 29.32 ° C to 31.24 ° C at 

5 cm, 27.16 ° C to 30.94 ° C at 10 cm and 27.03 ° C to 30.47 ° C at 20 cm depth.  

When compared to that of the open area (control), the percentage decrease  in ST 

values for 5 cm, 10 cm and 20 cm depth  was 12% , 15 %  and  15 % under the 

closer spacing whereas 6 % , 4 % and 4 % under the wider spacing respectively.  

No significant differences were found for pruning treatments.  Spacing and pruning 

interaction effects were non-significant. 

     During the monsoon season, the ST measured at different depths in 

various planting densities of the A. mangium stand was significantly lower from the 

open area.  However, the ST values were not statistically different between the 

planting densities.  The ST values from the high planting density to the low planting 

density varied from 25.29 ° C to 25.47 ° C at 5 cm depth, 24.56 ° C to 24.85 ° C at 

10 cm depth and 24.03° C to 24.25 0 C at 20 cm depth.   The open area showed the 

higher ST throughout the season.  When compared to that of the open area (control), 

the percentage decrease in ST values for 5 cm, 10 cm and 20 cm depth  was 7 % , 

5 %  and  3 % under  the closer spacing whereas 4 %, 3 % and 2 %  under the wider 

spacing respectively.  The ST was not significantly affected by pruning and spacing 

and pruning interactions. 

During the post-monsoon season, the ST value followed variation similar to 

that of previous seasons. The ST varied significantly between the open area as well 

as among the various planting densities of Acacia mangium stand.  The higher value 

recorded at the density of 625 trees /ha was significantly different between all 

planting densities except a density of 1250 trees /ha at different depths.  The lower 

ST found at 5000 trees /ha which was statistically similar with the planting density 

of 2500 trees /ha.    
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The ST values from the high planting density to the low planting density 

varied from 26.73 ° C to 28.72 ° C at 5 cm , 26.07 ° C to 26.73 ° C at 10 cm  and 

25.39° C to 26.66 ° C at 20 cm depth.  When compared to that of the open area 

(control), the percentage decrease in the ST values for 5 cm, 10 cm and 20 cm depth  

was 11 % , 10 %  and  10 % under the closer spacing whereas 4 %,  8 %  and 6 % 

under the wider spacing respectively. The pruned stands had significantly higher 

ST at 5 cm depth (27.97 ° C) as compared to that of the unpruned stands (27.40 ° 

C).  However, pruning had no significant effect on the ST at 10 cm and 20 cm depth. 

4.1.3. Canopy-air temperature difference (CATD)  

The canopy-air temperature difference (CATD) recorded during the 

summer, pre-monsoon, monsoon and post-monsoon seasons are presented in Table 

4 and Fig. 7.  Results reveal statistically significant differences between spacing 

treatments for the summer and pre-monsoon seasons and no differences for the 

monsoon and post-monsoon seasons.  Pruning had no significant effect on CATD 

during the study period. 

During the summer season, the CATD were higher as compared to that of 

the other seasons for all treatments.  The CATD values were increased significantly 

with an increasing planting density.  The CATD (+1.49 ° C) found at a density of 

5000 trees/ha did not vary between the planting densities except a density of 625 

trees/ha (+2.10 ° C).  Pruning had no significant effect on CATD.  No significant 

differences were observed for planting density and pruning interactions. 

During the pre-monsoon season, the higher CATD associated with high planting 

density (+0.92 ° C) was significantly different with all planting densities except a 

density of  2500 trees/ha.  The lower CATD associated with low planting density 

(+0.16° C) did not differ between the planting densities of 2500 trees/ha and1250 

trees/ha.  The CATD did not show significant differences for pruning treatments 

and planting density vs. pruning interactions
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Table 3. Soil temperature at various depths in Acacia mangium stand as influenced by planting density and pruning at 

Thiruvizhamkunnu, Kerala, India 

Values with same superscript do not differ significantly 

ns-not significant 

 

 

 Soil temperature  (° C) 

Planting 

density  

(trees ha-1) 

Summer  Pre-monsoon Monsoon Post-monsoon 

5 cm  10 cm  20 cm 5 cm  10 cm  20 cm 5 cm  10 cm  20 cm 5 cm  10 cm  20 cm 

5000 28.77c 28.08c 27.80d 29.32d 27.16e 27.03d 25.29b 24.56b 24.03b 26.73c 26.07d 25.39c 

2500 29.09c 28.38c 28.01d 28.17e 28.11d 27.53d 25.37b 24.57b 24.10b 26.93c 26.30d 25.60c 

1250 31.37b 30.75b 30.17c 30.42c 29.77c 29.36c 25.39b 24.68b 24.10b 28.37b 28.16b 26.43b 

625 32.10b 30.95b 30.65b 31.24b 30.94b 30.47b 25.47b 24.85b 24.25b 28.72b 27.73c 26.66b 

Open 34.25a 33.14a 32.61a 33.44a 32.30a 31.83a 28.35a 28.08a 27.91a 30.12a 29.18a 28.44a 

Pruning      

Unpruned  30.33 29.51 29.41 29.76 28.98 28.55 25.22 24.57 24.03 27.40b 26.73 25.98 

50% pruning 30.34 29.56 29.41 29.82 29.03 28.65 25.52 24.77 24.22 27.97a 26.90 26.23 

Spacing vs. 

pruning  

ns ns ns ns ns ns ns ns ns ns ns ns 
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Fig 4. Weekly variation of soil temperature at 5 cm depth in Acacia mangium stand as influenced by planting density at 

Thiruvizhamkunnu, Kerala, India 
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Fig 5. Weekly variation of soil temperature at 10 cm depth in Acacia mangium stand as influenced by planting density at  

Thiruvizhamkunnu, Kerala, India 
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Fig 6. Weekly variation of soil temperature at 20 cm depth in Acacia mangium stand as influenced by planting density  at 

Thiruvizhamkunnu, Kerala, India
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During the monsoon season, the CATD was lesser as compared to that of 

other seasons for all treatments.  No significant differences was observed between 

the planting densities.  The values of CATD from the high planting density to low 

planting density ranged from -2.69 ° C to -2.81 ° C.  The CATD was not affected 

by pruning treatments.  No significant differences were observed for the planting 

density and pruning interactions. 

During the post-monsoon season, the CATD values did not vary 

significantly between the different planting densities of Acacia mangium stand. 

However, the higher CATD value was associated with high planting density (-0.35 

° C) and the lower CATD value was associated with low planting density (-1.07 ° 

C). The values of CATD from  the high planting density to the low planting density 

ranged from -0.35 ° C to -1.07 ° C.  The CATD was not significantly affected by 

pruning.  No significant differences were observed for planting density and pruning 

interactions. 

Table 4. Canopy-air temperature difference (CATD) in Acacia mangium stand as 

influenced by planting density and pruning at Thiruvizhamkunnu, Kerala 

Values with same superscript do not differ significantl

 CATD (° C) 

Planting density 

(trees ha-1) 

Summer Pre-monsoon 

 

Monsoon 

 

Post monsoon 

 

5000 2.10a 0.92a -2.69 -0.35 

 2500 2.49ab 0.49ab -2.64 -0.54 

1250 1.80ab 0.16b -2.63 -0.91 

625 1.49b 0.27b -2.81 -1.07 

Pruning 

No pruning 2.04 0.49 -2.59 -0.54 

50% pruning 1.90 0.42 -2.80 -0.90 

Spacing and 

Pruning  

ns ns ns ns 
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Fig 7. Weekly variation of canopy-air temperature difference (CATD) in Acacia mangium stand as influenced by planting density at 

Thiruvizhamkunnu, Kerala, India 
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4.2. MOISTURE ENVIRONMENT 

4.2.1. Relative humidity (RH) 

Relative humidity (RH) during summer, pre-monsoon, monsoon and post-

monsoon seasons are presented in Table 5 and Fig. 8-9.  Significant differences in 

RH values were observed only for the summer season with respect to varying 

planting densities.  The maximum RH was recorded during the monsoon season 

while minimum RH value was recorded during the summer season.  The RH did 

not show significant differences for pruning treatments during the study period. 

During the summer season, the RH values were generally lower for all 

treatments.   The higher RH value was associated with the high planting density 

(61.42 % and 60.76 % for 5 m and 10 m height respectively) significantly differed 

from RH recorded at the low planting density (55.92 % and 55.30 % for 5 m and 

10 m height respectively). The open area (control) showed lower RH value 

(50.76%) throughout the season.  When compared to that of open area (control), the 

percentage increase in RH value at the height of 5 and 10 m above ground level was 

21 % and 19 % under the closer spacing and 10 % and 9% under the wider spacing.  

Pruning had no significant effect on RH.  The RH values from the unpruned stands 

and the pruned stands varied from 60.26 % to 57.78 % for 5 m and 59.19 % to 56.98 

% for 10 m height above the ground level respectively.  No significant differences 

were observed for spacing and pruning interactions. 

During the pre-monsoon season, the RH values were significantly different 

from the open area but did not vary between the different planting densities.  The 

RH values from the high planting density to the low planting density ranged 

between 65.60 % to 62.72 % for 5 m and 63.66 % to 60.72 % for 10 m height above 

the ground level respectively.  The open area (control) showed lower RH value 

(53.5%) throughout the season.  When compared to that of the open area (control), 

the percentage increase in RH value at the height of 5 m and 10 m above ground 

level was 22 %  and 18 %  under the closer spacing whereas 11 % and 13%  under 

the wider spacing respectively.  
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RH was not significantly affected by pruning treatments.  The values of RH 

in the unpruned stand and pruned stand varied between 65.16 % to 62.63% for 5 m 

and 63.16 % to 60.62 % for 10 m height above the ground level respectively.  No 

significant spacing and pruning interactions were observed. 

The RH patterns during the monsoon season followed a trend similar to the 

pre-monsoon season and generally showed the higher values as compared to that of 

previous seasons.  The RH did not show any significant differences with respect to 

planting densities of the Acacia mangium stand.  The values of RH of the high 

planting density and low planting density varied from 76.71 % to 74.37 % for 5 m 

and 75.16 % to 72.25% for 10 m height above the ground level respectively.  The 

open area showed a lower RH value (70%) throughout the season.  When compared 

to that of the open area (control), the percentage increase in RH value for 5 and 10 

m above the ground level  was 9 %  and 7 %  under the closer spacing whereas 6 % 

and 3 %  under the wider spacing respectively.  The RH did not show any significant 

differences with respect to pruning treatments.  The RH values from the unpruned 

stands to the pruned stands varied between 75.22 % to 75.06 % for 5 m and 73.17 

% to 73.29 % for 10 m height above the ground level respectively.   No significant 

differences observed for spacing and pruning interactions. 

During the post-monsoon season, it was found that RH values recorded in 

the Acacia mangium stand were significantly different from the open area but did 

not differ among the planting densities.  The RH values from the low planting 

density to the high planting density varied from 70.50 % to 71.19 % for 5 m and 

69.19 % to 68.50 % for 10 m above the ground level respectively.  The open area 

had the lower RH value (64.38%) throughout the season.  When compared to that 

of the open area (control), the percentage increase in the RH value at the height of 

5 m and 10 m above the ground level was 10 % and 7 %  under closer spacing 

whereas 10 % and 5 % under wider spacing respectively. Pruning had no significant 

effect on relative humidity.  
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Despite the statistical insignificance, the unpruned stand had higher RH 

value (71.32 % and 69.32 % for 5 m and 10 m above the ground level respectively) 

compared to that of the pruned stand (70.07 % and 68.07 % for 5 m and 10 m above 

the ground level respectively).  No statistically significant differences observed for 

spacing and pruning interactions. 

Table 5.  Relative humidity at the height of 5 and 10 m above the ground level in 

Acacia mangium stand as influenced by planting density and pruning at 

Thiruvizhamkunnu, Kerala, India 

 Relative humidity (%) 

Planting 
density   

(trees/ha) 

Summer Pre-monsoon Monsoon Post-monsoon 

5m 10m 5m 10m 5m 10m 5m 10m 

5000 61.42a 60.76a 65.66a 63.66a 76.47a 75.16a 71.19a 69.19a 

2500 60.34a

b 

59.26ab 64.05a 62.05a 75.16a 73.54a 71.00a 69a 

1250 58.42a

b 
57.0ab 63.16a 61.16a 74.62a 72.37a 70.11a 68.11a 

625 55.92b 55.30b 62.72a 60.72a 74.37a 72.25a 70.50a 68.50a 

Open 50.76c 50.76c 53.55b 53.55b 70.0b 70.00b 64.38b 64.38b 

Pruning 

Unpruned  60.26 59.19 65.16 63.16 75.23 73.17 71.32 69.32 

50% 
pruning 

57.78 56.98 62.63 60.63 75.06 73.29 70.07 68.07 

Spacing 

and 
Pruning 

ns ns ns ns ns ns ns ns 

56 



 

 

 

40

50

60

70

80

90

100

w
ee

k
 1

w
ee

k
 2

w
ee

k
 3

w
ee

k
 4

w
ee

k
 5

w
ee

k
 6

w
ee

k
 7

w
ee

k
 8

w
ee

k
 9

w
ee

k
 1

0

w
ee

k
 1

1

w
ee

k
 1

2

w
ee

k
 1

3

w
ee

k
 1

4

w
ee

k
 1

5

w
ee

k
 1

6

w
ee

k
 1

7

w
ee

k
 1

8

w
ee

k
 1

9

w
ee

k
 2

0

w
ee

k
 2

1

w
ee

k
 2

2

w
ee

k
 2

3

w
ee

k
 2

4

w
ee

k
 2

5

w
ee

k
 2

6

w
ee

k
 2

7

w
ee

k
 2

8

w
ee

k
 2

9

w
ee

k
 3

0

w
ee

k
 3

1

w
ee

k
 3

2

w
ee

k
 3

3

w
ee

k
 3

4

w
ee

k
 3

5

w
ee

k
 3

6

w
ee

k
 3

7

w
ee

k
 3

8

w
ee

k
 3

9

w
ee

k
 4

0

w
ee

k
 4

1

w
ee

k
 4

2

w
ee

k
 4

3

w
ee

k
 4

4

w
ee

k
 4

5

w
ee

k
 4

6

w
ee

k
 4

7

R
e
la

ti
v

e
  

h
u

m
id

it
y

 (
%

)

Weeks

5000  trees/ha

2500  trees/ha

1250  trees/ha

625  trees/ha

Open area

Summer season Pre-monsoon season Monsoon season Post-monsoon season

Fig 8. Weekly variation of relative humidity at the height of 5m above the ground level in  Acacia mangium stand as influenced by 

planting density at Thiruvizhamkunnu, Kerala, India 
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Fig 9. Weekly variation of relative humidity at the height of 10 m above the ground level in Acacia mangium stand as influenced by planting 

density at Thiruvizhamkunnu, Kerala, India 
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4.2.2. Soil moisture content (SMC) 

The estimation of SMC during the summer, pre-monsoon, monsoon and 

post-monsoon seasons are presented in Table 6 and Fig. 10-13.  Significant 

variation in the SMC values was observed between the different planting densities 

in all seasons except monsoon season.  The higher soil moisture retention was 

observed during the monsoon season followed by the post-monsoon season. The 

lower soil moisture retention was observed during the summer and pre-monsoon 

season.  

During the summer season, the SMC showed lower values as compared to 

that of other seasons for all treatments.  The SMC recorded in Acacia mangium 

stand with different planting densities was significantly higher than that of the open 

area at both surface and subsurface level.  At 5 cm depth, SMC value at the high 

planting density was significantly higher (13.80 %) than that of the low planting 

density.  Soil moisture content between the planting densities of 5000 trees/ha, 2500 

trees /ha and 1250 trees /ha were on par.   Similarly, at 10 cm depth, the higher 

SMC was found at the high planting density (14.79 %) and lower SMC (12.82 %) 

was found at the low planting density.  Statistically, similar values were found 

between the planting densities of 2500 trees/ha and 1250 trees/ha.   At sub-surface 

level, the SMC showed significant differences from the open area as well as 

between the planting densities.  The higher SMC value was found at the lower 

planting density (16.35 % and 17.94 % at 20 cm and 30 cm depth respectively).  

This considerably decreases with an increase in planting density and recorded the 

lower SMC at the high planting density (13.45 % and 13.89 % at 20 cm and 30 cm 

depth respectively).  When compared to that of the open area (control), the 

percentage increase in the SMC value for  5 cm, 10 cm , 20 cm and 30 cm depth 

was 74 % , 56 % , 28% and 16% under the closer spacing whereas 36 %, 35 %, 

56% and 50 % under the wider spacing respectively.   Pruning had no significant 

effect on SMC.   
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The SMC values from the pruned stand to the unpruned stands varied 

between 12.21 % to 12.90 % for 5 cm depth and 15.71 % to 14.01% for 10 cm depth 

respectively while at subsurface level, the SMC values showed reverse trend as it 

varied between 15.16 % to 14.30 % for 20 cm depth and 15.78 %  to 15.29%  for 

30 cm depth respectively.   A significant difference on SMC values at 5 cm, 10 cm, 

and 20 cm depths was observed for pruning and spacing interactions while no 

significance was observed at 30 cm depth. 

     During the pre-monsoon season, at surface level, the higher SMC value 

was associated with a density of 5000 trees/ha (16.09 % and 16.80 % at 5 cm and10 

cm depth respectively).  There was a significant variation between all planting 

densities. The lower SMC was noticed at a density of 625 trees/ha (11.69 % and 

13.53 % at 5 cm and 10 cm depth respectively).  However, the SMC observed 

between the planting densities of 2500 trees/ha and 1250 trees/ha was statistically 

similar to each other.  While at sub-surface, the higher SMC value was noticed at 

the low planting density (19.04 % and 20.33 % at 20 cm and 30 cm depth 

respectively).  SMC generally decreased with increase in stand density and recorded 

lowest SMC value at high planting density (14.74 % and 16.86 % at 20 cm and 30 

cm depth respectively). However, no difference between planting densities of 5000 

trees/ha and 2500 trees/ha.  The open area recorded the lowest SMC throughout the 

season at both surface and sub-surface level.  When compared to that of the open 

area (control), the percentage increase in SMC value for  5 cm, 10 cm, 20 cm and 

30 cm depth was  70 % , 61 % , 24 % and 27 % under the closer spacing whereas 

36 %, 30 %, 60 % and 53 % under the wider spacing respectively.  The SMC values 

did not show any significant variation with respect to pruning treatments.  The 

values of SMC from the pruned stands to the unpruned stands varied between 13.52 

% to 14.50 % for 5 cm depth and 14.37 % to 15.39 % for 10 cm depth respectively.   

While at the subsurface, the SMC showed a reverse trend with a variation of 16.86 

% to 16.23 % for 20 cm depth and 18.39 % to 18.05 % for 30 cm depth respectively.  

A significant difference on the SMC at 5 cm, 10 cm and 20 cm depths was observed 

for pruning and spacing interactions and no significance was observed at 30 cm 

depth. 
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The pattern of variation in the SMC during the monsoon season followed a 

trend similar to that of previous seasons.  The SMC were significantly different 

between the open area and planting densities of Acacia mangium plantation for all 

depths except 5 cm depth.  However, the SMC values were not significantly 

different between the planting densities.  The SMC values from the high planting 

density to the low planting density varied from 24.08 % to 20.86 % for 5 cm depth 

and 22.94 % to 21.79 % for 10 cm depth respectively. While at the sub-surface 

level, it followed a reverse trend as it varied between 25.27 % to 24.31 % for 20 cm 

depth and 26.81 % to 27.14 % for 30 cm depth respectively.  When compared to 

that of the open area (control), the percentage increase in the SMC value for  5 cm, 

10 cm , 20 cm and 30 cm depth was  31 % , 12 % , 2 % and 6 % under the closer 

spacing whereas 13 %, 7 %, 6% and  5% under the wider spacing respectively. 

Pruning had no significant effect on SMC.  The SMC values from the pruned stands 

to the unpruned stands varied between 21.66 % to 23.31 % for 5 cm depth and 21.97 

% to 22.82 % for 10 cm depth respectively while at subsurface, it varied between 

25.38 % to 23.94 % for 20 cm depth and 26.94 % to 26.51 % for 30 cm depth 

respectively.  A significant difference on SMC values at 5 cm, 10 cm and 20 cm 

depths was observed for pruning and spacing interactions while no significance was 

observed at 30 cm depth. 

 During the post-monsoon season, the results reveal that the Acacia 

mangium stand with different spacing treatments showed significantly higher SMC 

values as compared to that of the open area both at the surface and subsurface soils.  

At surface level, the high planting density had higher SMC value (19.83 % at 5 cm 

and 19.51 % at 10 cm depth), which was statistically on par with all planting 

densities except a density of 2500 trees/ha.  The lower SMC was recorded at the 

low planting density (17.46 % at 5 cm depth and 17.61 % at 10 cm depth 

respectively) which showed statistically similarity with all planting densities except 

a density of 5000 trees/ha.  At 20 cm depth, SMC was higher in the low planting 

density (22.09 %) and lower SMC was found at the high planting density (19.64 

%).
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Table 6. Soil moisture content at various depths in Acacia mangium stand as influenced by planting density and pruning at 

Thiruvizhamkunnu, Kerala, India 

 

Values with same superscript do not differ significantly 

ns-not significant 

 

 Soil moisture content (%) 

Planting 

density    

(trees ha-1) 

Summer Pre-monsoon Monsoon Post-monsoon 

5 cm 10 cm 20 cm 30 cm 5 cm 10 cm 20 cm  30 cm 5 cm 10 cm 20 cm 30 cm 5 cm 10 cm 20 cm 30 cm 

5000 13.80a 14.79c 13.45c 13.89c 16.09a 16.80a 14.74c 16.86c 24.08a 22.94 24.31 27.14 19.83a 19.51a 19.64c 21.92b 

 2500 13.91a 14.21bc 13.90c 14.16c 14.17b 14.08b 15.46c 17.24c 23.17a 22.67 24.72 26.40 18.67ab 18.95ab 20.13c 22.53a 

1250 11.72a 13.62ab 15.22b 16.14b 14.10b 15.14b 16.92b 18.46b 21.93a 22.22 24.29 26.57 18.20b 18.15b 21.18b 23.04a 

625 10.79b 12.82a 16.35a 17.94a 11.69c 13.53c 19.04a 20.33a 20.86ab 21.79 25.27 26.81 17.46b 17.61b 22.09a 24.63a 

Open 7.93c 9.46d 10.48d 11.91d 9.42d 10.41d 11.91d 13.31d 18.34b 20.38 23.90 25.55 13.91c 14.66c 17.10d 20.31c 

Pruning      

Unpruned  12.90 14.01 14.30 15.29 14.50 15.39 16.23 18.05 23.31 22.82 23.94 26.51 19.56a 19.15a 20.23b 22.55 

50% pruning 12.21 13.71 15.16 15.78 13.52 14.38 16.86 18.39 21.66 21.97 25.38 26.94 17.76b 17.96b 21.29a 23.51 

Spacing vs. 

pruning  

s s s ns s s s ns s s s ns s s s ns 
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Fig 10. Weekly variation of  soil moisture content (SMC) at 5 cm depth in Acacia mangium stand as influenced by planting density at 

Thiruvizhamkunnu, Kerala, India 
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Fig 11. Weekly variation of  soil moisture content (SMC) at 10 cm depth in Acacia mangium stand as influenced by planting density at 

Thiruvizhamkunnu, Kerala, India 
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Fig 12. Weekly variation of  soil moisture content (SMC) at 20 cm depth in Acacia mangium stand as influenced by planting density at 

Thiruvizhamkunnu, Kerala, India 
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Fig 13. Weekly variation of  soil moisture content (SMC) at 30 cm depth in Acacia mangium stand as influenced by planting density 

at Thiruvizhamkunnu, Kerala, India 
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At 30 cm depth, the higher SMC observed in the low planting density 

(24.63%) was significantly different between all planting densities except a density 

of 5000 trees/ha, which did not differ between them (21.29 %).  The control showed 

the lower SMC throughout the season.  When compared to that of the open area 

(control), the percentage increase in the SMC value for  5 cm, 10 cm, 20 cm and 30 

cm depth was  42 % , 33 % , 15 % and 5% under the closer spacing whereas 26 %, 

21 % ,30 % and 22 % under the wider spacing respectively.  At surface level, the 

pruned stands had significantly lower SMC (17.76 % and 17.96 % for 5 cm and 10 

cm depth respectively) then compared to that of the unpruned stands (19.56 % and 

19.15 % for 5 cm and 10 cm respectively) while at the subsurface level, the higher 

SMC value was associated with the pruned stands (21.29 % and 23.51 % for 20 cm 

and 30 cm depth respectively) as compared to that of the unpruned stands (20.23 % 

and 22.55 % for 20 cm and 30 cm depth respectively) but pruning had no significant 

effect on SMC at 30 cm depth. 

4.2.3. Relative water content 

The results of estimation of relative water content (RWC) during the 

summer, pre-monsoon, monsoon and post-monsoon seasons are presented in Table 

7 and Fig. 14.  On statistical analysis, it was found that RWC was significantly 

different between the various spacing treatments in different seasons. Generally, 

RWC values were higher during the monsoon season followed by post-monsoon 

season and lower values were recorded during the summer and pre-monsoon 

season. 

During the summer season, the RWC was lower when compared to that of 

the other seasons for all treatments.  The higher RWC was observed for the low 

planting density (72.13%) and the lower RWC value (65.13%) was observed for 

the high planting density.  The RWC values did not statistically differ between the 

planting densities of 5000 trees/ha and 2500 trees/ha, 2500 trees/ha and 1250 

trees/ha and 1250 trees/ha and 625 trees/ha.  Pruning, as well as planting density 

and pruning interactions, had no significant effect on RWC. 
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During the pre-monsoon season, the RWC was significantly affected by 

planting densities of the Acacia mangium stand. The low planting density had 

significantly higher RWC value (73.29 %) than that of other planting densities and 

the lower RWC value was recorded at the high planting density stand (68.56 %). 

However, the RWC did not vary between the planting densities of 5000 trees/ha 

and 2500 trees/ha and between planting densities of 1250 trees/ha and 625 trees/ha 

respectively.  The pruned stands had significantly higher RWC (72.71%) as 

compared to that of the unpruned stands (69.38%).  No significant differences were 

observed for planting density and pruning interactions. 

During the monsoon season, the RWC was higher as compared to that of 

other seasons for all treatments but did not vary between different planting densities 

of Acacia mangium stand.  The RWC values from the low planting density to the 

high planting density varied from 84.22 % to 81.44 %.  The RWC did not show any 

significant differences for pruning treatments and planting density and pruning 

interactions. 

During the post-monsoon season, it was once again found that RWC values 

significantly varied between the different planting densities.  The lower RWC 

(75.63 %) found at the high planting density was statistically on par with all planting 

densities except a density of 625 trees/ha.  The higher RWC (78.73%) recorded in 

the low planting density did not differ from other planting densities except a density 

of 5000 trees/ha.  The pruned stands had significantly higher RWC (78.63 %) when 

compared to that of the unpruned stands (75.75 %). No significant influence were 

observed for planting density and pruning interactions.
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Table 7. Relative Water Content (RWC) in Acacia mangium stand as influenced by planting density and pruning at Thiruvizhamkunnu, 

Kerala, India 

Values with same superscript do not differ significantly 

ns-not significant 

 

 

 

 

 

 

 

 

 

 

 

 

 RWC (%) 

Planting 

density  

(trees ha-1) 

Summer Pre-monsoon 

 

Monsoon 

 

Post-monsoon 

 

5000 65.13c 68.56b 81.84 75.67b 

2500 67.84bc 70.19b 81.86 76.63ab 

1250 69.54ab 72.14a 84.00 77.74ab 

625 72.31a 73.29a 84.22 78.73a 

Pruning 

Unpruned  68.54 69.38b 82.29 75.75b 

50% pruning 68.87 72.71a 83.67 78.63a 

Spacing vs. 

pruning  

ns ns ns ns 
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Fig 14. Weekly variation of relative water content (RWC) in Acacia mangium stand as influenced by planting density at Thiruvizhamkunnu, 

Kerala, India 
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4.2.4. Evapotranspiration 

The evapotranspiration (ET) estimates during the summer, pre-monsoon, 

monsoon and post-monsoon seasons are given in Table 8 and Fig. 15.  On statistical 

analysis, it was found that ET values for the Acacia mangium stand were 

statistically significant between the various spacing treatments for all seasons 

except monsoon season. 

During the summer season, the ET showed the higher values as compared 

to that of the other seasons for all treatments.  The lower ET associated with the 

high planting density (5.50 mm) was significantly different between all  planting 

densities except a density of 2500 tree/ha.   The lower planting density recorded the 

higher ET (6.92 mm), which was significantly different from other planting 

densities except a density of 1250 trees/ha.   Pruning had no significant effect on 

ET.  No significant differences were observed for planting density and pruning 

interactions. 

During the pre-monsoon season, the lower  ET value (4.92 mm) was 

recorded for the high planting density was statistically similar between all planting 

densities except a density of 625 trees/ha (6.18 mm).  No significant differences 

were observed with respect to pruning treatments and planting density vs. pruning 

interactions. 

During the monsoon season, the ET showed lesser values as compared to 

that of other seasons for all treatments.  It was found that ET did not statically differ 

among the various planting densities of Acacia mangium stand.  The values of ET 

from the low planting density to the high planting density varied from 3.35 mm to 

2.74 mm.  The ET did not show any significant differences for pruning treatments 

and planting density vs. pruning interactions. 

During the post-monsoon season, it was found that the ET values were 

varied significantly between the different planting densities of Acacia mangium 

plantation.   
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The low planting density had significantly higher ET (3.87 mm) as 

compared to that of other planting densities and the lower ET value was recorded 

at density of 2500 trees/ha (3.26 mm).   

The ET recorded between the planting densities of 5000 trees/ha and 2500 

trees/ha and also between 1250 trees/ha and 625 trees/ha were non-significant.  The 

unpruned stand had significantly higher ET (3.81 mm) when compared to that of 

the pruned stand (3.54 mm).  No significant differences were observed for planting 

density and pruning interactions. 

Table 8.  Evapotranspiration (ET) in Acacia mangium stand as influenced by 

planting density and pruning at Thiruvizhamkunnu, Kerala, India 

Values with same superscript do not differ significantly 

ns-not significant 

 ET (mm) 

Planting 

density 
(trees ha-1) 

Summer Pre-monsoon 

 

Monsoon 

 

Post-monsoon 

 

5000 5.50c 4.92b 2.74 3.50b 

 2500 6.04bc 5.25b 3.15 3.26b 

1250 6.47ab 5.66ab 3.19 4.08a 

625 6.92a 6.18a 3.35 3.87a 

Pruning 

No pruning 6.27 5.61 3.26 3.81a 

50% pruning 6.20 5.39 2.95 3.54b 

Spacing and 
Pruning  

ns ns ns ns 
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Fig 15. Weekly variation of evapotranspiration (ET) in Acacia mangium stand as influenced by planting density at Thiruvizhamkunnu, Kerala, 

India 
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4.3. THERMAL ENVIIRONMENT 

4.3.1. Photosynthetically active radiation (PAR)  

The results of PAR during the summer, pre-monsoon, monsoon and post-

monsoon seasons are given in Table 9 and Fig. 16-17.  The statistical analysis of 

the given values showed a significant difference between the open area (control) 

and Acacia mangium plantation where spacing treatments were implemented, for 

all seasons.  The higher PAR values were recorded in the open area than the Acacia 

mangium stand irrespective of planting density in all seasons.  It was found that the 

PAR values were statistically differed among the planting densities.  

During the summer season, the PAR generally showed higher values for all 

treatments.  The higher PAR found at the low planting density (263 W/m2 and 276 

W/m2 for 5 m and 10 m height respectively) was on par with all planting densities, 

except a density of 5000 trees/ha (149 W/m2 and 171 W/m2 for 5 m and 10 m 

height respectively).  The open area (control) had higher PAR value (804 W/m2) 

throughout the season.  The percentage of PAR transmittance at the height of 5 m 

and 10 m above the ground level was observed to be both 21 % under  the closer 

spacing and 32 % and 34 % under the wider spacing respectively when compared 

to that of the open area (control).  Pruning had no significant effect on PAR. The 

PAR values from the pruned stand to the unpruned stand varied between 222 W/m2 

to 191 W/m2 for 5 m and 239 W/m2 to 211 W/m2 for 10 m height above the ground 

level respectively.  No significant differences were observed for pruning and 

spacing interactions. 

During the pre-monsoon season, the PAR followed the trend of the summer 

season.  The higher PAR value was recorded for the low planting density (225 W/m2 

and 242 W/m2 for 5 m and 10 m height respectively) which did not vary 

significantly with all other planting densities except a density of  625 trees/ha.  The 

lower PAR value (120 W/m2 and 135 W/m2 for 5 m and 10 m height respectively) 

was recorded at  density of 625 trees/ha, which was statistically similar to planting 

densities of 2500 trees/ha and 1250 trees/ha.  
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The open area had the higher PAR value (724 W/m2) throughout the season.  

When compared to that of the open area (control), the percentage of PAR 

transmittance at the height of 5 m and 10 m above the ground level was observed 

to be 16 % and 18 % under the closer spacing and 31 % and 33 % under the wider 

spacing respectively. Pruning had no significant effect on PAR.  However, the 

pruned stands had higher PAR value (170 W/m2 and 186 W/m2 for 5 m and 10 m 

height respectively) compared to that of the unpruned stand (163 W/m2 and 180 

W/m2 for 5 m and 10 m height respectively).  No significant differences were 

observed with respect to pruning and spacing interactions. 

The PAR during the monsoon season followed a trend similar to previous 

seasons but showed lesser values as compared to that of previous seasons. The 

higher PAR value was associated with the low planting density (154 W/m2 and 174 

W/m2 for 5 m and 10 m height respectively).  This was significantly different with 

all planting densities except a density of 1250 trees/ha.  The lower PAR value 

associated with the high planting density (84 W/m2 and 99 W/m2 for 5 m and 10 m 

height respectively)  which was statistically on par with all planting densities except 

a density of 2500 trees/ha.  The open area had the higher PAR value (420 W/m2).  

When compared to that of the open area (control), the percentage of PAR 

transmittance at the height of 5 m and 10 m above the ground level was observed 

to be 20 % and 23 % under the closer spacing and 36 % and 41 % under the wider 

spacing respectively.  The PAR did not show any significant differences for pruning 

treatments.  The values of PAR from the pruned stand to unpruned stand ranged 

between 131 W/m2 to 108 W/m2 and 147 W/m2 to 124 W/m2 for 5 m and 10 m 

above the ground level respectively.  No significant differences were observed for 

pruning and spacing interactions. 

Observations during the post monsoon season revealed that among the 

planting densities, the higher PAR value was associated with the low planting 

density (177 W/m2 and 192 W/m2 at 5 m and 10 m height respectively) and the 

lowest PAR value was associated with high planting density (104 W/m2 and 120 

W/m2 at 5 and 10 m height respectively).   
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No significant difference were found between the planting densities of 5000 

trees/ha and 2500 trees/ha, 2500 trees/ha and 1250 trees/ha and 1250 trees/ha and 

625 trees/ha respectively.  When compared to that of the open area (control), the 

percentage of PAR transmittance at the height of 5 m and 10 m above the ground 

level was observed to be 18 % and 21 % under the closer spacing and 31 % and 34 

% under the wider spacing respectively.  The PAR was not affected by pruning.  

The PAR value from the pruned stand to the unpruned stand varied between 147 

W/m2 to 142 W/m2 for 5 m and 162 W/m2 to 158 W/m2 for 10 m above the ground 

level respectively.  No significant differences were observed for pruning and 

spacing interactions. 

Table 9.  Photosynthetically active radiation (PAR) at height of 5  and 10 m above 

the ground level as influenced by planting density and pruning in Acacia mangium 

stand  at Thiruvizhamkunnu, Kerala, India 

Values with same superscript do not differ significantly 

ns-not significant 

 PAR  (W/m2) 

Planting 
density   

(trees/ha) 

Summer Pre-monsoon Monsoon Post-monsoon 

5m 10m 5m 10m 5m 10m 5m 10m 

5000 149c   171c  120c 135c 84c 99c 104d 120d 

2500 190bc 211bc 137bc 152bc 106c 122c 134cd 150cd 

1250 224bc 240bc 184bc 202bc 136bc 151bc 163bc 177bc 

625 263b   276b 225b 242b 154b 171b 177b 192b 

Open 804a 804a 724a 724a 420a 420a 556a 556a 

Pruning 

Unpruned   191 211 163 180 108 124 142 158 

50% 

pruning 

222 239 170 186 133 148 147 162 

Spacing 
Pruning  

ns ns ns ns ns ns ns ns 
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Fig 16. Weekly variation of PAR at the height of  5 m above the ground level Acacia mangium stand as influenced by planting density 

at Thiruvizhamkunnu, Kerala, India 
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Fig 17. Weekly variation of  PAR at the height of  10 m above the ground level Acacia mangium stand as influenced by planting density at 

Thiruvizhamkunnu, Kerala, India 
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4.3.2. Diurnal variation in photosynthetically active radiation (PAR) 

Photosynthetically active radiation (PAR) availability in a fifteen year old 

Acacia mangium stand managed at various planting densities and pruning levels 

were monitored.  The observations of PAR corresponding to the understorey and 

above the canopy recorded on an hourly basis under various planting densities and 

pruning levels in A.mangium stand from 10-01-2015 to 20-1-2015 are given in 

Table 10 and Fig. 18(a & b). 

Considerable variation in the PAR interception was observed for different 

planting densities.  The unpruned stands of the high planting density (5000 trees 

ha-1) showed the lower PAR transmittance during the early three hours then it 

followed the increasing trend from 12.00 noon to 2.00 pm.  The highest PAR 

transmittance was about 24% which was observed at 1.00 pm.  For the pruned 

stands, the PAR transmittance increased from 9 am to 1 pm with the higher value 

(29%) corresponding to 1.00 pm and thereafter a steady declining trend was 

observed.  

PAR transmittance for the unpruned stands of relatively high planting 

density (2500 trees/ha) followed a characteristic diurnal pattern.  The PAR 

gradually increased from 9.00 am to 1.00 pm and steadily declined thereafter.  The 

peak PAR transmittance value of 31 % was noticed at 1.00 pm.  The pruned stands 

of same planting density also showed the similar pattern of PAR transmittance. 

However, PAR transmittance was higher for the pruned stands as compared to the 

unpruned stands (Table 10).  For instance, PAR transmittance during the mid-day 

was around 38% for the pruned stand while it was 31 % for the unpruned stand.  

The unpruned stands of relatively low planting density ( 1250 trees ha-1) 

showed a higher PAR transmittance during early morning hours from 9 am to 11 

am with the peak value of 31.17 % (11.00 am) and thereafter declining trend in the 

PAR transmission was observed.  While the pruned stands followed the similar 

pattern of PAR distribution with peak value to the extent of 42 % which was 

observed at 1.00 pm (Table 10).  
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The pruned stands of low planting density (625 trees/ha) showed higher 

PAR transmittance during mid-day from 12.00 noon to 2.00 pm with the peak value 

of 54 % corresponding to 1.00 pm.  While the unpruned stands represented more or 

less uniform distribution of PAR as that of pruned stand with peak transmittance 

value of 50% which was recorded at 1.00 pm (Table 10).  

 

4.3.3. Light extinction coefficient (K) 

        I=I0 e- 0.382 LAI      (R2= 0.948) 

There was a strong relationship (R2=0.948) between the LAI and PAR 

transmittance.  The PAR transmittance followed Beer Lambert's law and extinction 

coefficient (K) value explains the average projection area of canopy elements into 

the horizontal surface.  The K value for Acacia mangium stand was estimated to be 

0.382.  This lower K value of Acacia mangium stand indicating a canopy structure 

with erect leaves.  The lower K value also signifies that there were more gaps in the 

canopy due to the smaller and more erect of leaf elements, which in turn allows the 

deep penetration of solar radiation into the understorey of the plantation. 
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Table 10.  Effect of planting density and pruning levels on PAR transmittance in Acacia mangium stand at Thiruvizhamkunnu, Kerala, 

India 

 

 

 

 

 

 

 

 PAR transmittance (%) 

Planting density (trees ha-1) 9 am 10 am  11 am 12 noon 1 pm 2 pm 3 pm 4 pm 5 pm 

5000 (unpruned stand) 8.81 9.46 11.02 13.16 24.27 22.93 19.77 19.67 15.1 

5000  (pruned stand) 9.16 11.07 20.00 21.88 29.27 28.63 26.8 25.17 25.06 

2500 (unpruned stand) 12.46 15.8 15.74 28.06 31.47 24.74 28.37 21.89 20.54 

2500 (pruned stand) 13.19 13.94 15.08 33.25 38.35 37.77 22.33 29.66 18.89 

1250 (unpruned stand) 29.07 30.04 31.17 26.92 19.12 25.69 24.79 18.22 17.52 

1250 (pruned stand) 34.28 37.75 35.43 40.51 42.38 29.94 35.28 26.68 19.75 

625  (unpruned stand) 39.33 45.78 47.46 49.29 50.82 42.58 40.96 45.26 38.31 

625 (pruned stand) 42.88 39.33 38.53 49.47 54.72 48.03 44.83 48.12 43.05 
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Fig 18a. Understorey PPFD levels for Acacia mangium stand as influenced by the planting 

density and pruning at Thiruvizhamkunnu, Kerala, India 
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Fig 18b. Understorey PPFD levels for Acacia mangium stand as influenced by 

planting density and pruning at Thiruvizhamkunnu, Kerala, India 
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4.4. BIOMETRIC OBSERVATIONS 

The data on DBH, height of trees and aboveground standing biomass as 

influenced by the planting density and pruning are given in Table 11. 

4.4.1. Diameter at breast height (DBH) 

Planting density significantly influenced the growth of Acacia mangium 

(Table 11).  It was observed that the mean diameter of Acacia mangium 

significantly increased with decreasing planting density.  The DBH shows a 

variation from 0.137 m to 0.196 m as the density varied from the higher to the lower 

density classes. Low density stand had higher DBH (0.196 m), while high density 

stand had lower DBH (0.136 m).  Pruning had no significant effect on DBH. 

However, unpruned stand had higher DBH (0.175 m) as compared to pruned stand 

(0.159 m).  

4.4.2. Height 

Tree height was significantly different between the planting densities. The 

tree height was found to be maximum (19.69 m) in the relatively wide spaced stands 

(1250 trees/ha) and minimum in the high density stand (16.84 m) (Table 11). 

Pruning had no significant effect on tree height. However, unpruned stand had 

greater tree height (18.51 m) as compared to pruned stand (17.83 m).   

4.4.3. Aboveground standing biomass  

The total standing aboveground standing biomass of each tree was 

(stemwood+branchwood +foliage) computed based on the allometric equation, 

ranged from 76.98 to 196.19 kg tree-1 (Table 11).  The widely spaced stands (625 

trees ha−1) had the highest biomass accumulation and it showed a decreasing trend 

with an increasing stand density.  On a stand level, however, total biomass 

accumulated (stemwood+branchwood+foliage) showed a reverse trend as it 

increased with an increasing stand density (Table 11).  Pruning and planting density 

together had no significant effect on aboveground standing biomass.  
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Pruning up to 50% of tree height reduced the biomass accumulated per 

individual tree (31.04 % for pruned trees) (Table 11).   The widely spaced stands 

showed a substantial decline in biomass with respect to pruning when compared to 

that of the closely spaced ones.  

4.4.4. Water use efficiency (WUE)  

WUE estimated from the carbon isotope discrimination (Δ13C) values 

(Table 11) showed no significant differences between the various planting densities 

and pruning treatments.  Despite being on par, the WUE values increased with 

decreasing planting density, which in turn ranged from 22.79 ‰ to 23.79 ‰ (Fig. 

19).  Pruning and its interaction with planting density treatments had no significant 

effect on the WUE. 

Table 11.  Effect of planting density and pruning on tree growth, biomass and water 

use efficiency (WUE) in Acacia mangium stand at Thiruvizhamkunnu, Kerala, 

India 

Plant density 

(trees/ha)       

Height        

(m) 

DBH (m) Aboveground  standing 

biomass  

carbon isotope 

discrimination 

(‰) 

 

(kg/tree)  (Mg/ha) 

5000  16.84c 0.137d 78.52d 392.60a 22.79 

2500  17.91c 0.150c 96.90c 242.25b 23.55 

1250 19.69a 0.184b 161.75b 202.18c 23.64 

625 18.23b 0.196a 195.16a 121.97d 23.79 

 Pruning 

 Unpruned  18.51 0.175a 148.66a 266.85 23.46 

50% pruning 17.83 0.159b 117.62b 203.97 23.43 

Spacing X Pruning ns ns ns ns ns 

Values with same superscript do not differ significantly 

ns-not significant
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Fig 19. Carbon isotope discrimination (Δ13C) values of Acacia mangium stand as 

influenced by planting density and pruning at Thiruvizhamkunnu, Kerala, India 

 

 

Fig 20. The stand leaf area index of Acacia mangium stand as influenced by planting 

densities and pruning at Thiruvizhamkunnu, Kerala, India. 
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4.4.5. Stand leaf area index 

The leaf area index of Acacia mangium stand is presented in Table 12 and 

Fig. 20. The LAI showed a variation from 1.76 (pruned stands with 625 trees/ha) to 

2.45 (unpruned stands with 5000 trees/ha).  Leaf area index exhibited an increase 

with increasing stand density.  However, stand pruning had resulted in modest 

reductions in LAI for all planting densities treatments.   

Table 12.  Stand leaf area index of Acacia mangium stand as influenced by planting 

density and pruning at Thiruvizhamkunnu, Kerala, India 

Planting density 

(trees/ha) 

unpruned stand pruned stand 

5000 2.45 2.19 

2500 2.21 1.93 

1250 1.97 1.69 

625 1.76 1.52 
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4.5. CORRELATIONS AMONG MICROCLIMATE VARIABLES AND 

BIOMETRIC OBSERVATIONS 

4.5.1. Correlations between leaf area index (LAI) and microclimate variables  

The correlation between LAI and microclimate variables are represented in 

Table 13.  LAI was negatively correlated with PAR at 5 m and 10 m above the 

ground level.   LAI was negatively correlated with the air temperature at 5 m and 

10 m above the ground level and also with soil temperatures at 5 cm, 10 cm and 20 

cm depth.  LAI did not show any significant correlation with the relative humidity 

and CATD.  LAI was positively correlated with soil moisture content (SMC) at 5 

and 10 cm depths but it was negatively correlated at 20 and 30 cm depth.  LAI 

showed the negative correlation with relative water content and evapotranspiration 

4.5.2. Correlations between soil temperature and soil moisture content 

The correlations between soil moisture content and soil temperature are 

given in Table 14.  Soil moisture at surface (5 and 10 cm depth) and sub-surface 

(20 and 30 cm depth) levels was negatively correlated with soil temperature at 5, 

10 and 20 cm depths.  

Table 14.  Correlations between the soil temperature and soil moisture content 

 SMC     

(5 cm) 

SMC 

(10 cm) 

SMC   

(20 cm)  

SMC           

(30 cm) 

ST 

(5 cm) 

ST 

(10 cm) 

SMC  (10 cm)  0.86*      

SMC  (20 cm)  0.79* 0.81*     

SMC  (30 cm)  0.79* 0.79* 0.94*    

ST   (5 cm) -0.67* -0.62* -0.54* -0.56*   

ST (10 cm) -0.81* -0.77* -0.68* -0.67* 0.95*  

ST (20 cm) -0.84* -0.79* -0.68* -0.68* 0.96* 0.95* 

*- correlation significant at 0.05 level 

Abbreviations: ST - soil temperature and SMC -soil moisture content,
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Table 13. Correlations between leaf area index (LAI) and microclimate variables  

*- correlation significant at 0.05 level 
Abbreviations: AT - air temperature  , RH  - relative humidity, PAR  -photosynthetic active radiation, ST - soil temperature SMC -soil moisture content, RWC-relative water content,  ET –
evapotranspiration and CATD-canopy-air temperature differential. 

  

AT  

(5 m ) 

 

AT     

(10 m)  

 

ST  

(5 cm) 

 

ST                         

(10 cm)                              

 

ST                  

(20 cm)  

 

RH   

 (5 m)  

 

RH 

(10 m)   

 

 PAR    

(5 m ) 

 

PAR     

(10 m) 

 

SMC  

(5 cm) 

 

SMC  

(10 cm)                               

 

SMC  

(20 cm) 

 

SMC  

(30 cm) 

 

CATD  

 

RWC 

 

ET 

 

LAI 

 

-0.24* 

 

-0.30* 

 

-0.29* 

 

-0.27* 

 

-0.30* 

 

0.13* 

 

0.028 

 

-0.28* 

 

-0.27* 

 

0.24* 

 

0.16* 

 

-0.19* 

 

-0.15* 

 

-0.06 

 

-0.13* 

 

-0.18* 
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4.5.3. Correlations between CATD with ET, RWC and SMC 

The correlation between ET, RWC, CATD and SMC are presented in Table 15. 

Among these microclimate variables, CATD showed negative correlation with 

RWC and SMC at various depths.  CATD showed a positive correlation with ET. 

Table 15. Correlation between CATD with ET, RWC, and SMC 

 ET  RWC CATD SMC        

5 cm 

SMC     

10 cm 

SMC   

20 cm 

RWC -0.62*      

CATD 0.54* -0.56*     

SMC 5 cm -0.74* 0.68* -0.57*    

SMC10 cm -0.71* 0.69* -0.50* 0.50*   

SMC 20 cm -0.68* 0.76* -0.59* 0.59* 0.79*  

SMC 30 cm -0.66* 0.75* -0.60* 0.60* 0.79* 0.79* 

*- correlation significant at 0.05 level 

Abbreviations: ST - soil temperature, SMC -soil moisture content,  RWC-relative water content,   ET –evapotranspiration 

and CATD-canopy-air temperature differential. 

4.5.4. Correlation between soil moisture content and microclimate variables  

The correlations between soil moisture content and microclimate variables are 

represented in Table 16.  Relative humidity and relative water content were 

positively correlated with the soil moisture content at various depths while, 

evapotranspiration (ET), canopy–air temperature differential (CATD), air 

temperature (5 and 10 m above the ground level), PAR (5 and 10 m above the 

ground level) and soil temperature at various depths indicated a negative correlation 

with soil moisture content.
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Table 16. Correlation between soil moisture at various depths and microclimate variables  

*- correlation significant at 0.05 level  
Abbreviations: AT - air temperature  , RH  - relative humidity, PAR  -photosynthetic active radiation, ST - soil temperature SMC -soil moisture content, RWC-relative water content,  ET –

evapotranspiration and CATD-canopy-air temperature differential.

 AT   
 5 m 

AT   
10 m 

RH    
5 m 

RH  
10 m 

PAR  
5 m 

PAR  
10 m 

ST  
5 m 

ST      
10 m 

ST     
20 m 

RWC CATD ET SMC    
5 cm  

SMC 
10 cm  

SMC  
20 cm 

SMC   
5 cm  

-0.70* -0.65* 0.68* 0.64* -0.67* -0.67* -0.82* -0.81* -0.84* 0.68* -0.57* -0.74*    

SMC  

 10 cm  

-0.66* -0.62* 0.64* 0.59* -0.62* -0.62* -0.77* -0.77* -0.79* 0.69* -0.50* -0.71* 0.86*   

SMC  
20 cm 

-0.58* -0.50* 0.63* 0.64* -0.54* -0.54* -0.68* 0.68* -0.68* 0.76* -0.59* -0.68* 0.79* 0.81*  

SMC  

30 cm 

-0.56* -0.49* 0.64* 0.66* -0.55* 0.56** -0.66* -0.67* -0.67* 0.75* -0.60* -0.66* 0.79* 0.79* 0.94* 

 



 

 

 

 

 

4.5.5. Correlations between growth parameters and microclimate variables  

The correlations between growth parameters and microclimate variables are 

presented in Table 17.  The growth parameters such as diameter, height and biomass 

were positively correlated with the air temperature (at 5 m and 10 m height), PAR 

(at 5 and 10 m height), soil temperature, relative water content, evapotranspiration 

and soil moisture (at 20 and 30 cm depth).  But they showed a negative correlation 

with the soil moisture content at 5 and 10 cm depth.  Growth parameters did not 

show any significant correlation with the relative humidity and CATD.  

Table 17. Correlation between growth parameters and microclimate variables 

 
 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

*- correlation significant at 0.05 level 
Abbreviations: AT - air temperature  , RH  - relative humidity, PAR  -photosynthetic active radiation, ST - soil temperature 
SMC -soil moisture content, RWC-relative water content,  ET –evapotranspiration and CATD-canopy-air temperature 
differential.  

 Diameter Height Biomass 

AT 5 m 0.24* 0.24* 0.25* 

AT 10 m 0.19* 0.19* 0.20* 

RH 5 m 0.03 0.03 0.03 

RH 10 m 0.07 0.07 0.07 

PAR 5 m 0.24* 0.24* 0.25* 

PAR 10 m 0.23* 0.23* 0.24* 

ST 5 cm 0.29* 0.29* 0.29* 

ST 10 cm 0.29* 0.29* 0.28* 

ST 20 cm 0.30* 0.30* 0.31* 

SMC 5 cm -0.16* -0.16* -0.17* 

SMC 10 cm -0.11* -0.12* -0.12* 

SMC 20 cm 0.15* 0.15* 0.16* 

SMC 30 cm 0.13* 0.13* 0.14* 

RWC 0.25* 0.25** 0.24* 

CATD -0.05 -0.05 -0.06 

ET 0.19* 0.19* 0.19* 
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5. DISCUSSION 

The salient findings of the study involved the evaluation of thermal, 

radiative, moisture regimes and water use efficiency under the different planting 

densities and pruning levels in Acacia mangium stand are discussed hereunder. 

5.1. THERMAL ENVIRONMENT  

5.1.1. Temperature  

Temperature is a crucial factor while determining the rates of biochemical 

reactions and it has a strong influence on plant and root growth (Jimenez et al., 

2007; Facelli and Pickett, 1991).  It affects the cambial activity, cell differentiation 

and many other physiological parameters (Oribe et al., 2001; Begum et al., 2007; 

Rossi et al., 2008). 

The air temperature was invariably the highest in the open area when 

compared to that of A. mangium stand irrespective of planting densities throughout 

all seasons (Table 2).  The lower air temperature inside the Acacia mangium stand 

is due to the process of absorption, scattering and reflection of the incoming solar 

radiation thereby reducing the amount of energy penetrating into the lower canopy 

which eventually reaches the soil surface.  Groot and Carlson (1996) found that 

there is an average air temperature difference of nearly 3° C between forest and open 

area.  Similarly, Anderson et al. (2007) also found that mean air temperature of the 

open area was 3 to 4 °C higher than that of the tree cover area.  

It was observed that the air temperature did not vary much between 5 and 

10 m above the ground level during the study period.  Usually in the forest canopy, 

microclimate parameter like temperature has a vertical gradient.  Woodruff et al. 

(2002) observed an elevation of 67 % in the mean temperature in the low density 

planting than that in the high density planting at the canopy height of 1 m but no 

significant variation was noted at 3 m and 5 m canopy heights.   
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Similar observations were also noticed by Zhang et al. (2013) in the Robinia 

pseudoacacia plantation, where the air temperature didn’t show any significant 

changes at different heights above the ground surface.  However, a study by Zweifel 

et al. (2002) observed a temperature variation of about 1°C approximately at every 

4 m distance from the upper to lower canopy in Picea abies forest. Probably these 

variations could be more manifested in higher latitudes where temperature 

fluctuations have significant effect on growth.  

In the present study, it was observed that the air temperature significantly 

decreases with increasing planting density in all seasons except monsoon (Table 2).  

During the day, solar radiation penetrates the plant canopy and is absorbed by the 

leaves, which in turn heat the leaves as well as the air within the canopy.  The 

radiation which does not get absorbed by the canopy eventually reaches the ground 

where most of it is absorbed, leading to heating up of the soil surface.  As the soil 

surface warms, heat is both conducted down into deeper soil layers as well as 

transferred to the air immediately above the soil.  Therefore, the air temperature 

above the ground is strongly affected by the amount of sunlight that is able to 

penetrate to the canopy and soil characteristics.  The high density stands absorb 

more momentum and therefore allows less vertical mixing of air within the canopy 

and thus act to keep the near surface air cool (Raupach et al., 1996).  Whereas the 

lower planting density stands allow more turbulent mixing of air within the canopy 

layer and this results in greater temperature.  The air temperature at higher vertical 

levels has higher values than near the soil surface.  This is because the more sunlight 

is absorbed near the top of the canopy which results in an increased canopy and air 

temperature leading to the establishment of an air temperature vertical gradient.  

However, such differences were not pronounced in the present study. 

The air temperature was not affected by pruning treatments. This may be 

due to the regrowth and canopy establishment by Acacia mangium stand resulting 

in stabilisation of air temperature inside the plantation.  Similar findings have been 

reported by Newaj et al. (2007) in an Albizia procera-based agroforestry system 

and Pratap et al. (2003) in a 14 year old mango orchard.   
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5.1.2. Soil temperature 

Soil temperature is an important parameter in plant growth, such as seed 

germination and early season growth which are highly correlated with the daily 

maximum temperature of soil rather than air temperature (Green et al., 1984).   Soil 

temperature recorded was highest in the open area while the lower under tree cover 

(Table 3).  Differences were significant in all seasons except than that in the 

monsoon season.  

Soil temperature was lower under the Acacia mangium canopy when 

compared to that of the open area.  It is due to shading and is determined by the soil 

surface heat energy balance (Fedema and Freire, 2001; Jacobs et al., 2011).  For 

example, changes in vegetation types or planting density could change the soil 

temperature by affecting the energy flux (Jiménez et al., 2007).  In the present study, 

soil temperature increased with decrease in the planting density (Table 3) and 

recorded findings are consistent with many studies (Belsky et al., 1989; 

VandenBeldt and Williams, 1992; Johnson, 1995).  Sinoquet and Bonhomme 

(1995) in a 7 year old Acacia mangium plantation observed that the mean soil 

temperature at 0-20 cm depth under plantation was lower than open condition by 2o 

C and the effect of the canopy on lowering the temperature was more obvious in 

the dry season than in the wet season.  

In the present study, among the planting densities, soil temperature 

increased with a decrease in plant density irrespective of seasons (Table 3).  This is 

probably due to the fact that the solar radiation was intercepted or reflected by the 

high density stand canopy (Table 10) which in turn reduced the radiation absorbed 

by the soil thereby resulting in the lower soil temperature (Facelli et al., 1991; Scull, 

2007).  Furthermore, the interactions between the underlying surface and 

atmosphere can have an impact on the lower atmospheric circulations and affects 

the microenvironment. 
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It was observed that pruning significantly affected the soil temperature only 

during the post-monsoon season (Table 3).  Pruning operation is generally done 

prior to the monsoon season and hence the difference in canopy is more pronounced 

during this time. Shangwei et al. (2009) revealed that pruning increased the soil 

temperature compared to the unpruned trees due to the opening of the canopy that 

led to the increased absorption of PAR by the soil surface that in turn increased the 

soil evaporation and thereby resulting in a high soil temperature.  Similarly, Newaj 

et al. (2007) studying an Albizia procera based agroforestry system, found that soil 

temperature was significantly higher under the canopies of pruned trees than the 

unpruned trees. 

5.1.3. Canopy-air temperature difference (CATD) 

The use of CATD to detect the plant moisture stress is based on two 

assumptions (Jackson et al., 1982).  First, when plenty of water in the soil, tree will 

transpire at its maximum potential rate, resulting in leaf temperature lower than the 

air temperature. Second, as water deficit increases, the transpiration declines and 

leaf temperature rises relative to the air temperature. A quantitative index of plant 

water status for irrigation scheduling in plantation can be developed by the potential 

use of these relationships. 

In the present study, it was observed that CATD was greater in the high 

planting density and lower in the low planting density (Table 4) during the summer 

and pre-monsoon season.  It is likely because of water deficit in the high planting 

density, reduce the tree water use by increasing the surface resistance and reducing 

the transpiration rate, and for this reason, their maximum temperature markedly 

exceeded an ambient temperature as compared to that of low planting density.  This 

effect was more pronounced during the summer followed by pre-monsoon season 

when compared to that of the monsoon and post-monsoon season.   
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No significant changes in CATD was observed among the different planting 

densities due to rainfall and lower temperature. It is because of onset of canopy 

intensive growth and availability of sufficient amount of water across the plantation 

for canopy cooling through transpiration leads to lower the leaf temperature than 

the ambient temperature during the monsoon and post-monsoon season.   

5.2. MOISTURE ENVIRONMENT 

5.2.1. Relative humidity 

Significant variation in the relative humidity has been observed among the 

varying planting densities for all the seasons.  It was found that relative humidity 

increased with increasing planting density (Table 5).  Physiological processes such 

as photosynthesis, transpiration, respiration and soil evaporation produce or deplete 

CO2 and water vapour in the canopy atmosphere relative to the bulk atmosphere. 

An even canopy surface, low wind speed, small plant stature and increased plant 

density are all factors affecting boundary layer resistance of the canopy (Monteith 

and Unsworth, 1990; Landsberg and Gower, 1997).   Canopy boundary layers may 

affect the atmospheric mixing, resulting in different concentrations of gases within 

the canopy than above (Brooks et al., 1997).  Within the canopy of the high-density 

stands, H2O that is transpired do not immediately mix with the bulk atmosphere, 

allowing a substantial build-up.  These concentrations could be substantially larger 

than those within the low density stands.   Green et al. (1995) found that within the 

canopy of Sitka spruce, the wind speed increased with spacing which causes a 

simultaneous increase in the turbulence parameters, such as tangential momentum 

stress and turbulence velocity components.  This suggests that the capacity for 

vertical mixing and turbulent exchange between the canopy and the atmosphere 

decreases as density increases. This alters the canopy boundary layer conductance. 

The decreased canopy boundary layer conductance of the high-density stands, in 

turn, results in the significantly higher water vapour concentrations than that in the 

low-density stands, presumably in response to the decreased plant transpiration and 

soil evaporation.  
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 Stomata may respond to the increased humidity by opening more or 

remaining open longer throughout the day resulting in the increased photosynthesis 

as well as photosynthetic water use efficiency (Hall and Scurlock, 1993; Harrington 

et al., 1994; Waring and Winner, 1996).   In short, the increased stocking density 

may enhance the humidity within a stand.  Koech and Whitebread. (2000) reported 

that in Leucaena leucocephala alley cropping system, reported that the relative 

humidity decreased with increasing alley width.  Similar findings have been 

reported by Pratap et al. (2003) in a 15 year old red pine stand.  On the other hand, 

Caramori et al. (2003) found that the variation of humidity in both dense and open 

canopy have very little difference. 

There is a suggestion that pruning can change the RH inside the canopy 

since a considerable number of branches and leaves are removed.  Interestingly in 

present study, relative humidity was not significantly influenced by pruning 

treatments during the study period.  This may be due to the sufficient regrowth had 

been produced by the canopy of Acacia mangium leading to stabilisation of relative 

humidity inside the plantation.  Similar results was also found for seven year old 

citrus plantation (Morales and Davies, 2002). 

5.2.2. Soil moisture content (SMC) 

The soil moisture content was significantly higher under the Acacia 

mangium stand compared to that of the open conditions (Table 6 and Fig. 10-13).  

A higher top soil moisture under the woody canopies than in the treeless sites 

appears to be a common pattern.  This may be due to the rapid evaporation of soil 

moisture from the exposed surface layer as compared to that of the vegetated areas.  

Soil moisture content at 0 to10 cm depth during the end of the rainy season was 

found to be twice as high as under the F. albida canopies as that in the open due to 

the lower evapotranspiration (Charreau and Vidal, 1965).  
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Dancette and Poulain (1969) found that soil moisture was higher under the 

F. albida trees than in the open in the top 120 cm depth.  Water reaches deeper 

horizons under the trees than in the open because of macro pores and better 

infiltration.  

In the present study, the soil moisture content at surface levels (5 cm and 10 

cm depth) was higher at the high planting density and least in the low planting 

density (Table 6).  The presence of vegetation directly affects the soil-moisture 

regime and thus the hydrological behaviour of a plantation.  Soil moisture is also 

influenced by vegetation density.  Locations with the denser vegetation tended to 

have higher soil moisture in shallow depths.  This is because the dense vegetation 

cover might intercept more incoming solar radiation and greater reduction of soil 

evaporation and a smaller increase of transpiration resulting in a less net soil water 

loss (Marshall and Holmes, 1988).   At subsurface levels (20 and 30 cm depth), the 

trend reversed with the soil moisture content and was higher at the low density as 

compared to that of the high planting density.  Similar results were also found for 

15 year black locust plantation (Wang et al., 2002), shade trees in tea garden 

(Pereira, 1959), Fagus sylvatica plantation (Stiptsov and Botev, 1995) and Scot 

pine (Pinus sylvestris) plantation  (Rodriguez-Calcerrada  et al., 2008).  Although 

higher planting density reduces the radiation at the soil surface, it increases the 

radiant energy absorbed by the trees leading to the accelerated soil moisture 

depletion through transpiration (Rey, 1999).  Larger canopies reduce the soil 

moisture due to their exacerbated competition and more extensive exchange surface 

between the foliage and air.  This is especially true towards the later part of the 

rainy season when rainfall events become frequent, less intense and temperature 

rises.   However, opposite trends have been reported for a 17 year old Ailanthus 

triphysa plantation (Rakesh, 2009).  Contrary to all of these, there are reports of soil 

moisture not being affected by planting densities.   A study in an Acacia saligna 

agroforestry system planted at densities of 2520, 1330, 840 trees/ha, was reported 

that tree planting density did not affect the soil moisture content and productivity 

(Sauerhaft et al., 1999).  
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In present study, it was observed that the pruning did not affect the soil 

moisture content at 5 cm and 10 cm depth in all seasons except the post-monsoon 

season (Table 6). In an agroforestry system, it was revealed that the soil moisture 

content of shallow levels was reduced by pruning (Shangwei et al., 2009).  This is 

because of the increased soil evaporation due to the opening of the canopy that leads 

to lowering of the soil moisture content in shallow depth.   It appeared that in present 

study pruning did not open up the canopy to create such an effect.   At the subsurface 

level (20 cm and 30 cm depth), pruning had no significant effect on soil moisture 

except the post-monsoon season (Table 8).   A similar result was also found for Li 

et al. (2012) in an apple plantation, where the soil moisture content at subsurface 

levels had no significant differences between the pruned and unpruned trees.  This 

is because of pruning of the tree canopy did little to limit the water demand of tree 

component, resulting in little or no recharge to the soil profile (Jackson et al., 2000). 

5.2.3. Relative water content (RWC) 

Relative water content varied significantly between the planting densities.  

The lower relative water content was observed in the high density stand and higher 

relative water content was observed in the low planting density (Table 7).  However 

in the monsoon and post monsoon seasons, the relative water content of all planting 

densities was more or less similar due to the rainfall and lower temperature.  Similar 

results was also found for olive trees, which were grown at different planting 

densities (Guerfel et al., 2010).  This is due to the lower evapotranspiration rate and 

higher soil moisture content that could contribute to maintain a better water status 

as observed there was a positive correlation between the soil moisture content and 

relative water content (Table 16).  Some results indicated that RWC decreases 

slightly when soil moisture content is low and this decreasing is even more 

remarkable when soil moisture is under a critical value (Saifuddin et al., 2010). 
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In present study, the RWC was significantly higher under the pruned stands 

compared to the unpruned stands.  The removal of lower and inefficient branches 

increase the capability to maintain the higher photosynthesis process and reduction 

of transpiration lead to the higher relative water content under pruned stands. 

 

5.2.4. Evapotranspiration 

In  current study, it was observed that evapotranspiration rate in  the high 

density stand is lower as compared to that in the low density stand (Table 8 and Fig. 

15).  Similar results were also obtained for Eucalyptus grandis plantation and tulip 

trees (Vandervales, 1999) which may be due to the reduced radiation and stomatal 

conductance (Eastham and Rose, 1988).  Trees influence the evapotranspiration 

through effects on microclimate and soil water content (Ong et al., 2007; Liu et al., 

2008).  The microclimatic factors most likely to be modified are solar radiation 

receipts at ground level and wind speed (Wallace, 1996).  Evapotranspiration also 

have influenced by the soil nutrients and moisture conditions (Sosebee et al., 1971; 

Ovaska et al., 1992; McJannet et al., 2001; Zeppel et al., 2004), humidity of air 

adjacent to leaves (Whitehead et al., 1984; Jarvis and McNaughton, 1986) and the 

supply of water from conducting stem tissue (Wulleschelgar et al., 1998).  

However, aerodynamic factors such as wind speed are less important in the 

relatively closed canopies.  Hence, solar radiation is the major factor that influences 

the evapotranspiration (Yang et al., 1990; Zhang et al., 2010).  Contrary to this, 

there are reports mentioning that the greater evapotranspiration under the closer 

spacing due to the well exposed leaf area at the top of the plants (Papadopoulos and 

Ormond, 1988).   

 

In the present study, evapotranspiration was not affected by the pruning 

treatments except in post-monsoon season (Table 8).  Rapid reductions in 

photosynthetic leaf area following shading, disease or defoliation have the potential 

to dramatically alter evapotranspiration, although not necessarily in proportion to 

the leaf area reduction (Pepin et al., 2002 and Whitehead et al., 1996).    
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The removal of leaves reduces the amount of light intercepted and rates of 

evapotranspiration (Bredenkamp et al., 1980; Pinkard and Beadle, 1998; Pinkard et 

al., 2004; Forrester et al., 2010).  On contrast to above studies, there are reports to 

reveal that the removal of about 45% (Quentin et al., 2011) or 60% (Quentin et al., 

2012) of the leaf area of Eucalyptus globulus tree crowns results in the higher 

transpiration per unit leaf area while pruning 75% of the leaf area of Eucalyptus 

nitens (200 trees ha−1 trees) reduced transpiration by about 16% but it increased the 

transpiration per unit leaf area, after 2–3 years of pruning. 

 

5.3. RADIATION ENVIRONMENT 

5.3.1. Photosynthetically Active Radiation (PAR) 

Planting density has a profound influence on the understorey PAR 

availability.  It was found that the decrease in planting density can bring about an 

increase in PAR (Table 9 and Fig. 16-17).  Canopy structure, stand density, row 

orientation, leaf area index, site, latitude, season and spectral quality of light are 

some of the major factors that decide the extent of solar radiation penetrating into 

the understorey (Baldocchi and Ollineau, 1994). Among these, planting density 

plays an important role on the quantity and quality of the understorey PAR 

availability.  For instance, Starostin and Maslakov (1989) observed that the PAR 

transmittance beneath the canopy was 90% in the lower planting density.  

Modification in the crown geometry as contributed by the variation in the spacing 

may also modify the understorey light environment. Variation in the canopy 

structure between species and consequent changes in the PAR interception has also 

been observed.  Plantation of high density stand intercepts substantially more 

radiation than low density stand (Kumar et al., 2001).  They observed a strong 

interspecific difference in the understorey of A. auriculiformis intercepting much 

of solar radiation while Ailanthus triphysa intercepted much lesser PAR. 
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A study by Akers et al. (2013) in a loblolly pine (Pinus taeda) plantation 

observed that interception of PAR was significantly greater for the stands planted 

at the higher densities while, live crown length and crown ratio were significantly 

greater for the stands planted at the lower densities which support the idea that the 

higher density stands intercept PAR more efficiently than that of the lower density 

stands.  As leaf area develops, radiation interception by the leaves increases 

(Mathew et al., 1992).  LAI was higher for the high density Acacia mangium stand 

than that of the low density stand because of the much larger leaf area which 

produces a denser canopy resulting in greater shading. 

One of the major practical implication of this study is the realisation of PAR 

ranges under various planting densities for Acacia mangium which has a strong 

bearing on understorey productivity in polyculture systems involving Acacia 

mangium. 

Tree pruning is an important silvicultural operation which helps in the 

improvement of the understorey light environment.  In present study, pruning 

generally increased the understorey PAR availability.  Pruning temporarily opens 

up the canopy which improves the photosynthetic flux density at the understorey 

level. However, this was not observed in the present study. 

5.3.2. Light extinction coefficient (K) 

Light extinction coefficient (K) is a parameter that describes the exponential 

decrease in the light intensity as it passes through a canopy. The light extinction 

characteristics of crowns differed among the species in relation to the several traits 

such as leaf angle and branch architecture. 

In present study, the estimated extinction coefficient (K) value was 0.382, 

which generally corresponds to those of vertically inclined leaves. This lower K 

value of Acacia mangium explains that the lower interception of light by trees leads 

to reduce competition not only for light but also for water because transpiration is 

directly linked to the quantity of radiation intercepted by the canopy (Brown and 

Parker, 1994).   
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Also, the lower K value of Acacia mangium stand indicates a canopy 

structure with erect leaves, which in turn allows the deep penetration of solar 

radiation into the understorey of the plantation. 

5.4. BIOMETRIC OBSERVATIONS  

5.4.1. Planting density and growth 

As can be seen from Table 11, the mean diameter of Acacia mangium 

increased with decreasing planting density which was ranged from 0.137 m to 0.196 

m from higher to lower density classes.  Practically, in all reports, the mean 

diameter of trees in the stand increases with increasing spacing (Smith, 1997). 

However, the magnitude of response varies with the species and growth phase of 

the stand.  Differences on account of variation in stand density in the A. mangium 

stand were significantly observed from two years onwards by Kunhamu et al. 

(2005) in the same stand.  Density induced inter-specific competition often results 

in size differentiation among individuals wherein smaller trees experience 

continued suppression.  Tree height is found to be maximum in the relatively widely 

spaced stands (1250 trees ha-1).  Similar observations were also reported by 

Bormann and Gordon (1984) for the red alder and Cole and Newton (1987) for 

Douglas-fir plantations.  Lanner (1985) suggested that stand density has little effect 

on the height growth where the stand is extremely dense or so open that trees are 

distinctively isolated.  

5.4.2. Pruning and growth  

Diameter at breast height varied significantly between pruning treatments 

with the unpruned stands showing higher DBH (0.175 m) compared to the pruned 

stands (0.159 m) (Table 11).  Tree pruning generally results in reduction of growth 

implying that A. mangium might respond better to the lower pruning treatments 

(Kunhamu et al., 2006).  The removal of leaves reduces the amount of light 

intercepted and rates of transpiration (Forrester et al., 2012, 2013; Alcorn et al., 

2012).  This reduction in resource use can reduce growth.   
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It was reported that  Acacia mangium  growth is often unaffected by pruning 

as long as no more than about 40–50% of the length of the live crown is removed 

in a single pruning lift (Majid and Paudyal,1992).   

Pruning had no significant effect on the height of Acacia mangium trees. 

Similar observations were also reported for Eucalyptus pilularis and Eucalyptus 

cloeziana (Alcorn et al., 2012).  Owing to the fast vertical crown expansion, trees 

would be able to rapidly compensate for leaf area removal without long-term 

reductions in growth. 

5.4.3. Aboveground Standing Biomass  

Aboveground standing biomass under different planting densities and 

pruning levels are presented in Table 11.  The higher standing above ground 

biomass accumulation was observed for the wider spacing (195.16 kg tree-1) as 

compared to the closer spacing (78.52 kg tree-1) and it generally followed declining 

trend with increasing stand density at individual tree level.  Silvicultural 

prescriptions involving stand density are often made based on the assumption that 

individual tree productivity is inversely related to standing density (Smith et al., 

1997).  The lateral enlargement of crowns and overlapping of roots in closer spacing 

might increase competition for available resources between trees leading to a 

reduction in their biomass production.  Total standing biomass on stand basis 

followed the reverse trend and it was higher in the wider spacing (121.97 kg ha-1) 

as compared to the closer spacing (392.60 kg ha-1).  This is similar to findings of 

Kunhamu et al. (2005) who reported that the above ground biomass was 81.82 Mg 

ha−1 for the closer spacing and 41.39 Mg ha−1 for wider spacing in the same stand 

at 6.5 years.  This is due to better resource utilisation at the closer spacing increasing 

the unit area biomass production. 

Tree pruning up to 50 % of tree height reduced the standing biomass on per 

tree basis. The aboveground standing biomass in the unpruned stands was higher 

(148.66 kg tree-1) as compared to the pruned stands (117.62 kg tree-1) on per tree 

basis.  However, this difference was not evident on per unit area basis.    
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It is clear from many studies that the minimum level of pruning affects 

growth and varies between species, while for Acacia mangium, growth is often 

unaffected by pruning if no more than 50% of lower green crown length was 

removed (Majid and Paudyal,1992).  In general, removal of leaves reduces the 

amount of light interception by canopies. This reduction in resource use can reduce 

biomass of trees. 

5.4.4. Water use efficiency 

In current study, the water use efficiency estimated by carbon isotope 

discrimination values were non-significant among the planting densities of 

A.mangium stand (Table 11).   The effect of planting density on WUE remains so 

far undocumented in Acacia mangium till date.  Only a few studies have 

investigated how WUE responds to planting density in other woody species, leading 

to conflicting results.  

Within the context of study site, where the water is not limiting due to 

precipitation leads to sufficient availability of soil moisture for plant growth.  In 

addition, there was no significant dry period during the study period.  The 

belowground stratification and availability of more water per unit land area, may 

enable the trees across the different planting densities to optimise the water use. 

This may be the one of a possible explanation for the similar WUE under different 

planting densities.  In support of the current study, other works suggest that planting 

density had no impact on the water use efficiency.  Woodruff et al. (2002) found 

that no differences in WUE between the low and high planting densities in 

Pseudotsuga menziesii.  Similarly, no significant differences were also observed for 

the Acacia saligna at different planting densities (Dropplerman et al., 2000) and 

birch seedlings grown under the elevated CO2 conditions (Zhang et al., 2008).  

WUE has been related to water consumption per unit of dry matter 

production.  In present study, even though dry matter production (aboveground 

biomass) varied with planting densities, WUE remains the same across planting 

densities.   
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This suggest that growth differences probably were not caused by 

mechanism that operates primarily through changes in availability of water that 

affect the photosynthetic performance.   It is also possible that changes in more than 

one of the factors related to growth parameters like radiation, nutrients, etc. 

cancelled each other out.  Ngugi et al. (2003) reported that three different 7 month 

old Eucalyptus clones exhibited similar water use efficiency at high, medium and 

low planting densities, indicating that water use and wood production were 

proportional. 

There are implication of these results. On first, when soil conditions are 

favourable, increasing planting density would primarily accentuate trees 

competition for light; on one hand, no differences in WUE can exist due to the 

availability of more water per unit land area enable the trees to maximise the water 

use.  On other hand, maximum biomass production, increasing in canopy size and 

consequently high water demand exhibit better stomatal regulation in order to limit 

the water losses, resulting into the higher WUE.  Therefore one can expect a positive 

relation between the growth and WUE.  Secondly, when soil conditions are not 

favourable, the growth will be reduced and increasing planting density accentuate 

plant competition for soil resources and increase in WUE as a consequence of water 

limitation results in trade-off between planting density and WUE.   

Together these studies suggest that improvements in the growth may or may 

not be associated with water use efficiency.  The proportional increases in growth 

and water use be evaluated strictly on species basis and on local and regional water 

balance.  However, more work is needed to examine how the water use efficiency 

changes with stand development, water availability within a single site, across 

production gradients and under climate change scenarios.    

Although our study sites are located in humid area where water is not a 

limiting factor, suggests that trade-offs between increased productivity and water 

use efficiency should be carefully considered in dryer areas and in the light of 

potential changes in precipitation with climate change. 
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Pruning had no significant effect on WUE.  However, WUE were 

marginally lower in the pruned stands as compared to the unpruned stands.  Similar 

observations were also reported for a five year old Eucalptus nitens plantation 

(Medhrust et al., 2002).  Due to the removal of shade and least efficient canopy 

foliage generally reduces the water use and make the most efficient use of water 

that is transpired (White et al., 2009).  However, few studies have compared WUE 

of the pruned and unpruned trees, so more studies will be required to examine how 

the magnitude and duration of pruning affects the water use efficiency between the 

planting densities, resource availabilities and climatic conditions. 

5.5.1. Stand leaf area index and microclimate variables  

In present study, the stand leaf area index decreased with a decrease in stand 

density (Table 12 and Fig. 20).  Similar results were also found by Bhimappa, 

(2014) in bamboo based agroforestry systems.  Minimising the competition 

between trees and maximising the use of available resources is central to improve 

yields and overall productivity in tree based systems (Cannel et al., 1983).  So the 

factors like LAI and crown development are most important for standardisation of 

spacing in plantations.  Trees minimise the amount of solar radiation reaching to 

the understorey through leaf orientation and arrangements.  The extent of shade 

varies according to the crown dimensions, tree phenology and leaf density.  

5.5.1.1. LAI influence on air and soil temperature  

Canopies with high LAIs absorb more momentum and therefore allows the 

less vertical mixing of air within the canopy and thus acts to keep the below canopy 

air cool (Raupach et al., 1996).  Canopies with lower LAI allow more turbulent 

mixing of air within the canopy sub-layer and this results in the higher temperature.  

These processes probably explain the observed relationship between the air 

temperature and the LAI (Table 13). The soil surface is heated by incoming solar 

radiation that penetrates the full depth of the canopy.   
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Heat is then conducted down into the lower soil layers, however, this process takes 

time and hence, soil temperature lags behind air temperature.  The maximum soil 

temperature is higher beneath the sparser canopies because of more solar energy 

reaching the soil surface. 

 

5.5.1.2. LAI influence on relative humidity and evapotranspiration 

During the day, as the temperature rises, the vapour pressure increases, 

causing an increment in the vapour pressure deficit (VPD) and a decrease in the 

relative humidity.  Under low LAI canopies, where the daytime temperature is 

higher and the VPD is lower, relative humidity also tends to be higher.   As the 

VPD increases, evapotranspiration also increases as the air acquires an increased 

capacity to hold water vapour, creating a greater potential gradient across the leaf-

air and soil-air boundaries (Garratt, 1992).  This increased evapotranspiration in 

low LAI canopies is probably the cause of the observed trend of high LAI canopies 

having a higher relative humidity than low LAI canopies (Table 13).  This finding 

is similar to that reported by Law et al. (2001) from observations and models of the 

temperate forests. 

 

5.5.1.3. Influence of LAI on PAR 

The amount of solar radiation absorbed by a tree canopy depends on its leaf 

area index (LAI).  Canopies with high LAI absorb the vast majority of all incident 

sunlight so that the amount of sunlight reaching the ground will be less.  By contrast, 

the low LAI canopies absorb a much less fraction of the incident solar radiation, 

which explains the observed relationship between LAI and PAR. 

5.5.1.4. Influence of LAI on soil moisture 

There exists a positive correlation between the LAI and soil moisture 

content at surface level (Table 13).  This is because a large fraction of the soil 

moisture in the surface layer is lost through direct evaporation due to the high soil 

temperature and low root densities.   
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The negative relationship between the LAI and soil moisture content at 

subsurface level may be due to the high water demand associated with large 

canopies of the high density stands that may deplete the soil moisture content faster 

than areas having a sparse or no canopy (Aussenac 2000; Breshears et al., 1997; 

Peck et al., 2012; Scharenbroch and Bockheim 2007).  

5.5.2. Effect of soil temperature on soil moisture  

It was found that the soil temperature (ST) and soil moisture content (SMC) 

in the surface and subsurface soil levels (20 cm and 30 cm) were negatively 

correlated (Table 14).  The increasing soil temperature caused by the reduction of 

vegetation would increase the soil evaporation affecting the water use efficiency of 

the plant (Liu et al., 2008;  Jacobs et al., 2011) and simultaneously decreases the 

soil moisture (Zhao et al., 2006).  Similar observations with an increase in the 

temperature of surface soil corresponding to a decrease in the SMC was observed 

by many studies (Li et al., 2010; Gao et al., 2010; Zhu et al., 2013).  Evaporation 

from the surface soil is high when the soil temperature is high. The specific heat 

and conduction have been reported to be about 3 and 24 times higher respectively, 

in soil than in air respectively (Zhu et al., 2013).  This indicates that soil is better 

able to conduct thermal energy or heat from the surface soil to subsurface soil 

during the day.  This may account for the negative relationship between soil 

temperature and soil moisture content in this study. 

5.5.3. Relationship between CATD with ET, SMC and RWC  

CATD was negatively correlated to the soil moisture content and relative 

water content while positively correlated to CATD (Table 15).  It is generally 

accepted that reduction in the SMC induces a progressive reduction in 

photosynthesis and transpiration (Slatyer, 1967).  It seems evident that this 

reduction in transpiration and photosynthesis can be mainly attributed to a stomatal 

closure, which increases the resistance in the gaseous pathway for the water vapour 

and CO2 (Slatyer, 1967).  
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On cloudy days, water uptake by the roots can keep up with water loss by 

the leaves and so water loss is encumbered until water potential of the soil is 

reached.  This reduction in the evapotranspiration can cause the greater canopy 

temperature than ambient temperature.  This suggests that the canopy air 

temperature difference (CATD) could reflect the water balance of a plant (Throssell 

et al., 1987). 

 

5.5.4. Effect of Microclimate variables on soil moisture content  

Air temperature and soil temperature were negatively correlated with soil 

moisture content (Table 16).  An increase in the temperature of air and soil 

corresponds to decrease in soil moisture content (Li et al., 2012).  The evaporation 

from the soil is high when the air and soil temperature is high.  The radiation not 

intercepted by the vegetation reaches the ground surface would cause an increase 

in the soil evaporation and results in the lower SMC and thereby affect the plant on 

water use (Liu et al., 2010;  Jacobs et al., 2011), which leads to the negative 

correlation with the PAR.    

 

Soil moisture content was positively correlated with relative water content 

(Table 16).  It may be due to the fact that, when the moisture is limiting in the soil, 

the leaves are losing water more rapidly than the roots or translocation systems can 

supply it which results in the lower relative water content.  The soil moisture content 

was negatively correlated with the CATD (Table 16).  This is because when there 

is water deficient in the soil, the trees tend to reduce the evapotranspiration through 

reduced stomatal conductance.  This results in the greater canopy temperature than 

the ambient temperature (Throssell et al., 1987).  
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5.5.5. Practical implications of this study 

 

Productivity of plantations are determined by multidimensional factors. 

Scientific explanations of this factors involved in this biophysical process are many 

and quantitative information on their role in the overall productivity is very much 

limited. Hence this information gathered on the microclimate parameters and their 

changes with density management practices will be very much helpful in designing 

tree based system for various end uses. The functional relation between stand 

density and PAR will be helpful in designing agroforestry systems involving Acacia 

mangium. 
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6. SUMMARY 

The research work entitled ‘influence of planting density and pruning on thermal,  

radiative and moisture regimes in Acacia mangium Willd. stand’ was undertaken 

during 2014-15 at Kerala Agricultural University, Vellanikkara to study the effect 

of planting density and pruning on thermal, radiative and moisture regimes and  also 

on the water use efficiency of Acacia mangium stand. 

The salient findings are summarised below. 

 

1. The air temperature of Acacia mangium stand varied significantly from the 

open area as well as between planting densities in all seasons except the 

monsoon season.  In general, the maximum air temperature was recorded 

during the summer season followed by pre-monsoon and the minimum air 

temperature was recorded during the monsoon followed by post-monsoon 

season.  The open area showed the highest air temperature in all the seasons. 

Among the planting densities, the air temperature was significantly higher 

in the low planting density and the lower in high planting density at 5 m and 

10 m above the ground level irrespective of seasons.  Pruning and planting 

density and pruning interaction had no significant effect on air temperature 

during the study period. 

 

2. The relative humidity in all seasons was found significantly lower in open 

area as compared to that of Acacia mangium stand with different planting 

densities.  During the summer season, the relative humidity was 

significantly higher in 5000 trees/ha and the lower in 625 trees/ha at 5 m 

and 10 m above the ground level.  Whereas relative humidity showed 

statistically similar values between the planting densities during the pre-

monsoon, monsoon and post-monsoon season.  Relative humidity was not 

significantly affected by pruning and planting density and pruning 

interactions. 
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3. Soil moisture content showed an increasing trend with increase in soil depth. 

Soil moisture content of treeless open area was recorded the lowest value at 

each depth level studied.  Soil moisture retention was better during the 

monsoon season while lowest during the summer season. 

 

4. At surface level (5 cm and 10 cm depth), the soil moisture content was 

significantly higher in high planting density and the lower in low planting 

density in all seasons except the monsoon season.  No significant variation 

was observed for pruning treatments during the summer, pre-monsoon and 

monsoon seasons.  However, during the post monsoon season, the unpruned 

stand had significantly higher surface soil moisture content as compared to 

pruned stands.  The interaction effect between planting density and pruning 

were non-significant. 

 

5. At subsurface level (20 cm and 30 cm depth), the soil moisture content 

followed reverse trend with higher value being recorded at low planting 

density.  The high planting density recorded the lowest soil moisture 

content. Soil moisture content was significantly higher in the pruned stand 

at 20 cm depth while lower under unpruned stands during the post monsoon 

season.  However, soil moisture content did not show any significant 

variation for other seasons. Pruning and planting density interaction effects 

were absent during the study period. 

 

6. The soil temperature showed a decreasing trend with increase in soil depth. 

Soil temperature was higher in the open compared to that of the Acacia 

mangium stand.  The soil temperature varied significantly between the 

planting densities in all seasons except the monsoon season.  The maximum 

soil temperature was observed during the summer season while minimum 

during the monsoon season.   Among the planting densities, the higher soil 

temperature was recorded in lowest planting density and the lower soil 

temperature was recorded in high planting density at each depth level (5 cm, 

10 cm and 20 cm depth).  
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The pruned stands had significantly higher soil temperature as compared to 

that of the unpruned stands during the post-monsoon season.  No significant 

differences were found for pruning and planting density interactions.  

 

7. Significant variation in relative water content was observed between 

planting densities in all seasons except the monsoon season. Relative water 

content estimates was generally maximum during the monsoon season 

while lowest during the summer season.  The highest relative water content 

was associated with low planting density and the lowest relative water 

content was associated with high planting density.  Relative water content 

was significantly higher in the pruned stands as compared to unpruned 

stands for the pre-monsoon and post-monsoon season but no variations were 

observed for the summer and monsoon seasons. 

 

8. Canopy-air temperature difference (CATD) was maximum during the 

summer and lowest during the monsoon season.  Among the planting 

densities, the CATD was significantly higher in high planting density and 

lower in low planting density during the summer and pre-monsoon seasons 

but it showed a statistically similar values for the monsoon and post 

monsoon seasons.  Pruning had no effect on CATD during the study period. 

There was lack of significance for planting density and pruning interactions. 

 

9. Evapotranspiration rate was higher during the summer season as compared 

to that of the other seasons.  The evapotranspiration showed significant 

differences between planting densities in all seasons except the monsoon 

and post monsoon season.  The highest evapotranspiration rate was found 

in low planting density and the lowest evapotranspiration rate was found in 

high planting density.  
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The evapotranspiration rate was significantly higher under the pruned 

stands as compared to the unpruned stands during the post-monsoon season 

but no variations were found for other seasons.  No significant differences 

were found for pruning and planting density interactions during the study 

period.  

 

10.  The maximum PAR transmission was observed during the summer season 

and the lowest during the monsoon season.  The open area showed 

significantly higher PAR value than Acacia mangium stand for all the 

seasons.  The below canopy PAR was significantly higher in the low 

planting density and the lowest in high planting density at 5 m and 10 m 

above the ground level for all the seasons.  Pruning had no significant effect 

on PAR during the study period.  There was lack of significance between 

the planting density and pruning interactions.   The diurnal variation of PAR 

showed an increasing trend from 9 am to 1pm with peak value corresponds 

to 1 pm and thereafter it followed declining trend.  The average mid-day 

PAR transmittance from the unpruned stand (5000 trees/ha) to the pruned 

stand (625 trees/ha) canopies ranged from 24.27 % to 54.72 % of incident 

PAR above the canopy.  The light extinction coefficient (K) for Acacia 

mangium stand was estimated to be 0.328. 

 

11.  The DBH of Acacia mangium was significantly increased with decreasing 

planting density.  The DBH shows a variation from 0.137 m to 0.196 m as 

the density varied from higher to lower density classes.  The DBH was not 

affected by the pruning treatments. 

 

12.  Mean tree height of Acacia mangium was significantly highest in relatively 

widely spaced stands and the lowest in high planting density.  Pruning had 

no significant effect on tree height. 
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13.  Aboveground standing biomass showed a decreasing trend with increasing 

stand density.  The high planting density had the highest biomass 

accumulation while low planting density had the lowest biomass 

accumulation at individual tree level.  On stand level basis, it showed 

reverse trend as it increased with increasing stand density. 

 

14.  Water use efficiency estimated by carbon isotope discrimination values 

shows no significant differences between planting densities and pruning 

treatments of Acacia mangium stand.  Pruning and planting density 

interaction had no significant effect on water use efficiency. 

 

15.  Leaf area index (LAI) was considerably varied between planting densities 

and showed a variation from 1.46 in the pruned stand with 625 trees/ha to 

2.45 in the unpruned stands with 5000 trees/ha.  LAI was negatively 

correlated with air temperature (5 m and 10 m above the ground level), PAR 

(5 m and 10 m height above the ground level), soil temperature at various 

depth, relative water content, evapotranspiration and soil moisture (20 cm 

and 30 cm depth) while it was positively correlated with relative humidity 

at 5 m height above the ground level and soil moisture (5 cm and 10 cm 

depth).   However, LAI did not show any correlation with CATD and 

relative humidity at 10 m height above the ground level. 

 

16.  Growth parameters had positive correlation with air temperature (5 m and 

10 m above the ground level), PAR (5 m and 10 m above the ground level), 

soil temperature (5 cm, 10 cm and 20 cm depth), relative water content, 

evapotranspiration and soil moisture (5 cm and 10 cm depth) but it was 

negatively correlated with soil moisture (20 cm and 30 cm depth).  

However, it did not show any significant correlations with relative humidity 

and CATD. 

 

 

116 



 

 

 

 

17.  Soil moisture content was positively correlated with relative humidity and 

relative water content.  Whereas the evapotranspiration, CATD, air 

temperature, PAR and soil temperature was negatively correlated with the 

soil moisture content. 

 

18.  CATD had negative correlation with relative water content and soil 

moisture content while it showed positive correlation with 

evapotranspiration. 
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APPENDIX I 

 

Results of univariate analysis for microclimate variables during summer season 
 
 
I.  Results of univariate analysis for air temperature at the height of 5 m above the ground 
level during summer season 

a. R Squared = .996 (Adjusted R Squared = .996) 
 
 
 
II. Results of univariate analysis for air temperature at the height of 10 m above the ground 
level during summer season 

a. R Squared = .997 (Adjusted R Squared = .996) 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 124514.397a 9 13834.933 2881.132 .000 

spacing 133.788 3 44.596 9.287 .000 

pruning 18.955 1 18.955 3.947 .049 

spacing * 
pruning 

34.916 3 11.639 2.424 .070 

Error 518.606 108 4.802   

Total 125033.003 117    

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 124684.654a 9 13853.850 3487.833 .000 

spacing 99.190 3 33.063 8.324 .000 

pruning 15.694 1 15.694 3.951 .049 

spacing * 
pruning 

47.320 3 15.773 3.971 .010 

Error 428.982 108 3.972   

Total 125113.636 117    



 

 

 
 
III. Results of univariate analysis for relative humidity at the height of 5 m above the ground 
level during summer season 

 

a. R Squared = .989 (Adjusted R Squared = .988) 
 
IV. Results of univariate analysis for relative humidity at the height of 10 m above the 
ground level during summer season 

a. R Squared = .989 (Adjusted R Squared = .988) 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 385698.231a 9 42855.359 1046.016 .000 

spacing 454.952 3 151.651 3.701 .014 

pruning 127.163 1 127.163 3.104 .081 

spacing * 
pruning 

707.644 3 235.881 5.757 .001 

Error 4424.769 108 40.970   

Total 390123.000 117    

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 396947.769a 9 44105.308 1115.745 .000 

spacing 454.490 3 151.497 3.832 .012 

pruning 160.010 1 160.010 4.048 .047 

spacing * 
pruning 

447.490 3 149.163 3.773 .013 

Error 4269.231 108 39.530   

Total 401217.000 117    



 

 

 
V. Results of univariate analysis for PAR at the height of 5 m above the ground level during 
summer season 

 

a. R Squared = .858 (Adjusted R Squared = .846) 
 

 
VI. Results of univariate analysis for PAR at the height of 10 m above the ground level 
during summer season 

a. R Squared = .858 (Adjusted R Squared = .846) 

Source Type III Sum of 
Squares 

df Mean Square F Sig. 

Model 13101088.231a 9 1455676.470 72.314 .000 

spacing 183136.337 3 61045.446 3.033 .032 

pruning 26209.625 1 26209.625 1.302 .256 

spacing * 
pruning 

20411.260 3 6803.753 .338 .798 

Error 2174032.769 108 20129.933   

Total 15275121.000 117    

Source Type III Sum of 
Squares 

df Mean Square F Sig. 

Model 13888120.077a 9 1543124.453 72.523 .000 

spacing 155745.106 3 51915.035 2.440 .068 

pruning 20244.240 1 20244.240 .951 .332 

spacing * 
pruning 

28603.567 3 9534.522 .448 .719 

Error 2298000.923 108 21277.786   

Total 16186121.000 117    



 

 

 
 
VII. Results of univariate analysis for soil temperature at 5 cm depth during summer season 

a. R Squared = .998 (Adjusted R Squared = .998) 
 

 

VIII. Results of univariate analysis for soil temperature at 10 cm depth during summer 
season 
 

a. R Squared = .998 (Adjusted R Squared = .998) 

Source Type III Sum 
of Squares 

df Mean Square F Sig. 

Model 111178.039a 9 12353.115 6229.893 .000 

spacing 212.636 3 70.879 35.745 .000 

pruning .002 1 .002 .001 .978 

spacing * 
pruning 

.385 3 .128 .065 .978 

Error 214.151 108 1.983   

Total 111392.190 117    

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 105230.121a 9 11692.236 6452.892 .000 

spacing 180.545 3 60.182 33.214 .000 

pruning .075 1 .075 .042 .839 

spacing * 
pruning 

1.037 3 .346 .191 .902 

Error 195.689 108 1.812   

Total 105425.810 117    



 

 

 
 
 
IX. Results of univariate analysis for soil temperature at 20 cm depth during summer season 

a. R Squared = .998 (Adjusted R Squared = .998) 

 

X. Results of univariate analysis for soil moisture content at 5 cm depth during summer 
season 
 

a. R Squared = .970 (Adjusted R Squared = .967) 
 

Source Type III Sum of 
Squares 

df Mean Square F Sig. 

Model 104061.981a 9 11562.442 7015.839 .000 

spacing 263.070 3 87.690 53.208 .000 

pruning 9.615E-005 1 9.615E-005 .000 .994 

spacing * 
pruning 

.091 3 .030 .018 .997 

Error 177.989 108 1.648   

Total 104239.970 117    

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 17455.619a 9 1939.513 382.182 .000 

spacing 187.586 3 62.529 12.321 .000 

pruning 12.289 1 12.289 2.422 .123 

spacing * 
pruning 

32.460 3 10.820 2.132 .100 

Error 548.083 108 5.075   

Total 18003.702 117    



 

 

 
 
 
XI. Results of univariate analysis for soil moisture content at 10 cm depth during summer 
season 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 21239.913a 9 2359.990 400.025 .000 

spacing 55.245 3 18.415 3.121 .029 

pruning 2.334 1 2.334 .396 .531 

spacing * 
pruning 

28.008 3 9.336 1.582 .198 

Error 637.158 108 5.900   

Total 21877.071 117    

a. R Squared = .971 (Adjusted R Squared = .968) 
 

 

XII. Results of univariate analysis for soil moisture content at 20 cm depth during summer 
season 

  a. R Squared = .974 (Adjusted R Squared = .972) 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 24166.590a 9 2685.177 444.484 .000 

spacing 135.674 3 45.225 7.486 .000 

pruning 18.913 1 18.913 3.131 .080 

spacing * 
pruning 

3.999 3 1.333 .221 .882 

Error 652.440 108 6.041   

Total 24819.030 117    



 

 

XIII. Results of univariate analysis for soil moisture content at 30 cm depth during 
summer season 

a. R Squared = .973 (Adjusted R Squared = .971) 
 

 
XIV. Results of univariate analysis for relative water content (RWC) during summer season 
 

 
a. R Squared = .991 (Adjusted R Squared = .991) 
 
 
 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 27250.357a 9 3027.817 435.918 .000 

spacing 278.713 3 92.904 13.376 .000 

pruning 6.135 1 6.135 .883 .349 

spacing * 
pruning 

12.573 3 4.191 .603 .614 

Error 750.151 108 6.946   

Total 28000.509 117    

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 491876.033a 8 61484.504 1365.262 .000 

spacing 707.311 3 235.770 5.235 .002 

pruning 2.802 1 2.802 .062 .804 

spacing * 
pruning 

173.880 3 57.960 1.287 .283 

Error 4323.355 96 45.035   

Total 496199.388 104    



 

 

 
 
 
XV. Results of univariate analysis for canopy-air temperature difference (CATD) during 
summer season 
 

 a. R Squared = .746 (Adjusted R Squared = .725) 
 
 
 
XVI. Results of univariate analysis for evapotranspiration (ET)) during summer season 

 
a. R Squared = .959 (Adjusted R Squared = .955) 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 420.490a 8 52.561 35.255 .000 

spacing 14.335 3 4.778 3.205 .027 

pruning .578 1 .578 .387 .535 

spacing * 
pruning 

.189 3 .063 .042 .988 

Error 143.125 96 1.491   

Total 563.615 104    

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 4085.617a 8 510.702 278.390 .000 

spacing 28.695 3 9.565 5.214 .002 

pruning .154 1 .154 .084 .773 

spacing * 
pruning 

7.258 3 2.419 1.319 .273 

Error 176.111 96 1.834   

Total 4261.728 104    



 

 

 

 

 

APPENDIX II 

 

Results of univariate analysis for microclimate variables during pre -monsoon season 

 
I. Results of univariate analysis for air temperature at the height of 5 m above the ground 
level during pre-monsoon season 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 82843.239a 9 9204.804 2988.723 .000 

spacing 90.733 3 30.244 9.820 .000 

pruning 4.061 1 4.061 1.319 .255 

spacing * 
pruning 

5.368 3 1.789 .581 .629 

Error 221.749 72 3.080   

Total 83064.987 81    

a. R Squared = .997 (Adjusted R Squared = .997) 
 
II. Results of univariate analysis for air temperature at the height of 10 m above the ground 
level during pre-monsoon season 

 
a. R Squared = .998 (Adjusted R Squared = .997) 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 85559.660a 9 9506.629 3323.135 .000 

spacing 76.429 3 25.476 8.906 .000 

pruning 2.347 1 2.347 .820 .368 

spacing * 
pruning 

8.846 3 2.949 1.031 .384 

Error 205.973 72 2.861   

Total 85765.633 81    



 

 

 
 
III. Results of univariate analysis for relative humidity at the height of 5 m above the ground 
level during pre-monsoon season 
 

a. R Squared = .976 (Adjusted R Squared = .973) 
 

IV. Results of univariate analysis for relative humidity at the height of 10 m above the 
ground level during pre-monsoon season 

a. R Squared = .977 (Adjusted R Squared = .974) 

 

 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 302117.000a 9 33568.556 320.719 .000 

spacing 91.264 3 30.421 .291 .832 

pruning 115.014 1 115.014 1.099 .298 

spacing * 
pruning 

196.264 3 65.421 .625 .601 

Error 7536.000 72 104.667   

Total 309653.000 81    

Source Type III Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 320233.000a 9 35581.444 339.950 .000 

spacing 91.264 3 30.421 .291 .832 

pruning 115.014 1 115.014 1.099 .298 

spacing * 
pruning 

196.264 3 65.421 .625 .601 

Error 7536.000 72 104.667   

Total 327769.000 81    



 

 

 

V. Results of univariate analysis for PAR at the height of 5 m above the ground level during 
pre-monsoon season 
 

a. R Squared = .920 (Adjusted R Squared = .910) 
 
 
VI. Results of univariate analysis for PAR at the height of 10 m above the ground level 
during pre-monsoon season 
 

Source Type III Sum 
of Squares 

df Mean Square F Sig. 

Model 7358073.111a 9 817563.679 97.491 .000 

spacing 127478.111 3 42492.704 5.067 .003 

pruning 696.889 1 696.889 .083 .774 

spacing * 
pruning 

83622.111 3 27874.037 3.324 .024 

Error 603796.889 72 8386.068   

Total 7961870.000 81    

a. R Squared = .924 (Adjusted R Squared = .915) 
 

 
 
 

Source Type III Sum 
of Squares 

df Mean Square F Sig. 

Model 6941887.111a 9 771320.790 91.976 .000 

spacing 121279.611 3 40426.537 4.821 .004 

pruning 696.889 1 696.889 .083 .774 

spacing * 
pruning 

83622.111 3 27874.037 3.324 .024 

Error 603796.889 72 8386.068   

Total 7545684.000 81    



 

 

 
 
 
VII. Results of univariate analysis for soil temperature at 5 cm depth during pre-monsoon 
season 

 
Source Type III 

Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 74072.464a 9 8230.274 9778.773 .000 

spacing 96.130 3 32.043 38.072 .000 

pruning .065 1 .065 .078 .781 

spacing * 
pruning 

4.579 3 1.526 1.813 .152 

Error 60.599 72 .842   

Total 74133.063 81    

a. R Squared = .999 (Adjusted R Squared = .999) 

 
VIII. Results of univariate analysis for soil temperature at 10 cm depth during pre-monsoon 
season 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 70151.822a 9 7794.647 6959.698 .000 

spacing 156.868 3 52.289 46.688 .000 

pruning .040 1 .040 .036 .850 

spacing * 
pruning 

1.093 3 .364 .325 .807 

Error 80.638 72 1.120   

Total 70232.460 81    

a. R Squared = .999 (Adjusted R Squared = .999) 



 

 

 

IX. Results of univariate analysis for soil temperature at 20 cm depth during pre-monsoon 
season 

a. R Squared = .999 (Adjusted R Squared = .999) 
 
X. Results of univariate analysis for soil moisture content at 5 cm depth during pre-
monsoon season 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 15148.479a 9 1683.164 648.924 .000 

spacing 175.379 3 58.460 22.538 .000 

pruning 17.366 1 17.366 6.695 .012 

spacing * 
pruning 

9.243 3 3.081 1.188 .320 

Error 186.752 72 2.594   

Total 15335.231 81    

a. R Squared = .988 (Adjusted R Squared = .986) 
 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 68164.766a 9 7573.863 10583.678 .000 

spacing 137.655 3 45.885 64.119 .000 

pruning .201 1 .201 .280 .598 

spacing * 
pruning 

2.099 3 .700 .978 .408 

Error 51.524 72 .716   

Total 68216.290 81    



 

 

 
 
XI. Results of univariate analysis for soil moisture content at 10 cm depth during pre-
monsoon season 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 17087.349a 9 1898.594 831.325 .000 

spacing 111.730 3 37.243 16.308 .000 

pruning 18.140 1 18.140 7.943 .006 

spacing * 
pruning 

18.866 3 6.289 2.754 .049 

Error 164.435 72 2.284   

Total 17251.784 81    

a. R Squared = .990 (Adjusted R Squared = .989) 
 
 
XII. Results of univariate analysis for soil moisture content at 20 cm depth during pre-
monsoon season 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 21202.665a 9 2355.852 959.224 .000 

spacing 194.565 3 64.855 26.407 .000 

pruning 7.113 1 7.113 2.896 .093 

spacing * 
pruning 

12.920 3 4.307 1.754 .164 

Error 176.832 72 2.456   

Total 21379.497 81    

a. R Squared = .992 (Adjusted R Squared = .991) 
 
 



 

 

 
 
 
XIII. Results of univariate analysis for soil moisture content at 30 cm depth during pre-
monsoon season 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 25671.431a 9 2852.381 1202.262 .000 

spacing 131.442 3 43.814 18.467 .000 

pruning 2.153 1 2.153 .907 .344 

spacing * 
pruning 

22.516 3 7.505 3.163 .030 

Error 170.821 72 2.373   

Total 25842.252 81    

a. R Squared = .993 (Adjusted R Squared = .993) 
 
 
XIV. Results of univariate analysis for relative water content (RWC) during pre-monsoon 
season 

a. R Squared = .999 (Adjusted R Squared = .999) 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 364036.873a 8 45504.609 7203.575 .000 

spacing 236.443 3 78.814 12.477 .000 

pruning 199.101 1 199.101 31.519 .000 

spacing * 
pruning 

167.789 3 55.930 8.854 .000 

Error 404.285 64 6.317   

Total 364441.158 72    



 

 

 
 
XV. Results of univariate analysis for canopy-air temperature difference (CATD) during 
pre-monsoon season 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 25.180a 8 3.147 3.893 .001 

spacing 6.076 3 2.025 2.505 .067 

pruning .096 1 .096 .119 .731 

spacing * 
pruning 

3.579 3 1.193 1.475 .230 

Error 51.740 64 .808   

Total 76.920 72    

a. R Squared = .327 (Adjusted R Squared = .243) 
 
 
XVI. Results of univariate analysis for evapotranspiration (ET) during pre-monsoon season 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 2236.171a 8 279.521 231.581 .000 

spacing 16.122 3 5.374 4.452 .007 

pruning .889 1 .889 .736 .394 

spacing * 
pruning 

34.556 3 11.519 9.543 .000 

Error 77.249 64 1.207   

Total 2313.420 72    

a. R Squared = .967 (Adjusted R Squared = .962) 
 

 



 

 

 

 

 

 

APPENDIX III 

 

Results of univariate analysis for microclimate variables during monsoon season 
 
I. Results of univariate analysis for air temperature at the height of 5 m above the ground 
level during monsoon season 
 

Source Type III Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 91406.162a 9 10156.240 6300.779 .000 

spacing 1.947 3 .649 .403 .751 

pruning .000 1 .000 .000 .987 

spacing * 
pruning 

11.530 3 3.843 2.384 .074 

Error 159.578 99 1.612   

Total 91565.740 108    

a. R Squared = .998 (Adjusted R Squared = .998) 
 
II. Results of univariate analysis for air temperature at the height of 10 m above the ground 
level during monsoon season 
 

a. R Squared = .999 (Adjusted R Squared = .999) 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 89171.748a 9 9907.972 11188.212 .000 

spacing .835 3 .278 .314 .815 

pruning .094 1 .094 .106 .746 

spacing * 
pruning 

4.932 3 1.644 1.856 .142 

Error 87.672 99 .886   

Total 89259.420 108    



 

 

 
 
III. Results of univariate analysis for relative humidity at the height of 5 m above the ground 
level during summer season 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 571616.333a 9 63512.926 1599.266 .000 

spacing 61.917 3 20.639 .520 .670 

pruning .167 1 .167 .004 .948 

spacing * 
pruning 

1.583 3 .528 .013 .998 

Error 3931.667 99 39.714   

Total 575548.000 108    

a. R Squared = .993 (Adjusted R Squared = .993) 

 

IV. Results of univariate analysis for relative humidity at the height of 10 m above the 
ground level during monsoon season 
 

Source Type III Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 600982.667a 9 66775.852 1426.178 .000 

spacing 59.542 3 19.847 .424 .736 

pruning .667 1 .667 .014 .905 

spacing * 
pruning 

20.417 3 6.806 .145 .932 

Error 4635.333 99 46.822   

Total 605618.000 108    

a. R Squared = .992 (Adjusted R Squared = .992) 
 
 
 
 



 

 

 
 
V. Results of univariate analysis for PAR at the height of 5 m above the ground level during 
monsoon season 

a. R Squared = .802 (Adjusted R Squared = .784) 
 
 
 
VI. Results of univariate analysis for PAR at the height of 10 m above the ground level 
during monsoon season 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 4007622.917a 9 445291.435 49.399 .000 

spacing 73166.750 3 24388.917 2.706 .049 

pruning 12880.667 1 12880.667 1.429 .235 

spacing * 
pruning 

25550.583 3 8516.861 .945 .422 

Error 892402.083 99 9014.162   

Total 4900025.000 108    

a. R Squared = .818 (Adjusted R Squared = .801) 
 
 
 
 
 
 
 

Source Type III Sum 
of Squares 

df Mean Square F Sig. 

Model 3617412.917a 9 401934.769 44.589 .000 

spacing 70532.750 3 23510.917 2.608 .056 

pruning 12880.667 1 12880.667 1.429 .235 

spacing * 
pruning 

25550.583 3 8516.861 .945 .422 

Error 892402.083 99 9014.162   

Total 4509815.000 108    



 

 

 
 
 
 
VII. Results of univariate analysis for soil temperature at 5 cm depth during monsoon 
season 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 71461.696a 9 7940.188 3475.238 .000 

spacing .271 3 .090 .040 .989 

pruning 2.130 1 2.130 .932 .337 

spacing * 
pruning 

6.199 3 2.066 .904 .442 

Error 226.194 99 2.285   

Total 71687.890 108    

a. R Squared = .997 (Adjusted R Squared = .997) 
 

VIII. Results of univariate analysis for soil temperature at 10 cm depth during monsoon 
season 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 67901.517a 9 7544.613 4089.035 .000 

spacing 1.239 3 .413 .224 .880 

pruning .920 1 .920 .499 .482 

spacing * 
pruning 

4.872 3 1.624 .880 .454 

Error 182.663 99 1.845   

Total 68084.180 108    

a. R Squared = .997 (Adjusted R Squared = .997) 



 

 

 
IX. Results of univariate analysis for soil temperature at 20 cm depth during monsoon 
season 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 65193.907a 9 7243.767 4579.320 .000 

spacing .686 3 .229 .145 .933 

pruning .683 1 .683 .432 .513 

spacing * 
pruning 

.724 3 .241 .153 .928 

Error 156.603 99 1.582   

Total 65350.510 108    

a. R Squared = .998 (Adjusted R Squared = .997) 

 

X. Results of univariate analysis for soil moisture content at 5 cm depth during monsoon 
season 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 53009.494a 9 5889.944 215.443 .000 

spacing 148.381 3 49.460 1.809 .150 

pruning 58.750 1 58.750 2.149 .146 

spacing * 
pruning 

19.955 3 6.652 .243 .866 

Error 2706.535 99 27.339   

Total 55716.029 108    

a. R Squared = .951 (Adjusted R Squared = .947) 



 

 

 
XI. Results of univariate analysis for soil moisture content at 10 cm depth during monsoon 
season 

 
a. R Squared = .945 (Adjusted R Squared = .940) 

 
 
 
XII. Results of univariate analysis for soil moisture content at 20 cm depth during monsoon 
season 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 65413.392a 9 7268.155 247.613 .000 

spacing 13.488 3 4.496 .153 .927 

pruning 52.392 1 52.392 1.785 .185 

spacing * 
pruning 

6.837 3 2.279 .078 .972 

Error 2905.940 99 29.353   

Total 68319.332 108    

a. R Squared = .957 (Adjusted R Squared = .954) 
 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 52725.889a 9 5858.432 187.386 .000 

spacing 18.252 3 6.084 .195 .900 

pruning 16.099 1 16.099 .515 .475 

spacing * 
pruning 

17.985 3 5.995 .192 .902 

Error 3063.864 98 31.264   

Total 55789.753 107    



 

 

 
 
XIII. Results of univariate analysis for soil moisture content at 30 cm depth during 
monsoon season 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 76715.925a 9 8523.992 216.721 .000 

spacing 9.959 3 3.320 .084 .968 

pruning 5.900 1 5.900 .150 .699 

spacing * 
pruning 

89.704 3 29.901 .760 .519 

Error 3893.829 99 39.332   

Total 80609.754 108    

a. R Squared = .952 (Adjusted R Squared = .947) 
 

XIV. Results of univariate analysis for relative water content (RWC) during monsoon 
season 
 

a. R Squared = .996 (Adjusted R Squared = .996) 

 

Source Type III Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 661363.713a 8 82670.464 2912.739 .000 

spacing 123.273 3 41.091 1.448 .234 

pruning 46.245 1 46.245 1.629 .205 

spacing * 
pruning 

100.830 3 33.610 1.184 .320 

Error 2497.650 88 28.382   

Total 663861.362 96    



 

 

XV. Results of univariate analysis for canopy-air temperature difference (CATD) during 
monsoon season 
 

a. R Squared = .911 (Adjusted R Squared = .903) 
 
 
XVI. Results of univariate analysis for evapotranspiration (ET) during monsoon season 
  

 a. R Squared = .895 (Adjusted R Squared = .885) 

 
 

 

 

 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 702.700a 8 87.838 112.545 .000 

spacing .504 3 .168 .215 .885 

pruning 1.148 1 1.148 1.471 .228 

spacing * 
pruning 

1.531 3 .510 .654 .583 

Error 68.681 88 .780   

Total 771.381 96    

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 941.777a 8 117.722 93.766 .000 

spacing 4.959 3 1.653 1.317 .274 

pruning 2.282 1 2.282 1.817 .181 

spacing * 
pruning 

4.521 3 1.507 1.200 .314 

Error 110.483 88 1.255   

Total 1052.260 96    



 

 

 

 

 

APPENDIX IV 

 

Results of univariate analysis for microclimate variables during post-monsoon season 

 
I. Results of univariate analysis for air temperature at the height of 5 m above the ground 
level during post-monsoon season 
 

Source Type III Sum 
of Squares 

df Mean Square F Sig. 

Model 109308.030a 9 12145.337 8401.847 .000 

spacing 16.655 3 5.552 3.840 .012 

pruning 1.831 1 1.831 1.267 .263 

spacing * 
pruning 

4.416 3 1.472 1.018 .388 

Error 156.120 108 1.446   

Total 109464.150 117    

a. R Squared = .999 (Adjusted R Squared = .998) 
 
 
II. Results of univariate analysis for air temperature at the height of 10 m above the ground 
level during post-monsoon season 
 

Source Type III Sum 
of Squares 

df Mean Square F Sig. 

Model 105940.085a 9 11771.121 8306.604 .000 

spacing 8.965 3 2.988 2.109 .103 

pruning .779 1 .779 .550 .460 

spacing * 
pruning 

1.476 3 .492 .347 .791 

Error 153.045 108 1.417   

Total 106093.130 117    

a. R Squared = .999 (Adjusted R Squared = .998) 



 

 

 
 
III. Results of univariate analysis for relative humidity at the height of 5 m above the ground 
level during post-monsoon season 

a. R Squared = .989 (Adjusted R Squared = .988) 

 

IV. Results of univariate analysis for relative humidity at the height of 10 m above the 
ground level during post-monsoon season  
 

a. R Squared = .989 (Adjusted R Squared = .988) 

 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 544910.615a 9 60545.624 1048.681 .000 

spacing 18.567 3 6.189 .107 .956 

pruning 40.625 1 40.625 .704 .403 

spacing * 
pruning 

86.260 3 28.753 .498 .684 

Error 6235.385 108 57.735   

Total 551146.000 117    

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 573906.615a 9 63767.402 1104.483 .000 

spacing 18.567 3 6.189 .107 .956 

pruning 40.625 1 40.625 .704 .403 

spacing * 
pruning 

86.260 3 28.753 .498 .684 

Error 6235.385 108 57.735   

Total 580142.000 117    



 

 

 
 
V. Results of univariate analysis for PAR at the height of 5 m above the ground level during 
post-monsoon season 
 

a. R Squared = .944 (Adjusted R Squared = .939) 
 
 
 
VI. Results of univariate analysis for PAR at the height of 10 m above the ground level 
during post-monsoon season 
 

Source Type III Sum of 
Squares 

df Mean Square F Sig. 

Model 6796773.923a 9 755197.103 218.315 .000 

spacing 78183.183 3 26061.061 7.534 .000 

pruning 504.240 1 504.240 .146 .703 

spacing * 
pruning 

13853.567 3 4617.856 1.335 .267 

Error 373595.077 108 3459.214   

Total 7170369.000 117    

a. R Squared = .948 (Adjusted R Squared = .944) 

 

Source Type III Sum 
of Squares 

df Mean Square F Sig. 

Model 6305957.923a 9 700661.991 202.549 .000 

spacing 80405.183 3 26801.728 7.748 .000 

pruning 625.240 1 625.240 .181 .672 

spacing * 
pruning 

13563.567 3 4521.189 1.307 .276 

Error 373595.077 108 3459.214   

Total 6679553.000 117    



 

 

 
 
VII. Results of univariate analysis for soil temperature at 5 cm depth post-monsoon season 
 

a. R Squared = 1.000 (Adjusted R Squared = 1.000) 
 
VIII. Results of univariate analysis for soil temperature at 10 cm depth during post-
monsoon season 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 85980.076a 9 9553.342 33658.449 .000 

spacing 68.867 3 22.956 80.878 .000 

pruning .832 1 .832 2.930 .090 

spacing * 
pruning 

28.172 3 9.391 33.085 .000 

Error 30.654 108 .284   

Total 86010.730 117    

a. R Squared = 1.000 (Adjusted R Squared = 1.000) 
 
 
 
 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 91632.958a 9 10181.440 26323.551 .000 

spacing 78.846 3 26.282 67.950 .000 

pruning 8.482 1 8.482 21.929 .000 

spacing * 
pruning 

1.126 3 .375 .970 .410 

Error 41.772 108 .387   

Total 91674.730 117    



 

 

 
 
 
IX. Results of univariate analysis for soil temperature at 20 cm depth during post-monsoon 
season  

a. R Squared = 1.000 (Adjusted R Squared = 1.000) 

 
 
X. Results of univariate analysis for soil moisture content at 5 cm depth during post-
monsoon season 

a. R Squared = .989 (Adjusted R Squared = .988) 

 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 80965.122a 9 8996.125 27072.832 .000 

spacing 30.213 3 10.071 30.308 .000 

pruning 4.612 1 4.612 13.878 .000 

spacing * 
pruning 

.547 3 .182 .549 .650 

Error 35.888 108 .332   

Total 81001.010 117    

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 38914.426a 9 4323.825 1116.996 .000 

spacing 53.796 3 17.932 4.632 .004 

pruning 84.456 1 84.456 21.818 .000 

spacing * 
pruning 

16.120 3 5.373 1.388 .250 

Error 418.062 108 3.871   

Total 39332.488 117    



 

 

 
 
XI. Results of univariate analysis for soil moisture content at 10 cm depth during post-
monsoon season 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 38744.195a 9 4304.911 1530.770 .000 

spacing 55.123 3 18.374 6.534 .000 

pruning 36.285 1 36.285 12.902 .000 

spacing * 
pruning 

33.708 3 11.236 3.995 .010 

Error 303.723 108 2.812   

Total 39047.919 117    

a. R Squared = .992 (Adjusted R Squared = .992) 
 
 
XII. Results of univariate analysis for soil moisture content at 20 cm depth during post-
monsoon season 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 48774.771a 9 5419.419 2439.090 .000 

spacing 94.052 3 31.351 14.110 .000 

pruning 28.781 1 28.781 12.953 .000 

spacing * 
pruning 

6.588 3 2.196 .988 .401 

Error 239.965 108 2.222   

Total 49014.737 117    

a. R Squared = .995 (Adjusted R Squared = .995) 



 

 

 

XIII. Results of univariate analysis for soil moisture content at 30 cm depth during post-
monsoon season 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 60685.329a 9 6742.814 1924.082 .000 

spacing 104.916 3 34.972 9.979 .000 

pruning 23.894 1 23.894 6.818 .010 

spacing * 
pruning 

5.246 3 1.749 .499 .684 

Error 378.479 108 3.504   

Total 61063.808 117    

a. R Squared = .994 (Adjusted R Squared = .993) 
 
 
XIV. Results of univariate analysis for relative water content (RWC) during post-monsoon 
season 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 620324.110a 8 77540.514 3624.316 .000 

spacing 137.836 3 45.945 2.148 .099 

pruning 216.375 1 216.375 10.114 .002 

spacing * 
pruning 

212.929 3 70.976 3.318 .023 

Error 2053.874 96 21.395   

Total 622377.984 104    

a. R Squared = .997 (Adjusted R Squared = .996) 
 
 
 
 



 

 

 
 
 
XV. Results of univariate analysis for canopy-air temperature difference (CATD) during 
post-monsoon season 
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 73.662a 8 9.208 9.895 .000 

spacing 2.585 3 .862 .926 .431 

pruning 2.714 1 2.714 2.916 .091 

spacing * 
pruning 

11.027 3 3.676 3.950 .011 

Error 89.335 96 .931   

Total 162.997 104    

a. R Squared = .452 (Adjusted R Squared = .406) 
 

XVI. Results of univariate analysis for evapotranspiration (ET) during post-monsoon 
season 
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 1424.192a 8 178.024 530.958 .000 

spacing 10.540 3 3.513 10.479 .000 

pruning 1.831 1 1.831 5.461 .022 

spacing * 
pruning 

4.294 3 1.431 4.269 .007 

Error 32.188 96 .335   

Total 1456.380 104    

a. R Squared = .978 (Adjusted R Squared = .976) 
 

 



 

 

 
 
 

APPENDIX V 
 
Results of univariate analysis for growth parameters and WUE of Acacia mangium  
 
 
I. Results of univariate analysis for diameter of Acacia mangium  
 

Source Type III 
Sum of 
Squares 

df Mean 
Square 

F Sig. 

Model 9.201a 9 1.022 843.612 .000 

spacing .140 3 .047 38.587 .000 

pruning .012 1 .012 10.288 .001 

spacing * 
pruning 

.002 3 .001 .596 .618 

Error .460 380 .001   

Total 9.661 389    

a. R Squared = .952 (Adjusted R Squared = .951) 
 
 
 II. Results of univariate analysis for height of Acacia mangium  
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 92050.738a 9 10227.860 844.495 .000 

spacing 1413.068 3 471.023 38.891 .000 

pruning 128.467 1 128.467 10.607 .001 

spacing * 
pruning 

22.816 3 7.605 .628 .597 

Error 4602.262 380 12.111   

Total 96653.000 389    

a. R Squared = .952 (Adjusted R Squared = .951)  



 

 

 

III. Results of univariate analysis for aboveground standing biomass (Kg tree-1) of Acacia 
mangium  

Source Type III Sum of 
Squares 

df Mean Square F Sig. 

Model 4789407.854a 9 532156.428 129.943 .000 

spacing 497947.265 3 165982.422 40.530 .000 

pruning 49527.016 1 49527.016 12.094 .001 

spacing * 
pruning 

12150.945 3 4050.315 .989 .398 

Error 1556217.524 380 4095.309   

Total 6345625.377 389    

a. R Squared = .755 (Adjusted R Squared = .749) 

 
IV. Results of univariate analysis for aboveground standing biomass (Mg ha -1) of Acacia 
mangium stand 
 

Source Type III Sum of 
Squares 

df Mean Square F Sig. 

Model 32273646.590a 8 4034205.824 89.105 .000 

spacing 2719440.060 3 906480.020 20.022 .000 

pruning 215818.218 1 215818.218 4.767 .030 

spacing * 
pruning 

335936.515 3 111978.838 2.473 .061 

Error 17204360.579 380 45274.633   

Total 49478007.170 388    

a. R Squared = .652 (Adjusted R Squared = .645) 
 



 

 

 
 
 
V. Results of univariate analysis for WUE of Acacia mangium  
 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Model 212901.049a 8 26612.631 20999.087 .000 

spacing 40.696 3 13.565 10.704 .000 

pruning 1.933 1 1.933 1.525 .218 

spacing * 
pruning 

16.348 3 5.449 4.300 .005 

Error 481.583 380 1.267   

Total 213382.632 388    

a. R Squared = .998 (Adjusted R Squared = .998) 
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ABSTRACT 

A study on influence of planting density and pruning on thermal, radiative 

and moisture regimes and water use efficiency of Acacia mangium was conducted 

at Livestock Research Station, Thiruvizhamkunnu ( 11⁰ 12 N, 76⁰ 21 E) during 

the period 2014-15.  The experiment was laid out in a factorial RBD with two 

factors (density and pruning) replicated thrice. Density treatments include 625, 

1250 , 2500 and 5000 trees/ha, while pruning treatments included pruning up to 50 

% height of trees and no pruning. Measurements on air temperature (AT), relative 

humidity (RH), photosynthetically active radiation (PAR) at 5 and 10 m above 

ground; soil moisture content (SMC) at 5, 10, 20 and 30 cm depth, soil temperature 

(ST) at 5, 10 and 20 cm depths, relative water content (RWC) and canopy air 

temperature difference (CATD) were taken on a weekly interval for one year. The 

weekly observations were then grouped into summer, pre-monsoon, monsoon and 

post monsoon season for analysis. Observations on DBH, tree height, LAI and PAR 

were taken once during the study period. Evapotranspiration, biomass and WUE 

were estimated using appropriate methodologies. 

Diameter at breast height, tree height and individual tree biomass increased 

with decreasing density, while aboveground standing biomass on stand level and 

LAI followed a reverse trend. The unpruned stand had significantly higher DBH 

and biomass as compared to that of the pruned stand. Biometric characters had 

positive correlations with the AT, PAR at 5 and 10 m above the ground level, RWC, 

ST (5 , 10  and 20 cm) and SMC (20  and 30 cm depth), while it was negatively 

correlated with the evapotranspiration and SMC (5 and 10 cm depth). No significant 

correlation was found between CATD and RH (5 and 10 m above ground). 

Air temperature (5 and 10 m above ground) and ST (at depths of 5, 10 and 20 cm) 

were negatively correlated to planting density and LAI.  It was found that the largest 

differences with open area for these parameters were recorded at a density of 5000 

trees/ha, throughout all seasons. It was found that there is an average difference of 

2.62° C and 2.52° C between AT in the Acacia mangium stand compared to the 

open area at 5 m and 10 m above the ground level respectively. Soil temperature (5, 

10 and 20 cm depth) was negatively correlated with the SMC (5, 10, 20 and 30 cm 

depth). An average ST difference of 2.6° C, 2.6° C and 2.5 ° C was found between 

the Acacia mangium stand and open area at depth of 5, 10, 20 and 30 cm depth 

respectively.  Pruning did not affect both the AT and ST except, ST at 5 cm depth 

during the post-monsoon season. 



 

 

 

  

 CATD was positive and higher in high density treatments during the 

summer and pre-monsoon, while it remained negative and unaffected by density 

during the other seasons. CATD was negatively correlated to evapotranspiration, 

RWC, and SMC at various depths.  

Influence of planting density on RH was evident only during the summer 

season. . It was found that there is an average difference of 7.51 % and 5.76 % in 

RH between the Acacia mangium stand and open area at 5 m and 10 m above the 

ground level respectively. The RWC, evapotranspiration and SMC (20 and 30 cm 

depth) were significantly higher in the low planting density, while reverse trend was 

noticed for SMC (5 cm and 10 cm depth). An average SMC difference of 4.50 %, 

3.70 %, 3.32 % and 3.11 % was found between the Acacia mangium stand and open 

area at depth of 5, 10, 20 and 30 cm depth respectively. The RWC was significantly 

higher in the pruned stands during the pre-monsoon and post-monsoon season, 

while no differences were observed during the summer and monsoon season. Water 

use efficiency (WUE) of Acacia mangium stand was not significantly affected by 

the planting density and pruning treatments.   

Radiation below the canopy was found negatively correlated to planting 

density and LAI, while it was not influenced by pruning. It was found that there is 

an average difference of 450 W/m2 and 466 W/m2 between the Acacia mangium 

stand and open area at 5 m and 10 m above the ground level respectively The 

average mid-day PAR transmittance from the unpruned stand (5000 trees/ha) to the 

pruned stand (625 trees/ha) ranged from 24.27 % to 54.72 % of incident PAR above 

the canopy.  There was strong relationship between the PAR and LAI.  The light 

extinction coefficient (K) for Acacia mangium stand was estimated to be 0.328.  

 

 

 

 

 

 

 

 



 

 

 


